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SUMMARY

This thesis investigates the intricate mechanics of microtubule dynamics and kineto-
chore function during chromosome segregation, leveraging DNA origami nanosprings
as a novel tool to measure forces and explore protein interactions. Microtubules and
kinetochores play pivotal roles in cellular division, driving chromosome movement
through polymerization and depolymerization forces. Multivalency of the force trans-
mitting intermediary proteins has been shown to play a crucial role in this process. Tra-
ditional methods like optical trapping, while precise, demand specialized equipment,
and lack precision in terms of controlling the number of interacting agents. This work
introduces a DNA origami-based approach to overcoming these challenges, offering in-
sights into mitotic processes with broader implications for cell biology and biophysics.
The following sections summarize the progression of this research, from foundational
context to innovative applications and future prospects.

First, the biological and mechanical context of chromosome segregation is introduced,
with a focus on microtubules. Microtubules, dynamic cytoskeletal filaments, assem-
ble into the mitotic spindle, a bipolar structure orchestrated by microtubule organizing
centers (MTOCs). Kinetochores, complex protein assemblies on chromosomes, couple
to microtubule ends, transmitting forces to segregate chromosomes. The Ndc80 com-
plex, a key kinetochore component that links microtubules to chromosomes, was in-
troduced and discussed how its multivalency is essential in executing its load-bearing
function in the kinetochore, setting the stage for introducing DNA origami technology (a
nanospring) as a platform for multimerization and a tool for force measurements.

Next, the development and validation of DNA origami nanosprings as force sensors
for microtubule dynamics takes the center stage. These nanosprings, crafted by fold-
ing DNA into a spring-like structure, extend under force, observable via fluorescence
microscopy. Their performance is benchmarked against optical trapping by measuring
dynein motor stall forces, revealing comparable results. The nanosprings also capture
sub-piconewton forces from growing microtubules, mediated by EB3 comets and cargo
proteins, and track Ndc80-coupled forces during depolymerization. This dual capabil-
ity—force measurement and protein visualization—establishes the nanospring as a ver-
satile, accessible tool, broadening the scope of biomechanical studies.

The focus then shifts to enhancing nanosprings to accommodate varying copies of a
truncated Ndc80 variant, termed jubaea, and examining its impact on force transmis-
sion and microtubule behavior. By engineering nanosprings with binding sites for 3 to
20 jubaea molecules, the relationship between oligomerization and function is probed.
Higher jubaea numbers increase force capture, peaking at 10 copies, and significantly
slow microtubule depolymerization . Constructs with 15–20 copies stabilize microtubule
ends, inducing rescues in over 50% of interactions, mirroring physiological kinetochore
conditions. The jubaea loop region enhances binding strength, underscoring its role in
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force coupling. These findings highlight how protein stoichiometry can tune mitotic sta-
bility.

Efforts to reconstitute mitotic spindle dynamics follow, tackling controlled microtubule
nucleation, end-on kinetochore attachment, and DNA segregation triggering. Our ex-
periments showed using hydrophilic surfaces is not ideal when working with DNA, since
DNA has a tendency to non-specifically bind to these surfaces. Various strategies were
explored to spatially regulate microtubule growth, including patterning nucleation sites
on surfaces and beads in 2D and 3D. We found that the best option to achieve high speci-
ficity in microtubule growth regulation is the use of DNA origami platforms and micro-
tubule seeds with complementary handles designed for these structures. End-on con-
version, where kinetochores transition from lateral to stable microtubule attachments,
is modeled with nanosprings bearing Ndc80 and kinesin, mimicking cellular processes.
Using photocleavable DNA linkers was suggested as a method to enable DNA segrega-
tion. These reconstitutions reveal the complexity of spindle assembly and the poten-
tial of minimal systems to dissect mitotic mechanisms, advancing synthetic biology ap-
proaches to cellular function.

The thesis culminates in a synthesis of findings, reflecting on their significance and
charting future directions. The nanospring emerges as a powerful tool, revealing that
microtubule forces and kinetochore stability hinge on protein copy number and struc-
tural features like the Ndc80 loop. These insights suggest cellular regulation of mitotic
fidelity through dynamic protein adjustments, with implications for understanding mi-
totic errors in disease. The reconstitution efforts lay groundwork for artificial spindles.
Future work could refine nanospring stability for higher forces, expand reconstitution
to include more spindle components, and bridge in vitro findings to in vivo contexts,
enhancing both fundamental and applied research.



SAMENVATTING

Dit proefschrift beschrijft de complexe dynamiek van microtubuli en kinetochoren tij-
dens chromosoomsegregatie, waarbij DNA origami nanoveertjes gebruikt worden als
nieuw hulpmiddel om krachten te meten en om eiwit-interacties te doseren. Microtu-
buli en kinetochoren spelen een cruciale rol bij de celdeling, waarbij ze chromosoombe-
weging in gang zetten middels polymerisatie- en depolymerisatiekrachten. De multiva-
lentie van de tussenliggende krachtkoppelings eiwitten blijkt een essentiële rol te spelen
in dit proces. Traditionele methoden zoals optische trapping zijn weliswaar nauwkeu-
rig, maar vereisen gespecialiseerde apparatuur en missen precisie bij het controleren
van het aantal interacterende componenten. Dit werk introduceert een DNA origami ge-
baseerde aanpak om deze uitdagingen te overwinnen, en biedt inzichten in mitotische
processen met bredere implicaties voor celbiologie en biofysica. De volgende secties ge-
ven een overzicht van de deelprojecten van dit onderzoek, van de fundamentele context
tot innovatieve toepassingen en toekomstige vooruitzichten.

Eerst wordt de biologische en mechanische context van chromosoomsegregatie geïn-
troduceerd, met de focus op microtubuli. Microtubuli, dynamische cytoskeletfilamen-
ten, vormen de mitotische spoel, een bipolaire structuur die gecoördineerd wordt door
microtubuli-organiserende centra (MTOCs). Kinetochoren, complexe eiwitassemblages
op chromosomen, koppelen zich aan de uiteinden van microtubuli en dragen de krach-
ten over die nodig zijn voor chromosoomsegregatie. Het Ndc80-complex, een sleutel-
factor binnen de kinetochoor die microtubuli met chromosomen verbindt, wordt ge-
ïntroduceerd en besproken, waarbij de nadruk ligt op zijn multivalentie bij het uitvoe-
ren van zijn koppelingsfunctie. Dit legt de basis voor de introductie van DNA-origami-
technologie (een nanoveertje) als een platform voor multimerisatie en een instrument
voor krachtmetingen.

Vervolgens staat de ontwikkeling en validatie van DNA-origami nanoveertjes als kracht-
sensoren voor de dynamiek van microtubuli centraal. Deze nanoveertjes, gevormd door
DNA op te vouwen in een spiraalvormige structuur, rekken uit onder kracht en zijn zicht-
baar via fluorescentiemicroscopie. Hun prestaties worden vergeleken met optische trap-
ping door de vastloop-krachten van dyneïne-motoren te meten, waarbij vergelijkbare
resultaten worden verkregen. De nanoveertjes detecteren ook sub-piconewtonkrachten
van groeiende microtubuli, gemedieerd door zogenaamde “EB3-kometen” en cargo-eiwitten,
en volgen de Ndc80-gekoppelde krachten tijdens depolymerisatie. Deze dubbele func-
tionaliteit—krachtmeting en eiwitvisualisatie—illustreert de nanoveer als een veelzijdig
en toegankelijk instrument dat het bereik van biomechanisch onderzoek vergroot.

De focus verschuift vervolgens naar het verbeteren van nanoveertjes om een varië-
rend aantal kopieën van een verkorte Ndc80-variant, genaamd jubaea, te bevatten en
de impact hiervan op krachtoverdracht en het gedrag van microtubuli te onderzoeken.
Door nanoveertjes te ontwerpen met bindingsplaatsen voor 3 tot 20 jubaea-moleculen
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wordt de relatie tussen oligomerisatie en functie geanalyseerd. Hogere aantallen jubaea
verhogen de krachtoverdracht, met een piek bij 10 kopieën, en vertragen microtubuli
depolymerisatie aanzienlijk. Constructen met 15–20 kopieën stabiliseren microtubuli-
uiteinden en induceren in meer dan 50% van de interacties een redding, wat overeen-
komt met fysiologische kinetochorecondities. De Ndc80-lusregio versterkt de bindings-
sterkte en benadrukt zijn rol in krachtkoppeling. Deze bevindingen tonen aan hoe de
stoichiometrie van koppelingseiwitten de mitotische stabiliteit kan beïnvloeden.

Daarna volgt een poging om mitotische spoeldynamiek in vitro te reconstitueren, waar-
bij gecontroleerde microtubuli-nucleatie, end-on kinetochore attachments en het ini-
tiëren van DNA-segregatie worden onderzocht. Onze experimenten toonden aan dat
hydrofiele oppervlakken niet ideaal zijn voor het werken met DNA, aangezien DNA de
neiging heeft zich aspecifiek aan deze oppervlakken te binden. Verschillende strate-
gieën werden onderzocht om microtubuli-groei ruimtelijk te reguleren, waaronder het
patroonmatig aanbrengen van nucleatiesites op oppervlakken en bolletjes in zowel 2D
als 3D. We ontdekten dat het gebruik van DNA-origamiplatforms en microtubuli-zaden
met complementaire handvatten de beste controle over microtubuli-groei biedt. End-
on conversie, waarbij kinetochores van laterale naar stabiele microtubuli-attachments
overgaan, werd gemodelleerd met nanoveertjes die Ndc80 en kinesine dragen, wat cel-
processen nabootst. Het gebruik van fotosplitsbare DNA-linkers werd voorgesteld als
een methode om DNA-segregatie mogelijk te maken. Deze reconstituties onthullen de
complexiteit van spoel-assemblage en het potentieel van minimale systemen om mi-
totische mechanismen te ontrafelen, waarmee synthetische biologie wordt ingezet om
cellulaire functies beter te begrijpen.

Dit proefschrift eindigt met een synthese van de bevindingen, waarbij de implica-
ties ervan worden besproken en toekomstige richtingen worden geschetst. De nano-
veer komt naar voren als een krachtig hulpmiddel en onthult dat microtubulikrachten
en kinetochoor-stabiliteit afhangen van het aantal eiwitkopieën en structurele elemen-
ten zoals de Ndc80-lus. Deze inzichten suggereren dat cellulaire regulatie van mitoti-
sche nauwkeurigheid plaatsvindt door dynamische eiwitinteracties, en hebben implica-
ties voor het begrijpen van mitotische fouten bij ziekten. De reconstitutie-inspanningen
vormen een basis voor kunstmatige spoelen. Toekomstig werk zou de stabiliteit van na-
noveertjes kunnen verfijnen voor hogere krachten, de reconstitutie kunnen uitbreiden
met meer spoelcomponenten, en bruggen kunnen slaan tussen in vitro en in vivo bevin-
dingen, ter bevordering van zowel fundamenteel als toegepast onderzoek.



PREFACE

We exist in a moment characterized by unprecedented acceleration. Technological ad-
vancements reshape our world at a dizzying pace, while the undercurrents of global in-
stability create a sense of pervasive uncertainty. This era forces reflection not only on
societal structures but on the very nature of complexity, information, and existence it-
self. Life, in its profound intricacy, can be understood as a remarkable phenomenon
of localized ordering—a persistent eddy that temporarily concentrates energy and infor-
mation, seemingly resisting the universe’s inexorable drift towards diffusion and entropy.
Yet, viewed through a longer lens, this creation of intricate biological order might itself
be a mechanism that ultimately facilitates the universe’s overall entropic progression in
complex ways we are only beginning to grasp. The current, explosive rise of artificial in-
telligence, emerging directly from our own biological thought processes, adds another
layer to this reflection. It prompts provocative questions about the long-term trajectory
of information processing in the cosmos. Organic life, this carbon-based engine of con-
sciousness and complexity, might merely be a transitional phase, a biological scaffold
destined to give rise to a silicon-based successor potentially far more adept at manip-
ulating information and, perhaps paradoxically, more efficient in accelerating the very
cosmic unfolding that organic life seemed to momentarily contributed to.

Against this profound backdrop, where the definition, purpose, and future of ’life’ itself
seem open to radical re-evaluation, the scientific endeavor feels both vastly expanded in
its implications and fundamentally essential in its practice. The drive to innovate pushes
boundaries outward at breakneck speed, yet concurrently, there remains a deep-seated,
perhaps increasingly urgent, need to look inward – to understand the fundamental prin-
ciples governing the complex, information-processing systems that currently constitute
life on Earth. This work finds its place within that quieter, more deliberate pursuit of
foundational knowledge. But before diving into the technical aspects I would like to
share my general experiences learnt in this journey.

If I had to condense my entire PhD into a single word, it would be optimization—the
continuous attempt to establish order within uncertainty. Optimization is the invisible
ocean we live in without noticing it. It mirrors the forces of evolution: a step-by-step
journey where we leap from one stable point to another, exploring the unknown, and
staying only when stability is found. Looking back, this journey forms a trajectory—a
record of all the states we once occupied.

Our capacity to explore is limited not only by our abilities but also by our judgments,
biases, and the inertia we carry. Life, in many ways, is an art of stacking delicate pieces
while maintaining enough balance so nothing collapses. My PhD honed this mindset:
life itself becomes a system to optimize. First, map the landscape in low resolution. This
preliminary, blurry image becomes the frame within which details can be refined. That
low-resolution frame is what we often call the “invisible ceiling”, a boundary we are not
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even aware of, yet it constrains us.

PhD reshaped my understanding of learning. I realized that most skills can be learned
quickly, often within the first month. After that, little new content is added, yet perfor-
mance still improves over time. This improvement is not from acquiring new knowledge,
but from continuously pushing the boundaries of what we already know. Experience ex-
pands the visible landscape. It is like asking two people to walk across a vast, flat plateau.
One has seen it clearly and knows there is space to run and jump freely. The other has
never seen it and must proceed cautiously, consuming energy to map each inch. Ex-
perience is therefore not just technical, it is psychological. It reduces anxiety, increases
confidence, and grants freedom of motion.

We underestimate how crippling anxiety can be because it rarely announces itself. It
disguises itself as practicality, as “what if” thinking. In modern life, most of these “what
ifs” are maladaptive, a residue from a past landscape of danger. They should be dis-
carded by default. A simple question can neutralize them: Will this matter in a year?
When we expand our temporal horizon, immediate emotions lose their grip. Just as a cat
eventually realizes a new house is safe and begins to play, we too must allow ourselves
that acclimation through perspective.

From my physics background, several concepts have deeply influenced my worldview:
fundamental uncertainty and dualities and the principle of least action. The fundamen-
tal aspect of the irreconcilability of some observables in physics helped me understand
other analogies in the world such as speed vs. accuracy, completeness vs. consistency,
and short-term vs. long-term thinking. These are not binary choices, they exist on a
spectrum. Choosing one side always comes at the expense of the other, and that sacri-
fice is unavoidable. This realization introduced me to the concept of context-dependent
trade-offs and niche selection. The contrast between completeness and consistency
humbled me by revealing how non-algorithmic and complex the world truly is. It was
profound enough to convince me to tilt a bit more towards Plato from my initial ab-
solute Aristotelian stance. Short-term versus long-term thinking became a powerful
lens through which I could understand philosophical and religious teachings about life.
Costs are inherent in every decision, including the decision not to act. Once we accept
this, costs stop being sources of pain and instead become sources of pride, because they
are chosen voluntarily.

Cultural traditions have long recognized the importance of long-term thinking, often
culminating in beliefs about the afterlife. In that context, the afterlife functions as a sta-
bilizing axiom that prioritizes long-term consequences. Similar approach can be taken,
if you recognize goals that we are very sure they would be beneficial in the long run (such
as physical exercises) and have faith in them. Without that faith, motivation evaporates.
Discipline is simply the natural byproduct of long-term faith.

In essence, ideas begin to cluster into two groups: short-term thinking aligns with
flexibility, creativity, and fun; long-term thinking aligns with discipline, structure, con-
sistency and satisfaction. Both are necessary, but knowing when to favor one over the
other is the hallmark of optimization.

And finally I found it useful to expand the non-binary vision to daily activities and
realize nothing we do is in vain, and everything we do is recorded in our life resume. It
is useful to think in spectrum about getting a job done. Arrhenius equation and the least
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action principle teach us not to force things to happen, but to lower the barriers. Set the
stage, then just sit back and watch the events orchestrated by nature.

This text is getting long. I stop by leaving some insights I learned during my PhD for
those who decide to do a PhD here.

• Tilt your baseline toward exploration. Our default setting is over-cautious. Reduce
it intentionally.

• Start by generating "bullshit", then refine. The force of criticism within you is al-
ready strong. Don’t strengthen it further. Remember that perfection is the enemy
of good. Tune down criticizing other as well and instead propose better alterna-
tives.

• Quantify everything in the PhD. Even trivial observations increase your ability to
see patterns and expand your mental landscape.

• There is no perfect moment. The perfect moment is now. Live the life you want
immediately. The conditional view on happiness or sadness is futile. More often
than not, mental states come first and then the mind looks for stories to justify
it. These stories are not necessarily correct. There is a lot of room in deciding
which sets of observation to pick and interpret. The likelihood of false narratives
are incredibly high.

• In the Netherlands, overworking yields minimal returns. The landscape is flat. Em-
brace the 8-hour work culture and use the rest of your time to live meaningfully.
Brute force Sundays to be completely free and do what you’ve wanted to do if you
had the choice to do voluntarily.

• Move in a band, not a line. Be flexible, but have boundaries. Always maintain a
long-term project to give structure to your life.

• Let your creative instinct shine. by creative I mean carving out of noise, setting
limitations and boundaries to the possibilities. Building physical things builds
psychological stability. Order creation is necessary for mental clarity.

• Practice mental hygiene. Prioritize simplicity and clarity. In personal life, choose
speed over accuracy and accept occasional errors along with it.

• Frame is everything. Wether we live in a good time or bad time, good location or
bad location all depends on the frame. There is no objective singular true frame.
Choosing a useful one doesn’t mean you are deceiving yourself.

• Reject victimhood. Blame is disempowering. What is emerged from free exchanges
is true and just. Ally yourself with truth, it should not be imposed but discovered.
Let freedom and voluntary action guide you. Influence through invitation.

• Optimizing your daily life is more powerful than consuming more information.
Reading more books is not as useful as designing better routines. Take into ac-
count not just you at the moment but your future selves and surroundings.
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• Recognize dualities. Personal life and PhD life follow different optimization logics.
Sometimes at the expense of each other. If you chose to prioritize PhD do opposite
of what I said. Embrace accuracy, complexity, being detail oriented, be critical and
overwork.

Ali Nick Maleki
Delft, October 2025



1
INTRODUCTION

For in and out, above, about, below,
’Tis nothing but a Magic Shadow-show,

Played in a Box whose Candle is the Sun,
Round which we Phantom Figures come and go

Omar Khayyam

What we observe is not nature itself, but nature exposed to our method of questioning.

Werner Heisenberg

A critical step in eukaryotic cell division is the faithful segregation of chromosomes.
The cell employs the mitotic spindle machinery to achieve this goal. The microtubules
originating from these poles grow and form a connection to the kinetochores of the
chromosomes. The challenge is the overwhelming complexity of this process as the
number of involved proteins exceeds hundreds. In this chapter, the main role players
in the process are introduced and basic information about mechanisms such as
dynamic instability of microtubules, microtubule nucleation and force generation is
provided.

1
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1.1. CELL DIVISION

C ELL division, a fundamental feature of life, is a process of a parent cell dividing
into two new daughter cells. Most cells undergo four phases to complete

this process: cell growth, DNA replication, DNA distribution and finally division.
Although cell growth and DNA replication occur throughout most of the cell cycle
of bacterial cells, in eukaryotic cells these phases are discrete [1]. Failures in this
process can lead to mis-segregation of genetic material and cell death and thereby it
needs to be highly regulated to take place with high fidelity.

Eukaryotic cells employ active forces generated by cytoskeletal filaments and
motor proteins to ensure genetic material is equally distributed in the daughter cells.
This is done via the ’mitotic spindle’. The mitotic spindle is an apparatus in the
cell with two poles and is made of microtubules (MT) and many other associated
proteins [2]. The mitotic spindle consists of three types of microtubules that mostly
originate from spindle poles: kinetochore MTs, astral MTs and non-kinetochore MTs
[3]. Astral MTs emanate from spindle poles and play a crucial role in the position of
the spindle as their interaction with the cell cortex can generate the forces that are
necessary for creating a balanced position [4]. Non-kinetochore MTs are involved in
spindle stabilization and generating opposing forces by sliding to separate poles [5].
Finally, kinetochore MTs stabilize into a bundle, called K-fiber, that plays a pivotal
role in chromosome displacement [6]. Thus, controlled dynamics of MTs is required
for both function and spindle formation [2] . In the following sections, we will dive
deeper into each element of the spindle machine, especially MTs.

1.2. HISTORY OF MICROTUBULE RESEARCH
Microtubules are cytoskeletal filaments that play various roles, such as giving
mechanical shape to the cell, intracellular transport, motility (e.g. in cilia and
flagella) and cell division (mitotic spindle). In the late nineteenth century, “Fibrillae”
were observed in the flagella and mitotic spindles ([7] but their relationship with
each other and their existence was disputed [8]. Later, polarizing microscopy enabled
higher quality of MT images as they differentially refract polarized light due to their
highly ordered structures, which leads to the formation of a birefringence pattern [9]
.

In 1939, W.J.Schmidt provided clear images of MTs in marine eggs using polarizing
microscopy, referring to as fibers [10]. It was first proposed by Inoué and co-workers
that labile subunits in the spindle must be responsible for formation of the observed
birefringence and exposure to cold temperature can disrupt the polymers [11–13]. In
the following years, more direct evidence came from EM images of MTs and initially
they were described as “long tubular elements of the endoplasmic reticulum, about
180 Å wide and remarkably straight” [14]. The name “microtubule” was later coined
by Slautterback, Ledbetter and Porter for these filaments ([15, 16]) and one year after
the publication of these articles, Gary Borisy managed to purify the main component
of MTs [8].

Inoué and co-workers provided evidence that these polymers are in dynamic
equilibrium with soluble subunits present in the cytoplasm of the cell [17, 18]. In
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1968, the term ’tubulin’ was given to the MT subunits, while other terms such as
’tektin’, ’flactin’ and ’spactin’ were among the candidates [19]. Later, it was discovered
that tubulin binds to GTP [20] which acts as a fuel for its polymerization [21] and
this leads to the formation of a layer of GTP-bound tubulin cap at the end of MTs
[22].

Subsequent studies found that tubulin can hydrolyze GTP and this process can
make MTs unstable and lead to their depolymerization [23]. This observation,
together with evidence from EM showing that MT number reduction can coexist
with its mean length growth, helped Mitchison and Kirschner to conclude that MTs
can switch from a growing to a shrinking phase if they lose their GTP cap, a
phenomenon they called ’dynamic instability’ [24].

Astral MT

kinetochore MT

Non-kinetochore MT

A. B.

Figure 1.1: Cell at metaphase. (A) Drawings of Ascaris cell division made by German zoologist,
comparative anatomist, Theodore Boveri. The ‘fibrils’, which later named microtubules, are
connected to the chromosomes from two poles. Image from (Boveri, 1888) [7]

(B) Schematic representation of different types of microtubule according to Dumont
et al. Kinetochore microtubules attach chromosomes to spindle poles, polymerize at

the kinetochore and depolymerize at the pole, continuously slide poleward, form
thick bundles, and have long lifetimes. Non-kinetochore microtubules – Nucleated

throughout the spindle, slide toward the poles, have dynamic plus-ends, and
minus-ends that are not directly anchored or probed. Astral microtubules radiate

from centrosomes toward the cell cortex, do not slide, have dynamic plus-ends and
fixed minus-ends, and can overlap with other microtubules [3].

1.3. DYNAMIC INSTABILITY
Microtubules (MTs) are biopolymers made of small subunit proteins called tubulin.
Tubulin itself is a heterodimer comprised of α-tubulin and β-tubulin (in addition to
α and β there are 5 more so far identified members of the tubulin superfamily: γ-,
δ-, ϵ-, ζ- and η-tubulin) [25–27].

These heterodimers form lateral and longitudinal bonds with each other and can
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form a hollow tube (i.e. MT) with 25 nm diameter [28]. The longitudinal binding
between tubulin dimers is estimated to be stronger than the lateral connections,
with the former having a free energy of dissociation of 14.9 ± 1.5 kcal/mol and
the latter 6.9 ± 0.4 kcal/mol [12]. As a result, it is typical to observe a chain of
longitudinally connected tubulin oligomers in the EM images of MTs, which are
called protofilaments (Fig 1.2C).

The number of protofilaments in each MT can vary, with 13 being the most typical
number in eukaryotic cells [29]. In the in-vitro assay, this number can be between
8-16 depending on the conditions of polymerization [30–33]. Among different
organisms with tubulin-like proteins, even lower and higher protofilament numbers
are found: PhuZ filaments from bacteriophage 201φ2−1 have only 3 protofilaments
[34] protofilaments and mantifly sperm have 40-protofilament microtubules [35]

The ability of tubulins to form a MT depends on their nucleotide state [24]. Both
α-tubulin and β-tubulin have GTP/GDP binding sites. The GTP binding pocket of
the α subunit (non exchangeable site or in short N-site) is buried at its intradimer
interface with the β subunit and is always in a GTP state. The nucleotide binding
site of the β subunit (exchangable site, E-site) on the other hand, is accessible for
free floating GTP/GDP in the solution for exchange [36]. The binding of GTP to
the β subunit causes a conformational change that increases its affinity for stronger
lateral and longitudinal connections with other tubulin dimers and this makes MT
grow from both of its ends [37]. However, whether it does it primarily by increasing
lateral bonds or longitudinal or by changing the flexibility of intra and interdimer
connections is still under debate. Once the tubulin is polymerized and positioned in
the lattice of a MT, the β-tubulin GTP hydrolysis rate increases from 0.054 min-1 in
the isolated dimer to 12-20 min-1 in the polymerized dimer, which corresponds to
an energetic barrier of 3.9 ± 0.1 kcal/mol [38–40].

Hydrolysis of GTP in the lattice destabilizes the MT thereby a competition is
formed between the stabilizing effect of the newly incorporated GTP-tubulin and the
GTP hydrolysis that turns the GTP lattice to GDP lattice [41]. This observation led
to the development of the ‘GTP-cap’ model in which a microtubule continues to
grow as long as there are a sufficient number of GTP-tubulin subunits at the tip
of the microtubules. On the one hand, GTP-tubulin keeps being added to the tip
and, on the other hand, GTP is being hydrolyzed once tubulin incorporates into the
lattices. This GTP cap can be stochastically lost as a result of hydrolysis of terminal
subunits or dissociation of GTP-tubulin and, as a result, the microtubule starts to
depolymerize [42]. This transition, from a growing phase to shrinking, is called a
catastrophe event. However, the GTP-cap loss model for explaining catastrophe
events has been recentrly challenged. Kok et al. showed the relevant parameter
in determining wether a MT undergoes a catastrophe is not GTP-cap loss per se
but local GDP-rich patches at the tip (at least 15 subunits) determine catastrophe
initiation [43].

It is also possible for MTs to change their state from shrinking to growing, a process
called MT rescue. Although not fully understood, islands of GTP-tubulin within the
lattice away from the tip due to incomplete hydrolysis might be responsible for
causing rescues.
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The evidence in favor of the GTP cap model is abundant. This includes [44]:

1. GTP or its analogues are required for MT polymerization [45].

2. Ablating MTs that leaves the cleaved part uncapped leads to its depolymerization
[46, 47]

3. A single layer of slowly-hydrolysable form of GTP called GMPCPP can change
the state of depolymerizing MTs into a growing state [48].

4. In the absence of tubulin in the solution, the fast depolymerization does not
start immediately, but it happens after a slow depolymerization phase [49, 50].

5. The observation that end-binding proteins (EBs) and nucleotide-sensitive
antibodies recognize the tip of MTs that is interpreted at the GTP-bound lattice
[51, 52]. The affinity of EBs to the tip of MTs is an order of magnitude higher
than to the region of MT away from the tip [53].

6. Mutated tubulin without GTP hydrolyzing capability form long and stable MTs
with EB decorating their entire length [40].

The hydrolysis of GTP in the β-tubulin takes place in two steps once the tubulin is
polymerized: first a transitional stage where cleavage of one phosphate group from
GTP while remaining in the GTP binding pocket (GDP-Pi state) and second release
of the Pi while GDP remained bounded [22, 54].

There are some GTP/GDP analogs that are used to mimic each of the states
mentioned above. GMPCP is used as GDP analog [55]. GMPCPP is commonly used
to make MT lattices resembling GTP-bound tubulin part of the MT [45]. GMPPNP
and GMPPCP are non-hydrolyzable analogues of GTP used to mimic GTP lattice
[56]. GTPγS (the phosphate groups of the GTP are denoted as α, β and γ from
interior to the exterior) is another non-hydrolyzable or slowly hydrolyzable analog
that is suggested to mimic the GDP-Pi state of tubulin [56]. In another category
of analogs, the γ phosphate of the GTP is replaced by molecules that mimic the
chemical structure of phosphate such as AlFx and BeFx where the former is used to
mimic GDP-Pi state and the latter to mimic GTP state [57].

Whether the destabilizing effect of GTP hydrolysis is caused by direct
conformational changes in the tubulin structure is debated [36]. The early studies
proposed a simple model in which the GTP-tubulin has a more straight conformation
than GDP-tubulin and the straighter conformation is more favorable for MT growth.
Upon the hydrolysis of GTP tubulin adopts a more bent conformation that favors
depolymerization [58–61].

Therefore, the expectation would be that the tips of growing MTs must have more
straight protofilaments, while the protofilament of the depolymerizing MTs should be
more curved (‘ram-horns’) or tapered [39]. Although the early EM images provided
evidence for this view [59], later cryo-EM studies challenged this report and showed
both GTP-tubulin and GDP-tubulin are curved [62–64] and that both out curling and
tapered tips are observed with MTs at their growing states [65].



1

6 1. INTRODUCTION

These findings suggested that GTP hydrolysis does not directly induce large-scale
structural changes but instead modulates microtubule stability through other
mechanisms. Computational studies, including atomistic molecular dynamics (MD)
simulations [66–68], further indicated that nucleotide state affects protofilament
mechanics and lateral interactions but did not fully explain how hydrolysis drives
dynamic instability.

Paydar et al assumed curved GTP-tubulin binds to the end of protofilaments
and due to its higher affinity for forming longitudinal and lateral connections, the
protofilaments are straightened and forced to fit into the straight conformation in
the lattice [39]. Cryo-EM studies revealed that MT at GDP state has a more compact
lattice [37, 69], this fact together with findings showing the α-tubulin completes
the β-tubulin GTP hydrolysis site lead to the hypothesis that lattice compaction is
needed for GTP hydrolysis, especially if we consider the findings from lattice spacing
measurements done with phosphate mimicking analogs showing the expanded lattice
observed in the GMPCPP MTs is an artifact of GMPCPP implying lattice compaction
may not be the result of GTP hydrolysis but could be a precondition for it [57].

A study using TTMetaD (transition-tempered metadynamics) enhanced free-energy
sampling in combination with quantum mechanics/molecular mechanics (QM/MM)
simulation supported this claim by showing the activation barrier of GTP hydrolysis
is highest in the expanded lattice (even higher than free dimers), mentioning the
disruption of a interunit salt bridge that makes α:E254 unreachable as a potential
reason [70]. This idea was supported further by an in vitro study showing the
conformational change precedes the GTP hydrolysis in tubulin [39].

A more recent study from 2025 attempted to explain dynamic instability by
using coarse-grained modeling (validated by atomistic simulations and cryoelectron
tomography) to show how the switch between microtubule growth and shortening
is determined by the way bent protofilaments at the ends of microtubules cluster
together. This process is directly influenced by the nucleotide state of tubulin.
GTP-bound protofilaments form short, flexible clusters that last longer and easily
straighten into the microtubule lattice. This promotes elongation by allowing new
dimers to fit in. In contrast, GDP-bound protofilaments are longer and stiffer. They
create uneven clusters with higher internal tension, which destabilizes the end and
encourages depolymerization. Thus, protofilament clustering serves as the structural
and mechanical link between GTP hydrolysis in individual tubulins and the overall
polymerization state of the microtubule [71].

Dynamical behavior of MTs has characteristics that are often used to make or test
simulated models of MT dynamicity. For example, the rate of tubulin polymerization
and depolymerization differs at each of its ends. The β-tubulin exposed end, known
as plus end, exhibits higher rates of polymerization [72]. On the other hand, the α

-tubulin exposed end, known as minus end, shows a higher depolymerization rate.
Although the polymerization rate at both ends shows a linear dependence to the
tubulin concentration, there is not a specific relationship between depolymerization
rate and the tubulin concentration [72]. The catastrophe rate at both ends slightly
diminshes with increasing tubulin concentration, whereas the rescue rate increases
[72]. The catastrophe rate is reported to increase as MTs get longer and older, a
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phenomenon that is referred to as ’MT aging’ [73, 74]. In general, the rescue rate
at the minus end is higher than the plus end, while in the case of the rate of
catastrophe events the opposite is true [72, 75].

The age dependency of the catastrophe rate cannot be explained by the GTP
cap model alone [44]. Accumulation of defects or destabilizing agents or gradual
tapering of the MT tip has been proposed as potential reasons [73, 76–78]. To
resolve these conflicts, a third model was developed recently that argues GTP-tubulin
forms bent protofilaments at the end of the MT and these protofilaments frequently
change their curvature due to thermal fluctuations and form and break lateral
bonds with adjacent protofilaments [79]. This model can reproduce the MT tip
structures observed in Cryo-EM studies and in combination with lattice mechanism
of GTP hydrolysis can explain a wide range of in-vitro observations including the
age-dependent catastrophe events [44].

1.4. TUBULIN STRUCTURE
Both of α and β tubulin subunits are made of ~450 amino acid residues and have a
molecular weight of 50-55 KDa. The proper folding of tubulin subunits needs the
assistance of chaperons. The newly translated tubulin chain binds to prefoldin, a
protein that keep it in a highly unstructured state and then delivers it into the open
TRiC chaperon [80]. TRiC folds the N-domain, C-domain, core domain (containing
GTP binding domain) and M domain sequentially to make the native state (Gestaut
et al., 2022).

The N-termini of both α- and β-tubulin are buried and not easily accessible on the
exterior of intact MTs. The interaction between tubulin dimers along protofilaments
involves the N-terminal domain of the β-subunit binding to the C-terminal domain
of the α-subunit [81]. On the other hand, the C-termini of α- and β-tubulin
are exposed with the last ~20 residues forming an unstructured tail that is rich
in glutamate [82]. The C-terminal tail (CTT) has an influence on MT functions
such as its polymerization [83], interaction with microtubule associated proteins
(MAPs)[84, 85], kinetochore dynamics [86] and MT severing [87]. The CTT is also a
site for a variety of post-translational modifications (PTMs) such as polyglycylation,
polyglutamylation, detyrosination/tyrosination, phosphorylation [88].

These PTMs are essential for regulating microtubule dynamics, stability,
and interactions with microtubule-associated proteins (MAPs). For example,
polyglutamylation is observed to be associated with stable microtubules in cilia,
centrioles, mitotic spindles, and axons [89]. The combination and extent of these
modifications contribute to the functional diversity of microtubules in different
cellular contexts [90].

It’s worth noting that the pattern and extent of these modifications can vary
between different tubulin isotypes and cellular locations. For instance, in Drosophila
ovaries, the general α-tubulins (αTub84B/D) exhibited glutamylation in their
C-terminal tails, while the ovarian-specific αTub67C did not [88].

Each α and β tubulin come in different isotypes, which can provide tissue-specific
functions [91]. Humans have 12 genes encoding α-tubulin (9 genes, 2 pseudogenes,
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Figure 1.2: Tubulin structure and self-assembly dynamics. (A) Crystal structure of α and β

tubulin from thr protein data bank (PDB). The N-terminals of both subunits are buried in the
structure, but the C-terminals are accessible on the MT exterior side. The E-site of β-tubulin
and N site of α-tubulin as well as taxol binding site are highlighted. (B) GTP-tubulin self
assembles to form a hollow cylinder (here with 12 protofilaments) of a diameter of 25 nm (C)
Schematic representation of a dynamic MT. The protofilaments move due to thermal fluctuations
and sometimes can form lateral bonds with neighboring protofilament resulting in MT growth.
The GTP hydrolyses faster once the tubulin incorporates into the MT lattice, which leads to MT
destabilization. The loss of the GTP cap can eventually lead to MT shrinkage. (D) A kymograph is
often used to illustrate the dynamic behavior of MTs. The vertical axis is time and the horizontal
axis shows the length of MT. The key events such as rescue and catastrophe are marked on the
kymograph.
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1 putative gene) and 10 genes that encode β-tubulin (9 genes and 1 pseudogene)
[92] which provide programmable modules for expression of tubulin for different cell
types and developmental stages [93, 94]. For example, the brain and nervous system
specifically make α-I, β-II, and β-III isotypes, while testis and ovary produce α-II,
β-II, and β-IV isotypes[92].

The GTP hydrolysis pocket of β tubulin is located at its N-terminal. Apart from
GTP, the tubulin dimer has multiple binding sites and at least 27 of them have been
identified so far, such as tubulin-tubulin lateral and longitudinal, MT-stabilizing drug
binding sites (taxane binding site, laulimalide binding site), MT-destabilizing drug
binding sites, protein interaction binding sites (dynein, kinesin, tau, etc.) [95].

1.5. MICROTUBULE NUCLEATION
Microtubule nucleation is a key step in how the cytoskeleton self-assembles. It
determines how microtubule networks are organized in terms of space and time
within cells. Even though it plays an important role in cell division, transporting
materials inside the cell, and maintaining structure, nucleation is one of the hardest
phases of microtubule dynamics to observe directly. This difficulty arises because
nucleation is not only thermodynamically unfavorable but also slow, involving rare
and short-lived intermediates that are tough to spot in real time. As a result,
researchers have created specialized in vitro tests to track the earliest stages of
polymerization. These tests allow them to explore the molecular mechanisms and
regulatory factors that oversee this essential process.

For elongated, rod-like particles with a diameter significantly smaller than the
incident light’s wavelength, turbidity demonstrates an inverse cubic relationship with
wavelength (l−3) and MTs serve as an effective model for the long rod limit when
analyzing turbidity using light in the 320–600 nm wavelength range [96]. Gaskin et al.
showed the turbidity is directly related to the amount of tubulin mass polymerized
[97], as polymerized microtubules scatter more light. The turbidity assays of MT
polymerization (absorbance at 350 nm vs. time) produce an S like plot where there
is a slow phase of growth and then a linear region and finally slowing down and
reaching a plateau as the tubulin gets depleted [98].

The initial lag phase in the microtubule polymerization is interpreted as the
nucleation phase [99] and it was concluded that nucleation is the rate-limiting factor
in the whole process of MT formation and growth. Thereby, microtubule sustained
growth (~1 µM) is observed at much lower (~20 µM) than critical concentrations
required for MT nucleation [100, 101]. The formation of an initial template to
support further growth of MT involves a process of thermodynamically unfavorable
assembly of tubulin oligomers [102]. The first stable oligomer whose polymerization
is thermodynamically more favorable than its disintegration is referred to as critical
nucleus, and the aforementioned lag phase is attributed to the formation of this unit
[100].

The data from bulk assays (i.e. turbidity assay) of MT polymerization can be
used to estimate the size of the critical nucleus, which is suggested to be 5-20
tubulin dimers [100, 103]. The size of the critical nucleus is independent of
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tubulin concentration but depends on other factors such as GTP hydrolysis rate [45],
crowding agents ) [104], viscogens [105], MT stabilizing/destabilizing drugs [106] and
certain MAPs [107–109]. EM image analysis of oligomers during the early stages of
nucleation and growth provides valuable insight into this process. According to a
recent EM study, the mechanism of microtubule nucleation involves the formation
of straight oligomers of tubulin, marking them as being essential for the nucleation
process [110]. GTP binding to tubulin induces a conformational change that shifts
the curvature distribution of oligomers, favoring the formation of straight oligomers.
As the straight oligomers reach a critical size, they are able to overcome the energy
barrier for nucleation. This allows them to serve as a foundation for the growth of
microtubules [62]. To test this idea, researchers mutated the β-tubulin to promote
straighter conformations (Y222F in the β-tubulin subunit) and found the straighter
oligomers lowered the nucleation barrier [110].

1.6. KINETOCHORE
The kinetochore is a disc-shaped proteinaceous structure that plays a pivotal role in
cell division. It forms on the centromere of duplicated chromatids in eukaryotic cells
and serves as the attachment point for spindle MTs . Its primary function is to form
sturdy connections between chromosomes and microtubules, enabling the accurate
partitioning of genetic material into the emerging daughter cells. [111].

The two main parts of the kinetochore are the outer kinetochore (a 50–60-nm-thick
region) which interacts with microtubules and is only assembled during cell division,
and the inner kinetochore, which is firmly linked to centromere DNA and endures
throughout the cell cycle [112]. A fibrous structure, known as fibrous corona,
protrudes from the outer plate and contains proteins such as CENP-E and CENP-F
that help capturing dynamic MTs and stabilizing them, a model which is referred
to as ‘search and capture’ [113–115]. CENP-E is a plus-end-directed motor protein
that laterally binds to the MT lattice and participates in the process of chromosome
segregation [116]. Tubulin detyrosination, a PTM that is shown to be more
concentrated in the microtubules oriented towards the mid-plane of the mitotic
spindle and is depleted in the cortex-connected microtubules [117, 118], guides the
direction of the movement of chromosomes by CENP-E. After this initial lateral
attachment, the kinetochore must establish an end-on attachment in order to be
able to utilize the depolymerization forces of MTs for chromosome segregation [119].
Ndc80 is one of the proteins in the outer kinetochore that plays a crucial part in the
development of stable microtubule attachments, but its function in microtubule tip
tracking is still obscure. Unless the complex is (artificially) oligomerized [120–122],
Ndc80 complexes cannot track depolymerizing microtubules in vitro [123].

