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Abstract

A large number of cellular processes is regulated by a complex interplay between several
hormones, membrane-embedded proteins and lipids. Especially G protein-coupled receptors
(GPCRs) are one of the most essential classes of pharmacological targets and analysis of
GPCR structure, function, and organization is one of the major challenges in molecular biology.
Membrane biochemistry has benefited in the past from improvements both in terms of sample
preparation (protein expression and purification) and biophysical characterization. However,
finding a suitable membrane mimetic system for membrane protein stabilization as well as for
interaction studies with peptides remains still challenging.

This work explores approaches to overcome these limitations as demonstrated for the GPCR
melanocortin-4 receptor (MC4R) which is known to play an important role in energy homeosta-
sis and most cases of monogenic obesity. Eukaryotic MC4R expression (human and insect
cells) was established to enable insights into the dynamic processes of MC4R-hormone inter-
actions. Contrary to previous reports, our data suggest that bone-derived hormone lipocalin 2
does not activate MC4R.

With the aim to find a suitable membrane mimetic system for isolation of MC4R, we demon-
strate detergent-free reconstitution of the receptor into styrene-maleic acid (SMA) lipid particles
without removal from its native lipid environment. We further make use of the capability of the
amphiphilic SMA copolymer to form lipid particles (SMALPs) out of synthetic lipids to charac-
terize peptide-lipid interaction.

In a similar way, we investigated the effect of membrane-binding on aggregation of the amy-
loidogenic peptide a-Synuclein (aSyn). We show that aSyn-lipid particles (aSyn-LiPs) are able
to effectively induce, accelerate or inhibit aSyn aggregation emphasizing aSyn-LiPs as addi-
tional tool to study various aspects of aSyn amyloid fibril formation.

Finally, we investigate interaction as well as binding modes of different epidermal growth
factor receptor (EGFR) modulators in connection with nanodisc system enabling us to generate
a network of possible EGFR modulators acting on the intracellular domain of the receptor.






Zusammenfassung

Eine Vielzahl an zellularen Prozessen wird durch ein komplexes Zusammenspiel aus ver-
schiedenen Hormonen, Membranproteinen und Lipiden reguliert. Insbesondere G-Protein-
gekoppelte Rezeptoren (GPCRs) stellen eine der wichtigsten Klasse an pharmakologischen
Zielen dar und die Untersuchung der GPCR-Struktur, -Funktion und -Organisation ist eine der
groBBen Herausforderungen der Molekularbiologie. Die Membranbiochemie hat in den letzten
Jahren von den Verbesserungen sowohl in der Probenvorbereitung (Proteinexpression und
-aufreinigung) als auch in der biophysikalischen Charakterisierung profitiert. Trotzdem bleibt
die Suche nach einem passenden biomembranahnlichen System fir die Stabilisierung von
Membranproteinen und fir Interaktionsstudien mit Peptiden eine grof3e Herausforderung.

Diese Arbeit untersucht Ansatze zur Lésung dieser Limitierungen am Beispiel des GPCRs
Melanocortin-4-Rezeptor (MC4R), welcher eine wichtige Rolle in der Energiehomdostase und
in den meisten Fallen von monogener Fettleibigkeit spielt. Die Expression von MC4R wurde in
eukaryotischen Expressionssystemen (humane und Insektenzellen) etabliert mit dem Ziel, Ein-
blicke in die dynamischen Prozesse der MC4R-Hormon Interaktion zu bekommen. Im Gegen-
satz zu vorherigen Berichten deuten unsere Daten darauf hin, dass das von Knochen stam-
mende Hormon Lipocalin 2 nicht zur Aktivierung von MC4R fihrt.

Mit dem Ziel, eine passende Membranumgebung zur Isolierung von MC4R zu finden, demon-
strieren wir die Rekonstitution des Rezeptors in Styrol-Maleinsdure (SMA) Lipidpartikel ohne
ihn dabei aus seiner Lipidumgebung zu entfernen. Weiterhin machen wir uns die Fahigkeit
des amphiphilen SMA Copolymers zur Bildung von Lipidpartikeln aus synthetischen Lipiden zu
Nutze, um die Interaktion von Peptiden und Lipiden zu charakterisieren.

Auf @hnliche Weise haben wir den Effekt der Membranbindung auf die Aggregation des
amyloidogenen Peptids a-Synuclein (aSyn) untersucht. Wir zeigen, dass aSyn Lipidpartikel
(aSyn-LiPs) dazu in der Lage sind, die aSyn Aggregation effektiv entweder zu induzieren, zu
beschleunigen oder zu blockieren, was die Relevanz von aSyn LiPs als zusatzliches Werkzeug
in verschiedenen Aspekten der aSyn Fibrillenbildung unterstreicht.

SchlieBlich untersuchen wir die Interaktion und Bindemodi von verschiedenen Epidermal
Growth Factor Receptor (EGFR) Modulatoren in Verbindung mit der Nanodisc-Technologie,
was es uns erlaubt, ein Netzwerk mdglicher EGRF Modulatoren, die auf die intrazellulare
Domaéne des Rezeptors wirken, zu bilden.






1 General Introduction

1.1 G protein-coupled receptors

G protein-coupled receptors (GPCRs) are cell surface molecules embedded in the plasma
membrane. Due to their ability to detect either physical (e.g. light) or in most cases chemical
(e.g. hormones, neurotransmitters) stimuli, GPCRs are responsible for a large number of cel-
lular responses to external signals [1]. They represent the largest and most diverse class of
integral membrane proteins with almost 800 GPCRs encoded by the human genome, of which
460 are predicted to be olfactory receptors [2]. Despite this large variety, GPCRs share in com-
mon seven transmembrane helices of around 25 to 35 amino acids linked by extracellular and
intracellular loops.

Upon binding of different ligands, such as organic molecules, peptides or proteins, GPCRs
transmit the signal from the extracellular space of the cell to the cytosol by coupling to gua-
nine triphosphate binding proteins (G-proteins). Ligands can either activate (agonist) or block
(antagonist) the receptor. Some ligands act as an inverse agonists, they decrease the basal
activtity of the receptor.

Based on sequential and structural similarities, GPCRs can be divided into five main fami-
lies: the rhodopsin familiy (701 members), the adhesion family (24 members), the frizzled/taste
family (24 members), the glutamate family (15 members), and the secretin family (15 mem-
bers) [2, 3].

Their central role as well as their position on the cell surface, makes them a highly attractive
target for pharmaceutical drugs. Approximately 50% of all modern drugs on the market are tar-
geting GPCRs [4,5]. Remarkably, these drugs target only 5% of receptors, which highlights the
pharmaceutical impact of GPCRs [6]. In the past years, much progress has been made in the
structural characterization of membrane proteins. However, structures of membrane proteins
are still largely underrepresented and it is crucial to further investigate their structural biology.

1.2 Melanocortin-4 receptor

The melanocortin-4 receptor (MC4R) is one of the five known melanocortin receptors and mem-
ber of the G protein-coupled receptor (GPCR) family. Despite also being found in peripheral tis-
sue, MC4R is predominantly expressed in the brain and therefore together with MC3R referred
to as neural MCRs [7]. The physiological functions of MC4R include regulation of body weight
via regulation of appetite as well as energy homeostasis, making it a potential therapeutic target
in both anorexia and obesity [8—10].

The central agonists of MC4R belong to the melanocortin family, namely a-,B-,y-melanocyte-
stimulating hormone (MSH) and adrenocorticotrophic hormone (ACTH) which all result from
post-translational processing of proopiomelanocortin (POMC) [7]. All ligands share in common
a conserved tetrapeptide sequence Hisg-Phez-Argg-Trpg [10—15], which is essential for receptor



1 General Introduction

activation [16,17]. Recently, constitutive MC4R activation by its own N-terminus was shown [18].
Unique to the melanocortin family is that they have endogenous inverse agonists for their target
receptors, such as Agouti-related Protein (AGRP) and Agouti signaling proteins (ASIP).

Pathogenic mutations in the MC4R gene have been described as the most common mono-
genic cause of obesity [19]. Increased MC4R signaling is thought to cause a negative energy
balance resulting in decrease in body weight despite the initial identification of activating muta-
tions of MC4R in obese patients [20].

1.3 Signal transduction by MC4R

GPCR signaling can be seen as a three-component system consisting of a seven-transmembrane-
domain receptor, a trimeric G-protein complex (Gq, Gg, Gy) and an effector. After activation,
GPCRs transmit information either by regulation of cyclic adenosine monophosphate (CAMP)
or by changing the concentration of Ca®* whose accumulation is triggered by inositol-1,4,5-
triphosphate (IP3) [21]. Melanocortins are capable of triggering a broad range of signaling
pathways upon activation [22, 23] from which the cAMP-stimulative Gs-protein-signaling cas-
cade is the most dominant. Activation of this type of G-protein subunit leads to an increase
of cAMP upon GPCR stimulation. A schematic overview of the MC4R activation pathway is
shown in Figure 1.1.

Figure 1.1: Schematics of MC4R signal transduction. Binding of alpha-melanocyte-stimulating hormone (o-
MSH) to MC4R leads to activation of heterotrimeric G-proteins and subsequent dissociation of G,s subunit. Activa-
tion of adenylyl cyclase (AC) leads to an increase in cCAMP that triggers protein kinase A (PKA) mediated changes
in gene expression via activation of CAMP response element-binding protein (CREB). The readout possibilites of
GPCR activation are indicated by Erlenmeyer flasks and will be discussed in more detail in the next chapter. Figure
adapted from [24]

Binding of an external signaling molecule, such as a-MSH, to MC4R leads to a conforma-
tional change of the receptor which in turn triggers the coupling of MC4R to the heterotrimeric
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stimulatory G protein (Ggs). Subsequent dissociation of Gys leads to the activation of adeny-
lyl cyclase (AC) enzymes, which convert ATP to cAMP. cAMP is capable of activating several
classes of effector molecules [25]. The best characterized effectors of CAMP are the cAMP-
dependent protein kinases. Increased cAMP levels lead to activation of protein kinase A (PKA)
which results in the dissociation of the catalytic unit of PKA. Active PKA subunit translocates
into the nucleus and regulates transcription by phosphorylation of the transcription factor CREB
(cAMP response element-binding protein) located in the promotor regions of target genes [25].

1.4 cAMP kit for assaying GPCR activation

The most common method for exploring GPCR signaling is through measuring the changes of
the second messenger cyclic adenosine monophosphate (CAMP). Agonist binding of receptors
that are coupled to Gys protein elevate cAMP levels, whereas activation of GPCRs coupled to
Gy protein leads to dicrease in cAMP. MC4R neurons localized in the hypothalamus signal by
Gos-dependent increase of intracellular cAMP to increase energy expenditure [26].

A number of different kits are available on the market for measuring cAMP levels in the cell.
A very common readout method is provided by reporter genes that contain a cAMP response
element (CRE) that regulates the expression of an enzyme or a bioluminescent protein [27,28].
An alternative approach is based on the use of antibodies that specifically recognize intracel-
lular cAMP as well as exogenous labeled cAMP conjugate acting as competitor. Detection is
based on a Férster resonance energy transfer (FRET) reaction. As this work utilizes the latter
kit, the principle is consequently explained in more detail.

The cAMP dynamic 2 kit from Cisbio can be used for studying both Gys and Gg; coupled
GPCRs. It is based on cAMP accumulation which is achieved by inhibition of degradation to 5’
AMP by 3-isobutyl-1-methylxanthine (IBMX) (Fig. 1.2a). The assay makes use of Homogenous
Time-Resolved Fluorescence (HTRF) technology that constitutes a FRET measurement in a
time-resolved homogenous format [30]. Here, a time delay (50- 150 us) between excitation of
donor and readout of acceptor-emission is introduced to avoid autofluorescence from cells,
buffer or ligands. For this reason the assays makes use of long-emitting donor molecules, such
as europium which has a half-live of 300 ps to 1 ms [30,31].

The cryptate is conjugated with the cAMP-antibody and exhibits emission at 620 nm, whereas
exogenous cAMP is coupled with the acceptor d2. The measurement of endogenous cAMP oc-
curs by competing with d2-labeled cAMP for the anti-cAMP antibody binding sites. The binding
of the antibody to the d2-labeled cAMP brings the donor and acceptor into the proximity range
(Fig. 1.2b). Upon excitation of europium at 340 nm, the energy can be transferred to d2. The
energy of donor and acceptor are in resonance so that the spectral overlap causes the excita-
tion of the acceptor with the resulting emission at 665 nm (FRET signal). The signal is inversely
proportional to the concentration of endogenous cAMP that crowds out d2-cAMP to bind anti-
cAMP antibodies [29]. An increased level of intracellular cAMP leads to disruption of the FRET
signal, whereas inhibition of cAMP production by the cells results in a higher FRET signal. The
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Figure 1.2: Principle of FRET-based cAMP detection. a) Activation of G-proteins occurs upon stimulation of
GPCR and either activates (Gqs) or inhibits (Gy) adenylyl cyclase (AC) which converts ATP into cAMP. b) Intracel-
lular cAMP competes with exogenous acceptor-labeled cAMP for binding to donor-labeled cAMP antibody. Figure
adapted from [29].

analysis of the HTRF assay output occurs in a ratiometric manner, where the signal detected
at 620 nm is divided by the signal at 665 nm. The FRET ratio corrects for system errors and
well-to-well variations caused by the optical properties of the compounds and medium [29].

HTRF based assays allow the direct measurement of cell lysate in the presence of cell culture
medium [32] and can be easily adapted to high throughput screenings.

1.5 Membrane protein solubilization and stabilization

When alone in aqueous buffers, membrane proteins are not well folded and may lack full activity.
For this reason, additional components which provide hydrophobic environment are needed.
Finding a suitable environment with optimal properties for different downstream studies is one
of the largest challenges in membrane protein solubilization. The ideal environment should
accomplish the protein stability and should provide the option of purification to enable the study
of its structural and functional properties.

There are different membrane-mimetic systems commonly used in membrane protein re-
search (Fig. 1.3). These systems have been reviewed extensively [33—35].

The simplest and most popular method for membrane protein isolation is the solubilization
of the biomembrane with detergents. Detergents consist of a hydrophobic tail and a hydrophilic
head and thus act as a surfactant. Solubilization of lipid bilayer matrix with detergents leads to
the formation of micelles which are arrangements of detergent molecules with their polar heads
outside and their hydrophobic tails inside. Micelles are rather small in diameter (4-6 nm) and
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shield the exposed hydrophobic parts of the membrane protein with detergent tails inside the
micelle (Fig. 1.3a). Micelles are no static formations since detergent molecules are always ex-
changing with monomeric detergent molecules in the solution. As a result, membrane proteins
show a lower stability and may be denaturated in micelles [36, 37].

Another possibility that provides a non-bilayer environment for stabilization of membrane
proteins is the use of amphiphilic polymers (amphipols). These polymers adsorb onto the hy-
drophobic surface of membrane proteins and conserve their structure (Fig. 1.3b). Amphipols
provide a more advanced platform since they improve the stability of membrane proteins (re-
viewed in [38]), especially this has been shown for 7-transmembrane proteins [39].

non-bilayer
systems

bilayer

systems

Figure 1.3: Membrane-mimetic systems for membrane protein stabilization. Models proposed for membrane
protein stabilization in aqueous media. Protein can be stabilized in non-bilayer systems like detergent micelles (a)
and ampbhipols (b) or by using bilayer systems such as bicelles (c), nanodiscs (d) or styrene-maleic acid (SMA) lipid
particles. Figure from [34].

A huge drawback of using detergents and amphipols is the lack of lipid bilayer environment
which can be an issue because of the importance of such an environment for structure, function,
and stability of membrane proteins [37].

One strategy to overcome this issue is to reconstitute membrane proteins into systems of
phospholipids, i.e. as vesicles or bicelles. Vesicles allow studying the effect of lipid composition
on structural and functional properties of the proteins, however a great disadvantage is the
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relatively large size which complicates optical spectroscopy due to light scattering [34]. Bicelles
are discoidal formations obtained by mixing short-chain phospholipids with detergents in a
defined ratio (Fig. 1.3c) [40]. Bicelles have sizes ranging from 8-50 nm in diameter [41] and
are suitable for NMR spectroscopy [42]. However bicelles are limited in the choice of lipids and
often lack stability.

A relatively new platform for stabilization of membrane proteins is the nanodisc technology
which was developed by Sligar et al. [43,44]. Nanodiscs consist of an assembly of phospholipids
wrapped around by an amphipathic apolipoprotein, called membrane scaffold protein (MSP)
that shields the hydrophobic core of the lipids from the aqueous phase (Fig. 1.3d). Nanodiscs
typically have a diameter of 10 nm, but specific MSP proteins have been engineered with the
aim to form smaller nanodiscs [45]. The optimal control of size makes nanodisc an excellent
platform for many biophysical studies characterizing membrane proteins.

The SMA copolymer

Even though there has been made a lot of progress in developing different membrane-mimetic
systems for stabilization of membrane proteins, all these system as described above have the
disadvantage that they require the use of a detergent for extraction of the protein from mem-
branes. In order to reduce the problem of destabilization by detergents, alternative approaches
have been developed from which the solubilizing effects of amphipathic styrene-maleic acid
(SMA) is the most promising [46]. In contrast to detergents, addition of SMA to lipid membranes
leads to the formation of discoidal particles with a diameter of approximately 10 nm retaining
the bilayer organization (Fig. 1.3e) [47]. The most striking feature of SMA is its capability to
extract and stabilize membrane proteins from membranes without the need of a solubilization
with detergents [48].

SMA is synthesized by a radical chain reaction of styrene and maleic anhydride monomers
which leads to the formation of styrene-maleic anhydride copolymers (SMAnh). By hydrolysis of
SMAnNh, the copolymer is transformed into its solubilization active form [49,50]. When changing
the monomer ratio, the overall styrene-to-maleic anhydride ratio can be modified. In this thesis,
we will focus on copolymers obtained by Polyscope, such as Xiran 25010, Xiran 30010, and
Xiran 40005 with a styrene-maleic acid ratio of 3:1, 2.3:1, and 1.2:1 respectively. SMA with
2.3:1 and 3:1 ratio are the most commonly used polymers. For solubilization of lipid bilayers,
the polymers are used at pH between 7 and 8, at which SMA adopts a random coil conformation
with the best compromise between electrostatic interactions and hydrophobic effect [34].

1.6 Recombinant protein expression in insect cells
The use of eukaryotic cells has emerged as a popular system for recombinant protein ex-

pression. Especially when posttranslational modifications and correct disulfide-bond formation
are important for protein folding and activity, eukaryotic expression systems are the preferred

10
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choice. Among these systems, the baculovirus-infected insect cell platform has become a pow-
erful tool to express for structural and functional studies.

The baculovirus expression vector system (BEVS) came up in the 1980s as a novel tool
for heterologous protein expression [51]. The system uses insect cell lines, which are infected
by baculoviruses (BV) to express the protein of interest. The most widely used BV is the lytic
Autographa californica nuclear polyhedrosis virus (AcNPV) [51,52]. AcNPV is able to infect a
wide range of cell lines making it suitable for cell suspension culture expression.

At present, three main types of insect cells are used for recombinant protein expression - Sf9,
Sf21 and Tn5. Sf21 cells were isolated from ovarian tissue of the American fall army worm’s
(Spodoptera frugiperda) pupal tissue, whereas Sf9 cell line is a substrain of Sf21 [53]. Tn5 (also
called High-Five™) cells originate from the ovarian cells of the cabbage looper ( Trichoplusia ni,
Tn) [54]. The strains have different characteristics in terms of growth rate, virus production and
protein expression. Sf9 cell line is the strain with the highest virus production, whereas Tn based
cells have been described to be more efficient in overall protein yield and especially in terms
of secretion [55-57]. A new Trichoplusia ni cell line BTI-Tnao38 has been established [58]
and preliminary studies showed a tenfold susceptibility to baculovirus infection as well as a
considerably higher protein expression yield compared to Sf9 cells [59].

Once in the cell, the BV infection cycle consists of three phases - the early, late and very
late phase. The early phase is characterized by the attachment to the host cell and the release
of the viral DNA into the host cell which results in a suppression of the cellular gene expres-
sion [60]. Virus entry is taking place via clathrin-mediated endocytosis in less than one hour.
10 to 20 hours post infection (hpi) viral DNA is replicated in the nucleus of the infected cell
(late phase). During the very late phase (24-72 hpi) of the infection cycle, enveloped virions,
which are embedded in a matrix comprised of polyhedrin are formed. The protein polyhedrin is
expressed under the control of the very strong polh promoter and accounts for 50% of the total
protein content on an infected cell. Polyhedrin is non-essential for virus replication, and its gene
can be replaced by other genes to create a recombinant virus for foreign gene expression.

A milestone in the development of the BEVS was the observation that transfection of viral
DNA alone could cause baculovirus infection [61]. This so called baculovirus shuttle vector
system [62] (commercially available as Bac-to-Bac™, Invitrogen) is based on a modified E.
coli strain (DH10Bac™), which produces by in vivo transposition recombinant bacmid from a
donor plasmid containing the gene of interest (Fig. 1.4). The bacmid is used for transfection of
insect cell lines to generate recombinant baculovirus which can be used for recombinant gene
expression after multiple amplification steps to obtain high titer virus stocks.

Protocols for GPCR expression in several host systems have been established, but up to
now, the baculovirus expression system has turned out to be the most suited and reliable host
system for high amount GPCR expression, a large number of membrane protein structures
have been solved from targets expressed in insect cells [63].
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Figure 1.4: Overview of the Bac-toBac™Baculovirus protocol. After cloning into donor plasmid, the gene of
interest recombines with the parent bacmid in DH10Bac™ E. coli to form an expression plasmid. After selection
via blue/white screening of posititve recombinants, the bacmid is then transfected into insect cells for generation of
recombinant baculovirus particles. Whole protocol can be accomplished in 5-7 days.

1.7 o-Synuclein and Parkinson’s disease

Parkinson’s Disease (PD) is the second most common neurodegenerative disease, the risk to
develop PD is 2% for men and 1.3% for women [64]. The main characterisitic symptoms of
PD are muscle stiffness, slow movement, tremor and postural instability [65]. Pathophysiologi-
cally, PD displays a degeneration of dopaminergic cells in the substantia nigra, a region of the
midbrain that is involved in motor control and reward [66]. A characteristic feature of PD is the
intraneuronal formation of aggregated protein called Lewy bodies [67]. This formations mostly
consist of aggregates of endogenous protein called a-Synuclein (aSyn).

The aggregation of aSyn is the central pathogenic characteristic of PD [68—73]. aSyn is a
protein of 140 amino acids and 14.5 kDa that is expressed in the central nervous system (CNS).
aSyn consists of an amphiphatic N-terminus (residues 1-60), a hydrophobic, aggregation-prone
middle region, the so-called non amyloid-f component (NAC region, residues 61-95) and a
highly negatively charged C-terminus (residues 96-140). The NAC region has been shown to
be involved in B-sheet and fibril formation, as reported recently upon structure determination by
solid-state NMR [71].

The physiological role of aSyn is not fully clear to date, it is assumed that it is involved in
synaptic vesicle homeostasis [74, 75] as well as in maintenance of soluble N-ethylmaleimide-
sensitive-factor attachment receptor (SNARE)-dependent vesicle fusion [76]. In its cytosolic
form, aSyn is an intrinsically disordered protein (IDP) which lacks a stable secondary struc-
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ture and has a rather unfolded structure (random coil). However, it can form transient contacts
between amino acids from the NAC region which leads to the formation of B-strands in aSyn
fibrils [77].

The aggregation is indirectly toxic to cells, as the depletion of aSyn monomer leads to miss-
function of vesicle trafficking which finally results in increased apoptosis [78].

aSyn is in an equilibrium between a cytosolic and a membrane-associated state which might
be explained by its involvment in synaptic vesicle trafficking, where both membrane association
and cytosolic solubility are needed. The presence of lipid membranes induces formation of a
positively charged a-helix in the N-terminus and the NAC region of aSyn [79]. When binding
to negatively charged lipids, aSyn forms an a-helical fold that spans residues 3 to 92 which
contain repeats of lysine-rich sequences interspaced with hydrophobic residues [80]. Recent
studies showed that the presence of lipds can modulate aSyn aggregation behaviour [81-83].

Interestingly, it has also been shown that aSyn, due to its amphiphatic character, can stabilize
lipid bilayers analogous to the membrane scaffold protein (MSP) [84,85] and that stable aSyn-
lipid particles (aSyn-Lips) can be assembled in vitro using similar approach as for nanodisc
preparations [86, 87].

Monitoring aSyn aggregation in vitro is commonly performed by usage of so called Thioflavin
T (ThT) assays. ThT is a fluorescent dye that binds to B-sheet-rich structures of amyloid ag-
gregates which enhances its fluorescence emission (~100-fold) [88]. ThT is a very popular tool
in protein aggregation studies, due to its high sensitivity and the possibilty to use it in high-
throughput screens.

Other than that, atomic force microscopy (AFM) is a suitable method for analysis and char-
acterization of amyloid aggregates. AFM is a very high-resolution type of scanning probe mi-
croscopy, where the information is gathered by scanning of a planar surface with a mechanical
probe. AFM provides a resolution down to <0.1 nm which allows detailed imaging of amyloid
fibrils.

