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1. Abstract & Zusammenfassung

1.1 Abstract

The generation of a synthetic proto-cell to understand living system proves to be a valuable
approach to unravel basic principles of living systems.

In this thesis, an encapsulation method for the generation of small cell-sized proto-cells within
giant unilamellar vesicles (GUVs) was developed and the encapsulation method was validated
by verifying the functionality of a synthetic morphogenic membrane system (synMMS).

The encapsulation method is inspired by the cellular process of autophagy and conducted by
the endosomal sorting complex required for transport (ESCRT). More specifically the
encapsulation is archieved by utilizing the scission machinery of ESCRT, ESCRT-IIl. Target
proteins for the encapsulation into intraluminal vesicles (ILVs) are added to the bulk solution
around GUVs and the encapsulation is started by adding the subunits of the ESCRT-III
machinery to the solution. By this, ILVs are formed within GUVs that are completely separated
from the bulk solution. ESCRT-IIl not only encapsulates target solutions but furthermore
inverts the topology of the system from the homogeneous resource unlimited bulk towards
the ILV with only a small inhomogeneous reservoir of matter. Uncoupling the systems in this
way enables the simultaneous observation of both systems and their interactions with the
lipid membranes.

The encapsulation of synMMS without a centralized microtubule cytoskeleton but with a light-
induced signalling system connected by the tubulin regulatory protein stathmin revealed
fundamental features of the interactions between the signalling and cytoskeletal systems and
gives further evidence towards the tubulin nucleation capability of Aurora B kinase.

Thereby, this work represents another step towards the plausible reconstruction of a synthetic

autopoietic system.
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1.2 Zusammenfassung

Die Generierung einer synthetischen Protozelle zum Verstandnis lebender Systeme erweist

sich als wertvoller Ansatz zur Entschliisselung der Grundprinzipien lebender Systeme.

In dieser Arbeit wurde eine Einkapsulierungsmethode zur Erzeugung kleiner zell-grofSer
Protozellen in riesigen unilamellaren Vesikeln (GUVs) entwickelt und die
Einkapsulierungsmethode wurde durch den Nachweis der Funktionalitdt eines synthetischen

morphogenen Membransystems (synMMS) bestatigt.

Die Einkapsulierungsmethode ist vom zelluldaren Prozess der Autophagie inspiriert und wird
von dem fir den Transport erforderlichen endosomalen Sortierkomplex (ESCRT)
durchgefiihrt. Genauer gesagt wird die Einkapselung unter Verwendung der
Spaltungsmaschinerie von ESCRT, ESCRT-Ill, erzielt. Zielproteine fir die Einkapselung in
intraluminale Vesikel (ILVs) werden der Losung um GUVs zugesetzt und die Einkapselung wird
durch Zugabe der Untereinheiten der ESCRT-III-Maschinerie zu der Losung gestartet. Dadurch
werden ILVs innerhalb von GUVs gebildet, die vollstandig von der Losung getrennt sind.
Dadurch kapselt ESCRT-Ill nicht nur Zielldsungen ein, sondern invertiert dariber hinaus die
Topologie des Systems von der homogenen Ressource unbegrenzter Masse hin zum ILV mit
nur einem kleinen inhomogenen Materiereservoir. Die Entkopplung der Systeme auf diese
Weise ermoglicht die gleichzeitige Beobachtung beider Systeme und ihrer Wechselwirkungen

mit den Lipidmembranen.

Die Einkapselung des synMMS ohne ein zentralisiertes Mikrotubulus-Zytoskelett aber mit
einem lichtinduzierten Signalsystem, das durch das Tubulin-regulatorische Protein Stathmin
verbunden ist, zeigte grundlegende Merkmale der Interaktion zwischen Signal- und
Zytoskelettsystem und liefert weitere Hinweise auf die Tubulin-Nukleationsfahigkeit von

Aurora B-Kinase.

Damit stellt diese Arbeit die erfolgreiche Etablierung einer neuen Einkapsulierungsmethode
und einen weiteren Schritt zur plausiblen Rekonstruktion eines synthetischen autopoietischen

Systems dar.
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2. Introduction

2.1 Synthetic biology

Top-Down Synthetic Biology

Living System

4@, A

Synthetic Cell /
(Minimal Life)

C

Complex
Natural

l

Non-Living Components

v
X Ll
Q80O
Bottom-Up Synthetic Biology

Figure 1 Top-down and bottom-up approach in synthetic biology. Top-down reduces complexity originating from an existing
organism. Bottom-up increases complexity from non-living components. Image taken from Damiati 2019".

The newly established field of synthetic biology as a synergistic collaboration between
engineering, molecular biology and systems biology, aims for the generation of artificial
organisms designed by humans?. This serves the purpose of understanding what makes a
minimal living organism, but furthermore promises enlightenment on how complex the
evolutionary process must have been from which life arose.

Within the field emerged two general approaches to generate a minimal living organism,
which are bottom-up and top-down?.

Top-down aims to design a minimal living organism by reducing the complexity of existing
organisms to a minimum, whereas bottom-up is aiming to generate it from scratch by building
up complexity* (Fig. 1). Both approaches require an excellent understanding of cellular and
molecular processes to achieve the generation of artificial life.

Additional goals beside understanding the basic principles of life are the generation or
modification of organisms for a specific purpose beneficial for humankind. Key points here are
the production of competent drugs® and counteracting the environmental impact of society?

(e.g. carbon capture®).
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2.2 Collective behaviour

To understand the behaviour of a living entity it is not sufficient to observe an isolated
component alone. Rather, one has to understand the complexity of the entity and its
interactions with its surroundings entities. From these relations arises the collective
behaviours found on the different scales of life, from molecular over tissue to social
interactions. These interactions lead to a higher scale organization than its single entities
would be capable of.

On the organism scale fish form swarms a form of protection from predators’, and termites
build their mounded hives®.

On the cellular scale, a living system is equipped with complex molecular networks for sensing
and actuation, that are capable of complex dynamics. Cells thereby integrate external and
internal information and respond accordingly to the stimuli, which can lead to collective cell
movement as a response to wounds® and other coordinated behaviours such as
differentiation, morphogenesis, etc. With this intercellular communication expands the

dynamic solutions that the single cell is capable of'°.

2.3 Reconstituted liposomes

9,
e
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SUV LUV GUV
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Figure 2 Schematic representation of different liposomes. Small unilamellar Vesicle (SUV), Large unilamellar Vesicle (LUV),
Giant unilamellar Vesicle (GUV), Multi-lamellar Vesicle (MLV) and Multi Vesicular Vesicles (MVV). Image taken from
Milchvich et. al 20171,

MVV

The first contact point of a cell to react to external signals, e.g. growth hormones, is the cell
membrane. Most signalling networks include proteins located to the membrane, be it
transmembrane or peripheral proteins. The membrane further serves as a boundary that
separates the internal from the external bulk. These points, makes membranes and

membrane systems a crucial part of life, hence the investigation of membrane systems has
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taken a central role within synthetic biology and other fields. Methods to generate liposomes
for research and medical applications were developed and are improved constantly*?.
Liposomes can vary largely in size depending on the method used and application desired*3*4,
Reconstituted liposomes are therefore classified by size as well as number of internal
membranes (Fig. 2). Most interesting for the reconstitution of life-like systems are giant
unilamellar vesicles (GUVs) with dimensions of existing organisms®.

Plenty of methods for the generation of liposomes have been developed over the past
decades ranging from the simpler electroformation'® and double emulsion'’” to more complex
ones like micro-fluidic jetting®. The lipid compositions used for these methods are simplified
and in no form as complex and unique as the membrane of living organisms. They mostly
resemble only limited features such as charge distribution, and often fail regarding

inhomogeneity between the lipid layers of a bilayer.

2.4 Endosomal sorting complex required for transport
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Figure 3 Overview of ESCRT functions in cells. Image taken from Hurley 2015%°,

The endosomal sorting complex required for transport (ESCRT), discovered in the mid
1980ies%%?! in the biogenesis of multi-vesicular endosomes in budding yeast, and has been
investigated ever since. Since then, the involvement of ESCRT or its subcomplexes has been

shown in a plethora of functionalities in cells, ranging from neuron pruning?? to plasma

17



membrane repair? to highjacking by HIV?* (Fig. 3). The ESCRT machinery is categorized and
ordered in four subcomplexes termed ESCRT-O, -I, -Il and -lll and accessory proteins.
Furthermore, ESCRT homologues have been identified in other species beyond yeast ranging

from archaea?® to human?®.

2.4.1 ESCRT-0

The initial complex for the formation of multi-vesicular bodies (MVB) is termed ESCRT-0 and
consists of the heterodimer of HSE1 and Vps27, which performs in the cytoplasm?’. They
initialize the MVB pathway by localizing to the endosome via interaction with
Phosphatidylinositol 3-phosphate, an important phospholipid for protein trafficking to the
membrane, and proteins tagged with ubiquitin moieties?®?°. They begin the clustering of
ubiquitinated targets and start the recruitment of the ESCRT-I complex via Vps27 interaction

with Vps2328,

2.4.2 ESCRT-I
The main role of ESCRT-I is the sorting of cargo into MVBs. It consists of a preformed hetero-
tetramer of Vps23, Vps28, Vps37 and MVB1239, Subunits of this complex further interact with
more ubiquitinated targets and thereby facilitate cargo sorting into MVBs3!. ESCRT-I subunit
Vps28 recruits ESCRT-II to the MVB formation site by interaction with Vps36, thus stabilizing

the vesicle neck32.

2.4.3 ESCRT-II
The heterotetrameric complex of Vps36, Vps22 and two Vps25 proteins build up ESCRT-1I33,
The association of ESCRT-Il to the MVB neck is facilitated by binding to Phosphatidylinositol 3-
phosphate as well as ubiquitinated targets, which together with the binding of ESCRT-I
stabilize the vesicle neck3?. The subsequent recruitment of ESCRT-III is facilitated by the two

Vps25 proteins, which recruit Vps2034,
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2.4.4 ESCRT-II

Figure 4 ESCRT-III scission machinery. Clockwise starting from 12 o’clock: Vips20 (dark blue) binds to the membrane,
Snf7/Vps32 (light blue) recruits to Vps20 and to form a homomultimeric spiral forcing membrane invagination, Vps24
(purple) and Vps2 (pink) terminate the spiral formation and drive the membrane scission to form an ILV, Vps4 (orange gear)
disassembles the spiral from the membrane. Image taken from Wollert et. al 2009%.

ESCRT-III is the primary scission machinery3®3” of the MVB pathway and has been shown to
facilitate vesicle scission on its own®. It consists of Vps20, Snf7 (Vps32), Vps24 and Vps2 and
differs from the other subcomplexes in that they do not form multimeric structures in the
cytoplasm. ESCRT-III also encompasses the assessor components Did2, Istl and Vps60, vide
infra, next section (2.4.5). Upon recruitment of Vps20 to the membrane, the polymerization
of Snf7 on the endosomal membrane is promoted, which starts the assembly of a spiral around
the ESCRT-I and -Il stabilized neck3?. The Snf7 spiral formation drives neck constriction and is
terminated by Vps24 and Vps238 (Fig. 4). The vesicle scission is likely caused by the generated
tension within the Snf7 spiral®®>, whereas other evidence points to Vps24 and Vps2 to
contribute to the scission*40,

While spiral formation has been shown in vitro, the full mechanism of vesicle scission by the

ESCRT-IIl complex is still being investigated with three hypothesised mechanisms3é.

2.4.5 ESCRT-Ill associated proteins
There are further additional proteins associated with the disassembly of the ESCRT-III spiral.
The disassembly is primarily facilitated by the Vps4#!, a type-1 AAA ATPase. In the cytoplasm
Vps4 resides as inactive monomers or dimers*?, which upon recruitment to the membrane by
Vps2 assemble into the active complex. The recruitment is further supported by Did2 and Ist1,

both have been shown to be involved but not essential for the recruitment of Vps4*. The
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active Vps4 complex is further stabilized by its cofactor Vtal, which also modulates the ATPase

activity*4.

2.5 Cytoskeleton
Cellular shape is dynamically maintained by the cytoskeleton, which is composed of four main
filamentous networks that operate on different time and lengths scales. Highly dynamic and
rapidly changing structures, like lamellipodia, are maintained by actin microfilaments®.
Microtubules (MTs) act on longer range and slower time scale compared to actin, and are the
main filament to maintain, support and generate the global shape of cells***’, Intermediate
filaments differ from the former two by the fact that they are far less dynamic and lack
polarity, they provide mechanical support for the plasma membrane*®. A more recent addition
to the group of cytoskeletal proteins are septins which assemble into filaments and rings and

function as diffusion barriers and localizations sites for other proteins*® (Fig.5).
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Figure 5 Overview of the four cytoskeletal components. (A) actin filament assembles, (B) (dis)assembly of Microtubules, (C)
Assembly of intermediate filaments and (D) Septin assembly into filaments and rings. Image taken from Mostowy 2014°°,
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2.5.1 Microtubules

The discovery of MTs in the late 1930ies and their involvement in the mitotic spindle of
eukaryotic cells®® sparked tremendous research efforts into MT-dynamics®?, structure and
associated proteins®? and is still a major subject of research.

Besides being necessary for the maintenance of cellular shape, MTs are also important for the
segregation of chromosomes during mitosis®*. Another important function of MTs is the
transport of cargo along them. They serve as rails for motor proteins®, which transport
vesicles and organelles across the cell>>. Furthermore, in mammalian cells the majority of MTs
originate from a MT organizing centre (MTOC) known as the centrosome, but more MTOCs
are known in a diverse spectrum of species®®.

