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Nothing in the world is more dangerous
than sincere ignorance and conscientious stupidity.

Martin Luther King Jr.





SUMMARY

The microtubule cytoskeleton is a driving force behind cell structure, playing impor-
tant roles in cell division, cell morphology, cell motility, and intracellular transport.
Microtubules are self-assembling, dynamic polymers that alternate between phases
of growth and shrinkage, a behaviour known as dynamic instability. This intrinsic
property is inextricably linked to the ability of a cell to regulate the properties of its cy-
toskeletal network. Through the regulatory activity of microtubule associated proteins
(MAPs), a cell can flexibly rearrange its shape and guide cell division. An important
property of microtubules is their force generating capability, which is essential for the
proper positioning of cellular components. The pushing and pulling forces generated
by controlled growth and shrinkage of microtubules drive a wide range of processes,
including organelle positioning, mitotic spindle assembly, and chromosome separa-
tion. Obtaining a detailed understanding on how the stability of microtubules is af-
fected and regulated through these interactions provides valuable insight into the fun-
damental properties and functions of microtubules. To experimentally address this, in
vitro reconstitution assays are an indispensable tool to dissect the dynamics of micro-
tubules in a controlled artificial environment.

This thesis addresses two research directions. First, we investigate the stability of
microtubules under force in the presence of the regulatory proteins CLASP and EB.
To do so, we develop and optimize two approaches for the fabrication of sub-micron
barriers that enable the in vitro study of microtubules interacting with rigid objects
(Chapter 2). The final design comprises barriers made of SiO2 with a silicon carbide
(SiC) overhang that can be selectively functionalized and successfully imaged with
TIRF microscopy. Secondly, we explore artificial strategies to control protein-protein
interactions to include spatiotemporal regulation in in vitro reconstitutions.

Microtubules assemble through the association of GTP-bound tubulin in a head-
to-tail fashion at the microtubule end. Hydrolysis of the microtubule lattice from GTP
to GDP, leads to the formation of a transient stabilizing GTP cap. The loss of this cap
triggers a catastrophe, the transition between growth and shrinkage. It is known that
the interaction of growing microtubules with steric objects such as the cell cortex pro-
motes the occurrence of catastrophes. If microtubules are unable to overcome com-
pressive forces, they remain in a stalled state, leading to accelerated disappearance of
the stabilizing cap and the subsequent onset of catastrophe. In Chapter 3 we show
that the regulating protein CLASP suppresses catastrophes, including those induced
by physical barriers. CLASPs suppress catastrophes by stabilizing growing microtubule
ends, including incomplete ones, preventing their depolymerization and promoting
their recovery. To further investigate the dynamics of the cap, we use the plus-end
binding protein EB3 as a marker for the nucleotide state of the tip (Chapter 4). We
show that the resulting lifetimes of stalled microtubules, as well as the corresponding
life time distributions of freely growing microtubules, can be fully described with a
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viii SUMMARY

simple phenomenological 1D model based on noisy microtubule growth and a single
EB3-dependent hydrolysis rate. This same model is furthermore capable of explain-
ing both the previously reported catastrophe statistics during tubulin washout and the
mild catastrophe dependence on microtubule growth rates.

Next, we sought to reconstitute a system to regulate the temporal activation and
spatial localization of biochemical components, as this is an essential feature in cel-
lular dynamics. Implementing such control would enable the study of simple cellular
processes out of equilibrium by reversibly perturbing the system in situ. In Chapter
5, we use light-inducible protein-protein interactions to recruit molecular motors to a
surface to control microtubule gliding activity in vitro. Force generation by molecular
motors drives biological processes such as asymmetric cell division and cell migra-
tion. We show that the motor proteins dynein and Ncd can be recruited to the surface
in well-defined patterns. We further demonstrate that light-controlled recruitment of
these motor proteins result in activation of microtubule gliding along the surface, en-
abling control over local microtubule motility. In Chapter 6, we characterize the acti-
vation kinetics of light-inducible protein dimerization in vitro. We demonstrate that
activation and deactivation can be regulated through the activation energy, the activa-
tion duration, and through biochemical effectors.

In summary, we showed that the microtubule assembly under force can be regu-
lated by MAPs and understood with a simple 1D phenomenological model. Further-
more, we developed the use of light-inducible protein-protein interactions in vitro as
a means to exert spatiotemporal control over the microtubule cytoskeleton.



SAMENVATTING

Het skelet van de cel (cytoskelet) is bepalend voor de structuur van een levende cel
en speelt een belangrijke rol in celdeling, morfogenese, cel migratie, en intracellulair
transport. Het cytoskelet is een dynamisch netwerk van (onder andere) zelf-assem-
blerende buisjes, zogenaamde microtubuli, die voortdurend wisselen tussen fases van
groei en krimp. Dit specifieke gedrag staat bekend als dynamische instabiliteit. Deze
fundamentele eigenschap is onlosmakelijk verbonden met het vermogen van een cel
om het cytoskelet flexibel te vervormen, mede door de aanwezigheid van regulerende
eiwitten. Microtubuli zijn bovendien in staat om krachten te genereren door te groeien
en te krimpen, cruciaal voor de positionering van cellulaire onderdelen en het sturen
van celdeling. Als we kunnen begrijpen hoe de stabiliteit van microtubuli wordt beïn-
vloed door de interacties met andere onderdelen in de cel, kunnen we beter begrijpen
hoe deze processen worden aangestuurd. De manier om dit te experimenteel te be-
vragen is door de processen buiten de cel in een gecontroleerde artificiële omgeving
te bestuderen (in vitro).

Dit proefschrift bespreekt twee verschillende onderzoeksrichtingen. Allereerst on-
derzoeken we hoe de stabiliteit van duwende microtubuli wordt gereguleerd door de
eiwitten CLASP en EB. Dit doen we door muurtjes van ongeveer één micrometer hoog
te maken die dienen als obstakels waar de microtubuli tegenaan kunnen groeien (Hoofd-
stuk 2). The uiteindelijke ontwerp bestaat uit muurtjes gemaakt van SiO2 met een over-
hanging van siliciumcarbide (SiC). Dit resulteert in muurtjes die van een eiwit-coating
kunnen worden voorzien en met TIRF microscopie gevisualiseerd kunnen worden.
Ten tweede onderzoeken we de implementatie van eiwit-eiwit verbindingen die met
licht worden aangestuurd om daarmee lokaal eiwitten te rekruteren.

Microtubuli zijn polymeren die spontaan assembleren door de kop-staart verbin-
ding van GTP-gebonden tubuline eiwitten. Hydrolyse van de geïncorporeerde tubu-
line van GTP naar GDP leidt tot de formatie van een tijdelijk stabiliserende GTP-kap
aan het uiteinde van de microtubulus. Deze kap beschermt de groeiende microtu-
bulus tegen krimp. Verlies van de beschermende kap brengt een zogenaamde ca-
tastrofe teweeg, de transitie van groei naar krimp. Het is bekend dat de interactie
van microtubuli met onbeweeglijke objecten, zoals de cel cortex, de kans op een ca-
tastrofe laat toenemen. Als de duwende microtubuli de voortvloeiende samendruk-
kende kracht niet te boven kunnen komen, verliest deze in versneld tempo de stabi-
liserende kap en ondergaat een catastrofe. In Hoofdstuk 3 laten we zien dat het ei-
wit CLASP de aanvang van een catastrofe kan voorkomen, waaronder die veroorzaakt
door de interactie met een muurtje. Om de dynamiek van de stabiliserende kap be-
ter te begrijpen, gebruiken we het eiwit EB3 als een marker voor de stabiliteit van het
uiteinde van de microtubulus (Hoofdstuk 4). We zien dat de levensduur van zowel
groeiende microtubuli als microtubuli in stilstand beschreven kan worden met een
fenomenologisch eendimensionaal model dat gebaseerd is op stochastische groei en

ix



x SAMENVATTING

een enkele EB3-afhankelijke hydrolyse stap.
Vervolgens zochten we naar een manier om meer controle te krijgen over de loca-

tie en activatie van biochemische componenten in onze experimenten, aangezien dit
een essentieel kenmerk is van cellulaire dynamiek. Het kunnen uitoefenen van deze
controle zou de studie van simpele cellulaire processen uit evenwicht mogelijk maken.
In Hoofdstuk 5 gebruiken we door licht-aangestuurde eiwit-eiwit interacties om mole-
culaire motoren naar een oppervlak te brengen waarop microtubuli kunnen "glijden".
Moleculaire motoren oefenen krachten uit op verscheidene biologische processen, zo-
als asymmetrische celdeling en cell migratie. We tonen aan dat de motor eitwitten
dynein en Ncd naar een oppervlak gerekruteerd kunnen worden in gecontroleerd pa-
troon. We demonstreren dat rekrutering van de motoren naar het oppervlak middels
licht, gecontroleerde glijbewegingen van microtubuli mogelijk maakt. In Hoofdstuk 6
karakteriseren we de activatie kinetiek van de eiwit-eiwit interacties in vitro. We tonen
aan dat (de)activatie gereguleerd kan worden door de activatie energie, de activatie
duur, en door biochemische effectoren.

Samenvattend laten we zien dat de assemblage van duwende microtubules gere-
guleerd kan worden door CLASP en EB en kan worden begrepen door middel van een
eendimensionaal fenomenologisch model. Daarnaast hebben we door licht geacti-
veerde eiwit-eiwit verbindingen in vitro als een methode om controle over het cytoske-
let uit te oefenen.
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1
GENERAL INTRODUCTION

There is nothing that living things do that cannot be understood
from the point of view that they are made of atoms

acting according to the laws of physics.

Richard Feynman

Microtubules are dynamic filaments that switch between growing and shrinking states,
a feature known as dynamic instability. The biochemical parameters underlying dy-
namic instability are modulated by a variety of microtubule-associated proteins that
enable strict control over microtubule dynamics in cells. The forces generated by con-
trolled growth and shrinkage of microtubules drive a wide range of processes, including
organelle positioning, mitotic spindle assembly, and chromosome separation. In this
first introductory chapter, we review the microtubule-intrinsic process of dynamic in-
stability, the effect of external factors on this process, and how the resulting forces act on
various biological systems. We especially highlight the current in vitro reconstitution-
based approaches used to understand these phenomena. Finally, we motivate our re-
search direction, sketch the future of reconstitution-based synthetic biology, and provide
an outline of the thesis.

This chapter is based on the publication Understanding force-generating microtubule systems through in
vitro reconstitution, Mathijs Vleugel, Maurits Kok, and Marileen Dogterom, Cell Adh Migr 2016, 10:5, 475-
495. https://doi.org/10.1080/19336918.2016.1241923.
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2 GENERAL INTRODUCTION

1.1. THE CYTOSKELETON
Microtubules are a major constituent of the eukaryotic cytoskeleton, which also in-
cludes actin and intermediate filaments. In contrast to what is implied by the term
‘cytoskeleton’ (literally: skeleton of the cell), microtubules are generally very dynamic,
and support a broad range of functions within the cell. For example, microtubules
are essential for cell mechanics, cell division (Fig. 1.1), intracellular transport, and
cell motility. Whereas the minus-ends of microtubules are usually stabilised by other
structures, the plus-ends constantly switch between growing and shrinking states. The
energy released by microtubule growth as well as shrinkage is used for force generation
in a wide variety of cellular processes. Over the past two decades, significant advance-
ments have been made in our understanding of the diverse range of biological func-
tions that are supported by microtubule-generated forces. The recent development of
more sophisticated reconstitution systems allows for a more in-depth characterization
of the biochemical and biophysical processes underlying microtubule dynamics and
force generation.

1.2. INTRODUCTION TO MICROTUBULE DYNAMICS
Microtubules are hollow, cylindrical polymers and are composed of heterodimers of
α- and β–tubulin subunits that assemble in a head-to-tail fashion (Fig. 1.2A). Linear

Figure 1.1: Mitosis in a sea urchin cell.
Confocal image sequence of a dividing sand dollar cell progressing through prometaphase, metaphase,
anaphase, and telophase. The microtubule structure needs severe coordinated rearrangement during mi-
tosis to search and capture the chromosomes, align them in the midzone and separate them faithfully into
the two daughter cells. Microtubules are labelled in orange, and DNA in blue.
Credits to George von Dassow.
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arrays of α/β–tubulin dimers are termed protofilaments, 13 of which associate laterally
to make up the microtubule (Fig. 1.2B) (Mandelkow et al., 1986; Tilney et al., 1973).
This polarised arrangement of tubulin dimers extends into a supra-molecular polarity
with an α-tubulin exposed ‘minus-end’ and a β-tubulin exposed ‘plus-end’.

Microtubules are constantly switching between phases of polymerisation and de-
polymerisation, a process known as dynamic instability (Mitchison and Kirschner,
1984). This addition and loss of tubulin subunits is a stochastic process intrinsically
dependent on the nucleotide-state of the subunits (Gardner et al., 2011). This feature
forms the basis for the ability of cells to swiftly remodel their microtubule network in
response to intracellular or extracellular cues. In most cells, this dynamic behaviour is
only observed at microtubule plus-ends, since the minus-ends are most often stably
embedded into the microtubule-organizing centre (MTOC) from which microtubule
nucleation is promoted. Centrosomes function as the major MTOC during mitosis,
whereas during interphase significant microtubule-nucleation can be observed from
other structures including the Golgi apparatus (Sanders and Kaverina, 2015). Micro-
tubule nucleation in vitro takes place from short pieces of microtubule known as seeds
that have been stabilized by taxol (Schiff et al., 1979) or by the incorporation of GMP-
CPP (Hyman et al., 1992), a non-hydrolysable form of GTP, from purified centrosomes
(Mitchison and Kirschner, 1984), or from axonemes (Kalisch et al., 2011).

BIOCHEMISTRY OF TUBULIN

The tubulin heterodimer making up the microtubule lattice is composed of α- and
β-tubulin, each being approximately 55 kDa in size (Oakley, 2000). A third tubulin
member is γ-tubulin, the majority of which is organised in γ-tubulin ring complexes
(γ-TuRC) in the MTOC, where it stabilizes the microtubule minus ends and acts as a
microtubule nucleation template (Kollman et al., 2011). The most common form of
microtubules in vivo consists of 13 protofilaments (Tilney et al., 1973) and is ordered
into a so-called B-lattice, which is characterized by homotypic lateral contacts result-
ing in α-α and β-β interactions (Fig. 1.2C). Due to an axial offset between the protofil-
aments, the lattice contains a helical twist that gives rise to a discontinuity, known as
the seam. This seam runs along the length of the microtubule and contains lateral
(heterotypic) α-β interactions (Nogales, 2000) (Fig. 1.2C).

The α-tubulin subunit contains a non-exchangeable GTP nucleotide that is buried
at the α-β interface (at the so-called ‘N-site’) (Fig. 1.2A). In contrast, the β-tubulin sub-
unit accommodates an exchangeable GTP nucleotide (at the ‘E-site’). The presence of
GTP at this site favours a new dimer to bind longitudinally with a heterotypic interac-
tion at the exposed plus-end (Nogales et al., 1999). After the incorporation of a tubulin
dimer into the microtubule lattice, the GTP nucleotide at the E-site becomes hydrol-
ysed, resulting in a lattice containing mostly GDP nucleotides at the E-site (Dimitrov
et al., 2008) (Fig. 1.2D).

In cryo-electron microscopy (cryo-EM) studies, the ends of growing and shrink-
ing microtubules adopt different structural configurations. Growing microtubule plus
ends contain mostly straight protofilaments, while shrinking plus-ends peel outward
after having lost the lateral interactions between its protofilaments (Mandelkow et al.,
1991) (Fig. 1.2D,E). This observation introduced the early hypothesis that GTP-tubulin
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Figure 1.2: Biochemical basis of microtubule dynamics
(A) Schematic representation (left) and high-resolution cryo-EM structure (right) of a tubulin dimer (Alushin
et al., 2014). The α-tubulin (green) contains a non-exchangeable guanosine nucleotide (N-site) and β-
tubulin (blue) contains an exchangeable guanosine nucleotide (E-site).
(B) The tubulin dimers are longitudinally arranged in a head-to-tail fashion to form protofilaments, creating
a β-tubulin exposed “plus end” and an α-tubulin exposed “minus end”.
(C) Assembly of 13 protofilaments into a cylindrical microtubule. The enlargement shows the homotypic
(α-α and β-β) lateral contact between the protofilaments and the heterotypic (α-β) lateral contact at the dis-
continuity in the helical structure known as the seam.
(D) Dimer incorporation into the microtubule lattice and subsequent GTP hydrolysis. Tubulin dimers with
a GTP nucleotide bound at the E-site in the β-tubulin bind to the plus end of the microtubule, creating a
GTP-cap. Tubulin incorporation promotes progressive hydrolysis of GTP nucleotide at the E-site (blue) into
GDP (brown) through the intermediary GDP-Pi state (beige).
(E) Loss of the GTP cap triggers a catastrophe after which the microtubule disassembles by the outward
peeling of protofilaments. Remaining patches of unhydrolyzed GTP-bound β-tubulin in the microtubule
lattice are hypothesized to trigger rescues.

is relatively straight whereas GDP-tubulin is more curved. However, recent work has
shown that both GTP- and GDP-bound dimers have similar curvatures in solution
(Ayaz et al., 2012; McIntosh et al., 2018). It is only after incorporation of GTP-bound
tubulin into the microtubule lattice that a more straight conformation is adopted
(Nawrotek et al., 2011). A recent comparison of GDP- and GMPCPP- (a slowly hy-
drolysable GTP-analogue) bound microtubules showed that GTP hydrolysis promotes
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a major change in the tubulin dimer, characterized by a compaction of the E-site and
strain introduction into the microtubule lattice (Alushin et al., 2014).

THE GTP CAP
The time-delay between incorporation of a tubulin dimer into the microtubule lat-
tice and its subsequent GTP hydrolysis generates a so-called ‘GTP cap’ at the growing
plus-end of a microtubule (Carlier and Pantaloni, 1981) (Fig. 1.2D). GTP hydrolysis is
fundamentally coupled to microtubule (in)stability (Carlier et al., 1987), but is not es-
sential for microtubule polymerisation, as microtubule growth occurs normally in the
presence of non-hydrolysable GMPCPP (Hyman et al., 1992). The terminal GTP cap
is capable of preventing the GDP-rich lattice from releasing the strain build-up (Car-
lier et al., 1987). Upon losing the stabilizing cap, the labile GDP-rich lattice follows the
conformational trajectory toward a curved structure (Fig. 1.2E), resulting in the loss
of lateral contacts between the individual protofilaments and full microtubule depoly-
merisation. The exact size and state of this protective GTP cap is however still a matter
of debate. Early studies showed that both the plus- and minus-ends of microtubules
are stabilised by a short region of about 200 GTP-bound tubulin dimers (Walker et al.,
1991). Although subsequent experiments with GMPCPP-stabilised microtubules sug-
gested that a single monolayer of tubulin dimer is sufficient to stabilize microtubules
(Caplow and Shanks, 1996), recent evidence suggests that the GTP cap does not exist as
a monolayer (Schek et al., 2007) and can even extend to about 750 tubulin subunits in
vivo (Seetapun et al., 2012). Fluctuations in the rate of α/β-tubulin incorporation at the
microtubule plus-end, together with the stochastic nature of GTP hydrolysis, results in
a dynamic GTP cap (Howard and Hyman, 2009). As a consequence, faster growing mi-
crotubules accumulate a larger GTP cap compared to slowly growing microtubules,
and are therefore less prone to undergo catastrophe (Duellberg et al., 2016).

DYNAMIC INSTABILITY OF MICROTUBULES
Dynamic instability, the alternation between phases of microtubule growth and shrink-
age, is often characterized by four parameters: 1) the rate of growth, 2) the rate of
shrinkage, 3) the catastrophe frequency (the rate of switching from a growing to a
shrinking state), and 4) the rescue frequency (the rate of switching from a shrinking to
a growing state). Microtubule pausing, an ill-defined state during which a microtubule
does not grow or shrink, is not commonly observed in vitro without the presence of
specific Microtubule Associated Proteins (MAPs) (van Riel et al., 2017; Moriwaki and
Goshima, 2016).

The microtubule growth rate is linearly dependent on the soluble tubulin concen-
tration, whereas the shrinkage rate is not (Walker et al., 1988). Microtubules do not
elongate at a constant rate and it has been proposed that the large variability in the
growth rate results from fluctuations in the length of the dynamic GTP cap as it would
even allow shrinkage without complete depolymerization (Howard and Hyman, 2009;
Kerssemakers et al., 2006; Schek et al., 2007).

Microtubule catastrophe was originally assumed to be a single-step stochastic event
that is mediated by GTP hydrolysis (Desai and Mitchison, 1997). However, it was later
established that microtubule catastrophe is more likely to be a multi-step process
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(Bowne-Anderson et al., 2013; Gardner et al., 2011; Maurer et al., 2012; Odde et al.,
1995) and that microtubule “ageing” is responsible for the non-exponential distribu-
tion of microtubule lifetimes observed in vitro (Coombes et al., 2013; Gardner et al.,
2011; Zakharov et al., 2015). This ageing process remains illusive and the underlying
dynamics have not been elucidated. In cells, the combination of timely and spatially
regulated MAPs (Gardner et al., 2013; Verde et al., 1992) and physical contact with cel-
lular structures (Janson et al., 2003; Tischer et al., 2009) control the microtubule catas-
trophe frequency. This can lead to an asymmetry in cells with microtubules rapidly
and persistently growing from the cell interior towards the cell margin, whereupon
force-induced catastrophes increase microtubule turnover (Gregoretti et al., 2006; Ko-
marova et al., 2002).

In contrast to the aforementioned parameters, the biochemical and biophysical
principles underlying the switch from microtubule shrinkage to growth (rescue) are
still poorly understood. Early studies have shown that microtubule rescue frequency
shows no strong correlation with tubulin concentration (Walker et al., 1988). It has
been suggested that patches of unhydrolyzed GTP in the GDP lattice (Fig. 1.2E) can
disrupt microtubule depolymerisation and initiate a rescue event (Dimitrov et al., 2008).
Recent studies showed that damaged microtubules can be repaired by the incorpora-
tion of GTP-bound dimers into the damaged site in the lattice, the location of which
subsequently correlates with microtubule rescues (Aumeier et al., 2016; Schaedel et al.,
2015). Besides these GTP-rich patches, certain MAPs such as CLASP can promote res-
cue events through interaction with the microtubule lattice (Al-Bassam et al., 2010)
although this is mechanistically poorly understood (see Chapter 3).

SINGLE MICROTUBULE APPROACHES FOR STUDYING MICROTUBULE DY-
NAMICS

Studying dynamic instability of microtubules that have a sub-diffraction-limited di-
ameter of 25 nm can be challenging both in vivo and in vitro. Pioneering experiments
using dark field microscopy to observe single microtubules (Mitchison and Kirschner,
1984) were followed up by video-enhanced differential interference microscopy (VE-
DIC) (Walker et al., 1988), and epi-fluorescence techniques (Verde et al., 1992). With
the advent of fluorescence speckle microscopy (FSM) (Waterman-Storer et al., 1998), it
also became possible to observe the dense network of microtubules in cells. Later, the
use of Total Internal Reflection Fluorescence (TIRF) microscopy techniques allowed
for high temporal resolution imaging with high signal-to-noise ratios due to the elimi-
nation of fluorescence background arising from free labelled tubulin in solution (Biel-
ing et al., 2007; Brouhard et al., 2008). Fluorescence microscopy also enabled experi-
ments using multiple fluorophores, allowing the simultaneous measurement of both
microtubule dynamics and MAP localization (Gell et al., 2010). Furthermore, Fluores-
cence Recovery After Photobleaching (FRAP) techniques now enable the investigation
of turnover times of MAPs on the microtubule lattice and tip (Dragestein et al., 2008).

Recently, the application of super-resolution fluorescence microscopy on cytoskele-
tal structures has enabled unprecedented levels of detail in imaging microtubules in
vivo (Shelden et al., 2016). However, the difficulty of imaging dynamic processes with
high turnover rates limits its application to mostly static structures (Leterrier et al.,
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2017).

1.3. MODULATING MICROTUBULE DYNAMICS

The variety of different biological processes that the cytoskeleton needs to adapt to
in cells requires continuous and extensive remodelling of the microtubule network.
The MTOC acts as a nucleation template for microtubules and stabilizes minus-ends
(Kollman et al., 2011), allowing for about 65% of the total tubulin content in cells to be
polymerized (Zhai et al., 1996). The dynamic plus-ends explore the cytoplasm by con-
stantly switching between phases of growth and shrinkage, allowing for interactions
with other cellular structures at different locations in the cell. When cells enter mito-
sis however, the microtubule network undergoes a major transformation into a highly
characteristic structure called the ‘mitotic spindle’, which is required for chromosome
segregation. Extensive remodelling of the microtubule network is mostly mediated
by MAPs, which can spatially and temporally alter the dynamic properties of micro-
tubules (Akhmanova and Steinmetz, 2015; Bowne-Anderson et al., 2015).

TUBULIN ISOTYPES AND MODIFICATIONS

In the past decades, multiple ways for a cell to control microtubule dynamics have
been uncovered. Firstly, regulation of β-tubulin isotype expression levels generates
heterogeneous microtubules (Janke, 2014) that could be capable of exhibiting different
characteristics. However, until now, only a few highly specialised microtubule types
such as neuronal microtubules (Joshi and Cleveland, 1989) and cilliary axonemes (Ren-
thal et al., 1993) have been shown to be composed of specific β-tubulin isotypes.

Secondly, several post-translational modifications (PTMs) have been shown to mod-
ify the stability and structure of the microtubule lattice (Hammond et al., 2008; Janke,
2014). Most PTMs affect polymerised microtubules and are not acquired on soluble
tubulin (Verhey and Gaertig, 2007). For this reason, PTMs have only been observed
in vivo on long-lived subpopulations of microtubules. These modifications may ei-
ther act individually or in concert with each other by creating a combinatorial readout
(Redeker et al., 2005; van Dijk et al., 2008). It has been proposed that different tubu-
lin isotypes or PTMs, termed the ‘tubulin code’, can result in unique interactions with
MAPs (Verhey and Gaertig, 2007). Detyrosination, for example, which refers to the en-
zymatic removal of the C-terminal tyrosine of α-tubulin subunits (Hallak et al., 1977),
can have extremely different outcomes in various biological systems. 1) It has been
shown that the localization and activity of several proteins that affect dynamic insta-
bility are directly affected by microtubule detyrosination (Peris et al., 2006; Peris et al.,
2009). 2) Recent studies revealed that detyrosination decreases the processivity of the
motor protein kinesin-1, but causes the opposite effect on kinesin-2 and -7 motors
(Barisic et al., 2015; Sirajuddin et al., 2014). 3) Microtubule detyrosination promotes
their interaction with the sarcomere (via desmin) to regulate cardiac myocyte stiffness
and contractibility (Robison et al., 2016). Whether these biological outcomes are a re-
sult of the cell specific regulation of (the expression of) downstream effectors of this
PTM or whether detyrosination triggers different outcomes in combination with addi-
tional PTMs is currently unknown.
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TIP TRACKING PROTEINS

Microtubule Associated Proteins (MAPs) play a central role in adapting microtubule
dynamics in order to accommodate the large variety of functions microtubules have to
perform within a cell. MAPs are capable of altering various parameters of microtubule
dynamics, either through direct microtubule contact or through the association with
other MAPs. CLIP-170 was the first MAP observed to accumulate at growing micro-
tubule plus ends in vivo. It was shown that CLIP-170 binds in stretches along micro-
tubule ends, forming comet-like structures (Perez et al., 1999). An important subclass
of MAPs comprises so-called plus-end tracking proteins (+TIPs), which are capable
of accumulating specifically at the growing plus-ends of microtubules (Schuyler and
Pellman, 2001). Their localization to microtubule plus-ends makes them prime can-
didates for establishing interactions with other intracellular structures while growing
microtubules explore the cytoplasm. Since this first discovery, many +TIPs have been
identified and their contribution to a large +TIP interaction network has been estab-
lished (Fig. 1.3) (for reviews, see Akhmanova and Steinmetz, 2015; Galjart, 2010).

THE END BINDING PROTEIN FAMILY

A central player in the +TIP interaction network is the conserved family of End Bind-
ing (EB) proteins. The first in vitro reconstitution of microtubule plus-end tracking
showed that Mal3, the EB homologue in fission yeast, is able to autonomously track
growing microtubule ends (Bieling et al., 2007). Three subtypes of mammalian EB
proteins have been described: EB1, EB2, and EB3. EB1 and EB3 have been found to in-
crease microtubule polymerisation rate both in vivo and in vitro (Maurer et al., 2014).
In addition, EB proteins increase the microtubule catastrophe rate in vitro (Komarova
et al., 2009) by destabilizing the GTP cap (Duellberg et al., 2016; Zhang et al., 2015).
Interestingly, in vivo depletion of EB1 and EB3 results in a reduction of persistent mi-
crotubule growth and in an increase of catastrophe frequency, resulting in fewer mi-
crotubules being located near the cell cortex (Komarova et al., 2009). The discrep-
ancy between these in vitro and in vivo observations is most likely the consequence of
the removal of other EB dependent +TIPs that regulate microtubule dynamics (Galjart,
2010).

The interaction of EB with microtubule plus-ends is mediated by its N-terminal
calponin homology (CH) domain (Slep, 2010) and does not require dimerization (Buey
et al., 2011; Komarova et al., 2009). It has been demonstrated that EB can bind to the
lattice of microtubules stabilised by GTPγS (a slowly hydrolysable GTP analogue) with
similar high affinity as to the microtubule tip, but not to GMPCPP-stabilised micro-
tubules (Maurer et al., 2011). Taking into account the intermediate curvature of GMP-
CPP microtubules (Muller-Reichert et al., 1998), compared to the straight lattice and
the curved tubulin dimers, the view emerged that GMPCPP mimics the unhydrolysed
GTP-state located at the very end of the microtubule tip, while GTPγS mimics an inter-
mediate (GDP-Pi) nucleotide hydrolysis state (Brouhard and Rice, 2014). This model
is further substantiated by the fact that the position of the EB comet is displaced up to
∼100 nm from the tip (Duellberg et al., 2016; Maurer et al., 2014).

Recent high-resolution cryo-EM studies have now elucidated the specific interac-
tions between EB3 proteins and the microtubule lattice and propose an explanation
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for their effect on microtubule dynamics. The CH domain of EB binds at the interface
of 4 tubulin dimers, except at the seam, and is therefore positioned in close proximity
to the nucleotide at the E-site (Maurer et al., 2012). Once bound, EB promotes con-
formational changes in α-tubulin leading to a compacted lattice with a unique twist.
As a consequence, the catalytic residue in the α-subunit of the longitudinally adja-
cent dimer is brought into closer proximity to the E-site, facilitating GTP hydrolysis
and promoting microtubule catastrophe (Alushin et al., 2014). Since EB binds at the
intersection of lateral and longitudinal contacts, it also promotes seam closure and
stabilises the end structure, resulting in an increased microtubule growth rate (Zhang
et al., 2015).

THE +TIP INTERACTION NETWORK

The +TIP interaction network is build around the EB proteins, which can autonomous-
ly recognize the plus-end of a growing microtubule (Maurer et al., 2014; Zhang et al.,
2015). Upon plus-end binding, EB proteins create a platform for recruiting a multi-
tude of other MAPs through several interaction modules (Fig. 1.3) (Akhmanova and
Steinmetz, 2008).

A coiled-coil region at the C-terminus of EB is required for its dimerization and
mediates the interaction with other +TIPs through the EB homology (EBH) domain.
Interactions with the EBH domains are mostly mediated by a microtubule tip local-
ization signal (MtLS), which is characterized by a short Ser-x-Ile-Pro (SxIP) motif that
is embedded in a region containing basic residues (Honnappa et al., 2009). Examples
of +TIPs containing this SxIP motif are the microtubule-stabilizing family of CLASP
proteins (Drabek et al., 2006), the microtubule-actin crosslinking factor (MACF) (Le-
ung et al., 1999), and the microtubule-destabilizing kinesin MCAK (Desai et al., 1999).
In addition to the EBH domain, the flexible C-terminal tail of EB contains an EEY/F
sequence capable of binding to CAP-Gly domains present in the microtubule-rescue
promoting CLIP-170 (Komarova et al., 2005) and p150glued, which is part of the dyn-
actin complex (Schroer, 2004). The EEY/F sequence is also present on CLIP-170 itself,
where it mediates an auto-inhibitory interaction with its own CAP-Gly domain (Gal-
jart, 2005), and on α-tubulin, suggesting copolymerization of tubulin and CLIP-170
onto the microtubule end (Mishima et al., 2007).

Besides EB, other +TIPs are also capable of interacting with the microtubule lattice
and tip directly. The two structurally related proteins XMAP215 (homologue of human
ch-TOG) and CLASP are recruited to the plus-end by conserved TOG domains. It has
been shown that XMAP215 binds tubulin in a 1:1 complex and catalyses the addition of
up to 25 dimers to the growing plus-end (Brouhard et al., 2008). In vitro, XMAP215 acts
synergistically with EB to increase the growth rate to physiological levels (Zanic et al.,
2013). CLASP on the other hand promotes microtubule rescue and suppresses catas-
trophe events, essential for proper spindle assembly (Aher et al., 2018; Al-Bassam and
Chang, 2011). Acting as an ’adhesive’ amongst the many +TIPs is the protein SLAIN2,
which enhances +TIP interactions and promote their access to the microtubule plus-
end (Akhmanova and Steinmetz, 2015; van der Vaart et al., 2011). Additionally, motor
proteins are also capable of tracking the microtubule ends. The depolymerizing ki-
nesins Kip3 and MCAK have different effects on microtubule dynamics: Kip3 slows
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Figure 1.3: Schematic of the +TIP interaction network
(A) The combined properties of EB and SLAIN2 enable it to associate simultaneously with several different
+TIPs, including ch-TOG (colonic and hepatic tumour-overexpressed gene) and cytoplasmic linker protein
170 (CLIP-170), to promote the localization of these proteins to microtubule tips. CLIP-associated proteins
(CLASPs) can bind to microtubules directly and accumulate at growing microtubule plus ends by binding to
EBs (via SxIP motifs) or to CLIP-170.
(B) Hierarchical microtubule plus-end EB-CLIP-170-p150glued-dynein network. This network is established
owning to the ability of the cytoskeleton-associated protein Gly-rich (CAP-Gly) domains of CLIP-170 to bind
to the EEY/F motifs of EB, and of the CAP-Gly domains of p150glued with a composite binding site formed
by the zinc knuckles and EEY/F motifs of CLIP-170.
Figure is taken from (Akhmanova and Steinmetz, 2015)

down microtubule growth in a length-dependent manner and MCAK eliminates mi-
crotubule ageing altogether, transforming microtubule catastrophe into a single step
process (Gardner et al., 2011). Another example of a motor protein capable of alter-
ing microtubule stability is cortical dynein, which can capture incoming microtubule
plus-ends and trigger a catastrophe (Kiyomitsu and Cheeseman; 2013; Laan et al.,
2012). More studies are now investigating the combinatorial effect of multiple +TIPs
and motors to reconstitute and understand the dynamics observed in vivo (Duellberg
et al., 2014; Moriwaki and Goshima, 2016).

Recently, a new perspective has been raised to view the crowded environment of
the microtubule plus-end. The presence of many weakly-binding proteins at the tip
could induce liquid-liquid phase separation, essentially producing a densely packed
micron-sized droplet (Akhmanova and Steinmetz, 2015; Li et al., 2012). A similar ef-
fect has been observed in the nucleation of microtubules from phase-separated Tau
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droplets (Hernandez-Vega et al., 2017).

1.4. GROWING MICROTUBULES GENERATE PUSHING FORCES
Dynamic microtubules are able to exert forces on interacting entities. Growing micro-
tubules can generate forces by simply colliding with membranes, organelles or protein(-
complexe)s, but are also capable of promoting directed transport through the inter-
action of plus-end tracking complexes with their cargo partners (Fig. 1.3B). The im-
portance of microtubule pushing forces has long been appreciated in various biolog-
ical systems, most notably in mitotic spindle formation and positioning (Fig. 1.1). A
wide variety of studies now starts to unveil a more diverse role for microtubule push-
ing forces, visible through their importance in cell polarity, directed protein transport,
organelle architecture and the arrangement of other cytoskeletal networks.

POSITIONING OF THE NUCLEUS AND MITOTIC SPINDLE

In some organisms, like yeasts, the MTOC (in this case the spindle pole body) is an
integral part of the nuclear envelope throughout most of the cell cycle. This results
in the concerted positioning of the nucleus and the mitotic spindle. In the fission
yeast S. pombe, the position of the interphase nucleus is an important determinant
for the position of the cleavage plane during mitosis (Chang and Nurse, 1996; Tolic-
Norrelykke et al., 2005; Tran et al., 2000) (Fig. 1.4D). Microtubules are bundled in an
anti-parallel fashion with their growing plus-ends oriented toward the cell poles (Hoog
et al., 2007; Janson et al., 2007; Tran et al., 2001). The growing microtubule plus-ends
collide with the plasma membrane at the cell tips (Hoog et al., 2007) where they exert
pushing forces that result in nuclear displacement (Tolic-Norrelykke et al., 2005; Tolic-
Norrelykke et al., 2004; Tran et al., 2001) (Fig. 1.4D). A balance between the pushing
forces generated at opposite sides of the cell has been suggested to ensure a centralised
localization of the nucleus (Oliferenko and Balasubramanian, 2002; Tolic-Norrelykke
et al., 2004), even during cell elongation in interphase (Daga et al., 2006). This nuclear
centring is not only achieved by balancing the number of microtubules that push on
either side, but also by active regulation of microtubule dynamics by PRC1 (Ase1 in S.
pombe) (Daga et al., 2006; Janson et al., 2007; Loiodice et al., 2005), CLIP170 (Tip1 in
S. pombe) (Brunner and Nurse, 2000; Daga et al., 2006), and EB3 (Mal3 in S. pombe)
(Beinhauer et al., 1997).

Recent evidence from Drosophila oocytes suggests that similar microtubule push-
ing forces are responsible for anterior-directed motion of the oocyte nucleus in order
to establish the dorso-ventral axis (Zhao et al., 2012). In contrast to the microtubule
bundles observed in fission yeast (Tran et al., 2001), nuclear positioning in Drosophila
oocytes is mediated by the pushing forces generated by approximately six singular mi-
crotubules at any given time (Zhao et al., 2012).

