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1-Abstract

Cytoskeletal networks, the filamentous systems in the cytoplasm of cells, are
giving the cell its shape and supporting the mechanical structure of the cell, as well
as organizing the cytoplasmic organelles in the cell. The cytoskeleton
microtubules are reorganizing and maintaining the global morphology of the cell.
This is the result of the signals that regulate microtubule filaments. The geometry
of the membrane also affects these signaling pathways, which leads to the
recursive interaction of the microtubules and signals at the membrane. To
reconstitute a minimal system for the purpose of studying this recursive
interaction, purified pig brain tubulin together with purified centrosomes, as
microtubule organizing centers, was encapsulated in giant unilamellar vesicles
(GUVs) using the cDICE method (Abkarian et al., 2011). To study how microtubule
dynamics is regulated by tubulin concentration, different concentrations of
tubulin dimers, with and without different concentrations of the microtubule
regulator stathmin (Daub et al., 2001) in both unphosphorylated and
phosphorylated states, were used for single filament TIRF microscopy (Bieling et
al,, 2010) to study the microtubule dynamics, as well as confocal laser scanning
microscopy (CLSM) to investigate the effect of regulators and confinement on the
microtubule asters. For further investigation of the effect of a phosphorylated
stathmin gradient on the positioning of microtubule asters and the morphology of
GUVs, dynamic microtubule asters were encapsulated together with a signaling
system which mimics the Racl-Pakl pathway that controls the microtubule
regulator stathmin (Daub et al., 2001).

Stathmin sequesters tubulin dimers, thus decreasing the effective concentration
of tubulin, which affects microtubule dynamics. This inhibitory effect of stathmin
is regulated by its phosphorylation. As a result, the size of microtubule asters is
smaller in the presence of stathmin as compared to the phosphorylated stathmin.
This results in the reorganization of microtubule asters in confinement.
Introducing the light-activated phosphorylated stathmin gradient in the system,
which forms upon kinase translocation to the membrane, shows: the pre-formed

microtubule based protrusions are stable, newly formed protrusions are caused



by the signaling system and the response of the system to the activation of the

signaling system depends on the initial morphology of the confinement.



1-Zusammenfassung

Zytoskelettnetzwerke, die filamentésen Systeme im Zytoplasma von Zellen,
verleihen der Zelle ihre Form und unterstiitzen die mechanische Struktur der
Zelle sowie die Organisation der zytoplasmatischen Organellen. Die Zytoskelett-
Mikrotubuli reorganisieren und unterstiitzen die globale Morphologie der Zelle.
Dies ist das Ergebnis der Signale, die die Mikrotubuli-Filamente regulieren. Die
Geometrie der Plasmamembran beeinflusst auch diese Signalwege, was zu einer
rekursiven Wechselwirkung der Mikrotubuli und der Signale an der Membran
fihrt. Um ein Minimalsystem fiir die Untersuchung dieser rekursiven
Wechselwirkung zu rekonstituieren, wurde gereinigtes Schweinegehirn-Tubulin
zusammen mit gereinigten Centrosomen als Organisationszentren von
Mikrotubuli in unilamellaren Riesenvesikeln (GUVs) unter Verwendung der
cDICE-Methode eingekapselt (Abkarian et al., 2011). Um zu untersuchen, wie die
Mikrotubulidynamik durch die Tubulinkonzentration reguliert wird, wurden
unterschiedliche Konzentrationen von Tubulindimeren mit und ohne
unterschiedliche Konzentrationen des Mikrotubuli-Regulators Stathmin (Daub et
al., 2001) sowohl im unphosphorylierten als auch im phosphorylierten Zustand
fur die Einzelfilament-TIRF-Mikroskopie verwendet ( Bieling et al., 2010), sowie
konfokale Laserscanningmikroskopie (CLSM) zur Untersuchung der Wirkung von
Regulatoren und der Enkapsulierung auf die Mikrotubuliaster. Zur weiteren
Untersuchung der Auswirkung eines phosphorylierten Stathmin-Gradienten auf
die Positionierung von Mikrotubuliastern und der Morphologie von GUVs wurden
dynamische Mikrotubuliaster zusammen mit einem Signalsystem enkapsuliert,
das den Rac1-Pak1-Signalweg nachahmt, der den Mikrotubuli-Regulator Stathmin
reguliert (Daub et al (2001).

Stathmin bindet Tubulindimere und senkt so die effektive Konzentration von
Tubulin, was die Dynamik der Mikrotubuli beeinflusst. Diese hemmende Wirkung
von stathmin wird durch seine Phosphorylierung reguliert. Als Ergebnis ist die
Grofde der Mikrotubuliaster in Gegenwart von Stathmin im Vergleich zu dem
phosphorylierten Stathmin verringert. Dies fithrt zur Umorganisation von
Mikrotubuliastern in GUVs. Das Anschalten des lichtaktivierten phosphorylierten

Stathmin-Gradienten in dem System, der sich bei Kinasetranslokation zur
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Membran bildet, zeigt: die vorgeformten, auf Mikrotubuli basierenden
Ausstilpungen sind stabil, neu gebildete Ausstiilpungen werden durch das
Signalsystem und die Interaktion des Systems mit der Membran verursacht, wobei

diese Interaktion von der urspriinglichen Morphologie der GUVs abhangt.
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2-Introduction

Cells are able to sense and adapt their functions to the environmental changes by
generating motility or reorganizing their microfilament-supported shape and
morphology. These responses are originated from signaling pathways that regulate
microfilament dynamics (Mitchison and Kirschner, 1984) via regulator molecules.
These microfilament dynamic networks, which are called cytoskeleton, have evolved
in eukaryotic cells efficiently to enable fast rearrangement and adaptation to the
regulatory signals. The diverse functions of the cytoskeleton, including the
maintenance of the cell shape and position of the organelles, are directly connected to
three filamentous networks: actin microfilaments, intermediate filaments, and
microtubules. Microtubules are the main filaments to generate, support and maintain

the global shape of the cells.

2.1-Microtubules

Microtubules were identified to form the mitotic spindle (Schmidt, 1939) and later on,
Inoue and Dan showed that the spindles are composed subunits, which can assemble
and disassemble to form a dynamic structure (Inou¢ & Dan, 1951). Since then, with the
help of technical improvements in microscopy and biochemistry, there was tremendous
progress in understanding the structure of microtubules and their involvement in many
cellular functions.

Microtubules are hollow filamentous protein polymers, with a diameter of 25 nm that
can be found in all eukaryotic cells (Figure.1-1). These filaments are highly dynamic
and, similar to the other cytoskeletal components, serve to spatially organize the
cytoplasmic space by emanating from a microtubule organizing center, also known as
centrosome, towards the periphery. Being a part of cytoskeletal dynamic networks,
microtubules are necessary for maintaining cell shape and stability (Conde & Caceres,
2009, Verhey & Gaertig, 2007). But the function of the microtubule network is more

than only serving as an intracellular skeleton.
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Figure.1-1 Structure of microtubules. Tubulin dimer is polymeryzing into microtubules. In
microtubules, nucleation is followed by elongation on both ends to form a cylinder with a diameter of
25 nm and arranged in a head-to-tail fashion in 13 protofilaments (Scheme modified from Wilson,

2004).

During cell division, microtubules originate from two organizing centers and extend
towards the chromosomes, forming the mitotic spindle in order to properly segregate
the chromosomes (Susane et al., 2004). It is important to understand that the assembly
and disassembly of the mitotic spindle is originated by changes in microtubule
dynamics (Gouveia & Akhmanova, 2010).

Also, cargos need to be transported over long distances, where microtubules are serving
as tracks for many different vesicles and organelles (Caviston & Holzbaur, 2006,
Hirokawa, 1998) with the help of motor proteins (Hirokawa et al., 2010). This function
is especially important in neurons where axons can be one meter long and diffusion is
not significantly efficient to transport proteins (S. Rogers et al., 2000) Microtubules
also play an important role in cell polarity (Neukirchen & Bradke, 2011), especially
during interphase, where microtubules are providing tracks for organelles localization
and stability of the cell polarity (A. Muensch, 2007).

Moreover, microtubules support and maintain the mechanical stability of the cell shape.
It is important to keep in mind that microtubules being highly dynamic is an important
aspect for their function. The best example to show the effect of being highly dynamic
is exposing dividing cells to the microtubule stabilizing drugs, such as taxol, where the
microtubules are unable to depolymerize and in a result they can not pull the
chromosomes during mitosis (M. Jordan and L. Wilson, 2004).

Microtubules are constantly switching phases between polymerization and

14



depolymerization. Mitchison and Kirschner called this behavior dynamic instability of
microtubules (M. Carlier et al., 1981, Mitchison and Kirschner, 1984), and it was
observed both in vitro and in vivo (Mitchison and Kirschner, 1984, Fygenson, 1994).
Dynamic instability enables microtubules to explore the cellular space continuously
which is necessary to bring microtubules in contact with cytosolic compartments as
well as adapting the shape of the cell to the changes in the environment (Mitchison and

Kirschner, 1984, T. Hill, 1985, T. Holy et al., 1994, R. Wollman et al., 2005).