Additionally, there is proof that the kinetochore can either nucleate, as a result of
the Ran pathway, or at least trap and promote the growth of small MTs that are
formed in their vicinity [124, 125]. MTs can remain attached to the kinetochore at
the same time as new tubulin is being added to its plus end, while dimers are
disassembled from its minus end, a treadmilling behavior known as ‘microtubule
flux’ [126]. This means kinetochores have the capability of forming a stable
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connection to the MT ends at both growing and shrinking phases.

1.7. MICROTUBULE TIP TRACKING
Although the lateral motor proteins play a role in chromosome displacement, they
are largely dispensable [127, 128], indicating that the forces originated from end-on
dynamics are mainly responsible for chromosome movements [129, 130].

Several models have been put forward to explain the movement of chromosomes
due to depolymerizing MTs. In 1981, it was proposed that the kinetochore might
form a processive sliding collar around microtubules to maintain its attachment
[131]. When GTP cap is removed the protofilament releases the stored mechanical
strain when they adopt the bent conformation [132] and the tugging of the peeling
protofilament can slide the ring [133]. This is an example of ‘forced walk’ model in
which the tracking is a direct result of the conformational wave produced by peeling
protofilaments (Joglekar et al., 2010). Movement by binding of fibrils at the top of
the protofilaments is another example of forced walk model [134].

Another model proposed for the mechanism of MAP tip tracking on both growing
and shrinking MTs is affinity-driven tracking. This model assumes the higher affinity
of a MAP to the end of the MT helps to have a sustained attachment to the
growing/shrinking end, especially if the MAP is present in multiple numbers [135].
The tip tracking activity of human kinetochore proteins CENP-F and Ska1 can be
explained by this model [123, 136], but not exclusively.

Another model proposed for explaining the tip tracking of shrinking MTs is called
biased diffusion. A MAP with binding sites for MT can attach to it and diffuse on
the lattice as a result of thermal fluctuations. Although the diffusion resulting from
thermal fluctuations is not directional, it can be biased by factors such as higher
affinity for the tip or merely encountering a shrinking end that reflects the diffuser
[137, 138]. While in the affinity-based model the molecule can only transiently bind
to the lattice and then dissociate, in the biased diffusion model a key property of
the diffusive molecule is its processivity in binding which enables it to hop from
one binding site to another without completely dissociating from MT [135]. This
processivity cannot be infinitely long because of the possibility of hopping not to
the next binding site but to the void. Nevertheless, it can be greatly enhanced if the
diffusers are bundled together in multiple copies [135].

There is another requirement needed for a diffusive molecule to be a tip tracker,
and this is the magnitude of the diffusion coefficient compared to the speed of
depolymerization. As mentioned, when tip tracking is involved, the depolymerizing
end causes the diffusers to bounce back when they encounter the end, but if the
diffusion is fast the particle can move away before the shrinking end of the MT
can catch up. If the diffusion is too slow, then the diffuser may simply block the
depolymerization of the MT until the tubulin dimer at the end or the diffuser itself
dissociates [139].
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1.8. MECHANISM OF MICROTUBULE LOAD BEARING
The processive motion of an object under a force with a direction that is opposite of
the direction of movement is called load bearing [135]. The energy sources used for
load bearing in case of a shrinking MT tip tracker can either be from thermal motion
combined with lattice affinity or the stored mechanical energy in protofilaments
[140]. Thermal fluctuations are the main driver of biased diffusion behavior, but the
thermal energy cannot be larger than the binding energy of the diffuser to the MT,
otherwise the diffuser will be detached. Therefore, the load bearing force must be
smaller than the thermal force to prevent the diffuser from falling off the MT end,
indicating even a small load of < 1pN can stop tip tracking of the diffuser [139].

The maximum load bearing is expected to increase if multiple diffusing molecules
are employed [121]. For example, a molecular-mechanical model using 13 binders
with a diffusion coefficient of Ndc80 showed the stall force in this case could be 6-7
pN [139]. For larger amounts of forces, the mechanical energy of the protofilaments
need to be harnessed. In a model, independent binders were assumed to bind firmly
to the base of the curls of the protofilament and as shrinking continues, part of
the force is transferred via the coupler and the binder is ‘recycled’ to bind again to
the base of the curling protofilaments as its affinity for fully bent protofilaments is
significantly reduced [122]. The stall forces predicted by this model could be as large
as 70 pN [122].

In a more recent modeling of MT dynamics where it was straightening of
protofilaments as a result of thermal fluctuations and formation of lateral bonds was
proposed, the forces applied by curling protofilaments on a hypothetical ring were
calculated, which could reach to up to 9 pN per protofilament depending on the
protofilament stiffness and showed the shrining rate of depolymerizing MTs can be
significantly reduced if the lateral bond between protofilaments is week [79]. The
model’s output also matched the experimental data about the relationship between
exerting opposing forces and the polymerization rate.

Another model explained the load bearing of shrinking/growing MTs as a result of
capillary forces [141]. The model suggests a network of microtubule plus end-binding
proteins (+TIP bodies) form protein condensate at MT tip and that there is an
optimal angle at which protein droplet contacts the microtubule shaft. This angle is
determined by two competing forces: cohesion (which is caused by multiple binding
sites within the droplet) and adhesion (which comes from the affinity of proteins to
MTs). These two forces work together to create a specific preferred angle of contact.
The resulting capillary velocity was measured to be faster than MT shrinking rate,
which means the timescale of tubulin removal is longer than the timescale of +TIP
body relaxation. Therefore, as the MT end shrinks, the peeling protofilaments push
the protein condensate along the lattice and deform it and the condensate can move
in the same direction by its tendency for relaxation [141]. It was proposed “an elastic
modulus of the +TIP body can transmit this force to the cortex” [141]. It might seem
this model is essentially the same as the biased diffusion model described at different
representation levels, but in fact it also adds another important component to the
equation and that is the multivalent interactions between the diffusers themselves.
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Figure 1.3: MT involved force generation. (A) Growing MTs can generate pushing forces. This
is especially important in spindle positioning where the growing MTs faced with the cell cortex
generate pushing forces. (B) Depolymerizing MT generate forces that can be harnessed for
chromosome movement. (C) Motor proteins use ATP as fuel and generate forces that can be
employed for chromosome congression. (D) Affinity based model of tip tracking. In this model the
MAP is assumed to have higher affinity to the MT tip and thereby follows the growing/shrinking
end. (E) Forced walk model: In this model it is assumed the tip tracking protein binds firmly
the MT and it is displaced as a result of mechanical movement of the peeling protofilaments,
it could be in form of a ring or individual proteins that bind to the curled protofilaments. (F)
Biased diffusion model: The tip tracking protein weakly binds to the MT lattice and diffuses on
it as a result of thermal motions. The depolymerizing end of MT shrinks at a faster rate and
catches up these diffusing entities, with the assumption that the diffusers will bounce back once
they encounter the end. (G) Capillary force model: it is assumed the diffusers have an affinity
among themselves and form a molecular condensate with a certain contact angle at equilibrium.
The shrinking end of MT disrupts this equilibrium and changes the contact angle of the droplet.
The droplet relaxes to its minimal free energy state by expanding away from the end.
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1.9. DNA ORIGAMI
DNA origami is the art of folding DNA into a desired shape. The folding is based
on pair-bonding of DNA bases and thereby it is possible to engineer accurate and
programmable structures using DNA code. The use of DNA origami could be highly
advantages in in-vitro studies, especially when multiprotein complexes are involved,
because of its programmability and it could be used as a platform to precisely
control type and stichometry of interacting proteins of interest. As reviewed earlier,
the multivalency is a key property in the tip tracking activity of MAPs. Traditionally
the multimerization of tip trackers was obtained by immobilizing them on the
surface of beads. This method is straightforward and provides valuable information
about the collective vs. singular behavior of MT tip trackers, however it comes
with potentially undesired consequences such as inevitability of always carrying a
huge cargo and its potential geometric and mechanical influence, dissociation of
non-specifically bound proteins from the bead and a lack of precise control over
the number and spacing of interacting agents. A platform made of DNA origami
can mitigate such issues. Verma et al used a sheet-like DNA origami structure and
engineered it to have 3 or 6 hexagonally arranged binding sites for Ndc80 (Sequoia
version) however the focus of this study was increasing the hybridization efficiency
of DNA-labeled Ndc80 to the DNA origami scaffold rather than its interaction with
MTs [142]. It was shown in this study that dimerization of hybridizing protein can
be an effective strategy to increase the efficiency of protein-scaffold binding.

In another study [143] a ring-shaped DNA origami structure was made and
tethered to the surface with its exposed side having 24 handles to bind proteins like
Ndc80 or CLASP2 (a modified version of CLASP protein that is proposed to bind
to curled protofilaments at the end of MTs and possibly help MT polymerization).
It was demonstrated that CLASP, multimerized by DNA origami, is able to form
load-bearing attachment to MT ends in the absence of GTP.

1.10. RECONSTITUTING MINIMAL MITOTIC SPINDLES
In this section we briefly review the history of the development of minimal mitotic
spindle reconstitution studies and mention milestones in a chronological order. The
foundation for in vitro studies of mitotic spindles was established in the mid-20th
century with the pioneering experiments of trying to purify and characterize spindle
constituents. Mazia first isolated the mitotic apparatus of dividing cells, providing
the initial biochemical characterization of spindle components which subsequent
researchers would emulate [144]. The work continued in the following decade,
refining direct isolation techniques to further guarantee the investigation of the
spindle’s structure in detail [145]. The importance of maintaining proper chemical
conditions was understood by the work of Kane [146], who studied physical and
chemical determinants of mitotic apparatus stability in vitro and in particular the
roles played by pH and dielectric constants. These early isolation methods were then
refined by Forer and Sakai [147, 148].

A turning point was achieved in the late 1980s when researchers began
demonstrating functional reconstitution of spindle processes. Rebhun and Palazzo
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succeeded in reconstructing anaphase B spindle elongation in isolated sea urchin egg
spindles, the first to show the potential of isolated spindle components to recapitulate
dynamic cellular behavior [149]. This was succeeded by the accomplishments of
Lohka and Maller, where formation of the spindle was attained in cell-free Xenopus
egg extracts, a landmark step towards investigating the dynamics of the spindle
in fully defined in vitro systems [150]. The strength of this method revealed
itself as Sawin and Mitchison recognized two different avenues of spindle assembly
in Xenopus egg extracts, demonstrating the intricate dynamics of chromatin and
microtubule interactions responsible for spindle formation [151].

In the 1990s, Dogterom et al. made microtubule asters in vitro by combining
Xenopus laevis egg extracts with purified centrosomes, employing salmon sperm
nuclei to concentrate clumps of chromatin in meiotic extracts or λ-phage DNA-
based synthetic chromatin stripes on gold-patterned coverslips in mitotic extracts,
supplemented with rhodamine-labeled tubulin for fluorescence microscopy [152].
These experiments allowed to study the local effect of M-phase chromatin on MT
dynamics, a process believed to contribute to the formation of mitotic spindles.

In one of the earliest aster-in-confinement reconstitution studies, Holy et al.
utilized microfabricated chambers to mimic cellular confinement, enabling the
in vitro assembly and positioning of microtubule asters using purified tubulin,
centrosomes, demonstrating that microtubule polymerization alone can center asters
without molecular motors [153].

Over the following years the spindle formation mechanisms were further elucidated.
Khodjakov demonstrated that chromatin alone can drive spindle formation without
centrosomes [154], the RanGTP gradient was established as a spatial organizing
system that locally releases spindle assembly factors around chromosomes [155–157],
and multiple studies revealed how kinetochore-microtubule interactions, motor
proteins, and structural matrices work together to create bipolar spindle organization
through spatially controlled molecular activities [158–162].

Additional clarification of how crucial spindle assembly factors are regulated was
provided by Kelly et al., which illustrated that Aurora B phosphorylates and activates
TPX2 to facilitate spindle assembly through positive feedback [163]. The importance
of specific protein interactions was further illustrated by Bird et al., who showed
that the interaction between TPX2 and Aurora A is needed to form spindles of the
appropriate length in human cells [164].

In 2010, Bieling et al. reconstituted a minimal midzone protein module with
PRC1 with high precision for control of antiparallel microtubule overlap formation
and length in vitro, closely reproducing the structure and function of the spindle
midzone [165].

2 years later, Laan et al. recreated cortical dynein-microtubule interactions in
vitro by utilizing microfabricated chambers with functionalized barriers to mimic the
cellular cortex [166]. They attached dynein motors to these barriers and introduced
dynamic microtubules nucleated from centrosomes to form asters.

In 2013 Portran et al published a reliable method to create MT nucleation centers
with a controlled distance from each other, a step towards making microtubule bi-
asters. they used UV micropatterning to create adhesive patterns on PEG-passivated
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glass surfaces, preventing non-specific protein adsorption. Biotinylated microtubule
(MT) microseeds, stabilized with taxol and GMPCPP, were attached to these patterns
via neutravidin, making it possible to make asters facing each other within a defined
distance [167].

Subsequently, Vleugel et al. developed a method to reconstitute simplified mitotic
spindles inside tiny water-in-oil droplets, which mimic the confined space of a cell.
They started with just centrosomes and tubulininside these droplets. As microtubules
grew, they pushed against the droplet boundary, causing the centrosomes to move
apart—similar to how spindle poles separate in cells. They then added key proteins
to study their effects: dynein pulled microtubules inward, counteracting the pushing
forces, while kinesin-5 and Ase1 helped shape the spindle. This paper established
the basic system to study spindle mechanics by adding components one at a time
[168].

Building on this work, this team explored how the balance of forces between
microtubules and proteins determines spindle structure. They measured how
microtubule length and density affect aster positioning and combined experiments
with computer simulations to show that asters naturally repel each other due to
steric clashes. They then tested how different proteins compete: Ase1 pulled asters
closer by bundling microtubules, while kinesin-5 pushed them apart. Even without
chromosomes, the system could switch between "metaphase-like" (asters held at
mid-distance) and "anaphase-like" (asters fully separated) states, revealing how
spindles achieve flexibility. This work provided a quantitative framework for how
spindle architecture emerges from simple physical rules and molecular interactions
[169].

Reconstitution of kinetochore-microtubule attachments has also been a main
focus of study over the past few years. Cheeseman et al.defined the KMN
complex of KNL-1, the Mis12 complex, and the Ndc80 complex as the innermost
microtubule-binding site of the kinetochore with enhanced microtubule-binding
activity in purified systems [170].

In addition, the reconstitution of branching microtubule nucleation has
illuminated mechanisms of spindle amplification. Travis et al. reconstituted
branching microtubule nucleation in vitro from purified Drosophila embryo
Augmin and γ-TuRC, demonstrating cell cycle-dependent microtubule amplification
necessary for assembly of spindles in large cells [171]. The study revealed molecular
mechanisms by which cells amplify microtubule density during mitosis to enable
vigorous spindle formation.

The cumulative results of these reconstitution experiments have provided us with
fundamental understanding of the self-assembly mechanisms of the mitotic spindle
and how motor proteins, microtubules, and cross-linking factors act together to
generate effective structures that can segregate chromosomes. The experiments
showed that highly complex organizational behavior can often be reconstructed
from simple molecular building blocks if they are placed in the correct geometric
and biochemical contexts. Looking to the future, reconstitution studies will
strive to incorporate increasingly sophisticated biologically-relevant elements in
minimal spindles, in order to achieve spindle reconstitution experiments simulating
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all relevant aspects of cellular mitosis. For example, the addition of minimal
(bi-oriented) chromosome mimics will be an important step forward that will
help understand the basic principles of chromosome positioning and dynamics in
spindles. This thesis is motivated by achieving this goal.

1.11. THESIS MOTIVATION AND OUTLINE
Studying spindle-mediated chromosome segregation is challenging due to its high
complexity and tight regulation, involving hundreds of proteins. Traditionally,
researchers employ either top-down or bottom-up approaches to reduce complexity
and identify a minimal set of components capable of performing biologically relevant
functions. Building on the long history of in vitro studies in our lab, the goal of this
work was to reconstitute mitotic spindle–mediated DNA segregation in a modular
manner (Figure 1.4).
In this modular approach, the process was broken down into four functional units:
Module 1: Establishing a stable, processive, and load-bearing connection between a
shrinking microtubule (MT) plus end and the load (mimicking the kinetochore–MT
interface).

Module 2: Reconstituting microtubule asters and controlling their positioning
(analogous to astral MTs in cells).

Module 3: Mimicking DNA congression by using plus-end–directed motors to
transport the load toward MT plus ends.

Module 4: Reproducing chromosome bi-orientation by symmetrically linking
load-bearing cargos (homodimers) to MTs from opposite sides by using photocleable
linkers, allowing for controlled external cleavage of the connection.

These modules map directly onto the core biological features of spindle-mediated
segregation: Modules 1 and 4 address the MT–DNA connection (plus-end interactions
and bi-orientation), while Modules 2 relate to MT organization and positioning
(minus-end nucleation control ). Module 3 attempts to reconstitute end-on
conversion phenomenon. By integrating all four, a minimal, fully reconstituted
spindle segregation machinery can be achieved.
The content of the thesis is structured as follows:

Chapter 1:Elucidating the context and explaining the components used in this
reconstitution study, starting from a general view (cell cycle and division) and
gradually zooming in into detailed explanation of some of the main players in the
process (e.g. tubulin, Ndc80).

Chapter 2: Introduction of the nanospring tool for precise control over the
number of load-bearing Ndc80 complexes during MT interactions (Module 1). Its
force measurement validity was confirmed, and it was applied to study how Ndc80
oligomers capture force in the presence of the SKA complex.

Chapter 3: Systematic variation of Ndc80 complex number using DNA origami,
approaching physiological copy numbers (20), and assessment of the resulting effects
on force transmission and MT dynamics (Module 1). This chapter is an exploration
to find the condition for a stable and procesive connenction between microtubule
and the load.
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Chapter 4: Application of microfabrication and DNA origami methods to pattern
MT seeds and control nucleation sites, culminating in the reconstitution of a 3D
artificial MT aster (Module 2).

Chapter 5: Development of a load-bearing homodimer capable of interacting with
microtubules (MTs) from both directions was achieved. A 2D mitotic spindle with
crosslinked antiparallel MTs was reconstituted to provide the structural framework
for this system. Such an arrangement is essential for establishing a bioriented
connection, in which two opposing MTs attach to the same DNA cargo from
opposite sides. The two load-bearing motile units are linked via a photocleavable
linker, rendering the system photoresponsive. Once a stable bioriented connection is
formed, DNA segregation can be triggered by light-induced cleavage of this linker,
thereby mimicking the separation process observed in cells. (Modules 2–4)

Chapter 6: Discussion of reconstituted systems focusing on MT nucleation
and MT–DNA connections, with perspectives for future developments toward fully
integrating all four modules into a minimal, functional spindle-mediated segregation
system.
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Figure 1.4: Modules involved in spindle-mediated DNA segregation. Module 1: Reconstitution of
a stable connection between the load and a shrinking microtubule. Ideally, this connection should
be processive and capable of bearing the load. Module 2: Comprising two parts—(a) reconstitution
of microtubule asters and (b) their precise positioning. Module 3: Mimicking DNA congression
in cells by using plus-end–directed motors to transport the load toward the microtubule plus
end. Module 4: Mimicking chromosome bi-orientation, where the plus-end–moving, load-bearing
cargo is symmetrically connected (homodimer) and can interact with microtubules from both
sides. This homodimer can be cleaved by an external trigger (in this study by 405 nm laser
light). A fully reconstituted minimal spindle-mediated DNA segregation machinery is obtained by
integrating all four modules.
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To see what is right in front of one’s nose needs a constant struggle

George Orwell

Nature uses only the longest threads to weave her patterns, so that each small piece of
her fabric reveals the organization of the entire tapestry

Richard Feynman

Microtubules are dynamic cytoskeletal filaments that can generate forces when
polymerizing and depolymerizing. Proteins that follow growing or shortening
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microtubule ends and couple forces to cargo movement are important for a
wide range of cellular processes. Quantifying these forces and the composition
of protein complexes at dynamic microtubule ends is challenging and requires
sophisticated instrumentation. Here, we present an experimental approach to estimate
microtubule-generated forces through the extension of a fluorescent spring-shaped
DNA origami molecule. Optical readout of the spring extension enables recording of
force production simultaneously with single-molecule fluorescence of proteins getting
recruited to the site of force generation. DNA nanosprings enable multiplexing of
force measurements and only require a fluorescence microscope and basic laboratory
equipment. We validate the performance of DNA nanosprings against results obtained
using optical trapping. Finally, we demonstrate the use of the nanospring to study
proteins that couple microtubule growth and shortening to force generation.
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2.1. INTRODUCTION

M Icrotubules are dynamic polymers that can exert pushing and pulling forces
when they grow and shorten. Microtubule-generated forces are important at

various stages of the cell cycle in a variety of cell types and contexts (reviewed in
[1]). One of the most well-studied processes relying on microtubule-generated forces
is mitotic cell division, when the ends of microtubules pull on the centromeric
regions of chromosomes through protein structures called kinetochores [2]. The
microtubule–kinetochore interface is force sensitive – tension at the centromere
is thought to be converted into a biochemical signal that silences the mitotic
checkpoint. However, the nature of the force sensor that responds to the
microtubule-generated tension in the kinetochore is still unclear (reviewed in [3]).

Precise measurements of microtubule-generated forces and responses to these
forces are challenging in vivo, because of crowded cellular environments, a multitude
of differently directed forces that are exerted by different cellular components,
and difficulties in incorporating force-measuring equipment into the cell. The
method of choice for precision force measurements has been in vitro reconstitution
and optical trapping. An optical trap holds a plastic or glass sphere (bead) in
the center of a tightly focused infrared laser beam. Bead displacement from
the beam can be monitored with nanometre precision using sophisticated optical
equipment [4, 5]. Forces measured using beads coated with microtubule-binding
proteins or purified kinetochore particles have provided important insights into
the action of a microtubule as a motor [6] , the force-dependent stabilization
of the kinetochore–microtubule interface [7] [8], and molecular determinants of
kinetochore-mediated stabilization of microtubule ends [9, 10].

Although having outstanding force and time resolution, the optical trapping
approaches present several challenges. First, building an optical trap requires optical
and engineering expertise, and commercial systems are expensive. Second, the
trap acts on the centre of a bead, while force-generating biomolecules act on
the surface of the bead, which can create asymmetry of the applied force in the
bead–microtubule system [11, 12]. Finally, to study effects of force on dynamics
of microtubule-binding or kinetochore proteins, one has to record these dynamics
simultaneously with force. Addition of single-molecule fluorescence imaging to an
optical trap is technically demanding [13–15] and not widely accessible.

Here, we present a method to simultaneously measure microtubule-generated
forces and single-molecule fluorescence intensities in vitro without an optical trap.
The method is based on a previously described DNA origami spring-shaped structure,
designed to determine forces directly from its extension [16]. The nanospring is
assembled by folding a long single-stranded DNA with short DNA oligonucleotides
(staples), resulting in a spring-shaped bundle of four DNA strands (Fig. 2.1A; [16]).
We provide detailed instructions to modify the original spring design, purify the
DNA nanosprings, and use them as sensors for forces produced by growing and
shortening microtubules.

We provide typical results in three different in vitro systems. First, we validate
the nanospring-based estimation of force against optical trapping by measuring the
stall force of dynein motors walking along the stabilized microtubules. We then
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demonstrate the use of the nanosprings to measure the forces generated by dynamic
microtubules. Focusing on forces produced by microtubule growth, we reconstitute
the forces exerted through an EB3 (encoded by MAPRE3) comet following the
growing microtubule ends and pulling on nanospring-bound cargo containing an
EB-binding SxIP motif.

Finally, we focus on forces produced by shortening microtubule ends in the context
of kinetochore–microtubule interactions. We attach human kinetochore complex
Ndc80 to the nanospring, and monitor spring extension simultaneously with the
binding and unbinding of the spindle and kinetochore-associated (Ska) complex,
another microtubule-binding kinetochore component. Using the DNA origami
nanospring, we demonstrate that the presence of additional copies of Ndc80, but
not Ska, increases the amount of force that shortening microtubule ends transmit to
their cargo.

2.2. DESIGN AND CALIBRATION OF THE NANOSPRINGS
To make the DNA nanospring, we adapted the reported DNA origami design [16]
to other single-stranded DNA scaffolds (see Materials and Methods for a detailed
protocol). The spring was assembled into a four-stranded DNA bundle with a three
nucleotide-long hairpin inserted at every 14 bp, creating an offset to twist the spring
(Fig. 2.1A). Digoxigenin (DIG)- and biotin-labelled DNA staples were introduced at
the termini of the spring for attachment to the molecules of interest. Further, nine
Atto488-labelled staple oligonucleotides were evenly distributed along the length of
the spring, and another five Atto488-labelled oligonucleotides added next to the
biotin-labelled end (Fig. 2.1A). Spring design can be easily modified using caDNAno
software (Fig. 2.1B; https://cadnano.org/ ) [17]. Folded springs need to be separated
from the short staple oligonucleotides and partially folded products (Fig. 2.1C).
We validated the purity and folding of our DNA nanosprings using negative stain
electron microscopy (EM) (Fig. 2.1D).

To calibrate the force–extension profile of the springs, we attached the springs
to the hydrophobic silanized glass surface of a flow chamber using anti-DIG IgG
(Fig. 2.2A). Following a passivation step using Pluronic F-127, we obtained a uniform
coating of single fluorescently labelled springs on the coverslip (Fig. 2.2B). We then
used 1 µm streptavidin-coated beads bound to the springs via biotin–streptavidin
linkage (Fig. 2.2C). Upon trapping a bead that was bound to the coverslip via the
nanospring, displacement of the bead from the trap was measured as the flow
chamber was moved using a piezo-driven stage in 100 nm steps, following a 2D
matrix (Fig. 2.2D). After radial averaging of the force–extension data for six beads
and accounting for the bead radius, the resulting force–extension curve was identical
to that previously published [16]. Fitting the data to an exponential growth equation
produced the following relationship, which we used further to convert nanospring
extension into force (Fig. 2.2E):
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Figure 2.1: Nanospring representation in caDNAno and quality control of folded nanospring by
agarose gel electrophoresis and electron microscopy. (A) An example of a slice panel (left) and a
path panel (right) of the DNA origami design in caDNAno. Below: a schematic illustration of
the nanospring with colour-coded staples (yellow, biotin; red, fluorescently labelled staples; blue,
DIG). (B) Step by step visual guide to extend an existing nanospring design using caDNAno.
(C) Purification of nanosprings by agarose gel electrophoresis. The left lane shows migration of
unfolded scaffold in absence of staples, the right lane is loaded with staple-scaffold mixture after
temperature cycling and contains the products of folding. (D) Transmission electron microscopy of
nanosprings negatively stained by 2% uranyl acetate. Enlarged images of the indicated regions are
shown on the right. Scale bars: 100 nm. Images in C and D are representative of 11 experiments.

F = 0.182e3.3x (2.1)

where F is force in piconewtons and x is nanospring extension in micrometres. We
used fitted residuals to estimate the uncertainty of force measurement from spring
extension (Fig. 2.2F). Owing to the non-linear force–extension curve, uncertainty in
force estimation increased with the nanospring extension from ±0.1 pN at forces
below 0.3 pN to about ±1 pN for maximal nanospring extensions corresponding to
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forces above 5 pN (Fig. 2.2G).

Figure 2.2: Surface attachment and calibration of nanospring force–extension. (A) Schematic
diagram showing assembly of a flow chamber using silanized slides and coverslips. (Continued ...)
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(Figure 2.2 continued) (B) Typical microscopic field of view with 10× Atto-labelled nanosprings
attached to glass surface using DIG and anti-DIG IgG. Scale bar: 10 µm. (C) Schematic
diagram of an experiment with surface-bound nanospring being stretched using a bead in an
optical trap. (D) A typical result (from six repeats) showing nanospring extension (vertical
axis) as a function of the 2D coordinates of the microscopic stage (horizontal axes x and
y). The bell-like shape of the curve signifies a single attachment point for the nanospring.
(E) Force–extension curve resulting from measurements using six nanospring-attached beads
(black), overlayed on top of the results presented in the original publication (orange; Iwaki et
al., 2016 [16]). Solid red line shows results of exponential fitting. (F) Residuals of exponential
fitting presented in E. (G) Standard deviation of residuals binned by force (as calculated from
spring extension).

2.3. VALIDATION OF NANOSPRING-BASED FORCE

MEASUREMENTS
To benchmark the performance of the nanospring in measuring single-molecule
forces, we used biotinylated dynein motor domains from S. cerevisiae [5, 18]. In this
experiment, the nanospring was attached to anti-DIG IgG on the coverslip via DIG,
and a streptavidin-coated Qdot bound both biotinylated dynein and a biotinylated
DNA staple at the end of the nanospring (Fig. 2.3A). We used total internal reflection
fluorescence (TIRF) microscopy to record images of microtubules, Atto488-labelled
nanosprings and Qdot565-bound dynein at the end of the nanospring. Owing to
dimensions of the nanospring spanning several hundreds of nanometres, the best
contrast was achieved using an imaging mode with deeper penetration than TIRF,
such as HiLo [19], or intermediate settings between TIRF and epifluorescence. Using
these settings, we could readily observe spring-bound Qdots walking along the
microtubule, extending the springs, and stalling upon reaching the stall force of
dynein (Fig. 2.3B).

To determine spring extensions from kymographs such as the one presented in
Fig. 3B, we used two methods. First, to determine the length of the spring, in each
line of a kymograph containing the Atto488 signal, we measured the centre position
of pixels that were brighter than the background fluorescence level. Second, to
determine the position of the end of the spring, we fitted a gaussian to each of the
lines of a kymograph containing the Qdot-565 signal. Both of these measurements
yielded estimates of spring extension (Fig. 2.3C). However, subpixel localization of
the Qdot position provided less noisy data (Fig. 2.3D, compare magenta and yellow
traces) and was therefore used in further analysis to determine the position of the
spring end. Nanospring length was then converted into stalling force using Eqn 2.1.

As a control, we used optical trapping to measure the stall forces of bead-bound
dynein (Fig. 3E). Optical trapping provided high temporal and spatial resolution
(Fig. 2.3F); however, the stall force values extracted from both force measurement
methods were similar (Fig. 2.3G). These results are consistent with other reports of
S. cerevisiae dynein stall force [20, 21].
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Figure 2.3: Analysis of spring extension and validation of force measurements. Experiment
schematics (A) and a typical kymograph from three repeats (58 force traces in total) (B) showing
a coverslip-bound taxol-stabilized microtubule (cyan), Atto488-labelled nanospring (yellow) and
dynein-conjugated Qdot-565 (magenta). Note that the spring spends most of the observation time
in the stretched state. As the spring design we used featured 5× Atto488 at the biotinylated spring
end, and 10× Atto488 along the spring length (see Fig. 1A), the fully stretched spring has one
end brightly labelled, as can be seen in the Atto488 channel of the kymograph. (C) Coordinates
on the nanospring end (Qdot, left), and nanospring middle (right) obtained by analysing the
kymographs in B using the Julia script (see Materials and Methods for details). Vertical line
shows the coordinates of the relaxed spring, arrows labelled F show direction of dynein-generated
force. (D) Nanospring extension (left y-axis) and force (right y-axis) measured using these two
methods and plotted as a function of time. (E) Experimental setup to estimate dynein stall
force using an optical trap. (F) Typical time trace from three repeats (102 force traces in total)
of a dynein walking against the applied force, recorded in an optical trap. (G) Dynein stalling
forces measured using nanospring (left) and optical trapping (right). Circles, individual stall
events; line: median, number of measurements is shown in the shaded area. P-value (two-tailed
Mann–Whitney test): 0.06 (n.s., not significant). Scale bars: horizontal (1 µm), vertical (60 s)
(B,C).
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2.4. ESTIMATION OF FORCES GENERATED BY GROWING

MICROTUBULES
Growing microtubule ends recruit end-binding (EB) proteins in the shape of a comet;
these comets in turn recruit a number of secondary proteins that carry EB-binding
SxIP motifs [22]. The affinity of an EB comet to SxIP-containing proteins was
reported to generate sub-piconewton forces that could extend membranes, transport
actin filaments along with microtubule growth and reverse the direction of a
kinesin-14 motor [23–25]. Although prior measurements have been performed using
optical trapping, measuring sub-piconewton forces using this method is challenging,
because it is easy to lose a bead from a soft trap. We therefore thought that the DNA
nanospring, with its high precision in a low-force regime could provide an advantage
(Fig. 2.2G).

To couple nanospring extension to microtubule growth, we used a nanospring-
bound Qdot705 coated with an mCherry-tagged and biotinylated C-terminal fragment
of human MACF2 (also known as DST, hereafter just referred to as MACF) [23] in the
presence of dynamic microtubules and mCherry–EB3 (Fig. 2.4A). In these conditions,
we observed nanosprings getting extended in the direction of microtubule growth
when interacting with the mCherry–EB3 comets through mCherry–MACF (Fig. 2.4B).
Quantification of nanospring extension using our Julia scripts, and subsequent
conversion of spring extension into force yielded sub-piconewton force generation
events that lasted for multiple seconds (Fig. 2.4C).

This experiment highlights how protein complexes at the interface of the
nanospring and the microtubule end can be directly visualized using fluorescence
microscopy. Our results are consistent with observations using optical trapping,
where a MACF-coated bead was interacting with a growing microtubule end
(Fig. 2.4D). In both conditions, we observed forces in sub-piconewton range lasting
for many seconds (Fig. 2.4C,D). On average, nanospring-measured forces were
smaller than optical trap-measured ones (Fig. 2.4F). This difference could be related
to different amount of MACF molecules interacting with a comet in each case –
no more than 20 in case of Qdot-nanospring, and several thousand in case of
MACF-coated beads [23].
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Figure 2.4: Estimation of microtubule growth force using the DNA origami nanospring.
Experimental setup (A) and typical kymographs from four repeats (38 force signals in total) (B);
microtubules are grown from coverslip-attached GMPCPP-stabilized seeds (grey). Yellow shows
the nanospring. Streptavidin-coated Qdot-705 (magenta) binds to the nanospring and is further
saturated using mCherry-tagged MACF C-terminus (cyan). MACF is concentrated at the growing
microtubule end thanks to the presence of mCherry-EB3 comets (cyan). Given that tubulin is
unlabelled in this experiment, microtubule dynamics can be observed in MACF and EB3 channel.
Boxes show events of a nanospring being stretched by growing microtubule ends. (C) Events of
growing microtubule ends pulling on the nanosprings via MACF magnified from boxed regions in
B. Graphs show quantification of nanospring extension and force over time for these events. (D)
Experimental setup to estimate the MACF-transmitted force using the optical trap. (E) Typical
time trace from three repeats (24 force signals in total) of a glass bead following microtubule
growth against the applied force. (F) Forces measured in the direction of microtubule growth
using MACF-conjugated nanosprings or MACF-coated beads in an optical trap. Horizontal lines
show median. Scale bars: horizontal 5 µm (B) or 1 µm (C), vertical (60 s).

2.5. ESTIMATION OF FORCES GENERATED BY MICROTUBULE

SHORTENING
We have previously shown that multimerization of the human kinetochore complex
Ndc80 enables it to follow microtubule shortening against an applied force [9].
Multiple copies of Ndc80 oligomers can stall microtubule shortening, and the
duration of these stalls is increased in the presence of another multi-protein
kinetochore complex known as the Ska complex, which cross-links Ndc80 and
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microtubules [10]. However, these observations were performed using bead-bound
Ndc80 in an optical trap, in conditions preventing us from having precise information
about the number of Ndc80 and Ska copies interacting with the force-generating
microtubule ends.

To study the Ndc80–Ska–microtubule force-coupling system in single-molecule
conditions, we used streptavidin-oligomerized Ndc80 bound to biotinylated
nanosprings in the presence of dynamic microtubules and Ska (Fig. 2.5A). Using
TIRF microscopy, we could simultaneously record microtubule dynamics, position
of the spring-bound Ndc80, and dynamics of Ska binding to both microtubules
and Ndc80 (Fig. 2.5B). Note that the run length of the nanospring-bound Ndc80
was limited by the extension of the nanospring (±1 µm), restricting the previously
observed distances that an Ndc80 trimer can cover with the shortening microtubule
end [9].

Forces measured using a nanospring carrying a single Ndc80 trimer in the absence
of Ska were similar to previously reported forces measured using beads sparsely
coated with the Ndc80 trimers in an optical trap (Fig. 2.5C) [9]. We then compared
these forces to nanospring-measured forces recorded when Ska signals colocalized
with the spring-bound Ndc80 (Fig. 2.5B, top), and to forces recorded in the same
sample, but without Ska colocalization (Fig. 2.5B, bottom). As reported previously,
at low Ska concentrations, the Cdk1 phosphorylation of the SKA3 C-terminus
enhanced Ska–Ndc80 interactions [10], which is evident from the higher frequency
of Ska-positive force events (Fig. 2.5C). At 100 nM Ska, Cdk1 phosphorylation was no
longer necessary for Ska–Ndc80 binding; however, we did not observe a difference
in nanospring-measured force resulting from the presence or absence of Ska during
force development (Fig. 2.5C).
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Figure 2.5: Estimation of microtubule shortening force using DNA origami nanospring. (A)
Experimental setup. GMPCPP-stabilized microtubule seeds (grey) are attached to the coverslip
and nucleate dynamic fluorescently labelled microtubules (cyan). An Atto488-labelled nanospring
(cyan) is conjugated to Ndc80–TMR trimers (magenta) oligomerized using streptavidin. Ska
complex labelled with HiLyte-647 (yellow) is present in solution and can bind both to Ndc80
and to microtubules. (B) Typical results from five repeats showing shortening microtubule ends
pulling on nanospring-conjugated Ndc80 trimers (boxes). Top example, Ska is bound to the
Ndc80 trimer during force development. Bottom example, Ska is present in the sample, but not
bound to the Ndc80 trimer during force development. Boxed regions are magnified below the full
kymographs. (C) Forces measured using a single Ndc80 trimer following microtubule shortening
against the force exerted by the stretched nanospring. Shaded area, stalling forces measured using
beads sparsely coated with Ndc80 trimers in an optical trap [9] Circles, individual measurements;
lines, median. Cdk1 phosphorylation of SKA3 leads to increased recruitment of Ska to Ndc80
trimers during force development [10], but has no effect on the measured force within the Ska
concentrations in the range between 1 and 100 nM. Scale bars: horizontal 5 µm (B), 1 µm
(insets), vertical 60 s (B), 10 s (magnified views).

2.6. PRESENCE OF MULTIPLE MICROTUBULE BINDERS AT THE

NANOSPRING ENHANCES FORCE COUPLING
The failure of Ska to increase the Ndc80-transmitted force was consistent with
our earlier estimates using optical trapping, where the presence of Ska mainly
affected the duration of stalls, and to a lesser extent the stalling force [10]. We
wondered, however, whether there were conditions in which we could capture higher
microtubule-generated forces using nanospring-bound Ndc80. One way to increase
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the amount of transmitted force is to engage more copies of a force-coupling
molecule [9, 26]. To test this hypothesis, we sought to increase the multimerization
of Ndc80 at the end of the spring.

We took advantage of the SpyCatcher–SpyTag interactions forming a covalent bond,
and a previously described protocol to biochemically separate streptavidin tetramers
refolded from mixtures of SpyCatcher–avidin, SpyTag–avidin and Traptavidin [27,
28]. We first expressed, refolded and purified streptavidin tetramers containing
three SpyTag–avidin subunits and one Traptavidin subunit (T1ST3) and then mixed
these with an excess of SpyCatcher avidin tetramers (S4) (Fig. 2.6A; Fig. 2S.1A,B).
The resulting T1ST3S12 scaffolds were mixed with an excess of Ndc80SpyTag to
generate objects containing up to nine Ndc80 copies. Ndc80 was labelled with TMR
using sortase and a fluorescently labelled peptide in the same reaction and the
final product, T1ST3S12[Ndc80]x, was purified using a glycerol gradient (Fig. 2.6A;
Fig. 2S.1B,C). Examining the resulting Ndc80 multimers by electron microscopy, we
found Ndc80 multimers with varying stoichiometries. Typical Ndc80 multimers
contained four to seven Ndc80 arms (Fig. 2.6C).

Attaching these multivalent objects to the biotinylated nanosprings, we could
measure the force they transmitted from the microtubule shortening, and their
brightness (Fig. 2.6D). Consistent with our observations by EM, the distribution
of Ndc80 copy number was quite wide, peaking at six Ndc80 copies per object
(Fig. 2.6E). Consistent with increased Ndc80 copy numbers, Ndc80 multimers
transmitted up to 10 pN of microtubule-generated force, compared to a maximum
of 3 pN transmitted by a single Ndc80 trimer (Fig. 2.6F). Contrary to the experiments
with bead-bound Ndc80 trimers, we did not observe force-dependent microtubule
rescue with Ndc80 multimers bound to nanosprings despite forces in the 5–10 pN
range.
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Figure 2.6: Presence of multiple microtubule-binders at the nanospring enhances force-coupling.
(A) T1ST3SC12 assemblies were generated from T1ST3 and SC12 tetramers, purified using
size-exclusion chromatography, and incubated with Ndc80. See Fig. S1 for more information. (B)
The final product, T1ST3SC12[Ndc80TMR]x containing up to nine Ndc80 copies, is also shown
side-by-side with monomeric Ndc80 and the spy-avidin scaffold. The top gel image is taken after
Coomassie staining and the bottom is the image of the same gel taken at 561 nm fluorescence
channel. Streptavidin remains tetrameric during SDS-PAGE given that samples were not heated
before analysis. The four subunits of the Ndc80 complex (NDC80, NUF2, SPC24 and SPC25),
however, run separately, as their interactions are broken in the presence of SDS. (C) Multimeric
Ndc80 assemblies were purified on a density gradient and inspected by electron microscopy after
low-angle platinum shadowing. Monomeric Ndc80 complexes (arrowheads) are shown next to
multimeric Ndc80 modules. The sample shown in B and C was used for experiments presented in
D–F. (D) Experimental setup and typical kymographs from five repeats showing DNA nanosprings
(yellow) extended by Ndc80 multimers (magenta) following the shortening ends of dynamic
microtubules (cyan). Enlarged images of the indicated regions shown are magnified below the
full kymographs. (E) Brightness of Ndc80 trimers (orange) and multimers (blue) expressed as a
copy number of Ndc80-TMR. (F) Forces calculated from nanospring extension for a single Ndc80
trimer (orange) and a single Ndc80 multimer (blue). Black circles show mean, error bars show
s.d. P-value (two-tailed Mann–Whitney test): 2.2×10-5 (****, <10-4). Scale bars: horizontal 100
nm (C), 5 µm (D), 1 µm (magnified views in D), vertical 60 s (D), 10 s (insets in D).



