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Summary

Summary

In this thesis, the application of liposomes and nanodiscs to study membrane proteins in their native-like
lipid environment was explored by employing different mass spectrometry-based (MS-based) methods.
Although detergents are commonly used for the solubilization and purification of membrane proteins they
do not resemble a natural phospholipid bilayer and often cannot preserve the native state of the proteins. In
the last decade, membrane mimetics, therefore, gained more importance as they allow the analysis of
membrane proteins in the presence of lipids. Of these, liposomes and nanodiscs have proven to be promising,

although their application for MS is still limited.

In the first part of this thesis, liposomes and proteoliposomes were studied by MS under denaturing and
native gas phase conditions. The overall aim of these experiments was to dissociate liposomes in the gas
phase of the mass spectrometer and to release membrane-associated proteins allowing the structural
investigation in their lipid environment. For this, liposomes without proteins were first investigated. Single-
component liposomes dissociated into lipid clusters under denaturing and native gas phase conditions.
Similar dissociation patterns were also obtained for multi-component liposomes; however, these lipid
clusters contained different lipids. Importantly, by applying native MS experiments liposomes differing in
composition, size and concentration revealed comparable mass spectra. The dissociation of liposomes is,
therefore, independent on composition, size and concentration. Further experiments showed that the
dissociation of liposomes was improved by increasing the collision voltages under native gas phase
conditions resulting in smaller lipid clusters. These initial experiments highlighted that single- and multi-
component liposomes dissociate under denaturing and native gas phase conditions and are, therefore,

promising for our application to study membrane proteins in a native lipid environment.

To continue investigating the usage of liposomes they were in next step mixed with soluble peptides/proteins
to prove whether peptides/proteins and lipids can be analyzed simultaneously or protein signals are
suppressed. These experiments showed that peptides/proteins and lipids are detectable in the same mass
spectrum. This was confirmed using three different model proteins ranging in molecular weight from small

(approximately 1 kDa) to large (approximately 25 kDa) proteins.

Next, the application of liposomes to study membrane-associated proteins was explored. For this, p40Ph
and Melittin were investigated. The binding of the proteins to liposomes was verified by flotation analysis.
MS spectra acquired under denaturing and native gas phase conditions revealed signals for p40P"* and

lipids.

Finally, Melittin was incubated with liposomes differing in lipid composition (i.e. eukaryotic and

prokaryotic membrane composition). Surprisingly, the mass spectra revealed protein-lipid interactions
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under denaturing and native gas phase conditions. Moreover, under native gas phase conditions, Melittin
oligomers were preserved, showing that liposomes successfully transfer membrane-associated proteins into
the gas phase while preserving their oligomeric states and lipid interactions. Accordingly, by comparing MS
analyses under denaturing and native gas phase conditions, we gained insights into the dissociation of
liposomes and the binding of peptides/proteins to the phospholipid bilayer. Liposomes, therefore, represent

a valuable alternative to study membrane-associated peptides and proteins and their interactions by MS.

In the second part of this thesis, the application of nanodiscs for chemically cross-linking of membrane
proteins in a native-like membrane environment was investigated. For this, single- and multi-component
nanodiscs were prepared and their size, as well as shape, were validated by dynamic light scattering (DLS)
and negative-stain transmission electron microscopy (TEM). Subsequently, an integral membrane protein
(Syntaxin-1A) was reconstituted into nanodiscs and cross-linked with bis(sulfosuccinimidyl)suberate
(BS3). Cross-links were analyzed using a standardized cross-linking protocol. By following this protocol,
cross-links of Syntaxin-1A, as well as membrane-scaffolding protein (MSP) cross-links were identified. In
future applications, chemical cross-linking and subsequent MS analysis of proteins reconstituted into

nanodiscs will then allow the structural analysis of membrane proteins in the presence of lipids.

In summary, this work shows that liposomes and nanodiscs are important tools to analyze membrane
proteins and their interactions using different MS-based methods. The investigation of membrane proteins
and their lipid interactions in a well-defined environment resembling a biological membrane will certainly

be of great value for the structural elucidation of membrane proteins in the future.



Zusammenfassung

Zusammenfassung

In dieser Arbeit wurde die Anwendung von Liposomen und Nanodiscs zur Untersuchung von
Membranproteinen in ihrer nativen Lipidumgebung untersucht, indem verschiedene Massenspektrometrie-
basierte (MS-basierte) Methoden eingesetzt wurden. Obwohl Detergenzien (blicherweise fur die
Solubilisierung und Reinigung von Membranproteinen verwendet werden, &hneln sie nicht einer natrlichen
Phospholipid-Doppelschicht und kénnen daher oft den nativen Zustand von Proteinen nicht erhalten.
Aufgrund dessen haben Membranmimetika in den letzten Jahren zunehmend an Bedeutung gewonnen, da
sie die Analyse von Membranproteinen in Gegenwart von Lipiden ermdglichen. Liposomen und Nanodiscs
erwiesen sich bereits als vielversprechend fur die Analyse von Membranproteinen, ihre Anwendung fur die

Massenspektrometrie (MS) ist allerdings bis heute noch begrenzt.

Im ersten Teil dieser Arbeit wurden Liposomen und Proteoliposomen mittels MS unter denaturierenden und
nativen Gasphasenbedingungen untersucht. Das tibergeordnete Ziel dieser Experimente war es, Liposomen
im Massenspektrometer zu dissoziieren und membranassoziierte Proteine in die Gasphase freizusetzen.
Dadurch sollte die strukturelle Untersuchung von membranassoziierten Proteinen in ihrer natirlichen
Lipidumgebung ermdglicht werden. Hierflir wurden zundchst Liposomen ohne Proteine untersucht. Einzel-
komponenten Liposomen dissoziierten unter denaturierenden und nativen Gasphasenbedingungen in
Lipidcluster. Ahnliche Dissoziationsmuster wurden auch fiir multikomponenten Liposomen erhalten,
allerdings enthielten diese Lipidcluster auch unterschiedliche Lipide. AuRerdem zeigten die nativen MS-
Experimente von Liposomen, die sich in Zusammensetzung, Groe und Konzentration unterscheiden,
ahnliche Massenspektren. Die Dissoziation von Liposomen ist demnach unabhéngig von
Zusammensetzung, GroRe und Konzentration. Weitere Experimente zeigten zudem, dass die Dissoziation
durch Erhéhung der Kollisionsspannungen unter nativen Gasphasenbedingungen verbessert werden kann,
was zu kleineren Lipidclustern fiihrt. Zusammenfassend zeigten diese ersten Experimente, dass einzel- und
mehrkomponenten Liposomen unter denaturierenden und nativen Gasphasenbedingungen dissoziieren und
daher vielversprechende Membranmimetika fiir die Analyse von Membranproteinen in einer naturlichen

Umgebung sind.

Um die Anwendung von Liposomen weiter zu untersuchen, wurden sie als nédchstes mit loslichen
Peptiden/Proteinen gemischt und mittels MS analysiert, um zu beweisen, dass sich Peptide/Proteine und
Lipide gleichzeitig analysiert werden oder die Proteinsignale unterdriickt werden. Diese Versuche zeigten,
dass Peptide/Proteine in Gegenwart von Lipiden nachweisbar sind. Dies wurde durch Verwendung von drei
verschiedenen Modellproteinen bestétigt, deren Molekulargewicht von kleinen (ca. 1 kDa) bis zu grofien

(ca. 25 kDa) Proteinen reichte.
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Zusammenfassung

Um nun zu untersuchen, ob Liposomen als Ubertréger von membranassoziierten Proteinen in die Gasphase
des Massenspektrometers dienen konnen, wurde zwei unterschiedliche membran-assoziierte
Modellproteine (p40P"*, Melittin) naher untersucht. Die Bindung der Proteine an Liposomen wurde durch
Flotationsanalyse bestatigt. Die MS-Spektren zeigten, dass die lonisierung der Lipide beglnstigt ist,
wodurch p40P"°* mit geringerer Intensitat beobachtet wurde. Dennoch konnten wir bestatigen, dass Proteine,

die spezifisch mit Liposomen Membranen assoziiert sind, sich mittels MS analysieren lassen.

Melittin wurde mit Liposomen inkubiert, die sich in der Lipidzusammensetzung unterscheiden
(eukaryotische und prokaryotische Membranzusammensetzung). Interessanterweise zeigten die MS
Spektren, dass Protein-Lipid-Wechselwirkungen unter denaturierenden und nativen Gasphasen
Bedingungen nachgewiesen werden konnten. Daruiber hinaus blieben Melittin-Oligomere unter nativen
Gasphasenbedingungen erhalten. Mit Hilfe von Liposomen koénnen membranassoziierte Proteine
erfolgreich in die Gasphase tberfiihrt werden, wodurch sowohl die oligomeren Zustande des Peptides als
auch Lipidinteraktionen erhalten bleiben. Zusammenfassend wurden durch den Vergleich der MS-Analyse
under denaturierenden und nativen Gasphasenbedingungen Einblicke in die Dissoziation von Liposomen
und die Bindung von Peptiden/Proteinen an die Phospholipid-Doppelschicht gewonnen. Dementsprechend
stellen Liposomen eine wertvolle Alternative dar, um membranassoziierte Peptide und Proteine und ihre

Wechselwirkungen mittels MS zu untersuchen.

Im zweiten Teil dieser Arbeit wurde die Anwendung von Nanodiscs fur die chemische Quervernetzung von
Membranproteinen in ihrer natlrlichen Membranumgebung untersucht. Dazu wurden einzel- und
mehrkomponenten Nanodiscs mit unterschiedlichen Zusammensetzungen hergestellt und ihre GréRe sowie
Form mittels dynamische Lichtstreuung (DLS) und Transmissionselektronenmikroskopie (TEM) validiert.
AnschlieBend wurde ein integrales Membranprotein (Syntaxin-1A) in Nanodiscs rekonstituiert und mittels
Bis(sulfosuccinimidyl)suberat (BS3) quervernetzt. Die Quervernetzungen wurden anhand eines
standardisierten Quervernetzungsprotokolls analysiert. Auf Grundlage dieses Protokolls konnten
Quervernetzungen von Syntaxin-1A und des Nanodisc Gerlstproteins nachgewiesen werden. Insgesamt
zeigen diese Experimente, dass chemisches Quervernetzen von Proteinen, die in Nanodisc rekonstituiert
wurden, mdglich ist. In Zukunft kénnten diese ersten Studien dabei helfen eine erweiterte Strukturanalyse

von Membranproteinen mit Hilfe von Nanodiscs zu ermdglichen.

Zusammenfassend zeigt diese Arbeit, dass Liposomen und Nanodiscs wichtige Werkzeuge sind, um
Membranproteine und ihre Wechselwirkungen mittels MS zu analysieren. Die Untersuchung von
Membranproteinen und ihren Lipidwechselwirkungen in einer wohldefinierten Umgebung, die einer
biologischen Membran &hnelt, wird sicherlich in naher Zukunft von groem Wert fur die Strukturaufklarung

von Membranproteinen sein.
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Introduction

1 Introduction

1.1 Membrane proteins, lipids and their interactions

1.1.1 Membrane proteins

Biological membranes separate the interior of organelles from their external environment and function as
permeability barriers®. Accordingly, biological membranes are involved in sending, receiving and
processing information in form of chemical and electrical signals®. The organization of biological
membranes was previously described by the fluid mosaic model postulated by Singer and Nicolson in 19723,
This model defines membranes as fluid phospholipid bilayers in which membrane proteins and lipids are
highly dynamic and freely float. Over the last decade, this model was refined, and it was proposed that
biological membranes contain microdomains consisting of different lipids and proteins. These domains are
essential for the organization of the membrane and it is, accordingly, assumed that the lipid bilayer is
divided into so-called lipid rafts that coordinate the function of proteins®. Lipid rafts are initially described
as detergent-resistant membrane fractions that usually contain a high content of cholesterol, glycolipids and
sphingolipids. In addition, the fatty acid side chains of the phospholipids present in lipid rafts are highly
saturated compared to the rest of the membrane®. Although controversially discussed to date, lipid rafts are

nowadays thought to play important roles in membrane signaling and trafficking®.

Most biological membranes have a protein content > 50%’. Membrane proteins penetrate the phospholipid
bilayer depending on their hydrophobicity and, therefore, determine the function and structure of biological
membranes. There are two types of proteins associated with biological membranes: peripheral (extrinsic),
and integral (intrinsic) membrane proteins (Figure 1A). Peripheral membrane proteins are transiently bound
to the phospholipid bilayer and are easily released by changes in ionic strength or pH8. They associate with
biological membranes by forming electrostatic and other non-covalent interactions with lipid head groups
or the hydrophilic surface of other proteins®. Other peripheral membrane proteins are covalently linked to
the membrane through a lipid anchor. Accordingly, lipid anchored membrane proteins are located on either
side of the phospholipid bilayer’. The various lipid groups that anchor proteins to the membrane can also

play a central role in the interaction and function of proteins™®.
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Figure 1: Structure of a biological membrane and function of membrane proteins. (A) Organization of
a biological membrane. The membrane consists of a phospholipid bilayer containing a variety of proteins.
Proteins are classified as peripheral (dark green) and integral (pink) membrane proteins. Peripheral
membrane proteins are either associated with the membrane through electrostatic interactions (dark green)
or through a lipid-anchor (light green). Transmembrane glycoproteins (blue) and glycolipids (red) are also
displayed. (B) Different functions of membrane proteins. Membrane proteins contribute to the transport of
molecules (passive and active transport), signal transduction, enzymatic activity, intercellular joining, cell-
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Integral membrane proteins contain a relatively large number of hydrophobic amino acids and are, therefore,
embedded into the phospholipid bilayer. They interact with the fatty-acid chains or head groups of
phospholipids through hydrophobic, hydrophilic or ionic interactions. The ionic interactions are mostly
formed between positively (Lys, Arg and His) or negatively charged residues (Asp and Glu) and
phospholipid head groups. Integral membrane proteins are, therefore, not easily released from the
phospholipid bilayer’. A subset of integral membrane proteins are glycoproteins, which contain

oligosaccharide chains (glycans) covalently attached to their amino acid side chains®®.

Membrane proteins have a variety of functions in biological membranes (Figure 1B). For instance, transport
proteins enable the transfer of ions, small molecules or macromolecules across the cell membrane!2.
Transport mechanisms are divided into passive and active transport. During the passive transport, molecules
are transferred across the cell membrane through a concentration gradient without the use of energy. In
active transport mechanisms molecules are pumped against a concentration gradient3!4, This mechanism is
driven by the release of energy e.g. through the hydrolysis of adenosine triphosphate®. Furthermore,
enzymatic membrane proteins, such as oxidoreductases, transferases and hydrolases are particularly
involved in metabolic pathways and catalyze the transfer of electrons from one molecule to another®. Other
membrane proteins are responsible for cell junctions (tight junctions, desmosomes and gap junctions),
providing contact adhesion between neighboring cells or between cells and the extracellular matrix’.
Glycoproteins are, for instance, involved in the identification and recognition between cells and have shown
to be particularly important for the immune system to support the detection of foreign cells that cause
infections'?. Some membrane proteins are also associated with the cytoskeleton or extracellular matrix and,
therefore, maintain the shape of a cell'’. Based on these functions, membrane proteins are often associated

with diseases and are, therefore, important biological and pharmaceutical targets.

1.1.2 The importance of lipids

The membranes of organelles are composed of a variety of different lipids that form the phospholipid
bilayer. Lipids are amphipathic molecules consisting of a hydrophilic head group and a hydrophobic carbon
chain. Accordingly, they spontaneously self-associate in agqueous solutions so that their hydrophobic carbon
chains face inwards forming the hydrophobic core and their hydrophilic head groups face outwards towards

the aqueous surrounding?®.
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There are three main classes of lipids found in biological membranes: phospholipids, glycolipids and
sterols!® (Figure 2). Phospholipids are classified, according to their head group structure, as
glycerophospholipids (GPL) and sphingophospholipids (SPL). Glycerophospholipids, including
phosphatidic acid (PA), phosphatidylethanolamine (PE), phosphatidylcholine (PC), phosphatidylglycerol
(PG), phosphatidylserine (PS) and phosphatidylinositol (PI) are considered to be the most abundant lipids
in biological membranes?. GPLs consist of two fatty acyl chains linked by a glycerol and a phosphate group
(Figure 2A). The two fatty acyl chains of GPLs usually consist of an even number of carbon atoms (between
14 and 24 carbon atoms) and cis carbon-carbon double bonds (unsaturated GPLs). Accordingly, the fluidity

of a membrane is determined by the degree of saturation of the hydrocarbon chain.
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Figure 2: Structure and composition of lipids in membranes. (A) Glycerophospholipids contain two
fatty acyl chains which are linked to the phosphate group through a glycerol backbone. Common headgroups
(X) of glycerophospholipids are displayed. (B) Sphingophospholipids consist of a sphingoid base backbone,
an N-acyl chain linked by an amide bond. SM is shown as a representation of a sphingophospholipid. (C)
Glycolipids contain fatty acyl chains (y) which are glycosidically attached to one or more mono- or
oligosaccharides. (D) Cholesterol is the major sterol of eukaryotic cell membranes and consists of a four-
ring steroid, a hydroxyl group and a hydrocarbon chain. (E) Distribution of lipids in the outer leaflet and
inner leaflet of plasma membranes.
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Unsaturated fatty acids with one or more double bonds, therefore, influence the packing arrangement of
biological membranes and increase membrane fluidity while saturated fatty acyl chains lead to a higher
membrane rigidity?'. SPLs consist of a sphingoid base and an N-acyl side chain linked by an amide bond??
(Figure 2B).

A typical SPL found in biological membranes is sphingomyelin (SM). Glycolipids are the second largest
group of lipids and are mostly found on the surface of eukaryotic membranes?. Structurally, glycolipids are
phosphate-free lipids that are glycosidically attached to one or more mono- or oligosaccharides (Figure
2C). Cerebrosides, which are typical glycolipids found in nerve cell membranes, are involved in different
biological and pathological processes suggesting to play important roles in cell recognition?,

Sterols, which are important components of eukaryotic membranes contain a four-ring steroid, a hydroxyl
group and a short hydrocarbon side chain?? (Figure 2D). Cholesterol, the basic building block of hormones
and vitamins, contributes to membrane stiffness and, therefore, reduces membrane fluidity at high
temperatures?®. At low temperatures, however, the bending of the cholesterol-hydrocarbon chain prevents

the formation of an ordered structure and membrane fluidity is increased?®.

The lipid composition of biological membranes is very diverse®®. Plasma membranes, for instance, contain
a high proportion of PC, PE and SM, but less PI or PS lipids. The cholesterol content in plasma membranes
is high compared to other membranes?. Mitochondrial membranes, however, have the lowest cholesterol
content but high levels of PC, PE and PI*. The structural differences of organelles also define the
compositions of the inner and outer leaflets of membranes?’. In plasma membranes, for example, the outer
leaflet is composed of sphingolipids and PC while the inner leaflet contains mostly PE and PS lipids (Figure
2E)®2_ Interestingly, cholesterol is equally distributed in the outer and inner leaflets of the plasma
membrane®. The different lipid compositions and distributions in membranes, therefore, result in different

membrane fluidity, curvature, lateral pressure and transition temperature.

1.1.3 Protein-lipid interactions

Protein-lipid interactions are important for membrane organization. Early studies considered lipids to be
essential for anchoring membrane proteins in the phospholipid bilayer”3!. However, lipids also showed
significant effects on protein activity®® and it is nowadays generally accepted that lipids are crucial for

analyzing the structure and function of membrane proteins.



Introduction

The lipids that interact with proteins are divided into three groups including bulk lipids, annular lipids and
non-annular lipids (Figure 3). Bulk lipids, the majority of membrane lipids, do not interact with membrane-
bound proteins, but are responsible for membrane assembly. Accordingly, these lipids, affect the physical
properties of the membrane, including fluidity, lateral pressure and curvature®. The lipid envelope
surrounding membrane proteins is usually referred to the lipid annulus®. These lipids interact with
membrane proteins mostly through hydrophobic interactions between the amino acid side chains of the

protein and the fatty acid chains of lipids.

In addition, they also interact through hydrophilic interactions between polar amino acid chains and the
polar lipid head groups. Accordingly, the lipid annulus mediates between proteins and the lipid environment
and is responsible for the vertical positioning of the protein in the membrane®*. Note that, annular lipids
exchange more rapidly with their lipid environment compared to bulk lipids and their interactions with
membrane proteins are, therefore, difficult to detect®. Nevertheless, studies applying electron paramagnetic
resonance spin labeling and other biophysical methods were able to provide information on lipid
stoichiometry, selectivity and exchange dynamics® and the interactions of annular lipids were also
preserved in high-resolution structures®-*°. Non-annular lipids, also known as lipid cofactors or structural
lipids, interact with proteins with high affinity. These lipids are often found at protein surface cavities,
between transmembrane helices or at the protein-protein interfaces of protein complexes®. Accordingly, the
association of non-annular lipids with membrane proteins is based on non-covalent interactions*. Non-
annular lipids are important for modulating the structure, conformation and localization of membrane

protein complexes as well as their enzymatic functions*.

bulk lipids annular lipids non-annular lipids

Figure 3: Types of lipids in biological membranes. Bulk lipids (green) do not interact with the proteins
embedded in the membrane and represent the bulk lipid composition of the protein's membrane
environment. Annular lipids (blue) mediate between the protein and the lipid environment and are important
for the vertical positioning of the protein in the lipid bilayer. Non-annular lipids (red) are bound in protein
surface cavities, between transmembrane helices of a protein or at the protein-protein interfaces of protein
complexes containing multiple subunits.



Introduction

1.2 Membrane mimetics

For many years, the major challenge in the analysis of membrane proteins was their purification from
membranes while preserving their native structure and function. To date, detergents are mostly used for
solubilizing membrane proteins*>*%. Amphiphilic detergent molecules contain a hydrophilic head group and
a hydrophobic tail, allowing them to form, above the critical micelle concentration (CMC), a spherical
micelle with a hydrophobic interior and a hydrophilic exterior. The CMC is defined as the concentration

used for spontaneous micelle formation®,

Although detergents seem to be valuable for solubilizing membrane proteins, recent studies proved that
detergents also tend to destabilize the native structure of membrane proteins and lead to unfolding®. In
addition, extensive screening of detergents is often required to achieve successful extraction of membrane
proteins*®47. Accordingly, the search for a suitable detergent is often time-consuming and expensive.
Detergents are, therefore, considered unsuitable for the analysis of membrane proteins. However, the
importance of the membrane environment on protein structure and function has led to the development of

new membrane mimetics.

Nowadays, the most commonly employed membrane mimetics for the analysis of membrane proteins in
their native-like environment are bicelles, amphipoles, nanodiscs and liposomes. Bicelles consist of a
mixture of short-chain detergents and long-chain phospholipids that result in a planar lipid bilayer. However,
as bicelles are polydisperse and contain detergents they do not represent a proper native environment for
membrane proteins*®. Amphipoles are short amphipathic polymers that keep proteins soluble in the absence
of detergents. However, they are heterogeneous and do not represent a phospholipid bilayer. Recently,
biophysical studies also showed that the oligomeric states and protein-lipid interactions of membrane
proteins are difficult to be maintained in bicelles and amphipols, hence they are not suitable for structural
analysis of membrane proteins®. In this thesis, liposomes and nanodiscs were, therefore, employed for the
analysis of membrane proteins in their native-like environment. A more detailed description of these

membrane mimetics is given in the following sections:

1.2.1 Liposomes

Liposomes are artificial spherical vesicles composed of one or more phospholipid bilayers surrounding an
aqueous interior. Accordingly, similar to biological membranes, liposomes spontaneously assemble in
aqueous solutions. Liposomes are able to encapsulate hydrophilic and hydrophobic drugs and were,
therefore, increasingly used as drug carriers for biomedical research®. Nowadays, they also proved to be
useful model membranes for the structural analysis of membrane proteins®-°2,

7
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Liposomes are easily prepared, for instance, by rotary evaporation, paired with extrusion or
ultrasonication®. In other protocols, liposomes were prepared by the ether or ethanol injection method®.
Liposomes are classified by their lamellarity and, accordingly, divided into multilamellar vesicles (MLVSs)
and unilamellar vesicles (ULVs) (Figure 4A). MLVs have an onion-like structure and contain multiple lipid
bilayers, whereas ULVs consist of only one phospholipid bilayer®*. Depending on their size and incorporated
vesicles, MLVs are further divided into multivesicular vesicles (MVVSs) including centrically arranged

vesicle-in-vesicle systems (Figure 4B).

ULVs are further classified as giant unilamellar vesicles (GUVs), large unilamellar vesicles (LUVs) and
small unilamellar vesicles (SUVs) (Figure 4B)%%, Smaller sized vesicles have an increased curvature
compared to larger vesicles. As some proteins and peptides are negatively affected by a high curvature,
larger vesicles (~100 nm vesicles) are often employed as model mimetics to study the structure and function
of membrane proteins. Liposomes of different sizes are prepared from a variety of natural and non-natural
lipids including cholesterol. Nowadays it is well accepted that the physical properties, such as surface charge
and particle size of liposomes strongly depend on the lipid composition. In addition, the composition of
lipids also mediates phospholipid bilayer stiffness and fluidity and, therefore, interferes with vesicle

formation and might lead to the destabilization of the associated proteins®.

For the incorporation of integral membrane proteins into liposomes, purified membrane proteins, dissolved
in detergents, are incubated with lipid-detergent micelles. During the reconstitution process and detergent
removal by dialysis, gel filtration or bio bead adsorption, the proteins spontaneously reconstitute into
liposomes and form so-called proteoliposomes®’. A major drawback when preparing proteoliposomes is the

difficulty to control the final orientation of proteins in liposomes and different populations are detected®®,
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Figure 4: Classification of liposomes. (A) Liposomes are spherical vesicles consisting of a hydrophilic
core surrounded by a phospholipid bilayer. Liposomes are either unilamellar or multilamellar. (B)
Liposomes are classified into subgroups based on their size: SUVs (10-1000 nm), LUVs (100-500 nm),
MLVs (500-1000 nm), GUVs and MVV (>1000 nm).



Introduction

In contrast to integral membrane proteins, peripheral membrane proteins associate with liposomes without
the use of detergents. However, one should keep in mind that the composition of liposomes plays a major
role in the association of proteins and specific lipids are often necessary for successful attachment of the

peripheral membrane protein.

1.2.2 Nanodiscs

Nanodiscs are nanoscale disc-shaped lipid bilayers enclosed by proteins or polymers which are well-defined
and relatively monodisperse. Due to their size, stability and homogeneity, they were successfully used as

membrane mimetics for functional and structural studies of membrane proteins®.

To date, two different types of nanodiscs including protein nanodiscs (Figure 5, i) and polymer nanodiscs
(Figure 5, ii) were developed for membrane protein studies. Classical protein nanodiscs contain two copies
of an amphipathic membrane scaffold protein (MSP)®. MSPs are truncated forms of apolipoprotein that
allow stabilizing the phospholipid bilayer®®. The different scaffold proteins define the diameter of the
nanodisc complex, while the type of lipid determines the composition of the bilayer.
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Figure 5: Classification of nanodiscs. Nanodiscs are classified into protein nanodiscs, including MSP-
nanodiscs and SapNPs as well as polymer nandiscs. MSP and SapNPs are assembled in detergents, either
using a membrane scaffolding or a saposin protein. Polymer nanodiscs, for instance SMALPSs are assembled
without detergent
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An alternative to the MSP nanodiscs is provided by the recently developed saposin-derived lipid
nanoparticles (SapNPs)®2. Saposin proteins A, B, C or D form disc-shaped constructs in the presence of
lipids thus enabling the solubilization of membrane proteins in their lipid environment. However, as this
method is relatively new, an extensive application of saposins for the structural analysis of membrane
proteins is still missing. Nevertheless, SapNPs were recently employed for hydrogen-deuterium exchange
(HDX)-MS and fast photochemical oxidation of proteins to study the structure of membrane proteins in

their native environment®.

Polymer lipid disc nanoparticles were recently described as an alternative to protein nanodiscs®.
Accordingly, copolymers such as styrene maleic acid (SMA) or diisobutylene-maleic acid (DIBMA) were
used. Styrene maleic acid nanoparticles (SMALPs) are then formed by adding the amphiphilic SMA
copolymer to membranes, which allows membrane proteins to be directly extracted from the native
membrane along with their surrounding lipid environment®, As detergents can lead to destabilization of
protein-protein and protein-lipid interactions, SMALPs have the advantage that they do not need to be
solubilized in detergents and membrane proteins are, therefore, comparatively stable®’. Nevertheless, one
should keep in mind that the stoichiometry and diameter of copolymer nanodiscs cannot be defined,

resulting in higher heterogeneity.

1.3 Biophysical analysis of liposomes and nanodiscs
1.3.1 Dynamic light scattering

Dynamic light scattering (DLS) is an analytical technique used to determine the diffusion coefficient and
thus the diameter of particles in a suspension®*®°. In a typical DLS experiment, a particle-containing solution
is irradiated with a monochromatic light beam (e.g a laser) causing light scattering in different directions.
Light from different scattering centers interferes and variations in light intensity fluctuations are observed
indicating that particles freely move in a suspension (Brownian motion). Accordingly, the smaller the
molecules are, the faster they move and larger fluctuations are observed. In contrast, larger particles generate
comparatively low-frequency signals. From these frequencies the diffusion coefficient is determined, which
is then used to calculate the particle size using the Stokes-Einstein equation’®"%, In this thesis, DLS was used

to investigate the diameter of liposomes, proteoliposomes and MSP-nanodiscs.
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1.3.2 Negative-stain transmission electron microscopy

Negative-stain of specimen was initially developed by Brenner and Home in 1959 for the study of viruses’.
Since then, this method was further developed and, nowadays, a wide variety of biological samples is stained
by an electron-dense staining solution including heavy metal ions such as uranyl acetate or uranyl format”.
Negative-stain transmission electron microscopy (TEM) is used to provide structural information on a range
of biological specimens including cells and macromolecules’™ ™ and is also used to characterize the shape
and size of nanoparticles’®. In negative-stain the background is stained and the specimen remains unstained
as the staining solution, due to negative charge repulsion does not bind to the specimen on the grid.
Negatively stained specimen are then visualized by TEM.

A TEM microscope underlies the same principle as a light microscope where an electron beam is applied to
illuminate a biological sample’. Accordingly, a high-energy electron beam hits the stained specimen on a
grid. Most electrons pass through the sample, however, some electrons scatter, caused by the atoms of the
sample. Negative-stain TEM then produces high contrast images as heavy metal stains cause a higher
scattering than the atoms in proteins. Although high-resolution structures cannot be achieved, this method
is well suited to determine sample quality and is, therefore, mostly used for initial screening of protein

samples. In this thesis, negative-stain TEM was used to investigate the shape and size of MSP-nanodiscs.

1.4 Mass spectrometry

In the last decade, a variety of analytical methods was used to investigate proteins and their interactions
with lipids. Of these, cryo-electron microscopy (EM), nuclear magnetic resonance (NMR) and X-ray
crystallography are techniques that provide high-resolution structural information’. However, the analysis
of some proteins and protein complexes is still challenging and the detection of protein-lipid interactions is
often restricted by the complex nature of biological membranes. Accordingly, intrinsic disorder, low
abundance and heterogeneity of protein samples hinder proper analysis™. In this thesis, mass spectrometry
(MS) was employed to elucidate the structure of membrane proteins. MS is a technique used to determine
the mass-to-charge (m/z) ratio of ions in the gas phase and has increasingly provided information in the field
of proteomics, lipidomics and metabolomics®. In the last decade, with new developments in instrumentation
and methodology, MS has also shown great potential for the analysis of protein-lipid interactions®#2. Most
importantly, MS is advantageous compared to other structural techniques, as it is applicable to samples that
vary in mass and polydispersity. Moreover, multiple oligomeric states are analyzed simultaneously,
allowing to study the structure of proteins in real-time. Lastly, MS is highly sensitive and can, therefore, be

applied for limited sample quantities®®.
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Electrospray ionization

Electrospray ionization (ESI) is a gentle ionization method used in MS-based approaches such as proteomics
and lipidomics®. In ESI, an analyte solution is ionized by applying a strong electric field between the
capillary and the sample cone (Figure 6A)®. At the tip of the capillary, charges accelerate and induce the
formation of a Taylor cone®. A mist of highly charged droplets with the same polarity as the capillary
voltage is emitted from the Taylor cone in form of a fine spray. As the solvent evaporates, the droplet size
continuously decreases, resulting in an increase in surface charge. When the size and charge of the droplet
reaches its stability limit (so-called the Rayleigh limit), droplet jet fission occurs (Coulomb explosion)®’.