2.2- Structure of microtubules

To study the effect of dynamic microtubules in cellular context, a better understanding
of microtubule composition is required (Figure.1-1). Microtubules are non-covalent
polymers of stable -3 tubulin dimers. These subunits are polymerizing in a head-to-
tail fashion and build a polar filament with two functionally different ends. The a-
tubulin subunit is oriented towards the minus-end whereas the B-tubulin subunit is
oriented towards the plus-end (Conde & Caceres, 2009, Desai & Mitchison, 1997,
Nogales, 2000). Both subunits are similar at the sequence level and have the ability to
bind Guanosine-5'-triphosphate (GTP). The binding site is known as N-site in o-
tubulin subunit and is non-exchangeable, where in the B-tubulin subunit, the binding
site in known as E-site and is exchangeable (E. Nogales, 1998, Noda et al., 2012). -
tubulin has an intrinsic GTPase activity. During microtubule polymerization, addition
of a-P tubulin dimer causes the catalytic domain of the a-tubulin to contact the E-site
in the B-tubulin of the previously added a-f tubulin dimer, enabling GTP hydrolysis.
After GTP is hydrolyzed to Guanosine-diphosphate (GDP), it can be exchanged for a
new GTP molecule once the microtubule is depolymerized and the a-f tubulin dimer

is released to the cytosol (Figure.1-2).
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Figure.1-2 Microtubule dynamics. Binding, hydrolysis and the GTP/GDP exchange in the B-tubulin
monomer is causing the growing microtubule to undergo depolymerization. On the other hand, addition
of GTP-bound tubulin promotes polymerization. Constant interchange of these two phases is called

dynamic instability (Scheme modified from Akhmanova and Steinmetz, 2008).

GTP-bound tubulin (the E-site contains GTP) has a straight structure and therefore
polymerize into the growing microtubule. After polymerization, there is a delay after
which hydrolysis takes place. GDP-bound tubulin (hydrolysis of GTP to GDP in the E-
site) changes the structure of o-f tubulin dimer into a lightly bent structure, which
promotes the depolymerization of the microtubule (E. Nogales et al., 2006). This delay
causes a layer of GTP-bound tubulin at the plus end of the microtubule, so called GTP-
cap, which stabilizes the microtubule lattice (Akhmanova & Steinmetz, 2011, Conde &
Caceres, 2009). So, the microtubule lattice is mainly consisting of GDP-bound tubulin
except the tip of the microtubule where the GTP-cap exists, which describes two main

characteristics of microtubules, their dynamics and their polarity (Downing & Nogales,

1998b).
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2.3- The origin of dynamic instability

Dynamic microtubules undergo rapid changes between growth, pause and shrinkage
according to dynamic instability of microtubules (Mitchison & Kirschner, 1984)
(Figure.1-2). The transition from depolymerization to polymerization is called
“rescue”, where the transition from polymerization to depolymerization is called
“catastrophe” (Noda et al., 2012). Experiments in vivo and in vitro have shown this
behavior (Conde & Caceres, 2009, Gouveia & Akhmanova, 2010). Microtubules are
undergoing catastrophe by losing the GTP-cap which leads to a sudden exposure of
GDP-subunits from the plus end, resulting in splaying apart of the microtubule and
formation of a fountain-like structure (Akhmanova & Hoogenraad, 2005, Akhmanova
& Steinmetz, 2008, Conde & Caceres, 2009). On the other hand, rescue depends on the
free tubulin dimer concentration (Akhmanova & Hoogenraad, 2005, Walker et al.,
1988). In vivo studies show that rescue can be due to the remaining of GTP-bound
tubulin in the microtubule lattice (Gardner et al., 2013).

To describe the dynamics of microtubules, four parameters are defined: the growth
velocity (Vg), the shrinkage rate (Vs), the catastrophe frequency (feat) and the rescue
frequency (fres). These parameters can be independently regulated by microtubule
associated proteins (MAPs) or other regulatory factors (Conde & Caceres, 2009).
Microtubule dynamics was also studied in the presence of nucleotide analogues, in
particular GMPCPP. In this case, GMPCPP is resistant to the intrinsic GTPase activity
of tubulin dimer, resulting in a microtubule lattice that is unable to undergo catastrophe
(A, Hyman et al., 1992).

But dynamic behavior of microtubules is not only regulated by free tubulin
concentration or GTP hydrolysis, but is also controlled by multiple other factors, such
as posttranslational modifications or microtubule associated proteins (Conde &

Caceres, 2009).
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2.4-Microtubule associated proteins (MAPs)

Microtubules were found to be accompanied with additional proteins, so called
microtubule associated proteins, that can alter the microtubule dynamics. MAPs are
playing an important role in stabilizing or destabilizing microtubules and involved in
cross-linking microtubules with each other and other filamentous networks. MAPs are
generally consisting of conserved carboxyl-terminated domain containing microtubule-
binding site and an amino-terminal projection domain of different size (Dehmelt and
Halpain, 2004).

MAPs can globally affect the microtubule dynamics. For example, during transition
from interphase to mitosis, microtubule arrays, which are longer in interphase than
mitosis, need to undergo catastrophe with almost tenfold lower frequencies. MAPs can
either act on tubulin subunit level by promoting or suppressing polymerization, or
interact directly with microtubule lattice, stabilizing or destabilizing the microtubule.
MAPs can also locally affect microtubule dynamics. The existence of a steady-state
gradient of regulatory activities, such as a gradient of Ran-GTP (Carazo-Salas,
Guarguaglini, et al. 1999, Kalab, Pu et al., 1999) has been thought to be the cause of
polarized growth. In the vicinity of mitotic chromatin, due to the activity of the
nucleotide exchange factor (GEF) RCC1, the small GTPase Ran, which is localized on
the chromosome, is continuously loaded with GTP. In addition to the opposing activity
of cytoplasmic GTPase activating protein (Ran-GAP) that inactivates Ran, leads to
steady-state gradient of GTPase activity (Kalab, Weis et al. 2002, Caudron et al., 2005).
In addition to Ran gradient, activity of the microtubule destabilizing protein,
stathmin/op18, has been thought to exist in the vicinity of mitotic chromatin (Andersen,
Ashford et al., 1997, Budde, Kumagai et al., 2001). This gradient has the ability to
promote the microtubule growth by lowering the catastrophe frequency leading to
growth of microtubules that approach the chromosomes, while the catastrophe

frequency is higher in the other directions (Niethammer et al., 2004, 2007).
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2.5-Stathmin / op18

Stathmin is a member of microtubule destabilizing regulators. Stathmin is affecting
microtubule dynamics by promoting catastrophe during interphase and late mitosis.
This activity is regulated by the stathmin phosphorylation. These modifications are
important factors to regulate the microtubule dynamics during different phases of the
cell cycle.

Stathmin is an 18 kD protein (Brattsand et al., 1993). Originally, Stathmin was
described by binding to tubulin dimers (Belmont et al., 1996) forming a complex T2S,
containing two tubulin dimers (Belmont and Mitchison, 1996). The inhibitory activity
of stathmin is hypothesized with two different mechanisms: sequestering tubulin
dimers that affect microtubule growth velocity (Jourdain et al., 1997; Curmi et al.,
1999) or promoting catastrophe by directly affecting the microtubule lattice
(Tournebize et al., 1997; Segerman et al., 2003). The sequestering mechanism was
shown by structural and biophysical studies (Steinmetz et al., 2000; Gigant et al., 2000;
Wallon et al., 2000; Muller et al., 2001; Charbaut et al., 2001; Amayed et al., 2002). In
vitro, it was shown that at a pH of 6.8, stathmin binds to two tubulin dimers forming
and sequesters tubulin from the tubulin pool (Cassimeris, 2002), whereas at a pH of
7.5, stathmin promotes catastrophes by directly interacting with growing microtubule
end and promoting depolymerization (Howell et al., 1999a).