2.7. DISCUSSION

2

57

2.7. DISCUSSION
Classically, force production by the mitotic spindle and force sensitivity of the
mitotic checkpoint were studied using microneedles inserted into a dividing cell
[29, 30]. Recent developments of this approach yielded important insights into
the organization of mitotic spindle [31, 32], but precise quantification of forces in
vivo remains challenging. Alternatively, tension at the centromeric region of the
chromosomes can be estimated indirectly, based on assumptions about stiffness of
stretchable elements in the cells [33, 34].

The third method of estimating microtubule-generated tension in vivo is based
on Förster resonance energy transfer (FRET) sensors. With a FRET sensor, the
efficiency of energy transfer between donor and acceptor fluorophores depends
on the distance between these fluorophores, allowing reading out tension using
fluorescence intensity of the acceptor fluorophore [35, 36]. Although the FRET
approach provides important evidence regarding the role of tension in regulating
the kinetochore–microtubule attachments in vivo, multiple copies of microtubule
binders interacting with multiple microtubule ends result in ensemble readouts that
are challenging to interpret at the single-molecule level [37–41].

The DNA nanospring is a force sensor that outputs a force signal directly
through measurement of its extension. Potential advantages of nanosprings include
multiplexed force measurements in a single microscopic field of view, simultaneous
visualization of additional factors being recruited during force production (Fig. 2.5),
and implementation in laboratories without access to an optical trap. Compared to
an optical trap, nanosprings have a lower time resolution, limited to 1–100 Hz by
the frame rate of the timelapse image acquisition as opposed to the kilohertz range
in an optical trap. At the same time, the use of the nanospring alleviates concerns
related to the ‘lever arm’ effects arising from the geometry of microtubule–bead
connection [11, 12].

Because of a non-linear force–extension curve [16], the nanospring provides a
particularly clear readout in the sub-piconewton force range. This enabled us to
measure forces generated by a protein complex tracking growing microtubule ends
(Fig. 2.4). Although the same phenomenon could also be observed using optical
trapping [23–25], measurement of such small forces is usually technically challenging.
It should be noted that at higher extensions (and higher forces), nanosprings are less
precise than optical tweezers in force estimation (uncertainty up to ±1 pN at above
5 pN, Fig. 2.2G, compared to ~ 0.1 pN or lower for optical tweezers).

Forces generated by shortening microtubules can sometimes exceed 10 pN [7,
11], the upper limit of the force–extension curve for the nanospring (Fig. 2.2E).
At higher forces, the DNA origami structure might unfold [42] or detach from its
surface anchor [43]. A possible improvement of the attachment strength could be
obtained by using DIG10.3 instead of anti-DIG IgG [44, 45]. In addition, multiple
DIG- and biotin-labelled staples could be introduced to share the load evenly. In
our experience, the DNA origami nanosprings were stable in microtubule force
experiments for up to 30–60 min. To further improve the lifetime of the nanospring
under force, ligation [46] or chemical crosslinking of strands [47, 48] after purification
could be beneficial.
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In this study, nanosprings provided similar force amplitude values to those
in published optical trapping experiments in different experimental settings.
MACF-mediated force transmission resulted in consistently lower forces produced
by microtubule growth and measured using the nanospring. We hypothesise that
the nanospring could be particularly sensitive in the sub-piconewton regime, where
extension of the spring within the 200–300 nm range leads to estimation of the force
with ~ 0.1 pN accuracy (Fig. 2.2F,G).

Ndc80 oligomers attached to nanosprings did not rescue microtubule depolymer-
ization under force (Figs. 2.5 2.6), in contrast to our previous experiments where
beads densely coated with Ndc80 rescued microtubule shortening under force [9]. In
experiments with beads, the exact copy number of microtubule-coupled Ndc80 is
unknown. The direct quantification of Ndc80 copy number at the interface between
the nanospring and the dynamic microtubule end allows us to conclude that the
presence of additional copies of Ndc80, but not Ska, correlates with an increase in
the force transmitted by a shortening microtubule. Increased force captured by the
nanospring, however, did not result in an increased rescue frequency, consistent
with our systematic analysis of microtubule rescue mechanisms, which revealed the
stall duration, rather than stall force, was the most reliable predictor of rescue [10].
It is possible that the DNA springs were too unstable at high forces to sustain a stall
long enough to produce a microtubule rescue, or that more than nine copies of
Ndc80 are necessary to reliably prevent re-initiation of shortening after a short stall.
Mechanistic insight into these questions requires further experiments.

In summary, we demonstrate the use of the DNA origami nanospring in measuring
the force of microtubule motors walking along a stable microtubule lattice, as well
as the forces exerted by dynamic microtubule ends via proteins following their
growth or shortening. In addition, we extend the use of this method to recording
single-molecule dynamics of proteins binding and unbinding at the site of force
generation. We conclude that the DNA origami nanospring is a powerful tool to
study transmission and sensing of microtubule-generated forces in vitro.

2.8. MATERIALS AND METHODS

2.8.1. DESIGN AND PURIFICATION OF THE DNA NANOSPRING

The originally described DNA nanospring design is based on the M13mp18
single-stranded DNA scaffold [16], but it could also be adapted to other commercially
available scaffolds such as p7560 using caDNAno software [17]and the json file
describing the original design.

Step-by-step protocol for modification of the spring design using a different
single-stranded DNA scaffold, or to re-staple using a different set of DNA
oligonucleotides is:

• Open the .json file in caDNAno; on the left, in the slice panel, you will see
six cells are highlighted. This is the cross-section view of potential helices.
The right panel (path panel) shows the side view of the DNA construct with
cells representing DNA bases. In this design, there are only two DNA double
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strands being formed, 0 and 1 (Fig 2.1A).

• Zoom in the cells 0 and 1 in the path panel to see DNA strands. The blue line
shows the single-strand DNA scaffold that will be folded on itself over cells 0
and 1 via staple DNA oligonucleotides, which are shown in dark grey.

• Go to the right terminal of scaffold (hold control/command and drag) where
you can see the 3′ end (represented as an arrow in caDNAno) and the 5′ end
(a square).

• Choose the ‘select’ tool in the control bar in the right and click on the 3′ arrow.
Once it is selected, the arrow turns red. Now you can drag the arrow to extend
the scaffold (Fig 2.1B). If there is not enough space to extend the strand, go to
the rightmost part of the grid and click on the double head arrow. Then you
can add more bases to the grid (should be a multiple of 21).

• Repeat the previous step for the 5′ square. Keep in mind that the total length
of the blue line should not exceed the length of the actual single-stranded
(ss)DNA scaffold.

Tip: hold the ALT key and click on 3′ or 5′ ends to push them to the extremes
of the grid.

• In this design, a hairpin of three bases is introduced at every 14 bases in one
of the scaffold strands (strand 1). Extend this pattern in the newly added bases
by clicking on ‘Insert’ in the left bar and then clicking on every 14 squares in
the grid (Fig 2.1Bi).

• Click on hairpins and type the number of bases that you want to have in the
hairpin (3). Press Enter to apply. Varying the length of the hairpins will affect
the twisting of the resulting spring (Fig 2.1Bii).

• At this point it is possible to use the ‘Auto Staple’ tool on the top bar to
generate folding staples and distribute them over the scaffold, but this also
resets the present design of staples. Alternatively, you can add staples manually
using the ‘Pencil’ tool. Following the existing pattern, insert a complementary
oligonucleotide next to strands 0 and 1. Connect the oligos by dragging the 3′
of one of them and releasing it over 5′ of the opposite oligonucleotide on the
other strand of scaffold. This creates a circular oligonucleotide that connects
two scaffold strands (Fig 2.1Biii).

• Since linear oligonucleotides will be used to fold the scaffold, they need to be
broken at a certain site. In the current design the breaking site is 11 bases
away from the nearest left crossover. Select the ‘Break’ tool and click on this
site to generate the break (Fig 2.1Biv). The ‘Auto break’ tool can be used for
the same purpose, but the break sites will be decided by the program and
propagated to the whole design, overriding manual settings.
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• If you want to use the same staples as for the shorter nanospring, you should
count how many bases have been added to the 5′ path of scaffold in caDNAno
design. Cut the same number of the bases from the 3′ end of the scaffold
sequence and paste it before the 5′ terminal of the sequence.

Depending on the scaffold used (i.e. M13mp18, p7308, p7560, p7704, p8064,
p8100 or p8634) and on the starting position in the scaffold, the same design
produces different staple sequences. We provide a json file describing the nanospring
design at https://github.com/volkovdelft/kymo.jl. The scaffold and staple DNA
oligonucleotides were obtained from Tilibit Nanosystems. The nanospring was
folded by mixing 20 nM scaffold and 200 nM staples in the folding buffer (40 mM
Tris-HCl pH 8.0 with 1 mM EDTA and 12 mM MgCl2) followed by an incubation
in a thermocycler (80°C for 10 min, gradient from 80°C to 60°C over 2 h, gradient
from 60°C to 20°C over 2 h). Folded DNA nanosprings were separated from excess
staples and partially folded products on a 1% agarose gel in Tris-Borate-EDTA buffer
supplemented with 12 mM MgCl2. Nanospring-containing bands were excised and
extracted from the gel using Freeze ‘N Squeeze™ DNA gel extraction spin columns
(Bio-Rad).

2.8.2. NEGATIVE STAIN ELECTRON MICROSCOPY

A solution of purified nanosprings (3 µl) was placed on a recently glow-discharged
grid with a continuous layer of carbon, blotted and immediately washed three times,
followed by the application of 3 µl of the 2% uranyl acetate solution for 3 min.
The grids were then blotted once more with a blotting paper and dried for 20 min.
Images were acquired on a JEOL JEM1200 microscope equipped with a TVIPS F416
camera at a nominal magnification of 41,000×, resulting in a pixel size of 0.38 nm.

2.8.3. PROTEIN EXPRESSION AND PURIFICATION

The dynein motor domain was purified and biotinylated as described previously
[5, 18]. EB3 and the MACF2 C-terminus was expressed and purified as described
previously [23]. Ndc80 and Ska were expressed and purified, and Ndc80 was
assembled into trimers as described previously [9, 10].

2.8.4. ASSEMBLY OF MULTIMERIC NDC80 MODULES

Subunits of spyavidin scaffolds were expressed using Traptavidin, Dead-Streptavidin-
SpyCatcher, Dead-Streptavidin-SpyTag and Traptavidin-E6 plasmids. These plasmids
were generated by the Howarth laboratory [27, 28], we obtained them through
Addgene (26054, 59547, 59548 and 59549).

T1SC3, T1ST3 tetramers and SC4 modules were prepared as described previously
[28]. To generate multimeric T1ST3SC12 Spyavidin scaffolds, T1ST3 and SC4
tetramers were mixed and purified by size-exclusion chromatography (Superose 6
10/300) as detailed in Fig. 2S.1A,B.

Ndc80 with SPC24SpyTag and SPC25SortaseHis was incubated at 30 µM with
T1ST3SC12 assemblies at 0.3 µM in a 16 h reaction at 10°C in Ndc80 buffer
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containing 20 mM Tris-HCl pH 8, 200 mM NaCl, 2% glycerol (v/v) and 2 mM TCEP.
Protease inhibitor (HP PLUS, Serva 39107) was present at 2.5-fold the recommended
concentration. 5 M Sortase [49], Ca2+ and GGGGK-TMR peptide (Genscript) were
added at concentrations of 10 µM, 10 mM and 150 µM, respectively, to fluorescently
label Ndc80. The reaction volume was 1 ml and reaction progress was monitored as
detailed in Fig. 2S.1C.

T1ST3SC12(Ndc80)x modules were separated from monomeric Ndc80 on a 15–50%
glycerol gradient of ~ 12 ml in a SW40 rotor (Beckman) at 40,000 rpm for 16 h at
4°C. Manually collected fractions were analysed as detailed in Fig. S1C and selected
fractions were pooled, frozen in liquid nitrogen, and stored at -80°C until further
use. Shadowing electron microscopy was performed as described previously [50].

2.8.5. COVERSLIP AND SLIDE PASSIVATION

Glass slides and coverslips were treated with oxygen plasma for 3 min in a PSI Plasma
Prep III plasma cleaner at 60 mTorr, 20–50W. Immediately after plasma treatment,
the coverslips were immersed into a repel-silane solution (2% dichlorodiethylsilane
in trichloroethylene or octamethylcyclooctasilane) for 5 min [51, 52]. After the
incubation, silanized coverslips were transferred to 96% ethanol solution and
sonicated in a water bath sonicator for 20 min, following by 5–10 rinses with purified
water. Silanization was considered successful if the glass was almost dry when
emerging from water. Slides and coverslips were dried and stored for up to 2 months.

2.8.6. ASSEMBLY OF FLOW CHAMBERS AND ATTACHMENT OF

NANOSPRINGS TO THE COVERSLIP SURFACE

Silanizing both slides and coverslips provides superior control of non-specific
adsorption of proteins to glass but presents a challenge when introducing water
solutions into a pre-assembled hydrophobic flow chamber. To overcome this, we
used the following sequence. Anti-DIG IgG (Roche 11333089001) diluted in MRB80
(80 mM K-PIPES pH 6.9, 1 mM EGTA, 4 mM MgCl2) to a final concentration of 0.2
µM was placed in 0.5–1 µl drops between the strips of double-sided tape (10–15
µl in total) and covered with a piece of silanized coverslip, followed by a 15 min
incubation. The chamber was washed with 100 µl MRB80, then with 50 µl 1%
Pluronic F-127 in MRB80 and incubated further for 20–60 min (Fig. 2.2A). Finally, 10
µl of nanospring diluted in MRB80 was added. Fig. 2B shows a microscopic field
of view after addition of Atto-488 labelled nanosprings diluted 1:10 from a 5 nM
stock solution. Alternatively, surface passivation after silanization can be achieved
by replacing 1% Pluronic F-127 with 1% Tween-20. Tween-20 passivation was shown
to be particularly effective against non-specific adsorption of streptavidin [53].

2.8.7. EXPERIMENTS WITH DYNEIN

Taxol-stabilized microtubules were prepared by polymerization of 50 µM tubulin
(with 5–10% fluorescent- and DIG-labelled tubulin) in MRB80 supplemented with 1
mM GTP and 25% glycerol for 20 min at 37°C, followed by addition of 25 µM taxol
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and another 10–20 min incubation. Microtubules were sedimented in a Beckman
Airfuge at 14 psi for 3 min and resuspended in MRB80 with 40 µM taxol.

To conjugate nanospring with Qdot and dynein, 4.5 µl nanospring was mixed with
0.5 µl streptavidin-Qdot (final concentration 100 nM) on ice for several hours or
overnight. Biotinylated dynein (final concentration 1–20 nM) was mixed with 50 µl
MRB80 with 1 mM ATP, 1 mM DTT and 0.5 mg/ml κ-casein (Sigma-Aldrich), spun
in a Beckman Airfuge (30 psi, 5 min), and 5 µl of the supernatant was mixed with 5
µl Qdot-nanospring reaction from the previous step.

A flow-chamber prepared with silanized slides and coverslips and passivated with
1% Tween-20 as described above was filled with nanospring-Qdot-dynein reaction
supplemented with 0.5 mg/ml κ-casein. After washing with MRB80 with 0.5 mg/ml
κ-casein, taxol-stabilized microtubules were added and incubated for 3 min, followed
by another wash with MRB80 with 0.5 mg/ml κ-casein. Finally, the chamber was
filled with imaging buffer (MRB80 with 1 mg/ml κ-casein, 50 mM KCl, 1 mM ATP,
40 µM taxol, 20 mM glucose, 4 mM DTT, 0.2 mg/ml catalase, 0.4 mg/ml glucose
oxidase).

2.8.8. EXPERIMENTS WITH MACF2
GMPCPP seeds were polymerized by incubating 25 µM tubulin (40% DIG-labelled,
total volume 8 µl) and 1 mM GMPCPP (Jena Biosciences) for 30 min at 37°C.
Polymerized microtubules were sedimented in a Beckman Airfuge (30 psi, 5 min),
and the pellet was resuspended on ice in 6 µl MRB80 with addition of 1 mM
GMPCPP, followed by a 30 min incubation on ice. The reaction was then transferred
to 37°C, and microtubules polymerized for 30 min and sedimented as above. The
pellet was resuspended in 50 µl MRB80 with 10% glycerol, and aliquots snap-frozen
in liquid nitrogen and stored at -80°C for up to 3 months.

Nanosprings were first attached to Qdots as described above. After an
incubation on ice, biotinylated MACF2 C-terminus was added at 1 µM to saturate
remaining biotin-binding sites on the Qdots. Flow chambers were assembled
from silanized slides and coverslips and passivated with 1% Tween-20 as described
above. The nanospring-Qdot-MACF reaction was then supplemented with 0.5
mg/ml κ-casein and added to the chamber, the chamber was transferred to 37°C.
Tubulin polymerization mix containing 15 µM tubulin, 1 mg/ml κ-casein, 0.01%
methylcellulose, 1 mM GTP, 20 mM glucose, 4 mM DTT, 0.2 mg/ml catalase, 0.4
mg/ml glucose oxidase, 50 mM KCl, 100 nM EB3 and 15 nM MACF was cleared by
centrifugation in a Beckman Airfuge (30 psi, 5 min). Cleared tubulin mix was added
to GMPCPP-stabilized seeds and incubated for 10 min at 37°C. Finally, polymerized
microtubules were added to the pre-warmed chamber, the chamber was sealed and
immediately imaged.

2.8.9. EXPERIMENTS WITH NDC80 AND SKA

Nanospring–Ndc80 trimer conjugation was set up by mixing 10 µl Ndc80 buffer
NB (50 mM NaHepes pH 7.5 with 250 mM NaCl and 5% glycerol) with 1 µl
nanospring, 0.5 mg/ml κ-casein, 1 mM DTT and 100-200 nM Ndc80 trimers,
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followed by an incubation for 1–3 h on ice. The flow chamber was assembled
using silanized slides and coverslips, and passivated with 1% Tween-20 as described
above. Tubulin polymerization mix was prepared by mixing 1 mg/ml κ-casein,
0.01% methylcellulose, 1 mM GTP, 20 mM glucose, 4 mM DTT, 0.2 mg/ml catalase,
0.4 mg/ml glucose oxidase and 8–10 µM tubulin (5–10% fluorescently labelled) and
clearing it in a Beckman Airfuge (30 psi, 5 min). GMPCPP seeds were then added to
this mix and incubated at 37°C to start microtubule polymerization (optionally, with
addition of 1-100 nM Ska).

The passivated flow-chamber was washed with 100 µl buffer NB, then with 50 µl
buffer NB with 0.5 mg/ml κ-casein and 1 mM DTT. The nanospring–Ndc80 reaction
was diluted by adding 3 µl to 7 µl NB with 0.5 mg/ml κ-casein and 1 mM DTT
(dilution tuned based on desired nanospring density), and added to the chamber
for 3–5 min, followed by a wash with 100 µl MRB80 with 0.5 mg/ml κ-casein and
1 mM DTT. The chamber was then pre-warmed at 37°C, followed by addition of
pre-polymerized microtubules and seeds, immediately sealed and imaged at the
microscope.

2.8.10. IMAGING AND IMAGE ANALYSIS

Images were acquired using Nikon Ti-E microscope (Nikon, Japan) with the perfect
focus system (Nikon) equipped with a Plan Apo 100×1.45 NA TIRF oil-immersion
objective (Nikon), iLas2 ring TIRF module (Roper Scientific) and an Evolve 512
EMCCD camera (Roper Scientific). The sample was illuminated with 488 nm (150
mW), 561 nm (100 mW) and 642 nm (110 mW) lasers through a quad-band filter
set containing a ZT405/488/561/640rpc dichroic mirror and a ZET405/488/561/640
m emission filter (Chroma). Images were acquired sequentially with MetaMorph 7.8
software (Molecular Devices, San Jose, CA). The final resolution was 0.107 µm/pixel,
using an additional 1.5× lens. The objective was heated to 34°C by a custom-made
collar coupled with a thermostat, resulting in the flow chamber being heated to
30°C. TIRF penetration depth was fine-tuned separately for each fluorescent channel.

Further analysis was undertaken in Fiji software [54] and using Julia using custom
scripts available at https://github.com/volkovdelft/kymo.jl. Kymographs were made
through a reslice operation using the kymograph-3channel.ijm macro. Position of the
nanospring end was determined by running kymoNS.ipynb in a jupyter notebook
and following in-line comments. In brief, the script opens the kymograph and waits
for the user to (1) select a portion of the kymograph with only one particle to trace,
and (2) select a ‘background’ region and the initial position of the particle. Then
each line of the kymograph is fitted to a gaussian to determine localization of a
particle and its brightness.

2.8.11. PREPARATION OF BEADS AND OPTICAL TRAPPING

Glass 1 µm beads were covalently bound to poly-L-lysine grafted with biotinylated
poly-ethyleneglycole (PLL-PEG) as described previously [9]. Biotin molecules on
the bead surface were then saturated with neutravidin. Optical trapping was
performed using a custom instrument described before [5]. To calibrate the
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nanospring force–extension curve, neutravidin-coated beads were introduced into
a flow-chamber with a DIG–nanospring–biotin bound to the surface through
anti-DIG-IgG (see above). After a bead was trapped, the piezo stage was moved
manually in 100-nm steps to scan the bead displacements around the nanospring
attachment point. Successful attachment of a bead to exactly one spring produced a
bell-shaped displacement profile, like the one shown in Fig. 2.2D. Beads producing
other types of profiles (interpreted as attachment to the coverslip, or to more than
one spring) were discarded from further analysis.

For experiments with dynein, biotinylated dynein motor domains were bound
to streptavidin-coated PLL-PEG beads. We tuned surface density of dynein such
that 30% or fewer beads interacted with a microtubule, ensuring predominantly
single-motor events. Experiments were performed in a buffer that contained MRB80
with 1 mg/ml κ-casein, 50 mM KCl, 1 mM ATP, 40 µM taxol, 20 mM glucose, 4
mM DTT, 0.2 mg/ml catalase and 0.4 mg/ml glucose oxidase. The position of the
bead was recorded with a quadrant photo detector at 10 kHz, and simultaneously
using differential interference microscopy to monitor bead-microtubule interaction.
Experiments with MACF-coated beads were performed as described previously [23].

2.9. ACKNOWLEDGEMENTS
We are grateful to Jean-Philippe Sobczak (Tilibit Nanosystems) for discussions and
assistance with design of the modified nanosprings, to Ruben Kazner and Isabelle
Stender (MPI Dortmund) for assistance preparing Ndc80 multimers, and to Nemo
Andrea (TU Delft) for help with negative stain EM. We also thank Marian Baclayon
and Esengül Yildirim (TU Delft) for dynein purification, and Andrea Musacchio and
members of the Dogterom lab for discussions.

2.10. FOOTNOTES

2.10.1. AUTHOR CONTRIBUTIONS

Conceptualization: V.A.V., A.N.M., P.J.H.; Methodology: V.A.V., P.J.H. ; Software: V.A.V.;
Validation: A.N.M., V.A.V.; Formal analysis: V.A.V.; Investigation: A.N.M., P.J.H., V.A.V.;
Resources: A.N.M., P.J.H., A.A., M.D., V.A.V.; Data curation: A.N.M., P.J.H., V.A.V.;
Writing – original draft: A.N.M., V.A.V.; Writing – editing & review: A.N.M., P.J.H.,
A.A., M.D., V.A.V.; Visualization: A.N.M., P.J.H., V.A.V.; Supervision: V.A.V.; Project
administration: V.A.V.; Funding acquisition: A.A., M.D.

2.10.2. FUNDING

This work was supported by a European Molecular Biology Organization (EMBO)
short-term fellowship (grant 7203) to P.J.H., a European Research Council Synergy
Grant MODELCELL (grant 609822) to M.D. and A.A., and by a Queen Mary University
of London (QMUL) startup grant SBC8VOL2 to V.A.V.



2.10. FOOTNOTES

2

65

2.10.3. DATA AVAILABILITY

Image analysis code is available from GitHub: https://github.com/volkovdelft/kymo.jl.
Imaging data are available from Zenodo: https://doi.org/10.5281/zenodo.6977065.
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Figure 2S.1: (A) Monomeric Traptavidin and Streptavidin-SpyTag were mixed, refolded into
tetramers in PBS, and separated using ion-exchange chromatography as described (Fairhead et
al., 2014). Streptavidin remains a tetramer during SDS-PAGE since samples were not heated
before analysis. (B) T1ST3SC12 scaffolds were generated from T1ST3 and SC4 tetramers and
purified by size-exclusion chromatography (Superose 6 10/300). Fractions containing T1ST3SC12
were pooled and stored for further use. SC subunits are shown in grey when the SpyCatcher
module is free to react and in light purple when covalently bound to ST subunits. The asterisk
indicates material from a later eluting fraction that was loaded by mistake. (C) A large molar
excess of Ndc80 was incubated with the T1ST3SC12 scaffolds for assembly, and simultaneously
fluorescently labeled. Streptavidin and Streptavidin-SPC24 assemblies remain multimeric during
SDS-PAGE since samples were not heated before analysis. SDS-PAGE analysis of the reaction
mixture separated on a glycerol density gradient. Peptide, sortase, monomeric Ndc80, and
multimeric Ndc80 are separated into different zones of the gradient. Selected fractions containing
T1ST3SC12-(Ndc80)x modules are indicated. Streptavidin and Streptavidin-SPC24 assemblies
remain multimeric during SDS-PAGE since samples were not heated before analysis. In-gel
fluorescence analysis and Coomassie staining of the same gels.
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Ali NICK MALEKI, Eli VAN DER SLUIS, Marileen DOGTEROM

If you torture the data long enough, it will confess to anything.

Ronald Coase

The behavior of the aggregate is complex, but the rules for the individual agents can
be simple

John Holland

Accurate chromosome segregation in eukaryotes relies on stable kinetochore-
microtubule (KT-MT) attachments mediated by the Ndc80 complex, which couples
microtubule dynamics to chromosome movement. While single Ndc80 complexes
lack persistent end-tracking ability, oligomerization enables robust force coupling
and microtubule tip tracking, with physiological kinetochores hosting 15–25 Ndc80
complexes per microtubule. Here, we investigate the role of Ndc80 copy number
in regulating microtubule dynamics and force transmission using a truncated,
bacterially expressible variant, Ndc80jubaea (jubaea), integrated into DNA origami
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nanospring (NS) constructs with precisely controlled valency (3–20 copies). We
demonstrate that jubaea oligomers recapitulate key functional properties of native
Ndc80, including microtubule end-tracking and force-coupling. Increasing jubaea
copy number enhances microtubule interaction frequency, promotes rescue and
stall events, and progressively suppresses microtubule depolymerization rates, with
NS20-jubaea (containing up to 20 copies) reducing shrinkage by up to 70%. Force
measurements reveal that jubaea oligomers capture forces with averages up to 2 pN
and maximum forces up to 10 pN, with NS10-jubaea exhibiting the largest forces,
suggesting an optimal stoichiometry for mechanical efficiency. Furthermore, freely
diffusing jubaea-NS complexes show reduced mobility with higher copy numbers. The
presence of soluble jubaea enables capaturing higher forces, implicating presence of
jubaea-jubaea interactions in complex stabilization. Together, our findings reveal that
jubaea copy number affects both the mechanical output and regulatory influence of
KT-MT attachments, supporting that cells may need to tune Ndc80 occupancy to
balance attachment stability and force transmission during mitosis.
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3.1. INTRODUCTION
Accurate chromosome segregation in eukaryotes necessitates the establishment
of amphitelic attachment, wherein sister chromatids form stable connections to
microtubules emanating from opposing spindle poles, a configuration termed
biorientation [1, 2] . This process is regulated by the spindle assembly checkpoint
(SAC), a sophisticated surveillance mechanism that delays anaphase onset until
proper kinetochore-microtubule attachment is established [3, 4]. Upon establishment
of stable kinetochore-microtubule interfaces, chromosome segregation proceeds
through force generation coupled to microtubule depolymerization dynamics [5].

The Ndc80 complex represents a critical constituent of the outer kinetochore
in humans, demonstrating both microtubule-binding capacity and force-coupling
functionality during chromosome segregation [6, 7] (Fig. 3.1). This heterotetrameric
complex comprises four distinct subunits: Hec1 (NDC80), Nuf2, Spc24, and
Spc25, with the latter pair mediating kinetochore integration while the former
pair exhibits microtubule-binding domains (Fig. 3.1B) [8, 9]. Notably, the
Hec1 subunit possesses an additional 80-residue unstructured N-terminal tail that
enhances the Ndc80-microtubule interface in vitro [9] and plays an essential
role for end-tracking of microtubules [10]. It is proposed that when Ndc80 is
bound to MT, the phosphorylation-competent regions within this tail undergo
ordering at its interface regions with tubulin and adjacent Ndc80 complex Hec1
subunits [11]. Furthermore, a discrete sequence within the Hec1 subunit (residues
396-470), designated as the Ndc80 loop, facilitates inter-complex interactions in
the microtubule-bound state, with even single-residue substitutions in this region
compromising kinetochore-microtubule attachment stability [12].

Single-molecule analyzes have demonstrated that individual Ndc80 complexes
lack the capacity for persistent microtubule end-tracking [13, 14]. However,
oligomeric assemblies acquire both end-tracking capability and force-coupling
ability during microtubule depolymerization [15]. This observation aligns with
physiological stoichiometry, wherein approximately 15-25 Ndc80 complexes engage
each microtubule at the kinetochore (Fig. 3.1A) [16, 17]. In vitro reconstitution studies
utilizing streptavidin-mediated oligomerization revealed that minimal assemblies
containing two Ndc80 complexes already exhibit limited end-tracking behavior, with
tracking efficiency positively correlating with increasing Ndc80 complex number.
Notably, tetrameric assemblies demonstrated robust end-tracking capability, with
approximately 90% of oligomers maintaining persistent microtubule tip association
[18].

Quantitative force measurements utilizing optical trapping methodology demon-
strated that these end-tracking oligomeric assemblies can cause force-dependent
microtubule stall and rescue events when brought together at sufficiently high
numbers on micron-sized beads., In these experiments average stall forces up to
about 4 pN were measured for densely coated beads, whereas average forces of
about 1 pN were measured for sparsely coated beads [18].
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Figure 3.1: Multiple Ndc80s form a load-bearing attachment with microtubules. (A) Schematics
showing a K-fiber connected to a chromosome via kinetochore. On the right is the zoomed-in
image illustrating how an individual microtubule can be attached to the kinetochore via Ndc80
complexes. (B) Ndc80 is made of 4 subunits: Hec1, Nuf2, Spc24 and Spc25. Spc24 and Spc25
domains dock Ndc80 into the kinetochore and CH domain on Nuf2 together with CH domain on
Hec1 and its 80-residue tail binds to microtubules. Jubaea is the truncated version of Ndc80 from
which 34% of the coiled coil region is removed. Also, Nuf2 and Spc24 are fused into one subunit
and Hec1 and Spec25 are fused with each other. These two subunits form jubaea heterodimer.
(Continued ...)
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(Figure 3.1 continued) (C) A GST-tag on the N-terminal of Nuf2-Spc24 subunit was used for
the purification of jubaea which was later cleaved using HRV 3C protease. A Sortase-tag on
the C-terminal of Hec1-Spc25 subunit and a YBBR-tag on the C-terminal of the Nuf2-Spc24
subunit was used for DNA and fluorescent labeling, respectively. Sortase recognizes the
LPVTGG site, cleaves the last residue and conjugates the triglycinated oligonucleotide to it.
Fluorescently labeled coenzyme A will be conjugated to jubaea as a result of SFP activity. (D)
Coomasie blue stained polyacrylamide gel ; lanes 1 and 10: molecular-weight size marker,
lane 2: the reaction mix containing jubaea, sortase, Ni2+, triglycinated oligonucleotide (jubaea
handle), lane 3: dually labeled jubaea after being purified by size exclusion chromatography,
lane 4: dually labeled jubaea after treatment with HRV 3C protease, lane 5: flowthrough
of the previous step after being applied to a Ni-NTA column. Images taken in the 488 nm
and 561 nm fluorescent channels of the same gel are shown on the right. The appearance
of a strong fluorescent band at the position corresponding to 88 KDa MW (lanes 4) confirms
successful fluorescent labeling of the Nuf2-Spc24 subunit. This band completely disappears
after treatment with HRV 3C protease and shifts to the 66 KDa MW position (indicated by
yellow triangle) as a result of GST-tag removal. The 488 nm fluorescent channel was used to
visualize the SYBR™ Gold stained DNA. The appearance of a fluorescent band at the position
corresponding to the molecular weight of 88 KDa indicates jubaea is labeled by DNA (cyan
triangle). this is also evident from the up-shift of the band corresponding to HEC1-Spc25 from
78 KDa (black triangle) to 88 KDa position (cyan triangle) in the Coomasie Blue stained gel,
as a result of being labeled by DNA strand

In this context, stall force was defined as the applied force at which microtubule

depolymerization ceased while maintaining attachment to a Ndc80-functionalized
bead. In these experiments, a positive correlation was observed between stall force
magnitude and the frequency of microtubule rescue events following the MT stall
[18], ], although in a later paper it was shown that rather the duration of the stall
(and not the magnitude of the force) affects the rescue probability [10].

These observations prompted questions about the exact quantitative relationship
between Ndc80 complex stoichiometry, stall force and rescue probability, as precise
stoichiometric control could not be achieved in bead-based assays. A follow-up study
was performed using a DNA origami force sensor, a nanospring (NS), with the ability
to measure forces up to 10 pN [19]. (see Chapter 2). This approach enabled precise
control of Ndc80 complex stoichiometry through the implementation of modified
streptavidin molecules containing one biotin-binding site and three Ndc80-binding
sites, which were tethered to a biotinylated NS. Force generation was quantified
through measurement of NS extension during microtubule end-tracking by Ndc80
trimers. In addition, constructs were designed that could accommodate up to 9
Ndc80s complexes and it was shown these can, on average, capture 4 times higher
forces (~4 pN) compared to trimers. However, no force-dependent microtubule
rescue was observed with this method, in contrast to the observations made with
beads in an optical trap. Building on this study, we therefore set out to further
increase Ndc80 copy number in a controlled manner. Instead of the full-length
complex, we investigated a truncated Ndc80 variant, Ndc80jubaea (hereinafter referred
to as jubaea). Jubaea is an engineered recombinant construct of the Ndc80
complex, designed as an extended analogue of the shorter Ndc80bonsai variant to
facilitate bacterial expression and biochemical studies of kinetochore-microtubule
interactions. Unlike Ndc80bonsai, which retains only 17% of the predicted coiled-coil
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regions across the Ndc80 subunits, jubaea encompasses 66% of these coiled-coils,
specifically covering residues 286-504 of NDC80 and 169-351 of NUF2, while lacking
the tetramerization domain [10]. We chose this variant because it is amenable
to bacterial expression in E. coli [10] and contains the loop region of NDC80,
which has been shown to be crucial for force-resistant attachments [12]. We
demonstrate that jubaea trimers retain both microtubule end-tracking capability
and force-coupling ability in oligomeric assemblies. Building upon previous
methodologies [19], we engineered modified nanospring constructs accommodating
increased jubaea copy numbers approximating physiological stoichiometry, enabling
systematic investigation of force transmission and microtubule dynamics as a
function of jubaea copy number. A series of NS variants were designed with binding
capacities of 3, 4, 6, 10, 15, and 20 jubaea molecules. Force measurements using
these NS suggest an optimal jubaea copy number (10 copies) for maximal force
transmission. At high copy numbers complex diffusion on the MT lattice is severely
reduced which possibly hampers the ability to track a depolymerizing MT under
force. By contrast, rescues only started to manifest themselves for NS constructs
with 15 and 20 jubaea binding sites.

3.2. RESULTS

3.2.1. APPROACHES FOR MULTIMERIZATION OF JUBAEA

The main body of the NS used in this study was the same (same scaffold with the
same starting 1-151 staples, Fig. 3.2A and S1A) across all NS constructs and was
synthesized according to our previously published protocol [19]. ] (see Chapter
2). While one terminal of the NS was used for immobilization, the other terminal
was used flexibly to include a desired number of linkers for accommodating jubaea
in different numbers and geometry of connections. This includes: 1. NS with a
biotinylated oligo at its end that can bind to the trimerized jubaea using streptavidin
(NS-T1S3) [19], 2. NS with a holiday junction connection (NS-HJ); 3. NS with a
500-b ssDNA megamer with 4 jubaea linkers (NS4); 4. NS with 6 jubaea linkers
added directly to the unfolded scaffold of the NS (NS6); 5. NS with 10 jubaea linkers
added to the scaffold (NS10); 6. NS with 15 jubaea linkers added to the scaffold
(NS15); 7. NS with 20 jubaea linkers added to the scaffold (NS20).

NS-HJ and NS-T1S3 are both designed to bind up to three jubaea but at slightly
different distances from each other. The holiday junction on the NS-HJ has three
DNA overhangs that are complementary to the DNA handle attached to jubaea
(hereafter referred to as the jubaea handle). To confirm the availability of these
binding sites, an oligonucleotide with the same sequence as the jubaea handles
and a fluorophore (DY647) attached at the 5′ end was added to the NS-HJ DNA
origami mixture and purified using agarose gel electrophoresis. A photobleaching
experiment was conducted on these nanosprings and the fluorescent signal at the
642 nm channel was monitored over time and a step detector algorithm [20] was
used to determine the number of bleaching steps, the histogram of which peaked at
3 (Fig. 3.2B).
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Figure 3.2: DNA origami nanospring as a force sensor and a platform for multimerization of
jubaea. (A) From left to right respectively, upper row: schematics of a NS with no jubaea binding
linker, jubaea trimer made by modified streptavidin (T1S3 construct) attached to nanospring,
jubaea trimer formed using a holiday junction at the terminus of NS, a 500 b ssDNA connected
to NS to accommodate 4 jubaea copies. (Continued to the next page ...)
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(Figure 3.2 continued) Lower row: oligonucleotide handles connected to the NS scaffold that
can allow binding of up to 6, 10, 15 and 20 jubaea copies. (B) Photobleaching analysis
of individual NS-HJ molecules hybridized with fluorophore-conjugated complementary DNA
strands. Representative single-molecule fluorescence intensity trace demonstrating discrete
photobleaching steps (left). The distribution of observed photobleaching steps was quantified
via an automated step-detection algorithm (right). (C) An example of stepwise bleaching of a
NS4 molecule. The fluorescent intensity of individual spots was monitored overtime, and a
step-finder algorithm was applied to determine the number of bleaching steps. A histogram of
the number of bleaching steps is provided on the right. (D) Multiple bleaching trajectories of
NS20 molecules. (E) The datapoints shown in panel D were binned based on the fluorescent
intensity and a histogram was made. The average bleaching step intensity was calculated from
this histogram (left). The right graph shows the histogram of NS20 initial intensity divided by
the bleaching step intensity. (F) Agarose gel electrophoresis of NS with 0, 3, 6, 10, 15 and 20
jubaea handles. A fluorescently labeled (DY647) oligonucleotide complementary to the jubaea
linkers on the NS was added to the DNA origami synthesis mixture. The gel was imaged at
642 nm and 488 nm fluorescent channels to visualize the incorporated DY647 oligos (magenta)
and the base of the NS (cyan). (G) The bands corresponding to the different NS versions in
panel F were quantified and plotted on the graph. The band intensity of NS emanating from
the base of the NS (Atto488, the 488 nm channel in the gel image) is plotted in cyan. The
band intensity emanating from the fluorescent oligo bound to the jubaea binding linkers is
plotted in magenta. (H) The graph shows the number of jubaea handles on each NS construct
calculated from NS band intensities obtained from 488 nm and 642 nm fluorescent channels
(panel G). It was assumed the signal from the NS20 construct corresponds to having 20 jubaea
handles (the gray bar) and the number of jubaea handles of other constructs were calculated
(exact values written on top of each bar) based on the relative band intensities.

The jubaea linker oligos in the NS4 construct also had Atto-Rho14 fluorophore in
their 5′ end. The fluorescent signal observed in both the 488 nm (NS body) and
642 nm (jubaea binding linker) channels suggests that the construct was successfully
assembled (Fig. S3.1C). ). Examining the same sample via TIRF microscopy revealed
a colocalization of 70%. Further analysis was made by photobleaching experiments
where the intensity of individual spots in the TIRF image was monitored over time
in the 642 nm channel. The histogram of the number of bleaching steps for this
construct peaked at 3 (Fig. 3.2C).

In an attempt to increase the assembly efficiency between the NS base and higher
numbers of the jubaea binding oligos, we added 6, 10, 15 and 20 jubaea linkers (for
NS6, NS10, NS15 and NS20 respectively) directly to the unfolded scaffold of the NS
(Fig. 3.2A, lower row). A photobleaching experiment was conducted on the NS20
construct to confirm the number of jubaea binding sites on the NS construct. In
these experiments, NS20 was purified under conditions where a fluorescently labeled
(DY647) oligo, complementary to the Jubaea binding handles, was added to the DNA
origami mixture. Therefore, upon purification, it is expected that the fluorescently
labeled oligos are hybridized to its Jubaea binding sites. However, the step detection
algorithm was now more prone to error due to a higher number of bleaching steps
and reduction in the sharpness of steps. We aggregated the bleaching trajectory of
multiple spots (Fig. 3.2D) and made a histogram by binning the intensity (Fig. 3.2E,
left panel) according to [21]. The average distance of the peaks in the histogram
showed an intensity step size of 950. The histogram of the handle number for NS20
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peaked at 20 (Fig. 3.2E) obtained by dividing the initial intensity of the spots by the
step size after subtracting the background intensity.