The generation of ions is described by three commonly accepted theories, namely the ion evaporation model
(IEM), the charged residue model (CRM) and the chain ejection model (CEM) (Figure 6B). The IEM model
proposes that solvent evaporation leads to a higher surface charge density in the droplet. Accordingly, as
coulombic repulsion overcomes the surface charges, ions undergo an electrostatically driven release from
the droplet surface®. This mechanism describes ionization of smaller ions; however, it is underestimated
for charged ions of larger complexes. The CRM model describes that ongoing evaporation and fission events
lead to droplet shrinkage until the surface charge is close to the Rayleigh limit and only a single analyte
molecule remains in the droplet. Upon complete evaporation of the solvent, the charge is transferred to the
analyte resulting in a charged molecule®. The ionization of unfolded proteins is most likely described by
the CEM. In this model, long chains are ejected out of the droplet by coulombic repulsion®. Although the
models do not explain all experimental observations, it is generally excepted that for larger ions the CRM

seems to be the most dominant mechanism®92,
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Figure 6: ESI process and mechanism in positive ion mode. (A) The sample is injected through a
capillary at high voltage. At the tip of the capillary the charges accumulate and a Taylor cone is formed.
The Taylor cone ejects a fine jet towards the counter electrode. (B) ESI mechanism. Ejection of small ions
from a charged nanodroplet is described by the IEM. Globular proteins are most likely released into the gas
phase by the CRM and the release of an unfolded protein is proposed by the CEM. Figures adapted form
Goth et al. 2013 and Konermann et al. 2012.
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Nano ESI (nESI) is based on the same ionization process as ESI®. However, compared to conventional ESI,
thinner capillaries and lower flow rates are employed, resulting in smaller electrospray droplets. In addition,
by using nESI, it is possible to acquire mass spectra by only using a few picomoles of sample. Previous
studies showed that nESI is also more tolerant toward salt contaminants which is especially important when
analyzing proteins by native MS (see below) since these compounds are often only stable in solutions
containing buffer salts®. These advantages, therefore, make nESI well-suited for peptide and protein

analysis.

lon transmission, selection and detection

lons generated by nESI are separated in the mass analyzer according to their m/z ratios. The most commonly
used mass analyzers are the quadrupole®, time-of-flight (TOF)®, and Orbitrap® mass analyzers.
Subsequently, the ions are detected in a detector e.g. an Orbitrap, a secondary electron multiplier”’, or a
microchannel plate®®. The m/z ratios are displayed in an MS1 spectrum. For tandem MS (MS2) experiments,
triple quadrupole, quadrupole TOF or quadrupole Orbitrap mass spectrometers are employed to enable the
selection of a specific ion (precursor ion) and subsequent fragmentation®. lon fragmentation is usually
achieved by collision-induced dissociation (CID)¥ or high-energy collisional dissociation (HCD),
electron transfer dissociation®? or electron capture dissociation®®. During CID, the collisions between the
sample ions and the inert buffer gas convert the kinetic energy of the ions into their internal energy, leading

to the dissociation and fragmentation of the ions%,

1.4.1 Lipidomics

The lipidome is nowadays understood as the entirety of all lipids of a cell or an organism under certain
conditions and at a defined point in time. Accordingly, lipidomics describes the identification and
guantification of all lipid species in a lipidome. Lipidomics is often used to study lipid metabolic pathways,
signaling pathways, and other physiological functions of lipid molecules'®. Due to its high sensitivity and
guantitative as well as qualitative capabilities, MS has recently become the method of choice for lipid

analysis. In MS-based lipidomic approaches, lipids are identified by their intact and fragment masses.

Three different methods were established'®: chromatography-coupled MS methods, including gas
chromatography-coupled MS (GC-MS)Y¥ or liquid chromatography-coupled MS (LC-MS) as well as
direct infusion shotgun MS® and MS imaging*°. In this thesis, shotgun lipidomics was applied for the

analysis of lipids in liposomes and proteoliposomes.
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Direct infusion shotgun lipidomics

Shotgun lipidomics, which was first proposed in 1994 by Han et al*!!, describes that lipid extracts without
prior chromatographic separation are injected directly into the mass spectrometer. Accordingly, samples are
analyzed time-efficiently. In addition, certain analysis parameters, such as collisional energy are directly
adjusted and optimized during each analysis. Accordingly, shotgun lipidomics has the great advantage that
lipid species are directly compared and quantified.

A major drawback of this method is, however, that signal intensities of the same lipids from two different
samples cannot be directly compared as the signals are often affected by other molecules present in the
sample. For separation of lipid isomers and enrichment of lipid molecules, GC-MS and LC-MS MS methods
were, therefore, described?. Nowadays, the coupling of LC with MS offers a sophisticated method for
studying lipids, as the restriction to volatile lipids limits the use of GC-MS based approaches. Accordingly,
during normal phase LC and hydrophilic liquid chromatography (HILIC) lipid compounds are separated
based on their hydrophilicity, allowing lipids with identical head groups to elute together and lipid classes

to be separated**3.

Shotgun lipidomics analysis includes MS/MS experiments, which are used to identify individual lipid
species. To quantify lipid species within a lipidome, internal standards, which co-ionize with the lipids, are
added. Internal standards are used for chromatographic-coupled as well as direct infusion lipidomics. The
most commonly used internal standards are lipids containing acyl chains with odd carbon numbers (e.g.,
17:1 or 19:0), as these are rarely found in eukaryotes. Other commonly employed internal standards are
lipids with shorter carbon chains (e.g., 12:0 or 14:0) or deuterated lipid analogs. For quantification the

abundance ratios of the lipid peak areas of the analytes and the respective internal standards are calculated*'“.

1.4.2 Native MS

Native MS allows the investigation of proteins in their ‘native’ (non-denatured) state in the gas phase and
is, therefore, used for the determination of precise stoichiometries, protein interactions, topology as well as
stability of protein complexes!!>!!, In this thesis, native MS was employed to analyze the oligomeric states
and protein-lipid interactions of membrane-associated proteins. Native MS of large protein complexes is
dependent on two prerequisites. Accordingly, sample preparation has to be adapted to a non-denaturing
buffer for native MS analysis and an optimal instrument environment for the transmission of high-mass

complexes under non-denaturing conditions must be established’.
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Sample preparation of protein complexes

For native MS experiments, the sample buffer has to be exchanged to a volatile solution such as ammonium
acetate or ammonium bicarbonate solution which are known to provide the necessary ionic strength and pH
for proteins and their complexes, allowing non-covalent interactions to be preserved in the gas phase!811°,
In contrast, high concentrations of non-volatile salts present in protein samples, can, for instance, cause the
mass peaks to broaden resulting in a loss of resolution, mass accuracy and sensitivity. To remove salts prior
to MS analysis, proteins and their complexes are, therefore, transferred into ammonium acetate using gel
filtration columns, centrifugal filters or dialysis devices (Figure 7A)%,

Interpretation of native MS data

According to the charged residue model, ions of folded proteins or protein complexes generated by nESI
typically follow Gaussian distributions in the mass spectra (Figure 7B)!?, By determining the mass of intact
protein complexes, the stoichiometry of the protein complex is calculated. Monomeric proteins exhibit
lower m/z values, while protein complexes are detected at higher m/z ratios. The charge state distribution of
a protein ion leads to a series of signals with different m/z. When several charge state distributions are
observed, the molecular weight of a complex can then be calculated from the m/z of two adjacent peaks that
differ by one proton (Figure 7B). The calculation of the molecular weight of the protein assembly is

facilitated by different deconvolution software tools?%12,

The observed charge state distribution correlates with the folded state of the protein. By increasing the
collisional voltages, the individual subunits of the protein complexes are dissociated and identified. Since
the weakest bound peripheral subunit typically dissociates first, this provides information about the topology

of protein complexes as well as the binding affinities of the subunits.

The dissociated subunits are usually highly charged, while the remaining complex, also called the ‘stripped-
complex’, carries fewer charges due to the asymmetrical charge partitioning of the original complex!. As
the charge states are affected by the geometry and folding state of a protein, the charge state of membrane
proteins is also affected by their detergent/lipid environment?*. For instance, the mass spectra of membrane
proteins solubilized in tetramethylene glycol monooctyl ether (C8E4) reveal lower charge states compared
to membrane proteins solubilized in n-Octyl B-d-glucopyranoside. As C8E4 dissociates from the protein-

detergent complex, positive charges are captured, leading to a charge reduction effect!®.
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Figure 7: Sample preparation and interpretation of native MS data. (A) Sample preparation for native
MS. The buffer is exchanged against an aqueous volatile solution following gel filtration, filtration or
dialysis. (B) Native MS of tetrameric Concanavalin A reveals a Gaussian distribution of charge states (19+
to 23+). The molecular weight of the protein complex is calculated from two neighboring m/z. A molecular
weight of 103,013 Da was calculated for the Concanavalin A tetramer. Figure adapted from Barth. et al.
2020.

Native MS for studying protein complexes and protein-lipid interactions

Due to its unique ability to preserve non-covalent interactions in the gas phase, native MS has emerged as
a powerful technique to study membrane protein complexes. Accordingly, the stoichiometries and
topologies of many membrane proteins including ion channels and transporters?® or ATP synthases!?’130
and enzymes of the electron transport chain®®'% were investigated. Moreover, native MS also delivers
insights into the activities of proteins, for instance, it was shown that the structure of the E. coli translocon

complex mediates the translocation of colicin E9 across the bacterial outer membrane®,

In recent years, native MS has also provided important insights into the interactions between membrane
proteins and lipids. Accordingly, with native MS the selectivity and specificity of various lipid species

towards membrane proteins were determined*3,

In addition, the effects of lipid binding on the structure and function of membrane proteins, as well as
interactions with other lipids at binding sites were evaluated!**!%, Native MS was, for instance, used to
study the functional and structural effects of lipid interactions on the ATP-binding cassette transporter
TmrAB™, In this study, a controlled delipidation protocol was developed and specialized bound lipids were
retained after the delipidation process. By combining quantitative lipidomics and native MS, tightly bound

lipids were, therefore, revealed.
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Most importantly, however, new approaches using artificial membrane systems highlight the versatility of
native MS. In particular, studies on membrane proteins embedded into nanodiscs showed that several types
of lipid-binding sites with different specificity are preserved in the gas phase**¥, In addition, native MS

is also capable to detect fragile interactions and polydisperse complexes within lipid membranes?4014,

A recent breakthrough revealed the analysis of protein-lipid assemblies directly from native membrane
vesicles by native MS!2, In this study, native membranes were purified, followed by sonication in
ammonium acetate solution allowing to directly analyze mitochondrial membrane proteins and transporters
by native MS. Recently, native MS was also employed in combination with other high-resolution structural
techniques such as X-ray crystallography**® and cryo-EM** allowing an even more detailed understanding
of protein-lipid interactions.

1.4.3 Cross-linking MS

In the last years, cross-linking (XL) MS emerged as a powerful and alternative technique to study the three-
dimensional structure of proteins and their complexes!?®145146 X -MS is also be applied to investigate
proteins present in organelles and whole organisms such as cells”-14°, Within these organelles or organisms,
it allows to capture protein interactions in a native environment and, therefore, derive structural information

on large and transient protein complexes.

Cross-linking reagents

Most cross-linking reagents contain two reactive groups, which are either identical (homobifunctional) or
different (heterobifunctional) connected by a spacer with a length between 6 and 25 A (Figure 8A). The
reactive groups introduce the covalent linkage while the length of the spacer determines the maximum
distance of the two cross-linked amino acid side chains. The most commonly employed cross-linkers are
homobifunctional active esters, for instance, the amine-reactive cross-linker bis(sulfosuccinimidyl)suberate
(BS3)™ containing a spacer length of 11.5 A, which was also used in this thesis. The cross-linking reaction
mechanism is shown in Figure 8B. This cross-linker contains an N-hydroxysuccinimide group that reacts
with primary amines, resulting in the formation of a covalent isopeptide bond. Some protein cross-linkers
are, however, bifunctional and, therefore, carry two functional groups allowing a linkage between different
amino acid residues. Succinimidyl 4,4’-azipentanoate (SDA)™, for instance, contains an N-
hydroxysuccinimide (NHS) group and a diazirine group. The NHS ester reacts with primary amines of
amino acid residues and the diazirine group is photoactivated and can unspecifically react with any amino

acid residue of the protein.
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Other cross-linkers like 1-ethyl-3-(3-dimethyl aminopropyl)carbodiimide hydrochloride (EDC) are zero-
length crosslinkers and allow an amino and carboxyl group to covalently bind to each other without insertion
of a spacer'®2. Zero-length cross-linkers obtain a distance restrained in the length of a salt bridge. Tri- and
multifunctional reagents were also described in the literature, which contain additional functional groups

that facilitate the identification and enrichment of cross-linked interaction partners!®154,
Cross-linking workflow

In a typical cross-linking experiment, two amino acids in close proximity of purified proteins or protein
complexes are covalently linked by a cross-linker. For this, two different approaches are described, namely
photo-induced or chemical cross-linking. Chemical cross-linking MS is performed by a bottom-up.
Accordingly, the cross-linked samples are enzymatically hydrolyzed to generate covalently linked peptides
(Figure 8C). After hydrolysis, a mixture of peptides including mono-linked peptides, loop-linked linear
peptides as well as intra- and intermolecular cross-links is obtained. Cross-linked peptide pairs, although

they are of particular interest usually have a low abundance.
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Figure 8: Cross-linking mass spectrometry. (A) Cross-linkers consist of two reactive groups that are
connected by a linker. After cross-linking and protein hydrolysis, linear peptides, loop-links as well as inter-
and intra-molecular cross-linked peptide pairs are obtained. (B) The reaction mechanism of the cross-linker
BS3, containing a spacer of 11.5 A. (C) Bottom-up cross-linking workflow is shown. After cross-linking,
the proteins are hydrolyzed followed by SEC enrichment of cross-linked peptide pairs and LC-MS/MS
analysis. The acquired data is then further analyzed using different software.
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Accordingly, various strategies, such as size exclusion chromatography*® and strong cation exchange
chromatography®®, are employed to enrich the cross-linked peptide pairs. Additional affinity tags of
trifunctional cross-linkers can also be used for selective enrichment of cross-links. The fractions that contain
the highest amount of cross-linked peptide pairs are then analyzed by LC- MS. For MS analysis, the ions
with lower charges are often excluded since the cross-linked peptide pairs carry higher charges compared
to mono- and loop-linked peptides and linear peptides. A new and innovative approach for selecting specific
ions with lower charge states was recently introduced by the high-field asymmetric waveform ion mobility

(FAIMS) device which is added to the front end of the mass spectrometer®’.

After MS analysis, the cross-linked peptide pairs are identified by comparing MS cross-link data with
possible cross-link predictions in silico. As the identification is very complex, specialized software such as
Kojak™8, pLink2%°, xQuest'%®, Xlink®® identifier, XiSearch®®!, MeroX!%? and LinX** was developed to
identify cross-linked peptide pairs. However, to reduce the potential of false positives manual validation of
spectra and the application of a false discovery rate (FDR) are highly recommended. Once intra- as well as
inter-protein cross-links are obtained, the cross-linked peptide pairs are visualized using bar-, circle- or
network plotst®*. In addition, if high-resolution structures of proteins are available, cross-links are also

mapped to these structures and cross-linked peptide pairs are validated.

14.4 Instruments
1.4.4.1 The Q Exactive Plus Hybrid-Quadrupole-Orbitrap mass spectrometer

In this thesis, the Thermo Scientific Q Exactive Plus Hybrid-Quadrupole-Orbitrap mass spectrometer was
used for the analysis of lipids and proteins of liposomes and proteoliposomes under denaturing gas phase
conditions (Figure 9). In the Q Exactive mass spectrometer, ions are generated at atmospheric pressure
using an nESI source. Subsequently, ions are focused and guided through an S-lens and the bent flatapole,
which operates in radio frequency (RF) mode. The configuration of the bent flatapole reduces noise by
preventing the transfer of neutral molecules during this process allowing only charged molecules to be
transmitted to the quadrupole!®®. The quadrupole separates ions based on their flight trajectories through an
electric field. This field is generated when RF and direct-current (DC) voltages are applied to opposite metal
rods of the quadrupole. At a given DC/RF voltage specific m/z ions travel on stable flight paths through the

quadrupole and, therefore, reach the detector!®®.
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The quadrupole can operate in two modes: In scanning mode, all ions differing in their m/z are transferred
from the quadrupole through the C-trap into the Orbitrap and a full scan mass spectrum (MS1 spectrum) is
recorded. In filtering mode, a fixed set of DC and RF voltages is applied to the quadrupole allowing the
selection of a specific ion, that is then transferred to the C-trap!®’ and directed to the HCD cell for
fragmentation®®. In this mode, an MS2 spectrum is recorded. Subsequently, the fragment ions are
transferred back to the C-trap and ejected into the Orbitrap. Inside the Orbitrap, the ions oscillate laterally
at frequencies determined by their m/z ratios. The oscillation of the ions induces an electric current that is
simultaneously detected and converted into m/z values by Fourier transformation. The resolution of a mass
spectrum is determined by the lateral oscillation time of the ions in the trap. Therefore, higher resolution of

the mass spectra is achieved if the ions remain longer in the Orbitrap®¢7,
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Figure 9: The Q Exactive Plus Hybrid-Quadrupole-Orbitrap mass spectrometer. After the ions are
generated using an nESI source, they are transmitted through the mass spectrometer by several lenses until
they reach the quadrupole. In MS1 experiments, the quadrupole acts as a scanning devise and all ions pass
to the C-trap where they are stored and transferred into the Orbitrap. In MS2 experiments an ion with a
specific m/z value is selected and fragmentated inside the HCD cell. The fragment ions are then detected in
the Orbitrap (Schematic adapted from Thermo Fisher Scientific).

1.4.4.2 The Q-ToF Ultima mass spectrometer

In this thesis, a modified Q-ToF Ultima mass spectrometer was employed for native MS analysis of
liposomes and proteoliposomes (Figure 10). In this mass spectrometer, a quadrupole, a collision cell and a
TOF are arranged in series. lons are generated by nESI and then transmitted by a set of ion guides optimized

for ion transmission and focusing.
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To analyze protein complexes, modifications of the MS instrument were proposed. For instance, the pressure
in the first pumping stages of the instrument is manipulated by adding an inert gas. The increased pressure
then leads to the reduced kinetic energy of ions, leading to a better ion transmission by collisional cooling
and collisional focusing®®-1, Furthermore, the RF of the quadrupole is reduced allowing transmission of
ions up to a m/z ratio of 32,000. In the last stage of the mass spectrometer, the precursor and product ions
are then sent to the TOF analyzer which separates the ions according to their m/z ratios on the traveling time

through the analyzer®1,
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Figure 10: The Q-ToF Ultima mass spectrometer. lons are generated from a nESI source and transmitted
to the quadrupole. lons with certain m/z ratios are selected in the quadrupole and then transferred into the
collision cell. Here, the pressure is increased by an inert gas and ions depending on the applied voltage are
fragmented. Finally, the ions are sent to the TOF analyzer for mass analysis (adapted from Sharon and
Robinson, 2007).
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2 Aim of this thesis

Until today, it has been an ongoing challenge for biophysical methods to analyze membrane proteins and
their interactions with lipids. To facilitate the analysis of membrane proteins in their natural lipid
environment, the aim of this thesis is to establish membrane mimetics for the analysis of membrane proteins
for MS-based methods. MS will then be used to study the oligomeric states as well as protein-lipid
interactions of membrane proteins. In this thesis, MS includes the analysis of liposomes and
proteoliposomes as well as the analysis of an integral membrane protein reconstituted into nanodiscs.
Accordingly, the MS-based methods should then enable the structural elucidation of proteins in a native-

like lipid environment.

In the first part of this thesis, liposomes will be established for the analysis of membrane-associated proteins.
We hypothesized, that in the gas phase of a mass spectrometer, liposomes dissociate and intact proteins or
peptides are released allowing their structural analysis in the presence of lipids. By comparing the analysis
of liposomes and proteoliposomes under denaturing and native gas phase conditions, a detailed analysis of
proteins associated with the phospholipid bilayer should be enabled. Accordingly, under denaturing gas
phase conditions, the dissociation of liposomes is studied, whereas, under native gas phase conditions,

protein-protein and protein-lipid interactions are investigated.

As there has not yet been a sophisticated approach to study membrane proteins in liposomes by MS, an
initial analysis of liposomes without proteins is desirable. In previous experiments during my Master’s
thesis, | was able to show that liposomes dissociate in the gas phase of a mass spectrometer under denaturing
gas phase conditions allowing to identify and quantify lipids directly from a phospholipid bilayer'’2. In this
thesis, these initial experiments will be complemented and liposomes will be analyzed under native gas
phase conditions. For this, liposomes differing in composition, size and concentration will be investigated
by MS. The dissociation of liposomes will also be monitored by applying increasing collisional voltages

under native gas phase conditions.

Next, liposomes will be analyzed in the presence of soluble peptides/proteins differing in molecular weight
by MS (Angiotensin I, Ubiquitin, ConA) to investigate whether lipids and peptides/proteins are detectable
in the same mass spectrum. Finally, the application of liposomes for the analysis of membrane-associated
proteins is investigated by MS under denaturing and native gas phase conditions, assuming that protein-
lipid interactions, as well as the oligomeric states of these proteins are preserved in native MS experiments.
In summary, these experiments will demonstrate that liposomes can be applied as a new and innovative

approach to study membrane proteins in their native environment by MS.
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The aim of the second project is to establish nanodiscs for the analysis of Syntaxin-1A. In the past, nanodiscs
proved to be valuable membrane mimetics for the analysis of membrane proteins in their natural
environment. Although MSP-nanodiscs have been increasingly studied using various structural methods, a
sophisticated approach employing XL-MS to study specific protein-protein interactions in the membrane is
missing. In this thesis, nanodiscs will, therefore, be established for MS-based chemical cross-linking. For
this, “empty” nanodiscs will first be established, followed by the analysis of an integral membrane protein
reconstituted into nanodiscs. This thesis will, therefore, apply various MS-based methods to elucidate the
structure of membrane proteins associated with liposomes and nanodiscs. Taken together, these studies will
allow us to extend the toolbox for a more simplified approach to study membrane proteins in their native

lipid environment using biophysical methods.
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3 Materials & methods

3.1 Materials

3.1.1 Reagents

Table 1: Chemicals.

chemicals

manufacturer

2-(4-(2-Hydroxyethyl)-1-pipeazinyl)-ethansulfonséure
(HEPES)

Ammoniumhydrogencarbonate

Ampicillin

Bis-(sulfosuccinimidyl)-suberat-do (BS3-do)

Calcium chloride

Cesium iodide

CHAPS

Cholic acid sodium salt

cOmplete ™) EDTA- free Protease Inhibitor
Dikaliumhydrogenphosphate

D (+)-Saccharose

Dimethylsulfoxid

Dithiothreitol (DTT)
Ethylendiamin-tetraessigsaure

Glycerol

Hydrochloric acid (HCI) fuming 37%
Hydrochloric acid volumeric solution 0.1 N
Imidazole

lodoacetamide (1AA)

Isopropyl 3-D-thiogalactopyranosid (IPTG)
Kaliumchlorid
Kaliumdihydrogenphosphate
L-Glutathione reduced

Magnesium sulfate

Milk powder

n-Octyl B-D-glucopyranoside (OG)
Phenylmethysuldonylfluoride (PMSF)
Phosphate Buffered Saline Tablet

Pierce™ BS3 No-weight format

RapiGest SF Surfactant

Sodium dodecyl sulfate (SDS)
Sodiumdihydrogenphosphate

Sodium chloride

Sodium hydroxide

Trifluoroacetic acid, LC-MS Grade (TFA)
Tris(hydroxymethyl)aminomethan
Tris-(2-carboxyethyl)-phosphin-hydrochorid (TCEP)
Triton-X-100

Trypton (Pepton of Casein)
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Sigma Aldrich, St. Louis, USA

Sigma Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany

Fisher Scientific, Hampton, USA

Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
Anatrace, Maumee, USA
Sigma Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
Neolab, Heidelberg, Germany
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA
Carl Roth, Karlsruhe, Germany
Carl Roth, Karlsruhe, Germany
Glycon, Luckenwalde, Germany
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA
Thermo Fisher Scientific, Waltham, USA
Waters, Milford, USA

Sigma Aldrich, St. Louis, USA
VWR, Radnor, USA

Carl Roth, Karlsruhe, Germany
Merck, Darmstadt, Germany
Thermo Fisher Scientific, Waltham, USA
Biofroxx, Einhausen, Germany
Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
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Tween 20
Yeast extract

Table 2: Solvents.

Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA

solvent manufacturer

2-propanol Fisher Scientific, Hampton, USA
Acetic acid Sigma Aldrich, St. Louis, USA
Acetone Sigma Aldrich, St. Louis, USA

Acetonitril (ACN), Optima LC/MS
Chloroform for HPLC

Ethanol

Formic acid

Methanol

Water for HPLC

Table 3: Reagent Kits.

Fisher Scientific, Hampton, USA

Sigma Aldrich, St. Louis, USA

Carl Roth, Karlsruhe, Germany

Sigma Aldrich, St. Louis, USA

Thermo Fisher Scientific, Waltham, USA
Fisher Scientific, Hampton, USA

reagent kit manufacturer

Plasmid Mini-prep Kit Thermo Fisher Scientific, Waltham, USA

Table 4: Gel electrophoresis and Western Blot reagents.

Gel electrophoresis chemicals and buffers

manufacturer

InstantBlue™ solution

NUPAGE™ Antioxidant

NuPAGE™ Bis-Tris Gels (4-12%)
NuPAGE™ LDS sample buffer (4x)
NuPAGE™ MES SDS running buffer
NuPAGE™ Sample Reducing Agent (10x)
SeeBlue Plus2 Pre-Stained Protein Marker

Western Blot reagent

Expedeon Ltd., Cambridge, UK
Themo Scientific, Dreieich, Germany
Thermo Scientific, Dreieich, Germany

Thermo Scientific, Dreieich, Germany
Thermo Scientific, Hampton, USA
Thermo Scientific, Hampton, USA
Thermo Scientific, Hampton, USA

manufacturer

Pierce ECL Western Blotting Detection Reagent 1
(peroxide solution)
Pierce ECL Western Blotting Detection Reagent 2

(luminol enhancer solution)
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Table 5: Antibodies for western blot analysis.

antibody dilution manufacturer

Mouse anti-Syntaxin-1A 1gG polyclonal 1:200 Synaptic Systems, Goéttingen, Germany
antibody

Rabbit anti-mouse 1gG polyclonal antibody 1:3000 Merck, Darmstadt, Germany

Mouse anti-His 1gG polyclonal antibody 1:2500 Synaptic Systems Gottingen, Germany

3.1.2 Plasmids, bacterial strains and enzymes.

Table 6: Plasmids.

plasmid

producer

PGEX4T2-p40rhox
pET28a-MSP1E3D1
pET3a-Syntaxin-1A

Table 7: Bacterial strains.

Brett Collins, Queensland, Australia
Stephen Sligar, Illinois, USA
Reinhard Jahn, Goéttingen, Germany

bacterium strain
E. coli BL21 (DE3)
E. coli NEB5-alpha competent (High efficiency)

Table 8: Enzymes.

enzyme

manufacturer

Dnase | (from bovine pancreas)

Thrombin

Trypsin (sequencing grade)

Sigma Aldrich, St. Louis, USA
GE Healthcare, Chicago, USA
Roche Diagnostics, Mannheim, Germany

Trypsin (sequencing grade modified) Promega, Mannheim, Germany

TEV protease

Sigma Aldrich, St. Louis, USA

3.1.3 Lipids, peptides and proteins

Table 9: Lipids

All lipids were purchased from Avanti Polar Lipids, Alabaster, USA.

lipids nomenclature
according to
Liebisch et al.1™

1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) PC-18:1/18:1

1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) PE-18:1/18:1
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1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) PS-18:1/18:1
1,2-dioleoyl-sn-glycero-3-phospho-(1-rac-glycerol) (DOPG) PG-18:1/18:1
1-palmitoyl-2-linoleoyl-sn-glycero-3-phospho-(1-rac-glycerol) (POPG) PG-16:1/18:2
1,2-dioleoyl-sn-glycero-3-phospho-(1'-myo-inositol-3'-phosphate) (PI(3)P) PI1(3)P-18:1/18:1
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE) PE-16:0/18:1
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) PC-16:0/18:1

Table 10: Peptides and proteins.