Stathmin is active in its unphosphorylated state. However, stathmin is phosphorylated
at four serine residues (Ser 16, 25, 38 and 63) by both cell-regulating and signal-
transducing kinase systems (Lawler, 1998), which results in the inactivation of stathmin
regulatory activity (Marklund et al., 1996; Larsson et al., 1997; Horwitz et al., 1997).
Phosphorylation of stathmin at different sites is necessary during mitosis for the
formation of spindle (Larsson et al., 1997). Phosphorylation of Serl6 and
Ser63significantly reduces the affinity of stathmin to tubulin, which affects the
microtubule dynamics (Di et al.,, 1997; Holmfeldt et al., 2001). This inhibition is
furthermore affected by phosphorylation on Ser25 and Ser38 (Antonsson et al., 1998).
PKA, MAP kinases and CDKs, which are highly expressed in neurons and also present
in growth cones, are known to regulate the inhibitory activity of stathmin in vivo (Pigino

etal., 1997).
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2.6-Lipid bilayer structure and its interaction with microtubules

Cell are enclosed by a plasma membrane, composed of different lipids and proteins,
which builds up a 6 nm to 10 nm thick two-dimensional bilayer, and acts not only as a
barrier to maintain the physical integrity of the cell, but also is involved in many cellular
function such as cell signaling, motility and cellular adhesion (K. Karen et al,. 2005).
The plasma membrane can be seen as a multilayer system (B. Alberts et al., 2008). The
outer layer is formed from the glycolipid and the branched polypeptide of the
glycoproteins’ head groups (S. Reitsma, 2007, W. Weinbaum, 2007), and the inner
layer is made of cytoskeleton microfilaments (B. Head et al., 1996). The middle layer
is formed by the lipid-protein structure held together by non-covalent bonds (K. Boesze
etal., 1997, Coskun and Simon, 2011). The composition of the central layer varies from
cell type to another, but cells maintain the same few classes of lipids from the enormous
variety of natural occurring lipids, mainly consisting of phospholipids;
phosphatidylcholine (PC), phosphatidylserine (PS), phosphatidylethanolamine (PE),
sphingomyelin (SPHM). (G. can Meer et al., 2008).

Plasma membrane also anchors to the cytoskeleton in order to maintain the cell shape,
thus understanding the properties of the membrane is necessary. The interaction
between the three-dimensional cytoskeleton network and two-dimensional lipid
membrane is a key feature of the cell functions. Cells reorganize and adapt their shape,
which is supported by cytoskeleton, during exposure to the morphogen signals. This
response is based on the signaling pathways regulating cytoskeleton dynamics
(Mitchison and Kirschner, 1984). During changing the shape of the cell, signaling is
actuated via dimensionality reduction (Adam and Delbriick, 1968, Oancea and Meyer,
1998, Shen and Meyer, 1999) where the local concentration of the regulators are
increased in the vicinity of the plasma membrane. This leads to the higher activity of
the cytoskeleton regulators at the plasma membrane comparing to the cytosolic activity,
which results to the cytoskeleton to be directed locally towards the membrane
(Niethammer et al., 2004, 2007). Changing the shape of the membrane affects the local
concentration of the translocated molecules on the membrane, resulting the increased
activity of the signaling reactions (Rangamani et al., 2013). Since the dynamic
microtubules are able to deform the membrane, they are exposed to the signaling
reactions, which regulate their dynamic, results in autocatalytic amplification that

affects the dynamic microtubules, which are self-organized in the confinement (plasma
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membrane) (Schmick 2014). This recursive interaction constantly adapting the shape
of the cell to the extracellular cues as well as to the previous shape of the cell.

In order to study protein-protein interactions in a confinement, three-dimensional
water-in-water lipid vesicles are usually used to encapsulate proteins inside a cell-like
membrane. The structure of the membrane depends on the formation techniques, and
they can have a single bilayer (unilamellar) or multi-bilayer (multilamellar) (C. McPhee
et al., 2013). Considering the size of the formed lipid vesicles, they are categorized into:
small unilamellar vesicles (SUVs) with the size of smaller than 100 nm, large
unilamellar vesicles (LUVs) with the size of 100 nm and few micrometers, and giant
unilamellar vesicles (GUVs) with the size of larger than 5 micrometers (Schmitt et al.,
2016). Because of the large size of GUVs, they are widely used in synthetic biology
studies (P. Mueller et al., 1983, P. Walde et al., 2010).
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3-Objectives

Cells rearrange their cytoskeleton-based morphology in response to the extracellular
signals that regulate the cytoskeleton dynamics, and this response leads to
morphological changes. Extracellular signals regulate the cytoskeleton dynamics via
regulators that diffuse in the cytoplasm (Daub et al., 2001). However, the confinement
that interacts with dynamic cytoskeleton and the regulators, constrains both
cytoskeleton and the regulator molecules. Due to the universal mechanism of
dimensionality reduction (Adam and Delbriick, 1968, Oancea and Meyer, 1998, Shen
and Meyer, 1999), signaling activity is enhanced at the membrane of the confinement
compared to the cytosolic activity of the regulatory molecules, thus affecting
cytoskeletal filaments locally at the membrane via a dynamically maintained gradient
of regulators (Niethammer et al., 2004, 2007). However, the geometry of the membrane
affects the local concentration of the regulators (Rangamani et al., 2013). Studies have
shown that that polarity emerges upon interaction between dynamic microtubules and
motor proteins (Baumann and Surrey, 2014, Juniper et al., 2018, Laan et al., 2012,
Letort et al., 2016, Nédélec et al., 1997, Pinot et al., 2009, Surrey et al., 2001). The
question is how the morphology and the overall shape of the cell result from recursive
interaction between dynamic microtubules and the signaling at the membrane of the
cell. To answer this question, in this study, a minimal cytoskeletal system is
encapsulated together with a light-inducible membrane-based signaling system in Giant

Unilamellar Vesicles (GUVs).
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4-Results

4.1- The effect of tubulin concentration and stathmin phosphorylation state
on microtubule dynamics

To study the effect of tubulin and stathmin concentration on the microtubule
dynamics, Total Internal Reflection Fluorescence microscopy (TIRF) was used. In
this assay, immobilized GMPCPP-stabilized microtubule-seeds (20 % Alexa568-
tubulin, 5 % Biotin-tubulin) on the Biotin-PEG glass surface were used as

polymerization sites for dynamic microtubules (Figure.2-1).

Tubulin dimerO

Biotin

Neutravidin x

PEG é
Silane é

Figure.2-1 Immobilized GMPCPP-stabilized microtubule seeds. Slowly hydrolysable GTP

analogue, GMPCPP, was used to polymerize tubulin into stabilized microtubules. The Biotin-PEG

glass was used to immobilized microtubules on the surface for the TIRF assay.

In order to investigate the effect of tubulin concentration on the microtubule
dynamics, different tubulin concentrations (10% Alexa568-tubulin) were used.
Higher ratio of labeled tubulin during polymerization of GMPCPP-stabilized
microtubule seeds was used in order to distinguish the seed from the dynamic
microtubule (Figure.2-2 A and B). To measure growth velocity and catastrophe
frequency, kymographs (time-space plots) of the dynamic microtubules were
used. Kymographs are a straightforward tool to measure the growth velocity. The
slope of the kymograph shows the growth velocity (um/min). The average
number of catastrophe events in the period of the time was used to measure
catastrophe frequency (1/sec). Upon increasing the tubulin concentration, the
microtubule growth velocity was linearly increased. On the other hand,
catastrophe frequency was decreased nonlinearly as a result of increasing tubulin

concentration (Figure.2-2 C).
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Figure.2-2 Microtubule dynamics. Microtubule dynamics depends on tubulin concentration.
(A) an example of an image from a time-series obtained with TIRF microscopy with 15 uM
tubulin after 6 minutes of polymerization. GMPCPP-stabilized seeds are brighter than dynamic
microtubules. (B) kymographs of microtubules with 15 (top) and 30 (bottom) uM tubulin. The
catastrophe events are identified by depolymerization of microtubules from GMPCPP-stabilized
seeds. (C) Growth velocity was increased (left graph) and catastrophe frequency was decreased
(right graph) in response to higher tubulin concentrations (error bars correspond to S.E.M, N >

75 tracked filaments)
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To study the effect of stathmin on the microtubule dynamics, different
concentrations of stathmin were introduced at high tubulin concentration (40 uM
tubulin). As a result, the microtubule growth velocity was decreased. At 20 uM
stathmin, no growing microtubules were observed. Additionally, the catastrophe
frequency was increased in response to increasing stathmin concentration. To
determine the effective tubulin concentration in the presence of stathmin, it was
assumed that each stathmin molecule is binding to two tubulin dimers.
Considering this assumption, it was concluded that stathmin is sequestering
tubulin as we observed in the experiments (Figure.2-3). In the set of experiment
with Alexa647-Stathmin was used to observe whether the stathmin is directly
interacting with the tip of the growing microtubules or not. As a result, no

