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1 Introduction

Communication between cells is a crucial process in multicellular organiomes.
prominent communication pathway is the signal transduction between nerve cells. Here, an
electrical impulse is translated into a chemical signal, which transfers informatiohe

neuron to another. An important part of this transmission is the neuronal exocytosis.
Synaptic vesicles fuse with the presynaptic membrane and release the stored
neurotransmitters into the synaptic cléfi. During this process, two separate membranes
have to overcome an energy barrier to facilitate fusion. This complex task can be achieved
by the evolutionary conserved SNARE (solub\eethylmaleimidesensitive factor
attachment protein recepjdamily.®'®! The vesicle membrane contains synaptobreyin 2

the acceptor membrane syntaxin 1A and thk2%& synaptosomassociated protein SNAP

2581 The interaction between these pingeis thought to start f&rminally and proceed

in a zipperlike manner toward the @rminil”® The membranes are broughtdlose
proximity so that theyltimately fuse together. The strong interaction between the proteins,
which is needed for the mechanism, is a result of the formation of ahétical
bundlel’®!Y Each of the involved proteins contributes its motif to form this structure. In
case of synaptobrevin 2 and syntaxin 1A, the motif is attached via a small flexible linker
sequence to dransmembrane domain (TMD) which anchors the protein into the
membrané!t?!® Since the discovery of the SNAREs in the late 1980s, the protein family
has been studied extensiveéf§i1® Different synthetic models have been developed to
mimic the function of the SNAREs to even further improve the understanding of the

underlying mechanisi’ 2l

One of these SNARE mimetics consists of a dimeric peptide system, which is designed to
keep the main three domains as close to the natural system as possible. The linker and TMD
are the native sequences of synaptobrevin 2 (Syb) and syntaxin 1A (Sxatlihed parts

are attached to an artificial motif which consists of the coiled coil pair E3 artlK3.
Initially, this system was developed to be $asized via solid phase peptide synthesis

(SPPS) and to mimic the zippering mechanism of the natural SNARE coftplex.
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Furthermore, the natural peptidic backbone was kept to reduce unnatural structural changes.
The pair of E3Syb and K3Sx peptides has already been verified to be capable ofgfusi
large unilamellar vesicles (LUVs) in bulk fusion ass&§SOne of the advantages of this
system is its peptidic character which can be modified easily and can therefore be used to
address specific questions regarding the fusion mechanism or peptide structure.

In fact, one of the objectives this work is to investigate the fusion mechanism of the
E3/K3-TMD model system and to connect the results to the natural SNARE fusion process.
This is achieved by precisely stopping the fusion process after the coiled coil formation of
the motifs and sirting it again after a specific trigger. To accomplish this, a photocleavable
protecting group was introduced into the linker of one of the peptides. Bsirgger
resonance energy transféfRET) based bulk fusion assays the inhibitory effect of the
growp was tested. For this purpose the position of the group in the peptide has been
evaluated via the -ray data of the natural SNARE compléX. Additionally, the
predetermined positions have been investigated regarding their effiexstiam efficiency

of the system. Peptide variants with substituted amino acids have been synthesized and
tested in this regard.

Another focus of this work targets a deeper understanding of the role of the linker sequence
in the fusion mechanism. To achée this, the E3/K3IMD systems sequenseare
selectively modified and the resulting changes of vesicle sizes and fusion behavior are
monitored. The modifications are aimed at three properties of the linker. First, the effect of
the linker length is tested. Here, the particular connection betweantific@al motif and

natural linker is of interested. Second, the charge of the polybasic area in syntaxins linker,
which has been investigated by research groups for §&af5.In this regard, the
interaction with charged lipids was also investigated in this work. Especially PIP
(phosphatidyl 4 %isphosphate) is known for its interactions with syntaxins liFké.

Third, a ring of aromatic amino @s is believed to be responsible for the insertion depth

of adjacent lysine& the stiffness of synaptobrevins linké#,and plays a role in the fusi
process itself® To test whether these amino acids are important for the EBA3

model systems ability to fuse vesiglealterations in the peptide sequence have been

monitored via FRET assays and DLS measurements.