Centrosome positioning depends on force-generating microtubules in virtually all
studied organisms, but whether these microtubules are pushing or pulling is organ-
ism specific. Up to now, only limited evidence supports a clear contribution of micro-
tubule pushing forces in MTOC positioning in non-yeast cells. Since most eukaryotic
cells are significantly larger than yeast cells, they are expected to have difficulties to ef-
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ficiently transmit pushing forces as a result of microtubule buckling (Dogterom et al.,
2005; Dogterom and Yurke, 1997; Howard, 2006). It is therefore thought that larger
cells mostly rely on microtubule pulling forces for efficient centrosome positioning
(Mitchison et al., 2012).

MICROTUBULE PUSHING FORCES IN ORGANELLE ARCHITECTURE

Microtubules play an important role in intra-cellular organization and in defining or-
ganelle shape. In addition to the formation of lateral contacts between the micro-
tubule lattice and membrane-enclosed compartments, microtubule plus-ends and
membranes can also form dynamic connections that can reshape or position a wide

New dimer incorporation
Brownian

motion

A

C D

B

Figure 1.4: Pushing forces generated by polymerising microtubules
(A) Microtubule growing against a rigid object slows down microtubule growth. Brownian motion generates
space between the microtubule tip and the object, slowing down the incorporation of new tubulin dimers
(red/orange).
(B) Schematic representation of a eukaryotic mitotic cell, showing centrosomes (green spheres), micro-
tubules (green lines), chromosomes (blue) and kinetochores (red) and the microtubule pushing forces (ar-
rows) that act on the mitotic spindle.
(C) Reconstitution of microtubule aster positioning in micro-fabricated chambers, displaying a schematic
representation (left) and immunofluorescent image showing fluorescent tubulin (right) (Laan et al., 2012).
(D) Nuclear positioning in fission yeast by microtubule pushing forces.
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variety of intracellular structures (Gurel et al., 2014). In Xenopus egg extracts, grow-
ing microtubule plus-ends can interact with membranes and push out long, extended
endoplasmic reticulum (ER-)tubes (Wang and Nogales, 2005; Waterman-Storer et al.,
1995). The tips of ER-tubes have also been observed to track growing microtubule
plus-ends in human tissue culture cells, a process that is mediated by an interaction
with EB1 and the ER transmembrane protein STIM1 (Grigoriev et al., 2008; Waterman-
Storer and Salmon, 1998).

In S. pombe, mitochondrial tubules that interact with microtubule plus-ends can
shrink and extend in a coordinated motion together with microtubule (de)polymeri-
zation (Yaffe et al., 2003). This process does not dependent on microtubule motor-
proteins (Li et al., 2015) and is thought to promote the motility and distribution of mi-
tochondria (Li et al., 2015; Yaffe et al., 2003). At present, the influence of microtubule
pushing forces on organelle shape and positioning is relatively understudied and it is
therefore unknown to what extent these processes are conserved and important for
cellular fitness.

1.5. RECONSTITUTION OF MICROTUBULE PUSHING FORCES

The biological relevance of the pushing forces generated by growing microtubules has
been appreciated for several decades. This has stimulated the extensive biophysical
characterization and theoretical modelling of the force-generating capacity of grow-
ing microtubule plus-ends. In addition, significant efforts have been made to recon-
stitute the cellular processes that depend on microtubule pushing forces using in vitro
bottom-up approaches. These efforts are largely focused on the reconstitution of
MTOC positioning by microtubule pushing forces and will be discussed in the section
below.

BIOPHYSICAL PRINCIPLES BEHIND MICROTUBULE PUSHING FORCES

Growing microtubules are able to generate substantial pushing forces, resulting in the
displacement or deformation of movable or flexible obstacles (assuming the MTOC
position is fixed). On the other hand, when the obstacles are immobile and rigid, the
growing microtubule can push itself away from the obstacle (assuming the MTOC po-
sition is not fixed). Microtubule pushing forces are generated by the continued incor-
poration of tubulin-dimers at the plus-end of a growing microtubule. According to the
‘Brownian ratchet’ model, thermal fluctuations in the position of the growing micro-
tubule and the obstacle create large enough gaps to accommodate the addition of new
tubulin dimers (Fig. 1.4A) (van Doorn et al., 2000). This enables the continued elon-
gation of the microtubule plus-end (albeit at a lower speed) and the generation of a
pushing force. Alternatively, the pushing force can be generated by the straightening
of bent GTP-rich protofilaments at the microtubule tip into the lattice. It is suggested
that thermal fluctuations of the terminal protofilaments are sufficient to promote lat-
eral bond formation (McIntosh et al., 2018). To investigate the forces generated by
growing microtubules, optical tweezers have been employed to trap a microtubule-
bound dielectric bead with a focused laser (Kerssemakers et al., 2003; Schek et al.,
2007). Interaction of the growing microtubule with a barrier results in a measurable
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displacement of the bead, enabling the determination of the generated pushing force
(Kerssemakers et al., 2006). The maximum pushing force (Fc ) that an individual micro-
tubule can generate through continued tubulin-subunit incorporation is in the range
of 3-4 pN (Dogterom and Yurke, 1997; Janson et al., 2003; Kolomeisky and Fisher,
2001). This maximum pushing force is a function of both microtubule-length (L) and
rigidity (κ), and can be expressed as Fc = 2πκ

L2 (Dogterom and Yurke, 1997; Kikumoto
et al., 2006; Kurachi et al., 1995). Upon encountering a rigid barrier, growing micro-
tubules can buckle when the exerted force is greater than the critical buckling force
(the force beyond which a microtubule buckles) (Cosentino Lagomarsino et al., 2007;
Dogterom and Yurke, 1997; Howard, 2006). Since the critical buckling force decreases
with the square of microtubule length, long microtubules are able to generate signif-
icantly lower pushing forces compared to short microtubules (Dogterom and Yurke,
1997). However, as the cellular context wherein microtubules grow can affect their
rigidity as well as PTM’s (Xu et al., 2017), growing microtubules might be able to gen-
erate significantly different amounts of force in vivo than their length-force relation-
ship would predict. In addition, microtubules often associate into microtubule bun-
dles, which increases their force-generating capacity in an additive fashion (Laan et al.,
2008; Valiyakath and Gopalakrishnan, 2018).

RECONSTITUTING CENTROSOME POSITIONING

Since the amount of force that can be generated by a growing microtubule depends on
its length, the shape and position of the mitotic spindle is strongly influenced by the
geometrical confinement in which these spindles assemble. This idea is supported by
mechanical models that describe how microtubule pushing forces mediate aster posi-
tioning in both 2D- and 3D-confinements (Holy et al., 1997; Howard, 2006; Laan et al.,
2012; Maly and Maly, 2010; Pavin et al., 2012). Purified centrosomes are able to nucle-
ate microtubules in the presence of tubulin and GTP (Mitchison and Kirschner, 1984).
The forces generated by these growing microtubules are sufficient to promote self-or-
ganization of microtubule-asters in the centre of squared or round micro-fabricated
chambers (Holy et al., 1997; Laan et al., 2012; Nedelec et al., 1997) (Fig. 1.4C). Once
microtubules grow longer, this geometric symmetry is broken, resulting in a decen-
tred microtubule aster position (Holy et al., 1997; Laan et al., 2012). The decentralised
position of these microtubule asters is relatively stable, although a central position
can be regained by increasing microtubule catastrophe rates (Faivre-Moskalenko and
Dogterom, 2002). Recent developments using microfluidics now allow the first recon-
stitutions of mitotic spindle assembly and positioning in spherical emulsion droplets
that mimic the geometrical confinement of a mammalian mitotic cell (Roth et al., 2014;
Vleugel et al., 2016).

1.6. PULLING FORCES GENERATED BY MICROTUBULE DEPOLY-
MERIZATION

In order for a depolymerizing microtubule to transmit a pulling force to its potential
cargo, the cargo must be capable of forming and maintaining load-bearing attach-
ments to a rapidly shrinking microtubule. The most extensively studied examples
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of microtubule polymerization-driven force-generation come from mitosis. Mitotic
spindle formation and positioning are not only dependent on microtubule pushing
forces, but also rely on stable links between the cell cortex and depolymerizing mi-
crotubules. In addition, mitotic chromosomes have to form stable interactions with
spindle-microtubules in order to become equally distributed over the two new daugh-
ter cells. The physical separation of the replicated sister-chromatids is driven by the
formation of connections between a specialized chromatin-bound protein complex,
called the ’kinetochore’, and depolymerizing microtubules originating from opposing
centrosomes. Both cortical- and kinetochore-localized protein-complexes that inter-
act with microtubule plus-ends are able to directly modulate the dynamic instability
properties of these microtubules.

CENTROSOME POSITIONING BY CORTICAL ANCHORS

Whereas microtubule pushing forces are the main forces underlying spindle pole body
and nucleus positioning in yeast, larger eukaryotic cells usually depend on micro-
tubule pulling forces for centrosome positioning and spindle architecture (Fig. 1.5A).
Cortical microtubule anchors are capable of converting the force generated by micro-
tubule depolymerization into a pulling force on the centrosome. Cytoplasmic dynein
(hereafter referred to as ’dynein’), a minus-end directed microtubule motor, appears
to play a central role in centrosome positioning both during interphase and mitosis.

During interphase, dynein localized at the cell cortex is responsible for centrosome
positioning (Burakov et al., 2003) and promotes the reorientation of the MTOC toward
the immunological synapse in antigen-stimulated T cells (Martin-Cofreces et al., 2008;
Yi et al., 2013). During cell migration, enrichment of dynein at the leading edge of a mi-
grating cell is required for cell polarity, MTOC positioning and cell motility (Dujardin
et al., 2003; Ganguly et al., 2013; Palazzo et al., 2001).

In mitosis, cortical dynein functions as a force generating and/or force transmit-
ting linker between microtubules and the plasma membrane in many organisms (Fig.
1.5B) (Carminati and Stearns, 1997; Laan et al., 2012; Nguyen-Ngoc et al., 2007). In
budding yeast, cortical dyneins forms lateral attachments to spindle microtubules and
relies on its minus-end directed motor activity to slide the microtubules along the long
axis of the cell (Moore and Cooper, 2010). In metazoans, dynein is recruited to the
cell cortex by the heterotrimeric Gαi/LGN/NuMa complex (Kotak and Gonczy, 2013).
In this case, cortical dynein pulls on centrosomes by forming load-bearing interac-
tions with depolymerizing microtubule plus-ends (Fig. 1.5C) (Carminati and Stearns,
1997; Laan et al., 2012; Nguyen-Ngoc et al., 2007). In specialized cases, asymmetry in
dynein-mediated force generation at the cell cortex is also thought to control asym-
metric spindle position, like in the C. elegans one cell stage embryo (Grill et al., 2003;
Nguyen-Ngoc et al., 2007).

In addition, early studies using a chemical inhibitor of dynein’s ATPase activity
have shown defects in pole-ward movement of centrosomes during late anaphase (a
process known as spindle elongation) in vertebrate cells (Bouchard et al., 1981; Cande,
1982). This movement was alter shown to depend on microtubule pulling forces gen-
erated by cortically anchored dynein in a wide variety of organisms (Fink et al., 2006;
Kiyomitsu and Cheeseman, 2013; Nguyen-Ngoc et al., 2007; Zheng et al., 2014).



1

16 GENERAL INTRODUCTION

F

Stabilized
Seed

dynein attached 
to rigid barrier

BA

adapter-
complex

C

dynein

Figure 1.5: Pulling forces generated by depolymerizing microtubules drive spindle positioning
(A) Mitotic spindle positioning is accomplished by linking depolymerizing microtubules to the cell cortex.
(B) Dynein (purple) is anchored to the cell cortex by means of the NuMa/LGN/Gαi trinary adapter complex
(green) and interacts with shrinking microtubules
(C) Single molecule approach to study dynein-mediated pulling forces using an optical trap setup. Barrier
(grey) attached dynein is bound to a depolymerizing microtubule that has grown from a stabilized seed
(yellow) that has been linked to a dielectric bead (grey sphere). The formation of load-bearing attachments
results in a pulling force (F) that displaces the bead from the optical trap (orange).

1.7. RECONSTITUTING MICROTUBULE PULLING FORCES

Over the past decade, significant advancements have been made in the purification
and biochemical characterization of microtubule-binding protein complexes. Since
most of these proteins are unstable when separated from their biochemical context,
determining their stoichiometric composition has been essential for reconstitution-
based assays. This, together with the rapid development of methods to measure force-
resistance of protein-protein interactions using optical tweezers setups, has provided
important insights at the single-molecule level. In addition, more and more efforts
are being made to reconstitute the functions of these protein complexes in cell-like
geometrical confinements.
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BIOPHYSICAL PRINCIPLES BEHIND MICROTUBULE PULLING FORCES
In addition to the ability of microtubules to generate pushing forces by growing into
obstacles, the energy released by microtubule depolymerization can be used to gener-
ate pulling forces. The forces associated with microtubule depolymerization are in the
range of 30-65 pN (Desai and Mitchison, 1997; Grishchuk et al., 2005) and are therefore
about an order of magnitude larger than the forces generated by microtubule growth
(3-4 pN) (Dogterom and Yurke, 1997). Microtubule catastrophe can be actively pro-
moted or inhibited by MAPs and physical barriers. Over long distances, microtubule-
mediated pushing forces might be less efficient than pulling forces due to length-
dependent microtubule buckling. In the case of mitotic spindle positioning, smaller
cells (like yeasts) usually rely on microtubule pushing forces, whereas the pulling forces
generated by depolymerizing microtubules drive the same process in metazoa.

DYNEIN-MEDIATED CENTROSOME POSITIONING
In optical tweezer setups, dynein can form load-bearing attachments to the plus-ends
of depolymerizing microtubules and resist up to 5 pN (Fig. 1.5C) (Hendricks et al.,
2012; Kalisch et al., 2011; Laan et al., 2012). Unlike the extensive studies on kinetochore-
microtubule attachments, the molecular mechanism by which dynein attaches to de-
polymerising microtubules remains largely elusive. For instance, it is at present un-
known whether stable dynein-mediated attachments are formed by individual mole-
cules or depend on a number of cooperating motor proteins.

Several in vitro studies are now building toward increasingly complex in vivo-like
reconstitutions of the function of cortical dynein in mitotic spindle formation and po-
sitioning (Laan et al., 2012; Roth et al., 2014; Vleugel et al., 2016). In micro-fabricated
2D-chambers, the pushing forces generated by growing microtubules are sufficient to
promote centrosome displacement to the periphery of the chamber. However, when
the walls of these chambers are coated with dynein, centrosomes are stabilised in a
more central position, even after extensive microtubule growth (Laan et al., 2012). This
effect can be reconstituted in spherical (3D) water-in-oil emulsion droplets, where
lipid-anchored dynein also generates a centring force on astral microtubules (Roth
et al., 2014; Vleugel et al., 2016).

MODULATING MICROTUBULE DYNAMICS THROUGH END-ON INTERACTIONS
In addition to the ability to hold on to depolymerizing microtubules, many micro-
tubule-binding complexes at the kinetochore also actively control microtubule dy-
namics. Purified kinetochores from S. cerevisiae cannot only form load-bearing at-
tachments to shrinking microtubules, but they also reduce the microtubule catas-
trophe rate when these attachments are under tension (Akiyoshi et al., 2010). Like-
wise, recombinant Dam1- and NDC80-complexes reduce catastrophe rates and pro-
mote rescue events in vitro (Franck et al., 2007; Umbreit et al., 2012). In contrast, the
SKA1-complex induces the formation of and interaction with curved protofilaments
(Schmidt et al., 2012). Although this is expected to promote microtubule catastrophes,
there is currently no direct evidence supporting this idea.

Both in budding and fission yeast, dynein-mutant cells have significantly longer
microtubules (Carminati and Stearns, 1997; Yamamoto et al., 2001) and barrier-coated
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dynein has been suggested to increase microtubule catastrophe rates in vitro (Laan
et al., 2012). Interestingly, binding of dynein to depolymerising microtubule plus-ends
slows down microtubule shrinkage by straightening and thereby stabilizing protofila-
ments in an ATP-dependent fashion (Hendricks et al., 2012; Laan et al., 2012). Similar
to dynein, a cortex-localized pool of Drosophila Dm-Kat60 (a functional orthologue of
katanin) also interacts with microtubule plus-ends and promotes microtubule catas-
trophes (Zhang et al., 2011). Although cortical Dm-Kat60 and dynein seem to have a
similar function in regulating cell polarization and migration (Zhang et al., 2011), it is
unknown whether Dm-Kat60 also promotes this by forming load-bearing interactions
with depolymerizing microtubules.

1.8. MODELLING MICROTUBULE DYNAMICS
Parallel to the development of microtubule reconstitution experiments, significant in-
sights into dynamic instability came through various theoretical models coupled with
stochastic simulations. Performing experiments in silico can compare the theoretical
description with experimental observation and verify the dependence of various ex-
perimental conditions. The developed models can generally be grouped in two cate-
gories: biochemical models and mechanochemical models (Brouhard and Rice, 2018;
Kim, 2018).

Biochemical models explore dynamic instability as an emergent property of the
biochemical state of the microtubule tip and lattice (Chen and Hill, 1983; Gardner
et al., 2011; Margolin et al., 2012; Piedra et al., 2016). Addition and removal of tubu-
lin subunits combined with progressive hydrolysis of GTP to GDP creates a stabilizing
GTP/GDP-Pi region at the microtubule end. The threshold that triggers a catastro-
phe depends on the dimensionality of the model. One-dimensional models, in which
microtubules are treated as single filaments, initiate a catastrophe after a set number
of terminal subunits have hydrolysed (Chen and Hill, 1983; Brun et al., 2009 Padin-
hateeri et al., 2012). Two-dimensional models use a more complex threshold based on
the number of lateral interactions at the microtubule tip (Margolin et al., 2012; Martin
et al., 1993; Piedra et al., 2016; VanBuren et al., 2002). Both models can describe many
features of dynamic instability, but the 1D model is believed to be unable to account
for microtubule ageing and the mild suppression of the catastrophe frequency with
increasing tubulin concentrations (Bowne-Anderson et al., 2013). A useful property of
these relatively simple models is that analytical solutions capturing the system can be
formulated. This simplifies comparisons with experimental data as the effect of all pa-
rameters can be understood. As the computational cost is relatively low, these models
can thus be used to understand the dynamics of a microtubule network at long time
scales (Gregoretti et al., 2006; Letort et al., 2016).

Mechanochemical models not only take the biochemical state of the microtubule
into account, but extend the model to include Brownian dynamics of tubulin-tubulin
interactions (Coombes et al., 2013; Zakharov et al., 2015; McIntosh et al., 2018). These
studies simulate microtubule dynamics at high temporal resolution to capture the
asymptotic evolution of the microtubule tip towards an unstable configuration. The
detail obtained with these simulations can capture all aspects of dynamic instability,
but also requires a large set of parameters, not all of which can be easily verified with
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Figure 1.6: Building toward more complex in vitro reconstitution systems
(A) Reconstitution of mitotic spindle formation and positioning in spherical water-in-oil droplets, display-
ing a schematic representation (left) and immunofluorescent image showing fluorescent tubulin (right).
(B) Toward creating more complex reconstitution systems in which multiple cytoskeletal components are
captured into geometrical confinements together with chromosomes and additional force-generators.

experiments.

1.9. RECONSTITUTING COMPLEX FORCE-GENERATING MICRO-
TUBULE SYSTEMS

The studies described above have proven to be extremely valuable for our molecular
and biophysical understanding of force generation by growing and shrinking micro-
tubules. However, most of these studies have been executed in relatively simplified
systems, either using force-measurements on individual microtubules or by studying
the positioning of a single centrosome in simple geometrically confinements. Here we
discuss recent progress on reconstituting more complex and in vivo-like microtubule
force-generating systems, with a focus on mitotic spindle assembly and positioning.

GEOMETRICAL CONFINEMENTS

Whereas most reconstitution studies have been performed using single-molecule as-
says, it will be a major challenge for the future to translate these studies into geo-
metrical confinements mimicking the in vivo situation. The shape and nature of the
confinement is an important determinant of the forces that can be generated by mi-
crotubules of the mitotic spindle (Minc et al., 2011). Most eukaryotic cells that lack
a rigid cell wall, adopt a spherical shape when entering mitosis. Important insights
will therefore come from studies on microtubule-aster positioning in spherical water-
in-oil emulsion droplets generated using microfluidic technologies (Roth et al., 2014;
Vleugel et al., 2016) (Fig. 1.6A). In addition, microtubule asters growing inside micro-
fabricated chambers that resemble the asymmetric shape of the bud-neck of S. cere-
visiae, show a highly complex positioning behaviour (Holy et al., 1997), which is at
present poorly understood. In specialized cases, the mitotic spindle is positioned
asymmetrically within the dividing cell, resulting in two daughter cells of different size
and often with different cell fate. Reconstitution assays within the relevant geometrical
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confinements will enable the quantitative assessment of the forces involved in asym-
metric spindle positioning. In addition to the shape of the geometrical confinement,
the nature of the confinement can also affect microtubule dynamics and force gen-
eration. Barrier flexibility directly affects the friction between microtubules and the
barrier, which is predicted to directly impact on microtubule slipping behaviour (Pavin
et al., 2012). To this end, it has been shown that the presence of dense actin networks is
sufficient to block microtubule growth and trigger disassembly (Preciado Lopez et al.,
2014; Colin et al., 2018).

SPINDLE ASSEMBLY AND POSITIONING
During mitosis, the spindle is formed by the coordinated assembly of two microtubule
asters in a bipolar orientation. It is important to note that encapsulation of two micro-
tubule asters within the same geometrical confinement will give rise to additional ef-
fects compared to a single microtubule aster. In addition to the pushing forces that are
generated by microtubules growing against the confinement boundary, microtubules
originating from one centrosome can push against the second microtubule aster, re-
sulting in centrosome repulsion (Cytrynbaum et al., 2003). This force is large enough
to at least partially overcome the forces generated by astral microtubules colliding with
the confinement boundary and can push centrosomes to opposite sides of the con-
finement (Holy et al., 1997; Vleugel et al., 2016) (Fig. 1.6B). Furthermore, the repulsion
forces between two asters partially antagonises the centring forces generated by the
pulling of cortical dynein (Vleugel et al., 2016).

Mitotic spindle assembly and positioning is not only achieved by the forces gener-
ated by microtubule dynamics. Many other microtubule motor proteins and crosslink-
ers play important roles in mitotic spindle assembly and positioning. Plus-end di-
rected motor-proteins of the Kinesin-5 and -12 families are for instance responsible
for centrosome separation and bipolar spindle formation in vivo (Tanenbaum and
Medema, 2010). Furthermore, passive microtubule cross-linkers of the Ase1/PRC1
family are able to generate entropic forces that increase the overlap of antiparallel
overlapping microtubules (Lansky et al., 2015). The complex process of bipolar spin-
dle assembly in the presence of these and many other force-generating complexes is
at present difficult to interpret. It will therefore be important to invest in the step-wise
reconstitution and quantitative assessment of mitotic spindle formation and position
in in vivo-like geometrical confinements.

EXERCISING SPATIOTEMPORAL CONTROL
An underdeveloped part of reconstitution assays is the implementation of temporal
controls over the molecular dynamics in vitro. Cells have various ways to control the
localization, functionality, and concentration of cytoskeletal proteins in order to gov-
ern cellular dynamics (Akhmanova and Steinmetz, 2015; Etienne-Manneville, 2013;
Fourest-Lieuvin et al., 2006; Watanabe et al., 2005). Within the field of microtubule
reconstitution however, microtubule dynamics is often studied at steady-state in the
presence of MAPs or perturbed by single external cues (Caplow et al., 1988; Duellberg
et al., 2016; Marx et al., 1990). However, if microtubules are to be reconstituted in
closed systems such as water-in-oil droplets, chemical cues are difficult to deliver and
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would provide only a single irreversible perturbation.

In cells, a new approach developed in neurobiology known as optogenetics, uses
light as the external and, most importantly, reversible cue (van Bergeijk et al., 2015).
Several proteins have been found to dimerize upon the excitation with light (Losi et al.,
2018; Niu et al., 2016; Pathak et al., 2013). Most often these involve either a system
based on the blue light sensor LOV2 (Strickland et al., 2012; Guntas et al., 2015) or
on the red light sensitive Phytochrome B (Toettcher et al., 2011). These light sensi-
tive proteins can replace the interaction domains of other protein pairs, thus making
their interaction light-inducible. Two recent examples of optogenetics involving mi-
crotubules use a light-inducible interaction between microtubules and actin (Adikes
et al., 2018), and between EB and the microtubule tip (van Haren et al., 2018). Cur-
rently however, this technique is still underdeveloped in vitro and its application has
only recently received attention (Bartelt et al., 2018; Caldwell et al., 2018).

TOWARDS A SYNTHETIC CELL

A major future milestone will be the development of a synthetic cell capable of grow-
ing, storing information, maintaining its metabolism, and dividing (Tanenbaum and
Medema, 2010). In order to successfully divide, the synthetic cell will need to define
its poles and by extension the division plane, and generate forces to segregate the (ar-
tificial) chromosomes and split the cell into equal daughter cells. Incorporating a mi-
crotubule network into such a cell could provide these functionalities. Establishment
of a polarized system could rely on the active transport of proteins along microtubules
towards the poles of a rod-shaped cell (Taberner et al., 2015) or through local recruit-
ment of proteins at the site of microtubule-membrane contact (Grill and Hyman, 2005;
Roth et al., 2014). Eventually this cell should be able to regulate all properties au-
tonomously, but leading up to this external cues will prove to be essential. Coupled
with light-inducible dimerization, these processes can be controlled externally and
reversibly with light (Pudasaini et al., 2015; Strickland et al., 2012; van Haren et al.,
2018).

1.10. THESIS MOTIVATION AND OUTLINE
From the moment dynamic instability was first described in vitro
(Mitchison and Kirschner, 1984), microtubule stability has been extensively studied
in cells, through reconstitution assays, and with modelling approaches to understand
its biochemical and mechanical origins. Now, with this wealth of information, we can
start to design more complex systems to reconstitute the cellular functions of micro-
tubules. To this end, the first steps towards building and regulating a microtubule
network in cell-like compartments have been taken (Colin et al., 2018; Juniper et al.,
2018; Roth et al., 2014; Taberner et al.; 2015; Vleugel et al., 2016).

In order to build and regulate an enclosed microtubule network, it is important to
understand the effect of restricted microtubule growth through confinement. The sta-
bility of microtubules is affected by both the cortex as well as the presence of (cortical)
microtubule associated proteins. Being able to regulate these interactions will provide
control over the spatial organization of the microtubule network. This in turn could
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then form the basis from which complex systems such as chromosome segregation
and mitotic spindle positioning can be reconstituted.

In this thesis, we examine two aspects of microtubule reconstitution essential to
successfully use and understand microtubule dynamics in confinement: 1) the sta-
bility of microtubule interactions and 2) spatiotemporal control with light-inducible
protein interactions. First, we investigate the stability of pushing microtubules in a
confined quasi-2D environment. We develop and improve protocols for the fabrica-
tion of micron-sized barriers that enable us to study the effect of CLASP2α on the sta-
bility of pushing microtubules. To obtain a more detailed picture of microtubule sta-
bility during barrier contact, we study the contribution of nucleotide hydrolysis and
microtubule tip fluctuations of stalling microtubules in vitro. We find that the result-
ing dynamics can be explained with a one-dimensional biochemical model.

Secondly, we develop and characterize the implementation of light-inducible pro-
tein interactions as a means to exert spatiotemporal control over reconstitution assays.
We start with investigating the conditions required to control microtubule gliding with
light. With the light-inducible hetero-dimerization protein pair LOV2-ePDZ fused to
motor proteins, we show that microtubule gliding can indeed be locally controlled. To
evaluate the applicability of LOV2-based regulation to in vitro systems in general, we
characterize its activation and deactivation kinetics.

The thesis is structured as follows:

• Chapter 2 describes the design and fabrication of novel micrometer-sized bar-
riers with silicon carbide (SiC) overhangs to study the stability of stalling micro-
tubules with TIRF microscopy. We characterize the use of SiC as a substrate for
in vitro microtubule reconstitution assays.

• Chapter 3 presents our finding that the microtubule stabilizing protein CLASP2α
suppresses the transition from microtubule growth to shortening. We find that
the domain TOG2 fused to a tip-tracking peptide is sufficient to suppress catas-
trophes and stimulate rescues. In particular, we demonstrate that CLASP2α pre-
vents force-induced catastrophes during the interaction of a microtubule with a
micro-fabricated barrier.

• Chapter 4 presents our examination of the stability of stalling microtubules us-
ing the tip tracking protein EB3 as a marker of cap dynamics. Through in vitro re-
constitutions and Monte Carlo simulations we show that both microtubule life-
times in general and stalling dynamics in particular can be captured with a 1D
biochemical model.

• Chapter 5 describes the development of a light-inducible microtubule gliding
assay as proof-of-principle to exercise control over force generating systems in
vitro.

• Chapter 6 details the characterization of light-inducible hetero-dimerization sys-
tems based on the LOV protein to reversibly control protein localization in vitro.
Through a set of experiments we describe the reaction scheme and obtain the
underlying kinetic rates. We show that light-inducible dimerization is a promis-
ing constituent of future in vitro reconstitutions.
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• Chapter 7 comprises a brief discussion and outlines possible future research di-
rections.





2
MICRO-FABRICATION OF RIGID

BARRIERS

Don’t take my demons away from me
or my angels may fly away too.

W. H. Auden

Polymerizing microtubules can encounter various objects in the dense cytoplasmic en-
vironment of a cell: the cell boundary, the Golgi apparatus, the Endoplasmic Reticulum
and various smaller components. Obtaining an understanding of the way in which
microtubules are affected through these interactions will provide insight into funda-
mental properties and functions of microtubules. For example, the establishment of
microtubule-kinetochore connections and centrosome positioning rely on the stability
of force-generating and interacting microtubules. In vitro reconstitutions have been an
accurate tool to dissect the dynamics of microtubules using a controlled artificial en-
vironment. Here, we develop and optimize two approaches for the fabrication of sub-
micron barriers that enable the in vitro study of microtubules interacting with rigid ob-
jects. The final design comprises barriers made of SiO2 with a silicon carbide overhang
that can be selectively functionalized and successfully imaged with TIRF microscopy.
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2.1. INTRODUCTION

The interaction of microtubules with cellular components is known to be an impor-
tant regulator of the cytoskeletal network (Daga et al., 2006; di Pietro et al., 2016). In
vivo observations have led to the view that microtubules grow persistently in the cell
interior due to a low catastrophe frequency, but display highly dynamic behaviour at
the cell cortex (Gregoretti et al., 2006; Komarova et al., 2002) (Fig. 2.1A). Either the
membrane itself or the branched actin network at the cortex acts as a physical bar-
rier that restricts microtubule growth and locally increases the catastrophe frequency
(Colin et al., 2018). Subsequent studies revealed that microtubule associated proteins
can regulate this behaviour and stabilize cortical interactions of microtubules during
cell invasion (Fig. 2.1B) (Bouchet et al., 2016). Although observations in cells describe
the microtubule network in its native environment, it can be difficult to address the
effect of individual components in the inherently complex intracellular cytoplasm. To
compose a more detailed picture of microtubule stability, in vitro reconstitutions have
proven to be an essential experimental tool (Bieling et al., 2007). In particular, the ap-
plication of micro-fabricated barriers to mimic the confinement of cellular environ-
ments have enabled the study of the organizational properties of the cytoskeleton as
well as the dynamic instability of individual microtubules (Kalisch et al., 2011; Preci-
ado Lopez et al., 2014).

In this chapter, we establish detailed protocols for fabricating sub-micron struc-
tures to investigate the interaction of microtubules with a rigid objects. Specifically, we
aim to design and manufacture an in vitro sample that is compatible with established
passivation protocols, with established functionalization and passivation protocols,
and with TIRF microscopy.

A B

Figure 2.1: Microtubules interact with the cortex in vivo.
(A) Image of the microtubule network in a CHO cell. The catastrophe-inducing interaction of microtubules
with the cell cortex leads to a cycle of persistent microtubule growth from the cell interior towards the pe-
riphery, where microtubules undergo frequent catastrophes and rescues. The scale bar denotes 5 µm. Taken
from (Komarova et al., 2002).
(B) Microtubules assist in cell invasion as they can deform the membrane in the presence of the stabilizing
MAPs SLAIN and CLASP (left). In SLAIN depleted cells, only very short membrane protrusions are formed
(right). Taken from (Bouchet et al., 2016).
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2.2. DESIGN
Reconstituting the dynamics of microtubules near rigid objects requires control over
the spatial structure of the in vitro sample. Micro-fabricated barriers have been pre-
viously used to study microtubule bending and buckling when polymerizing micro-
tubules encounter a rigid structure (Janson et al., 2003) and to study the cortical in-
teraction of microtubules and MAPs (Kalisch et al., 2011; Laan et al., 2012; Taberner
et al., 2014). Here, we discuss the fabrication of two designs used to study the effect
of +TIPs on microtubule-barrier interactions. The first design consists of SiO2 barriers
∼1.5 µm high (Fig. 2.2) and is used to evaluate the ability of CLASP to stabilize micro-
tubules growing into the barriers (see Chapter 3). The barriers are spaced 15 µm apart,
sufficiently restricting microtubule growth to observe interaction events.

The second design describes SiO2 barriers with a silicon carbide (SiC) overhang
(Fig. 2.3). The chemical inertness of SiC provides a means to selectively etch a layer of
SiO2 sandwiched between two layers of SiC (Fig. 2.3A). This process results in a well
defined barrier structure with an SiC overhang (Fig. 2.3B,C). The overhang increases
the probability of growing microtubules being trapped at the barrier, resulting in either
microtubule buckling or stalling. Moreover, fluctuations of the microtubule perpen-
dicular to the imaging surface are reduced, supporting TIRF microscopy (Fig. 2.3D).
The thickness of the SiC overhang is chosen to be 250 nm and is sufficiently thick to en-
sure its mechanical stability, yet thin enough to remain optically transparent to visual-
ize microtubules growing on top of it. The latter property is necessary to discriminate
between microtubules growing inside the channels and on top of the barriers. This
particular design is used to study the stability of stalling microtubule by visualizing
the stabilizing GTP cap (see Chapter 4). Both designs share many similar fabrication
steps, which will therefore be discussed only once. Any differences between the two
protocols will be highlighted accordingly.

SIC PROPERTIES
The material properties required to create stable overhangs to trap microtubules are
mostly mechanical in nature, with chemical inertness and biochemical functionaliza-
tion of the material as important secondary considerations. Previously, the materials
of choice were silicon monoxide (Janson et al., 2003) and gold/chromium (Laan et al.,
2012; Taberner et al., 2014). Problems that arose with these materials were an incom-
patibility with TIRF microscopy, which requires smooth surfaces with a tolerance of
only a few nanometres to ensure homogeneous illumination, or a difficulty in func-
tionalizing the surface to prevent aspecific protein adsorption. Although it would be
naive to presume that any material would realize all requirements and concurrently
solve all difficulties, we propose silicon carbide (SiC). Amorphous SiC is a mechan-
ically and thermally stable semiconductor that is optically transparent in the visible
spectrum (Pham, 2004) and has a refractive index of ∼2.6. It is chemically inert and,
due to a native oxide layer, can be functionalized in a similar manner as SiO2 (Co-
letti et al., 2007; Dhar et al., 2009). Furthermore, deposition of the SiC layers can be
achieved through Plasma-Enhanced Chemical Vapour Deposition (PE-CVD) which re-
sults in the deposition of a high quality film at rates of 30 nm/min (Iliescu et al., 2008).
Currently, SiC is extensively used as an industrial material for coatings, optics, and
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Process parameters SiO2 SiC
Temperature (°C) 300 300
Pressure (mtorr) 1000 1000
N2 flow rate (sccm) 162.5 0
SH4 flow rate (sccm) 8.5 15
CH4 flow rate (sccm) 0 75
Argon flow rate (sccm) 0 285
N2O flow rate (sccm) 710 0
Deposition rate (nm/min) 70 30

Table 2.1: PE-CVD process parameters for SiO2 and SiC deposition

electronics, but only incidentally applied as a substrate in cell biology (Iliescu et al.,
2008; Oliveros et al., 2013).

Although the properties listed above seem very promising, care must be taken in
the knowledge that SiC is a semiconductor with a bandgap of ∼2.8 eV (Pham, 2004).
As this is in the order of the commonly used 488 nm laser in fluorescence microscopy
studies, possible excitation of the layer could result in optical or electrostatic effects.
We will show that this does occur, but can be sufficiently mediated by optimizing the
design.

2.3. FABRICATION

Fabrication of the SiO2 barriers was achieved in a cleanroom environment by subse-
quent deposition, lithography, and both dry and wet etching steps (Fig. 2.2A and 2.3A).
Each fabrication step will be described below.