Stathmin-comet was observed which shows that stathmin is only sequestering

tubulin.
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Figure.2-3 Microtubule dynamics in the presence of stathmin. Increasing stathmin

concentration decreases growth velocity in a linear manner (left graph) and increases

catastrophe frequency nonlinearly (right graph) (error bars correspond to S.E.M).
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The stathmin-tubulin affinity is affected by stathmin phosphorylation. To
investigate this effect on the microtubule dynamics, Protein kinase A (PKA) was
used to phosphorylate stathmin. It is known that PKA phosphorylates stathmin on
serine 16, 25, 38 and 63 (PKA consensus sites). By introducing different
concentrations of phosphorylated stathmin into the system at high tubulin
concentration (40 uM tubulin), growth velocity was decreased by increasing
phospho-stathmin concentration, and the catastrophe frequency was increased.
Comparing this result with the result from unphosphorylated stathmin, it was
concluded that phosphorylation is decreasing the affinity of the stathmin to the
tubulin dimers and thus the effective concentration of tubulin dimers is higher,

which results in higher effective tubulin concentration (Figure.2-4).
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Figure.2-4 Stathmin phosphorylation affects its affinity to tubulin. Increasing
phosphorylated stathmin at 40 uM tubulin decreases the growth velocity (left graph) and
increases catastrophe frequency (right graph). But since the affinity of the stathmin to tubulin is
decreased due to phosphorylation, at same concentration of stathmin, phosphorylated stathmin

does not sequester tubulin efficiently (error bars correspond to S.E.M).
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Inhibitory effect of the stathmin on microtubule dynamics is affected by its
phosphorylation. In the cells, microtubule dynamics is locally regulated by a
phosphorylated stathmin gradient, specially during mitosis (Niethammer et al.,
2004, 2007). To measure microtubule dynamics in the presence of a
phosphorylated stathmin gradient, different ratio of phosphorylated stathmin to
unphosphorylated stathmin at constant total stathmin concentration, was
introduced in the system. At lower phosphorylated stathmin fractions, no
microtubule growth was observed. However, increasing the phosphorylated
stathmin fraction increased the growth velocity. On the other hand, the
catastrophe frequency was decreased. This observation suggests that as dynamic
microtubules reach the phosphorylated stathmin gradient, microtubules are
exposed to higher tubulin concentration, due to decreasing the affinity of
phosphorylated stathmin to tubulin dimers, where microtubules grow faster,

which leads to longer microtubules (Figure.2-5).
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Figure.2-5 Effect of phosphorylated stathmin ratio on microtubule dynamics. Increasing the
phosphorylated stathmin ration results in the increased growth velocity (left graph) and

decreased catastrophe frequency (right graph) (error bars correspond to S.E.M).
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4.2-The effect of tubulin concentration and stathmin phosphorylation on the
size of microtubule asters

Microtubule dynamics is affected by the concentration of the tubulin and tubulin-
sequestering agent, stathmin. Also, stathmin phosphorylation affects the
microtubule dynamics. To investigate the effect of tubulin and stathmin, in
phosphorylated and unphosphorylated state, on the microtubule asters, different
experiments with purified centrosomes, as the organizing centers for dynamic
microtubules, were designed.

The overall dynamics of microtubules affect the size of the microtubule aster. In
order to measure the size of the microtubule asters, purified centrosomes were
used as the microtubule-organizing center together with tubulin. The relative size
of the aster (in the absence of confinement) was determined using confocal laser
scanning microscopy (CLSM) and trace amounts of fluorescently labeled tubulin
(10 % Alexa568- or Alexa488-tubulin). The fluorescence intensity decay of the
microtubules from the center of the microtubule aster was measured to yield the
size of the aster. Increasing the tubulin concentration resulted in the bigger
microtubule asters. This result suggests that as microtubule asters are exposed to
the higher tubulin concentration, microtubules grow faster and longer, as a result
of decreasing the catastrophe frequency.

To study the effect of stathmin on the relative size of the microtubule aster,
different concentrations of stathmin were introduced at high tubulin
concentration. Stathmin decreases the effective concentration of tubulin dimers,
and thus decreases the growth velocity and increases catastrophe frequency,

which results in decreasing the size of the microtubule aster (Figure.2-6).
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Figure.2-6 Size of microtubule asters is affected by tubulin concentration. Increasing the

tubulin concentration increases the size of microtubule asters in a linear manner.

However, in the same set of experiments with phosphorylated stathmin, the size
of microtubule asters was affected differently. Phosphorylation of stathmin
decreases its affinity to tubulin dimer, and as a result increases the effective
tubulin concentration. This results in bigger microtubule asters at the same

concentration of unphosphorylated stathmin (Figure.2-7).
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Figure.2-7 Size of microtubule asters is affected by stathmin phosphorylation.
Phosphorylation of stathmin decreases its inhibitory effect on microtubule dynamics.
Microtubule asters’ size is increasing as the result of stathmin phosphorylation (error bars

correspond to S.E.M).
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4.3-Microtubule-asters reorganizing themselves in response to their
dynamics in deformable confinement

In the absence of confinement, microtubules are organized in radial arrays in the
presence of microtubule organizing centers. To investigate the effect of
confinement, as well as tubulin and stathmin concentration on the microtubule
dynamics and organizing of the microtubule asters, microtubule organizing
centers were encapsulated in GUVs together with tubulin dimers, using cDICE ,
where the tension in the membrane can be controlled by the outside osmolarity.
As a result of previous experiments, size of the encapsulated microtubule aster
can be controlled by the tubulin concentration.

The GUVs with encapsulated dynamic microtubule asters were monitored by
confocal laser scanning microscopy (CLSM) using trace amounts of fluorescently
labeled tubulin (10 % Alexa568- or Alexa488-tubulin). GUVs with low
encapsulated tubulin concentration (15-25 uM) resulted in the organizing center
of the small microtubule aster positioned in the center of the GUV (Figure.2-8 left
GUV). Increasing the tubulin concentration (35-40 uM) resulted in cortical
microtubules where the organizing center was positioned towards the membrane.
However, decreasing the membrane tension by increasing outside osmolarity
resulted in the formation of protrusions, affecting both position of the organizing

center as well as overall morphology of the GUV (Figure.2-8 three right GUVs).

Figure.2-8 Effect of confinement on microtubule asters. At low tubulin concentrations,

organizing centers are positioned in the center of the GUV (left GUV) while increasing tubulin
concentration displaces the organizing center towards the membrane and changes the
morphology to cortical (two middle GUVs) and even formation of protrusions, (polar

morphology, right GUV). Scale bar = 10 um
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To investigate the formation and the dynamics of these microtubule-based
protrusions, microtubule polymerization at high tubulin concentration was
induced by raising the temperature from 20 °C to 34 °C, in GUVs with a rigid or
deformable membrane. In the case of rigid membrane, increasing the temperature
resulted in the decentering of the organizing center and formation of cortical
microtubule aster (Figure.2-9 A). The kymograph of local membrane curvature
shows that there was no deformation on the membrane due to high membrane
tension. The position of the organizing center is shown with size of the black
circles in the kymographs (large circle - peripheral organizing center). As the
microtubule aster grows inside the GUV, the interaction between the microtubule
aster and the membrane pushed the organizing center towards the membrane
(Figure.2-9 B). Additionally, the overall shape and the position of the organizing

center is shown the Figure.2-9 C.
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Figure.2-9 Growing Microtubule aster inside GUV. (A) The high membrane tension interacts
with the growing microtubule aster and decenters the organizing center. (B and C) The
kymograph of local membrane curvature shows no deformation on the membrane, but only

decentering of the organizing center. Scale bar = 10 um

However, upon growth of the microtubule aster in GUV with deformable

membrane, the randomly distributed protrusions resulted in a stable morphology
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with one or more protrusions in the main axes of the GUV, and the organizing
center was positioned towards the membrane (Figure.2-10 A). In this case,
initially growing bundles of the microtubule aster interact with the membrane and
decenter the organizing center, which polarizes the microtubule aster and the
protrusions. Upon decentering of the organizing center, more microtubules are
growing towards the pre-existed microtubule bundles, as it is shown with the
kymograph, which resulted in the deformation of the membrane (Figure.2-10 B).
This recursive interaction between microtubule bundles and deformable

membrane causes the stable polar morphology as described above.

Time (s)

Figure.2-10 Growing microtubule aster in a deformable GUV. (A) Random protrusions
because of interaction between microtubules and membrane result in the formation of a polar
morphology. (B and C). The local curvature shows that the randomly distributed microtubule-
based protrusions interact with each other and form a more stable protrusion. This also affects

the position of the organizing center. Scale bar = 10 pm

To investigate the global effect of stathmin and its phosphorylation on the size of

the microtubule aster and the position of the organizing center, different
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concentrations of stathmin were encapsulated together with microtubule asters
in GUVs. Initially at high tubulin concentration, the organizing centers were
positioned towards the membrane (Figure.2-11 A Black squares). The values close
to 1 means the organizing center is positioned close to membrane. By increasing
the concentration of stathmin, the organizing centers were re-centered which was
caused by decreasing the effective concentration of tubulin dimer due to
sequestering activity of the unphosphorylated stathmin. No protrusions were
observed in this case (Figure.2-11 - Red squares). However, by encapsulating the
same concentration of phosphorylated stathmin, the organizing centers were
decentered again and positioned towards the periphery (Figure.2-11 A Blue
squares). This is the result of decreasing the affinity of stathmin to tubulin dimer
due to its phosphorylation and increasing the effective tubulin concentration. The
formation of protrusions depends on the encapsulated concentration of tubulin

and stathmin, as well as on membrane tension.
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Figure.2-11 Effect of stathmin and its phosphorylation on the positioning of organizing
centers. (A) Initially at higher tubulin concentration, the organizing centers are positioned
towards the membrane (black squares). Introducing stathmin re-centers the organizing centers
(red squares). (B) Stathmin phosphorylation decenters the organizing center again (blue
squares). Examples of microtubule asters in GUV with high tubulin concentration (top),

introducing stathmin (middle) and phosphorylated stathmin (bottom). Scale bar = 10 um
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4.4-recursive interaction between cytoskeleton and signaling gradient in
deformable membrane: Synthetic Morphogenic Membrane System
(SynMMS)

To investigate the response of the cytoskeleton to the stathmin phosphorylation
gradient in confinement, a synthetic signaling system was encapsulated together
with purified centrosomes and tubulin.