1.8 Regulation of EGFR

The epidermal growth factor receptor (EGFR) is a major regulator of proliferation in epithelial
cells acting as an interface between cells and their environment. Missregulated EGFR activation
can lead to hyperproliferation and the development of cancer. So far, drug research focussed
either on the extracellular sensory unit or on the intracellular kinase domain which transduces
the signal to downstream effctors. The so-called juxtamembrane (JM) segment connects these
two receptor domains and has been shown to be a site of modulation of EGFR activity by
intracellular factors [89-92]. So far, little is known about possible interaction partners of JM.
It has been shown that the cytosolic protein calmodulin (CaM) binds to the N-terminal part of
the JM segment in a calcium-dependent manner [93, 94] enhancing EGFR activation [95, 96].
Identification and characterization of further binding partners allows to get better insights into
EGFR activation.
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1.9 Scope and objectives

A large number of cellular processes is regulated by a complex interplay between several hor-
mones, membrane-embedded proteins and lipids. Membrane biochemistry has benefited in the
past from improvements both in terms of sample preparation (protein expression and purifica-
tion) and biophysical characterization. However, finding a suitable membrane mimetic system
for membrane protein stabilization as well as for interaction studies with peptides remains still
challenging.

This work explores approaches to overcome these limitations. Figure 6.17 summarizes the
specific aims of this thesis.
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Figure 1.5: Summarizing scheme of this PhD thesis. The objectives can be classified into peptide-receptor
interaction (I + 1) and peptide-lipid interaction (lll, IV, V). MC4R - Melanocortin-4 receptor, SMA - styrene-maleic
acid, SMALPs - SMA lipid particles, AC - adenylyl cyclase, ATP - adenosintriphosphate, cAMP - cyclic adenosine
monophosphate, PKA - protein kinase A, CREB - cAMP response element-binding protein, LCN2 - lipocalin 2,
ACTH - adrenocorticotropic hormone, aSyn-LiPs - aSynuclein-lipid particles, MSP - membrane scaffold protein,
JM - juxtamembrane (segment of Epidermal Growth Factor), CaM - calmodulin, ARNO - ADP ribosylation factor
nucleotide binding-site opener
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The first objective is the expression and functional characterization of melanocortin-4 recep-
tor (MC4R) in eukaryotic expression systems (Chapter 2). This study is divided into two main
sections: the first one is focussed on expression and purification (la in Fig. 6.17) and the sec-
ond one on functional characterization in cells (Ib). The latter is addressed by establishing a
FRET-based cAMP accumulation assay that is applied to human and insect cell lines. MC4R ex-
pression is optimized in insect cells and extraction is explored using styrene-maleic acid (SMA)
copolymer.

The second objective is testing the previously reported agonistic effects of lipocalin 2 (LCN2)
on MC4R. This includes biophysical characterization of LCN2 as well as functional studies
using cell-based cAMP assay (Chapter 3, II).

The third objective is establishing a method for determination of interaction of peptides with
lipid membranes. This is addressed by combining SMA lipid particles with microfluidic diffu-
sional sizing measurments (Chapter 4, Il1).

In a similar fashion, the fourth objective is to explore the effect of aSyn lipid particles
(aSynLiPs) on aSyn amyloid fibril formation. We optimized and characterized aSynLiPs as-
sembly with different lipids and use aggregation assays to investigate the influence of aSynLiPs
in aSyn aggregation (Chapter 5, IV).

The fifth objective is the investigation of a network of possible epidermal growth factor re-
ceptor (EGFR) modulators. We explored interaction as well as binding modes of different mod-
ulators using microscale thermophoresis (MST) and nuclear magnetic resonance (NMR) in
connection with nanodisc system (Chapter 6, V).

Overall, the objectives can be classified into peptide-receptor interaction (I + 1) and peptide-
lipid interaction (Ill, 1V, V). Due to existing limitations for all objectives the development of new
methods tailored to advance the respective field is a central element of the presented work.
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2 Insights into Hormone - GPCR Interactions:
Enhancing eukaryotic MC4R expression for
structural studies

2.1 Abstract

Feeling hungry - or saturated is predominantly regulated in the brain by a complex interplay be-
tween several hormones and a membrane-embedded protein called melanocortin-4 receptor
(MC4R). MC4R belongs to the pharmacologically extremly important class of G protein-coupled
receptors (GPCRs) and so far there are no experimental high-resolution insights into the com-
munication of the different ligands and accessory proteins that regulate receptor signaling.

Here we report successful improvements in MC4R expression by using baculovirus infected
insect cells. Expression rates could be significantly increased in comparison to HEK293-based
expression. The recently developed Tnao38 cell line showed evidence to give even more ex-
pression yields compared to commonly used Sf9 cell line. Furthermore we established a FRET-
based cAMP accumulation assay for MC4R in both, HEK293 and insect cell lines, which allows
reliable characterization of ligand interaction with the receptor.

We also demonstrate detergent-free reconstitution of MC4 receptor into styrene-maleic acid
lipid particles (SMALPs) from Tnao38 cell membranes. This promising approach demonstrates
that MC4R can be extracted and purified without removal from their native lipid environment for
biophysical characterization.

2.2 Introduction

Expression of recombinant GPCRs

Study of integral membrane proteins is one of the major challenges in molecular biology. Mem-
brane proteins play a key role in the biology of the cell, as e.g. 20-30% of all open reading
frames in the human genome are predicted to encode for membrane proteins [97]. In the past
years, much progress has been made in the structure determination of membrane proteins.
However, structures of membrane proteins are largely underrepresented, according to the Pro-
tein Data Bank (PDB) out of 110,636 protein structures only 3,282 (2.9%) describe membrane
proteins. Since it is estimated that membrane proteins, and especially GPCRs, represent more
than 50% of drug targets [4] it is crucial to further investigate their structural biology.

The primary bottleneck for structural studies of membrane proteins is the requirement of high
yields of pure and correctly-folded target protein. Progress has been made to produce sufficient
quantity and quality in different host systems.

Mammalian cells provide the most native cellular environment, including correct trafficking
and folding of GPCRs. Overexpressed proteins become usually post-translationally modified
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correctly making mammalian cells ideal to characterize GPCR function and pharmacology [63].
The immortalized human embryo kidney 293 (HEK293) cell line can transiently express recom-
binant proteins and is the most popular cell line to use [98,99]. HEK293 cells can be cultivated
adherently or in suspension, the latter is used for protein production [98].

The baculovirus based insect cell expression system (mainly Spodoptera frugiperda (Sf) or
Trichnoplusia ni (Tn) cells [100]) is a well-established expression system for expression of func-
tional membrane proteins [63, 100]. Nearly all post-translational modifications are identical to
mammalian cells and most GPCRs can be expressed actively [101]. Insect cells can be grown
in serum-free shaker cultures which reduces costs and makes scale-up easier.

Protocols for GPCR expression in all host systems have been established, but up to now, the
baculovirus expression system has turned out to be the most suited and reliable host system
for high amount GPCR expression, and a large number of membrane protein structures have
been solved from targets expressed in insect cells [63].

Purification of GPCRs

The second bottleneck for biophysical characterization of membrane proteins is the need to
solubilization and purification of these proteins [36]. Both process should ideally maintain the
protein’s folding and activity for further downstream applications. Surfactant detergents are able
to solubilize and extract membrane proteins due to their amphiphilic nature, improving the aque-
ous solubility of the protein [102, 103]. Detergents can be classified into three classes based
on their polar head group - ionic, zwitterionic and non-ionic. lonic reagents such as SDS are
regarded as harsh, zwitterionic are milder (LDAQO) while non-ionic detergents are considered
mild [103]. The non-ionic alkyl maltopyranoside detergent DDM has been used most when
solving membrane protein structures (approximately 45%) [104].

A huge drawback of using detergents is the lack of lipid bilayer environment, which can be an
issue because of the importance of such an environment for structure, function, and stability of
membrane proteins [37]. Replacing detergents with better membrane mimetics could prevent
destabilisation of proteins.

Styrene-maleic acid (SMA) is an amphipathic copolymer that, when added to lipids, sponta-
neously assembles into nanoparticles of ~10 nm diameter in which the co-polymer surrounds
a patch of lipid bilayer. Similarily, SMA can also be added to biological membranes which leads
to the formation of styrene-maleic acid lipid particles (SMALPs) containing membrane proteins.
The most striking feature of SMA is the possibility to directly extract membrane proteins from
cells without a detergent solubilization step. This method has been used in various approaches
demonstrating also usability of SMALPs for different biophysical and biochemical techniques to
study membrane proteins [49, 105-108].
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2.3 Material and Methods

HEK cell culture and MC4R expression

HEK293F cells (kindly provided by Dr. Sabine Schriek) were maintained in FreeStyle 293
expression medium (Gibco, Life Technologies) supplemented with 100 Uml~! penicillin and
100 pg mI~" streptomycin and cultured at 37 °C in a 5% CO, atmosphere. For MC4R expres-
sion two different strategies were used: () stable transfection (Il) transient transfection. In both
cases, cells were transfected with pHL-IRES-MCA4R vector, in which human wildtype MC4R is
N-terminally flanked by signal peptide prolactin followed by a FLAG-tag and C-terminally by a
hexahistidin-tag. Stably transfected HEK293F-MC4R cells were developed and kindly provided
by Dr. Sabine Schriek and were cultivated as described above, but with addition of 400 pg ml-
Geneticin (G-418 sulphate, gibco, Life Technologies) instead of penicillin/streptomycin.

For transient transfection, HEK293F cells were split one day before transfection at a density of
600000 cells/ml. Next day cells were transfected using Lipofectamine 3000. 40 ul Lipofectamin
reagent were mixed with 1 ml FreeStyle medium. Separately, 20 ug of MC4R expression vector
were mixed with 40 pul P3000 Reagent in 1 ml FreeStyle medium. Subsequently, mixtures were
combined, incubated for 20 min and then added straight to the cells, followed by incubation at
37°C for 48 h.

Insect cell culture and MC4R expression

MC4R gene with prolactin signal sequence, FLAG-tag and 6x His-tag was excised from
pHLIRES vector using restriction enzymes EcoRIl and Xhol (Thermo) und cloned into the
EcoRI-Xhol site of pFastBac1 vector. The recombinant vector pFastBac1-MC4R was trans-
formed into competent E. coli DH10Bac cells and plated out onto blue/white selective LB-plates
containing 50 pg/ml kanamycin, 10 pg/ml tetracycline, 7 ug/ml gentamycin, 100 pg/ml X-gal, and
40 yg/ml IPTG, and incubated for 48 h at 37 °C. Recombinant bacmid-MC4R DNA was iso-
lated and integration of target gene into bacmid DNA was proved by PCR using M13 forward
and reverse primer as described by the Bac-to-Bac Baculovirus Expression System kit user
manual.

For generation of recombinant baculovirus, 9 x 10° Sf9 cells in mid-log phase were seeded
per well of a 6-well plate in 2ml Sf900Ill medium and allowed to attach. A mixture of 5pug
bacmid-MC4R DNA and 25 pul of CellFECTIN reagent was added to Sf9 cells in 1 ml Sf900lll
medium without antibiotics. After incubation for 5 h at 27 °C, transfection mixtures were removed
and replaced by 2ml Sf900IIl medium containing antibiotics. p1 virus stock was harvested
from cell culture medium 96 h post-transfection. For amplification of viral stock, a 50 ml Sf9
suspension culture was infected with 0.5 ml of p1 stock. p2 stock was harvested 48 h later and
was used to generate high titer virus stock (500 ml).

For receptor expression, both Sf9 and Tnao38 cell lines were used. Cells were cultured at
27°C in Sf900Ill SFM medium supplemented with 50 U/ml Penicillin, 50 ug/ml streptomycin
and 1 ug/ml amphotericin B. Cells at density of 1.5 x 108 per ml were infected with virus and
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incubated for optimal period of time. Cells were collected by centrifugation at 1000 g for 5 min
and stored at -80 °C until further usage.

cAMP assay

cAMP accumulation was measured using the HTRF cAMP Dynamic kit (Cisbio, Codolet France)
according to the manufacturer’s protocol. In brief, cells were diluted in stimulation buffer (cell
culture medium + 500 uM 3-Isobutyl-1-methylxanthin(IBMX)) distributed to 384-well low volume
microplate (Greiner) and treated with the indicated compounds for 30 min (if not indicated
otherwise) at 37 °C. FRET-pair, consisting of cAMP-d2 and Anti-cAMP-Cryptate, was dissolved
in lysis & detection buffer and added to the cell-ligand mixture. The plates were incubated for 60
min at room temperature, and fluorescence was measured at dual emission wavelengths (620
and 665 nm) on a Tecan Spark 10M plate reader. EC5q values were calculated using non-linear
regression in Origin.

MCA4R purification

Frozen cell pellet was resuspended in lysis buffer containing 50 mM HEPES/NaOH, pH 7.4,
150 mM NaCl and EDTA-free protease inhibitor cocktail tablet, then lysed by nitrogen cavita-
tion (500 psi, 15 min, 4°C). Cell debris was removed by low-speed centrifugation (750 g, 20
min, 4 °C), then membranes were harvested by ultracentrifugation (100000 g, 30 min, 4°C).
Membrane concentration was adjusted to 100 mg/ml (membrane weight). For SMA purification
of MC4R, membranes were diluted to final concentration of 40 mg/ml with solubilization buffer
containing 50 mM HEPES/NaOH, pH 8, 150 mM NaCl and SMA was then added to a final con-
centration of 2.5% (w/v). Samples were incubated at 25 °C for 2 h with gentle shaking. Insoluble
material was removed by centrifugation (100.000 g, 5 min, 4 °C).

SMA-solubilized membranes were incubated overnight at 4 °C with Ni-NTA agarose (Macherey-
Nagel) with gentle shaking. The sample was transferred to a gravity flow column, washed twice
with 10 column volumes (CV) of solubilization buffer, then twice with 10 CV buffer supplemented
with 40 mM imidazole. MC4R-SMALPs were eluted using buffer supplemented with 250 mM
and 0.5 CV fractions were collected. Samples of various stages of the purification were ana-
lyzed by SDS-PAGE (12%) and visualized by coomassie G250 staining and immunostaining
using Western Blot with anti-FLAG antibody.

2.4 Results and Discussion

Expression of MC4R in eukaryotic cells

Full length and wild type MC4R was expressed in human cell line HEK293 as well as in insect
cells (Sf9 and Tnao38) with a signal sequence and a Flag-tag N-terminally and a 6x His-tag at
the C-terminus.

20



2.4 Results and Discussion

The prolactin signal sequence, which mainly consists of a hydrophobic region, was added to
ensure localization to the plasma membrane [18,109, 110]. During the process of insertion into
the membrane, the signal sequence gets proteolytically cleaved. Both, FLAG- and 6x His-tag
were added for immunodetection and purification purposes, respectively.
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Figure 2.1: MC4R expression in different cell types. a) MC4R expression in HEK293F cells was monitored after
transfection at timepoints as indicated. b) Comparison of MC4R expression in different cell types. Cell pellets (1
x 108 cells) were lysed with RIPA buffer and subsequently analyzed by SDS-PAGE and immunoblotting using a
monoclonal anti-FLAG tag antibody.

As HEK293 cell line is commonly used for heterlogous expression of GPCRs [98], we first
examined this cell line for expression of MC4R. Cells were transfected with exression construct
and incubated for 96 h taking samples in 24 h intervalls. MC4 receptor expression was analysed
by Western Blot using a monoclonal antibody against the FLAG-tag. As shown in Figure 2.1a,
specific bands were observed, two most prominent were visible at ~37 kDa showing monomeric
MC4R, and at ~80kDa indicating a MC4R-dimer. MC4R expression reaches maximum at 48 h
after transfection.

Next, we compared MC4R expression rates of HEK293 cells with those of insect cells. Fig-
ure 2.1b shows the result obtained from Western Blot. Both, Sf9 and Tnao38 cell lines were
capable of producing higher rates of MC4R. Especially the newly developed Tnao38 cell line
suits particularly well for expression of MC4 receptor (Fig. 2.1b).

For determination of optimal MC4R expression conditions in Tnao38 cells, we infected
Tnao38 cells in small scale experiments with different dilutions (50x - 5000x) of p3 viral stock.
Tnao38 cells were sampled at various timepoints post-infection and analyzed for MC4R protein
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Figure 2.2: MC4R expression optimization in Tnao38 cells. Insect cells are infected with different dilutions of
virus (50x - 5000x) and harvested at different time points (0 - 84 h). Samples were analyzed by Dot Blot using an
anti-FLAG tag antibody.

expression by dot-blot analysis (Fig. 2.2). Increasing amounts of baculovirus resulted in a slight,
dose-dependent increase in MC4R expression with a peak around 36 and 48 h post-infection,
especially when diluting virus 50-100-fold. MC4R expression is regulated by the polyhedrin
promoter which gets activated in the very late phase of baculoviral infection [111]. Consistent
with that, MC4 receptor protein expression starts 24 h after infection with virus.

Cell-based Assay for MC4R activity
Optimization process of cCAMP assay in HEK293F cells

cAMP is a second messenger and one of the most important intracellular mediators. Changes in
intracellular cAMP levels correlate with GPCR activation in particular for G,s-coupled GPCRs.
Measurments of CAMP levels can be used as an assay for GPCR activity. In this study we
used the Cisbio Dynamic HTRF kit which is based on a competitive immunoassay between
intracellular cAMP produced by the cells and cAMP labeled with the acceptor dye d2. Both
cAMP molecules compete for binding to a cAMP-specific antibody labeled with a dye (europium
cryptate) that acts as donor. The specific signal generated by Fdrster resonance energy transfer
(FRET) is inversly proportional to the cAMP concentration in the sample. This kit allows the
measurment of agonist and antagonist effects on Ggs- and Gg;-coupled receptors in different
cell lines.

To optimize assay parameters, a CAMP standard curve was prepared with known cAMP con-
centrations to establish the relationship between the actual cellular response and the assay
readout (Fig. 2.3a). The results are usually processed as ratio (Delta F) of acceptor wavelength
(665 nm) and donor wavelength (620 nm). The measured signal has an inversal sigmoidal rela-
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Figure 2.3: Optimization of assay parameters for performance of cAMP HTRF assay in HEK293 cells. a) Cal-
ibration curve for cAMP without cells. cAMP was used at concentrations from 0.17 to 712nM. n=3 b) Optimization
of cell number. Increasing numbers of HEK293F cells overexpressing hMC4 receptors were either incubated with
100 nM NDP-a-MSH (stimulated) or with stimulation buffer (non-stimulated). n=2 ¢) Cell response to Forskolin titra-
tion. A total of 5000 HEK293F cells expressing hMC4R were incubated with increasing concentrations of Forskolin.
n=3 d) Optimization of incubation time. MC4R expressing HEK293F cells were inubated with 100 nM NDP-a-MSH.
cAMP accumulation was measured in 5 min intervalls. n=3

tionship with the log concentration of CAMP. The linear dynamic range of the assay is between
a Delta F of 0.1 and 0.5. It is important that assay conditions are optimized so that the signal
is in the linear range. Most importantly, the amount of cells that is used per well has to be
optimized. The largest difference between non-stimulation and stimulation with NDP-o-MSH
of MC4R expressing HEK293F cells is seen for 3000 and 6000 cells (Figure 2.3b). When cell
number is too large, the sensitivity is too low to discriminate between cAMP upon activation and
basal cAMP expression. For further experiments, 5000 cells were used, if not indicated other-
wise. Forskolin is a cell-permeable activator of adenylyl cyclase (AC) and raises cAMP levels in
the cell [112]. It is used as a positive control for Gs-based assays as it allows determination of
maximal intracellular cAMP accumulation. We performed a titration of forskolin experiment with
HEK293F-hMC4R cells. Upon treatment with forskolin, a dose-dependent cAMP accumulation
could be observed with a maximal induction at 10 uM (Fig. 2.3c). Finally, we optimized the du-
ration of ligand incubation. Upon stimulation with NDP-a-MSH, maximal cAMP accumulation
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builds up after 20 min (Fig. 2.3d). The phosphodiesterase inhibitor IBMX was used during the
assay to prevent degradation of cAMP. To ensure complete cAMP generation, an incubation
period of 30 min was chosen for cAMP assays.

Characterization of MC4R activation

The evaluation of MC4R signaling pathways is of importance as it is one of the most im-
portant targets for antiobesity therapeutics. A variety of endogenous ligands interact with the
melanocortin receptors. Agonists derive from the proopiomelanocortin (POMC) gene [113] and
stimulate the receptors leading to increased cellular cAMP levels. A highly conserved His-Phe-
Arg-Trp core sequence of the agonists is important for recognition and activation of the receptor
(Fig. 2.4) [114].

o-MSH: Ac-SYSMEHFRWGKPV-NH,
y-MSH: YVMGHFRWDRW-NH,
ACTH: SYSMEHFRWGKPVGKKRRPVKVYPNGAEDSAEAFPLEF

NDP-a-MSH: Ac-Ser-Tyr-Ser-Nie-Glu-His-DPhe-Arg-Trp-Gly-Lys-Pro-Val-NH,
SHU 9119: Ac--Nle-c[Asp-His-DNal(2‘)-Arg-Trp-Lys]-NH,

Figure 2.4: Amino acid sequence of classical melanocortin ligands. Molecular recognition of POMC-derived
naturally occuring agonists is based upon the conserved His-Phe-Arg-Trp (HFRW) motif.

Unique to the melanocortin system is the fact that the receptors have both naturally occuring
agonists and inverse agonists. AGRP and ASP are the only known endogenous GPCR antag-
onists discovered to date [115—-117].

oMSH is derived from the N-terminal 13 residues of ACTH (Fig. 2.4) and is N-termianlly
acetylated for increased stability [118]. Using the optimized cAMP assay we could demonstrate
that MC4R gets activated by a-MSH with similar sensitivity as by ACTH. The corresponding
ECsp values are 6.52nM (a-MSH) and 5.02nM (ACTH) respectively which is consistent with
values from literature [119]. This result confirmed the functionality and feasibility of the cAMP
accumulation assay in context of MC4R activation.

Our results also show that potency of v-MSH is at least tenfold reduced (ECsq = 75.4 nM)
when compared to a-MSH and ACTH. NDP-a-MSH is an a-MSH analog and was shown to
have enhanced potency, increased resistance to proteolysis, and increased duration of action
in comparison to a-MSH [120]. The methionine to norleucine substitution in position 4 and a
replacement of D- for L-phenylalanine in position 7 lead to improved properties (Fig. 2.4). We
can show that the synthetic ligand NDP-a-MSH leads to activation of MC4R with a half maximal
effective concentration of 0.17nM confirming significantly improved potency compared to a-
MSH.
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Figure 2.5: Ligand selectivity of MC4R. Functional activation of MC4R expressed in HEK293F cells after stimu-
lation with different ligands. FRET-based cAMP accumulation assay was used in agonist mode (a) and antagonist

mode (b) A total of 5000 cells expressing were incubated with increasing concentrations of ligands as indicated.
n=3.

The assay can also be used for determination of antagonist activity of a Gg-coupled receptor.
The procedure is essentially the same as for agonist detection. In the antagonist format, an
agonist is added at concentrations that trigger activation and is displaced by the antagonist
resulting in inhibition of cAMP accumulation.

We validated this by using SHU 9119 which is a synthetic derivate of a-MSH [121]. In the
cyclic analog phenylalanine is substituted with a DNal(2’) residue (Fig. 2.4) which changed
the pharmacological properties of the resulting ligand. While SHU 9119 shows agonist activity
at MC1R and MCB5R, it acts as antagonist for the MC3 and MC4 receptors [121, 122]. When
incubated with MC4R expressing HEK293 cells, no changes in cAMP levels can be detected
(Fig. 2.5b). Antagonist properties can be shown when simultaneously incubating with 100 nM
ACTH resulting in a decrease of cAMP levels. ACTH is almost completely displaced by SHU
9119 in high nanomolar concentrations.

Taken together, we could successfully optimize and establish a FRET-based cAMP accumu-
lation assay which enables characterization of agonist as well as antagonist activity of ligands.
We could observe different potencies for MC4R agonists as well as inhibition of cAMP levels by
SHU 9119.

MCA4R activation in insect cells

Insect cell lines are not commonly used for functional GPCR assays even though they have
been widely used as cell system for expression of several challenging eukaryotic proteins [123].
They provide proper protein folding as well as post-translational modifications such as glycosy-
lation. However baculoviral infection of insect cells causes some difficulties for performance of
cell based activity assays. On the one hand, the target protein is expressed very late in the viral
life cycle when cell metabolism is mainly occupied by infection. On the other hand, the bac-
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uloviral expression is lytic for the insect cell and there is only a certain time window between
target protein expression and cell lysis.
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Figure 2.6: Functional characterization of MC4R in insect cells. a,b) Optimization of Sf9 (a) and Tnao38 (b)
cell number for activation assay. Increasing numbers of cells overexpressing hMC4 receptors were either incubated
with 100 nM NDP-o-MSH (stimulated) or with stimulation buffer (non-stimulated). n=3 c) Dose-dependent MC4R
activation of different ligands in Tnao38 cells. A total of 500 cells were used per well. d) Comparison of dose-
dependent MC4R activation by NDP-o-MSH in different cell lines. A total of 500 Sf9 and Tnao38 cells and 5000
HEK293F cells were used per well.

