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Zusammenfassung

Fiihlen Sie sich hungrig - oder satt? Dieses Gefiihl wird vorwiegend durch ein komplexes
Wechselspiel zwischen verschiedenen Hormonen und dem Membranprotein Melanocortin
Rezeptor 4 (MC4R) in Threm Gehirn reguliert. Dieses Membranprotein gehort zu
der pharmakologisch extrem wichtigen Klasse der G-Protein gekoppelten Rezeptoren
(GPCRs).

Bisher gibt es keine hochaufgelosten Einblicke in die strukturellen und dynamischen
Details, die der Liganden-vermittelten MC4R-Aktivierung zugrunde liegen, diese
kénnen jedoch zu einer neuen Klasse von GPCR-Medikamenten mit verbesserter
Pharmakologie fithren.

Das Ziel dieser Arbeit war es, die Eigenschaften der Peptidliganden von MC4R, frei in
Losung und in der Gegenwart von synthetischen Lipiddoppelschichten (Nanodiscs) zu
studieren, um ein Verstandnis der Charakteristika der Hormone unter physiologischen
Bedingungen, einschlieflich einer Membran nachahmenden Umgebung, zu erhalten.
Deshalb wurde die Expression von Peptidliganden in FE. coli und von MC4R in
HEK 293 Suspensionszellen fiir den weiteren Gebrauch in NMR-Experimenten und
Liganden-Bindungsassays etabliert. Des Weiteren konnten wir einen Fluorophor-
konjugierten Peptidliganden herzustellen, welcher in der Lage war, Hormon-Membran
Interaktionen in einem Fluoreszenzanisotropie basierten Bindungsassay zu sondieren.
Die ligandenvermittelte "Down Stream" Aktivitdt von MC4R durch rekombinante und
Fluorophor konjugierte Liganden wurde erfolgreich in einem cAMP basierten Bioassay
getestet.

Unsere NMR-Daten zeigen, dass alle aufgenommenen Liganden generell ungefaltet
sind, jedoch zeigen die Hormone ACTH und a-MSH sekundére Konformationen fiir
mehrere Aminosduren. Zusétzlich konnten wir ein Modell der Membraninteraktion
fir ACTH erarbeiten, welches sich durch eine starke Interaktion der N-terminalen
Aminoséduren bis zu der Position 14 und eine schwéachere Bindung der weiteren Reste
mit negativ geladenen Lipiden auszeichnet. Wir konnten ebenfalls zeigen, dass diese
Interaktion durch die Zugabe von Calcium moduliert werden kann, was auf einen bisher
unbekannten Weg der Hormonsignalmodulierung hindeutet.

Deshalb représentiert diese Arbeit nicht nur die Basis fir zukiinftige NMR-Studien
von Melanocortin-Rezeptor Interaktionen und liefert essentielle Informationen und
Hilfsmittel fiir die Optimierung der Probenvorbereitung, sondern sie legt auch nahe,
dass Hormon-Membran Interaktionen eine Rolle in physiologischen Signalprozessen
spielen konnten.







Abstract

Feeling hungry — or saturated? This feeling is predominantly regulated in your brain by
a complex interplay between several hormones and the membrane protein melanocortin
receptor 4 (MC4R). This membrane protein belongs to the pharmacologically extremely
important class of G-protein coupled receptors (GPCRs).

So far no experimental high-resolution insights into the structural and dynamical
details underlying ligand mediated MC4R, activation exist but they could give rise to a
new class of GPCR-drugs with improved pharmacology.

In this work we aimed to study the features of the peptide ligands of MC4R free in
solution and in presence of synthetic lipid bilayers (nanodiscs) to gain understanding of
the hormones’ characteristics in physiological conditions including membrane mimicking
environments.

Therefore, we established the expression of peptide ligands in E. coli and of MC4R
in human embryonic kidney (HEK) 293 suspension cells for further use in nuclear
magnetic resonance (NMR) experiments and ligand binding assays. Furthermore, we
were able to produce a fluorophore conjugated peptide ligand that was able to probe
hormone-membrane interactions in a fluorescence anisotropy (FA)-based binding assay.
Down stream activity of MC4R mediated by recombinant and fluorophore conjugated
ligands was successfully tested in a cAMP bioassay.

Our NMR data revealed that all recorded ligands are generally unfolded, but ACTH and
alpha-melanocyte stimulating hormone (a-MSH) do show secondary conformations for
several amino acids. In addition, we propose a model of a amino-terminal (N-terminal)
binding mode of ACTH when interacting with membranes containing negatively
charged lipids with strong interactions up to position 14 and weaker binding of the
remaining residues. We were able to show that this interaction can be modulated by the
addition of calcium, indicating a so far unknown way of hormone signaling modulation.
Thus this work does not only represent the basis for future NMR studies of
melanocortin-receptor interactions, as well as provide essential information and tools
for the optimization of sample preparation, but also suggests that hormone-membrane
interactions could play a role in physiological signaling processes.







INTRODUCTION

Atomic resolution insights into structure and dynamics of protein interactions are
important to understand the details underlying these binding events. The main
objection of this work is to study the characteristics of hormones known to be ligands
of melanocortin receptor 4 (MC4R), a G-protein coupled receptor (GPCR) closely
linked to obesity. In addition it be will reported on the cell-free expression of the
cytotoxic human immunodeficiency virus (HIV) type 1 viral protein R (Vpr) and the
influence of zinc on it’s solubility. In the following the two projects will be presented in
different sections of each chapter of this work starting with the main project followed
by the second project.

Hormone-Receptor interaction

1.1.1| G-protein coupled Receptors

The central role of human GPCRs in signal transduction is reflected in their high
genomic abundance and use as targets for therapeutic agents. About 800 members
are found in the human genome rendering them the largest protein family [1], [2], [3].
They play an essential role in the majority of biological processes including external
senses (sight, taste, hearing, smell, touch, thermoception) as well as interoceptive
senses affecting organs (regulation of blood-pressure, appetite, respiratory rate). As
they account for approximately 40 % of the marketed drugs they are also the biggest
drug target [3], [4]. One quarter of the 100 top-selling drugs are targeting GPCRs [3].
Therefore, discovery of new ligands stays a major focus in pharmaceutical research
to find new or optimized therapeutics. To avoid failures in the late stages of drug
development, a careful selection of new potential candidates, through low-cost and
high-throughput screens, is essential.

GPCRs transmit signals from the extracellular environment of a cell to the cytosol
by binding of specific ligands, such as amines, hormone-like substances as well as
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peptides and hormones, resulting in intracellular interaction with guanine triphosphate
binding proteins (G-proteins) or arrestins [5]. GPCRs have a large number of diverse
natural ligands with different effects on receptor activities including efficacy of
downstream regulation. Agonist binding leads to ligand-specific receptor activation by
adaption of a conformation [6] enabeling carboxy-terminal (C-terminal) interaction
with intracellular interaction partners (G-proteins, arrestins) and signaling through
different signal cascades. Antagonists block receptors’ responses to agonists. Inverse
agonists do not only block responses of non-constitutively active receptors to agonists
but are also able to reduce the constitutive activity of the receptors (see also section
1.1.4). The study of GPCR activity modulation by their native ligands provides
understanding of structural and physiological features of these processes. Therefore,
this data can lead to a new class of GPCR-ligands with improved pharmacology [7].
Two important features characterize GPCRs [1]:

i. transmembrane (TM) seven-helix motif forming a recognition and connection unit;
ii. cytosolic interaction with a G-protein.

These receptors also share a common architecture with an extracellular N-terminus,
an intracellular C-terminus. The seven transmembrane domains (TMI1-TMT7)
are therefore linked by three extracellular loops (ECLs) (ECL1-ECL3) and three
intracellular loops (ICLs) (ICL1-ICL3) [2]. Based on sequence homologies, GPCRs
are classified into six families (A-F classification system is used):

Class A - rhodopsin-like

Class B - secretin receptor family

Class C - metabotropic glutamate

Class D - fungal mating pheromone receptors
Class E - cyclic AMP receptors

Class F - frizzled / smoothened

Class A (rhodopsin-like receptors) builds the largest class of GPCRs specifically
interacting with a wide variety of ligands such as small molecules, neurotransmitters,
peptides and hormones. New data, evolving from phylogenetic analysis [1], gave
rise to a new family called adhesion like receptors which includes many GPCRs so
far classified as secretin-like receptors (Class B). Classes D an E are not found in
vertebrates.
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| 1.1.1.1 | GPCR Signaling

GPCRs can not only signal through G-protein coupling, as implied by their name,
but also through C-terminal interaction with arrestins (biased signaling, see section
1.1.2). G-proteins act like molecular switches for several signaling pathways and are
activated when bound to guanine nucleotides. G-proteins can be divided into mono-
and heterotrimeric, both classes share a GTPase domain (G-domain).

For heterotrimeric G-proteins the G-domain is located in the Go subunit, which
interacts with the GPCR. This Ga subunit also contains a helical domain and forms
a complex with the G3 and Gy subunit of the heterotrimeric G-protein.

Guanine nucleotide exchange factors GEF of the Ga subunits are mostly membrane-
bound GPCRs. They use an allosteric trigger for activation by exchange of guanosine
diphosphate (GDP) to guanosine triphosphate (GTP) instead [8]. In humans 16
genes of Ga with at least 21 isoforms are known. They can be classified by their
down-stream regulation activity as follows [9], [10], [11]:

Go - stimulatory for cyclic adenosine monophosphate (cAMP)-cyclase
Go - inhibitory for cAMP-cyclase

Go, - activation of phospholipase C phospholipase C (PLC)

Gog/is - acts on the Rho family of GTPases

G, - involved in cell differentiation of aquatic organisms

Activation of heterotrimeric G-proteins with a Gog subunit leads to an increase of
cAMP, a second messenger that activates signaling cascades such as those connected
to protein kinase A (PKA). On the other hand Gf3/Gy subunits released from the
complex activate calcium channels [12]. However, activation of G-proteins with the
inhibitory Gey subunit leads to the opposite effects, deactivating cAMP-cyclase and
closing calcium channels [13].

Desensitization of G-protein coupled GPCR signaling is mediated through GPCR
activated G-protein coupled receptor kinases (GRKs). These GRKs phosphorylate the
C-terminal domain of the receptor which leads to the recruiting of beta-arrestins to
this domain. Arrestin binding shields the G-protein binding site, inhibiting further
G-protein activation and acts as a linker to the internalization machinery which regu-
lates receptor endocytosis [14]. Beta-arrestins themselves can act as signal transducers
in their function as adaptors and scaffolds, interacting with a variety of signaling
molecules [5] Although receptor internalization is thought to be a mechanism for
regulation and termination of GPCR signaling by recycling (weak beta-arrestin ([f3-arr)
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interaction of class A GPCRs) or degradation (strong -arr interaction of class B
GPCRs), a sustained signaling was observed for certain GPCRs in endosomes [15].

1.1.2| GPCR Ligand Binding

Ligand Binding by the N-terminal binding pocket of GPCRs takes place in their
transmembrane region. Venkatakrishnan et al. described the transmembrane helix
(TM3) to be a "structural and functional hub" conserved throughout a large variety
of GPCRs, maintaining either structure or functionality of the receptors showing
intensive ligand interaction [16]. Overall they found topolgically equivalent residues in
the transmembrane helices TM3, TM6 and TM7 of nearly all studied class A GPCRs
to be interacting with their divers ligands.

Binding to this "consensus scaffold of the ligand-binding pocket", as it was named by
Venkatakrishnan et al., may not be the only important interaction of GPCRs and
their ligands [16]. Moreover, an initial ligand-receptor contact by extracellular loops
and some transmembrane domains may be part of a first ligand recognition process,
as it was described by molecular dynamics simulations for (3-adrenergic receptors [17].

Several peptide ligands of GPCRs are described to transition from an un-
folded state to a conformation with secondary structure elements upon binding to
their targeted receptor [18], [18], [19].

These conformations could be not only mandatory for receptor activation in general
([20], [21]), but also serve as features providing receptor selectivity [22] and biased
signaling [23] or - as also postulated for melanocortin receptor 4 (MC4R) - biased
G-protein coupling - (for a review on MC4R biased agonists see [24]). Biased signaling
describes the activation of either a G-protein or a (3-arr coupled pathway by a ligand
specific conformational change of the GPCRs cytosolic domain. However, biased
G-protein coupling describes the specific coupling of different G-proteins by specific
binding of their subunits (e.g. Gag, Gy, G, see also section 1.1.1.1) by different
ligand mediated conformations of the receptors cytosolic domain.

1.1.3| State of the Art - Membrane Protein Structures

Studies of GPCRs and membrane proteins (MPs) in general are challenging. Sample
preparation is problematic due to the need of a suitable membrane mimicking envi-
ronment and purification protocols to support stability and solubility of the protein
maintaining a native and active folded structure [25], [26]. This is reflected in the low
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amount of MP structures deposited in the protein data bank (PDB) especially when
compared to their high abundance in the genome and their impact on the drug market.
Most of the MP structures and almost every GPCR structure available in the PDB was
solved by X-ray crystallography. But structural studies in crystallography are limited
as they predominantly provide static pictures of the most stable, lowest energetic
conformation of GPCRs which are thought to be highly dynamic and to be changing
conformation upon ligand binding. Rhodopsin is the only three-dimensional structure
solved of a wilde type (WT) GPCR [27]. Other structures could only be obtained
from receptors modified for a higher stability during the crystallization process. A
commonly used modification is the replacement of the ICL3 with T4 lysozyme ([28],
[29]) but also other fusion partners can be used for replacement [30].

To date only few structures of GPCRs in ligand bound conformation, especially true for
peptide antagonists and also peptide agonists, have been solved [31] due to instability
of active receptor conformations. Nevertheless structural data available for ligand
binding pockets of GPCRs differs by shape and electrostatic properties, making further
research on an atomic scale essential to understand the dynamics of ligand binding
and their discrimination by the receptor [32].

Expression of GPCRs is challenging in terms of low protein yields, folding and receptor
functionality. Procaryotic expression systems (F. coli) show strong limitations in
the expression of membrane proteins. Incorporation rates of receptors into the
membrane are low and not incorporated proteins aggregate forming inclusion bodies
[33]. These systems can also not provide post translational modifications necessary for
the receptors functionality.

However, cell-free expression systems can overcome low protein yields and provide
some types of post translational modifications. But proteins precipitate or remain
non-functional when expressed in the presence of a membrane mimicking environ-
ment, as the cell-free setup lacks chaperons helping the nascent protein to fold correctly.

NMR methodologies and techniques are making considerable progress increasing sensi-
tivity (Dynamic Nuclear Polarization (DNP), see 2.1.1), sample stability (nanodiscs
(NDs)), overcoming size limitations enabling measurement of large MPs bound to
membrane mimetics [34], and decreasing measurement time by optimized hardware
used in higher fields. Increasing yields of isotope labeled MP yields (insect cell culture)
[35] and new sample preparation protocols like protein refolding are smoothing the
way to new NMR resolved membrane protein structures [36].
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1.1.4| Melanocortins and their Receptors

| 1.1.4.1 | The Central Melanocortin System

Energy balance is controlled in the central nervous system (CNS) via the central
melanocortin system. Here melanocortin Receptors (MCRs) expressed in the hypotha-
lamus are activated by different hormones (melanocortins) acting as neuropetides.
The release of these hormones is regulated by the interplay of two types of neu-
rons of the hypothalamic arcuate nucleus (ARC). Neurons expressing agouti-related
Peptide (AgRP) - the inverse agonist for MC4R - and orexigenic neurotransmitter
neuropeptide Y (NPY) as well as gamma-aminobutyric acid (GABA) promote weight
gain [37] [38]. Increased energy expenditure and decreased food intake leading to the
loss of weight [39] is driven by neurons expressing proopiomelanocortin (POMC), a
melanocortin precursor protein. POMC expression in the hypothalamus is regulated by
several hormones, e.g. leptin - a hormone secreted by liver and adipose cells - binding

CFPOME peurons [40]. After cleavage of a signal

to co-expressed leptin receptors in AR
peptide from Pre-Proopiomelanocortin during translation prohormone-convertases are
processing the precursor protein in a tissue-specific manner. This gives rise to up to
ten different peptides, some of them belonging to the group of melanocortins. POMC
derived peptides are ACTH and o / - / y-melanocortin stimulation hormone (MSH)
(melanocortins), corticotropin-like intermediate lobe peptide (CLIP), B-lipotropin,

B-endorphin) [41] (see figure 1.2).

NH,{ POMC HCOOH
I

(

AN \

yz-M!H a-MSH cLp LPH ! B-end

1,-MSH B-MSH

—
i
(@]
|
T

Figure 1.1: Proopiomelanocortin processing to melanocortins. The precursor pro-
tein POMC is processed in a tissue specific manner by prohormone-convertases to a variety
of peptides including the melanocortins ACTH and « / 3 and y-melanocortin stimulating
hormone (red) all of which are agonists of the MC4R.

In addition to the hypothalamic ARC, POMC can be found to be synthesized in
the pituitary. Peptides processed from the precursor are then secreted to the blood
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acting as hormones. The predominant peptide derived from this process is ACTH.
It regulates the secretion of glucocorticoids in the adrenal cortex by activation of
melanocortin receptor 2 (MC2R), the so called ACTH-receptor. This receptor is the
only MCR that can be solely activated by one melanocortin (ACTH).

| 1.1.4.2 | Melanocortin Receptors

MCRs are class A GPCRs which can be divided into five subtypes (Melanocortin
receptor 1-5 (MC1-5R)). They are regulating different central and peripheral effects in
the human body ranging from pigmentation (MC1R) over adrenal hormone secretion
(MC2R) and metabolism (MC3R, MC4R) to exocrine functions (MC5R) (see table
1.1) [42].

Table 1.1: Ligands and functions of melanocortin Receptors [42]

Receptor Primary Ligands Function

MCI1R a-MSH Pigmentation

MC2R ACTH Stereoidgenesis

MC3R ACTH, y-MSH Energy homeostasis

MC4R a-MSH Energy homeostasis, erectile activity
MC5R o-MSH, ACTH Sebaceous gland lipid secretion

Only melanocortin receptor 3 (MC3R) and melanocortin receptor 4 (MC4R) are
expressed in the CNS where they are mainly located in the hypothalamus. Melanocortin
Receptor 4 is a prototypical GPCR with a molecular weight of 36.9 kDa abundantly
expressed in the hypothalamus, regulating energy homeostasis. While MC3R was
found to be linked only to food intake, MC4R was found to play a major role in food
intake and energy expenditure [43]. Furthermore MC4R was also shown to modulate
erectile function, regulate blood pressure and inhibition of inflammation [44], [42].
These effects were first observed in patients suffering from pathological mutations of
the MC4R or POMC gene, a precursor of different melanocortins which are ligands of
MCRs, leading to sever obesity. These findings were confirmed by studies in Mc/R
knock-out mice showing sever forms of obesity in homozygous (Mc/R-/-) and milder
forms in heterozygous (Mc4R+/-) mice [45]. Melanocortin receptor 4 deficiency is
described to be the most common form of monogenic obesity [46], but also the increase
of clinical obesity due to food overconsumption over energy expenditure [47],[48] makes
this receptor an important drug target.

melanocortin receptor 4 was shown to be constitutively activated by it’s own N-terminus
[49]. Therefore MC4R response can not only be driven by agonists like a-MSH and
ACTH and blocked by antagonists but also influenced by inverse agonists (AgRP)
reducing the constitutive activity of the receptor.