Peptides/Proteins manufacturer

Albumin Fraction V
Angiotensin | human acetate

Bovine serum albumin (BSA)

Conalbumin A

Melittin from bee venom (approx. 85% purity)
Phospholipase A2 from bee venom

Ubiquitin

Carl Roth, Karlsruhe, Germany
Sigma Aldrich, St. Louis, USA

Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA

3.14

Table 11: Instruments.

instruments

Instruments, consumables and software.

type

manufacturer

Cell disrupter
Dynamic light scattering

Extruder
Film balance
Gel electrophoresis

Gel scanner

Glow chamber for grids
Luminescent image
analyser

Mass spectrometer

pH Meter
Purification systems

Rotary evaporator

Cell disruptor

French Press

Zeta sizer Nano-s DLS
Particle Analyzer Litesizer 500
Avanti Mini Extruder
deltaPi-4x Tensiometer
Xcell Surlock Mini-cell
Electrophoresis system
Viewpix 700

PELCO easy glow chamber
LAS-4000

Q Exactive Plus Hybrid-
Quadrupole-Orbitrap

Q-ToF Ultima mass
spectrometer, MS Vision, high
mass upgrade

pH 1100 L pHenomenal
Akta™ purifier

Akta™ pure

Ultimate Dionex, 300 nano-LC
system

Hei-VAP Advantage
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Constant Sytems, Low March, UK
Gaulin, Amicon, Silver Spring, MD
Malvern instruments, Malvern, UK
Anton Paar, Graz, Austria
Avanti®Polar Lipids, Alabaster, USA
Kibron Inc., Helsinki, Finland
Thermo Fisher Scientific, Waltham,
USA

Epson biostep®, Suwa, Japan

Ted Pella Inc., Redding, USA
Fujifilm Corporation, Tokjo, Japan

Thermo Fisher Scientific, Waltham,
USA
Waters Corporation Milford, USA

VWR GmbH, Radnor, USA

GE Healthcare, Chicago, USA

GE Healthcare, Chicago, USA
Thermo Fisher Scientific, Waltham,
USA

Heidolph, Schwabach, Germany
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Sputter Coater
UV/Vis-Spectrometer

Table 12: Consumables.

type

P-1000
DS-11 + spectrophotometer

consumable

Quorum Technologies, Lewes, UK
DeNovix®, Wilmington, USA

manufacturer

Affinity columns

Amicon

Benchtop columns
Biobeads
Bio-Spins
EM grids

ESI-Emitter (Q
Exactive plus Hybrid-
Quadrupole-Orbitrap)
ESI-Emitter (Q-ToF
Ultima)

Filter support

HPLC column

HPLC precolumn

Micro UV cuvettes

Native MS capillaries

PMMA cuvettes
Polycarbonate
membrane

SEC-column (protein
purification)
SEC-column
(purification nanodiscs)
SEC-column
(enrichment of cross-
linked peptides)

HisTrap™ HP

HiTrap™ Q HP

HiTrap™ SP HP

GSTTrap™ HP

Amicon Ultra-15 Ultracel-
3K, 10K filter

PD MiniTrap G25 column
SM-2 Absorbant Media
Micro Bio-Spin TM 6 column
300 mesh size

Stainless Steel Emitters (40
mm, OD 1/32)

GC 100-TF-100

Whatman, 10 mm, 1 EA
Acclaim™ PepMap™ 100
C18-LC-column (300 upm x 5
mm, particlesize 5 um,
poresize 100 A)

Acclaim™ PepMap™ 100
C18-LC-column (75 pm x 500
mm, particlesize 3 pm,
poresize 100 A)

Brand, center H 15 mm,
volume 70-550 uL, pack of
100 ea

Flaming/Brown Micropipette
puller

Brand, disposable cuvettes
Whatman Nucleopore Track-
Etched membranes 0.05 um,
0.1 pm, 0.2 pm, 0.4 pm
Superdex HiLoad™ 16/600 75
Pg

Superdex 200 Increase™
10/300 GL

Superdex Peptide 3.2/300
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Cytiva, Marlborough, USA
GE Healthcare, Chicago, USA
GE Healthcare, Chicago, USA
GE Healthcare, Chicago, USA
Merck, Darmstadt, Germany

GE Healthcare, Chicago, USA
Bio-rad, Hercules, USA

Biorad Laboratories, Miinchen, Germany
Quantifoil Micro Tools, GroRlébichau,

Germany

Thermo Fisher Scientific, Waltham,
USA

HAVARD Apparatus, Massachussets,
USA

Sigma Aldrich, St. Louis, USA

Thermo Fisher Scientific, Waltham,
USA

Thermo Fisher Scientific, Waltham,
USA

Sigma Aldrich, St. Louis, USA

Sutter Instruments, Novato, USA
Sigma Aldrich, St. Louis, USA
Sigma Aldrich, St. Louis, USA
GE Healthcare, Chicago, USA
Cytiva, Marlborough, USA

GE Healthcare, Chicago, USA
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TLC plates

Western Blot filter

paper
Western Blot membrane

Table 13: Software.

aluminum plates, layer
thickness 0.25 mm, particle
size 10-12 pm

Rotilabo - Blottingpaper
(thickness: 1.5 mm)
Amersham™ Protran
Nitrocellulose Blotting
membrane (pore size 0.2 um)

Merck, Darmstadt, Germany

Carl Roth, Karlsruhe, Germany

GE Healthcare, Chicago, USA

software reference version
Croco J. Bender, C. Schmidt 202074 croco wx 0 71
DTS nano Malvern Instruments 5.00
Mascot WWw.matrixscience.com*’® V2.7
MassLynx Waters'’ V 4.0 SP4
Max Quant J. Cox, M. Mann 20087 1551
Masssign N. Morgner, C. Robinson 20128 14.11.2014
Origin OriginLab'™® Origin 2020 (9.7)
PLabel Li et al. 20058 3.2.1
PLink2 Yang et al. 20128 2.3.2
Xcalibur Thermo scientific 4.0 SP1
xVis http://xvis.genzentrum.Ilmu.de82 V 4.0
3.2 Methods

3.2.1 Molecular biological methods

3.2.1.1 Bacterial transformation
Bacterial E. coli (BL21) DE3 cells and NEB5-alpha cells were thawed on ice for 5 minutes. E. coli BL21

cells were used for protein expression and NEB5-alpha cells were employed for cryo-stocks and long-term

storage. 3 ul of plasmid DNA were added to the cells, following incubation for 30 min on ice. The cells
were then heated at 42 °C for 10 sec (BL21 cells) or 30 sec (NEB5-alpha cells) and afterward placed back
on ice without mixing for 5 minutes. 950 ul of pre-heated lysogeny broth (LB) medium (Table 14) were

added to the cells, followed by incubation at 37 °C and 250 rpm for 1 h. Cells were centrifuged for 2 minutes

at 5000 x g and the pellet was resuspended in 100 pl fresh LB medium. Bacteria were plated on agar plates

containing the appropriate antibiotic (ampicillin f.c. 1200 mg/ml for pGEX4T2, kanamycin f.c. 30 mg/ml for

pET28a and pET3a plasmids) and incubated overnight at 37 °C.
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Table 14: LB medium composition.

reagent amount
Tryptone 10¢g

NaCl 10¢g

Yeast extract 59

ddH:0 ad 1000 ml

3.2.1.2 Plasmid purification

Plasmid DNA was isolated from 3-5 ml of an overnight culture of E. coli (BL21) DE3 cells containing the
DNA of interest and the appropriate antibiotic (ampicillin f.c. 100 mg/ml for pGEX4T2, kanamycin
f.c. 30 mg/ml for pET28a and pET3a plasmids). The cells were harvested and DNA was isolated using the
Plasmid Mini-Prep Kit (Thermo Fisher Scientific, Waltham, USA). The plasmid was eluted with 40 pl of
elution buffer. The plasmid concentration was determined at a wavelength of 280 nm by UV-Vis
spectroscopy. The ideal concentration for sequencing should be between 30 and 100 ng/pul DNA.
Sequencing was performed by Eurofins, Genomics, Luxembourg. The results were analyzed using the

Benchling software®,

3.2.1.3 Determination of cell density

The cell density of bacterial cultures was determined during cell cultivation by measuring the optical density
at a wavelength of 590 nm (ODsg0). Cell density measurements were performed using the Ultrospec 10 cell

density meter.

3.2.1.4 Cell culture and protein expression

The plasmid encoding the corresponding proteins was transformed into E. coli BL21 (DE3) cells and the
pre-culture with the corresponding antibiotic (ampicillin f.c. 100 mg/ml for pGEX4T2, kanamycin
f.c. 30 mg/ml for pET28a and pET3a plasmids) was incubated overnight in 150 ml LB medium (Table 14)
at 37 °C and 180 rpm. Four main cultures of 500 ml double-strength yeast extract/tryptone (dYT) medium
(Table 15) or terrific broth (TB) medium (Table 16) enriched with 10 x TB salts (Table 17) were each
spiked with the appropriate antibiotic and inoculated with the pre-culture to an OD of 0.05. The cells were
cultured while shaking at 200 rpm and 37 °C. When an OD of approximately 0.8 - 1.0 was reached, protein
expression was induced by adding 1 mM isopropyl 3-D-1-thiogalactopyranoside (IPTG). Depending on the

expressed protein, cells were cultured at different temperatures and times (Table 18).
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The cells were harvested by centrifugation at 4000 x g for 20 min and 4 °C. The pellets were resuspended

with approximately 10 ml buffer and were either directly used for purification or snap frozen in liquid

nitrogen and stored at -80 °C.

Table 15: dYT medium composition.

reagent amount

Tryptone 169

NaCl 59

Yeast extract 10¢g

ddH20 ad 1000 ml
Table 16: TB medium composition.

reagent amount

Tryptone 12¢

Glycerol 4ml

Yeast extract 24 g

ddH,0 ad 900 ml, ad 100 ml of sterile 10 x TB salts

Table 17: 10 x TB salts composition.

reagent amount concentration [M]
KH2PO4 2319 0.17
K2HPO4 1254 ¢ 0.72
ddH-0 ad 1000 ml

Table 18: Parameters protein expression.

proteins temperature time antibiotic resistance
p40Phox (1-144) protein domain 25°C 16 h ampicillin
MSP1E3D1 25°C 3h kanamycin
Syntaxin-1A 22 °C 16 h kanamycin

3.2.1.5 Cell disruption

Cell disruption with cell disrupter/french press. Cell pellets of approximately 9 g bacterial cell culture

were mixed with 5 mM magnesium sulfate (MgSQOs) and 10 pg/ml DNAse 1. Cell lysis was performed

mechanically using a cell disrupter (Constant Sytems LTD, Low March, UK) by repeatedly applying a

pressure of 2 kbar on cells with the expressed p40P"* (1-144) protein domain. Note that, for full-length

Syntaxin-1A cell lysis was performed on a French press (Gaulin Amicon, Silver Spring, MD). Accordingly,

the buffer contained 2% OG.
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Immediately after cell disruption, the cell lysate was mixed with an ethylenediaminetetraacetic acid
(EDTA)-free protease inhibitor cocktail tablet dissolved in 2 ml water and 1 mM phenylmethylsulfonyl
fluoride (PMSF). The lysate was centrifuged at 4 °C and 25,000 rpm for 60 min. The supernatant was either

directly purified chromatographically or snap frozen in liquid nitrogen and stored at -80 °C.

Cell disruption by sonication. This protocol was adapted from Malhotra and Alder®*. For cell lysis, cell
pellets with expressed membrane-scaffolding protein E3D1 (MSP1E3D1) were thawed on ice, followed by
the addition of 20 ml buffer (20 mM NasPOa, pH 7.5) containing 1 mM PMSF. Triton-X-100 was added to
a final concentration of 1% (v/v). Cells were disrupted by 5 rounds of ultrasonication on ice, using a microtip
at 50% amplitude for 60 sec with pauses of 60 sec between pulses. The lysate was centrifuged at 25,000 x
g for 60 min.

3.2.1.6  Protein purification of the p40P"°* (1-144) protein domain

Purification of the p40P"** (1-144) protein domain was adopted from Chandra et al*®. All purification steps
were carried out at 4 °C using a liquid chromatography system Akta™ purifier (GE Healthcare, Chicago,
USA). Purification of the p40P"* (1-144) protein domain was performed using a glutathione-sepharose
(GST) high-performance column. Buffer compositions and concentrations are given below. The cell lysate
was first loaded onto the GST column pre-equilibrated in binding buffer (50 mM HEPES, 150 mM NacCl,
0.1 mM TCEP, pH 7.4), followed by a washing step until a constant UV signal below 200 mAU was
detected. Stepwise elution (20%, 75%, 100%) of the protein was performed with GST elution buffer
containing 10 mM reduced glutathione. Gel electrophoresis was performed to identify elution fractions
containing the protein. Protein-containing fractions were combined and the GST tag was cleaved during
dialysis overnight in 5 L dialysis buffer with 100 U - 150 U thrombin. Subsequently, the p40°"x (1-144)
protein domain was subjected to size-exclusion chromatography (SEC) using a high loading Superdex
16/600 column pre-equilibrated in gel filtration buffer. The protein was loaded at a flow rate of 1 ml/min
onto the SEC column and eluted isocratically over a volume of 80 ml. After elution and analysis of the
fractions by gel electrophoresis, the purified protein was concentrated at 4000 rpm to 1.5 mg/ml. The

concentration of the protein was determined by UV-Vis spectroscopy (Section 3.2.2.1).
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p40Phox (1-144) protein domain buffers

Binding buffer: Elution buffer:

50 mM HEPES, 150 mM NaCl, 0.1 mM TCEP, 50 mM HEPES, 150 mM NaCl, 0.1 mM TCEP, 10 mM
pH 7.4 Glutathion reduced, pH 7.4

Dialysis buffer: SEC buffer:

50 mM HEPES, 150 mM NaCl, 0,1 mM TCEP, 50 mM HEPES, 150 mM NaCl, 0.1 mM TCEP, pH 7.4
pH 7.4

3.2.1.7 Protein purification of MSP1E3D1

Purification of MSP1E3D1 was carried out following a protocol from Malhotra and Alder!®. All
purification steps were performed at 4 °C. The N-terminally hexahistidine-tagged protein was extracted
from the cell lysate by immobilized metal affinity chromatography (IMAC). Buffer compositions and
concentrations are given below. The cell lysate was loaded onto the IMAC column, preequilibrated in
resuspension buffer. A washing step with four column volumes of wash buffer 1 followed. The IMAC
column was washed with four column volumes of wash buffer 2 and four column volumes of wash buffer
3. The MSP1E3DL1 protein was eluted with 3 column volumes of elution buffer. For washing and elution of
the protein, a protein-dependent imidazole concentration was used. After inspecting the elution fractions for
MSP1E3D1 by gel electrophoresis, protein-containing fractions were pooled and concentrated to 5 ml for
SEC purification. For this, the protein was loaded onto a Superdex 16/600 column preequilibrated with SEC
buffer and was eluted isocratically over a volume of 80 ml. After elution protein containing fractions were
combined and subsequently concentrated at 4000 rpm to a concentration of 4.5 mg/ml using. The protein
concentration was determined by UV-Vis spectroscopy (Section 3.2.2.1). The protein was aliquoted and

either snap frozen in liquid nitrogen and stored at -80 °C or directly used for the preparation of nanodiscs.

MSP1E3D1 buffers

Resuspension buffer: Wash buffer 3:

20 mM NazPQs, pH 7.5 20 mM HEPES, 300 mM NacCl, 50 mM Imidazol, pH
8.0

Wash buffer 1: Elution buffer:

20 mM HEPES, 300 mM NaCl, 1% (v/v) 20 mM HEPES, 300 mM NaCl, 400 mM Imidazol, pH

Triton-X-100, pH 8.0 8.0

Wash buffer 2: SEC buffer:

20 mM HEPES, 300 mM NacCl, 20 mM 20 mM HEPES, 100 mM NaCl, 0.5 mM EDTA, pH

Imidazol, 50 mM Na-cholate, pH 8.0 8.0
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3.2.1.8 Protein purification of Syntaxin-1A

The purification of full-length Syntaxin-1A was performed as previously described®18’, Purification steps
were performed at 4 °C. Buffers compositions and concentrations are given below. Purification buffers for
full-length Syntaxin-1A contained 2% OG. The proteins were first extracted from the cell lysate by IMAC.

For this, the IMAC column was equilibrated with 3 column volumes of Ni-A buffer.

The lysate was loaded onto the column followed by a washing step until a constant UV signal below
200 mAU is obtained. Note that, different imidazole concentrations were used for the washing and elution
steps (see below). The protein was eluted with 3 column volumes of Ni-B buffer. Gel electrophoresis was
used to identify which elution fractions contained the protein. Fractions containing the appropriate protein
were combined, mixed with 50 -100 U thrombin and dialyzed overnight at 4 °C against dialysis buffer 1 to
cleave the hexahistidine-tag (His-tag). To remove the His-tag from the protein sample, the dialysate was
repeatedly loaded onto the IMAC column. The column was washed with three column volumes of Ni-A
buffer until a constant UV signal was obtained. Subsequently, to elute the His-tag, the column was washed
with Ni-B buffer. After inspecting the elution fractions for protein by gel electrophoresis, fractions
containing the protein were combined and dialyzed at 4 °C against dialysis buffer 2 to prepare the sample
for anion-exchange chromatography with a salt concentration of 50 mM. The protein was then loaded onto
a Superdex 16/600 equilibrated in SEC buffer and the protein was eluted isocratically over a volume of
80 ml. After elution, protein-containing fractions were combined and subsequently concentrated at 400 rpm
to a volume of 1.5 ml. The protein concentration was determined by UV-Vis spectroscopy (Section 3.2.2.1).

Aliguots were snap frozen in liquid nitrogen and stored at -80 °C.

Buffers for purification of full-length Syntaxin-1A

Ni-A buffer: Ni-B buffer:

20 mM HEPES, 500 mM NaCl, 10 mM 20 mM HEPES, 500 mM NaCl, 500 mM Imidazol, 0.1
Imidazol, 0.1 mM TCEP, 2% OG, pH 7.4 mM TCEP, 2% OG, pH 7.4

Dialysis buffer: SEC buffer:

20 mM HEPES, 50 mM NaCl, 1 mM EDTA, 20 mM HEPES, 150 mM KCI, 0.1 mM TCEP, 1mM
0.1 mM TCEP, 2% OG, pH 7.4 EDTA, 2% OG,pH 7.4
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3.2.2 Protein biochemical methods
3.2.2.1 Protein concentration determination

Protein concentrations were measured by UV-Vis-spectroscopy at a wavelength of 280 nm. All
measurements were performed three times. The protein concentration was calculated according to the
Lambert-Beers law using the extinction coefficient of the specific protein. The molecular weight and
extinction coefficients were calculated using the Expasy Protparam Tool*®88, The molecular weight and

the extinction coefficient of each protein used in this thesis are given in Table 19:

Table 19: Protein properties. They were calculated using the Expasy tool*881°,

protein molecular weight [Da] extinction coefficient [I-mol*-cm™]
Angiotensin | 1046.18 1490

Conalbumin A 69366.68 41435

Melittin 2846.46 5500

p40Phox (1-144) protein domain 16424.88 15930

Phospholipase A2 19057.62 29045

Syntaxin-1A 33348.75 7450

Ubiquitin 8565.00 1280

3.2.2.2  Gel electrophoresis

Protein-containing samples (5-12 pg) were incubated with 4 x sample buffer and 10 x reducing agent. The
samples were centrifuged for 1 min at 14,000 x g and then heated to 70 °C for 10 min to achieve
denaturation. Proteins were separated by gel electrophoresis using the NUPAGE system (Thermo Fisher
Scientific, Waltham, USA) according to the manufacturer’s protocol. Protein samples and 5 pl of Protein2
Pre-stained Protein standard marker were loaded onto 4-12 % Bis-Tris protein gels and separated at 200 V
for 30 min. Protein gels were stained with Coomassie using InstantBlue Protein solution and incubated at
room temperature on a horizontal shaker. For destaining, the gel was washed with double-distilled water

(ddH20) until the background was clear.

3.2.2.3 Western blot analysis

After protein separation by gel electrophoresis, the gel was subjected to western blot analysis. For this, filter
papers were drained in transfer buffer and the blotting membrane was incubated with phosphate buffer saline
containing Tween 20 (PBS-T). Following incubation for 5 minutes, the NUPAGE Bis-Tris gel was stacked

between two filter papers and the blotting membrane.
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Air bubbles were removed using a glass rod. The proteins were then transferred to a nitrocellulose membrane
for 2 h at 55 mAU. The membrane was blocked for 1 h at room temperature with blocking solution.
Subsequently, the membrane was washed at least 3 times for 5 minutes following incubation at 4 °C for 16
h with the primary antibody solution. The membrane was repeatedly washed with PBS-T buffer to remove
unspecifically bound primary antibodies. The membrane was then incubated with horseradish-peroxidase
marked secondary antibody for 1 h at room temperature. Finally, ECL Western Blotting Detergent Reagents
1 and 2 were added at a 1:1 ratio and the chemiluminescent was detected by a LAS-4000 analyzer. The

marker was detected by fluorescence.

Western blot buffers

Transfer buffer: PBS buffer:

25 mM Tris basepH 8.8, 193 mM Glycin, 0.1 % 1.76 mM KH2PO4, 10 mM Na2HPO4 pH 7.4, 2.7
(m/v) SDS, 10 % (v/v) Methanol mM KCI, 137 mM NaCl

PBS-T: Blocking solution:

(PBS- Tween 20) PBS, 0.02 % (v/v) Tween 20  PBST, 5 % (m/v) Milkpowder

Primary antibody solution: Secondary antibody solution:
PBST, 1 % (m/v) BSA, Anti-syx IgG 1:1000, PBST, 1 % (m/v) BSA, Anti-mouse 1gG 1:10.000
Anti-6xHis-tag IgG 1:1000

3.2.2.4 Chemical cross-linking

For chemical cross-linking, BS3 was dissolved in ddH.O directly before the reaction to minimize hydrolysis
of NHS esters. Proteins, proteoliposomes and nanodiscs were cross-linked with varying BS3 concentrations.
Samples were incubated with BS3 for 30 minutes at 25 °C in a thermomixer at 300 rpm. The cross-linked
proteins were separated by gel electrophoresis (Section 3.2.2.2) and stained with InstantBlue staining
solution. Non-crosslinked proteins were used as control samples. For in-solution hydrolysis of the cross-
links, samples were precipitated in 100 % ethanol, hydrolyzed in solution and cross-linked peptides were
enriched by SEC (Section 3.2.4.3), followed by the analysis by liquid chromatography-coupled mass
spectrometry (LC-MS/MS) and evaluation of the cross-links (Section 3.2.5).
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3.2.3 Biophysical methods
3.2.3.1 Preparation of liposomes

Liposomes were prepared by mixing different lipids at different concentrations. The solvent was evaporated
by rotary evaporation at 40 °C for 1 h. The resulting dry lipid film was rehydrated for 1 h at room
temperature with an aqueous buffer e.g. 200 mM ammonium acetate (AmACc). The resulting multi-lamellar
vesicles were subjected to sonication followed by extrusion through polycarbonate membranes with pore
sizes of 50 nm, 100 nm, 200 nm and 400 nm. Diameter and homogeneity of the liposomes were analyzed
by DLS (Section 3.2.3.5). All preparations were performed in triplicate. Table 20 shows the composition,
diameter and final concentration of prepared liposomes.

Table 20: Composition, diameter and concentration of liposomes.

lipid composition liposomes diameter [nm] final concentration [mM]
DOPC 50 0.5

DOPE 50 0.5

DOPS 50 0.5

DOPG 50 0.5
DOPC/DOPG (1:1) 50 0.5
DOPC/DOPE (1:1) 50 0.5
DOPG/DOPE (1:1) 50 0.5
DOPC/DOPE/DOPS (5:2:2) 50 5
DOPC/DOPE/DOPS/cholesterol (5:2:2:1) 100 0.5
DOPC/DOPE/DOPS/cholesterol (5:2:2:1) 50 0.5

lipid composition proteoliposomes diameter [nm] final concentration [mM]
DOPG/DOPE 100 2.0
DOPC/DOPE/DOPS/cholesterol (5:2:2:1) 100 2.0
DOPC/DOPE/PI(3)P (8:1:1) 100 2.0
DOPC/DOPE (8:2) 100 2.0

3.2.3.2 Preparation of proteoliposomes with membrane-associated proteins

The p40Pox (1-144) protein domain (concentration approx. 5 mg/ml, solubilized in SEC buffer or 200 mM
AmAcC solution) was associated with liposomes by incubating the protein with liposomes (1.5 mM - 2.5
mM) for 1 h at room temperature at protein-to-lipid ratios of 1:50 and 1:100. Melittin (concentration approx.
1 mg/ml, solubilized in 200 mM AmAc solution) was associated to liposomes by incubating the protein
with liposomes (1.5 mM - 2.5 mM) for 1 h at room temperature at a protein-to-lipid molar ratio of 1:50.

Protein binding to the liposomes, was verified by liposome flotation analysis (Section 3.2.3.6).
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3.2.3.3 Preparation of nanodiscs

Nanodiscs were prepared by solubilizing a dry lipid film of DMPC or POPC, POPE and DOPS lipid at a
molar ratio of 45:15:40 in 20 mM sodium cholate buffer. After heating at 37°C, vortexing, and sonicating
the lipid solution for 30 minutes, MSP1E3D1 was added at the desired protein-to-lipid molar ratio (1:150
for DMPC, 1:120 for POPC, POPE and DOPS) and the mixtures were incubated for 1 h at 4 °C. The
detergent concentration was adjusted to 12-40 mM after the addition of the protein. Bio-beads SM-2, which
are used for detergent removal, were washed with methanol (1x), water (3x), and buffer (1x). 0.5 - 0.8 g of
washed Bio-beads were added to 1 ml of the lipid/protein mixture and incubated overnight at 4 °C with
gentle shaking on an orbital shaker. The mixture was then filtrated and nanodiscs were purified by SEC
using a Superdex 200 GL increase 30/200 column. Fractions were evaluated by gel electrophoresis and
nanodisc diameter and homogeneity was determined by DLS (Section 3.2.3.5). The shape of the nanodiscs
was visualized by negative-stain TEM (Section 3.2.3.7). Table 16 shows the composition, size and
concentration of the prepared nanodiscs.

Buffer nanodisc preparation

SEC buffer:
20 mM HEPES, 100 mM NacCl, 0.5 mM
EDTA, pH 7.4

Table 21: Composition, diameter and concentration of prepared nanodiscs.

lipid composition nanodiscs diameter [nm] final concentration [mM]
DMPC 13 5.0
POPC/POPE/DOPS (45:15:40) 13 2.5

3.2.3.4 Reconstitution of an integral membrane protein into nanodiscs

Reconstitution of Syntaxin-1A into nanodiscs was performed as described previously**®1°1, Lipid mixtures
were prepared by rehydrating the dry lipid film containing POPC, POPE and DOPS in 20 mM cholate buffer
to a final concentration of 10 mM total lipid. Phospholipid-detergent mixtures, Syntaxin-1A and
MSP1E3D1 were then mixed at a molar ratio of 120:0.25:1 and incubated on ice for 1 h. The cholate
concentration was adjusted to 12-40 mM and 0.5 - 0.8 g of Bio-beads were then added to the solution,
followed by incubation at 4 °C overnight with gentle shaking on an orbital shaker. Syntaxin-1A nanodiscs
were purified on a Superdex 200 GL 10/300 column. Diameter and homogeneity of the reconstituted
nanodiscs were determined by DLS (Section 3.2.3.5) followed by an additional characterization of the

nanodiscs by western blot analysis (Section 3.2.2.3) and negative-stain TEM (Section 3.2.3.7).
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3.2.3.5 DLS analysis

DLS measurements of liposomes and proteoliposomes were performed using a Zetasizer Nano S instrument
(Malvern Instruments, Worcestershire, UK) equipped with a helium-neon laser of 633 nm and a scattering
angle of 173°. 70 ul of liposome or proteoliposome samples were pipetted into micro-UV cuvettes and
heated for 2 min at 25 °C before they were analyzed 10 times for 60 sec at 22 °C in an aqueous buffer. Data

was collected with the software DTS Nano and data analysis was performed using the Origin software.

The size distributions of nanodiscs were determined by DLS using a Litesizer 500 instrument (Anton Paar,
Graz, Austria) equipped with a 633-nm helium-neon laser and a detection angle of 90°. Samples were heated
for 2 min at 25 °C and analyzed 5 times for 15 seconds at 22 °C in an aqueous buffer. Autocorrelation
functions were fitted by applying the Kalliope software (Anton Paar, Graz, Austria) and data analysis was
later performed using the Origin software.

3.2.3.6 Liposome flotation assay

For flotation analysis, proteoliposomes were mixed with sucrose to a final concentration of 1M and
overlayed with % volumes of 0.75 M sucrose solubilized in the appropriate liposome buffer. 0.175 volumes
of the liposome buffer without sucrose were added on top and the samples were centrifuged at 268,000 x g
for 2 h or overnight to separate liposome-associated proteins from free protein. Top, middle, and bottom
fractions were collected and subsequently evaluated by gel electrophoresis. Liposomes and proteoliposomes

are observed in the top fraction due to their lower density (Section 3.2.2.2).

3.2.3.7 Negative-stain TEM of nanodiscs

For the preparation of negative-stain TEM samples, quantifoil carbon support film grids were coated with
low-energy hydrogen plasma to improve hydrophilicity. For this, grids were discharged in a PELCO easy
glow chamber for 25 sec at a pressure of 0.39 mbar. Following discharging, EM grids were loaded with
10 pL of nanodiscs suspension (0.05 mg/ml or 0.1 mg/ml lipid). Excess liquid was blotted off with a strip
of filter paper after 45 sec followed by two washing steps with 10 pul ddH2O. Grids were stained with 10 uL
1% (wi/v) aqueous uranyl acetate solution for 1 min. Excess staining solution was again removed by blotting
with a clean filter paper. Specimens were dried, examined on an EM 900 transmission electron microscope
and micrographs were recorded with an SM-1k-120 slow-scan charge-coupled camera. Sample preparation
was performed together with Jennifer Zierath. TEM measurements were performed by PD Dr. Annette

Meister.
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3.2.3.8 Monolayer measurements

Monolayer measurements were performed utilizing a deltaPi-4x Tensiometer (Kibron, Helsinki, Finnland),
which consists of 4 Wilhelmy pressure sensors (Kibron, Helsinki, Finnland) placed over Langmuir troughs.
Before sample analysis, each trough was cleaned thoroughly with 1% Helmanex® detergent solution,

following several washing steps with ddH-O until all detergent was removed.

Wilhelmy pressure sensors were cleaned with ddH>O and then heated to remove residual molecules.
Troughs were maintained at 20 °C and filled with 1100 pl PBS buffer as a subphase. Calibration of the
pressure sensors was achieved by hanging the sensor freely in air and setting the surface pressure (I1) to
72.6 mNm™! followed by the insertion of the sensor into PBS buffer and setting IT to 0 mNm- 1. After
equilibrating for >30 minutes and pressure stabilization, lipid mixtures in chloroform/methanol (3:1,
vol/vol) were added dropwise to the air/buffer interface until the desired surface pressure was reached. The
solvent was subsequently allowed to evaporate for at least 10 min and the lipid film was equilibrated for at
least 30 min. Protein solutions were injected underneath the equilibrated lipid monolayer through the
injection port into the subphase. To ensure homogeneous distribution of the peptides, the subphase was
gently stirred during injection and measurement. After injection, the surface pressure was recorded for
approximately 4 hours as a function of time until a constant value was reached. Monolayer experiments
were performed together with Dr. Christian Schwieger. Data analysis was performed by Dr. Christian

Schwieger.

3.2.4 Mass spectrometric methods
3.24.1 Nano-ESI emitters for MS analysis

Thin wall borosilicate capillaries without filament, with an inner diameter of 0.78 mm were used for in-
house preparation of nESI emitters with a Fleming/Brown micropipette puller. Program settings are
described in Table 22. Program settings (1) were used for the preparation of nano-ESI emitters for native
MS experiments using a Q-ToF Ultima instrument. Program settings (2) were used for the preparation of
nano-ESI emitters for direct infusion experiments using a Q Exactive instrument. Capillaries were gold-
coated using a Sputter, Quorum Q150RS with a sputter current of 80 mA, sputter time of 150 seconds and

a tooling factor of 1.00. Before MS analysis, the tip of the needle was opened with tweezers.
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Table 22: Settings of the micropipette puller.

Program 1 heat pull velocity time pressure ramp
514 0 100 60
514 0 70 40 500 514
514 100 100 60

Program 2 heat pull velocity time pressure ramp
475 90 70 70 200 475

3.2.4.2 Sample preparation and direct infusion MS analysis

Liposomes and proteoliposomes were analyzed by direct infusion nESI MS using a Q Exactive mass
spectrometer. For this, 2-4 ul of the liposome/proteoliposome samples prepared in 200 mM AmAcC were
loaded into borosilicate offline emitters coated with gold/palladium or into self-prepared capillaries (Section
3.2.4.1). Mass spectra were recorded in positive ion mode. An electrospray capillary voltage of 1.70 - 4.0
kV was applied and the capillary temperature was set to 250 °C. The resolution was 70.000 and the AGC
target was set to 3 x 106. RF lens was set to 50 and the MS scan range was 500 - 6000 m/z. The minimum
injection time was 100 ms and MS/MS fragmentation was performed in the HCD cell applying a normalized
collision energy of 10 - 40 NCE. The isolation window was set to 2.00 m/z. Data acquired on the Q Exactive

mass spectrometer was analyzed using the Xcalibur software.

3.2.4.3 MS analysis of peptides

In-gel hydrolysis of proteins. In-gel hydrolysis of proteins was performed as previously described by
Shevchenko et al. 1996%. All steps were carried out at 26 °C and 1050 rpm unless otherwise indicated. Gel
bands were excised, cut into 1 x 1 mm pieces, and washed with 150 pl of water for 5 min. After each
incubating step, the samples were centrifuged (for 1 min at 16,200 x g) and the supernatant was discarded.
The gel pieces were then incubated with 150 L acetonitrile (ACN) for 15 min. The gel pieces were spun
down (for 1 min at 16,200 x g), the supernatant was discarded and the gel pieces were dried in a vacuum
centrifuge. Disulfide bridges were reduced by the addition of 100 il 10 mM dithiothreitol (DTT; in 100 mM
ammonium hydrogen carbonate (NH4sHCOs3), pH 8.0) at 56 °C for 50 minutes. The gel pieces were
centrifuged (1 min at 16,200 x g) and the supernatant was removed. After washing with 150 pl ACN for
15 min the gel pieces were spun down (for 1 min at 16,200 x g) and the supernatant was removed. Free
cysteine residues were alkylated by adding 100 pl 55 mM iod acetamide (IAA, in 100 mM NHsHCO3, pH
8.0). The reaction was performed in the dark at 37 °C for 30 minutes. The gel pieces were incubated with
150 pl of 200 mM NH4HCOs for 15 min followed by the addition of 150 pl ACN.
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The gel pieces were centrifuged for 1 min at 16,200 x g and the supernatant was discarded. After the addition
of 150 ul ACN, gel pieces were dried for 5-10 min in a vacuum centrifuge and rehydrated on ice for 45 min
by adding approximately 20 pl proteolytic buffer 1 (Table 23). The gel pieces were covered with 50 pl
proteolytic buffer 2 (Table 23) and incubated at 37 °C overnight.

Table 23: Buffer for in-gel proteolysis. All buffers were freshly prepared.