The signaling system consists of the previously developed iLID/SspB optical
dimerizer system (Guntas et al., 2015), which was adapted in the Bastiaens lab to
translocate SspB-AuroraB kinase to synthetic membrane bilayers via iLID, which
is associated with the membrane using a C2 phosphatidylserine-binding domain
(C2-iLID). This signaling system phosphorylates the microtubule regulator
stathmin at the membrane. Stathmin is dephosphorylated in the cytosolic space of
the GUV, where A-phosphatase is present. This results in a phosphorylated
stathmin gradient. This gradient provides a pool of high tubulin concentration at
the membrane, which alters the microtubule dynamics.

The signaling system was encapsulated together with the dynamic microtubule
aster (The full system is called Synthetic Morphogenic Membrane system -
SynMMS).

First, upon investigation of the morphological distribution of non-activated
SynMMS, it was observed that the morphologies that already existed with the
encapsulated microtubule asters in absence of the signaling system, also occurred
in this system as well (semi-aster: the spherical morphology where the organizing
center is positioned towards the membrane; polar: where microtubule-based
protrusions exist along the main axis of the GUV and the organizing center is
positioned towards the membrane). However, anew morphology emerged. In this
morphology, several microtubule-based protrusions are formed but not
necessarily on the main axis of the deformed GUV. This new morphology is called

star-like morphology (Figure.2-12).
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Figure.2-12 Morphological distribution of encapsulated microtubule asters and SynMMS.
Encapsulated microtubule asters have two major morphologies, semi-aster and polar (Blue),
while SynMMS forms a new star-like morphology (Red). The examples for each category are

selected from the SynMMS system. The dim colors correspond to the GUVs with more than one

microtubule aster.

Next, a SynMMS was subjected to global activation of signaling by continuously
irradiating the whole GUV with blue light. Global activation of a spherical SynMMS
with a small microtubule aster with a rigid membrane, led to kinase translocation
and decentering of the organizing center (Figure.2-13) due to promoting the
growth of the microtubule aster. Upon activation of the signaling system, the small
microtubule aster interacts with the signaling system and growing microtubules
apply a pushing force on the membrane which leads to the decentering of the
organizing center. After activation, blue light was switched off and the organizing
center responded by re-centering itself (Figure.2-12 top row). The contour plot
corresponding to the time-lapse shows the decentering and re-centering of the
organization center due to activation and relaxation, respectively (Fogure2-13

bottom row).
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Figure.2-13 Response of SynMMS with rigid membrane and a small microtubule aster to
global activation. Upon activation of the SynMMS, the organizing center is decentered due to the
growing microtubule aster. This response was reversed during relaxation as the organizing
center re-centered again. Yellow channel is tubulin and Cyan channel is Alexa488-SspB-AuroraB.

Scale bar = 10 pm

To show that stathmin is the key component in the system which links
cytoskeleton to the signaling system, a similar experiment was done without
stathmin (SynMMS-stat), SynMMS-stat did not result in position change of the
organizing center. This result proves that stathmin is the key to connect the
signaling system to the cytoskeleton (Figure.2-14). The contour plot of the
SynMMS-stat shows that the position of the organization center does not change

during the activation of the signaling system (Figure.2-14 bottom row).
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Figure.2-14 SynMMS-stat does not respond to activation of the signaling system. Upon
activation of the signaling system, the position of the organizing center does not change due to
the lack of stathmin in the signaling system. Yellow channel is tubulin and Cyan channel is

Alexa488-SspB-AuroraB. Scale bar = 10 pm

To further study the recursive interaction between dynamic microtubule asters
and the signaling system, SynMMS with the organizing center positioned towards
the membrane in a GUV with reduced membrane tension was locally activated.
This resulted in the immediate formation of a stable microtubule-induced
protrusion in the activated region. Changing the activation region to the other side
of the SynMMS also resulted in a stable microtubule-induced protrusion.
However, upon third activation on a new region of the SynMMS, no protrusion was
formed which indicates the depletion of microtubules into the two formed
protrusions (Figure.2-15 A). The kymograph of local membrane curvature shows
the persistence of the newly formed membrane deformation (Figure.2-15 B).
Additionally, the persistence of the protrusions caused by previously locally
activated regions, demonstrates that SynMMS possesses morphological memory

(Figure.2-15 C).
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Figure.2-15 Local activation of SynMMS. (A) During local activation of SynMMS, newly formed
membrane deformations are clearly connected to the microtubule aster. Upon changing the side
of the activation, new deformations are formed in the activated region. But due to depletion of
the kinase and microtubules during the first and second activations, there was no response to the
third activation. (B and C) The kymograph of local membrane curvature as well as the contour of
the activation series shows the persistence of these membrane deformations. The dashed lines
mark the activation regions. Yellow channel is tubulin and magenta channel is Alexa488-SspB-

AuroraB. Scale bar = 10 pm.

Next, to investigate the effect of initial morphological states on the response and
post-activation morphology of the SynMMS, both SynMMS with a polar protrusion
as well as a star-like morphology were activated globally with blue-light in
increasing dose steps. In the polar morphology, SspB-AuroraB was recruited at
the membrane protrusion already at low light-doses. This can be due to the high
membrane surface to cytoplasmic volume ratio in the concave membrane
protrusions (Rangamani et al., 2013; Schmick and Bastiaens, 2014) which increases
SspB-AuroraB density on the membrane and enhances the phosphorylate stathmin
gradient and leads to local activity of kinase in the protrusion (Figure.2-16 A). As a
result, the pre-formed polar protrusions are stabilized. This suggests, SynMMS that
have polar morphology with pre-formed microtubule-based protrusions will less likely
to response to activation with global morphology changes. The position of the
organizing center as well as the protrusion in the main axis of the deformed confinement

is stabilized (Figure.2-16 B and C).

41



blue light power

r T T T T BT —
0 50 100 150 200 250
Time (s)

Figure2-16. Light-dose response of the polar SynMMS. (A) The signaling system is gradually
activated in a SynMMS with a polar morphology. The first and last panels are corresponding to the
morphology of the SynMMS before (left) and after (right) activation of the signaling system. (B) The
position of the organizing center (the size of the black circles in the local membrane curvature) as well
as the microtubule-based protrusion does not change after activation. (C) The contour of the SynMMS
during activation shows that the microtubule-based protrusion was enhanced due to the dimensionality
reduction mechanism of the curved membrane (Rangamani et al., 2013; Schmick and Bastiaens, 2014)
but this does not affect the positioning of the organizing center. Yellow channel is tubulin and cyan

channel is Alexa488-SspB-AuroraB. Scale bar = 10 um.

On the other hand, global activation in different dose steps in the SynMMS with the
initial star-like morphology resulted in decentering of the organizing center and a
morphology change to a spherical shape. The pre-formed protrusions were stable in this
case as well (Figure.2-17 A). This result again shows that enhanced signaling due to
the pre-formed protrusions stabilized the microtubule-based protrusions (Figure.2-17
B). However, the growing microtubule aster responded to the activated signaling by

changing the position of the organizing center (Figure.2-17 C).
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Figure2-17. Light-dose response of the star-like SynMMS. (A) The signaling system is gradually
activated in a SynMMS. With a star-like morphology, which responded with changing the morphology
to spherical. The first and last panels are corresponding to the morphology of the SynMMS before
(left) and after (right) activation of the signaling system. (B) The position of the organizing center (the
size of the black circles in the local membrane curvature) changes after activation. However, the
microtubule-based protrusions are stabilized (C) The contour of the SynMMS during activation shows
that the organizing center was positioned towards the membrane during the activation of the signaling

system. Yellow channel is tubulin and cyan channel is Alexa488-SspB-AuroraB. Scale bar = 10 pm.

