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Abstract

The research on microscale compartments able to mimic cell-like behavior, serve
a drug delivery tool, or being used as biosensors is ever-expanding over the last
decades. Focused on different topics like the introduction of different functionali-
ties in the compartments or the modification of their membrane, researchers push
the boundary of applicability of vesicles in modern science. In this thesis the for-
mation of giant unilamellar vesicles composed of biocompatible polypeptides and
mixtures with phospholipids is investigated. Furthermore, functionalization of the
membrane as well as encapsulation of active processes essential to mimic cell-like
behavior are examined.

One aim of this thesis is membrane localized biotinylation activity triggered by
addition of a multifunctional linker structure. For this, hybrid membranes of elastin-
like polypeptides (ELP) and ELP-phospholipids were generated and examined. The
combination of different membrane increases the average sizes of hybrid vesi-
cles compared to liposomes. Hybrid vesicles interact with external molecules over
biotin-streptavidin bonds which allows to visualize the membrane surface using
biotinylated fluorophores. With the application of multivalent RNA-aptamers the
colocalization of different fluorescent proteins on the surface as well as the re-
constitution of the split enzyme sAPEX2 was achieved. Active SAPEX2 shows the
ability to convert Amplex Red and to biotinylate ELPs used for encapsulation.

The second focus was set on the encapsulation of in vitro transcription (IVT)
and cell-free gene expression (CFE) systems. These two systems are essential
components of cellular life and their activity was observed within biocompatible
ELP vesicles at micrometer scale. Observations of in vesiculo production of flu-
orescent RNA aptamers showed increasing fluorescent signals over time, while
the monitored vesicles displayed growth at the same time. The growth or shrink-
age of the vesicles correlates with the concentration of available ELPs in solution.
As encapsulated CFE reactions showed a similar behavior while expressing YPET,
changes in osmotic pressure are assumed to be the potential driving force behind
this dynamic.

With these findings the addressability of membrane structures using streptavidin
as linker molecule while enabling the encapsulation of essential cell processes
within biocompatible membranes was shown.






Zusammenfassung

In den letzten Jahrzehnten hat sich die Forschung zu Mikrometer grolRen Kom-
partimenten, die zellahnliches Verhalten nachzuahmen, im Transport von phar-
mazeutisch aktiven Substanzen oder als Biosensoren eingesetzt werden konnen,
stetig vergroliert. Durch das Implementieren verschiedener Funktionalitaten oder
die Modifizierung ihrer Membran wird die Anwendbarkeit von Vesikeln in der mod-
ernen Wissenschaft durch Forscher erhoht. In dieser Abschlussarbeit wird die
Herstellung von riesigen unilamellaren Vesikeln untersucht, die aus biokompati-
blen Polypeptiden und deren Mischungen mit Phosoholipiden hergestellt wurden.
Daruber hinaus werden die Funktionalisierung der Membran sowie die Enkapsulie-
rung aktiver Prozesse untersucht, die fur die Ausbildung eines Zell-ahnlichen Ver-
haltens notwendig sind.

Ein Ziel dieser Arbeit ist der Nachweis membranlokalisierter Biotinylierung die
durch die Zugabe eines multifunktionalen Linkers gesteuert werden kann. Hierfur
wurden elastindahnliche Polypeptid- (ELP) und hybride ELP-Phospholipidmembra-
nen hergestellt und untersucht. Die durchschnittliche Grole der Hybridvesikel im
Vergleich zu Liposomen kann auf die Kombination aus unterschiedlichen Mem-
brankomponenten zurtickgefuhrt werden. Hybridvesikel konnen mittels Biotin-Strep-
tavidin-Bindungen mit externen Molekulen interagieren, was die Visualisierung der
Membranoberflache mit biotinylierten Fluorophoren ermaglicht. Die Anwendung
multivalenter RNA-Aptamere ermaglichte die Kolokalisierung verschiedener fluores-
zierender Proteine auf der Oberflache sowie die Rekonstitution des gespaltenen
Enzyms sAPEX2. Aktives SAPEX2 war in der Lage Amplex Red umzuwandeln und
ELPs zu biotinylieren die fur die Enkapsulierung verwendet wurden.

Der zweite Schwerpunkt lag auf der Enkapsulierung von In-vitro Transkriptions-
systemen (IVT) und Systemen die zellfreie Genexpression (CFE) ermdglichen. Die
Aktivitat dieser beiden Mechanismen die essentielle Bestandteile des zellularen
Lebens sind, konnte in biokompatiblen ELP-Vesikelnim Mikrometerbereich beobach-
tet werden. Bei der Messung der in vesiculo produzierten fluoreszenten RNA-Apta-
meren konnte ein steigendes Fluoreszenzsignal sowie ein Wachstum der Vesikel
beobachtent werden. Es konnte eine Korrelation des Wachstumsverhaltens mit
der verfugbaren ELP Konzentration in Losung festgestellt werden. Da ein ahn-
liches Verhalten bei YPET prduzierenden CFE Reaktionen beobachtet wurde, wird
angenommen, dass die Veranderung der osmotischen Druckverhaltnisse die trei-
bende Kraft des Wachstumsverhaltens ist.



Contents

Mit diesen Erkenntnissen konnte die Adressierbarkeit von Membranstrukturen
unter Verwendung von Streptavidin als Linkermolekul gezeigt werden. Desweit-
eren konnte nachgewiesen werden, dass die verwendeten Vesikel in der Lage sind
wesentliche Zellprozesse in biokompatiblen Membranen zu enkapsulieren.
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1. Introduction

What is a cell? — According to the encyclopaedia britannica a cell is defined as 7...]
the basic membrane-bound unit that contains the fundamental molecules of life and
of which all living things are composed.” ! This definition spans over all domains of
life and makes the cell the essential building block for life itself. Being separatedina
solid-like membrane and a densely packed fluid-like cytoplasm, these two systems
are responsible for different tasks within the cell but need to interact to properly
regulate cell functions.

The cytoplasm consists of cell organelles and cytosol, which acts as the liquid
matrix containing proteins, nucleic acids and metabolites. The cytoplasm’s task
is to harbour all essential components used for processes involved in cell func-
tionality such as metabolism and gene expression. 2 Vital mechanisms of the cell
like growth, B maintenance 1 1 and differentiation © " are controlled by complex
systems of interactions within the cytoplasm. In contrast to the sheer amount of
interaction-based regulatory systems in the cytosol, the membrane has to provide
fewer but also vital functions.

Although, the membrane itself does not possess such a complex repertoire of
interacting components as the cytoplasm it introduces essential properties to the
cell. B As one of the major responsibilities, the interaction between the envi-
ronment and the processing of external stimuli is mediated by the membrane as
first barrier of contact. These can be handled by the coordinated transport to the
inside "% but also with signaling cascades generating defense mechanisms. [
The protection of the cell itself also calls for a robust and impermeable barrier
which is able to withstand external stress. This function is fulfilled by the interplay
of cell membrane, cell wall and the cytoskeleton. 4 18 The coordinated function
of these systems is also responsible for cell division. This process regulating the
proliferation of individual cells depends on the flexibility of cell membranes as well
as its ability to interact with specific protein networks. [ ' Another aspect is the
compartmentalization of smaller volumes, which allows the cell to organize spe-
cific functionalities into substructures. This can be seen as the introduction of
membrane separated cell organelles in eukaryotic cells allowed an evolutionary
leap towards the formation of more complex structures. ' These dedicated sub-
structures are responsible for specific tasks instead of a de facto one-pot reaction
for all essential networks within the cell. 7} [18]

In possession of highly specialized functions depending on its composition, the
membrane is an interesting scaffold structure which served as inspiration in syn-
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CHAPTER 1. INTRODUCTION

thetic biology. The research on liposomes dates back to the 1960's and has brought
forth a plethora of applications. Providing high biocompatibility, but showing poor
stability and variability in their composition however restricts the potential imple-
mentations of liposomes. ['¥! This fact gave rise to the intense reasearch focusing
on the formation of cell-like compartments composed from materials with a syn-
thetic origin. 2% Polymersomes are vesicles made of (semi-) synthetic polymers
able to form a stable membrane and even providing new characteristics in com-
parison to lipid double layers. As these two model systems developed in the recent
decades, different fields of use formed for each of the systems.

One of these fields is the research of artificial minimal cells. Conducting ex-
periments where vesicles encapsulate single molecular mechanisms without the
complexity of the cytoplasm, provides the opportunity to explore the functions in
a more detailed manner. Biological systems such as the bacterial cytoskeleton, 27
motion apparatus 24 and gene expression machinery 2% are only a few examples
of cell-like processes observed in artificially formed vesicles. This way biomimetic
functions can be tested within a designed environment with regulated parameters
and a preformed membrane composition. The composition of the membrane in-
fluences its overall properties and has to be adapted to the systems involved in the
measurements. Therefore, processes like cell division need the dynamic mem-
brane behavior of liposomes while receptor activity is observed in a more robust
membranes which can be provided by polymersomes. 124 [29]

In contrast to recreating mechanisms observed in nature, biosensors 20 27} and
synthetic drug delivery systems 281 29 have extensive requirements for the desired
vesicle properties. Instead of a biomimetic buildup, these fields focus on the func-
tionality of their materials and how this could lead to a more precise application.
Properties like responsiveness of the material itself are not mediated by membrane
proteins or other regulatory mechanisms seen in nature. Instead, programming the
materials themselves to react to specific stimuli is the key aspect used in this field
of biotechnology. Triggers such as changes in pH, temperature and light as well as
interaction of different ligands can change membrane properties. [0 1

Considering the progress made in all these fields, the aim of this thesis is the
combination of active processes encapsulated within a reactive membrane. As
the creation of stimuli-responsive vesicles shows high potential, % their combina-
tion with a regulatory system could produce autonomous cell-like compartments
able to adapt to their environment. The combination of bio-compatible polymers
with phospholipids can combine the dynamics observed in lipid bilayer membranes
with the increased stability of polymers. Testing whether the implementation of a
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reaction to outside stimuli can be achieved, a feedback mechanism consisting of
localized biotinylation and protein co-localization was used. This mechanism used
in proximity labeling can be used to locally increase membrane bound proteins and
thereby increase membrane curvature. This way, tuning of the fluidity and compo-
sition of the membrane can induce deformation and fission events. 182 24 [33]

The theoretical background on the systems and mechanisms used in this thesis
are explained in chapter 2. Here we take a closer look on the physical laws behind
the formation of compartments as well as on the properties of membranes. As
the encapsulation of active systems like in vitro transcription (IVT) and cell free
gene expression (CFE) were an essential goal of the thesis, these mechanisms
are explained in more detail. The exact methods and materials for the production
of vesicles composed of material able to interact in a pre-designed manner are
explained in chapter 3. Measurements conducted during this thesis and evaluation
of the achieved results are discussed in chapter 4. Lastly, the overall achievements
of the work and potential improvements on the project are elucidated in chapter
5.

13






2. Theoretical Background

In this chapter the emphasis lies on the explanation of essential theoretical ba-
sics regarding compartmentalization, enzymatic processes and membrane inter-
actions. Starting with the very essentials of compartment formation, we take a
closer look on the characteristics of membrane forming molecules. These mem-
branes can behave in different ways regarding their flexibility, mobility and stability.
Properties like these and the potential means to manipulate them are explained in
the following chapters. As encapsulation of active enzymatic processes was a ma-
jor point for this thesis, we also take a closer look at in vitro transcription (IVT) and
at cell-free gene expression (CFE).

2.1.  Compartmentalization

Biological cells are able to contain complex reaction networks which are the build-
ing blocks of complex life on earth. One key component these cells need is the pres-
cence of a barrier to physically separate themselves from their surroundings. ¥4
Only that way they are able to cope with potential threats ), %l create energy to
proliferate ¥ or to interact with one another.

The creation of these barriers needs components with amphiphilic properties,
where hydrophilic and hydrophobic domains are covalently bound. The works of
Israelachvili thoroughly investigate the the laws of physics behind the process of
compartmentalization. 7

Aggregation of the molecules is driven by the hydrophobic effect, as well as by
intermolecular Van der Waals forces. The hydrophilic domains establish hydro-
gen bonds with the surrounding water molecules. The energy of the system in
each respective domain is lowered by minimization of unfavorable surface area
between hydrophobic and hydrophilic moieties. This results in attractive forces
between components demonstrating the same hydrophobic properties and repul-
sive forces between different properties. Furthermore, additional repulsive forces
such as steric hindrance of the hydrophobic chains, electrostatic repulsion be-
tween charged headgroups as well as hydration energy influence this balance be-
tween attractive and repulsive forces. Looking at the overall energy within the sys-
tem during the formation of an interface between hydrophobic core and hydrophilic
surrounding, one has to consider the chemical potential 1 of the molecules con-
tributing to the phase separation
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CHAPTER 2. THEORETICAL BACKGROUND

27@0 + v
a(a — agp)?

(2.1)

Hy =

As 1% also describes the energy difference between the individual molecule in
solution and in aggregates of N particles, an optimal headgroup area ap of am-
phiphilic molecules in an aggregate exists where the interaction surface of the hy-
drophobic domain and water is minimized. The positive interfacial free energy per
unit area at the hydrophobic domain-water interface ~ is specific for different hy-
drophobic domains. This energy difference is governed by the minimization of in-
terfacial energy and repulsive forces between the individual molecules. Negative
values of 1% promote the formation of small aggregates, so called micelles en-
capsulating the hydrohobic domains in the core and only presenting hydrophilic
headgroups to the water molecules as seen in Fig.2.1.1 a. This however is only
the possible when the number of molecules N in the system exceeds the critical
micelle concentration (cmc), a concentration threshold under which amphiphilic
molecules are not able to form micelles or even bigger aggregates by spontaneous
self-assembly. 8]

—Nep,
CoMC ~ € kpT (22)

The monomer's effective interaction energy with the molecules in bulk ¢, is de-
pendent on the material and their respective attractive forces. After establishing
that amphiphilic molecules need an optimal surface area ao for them to form ag-
gregates which are energetically favorable, other parameters have to be defined
for the formation of compartments. These ‘packing parameters’ include the vol-
ume occupied by the hydrophobic domain v, which remains incompressible but
deformable and a critical chain length [. as seen in Fig. 2.1.1 a. The critical chain
length is described as the maximum length to which the hydrophobic chain can be
elongated without energetic penalties.

The packing parameter influences the form of the resulting compartments exten-
sively as different parameters promote different surface curvatures. As shown in
Fig. 2.1.1b, the packing paramter can be influenced by external stimuli like temper-
ature and pH of the surrounding medium. High and low packing parameters favor
the formation of micelles or inverted micelles, whereas a parameter of # ~05-1
is necessary for the formation of bilayer structures. This makes sense consid-
ering the low curvature needed to create two leaflets capable of forming mem-
brane structures. The formation of spherical vesicles enables the membranes to
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2.1. COMPARTMENTALIZATION
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Figure 2.1.1: Packing Parameters: Schematic overview of the influence of physi-
cal properties of amphiphilic molecules aggregating. a) Properties influencing the
packing parameter due to repulsive or attractive forces exerted on molecules. b)
Factors influencing the packing paramter and the resulting morphology of the in-
dividual molecules. The formation of water in oil emulsions (w/0) is promoted by
outward directed conical molecules, composed of small ag and high v,whereas oil in
water emulsions (o/w) need inverted proportions of these factors. The Hydrophilic-
Lipophilic Balance describes the ratio between the two domains of the amphiphile
and correlates with the packing parameter. Schematics taken from Israelachvili 57/

take more stable conformation by reduction of energetically unfavorable edges in a
system with a limited amount of amphiphiles. Resulting vesicles have certain con-
straints considering the stability of the formed membrane and their dimensions.
Therefore, taking into account the specific packing parameter of an amphiphile, a
critical radius R, exists under which the membrane can not form without introduc-
ing packing stress on the individual components.

Le

Re ™ A ool

(2.3)

The critical radius only applies for the outer leaflet, due to the fact that molecules
incorporated in the inner leaflet deform and are not forced to extend over their spe-
cific .. Taking the critical radius of the vesicle shows the critical lower threshold of
the size range a vesicle can attain. This can serve as an approximation of the size
of vesicles formed by spontaneous self-assembly. Vesicle sizes are most com-
monly categorized in small unilamellar vesicles (SUV) with a size of up to 100 nm,
large unilamellar vesicles (LUV) in a range of 100-1000 nm and giant unilamellar
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CHAPTER 2. THEORETICAL BACKGROUND

vesicles (GUV) at sizes >1 uym (see Fig. 2.1.3), the latter being the main focus of
this thesis. ¥ The actual size is influenced by several other factors as well such
as formation method and concentration of the amphiphiles. To estime the min-
imal amount of molecules necessary to at least theoretically form a vesicle with
the radius R, one has to determine the aggregation number N.

87 R?
ag

N (2.4)

This sets the basic rules which are essential for the formation of compartments,
but to form experiments depending on the formation of vesicles in the right size
dimensions one has to keep specific material properties in mind. One specific as-
pect is the different architecture of vesicle forming amphiphiles. In the next chap-
ters we take a more detailed look on the two most prevalently used materials for
the formation of vesicles.

2.1.1. Liposomes

As already mentioned cell-like compartments can possess membranes consisting
of different amphiphilic molecules. One group of these molecules prevalently used
in research are lipids. Over the years a wide range of different preparation methods
was introduced to enable the formation of compartments composed of a lipid bi-
layer encapsulating a aqueous phase inside. These liposomes are used as models
to explore and mimic the mechanisms of specific cell functions or interactions. 9 140l
Instead of a highly complex cell environment, these models allow it to simplify the
system and to observe specific functions. 21 1]

The formation of lipid membranes is entropically driven by self-assembly of solved
lipid molcules in an aqueous environment, which arrange in a bilayer structure.
This bilayer is composed of an inner and outer leaflet which is held together by
the hydrophobic core of the membrane. The membranes of liposomes can range
between 3-5 nm in thickness and are slightly thinner than their biological counter-
parts (8-10 nm) as they are composed of a homogeneous mixture of lipids omit-
ting associated proteins and carbohydrates. The artificial model membranes can
be composed of a broad variety of different lipids. % The hydrophobic domains
inside of the bilayer form intermolecular van der Waals bonds while simultane-
ously minimizing their interaction with the surrounding medium. Meanwhile the
hydrophilic headgroups and surrounding water molecules interact via hydrogen
bonds to keep the vesicle in solution. Even with different structures most lipids
share the ability to form stable membranes due to their amphiphilic nature (see

18



2.1. COMPARTMENTALIZATION

Fig. 2.1.2). Following here is an overview over the most important lipids found in
biological membranes. #2

(a)

Glycerophospholipids: These phospholipids are composed of a central glyc-
erol linking a hydrophilic, mostly charged headgroup and hydrophobic acyl
chains. Typical examples for headgroups connected via phosphate bonds
are ethanolamine (PE), Choline (PC), Serine (PS), but can also contain sac-
charides or nucleic acids. One or two long hydrocarbon chains attached
to the glycerol form the hydrophobic domain of the molecule. Commonly
used chain lengths can range from C10 to C24. The structure is depicted in
more detail in Fig.2.1.2 d. Depending on the degree of saturation of the car-
bohydrate chains, they posses different physical characteristics as seen in
Fig.2.1.2e.