Chemical Proteolytic buffer 1 Proteolytic buffer 2
0.1 pg/pl Trypsin 0.0125 pg/ul -
100 mM NHsHCO3 41.64 mM 47.62 mM
100 mM CaCl, 4.17 mM 4.76 mM

After incubating the gel pieces overnight with trypsin, they were centrifuged (for 1 min at 16,200 x g) and
mixed with 50 pl of water followed by the addition of 50 ul ACN. The supernatant containing tryptic
peptides was removed and collected in a new sample tube. 50 pl of 5% (v/v) formic acid was added followed
by the addition of 50 pl of ACN for the second round of extraction of the peptides from the gel pieces. The
gel pieces were spun down (for 1 min at 16,200 x g), the supernatant was removed and pooled with the
supernatant from the previous extraction steps. The peptides were dried in a vacuum centrifuge and the
pellet was stored at -20 °C until analysis by LC-MS/MS.

Ethanol precipitation. Proteins were precipitated by the addition of 20 pl 3M natriumacetate (pH 5.3) and
600 pl ice-cold 100% (v/v) ethanol incubated overnight at -20 °C. The proteins were then centrifuged for
30 minat 4 °C, 13,000 rpm. The supernatant was removed and the pellet was washed with 80% (v/v) ethanol
and subjected to another centrifugation step at 4 °C, 13,000 rpm. The pellet was then dried in a vacuum
centrifuge. The proteins were hydrolyzed in solution and cross-linked peptides were enriched by size

exclusion chromatography (SEC) and analyzed by LC-MS/MS.

In-solution hydrolysis. After ethanol precipitation, the protein pellet was dissolved in 10 pl 1% (w/v)
Rapigest (in 25 mM NHHCO;, pH 8.5) followed by the addition of 10 pl 50 mM DTT (in 25 mM
NH4HCO3, pH 8.5) for reducing disulfide bonds and addition of 10 pl 100 mM IAA (in 25 mM NH;HCOs,
pH 8.5) for alkylation for 1 h at 37 °C. Proteins were hydrolyzed by incubation with 0.1 pg/pl trypsin
solution (in 25 mM NH4HCOs, pH 8.5) at a molar ratio of 1:20 (trypsin: protein), following incubation
overnight at 37 °C. To inactivate Rapigest, 20 pl 5% (v/v) trifluoroacetic acid (TFA) was added and the
sample was incubated at 37 °C for 2 h followed by centrifugation for 30 min at 13,000 rpm. The peptide

containing supernatant was dried by vacuum centrifugation.
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Enrichment of cross-linked peptides by SEC. Enrichment of cross-linked peptides was performed by SEC
using an Akta™ system (GE Healthcare, Chicago, USA). The peptide pellet was rehydrated with 60 pl SEC-
buffer 30% (v/v) ACN, 0.1 % (v/v) TFA, sonicated for 1 min, and centrifuged for 5 min at 13,000 rpm.
Following this, 50 pul of the supernatant were loaded with a flow rate of 0.05 ml/min onto a Superdex™
peptide 3.2/300 column and eluted. Fractions, which contain the cross-linked peptides were dried by vacuum

centrifugation and subsequently analyzed by LC-MS/MS.

LC-MS/MS. Peptides were analyzed by nano-flow reverse-phase liquid chromatography on a
DionexUltiMate 3000 RSLnano System coupled with a Q Exactive mass spectrometer. For liquid
chromatography 0.1% (v/v) formic acid (FA) was used as mobile phase A and 80% (v/v) ACN/0.1% (v/v)
FA was used as mobile phase B. The dried peptides were diluted in 2% (v/v) ACN, 0.1% (v/v) formic acid
and subjected to ultrasonication for 1-2 min. Following this, the samples were centrifuged at 10,000 rpm
and 4 °C. The supernatant was transferred into injection vials for LC-MS/MS analysis. 5 pL of the sample
were loaded onto the Acclaim PepMap 100 C18-LC precolumn (u-precolumn C18 Acclain™ PepMap™
100, C18, 300 um, I.D., particle size 5 um) at a flow rate of 10 pl/min. Subsequently, the peptides were
separated on an Acclaim PepMap 100 C18-LC analytical column (50 cm, HPLC, column Acclaim™
PepMap™ 100, C18, 75 um I.D., particle size 3 um) at a flow rate of 300 nl/min over a gradient of 4-90%
(v/Vv) running buffer B (see Table 24 for details).

Samples from in-gel hydrolysis are separated by a 90 min gradient, while samples from the SEC enriched
cross-linked peptides are separated by a 120 min gradient. Depending on the peptide hydrophobicity
different analysis methods were used. For larger, strongly hydrophobic, cross-linked peptides (first 5
peptide-containing fractions of SEC) methods 1 to 3 were used. Method 2 (peptide-containing fractions 6-
10 of SEC) and method 3 (peptide-containing fractions 11-13) were used to separate smaller, cross-linked
peptides with lower hydrophobicity.
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Table 24: Liquid-chromatography gradient. The gradient consisting of 0.1% (v/v) formic acid as mobile
phase A and 80% (v/v) ACN/ 0.1% (v/v) FA as mobile phase B is shown at different gradient length. For
protein identification, a gradient of 90 minutes was used. Identification of cross-linked peptides was

achieved by step-wise adjusting the 120 min gradient according to the hydrophobicity of the samples:

Running buffer  Running buffer Time [min]

A [%] B [%0] Method 1 Method 2 Method 3 Method 4
96 4 0 0 0 0
92 8 3 3 3 3
85 15 - 15 - 75
75 25 60 90 90 90
50 50 64 94 94 94
10 90 65 95 95 95
10 90 69 99 99 99
96 4 70 100 100 100
96 4 90 120 120 120

Peptides were directly eluted into the Q Exactive mass spectrometer and analyzed in positive ion mode
(MS1). Typical mass spectrometric standard conditions were: data-dependent mode; capillary voltage, 2.8
kV; capillary temperature, 275 °C and polarity, positive. Survey full scan MS spectra were acquired in a
mass range of 350 - 1600 m/z, with a resolution of 70.000 and an automatic gain control (AGC) target of
3e6. The maximum injection time was set to 100 ms. The “’top 20” method was used to isolate the 20 most
intense precursor ions with charge states ranging von 1 and >8 in the quadrupole mass filter. These precursor
ions were transferred into the HCD cell for fragmentation with an AGC target of 1e5 and a fixed mass of
105 m/z. The resolution of MS2 spectra was 17,500 and for cross-linking samples 35,000. The maximum
injection time (MS2 spectra) was 150 ms (for proteomic samples) and 200 ms (for cross-linked samples).

For cross-linking samples charge states 1-3 and >8 were excluded.

3.2.4.4 Buffer exchange for native MS

Liposome and proteoliposome samples were prepared in 200 mM AmAc buffer before MS analysis. For
measurement of protein complexes by native MS, protein buffers were exchanged to 200 mM AmAc buffer.
Buffer exchange was achieved by SEC using Micro Bio-Spin columns. For this, the Bio-Spin column was
first equilibrated in 500 pl 200 mM AmAc solution, followed by 1 min centrifugation at 1000 x g at 4 °C.
This step was repeated three times. After equilibration, at least 20 pl of sample were loaded onto the Bio-

Spin column, followed by centrifugation for 4 min at 1000 x gat 4 °C.
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3.2.4.5 Native MS analysis

Liposomes and proteoliposomes were analyzed by native MS utilizing a Q-ToF mass spectrometer modified
for the transmission of high mass complexes!®2. For this, 2-4 pl of liposomes or proteoliposomes were loaded
into in-house prepared capillaries and injected into the mass spectrometer. Mass spectra were recorded in
positive ion mode. Measurements were carried out at a capillary voltage of 1.50 - 1.70 kV and a cone voltage
of 80 - 100 V. The RF lens energy was 80 V and the source temperature was set to 80 °C. Collision voltages
of 20 - 200 V were applied. Mass spectra were calibrated externally using 100 mg/ml CSI dissolved in

water.

3.2.5 Data analysis

Data analysis of direct infusion MS spectra. Data obtained on the Q Exactive instrument was processed

and analyzed using the Xcalibur software. At least 100 scans were combined.

Data analysis of native MS spectra. Data obtained from the Q-ToF mass spectrometer was processed using
MassLynx 4.0'7® and analyzed using the Massign software'??, At least 100 scans were combined. Acquired
mass spectra were calibrated externally using cesium iodide solution (100 mg were dissolved in 1 ml).
Calibrated mass spectra were linearized, smoothed and the peak list was transferred to the Massign

software!’®. Peaks were assigned and the masses of the protein complexes were determined.

Identification of cross-linked peptides. Cross-links were identified using the software pLink2 version
2.3.91%% Raw data were searched against a FASTA database of Syntaxin-1A and MSP1E3D1. The search
parameters for pLink2 were set to trypsin as the protease; trypsin cleavage sites, 3; fixed modification,
oxidation of methionine; variable modification, methionine; mass accuracy, 20 ppm. Charge states were set
to a maximum of 7+. Filtered spectra were manually inspected for cross-linked dipeptides using the pLink2
visualization software pLabel. The filtering of manually validated cross-links was performed using the

software CroCo'™. Cross-links were visualized in network plots using xVis'®,

Database search using MaxQuant. The search engine MaxQuant'’” was used for protein identification and
guantification. Raw data was searched against amino acid sequences of proteins of Syntaxin-1A (Uniprot
Q16623), p40Prox MSP1E3D1 and contaminations. Standard search parameters included: trypsin/P as a
protease (trypsin cleavage C-terminal of lysine or arginine, also when C-terminal amino acid is proline);
fixed modification, carbamidomethyl (cysteine); variable modifications, oxidation (methionine) and
acetylation (protein N-terminus); missed trypsin cleavage sites, 2; minimal peptide length, 7; and maximal

peptide mass 6,000 Da. The Orbitrap was specified as the instrument used.
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4 Results

4.1 Establishing liposomes for MS analysis of membrane-associated proteinst

4.1.1 Preparation and characterization of liposomes

Liposomes are phospholipid vesicles that resemble biological membranes. Due to their variability in size,
composition, and amphiphilic character, they are suitable membrane mimetics for a variety of membrane
proteins. Although liposomes are considered the simplest artificial membrane system, a sophisticated
application for MS analysis of membrane proteins is still missing. In this work, liposomes were explored
for the mass spectrometric analysis of membrane-associated proteins to allow their analysis in a native-like

lipid environment.

To establish an MS-based workflow liposomes without associated proteins were first prepared and
characterized. For this, lipids of natural membranes were selected (Figure 11A). These lipids contain head
groups of different sizes and charges as well as fatty acyl chains with the same number of carbon atoms (18
carbon atoms). In addition, they are unsaturated, including one double bond. The workflow for liposome
preparation, characterization and analysis is shown in Figure 11B. The following considerations were taken

into account: (i) buffer conditions, (ii) DLS and (iii) MS analysis.

(1) For liposome preparation, an MS-compatible buffer, such as ammonium acetate (AmAc)
solution, is chosen. AmAc solution is preferred in MS analysis, as it is a volatile electrolyte
which allows to preserve non-covalent interactions and the native structure of proteins as
well as their complexes in the gas phase!®. In this thesis, liposomes, if not specified
differently, are directly prepared in 200 mM AmAc solution for MS analysis
(Figure 11B, i).

(i) Prior to MS analysis, all liposomes are characterized by DLS to determine their size
distributions and homogeneities (see Section 3.2.3.5 for details). In the DLS graphs, the
particle diameter is plotted to the weighted intensity (Figure 11B, ii). The diameter is then

indicative of the size of the liposomes.

(iii)  Following DLS analysis, liposomes are subsequently investigated by MS (Figure 11B, iii).
For this, two different mass spectrometers are employed: first, a conventional Q Exactive

mass spectrometer, which is typically utilized for the identification of lipids and peptides

1 The results presented in this chapter were published in Frick M, Schwieger C, Schmidt C. Liposomes as Carriers of
Membrane-Associated Proteins and Peptides for Mass Spectrometric Analysis. Angew Chem Int Ed Engl.
2021;60(20):11523-11530. doi:10.1002/anie.202101242
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(see Section 1.8.1 for details). The conditions in this mass spectrometer are rather harsh
and non-covalent bonds are most likely not preserved. Gas phase conditions of this mass
spectrometer are, therefore, considered to be denaturing. Second, a Q-ToF mass
spectrometer (see Section 1.8.2 for details), which was modified for the transfer of high-
mass complexes so that non-covalent interactions are preserved in the gas phase, was
employed. Accordingly, this mass spectrometer allows the analysis of intact protein
complexes and their interactions with ligands, such as lipids. Gas phase conditions of this
mass spectrometer are, therefore, considered to be native. By comparing denaturing and

native gas phase conditions, liposome dissociation was investigated.
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Figure 11:Workflow of liposome preparation, characterization and analysis. (A) Structures of lipids
used in this thesis. The headgroups are labeled and lipids are highlighted with different colors: DOPC (blue),
DOPG (orange), PI(3)P (purple), DOPS (red), DOPE (green) and cholesterol (yellow). Note that these colors
will stay the same throughout this thesis. (B) Liposomes composed of different lipids were prepared in 200
mM AmAc solution (i) followed by DLS analysis to determine the mean size distribution and homogeneity
of liposomes (ii). Liposomes were analyzed by MS under denaturing and native gas phase conditions (iii).
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4.1.1.1 Characterization of single-component liposomes?

Single-component liposomes were first prepared and characterized (see Section 3.2.3.1 for detailed
information). By investigating liposomes containing only one lipid, the influence of individual lipids on the
size and homogeneity of liposomes was explored. For this, liposomes were prepared containing either
DOPC, DOPG, DOPS or DOPE lipids at a final concentration of 0.5 mM and subsequently extruded through
a polycarbonate membrane of 100 nm. Note that, previous studies employing small-angle neutron scattering
and TEM revealed that a mixture of liposomes of various lamellarities is often obtained after extrusion®4.
However, we could previously show that lamellarity does not influence the dissociation behavior of
liposomes in the gas phase of a mass spectrometert’2, For subsequent MS analyses, we, therefore, did not

investigate liposome lamillarity further in this thesis.

After preparation of single-component liposomes, homogeneity and diameter of the liposomes were
inspected by DLS revealing a homogeneous size distribution with a mean diameter of approximately 68 nm
for DOPC or DOPG liposomes (Figure 12A&B). DOPS liposomes were also found to be homogeneous
with a mean diameter of approximately 79 nm (Figure 12C). DOPE liposomes, however, did not
demonstrate a homogeneous size distribution (Figure 12D). Instead, larger and smaller size distributions
were observed. Previous studies showed that DOPE lipids, which have a smaller head group than DOPC,
DOPG and DOPS lipids exhibit different behavior in membranes®®%, Accordingly, DOPE liposomes do
not form phospholipid bilayers in agueous solutions and rather adopt a more energetically favorable
hexagonal structure. Hydrophobic interactions, stabilizing the phospholipid bilayer are, therefore, limited*®’.
To study this effect further, DOPE liposomes were prepared and their diameters were monitored by DLS
immediately after preparation (t = 0) and after 5, 24, 28, 48 and 78 hours. The resulting size distributions
were compared. Interestingly, DOPE liposomes size distributions change over time. (Figure 12E).
Compared to the starting point of analysis (t=0), broader size distributions and larger aggregates were
observed after 5 h and 24 h (Figure 12E, t =5 h, 24 h). Smaller size distributions (<10 nm) were detected
after 28 h, 48 h and 78 h, emphasizing the unstable nature of DOPE liposomes (Figure 12E, t=28 h, 48 h,
78 h). For comparison, DOPC liposomes were also analyzed by DLS at different time points (0 h, 5 h, 24
h, 28 h, 48 h, 78 h). Importantly, DOPC liposomes are homogeneous and do not show time-dependent
changes in size (Figure 12F). In summary, single-component liposomes containing DOPC, DOPG or DOPS
lipids form stable, homogeneous liposomes, while DOPE liposomes were not sufficiently stabilized due to

their head group structure.

2DLS analyses of longer time periods of DOPE and DOPC liposomes were carried out together with Danny Knobloch-Sperlich as
part of his bachelor thesis.
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Figure 12: DLS analysis of single-component liposomes. DLS spectra show the mean size values for
each peak. Liposomes were prepared at a concentration of 0.5 mM and extruded through polycarbonate
membranes of 100 nm. DLS analysis of (A) DOPC liposomes, (B) DOPG liposomes, (C) DOPS liposomes
reveal homogeneous size distributions. (D) Multiple size distributions were observed for DOPE liposomes.
(E) Time-dependent DLS analysis of DOPE liposomes. (F) Size distributions of DOPC liposomes at
different time points. See figure legend for time points.

4.1.1.2 Characterization of multi-component liposomes

Next, liposomes with natural and more complex membrane compositions resembling a eukaryotic plasma
membrane!® were investigated. For this, liposomes containing DOPC, DOPE and DOPS at a molar ratio of
5:2:2 were prepared and characterized by DLS. As cholesterol is a typical component of natural membranes
affecting fluidity, elasticity, permeability and curvature of membranes'®®, multi-component liposomes of the
same composition containing cholesterol were also explored. DLS analysis of liposomes containing DOPC,
DOPE and DOPS at a molar ratio of 5:2:2 revealed a homogeneous size distribution with a mean diameter
of approximately 105 nm (Figure 13A). This is comparable to the DLS analysis of liposomes containing
cholesterol (Figure 13B). DLS analysis, therefore, verified that DOPE lipids do not influence the stability
of multi-component liposomes as observed for single-component DOPE liposomes. Moreover, DLS
analysis also revealed that cholesterol does not influence the diameter and homogeneity of liposomes. In

conclusion, complex liposome compositions, also allow the formation of stable and monodisperse vesicles.
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Figure 13: DLS analysis of multi-component liposomes. DLS spectra show the mean size values for each
peak. Liposomes were prepared at a concentration of 0.5 mM and extruded through a polycarbonate
membrane of 100 nm. (A) Liposomes containing DOPC, DOPE and DOPS (molar ratio 5:2:2) revealed a
homogeneous size distribution. (B) Likewise, liposomes containing DOPC, DOPE, DOPS and cholesterol
(5:2:2:1) showed a homogenous size distribution at a mean diameter of approximately 105 nm diameter.

4.1.2 MS analysis of liposomes
4.1.2.1 MS analysis of single-component liposomes

In the next step, to verify the application of liposomes for the analysis of membrane-associated proteins by
MS, liposome dissociation was explored in the gas phase under denaturing and native gas phase conditions.
Again, single-component liposomes were first analyzed. After their injection into the Q Exactive mass
spectrometer, dissociation of liposomes was observed under denaturing gas phase conditions. The mass
spectra showed similar dissociation patterns for liposomes composed of DOPC, DOPG, DOPS and DOPE
lipids (Figure 14A). Namely, singly-charged monomers of DOPC (m/z 786.60), DOPG (m/z 775.55), DOPS
(m/z 788.54) and DOPE (m/z 744.55) were observed with the highest signal intensities in these mass spectra.
Singly-charged dimers were also observed, albeit at lower intensities. The mass spectrum of DOPC
liposomes revealed lipid clusters consisting of up to 12 lipid molecules carrying different numbers of
charges (Figure 14A, i). Interestingly, DOPG liposomes dissociate into smaller lipid clusters containing up
to eight lipid molecules and exhibiting additional ammonium adducts (Figure 14A, ii). Ammonium adducts
are known to be products of the ionization process when samples for MS analysis are analyzed in AmAc
solution!®31%°, DOPS liposomes dissociate comparable to DOPC liposomes into large lipid clusters of up to
16 lipid molecules, carrying different numbers of charges (Figure 14A, iii). For DOPE liposomes, lipid

clusters with up to 15 lipid molecules were identified (Figure 14A, iv).
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Figure 14: MS analysis of single-component liposomes. Liposomes composed of different lipids are
highlighted: DOPC (blue), DOPG (orange), DOPS (red), DOPE (green). (A) Dissociation of liposomes
under denaturing gas phase conditions. (i) DOPC, (ii) DOPG, (iii) DOPS, (iv) DOPE liposomes. See
Supplementary Table S1 and Table S2 for m/z values. (B) Native MS spectra of liposomes acquired
at collisional voltages of 100 V. (i) DOPC, (ii) DOPG, (iii) DOPS, (iv) DOPE liposomes. See
Supplementary Table S2 for m/z values.
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Next, single-component liposomes were analyzed under native gas phase conditions (Figure 14B). For this,
liposomes were injected into the Q-ToF mass spectrometer and analyzed at a collision voltage of 100 V to
create conditions similar to those in the Q Exactive mass spectrometer used above. Under native gas phase
conditions, high intense signals corresponding in mass to singly-charged dimers of DOPC (m/z 1572.72),
DOPG (m/z 1550.98), DOPS (m/z 788.44) and DOPE (m/z 1489.07) were detected, suggesting that non-
covalent interactions are maintained in the Q-ToF mass spectrometer. Larger singly-, doubly- and triply-
charged lipid clusters containing up to 15 lipid molecules at lower intensities were also observed. Note that,
in the mass spectrum of DOPS, the highest signal intensity is observed m/z 788.44 suggesting that DOPS
liposomes are readily destabilized under native gas phase conditions (Figure 14B, iii). To conclude, these

studies show that single-component liposomes are sufficiently dissociated into lipid clusters.

4.1.2.2 MS analysis of multi-component liposomes

Subsequently, liposomes containing a complex lipid composition resembling eukaryotic membranes?® were
investigated by MS. For this, multi-component liposomes containing DOPC, DOPE and DOPS (molar ratio
5:2:2) or DOPC, DOPE, DOPS and cholesterol (molar ratio 5:2:2:1) were first analyzed under denaturing
gas phase conditions. The mass spectra of liposomes without cholesterol (Figure 15A) and with cholesterol
(Figure 15B) show intense signals at m/z 786.60 corresponding to singly-charged DOPC monomers, which
is also the major component of these liposomes. Moreover, at lower intensities, signals for singly-charged
DOPE monomers (m/z 744.55), singly-charged DOPC dimers (m/z 1530.15) and DOPE dimers (m/z
1488.10) as well as mixed lipid dimers, were detected. Interestingly, even though liposome preparations

contained DOPS and cholesterol, these lipids were not observed under denaturing gas phase conditions.

For comparison, multi-component liposomes were analyzed under native gas phase conditions. The mass
spectra of liposomes without (Figure 15C) and with (Figure 15D) cholesterol showed similar results with
intense signals predominantly observed for singly-charged DOPC monomers (m/z 786.64), and dimers (m/z
1573.64). Again, at lower intensities, mixed lipid clusters of DOPC and DOPE were observed. DOPS and

cholesterol were also not detected under native gas phase conditions.
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As signals for DOPS lipids were not observed in any of the mass spectra of multi-component liposomes
acquired under denaturing or under native gas phase conditions, we suggest that DOPS lipids possess a
lower ionization efficiency compared to DOPC or DOPE lipids. Likewise, cholesterol was also not observed
in the mass spectra of multi-component liposomes, suggesting that effective ionization of neutral lipid
species in ESI-MS experiments is difficult. Nevertheless, these experiments show that multi-component

liposomes containing different lipid species are dissociated under denaturing and native gas phase

conditions.
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Figure 15: MS analysis of multi-component liposomes. See legend for color scheme. (A) Mass spectrum
of DOPC, DOPE, DOPS (molar ratio: 5:2:2) acquired under denaturing gas phase conditions. (B)
Denaturing MS of liposomes composed of DOPC, DOPE, DOPS and cholesterol (5:2:2:1) liposomes (C)
Native MS of liposomes containing DOPC, DOPE and DOPS (molar ratio 5:2:2). (D) Mass spectrum of
DOPC, DOPE, DOPS and cholesterol (5:2:2:1) liposomes analyzed under native gas phase conditions.
Collisional voltage: 100 V. The mass spectra of liposomes with and without cholesterol acquired under
denaturing and native gas phase conditions revealed DOPC and DOPE monomers and dimers as well as
mixed lipid clusters.
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4.1.3 Complementary investigation of liposomes by DLS and native MS
4.1.3.1 Analysis of multi-component liposomes with different sizes

Next, we aimed to obtain smaller lipid clusters for a sufficient analysis of proteins in the presence of lipids.
Accordingly, liposomes differing in size and concentration were further investigated. In addition, different
collisional energies were applied to monitor the dissociation of the lipid clusters. Note that, these
experiments were exclusively carried out under native gas phase conditions applying a Q-ToF instrument

as collisional energies can be adjusted.

To investigate whether the size of liposomes influences their homogeneity and dissociation in the gas phase,
liposomes were extruded through different membrane pore sizes and analyzed by DLS and native MS.
Native MS was applied, as For this, liposomes containing DOPC, DOPS, DOPE and cholesterol (molar
ratio: 5:2:2:1) were first prepared and extruded through membrane pore sizes of 50 nm, 200 nm, 400 nm

and 800 nm followed by determination of their size distributions by DLS.
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Figure 16: DLS and native MS analysis of multi-component liposomes differing in size and
concentration. DLS spectra show the mean size values for each peak. See legend for color scheme. (A)
Liposomes containing DOPC, DOPE, DOPS and cholesterol (molar ratio: 5:2:2:1) were prepared at a
concentration of 0.5 mM and extruded through a polycarbonate membrane of 50 nm. (i) DLS analysis
revealed a homogeneous size distribution. (ii) In the mass spectrum, singly-charged monomers of dimers of
DOPC as well as clusters of DOPC and DOPE were assigned. (B) DOPC, DOPE, DOPS and cholesterol
liposomes (molar ratio: 5:2:2:1) were prepared at a concentration of 5 mM and extruded through a
polycarbonate membrane of 100 nm. (i) DLS analysis revealed a homogeneous size distribution. (ii) The
native MS spectrum revealed singly-charged monomers and dimers of DOPC. Collisional voltage: 100 V.
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Liposomes extruded through a membrane of 50 nm pore size revealed a homogeneous size distribution with
a mean diameter of approximately 80 nm diameter (Figure 16A, i). Interestingly, liposomes extruded
through membranes of 200 nm, 400 nm and 800 nm pore size showed much smaller size distributions than

expected (Supplementary Figure S1).

These liposomes revealed mean size distributions of approximately 100 nm diameter, suggesting that a
diameter of 100 nm represents an energetically favored state. Interestingly, liposomes (i.e. containing
cholesterol at a molar ratio of 5:2:2:1) are monodisperse and the liposome diameter does not influence
homogeneity.

Next, liposomes were analyzed by MS to explore whether the size of liposomes affects the formation and
composition of lipid clusters in the gas phase. For this, multi-component liposomes were first extruded
through a polycarbonate membrane of 50 nm pore size, followed by their analysis under native gas phase
conditions (Figure 16A, ii). The mass spectrum is comparable to the previously shown mass spectrum of
multi-component liposomes shown before (Figure 15D). Accordingly, intense peaks at m/z 1572.20 were
observed, corresponding to singly-charged dimeric DOPC. Signals for singly-charged monomeric DOPC at
approximately m/z 786.58 and signals for mixed lipid clusters of DOPC and DOPE were observed at lower
intensities. The size of liposomes does, therefore, not influence the formation and composition of lipid

clusters in the gas phase.

4.1.3.2 Analysis of multi-component liposomes with a higher concentration

Next, liposomes with a higher concentration were prepared to investigate whether the concentration of lipids
affects homogeneity and the dissociation of the liposomes in the gas phase. For this, multi-component
liposomes containing DOPC, DOPE, DOPS and cholesterol at a molar ratio of 5:2:2:1 and a concentration
of 5 mM were first prepared and extruded through a polycarbonate membrane of 100 nm pore size, followed
by DLS analysis. DLS analysis revealed a homogeneous size distribution with a mean diameter of 105 nm

diameter (Figure 16B, i) confirming that liposome homogeneity is not affected by the lipid concentration.

Subsequently, the liposomes were analyzed under native gas phase conditions to determine whether the lipid
concentration affects cluster formation in the gas phase. For this, liposomes were prepared at a concentration
of 5 mM and explored by MS under native gas phase conditions. Again, these results are comparable to the
mass spectrum of multi-component liposomes prepared at a concentration of 0.5 mM and extruded through
polycarbonate membranes of 100 nm (Figure 15D). Accordingly, peaks of singly-charged monomers (m/z
786.56) and dimers (m/z 1572.05) of DOPC were shown (Figure 16B, ii). To conclude, MS analysis
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confirms that liposomes dissociate under native gas phase conditions and cluster formation is independent

of the lipid concentration.

4.1.3.3 MS analysis of multi-component liposomes analyzed at different collisional voltages

In a final step, liposome dissociation was monitored in the gas phase. For this, liposomes with cholesterol
and without cholesterol were investigated at increasing collision voltages (20 V to 200 V) under native gas
phase conditions. During MS analysis, collisional voltages were adjusted in the collision cell and mass

spectra were recorded and compared (Figure 17).

As expected, the mass spectra showed that lower collision voltages result in mass spectra containing larger
lipid clusters, whereas smaller lipid clusters were obtained with increasing collision voltages (Figure 17A).
At a collision voltage of 100 V, signals were observed for singly-charged trimers and tetramers of DOPC.
In the mass spectra of liposomes containing cholesterol additional lipid clusters were revealed
corresponding to mixed clusters of DOPC and DOPE (Figure 17B).

To conclude, liposome dissociation in the gas phase under denaturing or native gas phase conditions is not
influenced by their composition, size or concentration, suggesting that liposomes can indeed be valuable

tools for the analysis of membrane proteins embedded into various membranes.
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Figure 17: Native MS analysis of multi-component liposomes at increasing collisional voltages
(20- 200 V). See legend for color scheme. (A) Mass spectra of liposomes containing DOPC, DOPE and
DOPS (molar ratio 5:2:2) revealed clusters of DOPC at increasing collisional voltages. (B) Mass spectra of
liposomes containing DOPC, DOPE, DOPS and cholesterol (molar ratio 5:2:2:1) at increasing collisional
voltages. The mass spectra showed DOPC, and mixed lipid clusters composed of DOPC and DOPE.
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4.2 Analysis of liposomes in the presence of soluble peptides/proteins

Next, the application of liposomes for the analysis of proteins was investigated. In nano-ESI experiments,
the presence of more ionizable compounds or concentration differences often results in ion suppression, and
low abundant signals or less ionizable species are buried in the baseline?®2%!, As liposomes dissociate into
high intense lipid clusters, the question remains whether lipids suppress peptide/protein signals in the gas
phase. To investigate this, liposomes were, therefore, mixed with soluble peptides/proteins that do not
interact with phospholipids or biological membranes in general. Peptides/proteins with different molecular
weight (Angiotensin | 1 kDa, Ubiquitin 10 kDa, ConA 25 kDa) were used to analyze protein-liposome
mixtures at different mass ranges. Peptide/protein-mixtures were subjected to MS analysis under denaturing
and native gas phase conditions employing a Q Exactive and Q-ToF mass spectrometer. The resulting mass
spectra were inspected for peptide/protein signals to verify whether proteins and lipids can be analyzed

simultaneously in the same mass spectrum.

4.2.1 MS Analysis of soluble peptides/proteins

Initially, the different model peptides/proteins (Angiotensin I, Ubiquitin, and ConA) without liposomes
were analyzed by MS under denaturing and native gas phase conditions. Understanding how
peptides/proteins ionize in the gas phase in the absence of liposomes is essential to compare these mass

spectra with the mass spectra of protein/peptide-liposomes mixtures.