LAYER DEPOSITION

All samples were made with glass coverslips (Menzel Glässer, No.1 124x24 mm, 170
µm), which were cleaned for 10 min with base piranha, a mixture of H2O : NH4OH
: H2O2 in a 5:1:1 ratio heated to 70°C, after which they were rinsed with MilliQ and
dried with filtered N2. The SiO2 and the amorphous SiC layers were deposited with a
commercial Plasma-Enhanced Chemical Vapour Deposition (PE-CVD) system (Oxford
Instruments PlasmaPro 80). In general, PE-CVD is a deposition method capable of
generating high deposition rates (∼50 nm/min) at low processing temperatures (300
°C) from a specific mixture of precursor gasses (Table 2.1). Different combinations of
ionized gaseous species react on the surface to form a solid layer. For this process, SiH4

is the silicon donor, O2 the oxygen donor, and CH4 the carbon donor. Eight coverslips
can be placed on a 4 inch silicon wafer, the latter of which is required as an insulating
surface during deposition. It is furthermore important to pack the coverslips closely
together to prevent inhomogeneous deposition due to variations in the electric field.
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PHOTOLITHOGRAPHY

First, the samples were prepared for pattern transfer by spincoating the sample with
hexamethyldisilazane (HMDS) at 5000 rpm, followed by a 2 min softbake at 115°C.
Then, the samples were spincoated with the photoresist S1813 (MicroChem) to form
a 1.3 µm layer, followed by softbaking for 90 seconds at 115°C. The HMDS aids in the
spreading and adhesion of the photoresist. Transfer of the barrier pattern was accom-
plished with UV lithography (EVgroup EVG 620). The sample was exposed through a
4 inch chromium mask with a near-UV source (320-365 nm, approx. 13 mW/cm2) for
5 seconds. To reduce any backscattering of the UV light, the sample was placed on
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5. Resist removal
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Figure 2.2: Micro-fabrication of glass barriers.
(A) Schematic protocol listing the steps for SiO2 barrier fabrication. The design results in long (2 cm) chan-
nels with a width of 15 µm enclosed by 10 µm wide barriers with a height of approximately 1.5 µm.
(B) SEM images of the barriers. The top image shows two barriers from the side and the bottom image shows
a top-down view. Scale bars denote 10 µm.
(C) TIRF image of microtubules polymerizing near barriers in the presence of 15 µM tubulin and 20 nM
GFP-EB3. Scale bar denotes 5 µm.
(D) Kymograph of microtubule-barrier contact in the presence of 15 µM tubulin and 20 nM GFP-EB3. Scale
bar denotes 5 µm.
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Figure 2.3: Micro-fabrication of glass barriers with an SiC overhang.
(A) Schematic protocol listing the required steps for the fabrication of SiO2 barriers with an SiC overhang.
The design produces long channels with a width of 15 µm enclosed by 10 µm wide barriers. The thickness of
the SiO2 layer is chosen to be between 100-250 nm and the top layer of SiC is 250 nm. The bottom layer of
SiC (10 nm) is necessary to protect the glass coverslip from being etch during the Buffered Oxide Etch (5).
(B) SEM images at different zooms of a cross section of the barriers. The height of the SiC and SiO2 layer is
250 nm. The sample underwent a 5 minute BOE, resulting in a 1.35 µm wide overhang and surface-barrier
slope of 110°. The sample was sputter coated with a 10 nm gold layer to prevent charge build up during
imaging.
(C) Brightfield microscope images of the barrier after 2, 4, and 6 minutes of 7:1 Buffered Oxide Etch. The
etch rate is approximately 250 nm/min, resulting in a 1.5 µm overhang after 6 minutes. Scale bar denotes 5
µm.
(D) TIRF image of microtubules polymerizing near barriers in the presence of only tubulin (15 µM) (left)
and in the presence of tubulin (15 µM) and EB3 (20 nM) (right). Scale bar denotes 5 µm.
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a black rubber mat. Directly after exposure, the sample was developed in undiluted
MF321 (MicroPosit) for 60 seconds, rinsed in water for 30 seconds and dried with N2.

REACTIVE ION ETCHING
Next, Reactive Ion Etching (Leybold Hereaus) with a mixture of CHF3 : O2 (50 sccm
: 2.5 sccm) etches through the regions unprotected by the photoresist. The system
parameters for etching through SiO2 and SiC are identical, although etch rates will
differ slightly. The etch is performed at 50 µbar and at 50 W, resulting in a bias voltage of
∼400 V and an etch rate for both materials of ∼25 nm/min. Any remaining photoresist
after the etch is removed by sonication of the sample in acetone for 10 minutes.

In the case of the pure SiO2 barriers, care should be taken to prevent etching fully
through the deposited SiO2 layer as the surface of the coverslip itself is not smooth
enough for TIRF microscopy after etching due to embedded impurities. For the SiC
barriers, it is important to etch completely through the top SiC layer, but only partly
through the SiO2 layer to leave the bottom SiC layer intact.

BUFFERED OXIDE ETCH
To create the undercuts in the barriers containing SiC, the samples are submerged in
buffered hydrofluoric acid (HF : NH4F = 12.5 : 87.5%) to selectively etch the exposed
SiO2 with a rate of ∼250 nm/min to obtain an overhang with a width of ∼1.5 µm after
6 minutes of etching (Fig. 2.3B,C). Thorough rinsing of the sample followed by drying
with N2 results in the final barriers containing an overhang 250 nm thick and 1.5 µm
long.

2.4. SIC AS A SUBSTRATE FOR MICROTUBULE DYNAMICS
The application of SiC as a substrate for microtubule reconstitution assays, and recon-
stitution assays in general, has thus far not been developed. To ensure compatibility
of the bottom SiC layer with microtubule reconstitution assays imaged with TIRF mi-
croscopy, we performed such assay on a 50 nm SiC layer deposited on a glass coverslip.

2.4.1. In vitro MICROTUBULE RECONSTITUTION ASSAY
Reconstitution of microtubule dynamics was performed as previously described in
(Bieling et al., 2007; Montenegro Gouveia et al., 2010). The procedure for passivat-
ing an SiC surface (with and without barriers) and a glass surface is identical. It should
be noted however, that any cleaning step involving sonication of a sample containing
barriers could destabilize and break down the overhangs. Sample cleaning is there-
fore performed with O2-plasma at 200 mtorr for 5 minutes, after which a flow chan-
nel is constructed with a cleaned glass slide and double-sided sticky tape. If barri-
ers are present, the channel direction is perpendicular to the barriers to encourage
GMPCPP-stabilized microtubule seeds to nucleate towards the barriers. Then, the
surface was consecutively functionalized with 0.5 mg/ml PLL-PEG-biotin(20%) (Su-
SoS AG, Switzerland), 0.2 mg/ml NeutrAvidin (Invitrogen), and 0.5 mg/ml κ-casein
(Sigma). All components were kept in MRB80 buffer, comprised of 80mM piperazine-
N,N’-bis(2-ethanesulfonic acid), 4 mM MgCl2, and 1 mM EGTA at a pH of 6.8. The



2

32 MICRO-FABRICATION OF RIGID BARRIERS

reaction mixture contained 14 µM unlabelled tubulin and 1 µM rhodamine-labelled
tubulin in the presence of GFP-EB3 or Hilyte488-labelled tubulin in the absence of
GFP-EB3, and was supplemented with 0.5 mg/ml κ-casein, 0.15% methylcellulose, 50
mM KCl, 1 mM GTP, oxygen scavenger mix (4 mM DTT, 200 µg/ml catalase, 400 µg/ml
glucose oxidase, 50 mM glucose). GMPCPP-stabilized seeds (70% unlabelled tubu-
lin, 18% biotinylated tubulin, 12% rhodamine-labelled tubulin) were introduced to the
channel with the flow direction perpendicular to the barriers. The reaction mix is then
centrifuged in an Airfuge (Beckman Coulter) at 30 psi for 8 minutes to remove any
aggregated complexes before being introduced to the sample. Flow cells were sealed
with vacuum grease and imaged on a TIRF microscope at between 28°C and 30°C.

Imaging of the surface can be successfully with TIRF microscopy (Fig. 2.3D, 2.4A).
Any absorption of emitted light by the SiC surface does not interfere with the signal-
to-noise, nor does the refractive index mismatch between the glass coverslip (n = 1.52)
and SiC (n ≈ 2.65) interfere with imaging. Also, passivation of the SiC layer performs
similarly to glass as observed by the absence of non-specific adsorption of fluorescent
proteins to the surface.

2.4.2. MICROTUBULES ELECTROSTATICALLY INTERACT WITH SIC
During initial testing of the SiC surface as a substrate for microtubule dynamics, it be-
came apparent that the microtubules interacted with the surface during illumination
with 488 nm. Introducing additional passivation components, such as Pluronic-F127
or Tween-20, could not mitigate this interaction. The strength of the interaction turned
out to be sensitive to the salt concentration (Fig. 2.4A), suggesting the interaction
was based on an electrostatic attraction. The absence of additional KCl to the MRB80
buffer resulted in the growth of relatively stable and curved microtubules, whereas the
addition of 100 mM KCl reduced this effect (Fig. 2.4A). Specifically, the interaction led
to a clear decrease of the depolymerization speed (Fig. 2.4B), which in turn reduced
the catastrophe frequency and increased the rescue frequency (Fig. 2.4C).

As this effect is most prominent when imaging with a 488 nm laser, we hypothe-
size that the surface might become charged as a result of the semiconducting nature
of SiC. Photons of 488 nm (∼2.5 eV) have a probability of exciting electrons in the SiC
layer (bandgap ∼2.8 eV), making it conductive and/or charged. Unfortunately, the salt
concentration is not a free parameter in our microtubule reconstitution assays, as it
also influences the interaction of MAPs with the microtubule tip and lattice. We there-
fore perform the assays in the presence of 50 mM KCl, but reduce the layer thickness to
10 nm (see Chapter 4). This will minimize these interactions by reducing the photon
absorption of the material, resulting in the absence of rescue events. 10 nm is the min-
imal layer thickness that is achievable without compromising the structural integrity
of the layer as necessary for the wet etch.

2.4.3. LASER-INDUCED CAVITATION BUBBLES ON AN SIC SUBSTRATE
A secondary effect of the excitation of SiC by 488 nm photons in addition to the build-
up of a surface charge, is the creation of cavitation bubbles. A cavitation bubble orig-
inates from the release of heat in the form of vapour production. We found that a
focussed 488 nm laser, which is optimized for FRAP experiments in our setup, is capa-
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Figure 2.4: Microtubule dynamics on a 50 nm layer of SiC
(A) TIRF images of microtubule dynamics on a SiC layer in the presence of 0 mM KCl (top) and 100 mM KCl
(bottom).
(B) Representative kymographs of microtubule depolymerization at 0, 50, 100, and 150 mM KCl. The speed
of microtubule shrinkage is increased with increasing salt concentration, most likely due to electrostatic in-
teractions between microtubules and the SiC surface.
(C) Table with measured parameters of microtubule dynamic instability at varying salt concentrations. The
data indicates that microtubules are interacting electrostatically with the SiC surface as increasing concen-
trations of KCl shield this interaction. The shielding results in a higher microtubule shrinkage speed, higher
catastrophe frequency, and lower rescue frequency.
All experiments were performed with 15 µM tubulin (7% HiLyte488-labelled) at 28 °C.
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ble of producing cavitation bubbles on an SiC surface in MilliQ (Fig. 2.5A). When we
set the 488 nm laser to its maximum output power of 2.4 mW and illuminated a small
area on the surface for a few milliseconds, we could observe the repeatable produc-
tion of a cavitation bubbles in the same location. Excitation of the surface with light
of longer wavelengths (561 and 642 nm) did not produce any effect (data not shown).
Interestingly, the production of cavitation bubbles was only observed for SiC layers
thicker than 25 nm, suggesting that this is the minimal thickness capable of absorbing
the required energy. By tuning the duration of excitation, we were able to control the
size of the cavitation bubble. At a setting of 39 pulses lasting 2.00 ms, we could create a
cavitation bubble with a diameter of ∼5 µm, whereas below 39 repetitions, no bubble
formation could be observed at the 50Hz imaging frame rate (Fig. 2.5B).

When we applied this setting our microtubule assay, we were able to sever the
microtubule with a laser power normally applied to photobleach fluorophores (Fig.
2.5C). Upon severing, both ends of the microtubule depolymerized (indicated by the
white arrows). Similarly, by exciting the surface at the location of a growing micro-
tubule tip, we could sever the plus end and initiate a catastrophe event.

2.5. SELECTIVE BARRIER FUNCTIONALIZATION
The design of the overhangs also enables selective functionalization of the barriers,
following the procedure as described in Taberner et al. 2014. In short, the SiC acts as a
photomask when the sample is irradiated with UV (Fig. 2.6A). First, the sample is pas-
sivated with PLL-PEG-biotin and subsequently irradiated. The PLL-PEG-biotin will be
cleaved from the surface at the exposed regions, but will remain intact underneath the
SiC overhang (Azioune et al., 2009). Washing of the sample with buffer and reapplying
a passivation layer of PLL-PEG without biotin will result in a fully passivated sample
with specifically biotinylated barriers. To verify the efficacy of the method with the
SiC overhangs, we followed te steps below to functionalize the barrier with Alexa-568
labelled streptavidin:

1. Clean the barrier sample with O2-plasma for 5 min at 200 mtorr.

2. Incubate the sample with 0.2 mg/ml of PLL-PEG-biotin(50%) (SuSoS AG, Switzer-
land) for 30 min. Store the sample in plastic bag and sonicate the bag for a few
seconds to disperse any air pockets trapped underneath the barriers.

3. Expose the sample to UV light with an Ozone cleaner (185 and 254 nm) for 10
min with the barriers facing upward.

4. Rinse the sample with MilliQ and blow dry with N2.

5. Assemble a flow cell with the barrier sample and a clean glass slide with double-
sided sticky tape.

6. Incubate the flow cell with 0.2 mg/ml of PLL-PEG (SuSoS AG, Switzerland) for 10
min.

7. Rinse the flow cell with MRB80 buffer.
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Figure 2.5: Laser-induced cavitation bubbles
(A) Widefield images of the production of a cavitation bubble in MilliQ through illumination of the SiC sur-
face with a focused confocal laser (2.4 mW). A spot was illuminated with 69 pulses lasting 3.50 ms.
(B) The size of the cavitation bubble can be controlled with the excitation duration. A clear transition can
be observed with our setup between 38 and 39 pulses, lasting respectively 1.95 and 2.00 ms. Below 39 repe-
titions the creation of a bubble cannot be observed at the imaging frame rate of 50Hz.
(C) Microtubules can be severed with an (unobservable) cavitation bubble produced with 38 sequential
pulses lasting 1.95 ms. The montage on the left shows severing of the microtubule lattice and on the right of
the microtubule plus-end in the presence of 15 µM tubulin (7% rhodamine-labelled) and 20 nM GFP-EB3 at
28 °C.

8. Incubate the flow cell with 0.5mg/ml of κ-casein (Sigma) for 10 min.

9. Rinse the flow cell with MRB80 buffer.

10. Incubate the flow cell with a 50 µM solution of Alexa Fluor 568 labelled strepta-
vidin (Invitrogen) and incubate for 10 min.

11. Rinse the flow cell with MRB80 and close the channel with vacuum grease.

Inspection of the barriers show that only the area underneath the barrier is homo-
geneously functionalized with Alexa-568 streptavidin (Fig. 2.6B).
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2.6. DISCUSSION
In this chapter we developed and optimized the fabrication of micron-sized barriers
designed to study the interaction of microtubules with a rigid object in vitro. Our main
ambition was to design a sample that can be fabricated relatively quickly, has a high
mechanical stability, requires no specialized passivation, and is compatible with TIRF
microscopy. Previous designs relied on gold to specifically functionalize the barriers
through thiol-chemistry (Romet-Lemonne et al., 2005) or used a combination of gold
and chromium to act as a photo-mask (Taberner et al., 2014). Although successful,
the drawback of these designs include a difficulty in passivating the gold surfaces, the
fragile nature of the overhangs, and the reflectivity of metals. By using SiC for the fab-
rication of overhangs, we are able resolve these difficulties.

We have shown that the application of amorphous SiC as a substrate for TIRF mi-
croscopy has little impact on the image quality when compared to glass. Two partic-
ular effects of SiC however require additional data treatment. First, the edge of the
overhang can produce an observable scattering signal (Fig. 2.3D (bottom)). By simply
increasing the width of the overhangs, the interference will not contribute to mea-
surements at the location of SiO2 barrier. The added interference can also be removed
through data treatment by subtracting the minimum background signal of each pixel.

Secondly, the ability of SiC to absorb 488 nm light can result in red-shifted lumi-
nescence. Simultaneous excitation of SiC with 488 nm light and light of a longer wave-
length, e.g. 561 and 642 nm, can therefore lead to an additional background signal in
the emission spectrum for these wavelengths. This effect depends on the thickness of
the layer and is mostly observed for the 250 nm barrier top layer and not noticeable for
the 10 nm layer. Thus, to optimize the fluorescent signal is it advised to image assays

UV

A B undercuts
10 µm
barrier

1.5 µm

Figure 2.6: Selective functionalization of barriers.
(A) Schematic depiction of selective barrier functionalization through UV exposure. The sample is exposed
to UV light after it has been functionalized with PLL-PEG-biotin. The PLL-PEG-biotin will be removed from
the surface that is exposed to UV, but will remain intact underneath the SiC overhangs. After UV exposure,
the sample is functionalized with PLL-PEG. This results in the specific biotinylation of the barriers.
(B) Verification of selective barrier functionalization. The brightfield reference image of the barriers shows
the width of the overhangs (left). TIRF image of barrier functionalized with PLL-PEG-biotin and Alexa568-
labelled streptavidin (right).
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containing multiple fluorescent probes sequentially and not simultaneously.
Although passivation of the SiC layer is of similar quality as SiO2, it is evident that

a surface charge can build up during exposure to 488 nm light. The negatively charged
microtubules are attracted to the surface and stabilized, resulting in a lower catas-
trophe frequency, higher rescue frequency, and a slower depolymerization speed. In-
creasing the salt concentration of the buffer solution shields these surface charges and
decreases the electrostatic interaction with the microtubules. Because the salt concen-
tration is not a freely adjustable parameter in our microtubule reconstitution assays,
we have opted to reduce the thickness of the bottom SiC layer. The minimal achievable
layer thickness without compromising the structural integrity and ensure the absence
of rescue events is 10 nm. This design is used in Chapter 4.

A secondary feature of SiC is the possibility to create cavitation bubbles. Without
the need for a specialized laser, we can use a 488 nm laser designed for FRAP exper-
iments to control the location and size of the bubbles and use them to sever micro-
tubules. It is not known whether the damage to the microtubules is caused by local
heating or by mechanical sheering. We make no further use of this property in this
thesis, but a possible application of this effect could be in the production of cavitation
bubbles to transfect individual cells (Lachaine et al., 2016; Rosenberg and Petrie, 2012;
Xiong et al., 2017).
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CLASP SUPPRESSES

MICROTUBULE CATASTROPHES

THROUGH A SINGLE TOG DOMAIN

Pipeteren kun je niet chagrijnig uitspreken.

Paulien Cornelisse

The dynamic instability of microtubules plays a key role in controlling their organiza-
tion and function, but the cellular mechanisms regulating this process are poorly un-
derstood. Here, we show that CLASPs suppress transitions from microtubule growth to
shortening, termed catastrophes, including those induced by microtubule-destabilizing
agents and physical barriers. Mammalian CLASPs encompass three TOG-like domains,
TOG1, TOG2 and TOG3, none of which bind to free tubulin. TOG2 is essential for catas-
trophe suppression, whereas TOG3 mildly enhances rescues but cannot suppress catas-
trophes. These functions are inhibited by the C-terminal domain of CLASP2, while
the TOG1 domain can release this autoinhibition. TOG2 fused to a positively charged
microtubule-binding peptide autonomously accumulates at growing but not shrinking
ends, suppresses catastrophes and stimulates rescues. CLASPs suppress catastrophes by
stabilizing growing microtubule ends, including incomplete ones, preventing their de-
polymerization and promoting their recovery into complete tubes. TOG2 domain is the
key determinant of these activities.

This chapter has been published as CLASP suppresses microtubule catastrophes through a single TOG do-
main, Amol Aher, Maurits Kok, Ashwani Sharma, Ankit Rai, Natacha Olieric, Ruddi Rodriguez-Garcia,
Eugene A. Katrukha, Tobias Weinert, Vincent Olieric, Lukas C. Kapitein, Michel O. Steinmetz, Marileen
Dogterom, and Anna Akhmanova, Dev Cell 2018, 46(1), 40-58.e8. https://doi.org/10.1016/j.devcel.
2018.05.032. Maurits Kok contributed to determining the effect of CLASP on force-induced catastrophes.
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3.1. INTRODUCTION
Microtubules (MTs) are dynamic cytoskeletal polymers composed of tubulin dimers,
which attach to each other in a head-to-tail fashion to form protofilaments that inter-
act laterally to form a hollow tube (Desai and Mitchison, 1997). MTs can alternate be-
tween phases of growth, shortening and pause, and numerous cellular factors regulate
these transitions (Akhmanova and Steinmetz, 2015; Mimori-Kiyosue, 2011). Switching
to MT depolymerization, termed catastrophe, can be induced by intrinsic MT proper-
ties, such as fluctuations in the size of the protective GTP cap (Brouhard, 2015; Howard
and Hyman, 2009). When MTs are grown in vitro in a system without boundaries, the
catastrophe frequency increases with MT age (Gardner et al., 2011). Recent work sug-
gested that this behaviour could be explained by MT end tapering, which would affect
tubulin binding/unbinding kinetics (Coombes et al., 2013) or the density of the protec-
tive cap close to the microtubule end (Duellberg et al., 2016). Furthermore, MT catas-
trophes can be induced by MT depolymerases that can cause protofilament peeling, by
encounter with obstacles that block protofilament elongation or by MT-destabilizing
agents that can induce structural defects at MT tips (Akhmanova and Steinmetz, 2015;
Gardner et al., 2011). Interestingly, blocking just one MT protofilament at the growing
MT end can disrupt growth and induce a catastrophe (Doodhi et al., 2016), but it is un-
clear how severe the accompanying aberrations in MT structure can be, and whether
and how they can be repaired.

Cytoplasmic linker associated proteins (CLASPs) are excellent candidates to pro-
mote MT growth because they are well known to increase MT abundance and stability
in mitosis and interphase. Mammalian CLASPs are essential for proper spindle MT
dynamics and MT polymerization near kinetochores (Maiato et al., 2003; Maiato et al.,
2005), and the depletion of CLASPs leads to severe spindle defects (Maiato et al., 2003).
CLASP homologues stabilize overlapping MTs in mitotic spindles of fission yeast (Brat-
man and Chang, 2007) and induce MT pausing in Drosophila S2 cells (Sousa et al.,
2007). In worms, CLASPs are required for the assembly of the central spindle in em-
bryos (Maton et al., 2015) and suppress catastrophes in muscle cells (Lacroix et al.,
2014). In plants, CLASPs inhibit catastrophes when MTs grow around sharp cell edges
(Ambrose et al., 2011). In migrating mammalian cells, CLASPs stimulate MT rescues
(switches from shrinkage to growth) at leading cell edges in 2D (Mimori-Kiyosue et al.,
2005) and inhibit catastrophes at the tips of mesenchymal cell protrusions in a 3D ma-
trix (Bouchet et al., 2016). Moreover, CLASPs can promote γ-tubulin-dependent MT
nucleation at the Golgi (Efimov et al., 2007).

The ability of CLASPs to induce MT rescues, inhibit catastrophes and induce paus-
ing has been reconstituted in vitro (Al-Bassam et al., 2010; Moriwaki and Goshima,
2016; Yu et al., 2016). Different CLASP homologues contain two or three TOG-like do-
mains, protein modules known to bind to free tubulin, and it has been proposed that
CLASPs act like MT polymerases by promoting the recruitment of tubulin dimers (Al-
Bassam et al., 2010; Yu et al., 2016). However, unlike the TOG-domain containing MT
polymerases of the XMAP215/ch-TOG family, CLASPs do not accelerate MT growth but
either slow it down or do not affect it (Lawrence et al., 2018; Moriwaki and Goshima,
2016; Yu et al., 2016), and the known structures of CLASP TOG-like domains are in-
compatible with binding to free tubulin due to their highly convex architecture (Leano
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et al., 2013; Maki et al., 2015). Alternatively, it was proposed that CLASPs might affect
MTs by binding to highly curved protofilaments at MT ends (Maki et al., 2015), but this
has not been directly tested. The mechanisms by which CLASPs stabilize MT growth
and prevent depolymerization thus remain unresolved.

Here, by using in vitro MT dynamics assays, we show that CLASPs potently sup-
press MT catastrophes that occur spontaneously or are induced by MT-destabilizing
agents and physical barriers and promote templated MT nucleation. We demonstrate
that a single TOG-like domain of CLASP2, TOG2, which does not bind to free tubulin,
is sufficient to induce rescues and, when targeted to MT plus ends, suppress catastro-
phes. Another TOG-like CLASP2 domain, TOG3, can promote rescues but does not
inhibit catastrophes. The additional folded domains present in CLASPs do not bind
to free tubulin or MTs but rather have autoregulatory and partner-binding functions.
Furthermore, we show that CLASP2 stabilizes incomplete MT structures at the plus
ends thereby enabling their restoration to promote processive MT growth. We find
that TOG2 is essential and, when recruited to the MT plus end, sufficient for these
functions. When tethered to MTs through a positively charged peptide, TOG2 au-
tonomously accumulates at the growing but not depolymerizing MT ends and is en-
riched in a region behind the outmost tip that likely overlaps with the GTP (or GDP-Pi)
cap. Taken together, our data suggest that TOG2 acts by preventing the loss of the sta-
bilizing cap associated with MT growth.

3.2. RESULTS

3.2.1. A COMPLEX OF CLASP2α AND EB3 SUPPRESSES CATASTROPHES

AND PROMOTES TEMPLATED MT NUCLEATION

To investigate the impact of CLASP2α on MT dynamics, we purified it from HEK293T
cells (Fig. S3.1A) and analyzed its activity using an in vitro reconstitution assay (Biel-
ing et al., 2007; Doodhi et al., 2016), in which MT growth from GMPCPP-stabilized
seeds is observed by Total Internal Reflection Fluorescence microscopy (TIRFM). In
the presence of tubulin alone, full length GFP-tagged CLASP2α showed some binding
to MT lattices and a very weak enrichment at MT tips (Fig. 3.1A,B). However, when
mCherry-EB3 was included in the assay, CLASP2α strongly accumulated at MT plus
ends (Fig. 3.1A,C). MT tip recruitment of CLASP2α was abrogated by mutating the Ile
and Pro residues of the two tandemly arranged SxIP motifs in the middle of the pro-
tein to asparagines (IPNN mutant) or by removal of the acidic tail of EB3 (EB3ΔTail),
as these polypeptide sequences are essential for the binding between CLASP2 and EBs
(Honnappa et al., 2009) (Fig. 3.1D,E and S3.1A).

Analysis of MT dynamics showed that 30 nM CLASP2α had a mild inhibitory ef-
fect on the MT growth rate both with (1.6 fold reduction) and without EB3 (1.4 fold
reduction) (Fig. 3.1F). Strikingly, when recruited to MT tips by EB3, CLASP2α almost
completely suppressed catastrophes (Fig. 3.1C,F). CLASP1α, the CLASP2α paralogue
that shares a very similar domain organization, displayed a very similar activity (Fig.
3.1F and Fig. S3.1A,B). Catastrophe suppression was not observed when EB3 was ab-
sent or when the binding between CLASP2α and EB3 was abolished (Fig. 3.1B-F).
We next attempted to compensate for the lack of interaction between CLASP2α and
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EB3 by increasing the concentration of CLASP2α from 30 to 300 nM in the presence
of EB3ΔTail, but found that this was insufficient to achieve the same MT tip accu-
mulation of CLASP2α as observed with 30 nM CLASP2α in the presence of full length
EB3 (Fig. S3.1C,D). Consistently, we observed no complete catastrophe suppression
in these conditions (Fig. 3.1F). Furthermore, we observed a CLASP2α-dependent in-
crease in MT rescues, which did not strictly require CLASP2α accumulation at MT
tips, but which was more pronounced when EB3 was present and could interact with
CLASPs (Fig. 3.1B-F). We conclude that CLASPs potently suppress catastrophes when
concentrated on MT tips by EB3, and promote rescues in a manner that does not
strictly depend on EBs.

To get a better insight into how CLASPs suppress catastrophes, we examined the
dynamics of growing MT tips in more detail. By fitting MT fluorescence intensity pro-
files to the error function to determine the MT tip position with sub-pixel precision, we
found that the length variability for MTs grown in the presence of EB3 and CLASP2α
was significantly lower than with EB3 alone (Fig. 3.1G,H and Fig. S3.1E,F). These

Figure 3.1 (following page): CLASP2α promotes processive MT polymerization and MT outgrowth from a
template.
(A) A scheme of CLASP and EB domain organization and CLASP-EB interaction.
(B-E) Kymographs of MT plus end growth with rhodamine-tubulin alone or together with 30 nM GFP-
CLASP2α (B), 20 nM mCherry-EB3 alone or together with 30 nM GFP-CLASP2α (C), 20 nM mCherry-EB3 and
30 nM GFP-CLASP2αIPNN (D) and 20 nM mCherry-EB3ΔTail alone or together with 30 nM GFP-CLASP2α
(E). Plots of fluorescence intensity ratio of CLASP2α at the growing MT plus end and MT lattice are shown
on the right, n=27 (B), 26 (C), 25 (D) and 30 (E). Scale bars: 2 µm (horizontal) and 60 s (vertical).
(F) Parameters of MT plus end dynamics in the presence of rhodamine-tubulin alone or together with 20
nM mCherry-EB3 or together with 20 nM mCherry-EB3ΔTail in combination with the indicated CLASP
constructs at 30 nM or 300 nM as indicated. Number of growth events analyzed: for tubulin alone,
n=135, tubulin with GFP-CLASP2α, n=134, mCherry-EB3 alone, n= 207, mCherry-EB3 with GFP-CLASP1α,
n=110, mCherry-EB3 with GFP-CLASP2α, n=110, mCherry-EB3 with GFP-CLASP2αIPNN, n=182, mCherry-
EB3ΔTail, n=182, mCherry-EB3ΔTail and GFP-CLASP2α, n=174, mCherry-EB3ΔTail and 300 nM GFP-
CLASP2α, n=128. Error bars represent SEM.
(G,H) Average of the mean squared displacement (MSD) of MT length increments, plotted over time (G) and
the values of the diffusion constant Dp, obtained from fits of the MSD curves (H). Data are shown for MTs
grown either in the presence of EB3 alone or together with 30 nM of CLASP2α. The average diffusion con-
stant of 506 ± 41 nm2/s for control and 316 ± 25 nm2/s in presence of CLASP2α were estimated from fits to
the data (red line). Each dot in (H) represents the diffusion constant estimated for an individual MT growth
event; control (n = 183), CLASP2α (n = 88).
(I,J) Schematic of the MT outgrowth assay and plot of the fraction of the total GMPCPP seeds that show MT
outgrowth in 15 minutes at increasing tubulin concentrations with tubulin alone (black) or together with
GFP-EB3 (200 nM) (orange) or together with GFP-CLASP2α (100 nM) (green) or together with GFP-EB3 (200
nM) and GFP-CLASP2α (100 nM) (brown). For increasing tubulin concentrations in case of tubulin alone,
n= 92, 96, 105, 82, 97, 87, 161, and 127 GMPCPP seeds respectively, for 200 nM GFP-EB3, n= 69, 73, 68, 77,
80, 83, 106 and 96 GMPCPP seeds respectively, for 100 nM GFP-CLASP2α, n= 119, 122, 118, 119, 145, 110,
119 and 115 GMPCPP seeds respectively and for 200 nM GFP-EB3 together with 100 nM GFP-CLASP2α, n=
107, 54, 85, 88, 70, 87, 85 and 70 GMPCPP seeds respectively. Data are from 2 experiments. Error bars repre-
sent SD. Solid lines indicate the sigmoidal equation fit to the data. Tubulin concentration for half-maximal
MT outgrowth for tubulin alone= 7.28 ± 0.08, for 200 nM GFP-EB3= 8.30 ± 0.11, for 100 nM GFP-CLASP2α =
5.35 ± 0.04, for 100 nM GFP-CLASP2α and 200 nM GFP-EB3= 1.28 ± 0.01. Hill slopes for the fits with tubulin
alone=5.99 ± 0.34, for EB3=6.53 ± 0.49, for CLASP2α=6.46 ± 0.31 and for CLASP2α and EB3=3.16 ± 0.07. For
all plots, ****p<0.0001, ns, no significant difference with control, Mann-Whitney U test.
See also Figure S3.1.
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data indicate that CLASP2α promotes smooth MT extension by preventing transient
episodes of MT tip shortening, suggesting that in the presence of CLASP2α MT plus
ends are more stable.

It has been shown that factors that destabilize MT tips, like MT depolymerizing ki-
nesin-13 MCAK, suppress MT outgrowth from templates, such as stable MT seeds or
centrosomes, whereas catastrophe-suppressing factors promote MT outgrowth, an ef-
fect that becomes particularly obvious at low tubulin concentrations (Wieczorek et al.,
2015). We performed similar assays in which we looked at MT outgrowth from GMP-
CPP seeds and found that EB3 mildly inhibited MT outgrowth, while CLASP2α alone
mildly increased the MT outgrowth frequency (Fig. 3.1I,J and Fig. S3.1G). When com-
bined, CLASP2α and EB3 dramatically increased MT outgrowth from GMPCPP seeds,
strongly lowering its kinetic threshold: half maximal MT outgrowth was observed at
a tubulin concentration that was almost 6 fold lower than in the presence of tubulin
alone (Fig. 3.1J and Fig. S3.1G). These results support the notion that CLASP2α in
complex with EB3 potently promotes formation of stably growing MT plus ends.

Figure 3.2 (following page): The second TOG-like domain of CLASP2α is necessary and sufficient for catas-
trophe suppression.
(A) A scheme of different CLASP2 constructs used. Processive MT growth is the condition in which no catas-
trophes were observed within 10 min in the assay with 20 nM mCherry-EB3.
(B) Representative kymographs showing MT plus end growth in the presence of 20 nM mCherry-EB3 and
GFP-fusions of the indicated fusion proteins. EB3-CH domain fusion was used at 100 nM, all the other pro-
teins at 30 nM. Scale bars: 2 µm (horizontal) and 60 s (vertical).
(C) Parameters of MT plus end dynamics in the presence of 20 nM mCherry-EB3 alone or together with the
indicated GFP-fusion proteins. Protein concentrations were as in (B). Number of growth events analyzed: for
mCherry-EB3 alone, n=207, together with GFP-CLASP2α, n=110, with TOG12-S, n=110, with S-TOG3-CLIP-
ID, n=117, with S-TOG3, n= 70, with S-CLIP-ID, n=136, with L-TOG2-S, n=110, with ΔTOG2, n=154, with
L-TOG2-S W339E, n=118, with chTOG-TOG1-S, n= 47, with chTOG-TOG2-S, n= 78 and for TOG2-EB3CH
alone, n= 110. Error bars represent SEM. For catastrophe frequency plots, *p<0.05, ***p<0.005, ****p<0.0001,
for rescue frequency plots, *p<0.05, **p<0.005, ****p<0.0001 and for growth rate plots, *p<0.05, ***p<0.005,
****p<0.0001 and ns, no significant difference with control, Mann-Whitney U test.
(D) Representative kymographs showing MT plus end dynamics in the presence of 20 nM mCherry-EB3 and
5 µM of the indicated TOG domains from CLASP2α or Stu2. Scale bars: 2 µm (horizontal) and 60 s (vertical).
(E,F) MT plus end rescue and catastrophe frequencies in the presence of 20 nM mCherry-EB3 alone (n=207)
or together with 5 µM of CLASP2α TOG1 (n=61) or TOG2 (n=100) or with Stu2-TOG1 (n=146). Error bars
represent SEM. For all plots, *p<0.05, ****p<0.0001 and ns, no significant difference with control, Mann-
Whitney U test.
(G) Plot of the fraction of the total GMPCPP seeds that show MT outgrowth at increasing tubulin concen-
trations with tubulin alone (black curve) or GFP-EB3 (200nM) together with either GFP-TOG3-S (100nM)
(blue) or TOG2-S (100nM) (purple). For increasing tubulin concentrations in case of tubulin alone, n= 92,
96, 105, 82, 97, 87, 161, and 127 GMPCPP seeds respectively, for GFP-TOG3-S, n=61, 52, 53, 56, 71, 59, 61
and 88 GMPCPP seeds respectively and for GFP-TOG2-S, n= 70, 64, 50, 50, 55, 66, 63 and 63 GMPCPP seeds
respectively. Data are from 2 experiments. Error bars represent SD. Solid lines indicate the sigmoidal equa-
tion fit to the data. Tubulin concentration for half-maximal MT outgrowth for tubulin alone= 7.28 ± 0.08,
for GFP-TOG2-S with GFP-EB3= 3.29 ± 0.07 and for GFP-TOG3-S with GFP-EB3 = 5.54 ± 0.32. Hill slope for
the fits with tubulin alone=5.99 ± 0.34, for GFP-TOG2-S with GFP-EB3= 3.56 ± 0.21 and for GFP-TOG3-S with
GFP-EB3= 4.59 ± 1.11.
See also Figure S3.2.
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3.2.2. A SINGLE MT-TIP TARGETED TOG-LIKE DOMAIN OF CLASP2α IS

SUFFICIENT TO SUPPRESS CATASTROPHES

CLASP1α and 2α consist of three TOG-like domains (termed TOG1, 2 and 3) and a C-
terminal domain responsible for interactions with CLIP-170 and other partners, CLIP-
Interacting Domain (CLIP-ID) (Akhmanova et al., 2001; Al-Bassam and Chang, 2011)
(Fig. 3.1A). By targeting single CLASP2α domains or their different combinations to
MT tips and lattices using a positively charged SxIP containing peptide of CLASP2
(termed “S” in different abbreviations, Fig. 3.2A), we found that TOG2 was necessary
and sufficient to suppress catastrophes (Fig. 3.2A-C and Fig. S3.2A). Catastrophe sup-
pression was not dependent on the linker region preceding TOG2 but was abrogated
when the conserved residues in TOG2, W339, R462 and R504, corresponding to the
residues which contribute to MT binding in CLASP1 and to tubulin binding in the
XMAP215/ch-TOG family proteins (Leano et al., 2013), were individually mutated to
glutamates (Fig. 3.2A-C and Fig. S3.2A,B). The catastrophe-suppressing properties of
CLASP2 TOG2 are unique, because TOG1, TOG3 and CLIP-ID domains of CLASP2 or
either of the first two TOG domains of ch-TOG had no effect on MT growth proces-
sivity when targeted to MT tips individually by an SxIP peptide (Fig. 3.2A-C and Fig.
S3.2A,B). TOG3 had no effect on catastrophes irrespective of whether it was fused to
the N- or the C-terminus of the SxIP peptide (S-TOG3 or TOG3-S, Fig. 3.2A-C and Fig.
S3.2A,B).