Furthermore, to study how a local activation of the signaling system changes the
morphology of a SynMMS, a star-like SynMMS with the organizing center positioned
in the center of the GUV was activated locally on the site between two major
protrusions (Figure.2-18 A). The kinase translocation enhanced microtubule growth,
which directed the pre-formed protrusion into the activated region. By further growth
of the microtubules and due to the angle of the microtubule bundles with the membrane,
microtubules were directed to the second pre-formed microtubule-based protrusion
(Figure.2-18 A and B). This resulted in further stabilization of the second protrusion by
directing the microtubule bundles that formed the lower protrusion. The contour of the

SynMMS shows that the position of the organizing center is stable.
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Figure2-18. Global activation of star-like SynMMs. (A) The signaling system is locally activated in
a SynMMS with a star-like morphology responded with stabilizing the morphology. The first and last
panels are corresponding to the morphology of the SynMMS before (left) and after (right) activation of
the signaling system. (B) The position of the organizing center (the size of the black circles in the local
membrane curvature) does not change after activation. (C) The contour of the SynMMS during
activation shows that the organizing center was positioned towards the membrane during the activation
of the signaling system. Yellow channel is tubulin and magenta channel is Alexa488-SspB-

AuroraB. Scale bar = 10 pm.
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5-Disscussion

In animal cells, the overall shape of the cell is tightly linked to the cytoskeletal network,
especially to the dynamic microtubules that organized by microtubule organizing
center, centrosome. These filaments are highly dynamic that continuously altering
between polymerizing and depolymerizing phases (Mitchison and Kirschner, 1984).
The microtubule dynamics is regulated by tubulin dimer concentration. Increasing
tubulin concentration, promotes the growth velocity in a linear manner. In the higher
tubulin concentrations, they are less likely to undergo catastrophe (Figure.2-2).
Stathmin is known to inhibit microtubule polymerization. Introducing stathmin into
the system with high tubulin concentrations, acts as a tubulin-sequestering agent. This
results to the slower growth of the microtubules (Figure.2-3). The inhibitory effect of
the stathmin on microtubule dynamics is regulated by its phosphorylation
(Niethammer et al., 2004). Stathmin phosphorylation increases the growth velocity of
the microtubules, as stathmin’s affinity to the tubulin dimers are decreased due to the
phosphorylation.

Investigating the effect of tubulin concentration on the size of the microtubule aster
polymerized from purified centrosomes shows that at higher tubulin concentrations,
microtubule asters are more likely to grow (Figure.2-6). Introducing stathmin results
the smaller asters at high tubulin concentration due to sequestering the tubulin
dimers. Upon phosphorylation of the stathmin, due to higher effective tubulin
concentration, the size of the microtubule asters increases (Figure.2-7).

Microtubules are responding to the regulating signals and the membrane of the cell,
changing the shape of the membrane. The polarity resulted from the interaction
between microtubules and motor proteins has been the subject of many studies
(Baumann and Surrey, 2014, Juniper et al., 2018, Laan et al., 2012, Letort et al., 2016,
Nédélec et al., 1997, Pinot et al., 2009, Surrey et al., 2001), however the question that
how cell shape is resulted during recursive interaction between signaling at the
membrane and dynamic cytoskeleton has not been answered yet.

For the encapsulated dynamic microtubule aster, membrane deformability promotes

the formation of the microtubule-based protrusions (Liu et al., 2008; Schmick and
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Bastiaens, 2014) that directly guides microtubules into the formed protrusion and
thus changes the morphology.

The basic concept of local matter coalescence through self-amplification, which in turn
depletes the substrate from the surrounding represents a minimal model through
which stigmergy can be realized, and can therefore exemplify a large class of systems
(Deneubourg, 1977; Susnea and Axenie, 2015; Tabony, 2006; Theraulaz et al., 2003).
Bringing it to the molecular systems relevant to SynMMS, the concept of the self-
induced capture sites of membrane protrusions (Schmick and Bastiaens, 2014) is
stigmergic. The microtubule-based protrusions resulting from the interactions of the
dynamic microtubule aster with the deformable membrane will capture more
microtubules polymerized from organizing center, thus generating self-induced
capture sites that deplete radially distributed microtubules.

The encapsulated fuel in the form of ATP and GTP established the non-equilibrium
conditions, is essential for self-organized morphological states of SynMMS. The
recursive interaction between microtubule dynamics, morphology of the SynMMS,
and signaling resulted in SynMMS morphogenic responses, where The SynMMS not
only responses to the regulating signal, but for the ensuing response that is shaped by
the internal state resulting from prior morphological state. The light-induced
transitions between morphological states are thereby triggered by changes of the
substrate bifurcation parameter in the signaling module.

To study the effect of the confinement, dynamic microtubule asters were
encapsulated in GUVs. The size of the aster effects the position of the organizing
center. Bigger microtubule asters are positioning their organizing center towards the
membrane. This causes the formation of the cortical microtubules (semi-aster
morphology) in the rigid membrane (Figure.2-8). This rigidity is linked with the tension
in the membrane, which can be regulated with changing the osmolarity of the outside
solution. With deformable membranes, when the organizing center is pushed towards
the membrane, microtubule bundles are forming and these bundles are more likely to
originate microtubule-based protrusions. These protrusions are positioned along the
main axis of the deformed GUV (polar morphology) (Figure.2-8). The dynamics of the
formation of these protrusions suggest that upon growth of the microtubule aster,

randomly distributed microtubule bundles are interacting with the deformable
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membrane and forming several protrusions (Figure.2-10). As the microtubule aster is
becoming larger than the size of the confinement, applied force due to the interaction
between the microtubule bundles and membrane, forces these protrusions to
coalescence into one or two protrusions, and changes the position of the organizing
center towards the membrane (Figure.2-10). Introducing the stathmin and
phosphorylated stathmin, re-centers and decenters the organizing center (Figure.2-
11)

Integrating the encapsulated microtubule aster with a signaling system, which
translocates the kinase to the membrane via an optical dimerizer, results a new
morphology.

The star-like morphology, where the organizing center is not positioned at the
membrane and several microtubule-based protrusions are formed, suggests that the
signaling system is stabilizing the protrusions via enhancing the phosphorylated
stathmin in the deformed membrane where the ratio of the membrane surface to the
cytoplasmic volume is higher (Rangamani et al., 2013, Schmick and Bastiaens, 2014).
In SynMMS, Stathmin is the key to link the microtubule aster to the signaling system
(Figure.2-14). Global activation of a SynMMS with rigid membrane and an organizing
center positioned in the center of the confinement, positions the organizing center
towards the membrane, and the organizing center re-centeres again during relaxation
(Figure.213). Local activation of a SynMMS results in the formation of new protrusions
as well as decentering the organizing center in the case of a polar and star-like
morphologies (Figure.2-15). These protrusions are stable and remain even after
relaxation.

On the other hand, local activation of a SynMMS with a star-like morphology with
strong microtubule-based protrusions results in coalescence of the protrusions into a
one stable protrusion (Figure.2-18).

Much has to be learned from SynMMS on the structural stability of the emergent
morphological states that are a direct consequence of the attractors of the system, as
well as on its plasticity and reversibility in response to external stimuli. For example,
since membrane deformation by MT-bundles actuate signaling, we also expect that
morphological state transitions in SynMPS can be triggered by externally imposed

mechanical stimuli that deform the membrane.
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6-Materials and Methods

6.1-Preparation and labeling of tubulin

Tubulin purification was performed according to a standard method (Castoldi and
Popov, 2003). The following deviations from the published procedure were made:

20 fresh pig brains (40 halves) were transported from the slaughterhouse in ice-
cold PBS buffer (NaCl 137 mM, KC1 2.7 mM, Na2HPO4 10 mM, KH2PO4 1.8 mM, pH
7.4). After transportation, brains were removed from the PBS buffer, and the meninges
and the brain stem were removed using paper towels. Peeled brain was mixed with
depolymerization buffer (DP) (in the ratio of buffer volume/brain mass 1.5 /kg - MES
50 mM, CaCl2 1 mM, pH 6.6 NaOH). 1 mL of PMSF (1 M) was added to the mixture.
The mix was homogenized in the blender (1 min at low speed, 1 min rest, two times of
1 min at high speed with 2 min rest time in between). The pH of the homogenate was
set to 6.8 using KOH. After that, the homogenate was filled into SLA-1500 and F14
(Thermo Scientific) buckets (250 mL Nalgene). The homogenate was spun down at
14000 rpm at 4 °C for 60 min.

The pre-warmed (37 °C) High Molarity PIPES Buffer (HMPB) (PIPES 555 mM,
MgClz2 5.5 mM, EGTA 11.1 mM, Glycerol 55% vol., pH 6.9 KOH), ATP (200 mM)
and GTP (200 mM) was added to the supernatant to the final concentration of 333 mM,
1.5 mM and 0.5 mM respectively. The temperature was raised rapidly to 37 °C in the
water bath (50 °C) and when the mix reached the temperature; it was transferred to the
water bath at 37 °C and incubated for 90 min (stirred regularly). PIPES powder was
used to adjust the pH to 6.8 when necessary. The pre-warmed Ti-45 rotor (Beckman
Coulter) was used to spin down the mix at 42000 rpm for 30 min at 37 °C.