Sphingolipids: Similar to glycerophospholipids, all sphingolipids are com-
posed of a central linker structure, the sphingoid base. The compostion ranges
from carbohydrates, saccharides and small hydrophilic compounds as hy-
drophilic to fatty acid chains as hydrophobic domains. In contrast to phos-
pholipids though, the exact composition can vary drastically ranging from
structures with two acyl chains and a phosphate bound choline (Sphingomy-
elin) to sphingolipids composed of the central linker and three carbohydrate
chains (Glycosphingolipids).

Sterol Lipids: The structure of sterol lipids greatly differs from the blueprint
of the lipids mentioned before. The common feature of all sterol lipids is the
tetracyclic steran molecule composed of three C6 and one C5 rings. They
can be categorized according to the number of carbon molecules in the core
skeleton, steran. Attached functional groups defining the physico-chemical
properties of the individual molecules can range from carbohydrates and sac-
charides to peptides and acids. In comparison to the former two groups the
attached chain lengths of any attached molecule are rather short. Their struc-
ture also allows them to increase packing density of the membrane, which in
turn has an impact on the stability and permeability of the membrane. *3 The
overall structure of cholesterol can be seenin Fig.2.1.2 c.e.

Next to the lipid groups mentioned above, there are also other lipids involved in
the maintenance of biological membranes as well as proteins and carbohydrates.
For the context of this thesis however we focus on these three groups as they have
proven to be essential components of model GUVs providing specific properties to
the membrane.

19
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Figure 2.1.2: Overview Lipids: Overview of structure of relevant lipid groups used
in GUV model systems. a) Glycerophospholipids, 1-palmitoyl-2-oleoyl-glycero-3-
phosphocholine (POPC), b) Spingolipids,N-myristoyl-sphingosine, ¢) Sterol lipids,
Cholesterol (C27), d) The basic structure of glycerophospholipids where long acy!
chains (blue) form the hydrophobic and the hydrophilic headgroup (red) are cova-
lently linked via a glycerol backbone (green). e) The chemical structures (left) of
commonly used fatty acids (blue), Glycerophospholipids (red) and sterols (purple)
are projected with their stereochemical projection (right) as solid van der Waals
spheres. Adapted from Fahy et al. 2 and Cebecauer et. al. ¥ Copyright (2018)
American Chemical Society.

In nature, membranes act as a barrier partitioning different liquids and provide
the ability to separate molecules from each other. As the membranes of liposomes
tend to be leaky and are unselectively permeable for small molecules and ions like
H,0 or H* (see Fig. 2.1.3). Therefore these models can only be seen as approx-
imation for the characteristics of real cells, as the selective transport of ions us-
ing membrane proteins is an essential component of the cell's functionality. This
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2.1. COMPARTMENTALIZATION

stems from the fluid-like characteristic of the membrane itself where individual
molecules can freely diffuse within the barriers of the membrane at roughly 5-14
um?/s and even can switch between the two leaflets at rates of 103-108 g7, [481 1461 [47]
Characterization of the fluid-like behavior of the membrane will be further explained
in Chapter 2.2.

This dynamic behavior brings along advantages in the reconfiguration of the
membrane composition itself but also makes it vulnerable to external forces. With
a sensitivity towards external shifts in osmolarity, temperature, or pH and the prone-
ness of its monomers to degradation, the overall stability of liposomes is rather low
compared to cell membranes. % 8 The introduction of synthetical lipids along-
side the implementation of a certain degree of tunability tries to counteract these
restrictions. 19

Overall, liposomes are mostly regarded as a platform to investigate molecular
mechanisms of cells due to its similarity in composition and membrane dynamics
rather than a sturdy carrier for chemical compounds.

2.1.2. Polymersomes

Comparing the structure of polymersome membranes shows that there is a broad
variety of different polymer species used in research due to the convenient tun-
ability of the modular components. The main characteristics to form membranes
stays the same as mentioned in chapter 2.1, but polymersome yield a broader vari-
ety compared to liposome membranes. The structure of polymers and their result-
ing membranes allow more freedom in their design compared to liposomes. 5

Diblock/Triblock Copolymers: Polymers composed of two or three distinct mod-
ular blocks of repetitive identical subunits are called diblock or triblock copoly-
mers repectively. In context of the formation of polymersomes only block copoly-
mers with amphiphilic properties are discussed. The structure of the resulting
membranes can differ between a bilayer and a monolayer depending on which
copolymers are used, as triblock copolymers are able to either span the whole di-
ameter of the membrane (I-form) or loop in the hydrophobic core and stay in one
leaflet (U form). " Typical components with different chemico-physical prop-
erties used in the synthesis of polymersomes are polystyrene (PS), Polybutadi-
ene (PB), polydimethylsiloxane (PDMS) as hydrophobic and polyethylene oxide
(PEO), polyacrylic acid (PAA), polyethylene glycol (PEG) as hydrophilic blocks. 12

Graft Copolymers: Graft copolymers are also composed of distinct polymer
units like block copolymers, but instead of being linked linearly, a central poly-
mer functions as the backbone for the molecules and side chains are attached
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CHAPTER 2. THEORETICAL BACKGROUND

to the central backbone giving it a brush-like appearance. Resulting from this
difference in structure of the polymers themselves, membranes also differ from
the mono- or bilayer structure we looked at so far. Instead of an hydropho-
bic core and hydrophilic outside of the membrane, here we have a far thicker
membrane with a mesh-like structure containing hydrophobic and hydrophilic
domains within.

Alternating Copolymers: Like block copolymers, alternating copolymers are
formed of linear linked polymer species presenting different properties. How-
ever, these polymers are made up of a high number of small block repeats in-
stead of two or three major blocks as seen in block copolymers. Due to their
different structure and their assembly, alternating copolymers can form smaller
vesicles compared to block copolymers. 531 154

Besides the structure of the individual polymer, the choice of monomers is es-
sential for the properties of the membrane. Looking at the different structures as
well as different composition of polymers it shows that there is a vast amount of
different components available for the design of polymersome membranes. While
liposome membrane diameters range 3-5 nm, polymersome membranes can span
5-50 nm as depicted in Fig.2.1.3. 19 B3 This parameter is mostly defined by the
molecular weight (MW) of the hydrophobic block. [ 571 58] The correlation be-
tween membrane thickness and MW of the polymer scales according to following
power law. [

dmem = ¢ : (Mthob)C (25)

Here we can predict the increasing membrane thickness with ¢ being a constant
and ¢ being a polymer-specific variable. In case of ideal random coil forming poly-
mers with MW > 3kDa, ¢ ~ 1/2. % This variable changes depending on the con-
formation of the polymer and its size, as fully streched polymer chains predict ¢=1
and smaller polymers as well as phospholipids are subject to the strong segrega-
tion limit with ¢ = 2/3. In the theory of strong segregation, the tension between
hydrophobic and hydrophilic blocks is minimized by the minimization of their inter-
face area resulting in distinct distribution of the polymer chains. 9

Also size and morphology of the polymersome heavily depend on the type and
size of polymers used in the formation of the membrane. €7 62 | ooking at the
influence the choice of polymer can have on the properties of the membrane one
has to also look at the dynamics within the membrane. The observations made
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by Itel et. al. show the influence of the size and the conformation of membrane
components on their motility within the membrane. 159!

As longer polymer chains can form coil structures in contrast to the linear struc-
ture of acyl chains connected to phospholipids, the possibility of entanglement
between molecules rises. This leads to the formations of specific domains within
the membrane, where the prescence of coiled structures is influenced by material
specific temperatures, so called transition glass temperatures (Tg). This temper-
ature is described as transition point between a solid-like pseudocrystalline state
and a highly viscous state of thermoplastic polymers. ©°)

SUV: 20 - 100 nm
LUV: 100 - 1000 nm

' SUV: 20 - 100 nm

LUV: 100 - 1000 nm
11 - 3-5 .
GUV: 1 - 200 pm nm GUV: 1 - 200 pm 5-50 nm

Liposomes
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Figure 2.1.3: Overview Liposome Polymersome: Comparison between the physi-
cal and morphological properties of polymersomes and liposomes. a) Comparison
between dimensions of liposomes (left) and polymersomes (right). Comparison of
specific attributes between liposomes and polymersomes in respect to b) encap-
sulation of hydrophilic (green) and hydrophobic (purple) cargo, c) permeability, d)
lateral diffusion, ) monomer stability and f) monomer variety. Adapted from Rideau
et. al. " with permission from the Royal Society of Chemistry.
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Another aspect of the increased intermolecular forces introduced by bigger poly-
mers are the increased stability and rigidity of polymersome membranes com-
pared to liposomes. 4 681 As not only the volume occupied by the molecules alone
is larger compared to liposomes also the interdigitization of individual molecules
contribute to the denser build-up of the membrane and increasing the bending
rigidity. (661 [59]

The condensed hydrophobic core of the membrane reduces permeability of hy-
drophilic compounds encapsulated. 7 Combining this characteristic with the ca-
pability to store hydrophobic molecules in the membrane, researchers were able
to build dual-cargo carrier compartments. 18! 9 Using these specifically designed
transporter vesicles can increase the efficiency of drug delievery by far. As most
polymers used for the formation of GUVs show higher stability against degrada-
tion, they are promising candidates for chemical modification. These modifica-
tions create "'smart materials" able to react to specific conditions in their immediate
surroundings. 701 711 [72) [30]

Another interesting field of research is the application of polymersomes as nano
reactors facilitating enzymatic processes within or on their surface. 3 €9 Enabling
to encapsulate complex systems in more robust GUVs compared to liposmes con-
tibutes to the approaches in bottom-up synthetic cell-like systems. Not only can
the enzymatic components be positioned on the surface of the membrane or the
lumen, but can also be integrated into the membrane and enhance the functionality
of membrane and polymersome itself. 7 74

In contrast to liposomes, polymersomes show a broader variety of individual
monomers due to their high tunability and modular structure. Showing increased
rigidity, stability and tightness comes at the price of lowered membrane dynamics
and limited biocompatibility as depicted in Fig.2.1.3. These properties make poly-
mersomes far more interesting in applications revolving around cargo transport
and triggered release as well as platform for nanoreactors in need of resisting high
stresses and sturdy inert membranes.

Elastin-like Polypeptides

Whereas polymers span a broad variety of different materials most of them are
of synthetic origin. Peptides however can be described as polymer structures as
their serial and modular structure composed of amino acids can also possess am-
phiphilic properties. Elastin-like polypeptides (ELP) are a specific group of peptides
and were predominantly used in this thesis for the formation of GUV structure.

The basic repeating unit of ELPs is the pentameric amino acid sequence (Val-
Pro-Gly-X-Gly), where the guest residue X can be any other proteinogenic amino
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acid besides proline. This biogenic polymer derived from the structural protein
elastin found in the extracellular matrix of higly flexible tissues like lung tissue or
the vascular system. ELPs possess a peculiar lower critical solution temperature
(LCST) behavior, being able to perform reversible aggregation surpassing a specific
temperature. "% This inverse transition temperature T, can be modified by several
intrinsic factors like concentration, polypeptide length ¢l and composition of the
pentapeptide. 7 8] Also external parameters like salt, 79 pH €% 81 gnd additional
proteins 82 in the surrounding medium influence the transition temperature. The
influence of salts on the transition temperature have to be distinguished between
kosmotropic and chaotropic activity. 183 Kosmotropic anions show a rather linear
correlation between salt concentration and increase in transition temperature as
shown in equation 2.6.

T, = Ty + c[M] (2.6)

Where the change of the transition temperature T; is determined using the salt
concentration with a molarity of M and the initial transition temperature Ty. In con-
trast to that, chaotropic salts show increased solubility at low concentrations be-
fore lowering the LCST values at higher concentrations. The change in T; can be
described as follows:

BmaxKA [M]

T, = Ty + [M] +
¢ =To + c[M] 11 Ka[M]

(2.7)

The additional term represents the Langmuir binding isotherm, with K, as equi-
librium association constant for anions and Bax to introduce temperature units as
the isotherm is unitless.

The overall molecular process orchestrating this transition between solved mo-
nomeric polypeptides and accumulated aggregates is only partly understood and
was first described by Urry et. al. "3 His hypothesis postulates a multi-step pro-
cess for the formation of an ordered helical secondary structure from a random
coil as soon as T; is exceeded. According to this hypothesis the reconfiguration
of the peptide chain promotes the expulsion of hydrating water molcules and a 3-
spiral structure can be formed. This structure composed of several B-turns exhibits
higher intermolecular forces and promotes the interaction between individual ELP
chains. (841 89

Due to newer data achieved by NMR measurements, this hypothesis has to be
revised. 8% 7] Current findings do not emphasize the necessity of specific sec-
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ondary structures or a hydrophobic core to promote the formation of hydrophobic
intermolecular interactions. 188 This would be supported by the high contents of
water still residing in the core of ELP aggregates. 9 8 Furthermore, synergistic
effects from entropically driven early stage oligomer formation can amplify the
formation process, showing an increased concentration dependency of the aggre-
gation process. 19

Their tunability, modular nature and stimulus responsiveness make ELPs an at-
tractive material for a wide range of different applications like drug delivery 1, 187
tissue engineering 2 or protein engineering. 3 4 |n context of this thesis, the
ELP’s ability to form compartments was of interest as its basic structure resem-
bles polymers and should in theory reflect its ability to form complex membrane
structures. ° Due to its aforementioned tunability as well as its capability to inter-
act with lipid bilayers the potential functionalities embedded within the membranes
can be designed. 0 971 Compartments solely made of ELPs were produced in dif-
ferent forms ranging from artificial in vivo compartments, 8 in vitro SUVs 199 [100]
to GUVs encapsulating complex enzymatic reactions. 107 [107]

2.1.3. Hybrid Membranes

As both liposomes and polymersomes have their individual advantages, researchers
are looking for a way to harness the full capabilities of the materials used. A topic

gaining popularity is the production of giant hybrid unilamellar vesicles (GHUV)

which enable the creation of 'smart’ drug delivery compartments, nanoreactors

and synthetic cell-like models. 291 159 03] The combination of materials showing

completely different chemical structures can influence functionalities of the result-

ing vesicles like permeability 194, 191 integration of membrane proteins % and

stability. 1071 (108]

Different parameters are influencing the properties of the membrane and are a
vital point in the experimental design involving GHUVs. One of these factors is the
choice of different polymers and lipids in the first place. Due to the different struc-
ture of polymers and lipids the degree of interaction has to be estimated by com-
parison of different compatibility parameters. ' Furthermore, different molecular
mechanisms such as lyotropic phase behavior and microphase segregation are in-
fluencing the order within the membrane. Additionally also the difference in MW
plays animportant role as lipids (< 1 kDa) and polymers (> 1 kDa) can differ signif-
icantly in size. ' The hydrophobic mismatch caused by the discrepancy in size of
the hydrophobic domains can substantially influence the morphology of the mem-
brane. Revealing hydrophobic moieties of the copolymer increases the line tension
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between the lipid and polymer monomers within the membrane. Minimizing the hy-
drophobic surface area, the polymers can either (i) deform their hydrophobic block
in exchange for a higher internal entropy or, more prevalently observed, (ii) they
form bigger clusters of polymers to minimize the phase boundary between lipids
and polymers. [20]

Taking this into consideration for the planning of experiments involving GHUV,
one can achieve interesting membrane characteristics. This includes complex be-
havior in case of interaction with surrounding ligands or the spontaneous defor-
mation of the membrane which are explained in more detail in the following chap-
ters.
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2.2. Membrane Effects

2.2.1. Phase Separation

As biomembranes possess complex properties to cope with a multitude of external
stimuli and interactions, homogeneous mixtures of membrane components would
be insufficient. Consisting of different types of lipids and membrane proteins em-
bedded within biological membranes, they are able to form a flexible and dynamic
cell surface. "% This dynamic behavior is crucial for the proper functionality of pro-
cesses like endocytosis, ™ cell division "2 and formation of protein complexes
within the membrane ¥ to name only a few. By using multi-component mixtures
of membrane monomers, researchers try to imitate these intricate processes in
experiments.

A central aspect of the membrane mobility is the presence of different phases,
meaning different microdomains within the membrane. Influencing the lateral dif-
fusion of individual molecules, "% permeability "% and insertion of membrane pro-
teins, %9 phase separation is an important regulator for the dynamics within mem-
branes. Depicted in Fig.2.2.1 b, the separation of distinct phases can be seen using
fluorescently labeled lipids. The labeled lipids remain predominantly in their spe-
cific phases and can therefore signalize their position on the vesicle membrane.
Considering the ambient temperature and the composition of the lipid mixture,
these solutions can exist in a liquid-crystalline (Lq) or solid-like gel phase (Lg). Fol-
lowing, we take a look at the relevant phases in respect to the fluid-like dynamics
of the membrane we want to observe. 110 [17]

Liquid-disordered phases (Ly): The liquid-disordered phase is predominantly
composed of unsaturated lipids with acyl chains showing one or multiple kinks
in their molecular structure (Fig.2.1.2). The enlarged surface of the hydrophobic
tail undergoing constant conformational changes prevents tighter packing of
the molecules, which reduces the attractive forces between molecules. This
behavior is schematically depicted in Fig.2.2.1 a. Due to the reduced interaction
the L4 phase is more dynamic compared to the L, phase.