To study agonist-induced receptor activation in insect cells, Sf9 and Tnao38 cell line were
infected with baculovirus encoding MC4 receptor. Functional studies with insect cell were car-
ried out 48 h post-infection when cell viability was above 90%. Stimulation with synthetic agonist
NDP-a-MSH lead to concentration-dependent cAMP formation in infected Sf9 and Tnao38 cells
(Fig. 2.6a+b) with similar potencies compared to MC4R expressed in HEK293 cells (Fig. 2.6¢).
The corresponding ECsq values are 0.24 nM (NDP-a-MSH), 1.23nM (ACTH), and 1.26 nM (o
MSH) respectively.
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Notably, when performing cAMP assay, optimal cell number using insect cells is lower as for
HEK293 cells (Fig. 2.3b). This could be due to the higher amount of receptor produced in insect
cells when compared to HEK293 cells (Fig. 2.1). Interestingly, the signal measured from the
cAMP assay does not extend over the entire linear range (Delta F: 0.1 - 0.5) as observed for the
cAMP standard curve (Fig. 2.3a) or for HEK293 cells (Fig. 2.6d). This is especially the case for
cell numbers between 100 and 1000 where the cells are incapable of producing full amount of
cAMP. Basal cAMP formation in Sf9 and Tnao38 cells is largely increased compared to HEK293
cells which might be due to increased cytosolic stress levels as a result of virus infection.
Nevertheless, baculovirus infected insect cells are suitable for receptor activation studies, since
the EC5q values are comparable to those obtained from HEK293 cells.

Taken together it can be ruled out, that the insect cell lines Sf9 and Thao38 not only show
higher expression rates than human cell lines, but also are capable of expressing functional
MC4R. Moreover, the baculovirus expression system has proven to be a useful platform for
performance of cAMP activity assays.

MCA4R purification

Solubilization and purification of GPCRs from their native bilayer is an important step for in
vitro studies [36]. The use of detergents is the most commonly used approach to mimic the
hydrophobic environment for membrane proteins. Different detergents have been used so far for
solubilization of GPCRs [124]. We performed a detergent screening for a range of detergents
which can be divided into three groups: ionic, non-ionic, and zwitterionic [125]. 12 reagents
that are generally used for solubilization and purification of membrane proteins were tested on
solubilizing MC4R from Tnao38 cell membranes (Fig. 2.7a). Detergents have to be used in a
concentration above their critical micelle concentration (CMC) to form micelles. 1% was chosen
as standard concentration for all approaches, and for solubilization efficiency readout Dot-blot
analysis was used.

The most effective detergent for solubilizing MC4 receptor was the denaturing ionic detergent
sodium dodecy! sulfate (SDS) which provides a reference point as the maximum quantity of
MCA4R extracted from the cell membrane. Non-ionic reagents like DDM and Triton X-100 could
be identified as very effective to solubilize MC4R. DDM has been most successful in solving
membrane protein structures, approximately 45% of published structures used DDM [104].

The zwitter-ionic detergent family Fos-Choline has also been used for solubilization of
GPCRs, Fos-Choline-16 was selected as suitable for human NK1 receptor extraction [126],
and Fos-Choline-12 revealed excellent capabilities for solubilizing membrane proteins at sim-
ilar levels with DDM [127]. However both members of Fos-Choline series showed rather bad
efficiency when extracting MC4R from Tnao38 membrane, the efficiency level is more than
three-fold decreased compared to that of DDM (Fig. 2.7a). Despite the benefit of reasonable
solubilization properties, detergents have their limitations. The presence of lipid bilayer environ-
ment, has been shown to be essential for structure, function, and stability of many membrane
proteins [37].
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Figure 2.7: Solubilization of Thao38 membranes containing MC4R. a, b) Effectiveness of different detergents
(a) and styrene-maleic acid polymers (b) on solubilizing MC4R from Tnao38 cell membranes. Cell membranes with
final concentration of 40 mg/ml were incubated either with final concentration 1% detergent (a) or with final polymer
concentration as indicated (b). Samples were incubated for 1 h at 25 °C and analyzed using dot blot with anti-FLAG
tag antibody. Dot blot raw data can be seen on Fig. 6.6 c, d) Influence of salt concentration (c) and pH (d) on
solubilization efficiency of MC4R by Xiran 30010. All samples contained 2.5% SMA. Salt dependence was checked
at pH 8. pH dependence contained buffer with 150 mM NaCl. Samples were incubated for 1 h at 25 °C centrifuged
at 16 000 g for 30 min and supernatant was analyzed using dot blot with anti-FLAG tag antibody.

We thus studied the extraction of MC4R with styrene-maleic acid (SMA) which has the strik-
ing feature to directly extract membrane proteins from cells without an intermediate step of
conventional detergent solubilization [48]. We tested different concentrations of the three most
widely used Xiran Polymers (Polyscience), Xiran 25010, Xiran 30010, and Xiran 40005. They
differ in average ratio of styrene to maleic acid repeat units which are 3:1 (Xiran 25010), 2.3:1
(Xiran 30010), and 1.2:1 (Xiran 40005) respectively. It can be seen that regarding solubilization
efficiency, SMA polymers are less efficient when compared to detergents (Fig. 2.7b). When
comparing among each other, the solubilization efficiency increases when ratio of styrene to
maleic acid decreases. Xiran 40005 showed the best efficiency when using in higher concen-
trations (5%) but than dropped rapidly when decreasing polymer concentration below 3%. Xiran
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30010 showed overall less efficiency compared to Xiran 40005, but showed better performance
when used in lower concentrations. Xiran 25010 displayed significantly lower MC4R extraction
capability (Fig. 2.7b).

In the further optimization process we focussed on Xiran 30010 polymer due to its better
properties in lower concentration ranges. In order to avoid negative effects on further down-
stream processes due to excessive SMA concentrations we defined 2.5% as optimal SMA
concentration for MC4R extraction from Tnao38 cells. This is also in line with reports from lit-
erature [48,128—130]. For finding best solubilization conditions, environmental factors, such
as ionic strength or pH have to be optimized as reported before [49, 50]. The effect of ionic
strength was investigated by varying the NaCl concentration (Fig. 2.7c). Addition of increasing
amounts of NaCl resulted in decreasing solubilization yields. Optimal amount of NaCl during
solubilization is in a range between 150-300 mM.

In order to investigate the influence of pH on MC4R solubilization, we tested different pH and
analyzed solubilization yields. The results show that yield is significantly lower when decreasing
the pH from 8 to 7.5 or 7 (Fig. 2.7d). Increasing the pH to 9 does not lead to an increase in
solubilization efficiency. The optimal pH for MC4R extraction from Tnao38 membranes by SMA
is 8.

After optimizing the most important parameters for solubilization, we performed purification
of MC4R with SMA. Membranes from Tnao38 cells expressing MC4R were used for larger
scale solubilization and purification. Solubilization parameter were chosen as optimized before,
final concentrations were 40 mg/ml membranes and 2.5% SMA, incubation was performed
for 2 h at room temperature with gentle agitation [131]. The SMA extracted membranes were
then subjected to affinity purification using Ni-NTA beads. Once, SMALPs are formed they are
stable and do not require the addition of further polymer during purification. Figure 2.8 shows
Coomassie stained gel and Western Blot using anti-FLAG tag antibody for detection.

No significant amount of receptor was detected in the flow through, indicating that the recep-
tor was completely captured by the beads. The captured MC4R was eluted primarily in elution
fractions 2-4 (Fig. 2.8a,b). Besides showing signal between 25 and 35 kDa (corresponding to
monomeric MC4R), higher molecular weight migration of MC4R at 70 kDa was observed. This
corresponds most probably to SDS-resistant dimers since protein samples were not boiled to
avoid aggregation [132]. It was shown for GPCRs that they tend to migrate faster in SDS-
PAGE due to their more compact shape after denaturation with SDS [133]. The presence of
monomeric and dimeric forms of MC4R has been described for other GPCRs [134-136]. It has
been shown that MC4R is able to form homodimers [137, 138]. Formation of dimers is sup-
posed to be important for signal transduction [139]. The samples heterogeneity was assessed
by negative stain electron microscopy (Fig. 2.8c). The resulting electron micrographs showed
good particle distribution with mean diameters of particles of ~10 nm. However particles are
rather heterodispers, which might be indication of collapsed or aggregated SMALPs. This out-
come is in line with the SEC profile of MC4R-SMALPs (Fig. 2.8d) which also indicates that the
particles are heterogenous in size distribution.
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Figure 2.8: Purification of MC4R-SMALPs. SMA-solubilized fraction was purified by IMAC and analyzed by
coomassie-stained SDS-PAGE (a) and Western Blot using anti-FLAG tag antibody (b). Abbreviations: FT, flow
through; W, wash; E, elution. c) Representative negative stain micrograph of MC4R-SMALPs after IMAC. Scale
bar represents 20 nm. d) Analysis of MC4R-SMALPs by size-exclusion chromatography using a Superdex 200
10/300 GL column with absorbance measured at 280 nm.

Overall, we could demonstrate the ability of styrene-maleic acid to solubilize Thao38 mem-
branes and the formation of MC4R containing lipid particles which could be purified via IMAC.
However, further optimization work has to be done since the particles seem rather heterodis-
pers which makes a usage for biophysical characterization challenging.

2.5 Conclusion

In this study we were able to express MC4R in both HEK293 and insect cell lines. The use
of the new cell line Tnao38 could further increase expression rates of MC4R as shown in Fig-
ure 2.1b. Insect cells provide a comprehensive folding machinery and provide post-translational
modifications such as glycosylation. With the help of a FRET-based cAMP accumulation assay
we could verify activity of receptor in HEK293 and insect cells and were able to characterize
interaction of different ligands with MC4R. In comparison to Sf9 and Tnao38 cell lines, HEK293
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cells turned out to be more suitable for monitoring signal transduction mediated by G-proteins
(Fig. 2.6d). However, this is the first reported case of successful usage of Tnao38 cell line for
cAMP-based activity assays.

Further we explored the potential of the SMA technology for the purification of MC4 receptor
from baculovirus infected Tnao38 cell membranes. SMA solubilization is highly sensitive to-
wards changes in environmental conditions. We found that salt concentrations in the range of
150-300 mM NaCl lead to most efficient solubilization whereas a high ionic strength decreases
the efficiency. A certain ionic strength is needed to avoid repulsive electrostatic interactions
between anionic membrane lipids and negatively charged SMA [49]. Salt ions shield this re-
pulsion and accelerate solubilization. A (too) high ionic strength (< 300 mM NaCl) may lead to
a reduced exposure of the hydrophobic styrene units which is essential for membrane bind-
ing and insertion. For Xiran 30010 the best solubilization efficiency was at pH 8. Decreasing
the pH to 7 lead to a significantly reduced solubilization efficiency. SMA precipitates when pH
of the solution is below the pK5 of maleic acid. At higher pH, electrostatic repulsion between
the carboxylate groups dominate the hydrophobic effect and the polymer adopts a random coil
formation that dissolves well in aqueous solutions [34].

Once the conditions for solubilization were optimized, we could use SMA for purification of
MC4R from Tnao38 membranes (Fig. 2.8). IMAC could be performed successfully and MC4R
could be found in different states in elution fractions. However, MC4R-SMALPs displayed het-
erogenity in electron micrographs. Here, further optimization processes have to be performed to
form more monodispers particles which then can be used for further downstream experiments.
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3 Characterization of lipocalin 2 and its
interaction with MC4R

3.1 Abstract

Melanocortin-4 receptor (MC4R) can be activated endogenously by binding of melanocyte-
stimulating hormones (MSH), which leads to suppression of appetite (anorexigenic effect). In
contrast, the agouti-related peptide (AgRP) suppresses MC4R signaling activity (orexigenic
effect) since AgRP acts as an endogenous inverse agonist. MC4R plays a key role in the
hypothalamic regulation of food intake and energy expenditure. Naturally occuring inactivating
MC4R variants are the most common monogenetic cause underlying obesity. A recent study
by Mosialou et al. reported that MC4R is activated by the bone derived hormone lipocalin 2
(LCN2) in mice as well as in HEK cells [140]. On the contrary, we show that neither human
nor murine LCN2 trigger MC4R-dependent cAMP activity. In addition, we show that LCN2 does
not influence activation of a-MSH suggesting that both molecules do not compete for the same
binding site.

3.2 Introduction

Regulation of energy metabolism by bones

Bone fulfills a large variety of functions in vertebrates. Beside its key role as structural scaffold, it
is also important as storage for minerals [141]. Since bone remodeling is an energy-consuming
process a linkage has to be assumed to energy metabolism. It could be shown that anorexia
nervosa, a state of low-caloric intake, is associated with osteoporosis in humans [142, 143],
clearly indicating a relationship between energy intake and bone mass. Several hormones like
leptin [144], insulin [145], adiponectin [146] and neuropeptides like NPY [147], orexin [148],
AGRP [149] were identified to be involved in bone remodelling.

Recently, bone has been pointed out as an endocrine organ which regulates energy
metabolism via secretion of bone-specific hormones, so called osteokines. This was shown first
for the hormone osteocalcin, which is produced and secreted by osteoblasts and is involved
in the regulation of glucose metabolism by influencing insulin secretion, insulin sensitivity and
muscle function during exercise [145,150—152]. There is at least one more osteokine that could
be identified, the fibroblast growth factor 23 (FGF23) [153]. FGF23 acts on the kidney and is
responsible for phosphate and vitamin D metabolism [154].

Lipocalin 2

Lipocalin 2 is a 24 kDa protein also known as neutrophil gelatinase-associated lipocalin (NGAL)
due to its initial identification in association with neutrophil gelatinase [155]. Based on high
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structural similarities to other lipocalin familiy members, it was originally thought to be the main
function of LCN2 to be a carrier for small lipophilic compounds [156]. However, it could be
shown that all proposed ligands have weak binding affinities [157]. The "true" native ligand of
LCN2 was identified upon cochrystalization of LCN2 with enterobactin [158] which interacts with
LCN2 through three positively-charged residues. This complex gave rise to the role of LCN2
as an antimicrobial protein that limits bacterial growth by preventing iron acquisition [158, 159].
Reports of immunological roles of LCN2 are quite frequent, such as the one by Zhang et al.
by which LCN2 expression is upregulated in colorectal cancer patients [160]. It has also been
reported that in response to inflammatory signals, LCN2 is expressed in epithelial cells [157].

LCN2 has been found in various states namely monomeric, as a homodimer, and as a het-
erodimer with matrix metalloproteinase-9 (MMP-9,135 kDa) linked by a disulfide bond [157,
158, 161]. Structurally, LCN2 contains a signal peptide of 20 residues [155] enabling it to be
secreted by the cell and a "lipocalin” domain, which structurally consists of an eight-stranded
B-barrel with its loops running in an antiparallel direction, forming a barrel shaped structure.
Due to non-polar residues (tryptophan, valine, phenylalanine) which are present in this region,
this domain is able to bind small hydrophobic ligands like retinol, cholesterol oleate and oleic
acid [162, 163].

Lipocalin 2 as a potential MC4R agonist

Recently Mosialou et al. revealed a previously unknown mechanism for regulation of energy
metabolism. They reported that LCN2 is produced and secreted by osteoblasts and affects ap-
petite and weight in mice [140]. Furthermore, Mosialou et al. showed that LCN2 crosses the
blood-brain barrier, binds to MC4R in paraventricular nucleus (PVN) neurons of the hypotha-
lamus and activates an MC4R-dependent appetite-suppressing pathway even though there is
no sequence or structural similarity to any of the already known MC4R ligands. The potency of
LCN2 should be comparable to the a-MSH analogue Melanotan Il. Binding and activation could
also be shown in cell culture experiments in which LCN2 dose-dependently induced cAMP ac-
tivity in MC4R-expressing HEK293T cells [140]. Here, we wanted to reproduce this results to
gain further knowledge about the interaction between LCN2 and MC4R.

3.3 Material and Methods

Cloning, expression and purification of LCN2

The human LCN2 (hLCN2) gene was amplified from pUC57-hLCN2 (Sigma-Aldrich) using a
primer pair designed for pGEX-6P-2 and pET-SUMO vector, respectively. The mouse Lcn2
(mLCN2) gene was ordered as a DNA fragment (Thermo Fisher) and amplified using a primer
pair designed for incorporation into pET-SUMO vector. The signal peptide coding sequence
was removed from LCN2 constructs. The primers used for the respective constructs are shown
in Table 3.1.
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Table 3.1: List of LCN2 constructs and PCR primers. Primers are listed in 5’-to-3’ orientation.

Construct Vector Used primers, Forward (F) and Reverse (R)

F: GGGGCCCCTGGGATCC, R:

GSThLCN2 PGEX-6-P2 GTCGACCCGGGAATTTTAACCATC

F: GAACAGATTGGTGGTCAGGATAGCACCAGCGATC, R:
SUMO-hLCN2 PET-SUMO AGCAGCCGGATCTCATTAGCCATCAATGCACTGATCAATC
SUMO-mLCN2 SET-SUMO F: GAACAGATTGGTGGTCAGGATAGCACCAGCGATC, R:

AGCAGCCGGATCTCATTAGCCATCAATGCACTGATCAATC

For bacterial expression, E. coli BL21 (DE3) cells were used and cultivated in 2YT medium
at 160 rpm. Protein production was induced at OD 0.5-0.8 with 1 mM IPTG and ran for 3 h at
37°C.

GST-hLCN2 was purified as follows: Harvested cells were resuspended in 4-fold wet pellet
weight of lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl containing a protease inhibitor
tablet (cOmplete Mini, Roche)) and lysed by sonication with a VS70/T tip connected to a Ban-
delin Sonopuls sonicator (30% amplitude, 2s ON, 2s OFF, 5 minutes) on ice. Cell debris was
pelleted at 16 000 g for 20 min at 4 °C. Subsequently, the supernatant was loaded on a pree-
quiliorated GS Trap column (GE Healthcare) to deplete GST-tagged fusion protein from prepa-
ration. After extensive washes, GST-hLCN2 was eluted from the column by adding 10 mM re-
duced glutathione. Eluted samples were dialysed against PreScission cleavage buffer (50 mM
Tris-HCI, pH 7.4, 150 mM NacCl, 1 mM Dithiothreitol), before PreScission Protease was added
in 1:100 molar ratio for 4h at 4°C. GST-fusion protein was removed from the sample by re-
chromatography on a GS Trap column, hLCN2 was pooled and concentrated using Vivaspin
20 (MWCO: 10kDa, Sartorius) followed by size exclusion chromatography on HiLoad 16/600
Superdex 75pg (GE Healthcare). All the collected peak samples were pooled and concentrated
in SEC buffer (20 mM sodium phosphate, pH 7.4, 50 mM NaCl).

SUMO-hLCN2 as well as SUMO-mLCN2 were purified similar as GST-hLCN2 with minor
changes: Sodium phosphate buffer, pH 8 with 300 mM NaCl and 10 mM imidazole was used
for IMAC. Cleared lysate was loaded on a HisTrap Excel column (GE Healthcare) to bind His-
tagged fusion protein. After extensive washes, SUMO-hLCN2 was eluted from the column by
increasing imidazole concentration to 250 mM. Eluted samples were dialysed against Sumo
cleavage buffer (50 mM sodium phosphate, pH 8, 100 MM NaCl, 10 mM imidazole, 1 mM Dithio-
threitol for 2 h at 4 °C, before SUMO protease was added in 1:10 molar ratio for 2h at 30 °C.
Protein samples were then subjected to reverse Ni-NTA chromatography, and concentrated
using Vivaspin 20 (MWCO: 10kDa, Sartorius) followed by size exclusion chromatography on
HiLoad 16/600 Superdex 75pg (GE Healthcare). All the collected peak samples were pooled
and concentrated in SEC buffer (50 mM sodium phosphate, pH 8, 100 mM NacCl).
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HEK cell culture and MC4R expression

HEK293T cells were grown in DMEM supplemented with 10% FBS and 100 U mI~" penicillin
and 100 ug mlI~" streptomycin at 37°C in a 5% CO, atmosphere. For transfection, cells were
plated in a 10cm dish at a density of 500000 cells so as to be 90% confluent next day. 9 ml
medium (DMEM supplemented with 10% FBS and 100 U mI~" penicillin and 100 ugmi-! strep-
tomycin) were used per 10 cm dish. Next day, cells are transfected using lipofectamine 3000.
15 ul Lipofectamine 3000 reagent were mixed with 500 ul OPTIMEM reduced serum medium.
Separately, 5 ug of MC4R expression construct and 20 pl P3000 reagent were mixed with 500 pl
OPTIMEM reduced serum medium. Subsequently, both mixtures were combined, incubated for
10 min and then added straight to the plated cells in their 9 ml culture medium. 12 h later,
transfection medium was removed and replaced with fresh DMEM supplemented with 10%
FBS and 100 Uml~" penicillin and 100 pg ml~! streptomycin. Cells were incubated for further
36 h and then used for downstream experiments by dissociating them using an enzyme-free
cell-dissociation buffer (Gibco, Life Technologies).

cAMP assay

cAMP assay was performed as described in Chapter 2.

NMR spectroscopy

All NMR experiments were performed on Bruker Avance Ill HD* spectrometers operating either
at 600 or 750 MHz, using standard 3 mm tubes and a '3C, 'H, "N triple-resonance probe head.
Samples were measured in 50 MM sodium phosphate pH 7.4, 100 mM NaCl, supplemented
with 10% D,0O and 0.02% NaN3. Data was collected at 37 °C except stated otherwise and pro-
cessed with TOPSPIN 3.5 (Bruker BioSpin) and NMRPipe. 4,4-dimethyl-4-silapentanesulfonic
acid (DSS) was used as a chemical shift standard (100 uM in sample).
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3.4 Results and Discussion

Human LCN2 does not activate human MC4R

The cDNA encoding hLCN2 without N-terminal signal peptide was cloned into pGEX-6P-2 ex-
pression vector to form pGEX-6P-2-hLCN2 construct with a PreScission protease cleavage
site (Fig. 3.1a). The signal peptide is not included in the construct since it gets cleaved once
the protein enters the secretory pathway. The expression of the construct was performed in
BL21(DE3) E. coli strain and showed overexpression after induction with 1 mM IPTG (data not
shown).
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Figure 3.1: GST-hLCN2 construct, purification and functional characterization. a) hLCN2 construct contains
an N-terminal glutathione-S-transferase (GST) tag and a PreScission protease cleavage site b) Coomassie-stained
SDS-PAGE of GST-hLCN2 purification and cleavage. M, Marker; C, whole cell extract; CL, cleared lysate; FT, flow
through; E1, E2, elution fractions 1 and 2; Dia, dialysis of elution fractions; PS, PreScission cleavage; W, wash
fraction of second ac; E, elution fraction of second ac; con, concentrated hLCN2; SEC, hLCN2 gel filtration frac-
tion. ¢) Functional activity of hLCN2 at recombinant hMC4R. HEK293F cells were stably transfected with hMC4R
expression vector and stimulated for 30 min with increasing concentrations of ligands as indicated. Receptor activity
is normalised to 1 uM Forskolin-stimulated response. Experiment was repeated three times.

The fusion protein GST-hLCN2 was purified via affinity chromatography as shown in Fig-
ure 3.1b. The elution fractions showed only low content of impurities. GST-hLCN2 was predicted
to be 47.4kDa based on its sequence, which corresponds to its apparent molecular weight in
SDS-PAGE (Fig. 3.1b). The cleaving efficiency using PreScission protease is above 90% and
hLCN2 could be separated from GST-tag by reverse affinity chromatography. Remaining impu-
rities could be removed by size exclusion chromatography resulting in pure hLCN2 protein that
could be used for structural and functional studies.
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3 Characterization of lipocalin 2 and its interaction with MC4R

In order to study the effect of hLCN2 on hMC4R, HEK293F cells recombinantly expressing
hMC4R were incubated with recombinantly expressed hLCN2 and GPCR activation was mon-
itored via detection of cAMP production in cells. The data show that hLCN2 does not activate
the receptor in a manner which results in significant changes in the level of cAMP production
(Fig. 3.1c). Contrary, stimulation with NDP-a-MSH leads to dose-dependent cAMP activity in
hMC4R-expressing HEK293F cells with an EC5q (half-maximal response) of 0.18 + 0.04 nM.
Note that NDP-a-MSH was used as positive control using the exact same assay conditions
(cells, reagents, read-out).

a Ulp1 cleavage site
AHREQIGGQDSTSDL

__________
_______
_____

b
1st IMAC 2nd IMAC c 1.2 4 hLCN2

kDa M FT W E1 E2Dia SU FT W E SEC < 1.0) m NDFsemBH
100 |== g-—-: S 03]
50w 2 ol

- - @ “~| |sumMo-hLCN2 ©
30|~ — —_ © 04
20|~ = = 2 02

| hLCN2 g +

B - - SUMO 2 0.0] ‘f I

— T T T L T

12 -10 -8 -6 -4

log ligand [M]

Figure 3.2: SUMO-hLCN2 construct, purification and functional characterization. a) hLCN2 construct contains
an N-terminal Hexahistidin as well as a SUMO tag with a cleavage site for SUMO Protease (ULP1). b) Coomassie-
stained SDS-PAGE of SUMO-hLCN2 purification and cleavage. M, Marker; FT, flow through; W, wash fraction;
E1, E2, elution fractions 1 and 2; Dia, dialysis of elution fractions; SU, ULP1 cleavage; SEC, hLCN2 gel filtration
fraction. c) Functional activity of hLCN2 at recombinant hMC4R. HEK293F cells were stably transfected with hMC4R
expression vector and stimulated for 30 min with increasing concentrations of ligands as indicated. Receptor activity
is normalised to 1 uM Forskolin-stimulated response. Experiment was performed in triplicates.