A direct fusion of the CLASP2 TOG2 to the MT tip-binding calponin homology (CH)
domain of EB3 (GFP-TOG2-EB3CH) was sufficient to promote processive MT growth
(Fig. 3.2A-C and Fig. S3.2A,C). We note that at low (<100 nM) concentrations, this

Figure 3.3 (following page): The C-terminal CLIP-interacting domain of CLASP2α shows auto-inhibitory
activity that is relieved by the first TOG-like domain or by CLIP-170.
(A) A scheme of the CLASP-CLIP-170 interaction.
(B) A scheme of the different CLASP and CLIP-170 constructs used. Conditions showing processive MT
growth in the presence of 20 nM mCherry-EB3 are indicated based on (C).
(C) Parameters of MT plus end dynamics in the presence of 20 nM mCherry-EB3 and the indicated con-
structs. Number of growth events: for mCherry-EB3 together with GFP-CLASP2α, n=110, with TOG2-S-
TOG3, n=62, with TOG2-S-CLIP-ID, n=101, with ΔTOG1, n=141, with TOG1TOG2-S-CLIP-ID, n=116, for
mCherry-EB3 and SxIPMACF-CCCLIP170 alone n=117, and together with TOG2-S-CLIP-ID, n=72, with
ΔTOG1, n=50. Error bars represent SEM.
(D) Representative kymographs showing MT plus end dynamics in the presence of 20 nM mCherry-EB3 to-
gether with the indicated fusion proteins. Scale bars: 2 µm (horizontal) and 60 s (vertical).
(E) Parameters of MT plus end dynamics in the presence of 20 nM mCherry-EB3 with 30 nM TOG2-S alone
(n=62) or together with 500 nM CLIP-ID (n=96) or with CLIP-ID alone (n=115). n= number of growth events.
Error bars represent SEM.
(F) Superposition of the structure of hsCLASP2-TOG1 (in green, PDB 5NR4) and scStu2-TOG1 in complex
with tubulin (in orange, PDB 4FFB) at the β-tubulin binding interface. The scStu2-TOG1 residues located
in the two first HEAT repeats (HRA and HRB) and which are involved in tubulin binding, and the equivalent
hsCLASP2-TOG1 residues are indicated.
(G)Model for regulation of CLASP activity. CLIP-interacting domain inhibits the catastrophe suppressing
activity of TOG2. In the context of the full-length CLASP2α, this auto-inhibition is relieved by the presence
of TOG1, whereas in CLASP2 isoforms like CLASP2γ, which lack TOG1, the auto-inhibition is relieved by
engaging CLIP-ID with the CLIP-170 coiled coil domain.
For all plots, ***p<0.005, ****p<0.0001 and ns, no significant difference with control, Mann-Whitney U test.
See also Figure S3.3.
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fusion was less potent than the combination of TOG2-S and EB3 (Fig. S3.2C), likely
because it is monomeric and has a lower MT tip affinity than the full length EB3, which
is a dimer (Sen et al., 2013). Importantly, unlike the other proteins used in this study,
which were purified from HEK293T cells, the GFP-TOG2-EB3CH protein was purified
from bacteria, excluding possible contamination with MT regulators as a source of
catastrophe-inhibiting activity (Fig. 3.2A-C and Fig. S3.2A,C).

MT tip-targeted TOG2 had little impact on the MT growth rate (Fig. 3.2C), while a
TOG1-TOG2-S fusion reduced the MT growth rate similar to the full length CLASP2α
(1.6-fold), suggesting that this effect might be caused by TOG1 or the TOG1-TOG2
combination (Fig. 3.2C). The S-TOG3 fusion led to a ∼8-fold increase in the rescue fre-
quency (from 0.14 ± 0.13 min-1 with EB3 alone to 1.17 ± 0.08 min-1 for S-TOG3 fusion
combined with EB3). This effect was suppressed when the C-terminal CLIP-ID do-
main was also included, leading to a 3.5 fold reduction in the rescue frequency (from
1.17 ± 0.08 min-1 with S-TOG3, to 0.34 ± 0.13 min-1 for S-TOG3-CLIP-ID fusion, both
with EB3) (Fig. 3.2A-C, and see below). Strikingly, for all constructs containing TOG2,
the depolymerization events became extremely short, leading to a dramatic increase
in rescue frequency; we note, however, that the number of observed rescues was low
due to extremely low catastrophe frequency.

We next investigated the activity of TOG2 without the EB3- and MT lattice-binding
SxIP peptide and found that while it had little effect at nanomolar concentrations, at a
concentration of 5 µM, it increased the rescue frequency approximately 14-fold (from
0.14 ± 0.13 min-1 with EB3 alone to 1.95 ± 0.10 min-1 for TOG2 combined with EB3). In
contrast, the TOG1 domain of CLASP2 or the tubulin-binding TOG domain of the yeast
ch-TOG homologue, Stu2, did not show such an effect (Fig. 3.2D-F and Fig. S3.2A).
The Stu2-TOG1 but not the TOG-like domains of CLASP2 somewhat reduced the MT
growth rate, likely by sequestering tubulin dimers (Fig. 3.2D-F and Fig. S3.2D). Fur-
thermore, both TOG2-S and TOG3-S in combination with EB3 individually lowered
the kinetic threshold for MT outgrowth from GMPCPP seeds (Fig. 3.2G), but the effect
was milder than with the full-length protein (Fig. 3.2J).

Previous analyses of the TOG2 and TOG3 domains of CLASP2 showed that they
interact with tubulin ring-like oligomers but have only a low affinity for MT lattices
(Maki et al., 2015). We confirmed that the binding of TOG2 and TOG3 to stabilized
MTs was weak, while TOG1 and CLIP-ID did not bind to MTs at all, and none of these
domains interacted with free tubulin (Fig. S3.2E-I). Together, these results show that
TOG2 can potently regulate MT plus end dynamics when targeted to MT plus ends and
has an intrinsic rescue activity, although it does not bind to free tubulin. The two latter
properties make it distinct from the TOG domains of XMAP215/ch-TOG family of MT
polymerases.

3.2.3. AUTOREGULATORY INTERACTIONS WITHIN CLASP2α
As mentioned above, TOG1 of CLASP2αdoes not bind to free tubulin or MTs. Strikingly,
the deletion of this domain (which converted CLASP2α to the equivalent of the natu-
rally occurring splice isoform CLASP2γ), strongly diminished the ability of CLASP2 to
suppress catastrophes, in agreement with a previous publication (Yu et al., 2016) (Fig.
3.3A-D). This was surprising, as the TOG2 domain sufficient for catastrophe suppres-
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sion was fully retained in this mutant. Further deletion mapping showed that the pres-
ence of CLIP-ID counteracted catastrophe inhibition by TOG2, just as it suppressed
MT rescue by CLASP2-TOG3 (Fig. 3.2A-C, 3.3A-D, S3.2A,B and 3.3A,B). An excess (500
nM) of purified CLIP-ID could reduce the catastrophe-suppressing activity of MT plus
end-targeted TOG2, while by itself this protein had little effect on MT dynamics (Fig.
3.3E and S3.3C).

To explain these results, we hypothesized that CLIP-ID has an autoinhibitory ac-
tivity that can be relieved by TOG1. If this were the case, then the binding to partners
might release the CLIP-ID-induced inhibition of constructs lacking TOG1. To test this
idea, we targeted the CLASP binding coiled-coil domain of CLIP-170 (Fig. 3.3A) to MT
tips by fusing it to the EB-binding SxIP motif of MACF2 (Honnappa et al., 2009) (Fig.
3.3B). Addition of this construct potently increased the anti-catastrophe activity of all
TOG2-containing CLASP2 constructs that lacked TOG1 but contained CLIP-ID (Fig.
3.3A-D and S3.3B). These results suggest that CLIP-ID, when it is not bound to part-
ners such as CLIP-170, has an inhibitory effect on TOG2, and possibly also on TOG3
(Fig. 3.2C), while TOG1 can relieve this inhibition.

In order to understand why TOG1 does not bind to free tubulin, we solved its
structure by X-ray crystallography. The structure of TOG1 showed a conserved TOG-
domain fold, but also demonstrated that the conserved residues required for tubulin
interaction are lacking (Fig. 3.3F and S3.3E). This explains why TOG1 does not bind to
either free tubulin or MTs (Fig. S3.2E,F). We also checked whether TOG1 could bind
to alternative tubulin structures, such as tubulin rings induced by dolastatin or vin-
blastine, but found this not to be the case (Fig. S3.3D). Thus, in contrast to a previ-
ous publication suggesting that the ability of TOG1 to bind free tubulin is required for
CLASP activity (Yu et al., 2016), we establish that TOG1 has an autoregulatory func-
tion (Fig. 3.3G). We note that we were unable to detect direct interactions between
isolated TOG2 and TOG1 or CLIP-ID by biophysical methods (Fig. S3.3F-I), which is
not surprising because autoregulatory interactions within proteins are often weak and
difficult to detect using isolated protein fragments. Based on these data, we propose
that the TOG1-containing CLASP1/2α isoforms are constitutively active whereas the
CLASP2β/γ isoforms, which lack TOG1 (Akhmanova et al., 2001), require partners in-
teracting with CLIP-ID for their optimal activity.

3.2.4. CLASP2α SUPPRESSES CATASTROPHES INDUCED BY

MT-DEPOLYMERIZING AGENTS

The data described above revealed that CLASPs suppress spontaneous catastrophes.
However, in cells catastrophes are often induced by MT-destabilizing factors (Gard-
ner et al., 2013). To test if CLASPs can counteract the action of such factors, we first
tested the effect of MT depolymerizing drugs such as colchicine and vinblastine, which
perturb MT plus end structure and induce catastrophes in the presence of EBs (Mo-
han et al., 2013). We found that CLASP2α indeed promoted longer MT polymeriza-
tion events at drug concentrations that strongly inhibited MT growth (Fig. 3.4A,C and
S3.4A). Similarly, CLASP2α counteracted the activity of MCAK, a MT depolymerase
that induces protofilament curling, even when the latter was added at a concentration
that, in the absence of CLASP2α, was sufficient to completely block MT outgrowth and
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cause depolymerization of MT seeds (Fig. 3.4B,C and S3.4B). The minimal catastrophe-
suppressing module TOG2-S could also counteract the catastrophe-inducing action of
colchicine and promoted MT growth in the presence of MCAK, and was even more ef-
fective than full length CLASP2α (Fig. 3.4A-C).

We next tested whether CLASPs can protect MTs from drug-induced catastrophes
in cells. Simultaneous depletion of CLASP1 and CLASP2 in cells stably expressing EB3-
GFP led to a mild increase in the MT catastrophe frequency in internal cell regions and
resulted in more frequent catastrophes in cells treated with colchicine (Fig. 3.4D,E).
Importantly, the expression of MT tip-targeted TOG1-TOG2-S and TOG2-S fusions,
but not of TOG1-S or the mutated version of TOG2-S, caused a mild catastrophe in-
hibition in control cells and strongly suppressed catastrophes in colchicine-treated
cells (Fig. 3.4F,G and S3.4C,D). These data show that the TOG2 domain potently coun-
teracts catastrophes induced by agents that perturb the MT end structure in different
ways both in vitro and in cells.

3.2.5. CLASP2α SUPPRESSES FORCE-INDUCED CATASTROPHES

Next, we investigated whether CLASP2α is capable of suppressing catastrophes in-
duced by compressive forces. It was previously shown that when a growing MT poly-
merizes against a solid barrier, the ensuing compressive force can advance the onset
of a catastrophe (Janson et al., 2003). We used micro-fabricated barriers composed of
SiO2 etched on a glass coverslip (Kalisch et al., 2011). This fabrication process resulted
in 1.7 µm high barriers enclosing 15 µm wide channels (Fig. 3.5A). MTs were allowed

Figure 3.4 (following page): CLASP2α suppresses catastrophes induced by MT destabilizing agents in vitro
and in cells.
(A) Kymographs showing MT plus end dynamics in the presence of rhodamine-tubulin alone or with 20 nM
mCherry-EB3 or in the presence of 100 nM colchicine with 20 nM mCherry-EB3 alone or together with 30
nM GFP-CLASP2α. Scale bars: 2 µm (horizontal) and 60 s (vertical).
(B) Kymographs showing MT plus end depolymerization in the presence of 20 nM mCherry-EB3 and 10 nM
GFP-MCAK, or plus end growth dynamics when 30 nM GFP-CLASP2α or GFP-TOG2-S are added. Scale bars:
2 µm (horizontal) and 60 s (vertical).
(C) Parameters of MT plus end dynamics in the presence of the indicated of proteins, with or without 100 nM
colchicine. Number of growth events analyzed: for rhodamine-tubulin alone, n=135, with colchicine, n=110,
with colchicine and GFP-CLASP2α, n=68, for mCherry-EB3 alone, n=207, for mCherry-EB3 with colchicine,
n=228, for mCherry-EB3 with Colchicine and GFP-CLASP2α, n=136 and for mCherry-EB3 with colchicine
and GFP-TOG2-S, n=241. For mCherry-EB3 with GFP-MCAK and GFP-CLASP2, n=144 and for mCherry-EB3
together with GFP-MCAK and GFP-TOG2-S, n=227. Error bars represent SEM.
(D) Still images of MDA-MB-231 cells stably expressing EB3-GFP and kymographs showing MT plus end
growth in control or CLASP1 and CLASP2 depleted cells alone or together with 100 nM colchicine. Scale bar:
5 µm (cell images), 2 µm (horizontal) and 60 s (vertical) (for kymographs).
(E) MT plus end catastrophe frequency and growth rates in MDA-MB-231 cells stably expressing EB3-GFP
after transfection either with control or CLASP1 and CLASP2 siRNAs, untreated or treated with 100 nM
colchicine. Number of growth events from left to right, n=56, 53, 106, and 123. Error bars represent SEM.
(F) Kymographs showing MT plus end dynamics in COS-7 cells expressing the indicated GFP-fusions; cells
were untreated or treated with 250 nM Colchicine. Scale bars: 2 µm (horizontal) and 15 s (vertical).
(G)MT plus end catastrophe frequency in COS-7 cells shown in (F). Numbers of growth events from left to
right n=61, 61, 65, 64 and 57 (without colchicine) and with 250 nM colchicine, n=61, 65, 92, 47 and 70 (with
250 nM colchicine). Error bars represent SEM. For all plots, *p<0.05, ***p<0.005, ****p<0.0001 and ns, no
significant difference with control, Mann-Whitney U test. See also Figure S3.4.



3.2. RESULTS

3

51

**** 

EB3 EB3
CLASP2α
EB3

Colchicine 100nMA

Rh-tubulin

In vitro

G
Catastrophe Frequency

5

10

0

15

GFP-CLASP2 constructs

Colchicine 250nM

COS-7 cells

ev
en

ts
/m

in

T2-S(R462E)

F
GFP-CLASP2 constructs

S T1-T2-S T2-S(R462E)T2-ST1-S

Colchicine 250nM
S T1-T2-S T2-ST1-S

COS-7 cells

μm
/m

in

10
20

40

0

30

Catastrophe Frequency Growth Rate

5
10

20

0

15

25

ev
en

ts
/m

in

Colchicine 
100nM

E

Colchicine 
100nM

D

Control siCLASP1+2Control siCLASP1+2

MDA-MB-231 EB3-GFP cells

Control siCLASP1+2

E
B

3-
G

FP

Control siCLASP1+2

Colchicine 100nM

TOG2-S 
EB3

Catastrophe Frequency

Rescue Frequency

MCAK 
10nM

μm
/m

in
ev

en
ts

/m
in

ev
en

ts
/m

in

0.0

0.5

1.0

1.5

2

4

6

0

1

2

3

0

C

Colchicine 
100nM

Colchicine 
100nM

Growth Rate

In vitro

EB3 (20nM)

8

B
EB3
Rh-seed MCAK

MCAK
CLASP2α
EB3

MCAK
TOG2-S 
EB3

In vitro

Seed SeedSeed SeedSeed
E

B
3-

G
FP

ND

ND

ND

**** 

ns 

**** 

**** 

* 

**** 

**** 

**** 

**** 

ns 

ns 

ns 

**** 

ns 
**** **** 

**** 
**** 

ns 
**** 

**** 
**** 

**** 

**** 

**** 



3

52 CLASP SUPPRESSES MICROTUBULE CATASTROPHES

to grow from GMPCPP-stabilized seeds inside the channels and polymerize towards
the barriers from varying angles and distances. The interaction of the MT plus end
with the barrier gave rise to three different possible outcomes: sliding (bending and
growing along the barrier), stalling, and buckling (Fig. 3.5B). Stalling indicates that a
MT is unable to overcome the compressive force build-up during barrier contact and
therefore cannot continue polymerizing, but instead remains in a static contact with
the barrier until the onset of a catastrophe. Buckling occurs when a MT contacting the
barrier keeps growing while its end remains at the same position at the barrier (indica-
tive of a moderate compressive force).

In the absence of EB3 and CLASP2α, sliding behaviour predominated for all con-
tact angles due to the smooth surface of the barriers, while the addition of EB3 led to an
increase in stalling events, particularly when the seeds were perpendicular to the bar-
riers (Fig. 3.5B,C). The catastrophe frequency during contact in both cases was higher
for stalling than for sliding, and was particularly high for MTs stalled at barriers in the
presence of EB3, clearly showing that the MT plus end is less stable at high compressive
forces in these conditions (Fig. 3.5E). Strikingly, the addition of EB3 and CLASP2α re-
sulted in persistent MT growth almost devoid of observable catastrophes for all event
types (Fig. 3.5D). A few buckling events were observed in the presence of EB3 and
CLASP2α at almost perpendicular contact angles (Fig. 3.5D). During buckling, the MT
growth speed decreased compared to the growth speed prior to barrier contact, but
remained constant after an initial pausing phase (Fig. 3.5D). These data show that
CLASP2α can prevent destabilization of a growing MT tip during barrier contact even
at high compressive forces during buckling.

Figure 3.5 (following page): CLASP2α inhibits force-induced catastrophes in the presence of EB3.
(A) Scanning Electron Microscope images with cross-sectional and top-down view of the SiO2 barriers. The
cartoon illustrates the MT-barrier interaction of a seed-nucleated MT in the presence of MT tip-binding
proteins. Scale bars: 10 µm.
(B) Representative kymograph and three-frame averaged montages of the three types of events during MT-
barrier contact: stalling, sliding, and buckling. The location of the barrier is denoted by dashed white lines.
All experiments were performed at 30°C, with the following concentrations when present: tubulin (15 µM),
EB3 (20 nM), CLASP (30 nM). Scale bars: 10 µm.
(C) Probability of the event type during MT-barrier contact as a function of the contact angle, with 90° being
perpendicular to the barrier. The red hatched events ended with a catastrophe. Number of growth events
analyzed are indicated above each bin.
(D) MT growth during two buckling events. Vertical dotted lines indicate the start of a buckling event. The
first graph contains two buckling initiation events, as the MT tip slipped during the first event. MT growth
velocities are significantly lower during buckling compared to free growth.
(E) MT plus end catastrophe frequency during barrier contact for MTs sliding or stalling in the presence
of tubulin alone or together with 20 nM mCherry-EB3 alone or with 20 nM mCherry-EB3 and 30 nM GFP-
CLASP2α. For sliding events, n=88, 156 and 77 and for stalling events, n=23, 77 and 3 for MTs grown in
the presence of tubulin alone, together with mCherry-EB3 and with both mCherry-EB3 and GFP-CLASP2α.
Error bars represent SEM.
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3.2.6. TOG2 SHOWS PREFERENCE FOR A REGION LOCATED BEHIND THE

OUTMOST MT END

To get better insight into how TOG2 prevents catastrophes, we next examined the be-
haviour of this domain tethered to MTs by the positively charged SxIP peptide (TOG2-
S) and found that at concentrations between 200-400 nM, it showed enrichment at the
GMPCPP seeds and growing MT ends in the absence of EB3 (Fig. 3.6A), while the SxIP
peptide alone showed no autonomous MT tip enrichment ((Honnappa et al., 2009),
data not shown). A similar, albeit weaker MT tip enrichment was found in the presence
of EB3ΔTail, which does not bind to TOG2-S (Fig. S3.5A). In contrast, no TOG2-S accu-
mulation was present at depolymerizing ends, also when MT disassembly was induced
in the absence of free tubulin (Fig. 3.6B, Fig. S3.5B). At 200-400 nM, TOG2-S reduced
catastrophes, stimulated rescues and induced occasional pausing events, while the
MT growth rate was mildly reduced (Fig. 3.6C, Fig. S3.5C,D). TOG2-S-induced pauses
or periods of very slow growth with duration of up to ∼60 s were particularly obvious
in the presence of EB3ΔTail, as they were never observed with EB3 or EB3ΔTail alone.
Some weak EB3ΔTail accumulation at MT tips was present during such events (Fig.
S3.5D), suggesting that they maintain a short stabilizing cap (Maurer et al., 2012).

We next used high-resolution simultaneous dual-colour TIRFM imaging of GFP-
TOG2-S together with rhodamine-tubulin or mCherry-EB3ΔTail in combination with
automated data analysis with subpixel precision and convolved model fitting to extract
molecular density distributions of TOG2-S relative to the MT end and the EB3ΔTail
comet, following the procedures described previously (Maurer et al., 2014). For the fit-
ting, we modelled MT intensity as a step function, TOG2-S intensity as a combination
of a step function (lattice intensity) and a delta function (point peak accumulation),
and EB3ΔTail comet as an exponential decay function (Fig. 3.6D-F and S3.5E,F). Peak-
to-lattice ratios of fluorescence intensity of TOG2-S were higher for higher growth rates
(Fig. 3.6G): a clear peak of TOG2-S was visible for MTs growing faster than 1 µm/min,
but not at lower rates (Fig. 3.6H,I). Analysis of the averaged profiles indicated that the
TOG2-S peak, when detectable, was positioned ∼90 nm behind the MT end (Fig. 3.6J
and S3.5). Similar analysis of averaged profiles with EB3ΔTail showed that the TOG2-S
peak-to-lattice ratio was lower (Fig. S3.5G,H), and that TOG2-S peak was centered at
∼60 nm behind the EB3ΔTail peak (Fig. 3.6J,K and S3.5J).

Previous work showed that the stabilizing (GTP or GDP-Pi) MT cap detected with
EB1 as a marker starts at ∼20-90 nm behind the MT end and decays for 200-500 nm,
depending on the EB1 concentration and MT growth rate (Maurer et al., 2014). This
localization broadly fits with the position of TOG2-S peak detected here with tubu-
lin alone. However, simultaneous imaging of EB3ΔTail and TOG2-S showed that the
peaks of the two proteins do not coincide, but that the maximal accumulation of TOG2-
S was positioned at the rear of the EB3 comet (Fig. 3.6J,K) and the amplitude of this
accumulation was reduced compared to the assays with tubulin alone (Fig. S3.5G,H).
These findings can be explained by a combination of factors, such as the effect of
EB3ΔTail on the MT lattice structure or GTP hydrolysis (Maurer et al., 2014), or direct
competition between TOG2-S and EB3ΔTail. Taken together, these data indicate that
in the conditions used in our study, TOG2-S shows a preference for MT end sites en-
riched during rapid MT growth and located ∼10-12 tubulin layers behind the outmost
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end. This region likely represents a part of the MT stabilizing cap and not the strongly
curved protofilament ends that could be present at outmost MT extremities. In line
with this view, TOG2-S showed no accumulation at depolymerizing MT ends, and both
CLASP2α and TOG2-S did not slow down, but rather mildly increased MT depolymer-
ization rate (Fig. S3.5K,L), possibly because MT lattice polymerized in the presence of
CLASPs has different properties (Grimaldi et al., 2014). Consistently, a very recent pa-
per showed that CLASP2γmildly increased MT shrinkage rate (Lawrence et al., 2018).
Collectively, our data indicate that TOG2 acts to suppress MT catastrophes by binding
behind the outmost MT end before rapid MT depolymerization is initiated.

3.2.7. A FEW CLASP2αMONOMERS STABILIZE INCOMPLETE MT STRUC-
TURES

Next, we used single molecule analysis to investigate the number and the residence
time of CLASP2α molecules suppressing catastrophes. As published before (Drabek
et al., 2006), we found that mammalian CLASP2α is monomeric (Fig. S3.6A). The in-
teractions of CLASP2α and TOG2-S with MT tips and lattices in the presence of EB3
in our assays were very transient (Fig. S3.6B-D), with an average residence time at
MT tips of ∼0.2-0.3 s, similar to what was previously shown for other MT tip-tracking
proteins (Bieling et al., 2007; Montenegro Gouveia et al., 2010). We note that this res-
idence time was shorter than that recently described for CLASP2γ in the presence of
EB1 (Lawrence et al., 2018), possibly due to differences in the proteins used or assay
conditions.

By using single GFP-CLASP2α molecules immobilized in a separate chamber on
the same coverslip used for the MT dynamics assay, we estimated the number of
CLASP2αmolecules necessary for catastrophe suppression and rescue induction. Due
to the exponential decay of the TIRF field, the brightness of a molecule attached to
a MT compared to a molecule attached to the glass surface would be lower, but the
underestimate is in the range of 10% (van Riel et al., 2017). We found that one or two
transiently binding molecules were sufficient to induce rescues at 3 nM CLASP2α (Fig.
S3.6E,F). Rescues often occurred after a short event of CLASP2α tracking the depoly-
merizing MT end (Fig. S3.6E, white arrow). In contrast to the previous work on yeast
and Drosophila CLASPs (Al-Bassam et al., 2010; Moriwaki and Goshima, 2016), but
consistent with the work on mammalian CLASP2γ (Lawrence et al., 2018), rescues thus
did not require the accumulation of immobile CLASP2α clusters on the MT lattice. At
the MT tip, 4-7 CLASP2α molecules were typically present in conditions when catas-
trophes were fully suppressed (Fig. S3.6F). Together, these data indicate that a small
number of CLASP2αmolecules (fewer than 10) are sufficient to suppress catastrophes,
and even fewer CLASP2αmolecules can promote rescues.

Interestingly, the examination of kymographs of MT growth in the presence of
CLASPs or the MT tip-targeted TOG2 domain often revealed the presence of two EB3
comets on the same MT – events whereby a MT tip polymerization slowed down and
was subsequently restored by a “catching up” (a rear) EB3 comet that appeared behind
the growing tip and was moving more rapidly than the “leading” comet (Fig. 3.7A-
E). We termed such events as “tip repair” events. It has been previously shown that
such events could occasionally be observed with MTs grown in the presence of EB3,
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and that their frequency could be strongly increased by the protofilament-blocking
agent eribulin, indicating that they occur when some protofilaments in a MT tem-
porarily lag behind and then resume growth to “catch up” with the growing end (Doo-
dhi et al., 2016). In the presence of full-length CLASP2α, frequent and long tip repair
events were observed, with the duration often exceeding 60 s and the length of up to
3-4 µm (Fig. 3.7A,F and Fig. S3.7A,B). An increase in the frequency of tip repair events
was also observed at a high concentration (400 nM) of TOG2-S together with EB3ΔTail
(Fig. S3.7C,D). The idea that some protofilaments are missing from the MT end corre-
sponding to the “leading” comet was supported by the reduced intensity of CLASP2α
or TOG2-S bound to MT lattice in these regions (Fig. 3.7B and S3.7E) and by the obser-
vation that such ends were often bent or curled, suggesting the loss of the mechanical
integrity of the tube-like MT structure (Fig. 3.7G). Tip repair events that exhibited curl-
ing were also observed in cells (Fig. 3.7H), indicating that they are not an artefact of in
vitro reconstitution.

To test if the presence of two EB3 comets on the same MT is indeed caused by
stalling of a subset of the protofilaments, we collected data in the presence of TagBFP-

Figure 3.6 (following page): TOG2 domain shows preference for a region behind the outmost MT end.
(A) Kymographs, stills and fluorescence intensity profiles for GFP-TOG2-S at the indicated concentrations
(30 nM, 200 nM and 400 nM) in the presence of rhodamine-tubulin. Scale bars for stills: 1 µm. For kymos,
scale bar: 3 µm (horizontal) and 60 s (vertical).
(B) Stills and fluorescence intensity profiles for GFP-TOG2-S (30 nM) and rhodamine-tubulin for MTs as-
sembled in the presence of tubulin alone after tubulin washout, with the time after tubulin washout indi-
cated. Blue arrowheads indicate the depolymerizing MT ends. Scale bar: 2 microns
(C) Parameters of MT plus end dynamics in the presence of either rhodamine-tubulin alone (n=122) or in
combination with GFP-TOG2-S at 30 nM (n=91), 200 nM (n=109) and 400 nM (n=80). Error bars denote
SEM. For all plots, ***p<0.005, ****p<0.0001 and ns, no significant difference with control, Mann-Whitney U
test.
(D) Example kymograph of GFP-TOG2-S (400 nM) (green channel) and rhodamine-tubulin (red channel)
with overlayed profiles fitting results. Cyan line marks fitted position and white line marks averaged posi-
tion of MT tip, derived from piecewise linear approximation. Green dots mark fitted position of TOG2-S
accumulation. The opacity of dots is proportional to the amplitude of the accumulation. Scale bars are 1
µm and 10 s.
(E) Example of an individual fitting of GFP-TOG2-S (400 nM) and rhodamine-tubulin fluorescence intensity
profiles. Blue dashed line corresponds to the lattice and black dashed line to the peak accumulation com-
ponents of overall TOG2-S fit function (shown with green dashed line).
(F) Density distribution of TOG2-S (400 nM) (peak and lattice component shown separately, green lines)
and MT lattice (red line) extracted from fitting shown in (E).
(G) Plot of the ratio of peak to lattice fluorescence intensity of GFP-TOG2S (400 nM) derived from fitting
versus average speed of growth. Ratios are averaged for segments of constant average speed growth (128
segments, 5997 time points, 13 kymographs). Error bars represent SEM.
(H-I) Normalized, aligned, resampled and averaged fluorescent intensity profiles of GFP-TOG2-S (400 nM)
and rhodamine-tubulin split based on average MT growth rate threshold value of 1 µm/min. Profiles were
first averaged per kymograph. Error bars represent SEM of second averaging among multiple kymographs
(13 kymographs, 3536 left + 2461 right = 5997 total time points).
(J-K) Mean values with SEM (J) and histograms (K) of distances between TOG2-S intensity peak accumula-
tion and the fitted position of MT tip (white bar, mean=92.9 nm, n=4586 fits) or the fitted peak of EB3ΔTail
(grey bar, mean=59.9 nm, n=1778 fits). Only the fits where TOG2-S tip to lattice intensity ratio was above 1
were included. ***p<0.0001, two-tailed Mann-Whitney test. In the histograms, 0 corresponds to the fitted
position of the MT end or EB3ΔTail peak.
See also Figure S3.5.
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CLASP2α, mCherry-EB3 and HiLyte488-labelled tubulin and analyzed MT intensity
profiles in the tubulin channel during comet splitting (Fig. 3.7I). As expected, the MT
intensity in the region between the leading and lagging comets was lower than the re-
gion behind the lagging comet (Fig. 3.7I, bottom panel). We considered two simple
models of MT tip “erosion”: a subset of N protofilaments could be shortened by a uni-
form value d from the growing tip, creating a sharp drop in intensity (Model A, Fig.
3.7J), or the erosion could be gradual, and we assumed that the lengths of the missing
parts of N protofilaments were distributed exponentially with a characteristic value d
(Model B, Fig. 3.7J). Using these models, we performed Monte-Carlo simulations of
the MT intensity, assuming that a MT has 13 protofilaments and that tubulin dimers
are labelled with a probability equal to the fraction of labeled tubulin in the reaction
(Fig. S3.7F-J, see Methods for details).

We analyzed two types of experimental data, the “control” situation with CLASP2α
and EB3, or the situation where the reaction was supplemented with 50 nM eribulin,
which increases the frequency of detectable tip repair events (Fig. 3.7F). For each con-
dition, experimental intensity profiles of tubulin were recorded at three time points:
before, during and after the tip repair event (Fig. 3.7K,L). The time point during tip
repair was selected at the moment when the distance between comets was approxi-
mately equal to 1 µm. For each model, the parameters N and d were varied in search of
values minimizing the residual between the experimental and theoretical profiles (Fig.
3.7M). Results for both "before" and "after" conditions were very similar and favoured
Model A (sharp drop) with N=10 missing protofilaments (or 3 protruding protofila-
ments) with a characteristic length d of 0.2-0.3 µm (Fig. 3.7K-M). For the "catching-
up" phases, the experimental profiles were better approximated by Model B (gradual)
with 9-10 missing protofilaments and a much longer erosion length d of 0.9-1.2 µm
(Fig. 3.7K-M). If the assumption of gradual tip erosion from Model B is correct, this
means that the rear EB3 comet intensity should gradually increase during the tip re-
pair event, as more protofilaments are joining it, and we found that this is indeed the
case (Fig. 3.7N). This increase was not due to the increasing velocity of the rear comet,
which could affect EB3 intensity (Fig. S3.7K), and these data thus support the results of
modelling. Taken together, our results show that a few monomeric CLASP2αmolecules
transiently associated with MT tips prevent the onset of a catastrophe at MT ends miss-
ing a number of protofilaments and promote restoration of the MT tip structure (Fig.
S3.7L).

3.3. DISCUSSION
CLASPs are among the most conserved regulators of MT dynamics, which are present
in animals, plants and fungi, where they can suppress catastrophes and induce rescues
(Bratman and Chang, 2007; Ruan and Wasteneys, 2014). CLASPs contain several TOG-
like domains, and we found that TOG2, targeted to MT tip, is necessary and sufficient
for catastrophe suppression. Importantly, TOG2 by itself does not interact with free
tubulin, and the same is true for the other folded CLASP domains. TOG2 also has only
a very weak affinity for MTs; however, it normally acts as a part of CLASP, which inter-
acts with MTs through unstructured positively charged regions and the TOG3 domain,
and is targeted to the MT end-stabilizing cap by the nucleotide-sensitive CH domain
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of EBs (Honnappa et al., 2009; Maurer et al., 2012). Interestingly, when tethered to
MTs by a positively charged peptide, TOG2 shows some autonomous preference for
the region overlapping with the stabilizing MT cap. These data suggest that the GTP-
hydrolysis-dependent MT-stabilizing region, located behind the outmost MT tip is the
actual site of the anti-catastrophe activity of TOG2. This view fits with our observa-
tions that CLASPs potently inhibit catastrophes irrespective of how they are initiated
at the MT tip – spontaneously, mechanically or by drugs that might create defects or
loss of individual protofilaments, or by a MT depolymerase that triggers protofilament
peeling. This idea is also in line with the fact that TOG2 or CLASP2α do not accelerate
MT polymerization: TOG2 shows no preference for the outmost microtubule end and
does not bind to free tubulin, and therefore does not share these two distinguishing
features of the MT polymerases of the XMAP215/ch-TOG family (Brouhard et al., 2008;
Maurer et al., 2014). Our data thus exclude the model that mammalian CLASPs act
like MT polymerases that recruit tubulin dimers to MTs (Yu et al., 2016), although this
model may still hold true for the yeast CLASP homologues (Al-Bassam et al., 2010). The
difference between CLASPs and the MT polymerases of the XMAP215/ch-TOG family
is further emphasized by the observation that the latter do not suppress catastrophes
or induce rescues in vitro (Zanic et al., 2013), and our experiments showed that, in
contrast to the CLASP2 TOG2, targeting of individual tubulin-binding TOG domains
of ch-TOG to growing MT tips had little effect on catastrophes and rescues.

The nature of the exact binding site of TOG2 remains an important question. TOG2
has a unique convex architecture with an additional N-terminal helix that stabilizes
the domain’s paddle-like HEAT repeat structure (Leano et al., 2013; Maki et al., 2015),
and it has been shown that it displays a higher affinity for drug-induced tubulin ring-
like oligomers (Maki et al., 2015). We showed that the TOG2 residues W339, R462 and
R504, corresponding to the amino acids that contribute to tubulin binding in the TOG
domains of XMAP215/ch-TOG family proteins, are required for TOG2 function in our
assays, in agreement with the previous analysis of MT binding by CLASP1 (Leano et al.,
2013). However, this does not mean that CLASP TOG2 binds to highly bent tubulin
dimers. TOG2-S does not concentrate on depolymerizing MT ends or at the outmost
ends of growing microtubules, where the most strongly curved conformation of tubu-
lin dimers is expected to be found. Since TOG2 structure is unique, its binding site
might be completely different from that of other TOG domains. We find that TOG2-S
shows some preference for GMPCPP MTs and to a region overlapping with the GTP or
GDP-Pi cap, and is enriched at rapidly growing MT ends that are expected to have a
long cap. Therefore, it is possible that, similar to EBs, TOG2 binds to a site that over-
laps with interprotofilament contacts, the structure of which is known to be sensitive
to GTP hydrolysis by tubulin (Maurer et al., 2012). The fact that TOG2-S accumulation
at MT tips is reduced in the presence of EB3ΔTail, possibly due to structural changes
in the cap region or through direct competition, supports this view, which would need
to be tested by structural approaches. It is important to emphasize that since the en-
richment of TOG2-S at the growing MT ends is only observed at high concentrations,
TOG2 affinity for the stabilizing cap is low, and at lower concentrations, TOG2 requires
other domains or proteins, such as EBs, to be positioned in this region.