MTs are formed from heterodimers of a— and B—tubulin. They form a dynamic filamentous
polymer with a 24 nm outer diameter and an intrinsic polarity. MTs exhibit dynamic instability,
a permanent switching between polymerisation and depolymerisation®”°8. This process
allows the MTs to explore the cellular space, thereby maintaining the cellular shape and
adapting to the cell’s environment>°.

g, & GTP

%004

Polymerization CP GDP
Depolymerization

Metastable intermediate
microtubule

Figure 6 Scheme of the dynamic instability of microtubules. Image taken form Akhmanova and Steinmetz 2008°.
Energy required for MT-dynamics (Fig. 6) is supplied by the hydrolysis of guanosine-5’-
triphosphate (GTP) to guanosine-5’-diphosphate (GDP) by the beta-tubulin subunit. GTP-
bound tubulin is incorporated into the MTs during polymerisation. With a delay after

incorporation, the GTP is hydrolysed to GDP, which bends the structure of the tubulin dimer
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and promoting depolymerisation®!. Due to the delayed hydrolysis, the MT maintains a GTP
cap that is stabilizing the whole MTs, whereas the rest of the MT lattice is GDP bound. This
general dynamic behaviour of MTs is further influenced and regulated by other factors, like

microtubule associated proteins*® and other modulators.

2.5.2 Microtubule associated proteins

A large group of proteins known to interact with MTs are called microtubule associated
proteins (MAPs). Being initially defined as proteins that co-purify with tubulin®?, this definition
has evolved to encompass all proteins specifically binding to tubulin or MTs. Hence, MAPs are
crucial for a plethora of cellular functions by affecting MT-dynamics, facilitating transport
along MTs and more.

MAPs after the classical definition, like tau or MAP2, are highly abundant in neurons to
stabilize MTs in the axon®. Other MAPs have been shown to promote assembly like
XMAP215%, induce MT bundling like MAP65% and more (for a more detailed overview see
Gouveia & Akhmanova 2010°). In the following section, the three MAPs used in the

experimental part of this work will be discussed in more detail.

2521 Stathmin

Stathmin, also known as oncoprotein 18, is an 18 kDa large protein® belonging to the group
of MT destabilizing regulators. It regulates MTs indirectly by sequestering tubulin®’, thereby
reducing the free tubulin concentration and affecting growth velocity and catastrophe
frequency®®. However, direct interaction with MTs has been observed as well, and promotes
depolymerization®°.

The sequestration of tubulin by stathmin is regulated in turn by the phosphorylation state of
stathmin. If stathmin is dephosphorylated, it binds two tubulin dimers and upon
phosphorylation releases at least one dimer’®. In vivo, the phosphorylation is regulated by
both signal-transducing kinases as well as cell-regulating kinases on four serine residues’?

(Ser1e, 25, 38 and 63).
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2.5.2.2 ch-TOG

ch-TOG is a member of the XMAP215/Dis1 family of MT polymerases’?, and the human
homologue to XMAP215 from xenopus. The basic structure of these proteins are TOG
domains, which are known to facilitate the interaction with MT plus ends’3. ch-TOG contains
five TOG domains, similar to XMAP215.

ch-TOG has been shown to act as a MT polymerase, and to increases the growth velocity of
the MT’4. In vivo, ch-TOG also interacts with other +TIP tracking proteins such as SLAIN27> and
TACC3’® to enhance polymerisation and increase +TIP tracking. It also plays a role as an error

correction factor during mitosis by interacting with kinetochores””.

2.5.2.3 TPX2

TPX2 is known for its involvement during MT-nucleation and is a major target of the Ran
pathway’®80, Its activity is regulated by importin proteins’47°. A clear mechanism of TPX2s
function has not been determined yet, but it has been hypothesised that it directly suppresses
the off-rate of tubulin from the +TIP of the MT during polymerisation as well as
depolymerisation®.

In vivo, TPX2 is important for the establishment of a stable bipolar spindle during chromatin-
dependent spindle assembly8l. Furthermore, TPX2 has been shown to be involved in RanGTP-
dependent and independent MT branching®.. It also recruits the plus-end directed motor Xlp2,
which TPX2 recruits when bound to MTs’®#, and regulates Aurora A kinase activity by
promoting its autophosphorylation at the mitotic spindle®. In vitro, TPX2 addition has shown
that, in low concentrations, it increases the lifetime of MTs’4, whereas high concentrations

promote tubulin aggregation and the emergence of interconnected MT bundles®*.
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2.6 Cytoskeleton reorganization by signalling networks

Figure 7 Biomimetic principles of synMMS. Scheme of the natural (left) and the biomimetic (right) signal transduction to the
MT-cytoskeleton. Lower cycles: before a stimulus is given and, in the lumen, distant from the membrane the
(de)phosphorylation cycle of stathmin is dominated by the higher PPase activity (red arrow) in comparison to the kinase
(natural PAK1, synthetic AuroraB, blue arrow), which maintains a low steady state phosphorylation level of stathmin (P-)
supressing tubulin polymerisation by sequestration of free tubulin. Upper cycle: Upon and during stimulation the cell (left)
reacts to a extracellular morphogen (blue dots) by receptor activation (orange). The locally activated receptor on the
membrane recruits the GEF to the membrane and activates the GTPase Rac by nucleotide exchange (pink-to-green). The
activated Rac recruits PAK1 via its CRIB domain to the membrane thereby reducing the dimensionality of PAK1 and increases
its concentration on the membrane drastically. This shifts the balance of the (de)phosphorylation cycle proximal to the
membrane in favour of the kinase. This locally increases the phosphorylation level of stathmin which in turn releases the
previously sequestered tubulin. In the biomimetic system, the morphogen signal is replaced by a light stimulus, which
activates the photo dimerizer system iLID/SspB. This locally enhances the concentration of the kinase Aurora which acts
similar on stathmin to PAK1. Image modified from Gavriljuk et. al 20217°.

Cells constantly perceive a plethora of signals from their environment and have to adjust their
identity accordingly to these signals. These external signals are processed by various protein
networks within the cell, which then trigger changes in the cells such as cell motility,
proliferation, and more.

Changes in the MT-cytoskeleton, and by extension changes in cells morphology, are caused by
the activation of different MAPs through these signalling networks. One of these signalling
networks is the canonical Rac1-PAK1-stathmin MT-regulatory network®>-%’. The morphogen
signal causes the activation of Racl which leads to the recruitment and subsequent activation
and localization of PAK1 on the plasma membrane. PAK1 then phosphorylates stathmin and
thereby weaking its ability to sequester tubulin which in turn increases the fraction of free
tubulin dimers for MT-polymerisation (Fig. 7, left).

The recruitment of these effectors to the membrane, upon active signalling additionally
reduces the dimensionality®®2° from three dimensions in the cytosol to two dimensions on the
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membrane. This substantially increases the concentration on the membrane compared to that
in the cytosol and, leading to higher protein activity on the membrane. Therefore, it does not

surprise that geometrical features of the membrane affect signalling®.

2.6.1 A biomimetic signalling system
Inspired by this MT-regulatory network, we designed a biomimetic signalling system with
homologous properties (Fig. 7, right). In our system, the morphogen signal is mimicked by blue
light which activates the optical dimerizer system of the improved Light-inducible
Dimer/Stringent starvation protein B (iLID/SspB)°!. The iLID component of the dimerizer
system was designed to be localized to the membrane of liposomes whereas the SspB was
fused to the stathmin phosphorylating kinase AuroraB®2. This system is able to capture the
dimensionality reduction principle of the MT-regulatory network. The kinase AuroraB affects
the phosphorylation state of the the MT regulator stathmin (2.5.3.1) and influences its effects
on MT-dynamics. The dephosphorylation of stathmin, in our system, is controlled by the
protein phosphatase lambda (PPA). The kinase and phosphatase together form a
(de)phosphorylation cycle for stathmin. The balance of this (de)phosphorylation cycle can be
locally influenced by the photo activation of the system, which shifts the balance of the cycle
form the dephosphorylated state of stathmin in the lumen/bulk to the phosphorylated state

close to the membrane activated.
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3. Objective

The human drive to fully understand living organisms as well as generating them de novo led
to the emergence of the interdisciplinary field of synthetic biology, combining approaches and
rationales from engineering, molecular biology, systems biology and more. But life as we know
it today evolved over billions of years and developed to tremendous degrees of complexity.
One major development during the evolution of cells was the feature to be separated from
the environment and thereby develop an internal state which differs from the state of the
environment, but which can still be affected by it.

To mimic these features, encapsulation methods were developed to generate liposomes that
could be filled with any complex mixture of macromolecules. Most of these methods are
limited in their applicability with proteins due to the involvement of oil phases that harm
proteins, especially membrane associated ones, but are necessary for lipid solubility. But cells
on their own evolved mechanisms to incorporate and separate matter from either their
environment or within themselves.

The objective for this work is to develop and establish an encapsulation method heavily
inspired by the natural process of non-selective autophagy to encapsulate a synthetic
cytoplasm into ILV within a GUV. Together with the recent developments and insights into the
scission mechanism of ESCRT, specifically the subcomplex ESCRT-IIl, and its capability to
encapsulate fluorescenct proteins like GFP into ILV3®, this machinery showed promising
features to achieve effective encapsulation of proteins beyond GFP.

To this end the ESCRT-III scission machinery from entamoeba histolytica was chosen to
establish it as a protein-based method for encapsulation. To further investigate the capability
of the encapsulation machinery to encapsulate any given synthetic cytoplasm, the subsystems
of the synMMS’® were encapsulated, developed in the lab. Finally, the complete encapsulation

of synMMS was investigated to illuminate features beyond previously published results.
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4. Materials & Methods

4.1 Materials

4.1.1 Commercial proteins and chemicals

Table 1 Chemicals and commercial proteins

Protein / chemical

Manufacturer / Supplier

1,4 Dithiothreitol (DTT)

Biomol (Hamburg)

Adenosine 5' triphosphate disodium salt
(ATP)

Sigma-Aldrich (Minchen)

Guanosine 5'-triphosphate sodium salt
hydrate (GTP)

Sigma-Aldrich (Minchen)

Mineral oil

Sigma-Aldrich (Minchen)

Nochromix, glass cleaning agent

(
Sigma-Aldrich (Minchen)

PIPES

Sigma-Aldrich (Miinchen)

Avidin BioChemica

PanReac AppliChem (Darmstadt)

Dimethyloctadecyl[3-
(trimethoxysilyl)propyllammonium
chloride solution

Sigma-Aldrich (Minchen)

Albumin, Biotin labelled bovine

Sigma-Aldrich (Minchen)

DNase | from bovine pancreas

Sigma-Aldrich (Miinchen)

cOmplete Tablets EDTA-free

Roche (Basel, Schweiz)

Geranylgeranylpyrophosphat (GGPP)

Sigma-Aldrich (Miinchen)

3-[(3-
Cholamidopropyl)dimethylammonio]-1-
propanesulfonate hydrate (CHAPS)

Sigma-Aldrich (Miinchen)

Riboflavin-5’-monophosphat natrium salt
hydrate

Sigma-Aldrich (Miinchen)

Guanosine-5'-[(a,[)-
methyleno]triphosphate, sodium salt
(GMPCPP)

Jena Bioscience (Jena)

SNAP-Surface 594

New England Biolabs (Frankfurt am
Main)

AccuPrime™ Taq Polymerase

Thermo Fisher Scientific (Minchen)

FastDigest restriction enzymes

Thermo Fisher Scientific (Minchen)

T4 DNA Polymerase

New England Biolabs (Frankfurt am
Main)

FUGENE® HD Transfection Reagent

Promega (Madison, USA)

NHS-Alexa488

Thermo Fisher Scientific (Minchen)

NHS-Alexa647

Thermo Fisher Scientific (Minchen)

NHS-Atto532

Atto-Tec (Siegen)

NHS-Atto542

Atto-Tec (Siegen)

NHS-Atto655

Atto-Tec (Siegen)
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4.1.2 Cell strains

Escherichia coli strains

XL10 Gold Stratagene (San Diego, USA)
BL21 (DE3) RIL Thermo Fisher Scientific (Minchen)

Insect cell strains

Sf9 Andrea Musacchio, MPI Dortmund
Tna038 Andrea Musacchio, MPI Dortmund

4.1.3 Culture media

Table 2 Culture media

SOC: 20 g/L BactoTrypton

5 g/L yeast extract

0.58 g/L NaCl

0.19 g KCl

2.03 g/L MgClx 6 H,0
2.46 g/L MgS04 x 7 H,0
2 % Glucose

SOB: 20 g/L BactoTrypton

5 g/L yeast extract

0.58 g/L NaCl

0.19 g/L KCl

2.03 g/L MgClx 6 H,0
2.46 g/L MgS0,4 x 7 H,0

LB: 10 g/L BactoTrypton
5 g/L yeast extract
10 g/L Nacl
pH 7.4

TB: 12 g/L BactoTrypton

24 g/l yeast extract
4 ml/L glycerin
2,31 g/L KH,PO,
12,54 g/L K;HPO,

SF-900™ 11 SFM ThermoFisher Scientific
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4.1.4 Vectors

Table 3 Vector plasmids for protein expression

INCENP (835-903) bicistronic
vector

Vector backbone Protein Creator
pET28a (Kan) GGTase | B Konstantin Gavriljuk,
MPI Do