The pellet in each tube was suspended in 2 mL of cold DP buffer on ice. The mix
was kept on ice and forced to depolymerize by pipetting up and down. After
depolymerization, the mix was spun down in a Ti-45 rotor at 35000 rpm for 30 min at
4 °C.

The supernatant was carefully decanted into a graduated cylinder. Pre-warmed
HMPB, ATP and GTP were added to the supernatant to the final concentration of 333
mM, 1.5 mM and 1 mM respectively. The temperature was rapidly raised to 37 °C using
the water bath at 50 °C. After reaching 37 °C, the mix was transferred to the water bath
at 37 °C and incubated for 30 min. Then the supernatant was spun down in Ti-45 rotor

at 42000 rpm for 30 min at 37 °C.
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The supernatant was carefully and completely discarded and the pellet was
resuspended in 25 mL of cold BRB8O (PIPES 80 mM, MgCl2 1 mM, EGTA 1 mM, pH
6.8 with KOH). The mix was depolymerized on ice. The mix was spun down in a P28-
S rotor (Hitachi) at 24000 rpm for 20 min at 4 °C. The supernatant was removed
carefully and the concentration was measured and adjusted to 200 pM with BRB80.

Aliquots of 100 pL (50 pl is more practical for SynMMS experiments) were frozen
in liquid nitrogen. 500 pl aliquots are advisable for future labeling.

Tubulin was labeled with NHS-Alexa488, -568 or -647 (Thermo Fisher Scientific)
or EZ-link NHS-biotin (Thermo Fisher Scientific) according to a standard procedure
(Hyman et al., 1991).

52.3 mg of 200 uM tubulin was thawed. MgCl2 and GTP were added on ice to the
final concentration of 2.5 and 1 mM respectively. Half the volume of pre-warmed (37
°C) glycerol was added to the mix and the mix was incubated in a water bath (37 °C)
for 30 min. The polymerized tubulin was added on top of 2.5 mL pre-warmed High pH
cushion (HEPES 100 mM, MgCl> 1 mM, EGTA 1 mM, Glycerol 60% vol., GTP 0.5
mM, pH 8.6 with KOH before adding glycerol). The mix was spun down in an MLA-
80 rotor (Beckman Coulter) at 75900 rpm for 45 min at 37 °C. The supernatant was
removed carefully and the interface was washed two times with 1 mL of pre-warmed
labeling buffer (HEPES 100 mM, MgCl> 1 mM, EGTA 1 mM, Glycerol 640% vol.,
GTP 0.5 mM, pH 8.6 with KOH before adding glycerol). Then, the cushion was
removed carefully and the pellet was resuspended with 1 mL of cold labeling buffer
with a cut-off 1 mL pipette tip until no tubulin chunks were visible.

2.5 mg of NHS-ester (Succinimidyl Ester) dye was dissolved in 32 uL. DMSO.
Half of the volume of the dye was added to the mix and gently mixed every 5 minutes
in the water bath (37 °C). After 15 min, the second half was added to the mix and the
mix was gently mixed every 5 min for 10 min. The mix was then added on top of 4 mL
of pre-warmed low pH cushion (BRB80 1x (from 5x stock — PIPES 400 mM, MgCl> 5
mM, EGTA 1 mM, pH 6.8 with KOH), Glycerol 60% vol., pH 6.8 with KOH) and was
spun down in an MLA-80 rotor at 75900 rpm for 25 min at 37 °C.

The supernatant was removed carefully and the interface was rinsed two times
with 1 mL of pre-warmed 1x BRB80. Then, the cushion was removed carefully and the
pellet was resuspended on ice in 0.6 mL of ice-cold injection buffer (K-Glutamate 100

mM, GTP 1 mM MgClz 1 mM, pH 7). The mix was incubated on ice for 20 min. After
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that, the mix was spun down in an RP45A rotor (Sorvall Centrifuge) at 45000 rpm for
10 min at 2 °C.

The supernatant was recovered, and BRB80, MgCl> and GTP were added to the
mix to the final concentration of 1x, 2.5 mM and 1 mM, respectively. The mix was
incubated on ice for 3 min and then, pre-warmed glycerol was added to the mix to the
final concentration of 33% vol. and the mix was transferred to 37 °C and incubated for
polymerization for 30 min. The mix was spun down on top of 4 mL of pre-warmed low
pH cushion in an MLA-80 rotor at 75900 rpm for 25 min at 37 °C.

The supernatant was removed and the cushion was rinsed two times with 0.5 mL
of pre-warmed BRB80. The cushion was carefully and completely removed and the
pellet was resuspended completely in 0.4 mL of cold BRB80 using a cut-off pipette tip.
The mix was incubated on ice for 20 to 30 min. The mix was finally spun down in an
RP45A rotor at 45000 rpm for 10 min at 2 °C. At the end the concentration was adjusted
to 200 uM using cold BRB80 and the tubulin was frozen and stored at -150 °C in 5 or
10 pl aliquots.
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6.2-Preparation of centrosomes

Centrosomes were isolated from KE37 cells following a standard method
(Bornens and Moudjou, 1999).

2.8 L of suspension KE37 cells at the density of 1.3x10° (cell/mL) were used to
purify centrosomes. Nocodazole (0.33 M) and cytochalasin D (1 pg/mL in DMSO)
were added to the cells at a final concentration of 16.5 mM and 5 mg/mL, respectively
and incubated for 1 hour at 37 °C. The cells were spun down in an F10-6x500y rotor
(500 mL buckets — Thermo Scientific) at 2100 rpm for 5 min at 4 °C. The pellet was
then resuspended in 1.4 L of TBS buffer (from 10x TBS buffer - Tris 200 mM, NaCl
1.5 M, pH 7.4). The cells were spun down in an F10-6x500y rotor at 2100 rpm for 5
min at 4 °C. The mix was resuspended in 0.7 L of TBS 1/10 — 8Suc. buffer (Tris 2 mM,
NaCl 15 mM, Sucrose 8% vol., pH 7.4) and spun down in an SLA-1500 rotor (250 mL
buckets - Thermo Scientific) at 2300 rpm for 5 min at 4 °C.

The mix was resuspended in 20 mL of TBS 1/10 — 8Suc. buffer. The lysis buffer
(HEPES 1 mM, NP40 0.5% vol., MgCl> 0.5 mM, B-mercaptoethanol 0.1% vol.,
leupeptin 1 pg/mL, pepstatin 1 pg/mL, aprotinin 1 pg/mL, PMSF 1 mM, pH 7.2) was
added to adjust the final concentration of the cells to 107 (cell/mL) and the cells were
resuspended with a 10 mL pipette for 5 min. The mix was spun down in an SLA-1500
rotor at 4100 rpm for 10 min at 4 °C. The supernatant was filtered through a nylon mesh
(53 um mesh size), and PIPES (1 M) and DNase I (1 mg/mL) were added to the mix to
a final concentration of 10 mM and 1 pg/mL, respectively, and the mix was incubated
for 30 min at 4 °C. The mix was then spun down on top of 8.6 mL of 60% Suc. cushion
in a P28-S rotor (Hitachi) at 7400 rpm for 30 min at 4 °C. The supernatant was removed
until 25 mL of it was left. The mix was briefly resuspended and again spun down on
top of step gradient sucrose cushions (4 mL of 70%, 2.5 mL of 50%, 2.5 mL of 40 %
in each tube — total of 30.7 mL) in a P28-S rotor at 14900 rpm for 60 min at 4 °C. The
fractions of 0.5 mL were collected from the bottom of the tube. The simple
polymerization assay in bulk with 40 uM tubulin in BRB80 was used to check which
fractions had purified centrosomes. Aliquots of 10 pl were shock frozen and stored at -

80 °C.
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6.3-Protein encapsulation in GUVs by cDICE

Encapsulation of proteins in GUVs was achieved by continuous Droplet Interface
Crossing Encapsulation following the original method (Abkarian et al., 2011) with
relevant parameters noted below.

0.36 mM lipids were prepared in mineral oil (M3516, Sigma Aldrich/Merck,
Darmstadt, Germany). The mixture consisted of eggPC (Sigma Aldrich/Merck) with
15 mol% DOPS and 0.05 mol% DOPE-biotin (both from Avanti Polar Lipids,
Alabaster, U.S.A.). Additionally, 0.05 ml% LissamineRhodamineB-DOPE was added
for experiments to image GUV membranes. Glass capillaries were typically 10 — 15
um wide, and pressure was applied using an MFCS-EZ control system (Fluigent, Jena,
Germany). cDICE chambers were 3.5 cm wide and were rotated at 1500 — 1800 rpm.
8-well Lab-Tek chambers (Thermo Fisher Scientific) or 18-well p-slides (ibidi,
Martinsried, Germany) were coated with streptavidin for GUV immobilization.