CLASPs prevent catastrophe onset but do not slow down MT shortening ((Lawrence
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et al., 2018), this paper). This finding combined with the experiments showing TOG2-S
enrichment behind the outmost tip at the MT plus end suggests that CLASPs, through
their TOG2 domain, promote the stability of the MT region corresponding to the GTP
(or GDP-Pi) cap so long as it is present. Recent work showed that the onset of a MT
catastrophe occurs with a delay, which is visible as a MT pause or a very slow depoly-
merization that corresponds to the gradual loss of MT-stabilizing EB1-binding sites
within the cap (Duellberg et al., 2016). Since only the density of such stabilizing sites at
the outmost end of the cap is critical (Duellberg et al., 2016), this would explain how a
small number of CLASP molecules can be sufficient to prevent catastrophes. This idea
also fits with the data that CLASP prevents short depolymerization excursions and that
TOG2-S can induce MT pausing, during which some EB-binding sites are still present
at MT ends. The number of such stabilizing sites at the pausing MT ends is lower than
at growing ends, explaining why TOG2-S, which has a low affinity to these sites, is not

Figure 3.7 (following page): CLASP2α stabilizes incomplete MT tip structures.
(A) Kymographs showing a MT tip repair event with 20 nM mCherrry-EB3 and 30nM GFP-CLASP2α; a
schematic of the same event is shown on the right. Scale bars: 2 µm (horizontal) and 60 s (vertical).
(B) Averaged fluorescence intensity of GFP-CLASP2α in the MT lattice region between the leading and lag-
ging comet, normalized to the intensity of the complete MT lattice (n=23). Mean ± SD.
(C,D) Growth rates (C) (n=65 events) and the EB-comet intensities (D) (n=17 events) before, during and after
comet splitting, EB-comet intensities are normalized to the comet intensity before splitting.
(E) Kymograph showing a tip repair event in the presence of 20 nM mCherry-EB3 and 30 nM GFP-TOG2-S.
Scale bars: 2 µm (horizontal) and 45 s (vertical).
(F) Frequency of tip repair for MTs grown in the presence of 20 nM mCherry-EB3 alone (n=49) or together
with 30 nM TagBFP-CLASP2α (n=103) or in the presence of 20 nM mCherry-EB3, 30 nM TagBFP-CLASP2α
and 50 nM Eribulin-A488 (n=56). The frequency was calculated by dividing the number of observed tip re-
pair events by the total growth time, n=number of MTs analyzed in each condition. Error bars represent
SEM.
(G) Still images of a MT grown in the presence of Alexa488-tubulin, 20 nM mCherry-EB3 and 30 nM TagBFP-
CLASP2α showing curling in the region between the leading and the lagging comet. Arrowheads point to the
EB comets, yellow points to the leading and blue to the rear comet. Scale bar: 1 µm.
(H) Kymograph and corresponding still images showing a MT tip repair event in MDA-MB-231 cells stably
expressing EB3-GFP. The yellow arrowhead points to the leading comet and the blue one to the rear comet.
Scale bars: 2 µm (horizontal) and 5 s (vertical) (kymograph) and 2 µm (cell image).
(I) Kymograph showing a MT tip repair event in the presence of HiLyte-488 tubulin, 20 nM mCherry-EB3
and 30 nM TagBFP-CLASP2α, still images and line-scans along the red (EB3) and green (tubulin) channel
during tip repair. Scale bars: 2 µm (horizontal) and 30 s (vertical) (kymograph) and 0.5 µm (still images).
(J) Illustration of two different MT end tapering models representing sharp (Model A, left) and gradual
(Model B, right) loss of protofilaments.
(K,L) Averaged tip intensity profiles of tubulin channel (green) for MTs grown in the presence of 20 nM
mCherry-EB3 and 30 nM TagBFP-CLASP2α (K), n=16, 17 and17 for before, after and during tip repair, re-
spectively, and for MTs grown in the presence of 20 nM mCherry-EB3, 30 nM TagBFP-CLASP2α and 50 nM
Eribulin, n=40, 44 and 27 for before, after and during tip repair, respectively. Error bars represent SEM. Lines
correspond to the best fits of simulations with the optimal model type and parameter values indicated at
the top of each plot.
(M) The distribution of minimal residuals between simulated and experimental profiles depending on the
model. Top table shows optimal parameter values for each case (d is in µm). For each case n=3. Error bars
represent SD.
(N) Changes of the mCherry-EB3 comet intensity over time for the lagging comet before the tip repair. Indi-
vidual traces represent a single tip repair event. The black line is the average of several time traces (n=22).
Intensity values were normalized to the value at the first time point.
See also Figures S3.6 and S3.7.
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enriched at pausing ends. For this reason, in order to induce pausing, TOG2-S concen-
tration must be sufficiently high to decorate the whole MT. Recent work showed that
CLASP2 does not affect the length of the GTP cap (Lawrence et al., 2018), which sug-
gests that CLASPs stabilize MT ends directly rather than by regulating GTP hydrolysis
by tubulin.

An important clue about the catastrophe-suppressing mechanism is provided by
the finding that in the presence of CLASPs, persistently growing MTs could tolerate the
loss of a significant number of protofilaments at the growing end. Recent work sug-
gested that MT tapering and the accompanying reduction in the stabilizing cap den-
sity might be the underlying cause of MT age-induced catastrophes (Coombes et al.,
2013; Duellberg et al., 2016). Interestingly, while in the presence of CLASP2 or TOG2-
S catastrophes were almost completely blocked, we observed a ∼3 fold increase in
the frequency of tip repair events, in which a transient MT growth perturbation and
protofilament loss was followed by the appearance of a rear, “catching up” comet that
restored the complete MT plus end structure. Our previous work indicated that such
events occur when at least one MT protofilament is transiently blocked but can later
resume elongation (Doodhi et al., 2016). The frequency of tip repair events in the pres-
ence of CLASP2 (∼0.2 per minute) was lower than the catastrophe frequency in control
assays (∼0.5 per minute), which means that these events could represent at least a frac-
tion of the suppressed catastrophes. However, we note that the detection of tip repair
events is limited by the resolution of optical microscopy, and might thus be underesti-
mated, and the contribution of such events to MT growth persistence could in fact be
significant. Furthermore, the presence of very long (up to 4 µm) tip repair events shows
that CLASPs can prevent disassembly of stabilizing caps on partial MT structures and
thus create a window of opportunity for MT tip restoration.

While TOG2 is key for catastrophe suppression, TOG3 did not suppress catastro-
phes but mildly promoted rescues together with EB3. The distinct activities of TOG2
and TOG3 suggest that catastrophe suppression and rescue induction might be mech-
anistically different, and in line with this view, more CLASP2αmolecules were needed
to suppress catastrophes than to induce rescues.

Many cytoskeletal proteins are known to be controlled by autoinhibitory interac-
tions that are released by partner binding. Here, we showed that CLASPs share this
property, because their C-terminal domain (CLIP-ID), responsible for the interactions
with the majority of known CLASP partners such as CLIP-170 (Akhmanova et al., 2001;
Efimov et al., 2007; Hannak and Heald, 2006; Lansbergen et al., 2006), can inhibit the
MT-directed activities of TOG2 and possibly TOG3. The N-terminal TOG domain of
CLASP2α, TOG1, which does not bind to either MTs or free tubulin because it lacks
the conserved residues necessary for contacting tubulin, can release this autoinhibi-
tion. TOG1 is present in CLASP1/2α but absent in CLASP2β and CLASP2γ isoforms
(Akhmanova et al., 2001). CLASP2 can thus be expressed both as a constitutively ac-
tive and regulated isoforms, which might be important for controlling CLASP activity
at specific cellular sites.

Our findings provide insight into how CLASPs work in different cellular settings,
for example, by helping MTs to withstand compression when they make sharp turns
in plant cells (Ambrose et al., 2011) or in the protrusions of cancer cells invading a 3D
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matrix (Bouchet et al., 2016). The finding that the CLASP-EB complex strongly low-
ered the kinetic threshold for template-based MT outgrowth explains why CLASPs can
stimulate γ-tubulin-dependent MT nucleation from the Golgi (Efimov et al., 2007).
Both TOG2 and TOG3 are likely to cooperate in this process, as they both display par-
tial activity compared to the full length CLASP2α protein. Taken together, our data
reveal how a combination of distinct domains with anti-catastrophe, rescue, partner
binding and autoregulatory activities make CLASPs potent MT regulators that help to
maintain MTs in a growing state.

3.4. EXPERIMENTAL METHODS

EXPERIMENTAL MODEL AND SUBJECT DETAILS
E.coli expression strain BL21 (DE3) was used for recombinant expression of individ-
ual CLASP2α TOG domains used for MT pelleting, tubulin binding, biophysical and
X-ray crystallography experiments. The CLASP2-TOG-EB3CH protein was also puri-
fied from E.coli BL21 (DE3). The cells were cultured in standard LB medium. All the
other CLASP, chTOG, MCAK full length, truncations and fusion constructs were over-
expressed in HEK293T cells for purification. MDA-MB-231 cells stably expressing EB3-
GFP (Bouchet et al., 2016) were cultured in DMEM supplemented with 10% FCS. COS-
7 and HEK 293T cells were cultured in DMEM/F10 (1:1 ratio, Lonza, Basel, Switzer-
land) supplemented with 10% FCS, both grown at 37°C. HEK293T, MDA-MB-231 and
COS-7 cell lines used here were not found in the database of commonly misidentified
cell lines maintained by ICLAC and NCBI BioSample, were not authenticated and were
negative for mycoplasma contamination.

DNA CONSTRUCTS, CELL LINES, AND CELL CULTURE
CLASP truncations expressed in mammalian cells were made from the full length con-
structs described previously (Akhmanova et al., 2001; Mimori-Kiyosue et al., 2005) in
modified pEGFP-C1 or pmCherry-C1 vectors with a StrepII tag. Ch-TOG construct was
a gift of S. Royle (University of Warwick, UK). For siRNA transfection, MDA-MB-231
cells stably expressing EB3-GFP were simultaneously treated with siRNAs specific for
CLASP1 and CLASP2 (Mimori-Kiyosue et al., 2005) or with control (luciferase) siRNA
(Bouchet et al., 2016) for 72 hours. EB3-GFP comets were imaged in live cells on a TIRF
microscope and kymographs were analyzed to determine the effects of CLASP1/2 de-
pletion on MT plus end dynamics. For overexpression of CLASP2 constructs, COS-7
cells were transiently transfected with different StrepII-GFP-CLASP2 constructs (as in-
dicated in the figures) for 12 hours, and the GFP signals of these constructs were used
to quantify MT dynamics. Live imaging of COS-7 cells overexpressing different con-
structs of CLASP2 in the presence of colchicine (250 nM) was performed within 40
min of colchicine treatment.

PROTEIN PURIFICATION FROM HEK293T CELLS FOR in vitro RECONSTI-
TUTION ASSAYS
GFP-CLASP1α, mCherry-CLASP2α, Tag-BFP-CLASP2α, GFP-CLASP2α, its TOG-domain
truncations, point mutants, fusion proteins with the TOG domains of chTOG and coiled
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coil of CLIP-170, and GFP-MCAK used in the in vitro reconstitutions assays were puri-
fied from HEK293T cells using the Strep(II)-streptactin affinity purification. Cells were
harvested 2 days after transfection. Cells from a 15 cm dish were lysed in 500 µl of ly-
sis buffer (50 mM HEPES, 300 mM NaCl and 0.5% Triton X-100, pH 7.4) supplemented
with protease inhibitors (Roche) on ice for 15 minutes. The supernatant obtained from
the cell lysate after centrifugation at 21,000 x g for 20 minutes was incubated with 40 µl
of StrepTactin Sepharose beads (GE) for 45 minutes. The beads were washed 3 times
in the lysis buffer without the protease inhibitors. The protein was eluted with 40 µl of
elution buffer (50 mM HEPES, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 1 mM dithio-
threitol (DTT), 2.5 mM d-Desthiobiotin and 0.05% Triton X-100, pH 7.4). Purified pro-
teins were snap-frozen and stored at -80 °C.

CLONING, PROTEIN EXPRESSION, AND PURIFICATION FROM E. coli
Individual domains of CLASP2 (Fig. S3.2A, rightmost panel) were cloned into a pET-
based bacterial expression vector using the restriction free positive selection method
(Olieric et al., 2010). All recombinant proteins contained either an N-terminal
thioredoxin-6xHis or 6xHis cleavable tag for affinity purification. For standard ex-
pression, the proteins were transformed into theE. coli expression strain BL21(DE3).
Transformed cells were cultivated in LB at 37°C until an OD600 between 0.4 to 0.6 was
reached. The cultures were subsequently cooled down to 20°C prior to induction with
0.4 mM isopropyl 1-thio-β-galactopyranoside (IPTG, Sigma). Expression was carried
out overnight at 20°C. Cells were harvested by centrifugation at 4°C for 15-20 min and
lysed by sonication (50 mM HEPES, pH 8.0, 500 mM NaCl, 10 mM Imidazole, 10% Glyc-
erol, 2 mM β-mercaptoethanol, proteases inhibitors (Roche)). The crude extracts were
cleared by centrifugation at 20,000 x g for 20 min and the supernatants were filtered
through a 0.45 micron filter before purification.

TOG domain proteins were purified by immobilized metal-affinity chromatogra-
phy (IMAC) on HisTrap HP Ni2+ Sepharose columns (GE Healthcare) at 4°C according
to the manufacturer’s instructions. The thioredoxin-6xHis or 6xHis tags were cleaved
by 3C protease during dialysis against lysis buffer (without proteases inhibitors).
Cleaved samples were reapplied onto an IMAC column to separate the cleaved prod-
ucts from the respective tags and potentially uncleaved protein. Processed proteins
were concentrated and gel filtrated on a HiLoad Superdex 75 16/60 size exclusion chro-
matography column (GE Healthcare) equilibrated in 20 mM Tris HCl, pH 7.5, 150 mM
NaCl, 2 mM DTT. Protein fractions were analyzed by Coomasie stained SDS-PAGE.
Fractions containing the target protein were pooled and concentrated by ultrafiltra-
tion. Protein concentrations were estimated by UV at 280 nm and the pure proteins
were aliquoted, flash frozen in liquid nitrogen and stored at -80°C.

MT PELLETING ASSAY
MT pelleting assays were performed as previously described (Campbell and Slep, 2011).
Briefly, taxol-stabilized MTs were assembled in BRB80 buffer (80 mM PIPES-KOH, pH
6.8, 1 mM MgCl2, 1 mM EGTA) from pure bovine brain tubulin at 1 mg/mL. 50 µL
of polymerized MTs were incubated 20 min with 20 µL of the protein of interest at 2
mg/mL (diluted to the desired protein concentration with 2 x BRB80 buffer) and 50
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µL of BRB80. The mixture was centrifuged at 25°C for 20 min at 180,000 x g. Mix, su-
pernatant and pellet fractions were analyzed by Coomasie stained 12% SDS-PAGE. As
controls, MTs alone and individual TOG domains were processed the same way.

ISOTHERMAL TITRATION CALORIMETRY (ITC)
All the proteins were buffer exchanged to BRB80 buffer supplemented with 50 mM
NaCl by overnight dialysis at 4°C. ITC experiments were performed at 25°C using an
ITC200 system (Microcal) by step wise addition of different TOG domain proteins (sy-
ringe concentration was 150 µM for CLASP2 TOG1, TOG2 and TOG3, 200 µM for CLIP-
ID, and 250 µM for Stu2 TOG1) in the ITC cell containing 15 µM bovine brain tubulin.
The resulting heats were integrated and fitted in Origin (OriginLab) using the standard
‘one set of sites’ model implemented in the software package. Only for Stu2 TOG1 the
dissociation constant of binding to tubulin could be determined (Kd=18.8 ± 3.21 nM).
TOG1-TOG2 interaction was probed using 227 µM of CLASP2 TOG1 in the syringe and
60 µM TOG2 in the cell). TOG2-CLIP-ID interaction was probed using 500 µM CLIP-ID
in the syringe and 50 µM TOG2 in the cell.

SIZE EXCLUSION CHROMATOGRAPHY FOLLOWED BY MULTI-ANGLE LIGHT

SCATTERING (SEC-MALS)
SEC-MALS experiments were performed in 20 mM Tris-HCl, pH 7.5, 150 mM NaCl,
2 mM DTT) using a S-200 10/300 analytical size exclusion chromatography column
connected in-line to a miniDAWN TREOS light scattering and Optilab T-rEX refractive
index detector (Wyatt Technology). Measurements were carried out at 20°C and each
sample was injected at 1 mg/ml (injected volume: 30 µl). Data analysis was performed
using the software package provided by the instrument.

CRYSTALLIZATION, DATA COLLECTION AND STRUCTURE SOLUTION
CLASP2-TOG1 (HsCLASP2 residues 2-228) crystals were obtained by the hanging-drop
vapour diffusion method at 20°C in the Morpheus crystallization condition B12 (Molec-
ular Dimensions) by mixing 2 µL of the protein at 7 mg/mL with 2 µL of the reservoir
solution. Crystals appeared over-night and were frozen directly in liquid nitrogen. A
single-wavelength anomalous diffraction experiment from intrinsic sulphur atoms (S-
SAD) was performed at the macromolecular crystallography super-bending magnet
beamline
X06DA (PXIII) at the Swiss Light Source, Villigen, Switzerland. 360° native data sets
were collected at 1.0 Å wavelength on a single crystal at 100 K. Multi-orientation 360°
data were collected on the same crystal at 100 K at a wavelength of 2.066 Å with 0.2°
oscillation and 0.1 sec exposure at 8 different orientations of multi-axis. The sample-
to-detector distance was set to 120 mm. The data were processed using XDS (Kabsch,
2010) and scaled and merged with XSCALE (Kabsch, 2010).

Substructure determination and phasing were performed with SHELXC/D/E
(Sheldrick, 2010). The successful SHELXD substructure solution that was found in a
search for 20 sites had a CCall and a CCweak of 41.27 and 23.45, respectively. 154 cy-
cles of density modification resulted in a clear separation of hands. Model building
was performed using Bucaneer (Cowtan, 2006). The resulting model was improved
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through iterative model rebuilding in Coot (Emsley and Cowtan, 2004) and refined in
the PHENIX software package (Adams et al., 2010). The quality of the structure was
assessed with MolProbity (Chen et al., 2010). See Table S1 for crystallography data
collection and refinement statistics. The structure was deposited in the PDB with the
accession code 5NR4.

In vitro MT DYNAMICS ASSAYS
Reconstitution of MT growth dynamics in vitro was performed as described previ-
ously (Montenegro Gouveia et al., 2010). GMPCPP-stabilized MT seeds (70% unla-
belled tubulin, 18% biotin tubulin and 12% of rhodamine-tubulin or HiLyte 488 tubu-
lin) were prepared as described before (Mohan et al., 2013). Flow chambers, assem-
bled from plasma-cleaned glass coverslips and microscopic slides were functionalized
by sequential incubation with 0.2 mg/ml PLL-PEG-biotin (Susos AG, Switzerland) and
1 mg/ml NeutrAvidin (Invitrogen) in MRB80 buffer (80 mM piperazine-N,N[prime]-
bis(2-ethanesulfonic acid), pH 6.8, supplemented with 4 mM MgCl2, and 1 mM EGTA.
MT seeds were attached to the coverslip through biotin-NeutrAvidin interactions. Flow
chambers were further blocked with 1 mg/ml κ-casein. The reaction mixture with or
without CLASP proteins (MRB80 buffer supplemented with 15 µM porcine brain tubu-
lin, 0.5 µM rhodamine-tubulin, 50 mM KCl, 1 mM guanosine triphosphate, 0.2 mg/ml
κ-casein, 0.1% methylcellulose, and oxygen scavenger mix (50 mM glucose, 400 µg/ ml
glucose oxidase, 200 µg/ml catalase, and 4 mM DTT)) was added to the flow chamber
after centrifugation in an Airfuge for 5 minutes at 119,000 × g. For experiments in the
presence of EB3, concentration of mCherry-EB3 or GFP-EB3 was as indicated in the
figures and rhodamine-tubulin was excluded from the assay. The flow chamber was
sealed with vacuum grease, and dynamic MTs were imaged immediately at 30°C using
TIRF microscopy. All tubulin products were from Cytoskeleton Inc.

For experiments to test binding of TOG2-S to depolymerizing MTs, MT seeds were
elongated in the presence of 20 µM porcine brain tubulin with 10% rhodamine-tubulin
for 5 minutes in the buffer containing 50 mM KCl, 1 mM guanosine triphosphate, 0.2
mg/mlκ-casein, 0.1% methylcellulose, and oxygen scavenger mix (50 mM glucose, 400
µg/ ml glucose oxidase, 200 µg/ml catalase, and 4 mM DTT) in MRB80. Subsequently,
stable GMPCPP caps were added by exchanging the reaction mixture to the one sup-
plemented with 0.125 mM GMPCPP and 10% HiLyte647 labelled 5 µM porcine tubulin
for 10 minutes. Finally, the GMPCPP-containing mixture was exchanged for a reaction
mixture without tubulin, containing the indicated concentrations of GFP-TOG2-S (30
nM and 200 nM) and imaged for 30 minutes to observe depolymerizing MT ends.

TIRF MICROSCOPY
In vitro reconstitution assays were imaged on a TIRF microscope setup as described
previously (Mohan et al., 2013) or on an Ilas2 TIRF setup. In brief, we used an in-
verted research microscope Nikon Eclipse Ti-E (Nikon) with the perfect focus sys-
tem (Nikon), equipped with Nikon CFI Apo TIRF 100x 1.49 N.A. oil objective (Nikon)
and controlled with MetaMorph 7.7.5 software (Molecular Devices). The microscope
was equipped with TIRF-E motorized TIRF illuminator modified by Roper Scientific
France/PICT-IBiSA, Institut Curie. To keep the in vitro samples at 30°C, a stage top
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incubator model INUBG2E-ZILCS (Tokai Hit) was used. For excitation, 491 nm 100
mW Calypso (Cobolt) and 561 nm 100 mW Jive (Cobolt) lasers were used. We used ET-
GFP 49002 filter set (Chroma) for imaging of proteins tagged with GFP or ET-mCherry
49008 filter set (Chroma) for imaging of proteins tagged with mCherry. Fluorescence
was detected using an EMCCD Evolve 512 camera (Roper Scientific) with the interme-
diate lens 2.5X (Nikon C mount adapter 2.5X) or using the CoolSNAP HQ2 CCD camera
(Roper Scientific) without an additional lens. In both cases the final magnification was
0.063 µm/pixel.

Ilas2 system (Roper Scientific, Evry, FRANCE) is a dual laser illuminator for az-
imuthal spinning TIRF (or Hilo) illumination and with a custom modification for tar-
geted photomanipulation. This system was installed on Nikon Ti microscope (with
the perfect focus system, Nikon), equipped with 150 mW 488 nm laser and 100 mW
561 nm laser, 49002 and 49008 Chroma filter sets, EMCCD Evolve mono FW DELTA
512x512 camera (Roper Scientific) with the intermediate lens 2.5X (Nikon C mount
adapter 2.5X), CCD camera CoolSNAP MYO M-USB-14-AC (Roper Scientific) and con-
trolled with MetaMorph 7.8.8 software (Molecular Device). To keep the in vitro sam-
ples at 30°C, a stage top incubator model INUBG2E-ZILCS (Tokai Hit) was used. The
final resolution using EMCCD camera was 0.065 µm/pixel, using CCD camera it was
0.045 µm/pixel.

In vitro TEMPLATE-BASED MT OUTGROWTH ASSAY
GMPCPP MT seeds labeled with HiLyte 488 tubulin were attached to the coverslips
through biotin-neutravidin interaction as described above. After washing out unbound
seeds, the flow chambers were blocked with 1 mg/ml κ-casein followed by the poly-
merization reaction mixture as above with different concentrations of
rhodamine-labelled tubulin. The nucleation probability was estimated as the fraction
of the total GMPCPP seeds that showed MT outgrowth within 15 min imaging win-
dow. The nucleation probabilities over different tubulin concentration were fitted to
the sigmoidal equation using GraphPad Prism 7.

MICRO-FABRICATION OF SIO2 BARRIERS
Fabrication of the SiO2 barriers was achieved in a cleanroom environment by subse-
quent deposition, lithography, and plasma etching steps, as previously described in
(Kalisch et al., 2011). In short, the glass coverslips are first cleaned with a 70°C solution
of base piranha (5:1:1 of H2O:NH4OH:H2O2) to remove any organic residues. To ensure
a smooth surface for TIRF imaging, etching of the barriers must be done in pure SiO2.
To that end, we deposit a layer of 2 µm SiO2 via Plasma-Enhanced Chemical Vapor De-
position with a deposition rate of 70 nm/min at 300°C (Oxford Instruments PlasmaPro
80). Then, a 2.2 µm layer of the positive resist S1813 (MicroChem) is spin coated at
1500 rpm on the coverslip and baked at 115°C for 90 seconds on a hotplate. Photo-
lithography (EVG-620) with near-UV (13 mW/cm2) through a chromium mask for 5
seconds transfers the barrier pattern into the resist. The sample is then developed in
MF-321 (MicroPosit) for 60 seconds to remove the regions of UV-exposed resist. Next,
Reactive Ion Etching (Leybold Hereaus) with a mixture of CHF3:O2 (50sccm:2.5sccm)
ensures an anisotropic etch into the exposed SiO2 with an etch rate of 33 nm/min. We
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made sure not to etch completely through the SiO2 layer as the original surface of the
glass coverslip is too rough for TIRF microscopy after etching. Finally, the remaining
resist is removed and the sample cleaned in HNO3 for 5 min. The final barriers were
10 µm wide and 1.7 µm high, enclosing channels with a width of 15 µm.

MT GROWTH AGAINST SIO2 BARRIERS AND ANALYSIS OF BARRIER CON-
TACT EVENTS
The micro-fabricated samples were passivated with PLL-PEG-biotin and κ-casein. Bi-
otinylated GMPCPP-stabilized seeds were attached to the surface via streptavidin. The
direction of flow of the seed mix was perpendicular to the barriers in order to favour
perpendicular MT-barrier contact events. The height and straightness of the barri-
ers in combination with methyl-cellulose in solution prevents MTs from growing over
the barriers. The experiments without CLASP in solution were imaged on an Olym-
pus TIRF microscope with a 60x, 1.45 NA oil immersion objective using an additional
magnification of 1.6 to obtain 96x image magnification. Images were collected on two
Andor iXon Ultra 897 EMCCD cameras for simultaneous dual-colour acquisition. The
experiments with CLASP2α were imaged on a Ilas2 TIRF setup described in the TIRF
microscopy section.

All MT-barrier contact events were separated into three different event types, i.e.
sliding, stalling, and buckling. The contact angle of a MT with a barrier and the barrier
contact times were determined and analyzed with a custom written MATLAB script,
adapted from (Ruhnow et al., 2011). The catastrophe frequency was determined by
counting the number of observed catastrophes and dividing this by the time a MT
spends in contact with the barrier. The statistical error was obtained by dividing this
number by the square root of the number of measured contact events. The growth of
buckling MTs was determined by manually tracking the MT (Fig. 3.5D).

QUANTIFICATION OF THE INTENSITIES OF EB COMETS
To obtain the intensity values of EB comets in Fig. 3.7D, we collected the intensity
profiles of mCherry-EB3 comets along several time points for each individual growth
event by averaging across 6-pixel wide lines. The intensity profile for each time point
was fitted to a Gaussian function with the background intensity (IBG ) to obtain the
amplitude of the comet’s peak I A according to:

Ip (x, t ) = IBG (t )+ I A(t ) ·exp

(
− (x −xc )2

2σ2

)
The final values were obtained by averaging the I A(t ) for each individual growth

event.

TIP-AVERAGING OF MT INTENSITY PROFILES
To build average HyLite 488 tubulin intensity distribution at the growing tip (Fig. 3.7K,L)
we generated intensity profiles of 6 pixel thick line (400 nm) of 2-3 µm length with its
middle point positioned approximately at the MT tip using Fiji (Schindelin et al., 2012)
(similar to (Maurer et al., 2014). Resulting profiles I (x) were fitted with the error func-
tion shifted in x using custom written MATLAB script:
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Ip (x, t ) = IBG + 1

2
I AMP

(
1+erf

(
x −xcp

2σ

))
where fitting parameter IBG corresponds to the intensity of background, I AMP to

the amplitude of the fluorescent signal, xc to the position of the MT tip and σ to the
degree of tip tapering convolved with microscope’s point spread function (PSF) (see
Fig. S3.7H,J). Each profile was shifted by its xc value, background subtracted with IBG

and normalized by I AMP (Fig. S3.7H,J).

FITTING AND AVERAGING OF GFP-TOG2-S INTENSITY PROFILES
For simultaneous two color imaging of GFP-TOG2-S/rhodamine tubulin labeled MTs
and GFP-TOG2-S/mCherry-EB3ΔTail we used OptoSplit III beamsplitter (Cairn Re-
search Ltd, UK) equipped with double emission filter cube projecting two channels
on the camera chip simultaneously. To account for chromatic aberrations of the ob-
jective, images of a calibration photomask with round 500 nm features positioned
equidistantly with 2 µm (Compugraphics, UK) were acquired simultaneously in GFP
and mCherry channels using transmitted bright-field illumination (Maurer et al., 2014).
Based on feature detections we made sub-pixel channels alignment and non-linear
registration using B-spline transform implemented in our Detection of Molecules Im-
ageJ plugin and described earlier (version 1.1.5, https://github.com/ekatrukha/
DoM_Utrecht, (Chazeau et al., 2016). Registered movies were used to create kymo-
graphs by drawing segmented lines of 20 pixel width (1.25 µm) along growing MTs us-
ing KymoResliceWide plugin with maximum transverse intensity (http://fiji.sc/
KymoResliceWide). Using kymograph images, we traced the growing MT tips with
the “Segmented Line” ROI tool from ImageJ to mark the approximate position of the
growing tip used for exact fitting later. The fitting of fluorescent intensity profiles was
performed using a custom-written MATLAB script. Intensity profiles were extracted
from kymographs at each time point corresponding with a range of ± 1µm from the
approximate growing tip position marked earlier.

For the fitting of the rhodamine-labelled MT tip we used the complimentary error
function:

I (x) = IBG + 1

2
I AMP ·erfc

(
x −xcp

2σ

)
where the fitting parameter IBG corresponds to the intensity of background, I AMP

to the amplitude of the fluorescent signal, xc to the position of the MT tip and σ to
the degree of tip tapering convolved with microscope’s point spread function (PSF).
For the averaging, each raw fluorescent profile was shifted by its xc value, background
subtracted with IBG and normalized by I AMP .

For the fitting of the mCherry-EB3ΔTail profile we assumed that the density distri-
bution of EB3 in the comet decays exponentially from its maximum value close to the
MT tip. To represent its convolution with microscope’s PSF, we used a sum of the com-
plimentary error function (lattice binding) and an exponentially modified Gaussian
distribution:

https://github.com/ekatrukha/DoM_Utrecht
https://github.com/ekatrukha/DoM_Utrecht
http://fiji.sc/KymoResliceWide
http://fiji.sc/KymoResliceWide
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I (x) = IBG + 1

2
Il at t i ce ·erfc

(
x −xcp

2σ

)
+

+1

2
IEB ·exp

(
λ

2
(σ2λ+2(x −xc ))

)(
1−erf

(
σ2λ+x −xcp

2σ

))
where fitting parameter IBG corresponds to the intensity of background, Il at t i ce

to the amplitude of the fluorescent intensity fraction associated with the MT lattice
binding, IEB to the amplitude of convolved exponential decay, xc to the position of
the maximum number of molecules in the molecules distribution (start of exponen-
tial decay position), σ to the PSF standard deviation and λ to the exponential decay
constant. For the averaging, each raw fluorescent profile was shifted by its xc value,
background subtracted with IBG and normalized by the maximum I (x) value.

For the fitting of the GFP-TOG2-S profile, we used a sum of the complimentary
error function (lattice binding) and a Gaussian peak with standard deviation equal to
microscopes point spread function (corresponding to the peak accumulation):

I (x) = IBG + 1

2
Il at t i ce ·erfc

(
x −xcp

2σ

)
+ Ipeak ·exp

(
−1

2

(
x −xc −xpeak

σPSF

)2)
where fitting parameter IBG corresponds to the intensity of background, Il at t i ce to

the amplitude of the fluorescent intensity fraction associated with the lattice binding,
Ipeak to the amplitude of peak accumulation, xc to the position of the lattice bind-
ing tip and σ to the degree of tip tapering, xpeak to the position of peak accumulation
with respect to the lattice tip and fixed parameter σPSF is equal to the PSF standard
deviation (1.5 px = 97.5 nm). For the averaging, each raw fluorescent profile was back-
ground subtracted with IBG , normalized by Il at t i ce and shifted by xc value of either
rhodamine-tubulin or mCherry-EB3ΔTail.

After normalization and alignment, all profiles corresponding to specific condition
were linearly interpolated with the same step size of half-pixel (32.5 nm) and averaged
for each individual kymograph. The final profiles (Fig. 3.6H,I and S3.5G) represent
averages among several average kymograph profiles.

To calculate MT tip to lattice intensity ratio for GFP-TOG2-S we took into account
differences in the convolution of step function (lattice) and delta-function (point-peak
accumulation) using following formula:

r ati o = Ipeak
p

2πσPSF

Il at t i ce

where Il at t i ce and Ipeak are fitted values and sPSF is equal to the PSF standard
deviation.

To find segments with continuous average speed of growth we decomposed fitted
time sequences xc (t ) of rhodamine-tubulin and mCherry-EB3ΔTail by piecewise lin-
ear approximations. It was done using multiscale trend analysis Matlab code (https:
//github.com/ekatrukha/MTA) based on (Zaliapin et al., 2005).

https://github.com/ekatrukha/MTA
https://github.com/ekatrukha/MTA
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END TAPERING SIMULATIONS
Monte-Carlo simulations of MTs tips were performed using 13 element- (protofilament-
) wide regular array with 8 nm longitudinal distance between dimers as a MT lattice
representation (Fig. S3.7F). Absent length of N protofilaments was constant and de-
fined by parameter d for Model A. For Model B it was randomly sampled from an ex-
ponential distribution with parameter d . Present tubulin dimers were labelled with a
probability equal to the fraction of labelled tubulin in the corresponding experiment
(0.09). Only labelled dimers were assumed to generate intensity profile in molecule
number (Fig. S3.7F) and its version convoluted with PSF of used microscope (Fig.
S3.7G). The PSF was approximated with a Gaussian function with the standard de-
viation of 122 nm. Convolved intensity values were binned together according to the
image pixel size (65 nm) and the Gaussian noise was added leading to the signal-to-
noise ratio of 7 observed in experiment (Fig. S3.7I). Noise containing profiles were
fitted and normalized using the same procedure as described in the previous section.
For a single iteration of simulation, we used the same number of MTs as in the cor-
responding experimental condition with lengths determined from the fitting. A total
of 50 iterations were run and averaged for each parameters combination of N and
d . Residual between simulated and experimental profiles was calculated as a sum of
squared differences using only those pixels in x which contain all individual profiles.
The final fitting result was obtained by varying N and d independently in a search for
a minimal residual value (Fig. 3.7M).

ANALYSIS OF MT GROWTH VARIABILITY
Time lapse images of growing MTs labelled with HiLyte 488 tubulin were recorded at
intervals of 0.7 s for 5 min and 350-400 ms of exposure time. To estimate the position of
the MT plus end, we fitted MT intensity profiles as described above. Subsequently, the
change in MT length over time was calculated as ∆L(t ) = L(t )−L( f i r st f r ame). Next,
as described previously (Gardner et al., 2011), we calculated the average mean squared
displacement (MSD) of the MT length increments 〈∆L2〉(τ) for increasing values of
time delay τ. We then fitted 〈∆L2〉(τ) to an MSD equation containing diffusion with
drift:

〈∆L2〉(τ) = v2
gτ

2 +2Dpτ+σ2
er r

where τ corresponds to delay, vg is the average speed of growth, Dp is the effective
diffusion coefficient for the MT polymerization and σer r is the experimental error.

SINGLE-MOLECULE FLUORESCENCE INTENSITY ANALYSIS OF CLASP2α
Diluted protein samples of GFP, GFP-MACF43-LZ (Honnappa et al., 2009) and
GFP-CLASP2αwere immobilized in adjacent flow chambers of the same plasma cleaned
glass coverslip as described previously (Sharma et al., 2016). The flow chambers were
washed with MRB80 buffer and sealed with vacuum grease and immediately imaged
with a TIRF microscope. 10-20 images of previously unexposed coverslip areas were
acquired with 100 ms exposure time and low laser power. GFP, GFP-MACF43LZ and
GFP-CLASP2α were located in different chambers of the same coverslip, so the same
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imaging conditions could be preserved. Single molecule fluorescence spots were de-
tected and fitted with 2D Gaussian function using custom written ImageJ plugin DoM-
Utrecht (https://github.com/ekatrukha/DoM_Utrecht). The fitted peak intensity
values were used to build fluorescence intensity histograms.

CLASP MOLECULE COUNTING AT MT TIPS AND RESCUE POINTS
To determine the number of molecules of CLASP2α at a MT tip, we immobilized sin-
gle molecules of CLASP2α onto the coverslip of one of the flow chambers and per-
formed the in vitro reconstitution assay in the adjacent chamber of the same coverslip
as described previously (Sharma et al., 2016). Images of unbleached CLASP2α single
molecules were acquired first and using the same imaging/illumination conditions,
time lapse imaging was performed with the in vitro assay with CLASP2α at 3 nM or
30 nM, using 100 ms exposure and 2 s intervals for 5 minutes. The plus end localized
CLASP2αmolecules or the molecules present at the rescue site were manually located
in each frame and fitted with 2D Gaussian, the amplitude of which was used for the in-
tensity analysis. For CLASP2α at the rescue site, 2-3 frames after rescue initiation were
used to get the intensity values. To build the distributions of CLASP2αmolecule num-
bers at the MT tip, each CLASP2α intensity value at the MT plus end or a rescue site
was normalized by the average CLASP2α single molecule intensity from the adjacent
chamber.

QUANTIFICATION AND STATISTICAL ANALYSIS
Kymographs were generated using the ImageJ plugin KymoResliceWide (http://fiji.
sc/KymoResliceWide). MT dynamics parameters were determined from kymographs
using an optimized version of the custom made JAVA plug in for ImageJ as described
previously (Montenegro Gouveia et al., 2010; Sharma et al., 2016; Taylor, 1997). ∼100-
200 MT growth events were analyzed per condition.

The relative standard error for catastrophe frequency was calculated as described
previously (Mohan et al., 2013). The relative standard error of mean rescue frequency
was calculated in the same way as the standard error of the mean catastrophe fre-

quency, i.e. SEr = f r
SEtsh

t sh
, where f r ,t sh are average values and SE fr ,SEtsh are stan-

dard errors of rescue frequency and shortening time respectively. When the number
of observed rescue events was relatively small (number of rescues ≤10) as compared
to the catastrophes, we assumed that they follow a Poisson distribution. The standard
deviation of the rescue frequency was calculated as the square root of its mean value

and the standard error was calculated according to SE fr =
√

f rp
Nr

, where f r and SE fr are

the average and the standard error of the rescue frequency and Nr is the number of
rescues.

Statistical comparison between the different conditions was performed with Mann
Whitney U test using GraphPad Prism 7.

https://github.com/ekatrukha/DoM_Utrecht
http://fiji.sc/KymoResliceWide
http://fiji.sc/KymoResliceWide
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SUPPLEMENTARY FIGURES
All supplementary figures are available online at:
https://www.cell.com/cms/10.1016/j.devcel.2018.05.032/attachment/
ab8680a4-3d84-4554-8664-ced6b2b73055/mmc1.pdf

https://www.cell.com/cms/10.1016/j.devcel.2018.05.032/attachment/ab8680a4-3d84-4554-8664-ced6b2b73055/mmc1.pdf
https://www.cell.com/cms/10.1016/j.devcel.2018.05.032/attachment/ab8680a4-3d84-4554-8664-ced6b2b73055/mmc1.pdf
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There are three kinds of lies:
lies, damned lies, and statistics.