Angiotensin | plays a key role in the renin-angiotensin-aldosterone system and is responsible for maintaining
blood pressure and water balance in the body?%22%, Angiotensin | is a small peptide of 1.3 kDa and was
initially used for MS analyses as it has a similar molecular weight compared to the lipids in this study. Under
denaturing gas phase conditions (Figure 18A), peaks at m/z 648.85 and m/z 1296.68, corresponding to
doubly-charged and singly-charged monomeric Angiotensin I, were observed. Under native gas phase
conditions, the most intense signal was detected at m/z 1296.72, corresponding to singly-charged monomeric
Angiotensin | (Figure 18B). The doubly-charged monomer of Angiotensin | was also observed (m/z
648.86). By comparing the mass spectra under denaturing and native gas phase conditions, it was shown
that the 2+- charge state of Angiotensin | has a much higher intensity under denaturing gas phase conditions.
The mass spectrum under native gas phase conditions, however, reveals that the 1+-charge state of

Angiotensin | has a much higher intensity compared to denaturing gas phase conditions.
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Figure 18: MS analysis of soluble peptides/proteins. See figure legend for colors and symbols. (A) The
mass spectrum of Angiotensin | obtained under denaturing gas phase conditions revealed signals for
monomeric Angiotensin I. (B) Native MS analysis of Angiotensin | showed signals for monomeric
Angiotensin |. Collisional voltage: 50 V. (C) Ubiquitin analyzed under denaturing gas phase conditions.
Charge state series corresponding to monomeric (5+ to 8+) Ubiquitin were assigned. (D) Native MS analysis
revealed charge state series corresponding to monomeric (4+ to 8+) and dimeric (8+ to 10+) Ubiquitin.
Collisional voltage: 50 V. (E) Mass spectrum of ConA acquired under denaturing gas phase conditions.
Charge state distributions for monomeric, dimeric and tetrameric ConA were assigned. (F) Native MS
analysis of ConA showed charge state series for monomeric, dimeric and tetrameric ConA. Collisional
voltage: 50 V.
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As non-covalent bonds are most likely not preserved due to the harsh conditions of the Q Exactive mass
spectrometer, Angiotensin I is presumably unfolded under denaturing gas phase conditions and, therefore,
contains more sites accessible for protonation. Therefore, a higher charge state is detected in this mass
spectrum. In contrast, as the mass spectrum obtained under native gas phase conditions reveals a lower
charge state for Angiotensin | indicating that fewer protonation sites are available. Accordingly, we suggest

that non-covalent bonds are preserved in the Q-ToF mass spectrometer and the protein remains folded.

Ubiquitin is a small protein with a molecular weight of approximately 10 kDa and functions in targeting
proteins for degradation by the proteosome?*2%, It further plays a key role in transcription and translation
processes as well as signal transduction and DNA repair?®. Ubiquitin was chosen as a model protein because
it has a slightly larger molecular weight than Angiotensin | (see above). Ubiquitin was first inspected under
denaturing gas phase conditions revealing charge states of 5+ to 8+ corresponding to monomeric Ubiquitin
(Figure 18C). The mass spectrum of Ubiquitin obtained under native gas phase conditions revealed charge
state series from 4+ to 8+ and 8+ to 10+ corresponding to monomeric and dimeric Ubiquitin (Figure 18D).

By comparing the mass spectra of Ubiquitin under denaturing and native gas phase conditions, similar
charge states for monomeric Ubiquitin were obtained suggesting that the harsh conditions of the Q Exactive
mass spectrometer do not lead to protein unfolding. This agrees with previous studies showing that the
native structure and conformation of Ubiquitin are maintained under certain ESI-MS conditions®.
Importantly, Ubiquitin oligomers are detected under native gas phase conditions, suggesting that non-
covalent bonds that stabilize dimeric Ubiquitin are only preserved in the gas phase of the Q-ToF mass

spectrometer.

ConA binds mannose residues of various glycoproteins and activates lymphocytes?”’. It was used as a model
protein in this thesis as it has a molecular weight of approximately 25 kDa and forms pH- and temperature-
dependent oligomers in solution?2%°, Previous studies showed that, at a pH > 7, ConA is found
predominantly as a tetramer, while at a pH of 5.5 ConA exists as a dimer?%¢21%, MS analysis of ConA under
denaturing (Figure 18E) and native gas phase conditions (Figure 18F) revealed similar charge state
distributions for monomeric, dimeric and tetrameric ConA. However, as the charge states differ we,
therefore, assume that ConA is slightly unfolded under denaturing gas phase conditions. The 15+-charge
state of the dimeric complex has the highest signal intensity under denaturing conditions, suggesting that
the ConA dimer is the most stable conformation. This is consistent with previous studies showing that
dimeric ConA is the most commonly observed conformation in nano-ESI experiments?'t. The fact that non-

covalent interactions were preserved during denaturing MS analysis is surprising.
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However, similar effects were also observed for peptides in a previous study supporting the observation that
protein interactions, at least partially, are preserved under denaturing gas phase conditions when using a Q
Exactive mass spectrometer?'t, In contrast, the charge states (18+ to 24+) of the tetrameric ConA exhibit
the highest signal intensities under native gas phase conditions, suggesting that non-covalent interactions
stabilizing the ConA tetramer are predominantly preserved under these conditions. The signal intensities of
the oligomeric states observed under denaturing and native gas phase conditions, therefore, confirm that the

environment of the Q Exactive mass spectrometer is harsher than that of the Q-ToF mass spectrometer.

In summary, Angiotensin I, Ubiquitin and ConA can be analyzed under denaturing and native gas phase
conditions. The different charge state distributions reflect the solution conformations of the proteins and
represent their stability. Accordingly, the higher charge states observed under denaturing gas phase
conditions indicate unfolding of the proteins, while lower charges and oligomeric states observed under
native gas phase conditions suggest a more folded conformation.

4.2.2 MS analysis of peptides/proteins mixed with liposomes

In the next step, peptide/protein-liposome mixtures were explored to investigate whether peptides/proteins
can be analyzed by MS in the presence of lipids. For this, liposomes containing DOPC, DOPE, DOPS and
cholesterol (molar ratio 5:2:2:1) were prepared as described (Section 4.1.1.2). Subsequently, liposomes
were mixed with Angiotensin I, Ubiquitin, or ConA followed by incubation at room temperature for 1 hour

prior to MS analysis.

Angiotensin I-liposome mixtures were first analyzed under denaturing gas phase conditions (Figure 19A).
The mass spectrum revealed that liposomes dissociate as described before (Figure 15B). Accordingly, the
most abundant signal was observed at m/z 786.60 corresponding in mass to monomeric DOPC. A peak for
monomeric DOPE at m/z 744.55 was also detected. In addition, singly-charged dimers containing DOPC
and DOPE were observed, albeit at lower intensities. Most importantly, however, doubly-charged

monomeric Angiotensin | was observed at m/z 648.84.

For comparison, Angiotensin I-liposome mixtures were analyzed under native gas phase conditions
revealing lipid clusters with the most intense signals at m/z 1572.30, corresponding in mass to the DOPC
dimer (Figure 19B). Singly-charged monomeric Angiotensin | was also detected, however, at a lower
intensity compared to the lipids. Again, the mass spectrum acquired under denaturing gas phase conditions

showed a higher charge state for monomeric Angiotensin | suggesting protein unfolding.
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In contrast, the native MS spectrum revealed a 1+-charge state for Angiotensin | which again indicates a ore
folded conformation. When comparing the mass spectra of Angiotensin | without and with liposomes only
protein charge states with the highest signal intensities were observed in the presence of lipids suggesting

that lower charge states are suppressed by intense lipid signals.

As the mass spectra of Angiotensin | revealed low intense protein signals, in the next step a protein with a
higher molecular weight was investigated. For this, Ubiquitin-liposome mixtures were first analyzed under
denaturing gas phase conditions revealing high-intense lipid signals for singly-charged dimeric DOPC as
well as clusters containing DOPC and DOPE. A series of charge states ranging from 5+ to 8+ corresponding
to monomeric Ubiquitin was also observed (Figure 19C). For comparison, Ubiquitin-liposome mixtures
were analyzed under native gas phase conditions. Again, the most intense signals corresponding to singly-
charged monomeric and dimeric DOPC were detected under these conditions.

Most importantly, under native gas phase conditions, charge states for monomeric Ubiquitin (4+ to 6+) were
obtained (Figure 19D). Accordingly, the mass spectra under denaturing and native gas phase conditions
showed similar charge states for monomeric Ubiquitin. Interestingly, however, the 5+-charge state has a
higher signal intensity under native gas phase conditions, suggesting that the 6+-charge state is suppressed
due to the high intense signal of the DOPC dimer. Compared to the mass spectra without liposomes,
oligomeric states of Ubiquitin were not detected and proteins show much lower signal intensities, suggesting
that low abundant protein signals are again suppressed due to high intense lipid signals.

Finally, the ConA tetramer was analyzed in the presence of liposomes by MS to investigate whether a large
protein, which also forms oligomers can be analyzed in the presence of lipids. For this, ConA-liposome
mixtures were first analyzed under denaturing gas phase conditions which showed high intense signals for
singly-charged monomeric and dimeric DOPC (Figure 19E). In addition, singly-charged and higher-
charged mixed lipid clusters were observed at lower intensities. Charge state series from 13+ to 15+ and
20+ to 22+ corresponding to dimeric and tetrameric ConA were also detected. For comparison, ConA-
liposome mixtures were analyzed under native gas phase conditions (Figure 19F). High intense signals
were observed for singly-charged DOPC dimers and mixed lipid clusters. Most importantly, charge state

series from 12+ to 16+ and 18+ to 22+ corresponding to dimeric and tetrameric ConA were assigned.

The mass spectra under denaturing and native gas phase conditions, therefore, revealed similar charge states
for dimeric and tetrameric ConA which is consistent with the ConA experiments described before (Figure
18). However, compared to the mass spectra without liposomes monomeric ConA was not detected under
denaturing or native gas phase conditions suggesting that high lipid signals suppress the signals for

monomeric ConA.
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Figure 19: MS analysis of soluble peptides/proteins mixed with liposomes. Liposomes contained DOPC,
DOPE, DOPS and cholesterol at a molar ratio of 5:2:2:1. See figure legend for color scheme and symbols.
(A) Mass spectrum of Angiotensin I mixed with liposomes under denaturing gas phase conditions. Doubly-
charged monomeric Angiotensin I, dimers of DOPC and mixed lipid clusters were assigned. (B) The native
mass spectrum of Angiotensin | mixed with liposomes revealed singly-charged monomeric Angiotensin I,
dimers of DOPC and mixed clusters containing DOPC and DOPE. Collisional voltage: 50 V. (C) MS
analysis of Ubiquitin under denaturing gas phase conditions. DOPC and DOPE signals as well as charge
state series for monomeric Ubiquitin were assigned. (D) Native MS of Ubiquitin-liposome mixtures
revealed charge states of monomeric Ubiquitin as well as DOPC clusters. Collisional voltage: 50 V. (E)
Denaturing MS of ConA mixed with liposomes. Charge states for dimeric and tetrameric ConA as well as
signals for lipid clusters of DOPC and mixed clusters were detected. (F) ConA-liposome mixtures analyzed
under native gas phase conditions. Charge states for dimeric and tetrameric ConA as well as signals for
DOPC and mixed lipid clusters were assigned. Collisional voltage: 50 V.
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Nevertheless, as dimeric and tetrameric ConA were detected, this indicates that large proteins and protein

complexes can be analyzed in the presence of lipids.

In summary, these experiments highlight that peptides/proteins with different molecular weights are
detectable under native and denaturing gas phase conditions in the presence of lipids. However, due to
intense lipid signals, peptide/protein signals were comparably low in these mass spectra. Nevertheless, lipids
and peptides/proteins are analyzed in the same mass spectrum and charge states are indicative of folded or
unfolded conformations suggesting that protein-protein interactions can be at least partially maintained in
the presence of lipids.

4.3 Analysis of peptides/proteins associated with liposomes

4.3.1 Preparation and characterization of proteoliposomes

To further assess liposomes as membrane mimetics for the mass spectrometric analysis of membrane
proteins, proteins that associate with phospholipid membranes were investigated. The workflow of
proteoliposome preparation, characterization and analysis is shown in Figure 20. Accordingly, liposomes
are prepared (see Section 3.2.3.2 for details) and incubated with the proteins of interest for 1h at room
temperature (Figure 20, i). DLS analysis then confirms homogeneity and diameter of liposomes as well as
proteoliposomes (Figure 20, ii). In addition, binding of the proteins is verified by flotation analysis, which
is based on sucrose density ultracentrifugation (see Section 3.2.3.6 for details) (Figure 20, iii). After
ultracentrifugation, liposomes and associated proteins, due to their lower density, are expected to float on
top of the sucrose gradient, while unbound protein remains at the bottom as evaluated by gel electrophoresis
(Figure 20, iv). Subsequently, proteoliposomes are analyzed by MS under denaturing and native gas phase

conditions utilizing a Q Exactive or Q-ToF mass spectrometer as described above (Figure 20, v).

During MS analysis, liposomes are assumed to dissociate in the gas phase of the mass spectrometer thereby
releasing membrane-associated proteins and allowing their structural analysis in the presence of lipids.
Under denaturing gas phase conditions liposome dissociation is assumed to be facilitated, while protein-

lipid and protein-protein interactions are expected to be maintained under native gas phase conditions.
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Figure 20: Workflow of proteoliposome preparation, characterization and analysis. (i) Preformed
liposomes were incubated with proteins. (ii) Liposomes and proteoliposomes were analyzed by DLS to
determine the mean size distribution. (iii) Liposomes and proteoliposomes were separated from unbound
protein employing sucrose density flotation analysis. (iv) Top (t), middle (m), and bottom (b) fractions of
the flotation analysis are evaluated by gel electrophoresis. (v) Liposomes and proteoliposomes are analyzed
by MS under denaturing and native gas phase conditions.

4.3.2 Analysis of the p40Pho* (1-144) protein domain associated with liposomes

In this thesis, the p40Phox (1-144) protein domain, here referred to as p40P"*, was first chosen as a model
protein to investigate the application of liposomes to study membrane-associated proteins in the presence
of lipids. P40P" belongs to the human NADPH phagocyte oxidase and specifically interacts with P1(3)P-
containing membranes?*2%13, Previous studies showed that p40P"™* only weakly associates with the
phospholipid bilayer?42'2, We, therefore, assumed that p40°"*is readily released into the gas phase during
liposome dissociation. Accordingly, p40P"°* seems to be a well-suited target to study membrane proteins in

their native-like lipid environment by MS.
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4.3.2.1 Expression and purification of p4Qrho

Before establishing p40P"*-proteoliposomes for MS analysis, p40P" was first overexpressed and purified
as described above (see Sections 3.2.1.4 to 3.2.1.6 for details). After overexpression of the protein in E.coli
cells, p40Prox was chromatographically purified following a protocol adapted from Chandra et al*®, In the

first step, p40P"™* was purified by GST-affinity chromatography.

The collected fractions were evaluated by gel electrophoresis and the GST-p40P"** fusion protein was
observed at a molecular weight of 40 kDa (Supplementary Figure S2A). Next, the GST-tag was cleaved
from the protein with thrombin during dialysis followed by reverse GST-affinity chromatography
(Supplementary Figure S2B). The collected fractions contained cleaved p40°" (MW 16 kDa), uncleaved
p40Prox (MW 40 kDa) and the GST-tag (MW 26 kDa), suggesting insufficient thrombin cleavage or
overloading of the column. In the final step, the protein was, therefore, subjected to SEC to allow further
molecule separation based on the size. Gel electrophoresis after SEC purification revealed successful
purification of p40P" at a molecular weight of 16 kDa (Supplementary Figure S2C). Fractions containing
the highest amount of purified p40°" (fractions 22-25) were pooled and concentrated. Protein identification
was performed by in-gel digestion and LC-MS/MS analysis. Raw data were searched against a human
database using the MaxQuant software and p40P"* was identified with a sequence coverage of 100%

(Supplementary Table S3).

4.3.2.2 Preparation and characterization of p40P"*-proteoliposomes

After purifying p40P™* proteoliposomes were prepared to investigate p40P"™* in a native-like lipid
environment by MS. The protocol for p40Pho* proteoliposome preparation was adapted from Chandra et
al.2*2, For this, liposomes containing DOPC, DOPE and PI(3)P at a molar ratio of 8:1:1 were prepared as
described. Liposomes containing DOPC and DOPE lipids at a molar ratio of 9:1 were prepared as a control.
In both cases, liposomes were extruded through polycarbonate membranes of 100 nm pore size.
Homogeneity and diameter of the liposomes were then verified by DLS analysis, showing that liposomes
contained a homogeneous size distribution of approximately 100 nm diameter (Supplementary Figure
S3A). As mentioned above, ammonium acetate is a volatile solution and allows in ESI-MS experiments to
maintain non-covalent interactions in the gas phase®!®. For MS analysis, p40°" was, therefore,
transferred to 200 mM AmAc solution prior to MS analysis. Subsequently, liposomes were incubated with
p40Phox at protein-to-lipid ratios of 1:50 or 1:100. Flotation analysis was then performed to investigate

whether p40P"* was bound to the liposomes.
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However, gel electrophoresis showed, unexpectedly, that p40P"* was not observed in the top fractions
(Figure 21A). Instead, p40°"* was detected in the bottom fractions of the sucrose gradient suggesting that
200 mM AmAc solution does not sufficiently stabilize the binding of p40P"* to PI(3)P-containing
liposomes. As expected, p40°P"* was observed in the bottom fractions of the control sample omitting PI1(3)P
lipids (Figure 21A). Additional optimization steps were, therefore, required to obtain sufficient association

of p40P™* to liposomes.

To optimize p40P"* hinding, buffer conditions during proteoliposome preparation were first adjusted. For
this, liposomes containing DOPC, DOPE and PI(3)P at a molar ratio of 8:1:1 were prepared and incubated
for 1 h with p40Prx solubilized in SEC buffer. Binding of p40P"* to liposomes was again investigated by
flotation analysis. Compared to the experiments shown above, p40°"* was now observed in the top fractions
of the sucrose gradient at protein-to-lipid ratios of 1:50 and 1:100 of liposomes containing PI(3)P lipids
(Figure 21B). P40P"* did not associate with liposomes omitting P1(3)P and was, therefore, observed in the
bottom fractions of the sucrose gradient. These results show that p40P"* is sufficiently stabilized in SEC

buffer and is indeed able to associate with PI(3)P-containing membranes.

A 1:50 1:100 B C
1 2 1 2 1:50 1:100
MPtbtbMPtbthb MPtht

198 i i i i Pl 198 !

98 98 M - Marker

62 62 2. PAQPnox

49 49 1- DOPC/DOPE/PI(3)P
38 38 2 - DOPC/DOPE
29 29

19 - - 14

6 6

3 3

Figure 21: Flotation assay of p40P"*-proteoliposomes. Top (t) and bottom (b) fractions were evaluated
by gel electrophoresis. Specific binding to PI(3)P-containing membranes was confirmed by comparing
DOPC, DOPE and PI(3)P lipids (molar ratio 8:1:1) with DOPC and DOPE containing liposomes (molar
ratio 9:1) prepared in 200 mM AmAc solution. Protein-to-lipid ratios of 1:50 and 1:100 were evaluated. (A)
Gel electrophoresis of p40P"*-proteoliposomes prepared in 200 mM AmAc solution. P40P"* was observed
in the bottom fractions of the sucrose gradient. (B) Gel electrophoresis of liposomes incubated with p40Pho
solubilized in SEC buffer for 30 minutes. p40°P"°* was detected in the top fractions of the sucrose gradient of
liposomes containing PI(3)P. (C) Gel electrophoresis of liposomes associated with p40P"*, Liposomes were
incubated overnight with p40P" solubilized in SEC buffer. P40P"* was predominantly observed in the top
fractions of the sucrose gradient of liposomes containing PI1(3)P, however, unbound p40P"* was also
detected in the bottom fractions. Abbreviations: M (Marker), P (p40Po),
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Nevertheless, only a small amount of p40P" binds to the liposomes, suggesting that p40P"* is only weakly
associated with P1(3)P-containing membranes, which agrees with previous experiments!®. Therefore, in
this thesis, additional experiments were performed next to optimize the binding of p40P"™ to PI(3)P-

containing membranes.

Next, p40P"* binding to liposomes was optimized by incubating proteoliposome mixtures overnight. For
this, liposomes containing DOPC, DOPE and PI(3)P at a molar ratio of 8:1:1 were prepared as described
before and subsequently incubated overnight with p40P" at protein-to-lipid ratios of 1:50 and 1:100.
Flotation analysis and gel electrophoresis demonstrated that high amounts of p40P"* hind to liposomes at
protein-to-lipid ratios of 1:50 and 1:100 (Figure 21C), suggesting that a longer incubation time enhances

protein association to liposomes.

Note that, employing both protein-to-lipid ratios, free protein is also detected in the bottom fractions. As
p40Prox proteoliposome samples also contain free p40P™* we, therefore, assumed that only a certain amount
of proteins was associated with PI(3)P-containing liposomes. As free p40P'* is present in the
proteoliposome samples it is difficult to obtain accurate information on protein abundance, protein-protein
and protein-lipid interactions of p40P"*-associated liposomes by MS analysis. Removal of free p40P" s,
therefore, required. For this, samples prepared at a molar ratio of 1:50 were further separated by SEC.
Fractions were collected dropwise and visualized by gel electrophoresis. In the elution fractions 5 to 15,
p40Phox (molecular weight 16 kDa) and associated lipids were detected (Figure 22A), showing that p40Pnox-
proteoliposomes were successfully separated from free p40P"* by SEC.

The protein concentration in the collected fractions was then determined by UV-Vis spectroscopy (Figure
22B). Fraction 15 contained the highest protein concentration. To verify that p40P"* is associated with the
liposomes after SEC, a flotation analysis of fraction 15 was performed. Gel electrophoresis confirmed that
a large proportion (approx. 95 %) of p40P"° was observed in the top fraction of the sucrose gradient (Figure
22C). DLS analysis of fraction 15 verified a homogeneous population and diameter of approximately 100
nm (Figure 22D). The mean size distribution of p40P"*-proteoliposomes was comparable to that observed

for liposomes without protein (Supplementary Figure S3A).

In conclusion, these results indicate that p40P"* binding to liposomes is strongly dependent on the buffer
composition and incubation time. Nevertheless, p40P'*-proteoliposomes could be prepared at high

concentrations and are available for MS analysis.
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Figure 22: Preparation of p40P"™-proteoliposomes for MS analysis. Top (t), middle (m) and bottom (b)
fractions of flotation analysis were evaluated by gel electrophoresis. Abbreviation: M (Marker) (A) Gel
electrophoresis of SEC fractions 3 to 23 after buffer exchange. p40°"* was observed at approx. 16 kDa. The
presence of lipids in these fractions confirmed the presence of liposomes. (B) The protein concentration of
each SEC fraction was determined by UV-Vis spectroscopy. The absorbance of fractions 3 to 23 is plotted
in a bar diagram. Fraction 15 shows the highest absorbance. (C) Flotation analysis of purified p40Ph®-
proteoliposomes. P40P"* was observed in the top fraction. (D) DLS analysis of p40P"*-proteoliposomes
revealed a mean size distribution of approximately 100 nm diameter. The DLS spectrum shows the mean
diameter value.

4.3.2.3 MS analysis of p40rhox

To compare the mass spectra of p40P"* with those of p40P"*-proteoliposomes, the protein was first analyzed
without liposomes under denaturing and native gas phase conditions. For this, p40°"°* was transferred into
200 mM AmAc solution (Section 3.2.4.4) and subsequently analyzed by MS under denaturing gas phase
conditions. The mass spectrum revealed a charge state series from 6+ to 15+, corresponding to monomeric
p40Prox (Figure 23A).
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The native MS spectrum of p40P"* showed charge states from 5+ to 11+ of monomeric p40°P" (Figure
23B). Similar to the mass spectra of the soluble proteins (see above) we suggest that a higher charge state
indicates a more folded conformation of the protein. As an extended charge state series was observed under
denaturing gas phase conditions, we, accordingly, assume that non-covalent interactions of p40°P" are not
maintained. In contrast, the lower charge states observed under native gas phase conditions indicate a more
folded conformation of p40°"*. To conclude, p40°P™* can be analyzed under denaturing and native gas phase
conditions and non-covalent interactions are maintained by employing a modified Q-ToF mass

spectrometer.
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Figure 23: MS analysis of p40P"**, See legend for symbols. (A) Mass spectrum of p40°P"* obtained under
denaturing gas phase conditions. A charge state series from 6+ to 15+ corresponding to monomeric p40Pho
was observed. (B) The mass spectrum of p40P"® obtained under native gas phase conditions. Collisional
voltage: 50 V. Charge states from 5+ to 11+ were assigned to monomeric p40°ho,

4.3.2.4 MS analysis of p40P"*-proteoliposomes

Finally, p40P"*-proteoliposomes were analyzed by MS to investigate p40°"* in the presence of lipids. For
this, p40P"*-proteoliposomes were prepared at a protein-to-lipid ratio of 1:50 as described above (Section
4.3.2.2). These proteoliposomes were then analyzed by MS under denaturing gas phase conditions (Figure
24A). Similar to the mass spectra of peptide/protein-liposome mixtures (see above), the denaturing mass
spectrum showed high intense lipid signals for singly-charged monomeric and dimeric DOPC at m/z 786.60
and m/z 1572.19, respectively. In addition, doubly-charged lipid clusters of DOPC and DOPE as well as
mixed clusters containing up to 6 lipid molecules were observed. Interestingly, signals for P1(3)P lipids were
not detected. Notably, signals corresponding to the 8+ - and 9+-charge states of the p40°P"™ monomer
(compare Figure 23A) were observed albeit at very low intensities. Protein-lipid interactions were not
observed, which is most likely attributed to the weak interactions between p40P"* and PI(3)P lipids

described in a previous study?2,
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The weak association of p40P"* with the membrane, therefore, suggests that p40P"*-PI(3)P interactions are
lost during liposome dissociation. For comparison, p40P"*-proteoliposomes were also analyzed under native
gas phase conditions (Figure 24B). Again, singly-charged dimeric DOPC at m/z 1573.72 was the highest
signal observed in the mass spectrum. Singly-charged monomeric DOPC (m/z 786.60) and low intense lipid

clusters with up to 6 lipids containing DOPC and DOPE were detected.
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Figure 24: MS analysis of p40P"*-proteoliposomes. Liposomes composed of DOPC, DOPE, DOPS and
PI(3)P at a molar ratio of 8:1:1. See figure legend for color scheme and symbols. (A) Mass spectrum of
p40Pox-proteoliposomes obtained under denaturing gas phase conditions. DOPC and DOPE clusters as well
as 8+ and 9+ charge states of monomeric p40°" were assigned. See Supplementary Table S4 for m/z
values. (B) Native mass spectrum of p40P"*-proteoliposomes revealed signals for lipid clusters as well as
charge states corresponding to monomeric p40°"*. Collisional voltage: 50 V. See Supplementary Table
S5 for m/z values.
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Similar to the mass spectrum obtained under denaturing gas phase conditions (compare Figure 24A),
PI(3)P was not observed. Importantly, the mass spectrum revealed signals for 7+ and 8+ charge states
corresponding to monomeric p40P"* (compare 23B). Adduct peaks, most likely originating from
insufficient desolvation of the protein during transfer into the gas phase were also observed in this mass
spectrum. Protein-lipid interactions were not observed under native gas phase conditions, again suggesting
that protein interactions are lost during the transfer from solution to the gas phase due to the weak binding
of p4Qrhox,

In summary, these experiments show that p40°h* was successfully associated with liposomes. In addition,
MS analysis revealed that p40P"** is released into the gas phase following liposome dissociation. The mass
spectra of p40P"*-proteoliposomes showed that signals for p40°P"°* are comparably low suggesting that lipids
are more efficiently ionized during electrospray ionization. Importantly, protein-lipid interactions were not
observed in any of the acquired mass spectra, suggesting that during ionization in the gas phase, weak
protein-lipid interactions are lost. Nevertheless, these experiments demonstrate that the structural analysis

of proteins specifically bound to liposomes is possible.

4.3.3 Analysis of Melittin associated with liposomes

To further investigate the application of liposomes for the analysis of membrane-associated
peptides/proteins Melittin was chosen as another model protein. Melittin is known to form oligomers upon
association with phospholipid bilayers?5-2'” and has a molecular weight of 2.8 kDa which is comparable to
the molecular weights of monomeric and dimeric lipids species. Moreover, its oligomeric mass is similar to
the mass of p40P"°* (Section 4.3.2). Liposomes resembling a eukaryotic and prokaryotic membrane
composition were employed to study the structure of Melittin and Melittin-lipid interactions in different

membrane environments.

4.3.3.1 Preparation and characterization of Melittin-proteoliposomes

To analyze the structure of Melittin in its natural lipid environment, Melittin binding to eukaryotic liposomes
was first explored. The protocol for Melittin association with liposomes was adapted from Popplewell et
al?8, Accordingly, liposomes containing DOPC, DOPE, DOPS and cholesterol (molar ratio of 5:2:2:1) were
prepared in PBS buffer. DLS analysis of the liposomes revealed a homogenous size distribution of

approximately 100 nm diameter (Supplementary Figure S3B).
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Liposomes were then incubated with Melittin at protein-to-lipid ratios of 1:50, 1:100 or 1:1000. Melittin
binding to the liposomes was verified by flotation on a sucrose gradient and evaluated by gel electrophoresis.
Accordingly, Melittin was observed in the top fractions of the sucrose gradient at protein-to-lipid ratios of
1:50, 1:100 and 1:1000 (Figure 25A). As Melittin was not detected in the bottom fractions of the sucrose

gradient, a tight association of Melittin with liposomes was assumed.

Interestingly, Melittin oligomers, which were not detected in the absence of liposomes were observed by
gel electrophoresis and oligomeric states decreased with decreasing Melittin concentrations (Figure 25A).
This agrees with previous studies?'®, which proposed that Melittin oligomerization depends on the protein
concentration. In summary, these experiments demonstrate that Melittin associates at different

concentrations with liposomes resembling a eukaryotic membrane composition.

To achieve sufficient signals in the following MS experiments, proteoliposomes containing the highest
Melittin concentration (protein-to-lipid ratio of 1:50) were prepared in 200 MM AmACc solution as described

above. Subsequently, to investigate Melittin binding, Melittin-proteoliposomes were subjected to flotation

analysis.
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Figure 25: Flotation assay and DLS analysis of Melittin-proteoliposomes resembling a eukaryotic
membrane composition. Liposomes were composed of DOPC, DOPE, DOPS and cholesterol (molar ratio:
5:2:2:1). Top (t), middle (m) and bottom (b) fractions were evaluated by gel electrophoresis. Abbreviation:
M (Marker). (A) Gel electrophoresis of Melittin-proteoliposomes prepared in PBS buffer at protein-to-lipid
ratios of 1:50, 1:100 and 1:1000 revealed the presence of Melittin in the top fractions of the sucrose gradient.
(B) Gel electrophoresis of Melittin-proteoliposomes prepared in 200 mM AmAc solution at a protein-to-
lipid ratio of 1:50. Melittin and its oligomers were detected in the top fraction of the sucrose gradient. (C)
DLS analysis of Melittin-proteoliposomes showed a homogeneous size distribution at approximately 122
nm diameter. The DLS spectrum shows the mean size value.
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Gel electrophoresis confirmed that Melittin associates with liposomes prepared in 200 mM AmAc solution
(Figure 25B). Interestingly, compared to the Melittin-proteoliposomes inspected before, Melittin tetramers

were observed, suggesting Melittin to be more stabilized in 200 mM AmACc solution.

Finally, diameter and homogeneity of Melittin-proteoliposomes were determined by DLS revealing a
homogeneous size distribution at approximately 122 nm diameter (Figure 25C). Accordingly, the slightly
larger size distribution compared to the size distributions of Melittin without liposomes (Supplementary
Figure S3B) confirmed binding of Melittin, as protein association with the phospholipid bilayer presumably
leads to an increase in liposome particle diameter. To conclude, homogeneous Melittin-proteoliposomes
with a high concentration were established.

As Melittin plays a key role in the defense mechanism of honeybees against bacteria, additional studies were
performed. Accordingly, Melittin-proteoliposomes resembling a prokaryotic membrane composition were
prepared and the results were compared to Melittin-proteoliposomes resembling a eukaryotic membrane
composition. For this, liposomes containing DOPE and DOPG at a molar ratio of 5:2 were prepared as
described above in 200 mM AmAc solution (Section 4.1.1).
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Figure 26: Flotation assay and DLS analysis of Melittin-proteoliposomes resembling a prokaryotic
membrane composition. Liposomes were composed of DOPE and DOPG (molar ratio 5:2). Top (t), middle
(m) and bottom (b) fractions were evaluated by gel electrophoresis. Abbreviation: M (Marker). (A) Gel
electrophoresis of Melittin-proteoliposomes prepared in 200 mM AmAc solution at a protein-to-lipid ratio
of 1:50 revealed the presence of Melittin in the top fraction. (B) DLS analysis of Melittin-proteoliposomes
showed a homogenous size distribution of 164 nm diameter. The DLS spectrum reveals the mean size value.
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DLS analysis of DOPE and DOPG liposomes revealed a homogenous diameter of approximately 100 nm
(Supplementary Figure S3C). Subsequently, Melittin-proteoliposomes were prepared at a protein-to-lipid
ratio of 1:50 and Melittin binding to liposomes was confirmed by flotation analysis and gel electrophoresis
(Figure 26A). As expected, Melittin was only detected in the top fractions and not observed in the middle
and bottom fractions of the sucrose gradient, suggesting that Melittin tightly binds to liposomes resembling

a prokaryotic membrane composition.