PGATEV (Amp) RabGGTase B Konstantin Gavriljuk,
MPI Do

pRK793 (Amp) TEV Konstantin Gavriljuk,
MPI Do

Sortase A Peter Bieling, MPI Do

pET24-H10T (Kan) Strep-EGFP Konstantin Gavriljuk,
MPI Do

pMAL (Amp) ehVPS20 This work
pMAL (Amp) ehVPS20AC (1-173) This work
pMAL (Amp) ehVPS32 This work
pMAL (Amp) ehVPS24 This work
pMAL (Amp) ehVPS2 This work
pPGEX2rbs (Amp) Gly-SspB-AuroraB (55-344) / Konstantin Gavriljuk,

MPI Do

pET24-H10T (Kan) Gly-CRIB-PPA Konstantin Gavriljuk,
MPI Do
pET24-H10T (Kan) Gly-Stathmin-Cys Konstantin Gavriljuk,
MPI Do
pET24-H10T (Kan) Gly-C2lact-iLID Konstantin Gavriljuk,
MPI Do
pET24-H10T (Kan) Gly-iLID-tRacl Konstantin Gavriljuk,
MPI Do
pFastBac-2xStrepHis Gly-2xCRIB-chTOG Konstantin Gavriljuk,
(Amp) MPI Do
pFastBac-2xStrepHis Gly-TPX2 Konstantin Gavriljuk,
(Amp) MPI Do
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4.1.5 Primers and Genes constructs
Primers were supplied by Eurofins Genomics (Ebersberg)

Sequencing primers

T7 Promoter TAATACGACTCACTATAGGG

T7 Terminator GCTAGTTATTGCTCAGCGG

5’ pMAL GTGATCAACGCCGCCAGC

3’ pMAL GCCCCAAGGGGTTATGCTAG

5" pTac CCGACATCATAACGGTTCTGGC
3’ pTac GATTTTCCCTTAAGGAGTACCTAC
5’ polyhedrin fwd AAATGATAACCATCTCGC

3’ FastBac GGGAGGTGTGGGAGGTTT

For longer DNA fragments that couldn’t be sequenced with these standard primers, specific
primers were designed ca. 50 bp preceding the position where sequencing with standard

primers stopped.

Amplification primers

5 pET24 AGAACCTGTACTTTCAGGGC
3’ pET24 TTAGCAGCCGGATCTCAGGC
5 pMAL TCTTTATTTTCAGGGCCAT
3’ pMAL GCATCTAGAGGGCCCGGATCCTTA

Gene constructs
Gene constructs were ordered and synthesized by Eurofins Genomics (Ebersberg). All genes
were designed for immediate sequence and ligation independent cloning into the target

vectors.

30



4.1.6 Laboratory equipment

Leica TCS SP8
Emulsiflex C5

Microfluidizer LM10

FPLC Akta Purifier 10

FPLC Akta Pure 25L

DU 800 Spectrophotometer
Spectrophotometer
Tabletop Ultracentrifuge

Leica Microsystem (Wetzlar)
Avestin (Mannheim)

Microfluidics (Westwood, USA)

Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (Freiburg)

Beckman Coulter (Krefeld)

Shimadzu (Duisburg)

Beckman Coulter (Krefeld)

Not specified equipment is considered laboratory standard.

4.1.7 Software and tools

Microsoft Office
Inkscape

OriginPro 9.0G
DNASTAR Lasergene
Imagel

Matlab 2019b

Microsoft (Redmond, USA)

Inkscape

OriginLab (Northampton, USA)

DNASTAR Inc. (Madison, USA)

National Institutes of Health (Bethesda, USA)
MathWorks Inc. (Natick, USA)

4.1.8 Chromatography columns and resins

GSTrap™ FF

GSTrap™ HP

MBPTrap™ HP

XK 16/600 Superdex 75 p.g.

XK 16/600 Superdex 200 p.g.

XK 26/600 Superdex 75 p.g.

XK 26/600 Superdex 200 p.g.

XK 10/300 Superdex 75 p.g.
Superose 6 Increase 10/300
HiPrep™ 26/60 Desalting
Ni-NTA Superflow

Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Cytiva (former GE Healthcare Life Science; Freiburg)
Qiagen (Hilden)
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4.1.9 Special materials

lllustra™ NAP™-5 Columns GE Healthcare Life Science (Freiburg)

Pierce® Detergent Removal Spin Columns 0.5 mL  Thermo Fisher Scientific (Minchen)

NucleoSpin® Plasmid Kit Macherey-Nagel (Diiren)

NucleoBond® Xtra Midi Plus EF Kit Macherey-Nagel (Diiren)

NucleoSpin® Gel and PCR Clean-up Kit Macherey-Nagel (Diiren)

Amicon Ultra 0.5/4/15 mL 10/30/50/100K Merck-Millipore (Schwalbach)

Concentrator

Amicon Stirred Cell with 10K ultrafiltration Merck-Millipore (Schwalbach)

membrane

Dialysis tubing SnakeSkin 10K Thermo Fisher Scientific (Minchen)

Glass Capillaries GC129T-10 Harvard Apparatus Limited (Holliston,
USA)

4.2 Biomolecular methods

4.2.1 Polymerase chain reaction

For PCRs AccuPrime™ Taq Polymerase (Thermo Fisher Scientific) was used as stated by
manufacture protocol. Usually 100 ng of DNA-fragments were used per reaction.

Melting temperature for primers was calculated with this formula

650
Meltingtemperature = 69.3 + 0.41 X GC — N

and designed to yield melting temperatures of 58-62 °C. With GC being the content of guanine
and cytosine in % and N being the length of the primer sequence.
The PCR program used was as followed:

1.95°C 3 min

2.95°C1 min

3.58t062°C45s

4.72°C90s, 30x looping back to 2.

5.72°C10 min

The finished reaction was further processed as described in the following section (4.2.2).
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4.2.2 Sequence and ligation independent cloning
For this cloning method, the vectors were digested as in section 4.2.3. Linear DNA-fragments
were designed with 20 base pair homology overhangs to the target vector on both ends. For
the reaction 150 ng of vector and 300 ng of insert were mixed with 1x NEB 2.1-buffer and 0.5
U T4-polymerase in 20 uL reaction volume. The reaction was incubated for 30 minutes at 22
°C to generate 3’ overhangs on vector and insert. The reaction was stopped by adding 1 mM
of any dNTP. 5 pL of T4 ligation buffer was added to the reaction and incubated for further 30
minutes at 37 °C to anneal the fragments. The finished reaction was either used immediately

for transformation (4.2.4) or stored at —20 °C.

4.2.3 Restriction digest

Vectors used for Sequence and ligation independent cloning were digested with FastDigest™

enzymes (Thermo Fisher Scientific).

pET24-H10T digested with Ehel
pMAL digested with Ndel and BamHI
pFastBac-2xStrepHis digested with Ehel and Hindlll

4.2.4 Heat-shock transformation
For the transformation into different E. coli strains 100 pL of competent cells (4.2.5) were
mixed with 3.5 uL of 2.25 M DTT, 1 pL plasmid-DNA or 5 pL SLIC reaction and incubated for 30
minutes on ice followed by a 45 second heat-shock at 42 °C and additional 2 minutes on ice.
After this 900 pL SOC was added to the reaction and incubated at 37 °C and 200 rpm for 1
hour. 100 pL of the solution was dispersed a LB-agar plate with the respective antibiotics. For
transformations in expression strains, the regenerated cells were spun down and the full cell

pellet was dispersed onto the plate. Plates were incubated at 37 °C overnight.
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4.2.5 Preparation of competent cells
To generate competent cells, were picked from an agar plate and grown over night in 5 mL
SOB at 30 °C. The next day 250 mL of SOB were inoculated with 50-200 pL of the overnight
culture and grown to a OD600 of 0.6 at 20 °C and 130 rpm. The culture was harvested at 1800
g and 4 °C for 10 minutes. The cell pellet was resuspended in 80 mL of 4 °C and CCMB80 buffer
(Teknova) and incubated for further 20 minutes on ice. The cells were pelleted as before and
then resuspended in 10 mL 4 °C CCMB80 buffer. The competent cells were aliquoted, frozen

in liquid nitrogen and stored at -80 °C.

4.2.6 DNA vector isolation
Plasmid vectors were purified with the NucleoSpin® Plasmid Kit (Macherey-Nagel) following
manufacturer’s protocols. Vectors used for sequence and ligation independent cloning (4.2.2)
were purified with NucleoBond® Xtra Midi Plus EF Kit (Macherey-Nagel) following
manufacturer’s protocols. Plasmid concentration was determined with a NanoDrop-

spectrophotometer.

4.2.7 Gel-electrophoresis
DNA-fragments from PCR or restriction digests were purified with a 1 % agarose-gel stained
with RedSafe™ NucleicAcidStaining Solution, running at 50 mA in TAE-buffer. DNA was mixed

with loading buffer prior to loading on the gel.

TAE-buffer: 40 mM Tris pH 8, 20 mM Acidic acid, 1 mM EDTA
5x Loading-buffer: 25 mM Tris pH 7.6, 0.5 % Orange G, 0.5 mM EDTA, 30 % (v/v) Glycerol
The DNA-band in the gel was purified using the NucleoSpin® Gel and PCR Clean-up Kit

(Macherey-Nagel) following producer protocols. Plasmid concentration was determined with

a NanoDrop-spectrometer.
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4.2.8 DNA sequencing
Sequencing reactions were prepared following protocol of the LightTube Barcode sequencing

(Eurofins genomics, Ebersberg) and sent for sequencing. Sequencing data were evaluated with

the program suite DNASTAR Lasergene (DNASTAR).

4.2.9 Bacterial cryo-stocks

For long term storage cryo-cultures of transfected cells were prepared. For this a 1:1 mix of a
liquid E. coli cell culture and Cryo-buffer was prepared and frozen in liquid nitrogen and stored
at-80 °C.

Cryo-buffer: 25 mM Tris pH 8, 100 mM MgS0a, 65 % (v/v) Glycerol

4.2.10 Protein expression in Escherichia coli
Cells for protein purification (4.3.1) were grown specifically by target protein as in Tab. 5. For
this 20 mL LB precultures with respective antibiotics (Tab. 4) were prepared and grown at

30 °C at 200 rpm overnight.

Table 4 Antibiotic conditions for Escherichia coli

Antibiotic Concentration in media
Carbenicillin/Ampicillin 100 mg/L
Chloramphenicol 34 mg/L

Kanamycin 50 mg/L

The next morning, the preculture was spun down at 3000 g for one minute and supernatant
was discarded. The cell pellets were resuspended in 10 mL TB and added to the 12 L TB main
culture. The main culture was grown to an OD600 of 0.5 (for 18 °C expression) or 1 (for 37 °C
expression). Protein expression was induced by adding IPTG to a final concentration of 0.2 mM
(for 18 °C expression) or 0.5 mM (for 37 °C expression) with expression times varying, by target
protein (Tab. 5). After the expression time cells were harvested by centrifuging for 10 minutes
at 5000 xg. The cell pellets were suspended in lysis buffer (4.3.6) and stored frozen at -20 °C
until further purified (4.3).
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Table 5 Protein expression conditions

Protein Temperature Expression Time
ehVps2 37°C 6 h

ehVps20dC 37°C 6 h

ehVps24 37°C 6 h

ehVps32 37°C 6 h
Gly-SspB-AuroraB/INCENP 18 °C 18 h
Gly-iLID-tRacl 18 °C 18 h
Gly-C2lact-iLID 18 °C 18 h
Gly-CRIB-PPI 18 °C 18 h
Gly-Stathmin-Cys 18 °C 18 h

4.2.11 Protein expression in Insect cells

For protein expression in insect cells, 2-4 ug of the plasmid DNA were mixed with 250 ul of SF-
900™ media (Thermo Fisher Scientific) and incubated with 4 pul FUGENE transfection reagent
(Promega) for 20 min at room temperature. 3 ml of 3x10° SF9 cells were transferred into a
sterile culture dish. After the cells had time to adhere for 30 min at 27 °C, the transfection mix
was carefully added to the cells and incubated for 5 days at 27 °C.

Next, the transfected cells were resuspended with 10 ml of 1x108 SF9 cells. Following 4 days
of incubation, the transfected cells were centrifuged for 10 min at 150 xg and the virus
containing supernatant was filtered through a 0.2 um syringe filter. To further amplify the
virus, 50 ml of 1x10° SF9 cells were transfected with 500 pl of virus and were again incubated
for 4 days shaking at 200 rpm at 27 °C. Following the virus amplification, the virus was
separated through centrifugation and filtration.

To start protein expression, 2 L of 1x10°% TnaO38 cells were infected by addition of the virus
with a 1to 50 ratio and the proteins were expressed over 3 days. After protein expression, the
cells were harvested at 2000 g for 20 min at 18 °C and the cell pellets was resuspended in lysis

buffer (4.3.6) and frozen in liquid nitrogen and stored at -80 °C until further purification (4.3).
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4.3 Biochemical methods

4.3.1 Celllysis

E. coli cell pellets (4.2.10) were thawed at 4 °C and 50 mg DNase | (Sigma-Aldrich), 50 mg ATP
(Sigma-Aldrich) and one cOmplete™ pill (Roche) was added to 100 mL Pellet each. The pellet
was homogenized prior to lysis by three runs through an Emulsiflex C5 or a MicroFluidizer pre-
equilibrated in lysis buffer (See list of buffers, 4.3.6).

Insect Cell pellets (4.3.11) were thawed at 4 °C and 50 mg DNAse | (Sigma-Aldrich), 50 mg ATP
(Sigma-Aldrich) and one cOmplete™ pill (Roche) was added to 100 mL Pellet each. The pellets
were lysed with 10 strokes in a dounce homogenizer.