Benjamin Disraeli

The interaction of growing microtubules with steric objects such as the cell cortex is
known to promote catastrophes. If microtubules are unable to overcome compressive
forces, they remain in a stalled state, leading to accelerated disappearance of a stabi-
lizing GTP/GDP-Pi cap and the subsequent onset of catastrophe. We investigate the
dynamics of the cap through in vitro reconstitution of microtubule dynamics in con-
tact with micro-fabricated barriers, using the plus-end binding protein EB3 as a marker
for the nucleotide state of the tip. We show that the resulting lifetimes of stalled mi-
crotubules, as well as the corresponding life time distributions of freely growing mi-
crotubules, can be fully described with a simple phenomenological 1D model based on
noisy microtubule growth and a single EB3-dependent hydrolysis rate. This same model
is furthermore capable of explaining both the previously reported catastrophe statistics
during tubulin washout and the mild catastrophe dependence on microtubule growth
rates.
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4.1. INTRODUCTION
As a major constituent of the eukaryotic cytoskeleton, microtubules are involved in
many essential processes within the cell, including intracellular transport, cell divi-
sion, and cell morphology (Akhmanova and Steinmetz, 2015; Brangwynne et al., 2006).
Throughout these processes, microtubules interact with other cellular components,
either through intermediary protein complexes or through direct physical contact
(Colin et al., 2018; Dogterom and Koenderink, 2019; Gurel et al., 2014; Howard, 2006;
Inoue and Salmon, 1995; Preciado Lopez et al., 2014). These interactions contribute
to spindle size regulation (Gregoretti et al., 2006; Letort et al., 2016) and to mechani-
cal stability during cell morphogenesis (Bouchet et al., 2016; Brangwynne et al., 2006).
During contact, the stability of microtubules is an important factor affecting the func-
tion and duration of these interactions (Komarova et al., 2002; Tischer et al., 2009).

Microtubules are hollow cylindrical polymers consisting of αβ-tubulin dimers ar-
ranged in a head-to-tail fashion to form protofilaments, 13 of which typically consti-
tute the lattice (Tilney et al., 1973; Zhang et al., 2015). The microtubule network fluc-
tuates over time as individual filaments constantly switch between phases of growth
and shrinkage, a fundamental process known as dynamic instability (Mitchison and
Kirschner, 1984). The biochemical mechanism behind the stochastic transition be-
tween growth and shrinkage, known as a catastrophe, is driven by the progressive hy-
drolysis of the GTP nucleotide bound to β-tubulin (Carlier and Pantaloni, 1982; No-
gales, 1999). During polymerization, the microtubule tip is highly dynamic and fluc-
tuates with the continuous addition and removal of tubulin dimers (Gardner et al.,
2011; Kerssemakers et al., 2006; Rickman et al., 2017; Schek et al., 2007). As GTP-
bound tubulin is incorporated at the microtubule end, hydrolysis of the nucleotide
is hypothesized to lead to a destabilization of the lattice by a compaction around the
exchangeable nucleotide (Alushin et al., 2014; Zhang et al., 2015). Upon the loss of
the resulting stabilizing cap (Carlier and Pantaloni, 1981), a catastrophe follows upon
which the strain build-up in the lattice is released during depolymerization.

Direct measurements of the stabilizing cap is possible with the family of end bind-
ing proteins (EBs) that can autonomously bind to a specific region at the microtubule
tip, resembling the conformational state of GTPγS and GDP-Pi (Maurer et al., 2011).
It has been shown that the size of the EB comet at the tip correlates with the size of
the stabilizing cap and consequently with microtubule stability (Duellberg et al., 2016;
Seetapun et al., 2012; Zhang et al., 2015). Various estimations of the stabilizing cap
size have been reported, from short caps of a few terminal tubulin layers (Brun et al.,
2009; Caplow and Shanks, 1996; Karr and Purich, 1978; Walker et al., 1991) to longer
caps spanning up to dozens of layers (Carlier and Pantaloni, 1981; Seetapun et al.,
2012). More recently, tubulin washout experiments showed that not the entire cap is
required to prevent a catastrophe, but only a terminal structure of ∼10 tubulin layers
(Duellberg et al., 2016).

Over the years, different types of models had been proposed to gain a better un-
derstanding of what triggers a catastrophe. Biochemical models mainly rely on the
hydrolysis of tubulin dimers to reduce the size of the stabilizing cap for a catastrophe
to occur (Bayley et al., 1989; Chen and Hill, 1985; Gardner et al., 2011; Margolin et al.,
2012; Padinhateeri et al., 2012; Piedra et al., 2016; VanBuren et al., 2002). Still, only with
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the introduction of lateral interactions between dimers in a 2D model can these mod-
els accurately describe the microtubule lifetimes (Gardner et al., 2011). Mechanochem-
ical models on the other hand include the build-up of strain the lattice and protofila-
ment bending at the tip (Coombes et al., 2013; McIntosh et al., 2018; Molodtsov et al.,
2005; VanBuren et al., 2005; Zakharov et al., 2015). Both models have their place in ex-
plaining experimental observations of dynamic instability, but they can require many
fitting parameters, adding to the computational cost. Alternatively, simplified phe-
nomenological models have been useful in characterizing microtubule dynamics and
the effect of microtubule associated proteins (MAPs) on it (Brun et al., 2009; Duellberg
et al., 2016; Flyvbjerg et al., 1996; Rickman et al., 2017).

Here, we investigate the stability of stalling microtubules through in vitro and in
silico approaches. A stalling microtubule exerts a pushing force smaller than its crit-
ical buckling force, resulting in retarded polymerization. The stability of pushing mi-
crotubules has previously been studied in the context of buckling and bending micro-
tubules in vitro (Janson et al., 2003), in vivo (Brangwynne et al., 2007; Odde et al., 1999;
Pallavicini et al., 2017), and in silico (Das et al., 2014; Valiyakath and Gopalakrishnan,
2018). It has been established that microtubules growing against rigid barriers in vitro
can generate pushing forces that lead to an increased catastrophe frequency (Janson
et al., 2003; Laan et al., 2008). It is believed that this force-induced catastrophe is the
result of a reduction in the addition of tubulin dimers as the microtubule growth speed
is slowed with increasing force (Janson et al., 2003; Kerssemakers et al., 2006). How-
ever, whether the introduced compressive force, the reduction of tubulin addition, or
nucleotide hydrolysis governs the lifetime of a stalled microtubule has remained un-
resolved.

We set out to investigate the contribution of GTP hydrolysis and tip fluctuations
to the stability of stalling microtubules using EB3 as a marker for the size of the sta-
bilizing cap. To measure the stability of a stalled microtubule in vitro, we studied the
dynamics of microtubules growing against micro-fabricated barriers. By introducing a
novel barrier design containing an overhang, we ensure that microtubule stalling can
be imaged with TIRF microscopy. We observe that microtubule stalling increases the
catastrophe frequency in the absence of EB3. In the presence of EB3 the stalling du-
ration is further reduced in a concentration dependent manner. Surprisingly, the full
decay of the EB3 comet during microtubule stalling does not necessarily lead to an
immediate catastrophe and leaves the microtubule in a metastable state.

To find a minimal model capable of explaining microtubule stalling with the small-
est number of fitting parameters, we use coarse-grained Monte Carlo simulations of
1D filaments simulating the key features of microtubule dynamic instability (Flyvbjerg
et al., 1996; Margolin et al., 2006; Padinhateeri et al., 2012). We show that both micro-
tubule lifetimes in general and the duration of microtubule stalling specifically can be
explained by a combination of random hydrolysis and noisy tip growth. We demon-
strate that while the EB binding region is a measure for the size of the stabilizing cap,
it is not sufficient to explain the onset of a catastrophe. This apparent discrepancy can
be resolved by triggering a catastrophe when a large enough sequence of hydrolysed
tubulin dimers becomes exposed at the microtubule tip. Moreover, this 1D biochemi-
cal model can also successfully capture microtubule dynamics over a range of tubulin
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Figure 4.1: In vitro reconstitution of microtubule stalling
(A) Schematic depiction of the nucleotide distribution at the microtubule end. Progressive hydrolysis of
GTP-tubulin after incorporation leads to a destabilized lattice that is stabilized by a GTP/GDP-Pi cap. EB3
chiefly binds to the GDP-Pi rich region. During microtubule-barrier contact, reduction of microtubule
growth and hydrolysis are hypothesized to lead to an accelerated loss of the protective cap.
(B) Schematic of the micro-fabricated barrier with an approximately 1.5 µm overhang made of SiC. The
barrier itself is composed of SiO2 and is 100 nm high, forcing the growing microtubules into a stalled state
within the TIRF illumination field. Microtubules are grown from stabilized GMPCPP seeds towards the bar-
riers.
(C) Scanning Electron Microscope image of two channels with barriers. The insert shows a zoom of the bar-
rier with SiC overhang.
(D) TIRF images of the micro-fabricated channel enclosed by two barriers (white dotted lines). On the left
microtubules (green) are nucleated from GMPCPP-stabilized seeds (magenta) towards the barriers and on
the right microtubules (magenta) polymerize towards the barriers in the presence of GFP-EB3 (green). See
also Fig. S1 and Videos S1 and S2.

concentrations and is in good agreement with previously reported catastrophe delays
after tubulin dilution.

4.2. RESULTS

4.2.1. In vitro RECONSTITUTION OF MICROTUBULE STALLING

To investigate the stability of pushing microtubules in the presence of GFP-EB3, we
analysed the dynamics of microtubules growing against micro-fabricated barriers us-
ing an in vitro reconstitution assay (Bieling et al., 2007; Kalisch et al., 2011). We treat a
microtubule as a filament comprising three regions: 1) a GTP rich terminal region con-
taining outwardly curved protofilaments (Maurer et al., 2014; McIntosh et al., 2018), 2)
a region containing the intermediate GDP-Pi state to which EB3 prefers to bind (Mau-
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rer et al., 2011), and 3) the GDP lattice (Fig. 4.1A). The presence of EB3 is known to
increase the GTP hydrolysis rate and growth speed by respectively compacting the mi-
crotubule lattice and closing the lattice seam (Maurer et al., 2014; Zhang et al., 2015).
Microtubules were nucleated from GMPCPP-stabilized seeds towards the barriers and
imaged with Total Internal Reflection Fluorescence Microscopy (TIRFM). The barriers
are composed of 100 nm SiO2 and have an amorphous silicon carbide (SiC) overhang,
bridging approximately 1.5 µm, to trap the microtubules and force them into a stalled
state (Fig. 4.1B,C). SiC is a mechanically stable, optically transparent material with
similar passivation and functionalization properties as SiO2 due to a very thin native
oxide layer on the surface (Coletti et al., 2007; Dhar et al., 2009). Although fabrication of
the barriers requires a thin 10 nm layer of SiC on the surface (see Methods for details),
microtubules can be imaged successfully with TIRFM (Fig. 4.1D and S1). This novel
design enables high resolution imaging with TIRF microscopy as the microtubules are
forces to remain within 100 nm from the surface during barrier contact, eliminating
fluctuations perpendicular to the surface. The width between two barriers is 15 µm,
chosen to reduce the probability of observing slipping and buckling events as longer
microtubules are less stiff.

4.2.2. COMPLETE EB3 DECAY DOES NOT NEED TO TRIGGER AN IMMEDI-
ATE CATASTROPHE

The microtubule-barrier contact events leading to a stalled microtubule were analysed
with kymographs to obtain the contact duration and GFP-EB3 comet intensity prior
and during contact (Fig. 4.2A and S1, see Methods for details). Any contact events
leading to microtubule buckling or sliding along the barrier were excluded from the
analysis. All experiments were performed in the presence of 15 µM tubulin. From the
moment of barrier contact, the EB3 intensity at the microtubule tip decreases until the
onset of catastrophe (Fig. 4.2B and S1D). We observed that for ∼65% of stalling events
the EB comet did not fully decay (> 10% of the EB signal remaining) before the onset
of catastrophe. The mean comet intensity at the moment of catastrophe was 16% of
the pre-contact mean. For the other stalling events we found that a full decay of the EB
comet did not immediately lead to a catastrophe. Instead, they remained in contact
with the barrier even in the absence of an observable EB3 comet above the intensity on
the microtubule lattice (Fig. 4.2C). Fitting the average EB decay from the moment of
barrier contact with a mono-exponential function, shows that the decay rate increases
with 0.24 s-1, 0.29 s-1, and 0.40 s-1 for 20, 50, and 100 nM EB3 respectively (Fig. 4.2D).
The presence of EB3 thus increases the decay of the stabilizing cap during stalling as
predicted from its effect of increasing the GTP hydrolysis rate.

4.2.3. MONTE CARLO SIMULATION OF MICROTUBULE STALLING
To determine whether microtubule stalling can be understood solely through the loss
of tubulin addition during barrier contact and a single stochastic hydrolysis step, we
performed Monte Carlo simulations of stalled microtubule growth. Microtubules were
treated as 1D filaments with subunits of 8/13 nm comprising two distinct states:
GTP/GDP-Pi and GDP (Fig. 4.3A, top). We decided to ignore the initial transition from
GTP to GDP-Pi at this point, which was reported to be much faster than the GDP-Pi
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Figure 4.2: Microtubule stalling events in vitro
(A) Representative kymographs of a microtubule-barrier contact event in the presence of 15 µM Hilyte488-
labelled tubulin (left) and in the presence of 15 µM rhodamine-labelled tubulin with 20 GFP-EB3 (right).
The dotted line denotes the position of the SiO2 barrier. The duration of barrier contact is indicated. Scale
bars: 2 µm (horizontal) and 10 s (vertical).
(B) Individual mean intensity of the EB3 comet and the EB3 signal on the microtubule lattice of the kymo-
graph on the right in (A). At the moment of microtubule-barrier contact (tcontact), the EB3 comet signal
decays to the level of the microtubule lattice, ultimately resulting in the onset of a catastrophe (tcatastrophe)
after 7.75 seconds.
(C) Several examples of stalling microtubules with their respective integrated comet intensity traces. Traces
a-b show a full comet decay during barrier contact before the onset of a catastrophe, whereas the comet in
traces c-d only partially decays. All traces were in the presence of 15 µM tubulin. Additionally, trace a con-
tained 20 nM EB3, trace b and c 100 nM EB3, and trace d 50 nM EB3. Arrows and shaded regions illustrate
the duration of microtubule stalling event. Scale bars: 2 µm (horizontal) and 10 s (vertical).
(D) All normalized EB3 comet intensity traces for 20, 50, and 100 nM aligned on the moment of barrier con-
tact. The mean decays were fitted with a mono-exponential curve and show an increasing decay rate with
increasing EB3 concentrations, resulting in decay rates of 0.24 s-1, 0.29 s-1, and 0.40 s-1 for 20, 50, and 100
nM respectively. Number of stalling events analysed: 20 nM, n = 230, 50 nM, n = 246, and 100 nM , n = 126.
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Figure 4.3: Monte-Carlo simulation of microtubule dynamics
(A) The microtubule is simulated as a one-dimensional lattice with two states, a GTP/GDP-Pi and a GDP
state, constituting a cap and lattice region respectively. Microtubule growth is determined by the mean
growth speed with added Gaussian noise, resulting in stochastic tip elongation following a biased random
walk. Uncoupled stochastic hydrolysis matures the GTP/GDP-Pi-state into the GDP-state with rate khyd .
The hydrolysis front, i.e. the border between the lattice and the cap, is set by a minimal number of con-
secutive GDP-state subunits, defined as Nunst abl e . The cap is thus the terminal region with fewer than
Nunst abl e GDP subunits.
(B) Simulated microtubule growing event. (top) During the noisy microtubule growth, the hydrolysis front
and the microtubule tip fluctuate over time. When the size of the cap is reduced to zero, i.e. when the num-
ber of consecutive terminal GDP subunits equals Nunst abl e , a catastrophe follows, and the simulation is
terminated. (bottom) Total number of GTP/GDP-Pi subunits for the simulated microtubule enables a qual-
itative comparison with experimental data of the EB comet size. Any EB binding kinetics is omitted.
(C) Simulated stalling microtubule length (top) and GTP/GDP-Pi subunit content (bottom). Barrier contact
is defined by restricting the maximum length of the microtubule to Lbar r i er . Upon reaching the barrier, the
microtubule can fluctuate before a catastrophe is triggered.

to GDP transition (Kim, 2018; Maurer et al., 2014). We saw this justified by the fact
that our key observations changed only very moderately when the first transition was
included explicitly, adding to a further reduction of the number of necessary model
parameters. Simulated microtubules grow by the addition of GTP/GDP-Pi subunits
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which subsequently undergo random hydrolysis to GDP with a rate khyd (Fig. 4.3A,
right). We treat microtubule growth as a discrete, biased Gaussian random walk (An-
tal et al., 2007; Flyvbjerg et al., 1996), inspired by experimental observations that re-
vealed a substantial diffusive character of the growing microtubule tip (Gardner et al.,
2011; Kerssemakers et al., 2006; Rickman et al., 2017; Schek et al., 2007). Following this
model, tip growth is fully characterized by the experimentally measured mean growth
speed 〈V 〉 and the diffusion constant D t i p (Fig. 4.3A, left). The length of the cap is
determined by the microtubule tip and the transition between the cap and lattice. The
latter is positioned at the location defined by the fitting parameter Nunst abl e , which
is the number of uninterrupted GDP subunits required to destabilize the microtubule
tip. A catastrophe is triggered when the length of the cap is reduced to zero due to
random hydrolysis and noisy growth, i.e. the moment at which the number of unin-
terrupted GDP subunits at the tip is equal or greater than Nunst abl e (Fig. 4.3B, top).
Depolymerization and rescues are not considered in the model. The simulation thus
only requires the three fitting parameters khyd , D t i p , and Nunst abl e , all of which can
be verified with experimental data. The experimental EB3 intensity at the microtubule
tip is compared to the total number of GTP-state subunits within the simulated micro-
tubule (Fig. 4.3B, bottom).

Microtubule stalling is simulated by introducing a fixed maximum length Lbar r i er

(Fig. 4.3C). Any growth event that would bring the microtubule length to L > Lbar r i er

is truncated to this maximum length. Since tip fluctuations include a non-zero prob-
ability for moderate negative growth (Fig. 4.3A, left), fluctuations of the tip position
continue after barrier contact (Fig. 4.3C).

4.2.4. DETERMINING THE CATASTROPHE THRESHOLD

Our 1D model relies on three fitting parameters, D t i p , khyd , and Nunst abl e . We ob-
tained the values of the mean growth speed 〈V 〉 for each EB3 concentration and the
global median seed-barrier distance Lbar r i er from the experimental data (Fig. 4.4A,B).
Based on existing literature (Maurer et al., 2014), we expected that adding EB3 would
affect the transition from GTP/GDP-Pi to GDP state, i.e. khyd in our simulations. We
hypothesized that growing microtubules can display different diffusive tip growth at
different EB concentrations. It hence appeared reasonable to keep D t i p and khyd as
free fitting parameters, and Nunst abl e as a global fitting parameter of which we expect
it to be largely independent of the presence of EB3.

To find good fitting values, we performed systematic parameter scans across a
range of D t i p and khyd , simulating 500 microtubule growth events for each param-
eter combination. We simulated both freely growing microtubules and stalling mi-
crotubules, and compared the distributions with the respective experimental distri-
butions. Using a Kolmogorov-Smirnov test as a measure of the similarity between the
simulated and experimental distribution, we obtained heatmaps with similarity pa-
rameters P1 and P2 (Fig. 4.4C). The parameter set best capturing both distributions
was then found by calculating P1 ·P2 (Fig. 4.4A,B and S2).

Our analysis indeed corroborates the independence of Nunst abl e as we could find
simultaneous fits of D t i p and khyd that are in excellent agreement with our experi-
mental observations across a wide range of Nunst abl e values. To determine an ideal
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Figure 4.4: Parameter determination of 1D model.
(A) The growth speed of freely growing microtubules. For the conditions 0, 20, 50, and 100 nM EB3, growth
speeds of 1.68, 2.79, 2.79, and 3.72 µm min-1 respectively were obtained and used for the simulation. Red
lines indicate the median value and whiskers correspond to a sigma of 2.7.
(B) The distance between the microtubule seed and the barrier. For the simulation a constant distance of
3.4 µm was used for all conditions. Red lines indicate the median value and whiskers correspond to a sigma
of 2.7.
(C) The diffusion constant Dt i p and hydrolysis rate khyd are determined by comparing the simulated mi-
crotubule lifetime distributions and contact duration distributions for different parameter combinations
with the experimental distributions. From a Kolmogorov-Smirnov test, the statistical similarity values P1
and P2 are determined. Evaluating P1 ·P2 results in a parameter pair best describing both datasets. The
shown heatmaps are of experiments with 0 nM EB3. For more details on all fits, see also Fig. S2.
(D) The mean experimental EB3 comet decay during barrier contact, aligned on the moment of catastro-
phe. The ratio between the steady-state comet intensity prior to contact (from -30 to -15 seconds) and the
moment of catastrophe is used to compare to the simulated data. The shaded regions denote the SEM.
(E) Histogram of the combined distributions for 20, 50 and 100 nM of the EB3 ratio between the mean comet
intensity during steady-state growth and the comet intensity at the moment of catastrophe. The lines show
the simulated EB ratio for Nunst abl e values of 5, 10, 15, 20, and 40. From this comparison, we obtain a
minimum Nunst abl e of 15 for all simulation conditions.
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value for Nunst abl e to match our data, we focussed on two related experimental ob-
servations. Firstly, the EB3 comet decay at the barrier which we expected to be re-
lated to khyd (Fig. 4.2D). And secondly the ratio between the mean EB3 signal during
steady-state growth 〈EB〉 and the EB3 signal at the moment of catastrophe EBcat , as
this would also give us a measure of the hydrolysed fraction GTP/GDP-Pi subunits
before a catastrophe occurred (Fig. 4.4D and S3). Comparing the combined distribu-
tions of the EB3 ratios with simulated ratios for several Nunst abl e values results in a
minimum Nunst abl e value of ∼15 subunits (Fig. 4.4E).

4.2.5. BOTH GTP HYDROLYSIS AND TIP FLUCTUATIONS DETERMINE STAL-
LING DURATION

Figures 4.5A and 4.5B show the experimental cumulative fraction of the lifetimes of
freely growing microtubules and of the stalling duration respectively (bold lines), in
the presence of 15 µM tubulin and 0, 20, 50, and 100 nM GFP-EB3. The distribution of
free lifetimes comprises microtubules growing parallel to the barriers. By bootstrap-
ping each simulated distribution obtained with the parameters in Fig. 4.5C, we show
25 simulated traces of equal datapoints as the experimental dataset. The variability in
the simulated distributions provides a good visual reference of the similarity between
experiment and simulation (Fig. 4.5A,B and S2). The distributions show that an in-
creasing concentration of EB3 decreases the contact duration. In the absence of EB3
the contact duration is 30.8 ± 1.3 seconds (median ± SE), whereas in the presence of
20, 50, and 100 nM GFP-EB3 the contact duration is reduced to respectively 13.8 ± 0.7,
9.1 ± 0.8, and 4.1 ± 0.3 seconds (median ± SE). The simulated distributions capture
the data well and show that both free microtubule lifetimes and microtubule stalling
can indeed be captured with a 1D model comprising three parameters (Fig. 4.5A,B and
S4A). The decay rate of GTP subunits during stalling matches the experimental dataset
(Fig. 4.5D and 4.2D), although the simulated decay is higher for 100 nM EB3. The sim-
ulated barrier contact events also show a similar noisy comet intensity (Fig. 4.5D and
S3). In addition to an increase in hydrolysis, a decrease in tip fluctuations is required
to capture the experimental distributions in the presence of 100 nM EB3 (Fig. 4.5C).

4.2.6. SIMULATING TUBULIN WASHOUT
Recent experiments using microfluidics assisted washout of tubulin in vitro have shown
that a minimal stable cap has a length of 10 tubulin layers at most, of which 15-30%
dimers are still unhydrolysed (Duellberg et al., 2016). The observed delay between
tubulin washout and microtubule catastrophe is reported to be ∼7 seconds and shown
to depend on the pre-washout growth speed (Duellberg et al., 2016; Walker et al., 1991).
To verify the ability of our model to describe tubulin washout experiments and com-
pare the difference with stalling microtubules, we simulated tubulin washout with our
obtained parameter set (Fig. 4.5C). To simulate washout, we prohibit any growth of the
microtubule tip, but still allow microtubules to undergo negative growth (Fig. 4.3A). To
compare our results to published washout parameters (20 µM tubulin with 0 and 200
nM of Mal3) (Duellberg et al., 2016), we simulate tubulin washout for 15 µM tubulin in
the presence of 0 and 20 nM EB3, resulting in a comparable growth speed and hydrol-
ysis rate. The difference between the concentration of Mal3 (fission yeast homologue
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Figure 4.5: Free microtubule growth and microtubule stalling.
(A) The cumulative fraction of the lifetimes of freely growing microtubules at increasing concentrations of 0
nM (n=90), 20 nM (n=384), 50 nM (n=262), and 100 nM (n=398). All data was obtained with 15 µM tubulin.
The bold lines show the experimental data and the thin lines show 25 bootstrapped simulated distribution
of equal number of datapoints as the experimental distribution.
(B) The cumulative fraction of the microtubule-barrier contact durations shows that increasing concentra-
tions of 0 nM (n=131), 20 nM (n=126), 50 nM (n=90), and 100 nM (n=90) GFP-EB3 decrease the contact
duration. All data was obtained with 15 µM tubulin. The bold lines show the experimental data and the
thin lines show 25 bootstrapped simulated distribution of equal number of datapoints as the experimental
distribution.
(C) Table with the mean growth speed 〈V 〉, hydrolysis rate khyd (mean ± 95% CI), diffusion constant Dt i p
(mean ± 95% CI), and Nunst abl e as determined to simulate the lifetimes of freely growing microtubules and
the contact duration of stalling microtubules at each EB concentration. The relative goodness of fit can be
assessed from the Kolmogorov-Smirnov test score P1 ·P2.
(D) Simulated decay of GTP/GDP-Pi subunits during microtubule stalling. Each dataset contains 1500 sim-
ulated events.
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Figure 4.6: Simulating tubulin washout.
(A) Simulation of tubulin washout following the parameters in Fig. 4.5C for 0 and 20 nM EB3. For both
conditions, 25 bootstrapped distributions of 100 datapoints are shown. The mean delay duration between
washout and catastrophe is 10.3 ± 3.2 and 5.5 ± 1.8 seconds for 0 and 20 nM EB3 respectively (mean ± std).
(B) Simulation of tubulin washout following the parameters in Fig. 4.5C 20 nM EB3. The mean shrinkage
length of the microtubule between washout and catastrophe is 253 ± 71 nm (mean ± std).
(C) Simulation of the comet decay during tubulin washout following the parameters in Fig. 4.5C for 20 nM
EB3.

of EB1) and EB3 required to obtain a similar hydrolysis rate can be explained by the
intrinsic structural differences (Roth et al., 2018; von Loeffelholz et al., 2017). Our sim-
ulation of tubulin washout showed a delay between washout and catastrophe of 10.2
± 3.2 and 5.5 ± 1.8 seconds (mean ± std) for 0 and 20 nM EB3 (Fig. 4.6A), similar to the
reported values of 7.3 and 3.5 seconds for 0 and 200 nM Mal3 (Duellberg et al., 2016).
During the delay, we measured a slow shrinkage of the microtubule tip length during
washout and catastrophe of 253 ± 71 nm (mean ± std) for 20 nM EB3 (Fig. 4.6B), com-
parable to the reported 165 ± 105 nm (Duellberg et al., 2016). Furthermore, we find
that the simulated decay rate of 0.30 s-1 (20 nM EB3) of GTP/GDP-Pi subunits from the
moment of tubulin washout is in agreement with the reported 0.33 s-1 (200 nM Mal3)
(Fig. 4.6C). We conclude that our model is thus capable of accurately capturing tubulin
washout.
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4.3. DISCUSSION
Microtubules interacting with cellular components such as the cell cortex have an in-
creased probability to undergo a catastrophe during contact, thereby contributing to
the regulation of the microtubule network (Gregoretti et al., 2006; Letort et al., 2016).
To understand microtubule stability and the resulting lifetimes during contact, we in-
vestigated the effect of the plus-end tracking protein EB3 on the stability of stalled
microtubules both in vitro and in silico. Using novel micro-fabricated barriers in con-
junction with TIRF microscopy, we studied the duration of contact and the size of the
stabilizing cap during microtubule stalling. We confirm that stalled microtubules un-
dergo a catastrophe after 30.8 ± 1.3 seconds (median ± SE) in the absence of EB3, com-
parable to previously measured values (Fig 4.6B) (Janson et al., 2003). In addition, the
presence of EB3 significantly further reduces the stability in a concentration depen-
dent manner which results in up to seven times shorter residence times at the barriers
(Fig 4.5A,B and S4A), in agreement with earlier observations of stalling microtubules
in the presence of Mal3 (Fig. S5). This is caused by both an increased cap decay and
a smaller mean stabilizing cap during free steady-state growth. Conversely, in the ab-
sence of EB3, short contact events are lacking (Fig. 4.5B).

We find that microtubules can remain in a stalled state without the presence of
an observable EB comet, suggesting that a stable microtubule does not necessarily re-
quires an observable comet. In our experimental setup, this could be a result of steric
hindrance from the overhang, prohibiting the microtubule from depolymerising. Also,
recent simulations investigating the onset of catastrophes using molecular-dynamics
modelling of tubulin-tubulin interactions predict that microtubules without a stabiliz-
ing cap are metastable when the tip is blunt (Zakharov et al., 2015). It could well be that
stalling microtubules adopt a blunt tip, effectively reducing fluctuating bend protofil-
aments (McIntosh et al., 2018), and could resemble a microtubule pausing state (Van-
Buren et al., 2005).

A 1D MODEL FULLY CAPTURES MICROTUBULE STALLING
Simulating the microtubule as a two-state system with random hydrolysis and noisy
growth successfully describes the dynamic instability of both freely growing micro-
tubules and stalling microtubules. Previously, this type of 1D model was incapable
of describing the lifetimes of freely growing microtubules, because tubulin dissocia-
tion was hypothesized to be independent from the microtubule growth speed (Bowne-
Anderson et al., 2013). This necessitated introducing lateral tubulin-tubulin interac-
tions in a 2D model to accurately capture microtubule lifetimes (Gardner et al., 2011).
Here, we showed that introducing a highly dynamic tip in a 1D model is sufficient
to capture the microtubule lifetimes. As an additional verification of our model, we
simulated microtubule lifetimes and stalling durations based on reported experimen-
tal data (Fig. 4.7) (Janson et al., 2003). Our model can simultaneously capture the
reported mild catastrophe reduction with increasing growth speed as well as the dis-
tribution of stalling durations (Fig. 4.7A,B). Moreover, the required tip noise to do so
at a fixed khyd of 0.10 s-1 is in line with the reported dependence of the tip noise on
the growth speed (Fig. 4.7C) (Rickman et al., 2017). The absence of any force-coupling
in our model suggests that it is not essential for explaining the experimental observa-
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tions, although we cannot exclude that compressive forces play a role in the stability
of stalling microtubules.

A feature of microtubule stability not present in our model is an age dependent
catastrophe frequency. It has been reported that "younger" microtubules are more
stable than "older" ones (Gardner et al., 2011). Two proposed processes responsible
for inferring this property are based on a multi-step lattice defect model and on taper-

Figure 7
A B C

D

GTP

XMAP215

0.01

0

0.02

0.03

-40-80 0 40 80 120

Velocity (nm s-1)

Fr
eq

ue
nc

y

Growth speed (µm min-1)

Li
fe

tim
e 

(s
)

0 1 2 3
0

200

100

400

300

600

500

700

Growth speed (µm min-1)

D
iff

us
io

n 
co

ns
ta

nt
 (

nm
2  

s-1
)

0 2 4 6
0

2000

1000

4000

3000

6000

5000

7000

Simulation
Rickman et al. (2017)

Contact duration (s)

Co
un

ts

10

5

20

15

25

0
0

20 3010 40 50 60 70

Janson et al. (2003)
Simulation

Figure 4.7: Model evaluation.
(A) Simulation of microtubule lifetimes for increasing growth speeds. The simulation growth speeds were
obtained from (Janson et al., 2003) and combined with a global value for khyd of 0.10 s-1 and our Nunst abl e
of 15. The insert shows the lifetimes for freely growing microtubules (triangles) and for buckling micro-
tubules (dots) (Janson et al., 2003). Our model shows a similarly mild suppression of catastrophes with
increasing tubulin concentrations, with the growth speeds of 0.45, 0.8, 1.4, 1.8, and 2.4 µm min-1 corre-
sponding to tubulin concentrations of 7.2 (n=58), 10 (n=152), 15.2 (n=49), 20 (n=51), and 28 µM (n=30).
Simulated lifetimes are given as mean ± SEM with the same number of datapoints as the experimental val-
ues.
(B) Histogram of the pooled stalling duration with 103 events measured at 15.2, 20, and 28 µM from (Jan-
son et al., 2003) and the simulated stalling duration. The simulated values represent mean ± SD for n = 103
events.
(C) The diffusion constant of the microtubule tip required to simulate the microtubule lifetimes in (A) based
on data from (Janson et al., 2003). These values are in line with reported values by (Rickman et al., 2017).
(D) Growth speed fluctuations in the presence (red) and absence (black) of 150 nM XMAP215 obtained with
optical tweezer experiments (20 µM tubulin). The addition of XMAP215 stretches the Gaussian noise to-
wards higher growth speeds.
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ing of the microtubule tip during growth (Bowne-Anderson et al., 2013; Chretien et al.,
1995; Coombes et al., 2013; Duellberg et al., 2016; Mandelkow et al., 1991; VanBuren
et al., 2005). We don’t observe a clear effect of microtubule ageing in our lifetime or
in contact duration distributions (Fig. 4.5A and S4B). Partly, ageing effects could be
masked by the strong reduction in microtubule lifetime in the presence of EB3. How-
ever, even in the absence of EB3 our model is able to describe the experimental data
well without relying on microtubule ageing. The fact that the model even reproduces
the non-exponential lifetime distribution (Fig. 4.5A) is here not due to ageing, but sim-
ply due to the presence of a stable, non-hydrolysable seed.

In our simulations we observe that catastrophes often occur as a combination of
two destabilizing, random events. One is a short period of locally faster hydrolysis
(momentarily reducing the size of the stabilizing cap). The second event is a short
period of slowed down growth or even shrinkage. For freely growing microtubules both
events have a low joint probability of occurring. By stalling microtubules (here at a
physical barrier) and hence forcing them into a permanent slow growth regime, the
probability of a catastrophe to occur is increased, in our case by a factor of ∼7.

THE THRESHOLD FOR A CATASTROPHE
To determine the required size of the GTP/GDP-Pi cap for stable microtubule growth,
we measured the ratio between the EB3 comet intensity at the moment of catastro-
phe and the mean EB3 comet intensity during steady-state growth. In addition, we
evaluated the decay rates of EB3 comets after initial barrier contact. A lower Nunst abl e

resulted in a smaller cap that quickly becomes unstable when GTP/GDP-Pi subunits
transition to GDP subunits. To match simulations and experimental data, the hydrol-
ysis rate would need to be comparably slow. At high Nunst abl e values the end of the
stable cap would be positioned far behind the initial GTP/GDP-Pi to GDP transitions,
and a faster hydrolysis had to be assumed to explain our data. Both measures con-
verge on a catastrophe threshold Nunst abl e of ∼15 uninterrupted hydrolysed terminal
subunits, which would approximate a single tubulin layer at the microtubule tip. The
notion that the stabilizing cap is large on average, but that only a short stretch of hy-
drolysed subunits at the microtubule tip is required to trigger a catastrophe, combines
short and long cap observations (Brun et al., 2009; Duellberg et al., 2016; Molodtsov
et al., 2005; Seetapun et al., 2012; Walker et al., 1991). We thus find that the onset of a
catastrophe does not primarily depend on the size of the observed EB comet, but in-
stead on the underlying distribution of hydrolysed subunits at the microtubule tip. In
this sense, the EB comet can rather be seen as a signature of the underlying hydrolysis
distribution.

MICROTUBULE GROWTH FLUCTUATIONS
Our model relies on fluctuations of the microtubule tip as a key parameter for de-
scribing experimental dynamic instability. It has previously been reported that micro-
tubules undergo substantial fluctuations at the tip with diffusion constants of ∼4400
nm2s-1 for 20 µM tubulin (Rickman et al., 2017), ∼3000 nm2s-1 for 12 µM tubulin (Gard-
ner et al., 2011), both in good agreement with our fitted D t i p values (Fig. 4.5C). Addi-
tionally, our model requires that the size of the fluctuations decreases in the presence
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of 100 nM EB3. This effect would support the hypothesis that the increase in growth
speed from the presence of EB3 is the result of a lower tubulin dissociation rate at the
microtubule tip. If we assume that the tubulin association rate only depends on the
soluble tubulin concentration and is therefore not affected by EB3, we would expect
the resulting tip noise D t i p to be smaller. This effect could originate from EB3 binding
in between protofilaments and reducing tip fluctuations.

A possible extension of our 1D model to describe the effect of +TIPs could be to
characterize them phenomenologically by their effect on GTP hydrolysis and tip fluc-
tuations. As the effect of EB3 can be described this way, we hypothesize that the effect
of XMAP215, a microtubule growth promoting +TIP, can be characterized similarly.
Earlier observations of microtubule growth obtained with optical tweezers, shows the
effect of XMAP215 on microtubule tip fluctuations (Fig 4.7D) (Kerssemakers et al.,
2006). The biased Gaussian random walk that describes polymerization in the absence
of XMAP215 is skewed to higher growth speeds in its presence. To allow future exten-
sions and modifications of our model, we will make our entire source code available
under an open source licence and provide extra documentation.

OUR MODEL SUCCESSFULLY DESCRIBES TUBULIN WASHOUT
We showed that tubulin washout can be captured with our model and reproduces a
similar catastrophe delay, tip shrinkage, and comet decay as reported (Fig. 4.6)). The
reported finding that a microtubule requires a stable cap of ∼10 tubulin layers at most
(Duellberg et al., 2016) is not at odds with our finding that a catastrophe is triggered
when the terminal layer of tubulin is hydrolysed. Because the former result is based
on the average remaining density of Mal3 at the moment of catastrophe after tubulin
washout, it does not inform on a specific catastrophe criterium. We thus conclude that
our model can describe tubulin washout and simulate values in good agreement with
experiments. The longer catastrophe delay observed with microtubule stalling com-
pared to tubulin washout can be explained by the replenishment of hydrolysed dimers
at the microtubule tip due to continuous tip fluctuations. The absence of tubulin after
dilution removes this stabilizing effect.