Interestingly, Melittin-proteoliposomes showed less oligomeric states compared to Melittin-
proteoliposomes resembling a eukaryotic liposome composition (compare Figure 25B). Notably, only
Melittin oligomers up to trimers were detected by gel electrophoresis. Flotation analysis of Melittin-
proteoliposomes composed of DOPG and DOPE, therefore, suggests that Melittin oligomers are not
sufficiently stabilized. Nevertheless, DLS analysis revealed a slightly larger diameter for Melittin-
proteoliposomes (164 nm diameter) (Figure 26B), compared to liposomes without Melittin
(Supplementary Figure S3C), suggesting that Melittin is associated with liposomes containing DOPG and
DOPE.

To conclude, Melittin was successfully associated with liposomes resembling eukaryotic and prokaryotic
membrane compositions. Gel electrophoresis after flotation analysis revealed oligomeric states of Melittin,
which are dependent on the protein concentration, buffer and lipid compositions used for liposome
preparation. Nevertheless, all prepared Melittin-proteoliposomes revealed homogeneous size distributions

and were, therefore, suitable for the following MS analyses.

4.3.3.2 MS analysis of Melittin

To allow later comparison to Melittin-proteoliposomes, Melittin was first investigated without liposomes.
For this, Melittin, solubilized in 200 mM AmAc solution, was analyzed by MS under denaturing and native
gas phase conditions. The mass spectrum obtained under denaturing gas phase conditions, revealed charge
states from 2+ to 4+, corresponding to monomeric Melittin (Figure 27A). Under native gas phase conditions
charge states corresponding to monomers (2+ to 4+), dimers (6+ to 8+) and trimers (6+ to 7+) of Melittin

were observed (Figure 27B).

By comparing the mass spectra obtained under denaturing and native gas phase conditions similar charge
states were observed for monomeric Melittin suggesting that Melittin remains stable even under the harsh

conditions applied in the Q Exactive instrument. Under native gas phase conditions oligomeric states are
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preserved suggesting that non-covalent interactions are preserved and Melittin forms a trimer in solution in

the absence of lipids.
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Figure 27: MS analysis of Melittin. See legend for symbols. (A) Melittin analyzed under denaturing gas
phase conditions. A charge state distribution for monomeric Melittin was assigned. (B) Mass spectrum
obtained under native gas phase conditions. Charge states for monomeric, dimeric and trimeric Melittin
were assigned. Collisional voltage: 50 V.

4.3.3.3 MS analysis of Melittin-proteoliposomes (eukaryotic membrane composition)

Having prepared Melittin-proteoliposomes at different protein-to-lipid concentrations and lipid
compositions, the next step was to verify the application of liposomes for the analysis of Melittin by MS
under denaturing and native gas phase conditions. Specific binding properties of Melittin in the presence of
various lipid environments should, therefore, be evaluated. For this, Melittin-proteoliposomes containing a
eukaryotic membrane composition were first analyzed by MS under denaturing gas phase conditions
(Figure 28A). The mass spectrum revealed signals for singly-charged monomeric DOPC. Charge states of
monomeric Melittin and protein-lipid interactions were also detected at low intensities (Figure 28A).
Interestingly, high-intense peaks at m/z 522.36 and m/z 480.31 corresponding in mass to lyso-PC and lyso-
PE were observed. Mixed lipid clusters containing lyso-lipids were also observed, albeit at lower intensities.
The signals for lyso-lipids most likely originate from cleavage with phospholipase A2 which is a typical
component in Melittin preparations from bee venom?®, To validate this assumption, liposomes containing
DOPC, DOPE, DOPS and cholesterol were incubated for 1h at room temperature with phospholipase A2
followed by MS analysis and MS/MS analysis under denaturing gas phase conditions (Supplementary
Figure S4A). Indeed, the mass spectrum of liposome-phospholipase A2 mixtures shows signals
corresponding to singly-charged lyso-PC (m/z 522.36) and lyso-PE (m/z 480.33). The MS/MS spectrum of
lyso-PC (m/z 522.36) revealed several fragment ions confirming the loss of the head group and fatty acyl
chains of PC (Supplementary Figure S4B).
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Figure 28: MS analysis of Melittin-proteoliposomes resembling a eukaryotic membrane composition.
Liposomes composed of DOPC, DOPE, DOPS and cholesterol (molar ratio: 5:2:2:1). See Supplementary
Table S6 for m/z values of inserts. See figure legend for color scheme and symbols. (A) Mass spectrum of
Melittin-proteoliposomes obtained under denaturing gas phase conditions. Signals for lyso-PC, lyso-PE,
DOPC and DOPE as well as mixed clusters were observed. Monomeric Melittin and protein-lipid
interactions are assigned. (B) Native MS of Melittin-proteoliposomes revealed signals for lyso-PC, lyso-
PE, DOPC and DOPE as well as mixed lipid clusters. Oligomers of Melittin and protein-lipid interactions
between monomeric Melittin and different lipids were assigned. Collisional voltage: 50 V. See
Supplementary Table S7 for m/z values of inserts.
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Interactions of monomeric Melittin with up to three lyso-PC, lyso-PE, DOPE or DOPC were identified,
suggesting that peptide-lipid interactions can be maintained under denaturing gas phase conditions. Next,
Melittin-proteoliposomes were analyzed by MS under native gas phase conditions (Figure 28B). The mass
spectrum revealed high intense signals for singly-charged dimeric lyso-PC at m/z 1042.95 and monomeric
lyso-PC at m/z 522.23. Signals for singly-charged monomeric lyso-PE and DOPC as well as mixed lipid

clusters in combination with lyso-lipids were also obtained, at low intensities.

To validate the cleavage of the lipids under native gas phase conditions, liposomes containing DOPC,
DOPE, DOPS and cholesterol were again incubated with phospholipase A2 and injected into the Q-ToF
instrument (Supplementary Figure S4C). The native mass spectrum showed similar results to the mass
spectrum obtained under denaturing gas phase conditions (compare Supplementary Figure S4A),
revealing clusters of lyso-PE, DOPE and lyso-PC.

The native mass spectrum of Melittin-proteoliposomes revealed charge states corresponding to monomers,
trimers and tetramers of Melittin. This agrees well with the flotation analysis of Melittin-proteoliposomes
shown above (Figure 25B). Importantly, protein-lipid interactions were also detected in this mass spectrum.
However, these signals were of low abundance and protein-lipid interactions were only observed between
monomeric Melittin and one DOPC or DOPE molecule (Figure 28B, insert). Nevertheless, these results
show that Melittin-proteoliposomes containing a eukaryotic membrane composition are applicable to MS
analysis and protein-protein as well as protein-lipid interactions are maintained in the gas phase under

denaturing and native gas phase conditions.

4.3.3.4 MS analysis of Melittin-proteoliposomes (prokaryotic membrane composition)

Next, Melittin-proteoliposomes resembling a prokaryotic membrane composition were analyzed by MS.
Again, Melittin-proteoliposomes were first investigated under denaturing gas phase conditions (Figure
29A). The acquired mass spectrum revealed high intense signals for singly-charge monomeric lyso-PE (m/z
480.31) as well as low intense signals for lyso-PG. The origin of these lyso-lipids was again verified by MS
after incubation of the liposomes with phospholipase A2 (Supplementary Figure S5A). High intense
signals for lyso-PE and singly-charged monomeric DOPE as well as mixed lipid clusters containing lyso-
lipids and DOPE or DOPG, were observed. Most importantly, the mass spectrum of Melittin-

proteoliposomes showed low intense charge states of 3+ and 4+ corresponding to monomeric Melittin.
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Figure 29: MS analysis of Melittin-proteoliposomes resembling a prokaryotic membrane
composition. Liposomes composed of DOPE and DOPG (molar ratio: 5:2). See figure legend for color
scheme and symbols. (A) Mass spectrum acquired under denaturing gas phase conditions. Lyso-PC, lyso-
PE, DOPE and mixed clusters are assigned. Signals for monomeric Melittin and protein-lipid interactions
were observed. (B) The mass spectrum acquired under native gas phase conditions reveals signals for lyso-
PG, lyso-PE, DOPE and mixed lipid clusters. Melittin oligomers up to trimers and protein-lipid interactions

were also detected. Collisional voltage: 50 V.
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Protein-lipid interactions, as observed above in the mass spectrum of Melittin-proteoliposomes resembling
a eukaryatic lipid composition (Figure 28A) were also observed between monomeric Melittin and up to
four lyso-PG or lyso-PE lipids. Interestingly, these interactions comprise a much higher abundancy
compared to the protein-lipid interactions observed for Melittin-proteoliposomes containing DOPC, DOPE,
DOPS and cholesterol.

For comparison, Melittin-proteoliposomes resembling a prokaryotic liposome composition were analyzed
by MS under native gas phase conditions (Figure 29B). High intense signals for lyso-PE at m/z 480.27 and
singly-charged dimeric lyso-PG at m/z 959.36 were observed. The presence of lyso-lipids was verified by
native MS (Supplementary Figure S5B), revealing signals for monomeric lyso-PC and DOPE, as well as
dimeric lyso-PE after the incubation with phospholipase A2. Mixed lipid clusters composed of lyso-PG and
DOPG were also observed, at lower intensities.

The mass spectrum obtained under native gas phase conditions of Melittin-proteoliposomes further shows
charge states for monomeric, dimeric and trimeric Melittin. This observation agrees well with the flotation
analysis of Melittin-proteoliposomes resembling a prokaryotic membrane composition (Figure 26A). The
absence of tetramers in this mass spectrum concludes again that Melittin oligomers are more stabilized in
liposomes resembling a eukaryotic membrane composition. Protein-lipid interactions were observed

between monomeric Melittin and one attached lyso-PG or lyso-PE.

In summary, these MS experiments showed that Melittin-proteoliposomes composed of different lipid
compositions can be analyzed under denaturing and native gas phase conditions. As expected, peptide
oligomers dissociate under the harsh conditions applied in the Q Exactive instrument. However, peptide-

lipid interactions were maintained in the gas phase under both denaturing and native gas phase conditions.

As hydrophobic interactions are lost during desolvation in the gas phase?°, we, therefore, suggest that the
observed protein-lipid interactions are most likely ionic or polar interactions between lipid headgroups and
amino acid side chains. Interestingly, protein-lipid interactions under native gas phase conditions were
observed between only one lipid and monomeric Melittin, while the mass spectrum obtained under
denaturing gas phase conditions revealed the association of multiple lipids. Accordingly, we suggest that
unfolding during dissociation of liposomes under denaturing gas phase conditions, leads to binding of
additional lipids. Of note, signals of oligomers were mostly observed in the mass spectra at low intensities
and potential lipid adducts are presumably below the detection limit. Nonetheless, oligomers were preserved
under native gas phase conditions and the oligomerization of Melittin differed when liposomes of different
compositions were used. Higher stability of Melittin was, therefore, assumed when associated with

eukaryotic membranes. Moreover, protein-lipid binding was only observed in the mass spectra between
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DOPC, DOPE and lyso-PC, again suggesting that DOPS or lyso-lipids thereof, comprise lower ionization

efficiencies.

4.3.3.5 Complementary investigation of oligomeric states of Melittin

The oligomeric states of Melittin and its interactions with lipids were previously described??*??2, In these
studies, Melittin was thought to form a helical structure where it first orients parallel to the membrane and
then inserts into the hydrophobic core and pore formation is initiated. However, other studies controversially
discussed Melittin oligomerization in solution and the presence of phospholipid membranes??22%, The
experiments in this thesis also demonstrate that the oligomeric states depending on the liposome
composition and protein concentration vary. Therefore, Melittin association with phospholipid bilayers was

further investigated.

In the first step, Melittin and Melittin-proteoliposomes were analyzed by chemical cross-linking. For this,
Melittin and Melittin-proteoliposomes resembling a eukaryotic membrane composition were incubated with
BS3 and covalently linked oligomers were evaluated by gel electrophoresis (see Section 3.2.2.4 for more
details). In both samples, increasing the concentration of the cross-linker (35 uM, 87.5 uM, 175 uM, 262.5
UM, 350 uM, 525 uM of BS3) resulted in an increased number of Melittin oligomers (Figure 30).
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Figure 30: Chemical cross-linking of Melittin and Melittin-proteoliposomes. The molecular weight
marker (M) indicates masses in kDa. (A) Melittin was cross-linked with BS3 and covalently linked Melittin
oligomers were visualized by gel electrophoresis. Non-cross-linked Melittin was loaded as a control ().
Samples were cross-linked with increasing amounts of BS3: 35 uM (II), 87.5 uM (III), 175 uM (IV), 262.5
uM (V), 350 uM (VI), 525 uM (VII) BS3. Oligomers up to hexamers were observed. (B) Melittin-
proteoliposomes were loaded as a control (). Melittin-proteoliposomes were each cross-linked with
increasing amounts of BS3: 35 uM (1), 87.5 uM (III), 175 pM (IV), 262.5 uM (V), 350 uM (VI), 525 uM
(VI1) BS3. Oligomers up to trimers were observed.
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The non-cross-linked protein was used as a control. Chemical cross-linking of Melittin, therefore, showed
that the oligomers exceed the tetrameric state and rather unspecifically aggregate (Figure 30A). However,
in the presence of liposomes, a lower oligomerization propensity with oligomers up to trimers was observed
(Figure 30B).

The unspecific oligomerization states of Melittin in solution and the presence of liposomes agree with
previous studies describing different models for oligomerization and pore formation in the membrane?®, In
these models, Melittin associates with the membrane and subsequently undergoes various states before
finally forming membrane pores. As previous studies show that membrane binding, oligomerization and
pore formation is strongly dependent on the protein-to-lipid ratio??® we, therefore, assumed that at the
protein-to-lipid ratio used in this thesis, the oligomeric states observed are presumably intermediate states
of Melittin between oligomerization and pore formation.

4.3.3.6 Complementary investigation of lipid preferences of Melittin

Even though protein-lipid interactions of Melittin and DOPC, DOPE or even lyso-PC and lyso-PE were
observed by MS, interactions with DOPS or DOPG were not observed in any of the acquired mass spectra
obtained under denaturing or native gas phase conditions. Therefore, Melittin interactions with specific

lipids were evaluated in additional experiments.
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Figure 31: Binding study of Melittin to single-component liposomes. Liposomes contain DOPC or
DOPG lipids. The molecular weight marker (M) indicates masses in kDa. Top (t), middle (m) and bottom
(b) fractions of the sucrose gradient were evaluated by gel electrophoresis. Abbreviation: M (Marker). (A)
Flotation assay of Melittin incubated with DOPC liposomes. Melittin was only observed in the top fraction
confirming binding to the liposome membrane. (B) Flotation assay of Melittin incubated with DOPG
liposomes. Melittin was only observed in the middle fraction.
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To this end, Melittin-proteoliposomes using single-component liposomes containing DOPC or DOPG were
prepared as described and Melittin-liposome interactions were analyzed by sucrose density flotation
(Section 3.2.3.6) (Figure 31). Gel electrophoresis showed that Melittin was only observed in the top
fractions of DOPC liposomes, indicating strong binding (Figure 31A). The presence of Melittin in the
middle fraction of DOPG liposomes suggests that DOPG-bound Melittin dissociates from the liposome
membrane during gradient centrifugation and binding to DOPG liposomes was significantly weaker (Figure
31B).

As a complementary study to determine lipid preferences of Melittin, lipid binding was monitored over time
and Melittin was bound to various single-component lipid monolayers in a film balance® (see Section 3.2.3.8
for details). DOPC, DOPS or DOPG lipids were used to prepare lipid monolayers. After equilibration of the
lipid film, Melittin was injected into the sub-phase at a concentration of 1 mg/ml. Binding curves for the
different monolayers were then recorded. The synergy factor was obtained, by plotting the surface pressure
increase (Am) caused by Melittin binding as a function of the initial surface pressure (m) of the lipid
monolayer. When comparing the binding curves of DOPC, DOPS and DOPG monolayers, Melittin showed
a high affinity for the zwitterionic DOPC monolayer (Figure 32A). In contrast, binding to negatively
charged DOPG and DOPS monolayers was notably weaker (Figure 32B & C). Differences in the shapes of
the binding curves suggest remodeling of negatively charged lipid monolayers after Melittin injection
presumably as a result of ionic interactions between the peptide and lipid head groups. A high synergy factor
obtained for DOPC monolayers reflects a high binding affinity of Melittin while the low synergy factors of
DOPG and DOPS monolayers reveal only moderate affinity for these lipids (Figure 32D).

In addition, the maximal insertion pressure (MIP) was determined, reflecting the maximal lipid density at
which the monolayer is still being penetrated by the peptide. A higher MIP of DOPC monolayers compared
to DOPS and DOPG monolayers, therefore, indicates a higher incorporation tendency of Melittin into
zwitterionic lipid layers (Figure 32E). These results agree well with the MS analysis of Melittin-
proteoliposomes shown above (Figure 28) suggesting that Melittin has a strong binding preference for
DOPC and DOPE lipids, but not for DOPS or DOPG lipids. Lipid preferences of Melittin and zwitterionic
or anionic lipids were previously controversially discussed?6227:228  Nevertheless, the experiments in this
thesis are in agreement with a recent lipid analysis showing that Melittin electrostatically interacts with
anionic lipids and that insertion into the membrane is driven by the hydrophobic effect??, suggesting that

Melittin interacts with anionic lipids, but stably associates with zwitterionic lipids.

* Monolayer measurements and data analysis was performed by Dr. Christian Schwieger.
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Figure 32: Lipid monolayer studies of Melittin. Adsorption of Melittin to DOPC, DOPG or DOPS
monolayers at various initial surface pressures (m). The surface pressure (z) was recorded over time after
injection of Melittin. Binding curves upon Melittin adsorption to (A) DOPC (blue), (B) DOPG (orange) and
(C) DOPS (red). (D) The synergy of the interaction of Melittin with different lipids and (E) the maximum
insertion pressure (MIP) of Melittin in the different lipid monolayers is displayed. The monolayer-bilayer
equivalence pressure is indicated at II= 30 mN/m (dotted line).

To summarize the first part of this thesis, homogeneous liposomes were successfully established for MS
analysis. When analyzing proteins mixed or associated with liposomes, lipids and proteins are detectable in
the same mass spectrum and the charge states of the peptides/proteins represent folded or unfolded
conformations. Most importantly, protein-protein as well as protein-lipid interactions were preserved in the
gas phase by MS when analyzing Melittin associated with liposomes. These experiments, therefore, prove

that liposomes are valuable tools for studying membrane-associated proteins in a native-like environment.
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4.4 Establishing nanodiscs for MS analysis of membrane proteins
4.4.1 Preparation of nanodiscs

Nanodiscs are discoidal lipid bilayers with a diameter of 8-16 nm, which are stabilized in aqueous solutions
by amphipathic membrane scaffold proteins (MSPs). The size of a nanodisc is defined by the length of the
MSP and by the stoichiometry of lipids used in the self-assembly process??2%°. Nanodiscs are advantageous
as they are stable and monodisperse even at high concentrations and can be employed for numerous

biophysical and biochemical techniques providing an artificial lipid environment for membrane proteins®®.

In the past, nanodiscs were extensively applied for the MS analysis of membrane proteins in their natural
lipid environment!37140.232233 'However, even though these studies are promising, a sophisticated approach
to capture specific protein-protein and protein-lipid interactions within their natural environment is not fully
developed. In this thesis, nanodiscs were, therefore, established for chemical cross-linking to enable

structure elucidation of membrane proteins in a native-like lipid environment.

To establish an MS-based nanodisc workflow for chemical cross-linking, nanodiscs were first prepared and
characterized prior to reconstitution of proteins. The workflow for nanodisc preparation was adapted from
Bayburt et al?®® and is shown in Figure 33 (see Section 3.2.3.3 for details). Accordingly, lipids were first
solubilized in detergent (Figure 33, i).
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Figure 33: Nanodisc preparation and characterization. (i) Nanodiscs were prepared by solubilizing
lipids in detergent, such as sodium cholate, followed by the addition of MSP in the appropriate lipid- to-
MSP ratio (ii). Nanodisc assembly was initiated by detergent removal using Bio-Beads (iii). To remove
aggregates nanodiscs were purified by SEC (iv), followed by DLS analysis (v) and negative-stain TEM (vi)
for characterization of the nanodiscs.
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Previous studies showed that the anionic detergent sodium cholate used for lipid solubilization improves the
overall yield of nanodiscs?42%®, Based on this, detergent screening was omitted in this thesis, and sodium

cholate was employed for nanodisc preparations.

Earlier studies also showed that lipid compositions are essential for nanodisc assembly?3.231:236:237,
Accordingly, in this thesis, the lipid environment of the protein of interest was considered when choosing
lipids for the preparation of nanodiscs. Lipids which are components of natural membranes were, therefore,
selected.

After lipid solubilization in detergent, the MSP was added to the assembly mixture (Figure 33, ii) and
nanodisc formation was initiated by detergent removal using Bio-Beads (Figure 33, iii). An essential step
after nanodisc assembly is the purification of the nanodiscs by SEC (Figure 33, iv) to remove large
aggregates containing unassembled lipids or MSP. As a homogeneous size distribution of nanodiscs is
required for proper incorporation of membrane proteins into the nanodiscs, methods to determine
homogeneity, size or shape evolved as important tools for nanodisc characterization. Accordingly, in this
thesis, the assembled nanodiscs were analyzed by DLS (Section 3.2.3.5) (Figure 33, v) and visualized by
negative-stain TEM (see Section 3.2.3.7 for details) (Figure 33, vi).

4.4.1.1 Expression and purification of MSP1E3D1

For nanodisc assembly, the MSP was overexpressed and purified (see Section 3.2.1.4 and 3.2.1.7 for
details). In this thesis, MSP1E3D1, which is a variant of MSP containing three extended helices and a poly
histidine tag, was used to assemble nanodiscs with a diameter of approximately 13 nm. The purification

protocol was adapted from Ritchie et. al?®,

After overexpression in E.coli cells, the N-terminally His-tagged MSP1E3D1 protein was purified by
IMAC. Collected fractions after affinity chromatography were analyzed by gel electrophoresis to identify
the His-MSP1E3D1 fusion protein at a molecular weight of approximately 30 kDa (Supplementary Figure
S6A). To remove unspecifically bound proteins from the MSP1E3D1 sample, an additional SEC
purification step was performed. Elution fractions from SEC were evaluated by gel electrophoresis
(Supplementary Figure S6B). Note that MSP1E3D1 after purification still contained the His-tag. Fractions
containing MSP (19-21) were pooled, concentrated and the protein was identified by LC-MS/MS analysis.
Raw data were searched against a human database using the MaxQuant software and MSP1E3D1 was
identified with a sequence coverage of 87.7% (Supplementary Table S3) confirming the successful
purification of MSP1E3D1.
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4.4.1.2 Preparation and purification of single-component nanodiscs

PC lipids are known to be a major component of plasma membranes®®. The preparation of DMPC nanodiscs
is, therefore, often a starting point for establishing native-like nanodiscs®°. As a proof of principle,
nanodiscs containing DMPC lipids were, therefore, investigated. The MSP1E3D1-to-lipid ratio for

sufficient DMPC nanodisc assembly was previously determined?3-23%,

Accordingly, nanodiscs were prepared by adding MSP1E3D1 to DMPC lipids solubilized in sodium cholate
at a molar ratio of 1:150 followed by incubation at room temperature for 1h. Subsequently, assembled
nanodiscs were purified by SEC (Section 3.2.3.3). The SEC purification revealed that nanodiscs are
successfully eluted from the column and purified (Figure 34A). Subsequently, gel electrophoresis showed
that MSP1E3D1 at a molar ratio of approximately 30 kDa was observed in fractions 19 to 29 (Figure 34B).
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Figure 34: SEC purification of single-component nanodiscs. Nanodiscs are composed of DMPC lipids.
(A) The SEC chromatogram revealed a peak corresponding to DMPC nanodiscs. (B) Gel electrophoresis
after SEC purification (19 to 32). Fractions 19 to 29 show MSP1E3D1 at a molecular weight of
approximately of 30 kDa. Abbreviations: M (Marker), L (Load).

4.4.1.3 Preparation and purification of multi-component nanodiscs

Mimicking the natural lipid environment of the protein of interest is essential for successful incorporation
of the protein and subsequent analysis. Therefore, more complex nanodiscs representing the natural lipid
environment of the protein of interest were prepared. For this, nanodiscs containing POPC, POPE, and
DOPS at a molar ratio of 45:15:40, resembling a eukaryotic membrane were explored. The protocol for

nanodisc assembly was adapted from Bayburt et al.??®
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Even though cholesterol is a major component of plasma membranes and affects its physical properties'®
previous studies showed that cholesterol tends to prevent nanodisc formation??°. To guarantee proper

nanodisc assembly, cholesterol was, therefore, not employed for the preparation of nanodiscs in this thesis.

As mentioned above, for sufficient nanodisc assembly, it is crucial to identify the appropriate MSP1E3D1-
to-lipid ratio. MSP1E3D1-to-lipid ratios were, however, controversially discussed for complex lipid
compositions?1-242, Nanodiscs containing POPC, POPE and DOPS were, therefore, prepared at two different
lipid-to-MSP ratios.
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Figure 35: SEC purification of multi-component nanodiscs. Nanodiscs contained POPC, POPE and
DOPS at a molar ratio of 45:15:40. For SEC purification the retention time is plotted against the normalized
absorbance. (A) For SEC purification of nanodiscs prepared at a MSP1E3D1-to-lipid ratio of 1:60. (B) Gel
electrophoresis after SEC purification at a MSP1E3D1-to-lipid ratio of 1:60. (C) Nanodiscs prepared at a
MSP1E3D1-to-lipid ratio of 1:120 and purified by SEC. (D) Gel electrophoresis of SEC fractions revealed
a protein band at approximately 30 kDa corresponding to MSP. Nanodiscs prepared at a MSP1E3D1-to-
lipid ratio of 1:120. Abbreviations: M (Marker), L (Load).
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Accordingly, lipids solubilized in sodium cholate were mixed with MSP1E3D1 at a protein-to-lipid ratio of
1:60 and 1:120 followed by SEC purification and evaluation of the collected fractions by gel electrophoresis.
SEC (Figure 35A) and gel electrophoresis (Figure 35B) determined a low concentration of MSP1E3D1 at
a protein-to-lipid ratio of 1:60 suggesting that nanodiscs were not sufficiently stabilized. These fractions
were, therefore, not further analyzed. SEC (Figure 35C) and gel electrophoresis (Figure 35D) of nanodiscs
prepared at an MSP1E3D1-to-lipid ratio of 1:120 revealed MSP1E3D1 at a molecular weight of 30 kDa

confirming sufficient nanodisc assembly. Accordingly, these nanodiscs were subjected to further analysis.

4.4.2 DLS analysis and negative-stain TEM* of nanodiscs

To verify the proper assembly of nanodiscs, homogeneity, diameter and shape of single- and multi-
component nanodiscs were investigated by DLS analysis and negative-stain TEM, respectively. First,
DMPC nanodiscs were targeted. For this, fractions after SEC purification containing the highest nanodisc
concentration (fractions 21 to 28) were subjected to DLS analysis. DLS analysis revealed a size distribution
at approximately 12 nm in all fractions, corresponding to the nanodiscs (Supplementary Figure S7).
Moreover, higher size distributions were also observed presumably corresponding to liposomes or hanodisc
aggregates. Of these, fraction 22 (Figure 36A), however, revealed the highest homogeneity and was,
therefore subjected to negative-stain TEM analysis (Figure 36B). Negative-stain analysis of DMPC
nanodiscs showed discoidal particles suggesting sufficiently nanodisc assembly (Figure 36B). Interestingly,
large stacks of DMPC nanodiscs were also observed. Previous studies showed that these stacks are
presumably staining artifacts, as they were not found in solution®. The stacking of nanodiscs was, therefore,

not explored further in this thesis.

Next, multi-component nanodiscs containing POPC, POPE and DOPS at a molar ratio of 45:15:40 and
prepared at an MSP1ED1-to-lipid ratio of 1:120 were verified by DLS analysis and negative-stain TEM.
Again, fractions containing the highest concentration after SEC purification (fractions 22 to 27) were
analyzed by DLS (Supplementary Figure S8). DLS analysis revealed a size distribution at approximately
13 nm diameter corresponding to nanodiscs as well as larger size distribution presumably originating from
liposome species and insufficient nanodiscs assembly. Nevertheless, fraction 23 (Figure 36C) showed the
highest homogeneity. Accordingly, the nanodiscs in fraction 23 containing POPC, POPE, and DOPS (molar
ratio of 45:15:40) was then visualized by TEM analysis (Figure 36D). TEM of multi-component nanodiscs
revealed discoidal particles as well as nanodisc stacks. However, in comparison to DMPC nanodiscs, these

stacks were rather short, containing only up to ten nanodiscs.

4 Negative-stain TEM measurements were performed by PD Dr. Annette Meister.
88



Results

In conclusion, DLS analysis and negative-stain TEM revealed that single- and multi-component nanodiscs
were successfully assembled with a homogenous size distribution. Multi-component nanodiscs resembling

a biological membrane composition were, therefore, employed in the following experiments in this thesis.
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Figure 36: DLS analysis and negative-stain TEM of nanodiscs. DLS spectra show the mean size values
for each peak. (A) DLS analysis of SEC fraction 22 of DMPC nanodiscs revealed a mean size distribution
at approximately 12 nm diameter corresponding to the purified nanodiscs. (B) Negative-stain TEM of
DMPC nanodiscs showed discoidal particles (left image) as well as stacks of nanodiscs (right image). (C)
DLS analysis of SEC fraction 23 of multi-component nanodiscs containing POPC, POPE, DOPS (molar
ratio 45:15:40) showed a homogeneous size distribution of approximately 12 nm diameter. (D) Negative-
stain TEM analysis of nanodiscs containing POPC, POPE and DOPS lipids (molar ratio 45:15:40) revealed
discoidal structures and smaller nanodisc stacks. In the top right corner, magnified images of the outlined
region are shown.

4.4.3 Establishing Syntaxin-1A nanodiscs

Having established nanodiscs with a natural lipid composition, the next step was to reconstitute a membrane
protein into nanodiscs to allow chemical cross-linking of this protein. Note that, chemical cross-linking is
only possible if protein domains are accessible to the cross-linker. Accordingly, Syntaxin-1A was chosen

as a model protein as it contains domains, that are not buried in the membrane and, therefore, allows
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sufficient chemical cross-linking. Syntaxin-1A is a neuronal membrane protein located at the presynaptic
membrane. Together with other SNARE proteins i.e., SNAP25-a and Synaptobrevin-2, the so-called
SNARE complex is formed. The SNARE complex is responsible for exocytosis of neurotransmitters during

signal transmission in neurons®*,

4431 Expression and purification of Syntaxin-1A

Syntaxin-1A was first overexpressed in E.coli cells and purified (see Section 3.2.1.4 and 3.2.1.8 for details).
The purification protocol for Syntaxin-1A was adapted from Fasshauer et al.?*4. As a first purification step,
the cell lysate containing the N-terminally His-tagged Syntaxin-1A was subjected to IMAC. Collected
fractions after affinity chromatography were analyzed by gel electrophoresis and the His-Syntaxin-1A
fusion protein was identified (MW 38 kDa) (Supplementary Figure 9A). After IMAC purification, the
histidine tag was removed by TEV cleavage during dialysis and reverse affinity purification
(Supplementary Figure 9B&C). To remove unspecifically bound proteins an additional SEC step was
performed, and collected fractions were evaluated by gel electrophoresis (Supplementary Figure 9D).
Fractions containing Syntaxin-1A were pooled, concentrated and subjected to in-gel digestion and LC-
MS/MS analysis. Raw data were searched against a database using the MaxQuant software and Syntaxin-
1A was identified with a sequence coverage of 81.9 % (Supplementary Table S3), confirming successful
purification of Syntaxin-1A.