8 1. Introduction

| 1.1.4.3 | Hormone-Receptor Interaction

Binding affinities of melanocortins are varying in the nm-range for all melanocortin
Receptor types (for an overview see [50]). Differences of melanocortin binding affinities
to MC4R are shown in the following rank order of potency [42]:

a-MSH = ACTH > B-MSH> y-MSH

ACTH (1-39)

o-MSH (1-13)
1 5 10 15 20 25 30 35 39
SYSMEH FRWQKPVGKKRRPVKVYPNGAEDESAEAFPLEF

MCR activatior MC2R selectivity

Figure 1.2: ACTH sequence. Peptide sequence of ACTH with its MCR activation site
comprising amino acids H6 to W9 (red). The tetrabasic region of ACTH (K15 to R18) was
hypothesized to be required for MC2R selectivity (blue). Proline (green) isomerism was
intensively studied by Gao et al. [51].

Several studies suggest that all melanocortins share a conserved receptor activation
sequence between amino acids H6 to W9, which was named "message" sequence (for a
review see [52]). In addition a small N-terminal region of ACTH was discussed to
show a tendency to adopt a o-helical structure [53]. Circular dichroism experiments
performed in trifluoroethanol (TFE), a solvent know to favore secondary structure
elements, showed an o-helical content of ACTH [54]. A structural transition from
a flexible unbound to a structured bound form of the hormone upon receptor or
lipid interaction was therefore suggested, possibly promoting a kinetically and
thermodynamically optimal ligand-binding process (see also [52]. Hormone-receptor
interaction was described to involve transmembrane helices TM2, 3, 6 and 7 as
well as the extracellular loop ECL2 [55], which mainly corresponds to the GPCR
ligand binding models reported in section 1.1.2 [16], [17]. Moreover, Hruby et al.
[56] were able to show that a B-turn between amino acids 4-10 is essential for
receptor activation. Therefore the tendency of ACTH to form a N-terminal o-helical
structure may not be a feature for optimized receptor activation, which seems to
be the N-terminal 3-turn, but promote other functions. These could be related
to either ligand recognition by the receptor and therefore initiation of the binding
event, or membrane lipid interaction, as further described in the discussion of this work.

Although all melanocortins were found to share the same message sequence, only
ACTH is able to activate MC2R. Studies of either N- or C-terminally truncated forms
of ACTH implied that its tetrabasic sequence K15 to R 18 (KKRR) forms an "address'
sequence, directing the ligand to MC2R before activation by its "message" sequence.
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An overview of the amino acid sequence of ACTH, comprising that of a-MSH, is shown
in figure 1.2. The "message" sequence, essential for receptor activation, is displayed in
red, the "address" sequence suggested to direct the ligand to MC2R is depicted in blue
letters.

The four prolines of ACTH (position 12, 19, 24, 36) are depicted in green. The
influence of hormone-detergent interactions on the proline cis- and trans-isomerism in
ACTH was intensively studied by Gao et al. [51]. They suggest that this isomerism
may play a role in the biological functions of the hormone. Moreover, they describe
the hormone-detergent micelle interaction to be mainly based on interactions of the
hydrophobic site chains of the peptide (W, Y, F, M).

In structural biology prolines are know to be breaking «-helices and (3-sheets as it is
disrupting the sterics and hydrogen-bonds of such secondary structure elements.

| 1.1.4.4 | MC4R Down Stream Signaling

Which mediators act in the downstream signaling of MC4R mediated decrease of
food intake is not yet well understood. Brain-derived neurotrophic factor (BDNF)
is believed to be one of these mediators as it was found to be released by MC4R
activation [57], [58]. However, Hohenadel et al. recently reported that "circulating
BDNF concentrations were not significantly associated with MC4R functional status"’,
i.e. loss of function and gain of function variants of MC4R. Therefore they suggest that
the bulk of BDNF expression in humans is not mainly regulated by MC4R signaling
[59].

Furthermore the corticotropin-releasing hormone (CRH), thyrotropin-releasing hor-
mone (TRH), melanin-concentrating hormone (MCH) and orexin were discussed to
mediate effects of the central melanocortin system [60], [61], [62].

| 1.1.4.5 | The Role of Biological Membranes

In the hypothalamus neuropeptides such as melanocortins are translated in the en-
doplasmatic reticulum (ER), modified in the Golgi apparatus and processed from
precursor proteins during their vesicular transport to the synapse. Vesicle fusion is
then triggered by calcium influx upon arrival of an action potential at the synapse.
This signal leads to the release of neuropeptides as well as neurotransmitters to the
synaptic cleft, activating post-synaptic calcium channels and GPCRs such as MC4R
by its ligands (figure 1.3).
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Neuropeptide
release

Figure 1.3: Neuropeptide processing and release at the synapse. Neuropeptides,
such as melanocortins, are processed from a precursor protein during its vesicular trans-
port from the Golgi apparatus to the synaptic cell membrane. Calcium influx through
voltage-gated Ca®t channels triggers neurotransmitter and neuropeptide release upon stimu-
lation by action potentials reaching the synapse. Post synaptic calcium influx is evoked by
neurotransmitter signaling, while neuropetides activate GPCRs.

Not only during these processes but even throughout the whole life cycle of a hormone
its lipid surrounding changes. It varies within one cell (ER, Golgi apparatus, plasma
membrane) and from cell type to cell type [63]. A precise description of a cells biological
membrane lipid composition is often not possible.

Several regulatory biological processes are known to involve protein-membrane interac-
tions. Clotting proteins for example show a calcium dependent reversible association
with phosphatidylserine (PS) [64]. However, the role of neuropeptide and peptide
hormone interaction with membranes is not well understood. Here nanodiscs may
provide a suitable tool to study these interactions under well defined conditions such
as lipid composition, pH and the influence of other physiological factors like ion con-
centrations.

NDs are customizable model membranes facilitating the possibility to study membrane
proteins and membrane associated proteins in soluble lipid bilayers stabilized by two
molecules of a membrane scaffold protein (MSP).
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Human Immunodeficiency Virus Type 1 - Viral protein

Aquired immunodeficiency syndrom (AIDS) is caused by the lentiviruses HIV type
1 and 2, infecting T helper cells and cells of monocyte-macrophage lineage. These
two HIV types derived from cross-species transmissions of simian immunodeficiency
virus (SIV) from primates to humans. Viruses resulting from these transmissions
did not have high intraspecies transfer rates but HIV-1 group M gave rise to AIDS
pandemic. Therefore, HIV-1 is the predominant virus worldwide, commonly referred
to as HIV [65].

Treatment of HIV infection is still limited to suppression of the virus replication.
Progression of the disease to its latest stage (acquired immuno deficiency syndrom
(AIDS)) can only be slowed down. But still antiretroviral therapy (ART) remains
challenging. HIV viremia is reported to persist throughout these therapies by building
cellular reservoirs (e.g. in resting CD4+ T lymphocytes) [66]. And drug resistance can
be observed even though a cocktail of inhibitors targeting key viral enzymes is applied
in Highly Active Anti-Retroviral Therapy (HAART) to overcome this fast adaption of
HIV due to its high mutation rates [67].

Thus there is a need to find new, effective drug targets to inhibit the viral infection
and its spread over different host cells to prevent viral presistence, resistence and the
progress of the infection to AIDS.

An increasing number of new HIV infections in the western world (Eastern Mediter-
ranean Region between 2009 and 2013 by 29%; European Region by 6%) was recently
reported by the World Health Organisation [68]. In the year 2015 2.1 million people
(4+ 5.7%) were newly infected world wide, whereof 91,000 life in western and central
Europe and North America [69]. Therefore, apart from its devastating role in
developing countries, HIV still also imposes a serious threat for the western society.

Because of the infections slow progression and long incubation period HIV was deter-
mined to be a lentivirus (lente-, Latin for slow), a member of the retroviridae family.
Retroviruses are enveloped viruses replicating their single stranded positive-sense RNA
genome in the host cell by use of their own viral reverse transcriptase followed by
integration of the transcripted DNA into the host cell genome (provirus). HIV-1 codes
for its structural proteins Gag, Pol and Env and also for six auxiliary proteins including
Vpr, Vif, Nef (virion associated), Tat, Rev (essential regulatory functions) and Vpu.
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1.2.1| HIV-1 Viral protein R (Vpr)

Viral protein R (Vpr) is an accessory protein conserved in all immunodeficiency viruses
(HIV type 1 and 2 as well as SIV) [70]. An important role of Vpr during host cell
infection is implied by its presence in the mature infectious virion [71].

In addition in vivo studies showed that Vpr is also involved in several steps throughout
the viral lifecycle. This is including host cell cycle progression and apoptosis, the
reverse transcription of HIV-1 and the nuclear import of viral DNA in the host cell
[72],[73]. Due to its manifold properties, Vpr represents a promising alternative drug
target to treat HIV infections [74].

Figure 1.4 gives an overview of the role of Vpr during HIV infection and replication.
In the following Vpr’s main functions during these processes are summarized:

(I) G2 arrest: The G2 arrest, i.e. a cell cycle arrest of the host cell in the
G2 phase, is predominantly attributed to binding of Vpr to DCAF-1 (previously
identified as Vpr binding protein) [74],[75]. The G2 arrest is believed to provide an
advantage for HIV by improving viral replication over host cell protein expression.

(IT) Apoptosis: Vpr mediates dislocation of anti-apoptotic mitochondrial protein
HAX-1, leading to cell death [76]. Apoptosis of the infected cells may mute the host’s
immune response [77].

(IIT) Nuclear shuttling: Vpr associates with viral nucleic acids and binds to
importin- to be transferred into the nucleus [78],[79]. This mechanism allows
import of viral DNA in non-dividing cells [78]. In addition Vpr’s intrinsic nuclear
export signal mediates transfer out of the nucleus, making Vpr available for Pr55Gag
precursor binding [80].

(IV) Reverse transcription: As a part of the reverse transcription complex
Vpr is thought to play a role in the initiation of reverse transcription in the virus
particle and to improve reverse transcription accuracy [81].

(V) Budding and virion maturation: Virion incorporation of Vpr is medi-
ated by its interaction with the p6 domain of Pr55Gag [80], the only virion-encoded
molecule required for immature virus-like particle assembly (immature framework
of virus particle) [82],[83]. Proteolytic cleavage of Pr55Gag leads to association of
Vpr with the nuclear capsid protein domain 7 NCp7, which is responsible for Vpr
translocation into the core of mature HIV virions.
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Figure 1.4: Role of Vpr in the HIV-1 infection cycle. HIV viral protein R is
already present in the virion and enters the host cell (100-250 Vpr molecules) upon
transfection. It is involved in different steps of the viral live cycle including host cell G2
arrest, regulation of apoptosis, nuclear import of DNA and reverse-transcription as well
as budding of new virions.

1.2.2| State of the Art of Vpr Research

In general HIV and its proteins were intensively studied in animal and cell culture
experiments. However, in particular for Vpr in vitro studies, which are crucial to
understand the molecular determinants of the interactions between Vpr and viral or
host cell proteins, are rare. The reasons for these very limited insights into Vpr function
are mostly related to its high cytotoxicity and insolubility, impeding expression and
purification of full-length Vpr.

Due to these challenges in HIV-1 Vpr sample preparation for structural studies, only
limited information are available. Solution-state NMR experiments carried out so
far studied fragments of Vpr as well as the full-length protein in non-physiological
conditions [84],[85],[86],[87],[88].

In these studies the limitations of cell toxicity were overcome by producing the Vpr
using solid-phase peptide synthesis. While the reported data provide important initial
insights, it has to be noted that to enable Vpr solubility buffer conditions with a pH
of 2.6 and 30% acetonitrile had to be used for the most ‘native’ structure [88].

In addition to make the synthesis of the 96 residue Vpr economically feasible for
NMR studies only 20 residues were isotope labeled, largely reducing the number of
identifiable distance restrains and naturally also reducing the quality of the resulting
structure.
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A crystallographic structure of DDB1-DCAF1-Vpr-UNG2 under almost physiological
conditions was recently published by Wu et al. [89]. For this study a H78C mutation
was used and a Nus-A-tag (a 54.8kDa protein), promoting solubility, was removed
by a TEV-protease only after mixing Vpr with its interaction partners, followed by
purification anion exchange chromatography. In this structure the hydrophobic core of
Vpr is stabilized by its interaction with UNG2.

Recent findings have furthermore shown that the viral protein X, a Vpr homolouge
limited to HIV-2 and SIV, is a zinc binding protein. Comparing the sequences of HIV-2
Vpx and HIV-1 Vpr a zinc binding capability of Vpr by the motif "H32, H71, C76,
H78" was consequently postulated [90]. In light of these findings the low solubility of
Vpr in physiological buffer conditions may be attributed to the absence of zinc in these
studies. Comparison of the recent HIV-2 Vpx structure (zinc bound and functional)
with the solution-state HIV-1 Vpr structure (zinc-free, pH 2.6, 30% acetonitrile) shows
that while the overall fold (three helix bundle) is conserved, structural details, in
particular side-chain orientations around the zinc binding side as well as helix packing,
are significantly different.

From these data it can be anticipated that a better-defined structure of HIV-1 Vpr is
needed to understand its function and to design structure-based treatments.

Motivations and Objectives

1.3.1| Melanocortin Receptor 4 (MC4R) Hormone Interaction

To date, understanding of molecular details underlying GPCR-ligand interactions is
limited and only little data on these processes is available in atomic resolution. Espe-
cially ligand binding dynamics, which are important for the design of new therapeutic
agents, are poorly understood.

Solution-state NMR spectroscopy is a suitable technique to study the structure of
highly dynamic molecules such as GPCRs during a ligand binding event. New tech-
niques enable the investigation of even large membrane proteins using small membrane
mimicking environments (nanodiscs) maintaining the proteins stability and function.
The GPCR melanocortin receptor 4 is a highly interesting drug target as it is closely
linked to energy homeostasis and obesity. Although ligand binding of MC4R was
intensively studied, e.g. by site directed mutation, the process itself remains unclear.
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The main objective of this work was to establish the expression of both, the ligand
ACTH and the receptor MC4R, to enable the setup of ligand binding assays and
NMR-based experiments.

Therefore, the following aims were targeted: (I.) Expression of large amounts of
different variants of (isotope) labeled hormone peptides

(I.) Establish and optimize expression of MC4R in HEK 293-F cells

(IT1.) Prove activity of expressed receptor and peptides

(IV.) Design a hormone-fluorophore conjugate suitable for FA-based ligand binding
assays

(V.) Characterize structural features of soluble ACTH

(VI.) Study the hormone peptides in physiological conditions mimicking environments

1.3.2| HIV-1 Vpr

The fact that HIV-1 Vpr is not only already present in the mature virion before host
cell infection but also connected to a wide variety of processes throughout infection
cycle makes viral protein R an important drug target to fight AIDS. Understanding of
Vpr function and structure is still limited by low protein expression yields due to high
cytotoxicity and poor solubility. Combining the method of cell-free expression and the
hypothesis that Vpr has a conserved zinc binding motif, the following work aims to:

(I) produce large amounts of Vpr

(IT) establish a sample preparation protocol improving Vpr solubility and structural
stability by coordination of zinc

(ITI) study the function of zinc coordinated Vpr using known interaction partners
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Fundamentals of Spectroscopy

Spectroscopy is the study of the interaction of electromagnetic radiation and matter
giving rise to electronic excitation, molecular vibration or nuclear spin orientation
upon excitation of the system. Spectroscopic methods apply radiation to gain data on
the structure and properties of matter regarding absorption, emission or diffraction of
electromagnetic waves by molecules or single atoms. Absorption of light leads to the
transition from unexcited ground state (Sp) to an excited state (S,...,S,) were the
energetic difference (A E) between these states is dependent on the frequency of the
electromagnetic wave as given in the following equation:

he
AFE = N (2.1)

Herein h is the Planck constant, A is the wave length and ¢ denotes the speed of
light.

2.1.1| Fundamentals of NMR Spectroscopy

Nuclear magnet resonance (NMR) spectroscopy is based on a nuclear spin transition
upon absorption of electromagnetic radiation at radio-frequency (RF) in a magnetic
field (By). It can be applied for atoms with a spin quantum number [ # 0 - nuclei with
odd numbers of neutrons and / or protons - which is coupled to a magnetic moment
i interacting with the magnetic field. The spin quantum number [ can have values
> 0 and multiples of 1/2. In the presence of an external magnetic field the magnetic
moments of the nuclei experience a torque causing their precession around (By). The
magnetic moments can precess either parallel or anti-parallel to the magnetic field.
This motion called Lamor precession is dependent on the gyromagnetic ratio y and
the strength of By (see equation 2.2). In NMR spectroscopy the gyromagnetic ratio
describes the ratio of the magnetic moment of a nucleus to its angular momentum
[91].

7730
y = ——

- (2.2)

Here vy denotes the precession frequency termed Larmor frequency.
For transitions from Sy to an excited state an electro-magnetic pulse (usually at RF)
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is applied for perturbation of the nuclear spin alignment. Here the resonance condition
needs to be met, i.e. the frequency of electromagnetic radiation has to be equal to
the Lamor frequency which is is equivalent to the nuclear resonance frequency and
dependent on the static magnetic field By and the observed nuclei.

Significant differences to other forms of spectroscopy are that

(i.) generation of ground and excited state requires an external magnetic field (By)
(ii.) exited state lifetime is 10? times longer than excited electronic states leading to
narrow spectral lines

In NMR spectroscopy the electron environment of single atoms and their interaction
with other atoms is displayed by the nuclei absorption frequencies and their shifts upon
a change of their environment and interactions. Chemical shifts of NMR absorption
frequencies are quoted as their difference to the absorption frequencies of a chosen
reference compound, with a chemical shift set to 0, and given as parts per million (ppm)
as displayed in equation 2.3. This notation is independent from the magnetic field
strength, as not only the frequencies at which the NMR absorption of the compound
of interest occurs scales with the field strength but also the frequency of the reference
compound. Additionally it is normally observed for very small chemical shifts:

Sppm = 1007 —27¢L (2.3)
Vref

NMR spectroscopy can provide high-resolution insight into protein structure and
conformational dynamics on an atomic level. While solid-state NMR is the method of
choice for large insoluble proteins, solution NMR is commonly used for small soluble
proteins. Solution spectra, when compared to solid-state, show sharp transitions as
the fast isotropic tumbling, which is not present in solid-state, averages anisotropic
interactions. Those are otherwise leading to broadening of the resonances and therefore
to a decrease of resolution.

A common drawback in NMR is the low sensitivity caused by only small magnetic
moments of the nuclei (*H, 3C, N) leading to a need of high protein concentrations
in the mg range and long measurement times causing high costs. A method overcoming
these limitations is Dynamic Nuclear Polarization-NMR where spin polarization is
transferred from electrons of a paramagnetic polarizing agents (radicals) to the nuclei
dramatically increasing signal intensities. DNP experiments are performed at low
temperatures (100 K) using terahertz (THz) microwave irradiation for excitation of
the electrons. Radicals need to be in a certain distance to the protein of interest
to specifically transfer excitation for highest efficacy without quenching effects (in a
range from ~ 8 — 10A to ~ 50 A). A specific distance of the radicals to the protein
of interest can be achieved for example by their fixation either to spacers on the
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protein, to membrane mimetics such as nanodiscs for membrane proteins or to a ligand
interacting with the protein (see section 5.1.2).

| 2.1.1.1 | 2D NMR Experiments

In the following the correlations or interactions established through commonly used
NMR techniques will be shortly summarized [91]:

COSY: Homonuclear (one isotope) correlation spectroscopy (COSY) identifies
spins that are coupled over 2- or 3-bonds to each other and displays them as cross-peaks.

TOCSY: Total correlations spectroscopy (TOCSY) is a homonuclear experiment
yielding through bond correlations along a continous chain of spins.

HSQC: In heteronuclear (two isotopes: usually 'H-N or 'H-'3C) single quantum
coherence spectroscopy (HSQC) the magnetization of a proton is transferred to the
second considered nucleus (one-bond).