OUTLOOK
The stability of microtubules interacting with cellular components has been studied
in the context of cortical contact (Aher et al., 2018; Bouchet et al., 2016; Chi and Am-
brose, 2016; Komarova et al., 2002), spindle positioning (Guild et al., 2017; Laan et al.,
2012; Letort et al., 2016; Vleugel et al., 2016), and microtubule organization (Cassimeris
et al., 2018; Gregoretti et al., 2006; Zelinski et al., 2012). Here, we extend the knowl-
edge about the stalling process of microtubules by combining experiments and sim-
ulations. Our experimental setup will be useful for studying microtubule interactions
and the functional effect of stabilizing and destabilizing microtubule associated pro-
teins. Our approach can be used to study the influence of MAPs, tubulin isotypes and
PTMs (Sirajuddin et al., 2014) on the stability of pushing microtubules. Furthermore,
the SiC overhangs are designed to be compatible with a previously published method
to specifically functionalize the barriers with protein complexes (Taberner et al., 2014),
enabling the study of end-on interactions.
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We developed a coarse-grained model that can capture a very rich set of experi-
mental data on dynamic microtubules. Its sole dependence to tip noise and random
hydrolysis makes it possible to build an intuition of key processes in microtubule dy-
namics. It can capture microtubule lifetimes for a range of tubulin concentrations,
cap dynamics during microtubule stalling, and the delay and tip shrinkage after tubu-
lin dilution. The model could be further extended to study the effect of various MAPs
and quickly capture their effect on tip noise and GTP hydrolysis.

4.4. EXPERIMENTAL METHODS

PROTEINS
GFP-EB3 was a kind gift from Michel Steinmetz. All tubulin products were acquired
from Cytoskeleton Inc, with all unlabelled tubulin specifically from a single lot.

MICROFACRICATION OF BARRIERS
The fabrication method for the micro-fabricated barriers with an SiC overhang is in-
spired by (Kalisch et al., 2011; Taberner et al., 2014; Aher et al., 2018). All fabrication
steps were performed in a cleanroom environment (van Leeuwenhoek Laboratory,
NanoLab NL). The barrier was designed with the following considerations in mind:

• The width of the channels should favour stalling event over buckling events, but
remain large enough for GMPCPP-stabilized seeds to easily land.

• A bottom layer of SiC is needed to prevent etching into the coverslip during a
Buffered Oxide Etch. This layer needs to be as thin as possible to prevent photon
absorption by the semiconductor resulting in a diminished signal-to-noise and
surface heating. Using PE-CVD, 10 nm is thinnest layer we could fabricate while
still maintaining the layer’s integrity to protect the coverslip from the Buffered
Oxide Etch.

• The layer of SiO2 of 100 nm ensures that the microtubule can polymerize under-
neath the overhang while remaining inside the evanescent wave.

• The top layer of SiC is 250 nm thick to ensure mechanical stability, while still
allowing to observe microtubules growing on top of the barrier despite some
photon absorption.

To start, glass coverslips (24x24 mm, #1) were cleaned for 10 min with base pi-
ranha, a mixture of H2O : NH4OH : H2O2 in a 5:1:1 ratio heated to 70°C. Then, three
sequential layers of SiC (10 nm), SiO2 (100 nm), and SiC (250 nm) are deposited on
the cleaned surface via Plasma-Enhanced Chemical Vapour Deposition (PE-CVD) at
300°C (Oxford Instruments PlasmaPro 80). PE-CVD ensures a surface smooth enough
for TIRF microscopy with fast deposition rates (70 nm/min for SiO2 and 40 nm/min
for SiC).

In order to transfer the barrier pattern to the surface, UV lithography is used. First,
to aid in the adhesion of the photoresist, a few drops of hexamethyldisilazane (HMDS)
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are spin coated on the SiC surface and allowed to dry on a 115°C hotplate for 30 sec-
onds. Then a 1.3 µm layer of the positive photoresist S1813 (MicroChem) is spin coated
(5000 rpm) on the surface and pre-baked for 90 seconds on a 115°C hotplate. Exposure
of the photoresist through a chromium mask with a near-UV source (320-365 nm, ap-
prox. 13 mW/cm2) transfers the barrier pattern in 4 seconds (EVgroup EVG 620). De-
velopment with MF321 (MicroPosit) for 60 seconds removes the UV-exposed regions
of the resist.

Next, Reactive Ion Etching (Leybold Hereaus) with a mixture of CHF3 : O2 (50
sccm:2.5 sccm) etches through the exposed regions of the 250 nm SiC layer and into
the SiO2 layer. The etch is performed at 50 µbar and at 50W, resulting in a bias voltage
of 400 V. It is important to etch completely through the top SiC layer, but only partly
through the SiO2 layer, to leave the bottom SiC layer intact. Any remaining photoresist
after the etch is removed by sonication of the sample in acetone for 10 minutes.

Finally, the sample is submerged in buffered hydrofluoric acid (HF : NH4F = 12.5 :
87.5%) to selectively etch the exposed SiO2 with a rate of approximately 200 nm/min
to obtain an overhang of 1.5 µm. The final barriers are 100 nm high with an overhang
of 1.5 µm, enclosing channels with a width of 15 µm.

In vitro MICROTUBULE DYNAMICS ASSAY
Reconstitution of microtubule dynamics was performed as previously described in
(Bieling et al., 2007; Montenegro Gouveia et al., 2010). After cleaning the barrier sam-
ple with O2-plasma, a flow channel was constructed with a cleaned glass slide and
double-sided sticky tape in such a way that the channel direction is perpendicular to
the barriers. Then, the surface was consecutively functionalized with 0.5 mg/ml PLL-
PEG-biotin(20%) (SuSoS AG, Switzerland), 0.2 mg/ml NeutrAvidin (Invitrogen), and
0.5 mg/ml κ-casein (Sigma). All components were kept in MRB80 buffer, comprised
of 80mM piperazine-N,N’-bis(2-ethanesulfonic acid), 4 mM MgCl2, and 1 mM EGTA
at a pH of 6.8. The reaction mixture contained 15 µM tubulin (7% rhodamine labelled)
in the presence of GFP-EB3 or Hilyte488 labelled tubulin in the absence of GFP-EB3,
and was supplemented with 0.5 mg/ml κ-casein, 0.15% methylcellulose, 50 mM KCl,
1 mM GTP, oxygen scavenger mix (4 mM DTT, 200 µg/ml catalase, 400 µg/ml glucose
oxidase, 50 mM glucose). The reaction mix is then centrifuged in an Airfuge (Beck-
man Coulter) at 30psi for 8 minutes to remove any aggregated complexes before being
introduced to the sample. GMPCPP-stabilized seeds (70% unlabelled tubulin, 18% bi-
otinylated tubulin, 12% rhodamine-labelled tubulin) were introduced to the channel
with the flow direction perpendicular to the barriers. Flow cells were sealed with vac-
uum grease and imaged on a TIRF microscope at between 28 and 30°C.

TIRF MICROSCOPY

All experiments were imaged using TIRF microscopy, consisting of a Ilas2 system (Roper
Scientific) on a Nikon Ti-E inverted microscope. The Ilas2 system is a dual illumina-
tor for azimuthal spinning TIRF illumination equipped with a 150 mW 488 nm laser,
a 100 mW 561 nm laser, and a ZT405/488/561/640rpc dichroic mirror. Simultaneous
dual-acquisition was performed with two Evolve 512 EMCCD camera’s (Photometrics)
through a 525/50 nm and a 609/54 nm emission filter, using a Nikon CFI Plan Apoc-
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hromat 100XH NA1.45 TIRF oil objective. Together with an additional magnifying lens,
the final magnification resulted in a pixel size of 107 nm/pixel. The sample was heated
with a custom objective heater to 28-30°C and was kept in focus with the Nikon Per-
fect Focus system. The hardware was controlled with MetaMorph 7.8.8.0 (Molecular
Device).

IMAGE TREATMENT
The image stacks obtained with TIRF microscopy were corrected prior to data analysis.
First, simultaneous acquisition of rhodamine-labelled tubulin and GFP-EB3 on two
cameras introduced a non-linear spatial offset between the two image stacks due to
imperfections in the dichroic mirror and in the alignment of the two cameras. By scan-
ning multiple FOVs of a calibration slide containing 100 nm TetraSpeck beads (Ther-
moFisher) and automatically locating the centroids through a custom written MATLAB
script, a non-linear registration profile accounting for the spatial offset was obtained.
The misaligned image stack was corrected by applying this registration profile based
on the position of ∼500 bead positions. Additionally, any sample drift was corrected
by subpixel image registration through cross-correlation (Guizar-Sicairos et al., 2008).

Secondly, some scattering of excitation light at the edge of the SiC overhang made
proper determination of the EB3-GFP signal near the barrier difficult. Although this
effect was mostly mediated by creating a wide undercut that physically separated the
overhang from the barrier, a correction was nonetheless applied. To remove the signal,
the minimum intensity value of each pixel in the image stack was subtracted from that
pixel in each image. This correction enabled tracking of the EB3 comet near the barrier
and accurate measurement of the EB3 comet intensity.

Thirdly, a general background subtraction was performed in Fiji (Schindelin et al.,
2012) to correct for inhomogeneous illumination.

IMAGE ANALYSIS
Analysis of the images was partly performed with Fiji and partly in MATLAB. After im-
age treatment, kymographs were created by drawing straight lines of 9 pixel width (0.95
µm) along growing MTs using KymoResliceWide plugin with maximum transverse in-
tensity (http://fiji.sc/KymoResliceWide). Each growth event in the kymographs
was manually traced to determine the position of the MT end. This position was then
used to fit the EB3 comet to obtain the precise position and intensity, using the profile:

I (x) = I A ·exp

(
(x −xc )2

σ2

)
+ IBKG

where I (x) is the fluorescence intensity, IBKG is the background intensity, I A is the
intensity amplitude, xc is the position of the peak of the EB3 comet, and σ is the width
of the EB3 comet. As the EB3 comet decays at the barrier and fitting is not possible, the
intensity during contact was determined by calculating the average intensity value in
a region around the comet position and around the barrier (Fig. S1). Subsequently, the
barrier contact duration and the comet decay duration were determined manually.

http://fiji.sc/KymoResliceWide
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MONTE CARLO SIMULATION
Simulations of growing microtubules were run as a series of discrete, fixed time-steps.
The length of the time steps δt was chosen small enough to properly account for the
random hydrolysis of the subunits (Phyd , the probability for a dimer to undergo hy-
drolysis within one time step was kept at <0.05). Further restrictions were to not ex-
ceed the desired frame rate, in our case the lowest used experimental frame rate of 250
ms. Due to the discrete nature microtubule growth in subunits, it was then chosen
for the next-lowest time-step for which 〈V 〉 δt

L0
became an integer, with L0 = 8

13 nm the
length increment per subunit and 〈V 〉 the microtubule mean growth speed.

Each microtubule simulation started from a few initial subunits (a ’seed’) that were
excluded from hydrolysis, and that were not allowed to be removed during micro-
tubule tip fluctuations. Microtubule growth was simulated as a discrete, biased, Gaus-
sian random walk. This means that for each time-step δt , the microtubule length was
changed by a discretized random number of subunits that were drawn from a Gaus-

sian distribution with standard deviation σ=
√

2D t i pδt and centred at 〈d x〉/L0.

During each time step, subunits transition from the GTP/GDP-Pi to the GDP state
by random hydrolysis with a rate khyd . Whenever the foremost uninterrupted strand
of GDP state subunits (≥ Nunst abl e subunits in a row) is changed, the position of the
end of the stable cap will jump to the front element of this strand, which we interpret
as the new position of the end of the stable cap Lend−o f −cap .

A simulation run ends when a catastrophe occurs. This happens when the stable
cap shrinks to zero, i.e. if Lt i p −Lend−o f −cap = 0, where Lt i p is defined as the position
of the foremost subunit of the microtubule. The growth duration was defined as the
time from initial growth until catastrophe.

The presence of a physical barrier is modelled by introducing a fixed barrier posi-
tion Lbar r i er . Tip dynamics and random hydrolysis remained unchanged, only the mi-
crotubule length was truncated whenever it would penetrate the barrier. This means
the length of the microtubule was set back to Lbar r i er if Lt i p > Lbar r i er . The barrier
contact time was then defined as the time from the microtubules first contact with the
barrier until its catastrophe.

The simulation written in Python 3.6 and was run on standard PCs. The code to
run the simulation will be made available under an open-license on GitHub after pub-
lication.
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(A) Montage of a microtubule-barrier stalling event in the presence of 20nM EB3. During barrier contact
microtubule polymerization halts, the EB3 signal at the plus end diminishes as GTP hydrolysis progresses,
and a catastrophe event ensues. Scale bar denotes 5 µm.
(B) In order to increase the signal to noise and remove the scattering at the edge of the overhang, a mini-
mum projection of the stack is subtracted from each pixel. The kymographs show the data before and after
correction of the event in (A).
(C) Determination of the position of the microtubule tip is obtained by manual tracking (left). Due to the
loss of the EB signal during stalling and insufficient signal-to-noise of the microtubule signal, automatic
tracking is not possible. The intensity of the EB3 comet is obtained from a region surrounding the manual
trace with a width of 10 pixels or 1,1 µm (middle). The mean EB3 signal at the microtubule tip is corrected
by the mean lattice intensity (right).
(D) EB3 comet decay during microtubule-barrier contact of the event in (A). The total contact duration is
3.75 seconds.
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Supplemental figure 2
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In order to compare the distributions of the experimental and simulated microtubule lifetimes and stalling
durations, we perform a Kolmogorov-Smirnov test. By simulating 500 events of Dt i p and khyd combina-
tions for 0, 20, 50, and 100 nM EB3, we obtain heatmaps of similarity for microtubule lifetime distributions
(P1) and stalling duration distributions (P2). To determine the parameter set best capturing both distribu-
tions, we calculate (P1 ·P2) and plot the experimental and 25 bootstrapped simulated distributions accord-
ingly.
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Supplemental figure 3
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(A) Individual and mean EB3 comet intensity traces of stalling microtubules aligned to the moment of catas-
trophe. The intensity is normalized with the mean of the steady-state EB3 comet intensity prior to barrier
contact.
(B) Simulated traces of the number of GTP/GDP-Pi subunits aligned to the moment of catastrophe.
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Supplemental figure 4
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are in seconds and denote median and standard error.
(B) Contact duration as a function of the microtubule age at the moment of contact for 0, 20, 50, and 100
nM EB3.
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Supplementary Figure 5

Previously unpublished data of the barrier contact duration using the barrier design published in (Kalisch
et al., 2011). The barriers were composed of SiO with a height of approximately 1.5 µm. Microtubules were
nucleated from GMPCPP-seeds towards the barriers in the presence of 15 µM tubulin alone, and with addi-
tion of 200 nM Mal3-Alexa488, and with the combined addition of 200 nM Mal3-Alexa488, 8 nM Tea2, and 50
nM Tip1. The cumulative density distributions are fitted to a mono-exponential distribution and a Gamma
distribution.
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GUIDED BY LIGHT: OPTICAL

CONTROL OF MICROTUBULE

GLIDING ASSAYS

Force generation by molecular motors drives biological processes such as asymmetric cell
division and cell migration. Microtubule gliding assays, in which surface-immobilized
motor proteins drive microtubule propulsion, are widely used to study basic motor prop-
erties as well as the collective behaviour of active self-organized systems. While such
assays allow tight control over the experimental conditions, spatiotemporal control of
force generation has remained underdeveloped. Here we use light-inducible protein-
protein interactions to recruit molecular motors to the surface to control microtubule
gliding activity in vitro. We show that the motor proteins dynein and Ncd can be re-
cruited to the surface in patterns. We further demonstrate that light-controlled recruit-
ment of these motor proteins result in activation of microtubule gliding along the sur-
face, enabling control over local microtubule motility. Our approach to locally control
force generation offers a way to study the effects of non-uniform pulling forces on mi-
crotubule arrays in synthetic environments.

This chapter is partly based on the publication Guided by light: Optical control of microtubule gliding assays,
Roderick P. Tas, Chiung-Yi Chen, Eugene A. Katrukha, Mathijs Vleugel, Maurits Kok, Marileen Dogterom,
Anna Akhmanova, and Lukas C. Kapitein, Nano Lett. 2018, 18:12, 7524-7528. https://doi.org/10.1021/
acs.nanolett.8b03011. Here, we present additional unpublished results.
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5.1. INTRODUCTION
Force generation by molecular motors on the microtubule cytoskeleton drives biolog-
ical processes such as asymmetric cell division and cell migration. To better under-
stand these processes, in vitro reconstitution assays are often used to decipher the un-
derlying interactions and principles (Nedelec et al., 1997; Akhmanova and Steinmetz,
2015; Kerssemakers et al., 2006). Microtubule gliding assays, in which motor proteins
are immobilized on the surface to propel microtubules, are a widely used example of
such experiments. Applications of these assays range from studying basic properties
of motor proteins to exploring collective and swarming behaviour of self-organized
systems (Alper et al., 2013; Howard et al., 1989; Sumino et al., 2012; Lam et al., 2018;
Nitzsche et al., 2010; Keya et al., 2018; Yanagida et al., 1984).

Controlling these assays with both spatial and temporal precision has however re-
mained a longstanding challenge. Previous studies used micro-fabricated or pre-pat-
terned surfaces to spatially confine, guide, and steer microtubules (van den Heuvel
et al., 2005; Reuther et al., 2017; Bhagawati et al., 2009). Furthermore, temporal control
to activate microtubule gliding on pre-defined structures has been achieved through
electric field manipulation (van den Heuvel et al., 2006) and heat responsive polymer
tracks (Ramsey et al., 2014; Schroeder et al., 2013), while slow light-controlled glid-
ing (10-20 nm/s) of actin filaments has been achieved using engineered myosin mo-
tors (Nakamura et al., 2014). Additionally, control of microtubule gliding has been
achieved using a light-to-heat converting layer in combination with heat-responsive
polymers that compact upon heating and allow access of microtubules to surface-
attached motors (Reuther et al., 2014). Furthermore, azobenzene switches fused to
inhibitory peptides have been used to control kinesin-dependent motility with light
(Rahim et al., 2011; Kumar et al., 2014). However, the majority of these approaches
requires extensive surface modifications or complicated molecular engineering, leav-
ing simultaneous spatial and temporal control of force generation on non-predefined
patterns underdeveloped.

Additionally, a main research effort in realising a synthetic cell is the implementa-
tion of spatiotemporal control over protein activity. The ability to activate and localize
proteins on cue would enable the control over processes such as artificial chromosome
segregation and asymmetric cell division in vitro. Establishing spatiotemporal control
over a gliding assay would be a first proof-of-principle for future implementation of
force producing modules in artificial cellular environments.

Here, we report the activation of microtubule gliding by direct light-inducible re-
cruitment of two minus-end directed motor protein to the surface: cytoplasmic dynein
from S. cerevisiae (Reck-Peterson et al.; 2006) and the non-processive kinesin Ncd from
D. melanogaster. Dynein is an essential component in mitotic spindle positioning in
vivo (Schmidt et al., 2017) and has been used to position microtubule asters in micro-
fabricated chambers in vitro (Laan et al.; 2012; Laan et al.; 2012), whereas Ncd is known
to be involved in meiotic and mitotic spindle formation (Fink et al., 2009; McDonald
et al., 1990; Walker et al., 1990). It has been shown that tunable, light-controlled inter-
acting protein tags (TULIPs) can be efficiently used to control intracellular protein re-
cruitment and intracellular transport (Strickland et al., 2012; van Bergeijk et al., 2015).
The system is based on the engineered second light-oxygen-voltage (LOV) domain of
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A. sativa phototropin 1. Upon blue light exposure, the Jα-helix undocks from the core
and can bind to an engineered PDZ (ePDZ) domain (Harper et al., 2003; Strickland
et al., 2012). We argued that light-inducible interactions based on TULIPs can be used
to reversibly control local protein recruitment in vitro (Fig. 5.1A). Therefore, we gener-
ated recombinant proteins fused to TULIPs to induce local heterodimerization under
the control of blue light. By coupling the motor protein to ePDZ, we would be able to
recruit it to the surface and reversibly activate microtubule gliding. To create a flexible
platform for rapid testing of the recruitment of various motor proteins, we engineered
an ePDZ fused to a GFP-nanobody (VHH) (Kubala et al., 2010), which associates with
GFP-fused proteins with high affinity (Kd ≈ 1 nM). This should enable quick screening
of any GFP-tagged protein, without the need to create and purify separate recombi-
nant proteins. We demonstrate that both dynein and Ncd can be successfully recruited
to a coverslip and initiate microtubule gliding. This approach allows for spatiotem-
poral control of microtubule gliding on homogeneously coated surfaces providing an
adaptive platform to manipulate microtubule motility and force generation.

5.2. RESULTS

5.2.1. LIGHT-INDUCED SURFACE RECRUITMENT OF EPDZ
First, to test whether the TULIP based interactions are sufficient for spatiotemporal
control of protein recruitment in vitro, we designed an optical readout of ePDZ recruit-
ment to the surface. We purified the LOVpep fused to biotin, which was immobilized
on a microscopy coverslip functionalized with PLL-PEG-biotin and NeutrAvidin (Fig.
5.1A). Upon illumination of the sample with blue light, ePDZ-VHH::GTP-Atto647 is re-
cruited from solution. In order to decouple the activation and imaging spectra during
testing, we labelled GFP with an Atto-647 dye.

Upon global exposure of blue light, ePDZ is recruited to surface together with GFP-
Atto647 during illumination with a 488 nm evanescent field (Fig. 5.1B). After 120 sec-
onds of continuous activation, the density of ePDZ reaches steady state. Upon the ar-
rest of activation, complete dissociation of ePDZ was observed with a half time of ∼25
seconds (Fig. 5.1B). Spatiotemporal control over the activation can be achieved with
blue light from a scanning confocal module. Thus, protein recruitment was not lim-
ited to a single shape but could be structured into a variety of patterns. Depending on
the power and duration of the activation pulse, both reversible as well as irreversible
activation was achieved (Fig. 5.1C,D). Here, we obtain an irreversible ∼2-fold change.
In contrast to protein recruitment in predefined patterns, these light-induced interac-
tions allow for sequential, reversible, and irreversible custom patterning in situ with
high contrast and precision.

5.2.2. LIGHT-INDUCED MICROTUBULE GLIDING ASSAY

Having successfully recruited GFP-Atto647 to the surface, we proceeded with the light-
induced recruitment of dynein-GFP-Atto660 and Ncd-GFP. Global illumination of the
surface with blue light should initiate microtubule gliding by recruiting the motor pro-
teins through ePDZ-VHH to the surface (Fig. 5.2A). In the case of the non-processive
motor Ncd, we additionally functionalized the surface with Ase1 to prevent micro-
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Figure 5.1: Light-induced local recruitment of GFP-Atto647 through ePDZ-VHH.
(A) Schematic of the light-inducible hetero-dimerization in vitro. Biotinylated LOV is tethered to the glass
surface via PLL-PEG-biotin and NeutrAvidin. Upon illumination of the sample with blue light (488 nm),
ePDZ-VHH can bind to the exposed Jα-helix. To separate the activation and imaging wavelengths, we recruit
GFP-Atto647 via the GFP-nanobody to the surface, allowing activation with the 488 nm laser and imaging
with the 642 nm laser with TIRF.
(B) Intensity trace of reversible light-induced recruitment of GFP-Atto647 during global exposure of blue
light with an evanescent wave.
(C) Montage of local surface activation with blue light through confocal scanning and the subsequent irre-
versible recruitment of GFP-Atto647. The top region was illuminated with double the laser power compared
to the bottom region. Illumination duration for both exposures was the same. The scale bar denotes 10 µm.
(D) Intensity trace of recruited ePDZ to the activated regions in (C) shows a factor of two difference in the
steady-state recruitment between the two regions.
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Figure 5.2: Global activation of microtubule gliding assay.
(A) Schematic of the light-induced microtubule gliding assay. Upon activation of the surface-tethered LOV
with blue light, the undocked Jα-helix can bind to the GFP-labelled motor protein. Recruitment of the Ncd
motor will was performed in the presence of Ase1 to provide an additional microtubule surface interaction
and prevent microtubules from extensive diffusive motion.
(B) Temporal colour-coded maximum projection of microtubule displacement during inactivation (top)
and activation (bottom) in the presence of 2 nM dynein.
(C) Temporal colour-coded maximum projection of microtubule displacement during inactivation (top)
and activation. (bottom) in the presence of 50 nM Ncd and surface-immobilized Ase1.
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tubules from undergoing extensive diffusion. Ase1 is an anti-parallel microtubule
bundler from fission yeast that acts as a microtubule length-dependent brake pre-
venting overlapping microtubules from sliding (Braun et al., 2011). Ase1 was tethered
through its His-tag to surface-bound PLL-PEG-NTA chelated to nickel ions.

In the absence of blue light, rhodamine-labelled GMPCPP-stabilized microtubules
displayed a mostly non-directional, diffusive motion on the surface. The strong mi-
crotubule enrichment near the coverslip was due to the presence of methylcellulose
(Uyeda et al., 1990), while the occasional directional events were presumably due to
dark-state activation or non-specific adsorption of the motors to the surface (Fig. 5.2B,C
top). In contrast, upon global recruitment of dynein or Ncd motors to the surface with
blue light, microtubules moved directionally along the coverslip (Fig. 5.2B,C bottom).
As the observed speed of Ncd is higher than dynein, the light-induced directional glid-
ing motion is more prominent. Also, a higher affinity of dynein for the microtubule can
result in traffic jam formation (Ciandrini et al., 2014; Leduc et al., 2012). For dynein
concentrations above ∼5 nM, accumulation at the minus-end could prevent micro-
tubules from gliding altogether.

5.2.3. CHARACTERIZATION OF MICROTUBULE GLIDING
To better understand and quantify the effect Ncd recruitment on the directional mo-
tion of the microtubules, we tracked the position and orientation of each microtubule
(see Methods for details). Our analysis is based on determining the mean squared
displacement (MSD), which reports the squared displacement as a function of time
interval ∆t . The global MSD is calculated by computing the weighted ensemble mean
of individual time-averaged MSD curves during the time interval ∆t (Fig. 5.3A). The
ensemble mean can subsequently be fitted with a model incorporating the contribu-
tion of random diffusion and directed motion (Imafuku et al., 2008; Palacci et al., 2016;
Saxton, 2007):

〈r 2〉 = 2D∆t + v2∆t 2 (5.1)

Here, 2D∆t is the contribution of random diffusion and v the velocity of the di-
rected motion. Fitting the calculated MSD with equation 5.1 shows the increase in
directional motion upon global activation with blue light from on average ∼50 to ∼225
nm/s (Fig. 5.3B). The increase in directional velocity correlates with the recruitment
of Ncd-GFP to the surface (Fig. 5.3C).

5.3. DISCUSSION
Here we have extended the classical microtubule gliding assays by implementing light-
inducible protein patterning on a homogeneous surface. This approach allows for
both spatial and temporal control of microtubule gliding activity within minutes on
micrometer length scales with high efficiency. First, we showed that proteins fused to
an ePDZ domain can be reliably coupled to surface immobilized LOVpep. Using an
ePDZ-VHH fusion, both dynein-GFP and Ncd-GFP motors could be recruited to the
surface upon activation with light to propel microtubules along the surface. Recruit-
ment of the non-processive motor protein Ncd in the presence of the microtubule
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bundler Ase1 results in concentration-dependent microtubule gliding. The recruit-
ment of dynein however does not induce microtubule gliding to the same degree due
to its higher processivity. While previous studies mostly focused on either spatial or
temporal control (van den Heuvel et al., 2005; Reuther et al., 2017; van den Heuvel
et al., 2006; Ramsey et al., 2014; Schroeder et al., 2013), our adaptive platform now
offers simultaneous optical control of both, opening up new possibilities for micro-
tubule gliding assays.

Our approach is complementary to a previously developed approach in which a
light-to-heat converting layer was used in combination with heat-responsive polymers
that compact upon heating and allow access of microtubules to surface-attached mo-
tors (Reuther et al., 2014). However, the current approach requires fewer surface mod-
ifications and does not induce local temperature changes. Compared to previous de-
velopments that have used custom-engineered myosin motors to achieve slow (10-20
nm/s) light-controlled gliding of actin filaments (Nakamura et al., 2014), the use of a
generic heterodimerization strategy combined with a GFP-nanobody makes our ap-
proach readily applicable to a variety of different motor proteins.

Additionally, our approach can be used to reconstitute and understand biologi-
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Figure 5.3: Directional velocity of gliding microtubules increases with Ncd motor density
(A) Calculation of the MSD from the weighted ensemble mean of the traces from the individual micro-
tubules. The shaded area represents the standard deviation.
(B) The mean directional velocity v of microtubule motion before and during activation at t=300 sec. Error
bars represent the SEM.
(C) Surface intensity Ncd-GFP upon global activation with blue light. The intensity is normalized to the
intensity at t=300 sec when activation was initiated.
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cal processes that rely on asymmetric forces produced by complex microtubule ar-
rays. For example, light-inducible control of motor proteins can be used to locally im-
pose forces on reconstituted spindle-like structures or on confined microtubule net-
works. This could guide the formation of complex microtubule arrays and enable
control of cortical pulling forces (Heald et al., 1996; Laan et al., 2012). The asym-
metric, local, force generation on cytoskeletal arrays by anchoring of molecular mo-
tors has been extended to the cellular environments with molecular genetic LOVpep
anchors (Fielmich et al., 2018). However, when recruitment takes place in a closed
environment containing a centrosome-nucleated microtubule network in vitro, such
as in water-in-oil droplets (Roth et al., 2014; Vleugel et al., 2016), the high affinity of
dynein for the microtubules could hinder cortical recruitment. As the minus-end di-
rected dynein accumulates at the centrosome, depletion of dynein pool prevents sig-
nificant cortical recruitment. Instead, a strategy based on the light-inducible homo-
oligomerization of CRY2 could be explored (Duan et al., 2017). A fusion protein of
CRY2 and dynein permanently anchored to the cortex would not depleted through
microtubule binding and could still be locally concentrated on the cortex to induce a
high local pulling force on the microtubule network.

Furthermore, the ability to pattern ePDZ-tagged fusion proteins could have addi-
tional applications for in vitro studies. Direct optical protein recruitment results in
the local enrichment of an effector protein, thereby increasing the local density and
inducing concentration dependent activity. Future work could be aimed at introduc-
ing additional light sensitive modules to expand the level of control. Inclusion of the
recently described LOVTRAP (van Haren et al., 2018; Wang et al., 2016) would for exam-
ple enable a reversible blue light sensitive switch that recruits different motor proteins
in the presence or absence of blue light. Furthermore, phytochrome based protein
interactions could introduce red-light sensitivity (Levskaya et al., 2009) and bidirec-
tional control (Adrian et al., 2017). The use of light inducible interactions to control
microtubule gliding assays therefore provides exciting new possibilities to help recon-
stituting and understanding complex biophysical and biological processes.

5.4. METHODS

PLASMIDS

GST-ePDZ-VHH and GST-aviTag-LOVpep were cloned into a pGEX-6p-1 vector lin-
earized with BamHI and XhoI restriction enzymes for GST-PreScission purification.
Both were cloned by PCR amplification of the individual domains, restriction digestion
and ligation into the vector. A HindIII restriction site was amplified between inserts.
Ligation was performed via Gibson assembly.

PROTEIN PURIFICATION OF LOV FROM E. coli
Protein purification was performed in ER2566/Rosetta cells containing the plasmid
with Amp/Cam. An overnight grown culture was diluted 1:1000 in LB and grown dur-
ing the day at 37°C to an OD600 of 0.5. The bacteria were induced with 0.15 mM IPTG
and grown overnight at 30°C. After cell harvest, the cells were washed with PBS be-
fore resuspension in lysis buffer (PBS supplemented with 10 mM EDTA, 0.1% Tween,
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250 mM NaCl, 1 tablet Protease Inhibitor) and lysed by sonication (amplitude 25%,
10 seconds on, 30 seconds off, 10 repetitions). The lysate was then centrifuged (16k
rpm at 4°C for 15 min) and the supernatant was incubated for 1 hour with Glutathione
Sepharose 4B GST-tagged beads (GE healthcare) that had been washed 3x in lysis buffer.
Next, the beads were washed 2x with 50mM TrisHCl pH8.0, 150mM K-glutamate and
resuspended in 318µl TrisHCl pH8.0, 150mM K-glutamate, add 40µl BiomixB (from
biotinylation kit), 40µL BIO200 (from biotinylation kit), 2µl BirA (stock concentration
5mg/ml) for an overnight incubation at 4°C. Then, the beads were washed 2x with
PreScission Cleavage buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM EDTA, 1 mM DTT,
pH 8.0). The washed beads were incubated for 2 hours at 4°C with PreScission Pro-
tease to allow full cleavage of the PreScission sequence. Finally, the beads were spun
down and the supernatant was snap-frozen with 10% glycerol. The concentration was
determined with the NanoDrop.

PROTEIN PURIFICATION FROM S. cerevisae
Purification and labelling of yeast cytoplasmic dynein was performed following the
protocol outlined in (Reck-Peterson et al., 2006).

LIGHT-INDUCIBLE PATTERNING AND GLIDING ASSAYS
After cleaning the glass coverslip sample with O2-plasma, a flow chamber with a vol-
ume of ∼6µl was constructed with a cleaned glass slide and double-sided sticky tape.
For the surface recruitment of ePDZ-VHH::GFP-Atto647 and dynein-induced micro-
tubule gliding, the surface was consecutively functionalized with 0.5 mg/ml PLL-PEG-
biotin(50%) (SuSoS AG, Switzerland), 0.2 mg/ml NeutrAvidin (Invitrogen), and
0.5 mg/ml κ-casein (Sigma). For the Ncd-mediated gliding, the surface was consec-
utively functionalized with a mixture of 0.02 mg/ml PLL-PEG-[Tris-Ni(II)-NTA] (Bha-
gawati et al., 2013) and 0.2 mg/ml PLL-PEG-biotin(50%), 10 mM NiSiO4, 0.5 mg/ml
NeutrAvidin (Invitrogen). All samples were then incubated with ∼3µM of LOV-biotin
for 10 minutes. The sample containing the PLL-PEG-[Tris-Ni(II)-NTA] were further
incubated with ∼8µM of His-Ase1 for an additional 20 minutes. All components were
kept in MRB80 buffer, comprised of 80mM piperazine-N,N’-bis(2-ethanesulfonic acid),
4 mM MgCl2, and 1 mM EGTA at a pH of 6.8.

The reaction mixture for surface patterning contained MRB80 buffer supplemented
with 50 nM ePDZ-VHH, 50 nM GFP-Atto647, 0.5 mg/mlκ-casein, 0.1% methyl-cellulose,
50 mM KCL, oxygen scavenger mix (4 mM DTT, 200 µg/ml catalase, 400 µg/ml glu-
cose oxidase, 50 mM glucose). The reaction mixture containing dynein-GFP-Atto660
contained MRB80 buffer supplemented with 10 nM ePDZ-VHH, 2 nM dynein-GFP-
Atto660, 0.5 mg/ml κ-casein, 0.1% methyl-cellulose, 50 mM KCL, 1 mM ATP, oxygen
scavenger mix (4 mM DTT, 200 µg/ml catalase, 400 µg/ml glucose oxidase, 50 mM
glucose). The reaction mixture containing Ncd-GFP contained MRB80 buffer supple-
mented with 50 nM ePDZ-VHH, 50 nM GFP-Atto647, 0.5 mg/ml 0.1% methyl-cellulose,
50 mM KCL, 2 mM ATP, oxygen scavenger mix (4 mM DTT, 200 µg/ml catalase, 400
µg/ml glucose oxidase, 50 mM glucose).

All reaction mixes were kept on ice during preparation and are then centrifuged in
an Airfuge (Beckman Coulter) at 30 psi for 8 minutes to remove any aggregated com-
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plexes before being introduced to the sample. Microtubule seeds were polymerized
using 20 µM unlabelled tubulin, 12% rhodamine-tubulin (Cytoskeleton) and 1 mM
GMPCPP (Jena Bioscience). The seeds were included after centrifugation of the reac-
tion mix. Flow cells were sealed with vacuum grease and imaged on a TIRF microscope
at room temperature.

IMAGING AND ACTIVATION

All experiments were imaged using TIRF microscopy, consisting of a Ilas2 system (Roper
Scientific) on a Nikon Ti-E inverted microscope. The Ilas2 system is a dual illumina-
tor for azimuthal spinning TIRF illumination equipped with a 150 mW 488 nm laser, a
100 mW 561 nm laser, a 110 mW 642 nm laser, and a ZT405/488/561/640rpc dichroic.
Simultaneous dual-acquisition was performed with two Evolve 512 EMCCD camera’s
(Photometrics) through a 525/50 nm and a 609/54 nm or a 700/75 nm emission filter,
using a Nikon CFI Plan Apochromat 100XH NA1.45 TIRF oil objective (160 nm/pixel).
All experiments were performed at room temperature and the sample was kept in fo-
cus with the Nikon Perfect Focus system. The hardware was controlled with Meta-
Morph 7.8.8.0 (Molecular Device). Activation of surface-tethered LOV was performed
either globally (TIRF) or locally (FRAP module).

DATA ANALYSIS
To track the microtubules that were imaged with TIRF for global activation, the Fiji
plugin Ridge Detection1 was used (Steger, 1998; Wagner et al., 2017). Parameters were
set such that microtubules shorter than 2.5 µm were excluded. The coordinates of
the centre line of each microtubule in each frame were saved for further processing in
Matlab.

To identify and link each microtubule through the frames, a modified version of the
Simple Tracker2 package was used to build the microtubule trajectories throughout
the measured frames using a multiple particle tracking routine with gap closing (Cao
and Tinevez, 2018). Additionally, we removed all tracks shorter than 10 frames. The
output was then restructured for further analysis with the ‘msdanalyzer’ Matlab class
(Tarantino et al., 2014).

Temporal-colour coded projections to visualize microtubule trajectories were made
with the ImageJ plugin https://imagej.net/Temporal-Color_Code.
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The truth is rarely pure and never simple.