To further confirm the availability of binding sites for the high copy number
constructs, we also used a gel-based method. Using this construct (NS20) as
a reference, we purified other NS variants (NS0, NS6, NS10, NS15), to which
fluorescently (DY647) labeled oligos complementary to the jubaea linkers were
added. As a result, each NS version contains Atto488 dyes embedded in the NS
body, which is a shared feature across all versions. Depending on the number of
jubaea linkers present in each NS version, they can have different numbers of DY647
dyes. The fluorescent signals from NS0, NS6, NS10, NS15, and NS20 constructs run
on an agarose gel were used to estimate the number of jubaea binding handles on
each construct (Fig. 3.2F). The signal in the 488 nm channel was used as a measure
of the number of NS constructs in each band and used for calibration (see materials
and methods), while the signal in the 647 nm channel was used as a measure of the
number of DY647-labeled oligos bound to the jubaea linkers (Fig. 3.2G). The band
intensity of NS20 was taken as a reference, corresponding to 20 handles, and the
handle numbers for the other constructs were calculated by comparing their relative
band intensities. Our analysis confirmed that the measured number of jubaea
handles closely matched the intended design values (Fig. 3.2H).

3.2.2. NS-JUBAEA BINDING AND IMPACT OF JUBAEA COPY NUMBER ON

DIFFUSION

Before performing any force measurements, we characterized the diffusive behavior
of our constructs on MT lattices. Jubaea shares the same microtubule binding
domain (MTBD) as Ndc80. Jubaea shares the same microtubule binding domain
(MTBD) as Ndc80. Previous research on Ndc80 [12] has demonstrated that an
increase in the copy number within oligomers can reduce its diffusion coefficient
along microtubules. Given this precedent, we hypothesized that a similar trend
would hold for jubaea when incorporated into nanospring (NS) constructs with
varying numbers of binding sites. To test this, we systematically investigated how the
oligomerization of jubaea affects its diffusive behavior on microtubules.

First, an agarose gel electrophoresis shift assay was used to confirm the binding
of jubaea molecules to NS constructs with varying numbers of jubaealinkers (NS0,
NS6, NS10, NS15, and NS20) (Fig. 3.3A). The gel image in Fig. 3.2F), which contained
NS constructs without DNA-labeled jubaea molecules, displayed only minor mobility
reductions due to the handles alone. In Fig. 3.3A the notable increase in NS6,
NS10, NS15, and NS20 bands, compared to the NS0 band (without jubaea linkers),
confirms the successful incorporation of increasing numbers of jubaea molecules.
To further validate these complexes, we conducted a TIRF assay. NS constructs
were immobilized on a surface via digoxigenin (DIG), the DNA-labeled jubaea
was introduced, and then unbound jubaea was washed away. Imaging revealed
strong colocalization of NS and jubaea signals in the majority of spots (Fig. 3.3B),
corroborating the gel-based evidence of stable binding.
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Figure 3.3: The effect of the number of jubaea molecules on nanospring diffusion on
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jubaea linkers increases on the NS constructs, the bands corresponding to NS-jubaea complexes
shift upward. (B) The fluorescent signal from NS20 (cyan) and from fluorescently labeled jubaea
(magenta) in TIRF. In the lower row the combined image made from merging these two signals
is shown. For a clearer visualization, a scatter plot of the position of detected jubaea clusters
(magenta) and NS (cyan) is added next to the merged image. The inset shows a zoomed-in image
of the selected square. (C) Example kymographs of NS-jubaea complex diffusion on MT lattices.
The NS20-jubaea complexes were immobile on the MT lattice but could occasionally be seen
moving when encountering a shrinking MT. The example provided here illustrates this fact. (D)
Diffusion coefficients of diffusive NS-jubaea complexes on the MT lattice. The NS15-jubaea and
NS20-jubaea complex were almost stationary and thereby had a very small diffusion coefficient
of (8×10−4µm2/s and 4×10−5µm2/s). Horizontal lines show mean values, error bars are SEM
and statistical significance was determined using an unpaired two-tailed t test (P-values; NS-HJ
vs. NS-T1S3: 0.6352, NS4 vs NS-HJ: 0.8410, NS4 vs. NS6: 0.4738, NS6 vs. NS10: 0.2083, NS10 vs.
NS20: 0.0006, NS10 vs. NS15: 0.0113, NS15 vs. NS20: 0.004)
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We then utilized the same assay that was used to study interactions between
dynamic MTs and surface-attached NSs (see Figs 3.5A and 3.6A) to study the
diffusive properties of jubaea oligomers. This dynamic microtubule assay involves
NS-jubaea complexes immobilized on coverslips using anti-DIG IgG antibodies.
The surface attachment, despite being capable of withstanding forces up to ten
piconewton [18], occasionally detached under experimental conditions. When this
occurs, a NS bound to jubaea oligomers goes into the solution, sometimes binding
to a microtubule followed by diffusion along its lattice (Fig. 3.3C). We tracked the
one-dimensional (1D) diffusion of various jubaea-containing NS constructs—NS-HJ,
NS-T1S3, NS4, and NS10 in short time intervals (averaging 0.9 s). Notably, NS15 and
NS20 constructs with jubaea exhibited no diffusive behavior, remaining completely
immobile on the microtubule lattice.

To quantify this, we calculated the mean square displacement (MSD) of diffusing
spots and plotted it against time and used the slope of the plot to calculate the
diffusio coefficient (Fig. 3.3D). Clearly, the diffusion constant is progressively reduced
when more jubaea copy numbers are added, with no measurable diffusion remaining
for NS20.

3.2.3. TYPES OF NS-JUBAEA INTERACTIONS WITH THE DEPOLYMERIZING

MICROTUBULES

Next, we set out to categorize the types of interactions that take place between
surface-attached NS constructs (NS6, NS10, NS15, NS20) and depolymerizing MTs.
Using TIRF microscopy, we monitored depolymerizing MTs as they encountered
NS-jubaea complexes immobilized on a coverslip surface. This approach enabled
us to observe and analyze the dynamic events occurring during and after MT-NS
encounters, where we also quantified the number of times that no interaction took
place. A “no interaction” scenario occurs when an MT approaches an NS but
continues to depolymerize without any observable effect on the NS or the MT.
In contrast, an interaction is defined by one of several distinct events, which we
systematically classified to understand how the NS-jubaea complex modulates MT
behavior. These interaction events are as follows (see Fig. 3.4):

1. Rescue: The MT undergoes a rescue at the interaction site, transitioning
from depolymerization to growth, without an observable effect on the NS.
Sometimes the transition from shrinking to growth did not happen immediately
but after a pause period. We called such events with visibly longer pause
periods stall events.

2. Retention: A depolymerizing MT pauses temporarily upon encountering an NS
before continuing to shrink, without an observable effect on the NS.

3. NS Extension: The NS-jubaea complex attaches to the shrinking MT, extends
as it follows the shrinking MT, and returns to its original conformation after
detachment from the MT.

4. Extension Rescue: Similar to NS extension, but the MT is rescued after NS is
extended.
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5. Tip Tracking: The NS detaches from the surface upon MT contact and tracks
the shrinking MT tip as it moves.
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Figure 3.4: NS-jubaea complex interactions with MT. (A) Categorization of types of interactions
between a shrinking MT and an NS. The definition of each event is described in the text and here
an example kymograph of each event is provided. Scale bar; spatial: 5 µm, temporal: 1 min. (B)
The graph compares the share of presence (magenta) or absence of an interaction (black) every
time a depolymerizing MT encounters NS-jubaea complex. Total number of events for NS6, NS10,
NS15 and NS20 respectiviely: 379, 1824, 181, 432 (C) The interacting share of events from panel
(B) were dissected into their constituent events. Each bar shows what is the percentage of each of
the interacting events in (A) among all possible interactions for each NS version, when NS is not
detached from the surface.

Fig. 3.4B illustrates how the number of jubaea handles on the NS influences the
occurrence of MT-NS interactions. The data reveal that the interaction probability
increases sharply with handle number, rising from 16% for NS6-jubaea (6 handles)
to 72% for NS20-jubaea (20 handles). This suggests that higher jubaea copy numbers
enhance the NS’s ability to engage MTs, likely due to increased binding avidity.
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Fig. 3.4C further dissects these interactions into the different types of events,
presenting the percentage occurring of each type. Here we only considered events
when a shrinking MT passes by a non-detaching NS, thereby the tip tracking events
are excluded (). Rescue and stall events without detectable NS extension dominated
across constructs, reflecting a stabilizing effects of jubaea oligomers on MT dynamics.
For all constructs we also observed NS extension events, with the proportion of
these events decreasing with increasing number of jubaea handles: from 20% for
NS6 to just 3% for NS20.These results suggest that jubaea oligomerization leads to
MT stabilization when NS constructs are immobilized, with higher copy numbers
favoring MT rescue and stall over dynamic NS extension.

3.2.4. EFFECT OF JUBAEA COPY NUMBER ON DEPOLYMERIZATION RATE

OF MICROTUBULES

As discussed above, NS-MT interactions sometimes lead to detachment of the NS
from the surface, allowing us to also quantify the effect of mobile NS constructs on
MT dynamics.When Ndc80 is oligomerized it can tip track shrinking microtubules.
It has been demonstrated that tip-tracking Ndc80 oligomers can slow down the
shrinkage rate of MTs [12, 18]. We tracked the end of the depolymerizing MTs with a
custom-made ImageJ macro (see methods and materials). We compared the speed
of MT shortening with and without an end-tracking oligomer present, using MTs
from the same recording.

In both cases, the shrinkage rate was not always constant. A logistic function
was fitted to the position-time coordinates of the tip of the MT to account for rate
variability. We calculated the point derivative of the curve to determine the shrinkage
rate at any given time/length and then calculated the average shrinkage rate within
a certain period (Fig. 3.5A). A logistic function fits the overall trend, reducing
sensitivity to random fluctuations or noise in the data and captures the continuous
and smooth transition between different shrinking phases, such as slowing down as
the MT end approaches the seed. Furthermore, it is less sensitive to the missing
datapoints compared to piecewise linear fitting and does not require manual tuning
of parameters such as segment length.

We find that binding of a NS to a shrinking MT impacts its depolymerization
differently depending on the copy number of jubaea present in the oligomer (Fig.
3.5B). Quantification of the depolymerization rate revealed a trend where higher
number of jubaea copy numbers caused more reduction in the rate (Fig. 3.5B).
Quantification of the depolymerization rate of MTs with tip tracking NS-jubaea
complex revealed a trend where higher number of jubaea copy numbers caused
more reduction in the rate (Fig. 3.5C, shaded area), with NS20-jubaea having the
strongest impact. The shrinkage rate of the bare MTs in the same samples were
quantified as control samples and are shown on the right side of the Fig. 3.5C. No
trend is observed in these control data.
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Figure 3.5: Effect of multimerized jubaea on the depolymerization rate of MTs (A) Schematics
of the experimental setup. Binding of a multimerized jubaea alters the depolymerization rate of
MTs. An example kymograph is provided. The end of depolymerizing MT was tracked in the
presence of a tip tracking NS-jubaea complex or in its absence. A logistic function was fit to
the tracked position-time datapoints of MT edge in kymographs and its derivative was used to
calculate the shrinkage rate of the MT at any given time. (B) Example kymographs showing
shrinkage rate reducing effect of each of NS-jubaea complexes. (C) The shrinkage rate of MT
when an NS-jubaea complex is tip tracking (shaded area). The shrinkage rate of MTs in the
same field of view with no bound NS-jubaea complex is on the right side of the graph (control
samples). Horizontal lines show mean values, error bars are S.D and statistical significance was
determined using unpaired two-tailed t test (P-values; NS-T1S3 vs. NS6: 0.0514, NS-HJ vs. NS20:
0.0001, NS6 vs. NS20: 0.0001, NS4 vs. NS15: 0.0067).

3.2.5. FORCE-CAPTURING ABILITIES OF JUBAEA OLIGOMERS

We next used the extension events to assess the force-capturing abilities of jubaea
oligomers. In an extension event, jubaea oligomers dynamically track the shrinking
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MT while stretching the NS, a process observable through the fluorescent signal
emitted by the NS under TIRF. The extension is followed by detachment from
the MT (extension events) or, in rare cases, the regrowth of the MT (extension
rescue events). The schematic of the experimental setup is shown in Fig. 3.6A.
Previously, we applied this technique to assess the force-capturing capacity of
the NS-T1S3-full-length-Ndc80 complex. Those experiments demonstrated that
higher copy numbers of full-length Ndc80 (up to nine copies) detached from the
MT at greater forces compared to the trimerized Ndc80 stabilized by the T1S3
trimerizer [19]. In these experiments rescues were never observed. Leveraging this
established method, we investigated whether jubaea oligomers, when combined with
the T1S3 trimerizer, also exhibit force-capturing abilities. Our results confirm that
oligomerized jubaea indeed possesses such capabilities (Fig. 3.6).

In this study we performed similar experiments with our other NS constructs ,
namely NS-HJ, NS4, NS6, NS10, NS15, NS20. Although the exact copy number of
bound jubaea to each of these constructs can vary, the upper limit in each case
is fixed. We incubated the NS constructs with excess jubaea and washed away
the extra unbound jubaea in the flow chamber before conducting the MT dynamic
assay experiments (see 3.4). Jubaea molecules oligomerized at the end point of
the NS construct would sometimes follow a shrinking MT. Time lapse images in
Fig. 3.6B show such an extension event. Here we see colocalization of Atto568-labled
jubaea (yellow) with Atto488-labeled NS, indicating the binding of jubaea dimers
to the NS. This event is easily identifiable in the kymograph of Fig. 3.6B, where
we see a displacement of the jubaea signal at t = 440.1 s. The corresponding
NS signal at this timepoint also confirms this extension event. After collection of
kyomographs of extension events, they were used to estimate the magnitude of the
captured forces by various NS constructs. Although using the jubaea fluorescent
signal provides more accurate estimation of extension length and therefore generated
forces, we had to rely on the NS signal for force quantification due to poor labeling
of jubaea. We measured the forces captured by the NS-jubaea complexes by
measuring the displacement observed in the NS signal, using gaussian fitting (see
Fig. 3.6C) and compared them to those of the previously studied NS-T1S3-Ndc80
system. The NS-T1S3-jubaea complex captured slightly higher forces, averaging
0.72 (pN), compared to 0.48 pN for NS-T1S3-Ndc80, though this difference lacked
statistical significance. We measured similar forces for NS-HJ-jubaea, NS4-jubaea,
and NS6-jubaea. However, for the NS10-jubaea complex we measured an average
of 2.15 pN, a statistically significant increase. Interestingly, for NS15 and NS20 the
forces were again lower. For a subset of constructs we also performed experiments
in the presence of additional free jubaea. Across the tested NS-jubaea complexes,
forces were consistently higher when free jubaea (50 nM) was added to the imaging
buffer (Fig. 3.6D), hinting that unbound jubaea may bolster the complex’s stability
or microtubule affinity.
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Figure 3.6: Capturing the force of depolymerizing MTs by NS-jubaea complexes (A) Schematics of
experimental setup of force measurement. (B) Time lapsed images of a shrinking MT (magenta)
encountering an NS (cyan) with DNA labeled jubaea hybridized to its terminal (yellow). The
jubaea oligomer follows the shrinking end of the MT and extends the NS. The extension reaches
to its maxium at t = 440.1 s. The kymograph of this event is provided below the time-lapsed
images. Scale bars: Temporal 60 s, spatial 5 µm. (C) A kymograph of an NS extension event,
visualized in the NS channel. A Gaussian function was fitted to the fluorescent signal of the NS
in the kymograph to obtain the position vs. time data points. An example of NS position tracking
is provided for the two NSs in the example kymograph. The extension length was defined as the
maximum displacement of the NS from its median position as a result of its interaction with a
depolymerizing MT. (Continued to the next page ...)
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(Figure 3.6 continued) (D) Quantification of the forces captured by different NS-jubaea
complexes, in the absence or in some cases presence of free jubaea in solution. The cyan
datapoints are the forces captured by T1S3 construct with the full length Ndc80 (Chapter
2). Horizontal lines show mean values, error bars are S.D and statistical significance was
determined using a two-tailed Mann–Whitney test. (P-values; NS-T1S3 FL vs. NS-T1S3: NS10
vs. NS15: 0.2836, NS6 vs. NS15: 0.1597, NS-T1S3 vs. NS-T1S3 (+ free T1S3): 0.1087, NS4 vs.
NS4 (+free jubaea): 0.0223, NS-HJ vs. NS-HJ (+ free jubaea): 0.0056, NS20 vs. NS20 (+ free
jubaea): 0.0570, NS6 vs. NS10: 0.0202)

3.3. DISCUSSION
In this Chapter we investigated the dynamic properties of different NS constructs
with controlled numbers of jubaea handles when interacting with dynamic MTs.
We studied their diffusion constants along the MT lattice, the effect of free
end-tracking constructs on the shrinking rate of depolymerizing MTs, the ability of
surface-attached NS constructs to capture forces generated by shrinking MTs and
the effect on MT stalls and rescues in the presence of force. The overall trend seems
to be that higher copy numbers of jubaea molecules in the construct lead to slower
diffusion (as expected for multivalent interactions) and a progressive reduction in
MT depolymerization rates. Furthermore, the probability of a surface-attached
NS construct to engage with a shrinking MT increases with copy number. Upon
engagement stall and/or rescue events without detectable generation of force are
often observed for the NS6-NS20 constructs. When force-generating events are
observed the forces appear to be highest at a copy number of about 10. Both
for lower and higher copy numbers the observed forces are lower. Before further
discussing the possible meaning of these observations, we compare our results to
previously published results with full length Ndc80.

The diffusion coefficient of NS connected jubaea trimers (D = 5.7×10−3) turned
out to be an order of magnitude higher than that of Ndc80 trimer (D = 4.3×10−4)).
Instead, it was comparable to the diffusion coefficient of loopless Ndc80 trimers
(D = 3.6×10−3). Note however that the experiments with Ndc80 were done on
taxol-stabilized MT lattices, while the jubaea diffusion coefficient measurements
were performed with dynamic MTs [12]. ]. So, either the affinity of the jubaea trimer
for the MT lattice is lower than for the Ndc80 trimer or the binding affinity is higher
on taxol-stabilitzed MTs than on dynamic GDP MTs. Further experiments are needed
to clarify this difference. It is also possible that the stabilizing effect of the loop is
not as efficient for jubaea as it is for Ndc80. It will therefore also be interesting to
repeat these experiments with loopless jubaea.

For the other constructs with 3 or 4 jubaea handles (NS-HJ and NS4), the
diffusion constant was similar or maybe even slightly higher than for NS-T1S3 (the
differences were not statistically significant). Possibly the larger distance between
the jubaea molecules plays a role here, which could diminish any stabilizing effect
of loop-containing jubaea molecules on each other. For constructs NS6 to NS20,
which share comparable geometric configurations, a clear inverse relationship was
observed between the number of jubaea handles and the diffusion coefficient of
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NS-jubaea complexes on the MT lattice.
While Ndc80 trimers were previously demonstrated to have a substantial impact

on microtubule depolymerization rates, reducing them by approximately 50%, jubaea
trimers exhibited a comparatively modest effect, decreasing depolymerization rates by
only 10%. This mild effect on depolymerization rates correlates with a relatively high
diffusion coefficient (compared to Ndc80). Intriguingly, jubaea demonstrated a clear
copy number-dependent effect on microtubule dynamics: NS-jubaea constructs with
an increased number of binding sites produced progressively stronger attenuation of
depolymerization rates. This effect was strongest in NS20-jubaea, which reduced
microtubule depolymerization rates from 25.4 µm/min to 8.0 µm/min, representing
a 70% reduction (correlating with a similar strong reduction of the diffusion
coefficient). Previously no clear copy number-dependent relationship was observed
among Ndc80 dimers, trimers, and tetramers, but in this case higher copy numbers
were not explored. Interestingly, when comparing Ndc80 and jubaea results, it
seems that a similar diffusion constant corresponds to a similar reduction of growth:
compare for example the numbers for Ndc80 trimers and NS15 jubaea constructs.
The relation between diffusion coefficient and reduction of depolymerization rate
maybe explained by considering that depolymerization is hindered by slowly diffusing
constructs that are bound to the end of the MT [22] through inhibition of the
removal of tubulin dimers.

The jubaea constructs, incorporating both the microtubule-binding domains and
loop region of Ndc80, demonstrated force-coupling capabilities comparable to Ndc80
trimers, with no statistically significant differences observed between the two for the
NS-T1S3 constructs. The enhanced force generation observed in the presence of
soluble jubaea is possibly due to the additional recruitment of free jubaea from
solution to the oligomeric complex at the NS tip (potentially facilitated by the loop
region).

The frequent observation of stalls and rescues is different from our previous
observations using NSs as a force sensor [19]. For the NS6-NS20 constructs we
often observed stalls and rescues without a detectable extension of the NS (although
occasionally the rescue was preceded by NS extension). This means that in these
cases a stabilizing effect on MT shrinkage was established at relatively low forces,
leading to sufficient stall time for a rescue to occur. We previously showed that it
is rather the duration of stall than the actual force that determines the likelihood
of a rescue [10]. Potentially the different spacing of DNA linkers on our NS6-NS10
constructs compared to the trimers and multimers that we studied before could be
responsible for this difference. When stabilization happens at relatively low forces,
the detachment rate of the complex will be low compared to a situation where a
force acts on the NS. Therefore, detachment of the complex may be more likely than
sufficiently long stalls and rescues for extension events.

Possibly our most interesting observation is the apparent existence of an optimal
copy number of jubaea for the generation of forces. Apparently, there is a
trade-off between the ability to faithfully follow shrinking MTs (without immediate
stabilization and rescue) and the probability to detach. For low copy numbers,
diffusion is fast and depolmerizing MT ends can be easily followed (unless the
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copy number is too low [18]), but the probability to detach increases steeply with
force. Higher copy numbers will be able to maintain the connection to the MT
end at higher forces more easily, but when the copy numbers become too high,
MT depolymerization is hindered leading to more frequent stalls and rescues before
significant forces can be developed.

Note that in our previous optical trap experiments using full-length Ndc80,
maximum force generation coincided with approximately 12 Ndc80-microtubule
interactions above which no increase in the transmitted force was observed [18].
However, in these previous studies with Ndc80 the force plateaued at elevated copy
numbers and did not decrease [18]. This discrepancy may be attributed to the
more heterogeneous protein distribution inherent in optical trap bead experiments
and the different geometry of a large protein-covered bead surface where multiple
(clusters of) Ndc80 molecules may (non-simulteneously) interact with the MT end.

The extent to which jubaea serves as an accurate proxy for Ndc80 behavior
requires further experimental validation. A limitation of the present study is the
inability to precisely determine the number of jubaea molecules actively engaging
with microtubules, with NS constructs providing only upper bounds for the number
of binding jubaea. Nevertheless, multiple independent lines of evidence—including
diffusion analysis, interaction quantification, effects on shortening velocity and
force generation, and bulk assays such as electrophoretic mobility shift analysis—
demonstrate consistent patterns that indirectly support the progressive recruitment
of increased jubaea copy numbers correlating with elevated jubaea binding sites on
NS constructs.

Although further experiments may be required to firmly establish our NS results,
it is interesting to speculate about the possible biological implications of our
findings. The convergence of two key findings—the existence of an optimal
jubaea copy number for maximal force generation and a threshold for microtubule
stabilization –suggests intriguing possibilities for cellular regulation. Beyond
phosphorylation-dependent regulation, cells may modulate kinetochore-microtubule
attachments through dynamic control of Ndc80 copy numbers at the kinetochore.
This model suggests that elevated Ndc80 concentrations during metaphase and
pre-metaphase stages could ensure robust kinetochore-microtubule attachment
maintenance. Following spindle assembly checkpoint satisfaction and progression
to anaphase, cells could then optimize Ndc80 copy numbers to maximize force
generation, thereby ensuring faithful chromatid separation and pole-ward movement

3.4. MATERIALS AND METHODS

3.4.1. DESIGN AND PURIFICATION OF THE DNA NANOSPRING

The p7560 version of M13mp18 single-stranded DNA, ordered from Eurofins
Genomics, was used as a scaffold and the staple sequences of the base part (Staples
1-151) were generated according to the protocol described in [19]. The sequence of
the scaffold is given in table S1 and table S2 provides the sequence of the base part
of the NS. The NS base synthesis mixture contains 20 nM of the scaffold and 200
nM of each staple, dissolved in TAE (40 mM Tris, 20 mM acetic acid, and 1 mM
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EDTA) supplemented with 12 mM MgCl2.
We added a biotinylated oligonucleotide after the 151th staple (the staples 1 to 151

form the body of the NS and is the same for all NS versions) to enable binding of
T1S3 construct. Nanosprings with a Holliday junction were made by adding 4 extra
staples, 2 of which hybridize to the unfolded section of the scaffold immediately
after the last staple of the NS shared body. The NS4 version was made by adding two
linking oligos that were both complementary to the NS scaffold and a 500-base-long
ssDNA. Four extra Atto-Rho14 labelled oligos that partially hybridize to the ssDNA
platform can accommodate a maximum of 4 jubaea molecules.

The additional oligos needed for making each of the HJ, T1S3, NS4, NS6, NS10,
NS15, and NS20 constructs are mentioned in table S3. The instructions for folding
of the NS in a thermocycler and purification are provided in [19].

To count the number of handles on each NS construct, a fluo-
rescently labeled oligo that is complementary to the handles (DY647-
TTTTTACAGGGCTGAATCTGACGGACTACGA) was added to the DNA origami mixture
and purified.

3.4.2. PHOTOBLEACHING EXPERIMENTS

The NS construct was diluted 50x in TAE + 12 mM MgCl2 and then 4 µL of this
solution was placed directly between a microscope glass slide and coverslip directly,
and the edges were sealed by wax. The laser intensity at the objective (Plan Apo
100×1.45 NA TIRF oil-immersion objective, Nikon) was set to ∼0.01 mW and images
were acquired in ring TIRF mode every 1 s, using an Evolve 512 EMCCD camera.
A custom script in ImageJ macro language (Github.com) was used to detect the
spots and track their intensity over time. These data were smoothed by applying the
Chung-Kennedy filter [18].

For NS constructs with fewer handles (NS-HJ and NS4), the number of bleaching
steps was determined directly by using a step finder algorithm [20]. For constructs
with a higher number of handles, first, the bleaching trajectory of multiple spots was
combined, and a histogram of the intensities was created. The histogram highlights
the intensities at which the fluorescent dyes spent more time as peaks. The
intensity distance between the peaks in such a histogram can provide an estimate
of the bleaching step size. The last level of the bleaching trajectory, where the dye
completely bleaches, was regarded as the background intensity and was subtracted
from intensity values. The number of handles was then determined by dividing the
initial intensity of the spots by the bleaching step size.

3.4.3. GEL ANALYSIS

An excess of DY647-labeled oligo complementary to the jubaea linkers on NS was
added to the synthesis mixture (for details, see table S2 in the supplementary
information). After applying the NS folding procedure explained earlier, each of NS0,
NS-HJ, NS6, NS10, NS15, and NS20 was loaded into a lane of 1% agarose gel (Buffer:
TBE + 12 mM MgCl2). The gel was run for 3 hours at 80 V while keeping the
electrophoresis device on ice and protecting it from external light. The gel was then
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imaged using a Typhoon™ biomolecular imager. For the visualization of the NS
body, the 488 nm fluorescent channel was used, and for visualization of the jubaea
handle complementary oligo, the 642 nm channel was selected with a resolution of
200 µm. The bands corresponding to the NS constructs were identified, and their
intensities in both channels were quantified using ImageJ by drawing a line over the
bands with a thickness set to 6. A plot of pixel value vs. position was created, and
the area under the curve for each lane was determined (Fig. 3.2G).

We used the area under the curve of the NS band in each lane in the 488 nm
channel as a measure of the number of NS and used it for calibration of the signal
obtained from the 642 nm channel. We chose the 642 nm channel signal from NS20
as a reference point and used the following calculations to determine the number of
handles in other lanes:

N ×NS20488 = NS20band
488

N ×20×SDY647 = NS20band
642

where N is the total number of NS in the band, NS20488 is the intensity of individual
NS20 in the 488 nm channel, and NS20band

488 is the intensity of the whole band in
the 488 nm channel. SDY647 is the fluorescent intensity of a single DY647 dye, and
NS20band

642 is the total band intensity of NS20 at the 642 nm channel. The number of
handles for other constructs can be determined as follows:

Number of handles = 20× NSband
642

NSband
488

× NS20band
488

NS20band
642

where NSband
642 and NSband

488 indicate the band intensity of the NS of interest at 642 nm
and 488 nm channels, respectively.

3.4.4. FORCE MEASUREMENT ASSAY

These experiments were conducted as described previously [19], including microscope
slide coverslip and slide salinization, surface passivation, NS immobilization, and the
dynamic MT assay. The data related to the NS-MT interaction type, diffusing NS,
and tip tracking NS were obtained from the same assay. All the experiments were
conducted at 28◦C.

3.4.5. IMAGING AND IMAGE ANALYSIS

The imaging was conducted with a TIRF microscope (Nikon Ti-E microscope) at a
nominal temperature of 28◦C, which resulted in an actual 26◦C on the objective.
The spatial resolution of the acquired images was 0.107 µm/pixel, and the temporal
resolution varied between 0.5 s to 2 s depending on the experiment and the number
of imaged channels (typically 0.8 s for a two-channel acquisition).

All image stacks were corrected for drift using a custom ImageJ macro (available
at Github.com) and GDSC SMLM plugin [23]. A custom ImageJ plugin, called Event
analyzer, was developed for the categorization of the interactions between MT and
NS. This plugin detects the MTs in the field of view using the Filament sensor
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program [24] and then creates line ROIs (regions of interest) that mark the position
of MTs and create kymographs from these ROIs. This plugin allows the user to
monitor generated kymographs one by one and categorize them depending on the
definitions. The kymographs and the corresponding ROI were automatically saved
by this plugin.

Another ImageJ plugin, Force analyzer, was developed to quantify the forces
captured by the NS. This plugin uses Gaussian fitting in a user-set segment length
to locate the position of the NS on each line of the kymograph and creates a 1 × 1
pixel square ROI at the center of the fitted Gaussian. Then it calculates the median
position of these ROIs and takes that as the resting position of the NS. The furthest
extension point is determined automatically by the plugin, but the user can change
it manually if a wrong point is selected. The amount of force is calculated according
to the following equation [19]:

F (x) = 0.182e3.3x

where F is the force in pN, and x is the NS extension in µm.
The end of depolymerizing MTs in the kymographs was detected using a

custom-written ImageJ macro script, called Edge detector. Edge detector works in
3 modes of edge detection: gradient, maximum, and Gaussian fit. The gradient
method was used to detect the edges of MTs in the kymographs. The gradient
method takes a certain segment length from the user and scans within a rectangle
and in a direction determined by the user where the slope of the segment fitted to
pixel position and pixel intensity maximizes and identifies that region as the region
of maximum gradient. The center of the segment in this region is regarded as the
edge, and a point ROI will be created at that site. For the growing MTs, the X scan
direction, and for shrinking MTs, the Y scan direction was selected, and a segment
size of 3 was used. The coordinates of the detected edges were saved using this
macro and further analyzed using a Python script (available at Github.com). This
script fits a logistic function to the edge coordinates and uses the derivative of this
function to calculate the depolymerization rate at any MT length and then averages
these values to report the mean depolymerization rate in the whole shrinking time.
The analysis was done separately for NS-bound and bare shrinking MTs.

Edge detector was used for tracking the diffusing NS on the MT lattice, but in
Gaussian fit mode. In this mode, it scans line by line within a rectangle determined
by the user and fits a Gaussian function to the pixel intensities and creates a point
ROI at the center of the fitted Gaussian. The coordinates were saved as a CSV file
and further analyzed by a Julia script [12] to calculate MSD values and diffusion
coefficient.

This script splits long trajectories into equal overlapping segments (50 seconds)
with an offset of 1 datapoint and calculates the MSD for each and returns the
average after aligning them. A general diffusion equation was fit to the MSD-time
plots as follows:

MSD = 2Dt

where D is the diffusion coefficient and t is time.
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3.4.6. ELECTRON MICROSCOPY

ATOMIC FORCE MICROSCOPY

We obtained images of NS in dry conditions using an AFM from Bruker
(Massachusetts, USA) and Scanassyst-Air probes from Bruker. AFM was operated
using peakforce-tapping mode and used Gwyddion for processing images. The
agarose purified NS was deposited onto a freshly cleaved mica for 30 s and it was
washes 3 times with 20 uL of MiliQ and was dried by blowing nitrogen.

CRYO-ET

For electron tomography of NS in presence of GMPCPP-MTs, a 20 µM tubulin
solution was supplemented with 1 mM GMPCPP and purified via centrifugation
(300,000 ×g, 4◦C, 2 minutes). After incubation at 37◦C for 30 minutes, unpolymerized
tubulin was removed through ultra-centrifugation (300,000 ×g, 37◦C, 5 minutes). The
microtubules were stored as pellets and resuspended in MRB80 buffer to adjust the
concentration.

Microtubules were then mixed with 1 µL of NS solution and 0.01% NP-40 and
10-nm methylated gold particles (Cytodiagnostics CGM5K-10-50) to generate fiducial
markers. The solution was deposited onto QUANTIFOIL R 1.2/1.3 Cu 200 grids,
which were subsequently blotted using a Vitrobot (Thermo Fisher Scientific) at 22◦C
with 100% humidity, a blot force of 15, and a duration of 6 seconds. The grids were
vitrified with liquid ethane and stored in liquid nitrogen until imaging.

Tilt series acquisition was performed on a Titan Krios G3 (Thermo Fisher
Scientific) operating at 300 kV, utilizing a K3 detector in counting mode along with
a Quantum-LS energy filter set to a 30 eV slit width. Images were collected at a
magnification of 33,000×(pixel size 0̃.26 nm) with defocus values between -2 and -5
µm and a total electron dose of 120 e−/Å2. Tilt angles ranged from -60◦ to 60◦ in 2◦
increments. Data acquisition was conducted using SerialEM.

The recorded image frames were motion-corrected using MotionCor2 [25]. Image
processing, including tilt series alignment, contrast transfer function (CTF) correction,
gold bead removal, and weighted back-projection, was performed using the Etomo
interface of IMOD (v4.11.12).

The tomogram was denoised using TOPAZ-denoise [26] Segmentation of the
nanospring and the microtubule was performed using a 2X binned tomogram with
the EMAN2 software package [27] The segmented nanosprings were manually traced
and visualized using the Segger tool in ChimeraX [28]

3.4.7. EXPRESSION, PURIFICATION AND LABELING OF NDC80JUBAEA

CONSTRUCTS

We received the plasmid for the truncated version of Ndc80, jubaea, from [10].
Jubaea is a heterodimer that is made by removing 34% of the coiled coil region of
Ndc80 and fusing Hec1 and Spc25 subunits to each other and Nuf2 and Spc24 to
each other. Jubaea still contains the Ndc80 loop region, which has been shown to
be essential for Ndc80 clustering and formation of force-resistant kinetochore-MT
connections [12]. The GST (Glutathione S-transferase) tag on the N-terminal of
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the Nuf2 domain was used for purification, and a YbbR tag and spy-tag were
added to the C-terminal of the Spc24 domain for fluorescent labeling and further
bioconjugation. The GST tag was cleaved later by adding 1 v/v % of HRV 3C
protease and incubating for 1 h on ice. The sortase tag on the C-terminal of the
Spc25 domain was used for fluorescent or DNA labeling (See methods section and
Fig. 3.1C). The jubaea construct was further modified to contain a His-tag after the
sortase tag as it has been shown to enhance the efficiency of sortase labeling in the
presence of Ni2+ [29].

“Jubaea” constructs were expressed and purified essentially according to Huis
in ’t Veld et al., 2019 [10], with the following modifications: complexes were
expressed in Escherichia coli ER2566 cells (New England Biolabs, fhuA2 lacZ::T7
gene1 [lon] ompT gal sulA11 R(mcr73::miniTn10–TetS)2 [dcm] R(zgb-210::Tn10–TetS)
endA1 ∆(mcrCmrr)114::IS10) co-transformed with a tRNA supplementing plasmid
derived from Escherichia coli Rosetta™ 2 cells (MerckMillipore). Cells were harvested
by centrifugation (10 min 4000 rpm, Beckman JLA8.1000 rotor), washed in PBS
(Merck Sigma P4417), resuspended in lysis buffer (50 mM Hepes, pH 8.0, 500 mM
NaCl, 10% w/v glycerol, 0.05 mM TCEP, 1 mM EDTA, cOmplete protease inhibitor
cocktail) and lysed using a CF1 cell disruptor (Constant Systems) at 20 kpsi, 4◦C.
Unbroken cells and aggregates were pelleted in a Beckman Ti45 rotor (30 min, 40,000
rpm, 4◦C). The clarified lysate was applied to either ∼2 ml of Pierce™ Glutathione
Superflow Agarose or ∼0.5 ml cOmplete™ His-Tag Purification Resin (Sigma) and
incubated for one hour while rotating at 4◦C. After extensive washing with lysis
buffer, Ndc80 complexes were eluted with lysis buffer supplemented with either
10 mM reduced glutathione, 100 mM imidazole, or homemade 3C protease, and
concentrated using a MWCO 10 kDa Vivaspin 20 centrifugal concentrator (Merck
Sigma Z614610). Size exclusion chromatography was performed on a Superdex 200
Increase 10/300 column (Cytiva 28990944) pre-equilibrated with lysis buffer diluted
1:1 with milliQ.

We used the Sortase tag (LPVTGG) on the C-terminal of the Hec1-Spc25 subunit
to label jubaea with triglycinated DNA (GGG-oligo, jubaea handle) and the YbbR tag
(GDSLSWLLRLLN) on the C-terminal of the Nuf2-Spc24 subunit to label it with a
fluorophore. The items in table 3 were mixed in the mentioned ratios and incubated
at 12 or 15◦C overnight. Size exclusion was performed post-reaction as explained
above, and DNA-labeled jubaea was purified. The percentage of DNA labeling varied
between 10 and 20%. DNA-labeled jubaea was then concentrated using a 10 kDa
Vivaspin filter, and finally, the GST tag of Nuf2 was cut by adding HRV 3C protease
and incubating on ice for 1 hour.
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Table 3.1: Amino acid sequence of jubaea subunits

Nuf2-
Spc24

MSPILGYWKIKGLVQPTRLLLEYLEEKYEEHLYERDEGDKWRNKKFEL
GLEFPNLPYYIDGDVKLTQSMAIIRYIADKHNMLGGCPKERAEISMLE
GAVLDIRYGVSRIAYSKDFETLKVDFLSKLPEMLKMFEDRLCHKTYLN
GDHVTHPDFMLYDALDVVLYMDPMCLDAFPKLVCFKKRIEAIPQIDK
YLKSSKYIAWPLQGWQATFGGGDHPPKLEVLFQGPMETLSFPRYNVA
EIVIHIRNKILTGADGKNLTKNDLYPNPKPEVLHMIYMRALQIVYGIRL
EHFYMMPVNSEVMYPHLMEGFLPFSNLVTHLDSFLPICRVNDFETA
DILCPKAKRTSRFLSGIINFIHFREACRETYMEFLWQYKSSADKMQQL
NAAHQEALMKLERLDSVPVEEQEEFKQLSDGIQELQQSLNQDFHQK
TIVLQEGNSQKKSNISEKTKRLNELKLSVVSLKEIQESLKTKIVDSPEKL
KNYKEKMKDTVQKLKNARQEVVEKYEIYGDSVDCLPSCQLEVQLYQK
KIQDLSDNREKLASILKESLNLEDQIESDESELKKLKTEENSFKRLMIV
KKEKtEKEVAQSLLNAKEQVHQGGVELQQLEAGLQEAGEEDTRLKAS
LLQLTRELEELKEIEADLERQEKEVDEDTTVTIPSAVYVAQLYHQVSKI
EWDYECEPGMVKGIHHGPSVAQPIHLDSTQLSRKFISDYLWSLVDTE
WGDSLSWLLRLLNGSGRGVPHIVMVDAYKRYK

Hec1-
Spc25

MKRSSVSSGGAGRLSMQELRSQDVNKQGLYTPQTKEKPTFGKLSINK
PTSERKVSLFGKRTSGHGSRNSQLGIFSSSEKIKDPRPLNDKAFIQQCI
RQLCEFLTENGYAHNVSMKSLQAPSVKDFLKIFTFLYGFLCPSYELPD
TKFEEEVPRIFKDLGYPFALSKSSMYTVGAPHTWPHIVAALVWLIDCIK
IHTAMKESSPLFDDGQPWGEETEDGIMHNKLFLDYTIKCYESFMSGA
DSFDEMNAELQSKLKDLFNVDAFKLESLEAKNRALNEQIARLEQERE
KEPNRLESLRKLKASLQGDVQKYQAYMSNLESHSAILDQKLNGLNEEI
ARVELECETIKQENTRLQNIIDNQKYSVADIERINHERNELQQTINKLT
KDLEAEQQKLWNEELKYARGKEAIETQLAEYHKLARKLKLIPKGAENS
KGYDFEIKFNPEAGANCLVKYRAQVYVPLKELLNETEEEINKALNKKM
GLEDTLEQLNAMITESKRSVRTLKEERMVEMFLEYQNQISRQNKLIQE
KKDNLLKLIAEVKGKKQELEVLTANIQDLKEEYSRKKETISTANKANAE
RLKRLQKSADLYKDRLGLEIRKIYGEKLQFIFTNIDPKNPESPFMFSLH
LNEARDYEVSDSAPHLEGLAEFQENVRKTNNFSAFLANVRKAFTATVY
NLPVTGGHHHHHH

PREPARATION OF FLUORESCENTLY LABELED COA

5 µL of 10 mM Atto647N-maleimide was added to 45 µL DMSO and added to 50 µL
of 0.91 mM Co-enzyme A (CoA) dissolved in 100 mM sodium phosphate pH 7.0 and
incubated for 15 min at room temperature. Then 0.2 µL of 0.5 M TCEP was added
to the mixture and incubated 60 min at room temperature. Finally, the reaction was
quenched by adding 0.33 µL of 1 M DTT.