Liquid-ordered phases (L,): This phase is composed of mostly saturated lipids,
which means the hydrophobic domain is constituted of linear acyl chains. This
promotes a tighter packing of the individual molecules due to the increased
strength of the intermolecular Van der Waals forces between the acyl chains
(Fig.2.2.1 a). The strength of these intermolecular forces dictate the specific
melting temperature T, of the lipids, at which the transition between liquid (L)
and solid-like gel phase (Lg) takes place. The addition of sterol molecules into
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Figure 2.2.1: Phase Separation: Overview of different lipid phase behavior inside of
the membrane depending on their structure. a) Schematic phase behavior of lipids in
the presence of cholesterol and without it. Gel, liquid-disordered and liquid-ordered
phase and the dependence of of cholesterol ond specific T,,shown to visualize phase
transition behavior. b) Showing the phase behavior of ternary lipid mixtures com-
posed of DOPC, palmitoylsphingomyelin (PSM) and cholesterol corresponding to the
respective ratios. Fluorescence micrographs are used as indicator for phase sepa-
ration (upper). Individual spots on the phase diagram signify the presence of one
phase (white circles), two phases (black circles) and three phases (grey squares)
(lower left). The speculative tie lines partitioning the phase diagram into regions of
different regions of phase coexistence (lower right). The depicted star illustrates the
miscibility critical point. Adapted from Eeman et. al. "8 and Veatch et. al. 110

these mixtures is essential to keep the fluid-like status of the lipids by addition of
'spacer’-like molecules reducing the T, by blocking the formation of intermolec-
ular forces. 19 1201 The influence of cholesterol on the conformation within the
membrane can be seen depicted in Fig.2.2.7 a.

Gel-phase (Lg): Portions of the membrane containing high Ty, lipids forming
solid-like aggregations are called gel phase. This increase in Tr,s is caused by (i)
linear saturated acyl chains enabling the formation of stronger interactions be-
tween the individual lipids or (i) weaker repulsive forces between headgroups. M4
Resulting from the changing ratio between attractive and repuslive forces a tighter
packing of the molecules within the membrane is enabled and different phase
behaviors can be observed (Fig.2.2.1 a). In contrast to the L, phase, the gel-
phase does not possess fluid-like behavior and can undergo diffusion only in
form of membrane patches where individual high T, lipids stay bound as ag-
gregates. This can be seen in Fig.2.2.1 b showing clear separation between flu-

29



CHAPTER 2. THEORETICAL BACKGROUND

orescently labeled and non-labeled lipids.

These individual phases can be modulated by their respective compositions and
the changing properties certain molecules implement in the membrane as men-
tioned in chapter 2.1.1.

The composition of complex biological membranes is not only limited to phos-
pholipids, steroids and fatty acids. As already explained in chapter 2.1.1, also mem-
brane proteins are essential components for the functionality of membranes. An-
choring of the proteins within the membrane of model liposomes is achieved by
composition of raft-like assemblies within the membrane. "3

a) b) Polymers Lipids
1) Phospholipids, Sphingomyelin and Cholesterol-Driven Nanodomains " )
o 90000 o000 28
. !T@r%ﬁﬁ@%’)é 809 it
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Figure 2.2.2: Phase Separation in hybrid membranes: A schematic overview over
phase separation formed within mixtures of different lipds (a) or mixtures of poly-
mers and lipids (b). a) Drawings of lipid mixture phase separating in distinct manner
due to structural characteristics of lipids. Domain formation is promoted by different
forces exhibited by prescence of cholesterol and high T lipids (1), interdigitation of
acyl chains (Il) and modified hydrophilic headgroups (Ill). b) Schematic comparison
between polymer and lipid hybrid membranes demonstrating different phase behav-
ior. The molecular structure within homogeneous polymer and lipid membranes is
depicted (upper). The phase behavior depends on the bending rigidity of the poly-
mer to either favor the formation a mixed phase of polymers interspersed with single
lipid molecules (left) or the formation of distinct microdomains (right). Adapted from
Beales et. al. "4 and Cebecauer et. al. 4 Copyright (2018) American Chemical So-
ciety.

So far only the interaction between different kinds of lipid molecules were dis-
cussed but as it was already mentioned in chapter 2.1.3 hybrid membranes com-
posed of polypeptide block polymers and phospholipids were used for this thesis.
Looking at the different properties between lipids and polypeptides like length and
structure, the ratio and the size of their hydrophobic mismatch are influencing the
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morphology of the membrane and the molecule distribution within. 121 1% Using
high T, lipids can promote the formation of distinct domains due to lateral inter-
actions where the lipids aggregate under their specific T,, and phase separation
is promoted which can be seen in Fig.2.2.2 a. 221 123 An increased bending rigid-
ity of the individual copolymers can impair the potential to form domains within
the membrane due to the lack of the deformation of the hydrophobic block at the

phase boundaries between lipids and copolymers which can be seen in Fig.2.2.2
b, [20] (124]

As long as these parameters are not within a specific range, no domain forma-
tion is visible and only a homogeneous phase with interstitial lipids can form as
seen in the case of the hybrid mixture seen in Fig.2.2.2 b on the left side. Other-
wise distinct microdomains can be formed due to the deformation of polymers
neigboring lipid-rich sections of the membrane as seen in Fig.2.2.2 b on the right
side. With growing domains and the interplay between (i) hydrophobic mismatch,
(i) line tension, (iii) bending rigidity and (iv) polymer/lipid ratio the membrane sur-
face deforms to the point of budding and even fission. 123 11251 [103] The molecular
dynamics of the individual monomers within the membrane with increasing stress
exerted can be characterized from a thermodynamic point of view. Therefore, one
has to look at the domain energy E; built-up within the aggregated phase of lipids
seenin Eqg. 2.8:

E1 = 27TLd)\ + 2Ad/{dmd (28)

The domain of an amphiphilic molecule within a hybrid membrane with a radius
Ly and a surface area Aq has a specific spontaneous curvature my, a bending rigid-
ity kg and alinetension A. This line tensions depends on the hydrophobic mismatch
between polymer and lipid monomers in the membrane. The energy E, of a bud
formed of the same membrane in Eq 2.9

1
E2 = 871'/{[1(1 - §Ld|md|) (29)
shows that the formation of a bud as soon as the radius Ly exceeds as certain
threshold and E,> E;. [120]

As mixed membranes composed of polymers and lipids have a broader range of
attributes compared to the homogeneous membranes, they possess the potential
for a whole set of new applications. By combining the stability provided by polymer-
somes and the biocompatibility of lipid membranes, new versions of drug delivery
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can be created. 28 129 Additionally, the targeted design of membrane domains with
specific physico-chemical properties allows the construction of specialized reac-
tion compartments 1104

2.2.2. Membrane Interactions

The multifaceted tasks the cellmembrane is responsible for, can not be maintained
by complex mixtures of lipids and steroids alone. Essential components for the
reactivity and the capabilities are coordinated by proteins. Be it proteins embed-
ded within or peripheral proteins interacting with the membrane. The interaction
between proteins can influence different properties like membrane tension or its
dynamics. This interaction can take place in different manners considering the in-
tercating components and the duration of their interaction. Upcoming is a list of
potential targets for protein-membrane interactions. 171

1. Hydrophilic Headgroups: These kinds of interactions can either take place
due to the charged state of the headgroups or their specific chemical struc-
ture. Additionally, the presence of divalent cations (Ca?*, Mg?*) can alter the
strength of interaction. [281 [129]

2. Hydrophobic Tails: In contrast to the headgroups a lipid's hydrophobic do-
main is embedded within the membrane and is much harder to access from
the surrounding medium. To circumvent this problem, proteins use small hy-
drophobic moieties like a-helices, 3% hydrophobic loops " or conjugated
lipids to integrate an anchor within the membrane.

3. Lipidation: The process of covalently binding amino acid side chains of pro-
teins to lipids is called lipidation. 32 In nature this process is catalyzed enzy-
matically to enable the cells to communicate. [1331 [134]

4. Protein-Protein Interaction: So far only interaction between proteins and
lipids were mentioned, but as membrane proteins embedded within the mem-
brane play an important role for the functionality of biological membranes,
they pose an important target for interactions. Ranging from receptors es-
sential for signal transduction 39 to Protein secretion and translocation, 3!
there are different mechanisms in which the protein complexes can interact
with each other.

5. Protein-Ligand Interaction: Next to membrane proteins other non-lipid mole-
cules can bind to peripheral proteins in a specific way. These interactions can
be facilitated by introduction of specific complexes like Ni-NTA to the mem-
brane components. 137 As this is a rather synthetic approach, more biological
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relevant targets for these proteins are modifications of the membrane struc-
ture. For this thesis, Biotinylation of membrane components was of special
interest. As the interaction between Streptavidin and Biotin shows one of
the strongest non-covalent bonds in nature, the potential of stable protein-
membrane interaction was the highest using this approch. [138)

Considering the number of components within the cell, these diverse interactions
show sheer amount of mechanisms necessary to structure membrane organiza-
tion and functions. Proteins can change properties like tension, viscosity, elasticity
and the bending rigidity of biological membranes to control cell functions. By in-
fluencing all of those individual characteristics the overall shape of the cell can be
controlled. In Fig.2.2.3 two different ways of how protein-membrane interaction
can alter the form of the cell.

Polymerization-driven Deformation: The localized polymerization on the mem-
brane surface creates forces able to overcome the bending rigidity of the mem-
brane by continous elongation of filaments. This creates protrusions of the
membrane as long as the forming filaments are bound to components achored
in the membrane as seen in Fig.2.2.3 a. An example for this mechanism is the
formation of filopodia, which are formed by coordinated creation of parallelized
filaments from a complex branched actin network. 3% The mechanism itself
is founded on the interplay of different proteins and their localized concentra-

tion, which shows the dynamic nature of mechanisms controlling the shape of
cells. [22] [140] 147]

Crowding-driven Deformation: Like with the aforementioned mechanism, the driv-
ing force for the crowding-driven deformation is the localized high concentration
of proteins. But instead of polar polymerization of proteins to create forces to
overcome the bending rigidity of the membrane, here the interaction of each indi-
vidual protein with the membrane is important. As depicted in Fig.2.2.3 b defor-
mation can be promoted by scaffolding and intrinsically bent proteins 142, 1143l
insertion of amphiphilic helices into the membrane 44 451 and the crowding of
unspecific proteins on the surface. 44 7 Dye to the size of the proteins they
are not able to freely diffuse in the membrane without colliding. Due to these
collisions and the constraints in their movement forces are created that enable
the membrane to bend out of the previous curvature.

Taking the results of literature into consideration shows that there are numer-
ous ways the interaction of proteins can influence biological membranes. As even
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Figure 2.2.3: Schematic Overview of Protein-driven Deformation: A schematic
overview of different mechanisms of protein induced membrane deformation. a)
Schematic overview of the different modes of action of polymerization- and crowd-
ing driven membrane deformation in a simplified cell environment. Cell functional-
ities like budding events and formation of filopodia are regulated by protein-driven
deformation in different ways. b) Different modes of crowding-driven deformation of
membranes due specific protein structures. Scaffolding: Interaction of protein scaf-
folds interacting with the membrane or adaptor proteins exterting forces onto the
membrane. Insertion: Deformation driven by assymetric insertion of hydrophobic
moieties into the outer leaflet introduce curvature. Protein Shape: Membrane curva-
ture introduced by the presence of intrinsically curved proteins interacting with the
membrane. Crowding: High local concentration of unspecifically binding proteins
can induce membrane deformation due to restrictions in the motility of the associ-

ated membrane components. Adapted from Dimova et. al. %6l and Kirchhausen et.
al. 114l

unspecific protein aggregation can alter the curvature of membranes, #? the im-
plememtation of a positive feedback mechanisms. These mechanisms promoting
localized protein aggregation can be used to trigger membrane deformation. Po-
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tential tools to facilitate this mechanisms are explained in the following chapter.

2.2.3. Proximity Labeling

Looking for potential techniques that provide the ability to localize proteins onto
membranes, proximity labeling was chosen. This tool is used in proteomics to
identify interaction partners. The targets are labeled in vivo and can range from
proteins to nucleic acids. " For this application fusion proteins of a target protein
and a specific labeling enzyme are expressed in vivo. In the prescence of specific
substrates like biotin 18 or biotin tyramide % molecules interacting with the tar-
get protein can be labeled and identified. The enzymes produce reactive substrate
molecules which label the side chains of Lys, His, Cys, Trp, Tyr as well as with
other amine containing molecules like the N-terminus of peptides. These mole-
cules can freely diffuse and provide reliable labeling in a radius of 1-10 nm, but lose
efficiency with increasing distance due to degradation of the reactive species of
the substrate. [°% Furthermore, the activated substrates are membrane imperme-
able which allows specific labeling of individual leaflets. ' In modern research
two groups of labeling enzymes are predominantly used.

Biotin Ligase: In this approach a mutated, more promiscuous version of BirA, a
biotin ligase involved in the biosynthesis of fatty acids, catalyzes bound biotin to
biotinoyl-adenylate (bio-AMP) under consumption of ATP. The mutated version
has a lower affinity towards the product and releases it before it can be bound to
its target. 52 This way reactive species of bio-AMP can diffuse freely and react
with the primary amines of lysine side chains. Research and optimization of
efficiency and reactivity of the mutated version of BirA resulted in a wide variety
of different enzymes used for proximity-dependent biotin identification (BiolD)
like BiolD 1/2 1152, 1481 TurbolD and miniTurbo 1581 1154

Peroxidase: Peroxidases unlike aforementioned biotin ligases do not specifically
bind biotin, but are able to catalyze a broader variety of substrates under us-
age of H,0, as oxidant. Instead substrates, like biotinyl-tyramide where reac-
tive groups are linked to biotin can be utilized to label interacting proteins. In
this case the peroxidase catalyzes the reaction of phenol to produce a radi-
cal able to interact with the residues of specific amino acids as well as the N-
terminal amine group of the protein. The two scientifically relevant enzymes
are horseradish peroxidase (HRP) and ascorbate peroxidase (APEX), which have
undergone optimization to improve their efficiency in vivo and functionality. %%
The potential for detection of even more interaction partners of these two en-
zymes could be achieved after producing split enzymes with restored activity
after reconsitution. 161 [157]
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Comparing the different possible mechanisms utilized for proximity labeling, we
chose the split version of APEX2 (SAPEX2) for further experimentation, as it showed
a high efficiency of its split construct as well as far higher reaction speed. [15°!

The aim for this system was to precisely control the activity of SAPEX2 on the
membrane surface and therefore also to control the localized accumulation of pro-
teins on the surface to promote membrane bending. An essential component for
this control was the localization and reconstitution of the split enzyme. Fortunately,
Han et. al. already screened for the potential of specific secondary structures intro-
duced into non-coding RNA to interact with specific peptide domains. 0 As this
problem was solved, there still remained the issue of localization on the surface
of the membrane. For this a modular RNA aptamer construct composed of three
orthogonal binding domains was used. '8 This enabled us to control the activity
of SAPEX2 as well as its localization with the addition of only one molecule.
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2.3. In Vitro Transcription

With the development of in vitro transcription (IVT) processes researchers were
able to get a deeper understanding of the physical properties of RNA molecules
and thereby to design specific interaction networks. " While the cellular tran-
scription apparatus is a highly complicated system between several interacting
agents, the implementation of this process in a simpler environment was accom-
plished by using transcription machinery of bacteriophages. IVT systems often
use the much simpler RNA polymerase systems of bacteriophages, such as T3,
T7 and SP6 phages. 100

Especially the T7 transcription system is well established and shows high com-
patibility with a broad range of applications. 01160 Possessing a single subunit
RNA polymerase and high specificity for its DNA binding region, makes the T7
phage transcription system an interesting target for further optimization. %2 For
example, this binding specificity can even be used for the creation of T7 RNA poly-
merases using orthogonal binding regions. (163!
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Figure 2.3.1: Gene Regulation: Schematic overview of gene regulation components
necessary under the control of the T/ RNAP promoter (upper left). Specific binding
and requlatory sites of the T7 promoter in respect to their position from the tran-
scription start. A simplified regulation scheme containing repressors regulated by
metabolites within the system depicted on the lower right. Partly adapted from Pad-
manabhan et. al. 14

The transcription activity is regulated by the T7 promoter on the 5-end of the DNA
template as well as by regulatory sequences flanking the binding site. Specific op-
erator sequences introduced into the DNA templates can serve as tools to control
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the overall binding and activity rate of the RNA polymerase as indicated in Fig.2.3.1.
Transcription factor dependent regulation mechanisms such as the lac operon use
specific recognition sequences up- and downstream of the RNA polymerase bind-
ing sequence as recognition sites for protein activators or repressors. 10516611671 Ag
gene regulatory mechanisms like the lac operon are optimized for the RNA poly-
merase of their respective original organism, they are not completely compatible
with the T7 transcription machinery. It is possible to regulate the in vivo the ex-
pression of proteins under the control of T7 mediated transcription with specific
metabolites. 18] The repression of the transcription however, is not completely
given as the T7 RNA polymerase is able to displace the DNA binding repressor. 169
This way a low non-repressable transcription rate, also called leakage, is observed
which could influence the experimental results. 79

The composition of the T7 promoter itself is able to modify the transcription rate
more precisely. The different regions within depicted in Fig.2.3.1 show a separation
in a recognition region, responsible for the T7 RNAP binding and a initiation region
which controls the start of the transcription reaction. [®4 These regions contain
domains which regulate their functionality in different ways such as both loop do-
mains bind different sites within the T7 RNAP. The AT-rich unwinding region pre-
sumably plays an important role in the melting of the template DNA and there-
fore make the first template nucleotide (+1) of the transcription start site acces-
sible. This first nucleotide is conserved in all bacteriophage promters and always
presents a guanine.