Richard Feynman

Regulating the temporal activation and spatial localization of cellular components is
an essential feature of cell dynamics. However, probing the regulatory network can be
difficult in cells due to the large number of involved proteins. Reconstitution assays can
reduce the complexity by investigating the functional interaction of only a few purified
components, but realizing spatiotemporal control is currently underdeveloped. Imple-
menting such control would enable the study of simple cellular processes out of equi-
librium by reversibly perturbing the system in situ. Here, we characterize the use of a
light-inducible protein-dimerization strategy in two and three-dimensional in vitro as-
says and study the achievable level of spatiotemporal control. We show that activation
and deactivation can be regulated through the activation energy, the activation dura-
tion, and through biochemical effectors. The effect of these parameters on the kinetics
have been mapped and combined into a single model that describes the activation and
binding process.
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6.1. INTRODUCTION
Cellular processes are beautiful orchestrations of protein activity and localization in a
timely and reversible fashion. Elucidating the intricate dynamics of these processes
has been a primary focus of cell biologists for the past decades. Yet, the complexity of
a cellular environment can make detailed measurements of individual processes dif-
ficult. Leaving the constraints of a cell to gain a more engineering perspective of the
system has resulted in the development of in vitro reconstitution assays. These assays,
in which the interaction and function of a few purified cellular components is exam-
ined, have been a highly successful tool to dissect protein interactions in a controlled
environment (Akhmanova and Steinmetz, 2015; Laan et al., 2012; Nedelec et al., 1997).
Starting with a simple two-component system and gradually adding complexity has
allowed researchers to study the system by gradual reassembly (Vleugel et al., 2016).
Given that reconstitution assays are relatively simple representations of complex sys-
tems, not all functional regulatory properties, such as localization and activation, can
be easily included and controlled. A necessary next step in designing reconstituting
cellular systems in vitro is therefore to implement spatiotemporal control.

Previous strategies to control and perturb reconstitution assays include chemical
dimerization through the rapalog system (Clackson et al.; 1998; Banaszynski et al.,
2005; Voss et al., 2015), by irreversible component uncaging (Caldwell et al., 2018; Ka-
plan and Somlyo, 1989) or by changing buffer conditions with a quick solution ex-
change (Duellberg et al., 2016). Disadvantages of these techniques include limited
spatiotemporal control, irreversibility, and/or the need for an open system to exchange
components. To overcome these drawbacks, we explore the use of a light-inducible
hetero-dimerization strategy to enable spatiotemporal control over protein activity in
vitro (Hallett et al., 2016). The emergence of light-inducible interactions in studying
cellular processes, known as optogenetics (Deisseroth et al., 2006), has provided a ver-
satile layer of control on cellular dynamics. The technique, whereby light-inducible
proteins are genetically encoded, enables external control over specific cellular pro-
cesses and has been used to regulate organelle position (van Bergeijk et al., 2015), cell
growth (Milias-Argeitis et al., 2016), GTPase signalling (Guntas et al., 2015), gene tran-
scription (Shimizu-Sato et al., 2002), and recently microtubule interactions (Adikes
et al., 2018; van Haren et al., 2018). Functional application of light-inducible proteins
in vitro has yet to take off, although initial experiments with cortical recruitment on
GUVs have been established (Bartelt et al., 2018).

One key envisioned application of light-induced control over the localization of
proteins is in reconstituting asymmetric spindle positioning (Grill and Hyman, 2005;
Minc et al., 2011; Schmidt et al., 2017; Tanenbaum and Medema, 2010). Recently, the
role of dynein-mediated pulling forces on mitotic spindle positioning has been probed
with light-inducible membrane anchors (Fielmich et al., 2018). Previous in vitro efforts
have been successful in establishing a stable configuration of two centrosomes encap-
sulated in water-in-oil droplets in the presence of cortical dynein (Roth et al., 2014;
Vleugel et al., 2016). Dynein generates a pulling force from the cortex onto the astral
microtubules, resulting in a net centering effect of the centrosome. If the localization
of dynein on the cortex could be controlled in space and time, we would be able to re-
constitute asymmetric centrosome positioning by locally varying the density of pulling
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motors.
In this chapter, we investigate the application of a light-inducible heterodimeriza-

tion approach based on the second light-oxygen-voltage domain (LOV) of Avena sativa
(asLOV2) to control protein localization in vitro (Crosson and Moffat, 2001; Harper
et al., 2003; Kennis et al., 2003). We use an improved light-inducible dimerization
(iLID) based on a fusion of LOV with the bacterial SsrA peptide and its natural bind-
ing partner SspB (Guntas et al., 2015). Here, we only use the SspB construct known as
Nano (and hereafter named as such), the Kd of which was determined to be 132 nM
and 4.7 µM for the active and inactive state of iLID respectively (Guntas et al., 2015).
We show that Nano can be recruited to an iLID functionalized glass coverslip through
global and local activation. Reversibility of the iLID activation depends on the applied
laser power as high laser powers can induce permanent iLID activation. We further
demonstrate successful cortical recruitment of Nano in water-in-oil droplets. We thus
provide a proof-of-principle for introducing regulatory control on in vitro reconstitu-
tion assays through a light-inducible protein-protein dimerization strategy.

6.2. RESULTS
Quantitative characterization of the kinetics of LOV-based heterodimerization is a nec-
essary step for successful in vitro application. Previous measurements were performed
mostly in vivo (Benedetti et al., 2018; Zimmerman et al., 2016) or with in vitro bulk flu-
orescence polarization assays in vitro (Hallett et al., 2016; Guntas et al., 2015; Lungu
et al., 2012) and focussed on (de)activation half times and dissociation constants. How-
ever, to have a full understanding of the kinetics, we need to characterize all involved
reaction rates in situ.

Here, we developed a fluorescence-based assay to measure the recruitment of a

iLID (inactive)

iLID* (active)

Nano mCh

Complex*iLID*  +  Nano

ComplexiLID   +  Nano

koff

koff

k*
on

kon

hν kdecay hν kdecay

A B

PLL-PEG-biotin

PLL-PEG

NeutrAvidin

κ-casein

488 nm
Jα

glass

Figure 6.1: Light-inducible heterodimerization in vitro.
(A) Schematic of the light-inducible heterodimerization in vitro. Biotinylated iLID is tethered to the glass
surface via PLL-PEG-biotin and NeutrAvidin. Upon illumination of the sample with blue light (488 nm), the
soluble binding partner Nano can associate reversibly with the undocked Jα-helix.
(B) The reaction scheme describing the activation (hν), deactivation (kdecay ), association (kon and k∗

on ),
and dissociation (ko f f ) steps. Upon activation of iLID with blue light, it can associate with Nano to form a
Complex. The ∗ denotes the active state of iLID.
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Figure 6.2: Recruitment of SspB-mCherry to a planar surface.
(A) Schematic view of the field of view (FOV) of the activated region of interest (ROI).
(B) Activation and deactivation of surface-tethered iLID can be achieved with an evanescent field on the
full FOV (top row) or a local well-defined ROI with a scanning confocal laser (bottom row). The images de-
note a montage of the timepoints at which the intensity increases from the pre-activated value I0 (equal to
the dark-state recruitment at steady-state), via the half-maximum intensity I1/2, to the maximum intensity
Imax . Deactivation is then followed through the half-maximum intensity to the steady-state I∞. The sam-
ple contains 50 nM Nano in solution.
(C) Intensity trace of Nano at the surface (B top row) during activation and dark state recovery in the absence
of blue light.
(D) Intensity trace of Nano after pulsed activation of an ROI (B bottom row). The red trace shows the re-
cruitment of Nano outside of the ROI within the FOV.

Nano-mCherry fusion after activation of surface-bound iLID (Fig. 6.1A). From the sub-
sequent fluorescence intensity change on the surface measured with TIRF microscopy,
we can study the involved reaction rates and their dependence on laser power, illu-
mination duration, and influencing biochemical moieties. To study the recruitment
of Nano, we tethered purified biotinylated iLID to a PLL-PEG-biotin and NeutrAvidin
functionalized glass surface (Fig. 6.1A). After illumination of the surface with blue light
(488 nm), the Jα-helix undocks and is available for binding to its protein partner in so-
lution. To ensure future compatibility with microtubule reconstitution assays, buffer
conditions are chosen accordingly (Bieling et al., 2007).

The surface can be activated either globally with an evanescent field or locally with
a pulsed confocal scanning laser (Fig. 6.2A). The total area illuminated by the evanes-
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cent wave is significantly larger than our FOV, ensuring homogeneous illumination
and recruitment. During illumination of the surface with a blue (488 nm) evanescent
field, an intensity increase following the recruitment of Nano-mCh was observed (Fig.
6.2B,C). After ceasing blue light exposure, full dark state recovery followed through
the release of Nano and docking of the Jα-helix (Fig. 6.2B,C). Similarly for the pulsed
activation, Nano is recruited to the illuminated ROI on the surface and subsequently
released (Fig. 6.2B,D). Note that Nano is not only recruited inside the ROI, but also in
the surrounding area.

6.2.1. DETERMINING REACTION RATES
We evaluate our measurements according to a reaction scheme that includes dimer-
ization in both the active and the dark state (Fig. 6.1B). To interpret the data and deter-
mine the underlying rate constants, our model is based on the following assumptions:

1. It is assumed that the photophysical activation of iLID to iLID* is instantaneous,
as the activation duration is in the order of microseconds (Iuliano et al., 2018).
The photon density and exposure duration with blue light could however affect
the fraction of activated iLID molecules on the surface, resulting in a slower ac-
tivation of iLID.

2. Depletion of soluble Nano is deemed negligible during activation as only a rela-
tively small surface area is activated compared to the total volume of the sample.

3. Diffusion is considered to be very fast compared to the imaging frame rate and
rate constants, resulting in reaction-limited kinetics.

4. Continuous activation of the sample with blue light prevents the dark-state re-
covery of iLID, resulting in kdecay = 0.

5. The dark state binding kinetics are ensured to be at steady-state before activa-
tion by keeping the sample in the dark for 3-5 min. Any signal contribution from
dark-state dimerization can thus be considered constant.

6. Any activation of iLID with wavelengths longer than 488 nm is considered neg-
ligible (Fig. S1).

From the reaction scheme and the assumption above, we can formulate a set of
differential equations describing the activation, deactivation and binding kinetics of
each species (for details see Methods). The solutions of these equations are provided
for each separate type of experiment.

The experimental readout is the fluorescence intensity I (t ) at the glass surface,
represented in the reaction scheme as I (t ) = [Complex] + [Complex*]. To determine
the different rate constants, we need to address each individually and consecutively
in situ. First, we determine the dissociation rate ko f f by performing Fluorescence Re-
covery After Photobleaching (FRAP) of a continuously activated sample. The resulting
normalized recovery curve following (Sprague et al., 2004) is described by:
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Figure 6.3: Determination of the rate parameters.
(A) Mean normalized trace of the intensity recovery after photobleaching. The trace is normalized to the
steady-state intensity during continuous activation and fitted with equation (6.1).
(B) Fold change recruitment of Nano to the surface during continuous activation of iLID with an evanescent
field. The data is fitted with equation (6.2).
(C) Fold change during dark-state recovery of iLID as Nano is released from the surface. Data is fitted with
equation (6.3).
(D) Table with the reaction rates obtained with a non-linear least squares fitting routine in MATLAB.
Red dashed line show the fit to the respective equations. All shaded regions denote the standard deviation.

I (t ) = 1− k∗
on

k∗
on +ko f f

e−ko f f t (6.1)

Thus, the rate of FRAP recovery depends solely on ko f f and is determined to be
0.036 ± 0.001 s-1 (Fig. 6.3A,D). Next, we determined the association rate kon by con-
tinuously activating the sample with an evanescent field, ensuring kdecay = 0. The rate
of recruitment will depend on both the association and dissociation rates, and can be
obtained through the fold change in surface intensity:

I (t ) = I0 ·
[

1−e−t
(
k∗

on+ko f f
)]
+1 (6.2)

with I (0) = k∗
on

k∗
on+ko f f

· I f . Here, I f is a Nano dependent bulk property for the mea-
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sured fold change. The measured intensity is normalized to 1 as the pre-activation
value. Using the measured mean ko f f from the FRAP measurements, we obtain good
fits to the above equation and obtain k∗

on = 2.7 · 10-4 ± 6 · 10-5 nM-1s-1, resulting in a
mean dissociation constant of KD = 139 ± 43 nM (Fig. 6.3B,D).

Finally, we probe the dark state recovery of iLID governed by the rate kdecay . After
global continuous activation reaches steady-state, we cease activation and measure
the dark state recovery through the intensity decay. The recovery kinetics are governed
by the following expressions:

I (t ) = I0
1

γ2 −γ1

[
γ2e−γ1t −γ1e−γ2t ] (6.3)

γ1 ·γ2 = kdecay ·ko f f

γ1 +γ2 = kdecay +k∗
on +ko f f

Using the obtained mean values for ko f f and k∗
on values as fixed fitting parameters,

we obtain a kdecay of 0.054 ± 0.024 s-1.
During development of the assay, we identified two important experimental prop-

erties that significantly affect the measured recruitment and subsequent fitted reac-
tion rates. First, fluorophore bleaching can reduce the measured intensity, especially
during continuous global activation with blue light. Preferably, bleaching is prevented
by optimizing imaging conditions, but it could be accounted for in our model by in-
troducing a bleaching step. To find the bleaching rate, adsorpted mCherry to a cov-
erslip and measured the intensity decrease upon global illumination with increasing
laser powers (Fig. S2). Introducing this irreversible bleach step with rate kbl each to the
model results in the following relation for continuous activation:

I (t ) =C1 −C2e−t
(
k∗

on+ko f f
)
+C3e−t

(
ko f f +kbleach

)
(6.4)

C1 = I (0)
k∗

on ·ko f f(
k∗

on +ko f f
)(

ko f f +kbl each
)

C2 = I (0)
k∗2

on(
k∗

on +ko f f
)(

ko f f −kbl each
)

C3 = I (0)
k∗

on ·kbleach(
ko f f +kbleach

)(
k∗

on −kbl each
)

Secondly, insufficient surface passivation can interfere with the release of Nano
from activated iLID, resulting in a continued recruitment of Nano to the surface. We
found that dissociation of Nano is decreased by ∼75% in the absence of surface passi-
vation with κ-casein (data not shown). Introducing κ-casein as a passivation layer and
in solution prevents the build-up of Nano on the surface.

6.2.2. LOCAL ACTIVATION
To gain spatial control over the activation of iLID, we used a confocal laser to illuminate
specific regions for a set duration. By scanning a region of interest, the area can be
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activated on the surface in situ. If we assume that the photo-physical activation of iLID
is instantaneous upon excitation with a 488 nm photon, we reason that the fraction of
activated iLID molecules on the surface can be controlled with the photon density of
each pulse and the number of excitation repetitions. The dynamics of such a pulsed
activation is described by:

I (t ) =α · I0 ·k∗
on

1

γ2 −γ1

[
e−γ1t −e−γ2t ]+ I In f (6.5)

γ1 ·γ2 = kdecay ·ko f f

γ1 +γ2 = kdecay +k∗
on +ko f f

Here,α is the fraction of activated iLID molecules on the surface and IIn f the inten-
sity after complete dark-state recovery in the case of irreversible activation of iLID (Fig.
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Figure 6.4: Local recruitment of Nano with a pulsed confocal laser.
(A) Exposure of a ROI with a pulsed laser of 3.5 mW results in the presence of 50 nM Nano results in irre-
versible activation in the ROI (black curve) and reversible activation outside the ROI (red curve).
(B) Intensity traces of 50 nM Nano in the activated ROI at various excitation durations. All traces were acti-
vated with a laser power of 0.16 µW.
(C) Intensity traces of Nano in the activated ROI at various laser powers. The activation duration for all traces
was 136 ms.
(D) Pattern formation on a surface after irreversible iLID activation. The images are taken at the peak of
Nano recruitment. A spatial resolution of ∼5 µm and a recruitment 4-step gradient between a 1.5- and 3-
fold change was achieved.



6.2. RESULTS

6

119

6.4A). We show that the fraction of activated molecules can be regulated by changing
both the laser power and pulse duration (Fig. 6.4B,C). Keeping the laser power con-
stant at 0.16 µW and varying the number of excitation repetitions shows that the acti-
vated fraction of iLID can be controlled (Fig. 6.4B). The fraction of activated iLID α in
fact scales linearly with the excitation durations between 100 and 2000 ms.

Interestingly, increasing the laser power and keeping the illumination duration
constant (136 ms) shows that above a threshold of ∼100 µW the recruitment of Nano
is reduced (Fig. 6.4C). Moreover, a fraction of the excited iLID remains in an activated
state and does not revert back to its dark-state as is evident from the remaining fluo-
rescence IIn f . Thus, higher photon densities can give rise to the permanent activation
of iLID above the threshold of ∼400 µW. Clearly this property needs to be taken into
account when a system is designed for the most optimal recruitment and needs to be
considered together with the probability of activation outside the illuminated ROI (Fig.
6.2D). We reasoned however that permanent activation can also be used to pattern the
surface with various densities in situ. Indeed, by varying the laser power, we can create
well-defined patterns of Nano with distinct local densities (Fig. 6.4D).

6.2.3. IMIDAZOLE SPEEDS UP THE DARK STATE RECOVERY

An important property of the applicability of spatiotemporal control with iLID is the
flexibility of the system. We have shown that recruitment of Nano can be controlled
through the activation energy and duration, but the system does not offer a way to
specifically change deactivation kinetics. It has been previously established that imi-
dazole can increase the dark-state recovery of LOV through a base-catalyzed reaction
(Alexandre et al., 2007; Strickland et al., 2012). In our model, this would result in an
increase in kdecay for increasing concentrations of imidazole.

To investigate the effect of imidazole, we performed local reversible activation in
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Figure 6.5: Imidazole increases dark-state recovery.
(A) Normalized pulsed activation traces of 50 nM Nano in the presence of 0, 0.5, 1, 2.5, 5, and 10 mM imi-
dazole. The fits were obtained with equation (6.5) using the fixed value k∗

on = 0.01 s-1, while keeping kdecay
and ko f f as free fitting parameters (Fig. 6.3D).
(B) Fitted kdecay values show a linear dependence on the imidazole concentrations, whereas ko f f values
increase only mildy.
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the presence of increasing imidazole concentrations. We find that imidazole increases
the dark-state recovery of iLID (Fig. 6.5A). We fit the obtained intensity traces with a
fixed k∗

on = 0.01 s-1 (Fig. 6.3D), while keeping ko f f and kdecay as free fitting parameters.
We find that kdecay increases linearly with the imidazole concentration, while kdecay

increases only mildly (Fig. 6.5B). We can thus exert control over the dark-state recovery
of iLID, although one must be aware that the achievable fold change is lower during
pulsed activation.

6.2.4. BARRIER FUNCTIONALIZATION

In Chapter 2, we developed micro-fabricated barriers with a SiC overhang to study the
stability of stalling microtubules. We have shown that these barriers can be selectively
functionalized with specific proteins following previously developed protocols (Fig.
6.6A) (Taberner et al., 2014). As a proof-of-principle, we extend these protocols to func-
tionalize the barriers with iLID in order to make protein recruitment light-inducible.
In short, the sample is coated with PLL-PEG-biotin and subsequently irradiated with
deep UV. The PLL-PEG-biotin will be cleaved from the surface at the exposed regions,
but will remain intact underneath the SiC overhang (Fig. 6.6A) (Azioune et al., 2009).
iLID can then be specifically attached underneath the SiC overhang through the link-
age with NeutrAvidin. During global continuous illumination with a 488 nm evanes-
cent wave, Nano is recruited to the barrier and subsequently released after activation
(Fig. 6.6B,C).
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Figure 6.6: Barrier functionalization with iLID.
(A) Schematic of barrier functionalization and SEM image of the barriers. After functionalizing the surface
with PLL-PEG-biotin, the sample is exposed to UV which removes the PLL-PEG-biotin from all exposed
surfaces. Subsequent passivation with PLL-PEG (without biotin) leaves only the barriers biotinylated. Sub-
sequent incubation with NeutrAvidin and biotinylated iLID results in iLID-coated barriers.
(B) Montage of fluorescent images of iLID activation localized underneath the barriers. Activation during
50 seconds recruits Nano to the barriers and is subsequently released during dark-state recovery.
(C) Intensity trace of Nano recruitment underneath the barriers.
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Figure 6.7: Recruitment of Nano to the cortex of water-in-oil droplets.
(A) Cartoon of Nano recruitment from the cytoplasm to iLID immobilized at the cortex after illumination
with blue light (488 nm) (top). A droplet with a radius of 15 µm containing 500 nM Nano is continuously
illuminated with blue light during which Nano is recruited to the cortex (below).
(B) Mean radial intensity of the droplet after 30 seconds of excitation with blue light.
(C) Cortical intensity of Nano during iLID activation. Intensity is given as the mean ± std of 7 droplets.

6.2.5. LIGHT-INDUCED CORTICAL RECRUITMENT IN WATER-IN-OIL DROP-
LETS

Light-activated dimerization has already been successfully applied in cells to recruit
proteins to the cell cortex or to the membranes of organelles (Fielmich et al., 2018;
van Bergeijk et al., 2015). The establishment of a localized signal in the cortex of ar-
tificial cell-like compartments is an essential step towards creating a user-controlled
polarized system in vitro. Having successfully established iLID activation and Nano
recruitment on a planar surface, we moved to its establishment in a 3D environment.
To do so, we used water-in-oil droplets containing a lipid monolayer as our closed con-
tainer (Roth et al., 2014; Vleugel et al., 2016). Biotinylated iLID was immobilized on a
streptavidin functionalized lipid cortex with 500 nM Nano present in solution inside
the droplet (Fig. 6.7A). The droplets were measured in a Spinning Disk confocal mi-
croscope focussed slightly below the equator of the droplets. The intensity change at
the cortex in response to Nano recruitment was followed during global wide-field acti-
vation with blue light (Fig. 6.7A,B). Upon illumination, Nano recruitment to the cortex
reached steady-state after 20 seconds (Fig. 6.7C). Fitting the intensity traces of recruit-
ment to equation (6.2), we obtain k∗

on = 0.12 ± 0.004 s−1 (mean ± std) with a 1.4 fold
change of the cortical intensity. The association rate agrees with our previously deter-
mined values as it would correspond to a Nano concentration of ∼450 nM. However,
our model relies on the assumption that depletion of Nano from solution is negligible
and that iLID does not diffuse. Our obtained estimate of k∗

on could thus be considered
a lower bound. We also find that the fold change is lower compared to recruitment on
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a surface. This could be caused by the lower signal to noise resulting from Spinning
Disk microscopy combined with a high background signal of Nano. Additionally, the
iLID density on the cortex could be considerably lower compared to a surface.

6.3. DISCUSSION
In this chapter, we developed and characterized the in vitro application of
light-inducible hetero-dimerization based on iLID (Guntas et al., 2015). We showed
that Nano-mCherry can be reversibly recruited to a planar surface upon global and
local activation of surface-tethered iLID. We were able to determine the involved reac-
tion rates to fully describe the kinetics of iLID activation and Nano binding in situ. The
measured dissociation constant KD is in agreement with previously published values,
although none have determined all underlying rates in situ (Hallett et al., 2016; Zim-
merman et al., 2016). We found that activation can be made irreversible, depending
on the photon density used for activation. This property can be very useful in creating
protein patterns of controlled density with high resolution in situ, enabling on the spot
perturbations. Until now, most strategies use predefined surface patterning through
contact printing (Ricoult et al., 2014) or require specialized equipment (Strale et al.,
2016), reducing applicability and flexibility.

We also explored the use of iLID as a light-inducible cortical recruiter inside spher-
ical water-in-oil droplets. We showed that Nano can be recruited from the water phase
to the iLID immobilized on the lipid cortex with a ∼1.4 fold change. Only global re-
cruitment has so far been successful due to the chosen method of widefield illumina-
tion. Extending iLID-Nano recruitment to asymmetric rod-shaped water-in-oil droplets
would provide the flexibility to create a polarized cortical pattern (Taberner et al.,
2015). An important aspect to take into account however is diffusion of iLID in the
cortex. Local recruitment of Nano is only possible if diffusion of iLID is slow compared
to the dark-state recovery of iLID. Changing the diffusive nature of the lipid mono-
layer through the addition of cholesterol could be sufficient. An additional strategy to
avoid this would be to make use of light-inducible homo-oligomerization of CRY2 in
the cortex (Duan et al., 2017). The induced aggregation of cortex-tethered CRY2 could
produce the required stable localization to establish a polarized cell in vitro. Future
application of this technique could thus be very valuable in reconstituting asymmet-
ric spindle position (Vleugel et al., 2016).

6.4. EXPERIMENTAL METHODS

PROTEIN PURIFICATION
Protein purification was performed in ER2566/Rosetta cells containing the plasmid
with Amp/Cam. An overnight grown culture was diluted 1:1000 in LB and grown dur-
ing the day at 37°C to an OD600 of 0.5. The bacteria were induced with 0.15 mM IPTG
and grown overnight at 30°C. After cell harvest, the cells were washed with PBS be-
fore resuspension in lysis buffer (PBS supplemented with 10 mM EDTA, 0.1% Tween,
250 mM NaCl, 1 tablet Protease Inhibitor) and lysed by sonication (amplitude 25%,
10 seconds on, 30 seconds off, 10 repetitions). The lysate was then centrifuged (16k
rpm at 4°C for 15 min) and the supernatant was incubated for 1 hour with Glutathione
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Sepharose 4B GST-tagged beads (GE healthcare) that had been washed 3x in lysis buffer.
Next, the beads were washed 2x with 50 mM TrisHCl pH 8.0, 150 mM K-glutamate

and resuspended in 318 µl TrisHCl pH 8.0, 150mM K-glutamate, add 40 µl BiomixB
(from biotinylation kit), 40 µL BIO200 (from biotinylation kit), 2 µl BirA (stock concen-
tration 5 mg/ml) for an overnight incubation at 4°C. Then, the beads were washed 2x
with PreScission Cleavage buffer (50 mM Tris-HCl, 150 mM NaCl, 10 mM EDTA, 1 mM
DTT, pH 8.0). The washed beads were incubated for 2 hours at 4°C with PreScission
Protease to allow full cleavage of the PreScission sequence. Finally, the beads were
spun down and the supernatant was snap-frozen with 10% glycerol.

SAMPLE PREPARATION
Flow chambers were constructed from glass coverslips and glass slides separated by
lanes of sticky tape to create channels with a volume of approximately 6 µl. The glass
coverslips were cleaned with base piranha (1:1:5 of H2O2:NH4OH:H2O at 70°C) for 10
min. The chambers were passivated with 0.2 mg/ml PLL-PEG-biotin (50%) (Susos AG,
Switzerland) and 0.5 mg/ml κ-casein, and functionalized with 0.1 mg/ml NeutrAvidin
(Invitrogen) in MRB80 buffer (80 mM PIPES, 4 mM MgCl2, and 1 mM EGTA at pH 6.8).
Biotinylated iLID (10 µl solution of 2 µM) was incubated in the chambers for 10 min. A
solution containing SspB-Nano-mCh supplemented with 50 mM KCl and oxygen scav-
enger mix (4 mM DTT, 200 µg/ml catalase, 400 µg/ml glucose oxidase, 50 mM glucose)
was supplied to the chamber, which is thereafter sealed with silicon grease.

FLUORESCENCE MICROSCOPY

All experiments were imaged using TIRF microscopy, consisting of a Ilas2 system (Roper
Scientific) on a Nikon Ti-E inverted microscope. The Ilas2 system is a dual illumina-
tor for azimuthal spinning TIRF illumination equipped with a 150 mW 488 nm laser,
a 100 mW 561 nm laser, and a ZT405/488/561/640rpc dichroic. Simultaneous dual-
acquisition was performed with two Evolve 512 EMCCD camera’s
(Photometrics) through a 525/50 nm and a 609/54 emission filter, using a Nikon CFI
Plan Apochromat 100XH NA1.45 TIRF oil objective. Together with an additional mag-
nifying lens, the final magnification resulted in a pixel size of 107 nm/pixel. All exper-
iments were performed at room temperature and the sample was kept in focus with
the Nikon Perfect Focus system. The hardware was controlled with MetaMorph 7.8.8.0
(Molecular Device).

Continuous activation of the LID system was performed by illuminating surface-
bound iLID with a 488nm evanescent wave extending roughly 100 nm into the solution
(Fig. 6.1A). During activation the recruitment of SspB-mCh was recorded with a frame
rate of 10 Hz.

Imaging of the water-in-oil droplets was performed with a Yokogawa CSU-W1-T2
Spinning Disk Confocal Scanning module containing the emission filters mentioned
above. Due to the negative effect of the refractive properties of water-in-oil droplets,
no images above the equator can be successfully taken. Therefore, all droplets were
imaged slightly below the equator at a frame rate of 1 Hz. All measurements were
performed at room temperature.
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WATER-IN-OIL DROPLET PREPARATION
Mix DOPS (56 µl of 10 mg/ml) and Biontinyl-cap-PE (8 µl of 10 mg/ml) lipids (dissolved
in chloroform; Avanti 840035C) in a glass vial and dry with nitrogen flow into a lipid
film on the wall of the vial, followed by 2 hrs in vacuum dessicator to evaporate all
remaining chloroform. Add 973 µl mineral oil and 27 µl Span80 to the mix and sonicate
for 30 min at room temperature to dissolve the lipids. The lipid mix can be stored at
4°C up to one month.

A 15 µl reaction mix containing 2 µM streptavidin, 2 mg/ml BSA, 0.5 mg/ml κ-
casein, 1 µM biotinylated iLID, 500 nM SspB-Nano-mCherry supplemented with 50
mM KCl and oxygen scavenger mix (4 mM DTT, 200 µg/ml catalase, 400 µg/ml glucose
oxidase, 50 mM glucose) was prepared on ice. Emulsify 0.5 µl of reaction mix in 40 µl
lipid mix by pipetting vigorously up and down approximately 50 times. Transfer 10 µl
of the emulsion droplets into a PDMS well (2 cm x 2 cm PDMS square with a 5 mm
diameter hole to hold the droplets, on top of a glass coverslip). Imaging is performed
with a confocal spinning disc fluorescence microscope.

DROPLET ANALYSIS
The droplet images are analyzed with a custom ImageJ macro that measures the in-
tensity of a 100 equally distributed lines from the centre of the droplet to the cortex.
All 100 lines per frame are then averaged to calculate the mean intensity per radial po-
sition. To localize the cortex, we fit the mean profile of each line over all frames with a
Gaussian distribution. We can then calculate the mean intensity around the acquired
cortical position and track the intensity.

BARRIER FUNCTIONALIZATION WITH ILID
The barriers were functionalized as outlined in the protocol in Chapter 2.
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DISCUSSION AND OUTLOOK

That which can be asserted without evidence,
can be dismissed without evidence.

Christopher Hitchens

For decades, the phenomenal molecular complexity and self-organizational prop-
erties of living cells have been a fascination for biologists and physicists alike. A prin-
ciple exponent of supramolecular organisation is the cytoskeleton. Cytoskeletal net-
works are the driving force behind cell structure and polarity, playing major roles in
cell division, cell morphology, cell motility, and intracellular transport. Microtubules
are a key constituent of the cytoskeleton and are rigid, dynamic filaments, able to
quickly respond to the organisational needs of a cell. Both the molecular basis for and
the emergent properties of their dynamic behaviour has been studied both in cells and
in reconstitution assays, the latter of which involves the investigation of purified com-
ponents in a controlled environment. At the interface between biology and physics,
we are now able to engineer synthetic systems that can reconstitute key cellular pro-
cesses. By rebuilding cellular systems from the bottom up we can arrive at a mini-
mal set of functional components. The latest approaches are aimed at capturing the
complex function of microtubules in cell-like compartments. Designing closed sys-
tems demands a solid understanding of the individual components and an ability to
regulate them. Spatiotemporal control of microtubule stability enables a living cell
to impart different functions to the microtubule network. Of these, interactions with
the cell cortex play a significant role. Reconstituting these regulatory mechanisms will
provide new fundamental insights into their function and lead to their application in
novel synthetic biology.

Previous in vitro efforts established that pushing microtubules are less stable (Jan-
son et al., 2003), but can be regulated through end-on interactions with motor proteins
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(Laan et al., 2012). The effect of ubiquitous microtubule associated proteins on micro-
tubule assembly under force remained unresolved.

In this thesis we investigate two aspects of microtubule dynamics in confinement.
First, we set out to measure the stability of microtubules that encounter novel rigid
barriers (Chapter 2) in the presence of +TIPs. We demonstrate that the duration of
contact is dominated by GTP hydrolysis in the presence of EB3 and that the dynamics
can be captured with a 1D biochemical model (Chapter 4). We also characterized the
catastrophe suppressing function of CLASP2α on the stability of pushing microtubules
(Chapter 3). Secondly, we explored the application of light-inducible protein-protein
interactions as a potential regulator in in vitro reconstitutions. We characterized the
function of iLID in vitro (Chapter 6) and engineered a light-induced microtubule glid-
ing assay (Chapter 5). Our established experimental designs and the results we ob-
tained will open up new research directions to investigate and engineer synthetic mi-
crotubule systems.

MICRO-FABRICATED BARRIERS

We developed and optimized the fabrication of micron-sized barriers designed to study
the interaction of microtubules with a rigid object in vitro. With the introduction of
a stable silicon carbide overhang at the barrier, we managed to stall growing micro-
tubules and image them with TIRF microscopy. We have shown that the application
of SiC as a substrate for TIRF microscopy has little impact on the image quality when
compared to glass, although proper data treatment is essential. As an inert and non-
toxic compound it has been used for medical implants, but has received very little
attention as a material in cell biological (Iliescu et al., 2008; Oliveros et al., 2013). To
our knowledge, this is the first implementation of SiC as a substrate in fluorescence
microscopy.

Previous micro-fabricated barriers and chambers were incompatible with high res-
olution TIRF microscopy and required complex functionalization strategies
(Romet-Lemonne et al., 2005) or suffered from interfering optical properties (Taberner
et al., 2014). With SiC, we can avoid the use of metals, which in general have un-
favourable reflective properties and are difficult to passivate. Moreover, the barriers
are compatible with developed techniques for selective functionalization (Taberner
et al., 2014). This opens up the study of end-on interactions of microtubules with mi-
crotubule associated proteins or motor proteins at high resolution (Laan et al., 2012).
Combining such assays with the end binding protein EB3 as a marker the microtubule
cap could provide insight into the specific effect of end-on interactions on microtubule
cap dynamics.

Moreover, integrating multiple cytoskeletal systems containing both a microtubule
and an actin network could be investigated. Reconstituting an actin cortex underneath
the SiC overhangs by selective nucleation would enable reconstituting microtubule-
actin interactions in a 2D confinement (Adikes et al., 2018; Colin et al., 2018; Dogterom
and Koenderink, 2019; Preciado Lopez et al., 2014; Preciado Lopez et al., 2014). This
will more closely mimic the cortical interactions in vivo.
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THE STABILITY OF STALLING MICROTUBULES

We established that the plus-end tracking CLASP2α is a potent catastrophe suppres-
sor and can rescue microtubule depolymerization by stabilizing individual protofila-
ments. In cells, CLASPs are essential for proper spindle assembly and poleward flux
during interphase (Logarinho et al., 2012; Maiato et al., 2005). Their presence at the
leading edge of cells promotes rescues during migration and can suppress catastro-
phes at the tips of cell protrusions (Bouchet et al., 2016; Mimori-Kiyosue et al., 2005).
We found that CLASP can suppress force-induced catastrophes and stabilize pushing
microtubules in the presence of EB3, mimicking microtubules navigating the sharp
angles in plant cell(Ambrose et al., 2011).

A possible extension of these observations would be to investigate whether CLASP
can stabilize microtubules through an end-on interaction. By functionalizing micro-
fabricated barriers or the cortex inside water-in-oil droplets with CLASP, the stability
of pushing microtubule and its effect on microtubule organization could be examined.
Preliminary experiments suggest that CLASP is indeed capable of suppressing catas-
trophes through end-on interactions (Taberner, 2016).

To gain more detailed insights into the stability of stalling microtubules, we recon-
stituted force-induced catastrophes in a simplified system in vitro and studied them
with Monte Carlo simulations in silico. We developed a coarse-grained 1D biochem-
ical model that can capture a rich set of experimental data of dynamic microtubules.
Its reduction to fluctuations of the tip combined with GTP hydrolysis provides a sim-
ple model that is useful to characterize the effect of a range of microtubule associated
proteins. As such a question we have yet to address, is how the function of CLASP fits
within our observation that only a short terminal layer of hydrolysed subunits is re-
quired to trigger a catastrophe. Can its function solely be understood as a modulator
of tip fluctuations for our 1D biochemical model? First, CLASPs prevent catastrophe
onset but do not slow down MT shortening (Lawrence et al., 2018). This finding com-
bined with the experiments showing TOG2-S enrichment behind the outmost tip at
the MT plus end suggests that CLASPs, through their TOG2 domain, promote the sta-
bility of the microtubule region corresponding to the GTP (or GDP-Pi) cap so long as
it is present. Given that only a few CLASP molecules are required to suppress a catas-
trophe and that an EB binding region is still present on average when a catastrophe
is triggered, CLASP could prevent further destabilization by mechanically suppress-
ing a catastrophe when the terminal region of the microtubule tip is hydrolysed. We
furthermore observed that diffusive noise of the microtubule tip is reduced in the pres-
ence of both EB3 and CLASP2 as well as the mean growth speed. Considering our 1D
model, this could in turn result in fewer negative growth excursions, thereby lowering
the probability of triggering a catastrophe. During this stabilizing episode, sufficient
addition of GTP-tubulin at the tip would reinitiate microtubule polymerization and
prevent a catastrophe.

LIGHT-INDUCIBLE REGULATION in vitro
Spatiotemporal control of protein activity and location is an essential feature of cells
and warrants an equally robust reconstituted molecular system. Our developed method
based on the light-induced activation of LOV/iLID can be used to reconstitute and un-



7

130 DISCUSSION AND OUTLOOK

derstand biological processes that rely on asymmetric force production by complex
microtubule arrays. For example, light-inducible control of motor proteins can be
used to locally impose forces on reconstituted spindle-like structures or confined mi-
crotubule networks to guide the formation of complex microtubule arrays or to study
cortical pulling forces (Heald et al., 1996; Laan et al., 2012). However, careful design is
required when recruitment takes place in a closed environment containing a micro-
tubule network, such as in water-in-oil droplets (Roth et al., 2014; Vleugel et al., 2016).
Depletion effects and aspecific clustering of proteins will need to be carefully man-
aged. Perhaps a strategy based on the light-inducible homo-oligomerization of CRY2
could be further explored as an alternative to generate local enrichment on the cor-
tex (Duan et al., 2017). In conjunction, recently developed strategies using the light-
inducible tip tracking in cells are currently being explored in vitro (Adikes et al., 2018;
van Haren et al., 2018).

OUTLOOK
Although many essential steps still have to be taken, the development of an entirely
synthetic cell containing a regulated multi-component cytoskeletal system is looming
on the technological horizon. Successful incorporation of a functional cytoskeleton
will contribute to the establishment a polarized cell and to cell division. Our insights
into microtubule dynamics in closed environments coupled with regulatory control
will be a key part. And until this cell is able to exert spatiotemporal control on its
components and processes through integrated feedback loops, the use of light as a
local on/off switch will be very valuable.
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