NOESY: In nuclear Overhauser effect spectroscopy (NOESY) cross peaks display spa-
tially close nuclei (through-space correlations) instead of through-bond coupled nuclei
as described for TOCSY. This experimental setup is used to gain structural information.

2.1.2 | Fundamentals of Fluorescence Spectroscopy

Fluorescence spectroscopy is based on the absorption of a photon of wavelength A,
by a molecules electron followed by energy emission in form of fluorescence.

Upon photon absorption the electronic state of a molecule is excited from its ground
state Sy to a higher excited state Sy, ..., S, (figure 2.1) by the energy A E (equation
2.1). After excitation of the molecule it looses energy through non-radiative transitions
within picoseconds dropping back to the first-excited state S;. From here the energy can
either further dissipate through internal conversion (IC)), intersystem-crossing (ISC)
or through emission of a photon with wavelength \.,, and energy hv.,,,, referred to as
fluorescence emission. Compared to the wavelength of excitation Aexe, Aem is shifted
towards higher wavelengths A\ = Aoy — Aexe > 0 (Stokes-shift).

An important parameter in fluorescence spectroscopy is the fluorescence quantum yield
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Figure 2.1: Jablonski diagram showing possible electronical transitions. Ex-
citation from singlet ground state (Sp) by photon absorption to the singlet states (S; to
Spn). The molecules energy levels are denoted by thick lines while thinner ones denote
vibrational levels. The molecule absorbs (left grey arrow) a photon of an appropriate
wavelength and transits to an excited singlet state. Through non-radiative internal
conversion (IC) it relaxes quickly to the first excited singlet state followed by emission
of fluorescence while relaxing to the ground state.

(¢¢) giving the ratio of emitted photons per absorbed photons, defined in equation 2.4.
The quantum yield corresponds to the probability of receiving a fluorescence photon
emission after excitation and transition back to Si, i.e. not a non-radiative transitions
from S to ground state Sy like IC or ISC, and can be used to describe the quality of
a dye.

# of emitted photons kr

= = 2.4
# of absorbed photons  kf + krsc + kic (24)

OF

Herein kp, k;sc and ko denote the transition rates from S to Sy for photon emission,
internal conversion or intersystem-crossing. When selecting a dye for fluorescence
applications ¢z > 90 % should be chosen for an excellent dye. Another important
parameter for the right choice of a good dye, besides solubility, is the fluorescence
lifetime. It is given by the factor 77 = m (also see equation 2.4). It describes
the duration (1-10 nanoseconds) of a molecules exited state till it reaches Sy again.
Therefore it represents the average time an experimenter has to wait for photon

emission after excitation.
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2.1.2.1 | Fluorescence Polarization

Measurements of fluorescence polarization or fluorescence anisotropy (FP or FA) are
well established and used in high throughput screenings for drug discovery. It can be
used to study protein-protein and ligand binding interactions in solution working with
ligand / tracer concentrations down into the low picomolar range.

Fluorescence polarization is based on the fact that excitation of a fluorophore from
ground state to S; can only take place if polarized light and transition dipole moment
of the excitation process are directed in the same way. The orientation of the emission
is defined relative to the orientation of the polarized excitation light. I and I, denote
emission intensities which are parallel and perpendicular to the polarization of the
incoming light, respectively. For small fluorophore-conjugated molecules (ligand /
tracer) emitted light is largely depolarized due to a rapid tumbling free in solution.
Upon binding of an interaction partner the ligand / tracer tumbles slower and light
emission takes place in the same plane (parallel) as the excitation energy increasing
the fluorescence polarization (FP) value. The degree of polarization is described by
the ratio of fluorescence intensities (/|, I, ) of the polarized and not polarized light (see
equation 2.5, 2.6) [92]. FP values are independent of the fluorophore concentration,
i.e. do not depend on the absolute light emission (equation 2.5). In comparison to FP
(see equation 2.5), FA values are directly quantitative to the population of bound and
free ligand (see equation
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Fluorescence Polarization (FP)

Iy —1,
FP=——— 2.5
I|| +GI, ( )
Fluorescence Anisotropy (FA)
I -1,
FA= —"—— 2.6
]” + QG]L ( )

Possible values for FP are low (-0.33 to 0.5) but measurements can be performed very
precisely (£ 0.002). Due to the low values it is often described in mP (P/1000) or mA
(A/1000) respectively.

A grating factor (G-factor; G) can be introduced (equations 2.5, 2.6) to correct a
possible instrumental bias in light detection sensitivities on the parallel or perpendicular
plane.

Fluorescence anisotropy is related to the rotational relaxation time (p), a parameter
describing the time-dependence of the tumbling of a molecular entity in a solvent
(equation 2.7), of the dye conjugated ligand. Therefore, it is essential to choose a
fluorophore with a life time meeting the requirements given by the rotational relaxation
time of the ligand free in solution and bound to its interaction partner. The shorter
the life time of a fluorophore is, the less it can rotate during its excited state, thus the
higher is the polarization of the emitted light [93].

B 3nV

- (2.7)

p
Here V denotes the volume of the rotating molecule, R is the universal gas constant
and T is the absolute temperature while 7 is the solvent viscosity.

The FP value is directly affected by changes in the degree of depolarization of plane
polarized light caused by alterations in the size of fluorescent molecules due to dissocia-
tion or binding events. This means that FA increases when a fast tumbling fluorescent
molecule, such as a dye-conjugated small ligand, binds to a large interaction partner,
for example a receptor, decreasing the speed of rotation and vice versa.
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Further Biochemical and Biophysical Methods

2.2.1| Continuous Exchange Cell-Free Expression

Continuous exchange cell-free expression CECF is a flexible and open system for protein
expression. It can be based on different translation systems by the choice of the cell
extract providing the translational and transcriptional machinery and easily expanded
by further reaction components promoting solubility of the expressed protein. In
CECF a compartment containing the reaction mixture with all high-molecular-weight
compounds is separated by a permeable membrane from a compartment containing
the feeding mixture with low-molecular-weight precursors (figure 2.2) [94].

<> Plasmid DNA

() High molecular weight compounds

° Low molecular weight compounds

Figure 2.2: Cell-free expression setup. In CECF the reaction mixture containing
all high-molecular-weight compounds is separated by a permeable membrane from the
feeding mixture containing low-molecular-weight compounds.
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2.2.2| Immobilized Metal Affinity Chromatography(IMAC)

Immobilized Metal Affinity Chromatography is based on the covalent binding of amino
acids (e.g. histidine) to metals (e.g. nickel) immobilized with a chelating agent on a
solid phase (e.g. agarose or sepharose). In this work a six-fold histidine-tag of the
analyte in the mobile phase was used for covalent binding to the nickel immobilized on
the solid phase (sepharose or agarose) via nitrilotriacetic acid (NTA) as a chelating
agent.

2.2.3| Size-Exclusion Chromatography (SEC)

Size-exclusion chromatography (SEC) is a chromatographic method used to separate
molecules according to their frictional coefficient [95]. Here the analyte does not adsorb
to the solid phase (beads) but has access to its pores of a defined size. While bigger
molecules which can not access the pores pass the column rapidly in the void volume
(volume between the packed particles), elution of smaller molecules is retarded in the
measure of their ability to access these cavities in the spherical beads [96]. Selection of
the correct pore size is therefore essential for resolution. Molecules with high molecular
weight (e.g. proteins) elute earlier than those with low molecular weight (e.g. salts).
The mobile phase consists of a buffer which is compatible with the analyte and
minimizes its electrostatic and hydrophobic interactions with the column resin by
using an adequate salt concentration (>0.1 M - <0.5M).

2.2.4| RP-HPLC

Reversed phase high performance liquid chromatography (RP-HPLC) is based on the
analytes interaction with a hydrophobic stationary phase and the use of a hydrophilic
organic solvent for elution. To increase the interaction of charged groups of the analyte
and the hydrophobic stationary phase, ion-pairing agents such as trifluoroacetic
acid (TFA) are used. For analyte elution the polarity of the mobile phase is reduced
in a gradient that needs to be adapted experimentally for optimal separation of salts
and other compounds from the analyte.



26 2. Theory

When analytes are applied to the column, two effects dominate the chromatographic
process. On the one hand, adsorption of analytes occurs at the mobile phase /
stationary phase interface. On the other hand, dispersion of analytes occurs between
those two phases which can be described by Nernst’s law. Each compartment of the
column at which a concentration equilibrium occurs between analytes in the mobile
and in the stationary phase is called a theoretical plate. The equilibrium constant
depends, among other things, on the chemical nature of the analyte, as well as on
the chemical nature of stationary and mobile phase. Thus, it can, for example, be
influenced by changes in the composition of the mobile phase.

This method is commonly used to analyse protein purity but not for purification,
as the strong hydrophobic interactions and the use of organic solvents can lead to
denaturation of the sample. In this work a silica based column resin with bonded Cig
hydrocarbon chains was used for peptide purification, as the analyte is unfolded and
therefore not influenced by the harsh conditions using a acetonitrile (AcN) gradient as
mobile phase.

2.2.5| Discontinuous SDS-PAGE Analysis

Sodium-Dodecyl-Sulfate Polyacrylamide Gelelectrophoresis (SDS-PAGE) by Laemmli
[97] is a method based on a polyacrylamide gel for separation of macromolecules (e.g.
proteins) by their molecular mass in an electric field using the negative charge of the
denaturating anionic detergent sodium-dodecyl-sulfate (SDS). This detergent is bound
by polypeptides in proportion to their molecular mass. As mobility of denaturated
proteins / peptides in the gel depends not only on their molecular weight but also on
their charge, SDS is used to compensate unequal charge distributions of molecules
applying a uniform negative charge.

The discontinuous SDS-PAGE is a common form of polyacrylamide gelelectrophoresis
in which a stacking gel on top of the separation gel is used to concentrate proteins in
diluted samples and to separate proteins from the stack of unbound SDS by differences
in pore size, ionic strength and pH. The content of acrylamide monomers can be
adapted to the size of the protein to gain the appropriate pore size for stacking
and separation. Therefore gels are commonly characterized by the total amount of
acrylamide monomers - acrylamide and the cross-linker bisacrylamide - denoted as
%T and the percentage concentration of the cross-linker determined as %C. Pore
size decreases with increasing %T and also with a %C' # 5. In glycine-SDS-PAGE,
performed in a tris-glycine buffer system containing SDS, a neutral pH (pH 6.8) is
used for the stacking and a basic pH (pH 8.3-9) for separating gel. Here the small
chloride cations run in front of the proteins (leading ions) and larger glycinate ions
run behind the proteins (trailing ions) in the neutral stacking gel while in the basic
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separation gel both ions behave as leading ions. As disulfide bond formation is favored
in the basic separating gel which can not be avoided by reducing agent in the not
co-migrating sample buffer. Therefore new buffering technologies were established to
enable separation of proteins at a low pH (below the pKa of cysteine) maintaining a
reducing environment in the gel at the same time.

Another discontinuous system used to separate proteins in the range of 1 to 100 kDa is
Tricine-SDS-PAGE. Comparing Tricine to glycine-SDS-PAGE [97] especially proteins
in the range of 5 to 20kDa can be separated with a higher resolution while using less
acrylamide and no urea [98] (for an update on this method see [99]). This is achieved
by an improved destacking of the small range proteins from the bulk of SDS which was
observed to be not sufficient in glycine-SDS-PAGE; resulting in streaking of the proteins
in higher acrylamide concentrations. The difference in separation characteristics of
these two methods are dedicated to the strongly differing pK values of the functional
groups of glycine and Tricine influencing the electrophoretic mobilities of these trailing
ions relative to the electrophoretic mobilities of proteins. In Tricine-SDS-PAGE the
separation gel has the same pH as the stacking gel but a smaller pore size and a lower
acrylamide content.
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Chemicals

Ampicillin di-sodium salt, Sigma Aldrich

Anti His-Tag (27E8) Mouse mAb, Cell Signaling Technology
cOmplete Protease Inhibitor Cocktail Tablets, Roche
Coomassie Blue G250, Serva

Di-Sodium hydrogen phosphate dihydrate p.a., AppliChem
1,4-Dithiothreitol (DTT), Carl Roth
4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), Applichem
Hydrochloride, Sigma Aldrich

Imidazole, Sigma Aldrich

Luria Bertani (Lennox), PanReac Applichem
2-Mercaptoethanol, Roth

o-phosphoric acid, Griissing

Sodium dihydrogen phosphate monohydrate p.a., AppliChem
Sodiumchloride (NaCl), Applichem

Sodiumazide (NaN3), Janssen Chimica

Tryptone (technical Bacto for media), BD

Yeast extract (technical Bacto for media), BD

Adrenocorticotropic Hormone

Acetonitrile HiPerSolv Chromanorm, HPLC grade, VWR
Atto 647, Atto-Tech GmbH

Cy3B maleimide, GE Healthcare

Glucose monohydrate pH.EUR.8.0, Caelo

Luria Bertani

Trifluoroacetic acid 99 %, Roth
Tris(2-carboxyethyl)phosphin (TCEP), Sigma Aldrich

Peptides ACTH (C-term. amide), Peptide and Elephants
ACTH, AnaSpec

ACTH(1-23)C (C-term. amide), Peptide and Elephants
ac-a-MSH, Abbiotec

SHU 9119, Tocris

MC4R(1-26) (C-term. amide), Peptide and Elephants
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Melanocortin Receptor 4

Dulbelcco’s Modified Eagle Medium high glucose (11965084), Gibco / Life Technologies
Free Style Medium, Gibco / Life Technologies

Geniticin selective antibiotic (G418,10131027), Gibco / Life Technologies

HEK 293 cells, Gibco / Life Technologies

HEK 293-F cells, Gibco / Life Technologies

Methyl-sulfoxide (DMSO), Acros Organics

Penicillin-Streptomycin (15070063), Gibco / Life Technologies

Pluronic F-68, Gibco / Life Technologies

HIV-1 vpr

Acetyl phosphate lithium potassium salt, Sigma Aldrich
Adenosine-5-triphosphate disodium salt trihydrate, Roche Diagnostics
Amino acids, Carl Roth

Cytidine-5-triphosphate disodium salt hydrate, Carl Roth
Dipotassium phosphate (KoHPO,), Carl Roth

Folinic acid calcium salt, Sigma Aldrich

Glucose monohydrate, Caleo

Guanosine-5-triphosphate disodium salt hydrate,

KH,PO,, Carl Roth

Lipids: E. coli total mixture (Avanti Polar Lipids)

Magnesium acetate (Mg*™ acetate)tetrahydrate, Carl Roth
Phosphoenol pyruvic acid (PEP) monopotassium salt, Carl Roth
PEG 8000, Carl Roth

Potassium acetate (K™ acetate), Carl Roth

Potassium chloride (KCl), Carl Roth

Primary antibody: HIV-1 Vpr antibody vN-20, Santa Cruz
Pyruvate kinase, Roche

Ribolock, Thermo Fisher

Secondary antibody: Anti-Goat IgG (whole molecule)-Peroxidase (A5420), Sigma
Aldrich

Tris-(hydroxymethyl)-aminomethane, Carl Roth

tRNA E. coli total, Roche

Uridine-5-triphosphate trisodium salt dihydrate, Carl Roth

Zinc acetate dihydrate, Merck
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WA Buflers and Media

100 mM Sodium phosphate buffer pH 7.0 (NaPi)

0.06 M NaHgPO4 . HQO
0.94M NaQHPO4 . QHQO

HEPES buffer pH 7.4

pH adjusted by mixing 1 M HEPES salt (MW:260.29 g/mol) and
HEPES acid (MW: 238.3 g/mol).

Luria Bertani

10 g Tryptone
5g Yeast extract
10g NaCl

ad 11

Tris-Glycine SDS-PAGE buffers

Stacking gel buffer 0.5 M Tris/HCI pH 6.8
0.4% SDS

Separating gel buffer1.5 M Tris/HCI pH 8.8
0.4% SDS

Tris-glycine buffer

25 mM Tris / HCI pH8.3
192mM glycine

0.1% SDS

Stacking gel

266 pl bis-/acrylamide (37.5:1)
500 ul stacking gel buffer

1234 ul H,0
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1.6 ul tetramethylethylendiamin (TEMED)
16 pl ammonium persulfate (APS)

Separating gel 15% / 12%

2000 / 1600 pl bis-/acrylamide (37.5:1)
1000 pl separating gel buffer

200 pl glycerol

800 / 1200 ul Hy0

2 ul TEMED

20 ul 10% APS

Tris-Tricine SDS-PAGE buffers

Gel buffer
3M Tris/HCI pH 8.45
0.3% SDS (w/v)

Stacking gel

400 pl bis-/acrylamide (37.5:1)
750 ul gel buffer

1850 ul H,O

2.4ul TEMED

24 ul APS

Separating gel

3000 pl bis-/acrylamide (37.5:1)
2000 ul gelbuffer

500 pl glycerol

500 ul Ho0

3ul TEMED

30 ul 10% APS

Anode buffer
0.2M Tris/HCI pH 8.9

Kathode buffer
0.1 M Tricine
0.1 M Tris
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0.1% SDS (w/v)

Coomassie Brilliant Blue

10% ammonium sulfate
0.1% Coomassie G-250
3% ortho-phosphoric acid
20% ethanol

H>O ad 1L

Sample buffer (4x)

200 mM Tris/HCI pH 6.8

48% glycerol (w/v)

16% SDS (w/v)

0.04% bromphenol blue

8% P-mercaptoethanol (for reducing buffer)

Kits

cAMP-Glo Assay, Promega

NucleoSpin Plasmid Mini-Prep Kit, Macherey-Nagel

Super Signal West Pico, Thermo Fisher

Super Signal West Dura extended duration substrate, Thermo Fisher

RR‘W [nstruments and Materials

Akta Pure, GE Healthcare

Cell disruptor: One Shot system, Constant Systems Ltd.
cOmplete His-Tag purification resin, Roche

cOmplete His-Tag purification column (1ml, 5ml) Roche
Hamilton syringes (100 ul / 250 pl), Hamilton

Heating Block Ori-Block 3, Techne
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Laser Scanning Microscope (LMS), Zeiss

Mini-PROTEAN Tetra cell system, Bio Rad

Nanodrop 200, Peq Lab

Regenerated cellulose filter 0.2 um, GE

Research Plus Pipettes, Eppendorf

Roll mixer RM5 CAT, M. Zipperer GmbH

Spectrophotometer V-650, Jasco

Tecan Spark, Tecan ThermoMixer compact / comfort, Eppendorf
Trans Blot Turbo system, Bio Rad

2.2 ml 96-well Deep-well plates, VWR

Adrenocorticotropic Hormone

Avanti J-20, Beckman Coulter

Centrifuge 5415 R, Eppendorf (max. 16,100xg)

WellChrom HPLC system, Knauer

Agilent 1260 Infinity HPLC, Agilent

Optima L-100XP Preparative Ultracentrifuge, Beckman Coulter

SpeedVac (AVC 2-18) with cold-trap LT-105, Christ

Superdex 16_ 300 pg, GE Healthcare

384-well plate (black) non-binding, Corning Zorbax-C8 semi-preparative column,
Agilent

Zorbax-C8 stable bond analytical column, Agilent

Melanocortin Receptor 4

Baffled Erlenmeyer flask with vent caps (431405), Corning

Cell culture flasks T-25 / T-75, Sarstedt and Cell Star

Celltron orbital shaker with steel flask clamps, INFORS

CO4 Incubator ATP.line C150 (E2), Binder

Cryo tube vial, Thermo Fisher

Plate Reader Infinite m1000, Tecan

pureGrade S 384-well plate (white), BrandTech Scientific Inc. Tissue culture dish
100x20 mm, BD Falcon

HIV-1 vpr

FOC 120 cooled incubator, VELP Scientifica
Scientific
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Shaker: RS-OS 5, Phoenix Instruments
Slide-A-Lyzer MINI devices (7/10K MWCO) 0.1ml (69560), Thermo Fisher

Software

CARA 1.9.1.7

Cyana 2.1

Marvin JS (ChemAxon)
OriginPro 9.0G, OriginLab
Pymol, DeLano Scientific
Sparky

TopSpin 3.2
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General Methods

4.1.1| SDS-PAGE

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) is a method
for rapid assessment of protein purity and can be expanded by the use of blotting
methods to also verify protein identity. It is based on the separation of proteins
by size, enabling determination of their relative molecular mass in a certain range.
Sample preparation can be performed with a reducing agent and / or denaturating
by SDS and heat or without these steps for non-reducing or native gels. In this
work two different gel systems, Tris-glycine and Tris-tricine, with varying acrylamide
concentrations (%T) were used according to the protein size. While MC4R with a
mass of 35kDa was separated by a 12 % Tris-glycine PAGE, 6xHis-GB1-ACTH fusion
proteins (12.6-14.4kDa) and hormones were displayed by a 15 % Tris-glycine PAGE
and 15 % Tris-tricine gels were used for hormone peptides as well as for HIV viral
proteins like Vpr (11.2-13.9kDa). A 4-fold reducing sample buffer was used for MC4R,
ACTH and HIV-1 p6 after purification, non-reducing buffer was used for HIV-1 Vpr
and for HIV-1 p6 after pulldown experiments.