The lysate was centrifuged for 45 minutes at 20000 xg. The supernatant was decanted and
filtered through a 0.8 um syringe filter before further purification via affinity chromatography

(4.3.2,4.3.3,4.3.4).

4.3.2 Glutathione S-transferase affinity chromatography
After lysis (4.3.1), GST-tagged Gly-SspB-AuroraB/INCENP was run over two self-packed GSH
HP columns (ca. 25 ml column volume (cv)) with 1 mL/min. After initial binding, the columns
were washed with one cv of lysis buffer (4.3.6) with additional 10 mM ATP and further washed
with one cv lysis buffer or till a baseline was reached. The protein was eluted with lysis buffer
plus 20 mM L-Glutathione and the eluate was pooled. The L-Glutathione was removed by
running it over a desalting column into lysis buffer. The GST-tag of the desalted fractions was
cut off by digestion with 50 uM TEV overnight at 4 °C under slow agitation. The uncut protein
and the separated GST-tag were separated by another run over the GSH HP columns. The

cleaved protein was pooled and further purified via size exclusion chromatography (4.3.5).
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4.3.3 Maltose binding protein affinity chromatography

Supernatant (4.3.1) of proteins tagged with maltose binding protein (MBP; all ESCRT-III
proteins) were cycled over a 5 mL MBPtrap column at 4 °C for 2-3 hours at 2 mL/min. The
protein saturated column was washed with lysis buffer for 5 cv or until a baseline was reached.
The MBP-tagged protein was eluted with lysis buffer containing 10 mM maltose.

For removal of maltose after elution, the proteins were desalted by size exclusion
chromatography on a XK 26/60 Superdex 200 p.g. The MBP-tag was cut off by digestion with
50 uM TEV overnight at 4 °C under slow agitation. The MBP-tag and the target protein were
separated after digestion by another run over the MBPtrap column and the cleaved protein

was pooled afterwards for further purification via size exclusion chromatography (4.3.5).

4.3.4 Polyhistidine-tag affinity chromatography
For purification of His-tagged proteins, a self-packed Ni-NTA superflow column with 25 mL cv
was used. The supernatant (4.3.1) was cycled over the equilibrated column, pre-equilibrated
in lysis buffer, for 2-3 hours at 3 mL/min. After cycling, the column was washed in two steps
for one cv with buffer containing 40 mM and 60 mM Imidazole. The target protein was eluted
with buffer containing 500 mM imidazole at 1 mL/min. The eluted protein was pooled and the
Imidazole was removed by running it over a desalting column into lysis buffer. TEV digestion
with 50 uM TEV was performed during dialysis. The His-tag was removed with another run
over the Ni-NTA column in lysis buffer (4.3.6) containing 20 mM Imidazole. The protein was

pooled for further purification (4.3.5).

4.3.5 Size exclusion chromatography
To enhance protein purity beyond affinity chromatography, size exclusion chromatography
(SEC) was performed. For this, prepacked Superdex or Superose columns (4.1.8) were chosen
according to protein size and protein amount after affinity chromatography. The SEC column
was equilibrated with SEC buffer (varying by protein, 4.3.6) prior to usage.
Proteins were concentrated with Amicon Ultra Concentrators prior to sample injection via a
0.5 — 5 mL sample loop. The concentrated sample was spun for 10 minutes at 13000 xg to

remove aggregates formed during concentration before SEC. Proteins that formed aggregates
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during spin concentration (Gly-SspB-AuroraB, all ESCRT-lIl proteins used) weren’t
concentrated, but rather injected using a 15 mL sample loop.

After the column specific void volume, 0.5 — 3 mL fractions were collected. Protein content of
the fractions was verified by SDS-PAGE (4.4.1) and fractions containing the purified target
protein were pooled. If necessary, multiple SECs were performed and pooled per purification
dependent on total protein amount considering the protein loading limit of the SEC column.
The pooled fractions were concentrated to the desired volume via Amicon Ultra Concentrators
or, for proteins that aggregated during spin concentration (Gly-SspB-AuroraB, all ESCRT-III
proteins used), with a Amicon Stirred Cell.

Protein concentration was measured by Bradford assay (4.4.2, all but ESCRT-III proteins) or
BCA assay (4.4.3, all ESCRT-IIl proteins). The protein was aliquoted, frozen, and stored at -80
°C until further use or directly functionalized (4.3.7) and/or labelled (4.3.8, 4.3.9, 4.3.10).
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4.3.6 Purification buffers

Table 6 Purification buffers

Buffer name

Buffer composition

Lysis buffer for ESCRT-III proteins

20 mM Hepes pH 7.2
500 mM NacCl

2 mM MgC|2

2 mM DTT

Lysis buffer for AuroraB

50 mM Hepes pH 7.3
500 mM NacCl

2 mM MgC|2

5 mMDTT

5 % Glycerol

Lysis buffer for all other proteins

50 mM Hepes pH 7.2
500 mM NacCl

2 mM MgC|2

5 mM DTT

SEC buffer for ESCRT-IIl proteins

20 mM Hepes pH 7.2
200 mM NacCl

2 mM MgC|2

2 mM TCEP

SEC buffer for AuroraB

50 mM Hepes pH 7.3
200 mM NacCl

2 mM MgC|2

5mM DTT

SEC buffer for all other proteins

50 mM Hepes pH 7.3
200 mM NacCl

2 mM MgC|2

2 mM TCEP
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4.3.7 Enzymatic prenylation with detergent

To localize Gly-iLID-tRacl to the membrane, the protein had to be linked covalently to a
geranylgeranyl lipid anchor. For this, purified GGTase | B was used. The reaction was
performed in glass vials. The detergent CHAPS was used to preserve the solubility of the
prenylated protein for the course of the purification.

The enzymatic reaction was composed as follows with a total volume of 3 mL:

ca. 460 nmol GGPP (One Vial)

3 mg Gly-iLID-tRacl

1:10 GGTase | (with respect to Racl)
50 mM Hepes, pH 7.5

50 mM NacCl

2 mM MgC|2

10 % Glycerol

10 uM ZnS0O4

2 % CHAPS

2 mMDTT

The reaction was incubated at 4 °C under constant rotation overnight. After incubation, the

sample was spun for 10 minutes at 14000 xg to remove formed aggregates prior to SEC. For
SEC, a XK 16/600 Superdex 75 p.g. was equilibrated with prenylation buffer (50 mM Hepes,
pH 7.5, 50 mM NaCl, 2 mM MgCl,, 0.5 % CHAPS, 2 mM DTT). The fractions containing the
prenylated protein were pooled and concentrated to 250 puL in a Amicon Ultra Concentrator
saturated with 0.5 mg BSA. The concentration of the concentrated protein was measured with
using absorption at 280 nm and RabGGTase B was added in a 1:1 molar ratio to the sample,
to preserve protein solubility after detergent removal.

To remove the detergent, a buffer exchange of the sample was performed over a NAP™-5
column. For this, the NAP™-5 column was equilibrated with prenylation buffer without CHAPS
and saturated with 1 mg BSA before the buffer exchange. The buffer exchanged sample was
concentrated to 100 plL in an Amicon Ultra Concentrator saturated with 0.2 mg BSA. To finalize
the prenylation, left over detergent was removed with a Pierce® detergent removal column
following manufacturer’s protocol, but additionally saturated with 0.1 mg BSA. The protein
concentration was determined by Bradford assay (4.4.2) and the protein was aliquoted,

frozen, and stored at -80 °C or immediately labelled (4.3.8, 4.3.9, 4.3.10).
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4.3.8 Tubulin purification from pig brain

Tubulin was purified from pig brains following the standard method developed by Castoldi
and Popov (2003)%.

Fresh pig brains, preferably slaughtered less than 6 h before purification, with removed
meninges and brain stem were lysed in depolymerization Buffer (50 mM MES pH 6.6, 1 mM
CaCl,) using a ratio of 1.5 buffer/brain (L/kg) and 1 mL of 1 M PMSF, by blending for 1 minute
at low speed and 2 times 1 minute at high speed with 2-minute breaks on ice in between to
prevent overheating. The lysate was centrifuged for 60 min at 4 °C at 28000 xg.

The supernatant was collected and supplemented with polymerization buffer (555 mM PIPES
pH 6.9, 5.5 mM MgCly, 11.1 mM EGTA, 55 % glycerol), ATP and GTP to the final concentration
of 333 mM PIPES, 1.5 mM ATP, and 0.5 mM GTP. This mixture was incubated for 60 min at
37 °C to polymerize the tubulin. The polymerized solution was centrifuged for 30 min at 37 °C
at 200000 xg.

The supernatant was removed and pooled (to increase tubulin yield, the supernatant can be
polymerized a second time) while the pellets were resuspended in cold depolymerization
buffer on ice. The depolymerized solution was centrifuged for 20 min at 4 °C at 140000 xg.
The supernatant was pooled and supplemented with polymerization buffer and incubated
again as above. This time the pellet was resuspended in cold BRB80 buffer (80 mM PIPES pH
6.8, 1 mM MgCl,, 0.2 mM EGTA). The sample was centrifuged for 20 minutes at 4 °C at 140000
xg and the tubulin containing supernatant was pooled.

Tubulin concentration was determined by Bradford assay (4.4.2) and adjusted to 200 uM with

BRB8O, frozen, and stored at =150 °C until further use.
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4.3.9 Fluorescence-dye labelling of tubulin

Tubulin was labelled with NHS-Alexa647 or -Alexa488 (Thermo Fisher Scientific) according to
a modified method based on the method developed by Hyman (1991)°*. 50 mg of purified
tubulin were polymerized with 2.5 mM MgCl;, 1 mM GTP and 33 (v/v) % glycerol for 30
minutes at 37 °C. The polymerized tubulin was loaded onto a 37 °C warm high pH cushion (100
mM Hepes pH 8.6, 1 mM MgCl;, 1 mM EGTA, 0.5 mM GTP, 60 (v/v) % glycerol) and spun at
400000 xg for 45 minutes at 37 °C. The supernatant was removed, and the interface of the
cushion was rinsed twice with 37 °C labelling buffer (100 mM Hepes pH 8.6, 1 mM MgCl,, 1
mM EGTA, 0.5 mM GTP, 64 (v/v) % glycerol). The cushion was removed afterwards, and the
pellet was resuspended in 4 °C labelling buffer until completely dissolved.

The NHS-dye was dissolved in DMSO and a 7.5-fold molar excess was added to the solubilized
MTs. The labelling reaction was kept at 37 °C for 30 minutes and gently mixed every 5 minutes.
After the incubation was finished, the reaction was added on top of a 37 °C warm low pH
cushion (80 mM PIPES pH 6.8, 1 mM MgCl,, 0.2 mM EGTA, 60 (v/v) % glycerol) and spun at
400000 xg for 25 minutes at 37 °C. After the spin, the supernatant was removed and the
cushion rinsed twice with 37 °C warm BRB80 buffer. The cushion was removed, and the pellet
was resuspended in 0.6 mL ice cold depolymeristation buffer (100 mM K-glutamate pH 7, 1
mM GTP, 1 mM MgCl,). The resuspended pellet was incubated on ice for 20 minutes and then
spun at 125000 xg at 4 °C for 10 minutes. The supernatant was decanted and supplemented
with 2.5 mM MgCl,, 1 mM GTP and BRB80. This was incubated for further 3 minutes on ice
and then 37 °C glycerol was added to a final percentage of 33 (v/v) % and incubated at 37 °C
for 30 minutes. After this polymerisation step the sample was spun on top of a 37 °C low pH
cushion at 400000 xg for 25 minutes. The supernatant was removed and the cushion was
rinsed twice with 37 °C BRB80. Afterwards the cushion was removed, and the pellet was
resuspended in 4 °C BRB80 and incubated on ice for another 30 minutes. The sample was spun
a final time at 125000 xg for 10 minutes at 4 °C. The supernatant was collected and the
concentration was determined. The concentration was adjusted to 200 uM with 4 °C BRBS80,

and the labelled tubulin was frozen and stored at -150 °C until further use.
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4.3.10 Fluorescence-dye labelling of proteins via sortagging

The N-terminal labelling of proteins was performed by sortagging®, for which an anorganic
dye was conjugated to a small peptide with the sequence LPETGG as described in the next
section (4.3.10.1). The labelling reaction was facilitated by recombinant Sortase A from S.
aureus. Proteins intended for labelling with this method were designed to contain an N-
terminal penta-Glycine motive (marked with “Gly-“ in section 4.1.4)

For the reaction, the following sample was prepared in a total volume of 0.5 mL:

100-300 uM target protein
1:3-fold uM Sortase A

8-fold excess conjugated LEPTGG
50 mM Tris pH 8

150 mM KCI

6 mM CacCl,

0.5 mM TCEP

Protein specific modifications:

20 % Glycerol (for reactions with SspBAuroraB)

Saturating concentration of flavin mononucleotide (for reactions with iLID)

The sample was incubated at 4 °C overnight. After incubation, the sample was spun for 10
minutes at 14000 xg to remove formed aggregates before SEC. The labelled protein was
separated from unlabelled protein and unreacted LEPTGG peptide by SEC using a XK 10/300
Superdex 75 p.g. column. The column was equilibrated in the appropriate SEC buffer for each
protein (4.3.6, SEC buffer). The labelled protein was pooled based on the absorption of the
conjugated dye and verified by SDS-PAGE (4.4.1). The protein was concentrated with an
Amicon Ultra Concentrator or in case of AuroraB with an Amicon Stirred Cell. The
concentration was measured by the absorption at 280 nm and corrected for the conjugated
dye. The protein was aliquoted, frozen, and stored at -80 °C until further use.