2 Membranes and their Fusion

Behavior

This chapter focusses on the prdjgsr of biological membranes and on proteins which

have the ability to fusevo separate lipid bilayers. Chapfland2.2give an introduction

in todayds knowledge about bi ol ogi cal me mb
The next two chapter? (3and2.4) deal with membrane fusion and describe the neuronal
exocytosis pathway. Sectio@band2.6 present proteins which are capable of performing

the task of fusing separdigid bilayers in nature. Finally, chapt2s7is dedicated to model

systems, which are developed to mimic SNARE protein structure and/or imitate their fusion

mechafsm.

2.1 Biological Membranes

Biological membranes ar@n essentiaktructurefor cells and cell organelles to maintain

their functional capabilitieSX! Many different processes vital for life are occurring in or at
membranesThe reason for this is the high number of different lipids, proteins, sugars and
other molecules and cell organelles which are associated to the membradmngu(se1).

The structural foundation of biological membranes are lipids (see ctapt&?! These
molecules have an amphipathic character due to their polar head groups and hydrophobic
acyl tail chains and are therefore prone to form lipid bilayers in an aqueous envirdtiment.

The driving force of this behavior is the hydrophobic interaction betweeoythehains'>*!

A key feature of these membranes is the separatidiffefent cells and compartmenits!

This opens up the possibility for diverse biochemical reaction environments and specialized
domains within a cell. These domains provide a foundation for proteins and other molecules
for important cellular tasks like proton gradient generatiosigmaling cascadé¥! The

bilayer can also act as a barrier to protect the cell against toxmadation as well as
maintain an electrochemical gradient which is important for multiple other cell actitities.
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Membrane proteins are responsible for many processes sechyasatic activity, particle
transport across the membrane, communication between cells and signal tran§uction.
Classification of these proteins can be done via the type of attachment to the membrane.
Integral proteins are embedded into the lipid bilayer via specifi@ipragtructures. They

have been identified to contaia-helical and/orb-barrel structures, which contain
hydrophobic domains to stay inside the bildy¥t°! Peripheral membrane proteins, on the
other hand, are attached to the outside of the membrangrdteessare mostly acting in

the lipidwater interface andre fully water soluble. They can interact with the bilayer
reversibly through electrostatic interactions, hydrophobic interactions or attachment to lipid

anchorg#142]

Peripheral protein Glycoprotein

Glycolipid Channel protein

Cholesterol

Integral protein

Figure 2.1: Schematic model othe different components located at cell
membranesThe bilayer consists of various lipids (phospholipids, glycolipids,
sphingolipids, etc.), proteins, sugars and other molecules. The components are
usuall not distributed evenly and are known to form specialized areas, where the
local concentration of specific lipids or proteins is higher compared to the rest of
the membrane.

Membranes are highly asymmetric regarding the lipid and protein compositiorebdtvee
two sides of the bilayét3#4 Processes like ion pumping and signaling cascades have to be
directional to serve a purpose for the cell. This asymmetric feature is vital foraakhny

activities and has for example been correlated with cell apoptdsis.

In 1972SINGER andNicoLsoN introduced thelfiid mosaicmodelwhich contributed to a
better understanding of lipid membranes and proteins at th&#lB@logical membraas

are described as a two dimensional matrix, which is made up of a fluid bilayer of
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phospholipids in which mobile integral globular proteins are embedded. These proteins are
distributed evenly throughout the fluid membrane but are also able to form aiggred)