4.1.2| Western Blot

Western blot was used to identify the protein of interest during establishment of
the expression and purification protocol. For the 'Signal-Flag tag-MC4R (6xHis
tag)" construct detection was performed by an anti-Flag tag antibody (Cell Signaling
Technologies) while 6xHis-GB1-ACTH, viral proteins 6xHis-p6 and 6xHis-Ncp7 were
detected by a anti-Histidine Tag antibody (Cell Signaling Technologies). HIV1 viral
protein R was specifically detected using the antibody vN-20 (Santa Cruz) which is
directed against the N-terminus of the protein.
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Adrenocorticotropic Hormone

To obtain isotope labeled adrenocorticotropic hormone for structure analysis, the
peptide was expressed as a fusion protein. This is comprised of a six-fold histidine-
tag (His-tag) and a B1 immunoglobulin-binding domain of streptococcal protein G
(GB1) followed by a tobacco etch virus (TEV) protease recognition site at the N-
terminus of the hormone. While the His-Tag facilitates the use of nickel nitrilotriacetic
acid (Ni-NTA) affinity-chromatography (ion metal affinity chromatography (IMAC)),
the GB1 domain provides solubility. The rather large fusion protein is less vulnerable
for degradation than the small peptide during bacterial expression. By TEV protease
cleavage (Q|S) the peptide can be released from the fusion protein without any artificial
amino acid remaining at the N-terminus of the hormone. The mixture of cleaved fusion
tag and peptide was subjected to size exclusion chromatography (SEC) for separation.
Subsequently the peptide was applied to an AcN / water gradient in reversed phase high
performance liquid chromatography (RP-HPLC) for further purification and desalting
followed by lyophilization. The protocol for hormone expression and purification
established in this work is shown in figure 4.1 and described in detail in the following
sections.

The addition of a C-terminal Cysteine to the ACTH sequence, which natively does
not contain any Cysteine, was used to provide a specific labeling site for maleimide
reactions. In this way fluorophors and other labels could easily be attached to the
peptide. As binding of ACTH to Melanocortin Receptors is known to be limited
to the N-terminal amino acids 1-20 ACTH(1-23) was found to be a suitable short
form for Fluorescence Polarization experiments,avoiding negative effects of the flexible
C-terminus given in the full length ACTH(1-39).

4.2.1| Recombinant Expression of ACTH

E.coli BL21 was used for expression of fusion proteins 6xHis-GB1-ACTH(1-39)/C
and 6xHis-GB1-ACTH(1-23)C. Expression was performed in Luria Bertani medium
with 100 pg/ml ampicillin at 37 °C shaking at 120-180 rpm in 2-5 L baffled flasks.
Expression cultures were inoculated with an over night pre-culture to an optical
density (OD) at 600 nm of 0.1 and grown to an OD of 0.6-0.8 until induction with
1 mM Isopropyl-p-D-thiogalactopyranosid (IPTG). Cells were harvested 2-3h after
induction by centrifugation at 3000-5000 rpm (Avanti J-20, Beckman Coulter) and
stored at -20 °C until disruption.
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Expression

37°C,120-180 rpm
pre-culture ON
induction OD,, =0.6-0.8

600
2-3h after induction

Cell disruption
3000 bar

Centrifugation
4°C, 20 min, 100,000xg

Ni-NTA IMAC

50 mM NaPi pH 7.0
150 mM NacCl
5-150 mM Imidazole

TEV cleavage
4°C, ON

Preparative SEC

50 mM NaPi pH 7.0
150 mM NaCl

RP-HPLC + Lyophilization

0-80% AcN (1% TFA)
100-20% H,0 (1% TFA)

A
-
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E. coli BL21

Crude cell lysate

Soluble cell lysate

Fusion protein
| 6xHis-GB1[Peptide |

Fusion tag + Peptide
[ 6xHis-GB1|  [Peptide |

Peptide separated from fusion tag

for HPLC

Peptide powder

Figure 4.1: Purification protocol for peptide hormones To obtain isotope labeled
peptide in amounts sufficient for NMR, a protocol for expression and purification of
melanocortins was established. After expression in E. coli B121 cells were lysed and the
soluble lysate fraction was subjected to Ni-NTA affinity chromatography before TEV
cleavage of the fusion protein. Fusion partners were separated by SEC before further
purification via RP-HPLC and subsequent lyophilization to obtain salt free peptide
powder which can be prepared for NMR experiments.
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4.2.2| Peptide Purification

To separate the proteins and peptides of interest, fusionproteins and peptide hormones
were purified step wise by using different chromatographic methods. Chromatography
is the process of separation of substances solved in a mobile phase by interaction of
the analytes with a stationary phase. Therefor different forms of analyte-stationary
phase interactions are used for different chromatographic methods such as in size-
exclusion and affinity chromatography or in reverse-phase high-performance liquid
chromatography (rp-HPLC), which is based on differences in hydrophobicity.

6xHis B1

10 20 30 40 50 60
MSYYHHHHHH DYDIPTTAME YKLILNGKTL KGETTTEAVD AATAEKVFKQ YANDNGVDGE WTYDDATKTF

TEV-site ACTH(1-39)C
70 80 90 100 110
TVTEIPTTEN LYFQSYSMEH FRWGKPVGKK RRPVKVYPNG AEDESAEAFP LEFC

Figure 4.2: Amino acid sequence of the 6xHis-GB1-ACTH(1-39)Cys fusion
protein. His-Tag, TEV-recognition site and IgG B1 domain are underlined, ACTH is
highlighted in bolt.

| 4.2.2.1 | Immobilized Metal Affinity Chromatography(IMAC)

Immobilized Metal Affinity Chromatography is based on the covalent binding of
amino acids, (e.g. Histidine) to metals (e.g. nickel) immobilized with a chelating agent
on a solid phase, mostly (e.g. sepharose). For purification of ACTH fusion proteins
Nickel-NTA Sepharose was used for IMAC. Here the six-fold Histidine-Tag of the
analyte in the mobile phase covalently binds to the nickel immobilized on the solid
phase (sepharose) via nitrilotriacetic acid (NT'A) as a chelating agent.

Cell lysate for IMAC was gained by cell disruption with a One Shot system from
Constant Systems Ltd. using 3000 bar. Disruption was performed up to two times
after resuspending the defrosted cells in 50mM NaPi pH 7.0, 150mM sodium
chloride and cOmplete protease inhibitor (1 tablet/ 50ml), for cysteine variants
at least 2mM di-thiothreitol (DTT) were added to the lysis buffer. Crude cell
lysate as clarified by ultra centrifugation at 100,000xg at 4 °C for 25 min before ist
was applied to the equilibrated Ni-NTA resin. IMAC was performed as described
in the following protocol using 50 mM NaPi pH 7.0, 150 mM NaCl buffer (+2mM DTT):
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IMAC protocol

Fill 1ml Ni-NTA sepharose beads (Macherey & Nagel) into a 20 ml Econo-Pac column
(Bio Rad). Let resin settle, open the column, let ethanole run through. Was the resin
with at least three column volumes (CV) of Milli Q (MQ) water before equilibration
with at least 3xCV of the buffer desired for purification. Close column bottom and add
the cleared lysate containing the analyte. Seal column top and bottom an incubate
Ni-NTA beads and sample for at least 1 h rotating on a roll mixer at 4 °C. The following
steps can be performed at room temperature using buffers chilled to 4 °C. Let resin
settle and lysate run through, collecting the flow through. Wash the resin with 3x 1 CV
buffer and 3x 1 CV buffer with 5mM imidazole to elute E.coli proteins unspecifically
bound to the beads. Then elute the purified analyte with buffer containing 150 mM
imidazole. Finally clean the column with 2xCV 2 M imidazole, intensively rinse it with
water and store it in 20% ethanole.

| 4.2.2.2 | Size-Exclusion Chromatography (SEC)

A Superdex column (GE Healthcare) was used for SEC to separate ACTH from its
fusion partner after cleavage with TEV protease. SEC was run at a flow rate of
1 ml/min for Superdex 16_600 30 pg at 4°C column and buffer temperature, elution
profile was recorder at 280 nm. For the mobile phase a 50 mM NaPi, 150 mM sodium
chloride buffer (pH 7.0) was used for elution, 2mM DTT was added for ACTH variants
with C-terminal Cysteines. Buffer were filtered through a 0.1 gm filter and subsequently
degased stirring in an exicator for at least 30 min. Column equilibration was performed
with at least two column volumes (2x121 ml) of elution buffer before sample application
and elution.

| 4.2.2.3 | RP-HPLC

Reversed phase high performance liquid chromatography (RP-HPLC) is commonly
used for analysis of molecules. It is based on the analytes interaction with a hydropho-
bic stationary phase and the use of a hydrophilic organic solvent for elution. To
obtain highly concentrated ACTH after dilution due to size-exclusion chromatography
(SEC), rp-HPLC was used for further purification gaining concentrated peptide in
a highly volatile solvent. As other methods commonly used for increasing peptide
concentration, such as centrifugal concentrators and PD10 desalting columns followed
by lyophilization, lead to a high loss of peptide, RP-HPLC was used for desalting
followed by lyophilization in this work.
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Table 4.1: RP-HPLC gradient time table. Peptides were purified in a
acetonitrile (AcN) / HoO gradient with 0.1 % trifluoroacetic acid (TFA) as indicated.

Time [min] | % H,O | % AcN
0 100 0
) 5 25
30 20 50
35 0 100
40 100 0

ACTH was purified at room temperature with a Knauer WellChrom HPLC system
applying a gradient of acetonitrile (AcN) / HyO with 0.1 % TFA described in the
following table:

Peptide elution was observed at 280 nm. An Agilent Zorbax-C8 stable bound semi-
preparative column was used. The time point of ACTH elution was determined by
comparison of test runs with 6xHis-GB1 and ACTH fractions from SEC as well as the
SEC buffer. In this way peaks according to buffer contents or impurities consisting of
the fusion tag could be differed from peaks according to ACTH. This outcome was
also confirmed by SDS-PAGE analytics and MALDI TOF mass spectrometry.

4.2.3| Assembly of Nanodiscs

Expression of the membrane scaffold protein (MSP) 1D1 and nanodisc (ND) assembly
were performed according to established protocols [100]. NDs were assembeled with
different lipids differing in the size of headgroups, length and saturation of fatty acid
chains and phase transition temperatures (T,,). The following lipids incorporated into
NDs were purchased from Avanti Polar Lipids Inc.:

POPS: Palmitoyloleoylphosphatidylserine; T,, = -2°C

POPC: Palmitoyloleoylphosphatidylcholine; T, = 14 °C

DMPG: 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol; T,, = 23°C
DMPC: 1,2-dimyristoyl-sn-glycero-3-phosphocholine; T,, = 24°C

A buffer exchange from 20mM NaPi pH 7.4 to 10mM HEPES pH 7.0 containing
50 mM NaCl was performed for NDs when used in buffer containing calcium chloride.
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4.2.4| NMR Data Acquisition and Assignment

In this work NMR spectra were acquired in either a 600 MHz or 700 MHz Bruker
Avancelll spectrometer (Bruker, Wissembourg, France) equipped with a 5 mm inverse
detection triple-resonance z-gradient cryogenic probehead (CP TCI). All data was
processed in Bruker TopSpin3.5 (Bruker). The backbone and sidechain assignment of
ACTH(1-39)C was performed following a standard triple resonance-based protocol [101],
[102]. Hormones were prepared in a 20 mM NaPi pH 7.0, 50 mM NaCl buffer containing
10% D50 (v/v) or 10 M HEPES pH 7.4, 50 mM Na(Cl for experiments with calcium.
Two-dimensional *N ¥ C-edited heteronuclear single-quantum coherence (HSQC) and
three-dimensional HNCO, HN(CA)CO, HN(CO)CACB and HNCACB experiments
were performed to obtain the chemical-shift assignments of the backbone atoms.
Additional 3D (H)CCHTOCSY, N-TOCSY-HSQC (mixing time 80 ms) and '°N-
NOESY-HSQC (mixing time 300 ms), were acquired for complete side chain resonance
assignment and NOE measurements (see supplement 8.1 table 8.1 for details on
acquisition parameters). Assignment of the 'H, 3C, and '°N signals in spectra was
performed in CARA1.9.1.7 [103]. Peak volumes were calculated with CARA 1.9.1.7.

4.2.5| Maleimide Conjugation of Reactants to ACTH-Cys

The C-terminal cysteine in the ACTH-Cys variants were used to specifically attach
reactants such as fluorophores - Cy3B maleimide dye (GE Healthcare) or Atto 647
maleimide (Atto Tech)- or a biradical - TOTAPOL maleimide (Vlado Gelev)- to
the peptide. The labeling reaction (see figure 4.3) was performed in 50 mM NaPi
containing 150 mM sodiumchloride (pH 7.0-7.4). The reactant was added in tenfold
molar excess compared to the peptide. In order to keep the thiol groups in a reduced
state or to reduce preexisting disulfid-bridged dimers, a 1:1 molar ratio of Tris(2-
carboxyethyl)phosphin (TCEP) was added ahead of the actual reaction. This low ratio
was chosen to avoid degradation of the radical by TCEP. The reaction was performed
at 4 °C overnight. For Cy3B maleimide a tenfold TCEP excess and incubation at room
temperature over night was performed. Afterwards, the reaction mixture was applied
to RP-HPLC to separate ACTH conjugates from non-bound dye or radical.

The peptide fraction was dried under vacuum and the aliquot was subsequently stored
at -20°C until further use.
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ACTH-Cys
o \ + SH — (0] S
N ACTH-Cys
dye — o dye / 0

Figure 4.3: Maleimide reaction of reactants and protein. Reactants with a maleimide group
can be conjugated to the thiol group of a protein’s cysteine residue. The reaction scheme
was prepared with Marvin JS (ChemAxon).

4.2.6 | Fluorescence Anisotropy

Fluorescence polarization measurements were performed in a Tecan Spark using
filters for excitation of fluorophores and a monochromator for fluorescence detection.
Measurements were performed in 384-well non-binding plate (Corning) with a working
volume of 40 ul. A grating factor of 1.7 was determined by stepwise adjustment to
obtain low values for free dye (Ctrl.). Detection with a monochromator instead of
a filter can lead, due to limited or fixed band width, to a loss of sensitivity and a
higher variation of the recorded values. Therefore, we averaged FP values of ten
measurements per sample. Subsequently FP values were transformed to FA values,
using the equation 2.6 shown in section 2.1.2.1.

Melanocortin Receptor 4

4.3.1| Expression in HEK 293 Cells

For expression of melanocortin receptor 4 (MC4R) HEK cells were chosen as a
eukaryotic expression system to provide typical post translational modifications.
Two different expression strategies were used for MC4R expression. Semi-adherent
HEK 293 cells stably transfected with the following constructs under control of a
cytomegalovirus (CMV) promoter were kindly provided by Baran Ersoy [49]:
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I. N-terminal signal peptide (prolactin) for membrane incorporation, followed by a
FLAG-tag MC4R

II. N-terminal signal peptide (prolactin), FLAG-Tag A(1-24)MC4R (no maintained
basal activity)

IIT. WT MC4R

To increase the protein expression yield of MC4R HEK 293-F cells, optimized for
growth in cell suspensions, were stably transfected with a MC4R construct flanked by
a N-terminal signal peptide prolactin followed by a FLAG-tag for detection in western
blot. A six-fold His-tag was added to the C-terminus of the protein to enable protein
purification by affinity Ni-NTA chromatography. The expression vector was changed
from pcDNA3.1 to a pHL-IRES under the control of a more moderate promoter,
chicken f-actin (CBA), than before, (CMV) as described above, (kindly provided by
James Yu, HMS). The idea of this was to avoid degradation of overexpressed protein
due to too strong expression.

The so called Free Style system (Gibco) enables cultivation of HEK 293 cells in
suspension using shaker flasks or spinner flasks with culture volumes ranging from
15ml up to 361.

4.3.2| cAMP Down-Stream Assay

Ligand mediated activation of MC4R was tested with a cAMP-based bioassay from
Promega (cAMP-Glo). For a scheme of the luminescence assay see figure 5.18.
The assay was performed according to the manufacturers protocoll with cell numbers

of 10,000 or 24,000 (if indicated) cell / well.

4.3.3| PFA Fixation

HEK 293-F cells were grown semi-adherent with medium containing 10% fetal bovine
serum (FBS) on a poly-lysine coated cover slip. They were rinsed two times with
phosphate buffer saline (PBS) with 1 mM CaCl, and incubated with ~ 200 nM ACTH(1-
39)C-Cy3B for 45min at 37°C, 5% CO,. After two more washing steps cells were
fixated with 4% paraformaldehyde (PFA) for 34 min at room temperature (RT) and
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washed again before incubation with 1% glycine in PBS for 20 min at RT. A further
washing step was performed previous to blocking with 3% bovine serum albumine
(BSA) in PBS for 1h at RT. Cells were again washed two times for 5min at RT and
mounted on a slide with mounting medium before letting dry for 12h in the dark at

RT.

4.3.4| Membrane Preparation of Tnao38 Cells

A membrane preparation of Tnao38 insect cells (kindly provided by the lab of Prof. Dr.
Reza Ahmadian) expressing SF-MC4R-6xHis was prepared by Marcel Falke (HHU,
Diisseldorf) as follows:

Resuspend cells harvested from 11 Tnao38 cell culture in 100 ml 50 mM HEPES/
NaOH pH 7.4, 150 mM NaCl, 2mM DTT + protease inhibitor.

Lyse cells by nitrogen cavitation (Parr 4635 Cell Disruptor Vessell) at 500 psi (1psi =
6.9 kPa) and 4 °C for 15 min.

Separate the soluble membrane fraction from remaining cell debris by centrifugation
at 500xg for 20 min at 4 °C.

Transfer the supernatant to a fresh tube and centrifuge at 40,000 rpm and 4°C in a
Beckman Coulter Optima XL 100 with a Ti55.2 rotor.

Transfer the membrane pellet to a dounce tissue grinder, resuspended in ~ 50 ml
50mM HEPES/ NaOH pH 7.4, 150 mM NaCl, 2mM DTT + protease inhibitor to a
final concentration of 10 mg/ml, for homogenization.