Proteins were labelled with the dyes according to Tab. 7.

Table 7 Protein dyes used for protein labelling

Target protein Dye
SspB-AuroraB Atto542
iLID Alexad88
Stathmin Atto532
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4.3.10.1 Peptide-dye conjugation for sortagging
To prepare the dye-conjugated LEPTGG peptide, dyes with an NHS functionalized group were
used (NHS-Alexa488, NHS-Atto532 and -542). The dye was solved in DMSO to achieve a
concentration of 60 mM, and the LEPTGG peptide was diluted to 40 mM. Equal volumes of
dye and peptide were mixed from these solutions, and 20 mM triethylamine were added. The
reaction was incubated at 30 °C overnight. The reaction was stopped by addition of 90 mM
Tris pH 8. This yielded an 18.18 mM dye conjugated LEPTGG solution which was used during

sortagging.

4.3.11 Fluorescence-dye labelling of proteins with maleimide

Maleimide labelling was performed following manufacturer protocols and was only
performed to label the stathmin sensor COPY® with Atto647. The labelling could be performed
before or after sortagging with the donor dye. The labelled protein was separated with the

same steps as used for sortagging.

4.4 Bioanalytical methods

4.4.1 SDS-PAGE

SDS-page was performed following the Laemmli method using gels 12.5 % for proteins smaller
than 100 kDa, and 10 % gels for proteins bigger than 100 kDa. The electrophoresis was
conducted for 30-45 minutes at 50 mA. After the electrophoresis, the SDS-buffer was rinsed
of, by washing the gel three times with distilled water. The proteins were fixed in the gel with
fixing solution for 15 minutes and stained afterwards with staining solution overnight.
Unspecific bound dye was washed out with distilled water for until protein bands were visible.

Collection gel: 125 mM Tris pH 6.8, 4 % acrylamide, 0.4 % SDS, 0.1 % (w/v) APS, 0.075 % (w/v)
TEMED

Separation gel: 375 mM Tris pH 8.8, 12.5 or 10 % acrylamide, 0.4 % SDS, 0.1 % (w/v) APS,
0.075 % (w/v) TEMED

Running buffer: 25 mM Tris, 1g/L SDS, 14.4 g/L glycine

2x Sample buffer: 50 mM Tris pH 6.8, 40 % Glycerol, 4 % (w/v) SDS, 15 % B-ME,
18 mg/L bromophenol blue

Fixing solution: 40 % (v/v) Ethanol, 10 % (v/v) acetic acid

Staining solution: 19 mM HCI, 35 mg/L Coomassie Brilliant Blue G-250, 35 mg/L Coomassie
Brilliant Blue R-250
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4.4.2 Bradford protein assay
For the concentration determination with Bradford, a commercial Bradford reagent (Sigma-
Aldrich) was used with a total volume of 700 pL. The protein concentration was kept between
1-15 pg/mL. The reaction was incubated in the dark at room temperature for 10 minutes prior
to measuring the extinction at 595 nm. The protein concentration was calculated using a BSA

standard curve.

4.4.3 BCA assay

For the concentration determination with bicinchoninic acid, a commercial Micro BCA™
protein assay reagent kit (Thermo Fisher Scientific) was used following the manufacturer’s
protocol. The protein concentration was kept between 1-15 pg/mL. The protein concentration

was calculated with a BSA standard curve.

4.4.4 Spectrophotometric determination of protein concentration
For the concentration determination of proteins, Lambert-Beer’s law was applied. This was
used for all proteins labelled with inorganic dyes. The absorption of the protein sample was
taken at 280 nm and the respective maximum absorption of the dye. The protein was usually
diluted 1:10. The predicted extinction coefficient of the proteins was calculated by the
ProtParam tool (Expasy), and the coefficient and correction factor of the dye was taken from

the manufacturer (Atto-tec/Thermo Fisher Scientific).

4.4.5 MALDI-MS
Successful in vitro prenylation of Gly-iLID-tRac1 was verified using a sinapinic acid matrix. The
sample was desalted and dilutions of 1:10, 1:100 and 1:1000 were prepared in distilled water.
A 1:1 dilution of matrix and the diluted protein was applied to the sample plate and dried. The
samples were measured with a MALDI-TOF/TOF UltrafleXtreme Smartbeam spectrometer

(Bruker).
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4.5 Preparation of liposomes and lipid handling

4.5.1 Electro-formation of liposomes
Generation of GUVs was performed with electro-formation. For this, a 1 mg/mL Lipid in
chloroform solution was prepared (see Tab. 8). 20 pL of the solution were applied onto a
platinum wire encased in a PTFE chamber. After application, residual chloroform was removed
under vacuum for 15 minutes. The chamber was filled with a 450 mM sucrose solution and
GUV swelling was induced by applying 2.4 V at 10 Hz to the chamber. After 1 hour of swelling
the GUVs were shed from the platinum wire into the sucrose solution by reducing the
frequency to 2 Hz for 15 minutes. The GUV-sucrose solution was collected and used for the
experiments. The lipid composition was adapted following Tab. 8 if a lipid label was desired

for an experiment.

Table 8 Lipid composition

Lipid Percentage in mixture

DOPC 79.9-79.95 % (depending on use of labelled lipid)
DOPS 20%

Biotinyl-PE 0.05%

Lissamine-Rhodamine-PE 0.05 % (for experiments with labelled lipids only)

4.5.2 Immobilization of GUVs

To minimize the movement of GUVs during the measurements, the surface of the imaging
slide was functionalized with avidin. For this, the surface was first incubated with 1 mg/mL
biotinylated BSA in water for 60 minutes followed by further passivation with a mix of 5 mg/mL
Casein and BSA in water for 30 minutes. After this, 0.1 mg/mL Avidin in BRB80 buffer (80 mM
PIPES pH 6.8, 1 mM MgCl,, 0.2 mM EGTA) was incubated for 60 minutes to finalize the
functionalisation. Each step was performed at room temperature and between each step the

slide was washed 3 times with water or BRB80 buffer (4.3.8).
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4.5.3 Determination of buffer osmolarity

To reduce the destruction of vesicles by osmotic pressure, the buffers used were adjusted to
similar osmolarities. For this, the osmolarity of the buffers weas measured using a freezing-
point depression osmometer (Knauer, Berlin). For the measurement, 150 uL of buffer was
prepared and the measurement was performed following the manufacturer’s protocol. If a
large difference between inner and outer buffer was measured, the osmolarity was adjusted
with sucrose or glucose respectively. The usual osmolarity used was 550 mOsm for inner

buffer, which equates to 450 mM Sucrose, and 600 mOsm for outer buffer.

4.6 Preparation of short GMPCPP stabilised microtubule seeds
MT-seeds were prepared by mixing 40 uM tubulin (1:1 ratio labelled to unlabelled tubulin or
only unlabelled tubulin) in BRB80 buffer (4.3.8) with 1 mM GMPCPP (Jena Bioscience) and 5
mM B-mercaptoethanol. The mix was incubated at 37 °C for 5 minutes. This short time allowed
for small MT-seeds to be generated. After the incubation 400 pL of 37 °C BRB80 (4.3.8) was
added to the reaction mix, which was then spun down for 8 minutes at 21.000 xg at room
temperature. The supernatant was removed, and the pellet was resuspended in BRB80 and

kept at room temperature and was used in experiments on the same day.
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4.7 Confocal laser scanning microscopy

All microscopy measurements were performed using a Leica SP8 microscope (Leica
Mirosystems). The pixel depth was 16 bit. Depending on the zoom factor used, the pixel field
was adjusted to a resolution of less than 0.2 um/pixel. As objective a 63x/1.2 NA water
immersion objective was used. For most experiments, the pinhole was set to 1 Airy with the
exception of measurements with COPY° in ILVs where it was set to 3 Airy for the excitation
wavelength. In general, the imaging was performed at 37 °C. The line scanning speed was 400
Hz. For measurements without COPY® the scanning speed was 8000 Hz using a resonance
scanner.

For excitation of the fluorescent labels, a white light laser was used. The power of the laser

was set to 70 % and an intensity of 1-2 % was used for the individual laser lines (Tab. 9).

Table 9 Excitationwave length, laser intensities, and detection windows for confocal microscopy

Fluorescence label Excitation Laser intensity (%) Emission detection
wavelength (nm) window (nm)
Alexa4d88, 495 1 505 -535

simultaneous with
iLID activation

EGFP 488 2 500 -530
Lissamine- 562 2 572 - 602
Rhodamine

Atto532 (COPY®°) 532 50 542 —572
Atto542 542 1 552 — 582
Atto647 (COPY°) 650 Sensitized emission | 660 — 750
Alexab647 650 1 660 — 690

The fluorescence emission was detected using hybrid detectors in photon counting mode.

To prevent bleed through, activation and detection of the different fluorescence labels used,
scans were performed in a sequential manner using only one laser line per sequence. To
reduce movement effects within the samples, the sequences were taken by lines rather than

a whole frame at a time.

In general, three kinds of images were taken: (i) single z-plane images, (ii) time series at a

single z-plane and (iii) z-stacks of full GUVs.
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For time series measurements, specifically used for capturing dynamics of synMMS, images
were taken every 4 seconds over a time interval of 5 minutes without activation of the
signalling system and 15 minutes with activation. For those measurement, the z-plane had to
be adjusted during the time series to keep the observed ILV in focus. For measurements in
bulk, mainly for activity checks of SspB-AuroraB, images were taken every 10 seconds for up
to 60 minutes.

Z-stacks were usually taken with 1 or 0.36 um distance between planes. They were mainly
taken for measurements where MT-organisation was evaluated, but also for the initial

experiments with encapsulation of EGFP.

4.8 Image processing of tubulin images

The resolution of MT-bundles was limited by the high background fluorescence signal of free
tubulin. To increase the visibility of MT-bundles in respect to the background of Alexa647-
tubulin, the images were therefore enhanced with multiple steps of image processing in
Imagel’°.

First a histogram equalization was performed to enhance the contrast within the image
(“Enhance Contrast”, 0.3% of saturated pixels). In the next step, two successive directional
filters were applied to connect disconnected regions for short and long distances (MorpholLib)
library, Type = Max, Operation = Mean, Direction =32, Line =3 and Line = 20, respectively).
Due to edge effects occurring after directional filtering, an unsharp mask with a radius of 5
pixels and a mask weight of 0.5 was applied to the images to sharpen the contrast on edges
of structures. In a last step, the pixel values of the image were weighted to the intensity of the

raw image by multiplication of the processed image with the raw data.

4.9 Analysis of iLID membrane densities
GUVs and ILVs were measured with Confocal Laser Scanning Microscopy at their equator.
Defined protein concentrations, indicated for each experiment, were added to immobilized
GUVs prior to ehESCRT-III encapsulation. The protein concentration in the bulk was used to
calculate the protein densities on the membrane inside ILVs and outside GUVs using a semi-

automated tool in Matlab®®.
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4.10 Quantification of SspB-AuroraB membrane translocation

To calculated the lumen corrected membrane translocation of Atto542-SspB-AuroraB, first a
binary mask of the Alexa488-iLID fluorescence channel was created first by thresholding in
Imagel. The pixels corresponding to the membrane were defined as those 7 pixels away from
the edge of the mask. This was obtained by eroding the mask by 7 pixels. Since the optical
resolution was ~250nm, as compared to the ~4 nm width of a lipid membrane, the
fluorescence signal at pixels, which include part of the membrane contain contributions from
both luminal as well as membrane located SspB-AuroraB. With the membrane marked by

Alexa488-iLID the corrected membrane translocation was calculated as

AUBmemb - AuBlum

R? =
AuBmemb

With R? being the normalized SspB-AuroraB membrane translocation factor, AuBmemb being
the fluorescence proximal to the liposome membrane and AuBum being the fluorescence in
the lumen. This analysis was performed on a pixel basis with a custom written code in MatLab

2019b.

4.11 Analysis of the COPY® phosphorylation gradient
Images for the gradient measurement were acquired as described in section 4.7. Any xy-
movement of GUVs and ILVs were corrected separately in Image) using the MultiStackReg
plugin based on SteckReg®~*°. Images with significant z-movement of the GUVs or ILVs were
excluded.
On average, the sum of 40 registered frames was taken and dark counts were thresholded
out. The FRET ratio images (acceptor/donor) were calculated and radial profiles were

extracted from the ratio images by a custom macro in Imagel.
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5. Results

5.1 Purification of the ehESCRT-IIl complex

The encapsulation of reconstituted systems inside of liposomes has been an important subject
for the field of synthetic biology, as it is necessary to mimic and establish a boundary between
extra- and intercellular spaces for reconstituted proto-cells. Most encapsulation methods to
generate reconstituted proto-cells are based on microfluidic devices?%101,

In an attempt to establish an encapsulation method, inspiration was taken from one of the
naturally occurring scission machineries in cells. The ESCRT complex facilitates multiple
scission events in different cellular contexts and, if taken out of a cellular context the main
scission machinery ESCRT-III still facilitates scission.

Out of the discovered ESCRT-IIl homologues, the complex from the amoeba entamoeba
histolytica'®%1%% was chosen for this work. To use the complex in a reconstituted manner, a
purification pipeline for the individual ESCRT-IlIl components (ehVps20, ehVps32, ehVps24 and
ehVps2) was developed. EhVps20 has an inhibitory N-terminal domain, as also shown for
homologues in human and yeast'%*, which reduces membrane binding without the presence
of components from ESCRT-II. For this reason, a deletion construct named ehVps20dC, which
only includes the amino acid sequence from residue 1-173.