short ranges. Th#uid mosaicmodel replaced the at that time prevalenit utnembrane
modeland trilayer model*"4° As research progressed, the fluid mosaic model reached
its limits and is not generally applicable for the description of membranes anymore. The
model fails to describe lipiipid, lipid-protein, proteirprotein, nembraneassociated
cytoskeletal and extracellulanatrix interaction$™! Furthermore, observation of lateral
membrane heterogeneity lead to the development of a new concept to explain these
findings. The compartmentalization of the membrane was first discovered in the 1970s and
led to the concept ofpid raftst®® 53 Rafts are defined as highly dynamic, heterogeneous
sterol- and sphingolipieenriched domains with a size about10-200nm®* They are
proposed to form relatively ordered domains which recruit other proteins and lipids to form
functionally specialized membrane regidtts.However, as detection of these rafts is
difficult and different methodologies often yield contradictory results, lipid rafts have yet
to be observed in living cell8? The ongoing contiversy of this model sparked a debate
about renaming these previous findings ifttansient nanodomaiasather than raft8®
Alongside this model, other alternatives discuss the organization inside the plasma
membrané>® 58] Chargemediated formation of clusters, lipid shells or areas confined by

cortical actin skeleton may also compartmentalize the plasma menfi§rane.

2.2 Membrane Lipids

Lipids are the main building blocks of biological membranes and are essential for every
organism. For example, about of the human brains dry weight is accounted for by
lipids 1% Plenty proteins rely on their amphoteric nature to form a suitable environment for
protein activity. Understanding the properties and behavior of lipids is therefore crucial for
the elucidation of membrane processes.

Membrane lipids are amphoteric malkées with a polar head group and a lipophilkgla

chain. Generally, these lipids can be categorized by their physicochemical prdpférties.
The chemical diversity can be achieved with different types of headgroups, backbones and
acyl chains. Phosphatidylethanolaminepghatidylcholineand phosphatidylserine are
prominent head groups. The backbone consists of either glycerol or sphingosine. The acyl

chain can vary in length as well as in conformation due to possible double bonds. For
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phosphoglycerolipids a combinatiohtevo different acyl chains is also possible, increasing
the number of available lipid&Y The majority of biological lipids can be classified into
glycerophospholipids, sphingolipids and steRflsAnother important charactstic of

lipids is their interaction with each other. Due to the high number of lipids inside a lipid
bilayer, compositional diversity expands the scope of application of membranes even
further. Depending on the type or mixture of lipids in the membraneraeproperties of

the structure can be changed (Bepire2.2). Membrane thickness, flexibility or even local
charge can be modulated with different lipid composgioAs biological membranes
consist of hundreds of different species (lipids and proteins) the complexity of these

systems is immeng@&:5°l
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Figure 2.2: lllustration of membrane propertiedue to lipid diversity

(&) Membrane thickness is modulated by different lipids and cholesterol.
(b) Depending on the curvature of the membrane, specific types of lipids are
recruited. (c) DOPE as an example for a eshaped lipid and DOPC as a
cylindershaped lipid. Location of clhesterol in between lipids is shown.

The fluidity and flexibility of lipid bilayers is a result of the interaction between the lipids
and proteins present at this interf&eLipids have intrinsic shapes which are dependent

on their hydrophobic acyl chains and hydrdighiead groups. Different geometric shapes

of the lipids are possible. Cone shaped lipids are a result of headgroups having a smaller
mean diameter compared to theylachains. Unsaturated phosphoethanolamine (PE) and
phosphatidic acid (PA) lipids are cone shaped, whereas phosphatidylcholine (PC)
headgroups tend to be cylindrical. The shape determines théyssige packing and
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therefore, the curvature of the monolayé&rhe thickness of the bilayer is also an important
parameter which can determine the properties of a membrane. For example, the activity of
many proteins is regulated via the thickness of the bifé§/dihe length of the acyl chains

of lipids, the amount of cholesterol, as well as proteins itself can modify this pr&pétty.
Another important lipidic component are sterols, with the most prominent being
cholesterol®® Cholesterol modulas the bilayers fluidity, thickness and curvature, making

it an essential component in mammalian d&IIET65ERL It increases the bilayer thickness

by straightening the acyl chains of adjacent lipids and can be found preferably in negatively
curved bilayers due to its intrinsic curvatl®The molecule is positioned in between the
acyl chains of the phospholipids with its hydroxyl group at the level of the ester §tibs.
Furthermore, cholesterol is known to interact with many proeemsSNARE proteins and
HIV-1 gp41l7o7i