For FA experiments ~ 60 ul membrane preparation were further diluted to meet a
concentration according to a previous concentration of 60,000000 cells / well (40 pl)

s  HIV-1 Vpr

Continuous exchange cell-free expression (CECF) is a flexible and open system for
protein expression. It can be based on different translational systems by the choice of
the cell extract used and easily expanded by further reaction components promoting
folding and solubility of the protein expressed. In CECF a compartment containing
the reaction mixture with all high-molecular-weight compounds is separated by a
permeable compartment with the feeding mixture containing low-molecular-weight
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precursors. CECF can be run in different modes: precipitate-based (P-CF), detergent-
based (D-CF) or lipid-based (L-CF) cell-free expression.

In this work CECF expression was used to produce high amounts of human immunod-
eficiency virus type 1 (HIV-1) viral protein R (Vpr), overcoming its cytotoxic effects,
and to provide zinc for incorporation during protein expression.

An E. coli-based CECF was run in precipitate-based mode (i.e. without detergents
or other compounds promoting protein solubility) or with addition of zinc salts for
incorporation into HIV-1 Vpr.

Expression was carried out in Slide-A-Lyzer MINI dialysis devices (Thermo Fisher
Scientific) with a molecular weight cut off (MWCO) of 7,000 kDa (or 10,000 kDa for
expression of control reactions with larger proteins) in 50 M reaction mixture and
500 uM feeding mixture using 96-well plates. It was incubated at 27 °C, shaking for at
least 18 h. Reaction and feeding mixtures were prepared according to the protocol of
Schwarz et al. [94].



RESULTS AND DISCUSSION

Hormone Expression and Characterization

5.1.1| Expression and Purification

To study structure and dynamics of hormone-receptor interaction a protocol for the
expression and purification of isotope labeled hormone peptides had to be established.
Peptides ACTH(1-39), ACTH(1-39)C and ACTH(1-23)C were expressed using a 6xHis-
GBI fusion tag with a TEV recognition site (ENLYFQJ|S - cut between Q|S) for stable
expression and easy purification before cleavage at the N-terminus of the hormone.

The fusion protein was purified via Ni-NTA affinity chromatography, shown for 1°N
6xHis-GB1-ACTH(1-39)C in figure 5.1.

FT W, W,,, E1 E2 E3 E4 E5
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Figure 5.1: Purification of 1°N-labeled 6xHis-GB1-ACTH(1-39)C by IMAC. In-
tense bands of 1°N-6xHis-GB1-ACTH(1-39)C are found in the elution fractions E2-4 (15kDa).
Host cell proteins can mainly be found in the flowthrough (FT). The background could
be reduced by several washing steps (only the last steps of washing with 0 mM and 5mM
imidazole are shown: Wo,,ar, Wamar).
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After protein overexpression and cell disruption, a high amount of fusion protein
(15kDa) was purified by Ni-NTA IMAC from the soluble cell lysate. The elution
fractions in figure 5.1 (E2-E5) contain only a low background of FE. coli proteins
when compared to the intensity of the 15kDa band. The native peptide sequence
was cleaved from the fusion protein by TEV protease (figure 5.4). Subsequently, the
peptide hormones were separated by SEC from the remaining fusion tag and TEV
protease (figure 5.2, figure 5.4).
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Figure 5.2: SEC of "'N-ACTH(1-39)C after TEV protease cleavage. N 6xHis-
GB1 (55-65ml) and '*’N-ACTH(1-39)C (65-75ml) are separated by SEC after TEV protease
mediated fusion protein cleavage. The void volume containing host cell proteins and TEV
protease elutes after 43 ml. A Superdex 16/600 30 pg column (GE) was used for size exclusion
chromatography.

In the SEC chromatogram in figure 5.2 ACTH is found to be successfully separated
from remaining host cell proteins and TEV protease which elute in the void volume
(43ml). The fusion tag 6xHis-GB1 can be found in the elution volume of 55-65 ml
and PN-ACTH(1-39)C elutes after 75ml. SEC elution peaks were fractionated in
2ml steps and samples of the fractions with the highest protein content were further
analyzed by SDS-PAGE (figure 5.4) before combining all fractions of one peak.

To obtain peptide concentrations sufficient for NMR spectroscopic studies, it was
necessary to concentrate the peptide solution after SEC. The use of centrifugal
concentrators led to a high loss of protein using different membrane types - regenerated
cellulose (Centricon, Merck Millipore) or polyethersulfone (Vivaspin, Sartorius) - due
to unspecific interaction of the peptide with the membranes.
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Therefore, a second strategy to concentrate the peptide for further measurements was
applied using lyophilization of the peptide. As salt present in the SEC buffer would
also be concentrated by this step, a desalting step had to be performed previously.
But the use of a PD10 desalting column also lead to a high loss of peptide. As before,
this is thought to be a consequence of unspecific binding of the hormone to the column
resin further enhanced by the absence of salts.

However, peptides were successfully subjected to RP-HPLC using a water / acetonitrile
gradient as mobile phase. After lyophilization peptide powder was dissolved in
buffers with a moderate and specific salt content for NMR experiments or further
modification.
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Figure 5.3: ACTH desalting by RP-HPLC. "N ACTH was purified and desalted in
an AcN / water gradient by RP-HPLC for subsequent lyophilization. ACTH(1-39) (black)
elution (10min) is compared to RP-HPLC runs with fusion protein (blue) and 6xHis-GB1
(red) purified by SEC to identify the pure peptide.

Comparison of spectra recorded of ACTH(1-39)C concentrated with and without
RP-HPLC (e.g. with centrifugal concentrator) showed that the peptide is unfolded in
both cases.
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Therefore, the following data on recombinantly expressed peptides was recorded of
hormones purified and concentrated by RP-HPLC with subsequent lyophilization.

Figure 5.3 shows the chromatogram of ACTH(1-39) (black), fusion protein (blue) and
6xHis-GB1 (red) at 280 nm in an AcN / water gradient. While fusion protein and
6xHis-GB1 elutes before 8 min and after 15 min respectively, ACTH(1-39) elutes at
10 min. Although SEC is already sufficient to separate the peptide from its fusion
tag and possible remaining uncleaved fusion protein, RP-HPLC facilitates to further
purification separating even the small content of E. coli proteins of the same size as
the peptide. Moreover, peptide dimers were found to be separated from monomers
by RP-HPLC (data not shown) but dimer formation could generally be avoided by
using reducing agents such as DTT or tris(2-carboxyethyl)phosphine (TCEP) during
previous purification steps (see Supplement 8, figure 8.1).
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Figure 5.4: Fusion partners after TEV cleavage purified by SEC and RP-HPLC.
SDS-PAGE analytics of 6xHis-GB1-ACTH(1-39)C before and after TEV cleavage (lane 1 /
2), SEC fractions containing 6xHis-GB1 or ACTH(1-39)C (lane 3 / 4) and ACTH(1-39)C
after reversed RP-HPLC. 6xHis-GB1 remains at the height of 15kDa while peptides run at
10-12kDa.

A SDS-PAGE of the purification steps confirms the findings of SEC and RP-HPLC
chromatograms (figure 5.4). Fusion protein was efficiently cleaved by TEV protease
(figure 5.4, lane 1 / 2) which is visible in a second band running lower than that of the
fusion protein. Interestingly 6xGB1 was found to stay at the same height (15kDa)
even after cleavage. In figure 5.4 the free peptide band is very broad, possibly due to
insufficient separation from the bulk of SDS (see section 2.2.5). In other gels more
defined bands of the 4.6 kDa peptide ACTH(1-39)C could be achieved with a band at
the height of ca. 10kDa (see figures 5.5, 5.7 8.1).
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Hormones expressed and purified as shown above were used for NMR experiments
(section 5.1.3) or ligand binding assays (section 5.3.1) as well as conjugation with
different labels such as fluorophores and a biradical (TOTAPOL) (section 5.1.2). The
molecular mass of purified ACTH(1-23)C and (1-39)C was additionally verified by
electrospray ionization (ESI) mass spectrometry (MS) (Supplement: chapter 8, 8.2) to
verify the molecular mass.

| 5.1.1.1 | Peptide truncation during expression

Overexpression of the protein of interest was accompanied by overexpression of proteins
running at a different height in SDS-PAGE analytics several times. This was possibly
caused by mutation of the plasmid or degradation of the protein. SDS-PAGE analysis
of the purified 3C-, ¥N-labeled fusion protein after TEV cleavage (figure 5.5) shows
that besides remains of uncleaved fusionprotein and 6x-GB1 peptides running at 12
and 9 kDa were released. While normally not desired, we used these additional peptides
to study the influence of C-terminal truncations on the peptides structural features
(see section 5.1.3).
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Figure 5.5: Purification of 13C, !N labeled 6xHis-GB1-ACTH(1-39)C by IMAC.
A double band of overexpressed protein was observed during all washing and elution
(E1-5) steps of IMAC purification implying that more than the fusionprotein 6xHis-GB1-
ACTH(1-39)C was overexpressed. SDS-PAGE analytics of TEV cleaved 3C, N labeled
6xHis-GB1-ACTH(1-39)C shows more than the expected bands for 6x-GB1 (15kDa) and
ACTH(1-39)C (ca. 10kDa). Another band below 10kDa was detected with CBB staining.

Fusion protein was subjected to SEC after cleavage with TEV protease. The elution
profile shown in figure 5.6 reveals an additional peptide peak (78-83ml) according to a
smaller size than that of ACTH(1-39)C (ACTH(1-28); see figure 5.7). Furthermore
using RP-HPLC two peptides were detected in the SEC peak eluting at 63-70 ml
(ACTH(1-39)C and ACTH(1-39); see figure 5.6).
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Figure 5.6: SEC purification of ACTH(1-39)C reveals another smaller peptide.
Additionally to ACTH(1-39)C a smaller peptide was purified by SEC (78-83ml) later on
determined to be ACTH(1-28). In a further RP-HPLC run the peptide peak eluting at
63-70 ml was found to contain ACTH(1-39)C and ACTH(1-39).
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Figure 5.7: Smaller peptides than ACTH(1-39)C in SDS-PAGE. Besides ACTH-
(1-39)C smaller peptides (ACTH 1-39 and ca. 1-28) were purified by SEC and RP-HPLC
subsequently. Peptide size was confirmed by MS.
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Purified peptides of all sizes were subjected to ESI MS (Supplement: chapter 8,
section 8.2) and NMR spectroscopy (see section 5.1.3, figures 5.13, 5.14) to determine
molecular mass and identity. In this way it was confirmed that besides ACTH(1-39)C
also ACTH(1-39) and ACTH(1-28) were expressed and purified in concentrations
sufficient for acquisition of NMR spectra (figures 5.13, 5.14). It is not clear whether
these truncations are caused by protease activity or codon mutations. The cysteine
at position 40 could have been transformed to a stop codon by a point mutation
(TGC to TGA), while a single nucleotide exchange could not transform the codon of
aspartic acid (GAC) to a stop codon (TAA, TAG, TGA). Neither the codons used for
cysteine (TGC) nor that used for aspartic acid (GAC) are rare codons in E.coli that
could probably lead to mixed protein populations by termination of the translation
process. However, digestion by proteases seems unlikely as protein truncations were
not observed for every expression performed.

5.1.2| Hormone-Conjugates

| 5.1.2.1 | Fluorophore Conjugated ACTH

Ligand binding assays based on fluorescence anisotropy (FA) / fluorescence polarization
(FP) can be used with low amounts of receptor and fluorophore conjugated ligand.
They can be run in a high-throughput format for an easy component screening to find
new potential pharmacological hits. In this work fluorophore conjugated ligands were
tested for their ability to be used for FA measurements with the receptor exposed on
cell surfaces and stabilized in membrane fragments or membrane mimetics.

Maleimide Conjugation

For conjugation of different labels to the hormones, an additional cysteine at the
C-terminus of the peptides ACTH(1-23) and ACTH(1-39) was introduced. This
cysteine - unique in the peptide sequence - enables the site specific conjugation of
modified labels via a maleimide reaction (see section 4.2.5, figure 4.3). In this way
different fluorophores (Cy3B, Atto 647) and also the biradical TOTAPOL for use in
fluorescence assays and DNP NMR, respectively, were added to the C-terminus of the
hormones.
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Figure 5.8: ACTH(1-39)C-Cy3B purification via RP-HPLC. ACTH(1-39)C-Cy3B
conjugate (black) and free dye as control (red) were applied to RP-HPLC for purification of
the conjugate. The conjugate elutes after 4 minutes before free dye elutes at 8 minutes.

ACTH(1-39)C was conjugated to Cy3B (GE Healthcare) and applied to MC4R ex-
pressing HEK cells for fluorescence imaging using paraformaldehyde cell fixation (see
section 5.3.1, figure 5.20). Figure 5.8 shows the elution profile of the peptide-dye
reaction mixture at 280 nm (black) in an AcN / water gradient compared to that of
free Cy3B (red). ACTH(1-39)C-Cy3B conjugate (~ 4.5min) is separated from free
dye (~ 9min) that was applied in excess over the peptide.

ACTH for Fluorescence Polarization

To find a suitable dye for FA based ligand binding assays with MC4R exposed on cell
membranes a screening for autofluorescence of HEK 293-F cells was performed. The
alm was to determine an excitation wavelength with a low fluorescent background.
Therefore all filters available in the instrument were tested.
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Figure 5.9: HEK 293-F autofluorescence. All filters available for excitation were tested
for autofluorescence of HEK cells. The excitation wave length 62 nm was determined to be
the one with lowest fluorescent background.

Excitation of a HEK cell suspension with wave lengths of 280, 340 and 535 nm shows
high fluorescent background, excitation with 430 and 486 nm filters leads to a decrease
of fluorescent background. However, an excitation wave length of 625 nm is found to
cause an even lower signal level by HEK cells. Therefore Atto 647, a dye described to
be highly hydrophilic, was chosen for further FA ligand design.

As an increase of FA is caused due to a slower tumbling of the fluorophore, ligands
need to be designed accordingly (see section 2.1.2.1). The amino acid sequence
1-24 of ACTH is highly conserved in mammals [104] implying an important role in
physiological activity. However amino acids 25-39 are hypothesized to have a protective
function avoiding enzymatic degradation of the hormone. Furthermore high in vivo
corticotropic activity compared to full-length ACTH (100%) was described for peptide
truncations 1-24 (50%) down to 1-19 (20%) while smaller peptides showed a strongly
decreased activity [52]. N-terminal binding of ACTH to its receptor could possibly
leave the C-terminus flexible. This can lead to decreased anisotropy values and a not
sufficient difference of the FA values for bound and free ligand. Therefore we used a
truncated ACTH, i.e. the first 23 amino acids, and added a C-temrinal cysteine at
position 24 for maleimide conjugation of a modified fluorophore.
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Purification of the peptide conjugate ACTH(1-23)C-Atto 647 by RP-HPLC is shown
in figure 5.10. The same AcN / water gradient as used for peptide purification shown
in figure 5.3 and 5.11 was applied. To determine the elution peak of the conjugate,
RP-HPLC chromatograms (280 nm) of free peptide (blue) and dye (red) were compared
to the elution profile of the reaction mixture (black).
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Figure 5.10: ACTH(1-23)C-Atto 647 purification via RP-HPLC. (A) Overlay of
ACTH(1-23)C-Atto 647 conjugation mix (black), free ACTH(1-23)C (blue) and free dye
(red) RP-HPLC chromatograms. Free ACTH(1-23)C elutes after 10 min before the peptide
conjugate (ACTH(1-23)C-Atto647) elutes after 16 min and free dye (Atto-647) elutes after
22.5min. (B) The second elution peak gained from RP-HPLC shows ACTH(1-23)C-Atto647
conjugate (black) which runs higher than the separated free dye (red).

Free peptide elutes at 10 min followed by ACTH(1-23)C-Atto 647 at 16 min and free
dye (Cy3B) at ~23min (figure 5.10 (A)). SDS-PAGE analysis of RP-HPLC elution
fractions shows that the content of the peak at 16 min (ACTH(1-23)C-Atto647) runs
higher than that of the peak at 22.5 min (free dye) (figure 5.10 (B); excited at 639 nm)
confirming ACTH(1-23)C-Atto 647 (furthermore referred to as ACTH(1-23)C-647)
and free dye.



5.1. Hormone Expression and Characterization 59

[5.1.2.2] ACTH(1-23)C-TOTAPOL

In general, an increase of NMR sensitivity can be achieved by the use of Dynamic
Nuclear Polarization (DNP)-NMR (see 2.1.1). To avoid quenching effects or loss of
excitation due to high distances between the radical and protein of interest, TOTAPOL
was conjugated to the ligand. By this the radical can be brought close to the GPCR
leading to a specific transfer of magnetization to the protein of interest.
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Figure 5.11: ACTH(1-23)C-TOTAPOL purification by RP-HPLC. After conjuga-
tion ACTH(1-23)C-TOTAPOL (red) was purified in an AcN / water gradient - eluting at
14-15min - by RP-HPLC. To distinguish the conjugate from the free peptide and radical,
samples of free ACTH(1-23)C (black) and free TOTAPOL (blue) were also subjected to
RP-HPLC.

The radical TOTAPOL was conjugated to ACTH(1-23)C (see section 5.1.2.1) and
purified by RP-HPLC (figure 5.11) followed by lyophilization. Conjugation was
confirmed to be successful by MS (Supplement: chapter 8, section 8.2).
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5.1.3| Peptide Characterization

Detection of chemical shift perturbations by NMR can provide information on dynamics
of ligand binding processes as well as conformational changes. Peptide ligands of
several GPCRs have been found transition from a random coil arrangement to a defined
structure upon binding to their receptor [18], [18], [19]. Such structural changes can
be observed by comparison of spectra recorded from peptides free in solution to those
recorded in their bound conformation. In the following NMR spectra of (isotope
labeled) hormones expressed and purified as previously described (4.2) recorded free
in solution are reported. These spectra can also serve as a reference for later studies
of the hormone-receptor interactions.

Data was recorded for hormones with different length (full length ACTH (1-39) /
truncated ACTH (1-23 / 28) and ACTH with an additional cysteine at the C-terminus
(1-39)C / (1-28)C used for fluorophore conjugation).
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Figure 5.12: Free ACTH(1-39)C. Fully assigned (black) *H- N-HSQC spectrum of
100 uM ACTH(1-39)C at 10°C in 20mM NaPi pH 7.0, 50 mM NaCl (Spectrometer: B600-
M). Secondary conformations are visible for several residues (red). One cause of these
conformations could be the cis- / trans- isomerism of proline (positions 12, 19, 24, 36).
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ACTH(1-39)C could be fully assigned (figure 5.12) in a N-nitrogen based HSQC.
This spectrum shows secondary conformations which for some peaks are possibly
resulting from cis and trans isomers of proline (Pro 12,19,24,36) already studied by
Gao et al. [51]. The HSCQ spectrum shows that ACTH(1-39)C is unfolded as it
displays only a very narrow dispersion of chemical shifts.

The truncated forms of ACTH obtained during an expression of ACTH(1-39)C, i.e. WT
ACTH(1-39) and ACTH(1-28) (see section 5.1.1.1), were used to validate if structural
features of ACTH vary due to the addition of a C-terminal cysteine (figure 5.13) or
truncation (figure 5.14). In the following picture an overlay of *C-carbon based HSQC
spectra comparing ACTH(1-39)C and full-length ACTH, i.e. wilde type (WT)-ACTH,
is shown (figure 5.13).
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Figure 5.13: Comparison of free ACTH(1-39)C and ACTH(1-39). Overlay of 'H,
13C carbon based spectra of 309 M ACTH(1-39)C (black) and 70 uM ACTH(1-39) (red)
recorded at 10°C in 20 mM NaPi pH 7.0 50 mM NaCl (Spectrometer: B600-M). As indicated
by the conserved chemical shifts, structural features of ACTH did not change by addition of
a cysteine at position 40. The cysteine was reduced by the use of DTT as seen from the Cf
chemical shift when compared to literature values (for literature values see figure). Size of
the molecule was confirmed by MS.
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Comparing the spectra of ACTH with and without an additional C-terminal cysteine,
no essential changes of structural features are observed. Therefore the ACTH(1-39)C
peptide is expected to show no different behavior than ACTH in further ligand binding
studies with MC4R. The C-terminal cysteine of ACTH(1-39)C was found to be reduced
by DTT as seen from the typical chemical shift of the cysteines (literature values of
reduced cysteine: Cax = 59.3ppm Cf = 28.3 ppm) showing that no intermolecular
dimers were formed under the tested conditions.