We used the same protocol described in [18] for the purification of T1S3 constructs,
except in this study jubaea was used instead of Ndc80.
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Table 3.2: List of the plasmids used in this study

Plasmid CasI CasII Reference / nickname

pGEX 2-rbs
Ndc80jubaea

GST-3C-NUF2(1-351)-
SPC24(59-197)-Spy

NDC80(1-506)-
SPC25(54-224)

(Huis in ’t Veld et al.,
2019)

pED74 GST-3C-NUF2(1-351)-
SPC24(59-197)-Spy

NDC80(1-506)-
SPC25(54-224)-SrtA

“Jubaea-SrtA”

pED89 GST-3C-NUF2(1-351)-
SPC24(59-197)-YbbR-Spy

NDC80(1-506)-
SPC25(54-224)-SrtA

“Jubaea-double tag”

pED138 GST-3C-NUF2(1-351)-
SPC24(59-197)-YbbR-Spy

NDC80(1-506)-
SPC25(54-224)-SrtA-His6

“Jubaea-double tag -His”

Table 3.3: The reaction mixes for labeling jubaea with DNA and fluorophores

Components MW (kDa) Stock
Conc.
(µM)

Volume (µL) Amount
(pmol)

Final Conc.
(µM)

Ratio

Jubaea 164 10 200 2000 8.5 1

Sortase A 18 165 2.4 400 1.7 0.2

GGG-oligo 10 1000 10 10000 42 5

Sfp phospho-
pantetheinyl
transferase

26 74 4 300 1.3 0.15

CoA-Atto568 1.5 500 20 10000 42 5
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SUPPLEMENTARY INFORMATION
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Figure S3.1: (A) From 7560b of the M13mp18 ssDNA 7000 bases were used as a scaffold for
folding NS and the rest were used as a platform to hybridize jubaea linker oligos. (B) AFM
image of a an NS. (C) Cryo-ET images of NS (cyan, light green and magenta) next to an MT
(dark green). (D) Top row: agarose gel electrophoresis performed on NS4. The signal at 488
nm channel originates from NS body and the signal at 642 nm comes from the jubaea linker.
The colocalization of the two signals illustrates that they are connected to each other. Lower
row: TIRF images of NS taken at 488nm and 642 nm channels. The merged image shows their
colocalization of the fluorescent signal. (E) Agarose gel electrophoresis of NS20 (488 nm channel),
with (lanes 3 and 4) and without (lanes 1 and 2) fluorescently labeled oligo complementary to
jubaea linkers (561 nm channel). The lower row shows TIRF images showing NS body (488 nm
channel) and the bound complementary oligonucleotide. With this method, all of the observed
NS on the surface were colocalized with the signal coming from jubaea linker complementary
handle.
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Figure S3.2: Synthesis and purification of T1[S-jubaea]3 . (A) Schematic representation of
the T1[S-jubaea]3 assembly reaction. The subunits of streptavidin were modified to contain
a spyCathcer (S) and were mixed into a wildetype subunit (T) with 3:1 ratio. T1S3 was
purified by ion exchange chromatography. T1S3 was reacted with spy-tagged jubaea and the
resulting T1[S-jubaea]3 construct was purified using size exclusion chromatography (SEC). (B)
Chromatogram showing absorbance at 280 nm and 642 nm for eluted fractions of T1[S-jubaea]3
assembly reaction mixture. Pick a indicates the fraction containing T1[S-jubaea]3 construct. (C)
Polyacrylamide gel electrophoresis of T1[S-jubaea]3 at different stages of modification. Lane 1 &
7: MW marker, lane 2: pre-reaction assembly, lane 3: post-reaction assembly, lane 4: void peak of
SEC, lane 5: peak a of SEC, lane 6: peak b of SEC, lanes 8, 9, 10, 11, 12: same as 2, 3, 4, 5, 6
but after boiling the sample with SDS. (D) Polyacrylamide gel electrophoresis of T1[S-jubaea]3
at different stages of modification. Lanes 1-6: same as lanes 7-12 in the gel on panel C. Lane
7: peak a of SEC after 3C protease treatment (GST removal), lane 8: peak b of SEC after 3C
protease treatment. All samples were boiled with SDS before loading them into the gel.
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The DNA sequence of M13mp18 (7560b):

GAAAAACCACCCTGGCGCCCAATACGCAAACCGCCTCTCCCCGCGCGTTGGCCGATTCATTAATGCAGCTGGCACGACAGGTTTCCCGACTGGAAAGCGGGCAGTGAGCGCAA
CGCAATTAATGTGAGTTAGCTCACTCATTAGGCACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATGTTGTGTGGAATTGTGAGCGGATAACAATTTCACACAGGAAACAGCTAT
GACCATGATTACGAATTCGAGCTCGGTACCCGGGGATCCTCCGTCTTTATCGAGGTAACAAGCACCACGTAGCTTAAGCCCTGTTTACTCATTACACCAACCAGGAGGTCAGAGTTCG
GAGAAATGATTTATGTGAAATGCGTCAGCCGATTCAAGGCCCCTATATTCGTGCCCACCGACGAGTTGCTTACAGATGGCAGGGCCGCACTGTCGGTATCATAGAGTCACTCCAGGG
CGAGCGTAAATAGATTAGAAGCGGGGTTATTTTGGCGGGACATTGTCATAAGGTTGACAATTCAGCACTAAGGACACTTAAGTCGTGCGCATGAATTCACAACCACTTAGAAGAACAT
CCACCCTGGCTTCTCCTGAGAAAGCTTGGCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAG
CTGGCGTAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGCGCTTTGCCTGGTTTCCGGCACCAGAAGCGGTGCCGGAAAGCTGGC
TGGAGTGCGATCTTCCTGAGGCCGATACTGTCGTCGTCCCCTCAAACTGGCAGATGCACGGTTACGATGCGCCCATCTACACCAACGTGACCTATCCCATTACGGTCAATCCGCCGT
TTGTTCCCACGGAGAATCCGACGGGTTGTTACTCGCTCACATTTAATGTTGATGAAAGCTGGCTACAGGAAGGCCAGACGCGAATTATTTTTGATGGCGTTCCTATTGGTTAAAAAAT
GAGCTGATTTAACAAAAATTTAATGCGAATTTTAACAAAATATTAACGTTTACAATTTAAATATTTGCTTATACAATCTTCCTGTTTTTGGGGCTTTTCTGATTATCAACCGGGGTACATA
TGATTGACATGCTAGTTTTACGATTACCGTTCATCGATTCTCTTGTTTGCTCCAGACTCTCAGGCAATGACCTGATAGCCTTTGTAGATCTCTCAAAAATAGCTACCCTCTCCGGCATT
AATTTATCAGCTAGAACGGTTGAATATCATATTGATGGTGATTTGACTGTCTCCGGCCTTTCTCACCCTTTTGAATCTTTACCTACACATTACTCAGGCATTGCATTTAAAATATATGAG
GGTTCTAAAAATTTTTATCCTTGCGTTGAAATAAAGGCTTCTCCCGCAAAAGTATTACAGGGTCATAATGTTTTTGGTACAACCGATTTAGCTTTATGCTCTGAGGCTTTATTGCTTAAT
TTTGCTAATTCTTTGCCTTGCCTGTATGATTTATTGGATGTTAATGCTACTACTATTAGTAGAATTGATGCCACCTTTTCAGCTCGCGCCCCAAATGAAAATATAGCTAAACAGGTTATT
GACCATTTGCGAAATGTATCTAATGGTCAAACTAAATCTACTCGTTCGCAGAATTGGGAATCAACTGTTATATGGAATGAAACTTCCAGACACCGTACTTTAGTTGCATATTTAAAACAT
GTTGAGCTACAGCATTATATTCAGCAATTAAGCTCTAAGCCATCCGCAAAAATGACCTCTTATCAAAAGGAGCAATTAAAGGTACTCTCTAATCCTGACCTGTTGGAGTTTGCTTCCGG
TCTGGTTCGCTTTGAAGCTCGAATTAAAACGCGATATTTGAAGTCTTTCGGGCTTCCTCTTAATCTTTTTGATGCAATCCGCTTTGCTTCTGACTATAATAGTCAGGGTAAAGACCTGA
TTTTTGATTTATGGTCATTCTCGTTTTCTGAACTGTTTAAAGCATTTGAGGGGGATTCAATGAATATTTATGACGATTCCGCAGTATTGGACGCTATCCAGTCTAAACATTTTACTATTA
CCCCCTCTGGCAAAACTTCTTTTGCAAAAGCCTCTCGCTATTTTGGTTTTTATCGTCGTCTGGTAAACGAGGGTTATGATAGTGTTGCTCTTACTATGCCTCGTAATTCCTTTTGGCGT
TATGTATCTGCATTAGTTGAATGTGGTATTCCTAAATCTCAACTGATGAATCTTTCTACCTGTAATAATGTTGTTCCGTTAGTTCGTTTTATTAACGTAGATTTTTCTTCCCAACGTCCT
GACTGGTATAATGAGCCAGTTCTTAAAATCGCATAAGGTAATTCACAATGATTAAAGTTGAAATTAAACCATCTCAAGCCCAATTTACTACTCGTTCTGGTGTTTCTCGTCAGGGCAAG
CCTTATTCACTGAATGAGCAGCTTTGTTACGTTGATTTGGGTAATGAATATCCGGTTCTTGTCAAGATTACTCTTGATGAAGGTCAGCCAGCCTATGCGCCTGGTCTGTACACCGTTC
ATCTGTCCTCTTTCAAAGTTGGTCAGTTCGGTTCCCTTATGATTGACCGTCTGCGCCTCGTTCCGGCTAAGTAACATGGAGCAGGTCGCGGATTTCGACACAATTTATCAGGCGATGA
TACAAATCTCCGTTGTACTTTGTTTCGCGCTTGGTATAATCGCTGGGGGTCAAAGATGAGTGTTTTAGTGTATTCTTTTGCCTCTTTCGTTTTAGGTTGGTGCCTTCGTAGTGGCATTA
CGTATTTTACCCGTTTAATGGAAACTTCCTCATGAAAAAGTCTTTAGTCCTCAAAGCCTCTGTAGCCGTTGCTACCCTCGTTCCGATGCTGTCTTTCGCTGCTGAGGGTGACGATCCC
GCAAAAGCGGCCTTTAACTCCCTGCAAGCCTCAGCGACCGAATATATCGGTTATGCGTGGGCGATGGTTGTTGTCATTGTCGGCGCAACTATCGGTATCAAGCTGTTTAAGAAATTCA
CCTCGAAAGCAAGCTGATAAACCGATACAATTAAAGGCTCCTTTTGGAGCCTTTTTTTTGGAGATTTTCAACGTGAAAAAATTATTATTCGCAATTCCTTTAGTTGTTCCTTTCTATTCT
CACTCCGCTGAAACTGTTGAAAGTTGTTTAGCAAAATCCCATACAGAAAATTCATTTACTAACGTCTGGAAAGACGACAAAACTTTAGATCGTTACGCTAACTATGAGGGCTGTCTGTG
GAATGCTACAGGCGTTGTAGTTTGTACTGGTGACGAAACTCAGTGTTACGGTACATGGGTTCCTATTGGGCTTGCTATCCCTGAAAATGAGGGTGGTGGCTCTGAGGGTGGCGGTTC
TGAGGGTGGCGGTTCTGAGGGTGGCGGTACTAAACCTCCTGAGTACGGTGATACACCTATTCCGGGCTATACTTATATCAACCCTCTCGACGGCACTTATCCGCCTGGTACTGAGCA
AAACCCCGCTAATCCTAATCCTTCTCTTGAGGAGTCTCAGCCTCTTAATACTTTCATGTTTCAGAATAATAGGTTCCGAAATAGGCAGGGGGCATTAACTGTTTATACGGGCACTGTTA
CTCAAGGCACTGACCCCGTTAAAACTTATTACCAGTACACTCCTGTATCATCAAAAGCCATGTATGACGCTTACTGGAACGGTAAATTCAGAGACTGCGCTTTCCATTCTGGCTTTAAT
GAGGATTTATTTGTTTGTGAATATCAAGGCCAATCGTCTGACCTGCCTCAACCTCCTGTCAATGCTGGCGGCGGCTCTGGTGGTGGTTCTGGTGGCGGCTCTGAGGGTGGTGGCTC
TGAGGGTGGCGGTTCTGAGGGTGGCGGCTCTGAGGGAGGCGGTTCCGGTGGTGGCTCTGGTTCCGGTGATTTTGATTATGAAAAGATGGCAAACGCTAATAAGGGGGCTATGACCG
AAAATGCCGATGAAAACGCGCTACAGTCTGACGCTAAAGGCAAACTTGATTCTGTCGCTACTGATTACGGTGCTGCTATCGATGGTTTCATTGGTGACGTTTCCGGCCTTGCTAATGG
TAATGGTGCTACTGGTGATTTTGCTGGCTCTAATTCCCAAATGGCTCAAGTCGGTGACGGTGATAATTCACCTTTAATGAATAATTTCCGTCAATATTTACCTTCCCTCCCTCAATCGG
TTGAATGTCGCCCTTTTGTCTTTGGCGCTGGTAAACCATATGAATTTTCTATTGATTGTGACAAAATAAACTTATTCCGTGGTGTCTTTGCGTTTCTTTTATATGTTGCCACCTTTATGT
ATGTATTTTCTACGTTTGCTAACATACTGCGTAATAAGGAGTCTTAATCATGCCAGTTCTTTTGGGTATTCCGTTATTATTGCGTTTCCTCGGTTTCCTTCTGGTAACTTTGTTCGGCTA
TCTGCTTACTTTTCTTAAAAAGGGCTTCGGTAAGATAGCTATTGCTATTTCATTGTTTCTTGCTCTTATTATTGGGCTTAACTCAATTCTTGTGGGTTATCTCTCTGATATTAGCGCTCA
ATTACCCTCTGACTTTGTTCAGGGTGTTCAGTTAATTCTCCCGTCTAATGCGCTTCCCTGTTTTTATGTTATTCTCTCTGTAAAGGCTGCTATTTTCATTTTTGACGTTAAACAAAAAAT
CGTTTCTTATTTGGATTGGGATAAATAATATGGCTGTTTATTTTGTAACTGGCAAATTAGGCTCTGGAAAGACGCTCGTTAGCGTTGGTAAGATTCAGGATAAAATTGTAGCTGGGTGC
AAAATAGCAACTAATCTTGATTTAAGGCTTCAAAACCTCCCGCAAGTCGGGAGGTTCGCTAAAACGCCTCGCGTTCTTAGAATACCGGATAAGCCTTCTATATCTGATTTGCTTGCTAT
TGGGCGCGGTAATGATTCCTACGATGAAAATAAAAACGGCTTGCTTGTTCTCGATGAGTGCGGTACTTGGTTTAATACCCGTTCTTGGAATGATAAGGAAAGACAGCCGATTATTGAT
TGGTTTCTACATGCTCGTAAATTAGGATGGGATATTATTTTTCTTGTTCAGGACTTATCTATTGTTGATAAACAGGCGCGTTCTGCATTAGCTGAACATGTTGTTTATTGTCGTCGTCT
GGACAGAATTACTTTACCTTTTGTCGGTACTTTATATTCTCTTATTACTGGCTCGAAAATGCCTCTGCCTAAATTACATGTTGGCGTTGTTAAATATGGCGATTCTCAATTAAGCCCTAC
TGTTGAGCGTTGGCTTTATACTGGTAAGAATTTGTATAACGCATATGATACTAAACAGGCTTTTTCTAGTAATTATGATTCCGGTGTTTATTCTTATTTAACGCCTTATTTATCACACGG
TCGGTATTTCAAACCATTAAATTTAGGTCAGAAGATGAAATTAACTAAAATATATTTGAAAAAGTTTTCTCGCGTTCTTTGTCTTGCGATTGGATTTGCATCAGCATTTACATATAGTTAT
ATAACCCAACCTAAGCCGGAGGTTAAAAAGGTAGTCTCTCAGACCTATGATTTTGATAAATTCACTATTGACTCTTCTCAGCGTCTTAATCTAAGCTATCGCTATGTTTTCAAGGATTCT
AAGGGAAAATTAATTAATAGCGACGATTTACAGAAGCAAGGTTATTCACTCACATATATTGATTTATGTACTGTTTCCATTAAAAAAGGTAATTCAAATGAAATTGTTAAATGTAATTAAT
TTTGTTTTCTTGATGTTTGTTTCATCATCTTCTTTTGCTCAGGTAATTGAAATGAATAATTCGCCTCTGCGCGATTTTGTAACTTGGTATTCAAAGCAATCAGGCGAATCCGTTATTGTT
TCTCCCGATGTAAAAGGTACTGTTACTGTATATTCATCTGACGTTAAACCTGAAAATCTACGCAATTTCTTTATTTCTGTTTTACGTGCAAATAATTTTGATATGGTAGGTTCTAACCCT
TCCATTATTCAGAAGTATAATCCAAACAATCAGGATTATATTGATGAATTGCCATCATCTGATAATCAGGAATATGATGATAATTCCGCTCCTTCTGGTGGTTTCTTTGTTCCGCAAAAT
GATAATGTTACTCAAACTTTTAAAATTAATAACGTTCGGGCAAAGGATTTAATACGAGTTGTCGAATTGTTTGTAAAGTCTAATACTTCTAAATCCTCAAATGTATTATCTATTGACGGC
TCTAATCTATTAGTTGTTAGTGCTCCTAAAGATATTTTAGATAACCTTCCTCAATTCCTTTCAACTGTTGATTTGCCAACTGACCAGATATTGATTGAGGGTTTGATATTTGAGGTTCAG
CAAGGTGATGCTTTAGATTTTTCATTTGCTGCTGGCTCTCAGCGTGGCACTGTTGCAGGCGGTGTTAATACTGACCGCCTCACCTCTGTTTTATCTTCTGCTGGTGGTTCGTTCGGTA
TTTTTAATGGCGATGTTTTAGGGCTATCAGTTCGCGCATTAAAGACTAATAGCCATTCAAAAATATTGTCTGTGCCACGTATTCTTACGCTTTCAGGTCAGAAGGGTTCTATCTCTGTT
GGCCAGAATGTCCCTTTTATTACTGGTCGTGTGACTGGTGAATCTGCCAATGTAAATAATCCATTTCAGACGATTGAGCGTCAAAATGTAGGTATTTCCATGAGCGTTTTTCCTGTTGC
AATGGCTGGCGGTAATATTGTTCTGGATATTACCAGCAAGGCCGATAGTTTGAGTTCTTCTACTCAGGCAAGTGATGTTATTACTAATCAAAGAAGTATTGCTACAACGGTTAATTTGC
GTGATGGACAGACTCTTTTACTCGGTGGCCTCACTGATTATAAAAACACTTCTCAGGATTCTGGCGTACCGTTCCTGTCTAAAATCCCTTTAATCGGCCTCCTGTTTAGCTCCCGCTCT
GATTCTAACGAGGAAAGCACGTTATACGTGCTCGTCAAAGCAACCATAGTACGCGCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACAC
TTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGTG
CTTTACGGCACCTCGACCCCAAAAAACTTGATTTGGGTGATGGTTCACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGG
ACTCTTGTTCCAAACTGGAACAACACTCAACCCTATCTCGGGCTATTCTTTTGATTTATAAGGGATTTTGCCGATTTCGGAACCACCATCAAACAGGATTTTCGCCTGCTGGGGCAAAC
CAGCGTGGACCGCTTGCTGCAACTCTCTCAGGGCCAGGCGGTGAAGGGCAATCAGCTGTTGCCCGTCTCACTGGTGAAAA
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Table S3.1: The sequence of staples in the base part of the NS. The staples colored in cyan show
the Atto488 labeled staples.

Staple position Sequence

1 CTTAATGCGCCGCTACAGGGCGCGTACTACGTATTGGGCGCCAGGGTGGTTTTTC (Dig-labelled)

2 AATAATTTTTGTAAATGAATTTTCTGTATGGGATTTTGAATTGCGAAT

3 ATCTCCAAAAGTTTTGTCGTCTTTCCAGACGTTATCACGTTGAAA

4 AAAGGAGCCTCCCTCATAGTTAGCGTAACGATCTAAAAAAAGGCTCCA

5 GGTTTATCAGACGCCTGTAGCATTCCACAGACAGTTAATTGTATC

6 GGTGAATTTCTGAGTTTCGTCACCAGTACAAACTACACTTGCTTTCGA

7 GATACCGATAATAGGAACCCATGTACCGTAACACTTAAACAGCTT

8 AATGACAACACCCTCATTTTCAGGGATAGCAAGCCCAGTTGCGCCGAC

9 CGCATAACCGGAACCGCCACCCTCAGAGCCACCAACCATCGCCCA

10 CGCTGAGGCTCCGCCACCCTCAGAACCGCCACCCTCAATATATTCGGT

11 AAAGGCCGCTTCACCGTACTCAGGAGGTTTAGTATGCAGGGAGTT

12 GTCACCCTCAATATAAGTATAGCCCGGAATAGGTGTATTTGCGGGATC

13 CAGCATCGGAGGATAAGTGCCGTCGAGAGGGTTGGCAGCGAAAGA

14 AACGGCTACATTAGCGGGGTTTTGCTCAGTACCAGGCACGAGGGTAGC

15 GACTAAAGACGACTCCTCAAGAGAAGGATTAGGAGAGGCTTTGAG

16 GAAGTTTCCATGAAACATGAAAGTATTAAGAGGCTGATTTTTCATGAG

17 AAATACGTAATGCCTATTTCGGAACCTATTATTCTTAAACGGGTA

18 AGGCACCAACGTGCCCGTATAAACAGTTAATGCCCCCTGCCACTACGA

19 GAGGCAAAAGACGGGGTCAGTGCCTTGAGTAACACTAAAACGAAA

20 ACACTCATCTACAGGAGTGTACTGGTAATAAGTTTTAAATACACTAAA

21 CGATTATACCGCGTCATACATGGCTTTTGATGATTTGACCCCCAG

22 AAAGTACAACCAGTCTCTGAATTTACCGTTCCAGTAAAAGCGCGAAAC

23 TCATCGCCTGTCATTAAAGCCAGAATGGAAAGCGGGAGATTTGTA

24 CGAAATCCGCCCTTGATATTCACAAACAAATAAATCCATAAATTGTGT

25 TGTTACTTAGGGTTGAGGCAGGTCAGACGATTGGGACCTGCTCCA

26 CGCAGACGGTCCAGAGCCGCCGCCAGCATTGACAGGACCGGAACGAGG

27 GAACCGAACTTCAGAGCCGCCACCAGAACCACCACAATCATAAGG

28 AAAGAGGACAGAACCGCCACCCTCAGAGCCACCACCCGACCAACTTTG

29 TACAGACCAGCCTCCCTCAGAGCCGCCACCCTCAGATGAACGGTG

30 GGCTGACCTTCCGGAACCAGAGCCACCACCGGAACCGGCGCATAGGCT

31 ATCTTGACAAGCCATCTTTTCATAATCAAAATCACATCAAGAGTA

32 TCATTACCCATCGGTCATAGCCCCCTTATTAGCGTTTGAACCGGATAT

33 CAAAGCTGCTTGTAGCGCGTTTTCATCGGCATTTAATCAACGTAA

34 TAAGGCTTGCGAATCAAGTTTGCCTTTAGCGTCAGACCATTCAGTGAA

35 ACACCAGAACGCAGCACCGTAATCAGTAGCGACACCTGACGAGAA

36 TGGGCTTGAGGAAACGTCACCAATGAAACCATCGATAGAGTAGTAAAT

37 TCAACTTTAAGCACCATTACCATTAGCAAGGCCGATGGTTTAATT

38 TACCTTATGCGAATTAGAGCCAGCAAAATCACCAGTATCATTGTGAAT

39 CTGGCTCATTCCGTCACCGACTTGAGCCATTTGGGATTTTAAGAA

40 GACGTTGGGAAAATTATTCATTAAAGGTGAATTATCAATACCAGTCAG

41 CGTTAATAAAGGGAGGGAAGGTAAATATTGACGGAGAAAAATCTA

42 GAACAACATTACAAAAGGGCGACATTCAACCGATTGAACGAACTAACG

43 AAAGATTCATTCATATGGTTTACCAGCGCCAAAGATTACAGGTAG

44 TAGGAATACCTTTATTTTGTCACAATCAATAGAAAATCAGTTGAGATT

45 ATGCAGATACAACGCAAAGACACCACGGAATAAGACATTCAACTA

46 AGGAATTACGTACATAAAGGTGGCAACATATAAAAGAATAACGCCAAA

47 GAGCAACACTATGTTAGCAAACGTAGAAAATACAAGGCATAGTAA

48 CGTTTACCAGCATGATTAAGACTCCTTATTACGCAGTATCATAACCCT

49 AACCAAAATATAACGGAATACCCAAAAGAACTGGACGACGATAAA

50 TTGCAAAAGACAGAAGGAAACCGAGGAAACGCAATAAGCGAGAGGCTT

51 AGGGGGTAATAAGCAGATAGCCGAACAAAGTTACAGTTTTGCCAG

Continued on next page
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Table S3.1 – continued from previous page

Staple position Sequence

52 TAGACTGGATCTTACCGAAGCCCTTTTTAAGAAAAGTAGTAAAATGTT

53 CTGCGGAATCAAACAATGAAATAGCAATAGCTATAGCGTCCAATA

54 TCATTGAATCTGAGTTAAGCCCAATAATAAGAGCAAGGTCATAAATAT

55 CTTTAAACAGATCAGAGAGATAACCCACAAGAATCCCCTCAAATG

56 AGAATGACCAAAAGTCAGAGGGTAATTGAGCGCTAATTTCAGAAAACG

57 TCAGGTCTTTGAGAATTAACTGAACACCCTGAACTAAATCAAAAA

58 TATAGTCAGAATAAAAACAGGGAAGCGCATTAGACGGACCCTGACTAT

59 TTGCATCAAAAGCAGCCTTTACAGAGAGAATAACAGCAAAGCGGA

60 GAAGCCCGAATTTTTGTTTAACGTCAAAAATGAAAATAAGATTAAGAG

61 ATCGCGTTTTATCCCAATCCAAATAAGAAACGATAGACTTCAAAT

62 CAAAGCGAACGTTACAAAATAAACAGCCATATTATTTAATTCGAGCTT

63 CAAACTCCAAGTCTTTCCAGAGCCTAATTTGCCACAGACCGGAAG

64 TAGAGAGTACTCCTGAATCTTACCAACGCTAACGAGCCAGGTCAGGAT

65 CCTTTTGATAATTTTGCACCCAGCTACAATTTTACTTTAATTGCT

66 TTGCGGATGGTGAAGCCTTAAATCAAGATTAGTTGCTAGAGGTCATTT

67 ATTGCTGAATAACCTCCCGACTTGCGGGAGGTTTCTTAGAGCTTA

68 GCTCAACATGATTCTAAGAACGCGAGGCGTTTTAGCGATAATGCTGTA

69 CAACTAAAGTTCAGATATAGAAGGCTTATCCGGTTTTTAAATATG

70 AAGTTTCATTTCATTACCGCGCCCAATAGCAAGCAAAACGGTGTCTGG

71 TTGATTCCCACCGTTTTTATTTTCATCGTAGGAACCATATAACAG

72 GAGTAGATTTGTACCGCACTCATCGAGAACAAGCAAGATTCTGCGAAC

73 TAGATACATTTTCCAAGAACGGGTATTAAACCAAAGTTTGACCAT

74 CAATAACCTGTCAATAATCGGCTGTCTTTCCTTATCATCGCAAATGGT

75 TTTCATTTGGAATTTACGAGCATGTAGAAACCAATTTAGCTATAT

76 AAAAGGTGGCTGAACAAGAAAAATAATATCCCATCCTGGCGCGAGCTG

77 TAATAGTAGTTGTTTATCAACAATAGATAAGTCCATCAATTCTAC

78 CCAATAAATCACATGTTCAGCTAATGCAGAACGCGCCAGCATTAACAT

79 GCAAAGAATTCTGTCCAGACGACGACAATAAACAATACAGGCAAG

80 GCAATAAAGCAAAGTACCGACAAAAGGTAAAGTAATTAGCAAAATTAA

81 AAGCTAAATCTTCGAGCCAGTAATAAGAGAATATCTCAGAGCATA

82 AAACATTATGCCAACATGTAATTTAGGCAGAGGCATTGGTTGTACCAA

83 CTTTTGCGGGTGAGAATCGCCATATTTAACAACGACCCTGTAATA

84 TTTCAACGCAAGCCAACGCTCAACAGTAGGGCTTAATAGAAGCCTTTA

85 TTTTAGAACCTTATACAAATTCTTACCAGTATAAAGGATAAAAAT

86 TAAATGCAATGAAAAAGCCTGTTTAGTATCATATGCGCTCATATATTT

87 GTGTAGGTAATAAACACCGGAATCATAATTACTAGCCTGAGTAAT

88 GGTGAGAAAGTGTGATAAATAAGGCGTTAAATAAGAAAGATTCAAAAG

89 TCAAATCACCTTTAATGGTTTGAAATACCGACCGGCCGGAGACAG

90 ATTCAACCGTTTAGTTAATTTCATCTTCTGACCTAAAATCAATATGAT

91 AATTAATGCCCGAGAAAACTTTTTCAAATATATTTCTAGCTGATA

92 CTATTTTTGAGCAAATCCAATCGCAAGACAAAGAACGGGAGAGGGTAG

93 AGGCTATCAGATATAACTATATGTAAATGCTGATGAGATCTACAA

94 AGAGTCTGGATTTTTAACCTCCGGCTTAGGTTGGGTTGTCATTGCCTG

95 AATCGATGAAAAATCATAGGTCTGAGAGACTACCGCAAACAAGAG

96 AAACTAGCATTGAGAAGAGTCAATAGTGAATTTATCACGGTAATCGTA

97 GTACCCCGGTTAGCGATAGCTTAGATTAAGACGCGTCAATCATAT

98 AAAGCCCCAAAATTTTCCCTTAGAATCCTTGAAAACATGATAATCAGA

99 TTGTATAAGCTTCTGTAAATCGTCGCTATTAATTAAACAGGAAGA

100 TTGTAAACGTTCAATATATGTGAGTGAATAACCTTGCAAATATTTAAA

101 TAAAATTCGCTTTTTAATGGAAACAGTACATAAATAATATTTTGT

102 GTTAAATCAGCATTTAACAATTTCATTTGAATTACCTATTAAATTTTT

103 ACCAATAGGAACATCAAGAAAACAAAATTAATTACTCATTTTTTA

104 AATAATTCGCCCTGAGCAAAAGAAGATGATGAAACAAACGCCATCAAA

105 CTGTAGCCAGGAGGCGAATTATTCATTTCAATTAGTCTGGCCTTC

Continued on next page
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Table S3.1 – continued from previous page

Staple position Sequence

106 ATTAAATGTGTTGAATACCAAGTTACAAAATCGCGCACTTTCATCAAC

107 ACCCGTCGGACAATAACGGATTCGCCTGATTGCTAGCGAGTAACA

108 AACAAACGGCTAACAGTACCTTTTACATCGGGAGAAATTCTCCGTGGG

109 AATGGGATAGGTTTAACGTCAGATGAATATACAGGGATTGACCGT

110 GTAGATGGGCAAATAAAGAAATTGCGTAGATTTTCAGGTCACGTTGGT

111 GTGCATCTGCCAAAATTATTTGCACGTAAAACAGGCATCGTAACC

112 GACGACGACATAATGGAAGGGTTAGAACCTACCATATCAGTTTGAGGG

113 AGGAAGATCGGATTGTTTGGATTATACTTCTGAAGTATCGGCCTC

114 GCTTTCCGGCATGATGGCAATTCATCAATATAATCCTCACTCCAGCCA

115 TGCCGGAAACTATCATCATATTCCTGATTATCAGACCGCTTCTGG

116 CCATTCGCCACAAAGAAACCACCAGAAGGAGCGGAATCAGGCAAAGCG

117 CAACTGTTGGGAGTAACATTATCATTTTGCGGAATTCAGGCTGCG

118 GGTGCGGGCCCCCGAACGTTATTAATTTTAAAAGTTTGAAGGGCGATC

119 ACGCCAGCTGCGACAACTCGTATTAAATCCTTTGTCTTCGCTATT

120 ATGTGCTGCATAGAAGTATTAGACTTTACAAACAATTGCGAAAGGGGG

121 TTGGGTAACGCAATAGATAATACATTTGAGGATTAGGCGATTAAG

122 CCAGTCACGACACTAACAACTAATAGATTAGAGCCGTCCAGGGTTTTC

123 GACGGCCAGTGGTTATCTAAAATATCTTTAGGAGCGTTGTAAAAC

124 TCAGGAGAAGAATCAACAGTTGAAAGGAATTGAGGAAGCCAAGCTTTC

125 GTTCTTCTAACAATCAATATCTGGTCAGTTGGCACCAGGGTGGAT

126 TTCATGCGCACTTGCTGAACCTCAAATATCAAACCCTGTGGTTGTGAA

127 TCCTTAGTGCCAAATGAAAAATCTAAAGCATCACCGACTTAAGTG

128 CCTTATGACACAACAGTGCCACGCTGAGAGCCAGCAGTGAATTGTCAA

129 AAATAACCCCGGCGGTCAGTATTAACACCGCCTGATGTCCCGCCA

130 ATTTACGCTCCACCAGCAGAAGATAAAACAGAGGTGAGCTTCTAATCT

131 ACTCTATGATCGCCATTAAAAATACCGAACGAACGCCCTGGAGTG

132 GGCCCTGCCAATGCGCGAACTGATAGCCCTAAAACATACCGACAGTGC

133 CTCGTCGGTGTTTTTGAATGGCTATTAGTCTTTATCTGTAAGCAA

134 AGGGGCCTTGGCGTAAGAATACGTGGCACAGACAATAGGCACGAATAT

135 GCATTTCACAAGATAGAACCCTTCTGACCTGAAAAATCGGCTGAC

136 TCCGAACTCTTAATAAAAGGGACATTCTGGCCAACAGTAAATCATTTC

137 TGGTGTAATGCAGATTCACCAGTCACACGACCAGGACCTCCTGGT

138 CTTAAGCTACTCGTCTGAAATGGATTATTTACATTGGAGTAAACAGGG

139 TACCTCGATAAAATACCTACATTTTGACGCTCAAGTGGTGCTTGT

140 TCCCCGGGTACCATTGCAACAGGAAAAACGCTCATGGAAGACGGAGGA

141 TTCGTAATCATATCCAGAACAATATTACCGCCAGCCGAGCTCGAA

142 GTTTCCTGTGAACTCAAACTATCGGCCTTGCTGGTAATGGTCATAGCT

143 TCCGCTCACATAACATCACTTGCCTGAGTAGAAGTGAAATTGTTA

144 CATACGAGCCTTGTAGCAATACTTCTTTGATTAGTAAATTCCACACAA

145 GTGTAAAGCCTCTGTCCATCACGCAAATTAACCGGGAAGCATAAA

146 ATGAGTGAGCAATCAGTGAGGCCACCGAGTAAAAGAGTGGGGTGCCTA

147 AATTGCGTTGCAGAATCCTGAGAAGTGTTTTTATTAACTCACATT

148 CGCTTTCCAGAAGGGATTTTAGACAGGAACGGTACGCCGCTCACTGCC

149 GTCGTGCCAGGGGAGCTAAACAGGAGGCCGATTATCGGGAAACCT

150 AATCGGCCAAACGTGCTTTCCTCGTTAGAATCAGAGCCTGCATTAATG

151 AGGCGGTTTGTGGTTGCTTTGACGAGCACGTATACGCGCGGGGAG

Table S3.2: Extra oligos needed to make each NS versions
Construct Additional needed oligonucleotides

Holiday junction (HJ) GCTAAACAACTTTCAACAGTTTCAGCTCTCCGGCCTCAAACTACTTTACCGATCGTAGT
CCGTCAGATTCAGCCCTGT

Continued on next page
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Table S3.2 – continued from previous page

Construct Additional needed oligonucleotides

TCGGTAAAGTAGTTTGAGGCCGGAGACCGAATGGAGTCTGTTCTCGACGCTTTCGTA GTC-
CGTCAGATTCAGCCCTGT

AAGCGTCGAGAACAGACTCCATTCGGACAATTACGAACCAACTTAGGACCAGTCGTA GTC-
CGTCAGATTCAGCCCTGT

CTGGTCCTAAGTTGGTTCGTAATTGTGTGAGAATAGAAAGGAACAACTAAAG

T1S3 GTGAGAATAGAAAGGAACAACTAAAGGCTAAACAACTTTCAACAGTTTCAGCGGA (5’ end of
this oligo is biotinylated)

NS4 500 b ssDNA megamer: ACGGCCTGAAGGTATGGGACAGCGGTGGCTACGGATCCCCTGA
AGCTAATGACTATGTGCGGTTGTGAGACCATTGCAGCCACCAGAGTGGTGCGTACTGCATCA
GTTCTGAGTTGCAAGGGGTTAATTCTGTGTCTAGAGGATCAGTAAAGCGCAGCAGATAGGGT
CGACGGCGATAGTCGGAATGATGGCGCTGTCCTCAACCAGTTGAGGAAGAAATCCATGGCCT
AGAGGCTCTAGTCATTGCTGGACTCGCCTGACAACTCTGTCAGGAAAGCCACGAGTACAATA
CAACTCGCGTCCGCTGCGTCACCGAACAACATCAGGGACAAACGTGAACTACTTTTCTGCCG
CACTTCGGTACCGGTACATTCAGTGAAGTCAAACATGGCGGATGCAAATCCAATCGCGATTG
TTGTGACAGCATTTATTCTGCCGTTTTCGATGGCCAGTAAGTGAATGCAAGCGTAGACGCCAT
AGCACACTTCTTCTTGTAACG

NS-megamer linker 1: GCTAAACAACTTTCAACAGTTTCAGCGGATTTGCGGACGCGAGTTG-
TATTGTACTCGTGGCT

NS-megamer linker 2: CGTTTGTCCCTGATGTTGTTCGGTGACGCATTTGTGAGAATAGAAAG-
GAACAACTAAAG

Jubaea Linker1: Atto-Rho14-TTTTGCGCCATCATTCCGACTATCGCCGTCG TCGTAGTC-
CGTCAGATTCAGCCCTGT

Jubaea Linker 2: Atto-Rho14-TTTTAGCAATGACTAGAGCCTCTAGGCCATG TCGTAGTC-
CGTCAGATTCAGCCCTGT

Jubaea Linker 3: Atto-Rho14-TTTTATGTTTGACTTCACTGAATGTACCGGT TCGTAGTC-
CGTCAGATTCAGCCCTGT

Jubaea Linker 4: Atto-Rho14-TTTTGAAAACGGCAGAATAAATGCTGTCACA TCGTAGTC-
CGTCAGATTCAGCCCTGT

NS 6 1. CACCCGCCGCGCTTAATGCGCCGCTTTTCGTAGTCCGTCAGATTCAGCCCTGT

2. GCGGTCACGCTGCGCGTAACCACCTTTTCGTAGTCCGTCAGATTCAGCCCTGT

3. GGGCGCTAGGGCGCTGGCAAGTGTTTTTCGTAGTCCGTCAGATTCAGCCCTGT

4. AGGAAGGGAAGAAAGCGAAAGGAGTTTTCGTAGTCCGTCAGATTCAGCCCTGT

5. GGAAAGCCGGCGAACGTGGCGAGATTTTCGTAGTCCGTCAGATTCAGCCCTGT

6. GAGCCCCCGATTTAGAGCTTGACGTTTTCGTAGTCCGTCAGATTCAGCCCTGT

NS10 Oligos of NS6 + the following oligos:

7. AAGCACTAAATCGGAACCCTAAAGTTTTCGTAGTCCGTCAGATTCAGCCCTGT

8. AGTTTTTTGGGGTCGAGGTGCCGTTTTTCGTAGTCCGTCAGATTCAGCCCTGT

9. ACTACGTGAACCATCACCCAAATCTTTTCGTAGTCCGTCAGATTCAGCCCTGT

10. AAACCGTCTATCAGGGCGATGGCCTTTTCGTAGTCCGTCAGATTCAGCCCTGT

NS15 Oligos of NS10 + the following oligos:

11. GTGGACTCCAACGTCAAAGGGCGATTTTCGTAGTCCGTCAGATTCAGCCCTGT

12. GAACAAGAGTCCACTATTAAAGAATTTTCGTAGTCCGTCAGATTCAGCCCTGT

13. TAGGGTTGAGTGTTGTTCCAGTTTTTTTCGTAGTCCGTCAGATTCAGCCCTGT

14. TATAAATCAAAAGAATAGCCCGAGTTTTCGTAGTCCGTCAGATTCAGCCCTGT

15. TGGTTCCGAAATCGGCAAAATCCCTTTTCGTAGTCCGTCAGATTCAGCCCTGT

NS20 Oligos of NS15 + the following oligos:

16. AGCAGGCGAAAATCCTGTTTGATGTTTTCGTAGTCCGTCAGATTCAGCCCTGT

17. CAAGCGGTCCACGCTGGTTTGCCCTTTTCGTAGTCCGTCAGATTCAGCCCTGT

18. CCGCCTGGCCCTGAGAGAGTTGCATTTTCGTAGTCCGTCAGATTCAGCCCTGT

19. ACGGGCAACAGCTGATTGCCCTTCTTTTCGTAGTCCGTCAGATTCAGCCCTGT

20. GGTGGTTTTTCTTTTCACCAGTGATTTTCGTAGTCCGTCAGATTCAGCCCTGT
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SCRIPTS

Below is the list of the scripts used for the analyzes:
skymo: a plugin for making kymorgraph with custom features
NS force analyzer: A custom-made plugin to calculate NS forces based on its
extension
Event analyzer: A custom-made plugin to quantify event types in NS-MT interactions
MT end tracker: A macro to detect MT ends in kymorgraphs (a general tool to detect
any edges).
Drift correction: To correct drifts in TIRF stacks

See all scripts at https://github.com/aNick256

https://github.com/aNick256/skymo
https://github.com/aNick256/NS_force_analyzer
https://github.com/aNick256/Event_analyzer
https://github.com/aNick256/MT_edge_tracking
https://github.com/aNick256/Drift_correction
https://github.com/aNick256
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4
ON CONTROLLING MICROTUBULE

NUCLEATION SITES

Ali NICK MALEKI, Tessel HUIBREGTSEN, Marileen
DOGTEROM

Order is not pressure which is imposed [...] from without, but an equilibrium which
is set up from within

José Ortega y Gasset

...many of the greatest things man has achieved are not the result of consciously
directed thought... but of a process in which the individual plays a part which he can

never fully understand

Friedrich Hayek

The eukaryotic mitotic spindle apparatus is essential for chromosomal segregation
during cell division, relying on microtubule organizing centers (MTOCs) and
kinetochores to orchestrate microtubule dynamics and chromosome attachment.
Centrosomes, the primary MTOCs in animal cells, facilitate microtubule nucleation
through mechanisms like template-based nucleation, involving the γ-tubulin ring
complex (γ-TuRC), and condensation-based nucleation, where tubulin subunits
coalesce into protein condensates. However, studying these processes in vivo is
challenging due to the complexity of cellular environments. To address this, in
vitro reconstitution systems have been developed, offering controlled conditions to
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investigate microtubule nucleation and organization. This chapter explores methods
for creating artificial microtubule asters, focusing on spatial control of microtubule
nucleation using minimal components. Techniques such as gold micropatterning for
2D and MT seed-coated beads for controlling growth sites of MTs in 3D was employed,
using DNA origami as platforms.
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4.1. INTRODUCTION
The eukaryotic mitotic spindle apparatus functions as the primary mechanism for
chromosomal segregation during cell division [1]. This bipolar structure is organized
by microtubule organizing centers (MTOCs) positioned at opposing poles, which
serve as nucleation sites for microtubule arrays [2]. These microtubules extend
their plus ends toward the spindle equator, where they engage with chromosomes
through specialized protein complexes known as kinetochores [3]. Kinetochore is a
macromolecular multi-subunit complex that is made of overall hundreds of proteins
[4]. Initial kinetochore-microtubule interactions occur through lateral associations,
followed by motor protein-mediated transport of kinetochores along the microtubule
lattice until they reach the microtubule plus ends, where they establish stable end-on
attachments [5].