The termination of the transcription process in contrast is rather simple and in-
volves mainly two different mechanisms in an in vitro context. While linear gene
constructs like PCR products or hybridized DNA oligonucleotides stop the tran-
scription by "Run-off", where the enzyme basically migrates over the end of the
DNA template, circular templates depend on sequence specific termination. This
can either be controlled by the insertion of an hairpin structure followed by a poly-U
sequence or the presence of a specific termination sequence. 71

The production of RNAis involved in a range of different applications like interac-
tion studies of RNA binding proteins [72 [73 " genetic circuits 74, or discovering
the transcriptome of the cell. 79 Most of these fields rely on the ability to hybridize
with nucleic acids or to bind to proteins based on the RNA's secondary structure.
So-called riboswitches combine the secondary structure of the RNA with a regula-
tory function. ¢! These sequences regulate the binding properties of messenger
RNA (mRNA) in vivo with their secondary structure and fine tune translation of pro-
duced RNA. The fast responsiveness of these structures is due to their ability to
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2.3. IN VITRO TRANSCRIPTION

bind small molecules like metabolites and undergo conformational change upon
interaction. Their structure can be separated into two parts, the aptamer domain
that facilitates the interaction and the expression platform that reacts to confor-
mational change and enables ribosome binding. ['7]

This specific ligand binding activity of the aptamer domain represents an inter-
esting field for futher research as data suggested that interaction was not only
facilitated with small molecules but also proteins and specific cell types. 78 Fur-
thermore, interaction between aptamer domains and specific phage proteins could
be observed. [79 1180 Jsing systematic evolution of ligands by exponential enrich-
ment (SELEX) combines the phenotypical structure of the interacting nucleotides
with their genotype of the aptamer domains. 81

For the process to discover new interaction based RNA structures, SELEX uses
randomized DNA libraries to screen for new secondary structures. In this process
random DNA sequences are transcribed and evaluated for their binding affinity in
several cycles in high-throughput approach. The increasing number of aptamers
developed this way is predominantly used as biosensors in different fields due
to their high specificity, small size and designability. 78 These sensors can cre-
ate a fluorescent signal upon interaction with a specific ligand ¥4 or even cre-
ate a response from the cells they are expressed in. 83 Even the combination
between different domains to create multifunctional RNA species facilitating pro-
tein interactions and creating a fluorescent signal is possible due to their modular
nature. [1°8)

Overall the process of IVT enables scientists to design RNA-based interaction
networks, produce highly specific aptamers and take a closer look at the overall
transcription regulation of cells within a simplified environment. Furthermore, the
implementation of these reactions within the context of artficial cells can prompt
hints on how to approach this topic in a bottom-up approach. This, however, can
only explain a fraction of the problems connected to the creation of artificial cell
structures and has to be observed in a more complex system involving the pro-
teome of bacterial cells.
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2.4. Cell-Free Gene Expression

On the way to create synthetic autonomous compartments the encapsulation of
an active transcription system is the first step to implement the functionalities of
an artificial cell in a designable manner. Nevertheless, RNA molecules alone are
not able to control complex mechanisms observed in biological cells. As one of
the goals of this thesis was the implementation of responsive mechanisms of ar-
tificial compartments mimicking cell-like behavior, we also needed to test a more
complex system.

To enable this, a system is required that is able to harness the whole repertoire
of a biological cell. The first steps were made in the 1970's where it was possible to
extract the essential components from E. coli and to produce proteins without in-
tact bacterial cells. ['® Starting from crude cell lysates supplemented with buffers,
the production of in vitro gene expression solutions has become much more de-
tailed and dedicated to optimize the performence of the protein expression. Over
the years these cell free gene expression (CFE) systems have achieved high stan-
dards concerning the reproducability and protein yield. ['®% Besides clearing the
cell lysate from genomic DNA and membrane fragments, buffers solutions sup-
plement essential components needed for the protein synthesis such as rNTPs,
amino acids, t-RNA and an ATP regeneration system to elongate the functionality
of the system. [18°)

The decoupling between protein expression and biological cells opens the door
for completely new possibilities regarding the testing of protein functionalities, de-
sign of complex genetic circuits and creation of protocells. '8 Designability of the
reactions by omitting or adding molecules of interest or potential interaction part-
ners in the gene expression reactions enables experimentation without the con-
straints of bacterial cells. Production of complex protein structures, 8% insertion
of high amounts of foreign DNA %% or the construction of molecular machines 17
can be performed in vitro.

This approach is not only restricted to E. coli cells but can already be repro-
duced with a variety of prokaryotic and eukaryotic cells. 87 This collection of dif-
ferent organisms brings different characteristics to specific fields of application
as schemtically depicted in Fig. 2.4.1a. A special interest throughout this thesis
lay on the potential to encapsulate CFE solutions within artificial GUVs to form
artificial cells or organelles. 192 19 The ability to design a specific environment
with adjustable parameters like membrane composition, DNA templates and non-
native ligands present within a compartment provides a wide variety of new exper-
imental designs. Limitations like bacterial metabolism and physical constraints of
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Figure 2.4.1: Overview CFE: An overview over the variety of CFE derived technolo-
gies and applications. a) A web of applications shows the fields of research currently
conducted using cell-free gene expression. Additionally, the variety of available CFE
systems originating from different organisms are shown and their specific field of
application is depicted by connection over a colored line. Proteins declarated as dif-
ficult to synthesize include antibodies, large proetins, ice structuring proteins and
metalloproteins. Miscellaneous applications sum up fields of research like genetic
circuits an metabolic engineering. b)A small overview over the different components
building a reaction compartement and their potential application is given. The ba-
sic characteristics of each of the mentioned groups is given in respect to presence
of a boundary structre, biocompatibility, stability and their current state of applica-
tion. Adapted from Gregorio et. al. '¥7 and Cho et. al. 2 Copyright (2020) American
Chemical Society.

the cell wall can be overcome by the construction of artificial cells in a bottom-
up approach using CFE. 123 8] Complex mechanisms like cell division 19401951 1195]
adaptive production of membrane components 19 9 a5 well as sustaining en-
ergy consumption %7 are only a few of the new fields of research.

Due to the different applications of these synthetic reaction compartments there
is also a need for different membranes supporting the functionality of the encap-
sulated gene expressions system (Fig. 2.4.1b). Initially, liposomes were the com-
partment of choice due to its similar characteristics to biological cells, this decision
was only sensical. However the rapid evolution in the field of polymer membranes
as well as the creation of membrane-less compartments as hydrogels and coac-
ervates brought along new ways of functionality for in vitro gene expression. 23
Introducing the ability of localized compartmentalization of enzymes and other
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components within an membrane-less matrix makes hydrogel systems using CFE
an interesting field for organelle-like systems. The same can be said for coacer-
vates which are able to entrap enzymes in specified confined volumes. Being able
to form sub cellular organization units can provide an advantage in comparison to
liquid-filled vesicular structures. Due to the insufficiency in matters of permeabil-
ity of the hydrogel or coacervate compartments, it is however advisable to opti-
mize their individual performance in combination with membrane based reaction
compartments. [198] [199]
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3. Materials and Methods

In the following chapter the methods and materials used in this thesis are de-
scribed more precisely. All buffer compositions used are noted in chapter A.2.

3.1. Protein Components

3.1.1. Cloning

Cloning of the used proteins was performed either by Golden Gate Cloning or Gib-
son Assembly. The sequences of the used constructs can be seen in chapter A.3.
All synthetically produced gene fragments were designed using Benchling and the
Codon Usage Database provided by the Kazusa DNA Research Institute, JP. All
plasmids were either transformed in NEB stable cells for DNA storage or in Rosetta
(DE3) pLys/Rosetta-gami B (DE3) pLys for protein expression. Correct plasmid se-
guences were confirmed by Sanger sequencing provided by Microsynth AG.

3.1.2. Expression

All protein constructs were expressed in Rosetta-2 (DE3) unless stated otherwise.
For the expression 2x750 mL 2xYT medium was placed in 1.5 L shaking flasks with
50 pg/mL chloramphenicol and 10 pyL Antifoam 204. Depending on the used plas-
mid backbone for the expression either 50 pg/mL Kanamycin (for pET21, pET24
and pET28 plasmids) or 50 ug/mL Carbenicillin (for pET20) were added as well. An
5 mL overnight culture of the bacteria containing the desired protein were added
to the medium. The bacteria were incubated at 37°C at 350 rpm until they reached
an optical density (OD) of 0.6. At this point the protein expression was induced
at 1 mM Isopropyl-B-d-thiogalactopyranoside (IPTG) and then further incubated at
16°C, 350 rpm for 16 h.

3.1.3. Purification

All steps of the lysis of the cells are performed on ice to conserve the protein sta-
bility. After protein expression over night, the bacteria are peletted at 4000 rcf, 4°C,
20 min. The pellet is solved in 1XPBS and again pelleted at 7100 rcf, 4°C, 20 min to
remove remaining components of the growth medium. The cell pellet then is dis-
solved in lysis buffer containing T mg/mL lysozyme, 1 uM benzamidin, TuM phenyl-
methylsulfonylfluoride (PMSF) and 0.007 U/uL Turbo DNase and incubated on ice
for 1h. After incubation the cell walls are disrupted by usage of a sonotrode with
a power output of 8 W for 20 minutes using pulses of 15 seconds. The resulting
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lysate is yet again centrifuged for 20 min, 4°C at 7000 rcf. For further purification
of the supernatant two different purification methods were used.

Inverse Transition Cycling

Most of the used non-conjugated ELP constructs were purified using inverse transi-
tion cycling. Depending on the ELP construct the cleared supernatant of the lysate
is heated in a water bath at 60°C in case of (RsQs),F2. Step by step NaCl was
added to a maximum of 3 M to the suspension until cloudiness within the liquid
could be observed. The aggregated proteins were pelleted for 20 min, RT at 7200
rcf. The resulting pellet was dissolved in pure and pre-cooled H,0 pigest @and incu-
bated on ice for 10 min. The clear solution is again centrifuged for 20 min, 4°C
at 7200 rcf. This supernatant is yet again heated and the process is repeated at
least 3 times while decreasing the volume of the resuspension of the pellet. For
EF constructs the protein purification was induced by changes in pH, where HCI
was added until aggregation could be observed. The following steps were con-
ducted analogous to the aforementioned protocol. All protein solutions were dial-
ysed against H,Opigest in @ 10 kDa-cutoff dialysis cassette under constant stirring at
4°C for18h. The final concentration of the protein solution is measured by A,gy. The
purity of the peptides was evaluated by Sodium Dodecyl Sulfate Polyacrylamide
Gel Electrophoresis (SDS-PAGE).

Affinity Chromatography

All proteins and ELP-conjugates not stable enough to be purified by the ITC method,
were purified using immobilized metal affinity chromatography (IMAC). The cell
lysate was applied to an HisTrap FF crude 1 mL column using an AKTA pure pro-
tein purification system. The column was cleaned using 10 column volumes (CV)
of washing buffer before proteins were eluted using a gradient of 10% CV of elu-
tion buffer. The collected fractions were analysed using SDS-PAGE, pooled and
concentrated using 10 kDa-cutoff Amicon centrifugation filters and finally dialysed
against H,Opigest IN @ 10 kDa-cutoff dialysis cassette under constant stirring at 4°C
for 18h. The final concentration of the protein solution is measured by Ajgg.

Size Exclusion Chromatography

Further purification was used for sAPEX split proteins using Size Exclusion chro-
matography (SEC). Therefore, the samples were concentrated to a total volume of
500 pL using Amicon centrifugational columns with an appropriate cut-off. The
samples were loaded into an 0.5 mL sample loop and afterwards flushed through
a SEC column of appropriate size and resolution. The samples were eluted over an
isocratic gradient of 1.5 CV using gel filtration buffer. The resulting fractions were
yet again screened using a SDS-PAGE and quantified by Ajgo.
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3.2. Click Chemistry

Some of the purified ELP components were fluorescently labeled using Cu(l)-ca-
talyzed azide alkyne Huisgen cycloaddition (CUAAC). The lyophilized ELPs were
resuspended at a concentration of 500 uM in 1xPBS. The ELPS were mixed with
a 15 fold excess of NHS-PEGs-alkyne and incubated shaking overnight (roughly 12
h) at 4°C at 300 rpm. Residual bifunctonal linker were removed by dialysis with
a 10 kDa dialysis cassette in 1xPBS at 4°C over night. Atto488-azide or Cy5-azide
were mixed to the alkynated ELPs in a equimolar ratio. The reaction was started
by the addition of TmM CuSQ,4, 0.1 mM Tris(3-hydroxypropyltriazolylmethyl)amine
(THPTA) and 1mM Tris-(2-carboxyethyl)-phosphine (TCEP) and incubated at RT for
3-6 h. The residual dye was removed by dialysis in 1XPBS using a 10 kDa dialysis
cassette at 4°C over night. The degree of labeling and the dye concentration was
determined using wavelength specific absorption of the dialyzed sample.

3.3. Preparation of GUV

3.3.1. Solvent Evaporation

Peptides and phospholipids are freeze-dried in a 10 mL round flask, by freezing the
solutions in liquid nitrogen and sublimation within a dessicator for 20 min. The
solids are then re-solved in 10 mL pure tetrahydrofuran (THF) and agitated within
a sonication water bath for 30 minutes at RT. Encapsulation of the inner solution
(IS) containing 1.5 M sucrose is achieved by addition of the IS to the peptide-THF
mixture and followed by agitation for roughly 3 seconds on a vortexer. This mixture
is incubated at RT for 60 minutes and then transferred to a rotary evaporator. Dur-
ing the evaporation process that takes place for 15-20 minutes, depending on the
temperature of the environment, a double layer forms around the aqueous IS.

For observation the formed vesicles are transferred in an isotonic glucose so-
lution and afterwards placed within the designated observation slides. All exper-
iments conducted in chapter 4.4 were performed with (Rs Qs),Fopand all exper-
iments in chapter 4.1 and chapter 4.2 were performed with EF,q unless stated
otherwise. Depicted in Fig.3.3.1 is a schematic overview over the structure of the
polypeptides and the formation process.

All following experiments including GUVs were prepared in this manner unless
stated otherwise. The composition of the membranes is stated in the appendix
A.4. Microscopy images were analyzed using ImagedJ and Matlab. The image cor-
rection specifically was performed using the BioVoxxel Toolbox. 29 Automated
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Figure 3.3.1: GUV formation protocol: Schematic Overview of ELP components (a)
and formation process of GUV using Solvent Evaporation Protocol (b).

droplet identification and measurements were conducted using the Matlab code
provided by Korbinian Kapsner. 1207

Streptavidin-Biotin interaction on membrane

Membrane compositions containing 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
bound biotin (DOPE-Bio) were incubated with Streptavidin in a 1:1 ratio after GUV
production for 10 min at RT. Streptavidin interacting molecules were added in the
OS before mixing the two solutions.

3.4. In Vitro transcription

3.4.1. Fluorescent aptamer

Experiments involving active transcription of fluorescent RNA aptamers (dBroccoli,
iMango-I1l) within the GUV or in the OS were composed as stated in table 3.4.1. The
reactions were run under the microscope at 29°C.

Due to incubation times during the formation of the vesicles, two distinct species
of vesicles were produced. Each vesicle species containing all reaction compo-
nents but one. By omitting T7 RNA polymerase in one and the DNA template in the
other vesicle species, the reaction is halted until mixing of the two groups directly
before inserting them in the observation chamber.

3.4.2. pRNA Aptamer

For the production of the multivalent RNA aptamer (pRNA), the sample compo-
sition is stated in table 3.4.3. It was run at 37°C for 12 h in the thermocycler for
subsequent purification.
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Table 3.4.1: In vitro Transcription (IVT) of fluorescent RNA aptamer dBroccoli:
Composition encapsulated IVT solutions

Component Cstock Csample Volume

(mM)  (mM) (L)

T0xNEB 10 T 6

MgCl 1000 6 0.36
KCl 2000 25 0.75
DFHBI-TT 0.4 0.02 3
rNTPs 25 2 4.8
RNase Inhibitor murine (U/uL) 40 1 15
linear DNA template (UM) 10 0.2 16

T7 RNA polymerase (U/pL) 80 4 4
Sucrose+2% PEG-8000 3000 1500 40
H2On¢ fill to 80

Table 3.4.2: In vitro Transcription (IVT) of fluorescent RNA aptamer iMango-IlI:
Composition non-encapsulated IVT solutions

Component Cstock Csample Volume

(mM)  (mM)  (uL)

T0xNEB 10 1 6

MgCl 1000 6 0.36
KCl 2000 25 0.75
TO1-PEG3-Biotin 0.05 0.015 18
rNTPs 25 2 4.8
RNase Inhibitor murine (U/uL) 40 1 15
linear DNA template (UM) 10 0.1 0.8

T7 RNA polymerase (U/uL) 80 4 4
Sucrose+2% PEG-8000 3000 1500 40
HoOny fill to 80
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Table 3.4.3: In vitro Transcription of multivalent pRNA aptamers:
Composition IVT solutions for pRNA aptamer for subsequent purification

Component Cstock Csample Volume

(mM)  (mM) (L)

TOXNEB 10 1 12

MgCl 1000 6 0.72
rNTPs 25 6 28.8
RNase Inhibitor murine (U/uL) 40 1 3

linear DNA template (uM) 0.724 01 16.57

T7 RNA polymerase(U/uL) 80 4 6

H2On¢ fill to 120

The used pRNA aptamers were purified using a commercial kit from Zymo Re-
search (RNA Clean & Research Kit) and stored at -20°C.

3.5. Cell-free Gene Expression

For the encapsulation of the Cell-free Gene Expression (CFE) system in the ELP
vesicles the same method as above was used, it is described in table 3.5.1.

Table 3.5.1: Cell-Free Expression of proteins: Composition CFE solution encapsu-
lated for in vesiculo protein expression

Component Cstock Csample Volume

(mM)  (mM) (L)

CFE 28.5
Buffer solution 357

purified Plasmid template (uM) 0.1 0.005 5

RNase Inhibitor murine (U/uL) 40 1 2.5
T7 RNA polymerase(U/uL) 80 0.5 0.625
3M Sucrose+2% PEG-8000 fill to 100

The formed vesicles were transfered in the OS containing kanamycin and subse-
quently transfered in the described observation slides.
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3.6. SAPEX2 Reconstitution

3.6.1. Production

The two parts of the split APEX2 enzyme N-AP and EX-C were expressed and pu-
rified according to the protocol mentioned in chapter 3.1. The purified enzymes
were buffer exchanged using Amicon Ultra Centrifugal filters with a MW cutoff of
10 kDa and afterwards stored in 1XPBS at 4°C for 4 weeks.