An overlay of ACTH(1-39)C (black) and (A) the truncated form named ACTH(1-28)
(red) or (B) ACTH(1-23)C is shown in figure 5.14. As described before (section
5.1.2.1) we produced ACTH truncated to amino acids 1-23 with an additional cysteine
at the C-terminus to facilitate a ligand suitable for FA assays when conjugated to a
fluorophore.
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Figure 5.14: Comparison of free ACTH(1-39)C to ACTH(1-28) and ACTH(1-23)C.
Overlay of 'H-, ""'N-HSQC spectra of (A) 309 uM ACTH(1-39)C (black) and ACTH(1-28)
(red) and (B) 309 uM ACTH(1-39)C (black) and 100 uM ACTH(1-23)C (red). Truncation

of ACTH does not lead to essential alterations of its structural features implying that no
long range interactions exist in the full-length peptide.

Peaks for amino acids 1 to 28 (figure 5.14, (A)) could be assigned by direct comparison
to the data from ACTH(1-39)C, confirming the length of the truncated peptide to
be ACTH(1-28) (see section 5.1.1.1). This truncation may have been caused by a
termination of the translation at position 29 due to a Codon mutation or by enzymatic
degradation.
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In figure 5.14 peaks of ACTH(1-39)C are displayed in black. Peaks according to the
truncated forms ACTH(1-28) and ACTH(1-23)C, depicted in red, show only minor
shifts to the comparable amino acids in the sequence of ACTH(1-39)C. This shows
that no long range interactions are present in the full-length peptide, which would be
indicative for a tertiary structure of the peptide. The observed changes of chemical
shifts are caused by the truncated length of the peptides and the C-terminal addition
/ subtraction of a cysteine, respectively. These modifications slightly change the
environment of the amino acids amide groups leading to marginal conformational
changes of the hormones.

The rather low shift seen for cysteine after the truncation of the peptide from 40 to 24
amino acids can be explained by the properties of its foregoing amino acids. In both
sequences the next to the cysteine possess aromatic side chains (F39 /Y 23) building
a comparable environment for the amide group of cysteine.

Furthermore, a 3D structure calculation based on NOE distances (see section 2.1.1.1)
did not converge into an ordered structure due to the absence of NOE restrains (see
Supplement 8.1, figure 8.5), which is in line with an unfolded peptide.
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| 5.1.3.1 | NMR Spectra of Commercial Neuropeptides

To compare structural features of recombinantly expressed peptides to chemically
synthesized hormones, NMR data of commercially purchased peptides a-MSH and
ACTH were recorded (figure 5.15). In addition the N-terminal amino acid sequence
1-26 of MC4R - shown to maintain the receptors basal activity - was subjected to
NMR spectroscopy (Supplement: 8, figure 8.3).

Data obtained from a-MSH and ACTH (figure 5.15) was used for chemical shift
comparison to ACTH(1-39)C in the following section 5.1.3.2 (figure 5.16) and in the
supplement (figures 8.7 - 8.9).
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Figure 5.15: Fully assigned TOCSY spectra of commercial ao-MSH and ACTH.
TOCSY spectra of (A) 100 uM o-MSH and (B) of 1.1 mM full-length ACTH(1-39) (for
proton chemical shifts of marked / assigned peaks see supplement (figures 8.7 - 8.9)). a-MSH
was ordered acetylated at the N-terminus (Tocris). Peaks of ACTH (AnaSpec) that were
not marked belong to secondary conformations of the amino acids
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| 5.1.3.2 | Comparison of H* chemical shifts of neuropeptides

In order to verify if structural features of full-length ACTH vary from those of ACTH
after addition of a C-terminal cysteine and that of N-terminally acetylated a-MSH,
H* chemical shifts for these peptides were compared (figure 5.16).
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Figure 5.16: Comparison of ACTH(1-39)/Cys and a-MSH chemical shifts. Over-
lay of H* chemical shifts of ACTH(1-39) and acetylated a-MSH (Tocris) to ACTH(1-39)C.

The data shows that there are essentially no differences between the H* chemical
shifts recorded for ACTH (AnaSpec), ACTH(1-39)C and ac-a-MSH (Tocris) (figure
5.16). This shows that the structural features of chemically synthesized WT-ACTH
(AnaSpec) and ac-a-MSH (Tocris) - corresponding to ACTH(1-13) - are comparable
to those of recombinantly expressed ACTH(1-39)C. Moreover, the data shows that
the addition of cysteine to the N-terminus of ACTH does not have significant effects
on the peptides structural features.
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Melanocortin Receptor 4 Expression

Expression of GPCRs is challenging, as expression systems such as E. coli and cell-free
expression are limited in the yield of natively folded and functional receptor and in
providing post translational modifications. Eukaryotic expression systems such as
human embryonic kidney (HEK) cells can provide these modifications. However, HEK
293 cells , when adherently grown, achieve only low protein yields in relation to the
incubation space and volume of medium needed.

Therefore, we aimed to establish a stably transfected cell line of HEK 293-F cells.
These suspension cells have the advantage of convenient upscaling, thus enabling the
production of larger amounts of functional receptor.

Human embryonic kidney HEKs 293 cells were grown semi-adherent (HEKs 293) as
well as in suspension (HEKSs 293-F) with volumes ranging from 10 ml (petri dish), over
30ml (shaker flask) to 500ml (spin flask).

Baran Ersoy (Harvard Medical School) kindly provided MC4R constructs, some of
them with a N-terminal signal peptide (prolactin) for optimal membrane incorporation
followed by a FLAG-tag for antibody detection in bloting experiments (from here on
referred to as SF-MC4R). These constructs were provided on a pcDNA3.1 vector and
were previously used for in-vivo assays [49)].

To increase the protein yield a new MC4R construct was designed by addition of
a C-terminal 6-fold histidine tag and the transfer to a pHL-IRES vector. The new
vector provides a more moderate promotor thought to increase the receptors membrane
incorporation rate while decreasing degradation.

In figure 5.17 protein yields of the expression vectors pcDNA3.1 and pHL-IRES
(optimized for GPCR expression) in adherent and suspension cells are compared in
a Western Blot normalized by cell number. The pHL-IRES vector was coding for a
signal FLAG-tag (SF)-MC4R-6xHis fusion protein while pcDNA 3.1 vector was used
for expression of signal FLAG-tag (SF)-MC4R, SF-MC4R(A1-24) and MC4R WT
(see section 4.3).
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Figure 5.17: Increase of MC4R expression yield by use of pHL-IRES vector.
Comparison of expression levels of pHL-IRES-SF-MC4R-6xHis and pcDNA-3.1-SF-MC4R as
well as different MC4R constructs (SF-MC4R, SF-MC4R(A1-24), MC4R(WT)) shows that
only pHL-IRES yields expression levels that can be detected in Western Blot. For detection
of the fusion protein an anti-FLAG-tag antibody (Cell Signaling Technologies) was applied
as a primary antibody.

While protein concentration was too low for detection in Western Blot when expressed
with the pcDNA3.1 vector, the MC4R fusion protein expressed with a pHL-IRES
could be detected.

5.2.1| MC4R Activity

Function of a GPCR can be defined, in contrast to ligand binding, by its biological
activity, i.e. a conformational change upon ligand binding and C-terminal interaction
with G-proteins or arrestins (see 1.1.1.1).

In this work we applied a cyclic-adenosine monophosphate (cAMP) based bioassay (see
figure 5.18) to test the activity of the recombinantly expressed receptor and peptides.
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2. Luciferase

Figure 5.18: cAMP based bioassay. A cAMP based assay was applied to detect down
stream activation of MC4R in living, stably transfected HEK 293-F cells, upon ligand
binding. Activation of MC4R leads to cAMP-cyclase activity. Accumulated cAMP activates
an ATP-dependent protein kinase A (PKA) that is added after cell lysis to the cell lysate.
sSubsequently, fter a fixed incubation time, a ATP-dependent luciferase is added. When the
GPCR was successfully activated, cAMP mediated activation leads to a decrease of ATP
and therefore to a decrease of luminescence.

Upon activation of MC4R, the membrane associated cAMP cyclase is activated by
the a-subunit of the GPCR. Stably transfected HEK 293-F cells expressing MC4R
were incubated with the ligand previously to cell lysis and addition of protein kinase
A (PKA). When the receptor was successfully activated, cAMP is accumulated and
activates the ATP-dependent PKA, decreasing the total ATP concentration in the
lysate. Finally luciferase, an enzyme generating bioluminescene in the presence of ATP,
was added to the mixture. The read out of this assay is the relative luminescence of
the luciferase. Therefore, the receptor activity mediated cAMP increase is detected by
a decreased luminescence of the luciferase competing for ATP with a cAMP activated
protein kinase A (PKA).

To prove down stream activity of recombinantly expressed MC4R, HEK cells were
incubated with a serial dilution of commercial a-MSH (figure 5.19).

Biological activity of SF-MC4R-6xHis expressed in HEK293-F suspension cells using
a pHL-IRES vector was successfully tested with commercial ligands. The sigmoidal
decrease of luminescence in figure 5.19 is dependent on the increasing ligand con-
centration. The ECs5y of 0.0039 £+ 0.05nM calculated for a-MSH is unusually low,
when compared to literature values (e.g. ECs of a-MSH with MC4R WT ~ 5.67nM
[105]).
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Figure 5.19: Activation of MC4R by a-MSH. Down stream activation of MC4R was
recorded in a cAMP-bioassay after incubation of SF-MC4R-6xHis transfected HEK 293-F
cells (24,000 / well) with an increasing concentration of a-MSH (ABBIOTEC). An ECj5 =
0.0039 £ 0.05nM was calculated (data represent the mean £ standard deviation of n=2).
RLU values for the described conditions are displayed as black squares, the corresponding
curve fit is shown as a red curve.

In general, the data obtained from this cAMP assay shows large variations in the
calculated ECsy values (see also Supplement 8, figure 8.19). This can be caused by
different factors in the long process of sample preparation and assay performance, but
optimization of cell number, cell separation, ligand dilution and ligand incubation
times did not lead to a better performance of the assay.

Although calculation of ECsq values did not obtain results fully comparable to literature,
our data clearly shows that active MC4R was expressed and incorporated into the cell
membrane with its ligand binding pocket accessible for the ligand outside the cell.
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Hormone Signaling

5.3.1| Hormone-Receptor Interactions

Ligand binding and receptor exposition in HEK 293-F cells was visualized by fluores-
cence imaging with ACTH(1-39)C-Cy3B in cell fixation. Cells were incubated with the
ligand and washed before fixation with paraformaldehyde (PFA). For Laser Scanning
Microscopy (LSM) a laser with a wavelength of 561 nm was used for excitation.

Ctrl- HEK 293 F HEK 293 F - SF-MC4R-6xHis

Figure 5.20: Imaging of ACTH(1-39)C-Cy3B bound to MC4R expressing cells.
SF-MC4R-6xHis expressing HEK 293-F cells show specific fluorescence in fluorescence
imaging after incubation with ACTH(1-39)C-Cy3B. A specific signal of the ligand is observed
for transfected cells, non-transfected cells (Ctrl) show only a general fluorescent background.
HEK 293F cells were grown semi-adherent on cover slips using serum in the cell medium.

Imaging was performed using a 561 nM laser for excitation, HEK 293-F cells were transfected
with pHL-IRES-SF-MC4R-6xHis.

Figure 5.20 shows specific binding of the dye conjugated ligand for HEK 293-F cells
transfected with pHL-IRES-SF-MC4R-6xHis, a pHL-IRES vector coding for a MC4R
fusion protein with a N-terminal prolactin (signalpeptide) / FLAG-tag and a C-
terminal 6xHistidine-tag. Non-transfected cells were also treated with the ligand as
negative control and do not show any specific fluorescence of ACTH(1-39)C-Cy3B.
This implies, that the receptor was accessible for ACTH(1-39)C-Cy3B and that the
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binding pocket was therefore exposed on the outer cell membrane. The images do not
allow to determine the concrete localization of the peptide, they how ever would be
consistent with a partial localization at the cell membrane and a partial internalized
after receptor activation.

To validate the activity of peptides expressed, purified and modified as described
in chapter 4 and section 5.1.2 we also tested them in a cAMP based assay (figure
5.21, for a scheme of the assay see figure 5.18). Additionally the commercial ligands
NDP-a-MSH (Tocris) and a-MSH-Rhodamine (Phoenix Pharmaceuticals INC.) were
subjected to this assay.
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Figure 5.21: Peptide mediated activation of MC4R. Commercial - NDP-a-MSH,
a-MSH-Rhodamine - and recombinantly expressed ACTH(1-39)C, as well as modified synthe-
sized ACTH(1-23)C (Atto 647 / TOTAPOL) were tested for activation of MC4R. Receptor
activity is displayed by the decrease of relative luminescence (RLU) in % (100% = 0 uM
ligand (Ctrl.), e.g. no activation).

Activation of MC4R is observed for all peptides as seen by the decrease of luminescence
(figure 5.21). Receptor activity is displayed in percentage of relative luminescence
(RLU) with values normalized to the basal level of luminescence of non-treated cells
(100% = no ligand (Ctrl.)). Hormone activity was not inhibited, neither by addition of
cysteine to the C-terminus of ACTH nor by conjugation of Atto 647 to ACTH(1-23)C.
All tested ligands were able to drive receptor activity in a way comparable to the
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commercial ligand NDP-a-MSH, which is often used for MC4R ligand binding studies
in literature and hence serves as a positive control.

Furthermore, ACTH mediated MC4R activity is strongly decreased in the presence
of a 10-fold excess of SHU 9119, a synthetic antagonist of MC4R (see Supplement
8.3, figure 8.20). To exclude an unspecific decrease of luminescence, i.e. not mediated
by specific MC4R activation, possibly caused by incubation of the cells with peptide
ligands, non-transfected HEK 293-F cell were also treated with 1 muM ligand (ACTH,
[Nle 4, D-Phe 7]-a-MSH (NDP-a-MSH)). A decrease of the relative luminescence is
only observed for MC4R expressing cells after treatment with ligands (see Supplement
8.3, figure 8.21).

5.3.2| Hormone-Membrane Interaction

To study structure and dynamics of hormone-receptor interactions in NMR, it
is essential to find suitable membrane mimetics. On the one hand they need to
sufficiently stabilize the GPCR and on the other hand they should represent the
most native physiological condition that can be mimicked in vitro. For NMR-based
structural studies the environment of a membrane protein should not only maintain its
native structure and activity but also meet the requirements of the experimental setup,
e.g. size restrictions in solution-state NMR. Often detergents are used for membrane
mimicking in GPCR purification, especially n-Dodecyl g-D-maltoside (DDM) is
commonly applied [106], [18], [23]. However, the performance of ligand binding studies
can be disturbed by unspecific interaction of the hormone with the membrane mimetic
and binding of ACTH to SDS and DPC micelles was already reported before [107], [51].
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Figure 5.22: Peptide interaction with DDM micelles. FA values and fits for the in-
teraction of 40nM ACTH(1-23)C-647 (28°C) and 40 nM a-MSH-Rhodamine (26 °C) with
100 to 0.001 mM DDM are displayed in black / gray. An increase of FA is observed when
exceeding the CMC of DDM indicated by the dashed line (0.12-0.17mM). A Ky = 1.19
+ 0.13mM for ACTH(1-23)C-647 and a K; = 6.5 £ 1.5mM for a-MSH-Rhodamine was
calculated (data represent the mean + standard deviation of n=3).

To test whether this is also the case for DDM a-MSH and ACTH(1-23)C-647 as well
as N labeled ACTH(1-39)C were studied in presence of DDM micelles using a FA
based ligand binding assay and NMR spectroscopy (figure 5.22, 5.23).

These fluorescene anisotropy experiments (figure 5.22) show interaction of ACTH(1-
23)C-647 and a-MSH-Rhodamine (Phoenix Peptides INC.) with DDM micelles. The
increase of FA values is observed after exceeding the critical micelle concentration
(CMC) (0.12-0.17mM). A K4 = 1.19 £ 0.13mM for ACTH(1-23)C-647 and a K; = 6.5
+ 1.5mM for a-MSH-Rhodamine was calculated (data represent the mean + standard
deviation of n=3).

This data suggests that the use of DDM for receptor purification and stabilization
may be problematic for the setup of FA-based ligand binding assays.

To exclude artifacts probably caused by unspecific interaction of the dye with detergent
micelles NMR spectroscopy was performed with °N-labeled ACTH(1-39)C in presence
of 150mM DDM. By this we also aimed to obtain residue specific information and to
decipher the binding mode of ACTH(1-39)C-micelle interaction.

Figure 5.23 displays the residue specific volume ratio of all resolved peaks in a 'H-,'*N-
HSQC NMR spectrum, of detergent micelle interacting ?’N-ACTH and free peptide.
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Ligand interaction leads to a line broadening, i.e. a decrease of detectable peak volumes.
The ratio of peak volumes from bound (decreased volume) to free peptide (reference
volume) can therefore be used as a measure for ligand interaction giving residue specific
information. Data of ’N-ACTH in the presence of DDM micelles reveals a N- and
C-terminal interaction of ACTH with DDM micelles.
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Figure 5.23: '°’N ACTH interaction with DDM micelles. The volume ratio of 40 uM
bound to free N ACTH(1-39)C shows N- and C-terminal interaction with DDM micelles
(150 mM DDM).

Furthermore, hormone-detergent interaction may not only interfere with ligand
binding studies, but also cause artificial conformational changes of the peptide due to
the round shape of detergent micelles, strongly differing from the planar surface of cell
membranes.

To understand the native environment of the neuropeptide, it makes sense to have a
look at the peptides natural life cycle. In general neuropeptides are processed from
precursor proteins. These precursors are translated at the endoplasmatic reticulum
before post translational modifications are performed in the Golgi apparatus. Finally
tissue specific convertases process the precursor protein POMC during its vesicular
transport to the synapse where neuropeptide release is triggered by an arriving
action potential, leading to calcium influx (see section 1.1.4.5). During this process
membrane environments surrounding the peptides vary by their lipid composition. In
addition the lipid composition of the post synaptic membrane hosting the receptor
may also have an impact on the stability of the receptor and possibly on ligand binding.
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Nanodiscs become more and more popular providing a lipid bilayer with a natural
surface shape and a native-like lipid composition. ND lipid content can be varied to
meet physiological conditions for example by the lipid type or the ratio of charged and
neutral lipids incorporated.

To study the impact of different lipid compositions on ACTH, FA measurements
were performed with NDs comprised of an increasing amount of negative charged
lipids. For ND assembly membrane scaffold protein (MSP1D1) was mixed with
neutral charged lipids - Palmitoyloleoylphosphatidylcholine (POPC) - and lipids
carrying a negative net charge - 1-Palmitoyl-2-oleoylphosphatidylserine 1-Palmitoyl-2-
oleoylphosphatidylserine (POPS). Figure 5.24 shows FA values of ACTH(1-23)C-647
in presence of NDs comprising 100% POPC, 30% POPS / 70% POPC and 50% POPS
/ 50% POPC.
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Figure 5.24: Charge driven interaction of ACTH(1-23)C-647 to NDs. FA values
of 40nM ACTH(1-23)C-647 at 29°C in the presence of 400nM NDs comprised of the
indicated lipid compositions.