These results are in strong contradiction to Mosialou et al. and it is not clear at this point, if the
five amino acids at the N-terminus (GPLGS, Fig. 3.1a) deriving from cleavage site and multiple
cloning site may have an impact on this result. To exclude that these ’artificial’ residues hinder
proper activation of h(MC4R by hLCN2, we used a new construct in which hLCN2 is fused to
small ubiquitin-related modifier (SUMO) sequence. In contrast to GST-fusion tag SUMO conju-
gation has the advantage of a clean cut with the UBL-specific protease 1 (Ulp1) without leaving
fusion-derived amino acids on the cleaved protein (Fig. 3.2a) [164]. SUMO-hLCN2 was purified
by Ni-NTA chromatography and gel filtration Fig. 3.2b. The result of the activity assay upon
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3.4 Results and Discussion

incubation with previously produced hLCN2 can be seen in Figure 3.2c. It clearly indicates that
(clean) hLCN2 has again no effect on cAMP production in hMC4R expressing cells.

Murine LCN2 does not activate murine MC4R

Mosialou et al. exclusively investigated MC4R-dependent cAMP production of murine LCN2
(mLCN2) [140]. Human and mLCN2 share a high degree of identity at the cDNA level and
62% identical amino acid homology (Fig. 3.3) [165]. The degree of similarity (79%) in amino
acid sequence implies existance of conserved regions ensuring ligand specifity (Fig. 3.3) [158].
However, the human variant of LCN2 associates through a specific disulfide linkage, with matrix
metalloproteinase-9 (MMP-9) [166]. The formation of this 135 kDa heterodimer stabilizes MMP-
9 and thus increases its proteolytic activity [167]. Murine LCN2 lacks the corresponding cystein
residue and is not known to interact with MMP-9 [157]. In regard to immune response it could
also be shown that significant aspects of murine LCN2 cannot be applied to human LCN2 [168,
169]. Although major similarities exist between both variants there are important differences
between human und murine LCN2 in their function.
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Figure 3.3: Protein sequence alignment of human and murine LCN2. The amino acid sequences of human
und LCN2 are compared using Boxshade version 3.21. Black boxes indicate identical residues whereas conserved
residues are shaded in grey. The binding motifs to siderophore and metalloproteinase-9 (MMP-9) are boxed with
orange and blue squares respectively. LCN2 sequences included hLCN2: NP_005555; mLCN2: NP_032517. Note
that LCN2 sequences in this work do exclude the signal peptide.

We decided to test murine LCN2 for murine MC4R (mMCA4R) activation and cloned the cDNA
of mLCN2 into pET-SUMO vector and produced the protein in the same way as the human
variant. Equally, the cDNA of mMMC4R was cloned into the same expression construct as the
human variant. Human and murine MC4R amino acid sequence share 94% identity (Fig. 6.7),
significant differences can be predominantly detected in the extracellular domain (positions 1-
43).

In a first step, the ability of mMLCN2 and a-MSH to activate hMC4R in HEK293F cell line
was measured (Fig. 3.4a). For this purpose, we used both, the hMC4R expression construct
as well as the recombinantly expressed mLCN2 that was used by Mosialou in their studies
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3 Characterization of lipocalin 2 and its interaction with MC4R

[140]. Similarly, we tested activation on murine MC4R Fig. 3.4b. In both cases, a-MSH dose-
dependently induced cAMP activity with an ECsg of 3.17+ 0.3nM (hMC4R) and 1.66 + 0.1 nM
(mMCA4R). In contrast, mLCN2 did not show any agonist activity, neither at human nor at murine
MC4R.
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Figure 3.4: Functional characterization of murine LCN2 in HEK293-MC4R cells. Agonist (a, b, d) and antagonist
(c) activity of mLCN2 at MC4R. HEK293F (a, b, ¢) and HEK293T (d) cells were transfected with hMC4R (a, d) and
mMCA4R (b, c) expression vector and stimulated for 30 min with increasing concentrations of ligands as indicated.
a) HEK293F cells were transiently transfected with pCMV6-XL4 MC4R expression vector. Plasmid and mLCN2
were provided by Mosialou et al. [140]. Receptor activity is normalised to 1 uM Forskolin-stimulated response.
Experiments were performed in triplicates.

To evaluate a possible antagonist activity of mLCN2, we measured the ability of the protein
to inhibit the cAMP accumulation produced by 100 nM o-MSH in mMMC4R expressing HEK293F
cells. As positive control , cells were mixed with a-MSH (100 nM final concentration) and mLCN2
at increasing concentrations. As an initial proof of experimental principle, we incubated 100 nM
o-MSH with increasing concentrations of the MC4R antagonist SHU 9119. The results are
illustrated in Figure 3.4c. SHU 9119 is able to inhibit the activation that is induced by a-MSH
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3.4 Results and Discussion

in a concentration-dependent manner, whereas mLCN2 does not affect the activation via o-
MSH. This result shows that mLCN2 neither has an antagonistic effect on mMC4R nor any
competitive effect on a-MSH binding to mMC4R.

Ultimately, we reproduced our results using the adherent HEK293T cell line, as they were
used by Mosialou el al. [140]. A change of cell type also did not lead to MC4R activation by
LCN2 (Fig. 3.4d).

LCN2 characterization

In order to prove the biochemical and structural inegrity of LCN2, we produced isotope labelled
protein and could obtain structural information of LCN2 using solution NMR. The "H-">N-HSQC
NMR spectra of human and murine LCN2 are shown in Figure 3.5a,b.
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Figure 3.5: Structural comparison of human and murine LCN2. Comparison of ['H;'®N]-HSQC NMR spectra
(a,b) and chrystal structures (c,d) of murine murine (a,c) and human (b,d) LCN2. NMR measurements were taken
on Bruker 700 MHz spectrometer, all samples were supplemented with 10% D,O and DSS as reference. Chrystal
structures of mLCN2 (PDB: 3s26) and hLCN2 (PDB: 116m) are shown in cartoon representation, whereas disulfide
bonds are depicted as yellow sticks. Images were generated with Pymol.
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3 Characterization of lipocalin 2 and its interaction with MC4R

The observed dispersion of chemical shifts for both homologues indicates that both proteins
are well folded. However, the chemical shift pattern of both proteins shows expected differ-
ences, given that the two sequences only share 62% identity(Fig. 3.3). Despite this discrep-
ancy, the human and murine homologues show a very high degree of similarity in their three-
dimensional structure as been illustrated by chrystal structures of both proteins (Fig. 3.5¢,d)
which is also reflected by the overall comparable dispersion in the HSQC spectra (Fig. 3.5a,b).
The high structural identity paired with the low level of sequence homology underlies the con-
served function of the binding domain between different species.

Since LCN2 primarily binds bacterial siderophores, we wanted to figure out, whether possible
ligand binding (i.e. enterobactin) to LCN2 has an effect on its activation of MC4R. With the help
of electronspray ionization mass spectrometry a molecular mass of 20872 Dalton was analyzed.
When calculated by the addition of average isotopic masses of the amino acids (protParam),
LCN2 has a mass of 20874 Dalton. To get rid of any co-purified ligand, hLCN2 sample was
unfolded by 6 M guanidinium hydrochloride, loaded on a desalting column to separate protein
from any possible ligand and then refolded by dialysis [170]. The correct refolding of the protein
was confirmed by 1D "H NMR spectra (Fig. 6.8). Refolded hLCN2 was tested for activation of
hMC4R in HEK293F cells, but still no activation could be observed (data not shown). Taken
together, there is no indication of missfolding after expression and purification of LCN2. Also,
we could verify that there is no copurified ligand in LCN2 sample that could prevent proper
MCA4R activation.

3.5 Conclusion

It was possible to express and purify human and murine homologue of LCN2 with high purity. In
parallel, MC4R from both organisms could be expressed in cell culture using HEK293 cell line.
In order to monitor GPCR signaling, activation of MC4R with different ligands was tested and
proven. This setup was then used to reproduce the results from Mosialou et al. [140]. However,
neither using human constructs (Fig. 3.2) nor with the murine variants (Fig. 3.4), activation of
MC4R by LCN2 could be confirmed. It was reported that in particular murine LCN2 is able
to activate human MC4R in HEK293T cells. We tested this constellation (Fig. 3.2a) but did
not observe any activation even when we used LCN2 sample and MC4R expression construct
directly provided from the authors.

By contrast, the authors could show MC4R activation using our LCN2 protein (Fig. 3.2 and
our pHLIRES-MC4R construct (Fig. 6.9). The onliest difference is the way of detecting activa-
tion.

In this study, an assay was used being based on the use of an antibody that specifically
recognizes both intracellular cAMP and an exogenous labeled cAMP conjugate that acts as
a competitor, followed by detection via FRET reaction (Fig. 1.2) [32]. Mosialou et al. used a
reporter gene assay which monitors the downstream effects of CAMP. Here, a reporter gene
was used that contains a cAMP response element (CRE) which in turn regulates the transcrip-
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3.5 Conclusion

tion of luciferase, whose luminescene is used for readout [27]. Both assays have been used
extensively to monitor characteristics of Gys-coupled GPCRs. It can be assumed that the rea-
son for the completely different interpretations on MC4R activation by LCN2 lies in the fact
that both assays work fundamentally different. FRET-based sensors are tools for direct mea-
surment of cAMP implying a readout immediately after binding between cAMP and the sensor
molecules. In contrast, reporter gene assays are indirect biosensors because there are several
intermediary steps between actual cCAMP concentration and the readout. One has to take into
account the possible interference that may occure during downstream signaling, in particular,
the potential for a response that is generated by more than one signaling pathway. Baker et
al. discovered this phenomenon when characterizing the effect of different beta-blockers on
Bo-adrenoreceptor [171]. They showed that some beta-blockers are actually agonists of the
receptor. The effects on cAMP level were small, while they were significant at the level of CRE-
mediated gene transcription. The route between cAMP and CRE-mediated reporter genes via
PKA was by-passed via the p42/44-MAP kinase pathway. This relates to the fact that ligands
can simultaneously act as an inverse agonist through a Ggs-coupled mechanism while stimu-
lating an alternative G-protein-independent mechanism [171].

It is conceivable that MC4R may signal via a different pathway not detectable with the FRET-
based assay used here. MC4R mainly signals through the activation of Gs, leading to a cAMP-
dependent reaction [172]. However, there is more and more evidence that MC4R is using also
different signaling pathways, such as the extracellular regulated kinase (ERK) pathway [173] or
through binding to different G-proteins such as Gq [174]. It is reported that the latter might be
involved in the anorexigenic effect of MC4R [175].

Based on our results, we can negate that LCN2 dose-dependently induces cAMP activity
in MC4R-expressing HEK293 cells. We could also demonstrate that LCN2 does not influence
activation by known MCA4R ligands like a-MSH indicating, that both molecules do not compete
for the same binding site. A recent publication by Heyder et al. addressed this issue and gen-
erated MC4R homology models as well as complexes with interaction partners [114]. Due to
the lack of molecular data the authors were only able to visualize the spatial dimensions of
both proteins. However they assume a completely different MC4R interaction mode compared
to other peptide ligands [114]. There is neither a sequential nor a structural similarity between
LCN2 and MC4R ligands like o-MSH and AGRP. Mosialou et al. speculated a RGRW motif in
the LCN2 sequence to mimic the binding motif of a-MSH to MC4R [140]. In a-MSH the central
recognition motif HFRW in involved in mediating ligand induced effects [114].

In a recently published study, the influence of LCN2 on Celastrol-mediated reduction of food
intake and body weight [176]. Celastrol is a leptin-sensitizing agent and reported to be the
most effective anti-obesity agent to date [177]. Even though LCN2 protein levels were strongly
upregulated by celastrol, genetic deficiency of LCN2 altered neither the development of diet-
induced obesity, nor the ability of celastrol to promote weight loss. Hence, the authors doubt
the role of LCN2 as major influence on anorexigenic and anti-obesity signaling [176].
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3 Characterization of lipocalin 2 and its interaction with MC4R

To date, neither the binding of LCN2 to MC4R nor its agonistic properties could be repro-
duced and still remain to be unclear. Our data strongly indicate that LCN2 does not directly
activate the MC4R, both in the human and murine system.
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4 SMALPs as a tool for lipid-peptide
interaction

4.1 Abstract

Styrene-maleic acid (SMA) copolymer is a promising new tool in membrane research for sol-
ubilizing membranes. SMA acts as amphiphatic belt stabilizing lipids in the form of nanodiscs.
Here, we investigate the potential of SMA lipid particles (SMALPSs) to characterize lipid-peptide
interaction. In a first step, we tested the solubilization of model membranes with different lipid
composition by SMA resulting in homogenous particles with a diameter of 6 to 10 nm. Fur-
ther, we demonstrate that microfluidic diffusional sizing allows characterization of lipid-peptide
interaction using SMALPs highlighting new applications for SMA lipid particles.

4.2 Introduction

The amphiphilic copolymer Styrene-maleic acid (SMA) has emerged as an alternative to con-
ventional detergents for solubilization of biomembranes [178]. SMA is able to form, similar to
membrane scaffold protein (MSP), a novel class of nanodiscs, referred as SMALPs (SMA lipid
particles) by forming a belt around lipid bilayers. Styrene unit acts as a hydrophobic moiety,
maleic acid as the hydrophilic part [46]. In chapter 2, we demonstrated the capability of SMA
to permeate cell membranes in order to form SMA lipid particles (SMALPs) that contain mem-
brane proteins which can be used for further applications. Besides that, SMA has been shown
to form SMALPs with synthetic lipids [179]. Depending on preparation, SMALPs have a size
between 5 and 30 nm [34]. The most crucial advantage of the SMA method is the absence of
detergent in the protocol, however they suffer from limitations. The biggest drawback of SMA
is its pH limitation as it tends to aggregate at pH below 6.5 [50]. Moreover, SMA copolymer
chelates divalent cations leading to precipitaion which makes a usage under this conditions
challenging. Unlike MSP-derived nanodiscs, lipids are stabilized by the copolymer and do not
contain proteins. As a result, SMALPs should not interfere with protein specific detection prop-
erties, which makes SMALPs an attractive tool for investigation of protein interaction studies
with lipids. One of these detection principles is the post separation labelling used by Fluidity
One instrument (Fluidic Analytics). The fluorescent labelling relies on amine reactive dye and
therefore is specific for proteins, preventing the use of MSP-derived nanodiscs.
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4 SMALPs as a tool for lipid-peptide interaction

4.3 Material and Methods

Preparation of vesicles and SMALPs

Vesicle formation and SMALP preparation was performed as described before [180]. DMPG
and DMPC vesicles were formed by disperion of dried lipids (Avanti) in the buffer (20 mM
sodium phosphate, pH 7.4, 100mM NaCl) to a final concentration of 25mM. Lipid slurry
was vortexed vigorously to mix completely and vesicles were formed spontaneously after
ten freeze/sonication cycles (3 min each step). SMA polymer (Xiran 30010) was dissolved in
the same buffer to a final concentration of 5% (w/v). SMALPs were formed by mixing SMA
polymer and lipids in a 1:1 weight ratio. Samples were then mixed well by vortexing and equi-
librated through two freeze/sonication cycles. Samples were equilibrated at room temperature
overnight. Finally, SMALPs were purified by size exclusion chromatography on a HiLoad 16/600
Superdex 200 pg and a Superdex 200 10/300 GL column, respectively which were equilibrated
with 20 mM sodium phosphate, pH 7.4 and 50 MM NaCl. SMALPs were concentrated using a
Vivaspin concentrator with a 10 kDa MWCO.

Dynamic light scattering (DLS)

DLS was performed on a submicron particle sizer, Nicomp 380 (Particle Sizing Systems
Nicomp, Santa Barbara, CA). Data were analyzed with the Nicomp algorithm using the volume-
weighted Nicomp distribution analysis.

Microfluidic measurments

A Fluidity One instrument (Fluidic Analytics Ltd., Cambridge, U.K.) was used for microfluidic dif-
fusional sizing measurments [181] with post separation labeling [182] using injection moulded
disposable plastic chips.

4.4 Results and Discussion

Following previously described protocols [180], we assembled stable nanoscale lipid parti-
cles using anionic 1,2-dimyristoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (DMPG) and neutral
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) lipids as well as the styrene-maleic acid
(SMA) copolymer as scaffold.

Figure 4.1a illustrates the assembly of SMA lipid particles (SMALPs) after addition of the
copolymer to previously produced lipid vesicles. This process is supposed to follow a three-step
model [34]: Initially SMA binds to the surface of the membrane, followed by the insertion into
the hydrophobic core of the membrane which is driven by the hydrophobic styrene units. Finally,
the membrane is solubilized and stable lipid particles are formed. The resulting SMALPs were
characterized using size-exclusion chromatography (Fig. 4.1). SMALPs could be produced us-
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Figure 4.1: Preparation and characterization of SMALPs a) Schematic representation of assembled SMALPs
after addition of SMA copolymer to vesicles. b-e) SEC analysis of different SMALP preparations. b) SMALPs formed
with DMPC lipid (analytical scale). ¢) Preparative SEC of DMPG-SMALPs. d) Analytical SEC of DMPG-SMALPs
after flash freezing with liquid nitrogen and storage at —20 °C. e) Analytical SEC of DMPG-SMALPs after incubation
with 5 mM CaCls. f) Histogram of DMPG-SMALP particle sizes as determined via dynamic light scattering (DLS).

ing both DMPG and DMPC lipids. The particles elute at similar volumes compared to nanodiscs
and non-assembled SMA copolymer could be separated (Fig. 4.1b,c).

We further characterized the hydrodynamic radius of the resulting particles using dynamic
light scattering (DLS). The overall size distribution is in line with the expected SMALP properties
with diameters from 6 to 10 nm (Fig. 4.1f).

In order to investigate the influence of storage capabilities conditions on DMPG-SMALPs,
we performed SEC experiments after flash freezing with liquid nitrogen and storage at —20 °C.
The similarity of the resulting SEC profile (Fig. 4.1d) suggests that SMALPs can be frozen for
storage, largely facilitating their handling and usage for various approaches.

Notably, SMA is known to chelate divalent cations [50]. We incubated DMPG-SMALPs with
5mM CaCl, in order to test the stability. The resulting SEC profile (Fig. 4.1e) shows that the
SMALPs indeed collapsed and elute within the void volume.

In a next step, we wanted to study the interaction of SMALPs with the MC4R ligand adreno-
corticotropic hormone (ACTH) using mircofluidic diffusional sizing (MDS) which is particularly
well suited for particles in the size range of SMALPs.

The principle of this type of measurement is that the diffusion of proteins and protein com-
plexes in a laminar flow regime within a microfluidic channel is quantified (Fig. 4.2a). The
amount of protein that diffuses across the channel perpendicular to the flow direction is quanti-
fied by measuring the concentrations at the two symmetric channel outlets. Large particles,
such as SMALPs, require a comparatively slow flow rate, in order to provide enough time
for a significant amount of diffusion to occur. Protein quantification is based on a latent fluo-
rophore [182] which reacts with the primary amines of protein molecules after they have left the
main channel, and which renders the proteins fluorescent.
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Figure 4.2: Binding of ACTH to SMALPs. a)Schematic representing the flow of a sample through a microfluidic
chip during MDS analysis. b) Hydrodynamic radius of ACTH (10uM) upon titration with increasing amounts of
SMALPs composed of DMPC (grey) and DMPG (black) using a microfluidic setup. Reference value of ACTH with
lipids is indicated by an asterisk.

A crucial feature of SMALPs in context of interation studies with MDS is that neither the
DMPC and DMPG lipids nor the SMA copolymer are labelled by the fluorophore, thus only
diffusion of ACTH is followed. Here, SMALPs prevail against MSP-derived nanodiscs which are
labelled by the dye as well as liposomes which lack solubility and stability. Previously, NMR and
fluorescence data indicated a charge dependent interaction of ACTH with lipids (unpublished
data). To investigate the interaction, we titrated ACTH with increasing amounts of DMPG- and
DMPC-SMALPs followed by determination of the hydrodynamic radius of the sample. Due to a
lack of experimental data about the copolymer to lipid ratios in SMALPs, we quantified SMALPs
with the initial amount of lipids used for SMALP assembly.

ACTH in the absence of lipids exhibited a radius of 1.7 nm. When incubating 10 uM ACTH with
increasing amounts of DMPG-SMALPs, a progressive increase from 2.67 nm to 7.13 nm could
be oberseved when lipid concentration was increased to 400 uM (Fig. 4.2b). At this condition,
SMALPs bind ACTH up to their binding capacity resulting in SMALPs with a high number of
ACTH molecules per disc. At lipid concentrations below 200 uM unbound ACTH dominates the
sample population and the determined size is almost identical to ACTH alone. Above DMPG
concentrations of 400 uM, ACTH binds SMALPs in a 1:1 ratio and the radius slightly decreases
to 5.09 nm (1.2 mM) which corresponds to the size of SMALPs and one ACTH monomer. This
also applies for conditions when SMALP concentration is larger than ACTH concentration.

Upon incubation with DMPC-SMALPSs, radius increased to 5.84 nm (at 800 uM). In general,
this result points to a lower affinity of ACTH to DMPC. However, since e.g. NMR measurments
did not show interaction, it is likely that ACTH interacts with the copolymer. ACTH has a net
positive charge associated with the basic amino acid residues at position 15 to 18 in the se-
quence [183] and can form electrostatic interactions with the maleic acid subunit which is par-
tially deprotonated at pH 7.4 [50].
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4.5 Conclusion

The formation of SMA lipid particles (SMALPs) from DMPC and DMPG lipids and SMA copoly-
mer was successfully demonstrated. A weight ratio (lipid to copolymer) of 1:1 could completely
dissolve lipid vesicles to form homogenous SMALPs with a diameter of 6 to 10 nm. Moreover,
we could demonstrate the feature to store frozen SMALP stock solutions, simplifying handling
and minimizing artifacts by batch-to-batch variations.

We show that microfluidic diffusional sizing (MDS) in connection with SMALPs is an effective
method to investigate binding of proteins to different lipid types. As a proof of principle, we
analyzed the binding of the MC4R ligand ACTH which was shown to bind to negatively charged
lipids. Even though we could likely observe non-specific binding of ACTH to DMPC-SMALPs,
presumably due to electrostatic interactions with SMA, we could detect stronger interaction
when using DMPG-SMALPs demonstrating that the method is capable to detect lipid specifity
of peptide-lipid interaction. The availability of a simple and reliable lipid screening assay is
urgently needed in many areas of research.

For further optimization, optimized polymers with lower charge characteristics should be used
to exclude non-specific binding of analyte to the polymer. Overall, SMALPs are a new mem-
brane mimetic system that show great potential for investigation of biophysical studies of mem-
brane associated proteins.
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5.2 Abstract

Aggregation of the protein a-Synuclein (aSyn) is of great interest due to its involvment in the pathology
of Parkinson’s disease. However, under in vitro conditions aSyn is very soluble and kinetically stable
for extended period of time periods. As a result, most aSyn aggregation assays rely on conditions that
artifically induce or enhance aggregation, often by introducing rather non-native conditions. It has been
shown that aSyn interacts with membranes and conditions have been identified in which membranes can
promote as well as inhibit aSyn has the intrinsic capability to assemble lipid-protein particles, in a similar
way as apolipoproteins can form lipid-bilayer nanodiscs. Here we show that these aSyn-lipid particles
(aSyn-LiPs) can also effectively induce, accelerate or inhibit aSyn aggregation, depending on the applied
conditions. aSyn-LiPs therefore provide a general platform and additional tool, complementary to other
setups, to study various aspects of aSyn amyloid fibril formation.

5.3 Introduction

The aggregation of the protein a-Synuclein (aSyn) into amyloid fibrills is associated with the
pathology of Parkinson’s disease. [68—73] Notably, purified aSyn on its own is kinetically stable
in its intrinsically diordered, monomeric form, even at high concentrations and/or temperatures.
Therefore, to study the process of aSyn amyloid fibril formation, experimental conditions are
typically chosen under which aggregation is promoted. One frequently applied aSyn aggrega-
tion assay setup uses for example a glas bead inside the sample solution in combination with
agitation of the sample [184, 185] resulting in strongly enhanced aggregation. Factors which
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may promote aSyn aggregation in this ‘glass-bead assay’ (GB-assay) include (i) frequent scis-
sion of fibrils, constantly increasing the number of fibril ends available for elongation [186],
and (ii) increased detachment of aSyn aggregates from the airwater-interface, where fibril nu-
clei preferentially form [187, 188]. GB-assays have been used/optimized by numerous groups
and in many cases lead to improved reproducibility in the aggregation behavior, rendering
them useful for the characterization of factors that for example interfere with aSyn aggrega-
tion [184,189-192]. On the other hand, the intrinsic properties of the GB-assay can mask key
processes of amyloid fibril formation. For example, the highly-induced fragmentation rate ren-
ders it difficult to detect other secondary processes, such as secondary nucleation on the fibril
surface [193, 194]. Furthermore, the primary nucleation at the air-water interface impairs the
quantification of the effects of other surfaces, such as liposomes [195] or nanoparticles [196]
on the nucleation rate.

While its native function is not yet fully understood, aSyn is known to interact with mem-
branes and a physiological role of aSyn in membrane-associated processes has been pro-
posed [74,75,197,198]. It has also been shown that the presence of lipids can modulate aSyn
aggregation behavior [81, 82]. Using small unilamellar vesicles (SUVs) formed with anionic
lipids, conditions have been identified that can enhance aSyn aggregation, providing a useful
alternative to GB-assays [195]. We have recently shown that similar results can be obtained
using lipid-bilayer nanodiscs formed with anionic lipids and the membrane scaffold protein
MSP1D1 [83]. While both membrane mimetics can modulate aSyn aggregation in a similar
manner, it appears that the presence of nanodiscs leads to the formation of fibrils with a mor-
phology very similar to the ones formed in the absence of lipids [83], i.e. mature fibrils with
diameters in the range of 8-10 nm. SUV-induced aggregation, on the other hand, leads to
morphologically distinct short fibrils [195], which have been shown to convert into mature fib-
rils after heating to above 50 °C [199]. The application of nanodiscs and SUVs may therefore
provide complementary information useful to disentangle the different processes involved in
lipid-induced aSyn aggregation.