All four ESCRT-Ill subunits were cloned into a vector containing a C-terminal MBP-tag to
increase solubility of the units. Due to similar behaviour of the individual subunits during

purification, all could be purified within the same pipeline:

1. E. colicells were lysed and the lysate was separated in solid and soluble components.

2. The supernatant was cycled over an MBPtrap™ column for 2-3 hours and after
extensive washing with buffer the MBP-tagged subunit was eluted with 20 mM
maltose.

3. Eluted protein was further purified to remove maltose and other impurities by SEC
using a Superdex 200 column, and afterwards the MBP-tag was removed by TEV
digestion overnight.

4. After the incubation, TEV and MBP-tag were removed by affinity chromatography on
a HisTrap™ column with 20 mM Imidazole to suppress unspecific binding of ESCRT-III
subunits but retaining the binding of the His6-tag on MBP and TEV.
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5. In a final step, the ESCRT-III subunit was further purification by SEC using a Superdex
75 column.

6. ehVps20dC, ehVps24 and ehVps2 were concentrated up to 50 uM, whereas ehVps32
was only concentrated up to 10 uM. These concentration limits were important due to

the formation of aggregates at higher concentrations.

With this purification pipeline, a successful purification of each ESCRT-III subunit was feasible.

5.2 Encapsulation using the ehESCRT-lll complex

5.2.1 Establishment of a protein-based encapsulation assay

The reconstituted functionality of the minimal scission machinery of ESCRT-IIl has been shown
with yeast®> and human homologues!® on GUVs with a similar charge to membranes found in
living organisms (~20% negative charge), due to the property of ESCRT-III to bind to negatively
charged membranes.

To first demonstrate that the ESCRT-IIl homologues from entamoeba histolytica function in a
reconstituted system, encapsulation assays inspired by the work of Wollert et. al 2009°° were
performed.

For the encapsulation assay, GUVs with 20% negative charge were generated (4.5) and mixed
with BRB80 buffer. The osmolarities of the buffers were adjusted with glucose to generate a
hyper-osmotic pressure of 50 mOsm. This difference in osmolarity induces small membrane
fluctuation and thereby causes spontaneous membrane curvature, which increases binding of
ESCRT-IlIl proteinsi®. To distinguish ILVs formed during GUV generation from ILVs
encapsulated by ehESCRT-1Il 10 uM Strep-EGFP was used as a bulk marker. The ehESCRT-III
subunits were added sequentially with a five-minute incubation period between each subunit
addition. To compensate for high lipid content in the assay, the protein concentrations were

increased compared to previously published results with homologue ESCRT-IIl complexes®.
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Figure 8 Encapsulation of EGFP using ehESCRT-IIl. CLSM image of a GUV in 10 uM EGFP (yellow) solution with ILVs formed
after encapsulation. Membrane labelled with LissamineRhodamineB-PE (magenta). Scalebars 10 um.

First, 600 nM ehVps20dC was added sequentially followed by 1200 nM ehVps32, 300 nM
ehVps24 and 300 nM ehVps2. Between each addition, the assay mix was incubated for at least
5 minutes at 37 °C. Tracking GUVs after each incubation, while EGFP was present as a bulk
fluorescence marker, the stepwise generation if ILVs inside of the mother GUV could be
demonstrated (Fig. 8).

This experiment demonstrates that not every GUV observed formed ILVs upon incubation with
the complex. To further assess this, the number of GUVs containing ILVs before and after

ESCRT-IIl complex encapsulation was quantified.

5.2.2 Encapsulation parameters of ILVs generated with ehESCRT-II
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Figure 9 GUVs containing ILVs before and after ehESCRT-III addition. Box: standard deviation; dashed line: mean, line:
median. diamond: data points (N=5 individual experiments with n>200 GUVs). p-values from paired Kolmogorov-Smirnov
test with 95% confidence interval.

The ILV formation was measured by evaluating GUVs that contained ILVs with EGFP

fluorescence before and after addition of the complex. Before the addition of ehESCRT-III, an
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average of 11.1 £ 5.8 % GUVs showed ILVs containing EGFP signal. This encapsulation derives
from ILVs formed during the generation of the GUVs with electro-formation, which are or
were connected to the bulk solution after EGFP was added. After addition of the ehESCRT-III
complex, the fraction of GUVs with ILVs containing EGFP fluorescence increased to 35.2 + 13.1
% (Fig. 9).

These results demonstrate that the ehESCRT-III still functions as an encapsulation/scission

machinery in a reconstituted system, similar to its homologues from yeast and human.
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Furthermore, the size of ILVs generated after the encapsulation with ESCRT-III (Fig. 10a) was
measured. On average, the ILVs were 3.77 £ 2.06 um in diameter.

Strikingly, by plotting the encapsulation efficiency, calculated by dividing the fluorescence
intensity between the bulk surrounding the GUVs and the ILVs lumen, against the size of the
ILVs two clusters could be distinguished (Fig. 10b). On cluster displayed a tendency of smaller

ILVs with low encapsulation efficiency (red cluster), whereas the other cluster contained
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bigger ILVs with high encapsulation efficiency (blue cluster). The lower cluster averages an ILV
size of 2.07 £ 0.73 um and an encapsulation of 43 + 12 %, whereas the higher cluster averages
an ILV size of 4.15 £ 2.07 um and an encapsulation efficiency of 88 + 17 %. Most likely the
cause for the blue cluster exhibiting lower encapsulation efficiencies is a limitation of the
imaging, based on the point spread function of the microscope. For small ILVs, the point
spread function is bigger than the ILV itself and the detection integrates not only the
fluorescence signal of the ILVs lumen but also the absence of fluorescence signal from the
lumen of the GUV the ILV resides in. This in general leads to a lower fluorescence intensity in
smaller ILVs.

Interestingly, the size of ILVs was independent of the size of the GUV they formed in (Fig. 10c)
with the logical exception of ILVs not exceeding the size of the GUV they are formed in.
Furthermore, the number of ILVs formed within a single mother GUV (Fig. 10d) was quantified.
In the majority of cases, only a few 1-3 ILVs were formed inside a GUV, whereas more than 10
ILVs occurred only in a hand full of GUVs. This led on average to 4.1 ILVs being formed within
one GUV. Additionally, if a high number of ILVs were formed in a GUV, the ILVs mostly were

smaller than average.

5.3 Encapsulation of a MT-cytoskeleton

The encapsulation of a dynamic cytoskeleton, within liposomes has been of significant interest
as a stepping stone on the way to a synthetic proto-cell, as e.g., MTs are relevant for numerous
cellular processes. It has been shown in previous work that a centrally organized MT system
can be encapsulated and exhibit fundamental dynamic features, like self-induced capture and
self-organization®.

To demonstrate that the ESCRT-lIl complex preserves protein functionality tubulin was
encapsulated at low temperatures (4 °C) where MT-dynamics are dominated by the
catastrophe frequency. Furthermore, all experiments in this chapter were performed with 2
mM GTP as energy source for tubulin.

To compensate for slower reaction rates at lower temperatures, the incubation step between
the addition of the ehESCRT-IlIl components was increased to 15 minutes each. After the
incubation, the sample was heated to 37 °C to induce MT-polymerisation. This adaptation to

the encapsulation process was used for all measurements with tubulin. To increase the
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visibility of MTs against the background fluorescence of unpolymerized tubulin, image

enhancement was performed (4.8) as developed in previous work’®.

5.3.1 Tubulin encapsulation

To demonstrate that tubulin preserves its capability to polymerize during the encapsulation
with ehESCRT-III, 50 uM tubulin was encapsulated into ILVs. For detection of tubulin, a trace
amount of 5 % tubulin labelled with Alexa647 was added.

After the last incubation, the sample were transferred to 37 °C to facilitate tubulin MT-
nucleation and polymerization. After the sample reached 37 °C, a MT-mesh could be observed

in the bulk around the GUVs (Fig. 11a).
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Figure 11 Encapsulation of tubulin into ILVs. (a) Maximum intensity projection of a representative GUV with ILVs with 50 uM
Alexa-647-tubulin (green) and Lissamine-RhodamineB-PE (magenta). Bulk fluorescence was masked out for the merge. (b)
MT-formation inside ILVs categorized by MT-organization. Cortical MTs (orange) and MT-mesh (green) show a portion of
ILVs with protrusion (overlay).

The high fluorescence signal of MTs in the mesh in the bulk made a direct measurement of
the encapsulation efficiency of tubulin problematic. To circumvent this issue, the fraction of
ILVs that displayed clear MT-structures within ILVs were analysed (Fig. 11b). This resulted in
59.3 % of ILVs with MT-structures inside. 40.7 % of ILVs showed tubulin fluorescence but no
clear MT-structures. The MT-structures could be classified into two categories: one being a
mesh with MTs spanning the lumen of the ILVs, and cortical, with MTs forming MT-bundles
close to the membrane, spanning the whole ILV. The majority of ILVs with tubulin showed a
cortical MTs (35.9 %), while and 23.6 % showed a MT-mesh. A minor subcategory of ILVs with
MT-structures furthermore showed protrusions originating from them. This fraction was a

total of 6.8 % with 5.8 % originating from cortical MTs and 1 % originating from the MT-mesh
(Fig. 11b).
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After an extended period of time, the MT-structures collapsed around the GUVs and within
the ILVs due to degradation of the proteins as well as continued consumption of the GTP
energy source.

These results demonstrate that the polymerisation of tubulin to MTs in ILVs formed with the
ESCRT-IIl complex is not impeded. However, the high fraction of ILVs without any polymerized
MTs after encapsulation further indicated that the encapsulation efficiency of tubulin played

a significant role for MT-polymerization within ILVs.

5.3.2 Tubulin encapsulation with an MTOC

In cells, MT-structures rarely nucleate on their own but generally originate from a MTOC,
mostly the centrosome, which also acts as a nucleation centre for the initialisation of MT-
polymerisation. In an initial effort to encapsulate an MTOC, the encapsulation of purified
centrosomes was tested, which have been used for previous work’®. In multiple experiments
this yielded no encapsulation of centrosomes within ILVs formed with the ESCRT-Ill complex.
The conclusion from these experiments was that the purified centrosomes first and foremost
were too diluted and thereby the probability of the centrosome meeting the neck formed
before scission was very low. Upon further literature search, a secondary factor emerged that
further supported the notion, that centrosomes could not be encapsulated with ESCRT-III. The
size of the lipid neck formed by the ESCRT-IIl complex during the encapsulation process was
reported to be smaller than the centrosome. This was additionally supported by the
observations that the purified centrosomes rarely were found individually but rather as

multicentrosomal clusters.
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Figure 12 Encapsulation of GMPCPP-stabilized MT-seeds. (a) CLSM image of GMPCPP stabilized MT-seeds labelled with
Alexa488 (cyan) co-encapsulated with 10 uM EGPF (yellow) into Lissamine-RhodamineB labelled ILVs (magenta).
Arrowheads mark MT-seeds, scalebar 10 um. (b) MT-seed incorporation into ILVs before and after ehESCRT-IIl mediated
encapsulation (N=3 individual experiments n>20 GUVs, whiskers: SD). p-values from paired Kolmogorov-Smirnov test with
95% confidence interval.
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Based on this finding, it was investigated if a smaller MTOC could be encapsulated with the
ESCRT-Ill machinery. As a target for this, GMPCPP-stabilized MT-seeds were chosen, which can
easily be created and labelled (4.6). Furthermore, the MT-seeds have identical dimensions to
normal MTs, which would theoretically fit through the encapsulation neck (50 nm neck size,
24 nm MT-seed diameter). To see if small MT-seeds could be encapsulated with the ESCRT-III
complex, MT-seeds labelled with a fraction of Alexa488 tubulin along with 10 uM of EGFP as
a bulk marker (Fig. 12a), to identify ILVs formed during the encapsulation reaction, were
encapsulated.

To quantify the encapsulation efficiency of the MT-seeds, ILVs with EGFP fluorescence before
and after ESCRT-IIl addition were counted and the number of ILVs that also had at least one
MT-seed incorporated was assessed. Before the addition of the complex, only 2.9 + 1.7 % of
ILVs contained an MT-seed, which is likely caused by ILVs formed during vesicle generation
that are still connected at the time the MT-seeds were added. After ESCRT-III addition the
encapsulation efficiency drastically increased to 25.6 + 4.2 % (Fig. 12b).

This result demonstrates that the encapsulation of a simple MTOC like an MT-seed is possible.
The rather low encapsulation efficiency also points to the fact, that the passing of the
encapsulation neck by the big MT-seed compared to simple monomeric bulk proteins is les
probable. While the diameter of the MT-seed fits through the encapsulation neck, the length

of the structure makes the processes during encapsulation homologous to threading a needle.
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Figure 13 Encapsulation of soluble tubulin with GMPCPP stabilized MT-seeds. (a) Exemplary CLSM images of MT-seeds
(cyan) with 30 uM Alexa647-tubulin (green) in ILVs labelled with Lissamine-RhodaminB-PE (magenta) and Merged 3D-
projection of the images with bulk fluorescence masked out. Scalebar 10 um. (b) MT-formation inside ILVs categorized by
MT-organization. Cortical MTs (orange) and MT-mesh (green) show a portion of ILVs with protrusion (overlay).
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Going back to the results that only about 60 % of ILVs form MT-structures when encapsulating
tubulin alone (5.3.1), it was investigated if the fraction of ILVs with MT-structures would be
increased when MT-seeds were incorporated as nucleation sites. For this, Alexa488 labelled
MT-seeds were encapsulated together with 30 uM tubulin with 5 % Alexa647 labelled tubulin
as fluorescent tracer (Fig. 13a). The encapsulation reaction was executed as for the
measurement with tubulin alone.