Fluorescence anisotropy values of ACTH(1-23)C-647 in presence of 100% neutral
charged lipids (POPC) are in the range of the free peptide. Polarization is higher
for NDs with 50% POPS than with 30%, showing that peptide binding affinities
correlate with the percentage of negative charged lipids. Our data clearly shows that
the interaction of ACTH(1-23)C-647 with NDs is driven by the negative charge the
lipids. And no binding can be detected for NDs without negative charge. The latter
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also confirms that the ligand does not interact with the membrane scaffold protein of
the NDs.

To further study hormone association in more detail, data on hormone-membrane
interaction was recorded by NMR. Figure 5.3.2 shows the volume ratio of ’N-ACTH(1-
39)C peaks in presence of NDs to free ACTH. NDs with an increasing negative charge
and different types of lipids (POPS / POPC; DMPG / DMPC) were studied. The
anionic 1,2-dimyristoyl-sn-glycero-3-phosphoglycerol (DMPG) and the neutral charged
1,2-Dimyristoyl-sn-glycero-3-phosphocholine (DMPC) alter from POPS / POPC by a
smaller headgroup, smaller chain length, the absence of an unsaturation in the fatty
acids and a higher temperature of phase transition. ND comprising DMPC and DMPG
are commonly used in the field of NMR spectroscopy, but to increase the physiological
relevance of our studies we decided to additionally use NDs comprised of two of the
major structural lipids in eukaryotic membranes, i.e. POPC and POPS.

For a better comparison also the data on peptide detergent interaction as discussed
above (figure 5.22) is displayed again (D). Note that the reference spectrum of free
ACTH and the data of ACTH in the presence of POPS / POPC NDs was recorded at
the Bruker 600 MHz. Data on NDs comprised of DMPG / DMPC lipids was recorded
a 700 MHz spectrometer. Therefore no quantitative conclusions about the difference
of the interaction strength of POPS / POC compared to DPMG / DMPC NDs can be
drawn from these data.

Data is displayed as normalized volume ratio of bound to free ACTH. While almost
no interaction can be observed for ACTH with only neutral head groups (A), amino
acids around 1-13 show interaction when 30% negatively charged lipids are present
(B 4+ E). An increasing interaction surface is found when 50% of the lipids have a
negative head group, showing strong binding for N-terminal residues (roughly 1-16)
and weaker binding for amino acids up to position 27.
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Figure 5.25: ACTH interacts with membrane mimetics. 20 uM nanodiscs with (A)
100% POPC, (B) 70% POPC / 30% POPS and 50% POPC / 50% POPS, (C) 70% DMPC /
30% DMPG and 50% DMPC / 50% DMPG or (D) 150 mM DDM with 40 uM °N-ACTH(1-
39)C in 20mM NaPi pH 7.0, 50 mM NaCl. Spectra were recorded at 10°C using a Bruker
600 MHz spectrometer for free ACTH and with POS / POC NDs or a 700 MHz spectrometer
for DMPG / DMPC NDs.

This data also implies that the dye conjugated ligand designed for FA-based assays,
applied in figure 5.24, is suitable for its purpose, when the peptides N-terminus strongly
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interacts with its binding partner, while its core and C-terminal region shows a weaker
or no binding affinity.

Over all these findings suggest, that NMR studies of MC4R ligand binding could
be performed using NDs with neutral head groups. In this way interactions of the
hormones with membrane mimetics causing increased background noise can be avoided.
However usage of lipids with only neutral head groups is not fully comparable to
physiological conditions. In particular the charged lipid phosphatidylserine (PS) is
often found in eukaryotic membranes [63].

Due to the disappearance of NMR signals of bound peptide residues no structural
insights could be obtained for the lipid-bound conformation. Data recorded on -
synuclein [108] showed a conformational change of the proteins N-terminus from
random coiled to «-helical upon lipid interaction. A small region at the N-terminus of
ACTH was discussed to show a tendency to adopt a o-helical structure [53] and it was
found to adopt this structure in the presence of trifluoroethanol (TFE) [54]. These
findings raised the discussion if a «-helical structure of the N-terminus of ACTH could
also be induced by the hormones interaction with receptors or membrane lipids (for a
review see [52]. Further NMR based studies as presented above could possibly reveal
if this is true for the interaction with anionic lipids.

A structural transition of the N-terminal sequence could be part of the hormones
binding process to its receptor, adopting a conformation for optimal thermodynamic
and kinetic binding conditions and activation [22], [109].

Nevertheless, cyclization of x-melanotropins fragment analouges between position 4-10
was shown to produce a hexapeptide with prolonged and increased agonist activity
(90-100 times more potent) [20], [21], implying that a B-turn between these position
is essential for receptor activation [56]. Thus adaption of a N-terminal o-helical
structure would not be conclusive in terms of hormone-receptor interaction. For
better understanding of details underlying hormone-membrane interactions further
experiments need to be performed with varying parameters such as pH, type of ions
and lipids or ionic strength.
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| 5.3.2.1 | Hormone-Membrane Interaction in the Presence of Calcium

Noteworthy, our findings could suggest that ACTH in native lipid composition is
not released from the membrane after fusion of the transport vesicle at the synaptic
cleft. The fusion of neuropeptide vesicles is triggered by influx of calcium upon an
action potential reaching the synapse. Excitation at the post-synaptic membrane
by neurotransmitters and neuropeptides furthermore leads to an opening of calcium
channels. Therefore the extracellular and intracellular calcium concentrations are
frequently changing. Since our data point to a charge driven interaction of ACTH
with membrane mimetics, we studied these with respect to the role of varying calcium
concentrations.

As high concentrations of calcium chloride in phosphate buffers lead to precipitation
of calcium phosphate, NaPi buffer had to be exchanged for the following experiments.
To ensure that changing 20 mM NaPi pH 7.0 to 20 mM HEPES with a physiologcal pH
(pH 7.4) does not influence structural features of the peptide or hormone-membrane
interaction further NMR and FA data was recorded.

Comparison of 40 uM N-ACTH(1-39)C in 20 mM NaPi pH 7.0, 50 mM NaCl and
1"N-ACTH 30 uM 10 mM HEPES pH 7.4, 50 mM NaCl (figure 5.27) does not show
essential changes of ACTH structural features. However, peaks of S3, F7, G10 can
not be detected in HEPES buffer pH 7.4 and K16, R17, R18 show only low intensities.
This is in line with an increased 'H-exchange caused by the pH shift from pH 7.0 in
NaPi to pH 7.4 in HEPES. Therefore the data has only limited information content
on the N-terminal peptide sequence 1-18 binding to NDs. However high sensitivity
can be seen for amino acids 21 and higher. The loss in peak intensities is caused by
an increased exchange rate of amide protons with water due to the higher pH. This
exchange runs on the time scale of the NMR experiment leading to a decreased signal
intensity.
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Figure 5.26: Higher pH of HEPES buffer effects ACTH N-terminal residues.
Overlay of 'H-, N-HSQC spectra of 40 uM >N ACTH(1-39)C in 20mM NaPi pH 7.0,
50mM NaCl (black) and 40 uM N ACTH in 10 mM HEPES pH 7.4, 50mM NaCl red at
10°C. Spectra do not show essential differences in the structural features of the peptide.
But as a result of increased H-exchange rates at high pH residues S3, F7, G10 can not be
detected and K16, R17, R18 show only low intensities in HEPES buffer.

FA measurements comparing peptide-ND interaction in NaPi and HEPES buffer were
performed with 100 nM ACTH(1-23)C-647 in presence of decreasing 30% POPS / 70%
POPC or 50% POPS / 50% POPC ND concentrations (figure 5.27).

Comparison of hormone-membrane binding in the different buffers shows even stronger
binding of ACTH(1-23)C-647 to NDs with negative charged lipids when using HEPES
pH 7.4. Kg-values for ACTH interaction with 50% POPC NDs dropped from 104 +
6nM to 52 + 1nM and with 30% POPS NDs from 360 + 18.7nM to 150 + 7.6 nM.
Note that the calculated K, values represent the dissociation constant of the hormone
interaction with NDs and not with single lipids (i.e. ~ 132 lipids in total with 30% or
50% charged lipids).
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Figure 5.27: ACTH interaction with NDs in NaPi vs. HEPES buffer. FA values
and fits for the interaction of 100 nM ACTH(1-23)C-647 with 10 to 0.001 pM M nanodiscs
with 30% POPS / 70% POPC black / blue) and POPC 50% POPS / 50% POPC (gray /
cyan) respectively in 20 mM NaPi pH 7.0, 50 mM NaCl (blue / cyan) compared to 20 mM
HEPES pH 7.4, 50mM NaCl (black / gray) at 26 °C are displayed as indicated. Kgs of 104 +
6nM / 52 £ 1nM for 50% POPS and of 360 + 18.2nM / 150 £+ 7.6 nM for 30% POPS NDs
in NaPi / HEPES buffer were calculated (data represent the mean + standard deviation of
n=3).

To test whether the used dye (Atto 647) interacts with the lipids ACTH(1-23)C-647
and Atto-647 dye (each 40 nM) were studied by FA using increasing ND concentrations
(figure 5.28).
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Figure 5.28: Weak interaction of Atto 647 to NDs. FA values and fits comparing the
interaction of ACTH(1-23)C-647 (40nM) in 10mM HEPES pH 7.4, 50mM NaCl with
increasing concentrations of NDs comprised of POPC 50% POPS / 50% POPC (black) or
30% POPS / 70% POPC (gray) to that of Atto-647 dye (cyan) with 30% POPS / 70%
POPC NDs at 26 °C are displayed as indicated. A weak interaction of the dye is observed.

While strong interactions in the middle nM-range are found for ACTH(1-23)C-647 with
negatively charged NDs (30% POPS / 70% POPC, POPC 50% POPS / 50% POPC)
a weak interaction of Atto 647 dye and NDs with 30% negative charge (30% POPS /
70% POPC) in the uM-range is observed. This implies that unspecific interaction of
ACTH(1-23)C-647 can be partly but not completely driven by the conjugated dye.

The impact of varying calcium concentrations on the peptide-membrane interaction
was studied by FA. Figure 5.29 displays 100nM ACTH(1-23)C-647 in presence of
increasing calcium concentrations with and without NDs (30% POPS / 70% and

POPC 50% POPS / 50% POPC). The total net charge of the buffer was maintained
by adjusting Na™ concentrations.



5.3. Hormone Signaling 83

200+ 50% POPS- IC50 = 5.5 mM  0.09

:

30% POPS - 1C50 = 1.5 mM + 0.23

180

o @

160 ~
140 ~

120

FA [mA]

100

80

ACTH(1-23)C-647

— .

60

40+

10 102 107 10° 10! 102
CaCl, [mM]

Figure 5.29: High calcium concentrations inhibit ACTH interaction with NDs.
FA values and fits for the interaction of 100nM ACTH(1-23)C-647 with 500 nM nanodiscs
comprised of 50% POPS (black) and 30% POPS (gray), respectively, in presence of increasing
CaCly concentrations but stable net charge at 28 °C are displayed as indicated. The FA values
decrease with increasing CaCly concentrations when 0.1 mM / 1 mM calcium is exceeded and
reach the baseline at concentrations higher than 25 mM / 50 mM for NDs comprised of 30% /
50% POPS. FA values recorded for ACTH in the presence of increasing CaCly concentrations
without NDs do not show an increase and therefore no interaction was observed for ACTH
and Ca’* in this assay. An half maximal inhibitory concentration (ICsg) of 5.5 & 0.09 mM
or 1.5 £+ 0.23mM was calculated for NDs comprised of 50% or 30% POPS, respectively.

While calcium alone does not alter fluorescence polarization of ACTH(1-23)C-647,
a signal increase can be observed in presence of NDs with negative charge and a
calcium concentration lower than 25 mM (50% POPS / 50% POPC) or 10mM (30%
POPS / 70% POPC). The binding curve of ACTH and NDs with 50% negatively
charged lipids stays at up to 1 mM Ca?" while NDs with only 30% negative charge
are already effected at ~ 0.5mM Ca?". These findings are in line with the previous
results showing that the strength of peptide binding to NDs is charge driven and less
calcium is required to interrupt the weaker binding to NDs with less negative charge.
To avoid interruption of the hormone-lipid interaction, due to an increased positive
charge shielding the negative head groups, the titration was performed maintaining the
total net charge of the buffer. This was achieved by decreasing the Na™ concentration
two-fold when increasing the Ca?* concentration.
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Furthermore the kinetic of calcium-induced ACTH release from nanodisc was studied
(figure 5.30). Calcium chloride (10 mM) was added to ACTH(1-23)C-647 and Atto
647 interacting with 30% POPS / 70% or 50% POPS / 50% POPC ND in 20 mM
HEPES, 50 mM NaCl buffer (figure 5.30). Time-dependent FA values at different ND
ratios were recorded for 90 min measuring every 15 minutes.

A decrease of FA can be observed with ACTH(1-23)C-647 for all nanodisc concen-
trations directly after addition of 10 mM calcium chloride. By contrast unspecific
interaction of free dye (Atto 647) was not influenced by the addition of calcium (figure
5.30). This shows on the one hand that the decrease of FA upon addition of 10 mM
CaCly, is specific for the hormone-lipid interaction (not for the dye). On the other
hand the data shows that the decrease is not by to a destructive effect of Ca?* on the
NDs, which would also be visible for free dye. Therefore we suggest that Ca?* does
have a modulating effect on the interaction of ACTH with negative charged lipids.
This could be through competitive (steric) or electrostatic shielding effects of Ca?* on
the negative charged lipids or by interaction of the peptide with Ca?*.
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Figure 5.30: Time-dependent, calcium mediated release of ACTH from NDs.

Hormone-membrane interaction is disrupted upon addition of 10 mM CaCls.

FA vales

and fits are displayed as indicated for 40 nM ACTH(1-23)C-647 with 1nM to 10 uM NDs
of (A) 30% POPS / 70% and 10 uM to 0.1nM (B) 50% POPS / 50% POPC lipid content

at 28°C. (C) Calcium does not influence unspecific interaction of free dye (Atto 647) with
NDs (30% POPS / 70% POPS).
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The effect of calcium on the charge driven interaction of ACTH and ND was also
studied by NMR (figures 5.31, 5.33, 5.34). These experiments were performed to gain
residue specific information on ACTH in presence of Ca*" and / or nanodiscs and to
further exclude effects of the dye.

Interaction of ’N ACTH and nanodiscs with varying negative charge was studied
by NMR in presence of an increasing CaCly concentrations (figure 5.31). NaCl
concentrations were adjusted to CaCly concentrations to maintain the total net charge
of the buffer. NDs comprised a lipid content of 100% POPC, 30% POPS / 70% POPC
or 50% POPS / 50% POPC. Figure 5.31 part (A) and (B) show overlays of 'H- N
HSQC spectral segments (zoom) of ACTH (black), with NDs (red) and with NDs and
Ca?" (green / yellow) as well as ACTH in presence of 10mM CaCl, (blue). For the
complete spectra see supplement 2.1.1.
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Figure 5.31: Calcium interrupts interaction of ACTH with charged NDs. Over-
lay of 'H- 1°N HSQC spectra of 30 uM N ACTH (A) alone (black) and with 30 uM NDs
(red) and (B) with increasing concentrations of calcium (0mM, 1 mM and 10mM CaCly) as
well as 30 uM N ACTH wit 10 mM CaCly (colors indicated in the figure legends) at 10°C.
(C) Zoom into K21 chemical shift perturbations in presence of NDs, ND + 0-10mM CaCly
or only 10mM CaCly and (D) variations in peak volumes of E5, K11, G14 show ACTH-ND
interaction (50% POPS / 50% POPC, 30% POPS / 70% POPC) and its disruption in

presence of Ca’t.
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The data in figure 5.31 shows that several amide groups of ACTH are affected by the
presence of NDs. This effect can be seen by chemical shift and volume differences
when comparing the free and lipid-bound peptide (red boxes in figure 5.31, (A)) and
it is more pronounced for NDs with higher content of negatively charged lipids. In
this context, a drastic decrease in peak intensity (peak bleaching), e.g. E5 or K11, can
be indicative of a slow exchange process (in the NMR time scale), therefore, strong
binding. On the other hand, shifting of the amide resonances - e.g. K21, A27, A32,
E33, F35 or A34 - points to a fast exchange process.

Spectra displayed above (figure 5.31) and in figure 5.33 show only a zoom of the
amide region, for spectra of the complete amide region see supplement 8.1 figures 8.10,
8.11 and 8.12. In light of this data, we propose a model (figure 5.32) in which the
N-terminal part of ACTH (roughly residues 1 to 14) shows a strong binding (slow and
/ or intermediate exchange) to the lipids. The remaining residues show a lower affinity
(fast exchange) which at the same time is driven by the amount of negatively charged
lipids available in the NDs. In case of NDs containing 50% POPS a fast exchange is
observed for the remaining residues (figure 5.32, (A)), while for those containing 30%
POPS this interaction mode is only observed up to residue 27, i.e. the C-terminus is
not involved in lipid binding (figure 5.32, (B)).

39

fast fast

exchange SIO";’] exchange
exchange
% 1 14

slow
exchange
1 14

Figure 5.32: Interaction modes of ACTH. The N-terminus of ACTH (roughly 1 to
14) shows a strong binding to negative lipids (slow exchange). This is indicated by the
disappearance (peak bleaching) of peptide residue peaks in their lipid-bound form. The
remaining residues show a weaker (fast exchange) or no binding, indicated by differences in
chemical shifts of free and bound peptide, depending on the amount of negatively charged
lipids present in the NDs. In the presence of NDs containing 50% POPS a fast exchange is
seen for residues around 14-39 ((A), while in the presence of NDs containing 30% POPS
this interaction is roughly limited to the residues 14-27 (B).
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Upon calcium addition (figure 5.31, (B) and (C)) we see that the peaks that were
shifted due to the interaction with the lipids (red) gradually return to their initial
positions in the presence of 10 mM calcium (blue). Also, peaks that disappeared due
to the lipid-interaction (e.g. E5, K11) reappear upon calcium addition. Furthermore,
we also see that the peak volumes, which initially decrease due to the interaction
with the NDs, progressively return to the values close to those they had in the free
ACTH state (figure 5.31, (D)). Note that peak volumes of free ACTH do not change
significantly upon addition of calcium (see supplement 8.1, 8.14). This data indicates
that calcium releases ACTH from its lipid-bound form.

From these experiments and the FA calcium titration we know that binding of ACTH
to NDs and its release by calcium are dependent on the amount of negatively charged
lipids present. This implies that the calcium-mediated release of ACTH is caused by
a competition of the divalent cations with the peptide for binding sites at anionic
lipids.

A direct effect of Ca®" on protein-membrane interactions (with anionic lipids) was
already reported for a-synuclein, a protein (14.46 kDa) related to the pathology of
Parkinson’s disease (PD). As observed for ACTH, also a-synuclein was shown to be
released from its lipid-bound form by addition of calcium [108]. In their study, the
authors suggest that the normal function of x-synuclein is membrane-mediated and
that a calcium-mediated release can lead to its pathological dysfunction.
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ACTH was furthermore studied in the presence of NDs containing solely neutral
charged lipids (POPC) with and without 10 mM CaCl, (figure 5.33).
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Figure 5.33: ACTH does not interact with neutral charged NDs but with Ca?*.
(A) Overlay of 'H-, ""'N-HSQC spectra and (B) schemes of 30 uM N ACTH alone (black),
with 10mM Ca?* (blue) and in presence of 30 uM NDs with neutral charge (100% POPC)
with 10mM and without Ca?* (green / red) at 10°C. While no interaction can be observed
for ACTH with neutral charged POPC lipids, several peaks shift in the presence of calcium
(indicated with red boxes).

Comparing free ACTH without (black) and with calcium (blue) in figure 5.33, peak
shifts can be observed, implying that calcium does have an impact on ACTH free in
solution. The data suggests an interaction of ACTH with calcium at the core of the
peptide (position 21-27) behind its tetrabasic region (position 15-18).