3.6.2. Amplex Red Activity Assay

To estimate the activity of the split enzyme and the ratio of compnents necessary
for the reaction, Amplex RED fluorescence measurements were conducted in dif-
ferent concentrations of the enzyme, heme, pRNA and H,0,. Aliquots of hemin
and Amplex Red were prepared beforehand, stored at -80°C and only used once.
Final concentrations for a single measurement are shown in table 3.6.1.

Table 3.6.1: SAPEX2 Amplex Red Assay: Composition enzyme activity assay using
Amplex Red

Component Cstock  Csampe  Volume

(mM)  (mM)  (uL)

Hemin chloride 0.6 0.0005  0.025
Amplex Red 20 0.05 0.075
KCl 2000 100 15
PRNA 0.0183 0.0005 0.82
N-AP 0.0152 0.00005 0.0987
EX-C 0.0505 0.00005 0.0297
H,0, 18 1 0.167
1xPBS 27.389

Addition of H,0, is performed closely before the start of the measurement. The
sample is mixed in a single well of an 384 well plate (ibidi GmbH) and afterwards
centrifuged for 30 s at 300 rcf. The measurements were run in a FLUOstar Omega
microplate reader while being incubated at 29°C.

Measurements containing GOX instead of H,0, were conducted following the
composition in table3.6.2.
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Table 3.6.2: sSAPEX2 Amplex Red Assay with GOX: Composition enzyme activity
assay using Amplex Red and glucose oxidase/glucose system

Component Cstock Csample Volume
(mM)  (mM) (WL)
Hemin chloride 0.6 0.0005 0.025
Amplex Red 20 0.05 0.075
KCl 2000 100 1.5
PRNA 0.0183  0.0005 0.82
N-AP 0.0152  0.00005 0.0987
EX-C 0.0505  0.00005 0.0297
Glucose 9000 300 1

Glucose oxidase (GOX)  0.00003 0.0000001 0.1

1xPBS 26.289

3.6.3. Biotinylation Assay

As the activity of SAPEX2 could be verified in the Amplex Red Assay, a different sub-
strate was tested for further application. The ability to label proteins using biotinyl-
tyramide was tested by incubating different proteins at RT like described in table
3.6.3. The aliquots of biotinyl-teramide were prepared beforehand and stored at
-20°C and only used once.

Samples were taken after 2 min, 10 min, 1 h and 2 h and immediatly transfered
into 5x quenching buffer.

The quenched samples were incubated on ice for 10 min and then transferred
in 2x Laemmli Buffer. The samples were heated at 90°C for 5 min and then put
on an SDS PAGE with 10% (BSA) and 15% (EF20) respectively. The samples were
run at 110 mV for 10 min and then at 190 mV for 20 min (BSA) and 50 min (EF20)
respectively. The used protein standard was PageRuler Plus Prestained Protein
Ladder 10 - 250 kDa purchased from Thermo Scientific.

3.7. Western Blotting

The visualization of the biotinylation assays was conducted via western blotting
using fluorescent Anti-Biotin antibodies (Biotin Polyclonal Antibody, DyLight 649,
Thermo Fisher). The transfer of proteins from SDS-PAGE to Polyvinylidene fluoride
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Table 3.6.3: SAPEX2 Biotinylation: Composition biotinylation activity assay using

BSA and EF20

Component Cstock Csample Volume
(mM) (mM) (WL)

Hemin chloride 0.06 0.0005 1.25

Biotinyl-Teramide  5.503 0.05 1.363

KCl 2000 100 7.5

PRNA 0.0181 0.00025 2.066

N-AP 0.00152  0.00005 4.937

EX-C 0.00505  0.00005 1.484

BSA/EF20 0.15/1.74  0.0152/0.0421 15.152/3.63

H,0, 18 1 8.33

1xPBS 107.91/119.44

(PVDF) membranes was performed with a Semi-Dry-Blotter. Three layers of what-
man filter paper were soaked in transfer buffer, while activating the PVDF mem-
brane with 100% methanol for 15 seconds. The PVDF membrane was washed in
transfer buffer and then placed on top of the soaked whatman filters on the Semi-
Dry-Blotter. The Gels were placed on top of the PVDF membranes followed by
another three layers of soaked whatman filters, before the lid was placed on top
of the blotter. The transfer was run at 30 mV, 350 mA for 60-70 until the transfer
was complete. The PVDF membranes were blocked for 1 hin 3% BSA in 1x phos-
phate buffered saline (PBS) while being shaken. Afterwards the membranes were
washed 3 x 10 min in washing buffer. For the last step of visualization, the mem-
branes were incubated with the antibody (1:5000 in blocking buffer, ~ 0.1 ug/mL)
for 1h at RT in a dark box while being shaken. The results were visualized using a
laser scanner (GE Typhoon FLA 9000 Gel Scanner).

3.8. Observation chambers

Observation chambers used for microscopy experiments were produced before-
hand in one of two different ways. All experiments performed in chapter 4.1 and
chapter 4.2 were conducted using silanized observation chambers composed of
glass coverslides and parafilm. The larger glass coverslides were cleaned and
coated with Trichloro-(1H,1H,2H,2H-perfluorooctyl)-silane using vapor phase depo-
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sition. The individual chambers were separated with parafilm and a second cover-
slip was put on top. The parafilm was molten on a heating plate at 120°C bonding
the separate glass coverslides. Experiments performed in chapter 4.4 were con-
ducted using observation chambers composed of a hydrophobically coated glass
slide with an rubber O-ring. The O-ring was fixed using epoxy glue. The makeshift
chamber was sealed after the samples were filled in the O-ring using a second
glass coverslide.
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4. Results

The aim of this project is the creation of biocompatible vesicles with a membrane
able to interact with external molecules, while encapsulating enzymatic reaction
systems. One major milestone for this is the production of peptide and hybrid
membrane vesicles. They are essential for the project as they define the designabil-
ity of the tested membranes. Therefore, the basic properties of the vesicles are
considered first, before the results of the formation of hybrid membrane vesicles
are discussed. Next, the ability of the vesicles to interact with streptavidin and po-
tential ligands in the sample can be verified. Further, the functionality of a multiva-
lent RNA aptamer is validated using co-localization measurements of fluorescent
proteins on the membrane surface. Additionally, the aptamer ability to trigger pro-
tein reconstitution is tested using a split enzyme.

The second goal of this thesis is to test and discuss the ability of peptide vesicles
to encapsulate active processes. The in vesiculo transcription of an fluorescent
RNA aptamer as well as the expression of an fluorescent protein using CFE are
explained. As last milestone, the osmotically-driven process of vesicles growth
observed during this project is thoroughly reviewed.

4.71. Size Distribution of Giant Unilamelar Vesicles

Throughout this thesis, vesicles were the main subject for experiments conducted.
In the initial phase, the focus was set on the production of polypeptide vesicles and
was later extended to the formation of lipid-polypeptide hybrid vesicles. The aim
was to establish a basic reaction compartment with a functionalizable membrane
which could be combined with active enzymatic reaction encapsulated within the
vesicles.

The first step to characterize the resulting ELP vesicles is the examination of the
size distribution of the formed vesicles. As it has already been shown in previous
publications, ELPs possess the ability to form vesicles over a broad scope of di-
ameters ranging from SUVs to GUVs. 9 07 Therefore, initial measurements of
ELP based vesicles included observation using transmission electron microscopy
(TEM), dynamic light scattering (DLS) and light microscopy (LM) to cover all pos-
sible orders of magnitude.

Theresults depicted in Fig.4.1.1 show the polydisperse spectrum of vesicles formed
using a modified solvent evaporation protocol. 2°4 Analysing the TEM micrographs
of the ELP SVs depicted in Fig.4.1.1 a, a mean radius of 0.03 pm +0.01 um can be
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Figure 4.1.1: Size Distribution of ELP based vesicles: Measurement of ELP vesicles
over a broad size range using different analysis methods. a) Size distribution of ELP
vesicles analyzed with TEM (green). Sample size: N=100. Inset: TEM image of ELP
vesicles. Scale bar:100 nm. b) Size distributions of vesicles using DLS (orange) and
LM (cyan). Sample sizes: N = 100. Inset: LM image of ELP vesicles. Scale bar:50
um. Adapted from Frank et. al. 107

derived. The estimated uncertainty represents the standard deviation of the dis-
tribution. The size distribution of large and giant vesicles present in the samples
made it necessary to use different observation methods due to resolution limits
of DLS and LM. Using different observation methods allows to estimate the lower
and upper size limits of the GVs depicted in Fig.4.1.1 b. Radii ranging between
200 nm and 10 um can be observed in the sample. The presence of these two
distinct populations might lie in two parallel occuring formation processes: While
SVs are formed due to spontaneous formation upon water addition to the solved
monomers, GVs might form due to the formation method itself, where the conti-
nous evaporation of solvent leads to bigger vesicles.

For further experimentation the produced vesicles had to be monitored for longer
time intervals in solution, which is possible with light or fluorescence microscopes.
With a diameter in the micron level, GUVs are better suited this mode of continuous
observation than SUVs.

During this thesis, lipid, ELP, and hybrid vesicles were measured to examine dif-
ferent membrane compositions. All vesicles depicted in the histogram in Fig.4.1.2
were produced using the same solvent evaporation method described in chap-
ter 3.3. The liposomes consisted of DOPS, DPPC, cholesterol, and DOPE-RhoB,
while the hybrid vesicles replaced DPPC with EF20. The ELP vesicles were com-
pletely composed of EF20 ELPs.
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Figure 4.1.2: Size Distribution of GUVs: Size Distribution of liposomes (orange),
ELP vesicles (green) and hybrid vesicles (blue) produced using solvent evaporation
vesicle formation. Data interpreted using a weibull probability distribution (colored
lines). Sample sizes: Liposome N=380; Hybrid vesicle N=678; ELP vesicle N=423.

Taking a look at Fig.4.1.2 shows the difference in size of the vesicles observed
via LM. While the lipid vesicles (orange) show a comparatively narrow distribution
with a radius median of ~ 1.90 um, hybrid (blue) and ELP (green) vesicles seem to
allow a bigger variance in size. The median of the measured radii of ELP vesicles
(3.88 um) and hybrid vesicles (3.65 um) show increased size in comparison to pure
lipid vesicles. The data was evaluated using a weibull probability distribution of the
vesicles radii measured in different areas of interest of the respective samples.
Both distribution fits show the same trend where the peak is decreased and the
distribution gets broader in comparison to the fit of the liposome distribution. This
agrees with the histogram data (bars) shown in the same figure.

The results of the measurements point to the conclusion that the addition of
polymers within the membrane increases the size of the vesicles. As the hybrid
vesicles exhibit a similar size distribution as ELP vesicles, a potential explanation is
the interstitial position of lipid molecules between ELPs as seen in Fig.2.2.2 b. "4

With this, the ELPs can be expected to be one of the critical factors for the overall
size of the vesicles. In literature, the formation process itself was also observed
to highly influence the vesicle size. %9 203 Addition of ELPs could potentially sta-
bilize the lipid components during the formation process, as literature has shown
formation of lipid vesicles with comparatively large durable radii. 2% Without the
addition of ELPs, a majority of liposomes created with the solvent evaporation pro-
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tocol used in this thesis are too instable if exceeding a specific diameter and burst
before observation.

In addition to the observation of created vesicles with brightfield imaging, the in-
troduction of fluorescently labeled monomers within the membrane provides the
possibility to visualize the vesicle composition. The fluorescent components were
mixed into non-modifled membrane components, creating membranes observ-
able under epifluorescence microscopy as seen in Fig.4.1.3. EF20-Atto488 and
DOPE Lissamine Rhodamine B were mixed into the peptide and phospholipid mix-
tures repectively. The percentage of the fluorescent monomers within the whole
membrane compostition is 0,0167% (75 nM) for 1,2-dioleoyl-sn-glycero-3-phospho-
ethanolamine-Lissamine-RhodamineB (DOPE-RhoB) and 1% (1,5 uM) for EF20-A488.
Fluorescently labeled ELP were prepared using click chemistry following the pro-
tocols described in chapter 3.2.

EF20-Atto488
EF20

DOPE-RhoB
DOPC

Figure 4.1.3: Fluorescence-labeled GUVs: Fluorescently labeled membrane com-
ponents integrated into vesicle membrane. a) EF20 monomers fluorescently labeled
with Atto488 were mixed in non-labeled EF20 monomers for GUV formation. Scale
bar represents 15 um. b) Fluorescently labeled DOPE-RhoB monomers were added
to DOPC mixture for GUV formation. Scale bar represents 5 um.

In Fig.4.1.3 a, it is visible that there is no completely homogeneous distribution of
the fluorescently labeled ELPs in the membrane. Patches with an increased fluo-
rescent signal exist, leading to the assumption of aggregates on the surface. After
observing that the patches do not demix after 1 h within the membrane it can be de-
duced that the peptide membrane shows slow dynamics of its components. With
respect to the monomer structure and size of the peptide vesicles, this assumption
seems reasonable. )
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The behavior of DOPE Liss Rhod within the phospholipid membrane shows a dif-
ferent picture. The fluorescent signal is, with exception of smaller patches, evenly
distributed in the whole vesicle. In the microscopy image of Fig.4.1.3 b no distinct
ring shape which would indicate the presence of labeled monomers only within the
membrane can be observed. Here the inside of the vesicle also shows increased
fluorescent signals. A potential explanation for this is the presence of residual sol-
vent as well as smaller micelles containing labeled lipids within the lumen of the
vesicle. The observations made using confocal microscopy 4.2.1 supports this
potential explanation.

4.2. Functionalized Hybrid Membranes

One part of this thesis is the formation of reactive GUV membranes, which are
able to interact with components in theirimmediate environment. The formation of
hybrid membranes enables to combine different characteristics such as the fluidity
of lipid membranes with the possibility to use the integrated ELPs as targets for
modification. The major aim is to link an enzymatic mechanism to the surface
of the vesicle membrane which is able to biotinylate surrounding ELP molecules
integrated into the membrane. If achieved successfully, such a process results
in a positive feedback loop leading to the accumulation of proteins on restricted
regions on the surface of the vesicle and therefore changing the morphology of
the GUV. ¥

In Fig.4.2.1 all necessary milestones are shown, that are verified over the course
of the thesis, to enable the linkage of enzymatic mechanisms to the vesicle mem-
branes. First, the binding ability of streptavidin to hybrid membranes has to be veri-
fled. For this, fluorescently labeled biotin probes are added as depicted in Fig.4.2.1b.
Biotinylated DOPE within the membranes serve as anchores for streptavidin on the
vesicle surface. This interaction is used as initial platform to link even more com-
plex constructs to the surface of the membrane. As this system had to be tested to
the presence of external stimuli, the approach is to provide this signal by addition
of an RNA aptamer structure which is able to interact with several different pro-
teins at once (Fig.4.2.1 c). Once it is established that the RNA structure is able to
maintain structure and interaction with binding proteins, the functionality of a split
enzyme system can be tested in vitro. Using the split enzyme sAPEX2 brings the
advantage that the presence of background activity of the system can be reduced
while the co-localization of the split protein with membrane surface is controlled
by the same RNA construct. If bound, the reconstituted enzyme can biotinylate
surrounding peptides under consumption of biotinyl-tyramide and in turn provide
new binding spots for streptavidin in solution as depicted in Fig.4.2.1 d.
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Figure 4.2.1: Interactions on Membrane Surface: Schematic overview of compo-
nents used in membrane interaction experiments. a) Hybrid membranes composed
of DOPC/DOPE and EF20 ELPs containing fluorescently labeled monomers of each.
b) Membranes containing biotinylated DOPE capable of binding free streptavidin,
which in turn can interact with free Atto488-Biotin molecules in the OS. ¢) Biotinylated
DOPE in the membrane binds free streptavidin. A specific RNA aptamer contain-
ing specific binding motives for streptavidin, PCP and BIV acts as a linker between
bound streptavidin and fluorescent proteins modified with corresponding peptide
tag. 8 d) Streptavidin bound to membrane by anchored DOPE-Bio interacts with
multi-binding RNA aptamer. The components of the split peroxidase APEX2 contain
the peptide tags, which enable the interaction with the RNA aptamer. Binding of the
split components enables reconstitution of the enzyme, which facilitates the bio-
tynilation of neighboring peptides by catalyzing the conversion of biotinyl-tyramide
to biotinyl-phenol radicals. These radicals are able to interact with N-Termini of ELPs
in membrane.

The initial necessary step, is to ensure that lipids and ELPs are able to form sta-
ble GUVs, while still maintaining the ability to bind streptavidin. For this, mixtures
of ELPs and lipids contaning fluorescently labeled amphiphiles as well as biotiny-
lated amphiphiles are used to form GUVs. The resulting vesicles are observed
using epifluorescence and confocal microscopy. It can be seen in Fig.4.2.2 that
vesicles contaning ELPs and lipids show an increased signal on the membrane in
both epifluorescence as well as in confocal microscopy micrographs. The distri-
bution of fluorescent signal originating from fluorescently labeled ELPs (Atto488)
is more uneven compared to the signal from lipids (RhodamineB) within the mem-
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4.2. FUNCTIONALIZED HYBRID MEMBRANES

brane. This is not surprising, considering the fact that polymers with a high bend-
ing rigidity tend to incorporate lipids into gaps between them as already depicted
in Fig.2.2.2 b. The signal of EF20-Cy5 as well as the signal of EF20-Atto488 shows
brighter regions within the membrane which could point to distinct accumulations
of peptides in these regions of the vesicle. Whether this is due to microdomain for-
mation or aggregation of peptides outside of the membrane cannot be completly
ascertained using fluorescence data alone.
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Figure 4.2.2: Hybrid Membrane: Experiments to visualize the ability of ELPs and
lipids to form hybrid membranes. a) A schematic overview of the formation of hybrid
membranes interacting with streptavidin. b) Epifluorescence micrographs of hybrid
vesicles composed of DOPE-RhodamineB and EF20-A488 showing brightfield and
fluorescent images. Scale bar represents 10 um. ¢) Confocal micrographs of hybrid
vesicles composed of DOPC, DOPE-Biotin, DOPE-RhodamineB, EF20 and EF20-Cy5
showing fluorescent images. Streptavidin interaction on the membrane surface was
visualized using Atto488-Biotin. Scale bar represents 10 um.