4.4.3.2 Preparation and characterization of Syntaxin-1A nanodiscs

Next, Syntaxin-1A was reconstituted into nanodiscs for chemical cross-linking of an integral membrane
protein in a native-like lipid environment. The workflow of nanodisc assembly and cross-linking analysis
with reconstituted Syntaxin-1A is shown in Figure 37. The reconstitution workflow was adapted from Lee
et al.?*> and Bao et al.?*® Accordingly, lipids containing POPC, POPE, and DOPS at a molar ratio of 45:15:40
were solubilized as described (Section 3.2.3.3). MSP1E3D1 and Syntaxin-1A were added at an appropriate
MSP1E3D1-Syntaxin-1A-lipid ratio of 1:0.25:120 established previously (see Section 3.2.3.4 for details).
After incubating the protein-to-lipid mixture, nanodisc formation was initiated by incubation with Bio-
Beads (Figure 37, i).

To remove aggregates nanodiscs were purified by SEC followed by DLS (Figure 37, ii) and TEM analysis
(Figure 37, iii) to determine the size, homogeneity and shape of the nanodiscs. Finally, Syntaxin-1A

nanodiscs were cross-linked with BS3 (Figure 37, v) and subjected to LC-MS/MS analysis (Figure 37, iv).
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Figure 37: Preparation, characterization and cross-linking of Syntaxin-1A nanodiscs. For nanodisc
preparation, lipids were solubilized in detergent followed by the addition of MSP1E3D1 and Syntaxin-1A
(i). The self-assembly process was initiated by detergent removal with Bio-Beads (ii). Nanodiscs were

characterized by DLS (iii) and TEM (iv). Finally, nanodiscs were cross-linked and analyzed by LC-MS/MS
(V).

The SEC chromatogram after nanodisc purification revealed a peak confirming the formation of Syntaxin-
1A nanodiscs (Figure 38A). Subsequently, fractions after SEC were evaluated by gel electrophoresis and a
protein band at a molecular weight of approximately 30 kDa was observed (Figure 38B). Note that, this
protein band could not unambiguously be assigned as Syntaxin-1A or the MSP1E3D1 as these proteins have
similar molecular weights of 35 kDa and 30 kDa, respectively.

To, therefore, confirm the presence of Syntaxin-1A and MSP1E3D1 in these samples and verify the
formation of Syntaxin-1A nanodiscs, western blot analysis was performed. For this, Syntaxin-1A nanodiscs

after SEC purification were separated by gel electrophoresis and transferred to a blotting membrane.

Blotted proteins were then detected using specific antibodies against Syntaxin-1A and the His-tag of the
MSP1E3D1. The antibody against the His-tag was chosen because MSP1E3DL1 after purification still

contains a His-tag and the antibodies, therefore, serve as a proof that MSP1E3D1 is present in the samples.
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Accordingly, western blot analysis confirmed that Syntaxin-1A is present in SEC fractions 19-25 (Figure
38C). Western blot analysis against the His-tag of MSP1E3D1 revealed MSP1E3D1lin fractions 19 to 27

(Figure 38D). These results, therefore, confirmed that nanodiscs were successfully assembled with
reconstituted Syntaxin-1A.
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Figure 38: SEC purification and western blot analysis of Syntaxin-1A nanodiscs. (A) SEC purification
of Syntaxin-1A nanodiscs revealed a peak corresponding to the nanodiscs. For SEC purification the
retention time is plotted against the normalized absorbance. (B) Collected fractions were evaluated by gel
electrophoresis showing a protein band at approximately 30 kDa. (C) Western blot analysis of Syntaxin-
1A nanodiscs incubated with the antibody against Syntaxin-1A. (D) Western blot analysis of Syntaxin-1A
nanodiscs with the antibody against the His-tag of MSP1E3D1. Abbreviations: M (marker), L (load).

4.4.4 DLS analysis and negative-stain TEM of Syntaxin-1A nanodiscs

To verify the shape and homogeneity of Syntaxin-1A nanodiscs after nanodisc purification, DLS and
negative-stain TEM were again performed. Based on western blot analysis fractions containing the highest
Syntaxin-1A and MSP concentration were chosen and subjected to DLS analysis. DLS analysis of Syntaxin-
1A nanodiscs showed mean size distributions of approximately 13 nm diameter in all fractions
corresponding to the assembled nanodiscs (Supplementary Figure S10). However, as larger and smaller

size distributions were also observed in these fractions nanodiscs were not sufficiently assembled.
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Nevertheless, fraction 23, revealed the highest concentration of homogeneous nanodiscs (Figure 39A) and
was, therefore, further analyzed by negative-stain TEM (Figure 39B). Negative-stain TEM images of
fraction 23 showed discoidal particles suggesting a proper formation of nanodiscs. Interestingly, these
images also indicate that less nanodisc stacks are observed compared to the TEM analysis of single- and
multi-component nanodiscs shown before, suggesting that Syntaxin-1A reconstitution into nanodiscs might
prevent nanodiscs from stacking. Note that, the resolution of the electron microscope used in this thesis was
not enough to observe Syntaxin-1A incorporated into nanodiscs. Nevertheless, western blot analysis
confirmed the reconstitution of Syntaxin-1A. Additional experiments, for instance, flotation analysis
followed by western blot analysis may also be promising to evaluate sufficient binding of Syntaxin-1A to
nanodiscs. In conclusion, DLS analysis and negative-stain TEM verify the homogeneity and shape of
nanodiscs containing Syntaxin-1A.
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Figure 39: DLS analysis and negative-stain TEM of Syntaxin-1A nanodiscs. (A) DLS analysis of
Syntaxin-1A nanodiscs (fraction 23) revealed a homogeneous distribution at approximately 12 nm. DLS
analysis reveals the mean size value. (B) Negative-stain TEM of Syntaxin-1A nanodiscs images showed
discoidal nanodisc structures as well as nanodisc stacks. In the top right corner a magnified view of the
structure in dashed lines is shown.

4.5 Chemical cross-linking of Syntaxin-1A nanodiscs

Having established the reconstitution of Syntaxin-1A into nanodiscs, in the next step, chemical cross-linking
was performed to determine the structure of Syntaxin-1A in its natural lipid environment. For this, Syntaxin-
1A nanodiscs were cross-linked using the amine-reactive cross-linker BS3, followed by the evaluation of
cross-links by gel electrophoresis and LC-MS/MS analysis.
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Gel electrophoresis of cross-linked nanodiscs was first utilized to determine the optimal cross-linker
concentration for MS analysis. For this, Syntaxin-1A nanodiscs were incubated with increasing BS3
concentrations (0.15 mM to 30 mM). Subsequent gel electrophoresis then revealed protein bands at
approximately 35 kDa (Figure 40) as well as protein bands at approximately 64 kDa and 96 kDa. Note that,
as Syntaxin-1A and MSP1E3D1 have a similar molecular weight, the higher-mass oligomers can either
originate from Syntaxin-1A, MSP1E3D1 or mixed complexes. When increasing the cross-linker
concentration, the intensity of higher-mass gel bands increases and more oligomers are observed. Moreover,
cross-linking with BS3 caused broadening of protein bands presumably reflecting intra-molecular cross-
linking of Syntaxin-1A or MSP1E3D1.

Based on these studies, a concentration of 30 mM seems suitable for cross-linking of Syntaxin-1A nanodiscs
and was, therefore, employed for the following LC-MS/MS studies. As we suspect that cross-linking of
MSP1E3D1 is also possible and cross-links of Syntaxin-1A might, therefore, be prevented, we chose a
higher cross-linking concentration of 30 mM to increase the probability of Syntaxin-1A cross-links.
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Figure 40: Cross-linking of Syntaxin-1A nanodiscs. 10 uM of Syntaxin-1A were incubated with
increasing concentration of BS3 (0.15 to 30 mM). The control without BS3 (0 mM) showed a protein band
at approximately 32 kDa was observed. At increasing BS3 concentrations, signals of higher molecular mass
were observed. Abbreviation: M(Marker).

4.5.1 Manual validation of Syntaxin-1A nanodisc cross-links

Having determined the optimal BS3 concentration for sufficient cross-linking, Syntaxin-1A nanodiscs were
cross-linked and subsequently analyzed by LC-MS/MS to identify specific interactions within the proteins.
For this, Syntaxin-1A nanodiscs were incubated with 30 mM BS3 and hydrolyzed in solution using trypsin.
Subsequently, cross-linked peptide pairs were enriched by SEC and fractions containing cross-linked
peptide pairs were analyzed by LC-MS/MS. Potential cross-links were identified using the plink2 software

and manually validated.
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A cross-linked peptide pair was identified if both cross-linked peptides showed a series of at least four
consecutive fragment ions. In addition, both peptides must be covered by a series of fragment ions.

Furthermore, the signal-to-noise ratio has to be as large as possible.

Accordingly, fragment ions that in addition to the amino acids of one peptide, also contain the mass of the
crosslinker and the second peptide, are unambiguously identified as a cross-linked peptide pair. Note that,
not only interactions between lysine side chains are possible and side reactions of the BS3 cross-linker with
serines, threonines and tyrosines were also identified. Cross-linked peptide pairs that exhibited identical or
overlapping peptide sequences were identified as intermolecular cross-links since these sequences can only

originate from two copies of a protein.

An example spectrum of an intra-molecular cross-link of Syntaxin-1A is shown in Figure 41. The peptides
TAKDSDDDDDVTVTVDR and KTQHSTLSR are covalently linked through lysine residues at positions
three and one, respectively. TAKDSDDDDDVTVTVDR showed a series of singly-charged y-ions (y1-y14
dark blue) and doubly-charged b-ions (b2-b4, b6-b8, b10 in light blue). For KTQHSTLSR, a series of singly-
charged y-ions (y1-y8) as well as doubly-charged b-ions (b2-b4) were assigned. Note that, the cross-linked
peptides cover a series of fragment ions. In addition, ions containing fragments of both peptides and the

linker allow specific assignment of the position of the cross-linked amino acids.
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Figure 41: Example spectrum of an intra-molecular cross-link of Syntaxin-1A. The m/z and charge of
the precursor ion are indicated (box). For the peptide TAKDSDDDDDVTVTVDR y-ions (dark blue) and b-
ions (light blue) were assigned. The peptide KTQHSTLSR revealed y-ions (red) and b-ions (yellow).
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Since nanodiscs are stabilized by the membrane scaffold protein MSP1E3D1, cross-links of MSP1E3D1
were also identified. An example spectrum of an intra-molecular MSP1E3D1 cross-link is shown in Figure
42. The peptides QKLHELQEK and QKVEPLR were covalently linked by lysine residues at position 2.
Both peptides show a series of singly-charged y ions. y1 to y8 ions were assigned to the longer sequence of
QKLHELQEK and y1 to y6 ions were assigned to the shorter QKVEPLR peptide. b ions were also detected
for both peptides. Note that, the triply-charged y-ion, which was assigned to the proline interface, has the
highest intensity in this cross-link spectrum. Previous tandem MS experiments showed that the so-called
proline effect results in high intense fragment ions which are produced from the cleavage at the N-terminal
side of proline®*"%8, In summary, peptides with a high sequence coverage could be identified allowing an

unambiguous assignment of peptide sequences of linkage sites.
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Figure 42: Example spectrum of an intra-molecular cross-link of MSP1E3D1. The m/z and charge of
the precursor ion is given (box). For the peptide QKLHELQEK y-ions (blue), b-ions (magenta) were
assigned. For the peptide QKVEPLR y-ions (green) and b-ions (pink) are shown.

The cross-link analysis did not only identify intra-molecular cross-links for Syntaxin-1A and MSP1E3D1,
but also inter-molecular cross-links between the two proteins. An example spectrum is shown in Figure 43.
Covalent linkage of the peptides KTQHSTLSR (Syntaxin-1A) and QKVEPLR (MSP1E3D1) was observed
between lysine residues at position 1 and the lysine residue at position 2, respectively. In the example
spectrum, both peptides were identified by a series of y-ions. In this mass spectrum, the y3+ ion also has
the highest intensity, which again is due to the proline effect described earlier, indicating that fragmentation

is favored from the N-terminus.
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Figure 43: Example spectrum of an inter-molecular cross-link of Syntaxin-1A and MSP1E3D1. The
m/z and charge of the precursor ions is given. Characteristic y- (red and green) and b-ions (pink) of both
peptides are assigned.

In total, 15 cross-links were identified. Of these, 12 cross-links were identified between lysine residues and
three cross-links were identified between serine, threonine and tyrosine residues. These include intra-
molecular cross-links of Syntaxin-1A (Supplementary Table S8) and MSP1E3D1 (Supplementary Table
S9) as well as inter-molecular cross-links between Syntaxin-1A and MSP1E3D1 (Supplementary Table
S10). The results were visualized in a network plot (Figure 44) showing intra-molecular cross-links as well
as interactions between Syntaxin-1A and MSP1E3D1.

As a rather small amount of intra-molecular cross-links was observed for Syntaxin-1A we assumed, that the
Syntaxin-1A cross-links are presumably suppressed by additional cross-linking reactions. For instance, as
BS3 reacts towards primary amine groups cross-linking of lipids containing an amine headgroup, like POPE,
might also be possible. The intra-molecular cross-link identified for Syntaxin-1A was located between a
flexible linker and the Habc domain (Figure 44A). This observation agrees with previous studies showing
that interactions between the helices of the Habc domain are possible?*®. MSP1E3D1 cross-links were also
identified. Note that MSP1E3D1, as mentioned before, was engineered to adjust larger proteins. The
modified version of MSP, therefore, contains an additional sequence of approximately 60 amino acids
(Figure 44A). Interestingly, however, intra-molecular cross-links found for MSP1E3D1 were only observed

in regions of the original MSP structure.
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Finally, intermolecular interactions between Syntaxin-1A and MSP1E3D1 were identified. The cross-links
observed were mostly observed between different regions of the MSP1E3D1 and the Habc domain or the
SNARE-motif (Figure 44B).

These observations are supported by previous findings, highlighting that the Habc domain and the SNARE
motif are connected through a flexible linker?°. Accordingly, we assume that Syntaxin-1A, even though
incorporated into nanodiscs contains the flexible linker region which allows a dynamic movement of the
protein so that Syntaxin-1A interacts with MSP1E3D1 residues in close proximity.

In summary, chemical cross-linking of Syntaxin-1A nanodiscs provides a first insight into the structural
arrangements of Syntaxin-1A in its natural lipid environment. However, one should keep in mind, that cross-
linking reactions need to be optimized to allow better validation of interaction sites within Syntaxin-1A.
Nevertheless, these experiments show that chemical cross-linking of proteins in nanodiscs is in principle
possible, making it a promising tool for future studies on membrane proteins embedded in a native-like lipid

environment.
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Figure 44: Syntaxin-1A and MSP1E3D1 constructs and network plot of cross-links. (A) Schematic of
the Syntaxin-1A and the MSP1E3D1 constructs used in this thesis. The Habc domain, SNARE motif and
the transmembrane domain of Syntaxin-1A are highlighted. The histidine-tag and the E3 insertion are shown
in the MSP1E3D1 protein. (B) Network plot of protein interactions observed between Syntaxin-1A and
MSP1E3D1 after cross-linking of Syntaxin-1A nanodiscs. Intra-molecular interactions of Syntaxin-1A and
MSP1E3D1 as well as intra-molecular cross-links between Syntaxin-1A and MSP1E3D1 are shown (blue).
Additional intra- and inter-molecular cross-links between threonine-lysine (T-K) and serine-lysine (S-K)
are also highlighted (green).
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5 Discussion and outlook

5.1 Choosing the right membrane mimetics for analyzing membrane proteins

As the expression of membrane proteins in cells is generally low and biological membranes are highly
heterogeneous and insoluble in aqueous solutions®?, the study of membrane proteins in their native
environment has been an ongoing challenge in structural biology. Detergents are typically employed for the
solubilization of membrane proteins®. However, since they are often used at high concentrations, they often
lead to protein unfolding and destabilization?®2. In addition, detergent micelles are polydisperse and compete
with lipids for lipid-binding sites. Accordingly, protein-lipid interactions are hard to be maintained. In
addition, with the wide range of detergents available, screening is often required to efficiently solubilize

membrane proteins and at the same time preserve their native state.

Therefore, in recent years, membrane mimetics were established to resemble a more native-like environment
for membrane proteins*®. Commonly employed membrane mimetics, which are sorted by their ability to
mimic a biological membrane, are shown in Figure 45. Accordingly, detergents are the least suitable
membrane mimetic as they do not represent a lipid bilayer and liposomes are closely related to biological
membranes. As all membrane mimetics have advantages and disadvantages, choosing a suitable membrane
mimetic mainly depends on the protein of interest as well as the aim of the experiment. In this work,
liposomes and MSP nanodiscs were used for the mass spectrometric analysis of membrane proteins. The

reasons for choosing these membrane mimetics and their limitations are discussed in the following section.
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Figure 45: Overview of commonly used membrane mimetics. They are arranged according to their ability
to mimic a native membrane. Detergents represent a non-native environment for membrane proteins, while
liposomes most natively represent a biological membrane.
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5.2 Establishing liposomes for the analysis of membrane-associated proteins by MS
5.2.1 Selection of liposomes as membrane mimetics

Liposomes are spherical vesicles containing one or more lipid bilayers®. Although they were initially
applied for drug delivery in biomedical research, they are nowadays increasingly used as membrane
mimetics for the analysis of membrane proteins in a native-like environment!’2253-2%_ In this work,
liposomes were employed to determine structural information on membrane-associated proteins and their

interactions with lipids.

The reconstitution of proteins into liposomes has several advantages: First, it allows studying membrane
proteins in a native-like environment, thereby avoiding the loss of protein interactions by replacing the lipid
bilayer with detergents. Secondly, liposomes represent a continuous membrane environment that is not
restricted by membrane scaffolding proteins or polymers. Furthermore, liposomes can be prepared from
both native or synthetic phospholipids and their size and composition can be adjusted depending on the
protein of interest. Accordingly, large proteins and protein complexes can also be targeted. In contrast to
other membrane mimetics, liposomes can be utilized to study the molecular transport performed by
membrane proteins. Electrophysiological measurements on liposomes allow a detailed characterization of
diffusion mechanisms, which is not possible with other membrane mimetics?%®. In addition, liposomes have
proven useful when applying biochemical techniques. For instance, protein binding to liposomes can be

easily verified by flotation on a sucrose gradient?®’ or co-sedimentation?®,

Although liposomes have many advantages, their application has been limited for a long time by their lack
of heterogeneity and stability. Accordingly, liposomes are prone to aggregation and fusion. In this thesis, to
exclude aggregation and fusion, liposome size and stability were controlled by DLS. Accordingly, DLS
analysis of the majority of single-component (Figure 12) and multi-component (Figure 13) liposomes
revealed homogeneous size distributions. However, DLS analysis of single-component DOPE liposomes
showed numerous size distributions (Figure 12D). This might be explained by earlier studies describing
that DOPE lipids adopt an energetically favorable hexagonal structure in aqueous solutions?8-2%0,
Accordingly, to reach an energetically preferred state, DOPE lipids presumably undergo different lamellar
transition and aggregation states'®’. We, therefore, suggest that the heterogenous size distributions observed
by DLS are intermediate transition states of DOPE lipids. Complementary DLS experiments in this thesis,
in which liposome size is monitored at different time points, revealed similar results indicating that DOPE
liposomes are not stable (Figure 12E). DOPC liposomes on the contrary have high stability up to 78 h
(Figure 12F). Multi-component liposomes containing DOPE lipids, however, showed stable and

homogenous size distributions.
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This is particularly important for subsequent experiments of this thesis, as it was the goal to prepare and

employ liposomes that have a composition best mimicking a biological membrane.

Previous studies showed that the desired orientation of proteins in liposomes is difficult to achieve, resulting
in multiple populations (inside-out and outside-out)?62%2, The orientation of proteins into liposomes can be
investigated by employing, for instance, florescence-based methods. Recently, a study describing
chemically modified integral membrane proteins allowed a rapid fluorescence-based determination of
protein orientation after their reconstitution into liposomes?®®, However, as the focus of this thesis was the
analysis of membrane-associated proteins, for which orientation does not play a role, studies on orientation

were not performed.

Lipid peroxidation and oxidation lead to changes in the structure and biophysical properties of membrane
lipids?426%, Oxidation is a modification, which induces changes in membrane fluidity and permeability and
thus leads to changes in the structure and activity of membrane proteins. In this thesis, the mass spectra of
liposomes did not reveal any signals of oxidized lipids. We, therefore, assume that due to the storage
conditions in an inert gas (e.g argon) and the fresh preparation of liposomes prior to MS analysis, lipid

oxidation is not an issue in the experiments.

To conclude, liposomes were initially chosen for this thesis, because they are easy to prepare, can be adapted
to the proteins of interest and, most importantly, mimic a well-suited membrane environment. In addition,
we also showed that liposomes can be prepared at different compositions, are stable and homogeneous and
lipid oxidation can be neglected. Accordingly, in this thesis, liposomes were used for the analysis of

membrane-associated proteins and their interactions with lipids.

5.2.2 Methodological considerations

Although liposomes were previously assumed to be too large and heterogeneous® for biophysical studies,
in this thesis, we attempted to use liposomes as membrane mimetics to study membrane proteins in their
native lipid environment by MS. Previous studies using other membrane mimetics for the investigation of
membrane proteins were promising®24:266267 Amongst these studies, MS and particularly native MS have
proven to be valuable tools to elucidate the structure of membrane proteins and their interactions with 25
261, Due to these promising applications and because MS analyses of liposomes and proteoliposomes are
missing to date, MS was employed in this thesis to gain new insights into the application of liposomes as

membrane mimetics.
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Since previous studies using membrane mimetics by MS showed that artificial membranes can be used as
detergent-free vesicles for the analysis of membrane proteins in a defined lipid environment, our aim was
to explore the application of liposomes. Accordingly, we hypothesized that liposomes dissociate in the gas
phase and intact peptides/proteins are released for MS analysis. For the analysis of liposomes and
proteoliposomes, two different mass spectrometers were employed, namely the Q Exactive and the Q-ToF
mass spectrometers. Note that, in the commercially available Q Exactive mass spectrometer parameters
during ionization and transfer into the gas phase are difficult to adjust. Accordingly, the conditions within
this mass spectrometer are rather harsh and non-covalent interactions are most likely not preserved. In a
previous study, applying a Q Exactive mass spectrometer, we showed that the transfer of liposomes into the
gas phase of the mass spectrometer is possible and individual lipids are obtained for subsequent analysis'’%.
Accordingly, this approach allowed the identification of different lipid species directly from the
phospholipid bilayer of liposomes. In addition, the Q-ToF mass spectrometer was employed, which due to
its modifications, allows smooth transfer of ions. Accordingly, non-covalent interactions are preserved in
the gas phase and protein complexes and protein-ligand interactions are maintained. Previous studies by
Hanson et al. employing native MS for the analysis of proteins associated with liposomes, described that
liposomes dissociate in the gas phase and lipid interactions between up to 100 lipids are preserved?’2. In this
initial study, protein-lipid interactions from proteoliposomes were detected and the specificity toward lipids
was evaluated. Accordingly, in this thesis, native MS was used to preserve non-covalent interactions in the
gas phase and thus analyze oligomeric states as well as the interactions of proteins associated with
liposomes. The combination of denaturing and native MS was, therefore, used to compare the dissociation
of liposomes and proteoliposomes in the gas phase. Accordingly, we assumed that under denaturing gas
phase conditions liposome dissociation is facilitated, whereas, under native gas phase conditions, protein-

lipid interactions are most likely preserved.

From a technical point of view, liposomes and proteoliposomes were analyzed after direct infusion under
denaturing and native gas phase conditions. Note that, direct infusion is often complicated by ion
suppression, as all ionizable compounds in a sample are transferred simultaneously into the mass
spectrometer and, therefore, compete for charge. In this thesis, experiments were, therefore, performed to
investigate whether ion suppression occurs due to high-intense lipid signals. For this, liposomes and proteins
were first analyzed individually by MS, following the analysis of soluble proteins mixed with liposomes.
By stepwise extending these experiments, we were able to show that lipids and proteins can be analyzed
simultaneously in the same mass spectrum. Nevertheless, these experiments also highlight that signals with

lower abundance due to the high intense lipid signals are usually difficult to detect.
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In addition, data analysis of lipid-lipid and protein-lipid interactions is challenging since complex mass
spectra are obtained. In this thesis, calculation and assignment of lipid clusters as well as protein-lipid
interactions were performed manually, which is particularly difficult when larger and mixed lipid clusters
with different charge states need to be assigned. Accordingly, care must be taken when assigning mass
spectra that show overlapping signals. Specialized software, such as Massign*??, however, can support the

assignments.

5.2.3 MS analysis of liposomes

In this thesis, mass spectrometric analysis of single-component (Figure 14) and multi-component (Figure
15) liposomes revealed that liposomes dissociate into lipid clusters under denaturing as well as native gas
phase conditions. Although the exact principle of liposome dissociation and ionization in the gas phase
remains unknown, we propose different theories based on our previous knowledge of proteins as well as

protein-lipid interactions:

One possible explanation for cluster formation could be, that, during ESI, droplet shrinkage during
desolvation leads to an increase in the concentration of the analyte?”. As a result, non-specific ion pairing
might occur. This was previously described for two or more analyte molecules which are trapped in the
same droplet and interact with each other once the solvent evaporates?’42’®, Although this was mainly
described for proteins injected into the mass spectrometer in the presence of NaCl, non-specific binding was
also described in ESI-MS studies of protein-ligand complexes®®. Based on these previous studies, we
propose that the detected lipid clusters result from non-specific adduct formation due to droplet shrinkage

in the gas phase.

Remarkably, when comparing the mass spectra of multi-component liposomes recorded under denaturing
and native gas phase conditions, lipid monomers have the highest signal intensity in the mass spectra
acquired under denaturing gas phase conditions (Figure 15A), while dimers are mostly observed under
native gas phase conditions (Figure 15B). We, therefore, assume that due to the presumably harsh
conditions within the Q Exactive mass spectrometer, liposomes dissociate more readily. Surprisingly,
however, large lipid clusters are also observed under denaturing gas phase conditions, suggesting that the
energy of the Q Exactive mass spectrometer is not high enough to dissociate liposomes completely. Note
that in the Q Exactive mass spectrometer the ions do not pass through a collision cell on their way to the
Orbitrap detector. Accordingly, collision energy cannot be applied without selecting specific ions in the

guadrupole and the collision energy for dissociation of liposomes can, therefore, not be adjusted.
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Nevertheless, one should keep in mind that lipid-lipid interactions might also be stable enough to survive
the transfer from solution to the gas phase in the Q Exactive mass spectrometer. In contrast, the Q-ToF mass
spectrometer is modified for the transmission of high masses and the increased pressure of all pumping
stages leads to multiple low-energy collisions within the trajectory of the ions, therefore, reducing the
internal energy of the ions. This process, known as collisional cooling, previously allowed to maintain non-
covalent interactions of large protein complexes!!>16°276 \We, therefore, speculate that the observed lipid
oligomers under native gas phase conditions are presumably stabilized by non-covalent interactions which

are preserved due to collisional cooling.??®

These observations, however, raised the question of which interactions stabilize lipid clusters in the gas
phase. Previous MS studies showed that non-covalent interactions of proteins are retained during the transfer
from solution to the gas phase, however, it must be kept in mind that the gas phase structure of a protein or
protein complex might differ from its solution structure. Possible reasons for the different gas phase
structures are, for instance, the decreasing pH value during ESI droplet shrinkage?”’, the heat applied during
ESI?’8, and the loss of the hydration shell?”®. Molecular dynamics simulations revealed when the proteins
are fully desolvated in the gas phase and hydrophobic interactions are lost, that a collapse of charged side
chains leads to the formation of a network of electrostatic interactions on the protein. Since the overall
structure of the protein remains unchanged in these studies, the newly formed interactions were
hypothesized to stabilize the protein?®, Additional computational and experimental studies confirmed that
the overall structures are retained with only minor differences between the solution and gas phase?®°-23,
Accordingly, under optimized conditions, for instance, under native gas phase conditions, the transfer of
proteins and protein complexes by ESI, while maintaining their solution structures, is possible. We,
therefore suspect, that during liposome dissociation lipid interactions from solution are preserved under

native gas phase conditions and lipid clusters are, therefore, stabilized.

Liposomes were previously described to be stabilized in solution by non-covalent interactions, including
hydrophobic, ionic and van der Waals interactions?®4. Due to the structure of lipids, ionic interactions are
formed between their head groups, while van der Waals forces are mainly stabilized by their non-polar fatty
acyl chains. Based on previous studies on proteins, we, therefore, hypothesize that lipid clusters are
stabilized by these interactions in the gas phase. Under native gas phase conditions, we were indeed able to
detect larger clusters at high m/z, confirming that non-covalent bonds are maintained. Since intact liposomes
are, however, not preserved and liposomes nonetheless dissociate, we assume that hydrophobic interactions
are lost in the gas phase. Based on the protein studies mentioned above, we further speculate that the lipids

might undergo a structural rearrangement in the gas phase.
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Once the hydration shell is fully removed in the gas phase we, therefore, assume that the lipid headgroups
most likely orient towards each other due to their charge attraction. Accordingly, we assume that weak van
der Waals interactions are lost, while ionic interactions are maintained. As the internal energy of the ions
increases during the transition from solution to the gas phase, this might also lead to a disruption of
interactions leaving only a part of the liposome intact. Similar results were observed in the mass spectra
obtained under denaturing gas phase conditions applying the Q Exactive mass spectrometer. Note that,
larger clusters were observed under native gas phase conditions at higher m/z than possible in the Q Exactive
instrument. However, larger clusters could potentially also be detected under denaturing gas phase

conditions, if signals were recorded at higher m/z ranges than is possible with the Q Exactive instrument.

The mass spectra of multi-component liposomes, for instance, acquired under native gas phase conditions
(Figure 15D) also showed that liposomes dissociate into lipid clusters, however, higher intensities were
observed for monomeric DOPC lipids compared to DOPE monomers or mixed lipid clusters. Previous
studies described the ionization efficiency of lipids in ESI-MS experiments?®®. Accordingly, the different
intensities observed, suggest that DOPC lipids contain a higher ionization efficiency due to their headgroup
structure and associated charge. However, it should be noted that the multi-component liposomes prepared
in this thesis contain a higher amount of DOPC lipids, likely correlating with higher signal intensities.
Interestingly, against our assumptions, lipid clusters containing both DOPC and DOPE have the lowest
signal intensities in this mass spectrum (Figure 15D). According to previous studies by Hanson et al., the
interaction between different lipid molecules under native gas phase conditions is not random and different
intensities for lipid clusters can be expected?’?. Furthermore, they proposed that DOPE lipids as they have
a different behavior in membranes due to their headgroup structure do not interact as strongly as DOPC
lipids. We, therefore, assume since the liposomes prepared in this thesis contain PE lipids, the different
intensities of the lipid clusters observed might also suggest that PE lipids affect cluster formation and

dissociation in the gas phase.

In this thesis, cholesterol was not detected in the mass spectra of multi-component liposomes under
denaturing or native gas phase conditions (Figure 15D). Previous studies describe that effective ionization
of neutral sterols such as cholesterol is not observed. Derivatization of cholesterol is therefore required to
allow ionization and detection in the gas phase?®. Accordingly, in previous studies, cholesterol was
converted to cholesterol sulfate, enabling detection in negative ion mode through the formation of
ammonium adducts®®’. We, therefore, hypothesize that cholesterol is not observed in the mass spectra as it
cannot be ionized. In addition, we were also not able to observe signals for DOPS or DOPS clusters in the

mass spectra of multi-component liposomes (Figure 15). As all MS experiments shown in this thesis were
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performed in positive ion mode, we assume that during ionization DOPS acquires a negative charge, which

is not provided in positive ion mode.