To judge the fraction of ILVs with MT-structures in the presence of MT-seeds, only ILVs that
contained MT-seeds were taken into consideration. This demonstrated that 83.9 % of ILVs
observed contained MT-structures (Fig. 13b) which is a 20 % increase from tubulin alone
despite the lower concentration of tubulin in the experiments. Additionally, the formation of
a dense MT-mesh with incorporated MT-seeds around the GUVs could be observed.
Furthermore, the MT-structures formed within the ILVs were classified into the same classes
as for tubulin alone. This resulted in 43.6 % of ILVs with cortical MTs and 40 % of ILVs with a
MT-mesh. 12.7 % of the 83.9 % of ILVs with MT-structures also showed protrusions (Fig. 13a,
lower merged 3D projection) with 9.1 % originating from cortical MTs and 3.6 % originating
from an MT-mesh. Furthermore, in most ILVs that formed protrusions a MT-seed was present
within the protrusion itself (Fig. 13a, lower merged 3D projection).

With these results it could be demonstrated, that it is possible to encapsulate small MTOCs
into ILVs with the ESCRT-lIll complex. The factor that restricts the encapsulation is
predominantly the size of the complex to encapsulate, which needs to be compatible with the
size of the membrane neck formed during the encapsulation. The major downside of
encapsulating bigger protein complexes is the fact that only a fraction of ILVs formed during
encapsulation contain the complex, which results in a lower sample size per measurement
and less observable ILVs in total. This is illustrated by the ~5-fold difference in ILVs observed
over a greater number of experiments (tubulin only N = 4, n = 292; tubulin with MT-seeds N =

7, n=55).

5.3.3 Tubulin encapsulation with nucleation factors

Given the problematic encapsulation of the bigger MTOCs and the relatively low yield of MT-
structures with tubulin alone, an alternative to increase the MT-nucleation was necessary. In

cells, the MT-dynamics and MT-organizations are not controlled by the MTOC alone but rather
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by a complex mix of other protein factors, like nucleation and (de)stabilization factors.
Roostalu et. al. established, that combination of the MT polymerase chTOG and the MT-
stabilization factor TPX2 increases MT-polymerisation in vitro’®.

In a first step it was qualitatively verified that ch-TOG and TPX2 reduce the tubulin
concentration required for MT-nucleation and polymerization by titrating tubulin in the
presence of 100 nM of both factors at 37 °C. MT-polymerisation was judged by the formation
of MTs in bulk. Without ch-TOG and TPX2, MTs could be observed at a tubulin concentration
of 25 uM whereas with ch-TOG and TPX2 MTs formed at 20 uM. This demonstrates that ch-
TOG and TPX2 indeed increase MT-polymerisation at lower concentrations. Due to the fact
that these measurements were conducted with confocal microscopy rather than total internal

reflection fluorescence microscopy the concentrations vary from other reported values.

a b
Lissamine Alexab47- 4 3D-oroiect 100
RhodaminB-PE tubulin merged 3D-projection { 165236
~ 80+
O\ o
@
s 60‘. Network
§40 Protrusion
on J
i 204 Cortical
O 100 o'

Figure 14 MT-formations in ILVs with tubulin and nucleation factors. (a) 3D-projection of ILVs with 40 uM Alexa647-tubulin
(green) and 100 nM of ch-TOG and TPX2. Membrane labelled with Lissamine-RhodamineB (magenta). Large tubulin
aggregates were thresholded out, and for the merge the bulk tubulin fluorescence was masked out. Scalebar 10 um. (b) MT-
formation inside ILVs with the conditions as in (a). Cortical MTs (orange) and MT-mesh (green) show a portion of ILVs with
protrusion (overlay).

Based on this concentration and to correct for the encapsulation efficiency of tubulin 40 uM
tubulin with 100 nM of ch-TOC and TPX2 were used and encapsulated via ESCRT-III into ILVs
(Fig. 14a). After encapsulating this protein mixture into ILVs, 67.4 % of the ILVs showed MT-
structures inside (Fig. 14b). Of this, 46.2 % of ILVs had cortical MTs and 21.2 % had a MT-mesh.
Of these ILVs 14 % also showed a MT-protrusion, 11.4 % originating from cortical MTs and 2.6
% originating from an MT-mesh.

With this, the total amount of ILVs increased by ~10 % with nucleators compared to
measurements with tubulin alone them demonstrating, that the inclusion of the ch-TOG and
TPX2 increases the formation of MT-structures in ILVs even at a lower concentration of

tubulin. Both these proteins are not as effective for the nucleation and polymerisation of
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tubulin into MTs as the MT-seeds, which have a ~10 % higher fraction of ILVs with MT-
structures. But the total number of ILVs that could be observed was significantly higher
(tubulin with ch-TOG and TPX2 N = 7, n =236; ILVs tubulin with MT-seeds N = 7, n = 55), making

this variant of the system more viable for further investigation.

5.4 Encapsulation of a biomimetic signalling system

In cells, the cytoskeleton is regulated by a plethora of signalling networks. In previous work, a
biomimetic signalling system inspired on the canonical Racl-PAK1-stathmin MT-regulatory
network has been implemented (2.6)7°.

In the following sections, the biomimetic signalling system was built up stepwise and it was
demonstrated that its functionality is not affected by the encapsulation into ILVs via the
ESCRT-Ill complex. All experiments with SspB-AuroraB were performed with 2 mM ATP as

energy source.

5.4.1 Encapsulation of membrane associated iLID

The encapsulation of membrane associated proteins in liposomes is in general a tedious effort,
due to the lipophilic properties of these proteins and the fact that many encapsulation
methods use oil phases during the liposome formation.

To demonstrate that the encapsulation with ESCRT-III also works for peripheral membrane
proteins rather than only for soluble proteins, it was tried to encapsulated these. For this, our
two established ways to locate the photo-activatable iLID to the membrane were chosen.
These are the prenylated C-terminus of Racl as well as the phosphatidylserine-binding C2
domain from bovine lactadherin, which both associate the protein peripherally to the

membrane.
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Figure 15 Encapsulation of membrane associated proteins. (a) CLSM image of 10 uM Alexa488-iLIDg on the
membrane. Scalebar 10 uM. (b) Membrane density inside ILVs and outside of GUVs for 10 uM Alexa488-iLIDg and
1 uM Alexa488-C2-iLID (black: n=11, blue: n=13, magenta: n=11, green: n=24). Box: standard deviation; dashed
line: mean, line: median. diamond: data points, whiskers: 5- and 95%-percentiles. p-values from paired
Kolmogorov-Smirnov test with 95% confidence interval.

To demonstrate that membrane associated proteins could be encapsulated, 10 uM of
geranylgeranylated iLID (iLIDg, Fig. 15a) or 1 uM of C2-iLID were encapsulated with the same
method as described for EGFP (5.2.2). The iLID constructs were labelled with Alexa488. The
difference in concentration was necessary due to differences in the membrane affinity of the
individual membrane tags. The membrane density (4.10) for both iLID constructs was
quantified for the outside of the GUV and for the inside of the ILVs formed during the
encapsulation. For both iLID constructs, the membrane density inside the ILVs was lower than
outside the GUVs (Fig. 15b, black to blue and magenta to green). On average, iLIDg had a
membrane density of 4.2 + 2.4 pmol/cm? outside the GUVs and 2.1 + 1.6 pmol/cm? inside the
ILVs, whereas C2-iLID had a membrane density of 2.3 + 1.0 pmol/cm? outside of GUVs and
0.28 + 0.18 pmol/cm? inside of ILVs. Edge effects on the membrane during imaging cannot
explain the difference between inside and outside membrane densities for C2-iLID alone, but
surely influenced the result of these measurements.

These results reveal that there is a significant difference between the encapsulation efficiency
of the two iLID constructs. This difference can be explained partially by the binding of the iLID
constructs to the membrane. C2-iLID tightly binds to the negatively charged DOPS lipids and

thereby reduces the effective negative charge of the membrane which is needed for the
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ESCRT-1ll complex to associate to the membrane to facilitate the encapsulation reaction. This
is not the case for the geranylgeranylated iLIDg, which still associates loosely to the negative
charged DOPS by the polybasic motive but more so binds to the membrane by the insertion
of the geranylgeranyl-tail into the lipid bilayer.

With this revelation, all further experiments with iLID present were performed with iLIDg due

to the better encapsulation efficiency with the ESCRT-1Il complex.
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5.4.2 Encapsulation and validation the optical dimerizer system
iLID/SspB

To complete the optical dimerizer system, SspB-AuroraB was encapsulated. For one, this

would reveal if other soluble proteins would be encapsulated to the same extent as EGFP as

well as prove the functionality of the dimerizer system after encapsulation by observing the

light-induced membrane translocation of SspB-AuroraB.
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Figure 16 Encapsulation of SspB-AuroraB and membrane translocation to iLIDg. (a) Encapsulation efficiency of 1
UM Atto542-SspB-AuroraB and size distribution of ILVs (n=58). Red diamond indicates the mean and whiskers
indicate standard deviation. (b) Lumen-corrected translocation of 1 uM SspB-AuroraB to 10 uM iLIDg to the
membrane before and after irradiation with 488 nm light for 5 minutes. Box: standard deviation; dashed line:
mean, line: median. diamond: data points whiskers: 5- and 95%-percentiles (N=8 ILVs). p-values from paired
Kolmogorov-Smirnov test with 95% confidence interval.

For this, 1 uM SspB-AuroraB, labelled with Atto542, alongside 10 uM Alexa488-labelled iLIDg
were encapsulated with the ESCRT-IIl complex in the same manner as EGFP (5.2.2). Due to the
fact, that SspB-Aurora was mainly in bulk before the photo-activation of the dimerizer system
with 488 nm light, the encapsulation efficiency was quantified. Interestingly, this
encapsulation displayed no obvious subpopulations when plotted against the size of the ILVs
(Fig. 16a). The encapsulation efficiency of SspB-AuroraB was on average 81.1 + 25.2 % while
the ILV size averaged at 4.34 + 1.89 um. This result was in accord to the initial measurements

performed with EGFP.
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To prove the functionality of the iLID/SspB system, the translocation of SspB-AuroraB was
induced by illuminating the GUV and ILVs for 5 minutes with 488 nm light. The translocation
was quantified with the lumen-corrected translocation of SspB-AuroraB, termed R. The
correction of the SspB-AuroraB translocation was useful to minimize the contribution of the
lumen to the fraction of translocated mass, simply based on the size difference between the
width of the membrane (~5 pm) compared to the optical resolution (~250 um).

Analysed this way, R could be compared before the light-induced translocation (first frame of
the activation series), which corresponds to the dark binding within the system, to afterwards
(last frame of the activation series) for both the outside of GUVs and the inside of ILVs formed
during encapsulation with ESCRT-III (Fig. 16b). For the outside, R before photo-activation was
0.31+0.17 (green), which increased significantly during photo-activation to 0.69 + 0.14 (blue).
For the inside of ILVs, R before activation was 0.1 + 0.1 (black) and increased significantly to
0.56 £ 0.14 (red).

These results demonstrate that the iLID/SspB system conserved its activity during the
encapsulation process. Furthermore, these results indicate that the dark binding of the
iLID/SspB system is highly dependent on the available concentration of SspB substrate. This
also points towards a depletion of SspB-AuroraB from the lumen inside ILVs which is not

present for the outside membrane.
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5.4.3 Functional encapsulation of the stathmin phosphorylation

gradient measured with COPY®
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Figure 17 Stathmin phosphorylation sensor COPY°. (a) Scheme of the FRET states of the stathmin sensor COPY°. (b)
Encapsulation efficiency of 10 uM COPYe measured by donor fluorescence and size distribution of generated ILVs (n=121).
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To couple the photo-activatable signalling system to the cytoskeletal system, the MAP
stathmin was utilized to modulate the tubulin concentration and thereby alter MT-
polymerisation. To demonstrate the functionality of stathmin’s ability to sequester tubulin the
stathmin phosphorylation FRET-sensor COPY° (Fig. 17a) was used, which has been
characterized in previous work’®. The sensor was designed with an N-terminally conjugated
Atto532 and a C-terminally conjugated Atto647 (see methods). COPY° allows the
measurement of the phosphorylation state of stathmin and the binding state of tubulin. The
unphosphorylated state binds to two tubulin dimers and has a low FRET signal, whereas the
phosphorylated state undergoes a conformational change and loses its binding affinity for one
tubulin dimer and thereby has a high FRET signal.

Initially, the encapsulation efficiency of COPY° was measured by encapsulating 10 uM COPY®
together with 20 uM tubulin. To reduce tubulin degradation, 40 uM GTP was added to all
experiments with the COPY° sensor. This resulted in an encapsulation efficiency of 62.7 + 16.3
% with an average ILV size of 4.77 £ 1.87 um (Fig. 17b). While the ILV size was consistent with
the results obtained for EGFP and SspB-AuroraB, the encapsulation efficiency was ~20 %
lower. This apparently lowered efficiency was likely caused by donor dye (Atto532) quenching

through the acceptor dye (Atto647).
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Figure 18 Ratiometric COPY° phosphorylation gradient. (a) Representative summed CLSM images and ratiometric FRET
image of 10 uM COPYe after 5 minutes of irradiation with 488 nm light. Scalebar 10 um. (b) Ratiometric profile of COPY°
outside of GUVs with and without 0.5 uM PP (Without PPA: red, n=8, with PPA: black, n=7). Shaded areas indicate standard
deviation. (c) Ratiometric profile of COPY° inside of ILVs with and without 0.5 uM PPA (Without PPA: red, n=9, with PPA:
black, n=7).