Interestingly, it has also been shown that aSyn, due to its amphipathic character, can stabilize
lipid bilayers analogous to the membrane scaffold protein (MSP) [84,85] and that stable aSyn-
lipid particles (aSyn-LiPs) can be assembled in vitro using a similar approach as for nanodisc
preparations [86, 87]. While the occurrence and possible physiological role of aSyn-LiPs is
unclear, they may display useful features that could be exploited for in vitro studies.

Here we investigate the behavior of these aSyn-LiPs in aSyn aggregation assays. In line with
results obtained on nanodiscs, we show that depending on the ratio of 'free’ aSyn to aSyn-LiPs,
the presence of the lipid particles can either inhibit or accelerate aSyn aggregation. In compar-
ison to SUVs, aSyn-LiPs appear to be more stable, simplifying their handling. Additionally, the
presence of aSyn-LiPs, in contrast to SUVs [199], does not noticeably alter fibril morphology
and does not lead to kinetically trapped fibrils. In comparison to MSP1D1-derived nanodiscs,
usage of aSyn-LiPs reduces the aggregation setup to a two-component system, simplifying
sample preparation and eliminating potential effects of the membrane scaffold protein. Our re-
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sults suggest that aSyn-LiPs may therefore be a useful complementary tool to study different
aspects of lipid-induced aSyn aggregation.

5.4 Materials and Methods

oSyn and N-terminally acetylated aSyn expression and purification

aSyn in the pT7-7 vector was expressed in E. coli BL21 DE3. For acetylated aSyn, the N-
terminal acetylation enzyme pNatB from Schizosaccharomyces pombe was coexpressed in
a second vector, pNatB [200]. Expression was conducted in 50 mM phosphate buffered 2YT-
medium (pH 7.2) with 0.4% glycerol and 2 mM MgCl,, protein production was induced at OD
1-1.2 with 1 mM IPTG and ran for 4 h at 37 °C.

Purification of acetylated and non-acetylated a-syn was carried out as previously described
[185], some changes to the protocol have been made. A cell pellet of 11 culture was dissolved
in 20 ml of 50 mM Tris-HCI pH 8, 150 mM NaCl, 5mM EDTA containing a protease inhibitor
tablet (cOmplete Mini, Roche) and cells were lysed by sonication with a MS72 tip connected
to a Bandelin Sonopuls sonicator (30% Amplitude, 1.5s ON, 3.5s OFF, 5 min) on ice. Cell
debris was pelleted at 15000 g for 20 min at 4 °C. The supernatant was boiled at 95 °C for 15
min to precipitate unwanted proteins which were pelleted at 15000 g for 20 min and 4 °C. After
that, the supernatant was sterile-filtered and aSyn was precipitated by gradually adding 4 M
ammonium sulfate solution until a concentration of 1.75M was reached. aSyn was pelleted at
15000 g for 20 min at 4 °C, the pellet was then dissolved in 20 ml of 50 mM Tris-HCI pH 8 and
dialysed against 1.8 1 of 50 mM Tris-HCI pH 8 overnight at 4 °C. Subsequently, aSyn was loaded
onto a 5ml HiTrap Q HP anion exchange column (GE Healthcare). Impurities were eluted by
washing the column with 8 M Urea, 5 mM Dithiothreitol in 50 mM Tris-HCI pH 8, 100 mM NaCl
for 30 min. aSyn eluted at around 250 mM to 300 mM NaCl in a 20-column volume gradient
from 100 mM to 500 mM NaCl in 50 mM Tris-HCI pH 8. aSyn was then again precipitated with
ammonium sulfate as described above, dissolved in an appropriate volume of 25 mM potassium
phosphate buffer pH 7.4 and dialysed extensively against 1.8 of the same buffer overnight at
4°C. aSyn concentration was determined by measuring UV absorption at 275 nm and using
an extinction coefficient of 5600 M~ cm~".

oSyn-Lip assembly

aSyn-LiPs were assembled according to established protocols [86]. In short, POPG or POPC
lipids (Avanti) were suspended in lipid resuspension buffer (20 mM Tris-HCI pH 7.5, 100 mM
NaCl, 60 mM Na-cholate, 5mM EDTA) to a final concentration of 26 mM. Monomeric aSyn and
lipids were mixed at a molar ratio of 1:40. 20% w/v of previously washed Biobeads SM-2 (Bio-
rad) were added and the mixture was incubated at room temperature overnight. The Biobeads
were removed by centrifugation and once again 20% w/v were added for an additional 4 h.
Finally, aSyn-LiPs were purified by SEC on a HiLoad 16/600 Superdex 200 pg column or an-
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alyzed using a 10/300 Superdex 200 column (GE Healthcare) equilibrated with 20 mM sodium
phosphate pH 7.4. NaCl concentrations of 50 mM (low salt), 150 mM (medium salt) or 300 mM
(high salt) were used at a flow rate of 1 mimin~' on an AKTA Pure FPLC (GE Healthcare).
aSyn-LiPs were concentrated to the desired molarity using a Vivaspin concentrator with a
10kDa MWCO. Where provided aSyn-LiP concentrations are calculated based on the aSyn
absorbance measurements and the assumption of 8 aSyn molecules per aSyn-LiP.

MSP1D1-nanodisc preparation

Expression and purification of MSP1D1 as well as nanodisc assembly was carried out as re-
ported before [83]. 100% POPG lipids and MSP1D1 after proteolytic cleavage of the Histidine
tag were used for all MSP1D1 nanodiscs used in this study.

Thioflavin T (ThT) fluorescence aggregation assays
Influence of aSyn-LiPs on lipid-independent aSyn fibril formation (GB-assay)

In order to study the influence of aSyn-LiPs on aSyn fibril formation experimental conditions
were chosen such that aSyn fibril formation occurs spontaneously by interface-driven nucle-
ation and amplifies through fibril fragmentation. 25uM of acetylated aSyn were mixed with
aSyn-LiPs at molar ratios of 8:1 (3.125 uM aSyn-LiPs), 16:1, 64:1, and 128:1 in 20 mM potas-
sium phosphate buffer pH 7.4 with 50 mM KCI, 0.05% NaN3z and 10uM Thioflavin T (ThT).
Duplicates of 80 ul each were pipetted into half area 96-well plates with nonbinding surface
(Corning No. 3881, black, clear bottom) containing a glass bead (2.85-3.45mm diameter, Carl
Roth) for mixing and incubated at 37 °C for 5 days. Thioflavin T fluorescence was excited at 445
nm and measured at 485 nm every 20 min with 15 s of orbital shaking at 180 rpm prior to the
measurement in a plate reader (Tecan Spark 10 M). Note that in order to provide a most ac-
curate comparison between MSP1D1 ND and aSyn-LiPs, both were prepared in parallel under
identical conditions, including assembly and SEC purification at NaCl concentrations of 150 mM
(medium salt).

Nucleation-sensitive assays

We have previously reported that the presence of nanodiscs can accelerate nucleation of aSyn
amyloid fibrils under conditions that minimize the intrinsic nucleation rate [83]. A similar setup,
i.e. quiescent conditions and protein-repellent plate surfaces, was used to determine possible
effects of aSyn-LiPs on the nucleation rate of aSyn. 25 uM (final concentration) of acetylated
aSyn was mixed with aSyn-LiPs at molar ratios of 4:1, 8:1, 16:1, 32:1, 64:1, 128:1, 256:1,
512:1, and 1024:1. Assays were performed in 20 mM sodium phosphate buffer pH 7.4 with
50 mM NacCl, 0.05% NaN3 and 10 uM Thioflavin T (ThT). Multiples of 30 ul were pipetted into
384-well plates with nonbinding surfaces (Greiner 71900, black, non-binding). The samples
were incubated at 37 °C in a plate reader (Tecan Spark 10M or Tecan infinite M1000PRO) for
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up to 17 days during which aggregation was monitored by exciting ThT fluorescence at 445 nm
and measuring emission at 485 nm every 20 min.

Microfluidic measurments

A Fluidity One instrument (Fluidic Analytics Ltd., Cambridge, U.K.) was used for microfluidic dif-
fusional sizing measurements [181] with post separation labeling [182] using injection moulded
disposable plastic chips. Triplicate measurements for each condition were performed and aver-
age hydrodynamic radii with standard deviation error margins are plotted. aSyn-LiPs concen-
trations were in the range of 1 uM.

Dynamic light scattering (DLS)

DLS was performed on a submicron particle sizer, Nicomp 380 (Particle Sizing Systems
Nicomp, Santa Barbara, CA). Data were analyzed with the Nicomp algorithm using the volume-
weighted Nicomp distribution analysis. Additional data analysis is shown in Fig. 6.12. POPG
aSyn-LiPs prepared under low salt conditions, directly after SEC elution were measured. Note
that analysis shown in Fig. 5.1e identifies also a species of particle sizes >500 nm with a
(volume) contribution of 0.03% that is not visible in the graph.

Fourier transform infrared spectroscopy (FTIR)

Infrared spectroscopy using the Direct Detect® system (EMD Millipore) was used to quanti-
tatively determine the concentration of protein and lipids in the LiPs. The instrument uses a
calibration via a BSA standard (Sigma) to quantify the protein abundance at multiple wavenum-
bers, including 1650 cm~!. POPG lipid signal was calibrated manually using several dilutions of
POPG in Na-cholate buffer. Signal from the C-H symmetric stretching vibrational populations
between 2870 and 2840cm~! was used to quantify lipid signals (see Fig. 6.10 for data and
more information).

Electron microscopy (EM)

Samples at different time points were used for EM studies. Freshly prepared aSyn-LiPs (con-
centrated to 150 uM aSyn) were flash frozen in liquid nitrogen after SEC elution (used for
Fig. 5.3). In addition, samples after the ThT quiescent aggregation assays (Fig. 5.4) were
collected from the respective assay wells (used for Fig. 5.5). All samples were kept at the
used phosphate buffer, reducing possible preparation artifacts but leading to larger background
staining artifacts. Negative stained samples were prepared on plasma-cleaned formvar-carbon-
coated copper grids with a 2% uranyl acetate stain solution. Electron microscopy images were
taken on a CM20 microscope operated at 200 kV.
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Circular dichroism (CD)

The secondary structure of aSyn-LiP assemblies was determined using a J-815 spectropo-
larimeter (JASCO, Tokyo, Japan). Samples of aSyn-LiP assemblies were prepared in buffer
containing 4 mM sodium phosphate, pH 7.4, 10 mM NaCl with the working concentration of LiPs
at 4 uM. For CD measurements, samples at 200 pl were loaded into a 1 mm path length quartz
cuvette and spectra were recorded from 195 to 260 nm, using a scanning speed of 50 nm min~"
and a bandwidth of 2nm, at 20 °C. The final spectrum of each sample was averaged based on
10 accumulations. The signal of the buffer was subtracted manually.

Native polyacrylamide gel electrophoresis (PAGE)

For gel casting 16%, 8%, and 4% acrylamide/bisacrylamide solutions (37.5:1, Carl Roth) were
prepared in 250 mM Tris-HCI pH 7.4. Tetramethylethylendiamin (TEMED) and ammonium per-
sulfate were added to a final concentration of 0.05% each. Afterwards, gels were immediately
cast by layering the solutions over each other between two glass plates for polymerization with
16% acrylamide/bisacrylamide at the bottom (1.5 cm), 8% in the middle (4 cm), and 4% on
top (1.5 cm). Samples were prepared by adding non-denaturing loading buffer (final concen-
trations 75 mM Tris-HCI pH 7.4, 10% glycerol, 0.02% bromophenol blue (w/v)). NativeMark™
Unstained Protein Marker (ThermoFisher Scientific) was loaded as a reference. The samples
were separated by applying 25 mA per gel. Afterwards, gels were fixed in 10% ethanol, 3%
phosphoric acid (v/v) for 15 min at room temperature and stained with colloidal Coomassie for
at least one hour at room temperature (prepared from 0.02% Coomassie Brilliant Blue G-250
(w/v), 5% aluminium sulfate octadecahydrate (w/v), 3% phosphoric acid (v/v), and 10% ethanol
(v/v)). Images were acquired using the ChemiDoc MP™ Imaging System (Bio-Rad).

Atomic force microscopy (AFM)

Samples were taken at the end of aggregation experiments, before or after centrifugation at
16 000 g for 30 min. The pelleted fibrils were resuspended in the same volume of PBS (10 mM
Phosphate Buffer pH 7.4, 137 mM NaCl, 3mM KCI, 0.02% NaN3). Samples were diluted in PBS
to a final concentration of 10 uM and applied onto freshly cleaved mica for 5 min. Excess salt
was removed by gently rinsing sample with water and dried with a slow flow of N°. AFM images
were taken in air, using a Nanowizard Il atomic force microscope (JPK). Imaging was per-
formed using tapping mode with a silicon cantilever with silicon tip (OMCL-AC160TS, Olympus)
with a tip radius of 7 + 2 nm and a force constant of 26 Nm~".
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5.5 Results and Discussion

Preparation and initial characterization of aSyn-LiPs

Following previously described methods [86], we assembled stable nanoscale lipid particles us-
ing anionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) lipids (POPG) and a.Syn
as scaffold protein. aSyn has been shown to be N-terminally acetylated in cellular environments
and its acetylation is thought to act as an important mode of regulation of protein-membrane
association [201,202]. Therefore, in addition to non-acetylated aSyn, which was used in the ini-
tial studies of in vitro lipid particle formation [86,87], we also tested lipid particle formation using
acetylated aSyn. The resulting aSyn lipoparticles (aSyn-LiPs) were characterized using size-
exclusion chromatography (Fig. 5.1). The aSyn-LiP preparations with the two different aSyn
variants show very similar SEC profiles (Fig. 5.1a) confirming that acetylated aSyn can also
form aSyn-LiPs. Since this variant is physiological more relevant, in particular in the context of
lipid interactions, only acetylated aSyn was used for the following experiments. In general, both
SEC profiles are in line with previous results in which aSyn-LiPs elute close to the void volume
of the used Superdex 200 columns [86, 87].

In order to investigate the influence of storage capabilities conditions on aSyn-LiPs, we per-
formed SEC experiments after storage at 4°C for one day, one week, as well as after flash
freezing with liquid nitrogen and storage at —20 °C. The similarity of the resulting SEC profiles
(Fig. 5.1b) suggests that aSyn-LiPs can be stored for several days at 4 °C or can be frozen for
storage, largely facilitating their handling and usage for various assays.

Notably, aSyn is known to interact with negatively charged membrane surfaces [203-207].
This interaction is not driven by the net negative global charge, but rather by the partial positive
charge in the N-terminal part of the protein. Therefore, when assembling aSyn-LiPs using an-
ionic lipids it is unlikely that aSyn will only stabilize the hydrophobic edges of the lipid bilayer in
the same manner as the membrane scaffold protein in the nanodisc system, but may also bind
to the membrane surface (and/or partially insert at various positions in the bilayer). In order to
decrease the electrostatic contributions of a potential aSyn membrane surface interaction, we
increased the ionic strength of the buffer by changing the NaCl concentration from 50 mM (low
salt) to 300 mM (high salt). SEC analysis of aSyn-LiPs, initially prepared using low-salt buffer
and then incubated in high-salt buffer, shows that high-salt concentration results in dissociation
of aSyn monomers from aSyn-LiPs (Fig. 5.1c, red). When reinjecting highsalt washed aSyn-
LiPs, no further aSyn monomers are detached, suggesting that the remaining particles are
stabilized predominantly by hydrophobic interactions (data not shown). When aSyn-LiPs are di-
rectly prepared in high-salt conditions using the previously reported aSyn-to-lipid molar ratio of
1:40 during aSyn-LiPs assembly, a high fraction of monomeric aSyn is again visible in the SEC
profile (Fig. 5.1c, orange). Interestingly washing with 300 mM NaCl or full preparation in 300 mM
NaCl leads to a comparable amount of aSyn monomers present in the sample. This suggests
that, when using anionic lipids, the used protein-to-lipid ratio may not be optimal to effectively
form disc-shaped particles in which the amphipathic properties of aSyn-helices are exploited
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Figure 5.1: Preparation and characterization of «Syn-LiPs a-d) SEC analysis of different aSyn-LiP preparations.
a) aSyn-LiPs formed with acetylated (black) and nonacetylated (orange) aSyn (preparative scale). b} Analytical
SEC of acetylated aSyn-LiPs after storage for one day at 4 °C (purple) or one week at 4 °C (dark blue) or after flash
freezing with liquid nitrogen and storage at —20 °C (light blue). c) aSyn-LiP preparation in low-salt conditions (grey).
Same sample but after incubating and running in high-salt buffer (red) as well as «Syn-LiPs directly assembled
in high-salt buffer (blue). d) «Syn-LiPs assembled in high-salt conditions with 2-fold more lipids per aSyn (iLe.
molar ratio 1:80 - aSyn:POPG). e) Histogram of aSyn-LiP particle sizes as determined via dynamic light scattering
(DLS). f) Measured hydrodynamic radii of indicated samples using a microfluidic setup (see text for more details).
g) Possible model of aSyn-LiPs assembled with anionic lipids and either low-salt (left) or high-salt (right) conditions.
Mote that aSyn orientation at membrane edges is unknown.

to stabilize the hydrophobic membrane edges. While at a molar ratio of 1:40 (aSyn:lipid) nearly
all aSyn is incorporated into wSyn-LiPs at low-salt conditions (Fig. 5.1c, black), only about half
of the total aSyn is incorporated when electrostatic interactions are weakened at the same pro-
tein:lipid ratio (Fig. 5.1c, orange, red). We therefore also tested high salt aSyn-LiP formation at
ratios with 2-fold increased excess of lipids, i.e. a protein:lipid molar ratio of 1:80. The resulting
SEC profile (Fig. 5.1d, green) shows a considerably decreased fraction of monomeric aSyn as
compared to high salt prepared aSyn-LiPs at protein:lipid molar ratios of 1:40 (Fig. 5.1c, or-
ange). This data is in line with the picture that under conditions which lower membrane surface
attachment (e.g. high salt or possibly also usage of neutral lipids), aSyn-LiPs are formed with
roughly 2-fold less aSyn molecules per LiP.

To experimentally determine the protein-to-lipid ratio, we carried out quantitative Fourier
Transform Infrared (FTIR) spectroscopy (see methods and Fig. 6.10 for more details). The
data show a protein-to-lipid ratio of 1:35 for asyn-LiPs prepared at low-salt conditions. This
value is very well in line with the previously estimated ratio of 1:40 [86). When using aSyn-LiPs
prepared under high-salt conditions, the ratio changes considerably to 1:105 consistent with
the picture that the low-salt aSyn-LiPs carry a substantial amount of aSyn attached to the lipid
surface via electrostatic interactions. According to the FTIR data about 2/3 of the protein may
be in such a conformation in the low-salt aSyn-LiPs.

We further characterized the hydrodynamic radius of the resulting particles using Dynamic
Light Scattering (DLS). While the resulting overall size distribution is in line with the expected
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aSyn-LiPs properties, i.e. rather heterogenous particles with diameters from 10 to 44 nm
(Fig. 5.1e), the sample heterogeneity renders accurate particle sizing via DLS, in particular
when applying polydisperse data analysis, rather unreliable (see Fig. 6.12 for more details).
This complicates detection of presumably small variations of particle sizes due to changing
conditions as e.g. induced by attachment of monomers to preformed aSyn-LiPs. However,
the DLS data are consistent with the particles sizes also seen in negative stained electron
microscopy (EM) of the same samples (vide infra).

To more reliably detect smaller changes on the particle sizes, we used microfluidic diffusional
sizing as an emerging alternative to DLS [181], which is particularly well suited for particles in
the size range of aSyn-LiPs. The principle of this type of measurement is that the diffusion
of proteins and protein complexes in a laminar flow regime within a microfluidic channel is
quantified. At the entrance of the channel, one half is filled with water and the other half with
protein solution. Laminar flow ensures that no turbulent mixing occurs and the two fluid streams
stably flow in parallel. The amount of protein that diffuses across the channel perpendicular to
the flow direction is quantified by measuring the concentrations at the two symmetric channel
outlets. Large particles, such as aSyn-LiPs, require a comparatively slow flow rate, in order
to provide enough time for a significant amount of diffusion to occur. Protein quantification is
based on a latent fluorophore [182] which reacts with the protein molecules after they have left
the main channel, and which renders the proteins fluorescent.

Regularly-prepared (low salt+flash frozen) aSyn-LiPs display a hydrodynamic radius of 16.9
+ 0.6nm (Fig. 5.1f). When measuring high-salt-washed aSyn-LiPs after SEC separation of
monomeric aSyn, a hydrodynamic radius of 13.8 £ 0.4 nm is obtained, which most likely re-
flects the actual size of aSyn-LiPs without membrane surface-attached aSyn. Consistently, a
comparable hydrodynamic radius of 12.7 £ 0.2nm is detected for aSyn-LiPs assembled with
a protein:lipid molar ratio of 1:80 in high-salt conditions. Note that the used SEC column (Su-
perdex 200) displays a rather limited separation efficiency in this size regime, explaining why
no size difference was detected in the respective SEC profiles.

We additionally tested whether monomeric aSyn, which shows a hydrodynamic radius of 2.9
+ 0.1 nm, attaches to high-salt-washed aSyn-LiPs (in low-salt conditions). Indeed, the addition
of 16-fold molar excess of monomeric aSyn (16 aSyn monomers added per LiP) significantly
increased the hydrodynamic radius of the particles to 22.1 £ 1.8 nm. Note that the microflu-
idic measurement yields the average hydrodynamic radius of all particles in the sample. The
presence of larger amounts of free monomeric aSyn molecules would therefore lead to an
apparent decrease in measured hydrodynamic radius of the sample. The measured value of
22.1 nm consequently suggests that a large fraction of the added aSyn monomers attaches to
the aSyn-LiPs. Since the size of the '16-fold loaded’ aSyn-LiPs is considerably larger than the
size of the aSyn-LiPs formed at low ionic strength, the microfluidic diffusional sizing data also
suggest that low salt aSyn-LiPs still have unoccupied binding sites for aSyn on the membrane
surface.

In general, aSyn-LiPs which have not been in contact with a high ionic-strength solution are
well-suited for further usage in different assays (vide infra), however one should keep in mind
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that these (low salt) aSyn-LiPs are formed with a higher number of aSyn per particle compared
to those formed in, or washed with, higher ionic-strength buffer. While it is not fully clear where
these additional aSyn molecules are located, binding to the lipid bilayer surface, i.e. interaction
with the negatively-charged lipid head groups, would be one simple explanation consistent
with the data obtained in this study. It should be highlighted that this also suggests that the
estimation of the aSyn-LiP concentration based on measurements of the aSyn absorbance will
be altered due to the different amounts of aSyn per particle at different ionic strengths. It is
important to take this aspect into consideration, in particular for quantitative measurements of
aggregation kinetics.

oSyn-LiPs in aggregation assays

Using a similar setup as reported for MSP1D1-derived nanodiscs (NDs) [83], we explored the
influence of aSyn-LiPs on aSyn amyloid-fibril formation. Initially we used a conventional GB-
assay that reports on the effect of aSyn-LiPs on the lipid- independent aSyn aggregation path-
way. To directly compare the results of aSyn-LiPs to the previously characterized effects of
NDs [83] we prepared NDs and aSyn-LiPs in parallel and performed a GB-assay simultane-
ously for both systems on the same 96-well plate (Fig. 5.2). Depending on the ratio of added
aSyn monomers to either aSyn-LiPs or to NDs, both lipid systems can either inhibit aggregation
or accelerate aggregation (Fig. 5.2a,b). Interestingly while a ratio of 16 added aSyn monomers
per ND leads to an aggregation-accelerating behaviors (Fig. 5.2a, 16:1), the same ratio is in the
inhibiting regime in the case of aSyn-LiPs (Fig. 5.2b, 16:1). This is well in line with the increased
size of the aSyn-LiPs as compared to MSP1D1 NDs as well as the aSyn lipid-binding modes
identified in our previous study [83].