5.2.4 MS analysis of membrane proteins associated with liposomes
MS analysis of p40Pnx

In this thesis, we employed p40°"* to demonstrate the application of liposomes for the study of membrane-
associated proteins by MS. For this, p40P"* associated with liposomes was studied under denaturing and
native gas phase conditions. In our experiments, we observed that liposomes dissociate and signals of lipids
as well as p40Pho* are observed in the same mass spectrum under denaturing and native gas phase conditions
(Figure 24). However, protein-lipid interactions were not detected.

The mass spectrum of p40P*-proteoliposomes reveals higher charge states of the protein under denaturing
gas phase conditions, suggesting that p40P" is unfolded. In contrast, the mass spectrum under native gas
phase conditions showed lower charge states for p40P"** indicating that non-covalent interactions are most
likely preserved and p40P™ is maintained in a folded conformation. However, the question arises why

protein-lipid interactions are not observed in the acquired mass spectra.

To answer this question, we first inspected the structure and interactions of p40P"* bound to membranes.
Previous studies proposed that the initial membrane association of p40P"* is driven by non-specific
electrostatic interactions between the cationic protein surface and the anionic surface of the membrane,
followed by specific PI(3)P-triggered membrane penetration of the protein?'* (Figure 46A). In detail,
p40Phox binds to PI(3)P lipids through hydrogen bonds and salt bridges. Other studies highlighted that within
this binding pocket arginine at position 58 (R58) is the most important residue for binding of p40P"* to the
headgroup of PI(3)P lipids?®®(Figure 46B). Accordingly, when this residue was mutated to glutamine (Q58),
binding was omitted, although the mutation did not affect folding of the protein. Several other interactions
support the stabilization of the binding pocket, for instance, the tyrosine residue at position 59 (Y59) which
allows hydrophobic contacts with the inositol ring of PI(3)P (Figure 46B). Based on these interactions it is
rather surprising that protein-lipid interactions were not observed in the mass spectrum obtained under
native gas phase conditions. In particular, because earlier studies on peripheral proteins associated with

nanodiscs showed that protein interactions with glycolipids are preserved in the gas phase by MS?°.

Accordingly, we assume that the main reason for the loss of protein-lipid interactions is that p40°"** binding
to the membrane is mediated by the specific binding to PI(3)P lipids. As the composition of PI(3)P lipids in

the liposomes in our experiments is generally low (1%), we suspect that p40P"°* does not sufficiently bind
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to the liposomes to reveal protein-lipid signals in the mass spectrum. In addition, as lipid signals generally
have a higher ionization efficiency in our experiments, signals for protein-lipid complexes are presumably
suppressed and, therefore, might be below the detection limit. In addition, as only a few lipids mediate
binding of p40P" to liposomes this might also be the reason why less interactions are maintained under
native gas phase conditions. In addition, we further assume that the weak binding of p40°"* to the membrane
described in a previous experiment!® and liposome rearrangement in the gas phase described before could

be the reason why protein-lipid interactions are lost during mass spectrometric analysis.

To however detect protein-lipid interactions in the gas phase, p40P"* binding to the liposomes must be
adjusted. Accordingly, additional experiments would be beneficial. To increase binding of p40Pho,
liposomes containing a higher PI(3)P concentration can be prepared. However, note that previous studies
showed that p40°hox only sufficiently binds as long as the association with the phospholipid bilayer is not
disturbed by steric hinderance?!*. Similarly, studies on the peripheral protein cytochrome ¢ described that
cardiolipin binding could also not be observed under native gas phase conditions?®, suggesting that the

study of protein-lipid interactions of peripheral membrane proteins is challenging due to their transient

nature®3, Nevertheless, in this study protein-lipid interactions were confirmed by ion mobility MS2%°.

Figure 46: P40P"* interactions and p40P"* binding pocket. (A) p40P"* associates with the membrane
through non-specific electrostatic interactions with anionic lipids and through ionic interactions with the
PI1(3)P headgroup . (B) A detailed representation of the PI(3)P- binding pocket. Interacting residues are
drawn as sticks and interactions are shown in dashed lines. The inositol ring of PI(3)P allows hydrophobic
contacts with the side chain of tyrosine at position 59 (Y59). Arginine residues 58 and 105 (R58 and R105)
form interactions to the headgroup of PI(3)P. PDB ID: 1H6H
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To conclude, although we were not able to sufficiently preserve protein-lipid interactions of p40P"®, we
could show that liposomes dissociate under denaturing and native gas phase conditions and the protein is
sufficiently released in its folded conformation. Accordingly, we were able to demonstrate that liposomes
are applicable for the mass spectrometric analysis of membrane-associated proteins in their native

environment.

Protein-lipid interactions of Melittin

In this thesis, Melittin was used to further demonstrate the application of liposomes for the analysis of
membrane-associated peptides/proteins by MS. Again, Melittin-proteoliposomes were studied under
denaturing and native gas phase conditions. The mass spectra revealed oligomers of Melittin and
importantly, Melittin-lipid interactions. However, due to conflicting views on the physical state of Melittin,

which were previously described, the question remains how Melittin associates with biological membranes.

The literature described that Melittin, in the presence of lipids, adopts an alpha-helical conformation, which
is either oriented parallel or perpendicular to the membrane plane. Accordingly, a two-step model for pore
formation of Melittin was proposed, in which Melittin binds parallel to the membrane at low concentrations
and shifts towards the perpendicular orientation at higher concentrations, initiating pore formation?212°
(Figure 47A). It should be noted that the transition states from parallel to perpendicular orientation are not

yet fully understood and previous studies suggest that pore formation depends on the protein-to-lipid ratio??®.

With the protein-to-lipid ratio used in this thesis, we were able to show by flotation analysis that Melittin,
for instance, associates with liposomes resembling a eukaryotic membrane composition (Figure 25B).
Melittin-proteoliposomes analyzed by MS under denaturing gas phase conditions then revealed, as expected,
signals for monomeric Melittin since non-covalent interactions of Melittin are lost in the gas phase (Figure
28A). Surprisingly, however, Melittin-lipid interactions were preserved under denaturing gas phase
conditions, indicating that these interactions are stable enough to survive the transition from solution to the
gas phase. Based on these observations, we, therefore, assume that electrostatic interactions are formed

between the lipid headgroups and the amino acid side chains of Melittin (see also above).

Flotation analysis (Figure 25B) and native MS analysis (Figure 28B) of Melittin-proteoliposomes revealed
oligomeric states of Melittin. Interestingly, however, as different oligomeric states of Melittin are detected
in our experiments, we suggest that pore formation is not yet complete. Accordingly, we assume that the
observed non-specific oligomers are intermediate states of Melittin pore formation. In addition, native MS

analysis of Melittin-proteoliposomes showed monomeric Melittin interacting with one lipid molecule,
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suggesting that amino acid residues mediating protein-lipid interactions are most likely not accessible in

oligomeric structures.

Melittin is hydrophobic by nature, except for three residues (Arg-Lys-Arg) near the C-terminal region which
are considered hydrophilic®®? (Figure 47B). Accordingly, Melittin can associate with the phospholipid
bilayer of liposomes. In our MS experiments, protein-lipid interactions were observed between Melittin and
zwitterionic lipids or zwitterionic lyso-lipids (lyso-DOPE and lyso-DOPC), however, interactions between
Melittin and DOPS or lyso-PS lipids were not detected. To further investigate Melittin binding to different
lipids, additional flotation assay (Figure 31) and monolayer measurements were, therefore, performed
(Figure 32). Accordingly, Melittin does not sufficiently bind and penetrate phospholipid membranes
containing anionic lipids. This agrees with our MS experiments, which showed that Melittin has a strong
affinity for zwitterionic lipids, but not for anionic lipids (Figure 28B). As Melittin binding to anionic or
zwitterionic lipids was previously controversially discussed?16227:228.269 e, therefore, assume based on our
experiments, that Melittin presumably interacts with anionic lipids, however, stable associates with

zwitterionic lipids.

When comparing the mass spectra of Melittin-proteoliposomes obtained under denaturing and native gas
phase conditions, more lipids bind to monomeric Melittin under denaturing gas phase conditions, suggesting
that potential unfolding of the protein in the gas phase leads to additional binding of lipids in close proximity.
Nevertheless, it is important to note that the Q Exactive mass spectrometer which is not modified, does not

maintain protein-lipid interactions in the gas phase.

Previous studies showed that cholesterol reduces the association of Melittin with liposomes, as cholesterol
has a condensing effect on the phospholipid bilayer of membranes?®. However, in this thesis, we did not
observe reduced binding of Melittin to liposomes resembling a eukaryotic membrane composition
containing cholesterol (Figure 15). Interestingly, when using Melittin-proteoliposomes resembling a
prokaryotic membrane composition, fewer interactions were detected by MS (Figure 29). Previous studies
showed that the PE headgroup reduces bilayer stiffness and increases curvature stress compared to other
lipids®“. Since prokaryotic membranes are mainly composed of PE lipids?®, their smaller headgroup
presumably leads to an altered curvature resulting in a lower binding affinity of Melittin suggesting that
fewer lipid interactions are preserved in the gas phase. Furthermore, protein-lipid interactions were only
detected between the Melittin monomer and lyso-lipids. Since all lipids were cleaved by phospholipase A2
we assume that the lipids of Melittin-proteoliposomes resembling a prokaryotic membrane composition are

more accessible to phospholipase A2.
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In conclusion, these experiments show that liposomes are promising tools for the structural analysis of
membrane-associated proteins by MS. In future experiments, MS studies on proteoliposomes containing
integral membrane proteins or membrane complexes are considered. However, one should keep in mind
that higher collision energies are possibly required to release an integral membrane protein into the gas
phase and the native structures of the proteins may not be sufficiently preserved. Moreover, since lipid
signals have a higher ionization efficiency compared to proteins in ESI MS experiments, protein signals and

signals of protein-lipid interactions could also be below the detection limit making interpretation of the mass

spectra difficult.

Figure 47: Melittin association with the membrane. (A) Mechanism of Melittin pore formation. (i)
Melittin associates with the membrane through electrostatic interactions with anionic lipids. (ii) Melittin
inserts into the membrane. (iii) The membrane pore is formed. (B) Hydrophobic (light pink) and hydrophilic
(light purple) regions of Melittin. (C) Detailed picture of hydrophilic arginine and lysine residues Melittin
interacting with anionic lipids of liposomes.
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5.3 Establishing nanodiscs for the analysis of protein-protein interactions
5.3.1 Selection of nanodiscs as membrane mimetics

Classical nanodiscs are disc-shaped lipid bilayers surrounded by a belt of two MSPs . In the past, nanodiscs
have been extensively studied using biophysical methods for the structural analysis of membrane
proteins®":184.241.2% Athough nanodiscs do not perfectly mimic natural membranes, they are advantageous
in that their size and lipid content can be controlled by varying the lipid composition and the length of the
MSP. Accordingly, previous studies showed that large membrane protein complexes can be successfully
reconstituted into nanodiscs'®’. Most importantly, nanodiscs preserve membrane protein integrity and
shape®®, making them particularly advantageous for the analysis of membrane proteins, which are generally

unstable.

The use of MSP nanodiscs is usually limited by the need for detergents required for nanodisc assembly
which affects the native state of membrane proteins?*t. Furthermore, not all lipid combinations form bilayers
that assemble into nanodiscs. In addition, since both sides of nanodiscs are accessible, transport experiments
are not possible. In this work, MSP nanodiscs were established to investigate the structure of membrane
proteins in their native lipid environment by chemical cross-linking MS. Since the aim was to perform cross-
linking experiments on a protein anchored to the lipid membrane, there was no need for transport studies.
In addition, the detergent was removed during nanodisc preparation, resulting in a stable lipid environment
for membrane proteins. Although previous experiments showed that nanodiscs are promising tools for the
structural analysis of proteins and their lipid interactions by native MS37:2682%7 " chemical cross-linking of
membrane proteins to allow their structural investigation in their native lipid environment has not yet been
established. Accordingly, we used nanodiscs as they are stable, can be adapted to the protein of interest and

previously allowed sufficient structure determination of the membrane proteins in their native environment.

To date, chemical cross-linking is one of the methods of choice to study membrane protein interactions. In
particular, in-cell cross-linking allows capturing protein-protein interactions in a native cellular
environment?®®2%, However, these studies are mostly complex and data analysis is difficult. In this thesis,
we, therefore, established a simplified approach using nanodiscs to capture the structural properties of

membrane proteins in the presence of lipids.
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5.3.2 Methodological aspects - Chemical cross-linking of nanodiscs

In these experiments, we analyzed Syntaxin-1A reconstituted into nanodiscs by chemical crosslinking MS.
Syntaxin-1A belongs to the SNARE proteins, which are regulatory proteins involved in neuronal exocytosis.
Syntaxin-1A consists of a SNARE motif and a neighboring transmembrane helix. In addition, Syntaxin-1A
also contains a Habc domain, which is potentially involved in regulating Syntaxin-1A SNARE activity?°.
Syntaxin-1A was mainly chosen as a model protein as it is well-suited for chemical cross-linking.
Accordingly, as Syntaxin-1A is a membrane-anchored protein containing soluble domains, it allows
incorporation into the nanodiscs while also providing residues accessibility for chemical cross-linking
reagents. In addition, the Habc domain is folded, allowing possible cross-links to be verified with previously
described crystal structures. Moreover, from a biological point of view, Syntaxin-1A is an important target
for structural biology, as SNARE protein complex assembly and fusion mechanisms are not yet fully
understood. By establishing a cross-linking workflow for the analysis of SNARE proteins reconstituted into

nanodiscs insights into membrane fusion are potentially gained.

For establishing a nanodisc workflow for the structural analysis of Syntaxin-1A by chemical cross-linking
MS, we used a lipid composition that is closely related to the composition found in plasma membranes®®.
However, note that cholesterol, even though present in plasma membranes, was omitted in these studies, as
previous experiments showed that nanodisc-assembly is more difficult with cholesterol-containing lipid

mixtures?®.

In this thesis, BS3 was used for chemical cross-linking of a protein reconstituted into nanodiscs. Previous
studies showed that BS3 successfully crosslinks amine-reactive groups of proteins!®*. However, cross-
linking with BS3 also has drawbacks: We assume that in our experiments BS3 does not only cross-link the
amine-reactive groups of our target protein. Accordingly, we suggest that cross-linking reactions between
the MSP of the nanodiscs and lipids, containing an ethanolamine headgroup are also possible. Accordingly,
lipid cross-links potentially limit the detection of protein-protein interactions. Note that, although BS3 cross-
links between lipids and proteins were previously described®®, an unambiguous analysis of lipid-lipid cross-
links has not yet been possible. Moreover, additional side reactions between lysine, threonine and serine

side chains might also lead to a highly complex mixture of cross-linked species.

In addition, the BS3 reaction is also buffer sensitive. Accordingly, ammonium acetate usually used for MS
analysis leads to quenching of BS3. This must also be considered during sample preparation. With these
limitations in mind, in this thesis, a higher concentration of 30 mM was, accordingly, used for chemical
cross-linking of nanodiscs and nanodiscs and proteins were prepared in HEPES buffer to avoid quenching

of the cross-linker.
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For chemical cross-linking of Syntaxin-1A nanodiscs we applied a previously established cross-linking
workflow in which low abundant cross-links were enriched using size exclusion chromatography and data

analysis was performed using the software plink2.

5.3.3 Biological aspects - Chemical cross-linking of Syntaxin-1A in nanodiscs

The identification and characterization of the SNARE protein assembly pathway have been of great interest
in previous studies. The applied cross-linking strategy of Syntaxin-1A reconstituted in nanodiscs revealed

protein interactions of Syntaxin-1A in a native-like lipid environment.

Chemical cross-linking of Syntaxin-1A nanodiscs allowed the identification of intra-molecular cross-links
within Syntaxin-1A. However, these cross-links may also be intermolecular, as the different peptides may
originate from two copies of the same protein. Accordingly, the observed cross-links can originate from one
or two Syntaxin-1A molecules. Previous studies described Syntaxin-1A trimers®, In this thesis, gel
electrophoresis also revealed protein bands, presumably corresponding to protein dimers and trimers
(Figure 40). As MSP1E3DL1 is known to only form dimers, we, therefore, assume that the trimer protein
band corresponds to Syntaxin-1A. However, note that Syntaxin-1A and MSP have similar molecular
weights and a clear assignment of the dimers is, therefore, only possible by additional western blot analysis.

Previous experiments with single-molecule multiparameter fluorescence detection assumed that free
Syntaxin-1 is in a dynamic equilibrium between the closed and the open conformation and proteins
mediating the open or closed conformation were also described?®. For instance, binding of SNAP-25 with
Munc-13 allows Syntaxin-1A to change into the open conformation, whereas in the presence of Munc18-1,
Syntaxin-1A exists in a closed conformation. In the closed conformation, the Habc domain is bound to the
SNARE motif, resulting in a four-helix bundle (Figure 48A). However, it should be noted that only the

open conformation can promote the formation of the SNARE complex and thus membrane fusion.

The intra-molecular cross-links were predominantly observed in the Habc domain of Syntaxin-1A, which
is connected to the SNARE motif via a flexible linker region (Figure 44). However, it should be noted that
the dynamic equilibrium changes very rapidly and cross-links reflecting open and closed conformation are
most likely not detected. As only a low number of lysine residues is present in the SNARE motif limited
BS3 cross-links are possible. This agrees with our observations, that no cross-links within the SNARE motif
were detected. In addition, cross-links were also not observed in the transmembrane domain of Syntaxin-

1A, as this region does not contain any lysine, serine or threonine residues.
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Finally, intermolecular interactions were observed between Syntaxin-1A and MSP1E3D1. The cross-links
were mainly observed between MSP1E3D1 and the Habc domain or the SNARE motif of Syntaxin-1A. The
interactions suggest that Syntaxin-1A has a highly dynamic linker region and that the dynamic change

results in different cross-links in close proximity (Figure 48B).

Interestingly, only a few cross-links were found for Syntaxin-1A, although a high concentration of cross-
linker was used. We, therefore, assume that the cross-links were indeed suppressed by undesired side
reactions and quenching. As mentioned above, the amine-reactive crosslinker BS3 also crosslinks amine-
groups of DOPE lipids or MSP. Note that, in the experiments of this thesis, empty nanodiscs have not yet
been separated from nanodiscs containing Syntaxin-1A. However, to ensure better cross-linking efficiencies
in the future separation of nanodiscs containing the protein of interest is highly recommended. For this,
Syntaxin-1A nanodiscs containing a His-tag should be purified by IMAC. Control experiments with empty
nanodiscs should also be performed. By analyzing empty nanodiscs and generating an exclusion list, cross-
links of MSP can then successfully be excluded.

In summary, these initial experiments show that nanodiscs are a valuable tool for the analysis of membrane
proteins through chemical cross-linking. However, to use nanodiscs for cross-linking studies in the future,
additional experiments are still needed. Nevertheless, cross-linking of protein complexes in nanodiscs could

potentially allow studying, for instance, SNARE proteins.

§5%% IR
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Figure 48: Dynamics of Syntaxin-1A in nanodiscs. (A) Syntaxin-1A is a membrane-anchored protein
containing a SNARE motif (yellow) and a Habc domain (red) which undergoes an open-to-closed
transition. (B) Syntaxin-1A incorporated into nanodiscs is flexible due to the highly dynamic Habc domain.
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7 Appendix
7.1 Supplementary figures
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Figure S1: DLS analysis of multi-component liposomes differing in size. Liposomes composed of
DOPC, DOPE, DOPS and cholesterol (molar ratio 5:2:2:1) and extruded through membranes of different
pore sizes 200 nm, 400 nm, 800 nm. Liposomes extruded through membranes of 800 nm pore size (purple)
revealed a size of approximately 24 nm diameter, liposomes extrdued through polycarbonate membranes of
of 400 nm pore size (green) revelaed approximately 58 nm diameter and liposomes extruded through a pore
membane of 200 nm pore size (blue) showed a size of approximately 79 nm diameter.

132



Appendix

A B o
N
[kDa] M P L FTW 2223242526 2732 3334 35 kDa] M K"x>2 34 51213
i EEEEY L 198 ¢+ oo
98 o
62 -
49 49
38 o uncleaved 38 ---H& uncleaved
pA40 7" * p40 (Phox
28 28
'- —--‘—— GST tag
17 17 . -__...———— cleaved
14 14 5 p40(phox

C
[kDal M 1314 1516 17 18 19 20 21 22 25 3538

198
98
62

49
38

28

17| ey Lon ok ap E
14 (N e . ———

cleaved
p40 (phox)

6
3

Figure S2: Protein purification of p40°P">, (A) Collected fractions after GST-affinity chromatography
were applied to gel electrophoresis. Fractions containing the GST-p40P"* fusion protein (22-35) were pooled
and subjected to further purification. (B) Gel electrophoresis from reverse GST-affinity chromatography
after thrombin cleavage and dialysis. Fractions containing p40°"* were pooled and subjected to SEC. (C)
Elution fractions (22 to 25) of SEC revealed a molecular weight of approximately 16 kDa. Fractions with
highest protein concentration were concentrated. Abbreviations: M (marker), P (pellet), L (load), FT
(flowthrough), W (wash), - Thr (before thrombin cleavage), + Thr (after thrombin cleavage).
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Figure S3: DLS analysis of multi-component liposomes with different compositions. See figure
legend for color scheme. Size distributions of liposomes containing (A) DOPC, DOPE and P1(3)P (molar
ratio 8:1:1). (B) DOPC, DOPE, DOPS and cholesterol (molar ratio: 5:2:2:1) and (C) DOPG and DOPE

(molar ratio 5:2). Liposomes revealed homogeneous size distributions of approximately 100 nm
diameter.
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Figure S4: MS analysis of liposomes resembling a eukaryotic membrane composition incubated with
phospholipase A2. Liposomes composed of DOPC, DOPE, DOPS and cholesterol (molar ratio 5:2:2:1)
See figure legend for color scheme. (A) Mass spectrum of liposomes obtained under denaturing gas phase
conditions. DOPE, DOPC, lyso-PE and lyso-PC as well as lipid clusters are assigned. (B) Tandem mass
spectrum (MS/MS) of lyso-PC (m/z 522.36). Fragments specific to the lipid head group and the acyl chain
are highlighted. (C) Native mass spectrum of liposomes. DOPE, DOPC, lyso-PE, lyso-PC and clusters
thereof are assigned.
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Figure S5: MS analysis of liposomes resembling a prokaryotic membrane composition incubated with
phospholipase A2. Liposomes composed of DOPE and DOPG (molar ratio 5:2). See figure legend for color
scheme. (A) Mass spectrum of liposomes under denaturing gas phase conditions. DOPE, DOPG, lyso-PE
and lyso-PG as well as lipid clusters are assigned. (B) Native mass spectrum of liposomes. The mass

spectrum revealed signals for DOPE, DOPG, lyso-PE, lyso-PG and lipid clusters.
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Figure S6: Protein purification of MSP1E3D1. (A) After protein expression, the cell lysate containing
the MSP1E3D1 protein is purified using an IMAC column. Collected fractions are analyzed by gel
electrophoresis. MSP1E3DL1 is observed at approximately 30 kDa. (B) Elution fractions (5-18) are pooled,
concentrated and subjected to SEC. Gel electrophoresis after SEC purification reveals MSP1E3D1 at a
molecular weight of approximately 30 kDa. Fractions 19-21 are concentrated and used for nanodiscs
assembly. Abbreviations: M (marker), P (pellet), L (load), W1-W3 (wash 1-3).
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Figure S7: DLS analysis of single-component nanodiscs. Nanodiscs are composed of DMPC lipids. DLS
analysis of SEC fractions containing the highest protein concentration. DLS analysis revealed mean size
distributions of approximately 13 nm corresponding to the purified nanodiscs. Additional aggregates at
higher size distributions are also observed, suggesting insufficient nanodisc assembly.
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Figure S8: DLS analysis of multi-component nanodiscs. Nanodiscs are composed of DOPC, DOPE and
DOPS (molar ratio: 45:15:40). DLS analysis of SEC fractions containing the highest protein concentration
revealed mean size distributions of approximately 13 nm corresponding to the assembled nanodiscs. The
additional aggregates at higher and lower size distributions suggest insufficient nanodisc assembly.
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(5-19) are pooled, concentrated, and subjected to SEC. (D) Gel electrophoresis of fractions from SEC.
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Figure 10: DLS analysis of Syntaxin-1A nanodiscs. Fractions after SEC containing the highest protein
concentration were inspected by DLS analysis. Mean size distribution of a diameter of approximately 12
nm was observed in all fractions. Higher size distributions presumably correspond to liposome species or
insufficient nanodisc assembly. Note that, the DLS analysis of fraction 25 also revealed a high homogeneity,

however, was not used for further experiments, as this fraction did not contain the highest Syntaxin-1A and
MSP concentration.
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7.2 Supplementary Tables

Table S1: m/z ratios of single-component liposomes in denaturing MS experiments (see Figure 14A).

composition m/z experimental m/z theoretical
[DOPCs)? 1966.00 1966.26
[DOPCs]** 2358.80 2359.35
[DOPC/]* 2752.90 2752.40
[DOPC,J** 2883.53 2883.42
[DOPCy,]** 3145.40 3145.46
[DOPGs+(NH4)s]** 1963.91 1963.10
[DOPGs+NH,]* 2342.67 2341.12
[DOPG7+(NH4)3]?* 2738.96 2737.13
[DOPGg+(NH4),]?* 3118.22 3115.15
[DOPSs]* 1970.85 1969.80
[DOPSg]** 2102.45 2101.09
[DOPS;]* 2364.63 2363.60
[DOPSy,o]** 2627.48 2626.11
[DOPS]* 2758.90 2757.36
[DOPS1.]** 2890.32 2888.61
[DOPS]* 3153.17 3151.12
[DOPE3]* 2232.60 2230.11
[DOPE-]** 2604.87 2601.63
[DOPE]** 2480.78 2477.79
[DOPEw]* 2728.63 2725.45
[DOPE,]* 2977.15 2973.14
[DOPE5]** 3224.66 3220.82
[DOPE4]* 3473.17 3468.50
[DOPE5)* 3721.69 3716.18
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Table S2: m/z ratios of single-component liposomes in native MS experiments (see Figure 14B).

composition m/z experimental m/z theoretical
[DOPCs]* 1965.73 1964.99
[DOPCs]** 2358.46 2357.78
[DOPC/)* 2751.73 2750.58
[DOPC.]* 3145.11 3143.38
[DOPCs]** 3930.89 3928.97
[DOPG3]* 2328.85 2323.12
[DOPG4]* 3104.68 3097.15
[DOPGs)* 3878.56 3871.19
[DOPSs]* 1970.63 1969.83
[DOPS;]* 2364.79 2363.60
[DOPSy,o]** 2627.83 2627.11
[DOPS;]* 2759.07 2757.36
[DOPS..** 2890.74 2888.62
[DOPS,]* 3153.34 3151.13
[DOPS3)** 3416.33 3413.64
[DOPS,]* 3547.18 3544.89
[DOPSw]** 3678.24 3676.15
[DOPS;5)** 3941.21 3938.66
[DOPE3]* 2232.90 2230.11
[DOPE]* 2977.37 2973.14
[DOPEg]* 3349.31 3344.66
[DOPEs)* 3720.78 3716.18
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Table S3: Results of MaxQuant database search for protein identification.

Protein Score Molecular weight | Spectra Peptides Sequence coverage
(Da) (%)
p4(Qphox 323.21 16000 480 33 100
Melittin 26.876 2847 18 3 84.6
MSP1E3D1 323.21 32599 554 40 87.7
Syntaxin-1A 323.21 33067 1135 50 81.9

Table S4: m/z ratios of p40P"*-proteoliposomes in denaturing MS experiments (see Figure 24A).

composition m/z experimental m/z theoretical
[PA4QPhox]o+ 1841.95 1834.06
[DOPC; + DOPE3]?* 1902.92 1901.92
[DOPC; + DOPE;]* 1923.94 1922.94
[DOPC, + DOPE]? 1944.97 1943.97
[DOPCs)* 1965.99 1964.99
[PA4QPhox &+ 2071.95 2054.12
[DOPC; + DOPE3]?* 2296.22 2294.72
[DOPC, + DOPE;]* 2316.75 2315.74
[DOPCs + DOPE]?* 2337.77 2336.76
[DOPCe]** 2358.60 2357.79

Table S5: m/z ratios of p40P"-proteoliposomes in native MS experiments (see Figure 24B).

composition m/z experimental m/z theoretical
[DOPCs)?* 1967.15 1964.99
[P4QPhox8* 2073.00 2054.12
[DOPC, + DOPE;]* 2317.58 2315.74
[DOPCs + DOPE]* 2338.57 2336.76
[DOPCg)* 2359.64 2357.79
[P40PM>]™ 2368.58 2347.42
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Table S6: m/z ratios of Melittin (M)-proteoliposomes in denaturing MS experiments (see Figure 28A).
Liposomes are composed of DOPC, DOPE, DOPS and cholesterol.

composition m/z experimental m/z theoretical
[M+DOPC+ lysoPE]* 1029.16 1029.10
[M+DOPC+ lysoPC * 1039.68 1039.62
[ lysoPC> 1+ 1043.70 1043.70
[M+ lysoPC+lysoPE,]* 1083.18 1082.87
[M+DOPC+ lysoPE,]* 1093.84 1093.61
[M+ lysoPE]** 1109.69 1109.94
[M+ lysoPC]** 1123.71 1123.95
[M+ DOPE+lysoPC+lysoPE]* 1149.24 1148.93
[M+DOPC+ lysoPC+lysoPE]* 1159.75 1159.44
[M+DOPC 1 1212.12 1212.04
[ DOPE+ lysoPE]** 1223.86 1223.86
[ DOPE+lysoPC 1+ 1265.90 1265.90
[ DOPC+ lysoDOPC 1+ 1307.95 1307.95

Table S7: m/z ratios of Melittin (M)-proteoliposomes in native MS experiments (see Figure 28B).
Liposomes are composed of DOPC, DOPE, DOPS and cholesterol.

composition m/z experimental m/z theoretical
[M+ lysoDOPC 1 1123.57 1123.95
[M+ DOPE P 1196.78 1198.02
[M+DOPC P 1211.51 1212.03
[M3 1™ 1222.84 1221.36
[M4 1 1266.82 1266.55
[ DOPC+ lysoDOPC 1+ 1307.58 1307.95
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Appendix

Table S8: Cross-links Syntaxin-1A

Cross-linking lysine

Protein 1 Protein 2 Cross-linking Score
Position 1 Position 2
Syntaxin-1A Syntaxin-1A 10 117 3.11E-04
Cross-linking serine, threonine, tyrosine
Syntaxin-1A Syntaxin-1A 12 118 2.90E-02
Syntaxin-1A Syntaxin-1A 117 109 5.85E-02
Syntaxin-1A Syntaxin-1A 118 109 5.66E-03
Syntaxin-1A Syntaxin-1A 12 117 3.11E-04
Syntaxin-1A Syntaxin-1A 14 117 1.61E-05
Table S9: Cross-links MSP1E3D1
Cross-linking lysine
Protein 1 Protein 2 Cross-linking Score
Position 1 Position 2
MSP1E3D1 MSP1E3D1 229 101 2
MSP1E3D1 MSP1E3D1 101 86 2
MSP1E3D1 MSP1E3D1 216 86 1
MSP1E3D1 MSP1E3D1 229 86 1
MSP1E3D1 MSP1E3D1 229 216 1
MSP1E3D1 MSP1E3D1 216 101 1
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Appendix

Table S10: Cross-links of syntaxin-1A and MSP1E3D1

Cross-linking lysine

Protein 1 Protein 2 Cross-linking Score
Position 1 Position 2
MSP1E3D1 Syntaxin-1A 101 83 2.9E-01
MSP1E3D1 Syntaxin-1A 74 256 17.1E-01
MSP1E3D1 Syntaxin-1A 140 256 1.37E-01
MSP1E3D1 Syntaxin-1A 216 117 1.3E-01
MSP1E3D1 Syntaxin-1A 74 94 1.04E-01
Syntaxin-1A MSP1E3D1 117 86 1.7E-03
MSP1E3D1 Syntaxin-1A 101 117 4.19E-05
Syntaxin-1A MSP1E3D1 12 86 7.98E-10
Cross-linking serine, threonine, tyrosine
Syntaxin-1A MSP1E3D1 14 86 2.58E-11
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