The fluorescent signal within the vesicle in the RhodamineB channel shows the
presence of an increased amount of fluorescently labeled DOPE within the vesicle.
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This correlates with observations of liposomes using the same solvent evporation
protocol for vesicle formation. Nevertheless, the presence of labeled lipids can
be observed in the increased fluorescence of the biotinylated Atto-488 dye on the
membrane surface.

For all experiments conducted with biotinylated lipids, negative controls without
streptavidin were observed. The negative controls showed only low fluorescence
localized on the membrane compared to the surrounding medium as shown in
Fig.A1.1.

After establishing that vesicles composed of lipids and ELPs can be formed while
binding streptavidin, next the implementation of RNA structures binding to the
membrane is targeted. This is done in two different ways: In the first approach
the ligand of a fluorescent aptamer is bound to streptavidin, in the other, a multi-
meric RNA aptamer binding streptavidin itself is utilized. %8/

The co-localization of two fluorescent proteins using a streptavidin binding RNA
aptamer linked to an PCP and BIV binding domain is schematically depicted in
Fig.4.2.3 a. For these experiments hybrid vesicles are formed and incubated at
room temperature in a 1:1 ratio with streptavidin for 10 min to ensure that most
biotinylated lipids are bound. A higher concentration of streptavidin bound to the
membrane not only results in higher fluorescent membrane labeling, but also cor-
relates to a lower concentration of free streptavidin binding the RNA aptamer in so-
lution. The aptamer structure is isolated beforehand and added to the preformed
vesicles to bind the membrane associated streptavidin. The used streptavidin to
RNA ratio was 10:1. The inner and outer solution used are isotonic and contain opti-
mal salt concentrations for the correct folding of RNA. Fluorescent proteins with a
peptide tag that interacts with the RNA aptamer are added to the samples directly
before transferring them into the observation slides. Both fluorescent proteins
were at 0.2 uM for the measurements to ensure low background fluorescence.

As illustrated in the micrographs in Fig.4.2.3 the fluorescent signal gained from
the respective channels of mTurquoise2 and YPET shows increased intensity along-
side the vesicle membrane. All vesicles show intesities in comparable ranges, while
the distribution differed between individual spots on the membrane surface. A po-
tential explanation could be the different ratio of fluorescent protein to RNA due to
the ability of YPET-PCP to bind as dimer. However, the steric hindrance exerted by
two =29 kDa proteins could prevent the bininding of several proteins.

Negative controls without streptavidin show some degree of increased fluores-
cent signal on the membrane, but to a lesser extent as the samples containing
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Figure 4.2.3: Co-Localization: Co-localization of fluorescent proteins facilitated by
a multifunctional RNA aptamer. a) Schematic overview over the mechanism to bind
fluorescent proteins containing peptide tags to a hybrid membrane using a mod-
ular RNA aptamer. Micrographs of hybrid GUVs composed of DOPS, DOPE-Biotin,
EF20 and cholesterol are depicted in brightfield (b), CFP (c) and YFP channel (d).
The scales in the micrographs represent 15 um. The background correction of the
images was done with the BioVoxxel Toolbox plugin for Fiji. 290

both. Micrographs of vesicles without binding molecules are depicted in Fig.A.1.2.
An explanation for the unspecific binding of fluorescent proteins could be the in-
complete shielding of electrostatic forces which attract the surface charge of the
proteins. Also the presence of residual solvent could be responsible for the aggre-
gation of proteins on the membrane surface.
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4 3. sAPEX2 Reconstitution

Verification of the functionality of the RNA aptamer on the membrane surface pro-
vides the basis for further protein interaction experiments. As mentioned in chapter
4.2 each component of the enzymatic system attached to the membrane surface
has to be tested individually before combination. The next step is to identify an
enzymatic system that provides localized activity combined with controllable ac-
tivity.

For this, an optimized version of soybean ascorbate peroxidase (APEX2) is cho-
sen to bind to the membrane. As mentioned in chapter 2.2.3, the enzyme is able
to label proteins in its immediate proximity in the presence of its substrates and
H,0O,. Furthermore, the functionality of a split version of the enzyme as shown
by Han et. al. enables the localized activity upon reconstitution. °¢! This mecha-
nism can be controlled with the same RNA aptamer used for the co-localization
of PCP-YPET and BIV-mTurquoise? as seen in Fig.4.2.3. Therefore, the N-Termini
of both split enzymes are modified with the aforementioned peptide tags, BIV and
PCP. Comparison of the RNA structures initially used for the reconstitution in vivo
and the RNA aptamer used in this thesis show comparable distances between the
individual binding sites.

Initial tests for the enzymatic activity are performed utilizing Amplex Red as sub-
strate for SAPEX2 in the abscence of a membrane. The oxidative conversion of
Amplex Red to the fluorescent product resorufin is a common reaction to iden-
tify oxidase activity in vitro and in vivo. 129% The presence of radicals produced by
peroxidases catalyze this reaction. 2% The protocols used for the measurements
are modified from the in vivo application due to the absence of cell membranes
restricting availability of individual reaction components. For the measurements
lower H,0, concentrations are chosen due to the degradative effect on the protein
and nucleic acid content within the sample. Additionally, glucose oxidase (GOX)
and glucose are tested as alternative provider of H,0,. To ensure a low activity
throughout the sample preparation, all components are kept on ice and H,0, is
added directly before measurement in a plate reader. The measurements were
conducted at 37°C and all samples were tested as triplets.

The fluorescence measurements show an increase in fluorescence intensity in
all samples (Fig.4.3.1 a). The data shown is already background corrected as the
used H,0, and heme concentrations lead to increases in fluorescence signal with-
out enzymatic components within the sample. An inital steep increase in fluores-
cence can be seen within the first 20 min in all samples. This is also the case with
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negative controls containing both parts of the split enzyme without RNA. Measure-
ments performed with single split enzyme units confirmed the lack of enzymatic
activity of a single unit, which would point to unspecific reconstitution of the split
enzyme. Nevertheless, samples containing the aptamer showed roughly a three-
fold increase in fluorescence compared to the negative controls.
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Figure 4.3.1: SAPEX2 reconstitution: The RNA-dependent reconstitution and enzy-
matic activity of SAPEX2 using different substrates. a) Schematic overview of RNA-
dependent biotinylation activity of reconstituted SAPEX2. The depiction describes
activity on membrane surface while measurements were conducted in bulk. b) Flu-
orescence signal of resorufin over time using Amplex Red as substrate to visualize
the RNA-dependent enzymatic activity of SAPEXZ2 in vitro. Measurements are con-
ducted for 50 nM (red) and 25 nM (blue) of SAPEX2 as well as for 50 nM + 0.1 nM
GOX (green). Samples with GOX contain 300 mM glucose instead of H,0,. All sam-
ples are measured in triplicates. The shaded area represents the standard deviation.
Enzyme activity is measured with (solid lines) and without (dashed lines) RNA. c)
Western blot of biotinylation assay of BSA and EF20 using 50 nM sAPEX2. Samples
are taken after 2 min, 10 min, T h and 2 h of incubation at RT. Biotinylation reactions
with RNA (+) and without RNA (-). Commercially available Biotin-BSA as positive
control for the western blot (P). Negative controls of the proteins omitting RNA as
well as enzymes to estimate the background activity of reagents (N). PageRuler Plus
(Thermo Fisher Scientific) as protein standard (M).
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The samples containing GOX additionally showed further increase of fluores-
cence after 20 minutes of reaction time. This could point to the fact that the avail-
ability of H,0, can be a restricting factor for the reaction. The fact that the negative
control of the GOX sample shows no further increase, could be a sign for a more
specific reaction of the enzyme with lower concentrations of H,0, available in the
sample.

After verification of the enzymatic activity of the split enzyme, their ability to label
proteins is tested. As APEX can be used with a variety of different substrates, this
promiscuity is used to catalyze the conversion of biotinyl tyramide to its phenyl
radical. This highly reactive molecule is able to interact with primary and secondary
amines in its vicinity.

The ability to biotinylate proteins using SAPEX2 is examined with BSA and EF20
ELPs, which can later serve as target within the membrane. For each protein a neg-
ative control omitting the RNA (-) as well as a control without split enzymes was
prepared (N). Furthermore, a positive control for the detection method in form of
commercially available biotinylated BSA was added onto the gel (M). The reaction
mixtures were prepared and incubated at RT before taking samples after 2 min, 10
min, Th and 2 h. The reactions are quenched using 5 x quenching buffer contain-
ing antioxidants and stored on ice. The samples are analyzed via western blotting
using Anti-Biotin antibody-fluorophore conjugates. Visualization of the bound an-
tibodies is done using a fluorescence scanner.

The results of the biotinylation assay in Fig.4.3.1 ¢ show the presence of biotiny-
lated proteins in the gel. The very present band of the positive control (P) can be
used as verification of correct binding of the anti-biotin antibody. The sizes of the
bands roughly match the expected sizes of BSA (66.5 kDA) and EF20 (18.3 kDa).
The positive control (P) runs slightly slower due to the fact that commercial Bio-
BSA has a higher degree of labeling lying at 8-16 molecules per BSA molecule, in-
creasing its size ~ 2 - 4 kDa. In the western blot of EF20 a band can be seen
roughly at the same size of the positive control in all samples. It is improbable that
the band represents residual BSA in the samples as the biotynilated BSA samples
in Fig.4.3.1 show a lower size compared to the positive control. As there is no in-
creasing intensity over time it seems to be an artifact introduced during SDS-PAGE
or western blotting. One explanation might be the contamination of the pockets
during the loading process with low amounts of the positive control.

In the western blots it can be seen, that the absence of RNA does not impair
the ability of SAPEX2 to label the protein. However, the increasing intensity of the
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labeled proteins over time might indicate a enzymatically-driven process. This as-
sumption is reinforced as samples without SAPEX2 which were incubated for 2 h,
show weaker signals. Taking intensity signals and comparing them to the labeled
BSA in the positive control show only a limited degree of labeling in the BSA sam-
ples. After correction of background activity (N) and background fluorescence of
the western blot, the fluorescence of BSA after 2 h of incubation with pRNA +
SAPEX2 amounts to ~ 35.7% compared to the BSA-Biotin sample. For the EF20
samples a maximum intensity of ~ 9% in comparison to BSA-Biotin was measured.
This lower value can be partly explained by the lower amount of potential labeling
sites in the ELP compared to the reported 8-16 biotins per molecule BSA in the
commercial BSA sample.

Potential explanations for the unspecific activity observed in Amplex Red and
biotinylation assays might be caused by the intended application: As SAPEX2 is
optimized for use in vivo, lower specificity of the system might occur in vitro. Like
mentioned before, protocols were adjusted to an in vitro setting for this thesis. Ini-
tial concentrations of heme, H,0, and the used substrates were 6 - 10 fold lower
compared to the original in vivo protocols. % The change of conditions in the
surrounding medium could promote unspecific reconstitution of the split enzyme.
Even low affinities between the split enzyme units could facilitate reconstitution
onits own as it is normally used in dimerization assays. 271 Overall changes to the
sample environment can influence the efficiency of the reaction. Factors like intra-
cellular salt concentrations, 2% as well as the packing density within cells 4% can
alter the labeling rates and have to be taken in account when using this method in
vitro.

In summary, the data acquired in this thesis points to the possibility that the used
labeling system also shows enzymatic activity in an in vitro setup. Further improve-
ment and optimization of the reaction conditions could reduce background activ-
ity as well as unspecific binding events. As the implementation of GOX into the
system has shown that multiple enzymatic systems are compatible, further im-
provement in this direction can be targeted for its application. Of these enzymatic
systems, one could be repurposed in the future for the continous generation of
RNA aptamers as discussed in chapter 4.4.1. This could be used for long-term
experiments involving reconstitution of split enzymes and therefore regulating en-
zymatic activity. During all tests conducted, the amount of RNA nanostructure was
not increased during the test runs. A continous synthesis of RNA structures could
improve the number of the binding events. Such systems are tested in the second
part of this thesis and are explained in more detail in the following chapters.
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4.4. Encapsulation of Active Systems

The investigation of reaction compartments on a ym scale is an important com-
ponent in the field of bottom-up synthetic biology. The creation of cell-like carriers
with defined chemical and enzymatic reactions could enable the design of proto-
cell structures.

4.47. In-vitro Transcription

One approach to test the capability of encapsulating active processes within the
produced vesicles was the in vitro Transcription of the fluorescent RNA aptamer
dBroccoli. The process is schematically depicted in Fig.4.4.1. Therefore, two dis-
tinct vesicle groups were mixed directly before the observation under the micro-
scope to minimize unobserved RNA transcription. The reactions within the vesicles
are started as soon as two vesicles containing the essential components, T/ RNA
polymerase and DNA template, fuse on contact. These fusion events were pro-
moted by the presence of the non-ionic surfactant Triton X-100 which was added
to the OS for all experiments involving fusion events. A potential explanation for
this lies in the slight destabilization of the peptide membrane by the interaction
with the surfactant. Addition of DNase | in the surrounding medium prevented the
expression of RNA aptamers outside of the vesicle and therefore minimized back-
ground flourescence.

@® T7 RNA polymerase
<= DNA template

e DFHBI

(&%) (17

Figure 4.4.1: In vitro Transcription encapsulated in GUV: Schematic overview of
encapsulated IVT reaction separated in different vesicles omitting one key compo-
nent (T7 RNAP or DNA template). Production of dBroccoli by T7 RNA polymerase
enabled after fusion of vesicles. RNA aptamers produced by transcription interacts
with DFHBI and leads to increase in fluorescent signal. Continous biopolymerization
leads to increase in osmotic pressure within the vesicle. Influx of water in the vesi-
cle paired with additional fusion of ELP monomers, micelles and vesicles with vesi-
cle membrane. Growth of vesicles as result of ongoing enzymatic process within.
Adapted from Frank et. al. 107
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During the measurement of active processes within the ELP vesicles, the vesicles
show different behaviour depending on the surrounding concentration of free ELPs
in the solution. The observed vesicles resulted in mixed growth behaviors, in which
some vesicles started to shrink at one point until they vanished completely out of
the visible range of light microscopy. Others continued to grow as long as unbound
ELPs were provided in the OS and the transcription of RNA aptamers continued as
depicted in Fig.4.4.2. This biochemically driven growth can be traced back to the
encapsulated polymerization process. The resulting changes in osmotic pressure
as well as the integration of micelles, smaller vesicles and free ELPs promote the
vesicle growth. The lack of incorporable material leads to shrinking and even burst-
ing vesicles over time.
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Figure 4.4.2: Transcription-driven growth of GUV: Transcription dependent growth
of ELP vesicles. a) Time series of LM images (composite of brightfield and fluores-
cence channels) of growing ELP vesicles. Scale bars:40 um. b) Typical timetraces
for vesicle radius (solid lines) and fluorescence intensity(dashed lines) of continu-
ously growing vesicles (green)and growth followed by shrinkage (purple). c) Exem-
plary time traces for vesicle radius (solid) and fluorescence (dashed) of fusing vesi-
cles (I-11l) in- dicatedinb). Afterthe fusion of Il and Ill, the combined (lI+11]) fuse with
I. Adapted from Frank et. al. 107

Due to the high polydispersity achieved during the formation process using the
solvent evaporation method, different quantities of the essential transcription com-
ponents within the vesicles were to be expected. Therefore a broad distribution
of transcription rates and fluorescent intensities were expected throughout the
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reaction. 29 The active transcription of RNA within the vesicles was observed over
the course of several hours.

Within this time period not only the shrinking and growing of the individual vesi-
cles was measured, but also the appearance of 'satellite’ vesicles can be seen in
Fig.4.4.2 a. These smaller structures were appearing in the near vincinity of the
active vesicles after some incubation time. Compared to the originally monitored
GUVs, these vesicles showed lower fluorescent intensity increases, which nonethe-
less indicated the presence of an active IVT system within the vesicles. Therefore,
an active exchange between the IS of the observed vesicles and the newly form-
ing ‘satellite’ vesicles must occur in form of budding. These spontaneous budding
events, might be induced by surfactants or interactions of the swelling membrane
with the hydrophobic glass slide. 219

Looking at the whole of the micrograph in Fig.4.4.2 a brings up another poten-
tial cause for these ‘satellite’ vesicles. This would align with our initial assumption
considering the connection between active polymerization reactions, changes in
osmotic pressure and swelling of the vesicles. 2" Smaller vesicles seem to pop
up not exclusively around bigger GUVs but rarely also appear without any other
objects in its immediate surroundings. This could point to the explanation of SVs
under the resolution limit of the light microscope, swelling into an observable level.
Fusion events due to gradual sedimentation of vesicles within the solution might
accompany this observation. The instability of the peptide membrane caused by
continous growth and surfactants in solution however might be a potential reason
why an increased number of smaller vesicles is observed in the vincinity of the
GUVs. Due to the instability of the membrane surface, monomers get available for
the surrounding ‘satellites’ and therefore promotes their growth much more com-
pared with vesicles out in the open. To rule out the fact that fusion events and
accumulation of ELPs within the already existing GUVs, the same experimental
settings were chosen for an experiment lacking the active components encapsu-
lated within. The presence of surplus peptides within the OS does not promote the
growth of the vesicles on its own. (Fig.A.1.4)

The GUV's dependency of available membrane material to support continous
growth becomes apparent when looking at Fig.4.4.2 b showing the comparison
between two similar vesicles with different positions inside of the chamber. Com-
paring the growing (green) and the shrinking (purple) vesicle shows the correlation
between the overall fluorescence intensity and the size of the vesicle. While conti-
nous increase of fluorescence promotes the growth of the vesicle in one case, no
substantial increase in fluorescence can be seen in the shrinking vesicle. The flu-
orescence was measured for the exact vesicle area for each frame. Next to active
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transcription also fusion events further promote the rapid growth of the vesicles.
Looking at Fig.4.4.2 c, the sizes and fluorescent intensities of three depicted vesi-
cles in Fig.4.4.2 b are compared. Analyzing the final fluorescent intensities within
the vesicle, the radius as well as the volume of the remaining vesicle shows a dis-
crepancy between the measured and the theoretical values. As the abrupt increase
in size and fluorescent intensity of vesicle Il after 240 min does not account for
the sum of vesicles | and Il some loss of material occured. (Figure S9) The re-
maining surplus membrane components might either be distributed to the outer
solution in form of smaller vesicles or micelles or might as well be incorporated in
a multilamellar membrane structure.