In general, anionic lipids in liposomes or in nanodiscs are capable of inducing primary nucle-
ation of aSyn [83,195]. To investigate whether anionic lipids in aSyn-LiPs also show nucleation-
inducing properties, we investigated aSyn-LiPs with 100% POPG lipids via negative stain elec-
tron microscopy (EM). Surprisingly, the aSyn-LiPs already show directly after their SEC elution,
in addition to the expected disc-like particles (Fig. 5.3a), the occurrence of thin fibrillar struc-
tures (Fig. 5.3b). While the amount of fibrils is difficult to quantify via EM, the polydisperse DLS
data analysis (Fig. 5.1e) reports a fraction of (only) 0.03% very large particles (> 500 nm, 0.03%
volume weighted, 16% intensity weighted, also see Fig. 6.12). Since the SEC elution peak it-
self appears directly after the void volume of the used column, the respective samples were
flash frozen in liquid nitrogen directly after SEC elution, and EM data was directly recorded
after a short thawing step, it is likely that the fibrilar strucutures already formed during aSyn-LiP
assembly, which is a rather slow process, e.g. due to the prolonged incubation with Biobeads
for detergent removal. To investigate whether the fibrillar strcutures are induced by the anionic
lipids or are just an artifact of the aSyn-LiP assembly process itself, we also prepared aSyn-
LiPs containing 100% 1-palmitoyl-2-oleoylglycero-3-phophocholoine (POPC) lipids. The POPC
oSyn-LiPs were prepared in parallel to POPG aSyn-LiPs. EM data recorded after SEC elution
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Figure 5.2: aSyn-LiPs in direct comparison to classical MSP-derived nanodiscs as a tool in aggregation
assays. Comparison between MSP1D1 NDs a) and aSyn-LiPs b) in a GB-aggregation assay. aSyn aggregation
kinetics, as measured by increase in ThT fluorescence, in the absence of NDs/LiPs (grey) and in the presence
of indicated ratios of monomeric aSyn per NDs a) or per aSyn-LiP b) are shown. Note that monomeric aSyn
concentration is kept constant and aSyn-LiP particle concentration was estimated assuming an average of 8 aSyn
proteins per LiP as reported before [86]. Duplicate measurements are shown with same color. Both the ND and the
aSyn-LiP system are able to inhibit as well as to accelerate aSyn aggregation as compared to aSyn in the absence
of lipid particles (grey). However, the ratios of added aSyn monomers per lipid particle that lead to inhibiting or
accelerating behavior differ between aSyn-LiPs and NDs.

(Fig. 6.11) do not show any fibrillar structures for POPC aSyn-LiPs in two different samples and
over 20 different scan regions (Fig. 5.3c provides one example).

We also characterized the respective POPG and POPC aSyn-LiPs via circular dichroism
(CD) spectroscopy (Fig. 5.3d). The resulting CD spectra of the two samples are very similar
and in line with the expected secondary structure, i.e. an amphipathic a-helix for first approx.
100 residues and random coil conformations for the remaining C-terminal residues, as seen in
NMR spectra of comparable aSyn-LiPs [86]. Note that the remaining small deviation between
the two CD spectra would also be in line with a very small population of B-sheet rich fibrils in
the POPG aSyn-LiPs sample.

Overall, our data suggest that POPG aSyn LiPs after SEC elution already contain a small
fraction of fibrillar structures, which were induced by the presence of anionic lipids. Having a
closer look at the fibrillar structures in the EM images shows that to some extend the fibrils
colocalize with aSyn-LiPs (Fig. 5.3e,f). In general, it cannot be fully excluded at this point that
aSyn-LiPs and fibrils cluster during the drying process on the EM grid. However, such a clus-
tering should in principle result in aSyn-LiPs appearing at random positions on the fibrils. While
such connections are also observed, a rather large fraction of fibrils appear to 'grow out’ of the
LiPs. Such defined start/end points may indeed suggest that the EM images captured early
stages of lipid induced aSyn aggregation.

Interestingly, it has been shown that aSyn can also reshape lipid vesicles into lipid nanotubes
consisting of either a monolayer of lipids (micellar tubes) or of a lipid bilayer in a cylindrical
arrangement [84]. The observed fibrillar structures also share some similarities with these mi-
cellar lipid tubes. While it is difficult to distinguish small protein fibrils from lipid tubes in the
negative stained EM images, amyloid-fibril-specific ThT fluorescence increase can be used to
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Figure 5.3: aSyn-LiPs properties after SEC elution. a) EM image of POPG aSyn-LiPs. b) Different region of the
same sample as in a) showing occurrence of thin fibrillar structures. ¢) EM image of POPC aSyn-LiPs, no fibrillar
structure was detected in this or any other region of the sample as well as in repetition experiments. d) CD spectra
of the POPC (red) and POPG (blue) aSyn-LiPs (same condition as used for the respective EM images). e,f) Zoom
into selected regions in POPG aSyn-LiPs showing possible connections between aSyn-LiPs and fibrils.

distinguish between the two species, once sulfficient fibrils are formed. In order to test whether
nucleation-inducing properties of POPG aSyn-LiPs can be monitored via ThT aggregation as-
says, we performed additional ThT assays under conditions that do not promote the formation
of detectable quantities of amyloid fibrils in the absence of LiPs. Such a setup is provided by
using quiescent assay conditions (no glass bleads, no shaking) [195]. The absence of a glass
bead facilitates usage of smaller sample volumes. We therefore carried out the assay using a
volume of 30 uL per well in a 384-well plate format. In general, we observed that this assay
has limitations in reproducibility and shows variations in the ThT profiles of wells with the same
conditions in particular in respect to total ThT fluorescence intensity. In general, reproducibil-
ity in aSyn aggregation assays is a well-known challenge [185]. It is therefore not unexpected
that the rather slow kinetics observed in the aSyn-LiP nucleation assay also propagates de-
tectable differences in wells replicating the same conditions. However, the assay format also
facilitates usage of a higher number of replications for each condition. We therefore carried out
5 replications for each condition and the resulting ThT profiles show a clear trend, despite their
intrinsic variation. Our data show that (i) aSyn does not aggregate in the absence of aSyn-LiPs
(Fig. 5.4a), (ii) aSyn-LiPs on their own do not form ThT-detectable amyloid fibrils (Fig. 5.4b), (iii)
aSyn-LiPs can induce amyloid fibril formation at specific ratios of aSyn to aSyn-LiPs (Fig. 5.4c),
and (iv) aSyn-LiPs formed with neutral POPC lipids do not induce aggregation at any of the
tested aSyn to aSyn-LiPs ratios (Fig. 5.4d).

62



5.5 Results and Discussion

a 25uMasyn, b —uMasyn,,, c 25 uM aSyn,,,, 25uMasyn,,,, 25 uM asyn, 25 M asSyn,,,,,
—uMaSyn, 8uMaSyn, 700, 50 uM aSyn, 700, 25uM aSyn, 700, 12.5uM aSyn, 6.3 uM aSyn, .,
700 o 700 ® (4x, 70:1) ° (8x, 35:1) ° (16x, 18:1) o 700 (324 9:1)
] 3 8 600 8 600 3 600) 3
2600 € 5600 c5 <=1 €3 5;600
8250 §%50 250 g5 2250 22500
2> 8> 3> 8>, 82 By
22400 55400 5% 4% 5340 53490 53400
25300 25300 2§ 300) 25300 25300 28300
—E (== Z€ 500 =S50 =S50 =< =
£ 20 F20 = - r = /\ =200 >
100 100 100 ) ) | A7 5 1o 100 /
= e — —_—— e ——— - == -
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time /h time /h time /h time /h time /h time /h
25uMaSyn, 25uMaSyn, 25uMaSyn, 25uMaSyn, 25uMaSyn,, d 25uMaSyn,
700 3.1 uM aSyn, 700, 1.6 uM aSyn, . 700, 0.8 uM aSyn, ., 700, 0.4uMaSyn, 700, 0.2uM aSyn, 700, POPC aSyn-LiPs
o (64x, 4:1) @ (128x, 2:1) @ (256x, 1:1) @ (512x, 0.5:1) @ (1024x, 0.25:1) © oo (4x 8x, 16x, 32x, 64x,
é;BOO éj 600 éz- 600} §,600 gjﬁoo éj 128x, 256X, 512x,1024x)
38500 28 500 S8 500 22500 28500 5509
o> <= o2 o2 =) 0240
53400 5% 400 5% 400 53400 53400 5%
=830 =230 =8 300 =230 =2300 E930
€ = € g €
£7 200 / £ 200 £5 200 / £5 200 £5200 £=20,
100] 100) _j: 100) 100| 100| 10
i
— - = —— — g | o — —————
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
time /h time /h time /h time /h time /h time /h

Figure 5.4: aSyn-LiPs can induce primary nucleation. a—d) ThT aggregation assays under quiescent conditions.
Under these conditions neither aggregation of aSyn in the absence of aSyn-LiPs a) nor of aSyn-LiPs on their own
b) is observed. Each plot contains data of five replications of the indicated condition. ¢) Variation of aSyn-LiP level in
the presence of constant monomeric aSyn starting concentrations. In addition to concentration of monomeric aSyn,
also the concentration of aSyn in LiPs is provided for each plot. Numbers in parentheses refer to estimated excess
of monomeric aSyn over aSyn-LiP particles (assuming an average composition of 8 aSyn per LiP [86]). In addition,
the respective molar ratios of lipids to added monomeric aSyn are given. d) All conditions as shown in c) but using
POPC aSyn-LiPs (all 45 curves are shown in one plot).

Note that aSyn-LiPs showing fibrillar structures were used as starting material for the aggre-
gation assays (Fig. 5.4b,c). In case the fibrillar structures represent protein fibrils and not lipid
tubes, it would be likely that the fibrils can act as seeds in the aggregation assay. The shape of
the resulting kinetic profile however still shows a long lag phase, indicative of primary nucleation
events, in all conditions resulting in ThT-detectable fibrils. The time frame of the correspond-
ing lag phase is also considerably larger than the sample preparation time before the assays,
suggesting that a potential seeding effect originating from the pre-existing fibrillar structures is
rather small. Considering that all negative controls consistently do not show any ThT increase,
it can be stated that aSyn-LiPs containing anionic lipids induce primary nucleation.

Interestingly, ThT assays carried out using SUV preparations with comparable lipid compo-
sition show induction of primary nucleation at comparable lipid:aSyn (monomer) ratios [195].
However, SUVs did not induce detectable aggregation at the used NaCl concentration of
50 mM, even at higher aSyn concentration [195]. This observation suggests that aSyn-LiPs
show similar properties as SUV and may be even more potent in inducing primary nucleation
than SUVs. However, a more thorough mechanistic analysis beyond the scope of this work
will be required to quantify the kinetic rate constants as well as the molecular determinants of
aSyn-LiPs-modulated aSyn aggregation. While the contributions of potential nucleation events
prior to the start of the assay may or may not complicate data analysis, our data demon-
strate that aSyn-LiPs provide an interesting tool in the investigation of lipid-induced aSyn
aggregation.

To obtain insights into the sample properties at the end points of the aggregation assays, we
recorded AFM and EM images of selected samples. Our data show that extended fibrils with
a morphology comparable to aSyn fibrils obtained in regular GB-assays have been formed in
the presence of aSyn-LiPs (Fig. 5.4a—d). Note that the samples were obtained in conditions in
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Figure 5.5: Sample properties at the end of the aggregation assays. AFM images of aSyn fibrils grown in the
presence of POPG aSyn-LiPs, before centrifugation a) and after removal of the supernatant b). c+d) EM image
of aSyn fibrils grown in the presence of POPG aSyn-LiPs before centrifugation (condition 64x in Fig. 5.4c). ) EM
image of aSyn fibrillar structures grown in the presence of POPG aSyn-LiPs that did not lead to sizable ThT signal
increase (condition 4x in Fig. 5.4c). f+g) AFM and EM image of POPG aSyn-LiPs control samples at the end of the
aggregation assays (without addition of excess of monomeric aSyn, Fig. 5.4b). d) Native PAGE of monomeric aSyn
as well as aSyn-LiPs in indicated conditions (washed refers to high-salt washed; frozen = non-washed, flash-frozen
and stored at —20 °C; regular = non-washed, non-frozen; 1:80 = preparation with high salt and adapted molar ratio
of aSyn to lipids of 1:80). Note that amount of monomers added in aggregation assays is identical to amount loaded
in the free aSyn control (first lane).

which the aSyn-LiPs induced fibril formation (Fig. 5.4c, 128x for AFM, 64x for EM). aSyn fibrils
grown in the presence of SUVs show a clearly distinct morphology when the plateau of ThT flu-
orescence is reached, since their growth is strongly affected due to the SUV lipids [195]. These
SUV-induced fibrils appear to be kinetically trapped, as it was recently found that an increase
in temperature is able to induce their conversion into mature fibrils [199]. Interestingly, when
directly imaging the sample containing aSyn fibrils that were induced by aSyn-LiPs after the
aggregation assay, a number of particles consistent in size and overall appearance with aSyn-
LiPs are found (Fig. 5.5a). After centrifugation and removal of the supernatant the occurrence of
these particles in the AFM image is largely reduced (Fig. 5.5b). While other contributions, such
as drying-induced assemblies of monomeric aSyn cannot be fully excluded, this observation
is in line with the presence of soluble aSyn-LiPs after the aggregation assay. EM images also
show disc-like particles attached to mature fibrils (Fig. 5.5¢). This could either be residual fibril
aSyn-LiPs complexes as observed at the beginning of the aggregation assays (Fig. 5.3e,f) or
again drying-induced clustering of mature fibrils and soluble aSyn-LiPs or amorphous aggre-
gates. In any case, most fibrils are free of disc-like particles and show characteristic features
(branching and twists) of mature aSyn amyloid fibrils (Fig. 5.5¢,d).

Surprisingly, EM images of aSyn monomers incubated with the highest amount of POPG
aSyn-LiPs (Fig. 5.4c) also show clear fibrillar structures (Fig. 5.5e), despite showing no in-
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crease in ThT signal (Fig. 5.4c). As compared to the EM data of the other conditions, this sam-
ple displays larger heterogeneity (areas with and areas without fibrillar structures, not shown).
In addition, the EM image suggests that the fibrillar structures are surrounded by a rather large
number of heterogenous particles, possibly LiPs (Fig. 5.5€). It is at this point not clear whether
the total amount of fibrils in this sample is too low to induce a detectable ThT signal increase, or
whether the fibrillar structures are lipid (bilayer) tubes, or whether a different fibril morphology
and/or lipid coating weakens ThT interactions.

The AFM and EM images of the aSyn-LiPs control sample at the end of the aggregation
assays (i.e. aSyn-LiPs without addition of aSyn monomers) still show particles most likely re-
flecting intact aSyn-LiPs (Fig. 5.5f,g) and low amounts of short fibrillar structures as already
present at the beginning of the assay (Fig. 5.3).

To detect remaining monomeric aSyn as well as intact aSyn-LiPs, we additionally carried
out a native PAGE analysis of selected samples after the aggregation assays. The resulting gel
shows clear bands for the monomeric aSyn reference as well as for freshly prepared aSyn-
LiPs (Fig. 5.5h). The latter appears between the molecular weight markers for 480—720 kDa.
A comparable band is also observed for frozen aSyn-LiPs. Notably, also weak bands at this
position are observed after the aggregation assay, supporting the view that a fraction of aSyn-
LiPs are still intact at the end points of the aggregation assay. A rough estimation based on the
band intensity and the loaded aSyn-LiPs amount, however suggests that the fraction of intact
aSyn-LiPs is rather low (< 10%). Interestingly, the amount of monomeric aSyn loaded onto
the gel for the reference sample (first lane) reflects the amount added at the beginning of the
respective aggregation assay. Since no or only very weak bands are observed for monomeric
aSyn after the aggregation assay, our data show that most monomeric aSyn molecules have
either been incorporated into aSyn-LiPs and/or have formed larger aggregates. The rather
weak bands for aSyn-LiPs are in favor for the latter, suggesting that aSyn aggregation was
very effective in the presence of aSyn-LiPs.

5.6 Conclusion

Overall, we have shown that aSyn-LiPs can be used to induce, accelerate or inhibit aSyn
amyloid fibril formation. While our results are well consistent with a planar lipid bilayer stabilized
by surrounding aSyn molecules with an approx. 4-to-8-fold increased surface area as compared
to MSP1D1 nanodiscs, it should be pointed out that we cannot exclude different molecular
arrangements of aSyn and lipids. In addition, we have shown that usage of anionic lipids in
combination with low ionic strength of the sample buffer leads to aSyn-LiPs formed with a higher
number of aSyn molecules per LiP. Since about half of the aSyn proteins can be detached from
these aSyn-LiPs by increasing the ionic strength of the buffer while the other half remains
attached to LiPs, we attribute this observation to the contribution of an electrostatically driven
binding of aSyn to the negatively charged membrane surface.
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The presence of aSyn-LiPs in the used aggregation assays evidently induces distinguish-
able modulations of the aggregation behavior. Our EM data show connections between short
fibrillar structures and aSyn-LiPs that could reflect on early lipid induced nucleation events.
However, more thorough investigations will be needed to understand the formation and role of
these fibril-LiP complexes and whether they play a role in the amyloid fibril formation process.
While very consistently only the presence of aSyn-LiPs with anionic lipids led to ThT detectable
aSyn fibrils in quiescence aggregation assays, we also observed limitations in well-to-well re-
producibility. In general, reproducibility is a common problem in aSyn aggregation assays and
it is at this point not clear whether aSyn-LiPs are prone to induce variations in the aggregation
assays or whether assay conditions can be further optimized to increase reproducibility. Never-
theless, our data clearly demonstrate that aSyn-LiPs display useful features including (i) a very
strong capability to induce primary nucleation, (ii) the possibility to store frozen aSyn-LiP stock
solutions, simplifying handling and minimizing artifacts by batch-to-batch variations, and (iii) a
not detectable influence on the morphology of fibrils that have formed and grown in the pres-
ence aSyn-LiPs. We therefore anticipate that aSyn-LiPs offer an attractive tool, complimentary
to other setups, to study various processes of aSyn amyloid fibril formation.
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6.2 Abstract

Epidermal growth factor receptors (EGFRs) are central cellular signaling interfaces whose mis-
regulation is related to several severe diseases. Although ligand binding to the extracellular
domain is the most obvious regulatory element, also intracellular factors can act as modulators
of EGFR activity. The juxtamembrane (JM) segment seems to be the receptor’s key interaction
interface of these cytoplasmic factors. However, only a limited number of cytoplasmic EGFR
modulators are known and a comprehensive understanding of their mode of action is lacking.
Here, we report ARNO, a member of the cytohesin family, as another JM-binding protein and
structurally characterize the ARNO-EGFR interaction interface. We reveal that its binding mode
displays common features and distinct differences with JM’s interaction with calmodulin and
anionic phospholipids. Furthermore, we show that each interaction can be modulated by addi-
tional factors, generating a distinctly regulated network of possible EGFR modulators acting on
the intracellular domain of the receptor.
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6.3 Introduction

The epidermal growth factor receptor (EGFR) is a major regulator of proliferation in epithelial
cells. Since its misregulated activation can lead to hyperproliferation and the development of
cancer, an intricate regulatory network to control EGFR activity has evolved comprising sys-
temic and cell-autonomous elements [208]. Key to the regulation of EGFR activity is the re-
ceptor’s intrinsic autoinhibition, on which the regulatory network is built. The importance of this
autoinhibition is evident from several mutations which disrupt the autoinhibition and are linked
to specific types of cancer [209]. In general, the autoinhibited state can be released by forma-
tion of an asymmetric EGFR dimer in which one kinase domain activates the other one [160].
This asymmetric dimer is stabilized by the juxtamembrane (JM) segments of both intracellular
domains of the involved monomers. The C-terminal part of the JM segment of the activated ki-
nase functions as a’latch’ or ‘cradle’ for the activator kinase [91,210]. In addition, the N-terminal
parts of both JM segments are thought to form an antiparallel coiled-coil enhancing the affinity
of the monomers for each other [210]. The formation of the antiparallel coiled-coil requires the
C-termini of the transmembrane helices to be separated from each other which on its turn is
coupled to the ligand-bound conformation of the extracellular domain and thus confers regula-
tion by EGF. In the inactive state, the basic JM segment binds to acidic phospholipids of the
inner leaflet of the plasma membrane, and this interaction contributes to the autoinhibition of
the receptor [211].
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In addition to its function in relaying the conformational changes induced by EGF-binding
from the extracellular domains to the kinase domains, the JM segment is a site of modulation of
EGFR activity by intracellular factors. Previous studies identified a number of hot spots associ-
ated e.g. with kinase interaction (T654 and T669) [89, 90], activation of the receptor (V665 and
L680) [91] or a possible conformational constraining of the receptor (R645 — R657) [92]. When
e.g. threonine-654 in the JM segment is phosphorylated by protein kinase C the activity of the
EGFR is attenuated [89,212—214] probably due to inhibition of EGFR dimerization [215]. Phos-
phorylation of another threonine (T669) in the JM segment by extracellular signal-regulated ki-
nase (ERK) reduces EGFR downregulation [216]. Recently the tumor necrosis factor receptor
associated factor 4 (TRAF4) has been reported to interact with the C-terminal part of EGFR-
JM to promote receptor dimerization [217]. The cytosolic protein calmodulin (CaM) binds to the
N-terminal part of the JM segment in a calcium-dependent manner [93, 94] enhancing EGFR
activation [95, 96].

In this work we report on the ability of ARNO (ADP ribosylation factor nucleotide binding-
site opener), a member of the cytohesin family of guanine nucleotide exchange factors, to
bind EGFR’s JM domain. While ARNO has been proposed to function as activator of the
EGFR [218-220], the underlying mechanism has not been determined. Here, we provide a
comprehensive in vitro analysis of the determinants that define the ARNO-JM interaction and
characterize the interaction at the molecular level in the absence and presence of a membrane
environment. We identify the JM-binding site in the Sec7 domain of ARNO and show that JM’s
interaction with ARNO-Sec7 displays large similarities to its interaction with CaM, pointing to
the speculation that ARNO and CaM may modulate EGFR in a similar manner. Our data also
reveal that ARNO-Sec7, CaM as well as lipid bilayers containing anionic phospholipids com-
pete for overlapping binding sites on the JM segment. Moreover, we show that additional fac-
tors including auto inhibition for ARNO, Ca?* availability for CaM and lipid composition for JM’s
membrane association, are capable to further regulate this competitive network of EGFR-JM
interaction partners. While we here focus on the structural and biophysical characterization of
this network under defined in vitro conditions, our findings are consistent with previous findings
in living cells and in tumor tissue [218—220] and should stimulate future studies of this important
aspects in EGFR signaling.

6.4 Results and Discussion

The JM segment of the EGFR interacts with the Sec7 domain of ARNO

To investigate whether ARNO interacts with the EGFR we carried out microscale thermophore-
sis (MST) measurements of selected isolated domains. Since ARNO is a cytosolic protein, only
EGFR constructs comprising the intracellular domain were considered (Fig. 6.1a). Our MST
data show that the EGFR intracellular domain (ICD) indeed interacts with the Sec7 domain of
ARNO (Sec7) (Fig. 6.1b, black). The other major domain of ARNO, the pleckstrin homology
domain (PH), did not show binding under the applied conditions (data not shown).

69



6 Interaction of ARNO-Sec7 with juxtamembrane segment of EGFR

Interestingly the purified juxtamembrane seg-
ment (JM) alone displays a comparable bind-
ing behavior to ARNO-Sec7 as EGFR-ICD
(Fig. 6.1b, blue). While EGFR-ICD and EGFR-
JM bind ARNO-Sec7 with similar affinity (Kp
of about 50 uM), an EGFR-ICD construct lack-
ing the first 27 amino acids of the JM seg-
ment (EGFR-ICDAJM;_57) does not show inter-
action (Fig. 6.1c, grey), which is also true for a
scrambled version of JM (JMggc) containing the
same amino-acids, but randomly redistributed
(Fig. 6.1c, pink, see Methods for full sequence).
Our data demonstrate that ARNO-Sec?7 interacts
with the EGFR in vitro and strongly suggest that
this interaction is on the EGFR side mainly driven
by the JM segment.

Due to JM’s key role in EGFR regulation
[91,92,210,215,221,222] and its high potential
for EGFR signaling modulation [93], we carried
out a comprehensive NMR study to character-
ize the molecular architecture of the interaction
of ARNO-Sec7 and EGFR-JM.

Following the full resonance assignments of
both domains (see supplementary Tables 6.1
and 6.2 and Fig. 6.13 for details on data acqui-
sition, resonance assignment and structural fea-
tures) we performed NMR-based titration stud-
ies with Sec7 and JM to identify the interact-
ing regions based on the chemical shift per-
turbations (CSP) induced by their binding part-
ner. Figure 6.1d-g summarize the data from
the point of view of the ('°N-isotope-labeled)
JM segment. The presence of increasing
amounts of (unlabeled) Sec7 induces character-
istic concentration-dependent chemical shift per-
turbations for certain residues (Fig. 6.1d). Plot-
ting these chemical shift perturbations along the
JM sequence clearly identifies the N-terminal
half of JM, i.e. the JM-A segment [210], as the
one involved in the interaction with Sec7. Fur-
thermore, the NMR chemical shifts continuously
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Figure 6.1: JM-Sec7 interaction as seen from
the EGFR-JM side. a) Schematic representation
of EGFR’s domain architecture (SP: signal pep-
tide; TM: transmembrane domain; JM: juxtamem-
brane). b+c) MST data for indicated EGFR and
ARNO constructs. Here and in the subsequent fig-
ures the EGFR construct is always mentioned first
and the fluorophore-labeled molecule is labeled
with asterisk (n=3, mean+SD). d) ['H;'®N]-HSQC
NMR spectra of ®N-labeled EGFR-JM in the pres-
ence of increasing amounts of unlabeled ARNO-
Sec7. e) Chemical shift perturbations along the
EGFR-JM sequence induced by the presence of in-
dicated amounts of ARNO-Sec7. Grey labels indi-
cate residues that were not observed. f) Secondary
chemical shifts (see Supplementary Information for
definition) as indicator for secondary structure of
EGFR-JM when free in solution. g) ['H;'*N]-HSQC
NMR spectra of a "°N-labeled scrambled version of
EGFR-JM (JMSC) in the absence (grey) or pres-
ence of 7-fold excess (magenta) of ARNO-Sec?.
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change with increasing concentration of Sec7, revealing a rather transient interaction (NMR
fast-exchange regime) with residue specific binding affinities (Kp) in the high uM range (see
Supporting information Figure 6.13e for more details).