The base cDICE buffer contained 80 mM Pipes pH 6.8, 75 mM KCI, 2 mM MgClo,
I mM EGTA, 1 mM trolox, 0.1 mg/ml B-casein. Additionally, the inner buffer
contained 300 mM sucrose and 80 mM glucose, while the outer buffer contained 380
mM glucose. Whenever an osmotic deflation of GUVs to decrease membrane tension
was desired, the sucrose concentration inside was lowered by 60 mM and the outside
glucose concentration was increased by 160 mM. To induce deflation of GUVs, 50 ul
of 1 M glucose were added to 300 pl of GUVs.

In experiments involving PPA, EGTA was replaced by 0.8 mM MnCl.. For tubulin
polymerization, 2 mM GTP was included, whereas phosphorylation gradient
experiments just required the presence of soluble tubulin, for which 60 uM GTP were
included. For AuroraB, 2 mM ATP was added, and in experiments requiring both
nucleotides the MgClz concentration was increased to 4 mM. Oxygen scavengers were
included in cases with just microtubule asters and stathmin, but were omitted in all
other encapsulation experiments.

The encapsulation efficiency of tubulin and stathmin was determined by a
reference concentration outside of GUVs, and the used protein concentration in cDICE
was adjusted to yield desired final concentrations, as indicated in respective
experiments. For encapsulation of centrosomes, the samples typically contained 10

vol% of a purified centrosome fraction.

54



For the encapsulation of iLID, AuroraB, and PP, an exact concentration was not
targeted, but the resulting inside concentrations and membrane densities given specific
starting concentrations were quantified and verified to result in sufficient membrane
recruitment and desired stathmin phosphorylation state.

Prior to cDICE, the samples were centrifuged for 15 min at 100.000 rpm ina TLA-
100 rotor (Beckman Coulter). The centrosomes were never centrifuged, while the
tubulin stock was centrifuged separately for 30 min at 60.000 rpm in an RP80-AT2

rotor (Sorvall/Thermo Fisher Scientific).

6.4-Imaging of MT asters and morphological states in GUVs

To produce MT asters in GUVs, soluble tubulin and centrosomes were
encapsulated as described. Stathmin was included as indicated for individual
experiments. The following protein concentrations were used in the full reconstituted
morphogenic system: 40 or 44 uM (final) tubulin (10 % Alexa647-tubulin), 4 pM
(final) stathmin, 5 uM Gly-C2-iLID, 12 uM Alexa488-SspB-AuroraB/INCENP, 1 uM
A-PPase. Alexa568-tubulin was used for experiments without the signaling system at
indicated concentrations.

Imaging was done on a Leica SP8 confocal microscope (Leica Microsystems,
Wetzlar, Germany) equipped with Leica HyD hybrid detectors at 33 °C in an
environment-controlled chamber (Life Imaging Services, Basel, Switzerland) using an
HC PL APO 63x/1.2NA motCORR CS2 water objective (Leica Microsystems). The
elevated temperature promoted tubulin polymerization, the asters reaching their end
state in ca. 7 minutes, after which single-plane images or z-stacks (1 or 0.5 pm spacing)
were taken. For the temperature ramp experiments, GUV-containing Lab-Tek
chambers were incubated at 4 °C for 10 minutes in the pre-cooled Stable Z Lab-Tek
Stage (Bioptechs, Butler, U.S.A.). Then, the stage was moved onto the microscope
equilibrated at room temperature and reached RT (~ 21 °C) in 10 minutes. The
measurements indicated as “cold” were done under this condition. After that the Stable
Z Lab-Tek Stage controller was used to heat the sample to 34 °C within 20 minutes and
images were taken every minute.

Alexa568 or Alexa488 were excited with a 470 — 670 nm white light laser (white
light laser Kit WLL2, NKT Photonics, Koln, Germany) at 578 nm (270 — 600 mW/cm?)
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or 488 nm (220 — 340 mW/cm?), respectively. Detection of fluorescence emission was
done in standard or counting mode, restricted with an Acousto-Optical Beam Splitter
(AOBS) to 588 — 640 nm or 498 — 540 nm, respectively. Images were taken with 2-4x
line averaging at 400 or 200 Hz scanning speed. The pinhole was set to 1 Airy unit here
and in all experiments described in this work.

In the full morphogenic system, Alexa647 was excited at 650 nm (200 mW/cm? -
700 mW/cm?) at 1000 Hz scanning speed to reduce photodamage. Detection of
fluorescence emission was done in counting mode, restricted to 650 — 750 nm and
further restricted by LightGate time-gating to minimize signal from laser reflection and
background. Activation of iLID and imaging of Alexa488-SspB-AuroraB was done
with 488 nm (220 mW/cm?) excitation from a white light laser source, restricting
detection to 498 — 580 nm and by LightGate. Time series images and stacks (1 um
spacing) were taken with 8x line accumulation in line sequential scanning mode. For

local activation, 488 nm illumination was restricted to a manually drawn ROIL.
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6.5-Single-filament TIRF-M assay and data analysis

GMPCPP-stabilized microtubule seeds were prepared as follows: 40 uL of 40 uM
tubulin mixture (25 % tubulin, 25 % Alexa568-tubulin, 50 % biotinylated tubulin) was
polymerized in seed buffer (80 mM Pipes pH 6.8, 1 mM MgCl, | mM EGTA, 1 mM
GMPCPP (Jena Bioscience), 5 mM B-mercaptoethanol) at 37 °C. After 30 minutes, 400
pL of prewarmed BRB80 (80 mM Pipes pH 6.8, 1 mM MgClz, | mM EGTA) was
added to the tubulin mixture, which was then spun down in a table top centrifuge at
21.000 g for 8 minutes at RT. The microtubule pellet was thoroughly resuspended in
40 uL of BRBSO.

TIRF flow chambers were assembled from a biotin-PEG functionalized glass
coverslip attached to a PLL-PEG passivated cover slide using double-sided tape
(Bieling et al., 2010). To prevent potential unspecific binding, the flow chamber was
first flushed and incubated with 35 puL of blocking buffer (100 B-casein pg/mL, 1 %
w/v Pluronic F-127 in assay buffer (40 mM Pipes pH 6.8, 75 mM KCI, 4 mM MgCla,
04 mM EGTA, 1 mM GTP, 100 B-casein pg/mL, 1 mM trolox, 20 mM [-
mercaptoethanol). After 5 minutes, the flow chamber was washed two times with 35
uL of assay buffer. Then, the chamber was flushed and incubated with 35 pL of 150
pg/mL Neutravidin (Thermo Fisher Scientific) in assay buffer for another 5 minutes.
The flow chamber was washed two times with 35 pL of assay buffer, and then the
chamber was flushed and incubated with 35 pL of diluted (1:750) GMPCPP-stabilized
microtubule seeds. After 5 minutes, the chamber was washed two times with 35 pL of
assay buffer.

After the seeds were immobilized on the surface, 40 puL of protein mixture (10 —
40 puM tubulin (7.5 % Alexa568-labeled), 0 — 20 uM stathmin, 0 — 30 uM phospho-
stathmin, 4 pL 10x oxygen-scavenging system (Bieling et al., 2010), 0. 2% w/v
methylcellulose) in assay buffer was introduced into the flow chamber and the two sides
were sealed with transparent nail polish.

Imaging was performed at RT with a custom-built TIRF microscope (Olympus
IX81 base) with a 60x Olympus APON TIRF objective with TOPTICA IBeam smart
560s laser and a Quad-Notch filter (400-410/488/561/631-640). Temperature was kept
at 34 °C by a collar objective heater (Bioptechs). Image acquisition was done with an

EM CCD Andor iXon 888 camera controlled by Micromanager 1.4 software. Fiji
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Imagel was used for data analysis. For each condition, the average growth velocity and

catastrophe frequency were determined from 260 microtubules by kymograph analysis.

6.6-Determination of MT-aster size in vitro

20 pL of protein mixture (10 — 40 uM tubulin (7.5 % Alexa568-labeled), 0 — 20
mM stathmin, 0 — 30 uM phospho-stathmin, 2 pl Silica beads (SSO6N, Bangs
Laboratories, Fishers, U.S.A.), 2 ul 10x oxygen-scavenging system (Bieling et al.,
2010), 0.2 % w/v methylcellulose) was dispersed on a glass cover slide blocked with
PLL-PEG (Bieling et al., 2010) and covered with a glass coverslip pre-coated with
PLL-PEG. The edges were sealed with transparent nail polish. Imaging of asters at 33
°C or in temperature ramp experiments were done as described in “Imaging of
microtubule asters and morphogenic state transitions in GUVs”. 12 um thick z-stacks
(1 um spacing) were taken in the experiments at 33 °C, but single planes were taken
during the temperature ramp to maximize the number of imaged fields of view.

For each individual condition, the z-stacks (if present) of each position were
average projected in Z and aligned on each other, and projected again using a custom
macro in ImageJ. The radial intensity profile of the averaged data (> 30 asters per
condition) was extracted with a custom ImageJ macro. The aster size was determined
as the 99 % decay length of a mono-exponential fit to the radial intensity profile in

Origin (OriginLab, Northhampton, U.S.A.).
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