In animal cells, centrosomes are the primary MTOCs [6], a membrane-less
organelle which is also composed of tens of different kinds of proteins [7]. During
interphase, two centrosomes nucleate microtubules that grow outward radially
(called microtubule asters) and assists in maintaining spindle shape in mitosis
[8]. Two distinct mechanisms have been proposed for centrosome-mediated
microtubule nucleation: template-based and condensation-based nucleation [9]. In
the template-based model, the centrosome serves as a platform for the γ-tubulin
ring complex (γ-TuRC), which is the primary microtubule nucleation complex [10].
The γ-TuRC is a macromolecular assembly composed of multiple proteins, including
13 γ-tubulin subunits, which correspond to the 13 protofilaments of microtubules.
γ-tubulin has the capacity to bind α-tubulin, thereby functioning as a nucleation
seed for microtubule polymerization and growth [11].

In the context of condensation-mediated nucleation, it is hypothesized that
microtubule polymerizers, or tubulin subunits themselves, are recruited from the
cytoplasm to the centrosomes, where they coalesce to form a protein condensate
[12]. The localized elevated concentration of microtubule-associated proteins
(MAPs), which promote microtubule polymerization, or the high concentration of
tubulin alone, facilitates the nucleation of microtubules from these droplet-like
protein condensates [13] . The nucleating capacity of centrosomes is dependent
on the specific stage of the cell cycle and is proposed to be regulated through
phosphorylating proteins [14]. The cellular environment is inherently complex, with
a vast number of proteins involved in the formation and function of centrosomes
and kinetochores. This presents significant challenges in understanding the
mechanisms underlying chromosome segregation. To address these challenges, an
in vitro reconstituted system, where the number and types of proteins are precisely
controlled and limited, can provide valuable insights into these processes.

Reconstituting MT asters can be achieved by purifying centrosomes for use in
in vitro assays. However, this approach presents significant technical challenges,
such as the difficulty in obtaining high concentrations of centrosomes and the
lack of straightforward methods to accurately determine their concentration. For
two-dimensional (2D) reconstitutions on surfaces, these issues are somewhat
mitigated, as centrosomes tend to adhere to glass surfaces. When the objective is
to study the interaction between two asters in close proximity (e.g., in the presence
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of microtubule-associated proteins, MAPs), it is feasible to locate asters that are
adhered to the surface sufficiently close to one another. However, encapsulating two
centrosomes within a vesicle for 3D studies becomes considerably more challenging
when the initial centrosome concentration is low. Additionally, centrosomes comprise
numerous components which can introduce unknown variables into the in vitro
assay system.

In our experimental experience, centrosomes also exhibit a propensity to adhere
to DNA and proteins such as actin, further complicating their handling and
manipulation in reconstitution studies where multiple components are combined.

Although purified centrosomes can be valuable for certain assays, the
aforementioned challenges have motivated us to explore the creation of artificial
microtubule (MT) asters, where the nucleating agents and their concentrations can
be controlled more precisely. In this chapter, we focus on the reconstitution of
artificial microtubule organizing centers (MTOCs) using a minimal set of components.
This approach allows for greater experimental control and reproducibility, enabling
detailed investigation of the mechanisms of microtubule nucleation and organization.

As previously mentioned, microtubule (MT) assembly involves two key processes:
nucleation and subsequent elongation. It is well-established that the sponteneous
MT nucleation rate is dependent on the concentration of GTP-bound tubulin,
following a power-law relationship [15]. Specifically, the nucleation rate exhibits
a high-order dependence on tubulin concentration, with the nucleation exponent
typically ranging between 6 and 12. This relationship underscores the critical role
of tubulin concentration in the regulation of the kinetics of MT assembly [8].
This number is interpreted as the minimum number of tubulin dimers needed to
oligomerize to form the starting point for the growth of MT [16]. This initial step of
microtubule (MT) nucleation represents the rate-limiting factor in MT growth and
cannot occur below a specific tubulin concentration, known as the critical tubulin
concentration [17]. Once microtubule nuclei (or seeds) are formed, the subsequent
elongation of MTs exhibits a linear dependence on tubulin concentration [18]. Due
to the energy barrier associated with the initial formation of MTs, new microtubules
cannot assemble below the critical tubulin concentration; however, pre-existing
microtubules can continue to elongate under these conditions [19]. Consequently,
this results in a scenario where MT growth is restricted to locations where MT seeds
are already present, ensuring that microtubules do not form indiscriminately in
other regions. This spatial control is critical for regulating MT dynamics in cellular
contexts.

A strategy for spatially controlling microtubule (MT) growth involves the use of
MT seeds that are selectively bound to predefined locations. This approach has been
successfully employed to grow MTs from microbeads, where stabilized MT seeds are
attached to the bead surface, enabling the formation of artificial MT asters [20].
Other studies have implemented a similar strategy in two-dimensional (2D) systems
by patterning surfaces to specifically bind linker molecules at desired sites [21–23].
Stabilized MT seeds, functionalized with a tag, are introduced into a flow chamber
and allowed to bind to the patterned linkers. Unbound seeds are subsequently
washed away, leaving only the immobilized seeds as nucleation sites. At tubulin
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concentrations below the critical concentration, MT growth is exclusively observed
from the patterned regions, ensuring precise spatial control over MT assembly. This
method provides a powerful tool for studying MT dynamics and organization in a
controlled in vitro environment. Another approach to achieving spatial control over
microtubule (MT) nucleation involves coating beads with proteins that facilitate and
accelerate MT nucleation. This can be accomplished by directly coating the beads
with MT nucleation factors, such as XMAP215, or by using proteins that recruit
these nucleation factors to the bead surface [24]. For example, Tsai and colleagues
successfully demonstrated MT growth from beads coated with Aurora A, a kinase
known to play a role in MT nucleation. Furthermore, they extended this approach
to reconstitute spindle-like structures using these protein-coated beads, highlighting
the potential of this method to mimic and study complex MT-based assemblies in
vitro. This strategy provides a versatile platform for investigating the mechanisms of
MT nucleation and organization in a controlled and reproducible manner [25].

The process of microtubule (MT) nucleation from Aurora A (AurA)-coated beads
proceeds as follows [25]: beads are first coated with an AurA antibody, which enables
the recruitment of AurA from Xenopus egg extract. For successful MT nucleation, the
presence of several key components in the extract is essential. These include RanGTP,
tubulin nucleation factors such as TPX2 and γ-tubulin ring complex (γ-TuRC)
(depletion of either TPX2 or γ-tubulin significantly reduces MT nucleation), and
motor proteins Eg5 (inhibition of Eg5 prevents approximately 60% of AurA-coated
beads from nucleating MTs) and dynein (which is more critical for proper MT
organization than nucleation). In this system, RanGTP activates AurA through
TPX2, leading to the recruitment of MT nucleation factors, including γ-tubulin and
TPX2. Once RanGTP triggers this recruitment, the nucleating factors remain stably
associated with the beads, as demonstrated by the retention of nucleating ability
even after washing. This stable association ensures sustained MT nucleation activity,
providing a robust platform for studying MT dynamics and spindle assembly in vitro.

This method remains complex, as it requires the presence of multiple proteins and
relies on the use of egg extracts to conduct the experiments. The inherent complexity
of the system makes it difficult to interpret the results and study the specific roles
of individual proteins. Additionally, modulating nucleation activity in this context is
challenging. While this approach (AurA coated beads) does not enable microtubule
(MT) nucleation from purified tubulin alone (needs pre-treatment in Xenopus egg
extract), directly coating beads with XMAP215, a potent MT nucleation factor, has
been shown to facilitate MT nucleation from the beads.[26]. This simplified approach
offers a more controlled and interpretable system for studying MT nucleation and
dynamics, reducing the reliance on complex protein mixtures and extracts.

If the goal is to spatially control microtubule (MT) nucleation, the cleanest
approach is to use stable, pre-made MTs as nucleation seeds. By controlling where
these seeds can bind, one can dictate the sites from which new MTs will grow. In
this chapter we study various methods of immobilizing MT nucleation templates
(MT seeds) and methods for spatial positioning control of these nucleators. This is
performed both in 3D using microbeads and in 2D using patterned surfaces.
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Figure 4.1: Yang et al used gold patterned surfaces to immobilize γ-tubulin on the surface to
nucleate MTs. (A) schematic representation of the immobilization strategy. The zigzag line shows
alkanethiols with carboxylic acid functionality that form a self-assembled monolayer on gold.
The carboxylic acid terminal could be used to conjugate anti-GST antibodies to it. γ-tubulin and
anti-γ-tubulin antibody was added subsequently. A secondary fluorescently labeled antibody was
used against anti-γ-tubulin antibody for visualization. (continued ...)
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Figure 4.1 continued ...
(B) Differential growth of MTs from gold-coated areas in the presence of taxol. (C) Schematic
representation of the process of making controlled MT nucleation sites used in Portran et al.
2013 [23] (D) Example fluorescent images showing exclusive nucleation of MTs from patterned
sites. The images in panel A and B are adopted from [27]. The images in panel C and D are
from Portran et al. 2013 [23].

4.2. CONTROLLING MICROTUBULE NUCLEATION ON SURFACE

4.2.1. USING GOLD PATTERNS

Gold micropatterning represents a well-established and highly compatible approach
within standard microfabrication protocols, with extensive documentation and
widespread implementation in cleanroom facilities. Notably, this methodology
has been successfully demonstrated by Yang et al. for γ-tubulin immobilization,
achieving differential microtubule nucleation from specifically patterned gold
domains (Fig. 4.1A-B) [27] .

Portran and colleagues developed an alternative micropatterning methodology
for site-specific microtubule nucleation [23]. Their approach employed uniform
surface passivation with polyethylene glycol (PEG), leveraging its intrinsic antifouling
properties to minimize non-specific molecular adsorption. Spatially-controlled
protein binding sites were then generated through selective PEG degradation using
deep UV photolithography with a patterned photomask. The exposed regions
were subsequently functionalized with neutravidin, enabling specific immobilization
of biotinylated microtubule seeds (Fig. 4.1C). This protocol achieved precise
spatial control over microtubule nucleation through selective surface modification
(Fig. 4.1D).

While this deep UV patterning approach demonstrated high efficacy for
spatially-controlled microtubule nucleation, the requisite deep UV photolithography
equipment was not accessible in our laboratory facilities. Therefore, we developed an
alternative strategy utilizing pre-fabricated gold surface patterns (ring, line and dot
patterns. See Fig. 4.2), wherein microtubule seed linkers were selectively adsorbed
to these metallic regions while surrounding areas were passivated with polyethylene
glycol (PEG).

The gold patterns were fabricated on glass coverslips using microfabrication
techniques. The process began with cleaning the glass to remove organic
contaminants and prepare the surface. A thin layer of photoresist was then applied
and patterned using either a maskless lithography system or a photomask with
UV exposure. This step defined the regions where gold structures would later be
deposited.

Once patterned, the samples were coated with thin layers of chromium and gold
through electron-beam evaporation. Chromium served as an adhesion layer to help
the gold bind firmly to the glass. After deposition, the unwanted material was
removed by dissolving the underlying photoresist in acetone, leaving behind the
desired gold patterns firmly attached to the glass.

For generating the photomasks themselves, a similar process was used: glass
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slides were coated with a thin metal layer (aluminum or chromium), covered with
photoresist, and exposed with the desired design. After development, the unwanted
metal was etched away, producing clean reusable masks that could transfer patterns
onto other samples.

The result of this process was a series of gold micro-patterns on glass coverslips.
These patterns provided defined sites for organizing microtubules in controlled
geometries, enabling precise experimental studies of their behavior.

A. B C.

Figure 4.2: Gold patterns created on cover glass. The top row shows the design of the patterns
and the bottom row shows the actual images obtained by wide-field transmission microscopy of
the microfabricated cover glasses (A) ring pattern. (B) line pattern. (C) square patterns with 4
and 2 µm sides respectively with a distance of 54 µm. From [28]

4.2.2. SURFACE PASSIVATION

Surface passivation efficacy of surfaces similar to those surrounding the gold patterns
was systematically evaluated to minimize non-specific protein adsorption in non-
target regions. We assessed various surface treatment protocols using fluorescently
labeled biotinylated kinesin (kinesin-biotin-647) as a reporter protein. The examined
surface conditions included untreated glass coverslips, acid-cleaned surfaces,
κ-casein-coated surfaces following acid cleaning, silane-PEG functionalized surfaces
post acid cleaning, and PLL-PEG coated surfaces following acid cleaning. Non-
specific protein adsorption was quantified via fluorescence intensity measurements
of bound kinesin-biotin-647.

As demonstrated in Fig. 4.3A, both untreated and acid-cleaned surfaces exhibited
comparable levels of non-specific protein adhesion. While κ-casein coating showed
a modest reduction in non-specific binding, this effect was minor. In contrast,
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surfaces functionalized with either silane-PEG or PLL-PEG demonstrated substantial
reductions in non-specific protein adsorption, with decreases of 60% and 70%,
respectively.

Further optimization of the silane-PEG passivation protocol was achieved through
the introduction of an oxygen plasma treatment step between acid cleaning and
silane-PEG functionalization. While conventional silane-PEG passivation immediately
following acid cleaning resulted in a 55% reduction in non-specific binding,
the addition of the intermediate plasma treatment step significantly enhanced
passivation efficiency, yielding a 93% reduction in non-specific protein adsorption
(Fig. 4.3B).
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Figure 4.3: Comparison of different passivation methods in preventing non-specific binding. (A)
Tested surfaces include as-purchased coverslips, cleaned with acid piranha, coated with κ-casein
after acid cleaning, acid cleaned surface treated with silane PEG and acid-cleaned surface coated
with PLL-PEG. (B) Passivation effect of silane-PEGylation on acid cleaned and acid cleaned plus
oxygen plasma treated coverslips. No passivating agent was added to the not-treated surface.

4.2.3. BIOTIN-NEUTRAVIDIN BINDING USED FOR MICROTUBULE SEEDS

IMMOBILIZATION ON GOLD

Due to the high-affinity interaction between neutravidin and biotin, this system
presents a potential mechanism for robust surface immobilization of biotin- labeled
microtubule (MT) seeds. Initial experimental strategies considered direct passivation
of glass regions with polyethylene glycol (PEG) or application of antifouling agents
to non-patterned areas, followed by non-specific neutravidin adsorption onto
gold-coated domains. However, our experimental observations revealed insufficient
binding affinity between neutravidin and gold substrates. Presnova and colleagues
demonstrated that chemical modification of streptavidin with mercaptosuccinic acid
enhances its surface binding affinity for gold substrates [29].

We employed mercaptosuccinic acid modification to enhance neutravidin
binding to gold-patterned surfaces. To validate the preservation of biotin-binding
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functionality in the modified streptavidin, we developed an assay utilizing silica beads
functionalized with PLL-PEG-biotin. Following extensive washing procedures, the
microspheres were incubated with the mercaptosuccinic acid modified neutravidin
(MS-neutravidin) and subsequently exposed to fluorescently labeled, biotinylated
kinesin-1. Initial results revealed significant non-specific binding of biotinylated
kinesin to the microspheres, even in the absence of neutravidin, necessitating
protocol optimization (Fig. 4.5 upper row). The refined methodology incorporated
two key modifications: (1) substitution of PLL-PEG-biotin with Amine-PEG-biotin
for microsphere functionalization, and (2) introduction of a κ-casein blocking step
prior to kinesin addition. These adaptations effectively eliminated non-specific
kinesin binding, enabling reliable assessment of neutravidin-biotin interactions. We
validated the biotin-binding capability of MS-neutravidin using these PEG-biotin
functionalized beads (Fig. 4.4 lower row).

A.

B.

Figure 4.4: Checking the biotin biding capability of neutravidin and MS-neutravidin with
PLL-PEG-biotin (upper row) or Amine-PEG-biotin (lower row) coated beads. (A) PLL-PEG-biotin
beads + kinesin-biotin-647 in the absence of neutravidin. The locations of the beads colocalized
with the fluorescent signal (red) emitted from kinesins, which was not expected. This
could be due to non-specific binding of kinesin-biotin-647 to the beads (negative control) (B)
PLL-PEG-biotin beads + neutravidin + kinesin-biotin-647 (positive control) (C) PLL-PEG-biotin
beads + MS-neutravidin + kinesin-biotin-647 (D) Amine-PEG-biotin beads + kinesin-biotin-647
(negative control) (E) Amine-PEG-biotin beads + neutravidin + kinesin-biotin-647 (positive
control) (F) Amine-PEG-biotin beads + MS-neutravidin + kinesin-biotin-647. The red color shows
the fluorescent signal emitted by the bound kinesin-biotin-647 in TIRF mode; The cyan is the
image taken from beads in transmission mode. From [28]
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However, this modification did not enhance neutravidin adsorption to gold surfaces
in our experimental conditions (Fig. 4.5). We hypothesize that this behavior may
be attributed to potential interactions between the gold surface and Pluronic F127,
which was employed as a passivation agent. This interference likely stems from
our sequential protocol wherein surface passivation with Pluronic F127 precedes the
introduction of MS- neutravidin into the flow cell.

A. B. C.

D. E. F.

Negative control Positive control

Negative control Positive control

6

Figure 4.5: Non-specific binding of fluorescently labeled streptavidin and modified neutravidin to
the gold surface. (A) TIRF images show streptavidin did not have strong preferential binding to
the gold patterns. (B) MS-neutravidin did not show any binding to the gold patterns. From [28]

4.2.4. DNA ORIGAMI FOR MICROTUBULE SEEDS IMMOBILIZATION

We next explored an alternative patterning strategy based on the use of DNA
origami techniques. DNA origami represents a highly versatile and programmable
platform, capable of being precisely engineered to incorporate specific binding
sites. This adaptability allows the staple strands, which help fold the DNA origami
structure, to be extended and function as molecular handles. Consequently, target
proteins conjugated with complementary oligonucleotides can selectively bind to
these handles. Additionally, the staple strands can be chemically modified at their
5′ and 3′ termini or within their backbone to include functional moieties such
as biotin, thiol groups, amine groups, fluorescent dyes, and other molecular tags,
further enhancing their utility in diverse applications.
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The affinity of thiol (-SH) moieties for gold surfaces is well-established; however,
the precise mechanism of this interaction remains a subject of ongoing scientific
discourse. The nature of this binding has been variously characterized as
physisorption, chemisorption, or covalent bonding, with no consensus yet reached
in the literature[30–32].

Figure 4.6: TEM images of 6HB DNA origami purified by agarose gel electrophoresis. Scale bars
are 200 nm.
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Figure 4.7: Binding of thiolated DNA origami (6HB) to the gold surface. (A) TIRF image shows
an increased fluorescent intensity around the gold patterned areas of the coverslip. (B) Fluorescent
intensity profile of the line drawn in panel A. From [28]

In our study, a 6-helix bundle DNA origami structure (6HB) was utilized (Fig. 4.6),
featuring 13 DNA handles distributed across three of its helices [33]. To achieve
selective binding of the DNA origami to a gold surface, we leveraged the thiol-gold
binding interaction. Specifically, the DNA origami was designed to incorporate
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three thiolated staples at one end, to enable stable attachment to the gold surface
through the formation of gold-thiol bonds. This approach ensures controlled spatial
organization of the DNA origami on the surface. The surface was subsequently
coated with κ-casein to reduce non-specific binding in downstream experiments.

To visualize the 6-helix bundle (6HB) DNA origami structure using total internal
reflection fluorescence (TIRF) microscopy, 1 nM of the fluorescent dye YOYO-1
was added to the imaging buffer, which consisted of MRB80 supplemented with
50 mM glucose and 1x oxygen scavenger cocktail (see Methods and Materials for
details). YOYO-1 exhibits increased fluorescence intensity upon intercalation into
double-stranded DNA, making it an effective tool for DNA staining. This property
allows for clear visualization of the DNA origami structure under TIRF microscopy.
Fig. 4.7 shows a clear increase in fluorescent intensity around the gold-coated area,
indicating binding of DNA origami to the gold patterns.

4.2.5. MICROTUBULE DYNAMIC ASSAY

To validate the spatial selectivity of microtubule seed attachment to gold-patterned
regions, we performed microtubule dynamics assays. Based on our previous
findings demonstrating superior differential binding of thiolated DNA origami to gold
patterns, we developed a protocol for conjugating complementary (complementary to
handles on DNA origami) oligonucleotides to microtubule seeds. This was achieved
through a two-step process: first, tubulin was functionalized with azide groups,
followed by a click chemistry reaction between DBCO-modified oligonucleotides and
the stabilized, polymerized microtubule seeds (see Fig. 4.10). The experimental
procedure involved the sequential introduction of DNA origami 6-helix bundles
(6HBs) and κ-casein into the flow cell, followed by DNA-functionalized microtubule
seeds. Subsequently, microtubule dynamics were initiated by introducing a reaction
mixture containing 12.5 µM tubulin. As demonstrated in Fig. 4.8, microtubule
growth was predominantly observed near the gold-patterned regions, with minimal
nucleation events detected on the glass surface, confirming successful spatial control
of microtubule nucleation on the surface.
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A. B. C.

Figure 4.8: Example TIRF images of MT dynamic assay in the presence of MT seeds immobilized
by 6HB DNA origami on gold patterns, showing selectivity of MT growth sites on gold patterns
(indicated by circles (A) MTs extending from gold line sites. The lower image shows the same
field of view after 4 minutes. (B) MTs extending from gold dot sites. The lower image depicts the
same field of view after 9 minutes. (C) MTs extending from circular gold-patterned sites. The
lower image captures the same field of view after 9 minutes. From [28]

Promising results from both DNA origami binding to the gold patterns (Fig. 4.7)
and the high specificity of binding of the DNA-labeled seeds to the patterned area
(Fig. 4.8) made us conclude that among the methods we investigated, this was
the most-promising method to be further explored. Table 4.1 summarizes all the
methods that were investigated in this study.

Table 4.1: Summary of the experimental conditions tested for controlling the growth of MTs on
patterned surface (Huibregtsen 2022) [28]

Passivation
Method

Linker Linker
Conc.

Linker
Wash
(µL)

Seed
Conc.

Seed
Wash
(µL)

Tubulin
Conc.
(µM)

Result

Acid clean +
PLL-PEG

Neutravidin 0.5
mg/mL

10 10x di-
luted

10 16.7 Many floating
seeds, not at-
tached to the
gold.

Continued on next page
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Table 4.1 – continued from previous page

Passivation
Method

Linker Linker
Conc.

Linker
Wash
(µL)

Seed
Conc.

Seed
Wash
(µL)

Tubulin
Conc.
(µM)

Result

Acid clean
+ 30 min
10 mg/mL
silane-PEG +
kappa-casein

Neutravidin/
MS neutra-
vidin

0.5
mg/mL

15 10x di-
luted

15 16.7 Better passivation
than Figure 3.11
and some poten-
tial attachment.

Acid clean
+ 30 min
10 mg/mL
silane-PEG +
kappa-casein

Neutravidin/
MS neutra-
vidin

0.5
mg/mL

50 10x di-
luted

50 16.7 Same passivation
as 3.12/3.13, as
well as some at-
tachment.

Acid clean +
overnight 10
mg/mL silane
pegylation +
PLL-PEG

Neutravidin 2.5
mg/mL

50 10x di-
luted

50 16.7 Due to the
long seeds, too
crowded to ana-
lyze.

Acid clean +
overnight 10
mg/mL silane
pegylation +
PLL-PEG

Neutravidin 2.5
mg/mL

50 10x di-
luted

50 16.7 Shorter seeds, but
barely any passi-
vation.

Acid clean +
overnight 10
mg/mL silane
pegylation +
PLL-PEG

Neutravidin 2.5
mg/mL

200 10x di-
luted

200 16.7 Too crowded
to say anything
meaningful.

Acid clean
+ oxygen
plasma +
overnight 10
mg/mL silane
pegylation +
PLL-PEG

Neutravidin 1.7
mg/mL

200 10x di-
luted

200 12.5 Less crowded
than Figure 3.18,
but still seeds
attached every-
where.

Acid clean +
kappa-casein

DNA
origami

10x
di-
luted

20 10x di-
luted

20 16.7 Too crowded
to say anything
meaningful.

Acid clean +
kappa-casein

DNA
origami

10x
di-
luted

50 50x di-
luted

50 12.5 Great passivation
and most of the
seeds seem to be
attached to the
gold.

Acid clean +
kappa-casein

DNA
origami

10x
di-
luted

50 50x di-
luted

50 16.7 Passivation seems
to be less than
Figure 3.21, but
still a few seeds
attached to the
gold.

Continued on next page
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Table 4.1 – continued from previous page

Passivation
Method

Linker Linker
Conc.

Linker
Wash
(µL)

Seed
Conc.

Seed
Wash
(µL)

Tubulin
Conc.
(µM)

Result

Acid clean
+ PLL-
PEG/kappa-
casein

DNA
origami

10x
di-
luted

50 10x di-
luted

50 14.1 Okay passivation,
only one mi-
crotubule found
seemingly at-
tached to the
gold.

Acid clean
+ PLL-
PEG/kappa-
casein

DNA
origami

10x
di-
luted

50 10x di-
luted

50 16.7 Bad passivation,
hard to say
whether there are
seeds attached to
the gold.

Acid clean
+ oxygen
plasma +
1 mg/mL
silane-PEG
+ PLL-
PEG/kappa-
casein

DNA
origami

10x
di-
luted

50 5x di-
luted

50 16.7 Great passivation,
but no seeds
found attached to
the gold.

4.3. CONTROLLING MICROTUBULE NUCLEATION ON

MICROSPHERES (BEADS)
Two distinct approaches were investigated for spatially-controlled microtubule growth
on microspheres: direct attachment of biotinylated seeds and DNA origami-mediated
immobilization.

In the first approach, carboxylated microspheres were conjugated with PLL-PEG-
biotin followed by neutravidin coating to enable biotinylated seed attachment.
However, in our hands this method yielded insufficient seed density on the
microsphere surface, precluding the formation of observable microtubule asters.

The second strategy employed 6-helix bundle (6HB) DNA origami structures
engineered with three biotinylated staples at one terminus for surface attachment
to neutravidin-coated microspheres. Microtubule seeds were generated as diblock
structures, comprising a DNA-functionalized segment with complementary handles
to the 6HB, followed by an unmodified segment polymerized with unlabeled tubulin
in the presence of stabilizing agents. This architecture was designed to bias
seed orientation, promoting outward-facing microtubule plus ends analogous to
centrosomal organization.

Fig. 4.9 illustrates the generation and characterization of diblock microtubule
seeds. Panel A provides a schematic representation of the fabrication process,
while panel B presents TIRF microscopy validation of the diblock architecture. The
differential length of the secondary block enables plus-end identification, exploiting
the established enhanced dynamics at microtubule plus ends.
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Figure 4.9: Synthesis and visualization of diblock microtubule seeds. (A) Schematic illustration
depicting the fabrication process of making diblock microtubule seeds (Matsuda et al. 2019).
The core segment incorporates DNA handles complementary to those present on the 6-helix
bundle (6HB) DNA origami structures. (B) Total internal reflection fluorescence (TIRF) microscopy
images showing the spatially distinct fluorescent signatures of the DNA labeled core (grown with
rhodamine-labeled tubulin, shown inn yellow) and secondary segments (grown with HiLyte642,
shown in magenta) and the fluorescent signal from YOYO-1 channel that is visible due to
presence of DNA on the core block, with a composite merged image demonstrating the diblock
architecture.
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Although YOYO-1 preferentially binds to double-stranded DNA, it demonstrates
sufficient affinity for single-stranded DNA conjugated to the core block of the
seed to generate detectable fluorescence. Imaging in the 488 nm channel reveals
YOYO-1 signal colocalization with core block fluorescence, as evidenced by the
spatial correspondence in the yellow channel, cyan channel, and merged images in
Fig. 4.9B. Therefore, this colocalization of YOYO-1 fluorescence signal with the core
block fluorescence provides direct validation of successful DNA conjugation to the
microtubule core segment.

After validation of the formation of diblock MT seeds with their core block being
labeled by DNA, they were added to the 6HB coated beads and extra unbound seeds
were washed away. The MT dynamic assay mixture was added to the seed-coated
beads. Microtubule dynamics were visualized via TIRF microscopy in flow cells
containing the functionalized microspheres supplemented with dynamic microtubule
assay components (Fig. 4.10A). DNA origami visualization was achieved using
YOYO-1 fluorescent dye. As demonstrated in fig. 4.10B, TIRF microscopy reveals the
successful formation of artificial asters, characterized by radially-organized dynamic
microtubules emanating from a central microsphere. The spatial coincidence of
YOYO-1 fluorescence (cyan) and microtubule seed signals (magenta) at microtubule
nucleation sites confirms the intended hierarchical assembly of design components.
The relatively weak fluorescence intensity of these signals can be attributed to
their spatial positioning relative to the TIRF excitation field. The 1 µm diameter
of the microsphere places many components outside the optimal imaging plane.
Fig. 4.9C presents a representative kymograph analysis, illustrating microtubule
dynamic behavior within these artificial asters.
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Figure 4.10: Assembly and characterization of artificial microtubule asters. (Continued ...)



4

138 4. ON CONTROLLING MICROTUBULE NUCLEATION SITES

(Figure 4.10 continued) (A) Schematic representation depicting the hierarchical assembly of
microtubule asters using DNA origami structures and DNA-functionalized diblock microtubule
seeds. Note: Diagram not drawn to scale. (B) Representative TIRF microscopy images
demonstrating artificial aster formation on silica beads. Channels display: DNA-labeled core
microtubule seeds (magenta), dynamic microtubules (yellow), and DNA origami structures
(cyan). Scale bar: 10 µm. (C) Representative kymograph of a single microtubule emanating
from an artificial aster, demonstrating dynamic behavior. Scale bars: spatial, 10 µm; temporal,
1 min.

4.4. CONCLUSION
By systematically testing different strategies—including gold micropatterning, surface
passivation, biotin–neutravidin interactions, and DNA origami-based approaches—we
identified DNA origami-mediated immobilization as the most promising method
for achieving spatially controlled microtubule growth. Furthermore, extending this
strategy to three-dimensional systems with functionalized microspheres enabled the
successful assembly of artificial microtubule asters.

4.5. MATERIALS AND METHODS

4.5.1. MICROFABRICATION OF GOLD-PATTERNED COVERSLIPS

The location of the microtubules was controlled using various gold patterns. These
were created using microfabrication, using a protocol made by Nemo Andrea, which
is outlined in the rest of this section.

For the patterning, standard 24x24 mm coverglass pieces (Menzel-Gläser) were
used. They were cleaned in a barrel plasma etcher using O2 gas (200 sccm O2,
600 W, without Faraday cage) for 5-7 minutes. This removes some of the organic
contaminants that are present in the glass, but more A thorough cleaning procedure
would be preferred if possible. Coating with resist.

After cleaning, a layer of photoresist (positive: MICROPOSIT® S1813 or negative
MicroResist technology ma-N 1410) was spin-coated on the coverglass pieces at 3000
rpm and baked at 110 °C for 10 minutes and 100 °C for 2 minutes respectively (step
1 in Fig. 4.11). The photoresist layer was patterned either by a maskless exposure
system (Heidelberg Instruments µmla) or through a homemade Cr/Al photomask on
a standard UV aligner (EVG® 620) (step 2 in Fig. 4.11).

Exposure through a photomask allowed for higher throughput of the fabrication,
which is preferable given that the produced samples are single-use. Photomasks were
placed on the spin-coated sample pieces without clamping. Exposure doses for the
maskless system were 300mJ (for positive resist). Exposure doses for the UV system
were 104 mJ (for positive resist) and 140mJ (for negative resist). The exposed resists
were developed after exposure in MF321, a developing solution for the positive
resist, for 60 seconds and ma-D33/s, a developing solution for the negative resist, for
70 seconds with continuous agitation of the developer. The developed resist layers
were treated in weak oxygen plasma (100 W, 200 sccm O2, with Faraday cage) in a
standard barrel etcher to remove any impurities from the patterned surface (step 3
in Fig. 4.11)
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EVAPORATION OF CHROMIUM AND GOLD

The samples were then mounted in a custom-made clamping holder for evaporation
in a Temescal FC-2000 e-beam evaporation system. The chamber was pumped
down to 3.0E-6mbar and 5nm (target value) of Chromium was evaporated onto the
samples at 0.5Å/s. After chromium evaporation, 20 nm of gold was evaporated into
the sample in the same chamber at a rate of 1Å/s (step 4 in Fig. 4.11). The samples
were then submerged in room-temperature acetone (to dissolve the photoresist) and
the Cr-Au layer on areas with resist was lifted off with the help of ultrasonication
(steps 5 and 6 in Fig. 4.11). The Glass-Cr-Au sections of the pattern have strong
adhesion and remain intact during this procedure. Samples were kept in an
ultrasonic bath for 10 minutes before being transferred to isopropanol wash steps (3
minutes each). Samples were then left to dry before being transported outside the
cleanroom environment.

PHOTOMASK FABRICATION

Photomasks were fabricated starting from the same plasma-cleaned coverglass pieces
described above. 100 nm of aluminum or 50nm of chromium was sputtered onto
the coverglass pieces, followed by spin-coating and exposure. The written patterns
were mirrored versions of the desired final exposure patterns on the gold pieces, as
the metal layer must be placed face down onto the sample during exposure. After
patterning the resist layer (always using positive resist), the removal of the metal
layer was done in different ways for Al and Cr. For Al, the coverglass piece was left
in the developer solution (MF321) for extended periods of time (10-12 minutes), as
the developer etches aluminum and its native oxide. For Chromium photomasks, the
Cr layer was etched in room temperature TechniEtch Cr01chromium etchant for 2
minutes. This produced cleaner patterns than the aluminum at the cost of increased
fabrication time.

1

2

3

4

5

6
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Figure 4.11: The microfabrication process. (1) Resist is spincoated onto the glass surface. (2)
Using either a maskless exposure system or a photomaks, the resist is patterned. (3) The glass
is treated with weak oxygen plasma to remove impurities on the surface. (4) Chromium and
gold are evaporated onto the glass. (5) While submerged in acetone, the glass is ultrasonication
which creates holes in the chromium/gold on the steep parts next to the pattern. (6) The acetone
dissolves the resist and therefore takes off the chromium and gold that is not on the patterned
part. The result is a coverslip patterned with chromium/gold patterns. From [28]

4.5.2. GLASS PASSIVATION TECHNIQUES

PIRANHA ACID CLEANING

Piranha acid cleaning was performed to remove metal and organic compounds from
the glass. For this procedure, the coverslips are placed in a teflon rack in an
appropriate glass beaker. Next, 120ml of sulfuric acid (95-98%) is poured into the
beaker. After this, 40ml of hydrogen peroxide (30%) is slowly added. Then, the
coverslips are left in this solution for 7 minutes. This solution is a strong oxidizer and
removes metal and organic matter in this way. It also hydroxylates (adds OH-groups)
glass and leaves it highly hydrophilic. Afterwards, the coverslips are rinsed multiple
times in MilliQ (ultrapurified water), to wash away any residue left on the coverslip.

PLL-PEG/κ-CASEIN PASSIVATION

Besides acid cleaning, glass coverslips can be passivated to prevent non-specific
binding. Here, poly-l-lysine poly(ethylene glycol) (PLL-PEG) and κ-casein (KS) were
used. PLL-PEG is a polymer which consists of a PLL backbone which is positively
charged, and a PEG sidechain which is hydrophilic and protein resistant. The
positively charged PLL backbones interact with the negatively charged glass and the
PEG sidechains create a monolayer of protein-resistant polymer. KS is a subunit
of milk casein which is commonly used in microtubule assays to also prevent the
binding of tubulin to the glass, but its mechanism is less well understood [34].
For passivation with PLL-PEG and/or κ-casein, concentrations of 0.2mg/ml and
0.5mg/ml, respectively, are used. The passivation with PLL-PEG and/or KS happens
right before the experiment it is needed for. Using double-sided tape, a channel of
about 4mm wide is created on a microscope slide. The coverslip is put on top and
the next 10uL of the PLL-PEG, KS or a mixture of the two is added to the channel.
This is incubated for 10min. Next, the experiment for which the passivation was
necessary can be started.

PLURONIC F127

Pluronic can also be used as a passivator. Pluronic is a poloxamer manufactured by
BSF which consists of a hydrophobic middle part (poly propylene oxide) plus two
hydrophilic sides (poly ethylene oxide) [35]. The hydrophobic part sticks to the glass
and the hydrophilic parts are oriented upwards and create a non-sticky barrier to
the glass. Pluronic 127 was used at 1% concentration and incubated for 10 minutes
in a channel, when used.
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OXYGEN PLASMA

Another type of procedure used for cleaning and activation of the coverslips is using
the oxygen plasma machine (Plasma Prep III Solid state, SPI® Supplies). In this
procedure, oxygen radicals created in the oxygen plasma machine react with organic
substances on the glass. This reaction creates gaseous products which are removed
by the airflow in the machine [36]. For this thesis, oxygen plasma settings of 60
mWatts for 2 minutes were used to clean coverslips using oxygen plasma unless
mentioned otherwise.

SILANE-PEG

To passivate the microfabricated coverslips, silane-PEGylation was also tested.
Silane-PEG uses the same principle as PLL-PEG, but here an ethoxy silane group
binds to a hydroxyl group on the glass instead of the electrostatic interactions of the
PLL backbone. Two different pretreatments were tested. The first one is piranha
acid cleaning, and the second one is inspired by a paper by Portran et al. [23].
For the first pretreatment, coverslips are piranha acid cleaned, before incubating in
mPEG-silane (5K, Biopharma PEG Scientific Inc) in ethanol 96.5 %, on a rocking
platform (VWR®) at room temperature for 30 minutes or overnight. Two different
concentrations of mPEG-silane were tested, 1 mg/ml and 10mg/ml. The coverslips
were sequentially washed in ethanol and ultrapure water, dried using nitrogen, and
stored at room temperature away from dust.
For the second pretreatment, the coverslips are first incubated 30 min in acetone,
then 15 min in ethanol (96.5 %), next rinsed in ultrapure water before incubating
for 2 hours in Hellmanex III (2 % in water, Hellma), and again rinsed in ultrapure
water. The coverslips are then dried using filtered airflow, and oxidized in the plasma
cleaner for 2 min at 60 mW. After this pretreatment, the coverslips are emerged
immediately in a solution of 1 mg/mL mPEG-silane in ethanol 96.5(%) and 0.02%
of HCl, and left on the rocking platform at room temperature overnight. Coverslips
were then dried and stored in the same way as the first pretreatment.

4.5.3. GLASS PASSIVATION COMPARISONS

To compare the degree of passivation between the various methods, an experiment
was done using kinesin labeled with a 647 fluorophore. 10 µL 0.05 mg/mL
kinesin-647 was added to a channel on all the coverslips and incubated for 10
minutes.
Next, the channels were washed by 15 µL MRB80 and visualized in the spinning disk
TIRF microscope with TIRF642 laser. To compare acid cleaning and silane pegylation
versus oxygen plasma and silane pegylation, an experiment with labeled neutravidin
(prepared as described in section 4.5.4 was done. Both coverslips were incubated
with 0.5 mg/mL labeled neutravidin for 10 minutes and afterwards washed with
150 µL MRB80. Next, the coverslips were imaged using the TIRF488 laser on the
spinning disk TIRF microscope.
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4.5.4. NEUTRAVIDIN MODIFICATIONS

LABELED NEUTRAVIDIN

To be able to visualize neutravidin with TIRF microscopy, labeled neutravidin was
prepared. The neutravidin was labeled with Alexa Fluor 488 TPF Ester. More
specifically, 15 µL DMSO was added to 100 µg Alexa Fluor 488. Next, 1 µL of this
mixture was added to 100 µL of 5 mgmL−1 neutravidin. This is then incubated for
five minutes and purified using Zebra™ spin desalting columns (7K MWCO). The
column is centrifuged at 1500 RCF for 1 minute to remove the storage solution.
Next, the sample is added to the column and is washed three times with MRB80 at
1500 RCF in the centrifuge (Labnet Prism™ R Refrigerated Microcentrifuge) for 1
minute and then once more at 2 minutes at 1500 RCF. The labeled neutravidin is
found in the flow through.

NEUTRAVIDIN TREATED WITH MERCAPTOSUCCINIC ACID

Next to regular neutravidin, another approach was tested to increase the affinity of
neutravidin for gold. In this approach, neutravidin is treated with mercaptosuccinic
acid. This method is adapted from Presnova et al. [29]. The method should
allow neutravidin to form covalent bonds with gold as the mercaptosuccinic acid
adds sulfur groups to the neutravidin, which can form thiol-gold bonds [37]. First,
neutravidin is mixed with mercaptosuccinic acid. For this, 3.4 mg mercaptosuccinic
acid is mixed with 200 µL HEPES. Also, 3.1 mg of EDC is added to this mixture,
which was then sonicated for 5 minutes to ensure dissolving. Afterwards, 200 µL
of 5 mgmL−1 neutravidin is added and incubated on ice for one hour. Secondly,
5 µL of 0.01M DTT, to prevent disulfide bonds, and 10 µL of 10mM EDTA are added
and mixed in a shaker for 30 minutes at room temperature. Lastly, the treated
neutravidin is purified using Zebra™ spin desalting columns (7K MWCO). The
column is centrifuged at 1500 RCF for 1 minute to remove the storage solution.
130 µL of the sample is added to the center of the compacted resin bed. This is
centrifuged at 1500 RCF for 2 minutes to collect the desalted sample.