In general, NMR chemical shifts, in particular of carbon C, and Cg nuclei, are robust indica-
tors of secondary structure [223]. Analysis of the respective chemical shifts of the isolated JM
segment points to the absence of a clear secondary structure when free in solution (Fig. 6.1f).
This observation is in good agreement with previous results [224,225], in which JM was shown
to behave mainly as random coil in the absence of membrane mimetics.

Addition of Sec7 did not lead to detectable '3C chemical shift perturbations (data not shown),
which suggests that the interaction with Sec7 does not induce a stable secondary structure in
JM. However, the rather uniform shift of the affected peaks in the 'H,">N-HSQC spectrum
(Fig. 6.1d) towards lower 'H and '°N frequencies would be in line with an increase in transient
o-helical propensity upon Sec7 binding [223]. The JM segment of EGFR contains a high num-
ber of charged residues (see Fig. 6.13c). In particular the JM-A segment comprises an unusu-
ally high number of positively charged residues (i.e. 10 out of 20 residues). To test whether the
interaction with Sec7, which contains both negatively and positively charged regions (Fig. 6.14),
is driven by nonspecific electrostatic interactions we used again the scrambled JM construct
(JMgc) containing the same total amino acid composition but randomly redistributed. In line with
the MST measurements (Fig. 6.1c, pink), the NMR measurement (using '°N-labeled JMSC,
Fig. 6.1g) shows that the scrambled JM does not interact with Sec7, in clear contrast to wild-
type JM under identical conditions (e.g. Fig. 6.1d, purple). Our data therefore demonstrate that
the absolute charge of JM is not key to the interaction and imply that the primary sequence of
JM promotes a specific recognition by Sec7.

Due to its good NMR properties [226] ARNO-Sec7 offers the appealing opportunity to in-
vestigate the interaction also from the cytohesin point of view. Consequently, we recorded a
series of NMR experiments using '°N-isotope labeled ARNO-Sec7 and non-labeled EGFR-JM
(Fig. 6.2). In line with the data obtained from the JM point of view (Fig. 6.1), the presence of
increasing amounts of EGFR-JM induced chemical shift perturbation for specific Sec7 residues
(Fig. 6.2b,c) reproducing the transient interaction of the two domains (NMR fast exchange
regime) and pinpointing a specific JM-binding site of Sec7. Following the resonance assign-
ment of the 21 kDa Sec7 construct (Fig. 6.13, BMRB deposition code: 27761) distinct regions
of the Sec7 domain can be identified that interact with the isolated JM segment (Fig. 6.2d). The
affected residues mainly cluster around helices E (5), F (6), G (7), H (8) and | (9) and the loop
connecting helices | (9) and J (10) (helix nomenclature as in [227] and, in brackets, according
to [226]). Highlighting the most affected residues in the Sec7 structure reveals a well-defined
JM-binding interface (Fig. 6.2e).

While the affected region partially overlaps with the negatively charged surface of Sec7 (see
Fig. 6.14), it also involves a high number of hydrophobic residues (17 out of 39), suggesting
that ARNO-Sec7 interacts with EGFR-JM, in part, through an extended hydrophobic surface.
In particular, a surface-exposed hydrophobic patch of residues in Sec7’s helix H appears to be
in the center of this interaction. Reducing the hydrophobicity of this patch by alanine substi-
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summary of MST and NMR results.

tutions of Y186, F190, 1193 and M194, i.e. ARNO-Sec7(4A), indeed inhibits binding to JM as
determined by MST (Fig. 6.2f).

Of note, the observed binding site is also located in a region populated by residues crucial for
the interaction of Sec7 with ARF1 [226,227,229]. ARF1 binding is prevented in the autoinhib-
ited state in all cytohesin members when helix H forms intramolecular contacts with the linker
and the polybasic region (pbr). Accordingly, ARNO lacking the polybasic region (ARNOApbr)
loses this autoinhibition [230]. To test whether this autoinhibitory mechanism also plays a role
for an interaction of ARNO with the EGFR, we carried out MST measurements using EGFR-
ICD and either full-length ARNO or ARNOApbr (Fig. 6.2g,h). Indeed, full length (autoinhibited)
ARNO did not bind EGFR-ICD (Fig. 6.2¢g, black) whereas for ARNOApbr the interaction was
restored (Fig. 6.2g, green). This data supports the importance of Sec7’s helix H in the interac-
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tion and suggests that ARNO’s autoinhibitory mechanism may also regulate its interaction with
the EGFR.

EGFR-JM'’s interaction with membranes shares common features and distinct
differences to ARNO-Sec7

We have shown that ARNO-Sec7 binds the JM segment of the EGFR. As it is known that the JM
segment also interacts with CaM and anionic phospholipids of the inner leaflet of the plasma
membrane [93,211,231-234] we subsequently investigated similarities and/or differences in
the binding mode of these interactors. To obtain the desired high-resolution information into
the effect of the membrane surface, the interactions of JM with phospholipids in the form of
phospholipid-bilayer nanodiscs (NDs) were characterized by NMR spectroscopy.

Our data show that the presence of NDs containing only the neutral POPC phospholipid
does not induce noticeable chemical shift perturbations in EGFR-JM (Fig. 6.3a, yellow), indi-
cating that this domain on its own does neither interact with neutral phospholipids nor with the
membrane scaffold proteins (MSP) used to assemble the NDs. While the latter corroborates
usage of MSP-derived nanodiscs as suitable membrane mimetic for the system, the absence
of interactions with POPC lipids differs to previous findings in which a strong interaction of JM
to DPC micelles was observed [224]. Since DPC detergent molecules and POPC lipids both
comprise the same phosphocholine head group, our results suggest that the overall assembly
of the membrane mimetic (detergent-free lipid bilayers vs. detergent monomer-micelle equilib-
rium) has a strong influence on the interaction with JM. At this point it can only be speculated
that the nanodiscs better reflect the physiologically-relevant membrane interaction of JM. How-
ever, in any case, the observed difference between detergent micelles and nanodiscs highlights
the importance of the choice of a suitable membrane mimetic for structural studies of membrane
interactions.

The strengths of the nanodisc system include its homogeneity, stability, the absence of de-
tergents and near native bilayer arrangement as well as a the possibility to accurately change
their lipid composition without modifying other parameters and use NMR-spectroscopy to de-
termine lipid specific interaction with single amino acid resolution [83,235]. In the following we
made use of these features to investigate the interaction of JM with NDs containing 30% an-
ionic phospholipids via NMR spectroscopy. Two different phospholipid mixtures were used, i.e.
30% anionic DMPG lipids with 70% neutral DMPC lipids as well as anionic POPS lipids (30%)
with neutral POPC lipids (70%). In both cases clear changes in the NMR spectrum induced by
the presence of the respective nanodiscs can be observed (Fig. 6.3a, Fig. 6.15 and Fig. 6.16).
Similar to the interaction with ARNO-Sec7, the residues affected the most by the presence of
the anionic membrane surface are confined to the JM-A region. However, a closer look also
reveals that the phospholipid interacting region is a few residues shorter than the Sec7-binding
region.

A comparison of EGFR-JM’s interaction with anionic lipids or ARNO-Sec7 highlights four
different sections in JM (Fig. 6.3b,c). While residues V650-Q660 show considerable chemical-
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Figure 6.3: JM-membrane interaction depends on
anionic lipid content and follows a similar pat-
tern as Sec7 binding with distinct differences. a)
Chemical shift perturbations along the EGFR-JM se-
quence induced by the presence of nanodiscs with
the indicated lipid composition. b) Schematic com-
parison of EGFR-JM binding behavior to lipid bilay-
ers containing 30% anionic lipids (upper chart) or
ARNO-Sec7 (lower chart, according to data shown in
Fig. 6.1e). ¢c) NMR signals of selected residues rep-
resentative of JM regions with different behavior in-
duced by the presence of Sec7 (blue peaks, also see
Fig. 6.1) or NDs with 30% anionic lipids (red peaks).
Blue area highlights residues showing interaction ex-
clusively with Sec7 and not the used NDs. d) Ef-
fects of addition of NDs with 50% anionic lipid con-
tent. Unlike to the peak shifts visible for ND interac-
tion with 30% anionic lipid content (a) or Sec7 binding
(Fig. 6.1), addition of NDs containing 50% POPS and
50% POPC (brown) or 50% DMPG and 50% DMPC
(dark brown) lipids predominantly leads to disappear-
ance of peaks for residues in JM-A (see. Fig. 6.15
and Fig. 6.16 for comparison of spectra, peak shifts
and volumes for all used lipid mixtures). The observed
peak disappearance is indicative of prolonged contact
times of this region with the lipids (i.e. NMR medium
or slow exchange regime for 50% anionic lipids and
NMR fast exchange regime for 30% anionic lipids or

shift changes
°o o o
8 8 ¥

combined chemical &
°
2

M 30/70% POPS/POPC
I W 30/70% DMPG/DMPC
I -FII-IE‘.-q !

wwwwwwwwwwwww
I§>mxmp‘34m1440mlxw4>m 88 8888 zo<44m$

b EGFR juxtamembrane (JM) domain sequence

660
+NDs

30% anionic lipds

8

wwwwwwwww

peaks unaffected

665
+ Sec7 peaks shift peaks unaffected
RRRHIVRKRTLRRLLQERELVEPLTPSGEAPNQALLRT

C .
» ~.. +Sec7
.- o N ND
K652 R653 L655. ! L658 L659 Q660

0] we][e0] ||
different binding
conformation

R
similar binding only interaction ~ not
conformation for Sec7 affected

10
an

50/50% POPS/POPC

06

>
§0.4
>
0.2
e P T b e L O S
pefgtgve R
$a8elrrugguscteEatl g8 5okt 2
EGFR juxtamembrane (JM) domain sequence
+NDs peaks disappear peaks unaffected
50% anionic lipds peak shift

Sec7). e) Schematic summary of EGFR-JM’s interac- W
tion with different NDs. In a) and d), grey labels indi-
cate residues that were not observed.

slower

30% anionic lipids

neutral 'Iipids

50% anlonlc lipids

shift perturbations induced by both interaction partners, the first half of these residues (V650-
L655, Fig. 6.3c, section #1) show clearly different chemical shifts upon binding to lipids or Sec7,
whereas the second half (R656-Q660, Fig. 6.3c, section #2) experience an almost identical
variation in chemical shift. The third section (R662-V665, Fig. 6.3c, section #3) is only affected
by Sec7 and not by the lipids. The fourth section (L667-1682, Fig. 6.3c, section #4) is not affect
by the presence of either interaction partner. Consequently, EGFR-JM’s interaction with anionic
phospholipids shares some common features with the interaction with ARNO-Sec7, but also
displays distinct differences.

A comparative summary of EGFR-JM'’s interaction with anionic lipids or with ARNO-Sec7
highlights four different sections in JM (Fig. 6.3b,c). While residues V650-Q660 show consid-
erable chemical-shift perturbations induced by both interaction partners, the first half of these
residues (V650-L655, section 1, Fig. 6.3c) show clearly different chemical shifts upon binding
to lipids or Sec7, whereas the second half (R656-Q660, section 2, Fig. 6.3c) experience an
almost identical variation in chemical shift.
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While the presence of NDs with 30% content of anionic phospholipids leads to chemical shift
perturbations indicative of fast exchange processes, increasing the membrane charge density
to 50% anionic phospholipids alters the interaction kinetics and leads to considerable peak
broadening indicative of intermediate exchange processes (see supplementary Fig. 6.16 for
experimental data). Considering the size of the ND system a tight binding (in the slow ex-
change regime) could also explain this observation. In any case, it can be assumed that the
JM-membrane interaction becomes stronger with increased negative charge density of the
membrane. When plotting the peak intensity instead of the chemical shift changes it can be
seen that also under these conditions the JM-A region is the driving force of the interaction
(Fig. 6.3d).

Overall our data shows that despite JM-A being mainly involved in the interaction with lipids
and Sec7, the interaction with Sec7 occurs over an extended binding mode that involves a
number of additional JM residues, as compared to JM’s interaction with the membrane surface.
In addition, an increase of the anionic lipid content from 30% to 50% slows down the otherwise
fast bound-to-free exchange processes, revealing the possibility of modulating JM’s membrane
interaction kinetics by variations in lipid composition.

The interplay of lipids, CaM and Sec7 as intracellular modulators of EGFR-JM

To directly compare the observed interaction of EGFR-JM with ARNO-Sec7 to the known cy-
toplasmic EGFR modulator CaM, we carried out additional MST and NMR-based experiments.
Unsurprisingly, our MST data shows that binding of CaM to EGFR-ICD is calcium- and JM-
dependent (Fig. 6.4a). When recording NMR spectra of EGFR-JM in the presence of unlabeled
CaM, a set of peaks disappear from the spectrum (in line with an interaction in the NMR inter-
mediate exchange regime).
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Figure 6.4: Calmodulin (CaM) and ARNO-Sec7 share same binding site and compete for EGFR-JM binding
in vitro. a) MST data of the interaction of CaM and EGFR-ICD. Removal of accessible calcium via EGTA (black) as
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d) Schematic comparison of the observed CaM and Sec7 binding behavior of EGFR-JM.
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As expected [93,236], plotting the decrease in intensity along the JM sequence again reveals
that predominantly JM-A interacts with CaM (Fig. 6.4b). Looking at the affected JM residues it
can be seen that the CaM binding region of JM is again a few residues longer than its mem-
brane binding region. Interestingly the CaM and the Sec7 binding regions of JM are essentially
identical. However, in line with a higher binding affinity seen in the MST data (Kp of about 1 uM),
the NMR data also suggest that CaM interacts less transiently with JM as compared to Sec7 or
membranes with 30% negative charge content.
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Having found that CaM and ARNO-Sec7 bind to an essentially identical binding site on
EGFR-JM we investigated a possible competition of CaM and ARNO-Sec7 for binding to the
EGFR using MST. In line with the higher binding affinity of CaM, when EGFR-ICD (200 nM) was
preincubated with a saturating concentration of CaM (30 uM), the binding of ARNO-Sec7 was
completely prevented (Fig. 6.4c), confirming a competitive binding of CaM and ARNO-Sec7 in
vitro.
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Our data shows that CaM and ARNO-Sec?7 interact with the same JM region. This fact hin-
ders a reliable NMR investigation of the competition between these two proteins. In contrast, the
binding regions of JM to phospholipid nanodiscs or Sec7 sufficiently differ to allow distinction
between the binary JM-nanodisc and JM-Sec7 complexes. In particular, residues (E661-V665)
in the center of the JM segment can be used as reporters since they are not affected by bind-
ing to phospholipids but are part of the Sec7-interacting region (Figs. 6.3 and 6.16). Indeed,
when adding unlabeled ARNO-Sec7 to the JM peptide preincubated with NDs containing high
amounts of anionic lipids (50/50% POPC/POPS) distinct chemical shift perturbations are vis-
ible for the 'Sec7-specific-reporter residues’ E661-V665 as compared to free JM or to JM in
the presence of just NDs (Fig. 6.5a and Fig. 6.17). The observed peak shift is consistent with
the perturbations expected due to formation of a JM-Sec7 complex. Interestingly, JM residues
directly at the edge of the membrane binding interface (Q660 and R662) show stronger or differ-
ent chemical shift perturbation when both binding partners are present (as compared to the in-
dividual pairwise interactions, Fig. 6.5a). This behavior is indicative of cooperative effects and/or
different structural alterations. While our data does not allow to distinguish between a ternary
JM-membrane-Sec7 complex or an exchanging 3-state equilibrium (free JM, membrane-bound
JM, Sec7-bound JM), the NMR data show that ARNO-Sec7 can interact with the JM peptide
even in the presence of NDs containing a high amount of anionic lipids and thus support the
notion that ARNO can interact with the EGFR at the plasma membrane.

6.5 Conclusion

Using solution NMR spectroscopy and microscale thermophoresis (MST), supported by site-
directed mutagenesis techniques, we show that ARNO-Sec7 and EGFR-JM interact in vitro.
The residues of both Sec7 and JM involved in binding were identified (Figs. 6.1 and 6.2). From
the JM side, NMR data showed that Sec7 specifically recognizes the first half of the segment
(i.e. JM-A, Fig. 6.1e), which has been shown to be of importance for EGFR activation [92,210,
215,221,222]. JM-A is also the region recognized by calmodulin (Fig. 6.4), a major regulatory
protein of the EGFR [93,95,234,236]. Furthermore, JM-A tethers JM to the plasma membrane
(Fig. 6.3), stabilizing the inactive conformation of the EGFR [237,238].

The isolated JM peptide in solution seems to exist mainly as random coil (Fig. 6.1f), with some
propensity to form a transient a-helix at the JM-A region [210, 225,237,239]. Our data reveals
that, upon binding to Sec7, the amide resonances of JM-A shift upfield (Fig. 6.16c), which
is indicative of a higher helical propensity in the Sec7-bound conformation. The JM segment
also interacts with negatively charged phospholipids of the inner leaflet of the membrane [211,
238]. By using phospholipid nanodiscs (NDs) we demonstrate that JM-A is also the region
responsible for binding to membranes containing anionic lipids. While the membrane-binding
and Sec7-binding regions of JM largely overlap, a closer analysis of the NMR data shows that
some residues experience different chemical shift perturbations upon binding to either partner
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and that the binding interface to Sec7 is elongated as compared to the lipid binding interface
(Fig. 6.3b and Fig. 6.16).

From the Sec7 side, our data shows that the accessibility of the JM binding site is re-
stricted when ARNO is in the autoinhibited state which is common to all cytohesin mem-
bers [230] (Fig. 6.2). Release from the autoinhibition requires the binding of an already acti-
vated, membrane-attached ARF molecule or of phosphoinositides (PIPs) to the PH domain and
maximum activation requires both steps resulting in exposure of the Sec7 domain [240, 241].
As PIPs cluster around the EGFR [96,231,232,242,243], binding of ARNO to these PIPs would
bring it near to the EGFR and simultaneously activate it for JM binding (Fig. 6.17 for schematic
visualization). The PIPs-driven co-localization and/or insufficient Ca* availability could also
counteract the higher affinity observed for Ca®*-activated CaM as possible competitor of the
ARNO-EGFR interaction. The interplay between ARNO'’s expression level and state of activa-
tion, the plasma membrane’s lipid composition and its arrangement, as well as the available
Ca?*- and CaM levels could therefore provide a further layer of modulation of EGFR signaling
(Fig. 6.5b). Whether binding of ARNO to the JM segment of the EGFR occurs in the living cell
and whether this binding would indeed modulate EGFR signaling is however currently unknown.
There is indirect evidence for ARNO modulating EGFR activity [218-220] but the mechanism
has not been elucidated. Due to our findings that in vitro ARNO interacts with the JM segment
in a similar way as CaM does, it is tempting to speculate that ARNO and CaM could modulate
EGFR activity also by a similar mechanism. Although the mechanism by which CaM modulates
EGFR activity has not yet been exactly determined, it appears to involve the weakening of JM’s
interaction with phospholipids of the membrane [211,244]. Our data obtained in the presence
of phospholipid nanodiscs are consistent with this view and with a model in which CaM and
ARNO could contribute to the activation of the EGFR by releasing one of several autoinhibition
mechanisms of the EGFR, namely the immobilization of the JM segment on the surface of the
membrane.

6.6 Material and Methods

Protein constructs and expression

Human EGFR-ICD (amino acids 645-1186, numbering according to UniProt PO0533 without
the 24 amino acids of the signal peptide) was equipped with a 6xHis tag and a TEV cleavage
site and cloned into pFastBac-1 (Invitrogen) such that after TEV cleavage the protein contained
two additional amino acids (Gly, Ala) at the N-terminus. EGFR-ICDAJM;.»7 (amino acids 672-
1186) was constructed by inserting a TEV cleavage site between amino acids 671 and 672 of
EGFR-ICD and cloned into pACEBac-1 (ATG:biosynthetics) such that after TEV cleavage the
protein had no additional amino acids. Recombinant baculoviruses were generated using the
MultiBacTurbo Expression System (ATG:biosynthetics) and proteins expressed for 3 days in
SF9 cells (Invitrogen). EGFR-JM (amino acids 645-682) was fused to maltose binding protein
followed by a TEV site such that after TEV cleavage the unmodified JM peptide was obtained.
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It was cloned into pET-28a (Novagen) and expressed for 3 h at 37°C in E. coli BL21(DE3)
(Stratagene). EGFR-JMSC was obtained by scrambling amino acids 645-682 resulting in the
sequence: RELKHIQVRL RTERQLEPLE IRAVNRSRLT PRLAGLPR. Otherwise it was treated
the same way. Human ARNO (UniProt Q99418), ARNOApbr (amino acids 1-386), ARNO-Sec7
(amino acids 61-246), ARNO-Sec7(4A) (Y186, F190, 1193 and M194 changed to Ala) and hu-
man CaM (UniProt PODP23, amino acids 2-149) were equipped with a 6xHis tag and a TEV
cleavage site, cloned into pET-28a and expressed at 20 °C overnight in E. coli BL21(DES3).
Except for CaM, the constructs contain additional Gly and Ser at the N-terminus after TEV
cleavage

Protein purification and labelling

All cell pellets were homogenized via French press in lysis buffer (50 mM Tris/HCI, pH 7.8,
300 mM NaCl, 10% glycerol, 25 mM imidazole), except for calmodulin in different lysis buffer
(50mM HEPES/KOH, pH 7.8, 300mM NaCl, 10%glycerol, 25mM imidazole). EGFR-ICD,
EGFR-ICDAJM; .57, all ARNO constructs and calmodulin were purified via Ni-NTA affinity chro-
matography (Macherey-Nagel). Eluted samples were buffer exchanged to remove imidazole,
before TEV cleavage overnight at 4 °C. Protein samples were then subjected to reverse Ni-NTA
chromatography (Macherey-Nagel), and concentrated using Vivaspin Turbo (Sartorius) followed
by size exclusion chromatography either on HiLoad 16/600 Superdex 200pg (GE Healthcare)
for EGFR-ICD and EGFR-ICDAJM;.27, or on HiLoad 16/600 Superdex 75pg (GE Health-
care) for ARNO-Sec7, ARNO-Sec7(4A) and calmodulin. In addition, during TEV cleavage of
EGFR-ICD, 0.5 uM His-tagged YopH and 0.5mM MgCl, was added for dephosphorylation of
the kinase. During calmodulin purification, cleared lysate was heated for 5 min at 80 °C, then
cooled down on ice for 10 min, followed by centrifugation to remove denatured proteins. Fur-
thermore, 1 mM of CaCl, was supplemented to the sample immediately before size exclusion
chromatography. MBPT-EGFR-JM and MBPT-EGFR-JMSC were purified via amylose affinity
chromatography (New England Biolabs), followed by TEV cleavage at room temperature for
48 h. Afterwards, digested sample was applied to size exclusion chromatography on HiLoad
16/600 Superdex 30pg (GE Healthcare). All the gel filtration runs were monitored at 280 nm,
except for EGFR-JM, EGFR-JMsc and calmodulin at 214 nm. All the collected peak samples
were concentrated in buffer H (20 mM HEPES/KOH, pH 7.8, 150 mM NaCl), using Vivaspin
Turbo (Sartorius).

For the fluorescence labeling of ARNO-Sec7 and ARNO-Sec7(4A), 10 uM proteins were
mixed with 100 uM Alexa Fluor 647 NHS Ester (Thermo Fisher) in labeling buffer T (20 mM
HEPES/KOH, pH 7.8, 150 mM NaCl, 100 mM NaHCO3). The labeling reactions were carried
out on ice in the dark for 1 h. For the labeling of EGFR-ICD and EGFR-ICDAJM{.27, 10 uM
proteins were mixed with 30 yM RED-NHS 2nd generation (NanoTemper) in labeling buffer N
(20mM HEPES/KOH, pH 7.8, 150 mM NaCl). The mixture was incubated on ice in darkness
for 30 min. All labeling reactions were terminated by addition of 100 mM Tris/HCI, pH 8. Af-
terwards, samples were applied to pre-equilibrated illustra Nap-5 columns (GE Healthcare) to
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remove free dye, followed by elution with buffer H. Protein concentrations and degrees of label-
ing were quantified on NanoDrop 2000c Spectrophotometer (Thermo Fisher), before aliquoting
and flash freezing.

MST measurments

For each MST assay, unlabeled protein was used to prepare 15-step serial dilution with final
volume of 5yl in assay buffer (20 mM HEPES/KOH, pH 7.8, 150 mM NacCl, 0.005% Triton X-
100, 10 uM BSA). Next, 5 ul of 200 nM fluorescence-labeled protein was added to each dilution.
For measurements including CaM (except for that with EGTA), 2mM CaCl, was added to the
assay buffer. The calmodulin titration was carried out in 1:2 serial dilution, while the others
were performed in 1:3 dilution. For the calmodulin competition assay, 30 uM calmodulin was
premixed with 200 nM labeled protein, before being added to 15 serial dilutions. Mixed samples
were loaded into Monolith NT.115 Premium Capillaries (NanoTemper) and MST measurements
were performed on Monolith NT.115 system (NanoTemper). For assays using labeled ARNO-
Sec7 and ARNO-Sec7(4A), samples were pre-incubated at room temperature for 10 min and
measured with 60% LED power, 50% MST power. For assays using labeled EGFR-ICD and
EGFR-ICDAJM; o7, samples were pre-incubated at room temperature for 5 min and measured
with 20% LED power, 40% MST power. Each sample preparation and measurement was car-
ried out in triplicate. Data analysis was performed using the Kp fitting function of MO.Affinity
Analysis v2.3 (NanoTemper) and graphs were prepared using Prism 5.0f (GraphPad). For the
calculation of Fnorm, hot cursor was set at 5 seconds for assays involving labeled ARNO-Sec7
and ARNO-Sec7(4A), while for assays involving labeled EGFR-ICD and EGFR-ICDAJM;_»7,
hot cursor was set at 2.5 seconds. Consistently in each interaction plot the fluorescence-labeled
compound is shown at first position in the data labels.