2.3 Membrane Fusion

Fusion of biological membranes is the process in which two separate lipid bilayers
overcome an energy barrier and merge together, forming one continuous bilayer. In most
cases, this event also leads to mixing of the two contents which were enclosed by the two
separge bilayers. There are two main mechanisms for the fusion process which can be
separated into proteindependent and protein dependent fusion. The mechanistmefor
former was first postulated byKozLov and MARKIN in 19832 The original theory
describes a mechanism in whiitst a hemifusion step has to be passed before full fusion
occurs (se€&igure2.3). Here, the two membranes are in close proximity when a-ploat
protrusion minimizes the hydration energy so that a hemifusion stalk can be formed
(1>2>3). In this stage, the outer membrane leaflets are mixed, whereas the inner leaflets
stay separated. Continuing from the stalk, either a hemifusion diaphragm can be formed
(3>4)["3 or a direct fusion pore opening occurs (3¥8)Either way, the last step includes

the formation of a fusion pore which enables the exchange of the aqueous contents between
the formerly separat bilayers. The process of hemifusion stalk formation is generally
agreed upon, as it has been observed wittayXdiffraction studie§>"8 Although the
formation of a hemifusion diaphragm was experimentally obséfV&dit is still debated
whether the process can proceed to the pore formation from thid’ét&jece the first

postul ati on, sever al i mprovements and addi
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describe the process marecurately® 82 Recently, the mechanism has been modified and
adapted even further to accommodate several possible alternative fusion p&thways.
These new pathways are less symmetaa tine original mechanism but originate from the
hemifusion stalk.

During the first rout¢3>6>7>8) the stalk grows linearly along a circular path to form an
inverted micelle §). From here, two pores need to be opened, with the first leading to the
formation of a p-shaped hemifusion diaphragm (7). This diaphragm is similar to (4),
however the lipids have been mixed during its formation.

In an alternative route, the fusion stalkeap transiently and forms the st@@re complex

(9), which closes to form a hemifusion diaphragm before the fusion pore opening
(3>9>7>8).184861 |t js also currently deated, that the stajiore complex opens during the
hemifusion diaphragma elongation (3:947>8).87]

Figure 2.3 lllustration of several fusion pathwaysof two lipid bilayers
(1) Separate bilayers (2) Point-like protrusion (3) Hemifusion stalk
(4) Hemifusion diaphragm(5) Fusion pore (6) Inverted micelle(7) p-shaped
hemifusion diaphragn{8) Fusion pore with mixed lipid¢9) Stalk-pore complex
Image based Of3#58889],

The second type of membrane fusiocludles proteins. Here, many of the previously stated
concepts are applied for the membrane merger itself. The advantages which result from the

inclusion of proteins in the fusion process are manifold. The hydration, curvature, lipid
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composition or stabiljt of the membrane can be altered due to prot&éhBurthermore,
proteins can actively pull membranes together to perform the fusion plGtédse
mechanism can therefore be controlled more precisely. Some proteins capable of this task
are discussed in more detailtivechapter2.5and2.6.

One important factor for bilayer fusion is the lipid compositad the membrane. During

the process the shapes of the bilayers change dramatically. This change has to be
accommodated by the structures of iinolved lipids. During stalk formation, a highly
negatively curved membrane develops in the inner leafletshviias to be stabilized by a
suitable lipid. As described in sectidh2, lipids with PE headgroups promote this
formation, wherealysophosphatidylcholine (LP@)hibit the proces&! Conversely, LPC

is better suited for the outer leaflet than PE lipids. These findings can also bd tpiiee
curvature of liposomes. Less curved membranes tend to fuse less readily than highly curved
membrane8* Thus, larger liposomes are less fusogenic, whereas small liposomes, for

example small unilamellar vesicleéSlVs) are more prone to fuse.