The complex connection between the individual processes of RNA polymeriza-
tion, the growth of the membrane surface either by fusion events or incorporation
of free ELPs and the influx of water are the driving forces for the observed growth
of the vesicles. Looking at the linear fashion in which the fluorescent intensities in-
creases alongside the vesicle volume, as seen in Fig.4.4.3 a indicates that the RNA
concentrations within the vesicle stays constant. This in turn speaks for the ability
of the vesicle membranes to withstand the influx of water which is induced by the
osmotic pressure changes of the newly synthesized polyelectrolytes. 211 12121 [213]
This water uptake has to be fast enough to compensate the RNA transcription
rate throughout the reaction time, which suggests a certain permeability of the
ELP monomers for water molecules. 188 Although the global trend of the observed
vesicles tends to show the linear correlation between the growing vesicles and the
increasing number of RNA molecules within the vesicle, exceptions can be seen
as well. The inset in Fig.4.4.3 a shows the alternating trends of individual vesicles,
where growth phases may alternate with shrinking phases. Looking at the form
of the curve shows that shrinkage as well as a halt in the production of fluores-
cent aptamer molecules take place simultaneously. The potential explanation lies
in the lack of free ELP molecules as well as a lack of essential components for the
transcription reaction within. The growth phases are only restarted after supply of
further components via vesicle fusion.

The availability of membrane components overall seems to be a crucial factor for
the behavior of the vesicles throughout the observation time. Looking the depicted
vesicles in Fig.4.4.3 ¢ and their relative trends in Fig.4.4.3 b, growth seems to be
connected to their immideate surroundings. In this case the supply of ELPs as
well as 'fuel’ for the transcription reaction is ensured by the amount of 'satellite’
vesicles surrounding the main vesicle in the middle. Considering the size of the
T7 RNA polymerase and the charged nature of the rNTPs, one has to assume that
the provision of these essential components can only be achieved by fusion. While
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Figure 4.4.3: ELP dependent Growth Growing behavior of ELP vesicles in correlation
to ELPs in immediate proximity a) Representative plots of total vesicle fluorescence
intensity vs. vesicle volume over a time course of 500 min. The different colors in-
dicate different vesicles (N=20). The dashed line shows a linear fit to all 20 vesicles
(see Supportinginformation). Inset: intensity vs. volume of two exemplary vesicles
showing growth, shrinkage and re-occuring growth. b)Typical time traces for vesi-
cle radius (solid lines)and fluorescence intensity (dashed lines) of agrowing vesicle
(purple) and avesicle showing alternatinggrowth and shrinking phases (green). For
all curves a 4-point moving averagefilter was used. Numbers 1-5 indicate the corre-
sponding LM images. c) Time series of LM images (composite of brightfield and flu-
orescence channels). The green and purple frame indicate the corresponding trace
in b). Data analysis started after t=75 min due to ongoing sedimentation, which im-

paired the image analysis. Scale bars:40 mm. Adapted from Frank et. al. 1192

the smaller vesicles disappear over time the bigger central vesicles grow until their
supplies are exhausted. As soon as this is the case the overall increase in size
and fluorescence is halted and promptly reversed to shrinkage of the vesicle until
it completely vanishes at some point This change of growing behavior can be seen
at several points for one vesicle (green), where an initial halt in RNA transcription
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correlates with the hold in growth (1). Afterwards the vesicle shrinks until it starts to
absorb the surrounding 'satellites’ to deliver substrates for the continuation of the
transcription reaction (2-3). As soon as the reservoirs in form of 'satellite’ vesicles
are used up a decline in fluorescence and size can be observed (4). This exemplifies
the correlation between the necessity of active transcription, presence of ELPs and
the resulting growth of vesicles.

The ability of ELP vesicles to accomodate in vitro transcription reactions is a first
step towards the formation of reaction compartments in the micron scale. Their
ability to withstand increased osmotic pressures while actively producing properly
folded RNA aptamer structures enables the integration of further reaction systems.
In addition to the desired interacction between newly formed RNA structure and
the functionalized membrane, other complex reaction systems were implemented
within ELP vesicles.

4.4.2. Cell-free Gene Expression

The initial focus to encapsulate active processes was not only in the transcription
of RNA aptamers, but also the expression of proteins within the preformed peptide
vesicles as already shown within SUVs. 9 For this a plasmid encoding the yellow
fluorescent protein YPET, was encapsulated alongside a in vitro protein expression
system, which is based on an E.coli BL21 rosetta cell extract. '8! The addition of
kanamycin into the isotonic OS prevented the proper expression of the fluores-
cent protein outside of the vesicles, due to non-encapsulated CFE mix. Vesicles
prepared with the solvent evaporation method and actively producing YPET were
observed for 24 h using a closed observation slide as described in chapter 3.8.
The images depicted in Fig.4.4.4 a were taken after 15 min (left) and 24 h (right)
respectively.

Looking at Fig.4.4.4 and Fig.4.4.3 shows the comparable behavior of the vesicles
containing CFE to the described IVT reactions, where the increase in fluorescent
intensity is accompanied by the growth of the overall diameter of the vesicles over
time as seen in Fig.A.1.6 and Fig.A.1.8. Comparing the initial sizes of the vesicles
at the beginning of the measurement shows an overall increased size. A potential
explanation for this lies in the high viscosity of the used CFE reaction mix, con-
taining 2% PEG-8000 in contrast to the IVT reactions without any crowding agents
present. Additionally, the amount of proteins present in CFE systems would also
increase this effect. The presence of crowding agents in liposomes shows an in-
creased efficiency in encapsulation, this behavior could also have an effect on the
encapsulation rate of the CFE reaction mix in ELP vesicles. 2™ As the whole CFE
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Figure 4.4.4: Cell-free gene expression: a) Microscopy images (composite images
of brightfield and fluorescence channel) of vesicles containing CFE after 15 min (left)
and 24 h(right). The fluorescence is produced by the active expression of YPet. Scale
bars:50 mm. b) Exemplary radius vs. time traces of vesicles expressing YPet. c)
Fluorescence intensity vs. volume scatter plot of 77 vesicles expressing YPet over
the course of 3 h. The dashed line shows a linear fit to all 77 vesicles. Adapted from
Frank et. al. 197

reaction solution was pre-mixed before the encapsulation process, the observa-
tion was started with a degree of YPet already expressed within the vesicles. This
was confirmed by bulk measurements in a plate reader, where the fluorescent in-
tensity levels were already increased after the handling time of roughly 45 min of
encapsulation and microscopy setup. (Fig.A.1.10)

The in vesiculo expression of fluorescent proteins appears to show a linear cor-
relation between the intensity levels and the overall volume of the individual com-
partement which is depicted in Fig.4.4.4 c. This behavior is comparable to the
observations made for the encapsulated IVT reactions in Fig.4.4.3 a. This in turn
also speaks for the hypothesis of the connection between the accumulation of
biopolymers and osmoatically driven growth of the whole vesicle. Keeping in mind
the complexity introduced by CFE, different dynamics in the changes of osmotic
pressures were expected due to the multitude of different biochemical reactions
within the GUV. This shows in the low numbers of shrinking vesicles over the time
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scale of 15 h, where the vesicles enter a plateau phase after roughly 2 h in both
size and fluorescent intensity depicted in Fig.A.1.8. The overall exhaustion of es-
sential reagents like tRNA or nucleotides within the vesicles leads to a diminished
production of bioploymers and therefore a decreased influx of water. Looking at
these different behaviors of the vesicles with encapsulated enzymatic reaction sys-
tems, shows that a potential factor for the stability of the vesicles is not only the
availability of ELPs but also the complexity of reactions contributing to the osmotic
pressure differences.

The encapsulation of CFE reaction systems within peptide-based vesicles shows
the possibility of gene expression within these artificial compartments. The sta-
bility of the ELP membrane seems to withstand the stress exerted by the differ-
ences in osmotic pressure between the inside and the outside of the vesicle. By
verifying the ability to express proteins within a stable compartment could lead to
even more detailed interaction networks. The implementation of continous pro-
duction of membrane monomers within, which was already demonstrated at a nm
scale, ) could provide a way to promote membrane interactions. This way we
could approach a responsive cell-like compartment step by step where individual
components of the systems were tested inside of ELP vesicles or on the surface
of lipid, ELP or hybrid membranes.
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5. Conclusion and Outlook

5.1. Conclusion

During this work, one major goal was the creation of cell-sized vesicles capable

of interacting with their environment. For this behavior several intermediate steps

leading to more complex interactions were made. First, the compatibility of polypep-
tides and phospholipids to form stable vesicle membranes was ascertained, before

streptavidin interaction with these hybrid membranes was proven. Molecular fluo-

rescent biotin probes were localized on the membrane surface with streptavidin as

linker molecule. Additionally, the interaction of a specific multivalent RNA aptamer

enabled the co-localization of two separate fluorescent molecules on the vesicle

membrane.

With the same RNA aptamer structure the split peroxidase SAPEX2 was reconsti-
tuted, which provided switchable enzyme activity. The reconstituted split enzyme
was able to catalyze the conversion of Amplex Red to resorufin as well as the bi-
otinylation of BSA and ELP monomers used to form hybrid membranes. Here, still
some optimization needs to be done in respect to switchability of the enzymatic
activity and reduction of unspecific reactions. Furthermore, final measurements
combining the enzymatic system with the formed hybrid vesicles have to to be
conducted.

The second part of the project was the encapsulation of active enzymatic re-
action mimicking essential cellular processes within biocompatible ELP vesicles.
These essential processes included the active transcription of RNA and the ex-
pression of YPET using CFE. The encapsulation of these cell-derived mechanisms
shows the potential of the polypeptide vesicles in respect to the creation of artifi-
cial cells. Further, substantial growth of vesicles in prescence of active processes
within was shown in time lapse microscopy. As possible reason of the vesicle
growth, the increase of osmotic pressure due to bio-polymerization of nucleic acids
and polypeptides leading to an increased influx of water was detected. In case of
IVT experiments the growth process was influenced by the concentration of ELP
vesicles and monomers within the sample. The growth behavior changed in case
of monomer depletion and led to shrinkage and eventually to disappearance. The
stability the ELP membranes displayed during this dynamic process was vital for
the process.
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5.2. OQutlook

Over the course of this thesis, several subprojects have been initiated, but acquired
data did not as yet allow to conclusively verify all stated functionalities. Within the
following section, an overview over all data collected from these subprojects are
given and brief resumes are drawn.

Membrane Interactions with Nucleic Acids

The compatibility of IVT activity with modified membrane components was tested
by production of a fluorescent aptamer with a biotinylated ligand as depicted in
Fig.5.2.1 a. For this system Mango-lll was transcribed in the outer solution of the
vesicle while its ligand biotinylated thiazole orange 1 (TO1) was bound at the mem-
brane surface. 2" Initial tests showed increased fluorescence on the membrane
surface, but could not provide further increase over time. Negative controls con-
ducted with the biotinylated ligand alone showed no increased fluorescence on
the membrane surface as depicted in Fig.A.1.12. From this it can be derived, that
in-vitro transcriptions can in general be applied in the vicinity of membrane bound
nucleic acids. With this, all individual components for the colocalization of split-
enzymes with in-vitro transcribed pRNA on hybrid membranes were shown. In fu-
ture experiments, the complete setup can be tested and all necessary negative con-
trols performed. This process could provide an addition to the project discussed
in chapter 4.2 where the on site transcription of the RNA aptamer provides new
functionalities.

As several publications have shown the ability to bind DNA nanostructures on
liposome surfaces, the compatibility of these structures and hybrid membranes
was tested. 1 Brick-shaped nanostructures (5 MDa) containing biotinylated and
fluorescently labeled staple strands (Atto633) available in the lab were bound to the
membrane surface via streptavidin-biotin interactions. 2"/ The schematic draft of
this interaction and the microscopy image of initial experiments with DNA nanos-
tructures on the membrane surface are depicted in 5.2.1 b. The combination of
DNA scaffold structures with hybrid membranes could pose a valid approach to
produce cortex-like properties in artificial compartments. 28
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Streptavidin TOI-Biotin Streptavidin

DNA
Nanostructure

Figure 5.2.1: Membrane Interactions: a) Schematic overview of labeling process
using IVT with Mango-IIl. Micrograph of vesicle in GFP channel 10 min after start of
IVT reaction. Scale bar: 10 um b) Schematic overview of surface binding of biotiny-
lated DNA nanostructures. Micrograph of vesicle in Cy5 channel after incubation
with streptavidin and biotinylated DNA nanostructure. Scale bar: 15 um.

Deformation of Vesicles in Electric Fields

Deformation of hybrid and ELP membranes in electric fields was tested to assess
the changes of material properties to external stimuli. While for hybrid membranes
applied direct current (DC) fields result in no observable deformaion due to extreme
induced solvent flux (data not shown), the alternating current (AC) induced defor-
mation can be observed clearly as depicted in Fig.5.2.2 a. 219

In contrast, ELP vesicles shown in Fig.5.2.2 b present an even more pronounced
deformation in an applied DC field, but do not visibly react with deformation to an
applied AC field (data not shown). While hybrid membranes only showed elon-
gation up to a certain degree, ELP vesicles presented budding in DC fields with
increasing voltage.

These initial results are pointing towards the potential of further study of phase
behavior and membrane properties of ELPs. 2201 221
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Figure 5.2.2: Deformation in Electric Fields: Schematic behavior of hybrid (a) and
ELP (b) vesicles in electric fields. Micrographs of vesicles in nuclease free water in
an alternating current at a voltage of 500 V (a) and direct current (d) fields, showing
different degrees of deformation. Scale bar: 10 um.

Versatility of Vesicle Applications

Summarizing, it can be said that the vesicles produced during this thesis provide a
wide range of beneficial characteristics for applications in synthetic biology. These
range from increased stability of polypeptide vesicles to the potential of self-modi-
fication using RNA mediated split enzyme reconstitution. As the necessity for novel
material properties rises in different fields like drug delivery, there is an increas-
ing interest in responsive and biocompatible systems. B 222 Composite materials
like ELP-lipid vesicle membranes can provide much needed designability alongside
biocompatibility and might play a major role in future drug development.
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During the course of this thesis one publication centered around the production
of ELP-based vesicles was published and contributions to two further publications
were made:

Growth of Giant Peptide Vesicles Driven by Compartmentalized
Transcription—Translation Activity
Thomas Frank, Kilian Vogele, Aurore Dupin, Friedrich C. Simmel, and Tobias Pirzer,
Chemistry - A European Journal, Wiley, Volume 26, Issue 72 (2020) ISSN:1521-3765;
DOI:10.1002/CHEM.202003366 under licence CC BY 4.0

In Vesiculo Synthesis of Peptide Membrane Precursors for Autonomous Vesicle

Growth
Kilian Vogele,Thomas Frank, Lukas Gasser, Marisa A. Goetzfried, Mathias W. Hackl, Stephan A.

Sieber, Friedrich C. Simmel, and Tobias Pirzer,
Journal of Visualized Experiments (148), (2019) ISSN:1940087X; DOI:10.3791/59831

Towards synthetic cells using peptide-based reaction compartments
Kilian Vogele,Thomas Frank, Lukas Gasser, Marisa A. Goetzfried, Mathias W. Hackl, Stephan A.

Sieber, Friedrich C. Simmel, and Tobias Pirzer,
Nature Communications, Springer US, 9, 3862 (2018) ISSN:20411723; DOI:10.1038/s41467-018-06379-
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A. Appendix

All additional experimental data and documentations can be found in this chap-
ter.

A.1. Additional Data

Following figures and sections present additional experimental data completing
the data presented in chapter 4. The data shown is partly taken from the publica-
tions of Frank et. al. 10

A.1.1. Membrane Interaction

Brightfield Biotin-Atto565

Figure A.1.1: Negative Control Biotin-Streptavidin Binding: Micrographs of hybrid
vesicles without streptavidin. Only low interaction between Biotin-Atto565 and vesi-
cle membrane.

A.1.2. Vesicle Size

As a control we also observed ELP vesicles containing only 3 M sucrose in water,
whereas the outer solution contained only 3 M glucose in solution; there were ELPs
provided in the outer solution. Figure S4 shows the vesicle radius vs. time traces of
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20 um
Brightfield mTurquoise2 YPET

Figure A.1.2: Negative Control Co-Localization: Micrographs of hybrid vesicles
without streptavidin in solution with pRNA, BIV-mTurquoise2 and PCP-YPET. Very
low interaction of fluorescent proteins and membrane observable.
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Figure A.1.3: Size DLS: Autocorrelation function of ELP vesicles measured with DLS

38 vesicles. The apparent initial increase in size can be explained through the on-
going sedimentation of the vesicles. The latter can also be observed in long- term
measurements. The automated droplet tracking algorithm covers only a small area
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Figure A.1.4: Negative Control Size: \Vesicle radius over a time period of 10 h. Sam-

ple size N=38.

of the vesicle outside of the focal plane, which grows when the vesicles sediment
into the focal plane. Looking at vesicles with a larger radius, the opposite effect
resulting from the same behavior is observable. After about 100 min most of the
vesicles have a constant size after they settled on the surface of the glass slide.

A.1.3. Invitro Transcription (IVT)

Fluorescent intensity (a.u.)

x1 04

50 100 150 200 250 300
Time (min)

Figure A.1.5: Plate Reader IVT: Duplicate plate reader measurement of IVT reaction
mix with dBroccoli template used in microscopy experiments.
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The TX reaction mix used for encapsulation was measured in bulk as well to
estimate the active time of transcription. Figure A.1.5 shows two time-traces of
the measured aptamer fluorescence in bulk. The samples were measured with
excitation using a filter 485 +/-6 nm and an emission filter of 520 +/-17 nm.
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Figure A.1.6: Vesicle Growth IVT: Measurement of fluorescence (left) and radius
(right) of IVT mix encapsulated in ELP vesicles. Color coding indicates the same
vesicle. Sample size N=20.

Figure A.1.6 shows the fluorescence intensities and the radii of 20 vesicles con-
taining an active RNA polymerization process. ELP amphiphiles were provided in
the outer solution. For excitation an LED lamp and an excitation filter at 470 +/-20
nm were used, whereas emission was observed at 531 +/-13 nm.
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Figure A.1.7: Fusion Growth IVT: Comparison of measured (dark blue) and expected
(light blue) values after fusion events observed during long-term TX measurements.
Bars represent the volume (left) or fluorescence (right) difference between the values
after and before fusion. Abscissa numbering refers to vesicles depicted in Fig.4.4.2.