Nanodiscs production
Membrane scaffold protein expression and purification

As reported before [43], E. coli BL21 (DE3) were transformed with MSP1D1 plasmid DNA in
vector pET28a. Cells were grown in LB medium, induced by 1 mM IPTG at an optical density of
0.7, incubated 5-6 hours at 37 °C and pelleted down. Cells were resuspended in buffer B (50 mM
Tris/HCI, pH 8.0, 500 mM NaCl) supplemented with 6 M GdnHCI and EDTA-free Complete pro-
tease inhibitors (Macherey-Nagel) lysed by sonication (Bandelin Sonopuls MS72 probe), cen-
trifuged at 17000 g for 1 h (Beckman J2-21 rotor JA-20.1) and incubated 1 h with previously
equilibrated 2.5 ml Ni-NTA agarose resin/3 L culture (Macherey-Nagel). Column was washed
with 4 CV buffer B, 4 CV buffer B supplemented with 1% Triton X-100, 4 CV buffer B + 60 mM
Na-cholate, 4 CV buffer B, 4 CV buffer B + 20 mM imidazole. Four fractions of 1 CV were
eluted with 250 mM imidazole. The whole process was kept at 4°C in a cold room. The elu-
tion fractions were pooled and dialyzed against 100-fold dialysis buffer (200 mM Tris/HCI, pH
7.5, 100 mM NaCl). N-terminal His-tag was cleaved using TEV protease incubated overnight at
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4°C. AHis-MSP was separated from MSP by IMAC and concentrated to the desired molarity
using a Vivaspin centrifugal device of 10 kDa MWCO.

Nanodiscs assembly

Nanodiscs were assembled according to established protocols [245,246]. In short, lipids’ chlo-
roform stocks were dried under nitrogen flow to obtain a lipid film and stored under vacuum
overnight. AHis-MSP1D1 and the appropriate amount of lipids (Avanti Polar Lipids) solubi-
lized in 60 MM Na-cholate were mixed together in lipid buffer (20 mM Tris/HCI, pH 7.5, 100 mM
NaCl, 5mM EDTA). Four different batches were prepared: one using 100% 1-palmitoyl-2-oleoyl-
sn-glycero-3-phosphocholine (POPC) as a non-charged control; one using 30% 1-palmitoyl-
2-oleoyl-sn-glycero-3-phospho-L-serine (POPS) and 70% POPC containing 30% net negative
charge and similar properties as native membranes; one using 50% POPS and 50% POPC with
a higher density of negative charges; one using 50% 1,2-dimyristoyl-sn-glycero-3-phospho-(1’-
rac-glycerol) (DMPG) and 50% 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) contain-
ing 50% negative charge and different head group and hydrocarbon chain properties (see main
text for more information). The scaffold-to-lipids molar ratio was calculated from geometrical
considerations. 20% w/v of previously washed Biobeads SM-2 (Biorad) were added and the
mixture incubated at room temperature overnight. The Biobeads were removed by centrifuga-
tion and once again 20% w/v were added for an additional 4-5 h. Finally, they were purified
by SEC on a HiLoad 16/600 Superdex 200 pg column (GE Healthcare) equilibrated with SEC
buffer (20 mM sodium phosphate, pH 7.4, 50 mM NaCl) using a Akta pure device at a flow rate
of 1mIimin~'. The quality of NDs preparation was check by the SEC chromatogram as well
as by DLS (PSS Nicomp). NDs were concentrated to the desired molarity using a Vivaspin
centrifugal device of 10 kDa MWCO.

NMR Spectroscopy

All NMR experiments were performed on Bruker Avance Ill HD* spectrometers operating either
at 600 or 700 MHz, both equipped with 5 mm inverse detection triple-resonance z-gradient
cryogenic probes. Data was collected at 32 or 15°C and processed with TOPSPIN 3.2 (Bruker
BioSpin). 4,4-dimethyl-4-silapentanesulfonic acid (DSS) was used as a chemical shift standard,
and '3C and '°N data were referenced using frequency ratios as previously described [247].

Sec7 and JM resonance assignment

For the resonance assignment of Sec7 and JM, triple (U[?H,'3C,"®N]) and double-labelled
('3C,"N) samples were prepared, respectively. The U[?H,'3C,’>N] and double-labelled
(13C,"®N]-Sec7 sample was prepared at a concentration of 360 uM in 20 mM sodium phosphate
buffer pH 7.4 containing 300 mM NaCl, 10% (v/v) D>O, 0.01% sodium azide and 100 uM DSS.
The 3C,"®N-JM sample was prepared at a concentration of 270 uM in 20 mM sodium phos-
phate buffer pH 5.5 containing 100 mM NaCl, 10% (v/v) D>O, 0.01% sodium azide and 100 uM
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DSS. The lower pH in this sample was used in order to avoid residue-amide exchange with the
solvent. TROSY versions (Tr) of '*N-edited HSQC and three-dimensional HNCO, HN(CA)CO,
HN(CO)CACB (or CBCA(CO)NH, for JM) and HNCACB experiments were performed to obtain
the chemical shift assignments of the backbone atoms of Sec7, while the standard versions
were used for JM. Furthermore, for the assignment of the sidechain resonances of JM we also
acquired a '3C-edited HSQC and a 3D hCCH-TOCSY. The assignment of the 'H,'3C, and '°N
signals in the spectra was performed using CARA 1.9.24a [248]. Data was acquired at 32 and
15°C for U[?H,'3C,®N]-Sec7 and '3C,'SN-JM, respectively. Table 6.1 and Table 6.2 summarize
the acquisition parameters for Sec7 and JM, respectively.

Table 6.1: Acquisition parameters of the spectra used for Sec7 resonance assignment.

Number of points Spectral width (ppm) Central frequency (ppm) NS
2D F3 F2 F1 F3 F2 F1 F3 F2 F1
'H,"*N-TrHSQC - 2048 128 - 14 36 - 4.704 116 64
3D
TrHNCO 2048 40 128 14 36 22 4.704 116 176 8
TrHN(CA)CO 2048 40 128 14 36 22 4.704 116 176 24
TrHN(CO)CACB 2048 40 128 14 36 75 4.704 116 39 24
TrHNCACB 2048 40 128 14 36 75 4.704 116 39 32

Table 6.2: Acquisition parameters of the spectra used for JM resonance assignment.

Number of points Spectral width (ppm) Central frequency (ppm) NS
2D F3 F2 F1 F3 F2 F1 F3 F2 F1
H,"SN-HSQC - 2048 256 - 13 30 - 4697 1195 32
'H,"3C-HSQC - 1024 512 - 13 75 - 4.696 42 32
3D
HNCO 2048 40 128 13 30 22 4697 1195 176 8
HN(CA)CO 2048 40 128 13 30 22 4697 1195 176 16
CBCB(CO)NH 2048 40 128 13 30 80 4697 1195 42 32
HNCACB 2048 40 128 13 30 80 4697 1195 42 32
hCCH-TOCSY 2048 40 128 13 75 75 4.697 42 42 16
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Sec?7 titration with JM

The residues of Sec7 responsible for binding were identified by titrating a sample of ®N-labeled
Sec7 with increasing amounts of non-labelled JM and acquiring a "H-">N-HSQC spectrum at
each titration point. The concentration of protein was maintained at 60 uM and the concentration
of JM varied from 0 to 420 uM (using seven individual samples at 0.0, 0.5, 1.0, 2.0, 3.0, 5.0 and
7.0 molar equivalents). The "H-"®*N-HSQC spectra were acquired with 2048 x 128 points and
256 scans. Spectral widths were 14 ppm for 'H and 36 ppm for '°N. The central frequency for
proton was set on the solvent signal (4.704 ppm) and for nitrogen was set on the center of the
amide region (116 ppm). The data was acquired in 20 mM sodium phosphate buffer containing
100 mM NacCl, 10% (v/v) D-O, 0.01% sodium azide and 100 uM DSS, pH 7.4. All data was
acquired at 32 °C.

JM titration with Sec7, NDs and CaM

The residues of JM responsible for binding were identified in a similar way as described above,
using '*N-labeled JM and non-labelled Sec7. The concentration of JM was maintained at 40 pM
and the concentration of Sec7 varied from 0 to 280 uM (using five individual samples at 0.0, 2.0,
3.0, 5.0 and 7.0 molar equivalents). The 'H-"SN-HSQC spectra were acquired with 2048 x 128
points and 8 scans. Spectral widths were 13 ppm for 'H and 30 ppm for '°N. The central
frequency for proton was set on the solvent signal (4.695 ppm) and for nitrogen was set on the
center of the amide region (119.5 ppm). The data was acquired in 20 mM sodium phosphate
buffer containing 100 mM NaCl, 10% (v/v) D>O, 0.01% sodium azide and 100 uM DSS, pH 5.5.
All data was acquired at 15 and 32 °C.

To study the interaction of JM with the different NDs we measured 15N-edited HSQC spectra
of the free ™°N-JM (40 uM) and in the presence of 20 uM of NDs, containing the different lipids
(note that his will result on average in one JM per membrane leaflet). The 'H-1"N-HSQC spectra
were acquired with 2048 x 128 points and 8 scans. Spectral widths were 15 ppm for 'H and 30
ppm for 1SN. The central frequency for proton was set on the solvent signal (4.703 ppm) and
for nitrogen was set on the center of the amide region (119.5 ppm). The data was acquired in
20 mM sodium phosphate buffer containing 100 mM NaCl, 10% (v/v) D>0, 0.01% sodium azide
and 100 uM DSS, pH 5.5. All data was acquired at 32 °C.

The interaction between JM and calmodulin (CaM) was measured using '°N-edited HSQC
experiments with 100 uM "°N-labeled JM in absence and presence of 400 uM CaM in 20 mM
sodium phosphate buffer, pH 5.5, with 150 mM NaCl, 10% (v/v) D>O, 0.01% sodium azide and
100 uM DSS. The spectra were acquired with 2048 x 128 points and the central frequency
for protons were set on the solvent signal (4.690 ppm) and for nitrogens on 119.5 ppm. The
spectral widths for 'H and >N were set to 13 ppm and 30 ppm, respectively. Both spectra were
acquired with 16 scans at 15 °C. Data for JM’s three N-terminal Arginines was not unambiguous
and, where shown, could reflect either only on Arg647 or also on Arg646 and/or Arg645. Signal
for His648 was considerably weaker as for all other assigned residues and not always clearly
distinguishable from spectral noise. In unclear cases, the residue was removed from analysis.
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JM,, titration with Sec7

To investigate the effect of the overall charge of JM in binding we prepared a scrambled
version of JM, JMSC, containing a redistributed but overall identical amino acid composition
with the sequence:RELKHIQVRLRTERQLEPLEIRAVNRSRLTPRLAGLPR (positively and neg-
atively charged residues are colored in blue and red, respectively).

We measured a 5 N-edited HSQC spectrum of the free JMsc (40 uM) and in the presence
of 7.0 equivalents of Sec7 (280 uM). The 'H-"SN-HSQC spectra were acquired with 2048 x
128 points and 8 scans. Spectral widths were 13 ppm for 'H and 30 ppm for '°N. The central
frequency for proton was set on the solvent signal (4.701 ppm) and for nitrogen was set on the
center of the amide region (119.5 ppm). The data was acquired in 20 mM sodium phosphate
buffer containing 100 mM NaCl, 10% (v/v) D»0O, 0.01% sodium azide and 100 uM DSS, pH 5.5.
All data was acquired at 32 °C.

Combined Chemical Shift, Adcomb-

For the evaluation of the behavior of individual amino acids upon addition of increasing amounts
of ligand we calculated the combined amide proton and nitrogen chemical shift differences
using Eq. (6.1) [249]:

Ab.omb = \/(Adx)2 + (0.1 x Ady)? (6.1)

where Ady and Ady are the chemical shifts of proton and nitrogen, respectively. In order to
decide whether a given residue belongs to the class of interacting or non-interacting residues,
we have calculated a corrected standard deviation to zero (5%°") [249].

Sec7 and JM Resonance Assignment

Despite existence of an NMR structure of Sec7 [226], the experimental assignments are not
available. As such, a de novo assignment was carried out. The backbone assignment of the
amide resonances of Sec7 and JM has been performed using a standard triple resonance
approach [250]. For Sec7, the amide resonances of amino acids S1, E2, T3, R4, Q5, R6,
Y44, G48, K51, T52, F73, D74, L75, H76, R88, S93, F94, R95, L96, A100, Q101, K102, 1103,
D104, R105, M106, T125, N144, R148, D149 and L150 could not be assigned (possibly due
to exchange with the solvent). The Chemical Shift Index (CSI) [251] was used to identify pro-
tein secondary structure and compare it with the deposited structures [226, 228] (Fig. 6.13).
The secondary structure of Sec7 was predicted for each assigned amino acid residue using
Eq. (6.2)

CSI = ASCo — ASC (6.2)
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where CSl is the Chemical shift index and AdCy and AJCy are the variations of the measured
Cq and Cg chemical shifts with respect to random coil values. Three or more consecutive neg-
ative values indicate B-strand while three or more positive values indicate a a-helical structure.

Data and Software Availability

NMR chemical shift assignment of Sec7 are deposited in the BMRB data bank under the num-
ber: 27761.

85






Conclusion and key achievements

A large number of cellular processes is regulated by a complex interplay between several hor-
mones, membrane-embedded proteins and lipids. Finding a suitable membrane mimetic sys-
tem for membrane protein stabilization as well as for interaction studies with peptides remains
still challenging and this work explored approaches to overcome these limitations.

One main aspect was the characterization of the interaction network of melanocortin-4 Re-
ceptor (MC4R) and its ligands. Ensuring expression of active receptor in sufficient amounts, we
established functional expression of MC4R in different eukaryotic expression systems, such as
HEK293, Sf9 and Tnao38 cell lines (Chapter 2). The newly developed Tnao38 cell line not only
gave the best expression rate, we could also establish that this cell line can be used for down-
stream activity assays. However, HEK293 cells with more moderate MC4R expression turned
out to be more suitable for activation studies of MC4R. With the help of a fluorescence-based
cAMP activity assay we were able to study the potency of different ligands to activate MC4R.

Further, we explored the recently described [140] interaction of the bone-derived hormone
lipocalin 2 (LCN2) with MC4R (Chapter 3). Both, human and murine homologues of LCN2 could
be expressed and purified with high purity and in sufficient amounts from E. coli. However,
neither human nor murine LCN2 showed dose-dependent activation of MC4R which clearly
contradicts the previously reported interaction.

To complement our in situ insights into MC4R pharmacology, we explored the potential of
the styrene-maleic acid (SMA) technology for the purification of MC4 receptor from Tnao38
cell membranes (Chapter 2). Once the conditions for solubilization were optimized, we could
successfully use SMA for purification of MC4R from Tnao38 membranes. However, MC4R-
SMA lipid particles (SMALPs) displayed a large degree of heterogenity as proved by electron
microscopy and gel filtration. Further optimization processes have to be performed to form more
monodispers particles which then can be used for further downstream experiments.

In order to develop a new screening assay for investigation of lipid/ protein interaction we used
SMALPs in combination with microfluidic diffusional sizing (Chapter 4). We could show that the
MC4R agonist adrenocorticotropic hormone (ACTH) binds to SMALPs in a lipid-dependant
manner demonstrating that the method is capable to detect lipid specifity of peptide-lipid inter-
action.

We have shown in Chapter 5 that aSyn-LiPs can be used to induce, accelerate or inhibit aSyn
amyloid fibril formation. In addition, we have shown that usage of anionic lipids in combination
with low ionic strength of the sample buffer leads to aSyn-LiPs formed with a higher number
of aSyn molecules per LiP. Since about half of the aSyn proteins can be detached from these
aSyn-LiPs by increasing the ionic strength of the buffer while the other half remains attached
to LiPs, we attribute this observation to the contribution of an electrostatically driven binding
of aSyn to the negatively charged membrane surface. The presence of aSyn-LiPs in the used
aggregation assays evidently induces distinguishable modulations of the aggregation behavior.
Our EM data show connections between short fibrillar structures and aSyn-LiPs that could
reflect on early lipid induced nucleation events. Our data clearly demonstrate that aSyn-LiPs
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display useful features including (i) a very strong capability to induce primary nucleation, (ii) the
possibility to store frozen aSyn-LiP stock solutions, simplifying handling and minimizing artifacts
by batch-to-batch variations, and (iii) a not detectable influence on the morphology of fibrils that
have formed and grown in the presence aSyn-LiPs. However, more thorough investigations will
be needed to understand the formation and role of these fibril-LiP complexes and whether they
play a role in the amyloid fibril formation process.

In chapter 6, we identified ADP ribosylation factor nucleotide binding-site opener (ARNO),
a member of the cytohesin family, as JM-binding protein. Using solution NMR spectroscopy
and microscale thermophoresis, supported by site-directed mutagenesis techniques, we could
structurally characterize the ARNO-EGFR interaction interface. We reveal that its binding mode
displays common features and distinct differences with JM’s interaction with calmodulin and an-
ionic phospholipids. Furthermore, we were able to show that each interaction can be modulated
by additional factors. In doing so, we could generate a distinctly regulated network of possible
EGFR modulators acting on the intracellular domain of the receptor.

Overall, our results may help to better understand the role of lipids on several cellular events
and introduce new means to better characterize these essential processes.
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Supplementary data

MCA4R (Chapter 2)
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Figure 6.6: Solubilization screen of MC4R using Dot blot. Solubilization screen of Tnao38 membranes contain-
ing MC4R with detergent (a) and styrene-maleic acid (b). 2 pl of solubilized protein was spotted onto a nitrocellulose
membrane. Immunostaining was performed using anti-FLAG tag antibody. Analysis of dot blot intensities is shown
in Fig. 2.7a,b.

91



6 Interaction of ARNO-Sec7 with juxtamembrane segment of EGFR

LCN2 (Chapter 3)
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Figure 6.7: Protein sequence alignment of human and murine MC4R. Sequence alignment was performed
using Boxshade version 3.21. Black boxes indicate identical residues whereas conserved residues are shaded in

grey.
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Figure 6.8: Verification of LCN2 refolding by NMR. 1D proton spectrum of purified and refolded human LCN2. A)
Magpnified region of proton 1D spectra of refolded hLCN2 and reference hLCN2 (Fig. 3.1). B) Overlayed and zoomed
in view of the region of proton 1D spectra from A). Measurements were taken on Bruker 700 MHz spectrometer, all
samples were supplemented with 10% D,O and DSS as reference.
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Figure 6.9: Functional characterization of murine LCN2 in HEK293T-MC4R cells by Reporter Gene assay. The
assay was performed as described by Mosialou et al. [140]. Agonist activity of mLCN2 protein produced in our lab
(PET-Sumo-LCN2) and in lab of Mosialou et al. (0 GEX4T3-LCN2) were tested at HEK293T cells expressing MC4R
from our lab (pHLIRES-MC4R, b) and d)) and lab of Mosialou et al. (pCMV-XL4-MC4R, a) and c)). 2 independent
experiments were performed. e) LCN2 purity was verified by SDS-PAGE.
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aSyn-LiPs (Chapter 5)
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Figure 6.10: FTIR data of aSyn-LiPs after SEC. Spectral regions used for quantification of lipid a) and protein b)
amounts. Baseline adjusted spectra of aSyn-LiPs prepared in low- (black) or high-salt (red) conditions are shown.
While protein quantification is done automatically (using multiple spectral regions), lipid quantification requires a
lipid-specific calibration curve, which we recorded using different concentrations of POPG in constant concentration
of Na-cholate c). Final lipid quantification was carried out after subtracting the respective buffer background spectra
in triplicate experiments.
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Figure 6.11: Preparative SEC data of freshly prepared aSyn-LiPs assembled with POPC (red) or POPG (blue)
lipids. Both preparations were carried out in parallel and under identical (low salt) conditions. In line with results
of high-salt treatment of POPG aSyn-LiPs (Fig. 5.1c), the usage of the neutral POPC lipids also results in larger
fraction of monomeric aSyn not attached to the LiPs at the used protein-to-lipid ratio of 1:40.
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Figure 6.12: DLS data of POPG oaSyn-LiPs after SEC. Histograms are based on the identical measurement
as shown in Fig. 5.1e, but using different fitting algorithms. a) Result of intensity-weighted gaussian fit, assuming a
monodisperse particle distribution. The average particle size obtained with this method is similar to the one obtained
using microfluidic sizing, which also reports on the average value of all particles (Fig. 5.1f). b) Results of intensity
weighted polydispersive fit using the instrument’s internal, so called Nicomp, algorithm. The histogram again shows
heterogenous particle distribution in the range of 10-50 nm. In addition a fraction of large particles (> 500 nm) with
an overall intensity contribution of 16% is detected. Since the DLS measurements were recorded on the same
sample, which also shows fibrillar structures in EM images (Fig. 5.3b,e,f), it can be assumed that these structures
contribute to the large particles sizes in the DLS histogram. Note that the intensity-weighted distribution is shown,
which, due to the large intensity dependence of the DLS signal, translates to a population of below 0.1% fibrillar
structures (volume weighted).
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ARNO-Sec7 (Chapter 6)
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Figure 6.13: related to Fig. 6.1 and Fig. 6.2. CSl-predicted secondary structure of Sec7 based on '3C, and '*Cg,
chemical shifts (Chemical Shift Index). Three or more consecutive negative values indicate p-strand while three
or more positive values indicate a a-helical structure. On top of the plot the secondary structure as defined by the
crystal structure is shown (PDB code: 4JMI (32)) b) Crystal structure of Sec7 depicting the non-assigned residues in
red. Helix nomenclature is according to [227]. Data was acquired at 32 °C. c¢) Sequence of JM highlighting positively
and negatively charged residues in blue and red, respectively. JM can be divided into 2 segments: JM-A (residues
R645 to E663) and JM-B (residues L664 to 682) (4). For JM, nearly complete backbone resonance assignment was
obtained and only the amide resonances of R645 and R646 could not be assigned. d)'*N-'H-HSQC with assignment
of JM in aqueous solution. Data was acquired at pH 5.5 and 15 °C. e) Combined chemical shift for the JM titration
with Sec7, as a function of the sequence. Only the residues affected (corresponding to JM-A) are represented. The
concentration of JM was maintained at 40 uM and the concentration of Sec7 varied from 0 to 280 uM (0.0, 2.0, 3.0,
5.0 and 7.0 molar equivalents). Data was acquired at 15 °C in 20 mM sodium phosphate buffer containing 100 mM
NaCl, 10% (v/v) D20, 0.01% sodium azide and 100 uM DSS, pH 5.5. Due to the absence of a clear plateau (before
reaching the solubility limit of the titrant) no residue specific affinities were calculated. The behavior is however in
line with Kp values in the high uM range.
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Figure 6.14: related to Fig. 6.2. Electrostatic surface of Sec7. The electrostatic surface was calculated using the
APBS Electrostatics module of PyMol. Helix nomenclature is according to [227].
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Figure 6.15: related to Fig. 6.3. JM "N,"H-HSQC spectra in the absence (black) and presence of NDs containing
the indicated different lipid compositions (red).
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Figure 6.16: related toFig. 6.4. Interactions of JM with NDs containing different lipids. Relative signal intensities in
absence and presence of nanodiscs containing a) 100% POPC, 30/70% POPS/POPC and 30/70% DMPG/DMPC;
b) 100% POPC, 50/50% POPS/POPC and 50/50% DMPG/DMPC. c) JM-A amide proton chemical shift deviations
upon addition of different interaction partners. The rather uniformly shift towards lower 'H and "°N frequencies would
be in line with an increase in transient a-helical propensity upon Sec? interaction [223]. d) Combined chemical shift
(Adcomb) perturbations of JM in the presence of 1 equivalent of NDs containing a mixture of 50% DMPG/50% DMPC
and of 7 equivalents of Sec7. The resonances of the amide groups up to Q660 are bleached from the °N,"H-HSQC
spectrum upon addition of the NDs (Fig. 6.15) and are not recovered upon addition of Sec7. However, the chemical
shift perturbations displayed by residues E661-V665 demonstrate that even in the presence of NDs, Sec7 is able to
interact with JM.
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Figure 6.17: related to Fig. 6.2 and Fig. 6.5. Speculative model of known factors that could promote a po-
tential ARNO-EGFR interaction in vivo. While autoinhibited ARNO does not interact with EGFR-JM (this study),
ARNO is recruited to the membrane via an interaction of ARNO-PH and PIP [240] and autoinhibition is reduced
via this interaction as well as via interactions of ARNO-PH with membrane located Arf (a,b) [230, 241, 245]. The
increased PIP levels found in the proximity of the EGFR [231,240,242] could increase co-localization of activated
ARNO and EGFR. Previously suggested high linker flexibility in activated ARNO [242] could further facilitate inter-
action of ARNO-Sec7 with EGFR-JM in a similar manner as found in our in vitro studies of the isolated domains.
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