TESTING ACTIVITY OF MERCAPTOSUCCINIC TREATED NEUTRAVIDIN

To check whether the mercaptosuccinic treated neutravidin (MS neutravidin) was just
as active as regular neutravidin, and thus able to bind to biotin in the same manner,
two assays were done. One with silica beads coated with PLL-PEG-Biotin, and one
with amine PEG-biotin beads. Silica beads coated with PLL-PEG-biotin were used to
bind the MS neutravidin and neutravidin to. First, the beads are washed by taking
three samples of 20 µL of beads coated with a 1:3 ratio of PLL-PEG:PLL-PEG-biotin
and adding 80 µL MRB80 to each sample. Next, the samples were put in the
centrifuge, at a temperature of 25 ◦C, 17200 RCF for one minute. The supernatant
was discarded and 10 µL of 0.5 mgmL−1 neutravidin was added to one tube, 10 µL of
0.5 mgmL−1 MS neutravidin to another and the last tube was left on ice. The tubes
were incubated for 10 minutes on ice. Tubes 1 and 2 were centrifuged again at
the same settings and the supernatant was discarded again. Next, 10 µL 10x diluted
kinesin-biotin-647 was added to these tubes and incubated on ice for 10 minutes.
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These were then washed at the same centrifuge settings with 100 µL MRB80 twice,
with supernatant being discarded after both centrifuge steps. The pellets were
suspended in 10 µL MRB80. The three mixes (with MS neutravidin, neutravidin and
no neutravidin added) were then visualized using the spinning disk TIRF microscope
with transmission (for beads) and TIRF647 for visualizing the kinesin-biotin-647.
For the amine PEG-biotin beads, a buffer of 84 µL κ-casein and 756 µL MRB80 was
made. Three tubes with 20 µL amine beads and 80 µL buffer were incubated for
10 minutes on ice. Next the tubes were centrifuged at 17200 RCF for 1 minute.
Supernatants were discarded and 100 µL buffer was added to both tubes. Tubes were
centrifuged at the same settings and supernatants were discarded before adding
10 µL 0.5 mgmL−1 neutravidin to one tube, 10 µL 0.5 mgmL−1 MS neutravidin to
another tube and nothing to the last one. This was incubated on ice for 10 minutes.
Next, 90 µL buffer was added to the two tubes with neutravidin and they were again
centrifuged at the same setting after which the supernatants were discarded. Next
10 µL of 10x diluted kinesin-biotin-647 was added to all tubes and incubated for 10
minutes. The tubes were then washed with 100 µL buffer twice and the supernatants
were discarded before adding 10 µL buffer. These mixes were diluted 10 times to
visualize with TIRF using transmission and TIRF647.

NEUTRAVIDIN TO GOLD

In this experiment, labeled neutravidin and labeled MS neutravidin (labeled in the
same manner as regular neutravidin) were used to observe its binding to the gold.
One experiment consisted of creating a channel of 4 mm wide, flowing in 10 µL 1%
Pluronic and incubating that for 10 minutes. This was then washed with 10 µL
MRB80 and 2x diluted neutravidin or MS neutravidin was added and incubated
for another 10 minutes. This was again washed with 10 µL MRB80 and the next
100x diluted kinesin-biotin-647 was added and incubated for 10 minutes. This was
then also washed with 10 µL MRB80, before visualizing the coverslip with TIRF and
analyzing the images with ImageJ.

4.5.5. DNA ORIGAMI

Besides immobilizing seeds on the surface of gold by using the binding of neutravidin
and biotin, we tested the use of DNA origami to immobilize the seeds using
thiol-gold binding and complementary base pairing.

PREPARATION

For the DNA origami approach, 6HB DNA origamis with thiolated ends were
prepared. The preparation of these DNA origamis starts with creating two mixes.
The first mix consists of the strand and staples for the basic 6HB structure. These
are the oligonucleotides 1-174. Their sequences are listed in Table S4.1. The second
mix consists of the added oligonucleotides for the thiolated strands, which are
oligonucleotides 175-177. These sequences are listed in Table S4.2.
The final concentration of each oligonucleotide in the 6HB basic structure mix is
4 µmolL−1. For the thiolated strands oligonucleotides, the final concentration is
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33 µmolL−1 each. Next, the DNA origami mix is made. Table 4.2 lists its constituents.

Table 4.2: Constituents of DNA origami mix. The volume and final concentration of the
substances that make up the DNA origami.

Reagents Volume (µL) Final Concentration

10x Folding Buffer 10 1x

100 nM ssDNA (M13, p7249) 20 20 nmolL−1

Oligo mix 1-174 5 200 nmolL−1

Oligo mix 175-177 0.55 200 nmolL−1

MilliQ 64.5 -

Total 100

PCR

This mix is then separated into two PCR tubes of 50 µL. The following PCR protocol
is run on them:

1. 90 ◦C for 00:05:00

2. From 90 ◦C to 25 ◦C at a rate of 1 ◦Cmin−1

3. Keep at 12 ◦C

PURIFICATION

The result of the PCR is purified using Amicon cut-off filters (100kDa, Millipore).
The DNA origami was also once, less successfully, purified using gel electrophoresis;
more about this can be found in SI A.3. The Amicon cut-off filter is washed with 1x
folding buffer at 6000 RCF for 4 minutes in the centrifuge. Next, the 50 µL sample
is added together with 400 µL 1x folding buffer and centrifuged for 4 minutes at
6000 RCF. Then, the sample is washed six times with 400 µL folding buffer through
the filter, for four minutes at 6000 RCF in the centrifuge every time. This washing
is done to get rid of any unbound DNA staples that could still be present in the
sample. Loose DNA is smaller than the DNA origami and will therefore flow through
the filter, whereas DNA origami will not. Lastly, the filter is inverted into a tube and
it is run at 1000 RCF for two minutes in the centrifuge. The DNA origami is found
in the tube.

VISUALIZATION DNA ORIGAMI

A 3 microliter sample of purified 6HB solution was deposited onto a freshly
glow-discharged grid coated with a continuous carbon layer, as described in Nick
Maleki et al. 2022 [38]. The sample was then blotted and quickly rinsed three times.
Next, 3 µL of a 2% uranyl acetate solution was applied for 3 minutes. The grids were
blotted again using blotting paper and left to air-dry for 20 minutes. Imaging was
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performed using a JEOL JEM1200 microscope fitted with a TVIPS F416 camera, at a
magnification of 41,000×, yielding a pixel size of 0.38 nanometers.
To visualize the DNA origami with fluorescent microscopy, either on a microfabricated
coverslip or a regular coverslip, YOYO-1 dye was used. YOYO-1 dye is a high affinity
nucleic acid dye and is therefore used to visualize DNA. It fluoresces when bound
to DNA. The YOYO-1 concentrations used to visualize DNA origami varied from
1 nmolL−1 to 20 nmolL−1. The stock concentrations of YOYO-1 dye were 100 nmolL−1

or 200 nmolL−1 and the dye was diluted with folding buffer before adding the DNA
origami. If the visualization was done in a channel and there were washing steps,
YOYO-1 dye was added to the washing buffer to make sure the YOYO-1 dye wasn’t
washed out either.

4.5.6. PREPARATION OF MICROTUBULE SEEDS

BIOTINYLATED SEEDS

For the neutravidin/biotin approach, biotinylated seeds were prepared. In the first
few experiments, seeds were used with a biotinylated tubulin percentage of 10%. For
this preparation, first a tubulin mix was created using 2 µmolL−1 biotinylated tubulin
(Porcine, Cytoskeleton Inc), 2 µmolL−1 488-labeled tubulin (Porcine, Cytoskeleton
Inc), 16 µmolL−1 unlabeled tubulin (Porcine, Cytoskeleton Inc), 1mM GMPCPP and
1X MRB80 for a final volume of 8.3 µL. The biotinylated tubulin is to recruit the
seeds using neutravidin. The 488-labeled tubulin is added to be able to visualize
the seeds in the microscope using a 488 nm laser. GMPCPP is a GTP replacement
which hydrolyzes slower and is therefore more stable than GTP. Thus, it stabilizes
microtubules against depolymerization, and is more useful for microtubule formation
at room temperature.
This mix is incubated on ice for 5 minutes. Next, it is put in an Airfuge (Beckman)
for 5 minutes at 30psi in a cold rotor. The supernatant is extracted and added to
0.8 µL 10mM GMPCPP. The tube is covered with aluminum foil to prevent bleaching
and the mix is incubated at 37 ◦C for 30 minutes. This mix is then centrifuged again
in the airfuge at the same settings, but with the rotor at room temperature. Now
the supernatant is discarded, and the microtubule pellet is resuspended in 5.94 µL
MRB80. Assuming 80% recovery, we now have about 20 µmolL−1 tubulin. This is
then incubated on ice for 20 minutes to depolymerize the microtubules. Afterwards,
0.66 µL of 10mM GMPCPP is added and the solution is incubated firstly on ice
for another 5 minutes and then at 37 ◦C for 30 minutes. After another round of
centrifuging in the airfuge at RT, the pellet is resuspended in 20 µL of MRB80 with
10% glycerol, flash frozen in liquid nitrogen and stored at −80 ◦C.
For later experiments, seeds with a biotinylated tubulin percentage of 30% were used
so that it would bind more easily to neutravidin. For this preparation, 13 µmolL−1

biotinylated tubulin, 4 µmolL−1 647-labeled tubulin and 25 µmolL−1 regular tubulin
were added together with 0.35 µL MRB80, 16.8 µmolL−1 taxol and 1 mM GMPCPP to
a total volume of 5.95 µL. Next they were airfugged for 5 minutes at 30psi and the
supernatant was taken and added to 0.5 µL of 10mM of GMPCPP. The seeds were
incubated at 37 ◦C for either 30 minutes (from here on referred to as "long seeds")
or for 5 minutes (from here on referred to as "short seeds"), and again airfugged for
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5 minutes at 30 psi. Lastly, the pellet is resuspended in 20 µL of MRB80 with 10%
glycerol, flash frozen in liquid nitrogen and stored at −80 ◦C.

DNA LABELED SEEDS

In the DNA origami approach, DNA-labeled seeds are used, with handles
complementary to the handles on the DNA origami. For these seeds, 4 µL of
56 µmolL−1 azide-tubulin, 0.6 µL 647-labeled tubulin, 2 µL 100 µmolL−1 tubulin and
0.74 µL 1mM GMPCPP are added together. This mix is then incubated at 37 ◦C for
30 minutes. Next, 1 µL of 1mM DBCO-DNA and 20 µmolL−1 taxol is added. The
DBCO-DNA are the handles complementary to the DNA origami, and the taxol
provides stability to the seeds. This is incubated at 37 ◦C for 6 hours to let the
seeds form. Next, the mix is airfrugged for 5 minutes at 30 psi. The supernatant
gets discarded and the tube, without touching the pellet, is washed twice with 50 µL
MRB80 + 10% glycerol + 20 µmolL−1 taxol, to get rid of any loose DNA strands which
are not incorporated into the seeds. Lastly, the pellet is resuspended in 20 µL of the
same buffer the tube was washed with.

4.5.7. MICROTUBULE ASSAYS

In this thesis, the main experiment done was a microtubule assay. In this assay,
the microfabricated coverslips are first passivated. Then a linker is added that is
supposed to bind to the gold, after which the seeds are added that will bind to the
linker and, lastly, a tubulin mix is added which makes microtubules grow from the
seeds.

PREPARING THE COVERSLIP

In these assays, first the coverslip would get passivated in one of the ways described
in section 4.5.2 above. Acid cleaning and silane pegylation happens with the entire
coverglass, after which a channel of about 4 mm wide is made on a microscope slide
using double-sided tape. The coverslip is put on top and if either PLL-PEG or KS is
used, this is now added to the channel and incubated upside down in a wet petri
dish for 10 minutes. PLL-PEG is added at a concentration of 0.2 mgmL−1 and KS
is added at a concentration of 0.5 mgmL−1. Next, the linker between the gold and
the microtubules is added. This could be the neutravidin, the MS neutravidin or
the DNA origami. Neutravidin and MS neutravidin are added at 0.5 mgmL−1 for 10
minutes in a wet petri dish. The DNA origami purified by a filter is 10x, 2x or 1x
diluted with folding buffer, added to the channel and incubated for 20 minutes in a
wet petri dish. Next, the linker is washed out of the channel with 10 µL to 200 µL
MRB80 or folding buffer, for neutravidin or DNA origami respectively.

ADDING THE SEEDS

After preparation of the coverslip, the seeds are added. DNA-labeled seeds are first
incubated in a 37 ◦C water bath together with 0.2 µL GMPCPP for 5 to 15 minutes.
Next, 1 µL of either biotinylated or DNA-labeled seeds is added to 8 µL of MRB80,
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1 µL of 10mM GTP and 0.2 µL of 100 µmolL−1 tubulin. This is added to the channel
and incubated for 20 minutes.

ADDING TUBULIN MIX

While incubating the seeds, the tubulin mix is made (see Table 4.3).

Table 4.3: Tubulin mix. Stock concentrations, dilutions, final concentrations and volumes added
of the substances that make up the tubulin mix.

Name Stock Conc. Dilution Final Conc. Vol. (µL)

Tubulin 100 µmol L−1 1× 16.7 µmol L−1 2.0

κ-casein 5 mg mL−1 1× 0.5 mg mL−1 1.2

Methylcellulose 1% 1× 1.1% 1.3

GTP 50 mmol L−1 50× 1 mmol L−1 1.2

Oxygen
scavenger

50x 50× 1x 1.2

Rhodamine-
labeled
tubulin

12.5 µmol L−1 1× 1.04 µmol L−1 1.0

Glucose 1 mol L−1 1× 50 mmol L−1 0.64

MRB80
buffer

– 1× – 3.45

Total
volume

12

This mix is added lastly and is responsible for growing the microtubules from the
seeds. The methylcellulose in this mix keeps the microtubules crowded to the
surface layer. Methylcellulose is a long hydrophobic molecule that lies on top of the
microtubules to keep them in one layer so you can visualize them properly using
TIRF microscopy [39]. The oxygen scavenger together with glucose is needed to
remove oxygen from the solution, as oxygen can destabilize the fluorescent molecules
during visualization and therefore make interpretation of the results more difficult
[40]. Rhodamine labeled tubulin, is fluorescent tubulin that can be visualized with a
561 nm laser. The regular tubulin concentration was varied between 16.7 µmol L−1

and 12.5 µmol L−1. The MRB80 volume was then varied as well, to keep the total
volume at 12 µL.
This mix is airfugged without the GTP and glucose in it, for 5 minutes at 30psi.
The supernatant is taken out and added to the GTP and glucose. Next, the seeds
are washed out the channel with 50 µL to 200 µL MRB80. Then the tubulin mix is
added, the channel is sealed with vaseline and the sample is visualized using a TIRF
microscope.

4.5.8. VISUALIZATION USING TIRF MICROSCOPY

For visualization, two Total Internal Reflection Fluorescence (TIRF) microscopes
were used. One of them being the inverted Nikon TiE microscope, equipped with:
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iLas 2 TIRF/FRAP dual laser illuminator, and an Andor iXon Ultra 888 camera.
This microscope will from here on out be referred to as TIRF2. Its 488 nm laser
operated at 150 mW, the 561 nm at 150 mW and the 642 nm at 140 mW. The scale
of the images acquired with this microscope was 7.76 pixels/microns. The other
being an inverted Nikon TiE microscope, equipped with: iLas2 TIRF/FRAP dual laser
illuminator, 2X EVOLVE 512 Camera and a Yokogawa CSU-W1-T2 Spinning Disk
Confocal Scanning Unit. This microscope will from here on out be referred to as a
spinning disk TIRF microscope. The 488 nm laser operated at 150 mW, the 561 nm
at 100 mW and the 642 nm at 110 mW. The scale of the images acquired with this
microscope was 6.25 pixels/microns.
For this thesis, the 488 nm, 561 nm and 642 nm lasers were used at varying powers
(from 0 to 5% for TIRF2 and from 10 to 30% for spinning disk TIRF). A 16-bit (10
MHz EM gain) digitizer and a standard gain of 4x was used. The EM gains ranged
from 250-2000 for TIRF2 and from 250-600 for spinning disk TIRF.



SUPPLEMENTARY INFORMATION

Table S4.1: The oligonucleotide sequences 1-174 used for creating the 6HB DNA origami [33]
ID Sequence

6HB 1 GCATCAATTCTACTAA

6HB 2 TAGTAGTAGCTGATTGCCCTT

6HB 3 CACCGCCTGGCCCTGAGAGGAGCCGTCAATA

6HB 4 GAGACGGGCAACAGCATTAACATCCAATAAATGAAAAGGTG

6HB 5 TAGATTAAGTTGCAGCAAGCGGTCAAACACCAGT

6HB 6 GATAATACATTTGAGGATTTAGAAGTCAACTAA

6HB 7 TTTACAATTCATTTGGGGCGCGAGCTCATACAGGC

6HB 8 AAGGCAAAGAATTAGCCAGGGTGGTTTTTCTACGCTG

6HB 9 GTTTGCCCTATCTTTAGGAGCACTAAATTAGAC

6HB 10 AAGCAATAAAGTCAATAACCTGTTTAGCTATATTACAATTCGACAACT

6HB 11 AAATCCTGTTTGCGTATTGGGCGCAAAATT

6HB 12 CGTATTAAATCCTTGGAATTGAGGAAGGTTATCTAAAACAGCAGGCGA

6HB 13k ACGTTATAGATACATTTCGCAATGGCCTCAGTTTTCAACAACAACAACAA

6HB 14k AGCATAACGCGCGGGGAGAGGCGGTTTGATGTTTTCAACAACAACAACAA

6HB 15k GTGGTTCCGAAATCGGCGCAAATCAACAGTTGAAATGCCCGA

6HB 16k CGGTTGTACCTTAGTTTGACCATTTAATTTTAAAATTTTCAACAACAACAACAA

6HB 17 ATAAATCGCCAGCTGCATTAATGAATCGGCCAAGCTAAAT

6HB 18k GTTTGAGTAACATTATCCCTCAATCAATATCTGGTCAGTTGAAAATCCCTT

6HB 19 GGAACAATGATTCCCAATTCTGCGAACGAGTAGATAAAAACATTA

6HB 20 TGACCCTGTAATACGTCGGGAAACCTGTCGTAAAAGAATAGCCCG

6HB 21 AGATAGGGTTGGAAACTCAAATATCAAACATTTTGC

6HB 22 GAGAAGCCTTTTCCATATAACAGTAGAAACCACCAGAA

6HB 23 CAGTTTGCGTTGCGCTCACTGCCCGCTTTCCATTTTGCGG

6HB 24 GGAGCGGAATTATCAAAAATCTAAAGCATCACCTTGCTAGTGTTGTTC

6HB 25k TCCTGATAACTAAAGTACGGTGTCTGGAAGTTTCATATTTCAATTTTCAACAACAACAACAA

6HB 26k ACGCAAGGATAAAAATTCTAACTCACATTAATTGGAACAAGATTTTCAACAACAACAACAA

6HB 27k GTCCACTATTAAAGAACGAGAGCCAGCAGCAAATGATCATAT

6HB 28k CCTCATATATTTGTTTTAAATATGCATCACATGATTTTTCAACAACAACAACAA

6HB 29 ACGTCAAAAGCCTGGGGTGCCTAATGAGTGAGTTTAGAAC

6HB 30k GGCAATTCATCAATATACACCGCCTGCAACAGTGCCACGCTGTGGACTCCA

6HB 31 TTGTTTGTTGCTGAATATAATGCTGTAGCTCAACATTTAAATGCA

6HB 32 ATGCCTGAGTAATGCGGAAGCATAAAGTGTAAGGGCGAACAACCG

6HB 33 TCTATCAGGGCCTGAGGCGGTCAGTATTAAATCCTGA

6HB 34 AAGATTCAAAGGCTTAGAGCTTAAGATTATACTTCTGA

6HB 35 TACGTGATCACAAATCCACACAACATACGAGCTGTAGGTA

6HB 36 ATAATGGAAGGGTTACACCAGCAGAAGATAAAACAGAGGATGGCCCAC

6HB 37k ACCATATCTTTTGATAAGAGGTCATTTTGCGGATAGGGTGATTTTCAACAACAACAACAA

6HB 38k GAAAGGCCGGAGACAGTGTGAAATTGTTATCCGCACCATCATTTTCAACAACAACAACAA

6HB 39k CCAAATCAAGTTTTTTGTAAAAATACCGAACGAACAGAACCT

6HB 40k CATCAATATGACCTTTAATTGCTCCAAAATTATTTTTTTCAACAACAACAACAA

6HB 41 GCCGTAAATCATGGTCATAGCTGTTTCCTGTCAAATCAC

6HB 42k GCACGTAAAACAGAAATCTGATAGCCCTAAAACATCGCCATGGGTCGAGGT

6HB 43 TTGCGTAAAACTCCAACAGGTCAGGATTAGAGAGTATATTCAACC

6HB 44 GTTCTAGCTGATAAACCGAAGCTCGAATTCGTAGCACTAAATCGGA

6HB 45 ACCCTAAAGGGTAGTCTTTAATGCGCGAAAAAGAAA

6HB 46 CGGAGAGGGTACCAGACCGGAAGCGATTTTCAGGTTTA

6HB 47 TTAGAGCGGTCGACTCTAGAGGATCCCCGGGTATTAATGC

6HB 48 ACGTCAGATGAATACAGACAATATTTTTGAATGGCTATAGCCCCCGAT

6HB 49k ACAGTACTCGCGTTTTAATTCGAAGCTTCAAAGCGAAGCTATTTTTTCAACAACAACAACAA

Continued on next page
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Table S4.1 – continued from previous page

ID Sequence

6HB 50k TTTGAGAGATCTACAAAAAGCTTGCATGCCTGCATTGACGGGTTTTCAACAACAACAACAA

6HB 51k GAAAGCCGGCGAACTGGCGTAAGAATACGTGGCATACAGTA

6HB 52k GGTCATTGCCAAAGACTTCAAATACTTTTACATCGTTTTCAACAACAACAACAA

6HB 53 AAGGGAAACGTTGTAAAACGACGGCCAGTGCCGGCTATCA

6HB 54k GGAGAAACAATAACGGAAAGATAGAACCCTTCTGACCTGAAAGCGAGAAAGG

6HB 55 GATTGCTTGCATCAAAAAGATTAAGAGGAAGCCCGTGAGAGTCTG

6HB 56 GAGCAAACAAGAGGGATTTTCCCAGTCACGGAAAGCGAAAGGAG

6HB 57 CGGGCGCTAGGGGACATTCTGGCCAACAGTTCGCCT

6HB 58 ACGGTAATCGGAAGCAAAGCGGATTTGAATACCAAGTT

6HB 59 GTGTAGCAAGGCGATTAAGTTGGGTAACGCCAATCGATGA

6HB 60 ACAAAATCGCGCAGCAGTCACACACCAAGTAATAAAGCGCTGGCA

6HB 61k TTATTCACAGGTCTTTACCCTGACTATTATAGTCATAAAACTTTTTCAACAACAACAACAA

6HB 62k AGCATGTCAATCATATGAAAGGGGGATGTGCTGCGGTCACGCTTTTCAACAACAACAACAA

6HB 63k TGCGCGTAACCACCACATTACATTGGCAGATTCACAGGCGAA

6HB 64k TTGATAATCACATAAATCAAAAATTTTCAATTACCTTTTCAACAACAACAACAA

6HB 65 TTAATGCCTCTTCGCTATTACGCCAGCTGGCGTACCCGG

6HB 66k TGAGCAAAAGAAGATGAGCTCAATCGTCTGAAATGGATTATCCCGCCGCGC

6HB 67 AACATCATTTAAACAGTTCAGAAAACGAGAATGACGAAAAGCCCC

6HB 68 AAAAACAGGAAGATGGGCGATCGGTGCGGGCGCCGCTACAGGGCG

6HB 69 CGTACTATGGTAAATACCTACATTTTGAACTGAAACA

6HB 70 CAAATATTTATCCCCCTCAAATGCAGAAAACAAAATTA

6HB 71 AGCACGTATTCAGGCTGCGCAACTGTTGGGAATGTATAAG

6HB 72 ATTACATTTAACAATTGCAACAGGAAAAACGCTCATGGTGCTTTGACG

6HB 73k TGAATTATGCGGAATCGTCATAAATATTCATTGAAATTGTATTTTCAACAACAACAACAA

6HB 74k AACGTTAATATTTTGTTGCAACAGCGCCATTCGCCATAACGTGTTTTCAACAACAACAACAA

6HB 75k CTTTCCTCGTTAGAATCCAATATTACCGCCAGCCATTTCATT

6HB 76k CATTAAATTTATAGCGTCCAATACCCATTTTTAATTTTTCAACAACAACAACAA

6HB 77 CTAAACACACCGCTTCTGGTGCCGGAAACCAGAAAATTCG

6HB 78k GGAAACAGTACATAAATCGGCCTTGCTGGTAATATCCAGAAAGAGCGGGAG

6HB 79 TGTGAGTGGGGGTAATAGTAAAATGTTTAGACTGGTTGTTAAATC

6HB 80 AGCTCATTTTTTAATCCAGCCAGCTTTCCGGGGAGGCCGATTAAA

6HB 81 GGGATTTTAGATAGAAGAACTCAAACTATCAATATA

6HB 82 AACGCCATCAGAAGTTTTGCCAGAGAATAACCTTGCTT

6HB 83 ACGCCAGAGTATCGGCCTCAGGAAGATCGCACCCAATAGG

6HB 84 CTGTAAATCGTCGCTAGTAATAACATCACTTGCCTGAGCAGGAACGGT

6HB 85k TAATTTTACCAAAATAGCGAGAGGCTTTTGCAAAAAAAATAATTTTCAACAACAACAACAA

6HB 86k TTCGCGTCTGGCCTTCCTTTGAGGGGACGACGACAATCCTGATTTTCAACAACAACAACAA

6HB 87k GAAGTGTTTTTATAATCTAGCAATACTTCTTTGATTATTAAT

6HB 88-2k GCTTTCATCAAGACGACGATAAAACCCTTAGAATTTTCAACAACAACAACAA

6HB 89 CCGAGTACGCATCGTAACCGTGCATCTGCCAGTTGTAGCCA

6HB 90-2 TCCTTGAAACAAATTAACCGTTGAGTGAGGCCA

6HB 91-2 CTTAGATTAAGAAGCAACACTATCATAACCCTCGTTTACCACATTAAATG

6HB 92 TGAGCGAGTAACAAACGTTGGTGTAGATGGGAAAGAGTCTACCAGAAG

6HB 93-2 GAAACCGAGGAGCCGAAACAAGTTGTCCATCACGACATAGCGATAG

6HB 94-2 TAGTAAGCGCTGAGAAGAGTCAATAGTGAATTTATAAGCCCTTTT

6HB 95-2 TGGGATAGGTCCCCGTCGGATTCTCCGTGCGAGGCA

6HB 96-2 TAAGAAAAGTAAGCGGAACGCAAATAATAACGGAATACCCA

6HB 97 ATAGGTCTGCAGATACATAACGCCAAAAGGAATTAGGAACAAACACCAGTAC

6HB 98-2 AAACTACACACTGAGTTTCGTCGGCGGATTGACCGTAA

6HB 99-2 AAAGAACTGGCATGAGCAATAGCTATCTTACCGCAAAATC

6HB 100 TAGCATTCCACCACATTCAACTAATGAGAGACTACCTT

6HB 101 TTATTACGCCCAATAGGAACCCATGTACCGTAAACGCCTG

6HB 102 TTTAACCTCCGGCTATAAGAGCAAGAAACAATGAAATATTAAAGACTCC

6HB 103k GGTTATAAAGATTCATCAGTTGAGATTTAGGAATACAGACAGTTTTCAACAACAACAACAA

Continued on next page
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Table S4.1 – continued from previous page

ID Sequence

6HB 104k CCCTCATAGTTAGCGTAATTTTCAGGGATAGCAAGCAGTATGTTTTCAACAACAACAACAA

6HB 105k TTAGCAAACGTAGAAAAATTGAGTTAAGCCCAATATAGGTTG

6HB 106k AAGTTTTGTCTTATTACAGGTAGATAACTATATGTATTTTCAACAACAACAACAA

6HB 107 AAGGTGGCGCCACCCTCAGAGCCACCACCCTCACGATCTA

6HB 108k AAATGCTGATGCAAATCATATCAGAGAGATAACCCACAAGATACATACATA

6HB 109 AAGACAAGTTAATAAAACGAACTAACGGAACAACAGTCTTTCCAG

6HB 110 ACGTTAGTAAATGAACCGCCACCCATCAGAACCAACATATAAAAGA

6HB 111 AACGCAAAGACGAGGTAATTGAGCGCTACAATCGC

6HB 112 TATGGGATTTGAAGAAAAATCTACAGAACGCGAGAAAA

6HB 113 AAGTTTAGAGGTTTAGTACCGCCACCCTCAGAATTTTCTG

6HB 114 CTTTTTCAAATATAAACTGAACACCCTGAACAAAGTCAACCACGGAAT

6HB 115k TAATTTCTGGCTCATTATACCAGTCAGGACGTTGGTGCTAAATTTTCAACAACAACAACAA

6HB 116k CAACTTTCAACAGTTTCTGTATCACCGTACTCAGTTTTGTCATTTTCAACAACAACAACAA

6HB 117k CAATCAATAGAAAATTCGCATTAGACGGGAGAATTTTTTAGT

6HB 118k GAGAATAGAAGCGATTTTAAGAACATCTTCTGACCTTTTCAACAACAACAACAA

6HB 119 CCAGCGCTGATATAAGTATAGCCCGGAATAGGAGCGGAGT

6HB 120k TAAATTTAATGGTTTGAAAGAATACATAAAAACAGGGAAGCATATGGTTTA

6HB 121 ACCGTGTCAACTTTAATCATTGTGAATTACCTTATAGGAACAACT

6HB 122 AAAGGAATTGCGAAAGTGCCGTCGAGAGGTCAAAGACAAAAGGG

6HB 123 CGACATTCAACATAGCAGCCTTACAGAGAATACCG

6HB 124 TTTTCACGTTAGATGGTTTAATTTGATAAATAAGGCGT

6HB 125 AGGGAAGGGTTTTGCTCAGTACCAGGCGGATATAATAATT

6HB 126 TAAATAAGAATAAATTTTGTTTAACGTCAAAAATGAAACGATTGAGGG

6HB 127k ATCATAACACCAGAACGAGTAGTAAATTGGGCTTGGAAAATCTTTTCAACAACAACAACAA

6HB 128k TCCAAAAAAAAGGCTCCAGGATTAGGATTAGCGGGTAAATATTTTTCAACAACAACAACAA

6HB 129k TGACGGAAATTATTCATTCCAAATAAGAAACGATTCACCGGA

6HB 130k CCTTTAATTGGCCCTGACGAGAAATTACTAGAAAATTTTCAACAACAACAACAA

6HB 131 TTATCACTAAGAGGCTGAGACTCCTCAAAGAGAAAAGGAG

6HB 132k AGCCTGTTTAGTATCATAAACAGCCATATTATTTATCCCAAATAAAGGTGAA

6HB 133 ATACAAAAAAGCTGCTCATTCAGTGAATAAGGCTTTATCGGTTTA

6HB 134 TCAGCTTGCTTTCGCTGAAACATGAAAGTATCGTCACCGACTTGA

6HB 135 GCCATTTGGGAATTTGCCAGTTACAAAATATGCGTT

6HB 136 TTCTTAAACACAAATCAACGTAACATTCTTACCAGTATA

6HB 137 GCAAAATCCTGCCTATTTCGGAACCTATTATTAGGTGAAT

6HB 138 AAGCCAACGCTCAATAACGAGCGTCTTTCCAGAGCCTAATTAGAGCCA

6HB 139k GCTTAATTCTTGACAAGAACCGGATATTCATTACCGCTTGATTTTTCAACAACAACAACAA

6HB 140k ACCGATAGTTGCGCCGAATAAACAGTTAATGCCCCACCAGTATTTTCAACAACAACAACAA

6HB 141k GCACCATTACCATTAGCCCTGAATCTTACCAACGCCAGTAGG

6HB 142k ACAACCATCGTTCATCAAGAGTAAATGAGAATCGCCTTTTCAACAACAACAACAA

6HB 143 ACGTCACCAGTGCCATGAGTAACAGTGCCCGTCAATGACA

6HB 144k ATATTTAACAACGCCAATTTTGCACCCAGCTACAATTTTATAAGGCCGGAA

6HB 145 TTTAGGCACAGACCAGGCGCATAGGCTGGCTGACCCCCACGCATA

6HB 146 ACCGATATATTGGGATAAGTTTTAACGGGGTCAATGAAACCATCG

6HB 147 ATAGCAGCACCATCAAGATTAGTTGCTACATGTAA

6HB 148 GCTTGCAGGGCAGATGAACGGTGTAGAGGCAATTTTCGA

6HB 149 GCGACAGTTGATGATACAGGAGTGTACTGGTAACGCTGAG

6HB 150 GCCAGTAATAAGAGCTTGCGGGAGGTTATGAAGCCATAGTAAATAGTA

6HB 151k AGTACCGAACCGAAGTGACCAACTTTGAAAGAGGAAGTTAAATTTTCAACAACAACAACAA

6HB 152k GGCCGCTTTTGCGGGATAGCGTCATACATGGCTTAATCAAGTTTTTCAACAACAACAACAA

6HB 153k TTGCCTTTAGCGTCAGATTTTAGCGAACCTCCCGAAATATAA

6HB 154k TCAGCAGCGAGTCAATCATAAGGGACAAAAGGTAATTTTCAACAACAACAACAA

6HB 155 TTTTCATAGTCTCTGAATTTACCGTTCCAGTACGTCACCC

6HB 156k AGTAATTCTGTCCAGACCCGGTATTCTAAGAACGCGAGCGCTGTAGCGCG

6HB 157 ATAAACAGTTACTTAGCCGGAAACGAGGCGCAGACGAAGACAGCAT

Continued on next page
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Table S4.1 – continued from previous page

ID Sequence

6HB 158 CGGAACGAGGGTAGGCCAGAATGGAAAGCGCCGGCATTTTCGGTC

6HB 159 ATAGCCCCCTTCAGATATAGAAGGCTTATGACGACA

6HB 160 ACAGAGGCTTGCGACCTGCTCCATACATGTTCAGCTAA

6HB 161 GCCATCTCACAAACAAATAAATCCTCATTAAACAACGGCT

6HB 162 TGCAGAACGCGCCTTACCGCGCCCAATAGCAAGCAATATTTAGCGTTT

6HB 163k AACAATACATCGCCTGATAAATTGTGTCGAAATCCTGAGGACATTTTCAACAACAACAACAA

6HB 164k TAAAGACTTTTTCATGACGATTGGCCTTGATATTTTTCATAATTTTCAACAACAACAACAA

6HB 165k TCAAAATCACCGGAACCTTTCATCGTAGGAATCATGTTTATC

6HB 166k CCATTAAACGACGGAGATTTGTATGATAAGTCCTGTTTTCAACAACAACAACAA

6HB 167 CCGGAACTGACAGGAGGTTGAGGCAGGTCAGAGGAAAGTTT

6HB 168k AACAAGACAAGCCGTTTTTATAGAGCCACCA

6HB 169 TCCTAATTTAGATTATACCAAGCGCGAAACAAAGTACAGGTAAAATAC

6HB 170 GTAATGCCACTACGAGAGCCGCCGCCAGCATCGCCTCC

6HB 171 CTCAGAGCGCACTCATCGAGAACAAGAAAATAATATCCCA

6HB 172 AACCTAAAACCTTTGACCCCCAGCCGAGCATGT

6HB 173 AGAACCGACCAGAACCACCACCAAGGCACC

6HB 174 AGAAACCAAAGAACGGGTATTAAACCAAAGTACCGCCACCCTC

6HB 175 TACACTAAAACACTCATGAAAGAGGCAACAGAA

6HB 176 CACCCTCAGAGCCGCCCCCACCCTCAGAGCCAC

6HB 177 TTTCCTTATCATTCCATCAATAATCGGCTGTC

Table S4.2: The thiolated oligonucleotide sequences 175-177 used for creating the DNA origami.
The thiols are added to the 5′ end.

ID Sequence Modification

6HB 175 ATCTAC ACTAAAA CACTCAT GAAAGAG GCAAAAG AA Thiol C6

6HB 176 ATCGATCCACCCT CAGAGCC GCC CCA ACCCTCAG AGCCAC Thiol C6

6HB 177 TTTCCT TATCATT CCA TCA ATAATCG GCTGTC Thiol C6
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5
TOWARDS BI-ORIENTATION

Freedom is the foundation of science; and science is the key to progress

M. A. Foroughi

Man, in his arrogance, thinks himself a great work, worthy of the interposition of a
deity

Charles Darwin

Accurate chromosome segregation during cell division depends on sister chromatid bi-
orientation, which is acquired by means of kinetochore-microtubule stable attachments
and dynamic microtubules. This chapter traces the experimental and historical
milestones of mechanism discovery of bi-orientation, from early micromanipulation
experiments to in vitro reconstitution of tension-sensitive kinetochore-microtubule
interactions. Emphasis is placed on primary protein complexes Dam1, Ska, and
Ndc80 which ensure attachment stability and mechanical and biochemical signaling.
In an attempt to design a minimal model system, an origami nanospring-based
synthetic platform is introduced to model chromosome bi-orientation and segregation.
Using engineered dimers of nanosprings joined by photocleavable connectors, kinesin-
directed transport, and Ndc80-driven microtubule binding, the system models the key
features of chromosome motion and tension-dependent stability. This reductionist
approach provides a useful technique for dissecting the biophysical principles behind
chromosome segregation.
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5.1. INTRODUCTION
The establishment of proper chromosome segregation requires microtubule-
kinetochore biorientation, wherein microtubules establish stable attachments to
sister chromatid kinetochores. The way to the understanding of how chromosomes
ensure proper segregation during cell division has been paved through the efforts of
decades of pioneering work, starting with the first micromanipulation experiments.
In a seminal paper, Nicklas and Koch demonstrated that stress on chromosomes in
insect spermatocytes was adequate to stabilize their attachment to microtubules from
opposite spindle poles [1]. This was the first clear evidence that mechanical tension
plays a critical role in promoting proper kinetochore-microtubule attachments, a
central tenet for ensuring faithful chromosome segregation.

Reconstitution of these stable attachments in vitro was the puzzle that began
in earnest in the mid-1980s. Mitchison and Kirschner showed that kinetochores
can capture microtubules in vitro, an ATP-regulated process, the beginning
of biochemical approaches to untangle kinetochore function [2]. Around the
same time, yeast and other model organism studies set controversy ablaze over
whether correct chromosome orientation arises spontaneously through kinetochore
geometry—i.e., back-to-back sister kinetochore arrangement—or whether corrective
cellular processes correct orientation errors. The experiments showed faulty
attachments, or mal-orientations, which are normal early in mitosis but are
later corrected, pointing towards the existence of active tension-dependent error
correction mechanisms[3–5].

One important milestone in uncovering the source of tension came with the
discovery of the cohesin complex. Yanagida demonstrated that cohesin keeps sister
chromatids attached by a physical bond and resists microtubule pulling forces
until anaphase [6]. The bond allows tension to be generated across bi-oriented
kinetochores, providing a mechanical signal for proper attachment.

In yeast, the discovery of the Dam1 complex added another crucial piece to
the puzzle. Westermann et al. showed that Dam1 complex could self-assemble
into ring structures around microtubules [7]. The rings were capable of binding
kinetochores to dynamic microtubule ends, facilitating tracking of depolymerization
events by chromosomes—a crucial necessity for stable attachments under tension.
This concept was later taken a step further in 2009 by Kiermaier et al., when they
artificially directed the Dam1 complex to a centromere-less plasmid in yeast [8]. The
artificial system formed an functional kinetochore that could bind to microtubules,
bi-orient, and segregate mini-chromosomes without native DNA-binding factors.
Similarly, Lacefield et al. used a specific component of the Dam1 complex, Ask1, to
assemble a synthetic kinetochore on a centromere-less plasmid [9]. These studies
successfully proved that the Dam1 complex by itself can be utilized to trigger
bi-orientation and segregation in yeast.

Further elucidation of Dam1 complex function was offered in 2010 where it was
shown Dam1 is required for the Ndc80 complex to track dynamic plus microtubule
ends [10]. This cooperation ensures stable kinetochore-microtubule attachments
during both polymerization and depolymerization, necessary for precise chromosome
alignment. Later the same year, Akiyoshi et al. made a major breakthrough in
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isolating native yeast kinetochores and reconstituting their in vitro microtubule
interactions [11]. They demonstrated that mechanical tension alone is sufficient to
stabilize such attachments directly—firm evidence of a mechanosensitive mechanism
of bi-orientation.

MMore recently, vertebrate systems were investigated. In 2012, Jeyaprakash et al.
reported the initial complete structural characterization of the human Ska complex
and discovered it to be dimeric in nature with microtubule-binding activity [12]. The
Ska complex is structurally similar to the yeast Dam1 complex and is responsible for
kinetochore-microtubule stabilizing function in vertebrates. Abad et al. enhanced
this by showing that the Ska complex interacts with straight and curved microtubule
structures at multiple contact points through which it remains attached even through
dynamic remodeling [13]. More recently in 2014, Akiyoshi and Biggins provided a
comprehensive protocol for purifying kinetochores and assaying their interaction
with microtubules. While methodological in nature, this paper was invaluable for
later reconstitution studies, which improved our understanding of the molecular
underpinnings of bi-orientation [14]. Chakraborty used a reconstitution system in
2018 to investigate how kinetochores transition from lateral to end-on attachments
to microtubules, an essential maturation step towards stable bi-orientation [15].
The transition ensures correct alignment and preparation of the chromosomes for
segregation.