2.4 Neuronal Exocytosis

Since the 1960s, when the fundamental understanding about synaptic signal transduction
was obtained, a lot of research was conducted in this field. Especially the exocytosis of
synaptic vesicles has beerudied intensively, making it one of the best understood
membrane fusion procesge¥ %4

Transferring information between cells is a fundamental processity organisms. In
mammals, the central nervous system is filled with specialized cells to conduct reliable and
fast information transduction. Thesecaled neurons consist of different components (see
Figure2.4a). The cell body is made of the soma which contains the nucleus and is connected
to multiple branched dendrites. These dendrites receive information from othénateds
processed in the cell body. Thédmmation is thertransferredsia the axon, an elongation

of the cell, in which electrical pulses can be transmitted over a long distance to the axon
termini. The speed of the information transfer is further increased by Schwann cells, which
wrap around tb axon to form thenyelin sheathAt the terminal points a connection to
other cells e.g. other neurons form a synapseHigere2.4b). At the synapse the electrical

information is translated into a chemical sigtinatis transmitted to the next cell.
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(a) (b)
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Figure 2.4: lllustration of neuronal signal transductiosynaptic activity.

(a) Structure of a neuron. (b) Synapse with simplified vesicle trafficking cycle.
The electrical signal from the axon is translated into chemical information.
Neurotransmitters are released into theagyic cleft, where they bind onto
receptors on the postsynaptic membrane. Basé&tlon

The underlying principle ote information transfer is a differencetire electrochemical
potential between the intrand extracellular area. The composition of ions differs between
the inside of the neuron and the outside. Consequently, a charge difference across the
membrane exts. This potential, which is maintained by active ion pumps, can be changed
in the event of an action potential. An action potential is generated when signals from the
dendrites arrive in the axon hillock and a specific threshold is exceeded. Aftehénat, t
signal is sent down the axon and induces a change in the resting potential. This is done via
a set of voltaggated ion channels which alter the permeability of &fad K'-ions of the
membrane. Upon arrival at the axon terminal region, voltgged C& channels open.

The previously prevalent low amount of&#ons increases and triggers multiple events

one of which is the fusion of transmitter filled synaptic vesicles with the presynaptic
membrane. These transmitters are then released into theisyelefitand can bind to

specific receptors on the postsynaptic membrane.

The formation and recycling of synaptic vesicles is a process needed for signal transduction,

to maintain a readily releasable pool of neurotransmitter filled vesicleFitpae?2.4b) 2l

10
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For the neurotransmitters to be released, they first have to be incorporated inside a vesicle
via active transport. Filled vesicles form the readily releasable pool of synaptic vesicles
which are stored inside the cell until need&¥In the next step, the filled vesicles dock at

the active zone near the synaptic membrane and undergo a priming process. After priming,
the vesicles can be triggered by means of & @atake part in the fusion process.
Subsequent, thempty synaptic vesicle can undergo endocytosis to be recycled via
endosome®! This whole process is accompanied by a variety of proeemsclathrinto

regulate and catalyze the different steps.

2.5 Fusion Proteins

Fusion of biological membranesart be performed by different types of proteins.
Depending on the evolutionary background, the protein structures and fusion mechanisms
differ quiet substantially. For example, viral fusion proteins facilitate the merger with the
proteins being present only one of the membran&§! SNARE proteins on the other hand

are located in both membranes and interact with each other to facilitate §lsion.
Knowledge about natures fusion machinésyimportant consideringe.g. the recent
outbreak of the SARE0V-2 virus The fusion proteins used by the virus pamential

targest for drug agentsas they are exposed to the environnf&htn this chapter, the

different types of fusion proteins are discussed.

2.5.1 Viral Fusion

Viral fusion differs significantly compared to neuronal exocytosis. The acceptor membrane
does not have proteins specifically dgsd for the fusion of viral membrane with the host.
Furthermore, viral fusion proteins do not necessarily have to be recycled after use, as one
fusion event leads to the desired outcome. Consequently, viruses have developed
alternative methods of fusinggarate membran&$! The proteins used by viruses can be
divided into three main class€8%®! Classl fusion proteins are trimers consisting mainly

of a-helical parts. ClasB proteins have &-sheet as the most defining feature andsla

fusion proteins share the features of cleasd I1°°

One of the best researched virus fusion proteins is hemagglutinin (HA) in the influenza

virus, which belongs to the clakiision proteingt®%|n the case of HA, a protein trimer

11















































































































































































































































































































































































