Depending on the observed vesicle a stationary or decreasing trend can be seen
in fluorescent intensity and vesicle size. Very small vesicles only show small changes
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in fluorescence and size within the observation time. Depending on the observed
vesicle, initial increase in size and fluorescence can either be seen continuing until
the end of the measurement or individual vesicles start to shrink after a certain
time.

Measurement of fused vesicles has shown that neither the expected volume nor
the fluorescent intensity adds up after fusion of the observed vesicles (Fig. A.1.7).
The expected values (light blue) surpass the measured values (dark blue) in both
cases of the observed fusion events. Similar values were measured for several
more fusion events.

A1.4. Cell free gene expression (CFE)

Vesicles encapsulating an CFE reaction mix were measured at 29 °C for 900 min.
ELP amphiphiles were provided in the outer solution.
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Figure A.1.8: Vesicle Growth CFE: Increasing fluorescent intensity (left) and vesicles
radius (right) for 900 min. Color coding indicates the same vesicle. Sample size
N=/7.

For excitation an LED lamp and an excitation filter (470 +/-20 nm) were used,
whereas emission was observed 531 + 13 nm.

All vesicles show an initial increase in size as well as in fluorescent intensity up
to roughly 160 min after the measurement was started. Until the end of the mea-
surement all vesicles show no further change in size and fluorescence.

The dashed line is a linear fit to all values of the 77 observed vesicles. On a first
approximation fluorescence intensity and volume are linearly correlated. Some
vesicles appear in clusters, which can be explained by nearly constant values in
fluorescence and volume after about 160 min.
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Figure A.1.9: Scatter Plot Growth CFE: Scatter plot of fluorescent intensity vs. vesi-
cle volume. Individual vesicles measured over a time period of 900 min. Each color
represents an individual vesicle. Sample size N=77.

The synthesis activity of the encapsulated cell free gene expression reaction was
measured using fluorescence plate reader measurements. Figure A.1.10 shows a
biological triplicate at 37 °C for 24h. The initial decrease in fluorescence can be
explained by the consumption of NADH which shows auto fluorescence within the
observed wavelengths. For excitation a filter of 497 +/-15 nm was used, whereas
emission was observed at 540 +/-20 nm.
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Figure A.1.10: Plate Reader CFE: Measurement of YPet synthesis in a plate reader
for 24 h. The shown curves represent triplicate measurement with identical compo-
sition.
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A.1.5. Outlook

Here additional data is shown on the correct functionality of the tested compo-
nents in chapter 5. The specificity of binding events between tested components
and membrane surface was monitored.

Brightfield Atto633 DOPE-Rhodamine B

Figure A.1.11: Negative Control DNA Nanostructure Binding: Micrographs of lack-
ing interaction of fluorescently labeled DNA nanostructures and hybrid membrane
omitting streptavidin. Atto633 channel (red) portrays DNA nanostructure and Rho-
damine B channel (yellow) visualizes the lipid components of the hybrid membrane.
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Brightfield Thiazol-Orange 1 DOPE-Rhodamine B

Figure A.1.12: Thiazol-Orange 1 Fluorescence: Micrographs of fluorescent ligand
Thiazol-Orange 1 (green) and vesicle membrane without IVT reactions shows lower
fluorescence. Rhodamine B channel (yellow) visualizes the lipid components of the
hybrid membrane.
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A.2. Buffer Composition

Table A.2.1: Composition Lysis Buffer

Component Csample (MM)  Molecular Weight (g/mol)

Lysozyme (mg/mL) 1

PMSF 1 174.19
Benzamidin 1 120.15
DNase | (U) 05

TXPBS

Table A.2.2: Composition Washing Buffer

Component  Cgample (MM)  Molecular Weight (g/mol)

NaCl 300 58.44
Tris 50 121.14
Imidazol 20 68.08
H20 4d

Table A.2.3: Composition Elution Buffer

Component  Csampie (MM)  Molecular Weight (g/mol)

NaCl 300 58.44
Tris 50 121.14
Imidazol 500 68.08
H20 4d

Table A.2.4: Composition Gel Filtration Buffer

Component  Csample (MM)  Molecular Weight (g/mol)

NaCl 200 58.44

Tris 100 121.14
DTT 2 154.25
EDTA 2 292.24
H20 4q
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Table A.2.5: Composition 5xQuenching Buffer

Component Csample (MM)  Molecular Weight (g/mol)
Trolox 25 250.29

Sodium Ascorbate 50 198.1

Sodium Azide 50 65.01

TXPBS

Table A.2.6: Composition Transfer Buffer (Western Blot)

Component  Cgample (MM)  Molecular Weight (g/mol)

Tris 25 121.14
Glycine 190 75.07
Methanol (%) 20

H20 gq

A.3. DNA templates

Cloned constructs are only depicted as sequence within the multiple cloning site
of commercially available DNA plasmids. Each construct sequence start with the
T7 RNA polymerase promoter and ends with the T7 terminator. The used plasmid
are stated for each sequence.

Fluorescent RNA aptamers were transcribed from double stranded linear DNA
templates, which were hybridized from single stranded oligonucleotides. Structural
sequences of the aptamer are written in capital letters, small letters show regula-
tory sequences like terminators, promoters and primer-binding sequences.

Table A.3.1: Templates RNA Aptamers

RNA Aptamer DNA Sequence 5'->3’

Mango-lll tgccacctgacgtctaagaataatacgactcactataggggagegtgacGGCACGTACGAAG
GAAGGTTTGGTATGTGGTATATTCGTACGTGCgtcacgctcattaccgectttgagtg
agc

dBroccoli gggaagcctgagacggtcgggtccatctGAGACGGTCGGGTCCAGATATTCGTATCT

GTCGAGTAGAGTGTGGGCTCagatgtcgagtagagtgtgggctcaggctt
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Table A.3.3: Plasmids Protein Expression

Construct

Vector

DNA Sequence 5'->3’

EooF20

RsQsR5QeF20

PET20b(+)

PET28b(+)

taatacgactcactatagggagaccacaacggtttcccTCTAGAAATAA
TTTTGTTTAACTTTAAGAAGGAGATATACAATGGGCCACG
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Construct

Vector

DNA Sequence 5'->3’

PRNA

6His-PCP-EX-C

PSB4KS

PET28b(+)

GTAATACGACTCACTATAGGGttgtcatgtgtatgttgggGGATCC
CGACTGGCGAGAGCCAGGTAACGAATGGATCCcccacatact
ttgttgatccCGCAGGATTCGGCTCGTGTAGCTCATTAGCTCC
GAGCCGAGTCCTCGAATACGAGCTGGGCACAGAAGATAT
GGCTTCGTGCCCAGGAGGTGTTCGCACTTCTCTCGTGTT
CGATTGTGggatcaatcatggcaaATGCGGCCGCCGACCAGAA
TCATGCAAGTGCGTAAGATAGTCGCGGGTCGGTGGTCGC
ATtactTAGCATAACCCCGCGGGGCCTCTTCGGGGGTCTCG
CGGGGTTTTTTGCTGAAACGGCTGCTAACAAAGCCCGAAA
GGAAGCTGAGTTGGCTGCTGCCACCGCTGAGCAATAACT
AGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGG
TTTTTTGCTGAAAGGAGGAACT

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAA
TTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGCACACCACCACCACCACCACAGCAGCGG
CGAGAACTTATACTTCCAAGGAAGCAAGACTATCGTTTTG
TCCGTCGGCGAGGCTACCCGTACCTTGACCGAAATTCAAT
CCACCGCGGACCGTCAAATTTTTGAGGAAAAAGTCGGTC
CTCTGGTGGGTCGTCTGCGTCTGACCGCGAGCCTGCGCC
AGAACGGTGCCAAAACGGCATACCGTGTTAATCTGAAACT
GGATCAGGCCGACGTTGTGGACAGCGGTCTGCCGAAAGT
CCGCTACACCCAGGTGTGGAGCCACGATGTGACGATCGT
TGCGAATAGCACCGAAGCGAGCCGCAAGAGCCTGTACGA
CCTGACCAAGAGCCTGGTGGCAACGTCCCAAGTTGAAGA
TCTGGTTGTTAACCTGGTGCCGCTGGGTCGTTCGGGGGG
AGGTGGATCCGGCGGTGGTGGATCAGGTCTCCTTCAGCT
ACCTTCTGACAAGGCTCTTTTGTCTGACCCTGTATTCCGC
CCTCTCGTTGACAAATATGCAGCGGACGAAGATGCCTTCT
TTGCTGATTACGCTGAGGCTCACCAAAAGCTTTCCGAGCT
TGGGTTTGCTGATGCCTAATGAGATCCGGCTGCTAACAAA
GCCCGAAAGGAAGCTGAGTTGGCTGCTGCCACCGCTGAG
CAATAACTAGCATAACCCCTTGGGGCCTCTAAACGGGTCT
TGAGGGGTTTTTT
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Construct

Vector

DNA Sequence 5'->3’

6His-BIV-N-AP

PET28b(+)

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAA
TTCCCCTCTAGAAATAATTTTGTTTAACTTTAAGAAGGAG
ATATACCATGGCACACCACCACCACCACCACAGCAGCGG
CGAGAACTTATACTTCCAAGGATCCGGCCCGCGTCCTCGT
GGTACCCGTGGCAAAGGTCGCCGTATTCGCCGTTCGGGG
GGAGGTGGATCCGGCGGTGGTGGATCAGGAAAGTCTTAC
CCAACTGTGAGTGCTGATTACCAGGACGCCGTTGAGAAG
GCGAAGAAGCGGCTCGGAGGCTTCATCGCTGAGAAGAGA
TGCGCTCCTCTAATGCTCCGTTTGGCATTCCACTCTGCTG
GAACCTTTGACAAGAGAACGAAGACCGGTGGACCCTTCG
GAACCATCCGCTACCCTGCCGAACTGGCTCACAGCGCTA
ACAGTGGTCTTGACATCGCTGTTAGGCTTTTGGAGCCACT
CAAGGCGGAGTTCCCTATTTTGAGCTACGCCGATTTCTAC
CAGTTGGCTGGCGTTGTTGCCGTTGAGGTCACGGGTGGA
CCTAAGGTTCCATTCCACCCTGGAAGAGAGGACAAGCCT
GAGCCACCACCAGAGGGTCGCTTGCCCGATCCCACTAAG
GGTTCTGACCATTTGAGAGATGTGTTTGGCAAAGCTATGG
GGCTTACTGACCAAGATATCGTTGCTCTATCTGGGGGTCA
CACTTTAGGAGCTGCACACAAGGAGCGTTCTGGATTTGAG
GGTCCCTGGACCTCTAATCCTCTTATTTTCGACAACTCAT
ACTTCACGGAGTTGTTGAGTGGTGAGAAGGAATGAGATC
CGGCTGCTAACAAAGCCCGAAAGGAAGCTGAGTTGGCTG
CTGCCACCGCTGAGCAATAACTAGCATAACCCCTTGGGG
CCTCTAAACGGGTCTTGAGGGGTTTTTTG
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Construct

Vector

DNA Sequence 5'->3’

6His-YPET-PCP

pJ431

TAATACGACTCACTATAGGGGAATTGTGAGCGGATAACAA
TTCCCCTCTAGAAATAATTTTGTTTAACTTTTAAGGAGGT
AAAAAATGGGTTCTTCTCACCATCATCATCATCACACTCG
CGGCGGCGGCGGTAGCATGTCTAAAGGTGAAGAACTGTT
TACGGGTGTCGTGCCGATTCTGGTCGAGTTGGACGGCGA
CGTGAACGGTCACAAATTCAGCGTGAGCGGCGAGGGCGA
GGGTGACGCGACGTACGGTAAGCTGACTCTGAAGCTGCT
GTGCACCACGGGTAAATTGCCGGTTCCGTGGCCGACCCT
GGTCACGACGCTGGGTTATGGTGTACAATGTTTTGCACGC
TATCCGGACCACATGAAACAGCACGATTTCTTCAAGAGCG
CGATGCCGGAAGGCTATGTTCAGGAACGTACCATCTTTTT
CAAAGATGATGGTAATTACAAAACCCGCGCAGAAGTGAAG
TTCGAGGGTGACACCCTGGTGAACCGTATTGAGCTGAAG
GGTATTGACTTCAAGGAAGATGGCAATATTCTGGGTCACA
AACTGGAGTACAACTATAACAGCCATAACGTCTACATCAC
CGCGGATAAGCAAAAAAATGGTATCAAAGCAAATTTCAAG
ATTCGCCACAACATCGAAGATGGCGGCGTGCAACTGGCC
GATCATTATCAGCAGAATACCCCAATCGGTGACGGTCCG
GTGCTGTTGCCGGATAACCACTACCTGAGCTATCAAAGCG
CGTTGTTCAAAGACCCGAATGAAAAACGTGACCACATGGT
TCTGCTGGAATTTCTGACCGCTGCGGGCATCACTGAAGG
CATGAATGAACTGTACAAGACGCGTGGTGGCGGCGGTTC
GATGAGCAAGACTATCGTTTTGTCCGTCGGCGAGGCTAC
CCGTACCTTGACCGAAATTCAATCCACCGCGGACCGTCAA
ATTTTTGAGGAAAAAGTCGGTCCTCTGGTGGGTCGTCTGC
GTCTGACCGCGAGCCTGCGCCAGAACGGTGCCAAAACGG
CATACCGTGTTAATCTGAAACTGGATCAGGCCGACGTTGT
GGACAGCGGTCTGCCGAAAGTCCGCTACACCCAGGTGTG
GAGCCACGATGTGACGATCGTTGCGAATAGCACCGAAGC
GAGCCGCAAGAGCCTGTACGACCTGACCAAGAGCCTGGT
GGCAACGTCCCAAGTTGAAGATCTGGTTGTTAACCTGGTG
CCGCTGGGTCGTTAACCCCCTAGCATAACCCCTTGGGGC
CTCTAAACGGGTCTTGAGGGGTTTTTT
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Construct

Vector

DNA Sequence 5'->3’

YPET

pSBIC3

TAATACGACTCACTATAGGGTAGCGCAGCGCTCAACGGG
TGTGCTTCCCGTTCTGATGAGTCCGTGAGGACGAAAGCG
CCTCTACAAATAATTTTGTTTAATCATGAGaaagaggagaaa
ACTAGATGTCTAAAGGTGAAGAACTGTTTACGGGTGTCGT
GCCGATTCTGGTCGAGTTGGACGGCGACGTGAACGGTCA
CAAATTCAGCGTGAGCGGCGAGGGCGAGGGTGACGCGAC
GTACGGTAAGCTGACTCTGAAGCTGCTGTGCACCACGGG
TAAATTGCCGGTTCCGTGGCCGACCCTGGTCACGACGCT
GGGTTATGGTGTACAATGTTTTGCACGCTATCCGGACCAC
ATGAAACAGCACGATTTCTTCAAGAGCGCGATGCCGGAA
GGCTATGTTCAGGAACGTACCATCTTTTTCAAAGATGATG
GTAATTACAAAACCCGCGCAGAAGTGAAGTTCGAGGGTG
ACACCCTGGTGAACCGTATTGAGCTGAAGGGTATTGACTT
CAAGGAAGATGGCAATATTCTGGGTCACAAACTGGAGTAC
AACTATAACAGCCATAACGTCTACATCACCGCGGATAAGC
AAAAAAATGGTATCAAAGCAAATTTCAAGATTCGCCACAA
CATCGAAGATGGCGGCGTGCAACTGGCCGATCATTATCA
GCAGAATACCCCAATCGGTGACGGTCCGGTGCTGTTGCC
GGATAACCACTACCTGAGCTATCAAAGCGCGTTGTTCAAA
GACCCGAATGAAAAACGTGACCACATGGTTCTGCTGGAAT
TTCTGACCGCTGCGGGCATCACTGAAGGCATGAATGAAC
TGTACAAGACGCGTGGTGGCGGCGGTTCGATGAGCAAGA
CTATCGTTTTGTCCGTCGGCGAGGCTACCCGTACCTTGAC
CGAAATTCAATCCACCGCGGACCGTCAAATTTTTGAGGAA
AAAGTCGGTCCTCTGGTGGGTCGTCTGCGTCTGACCGCG
AGCCTGCGCCAGAACGGTGCCAAAACGGCATACCGTGTT
AATCTGAAACTGGATCAGGCCGACGTTGTGGACAGCGGT
CTGCCGAAAGTCCGCTACACCCAGGTGTGGAGCCACGAT
GTGACGATCGTTGCGAATAGCACCGAAGCGAGCCGCAAG
AGCCTGTACGACCTGACCAAGAGCCTGGTGGCAACGTCC
CAAGTTGAAGATCTGGTTGTTAACCTGGTGCCGCTGGGTC
GTTAAaGCATGCcggaGGAAACACAGAAAAAAGCCCGCAC
CTGACAGTGCGGGCTTTTTTTTTC
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A.4. MEMBRANE COMPOSITION

A.4. Membrane composition

Following are the membrane compositions of the vesicles used in this thesis.
The main components are given in the upper parts of the tables and individual
addition of other components for specific measurements like biotin-streptavidin
interaction are given in the lower part of the tables.

Table A.4.1: Composition Liposomes: Composition membrane of liposomes for

measurements

Component

csample (|.|M)

DOPC
DPPC

Cholesterol

135
202.5
112.5

DOPE-RhodB
DOPE-Bio

0.075
4.5

Table A.4.3: Composition ELP Vesicles: Composition membrane of ELP vesicles

for measurements

Component

csample (l-lM)

ELP EF,0/(R5Qs)20F 20

290

EF20-Atto488

1.5

Table A.4.5: Composition Hybrid Vesicles: Composition membrane of hybrid vesi-
cles composed of lipids and ELPs for measurements

Component

csample (l-'M)

DOPC/DOPS
ELP EF,g

Cholesterol

135
202.5
112.5

EF,0-Atto488
EF20-Cy5
DOPE-Bio
DOPE-RhoB

1.5

5

4.5
0.075
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APPENDIX A. APPENDIX

A mother is she who can take the place of all others but whose place no one else
can take."
— Gaspard Mermillod
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