Further mechanistic detail was revealed in 2019, when Zhang et al. demonstrated
that Cdk1-induced phosphorylation of the Ska complex facilitates its association
with the Ndc80 complex to form a stable macro-complex at the kinetochore
[16]. This phosphorylation-regulated process is important for generating stable
kinetochore-microtubule attachments under mitosis’ dynamic conditions. Meanwhile
there has been efforts to reconstitute kinetochore motility. For example Trvi et
al. proved that the kinesin-8 motor protein Kip3 in yeast plays a critical role
in promoting end-on attachments between kinetochores and microtubules [17].
The motor-mediated process facilitates chromosome congression and also secures
accurate connections to facilitate bi-orientation.

Most recently, Asai et al. built artificial kinetochore by coating beads with NDC80-
NUF2 [18]. Astonishingly, beads that were placed at the spindle equator established
stable bipolar attachments, with the same properties as native kinetochores. In
this work, they demonstrated that NDC80-NUF2 alone is sufficient to induce a
biorientation-like state in mammalian cells, highlighting the conserved and universal
function of these subunits.

Over the decades, research has routinely evolved from descriptive in vivo accounts
to sophisticated reconstitution systems. We now understand that a combination
of tension, phosphorylation, motor activity, and multiprotein complexes such as
Dam1, Ska, and Ndc80 is needed to stabilize kinetochore-microtubule attachments.
While basic principles such as tension-based stabilization are conserved, the precise
mechanisms vary between organisms, and there remains controversy regarding
relative importance of geometric, biochemical, and mechanical cues in ensuring
faithful chromosome segregation.
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5.2. TOWARDS A MINIMAL SYSTEM FOR CHROMOSOME

BI-ORIENTATION AND SEGREGATION
The spindle assembly checkpoint constitutes a highly regulated cellular mechanism
that ensures appropriate chromosome-microtubule spindle connections. Subse-
quently, chromatid separation is achieved through microtubule depolymerization-
generated forces, which facilitate movement toward the spindle poles [19]. This
machinery exhibits substantial complexity, involving in excess of hundreds of proteins
both in kinetochore assembly and in centrosomal microtubule nucleation centers
[20, 21]. Implementation of a reconstituted minimal system presents an opportunity
to elucidate the fundamental mechanisms and identify essential components of
this process. The methodological developments described in this Chapter enable
progression toward this objective. Ndc80 represents a critical kinetochore component
that facilitates the harnessing of microtubule depolymerization forces [22]. We
implemented nanosprings as a platform enabling controlled Ndc80 immobilization
[23]. Additionally, plus-end-directed kinesin motor proteins facilitate complex
transportation to microtubule plus ends. This experimental approach recapitulates
end-on conversion, a process typically mediated by CENP-E and Ndc80, wherein
lateral microtubule attachments transition to end-on configurations necessary for
the capture of depolymerization forces. Fig. 5.1A illustrates a modified nanospring
design incorporating five extended internal staples that function as recruitment
sites for kinesin-1 molecules conjugated with complementary DNA handles. The
nanospring termini maintain their previously described configuration: one terminus
carries digoxigenin while the other presents biotin. The biotin-modified terminus is
engineered to bind streptavidin-mediated Ndc80 trimers (T1[S-Ndc80]3, as detailed
in chapters 2 and 3. In our in vitro artificial environment, we have the flexibility to
employ simplified mechanisms for initiating chromatid segregation, in contrast to
the complex processes utilized by cells. One viable approach is the implementation
of optogenetic control, which allows for light-induced activation of the segregation
process. This method is particularly compatible with our DNA origami platform, as it
permits the incorporation of photocleavable oligonucleotides that can be selectively
cleaved upon exposure to UV light.

To emulate biorientation and subsequent segregation, we devised a design
comprising two nanosprings interconnected via a photocleavable linker, each labeled
with distinct fluorophores, Atto488 and Cy5, respectively (Fig. 5.1A). Fig. 5.1B
illustrates two methodologies employed to generate the nanospring (NS) dimer.
The left panel depicts the initial approach, wherein an oligonucleotide is partially
complementary to both the 5′ terminus of the NS-Atto488 scaffold and the
3′ terminus of the NS-Cy5 scaffold. This was utilized in conjunction with a
photocleavable oligonucleotide partially complementary to the 3′ end of NS-Atto488
and the 5′ end of NS-Cy5. However, this design proved problematic due to the
identical sequences of the two nanosprings, resulting in potential self-folding of
the photocleavable linkers on the same scaffold instead of creating inter-nanospring
connections.

To address this issue, we developed an improved design, as illustrated in the right
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panel. This refined approach incorporates an atypical photocleavable oligonucleotide
featuring either two 3′ termini or two 5′ termini at its extremities, effectively
mitigating the self-folding issue and enabling successful NS dimer formation.

To synthesize the double 3′ photocleavable linker, we employed a strategic approach
utilizing two distinct oligonucleotides. The first oligonucleotide, comprising 33 bases
complementary to the 3′ direction of the nanospring (NS) scaffold, was designed
with dibenzocyclooctyne (DBCO) functionality at both termini and a photocleavable
moiety inserted immediately preceding the DBCO group. A second oligonucleotide,
identical in sequence but featuring an azide functionality exclusively at its 5′
terminus, was also synthesized (Fig.5.1C).

The conjugation of these oligonucleotides was achieved via copper-free click
chemistry, with the reaction proceeding overnight. Subsequent purification was
performed using 10% polyacrylamide Tris/Borate/EDTA (TBE) gel electrophoresis
(Fig. 5.1D). Gel imaging clearly demonstrated the formation of a larger oligonucleotide
product, approximately 66 bases in length, confirming the successful conjugation of
the two initial oligonucleotides.

A similar methodology was employed for the synthesis of the double 5′ end
oligonucleotide, with the primary distinction being the placement of functional
groups at the 3′ termini of the oligonucleotides and the use of sequences
complementary to the 5′ end of the NS scaffold (Fig. 5.1C).

Agarose gel electrophoresis was utilized to analyze the NS constructs (Fig. 5.1E).
Lanes 1 and 2 were loaded with NS in combination with the photocleavable linkers,
while lanes 4 and 5 contained NS alone. In lanes 4 and 5, NS bands were observed
at their expected positions (magenta arrowhead). However, in lanes 1 and 2, the
samples appeared to be retained within the loading wells of the gel, likely due to
the formation of NS dimers with dimensions exceeding the pore size of the gel. This
observation was corroborated by transmission electron microscopy (TEM) imaging of
the NS dimers, where length measurements of the observed structures corresponded
to the theoretical contour length of an NS dimer (Fig. 5.1F).

photo-responsiveness of the nanospring (NS) dimers was evaluated using
neutravidin-coated beads as platforms These dimers were engineered with biotin
functionality on only one NS, anticipating initial colocalization of signals from
NS-Atto488 and NS-Cy5, followed by selective signal loss from the non-biotinylated
NS upon UV or near-UV irradiation. Fig. 5.1G demonstrates this phenomenon, which
persists when the order of attachment and biotinylated side is reversed (compare
upper and lower images). Colocalization of signals and subsequent loss of the
non-biotinylated NS signal upon near-UV exposure was further corroborated using
individual dimers immobilized via biotin antibodies (data not presented).

To exclude the possibility of accidental signal colocalization, we also anchored the
biotinylated component of the dimer to a supported lipid bilayer (SLB) and monitored
the spatiotemporal correspondence between the two NS. Fig. 5.1H illustrates the
space-time trajectory of a representative NS dimer, revealing coordinated movement
until 405 nm laser illumination, after which independent motion of each NS was
observed.
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Figure 5.1: Engineering of NS Dimers. (A) Schematic illustration of an NS dimer constructed by
tethering two NS structures via photocleavable linkers. Each NS is functionalized with attachment
sites capable of accommodating up to five kinesin motors. The biotin termini of the NS structures
were utilized to conjugate T1[S-Ndc80]3 trimers. (continued ...)
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Figure 5.1 continued
Fluorescent labeling was achieved by tagging one NS with Atto488 and the other with Cy5.
(B) Conceptual designs for NS dimer assembly. The initial design (left) was abandoned due to
issues with self-folding. Subsequent experiments employed the alternative design (right), which
utilized double 3′ and double 5′ oligonucleotides. (C) Diagrams depicting the synthesis of
double 3′ and double 5′ photocleavable oligonucleotides. (D) Analysis on a 10% polyacrylamide
TBE gel. Lane 1 contains pre-synthesized double 3′ end photocleavable linker (PL) exposed
to UV prior to loading. Lanes 2-4 contain reaction mixtures of DBCO-NPOM-DNA and
azide-DNA incubated overnight. The magenta triangle indicates the position of the double
3′ end PL, while cyan and orange triangles mark unreacted oligonucleotides. Lane 7: DNA
marker. Lane 8: double 5′ end reaction mixture, with green and blue triangles indicating
unreacted oligonucleotides. (E) Electrophoresis on a 1% agarose gel in TBE buffer supplemented
with 12 mM MgCl2. All lanes contain purified NS, with photocleavable linkers added to lanes
1 and 2. The NS band is clearly visible in lanes 4 and 5 (magenta triangle) but absent in lanes
1 and 2, likely due to dimerization and formation of larger structures that impede migration
through the gel matrix. The band in lane 3 resulted from leakage from the adjacent lane.
(F) Transmission electron microscopy (TEM) images of NS dimers. The contour length of a
representative dimer was measured and compared to the theoretical value. Scale bars: 100 nm.
(G) Kymographs depicting fluorescent signals from bead-bound NS dimers. The top row shows
an example where NS-Cy5 is biotinylated and attached to the bead via neutravidin, while
NS-Atto488 is linked solely to NS-Cy5 via the photocleavable linker. Upon cleavage of the linker
using 405 nm laser light, the NS-Atto488 signal is lost. The lower row illustrates the reverse
configuration, where NS-Atto488 is biotinylated and NS-Cy5 is linked via the photocleavable
linker. Scale bars: spatial, 10 µm; temporal, 1 min. (H) Space-time trajectory of an NS dimer,
with magenta representing NS-Cy5 and cyan representing NS-Atto488. The colocalization of
their signals in space and time provides additional evidence for dimer formation. At t = 25 s,
illumination with 405 nm laser light cleaves the dimer, resulting in the loss of colocalization.

We next tested the functionality of kinesin molecules in our system. In a system
where two MTs with opposing polarity face each other, kinesins attached to the
nanospring (NS) can facilitate DNA congression. Fig. 5.2A demonstrates a motility
gel shift assay in which the addition of DNA-labeled kinesin to the NS results in
an upward shift of the NS band (cyan triangle to magenta triangle), indicating
successful binding of kinesins to the NS. Fig. 5.2B shows that the motility speed of
the NS-kinesin complex on dynamic MT tracks is comparable to the gliding speed
of MTs on kinesin-immobilized surfaces, confirming that kinesins remain active
when bound to the NS. This is further illustrated in Fig. 5.2D and Fig. 5.2E, where
kymographs show an NS-kinesin complex or an NS-dimer-kinesin complex moving
along an MT. Surprisingly, the NS-kinesin complex was even able to follow shrinking
MTs after it was brought to the plus end by the action of motors, a property that
was not reported before for kinesin-1 and arises likely due to multimerization of
kinesin by the NS.

When two anti-parallel MTs overlap and cross each other, the NS dimer is expected
to be confined to back-and-forth movement within the overlap region, as kinesins
are + end-directed motors (Fig. 5.2C, middle panel). To create this configuration,
we used centrosomes and antiparallel MTs emanating from them in the presence of
Ase1, which is known to stabilize antiparallel overlaps [24].
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Figure 5.2: Elements for Reconstitution of a DNA Congression and Segregation System. (A)
Schematic representation of the design strategy employed in this study: NS dimers are connected
via photocleavable linkers (see also Fig. 5.1A). Kinesins bound to the NS can transport the dimer
toward the MT plus end, where Ndc80 multimers can attach to shrinking MTs. If this connection
remains stable, DNA segregation can be initiated by cleaving the NS dimer using 405 nm laser
light. The NS dimers are shown in cyan. (Continued ...)
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(Figure 5.2 continued) (B) Kinesin motors were utilized to drive plus-end-directed movement
of NS monomer, mimicking DNA congression. The image depicts a 1% agarose gel in TBE
buffer supplemented with 12 mM MgCl2 and 0.05% LDS. Lane 1: NS alone (cyan arrowhead),
Lane 2: blank, Lane 3: NS combined with kinesin (magenta arrowhead). The lanes at the
bottom of the gel are dissociated fluorescently labeled staples (red arrowhead)(C) Kymograph
illustrating an example of MT plus-end-directed motility and subsequent MT end-tracking
of an NS-kinesin complex. Scale bars: spatial, 5 µm; temporal, 1 min. (E) An example
kymograph showing kinesin-mediated motility and subsequent MT end-tracking of an NS
dimer. Scale bars: spatial, 5 µm; temporal, 1 min. (E) The motility speed of NS-kinesin
complexes on MTs was compared to the gliding speed of MTs on a surface, which move due to
non-specifically bound kinesin motors to the surface. Error bars: standard deviation. (F) TIRF
image displaying two centrosomes positioned adjacent to each other. In this case, multiple MTs
from each centrosome are interconnected with counterpart MTs from the other centrosome via
Ase1, forming antiparallel bundles. The time-lapsed image on the right illustrates an example
of this interaction. At t = 209 s, two antiparallel shrinking MTs loose contact and start
moving apart. An NS dimer capable of stable attachment to each MT at this position (not
yet present in this experiment) could provide a system mimicking chromosome biorientation.
(G) Example kymograph obtained from TIRF imaging of an NS-kinesin-Jubaea construct in a
dynamic MT assay. Soluble T1[S-Jubaea]3 and kinesin-DNA were present in the solution at 10
nM concentration. Analysis of the Jubaea and NS signals in the kymograph indicates that the
NS-kinesin-Jubaea complex forms a stable structure capable of remaining attached to the MT
tip through multiple cycles of polymerization and depolymerization. Scale bars: spatial, 5 µm;
temporal, 1 min.

As MTs begin to depolymerize, the overlapping region shrinks (time-lapse images
in Fig. 5.2F), which we expect would bring the NS dimer to the ends of the MTs. The
Jubaea multimers can attach to depolymerizing MT ends on both sides, and if the
connection is sufficiently stable to withstand depolymerization forces, a bioriented
NS dimer should be able to form.

However, this configuration requires robust connections between Jubaea multimers
and (stalled) shrinking MT ends on both sides. While a Jubaea trimer was found
incapable of forming such connections (see Chapter 3), it was still tested in these
preliminary experiments. Note that in these assays, the exact number of jubaea
complexes and kinesins associated with the NS remains unknown, as they were
present in solution at a concentration of 10 nM. Fig. 5.2G provides a representative
kymograph showing an NS-kinesin-Jubaea complex interacting with a dynamic MT.
The complex binds to the growing MT end and tracks it until a catastrophe occurs;
it then remains attached to the shrinking end until rescue occurs, after which it
resumes tracking the growing end. In the future it will be interesting to study the
behavior of this complex on anti-parallel bundles of (shrinking) MTs and potentially
replace the trimer with larger copy numbers of jubaea (see Chapter 3).

5.3. CONCLUSION
In this chapter the first elements were presented to establish a minimal system
based on NS dimers that captures the ability of an artificial chromosome pair
to congress to the midplane of bi-oriented spindle, establish bi-oriented end-on
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load-barring connections to MT ends, and subsequently segregate DNA to the
spindle poles. In Chapter 6 we discuss current limitations and possible follow-ups of
these experiments.

5.4. MATERIALS AND METHODS

5.4.1. IMAGING AND MICROSCOPY

See Materials and Methods at chapter 2.

5.4.2. ESTABLISHMENT OF SUPPORTED LIPID BILAYER

CLEANING COVERSLIPS

Glass coverslips were cleaned using a two-step process: Coverslips were placed in a
Teflon holder and sonicated in 2% (v/v) Hellmanex solution in MilliQ water at 60 °C
for 15 min in a bath sonicator. After thorough rinsing with MilliQ water, coverslips
were dried either by heating at approximately 80 °C for 10 min or by nitrogen gas
blow-drying.

For acid piranha treatment, all safety precautions were strictly followed (chemical-
resistant gloves, goggles, apron, fume hood lined with aluminum foil, and appropriate
signage). Acid piranha solution was prepared by carefully mixing 75 mL concentrated
sulfuric acid with 25 mL 30% hydrogen peroxide. Dry coverslips were immersed in
this solution for 7 min, rinsed extensively with MilliQ water, and sonicated for 5 min
in MilliQ water. Coverslips were then stored in fresh MilliQ water until use. The
piranha solution was allowed to cool before safe disposal in acid waste. The solution
remained stable for at least two weeks.

CLEANING OBJECTIVE SLIDES

Objective slides were sonicated in 2% (v/v) Hellmanex solution for 15 min, rinsed
thoroughly with MilliQ water, sonicated for an additional 5 min in MilliQ, rinsed
again, and stored in MilliQ water until use.

PREPARATION OF SMALL UNILAMELLAR VESICLES (SUVS)

All glassware and syringes were cleaned with methanol and chloroform prior to use.
Lipid mixtures were prepared by combining stock solutions (in chloroform) in a glass
vial:

• 20 µL DOPC (25 mg/mL)

• 20 µL DOPS (12.5 mg/mL)

• 15 µL biotin-PE (1.0 mg/mL)

• 2 µL TRITC (0.1 mg/mL, optional)

Chloroform was evaporated by gentle nitrogen gas flow, followed by 2 hours of
vacuum desiccation. Lipids were rehydrated in 2 mL of H-Buffer150 (150 mM NaCl,
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10 mM HEPES, pH 7.4) by bath sonication for 30 min. SUVs were formed by probe
sonication for 60 min using 10 sec on/off pulses at 25% amplitude. Samples were
centrifuged at maximum speed for 10 min, and the supernatant containing SUVs
was stored at 4 °C. (Alternatively, SUVs were prepared by extrusion through a 30 nm
pore-size filter.)

SUPPORTED LIPID BILAYER (SLB) FORMATION

A flow cell was prepared and washed with H-Buffer150. Then, 20 µL of SUV solution
was flowed in and incubated for 5 min to allow bilayer formation. Excess SUVs were
washed away with buffer.

5.4.3. PURIFICATION OF SYMMETRIC PHOTOCLEAVABLE LINKERS

DBCO–NPOM–DNA and azide–DNA oligonucleotides (biomers.net) were mixed in
a 1:1 molar ratio and incubated overnight at room temperature to allow click
conjugation. Reaction products were resolved on a 10% polyacrylamide gel prepared
in 1× TBE buffer. Electrophoresis was performed at 200 V for 30 min. The gel
was stained with SYBR Gold (Thermo Fisher Scientific), and bands corresponding to
the desired double 3′ or 5′ end products were excised. Gel slices were fragmented
into small pieces using a custom-made gel breaker and incubated with 500 µL of
300 mM NaCl overnight at 840 rpm on a rotary shaker to allow diffusion of the
oligonucleotides. DNA was recovered from the gel slurry using Freeze and Squeeze
spin columns (Bio-Rad). The buffer was exchanged to MiliQ using Zeba spin
desalting columns (Thermo Fisher Scientific). Oligonucleotide concentrations were
determined using a NanoDrop spectrophotometer in single-stranded DNA mode.

5.4.4. PREPARATION OF NANOSPRING DIMERS

NS-Atto488 NS-Cy5 mixture was prepared as described in chapter 2, where in the
former case Atto488 labeled oligonucleotides were used and in the later Cy5 labeled
oligonucleotides. In addition, 400 nM of the symmetric photocleavable linkers was
present in the NS-Atto488 DNA origami mix. Both DNA origami mixtures were
purified separately with the same method described in chapter 2.

The biotinylated terminal staple can be added to either of the DNA origami
mixtures, depending on which NS is preffered to be proximal (always anchored) and
which one to be the distal (dissociable after photocleavage). The two purified NS
versions were mixed in 1:1 ratio to and incubated overnight to make the NS dimers.

5.4.5. NANOSPRING PHOTOCLEAVAGE EXPERIMENTS

IMMOBILE NS DIMERS

The flow chamber was assembled using silanized glass slides and coverslips, as
described in 2. Biotin anitbody (10%) was incubated in the flow chamber for 5
min and washed with 30 µL of NS buffer. The rest of surface was passivated using
Pluranic F127 and κ-casein, as described in chapter 2. The NS dimers dilluted 100x
in the NS buffer and were added to flow chamber for 10 min. The excess unbound
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NS was washed away with 30 µL of NS buffer. The FRAP areas were define where NS
dimers were observed. The area was illuminated with 405 nm laser with maximum
intensity for 100 ms, while image aqcuisition being continued in the 488 nm and
642 nm fluorescent channels with 0.8 s frame interval.

NS DIMERS ON SLBS

Neutravidin (0.5 mg/ml) was incubated in the SLB coated flow chambers for 5 min
and then washed away using 30 µL of NS buffer. The NS dimers diluted 100x in the
NS buffer and added to the chamber for 10 min. Extra unbound NS was washed
away with 30 µL of NS buffer. FRAP areas were set on the slowly Diffusing NS
spots. The area was illuminated with 405 nm laser with maximum intensity for 100
ms, while image aqcuisition being continued in the 488 nm and 642 nm fluorescent
channels with 0.8 s frame interval.

5.4.6. CENTROSOME ISOLATION

Centrosomes were purified from KE37 cells using a sucrose-gradient–based protocol
adapted from Bornens & Moudjjou and Gegendeau et al. [25, 26].

In this protocol all solutions filtered through a 0.22 µm filter, except sucrose
solutions, which were filtered through a 0.4 µm filter using a 10 mL syringe with
Luer-lock. All procedures after cell treatment were performed at 4°C unless otherwise
stated.

The following reagents and stock solutions were prepared: protease inhibitor
cocktail (Sigma Aldrich, P8340-5ML), PMSF (87 mg in 5 mL ethanol; 100 mM stock),
NP40 (0.5% final; Tergitol), 1 M MgCl2 (95.3 g/L, filter-sterilized, stored at 4°C), 1 M
2-β-mercaptoethanol (prepared fresh, diluted 14.3-fold from pure liquid), 10% Triton
X-100 (v/v), 1 M HEPES pH 7.4, DNAse I (1 mg/mL), 1 M PIPES pH 7.2, TBS 10×
(1× = 20 mM Tris-HCl pH 7.4, 150 mM NaCl), cytochalasin B (10 mg/mL in DMSO),
and nocodazole (10 mg/mL in DMSO, MW 301 g/mol).

Buffers were prepared as follows. TBS 1×: 200 mL TBS 10× in 1.8 L ddH2O (final
volume 2 L). TBS 1/10×: 15 mL TBS 10× in ddH2O to 1.5 L. TBS 1/10× + 8%
sucrose: 120 g sucrose dissolved in TBS 1/10× to 1.5 kg final weight. Lysis buffer
(per 500 mL): 1 mM HEPES, 0.5% NP40, 0.5 mM MgCl2, 0.1% β-mercaptoethanol,
protease inhibitor cocktail, 1 mM PMSF in ddH2O. Gradient buffer (per 50 mL):
10 mM PIPES, 0.1% Triton X-100, 0.1% β-mercaptoethanol in ddH2O. Sucrose
solutions (w/w in gradient buffer): 70% (3.5 g sucrose to 5 g final), 60% (12 g sucrose
to 20 g final), 50% (1.5 g sucrose to 3 g final), and 40% (1.2 g sucrose to 3 g final).

KE37 cells were cultured to 2–4 L at 1–1.5×106 cells/mL. For large volumes, cells
were grown in autoclaved spinning flasks with constant stirring. One hour prior to
harvesting, nocodazole was added to 200 nM (1:5000 dilution from 10 mg/mL stock;
200 µL per L culture) and cytochalasin B to 1 µg/mL (1:5000 dilution from 10 mg/mL
stock; 200 µL per L culture). Cultures were incubated at 37°C with stirring. Cells
were harvested by centrifugation at 800 ×g for 5 min (rotor F8-6×1000y). Pellets
were washed once in ice-cold TBS 1× (half the initial culture volume) and once
in TBS 1/10× + 8% sucrose (one-quarter of initial volume), with centrifugation at
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800 ×g for 5 min between washes. Final resuspension was in 10 mL TBS 1/10× +
8% sucrose per liter of initial culture volume (∼ 1–1.5×108 cells/mL).

Cells were diluted to 1×107 cells/mL in lysis buffer, mixed gently, and incubated
on ice for 5–10 min. Lysates were centrifuged at 2000 ×g for 10 min (rotor
F14-6×250y) to remove nuclei and chromatin. Supernatants were filtered through
nylon mesh, supplemented with 10 mM HEPES and 1 µg/mL DNAse I, and incubated
for 30–60 min. For the first concentration step, lysates were underlaid with 12.5 mL
of 60% sucrose solution and centrifuged at 10,400 ×g for 30 min. The supernatant
was removed, leaving approximately 25 mL above the cushion. The interface was
resuspended and briefly vortexed.

For the second concentration step, centrosome suspensions were layered onto
pre-formed sucrose gradients (3 mL each of 70%, 50%, and 40% sucrose) in Beckman
ultra-clear thinwall tubes and centrifuged at 130,000 ×g (27,600 rpm, SW rotor) for
75 min with maximum acceleration and no brake. Fractions (500 µL) were collected
from the bottom using a 0.8 mm needle, flash-frozen in liquid nitrogen, and stored
in liquid nitrogen.

5.4.7. 2D SPINDLE RECONSTITUTION WITH ASE1
The centrosome-containing fraction was diluted fivefold in MRB80 and incubated in
an acid-cleaned flow channel (coverslip and slide prepared as previously described)
for 5 min. The channel was washed with 30 µL MRB80, followed by incubation
with PLL-PEG for 5 min, and washed again with 30 µL MRB80. Subsequently,
κ-casein was added for 5 min and removed by washing with 30 µL MRB80. The
microtubule polymerization mix was then introduced added with 80 nM Ase1
(obtained from Roth et al. [27]), and total internal reflection fluorescence (TIRF)
microscopy was performed at 30°C. The microtubule mix contained 20 µM tubulin
(1% rhodamine-labeled), 0.5 mg/mL κ-casein, 0.1% methylcellulose, 1 mM GTP,
50 mM glucose, an oxygen scavenging system (20 mM DTT, 1 mg/mL catalase,
2 mg/mL glucose oxidase).

5.4.8. NS-KINESIN-JUBAEA COMPLEX FORMATION

The tubulin mix was prepared as described above. Silanizing both slides and
coverslips improves control over non-specific protein adsorption to glass but makes
the introduction of aqueous solutions into a pre-assembled hydrophobic flow
chamber challenging. To overcome this, anti-DIG IgG (Roche, 11333089001) diluted
in MRB80 to a final concentration of 0.2 µM was applied in 0.5–1 µL drops between
strips of double-sided tape (10–15 µL total) and covered with a silanized coverslip,
followed by a 5 min incubation. The chamber was then washed with 30 µL MRB80,
followed by 30 µL of 1% Pluronic F-127 in MRB80, and incubated for an additional
20–60 min. Subsequently, 10 µL of nanosprings diluted in MRB80 were added. These
nanosprings were prepared without the DIG-labeled staple.

For kinesin-binding nanosprings, five of the fourteen Atto488-labeled staples were
replaced with staples of identical sequence but extended at one end to hybridize
with a DNA handle conjugated to kinesin. The biotinylated staple at the opposite
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terminus of the nanospring was designed to bind the T1[S-jubaea]3 complex. This
nanospring preparation was incorporated into the microtubule dynamics assay
mix at final concentrations of 10 nM T1[S-jubaea]3, 50 nM kinesin, and 100 pM
nanosprings.
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Every decision is a bet on the future, and all bets have trade-offs

Annie Duke

All models are wrong, but some are useful.

George Box

In this study, we have presented steps to reconstitute a minimal mitotic spindle
system using a reductionist approach involving DNA origami techniques to dissect
the fundamental mechanisms underlying DNA congression and segregation. By
constructing kinetochore mimics via DNA origami nanosprings (NS), controlling
microtubule (MT) nucleation sites, and incorporating photocleavable oligonucleotide
linkers, we have been able to mimic key aspects of spindle architecture and dynamics.
In this chapter summarize the conclusions and discuss possible follow-ups of our
experiments.
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The work presented in this thesis set out to shed light on one of the central
challenges in cell biology: understanding the mechanistic basis of spindle-mediated
chromosome congression and segregation Because of its complexity and the
involvement of hundreds of proteins, this process is notoriously difficult to dissect
in vivo. To overcome this, we pursued a modular, bottom-up reconstitution strategy,
aiming to rebuild essential aspects of spindle function using a minimal set of
well-defined components.

The guiding principle of this thesis was to divide spindle-mediated DNA segregation
into four functional modules: (1) establishing stable, load-bearing connections
between shrinking microtubule plus ends and DNA cargos, (2) controlling
microtubule nucleation and aster organization, (3) mimicking DNA congression
using motor-driven transport, and (4) reconstituting chromosome bi-orientation
and segregation through controlled, symmetric microtubule attachments. Each
experimental chapter focused on one or more of these modules, gradually building
toward an integrated reconstitution of spindle-like behavior.

Chapters 2 and 3 addressed Module 1 by developing and applying nanoscale
tools to probe the mechanics of kinetochore–microtubule attachments. Using
DNA origami nanosprings, we quantified forces generated by dynamic microtubules
and systematically varied the copy number of Ndc80-like complexes to identify
conditions for stable and processive load-bearing interactions. Chapter 4 turned
to Module 2, implementing microfabrication and DNA nanotechnology to spatially
control microtubule nucleation, ultimately enabling the assembly of artificial asters.
Chapter 5 extended this framework towards Modules 2–4, presenting experimental
steps for constructing a minimal spindle-like system in which opposing microtubules
could establish bi-oriented attachments to a DNA cargo via a photocleavable linker,
allowing light-controlled segregation. Together, these efforts constitute a stepwise
reductionist reconstitution of key spindle functions.

This concluding chapter synthesizes the main findings across the different modules
and evaluates how they contribute to our overarching goal: identifying the minimal
requirements for spindle-mediated chromosome segregation. We begin by reflecting
on the technical advances and mechanistic insights gained from each approach,
before considering the limitations inherent to reductionist systems and the challenges
of translating these findings to the in vivo context. Finally, we outline future
directions for integrating additional regulatory layers and advancing toward a fully
reconstituted, three-dimensional spindle apparatus.

6.1. DNA ORIGAMI NANOSPRINGS AS FORCE SENSORS
Our deployment of DNA origami nanosprings as force sensors provides quantitative
insights into the forces generated by dynamic MT ends connected to kinetochore-like
molecular complexes. The nanospring’s non-linear force–extension relationship is
particularly sensitive in the sub-piconewton range, allowing for multiplexed force
measurements within a single microscopic field. This method does have limitations,
including lower temporal resolution (1–100 Hz) relative to optical trapping and
potential instability at forces exceeding ∼10 pN.
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Although the DNA origami nanospring provides valuable force measurements in
the sub-piconewton regime, its performance at higher forces and temporal resolution
could be thus improved. Future work could focus on chemical crosslinking or ligation
strategies to enhance nanospring stability, as well as integrating complementary
high-speed imaging techniques.

6.2. JUBAEA COPY NUMBER EFFECTS ON

KINETOCHORE-MICROTUBULE INTERACTIONS
In chapter 3 We used the truncated variant of Ndc80 called Ndc80jubaea (jubaea),
which can be expressed in bacteria and retains the loop domain critical for stable
attachments [1], to investigate how copy number influences kinetochore-microtubule
coupling. To control stoichiometry, we incorporated defined numbers of jubaea
complexes (3–20) into DNA origami nanosprings (NS), generating oligomers of
increasing valency.

We observed that jubaea oligomers end-tracked microtubules and coupled to
dynamics in a copy number–dependent manner. As valency increased, the likelihood
of successful MT interactions rose, diffusion along the lattice decreased, and
outcomes shifted from detachment toward stabilization. High-valency constructs
(NS15 and NS20) strongly promoted rescue events and suppressed depolymerization,
with NS20 reducing shrinkage rates by up to 70%. Diffusion assays confirmed
a progressive loss of mobility with increasing valency, and NS15–NS20 became
essentially immobile on the lattice.

Using nanosprings, we found that jubaea oligomers captured and withstood
maximum forces near 10 pN. Interestingly, force efficiency peaked at intermediate
valency: NS10 captured the highest amount of force, whereas for higher copy
numbers the maximum captured force was lower, likely due to impaired mobility
and stabilization of MT shrinkage at MT tips. Supplementing reactions with soluble
jubaea further enhanced force capture, suggesting that inter-protein interactions
can stabilize attachments. Taken together, our experiments show that increasing
Ndc80 copy number tunes the balance between mobility, stability of MT attachment
and dynamics, and force generation. Low copy numbers allow diffusion but weak
attachment, while high copy numbers stabilize tips and suppress dynamics at the
cost of efficient transmission of MT depolymerization forces. The most efficient force
coupling emerged at intermediate valency, indicating an optimal stoichiometry. Our
results suggest that kinetochores may regulate Ndc80 occupancy to achieve robust
yet dynamic attachments, ensuring reliable chromosome segregation.

6.3. MICROTUBULE NUCLEATION
This study (chapter 4) developed a method for controlling microtubule (MT)
nucleation sites on surfaces with precise spatial positioning. Pre-fabricated gold
surface patterns (rings, lines, and dots) on coverslips were used to serve as selective
binding sites for MT seed linkers, while surrounding areas were passivated to
prevent non-specific binding. Surface passivation was systematically optimized
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through rigorous testing of various protocols, with significant success achieved using
silane-PEG functionalization. While conventional silane-PEG treatment following acid
cleaning reduced non-specific binding by 55%, the introduction of an intermediate
oxygen plasma treatment step dramatically enhanced passivation efficiency, yielding
a remarkable 93% reduction in non-specific protein adsorption compared to
untreated surfaces. This optimized dual-treatment approach—acid cleaning followed
by oxygen plasma treatment and then silane-PEG application—created a highly
effective contrast between the gold-patterned regions designated for MT seed
attachment and the surrounding passivated glass areas. The spatial control achieved
through this method and via the use of thiolated DNA origami platforms and MT
seeds labeled by complementary handles to the DNA origami, enabled MT growth to
be precisely directed from specific predetermined locations on the surface, creating
a reliable platform for studying MT dynamics and organization in controlled in
vitro environments. This approach overcame the need for specialized deep UV
photolithography equipment required by previously established techniques, providing
an accessible alternative for laboratories studying MT nucleation dynamics.

By immobilizing microtubule nucleation sites on beads, we successfully
reconstituted artificial asters with radial growth. This approach offers a controlled
system for examining MT organization. Compared to cellular contexts, where MTs
emerge from centrosomes in a highly orchestrated manner, our system provides a
more simplified yet tractable model.

6.4. BI-ORIENTATION
We touched on possible synthetic approaches on reconstituting chromosome
bi-orientation in Chapter 5. We developed and applied a set of techniques to
reconstitute key elements of chromosome biorientation and segregation in vitro. We
engineered a symmetric photocleavable linker, designed to connect two identical
nanospring binders in a load-bearing, symmetric configuration that could be cleaved
on demand by external light stimulus. This allowed us to create responsive
nanospring dimers that could be separated in a controlled manner using light.
To mimic DNA congression and the transition from lateral to end-on microtubule
attachments, we coupled nanosprings to kinesin motors, which actively transported
the constructs toward microtubule plus ends and enabled end-on conversion.
To recreate stable, load-bearing attachments at dynamic microtubule ends, we
employed Jubaea multimers in combination with Ndc80 complexes, which provided
resistance against depolymerization forces. We further implemented structural
mimics of spindle architecture by using surface-attached centrosomes to nucleate
facing asters, thereby generating geometries in which bi-orientation could occur.
Note that the artificial asters described in Chapter 4 where not (yet) used in
these experiments. To stabilize antiparallel overlaps and increase the probability
of bioriented connections by our symmetric nanospring constructs, we introduced
Ase1, which crosslinked antiparallel microtubules. Through this combination of
synthetic linkers, motor-driven transport, load-bearing attachments, and controlled
spindle-like geometries, we took significant steps towards establishing an artificial
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system that recapitulates central mechanistic steps of chromosome congression,
biorientation, and segregation. tral mechanistic steps of chromosome congression,
biorientation, and segregation.

6.5. LIMITATIONS AND CONSIDERATIONS
While this thesis demonstrates that key features of spindle-mediated segregation can
be reconstituted in a modular manner, several technical and conceptual limitations
must be acknowledged. These reflect both the intrinsic constraints of the reductionist
approach and the practical challenges associated with reconstituting such a complex
process from minimal components.

1. Force measurements with DNA origami nanosprings: The DNA origami
nanospring proved to be a versatile tool for quantifying forces at microtubule
plus ends; however, its applicability is restricted to a limited force window
(∼0.2–10 pN). Above this range, nanospring stability and accuracy diminish.
In addition, the temporal resolution of the system (on the order of seconds
for two-channel acquisition) is significantly lower than that of optical trapping,
limiting our ability to resolve very fast events. Furthermore, in Chapter 3,
fluorescent nanospring signal was used for force quantification. Because this
signal is spatially more diffuse, it systematically underestimates forces, which
needs to be considered when interpreting the measurements.

2. Oligomerization and copy-number control: In our DNA-origami–based
oligomerization system, the nanospring provided a defined maximum binding
capacity for Jubaea molecules. In practice, however, the actual number of
bound proteins could be lower than the theoretical maximum, meaning that
the true stoichiometry could be variable from construct to construct. This
introduces uncertainty when interpreting copy-number–dependent effects. In
addition, diffusion analyses may be subject to observer bias: fast-diffusing
nanosprings are visually more conspicuous and thus more likely to be noticed
and selected for analysis, potentially skewing the distribution of measured
diffusivities.

3. Controlling microtubule nucleation sites: The micropatterning and DNA-
origami–based bead platforms used in Chapter 4 enabled control over
microtubule nucleation, but both approaches are labor intensive. More
importantly, in the bead-based approach, while individual nucleation sites
could be positioned, the relative spacing between asters was not directly
controlled; instead, experiments relied on identifying chance encounters where
asters happened to form at suitable distances from one another. This limits
the throughput and reproducibility of bi-astral assays.

4. Reconstitution of bi-orientation: The full bi-orientation assay presented in
Chapter 5 remains technically challenging. Achieving two microtubules that
directly oppose one another is rare, and it is not yet clear how nanospring-
bound complexes behave when encountering crosslinked antiparallel overlaps.
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Furthermore, our current assays were performed in the presence of soluble
kinesin and Jubaea proteins in solution, rather than being restricted to the
nanospring scaffold. This creates a less defined interaction landscape, and
although we demonstrated persistent end-binding and processive complexes,
the maximum force these assemblies can withstand remains unknown.

5. General considerations: Beyond these specific challenges, several broader
limitations should be highlighted. First, our assays employed highly defined
connection geometries and constrained protein copy numbers, which inevitably
differ from the dynamic and spatially heterogeneous cellular environment. This
reduction in complexity, while powerful for mechanistic dissection, limits direct
extrapolation to in vivo conditions. Second, there is a potential survival bias
in the quantification of NS involved events. Also, low probability events might
occur purely by accident rather than as a result of tested conditions. Third,
comparisons between Jubaea constructs and Ndc80 trimers must be made
with caution, since differences in lattice conditions (e.g., taxol-stabilized versus
dynamic microtubules) can significantly alter observed behaviors. Finally, the
in vivo relevance of Jubaea as a proxy for Ndc80 remains unresolved. Although
our findings are suggestive, only direct cellular validation will establish whether
the mechanisms observed here are faithfully reproduced in physiological
settings.

Taken together, these limitations illustrate both the strengths and boundaries of
the reductionist framework. While it enables the controlled study of fundamental
principles, it also demands cautious interpretation when mapping these results back
onto the native spindle.

6.6. OUTLOOK AND FUTURE DIRECTIONS
The insights gained from this study open several avenues for future exploration:

1. Refinement of Force-Sensing Tools: While the DNA origami nanospring
provides valuable force measurements in the sub-piconewton regime, its
performance at higher forces and its temporal resolution could be improved.
Future work could focus on enhancement strategies for nanospring stability
and resolution.

2. Stoichiometry and Regulation: A critical next step will be the precise
quantification of the number of kinetochore mimetic proteins engaged with
MTs under dynamic conditions. Furthermore, exploring how post-translational
modifications influence binding affinity and force generation could provide
deeper insight into in vivo regulatory mechanisms.

3. Integration of Additional Spindle Components: To better recapitulate the
cellular environment, incorporating regulatory proteins—such as spindle
assembly checkpoint components, microtubule-associated proteins, and
additional motors—will eventually be important for studying the interplay
between these factors and the core kinetochore–MT interface.
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4. Three-Dimensional Spindle Architecture: Expanding the system to mimic
the three-dimensional architecture of the mitotic spindle will help bridge
the gap between reductionist models and cellular complexity. Advanced
imaging modalities and microfabricated environments could simulate the
spatial constraints of the cell.

6.7. CONCLUSION
Our work demonstrates that reconstituting the mitotic spindle with minimal
components provides a powerful platform to elucidate the mechanistic basis of
DNA congression and segregation. The experimental results reveal that an optimal
number of kinetochore mimetic proteins is required for both robust MT stabilization
and effective force coupling—a finding that may reflect a general regulatory strategy
employed by cells. The integration of DNA origami nanosprings, photocleavable
oligonucleotides, and kinesin-driven dynamics not only mimics key aspects of
spindle function but also introduces novel methods for the spatiotemporal control
of molecular interactions. By reconstituting key features of the mitotic spindle with
minimal components, we have provided new insights into kinetochore-microtubule
attachment and force generation, and provided new avenues for studying the
complex dynamics of bi-oriented chromosome-mimics in minimal spindles. Our
results highlight the role of multivalency in microtubule binding and demonstrate
how motor activity can complement Ndc80-like end-on attachment to facilitate
DNA congression. While our approach offers a powerful means to dissect spindle
mechanics and dynamics, further work is needed to fully integrate these findings
into the broader landscape of mitotic regulation. This study underscores the value
of reductionist strategies in uncovering fundamental principles of spindle function
while emphasizing the need for continued integration with in vivo systems to achieve
a comprehensive understanding of mitotic chromosome segregation.
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