For the measurement of the stathmin phosphorylation gradient, 10 uM COPY° was
encapsulated together with 20 uM tubulin, 10 uM iLIDg, 4.5 puM SspB-AuroraB, 2 mM ATP and
with or without 0.5 UM PPA (estimating a similar encapsulation efficiency as obtained for EGFP
and SspB-AuroraB) into ILVs with the ESCRT-Ill complex under the same conditions as the
measurements with the other components of the signalling system. The formation of the
gradient was induced by the 488nm light-induced translocation of SspB-AuroraB to iLIDg on
the membrane for 5 minutes (Fig. 18a). After 5 minutes of photo-activation, the sample was
measured and ratiometrically analysed. To compensate for z-movement of the ILVs inside the
GUVs, these measurements were performed using a resonant scanner with 8 kHz and a 3 airy

pinhole (more details see 4.7).
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In the presence of 0.5 uM PPA, a phosphorylation gradient of COPY®° could be measured
outside of GUVs (Fig. 18b, black curve) as well as inside of ILVs (Fig. 18c, black curve). If PPA
was not present in the measurement no phosphorylation gradient of COPY® could be
established (Fig. 18b,c, respectively). This indicates that the gradient was dynamically
maintained by the (de)phosphorylation cycle facilitated by AuroraB and PPA. Interestingly, the
phosphorylation gradient established inside of ILVs displays a higher amplitude compared to
the gradient established outside but it also displays a higher variability between individual
curves illustrated by the standard deviation. This higher variability is caused by the curvature
difference of the membranes exposed to the protein solution, where the outside membrane
has a convex curvature towards the protein solution and the inside has a concave curvature
towards the protein solution. This, together with the size difference between the GUVs and
ILVs, affects the effective volume of detection during the imaging via confocal microscopy,
especially considering with the widened pinhole used for these experiments. Non the less the
gradients have a similar decay length of ~0.5 um from the membrane.

These results were consistent with previous work’®, furthermore, demonstrating that the full
biomimetic signalling system is fully functional after the encapsulation into ILVs with the

ESCRT-IIl machinery, with comparable amplitude and decay length of the gradient formed.

69



5.5 Encapsulation of the synthetic morphogenic membrane system

and its behaviour in bulk

With the successful encapsulation of the MT cytoskeleton (5.3) and the biomimetic signalling
system (5.4), the encapsulation of both systems combined was investigated. In divergence
from previous work with synMMS’?, several adjustments had to be made, with the most
important difference being the exclusion of centrosomes as the central MTOC in the system.
Besides that, a third detection channel was added to the system. This allowed for the
entanglement of SspB-AuroraB translocation and detection, while also leaving space in the
spectrum for labelled iLIDg to mark the membrane of the liposomes. Furthermore, the SspB-
AuroraB concentration was reduced from 4.5 uM to 2 uM and the concentration of stathmin
was reduced from 4 uM to 2 uM. As concluded from the tubulin experiments, with the inability
to encapsulate a centrosome and the low overall efficiency of MT-seed encapsulation, the
nucleators ch-TOG and TPX2 were included with a concentration of 0.1 uM each. The tubulin
concentration was set to 40 uM, while the PPA was used with a concentration of 0.5 uM. As
an energy source, GTP and ATP were used with a concentration of 2 mM.

For these experiments, the encapsulation was performed similarly to the experiments with
the cytoskeletal system alone to prevent polymerised MTs to interfere with the encapsulation
process. And after the encapsulation reaction the sample was heated to 37 °C before imaging

(see methods).
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5.5.1 SspB-AuroraB translocation in synMMS and its property as

nucleation factor for tubulin
The encapsulation with the ESCRT-1Il machinery has additional benefits in measurements with
synMMS. It allowed, besides the observation of the encapsulated system, the observation of

the synMMS system in bulk, which has not been investigated in closer detail to this point.
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Figure 19 SspB-AuroraB membrane translocation in synMMS. (a) Lumen-corrected translocation of 2 uM SspB-AuroraB to 10
UM iLIDg on the membrane before and after irradiation with 488 nm light for 15 minutes with the full synMMS. Box:
standard deviation; dashed line: mean, line: median. diamond: data points whiskers: 5- and 95%-percentiles (N=10 ILVs and
12 GUVs). p-values from paired Kolmogorov-Smirnov test with 95% confidence interval. (b) Maximum intensity projection of
Atto542-SspB-AuroraB before and after irradiation with 488 nm light for 15 minutes. Scalebar 10 um.

As a first step, it was investigated if the light-induced translocation of SspB-AuroraB to iLIDg
on the membrane was still working with the modified synMMS. Before the translocation was
started, dark binding of SspB-AuroraB could be detected to the outer membrane of the GUVs
whereas this was not clearly the case inside of the ILVs formed. This resulted in an increased
R on the outside of the GUVs compared to the inside of the ILVs in the dark (Fig. 19a, black
and green). Upon light-induced translocation, R for both inside ILVs and outside GUVs
increased (Fig. 19a, red and blue) which was in accord with the results of the optical dimerizer
system alone (5.4.2). Furthermore, it was observed that not only the plane of photo-activation
showed an increased SspB-AuroraB translocation but the whole GUV was covered with

translocated SspB-AuroraB (Fig. 19b).
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Figure 20 SspB-AuroraB as nucleation factor for tubulin outside of GUVs. Maximum intensity projection of 2 uM Atto542-
SspB-AuroraB (left) and 40 uM Alexa647-tubulin (right) after 15 minutes of irradiation with 488 nm light with the full
synMMS. Scalebar 5 um.

Strikingly, upon tubulin was recruited to the membrane of the GUV with a short time delay in
comparison to SspB-AuroraB (Fig. 20, left). After further observation the recruited tubulin
formed a dense MT-mesh around the whole GUV (Fig. 20, right). This tubulin accumulation did
not occur inside of ILVs, which points towards a concentration dependency of this effect,
considering the near infinite reservoir of tubulin in the bulk surrounding the GUVs while the
tubulin reservoir inside the ILVs is limited by its volume and further influenced by the
depletion of tubulin into MT-structures. This effect of tubulin recruitment to the outside of
the GUV was also present when stathmin was excluded from the synMMS system.

This result suggest that SspB-AuroraB acts as nucleation factor especially when in high

concentrations.
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5.5.2 Signal induced changes in MT-organization inside ILVs

It was further investigated if the activation of the signalling system could change the MT-
organization inside of ILVs. For this, 3D stacks of GUVs with ILVs inside were taken before and
after illumination with 488 nm light. ILV were imaged for 5 minutes without illumination, to
observe changes in the MT-organization before light-activation. Afterwards, the system was

activated for 15 minutes with 488 nm light.
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Figure 21 Global MT-organization change upon stimulation. (a) Representative CLSM images and merges of a activation
series of synMMS with 40 uM Alexa647-tubulin (green), 2 uM Atto542-SspB-AuroraB (cyan) and 10 uM Alexa488-iLIDg
(vellow). Scalebar 10 um. (b) MT-formation inside ILVs with the conditions as in (a) before and after irradiation with 488 nm
light for 15 minutes. Cortical MTs (orange) and MT-mesh (green) show a portion of ILVs with protrusion (purple overlay).

When observing the system over time before and during photo-activation, the MT-structures
inside the ILVs displayed dynamic behaviour (Fig. 21a).

The initial MT-organization showed a cortical MT-organization in 36.6 % of ILVs, while 61 % of
ILVs showed a MT-mesh (Fig. 21b, before irradiation). As for the tubulin system alone (5.3.1),
the synMMS also had ILVs that formed protrusions with a total of 7.3 %, where 2.4 %
originated from cortical MTs and 4.9 % from a MT-mesh, while 2.4 % of ILVs did not show any
MT-structures. After the system was activated for 15 minutes, the amount of cortical MTs
increased by 17.1 % to 53.7 % with 7.3 % showing a protrusion as well. On the other hand, the
amount of ILVs with an MT-mesh decreased by 29.3 % to 31.7 % with 2.4 % of ILVs showing
protrusions originating from them. The amount of ILVs that showed no MT-structure after the
activation increase by 12.2 % to 14.6 % (Fig. 21b, after irradiation). This increase in ILVs losing

MT-structures is caused by two major factors. The first main factor is the degradation of the
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system over time and the second factor is photo-damage to the protein during the imaging
time. The increase in cortical MTs indicates that the activation of the signalling system
increases the free tubulin concentration and thereby enhances MT-growth, which leads to the
elongation of existing MTs. The elongated MTs then grow beyond the boundary of the ILV,
which forces the MTs either to bend along the membrane concerting a mesh to a cortical
organization or forces the generation of a protrusion if the ILVs membrane is elastic enough
to allow for it.

These results demonstrate that the synMMS system changes its MT-organization structure
upon light activation, even with no central MTOC as described it in previous work’®. The light
induced tubulin pump in the synMMS increases MT-growth and can thereby promote the

change in organization.

74



6. Discussion

6.1 The ehESCRT-IIl scission machinery as an encapsulation method

The results demonstrate the capability of the ehESCRT-III scission machinery to encapsulated
a variety of synthetic cytoplasms, from simple samples with only one soluble protein like EGFP
and tubulin to samples with multiple proteins and interactive networks. The encapsulation
generates ILVs of the size of prokaryotic to small eukaryotic cells or organelles of higher
eukaryotic cells. As indicated by other studies, for ESCRT-IIl homologues from yeast, the size
of the generated ILVs can be influenced by the ratios used between the individual subunits of
the ESCRT-Il complex!%’. But rather than optimizing the concentrations of all four subunits of
the ehESCRT-IIl machinery, the system could be possibly simplified by creating a ESCRT-III
chimera, which would combine the major features of the four subunits and was already
disclosed for homologues from yeast!%. The initial membrane binding can be facilitated by
the N-terminus for ehVps20, combined with the coiled coil motif of ehVps32 for
homomultimerisation and spiral formation, and for recycling of the chimera the C-terminus of
ehVps2 could be used. This would not only simplify the encapsulation process experimentally
but further would reduce the time requirement for lengthy incubations between addition of
the subunits.

The results furthermore show that the functionality of the proteins encapsulated into the ILVs
is fully preserved. This was true for both soluble proteins as well as proteins that associate to
the membrane via peripheral interactions. The encapsulation efficiency of soluble proteins
with ~80 % was consistent with other encapsulation methods’® and can easily be adjusted
before the experiments, considering the desired protein concentration inside the ILVs.
Furthermore, it could be demonstrated, that the encapsulation of larger multi-protein
complexes is possible with this method, which enables preformed complexes to pass the
membrane neck into ILVs during their formation. This has the advantage that protein
complexes can be preformed before the encapsulation and the assembly is not limited to
times after the encapsulation reaction.

An additional feature of the encapsulation with ehESCRT-IIl is the ability to combine a
measurement in an ILV with a simultaneous bulk control outside the GUV. This can

immediately indicate if an experiment will work or has to be further adjusted.
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The encapsulation also featured topology inversion from a quasi-infinite reservoir of protein
and resources outside of the GUVs, which are constantly exchanged due to diffusion, to a
highly resources-limited environment where no matter can be exchanged. This enables also
the possibility to see differences in the behaviour of the two uncoupled systems after
encapsulation.

Taken together, the ESCRT-IIl machinery can be utilized as a reproducible encapsulation

method for a diverse set of synthetic cytoplasms and protein systems with additional features.

6.2 Encapsulation of the synthetic cytoplasm and behaviour of

synMMS in bulk

With the work it could be demonstrated that synMMS, without a central MTOC reacts to a
light stimulus by changing the MT-organization within ILVs. The MT-organization mainly
changed from a MT-mesh towards cortical MTs, while the formation of protrusions was not
exclusive to either of these two MT-organizations, but protrusions could rather originate from
both states.

The results with synMMS additionally revealed that SspB-AuroraB acts as a nucleation factor
for tubulin, which could especially be observed outside of the GUVs when the signalling
system was activated by irradiation with 488 nm light. The light-induced signalling enhanced
MTs growth close to the membrane of the GUV, forming a dense MT-mesh around the whole
GUV.

Furthermore, SspB-AuroraB clusters formed on the outside of the GUVs, similar to what has
been described in previous work with synMMS’° for inside of GUVs.

In contrast to our previous work with synMMS, which suffered from the drastic loss of C2-iLID
and iLIDg during the encapsulation process via cDICE, the encapsulation with the ESCRT-III
machinery demonstrated, especially for iLIDg, only a 2-fold decrease in the membrane density
between outside the mother GUV and inside the ILVs.

To further mimic the synMMS with a central MTOC, like centrosomes, the system could be
extended with crosslinking motors in combination with specific nucleation factors to generate

a central MTOC de novo after the encapsulation is completed®.
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The relative short life span of synMMS due to the limited reservoir of energy sources (ATP,
GTP) still remains a limiting factor during measurements. With the system usually collapsing
after one hour of imaging at 37 °C, this could be circumvented by including a system to
generate energy, e.g. by artificial photosynthetic membranes!'°,

On a different note, with an average of 4.1 ILVs formed in one GUV the system could enable
the investigation of interactions between two or more proto-cells, possibly leading to new

insights into recursive cell-cell communication between the proto-cells®.
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