The presence of neutral charged NDs with 100% POPC does not lead to detectable
chemical shift perturbations, i.e. no interaction is found for ACTH with these NDs.
Addition of 10mM CaCl, to the mix of 40 uM ACTH and 30 uM NDs leads to a
transition of the peaks towards the calcium-interacting form of ACTH observed with
10 mM calcium without NDs.

Although the same concentration of calcium chloride was added to the sample with
NDs, some peaks do not completely shift back to the state of ACTH with Ca?*. This

implies that the overall accessible calcium concentration decreased due to interaction
of Ca?* with 100% POPC NDs.
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When comparing H-, N-HSQC spectra of ACTH with 10 mM Ca?* and ACTH with
different types of NDs (100% POPC, 30% POPS / 70% POPC and 50% POPS / 50%
POPC) after addition of 10 mM calcium (figure 5.34), differences are observed between
ACTH with and without NDs, indicating a comparable decrease of the accessible Ca?"
concentration. This is noteworthy because it implies that calcium binding by NDs is
not predominantly dependent on the amount of charged lipids of the bilayers, although
lipid binding and the release of ACTH by calcium was shown to be mainly charge
driven. Therefore, the observed effect, of decreased accessible calcium, by NDs seems
to be mainly dependent on other property than charge.

Binding of Ca?* to PS~ lipids was found to be involving carboxylic and phosphate
portions of the headgroups, incorporating the ion into the hydrophilic region of the
lipid bilayer [110]. Calcium was also shown to neutralize charge fractions of POPS
and POPC NDs [111]. As such, it is likely that the interaction with phosphate head
groups or charge-independent binding of calcium to phospholipids drives the reduction
of accessible ion concentration in solution.
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Figure 5.34: Calcium interaction with NDs. Overlay of 'H-, "'N-HSQC spectra show-
ing ACTH with 10mM Ca?* (blue) and with 100% POPC, 30% POPS / 70% POPC and
50% POPS / 50% POPC NDs with 10mM Ca?* (red, yellow, green). ACTH released from
its lipid-bound form by addition of 10 mM Ca?* shows small shifts compared to ACTH with
10mM Ca?*, indicating interaction of Ca?* and NDs. No shifts are observed between NDs
with an increasing content of negatively charged lipids, implying that all NDs bind the same
amount of Ca?*.
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The modulating effect of calcium on peptide-lipid interaction enables ligand binding
assays in presence of biological membranes.

Binding of ACTH(1-23)C-647 to whole, MC4R overexpressing HEK 293-F cells
(Supplement: figure 8.24), as well as in a membrane preparation of Tnao38 insect
cells (Supplement: figure 8.23) was tested by FA. For both setups calcium does lead
to a decrease of FA values, thus, in the light of our recent findings, indicating that
the hormone is released from its interaction with the cell membranes (Supplement:
chapter 8, section 8.4).

Although addition of calcium dramatically reduced the hormone’s interaction with
biological membranes, no specific binding to its receptor MC4R could be detected in
these measurements.

In the experiment with HEK 293-F cells this could be caused by too low concentrations
of receptor available for ligand binding on the cell surface. This is not expected to be the
case for the setup using a membrane preparation of Tnao38 cells which provides highly
concentrated membrane fractions carrying the receptor. Nevertheless, the harsh sam-
ple preparation process could have lead to a decreased ligand binding activity of MC4R.

In addition, the binding mode of ACTH(1-23)C-647 to MC4R may be different from
that found for the hormone-lipid interaction (figure 5.32). Although the residues 1-20
have been described to be important for the MC2R mediated corticotropic activity of
ACTH [52], activation of MC4R by ACTH may be restricted to binding of the residues
corresponding to a-MSH (ACTH(1-13)). If a large part of the peptide’s C-terminus
would not be involved in the receptor binding, it could remain very flexible leading to
a decrease of FA values, due to a rapid movement of the fluorophore.

Future experiments need to verify whether the use of a shorter peptide conjugate (e.g.
a-MSH-647) leads to an increase in FA values, or if sample preparation can be further
optimized to avoid loss of receptor activity.
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At the beginning of this section binding of ACTH to DDM micelles was described to
differ from the hormone-membrane interaction. Unlike the only N-terminal interaction
of ACTH and NDs a N- and C-terminal interaction was observed for DDM micelles.
The influence of calcium on this type of interaction was therefore studied by FA using
ACTH(1-23)C-647 but also a-MSH-Rhodamine as ligands (figure 5.35).
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Figure 5.35: Calcium does not influence hormone interaction with DDM micelles.
Interaction of ACTH and a-MSH with DDM is not disturbed by addition of 10 mM
CaCly. Minor variations in FA curves are possibly due to changes in the critical micellar
concentration (CMC) of detergents by salts.

Addition of calcium does not essentially vary interaction of the hormones with DDM
micelles. Minor differences can be caused by the influence of salts on the critical
micellar concentration (CMC) of detergents in general.

As interaction of ACTH with NDs was shown to be charge driven, interaction with
DDM micelles needs to be driven by another force. Our data shows that the unspecific
interaction of these melanocortins with NDs and DDM are of a different type, as the
peptide sequence found to interact as well as the effects of calcium differ for lipid and
detergent interaction, respectively.

Overall these findings suggest that hormone-membrane interaction could be a spatial
mechanism to control ligand accessibility by altering physiological conditions such
as ion concentrations or membrane lipid composition. In this way accessibility of
neuropeptides due to membrane release could possibly be targeted towards post-
synaptic membranes by calcium gradients in the synaptic cleft. Restriction of ligand
movement to a two-dimensional (2D) scale on the membrane surface could furthermore
provide high ligand concentrations close to the targeted receptor.

With respect to a probable regulative mechanism of Ca2* on distinct protein and
peptide-membrane interactions, deficiencies in the regulation of calcium concentrations
during physiological processes can have a larger extend than known to date.
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Stimulation of cortisol synthesis by ACTH was shown to be strongly dependent on
the extracellular calcium concentration and its influx [112]. Effects of ACTH were
decreased by extracellular addition of a chelating agent and could be recovered by
extracellular addition of Ca?*. Furthermore Davies et al. were able to show that
inhibition of calcium influx into the cytosol inhibits the stimulation of cortisol synthesis
by ACTH. They hypothesized a role of calcium either in the cAMP-dependent
response to ACTH - possibly linked by calmodulin - or in a second cAMP-independent
pathway responding to ACTH. Our data suggests that the role of hormone-membrane
interactions and its modulation by Ca?* should be considered in the pathology of
diseases related to ACTH signaling dysfunctions.
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HIV-1 Vpr - Zinc Promoted Solubility

Cell-free expression is a technique suitable to express cytotoxic but also aggregation
prone proteins in high yields. It is an open system allowing to add agents that
provide protein solubility. Alternatively harvesting of precipitated protein for refolding
can be easily performed, separating the precipitate from the soluble proteins of the
(E.coli) cell extract comprising translational and transcriptional machinery. Therefore
expression of HIV type 1 viral protein R was tested in a continuous exchange cell-free
expression (CECF) setup using different plasmids. Constructs varied by vectors, codon
optimization and fusion tags for protein purification. The following experiments were
performed based on the hypothesis that Vpr is a zinc binding protein, due to its
conserved zinc binding motif as reported for Vpx [90]. This motif comprises three
histidines (pKs & 6.4 - only one imine deprotonated / pKs &~ 14 - bot nitrogen atoms
deprotonated) and one cysteine (pK, & 8.5), stably coordinating Zn®" in a tetrahedral
coordination geometry.

5.4.1| Vpr Expression with Zinc

To test the impact of zinc on the solubility of Vpr during expression, zinc acetate
was added to several cell-free expression reactions. Expression of WT Vpr with zinc
acetate ranging in concentrations from 1-20 uM is shown in figure 5.36. A negative
control (0 uM zinc acetate) was used to determine whether solubility is facilitated only
by addition of zinc.

ZnCl, OuM 1uM 2.5uM 5uM 10 uM 20 uM
u

u S u S u S S u S u S

Figure 5.36: Vpr solubility increases with zinc concentration. Western Blot of cell-
free expressed HIV-1 Vpr WT with increasing zinc acetate concentrations (0 to 20 uM). Vpr
was specificaly detected by using the HIV-1 Vpr antibody vN-20 (Santa Cruz) as a primary
antibody.
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Bands coresponding to HIV-1 Vpr were specifically detected with a primary antibody
(vN20, Santa Cruz). While Vpr remains in the unsoluble fraction (u) without addition of
zinc, the protein is shifted to the soluble fraction at zinc concentrations of 2.5 to 20 uM
zinc acetate. Protein concentration also seems to increase with the concentration
of zinc. This implies that coordination of zinc promotes solubility of Vpr during
expression and possibly even increases protein yield.

To test if soluble Vpr expressed with zinc is active, interaction with a well known
interaction partner was tested in a pull down assay (figure 5.37). Therefore HIV-1
p6 with a N-terminal His-tag was bound to a Ni-NTA sepharose gravity flow column.
Unbound p6 was washed off the column before applying CECF supernatant containing
soluble Vpr. Interaction of p6 with Vpr can be observed by co-elution of both proteins
after several washing steps to remove proteins with low binding affinities.

vpr FT W1.2 Wz.z W2.3 E2 E3 E4 ES5
40 . 40 —
25 e 25 —
15 c— 15 e
) [ — 10 o I . 9-
4.6 4.6

Figure 5.37: HIV-1 Vpr interacts with HIV-1 p6. A double band at 12kDa can be
observed in the elution fractions using 150 mM imidazole. This implies that Vpr co-elutes
with 6xHis-p6 bound to a Ni-NTA column.

In figure 5.37 a double band at ~ 12kDa implies that HIV-1 p6 co-elutes with Vpr.
To verify if the protein bands seen in the CBB stain above contain Vpr a Western Blot
was performed (figure 5.38).



5.4. HIV-1 Vpr - Zinc Promoted Solubility 97

FT W, , W, E, E, E, E p6
40 .-, .-

25 w—

15—

10 .-i-";.

Figure 5.38: Coelution of HIV-1 Vpr and HIV-1 p6 in Western Blot. Strong sig-
nals of Vpr are visible in elution fractions E2-E3. Less intense signals can be found in the
flow through (FT), each second washing fraction with 0 mM and 50 mM imidazole as well as
in elution fractions E4-E5. No unspecific signal is produced by p6 as seen in the last lane.

The data shows that only few protein was lost in the flow through (FT) and the
first washing step after applying HIV-1 Vpr. Vpr could be detected mainly in the
elution fractions E2-E5 proving the co-elution of Vpr and p6. As a negative control
purified 6xHis-p6 was applied to the blot not showing any signal. Therefore detected
bands clearly belong to Vpr and can not be caused by unspecific interaction with p6.
This interaction strongly suggests that soluble Vpr expressed with zinc is in an active
form. Purification of soluble Vpr thus would be providing the possibility to study
protein-protein interactions under physiological and well defined conditions in vitro.

5.4.2| Vpr Expression without Zinc

A precipitate based CECF setup without addition of zinc was also tested for expression
of codon optimized wilde type Vpr. Here the protein was expected to remain unsoluble
which should enable a separation from the strong soluble background given in cell-
free expression. After the unsoluble protein was fractionated by centrifugation it
was washed in a NaPi buffer without zinc. The protein was again centrifuged and
precipitated Vpr was resuspended with NaPi buffer containing 50 uM zinc chloride.
Finally the unsolube fraction was separated from the supernatant and resuspended in
the same volume (figure 5.39).
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washed
+Zn?*

Figure 5.39: Vpr resolubilization with zinc. CBB Tricine-PAGE of resolubilized HIV-1
Vpr wilde type with zinc chloride. Unsoluble Vpr (u) was washed in zinc free buffer before
resuspension with 50 uM ZnCly (washed u / s +Zn?*). Unsoluble and soluble fractions
were separated by centrifugation before resuspension of pellets in the same volume as the
supernatant.

Addition of zinc chloride to the buffer promotes solubility of Vpr. Moreover, a reduced
background of soluble E.coli proteins can be observed after washing. Resolubilization
of Vpr therefore can be used to gain very pure protein without the need of any
chromatographic step possibly leading to protein loss. Activity of resolubilized Vpr
could not be confirmed. Only a low signal in the flow through (F'T) of a pull-down assay
with HIV-1 p6 was detected in a western blot. Nevertheless, signals in this experiment
were found to be at the detection limit. A repetition of this experiment with higher
protein concentrations is therefore desirable. The exchange of the psCodon-vector
used in this experiment to a pIVEX vector, which is optimized for rapid translation
systems (RTS), could offer a better yield of WT Vpr in cell-free expression.

5.4.3 | Optimization of the Vpr Expression Construct

Different strategies of optimizing the Vpr expression construct were chosen to enable
affinity purification and also increase protein yield.

Two constructs kindly provided by the lab of Prof. Dr. Loidl-Stahlhofen (WHS,
Gelsenkirchen) were used in a first test expression. While codon optimized wilde type
Vpr provided on a psCodon vector showed moderate protein yields (see figures 5.36,
5.39) no expression was detected for not codon optimized pET-Vpr.
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As protein yields were low compared to other proteins expressed in control reactions
(e.g. pIVEX-bR, pIVEX-GFP), the expression vector was optimized to pIVEX. Within
this optimization a N-terminal Strep-tag I followed by a TEV recognition site was
added to Vpr.

psC-vpr(WT) pIVEX-StrepTagl-vpr
_Zn2+ +Zn2+ _Zn2+ +Zn2+

S u S u S u S u
— | —
el B B B B
25 = — .
- N -
15 = i i""

Figure 5.40: Expression pIVEX-Strep-tag I Vpr leads to increased yields. CBB
Tricine-PAGE of HIV-1 Vpr WT and Strep-tag I Vpr with and without zinc chloride. Protein
yields are higher when Vpr is expressed with a Strep-tag I using pIVEX instead of expressing
the Vpr WT using the psCodon vector.

o

The CBB stained SDS-PAGE of WT and Strep-tag I Vpr shows a stronger expression
of the new construct when compared to the wilde type. Addition of zinc to the CECF
mixture did not lead to solubility of the peptides, nor for Strep-tag I Vpr neither for
the wilde type - as in contrast to previous experiments (figure 5.36). For further details
on the reproducibility of the soluble expression of Vpr with zinc see section 5.4.4.

5.4.4| Reproducibility

Data obtained on psCodon-Vpr W'T expression with zinc, as shown in figure 5.36, was
not reproducible. After several experiments showing solubility of Vpr when expressed
with zinc, no soluble Vpr could be obtained by the same protocol anymore. Varying
zinc salts and concentrations did not overcome this problem.

Latest data produced under my supervision by Maria Dalhaus showed promising effects
on the solubility of a Strep-tag IT Vpr construct when no DTT was added to the cell
free expression mixtures (figure 5.41). Concentration of DTT in CECF is normally
set to 2mM. This high amount of reducing agent could be disturbing the binding of
zinc by the unique cysteine of Vpr. Although the thiol group of cysteine needs to be
reduced to be available for coordination of zinc together with three other histidines,
high levels of reducing agents could possibly break this bond again. On the other hand,
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DTT was shown to be forming stable coordination complexes with metal ions, such as
Zn?*. Therefore, a high excess of DTT will lead to a decrease of zinc accessible for
coordination by Vpr.

A{ Soluble Soluble Unsoluble
-DTT +DTT -DTT +DTT -DTT +DTT
-Zn* +Zn* -Zn* +Zn* -Zn% +Zn%* -Zn* +Zn%* -Zn? +Zn% -Zn* +Zn**
g 125 — 25
|15 p— 15
10 10
Exposure: 95 sec Exposure: 12 sec

B Strep-Tactin
FT W1 W2 W3 W4 W5

25 - N 25

15 15
re—

10 10

- Exposure: 127 sec

Figure 5.41: Purification of soluble Strep-tag IT Vpr. Western blots of (A) Strep-tag
II Vpr expression with and without 50 uM zinc acetate in presence and without addition of
reducing agent (DTT) and (B) of Strep-Tactin affinity chromatography of soluble expressed
Strep-tag II Vpr. Detection was performed with the HIV-1 Vpr antibody vN-20 from Santa
Cruz as a primary antibody.

Strep tagged Vpr expressed without addition of DTT but in presence of 50 uM zinc
acetate is mostly unsoluble (figure 5.41 (A)). However, soluble protein was also present
and used to perform a first purification test by Strep-Tactin affinity chromatography
(figure 5.41 (B)). Strep-tag II Vpr monomers are found in the elution fractions but
protein loss in FT and washing fractions can be observed. Further optimization of
this step will be necessary to gain higher yields of pure and soluble zinc coordinating
Vpr.



CONCLUSIONS AND OUTLOOK

Hormone-Receptor Interactions

The aim of this work was to establish the expression of MC4R and its ligand ACTH
for use in ligand binding assays and NMR experiments. As reported above, we were
able to produce and purify (isotope labeled) ACTH (full-length and truncations) in the
mg-range, using the F. coli BL21 expression system. Expression of MC4R construct
with a N-terminal prolactin (signal peptide) and FLAG-tag together with a C-terminal
6-fold His-tag (SF-MC4R-6xHis) HEK 293(-F) cells was optimized by the use of a
more moderate promoter (chicken f-actin (CBA) instead of cytomegalovirus (CMV)
promoter). Down stream activation of MC4R expressed in human cells was successful
using commercial ligands, as well as FE.coli expressed peptide and the newly designed
peptide conjugate ACTH(1-23)C-Atto 647.

NMR experiments revealed a random coiled structure of the melanocortins ACTH
and a-MSH with several secondary amino acid conformations when free in solution.
Moreover truncations (1-23, 1-28) as well as addition of a C-terminal cysteine to
ACTH and ACTH(1-23) were shown to not essentially alter structural features of these
ligands.

Charge driven membrane interaction could be described to be a special feature of the
hormones studied (ACTH, a-MSH). These experiments also revealed, that ACTH(1-
23)C-Atto 647, designed for fluorescence anisotropy (FA)-based ligand binding assays,
is suitable for its purpose in a N-terminal binding mode with strong interaction up
to position 14 and weaker or no binding of the remaining residues. Hormone-lipid
interaction could furthermore be shown to differ from hormone interaction with anionic
detergent micelles (DDM).

With respect to the role of calcium at the synaptic cleft but also in cells all over the
body the effect of CaCl, on hormone-membrane interaction was studied. By addition
of 1 to 10mM calcium chloride we were able to reduce the interaction of hormones
with negative charged lipids. These findings do not only provide a convenient way
for optimized sample preparation in hormone-receptor studies , but do also imply a
possible physiological role of hormone-membrane interaction. NMR and FA are shown
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to be suitable methods to gain more knowledge about this yet not well understood
feature of certain peptides.

Our protocols and data will form the base of future work to reveal the structure
and dynamics of MC4R-ligand interaction. Spectra recorded of free ligands will
serve as references for NMR studies of the GPCR in its ligand-bound form. In
addition FA-based binding assays can be applied to screen the impact of different
ions on the hormone-lipid interaction. By this optimized ligand binding conditions
and further knowledge on their possible role in hormone signaling can be provided.
The modified ligand ACTH(1-23)C-Atto 647, which was shown to activate MC4R
G-protein signaling, will be applied in fluorescence-based (FI / FA) ligand binding
assays to establish receptor purification protocols.

Key findings

- Expression of different MC4R constructs was established in HEK 293-F cells

- Expression of SF-MC4R-6xHis on a pHL-IRES vector increases protein yields

- Signal(Prolactin)-FLAG-tag-MC4R-6xHis was shown to be active

- An expression and purification protocol for ACTH in E. coli was established

- ACTH and a-MSH are unfolded when free in solution

- ACTH(1-23)C-Atto 647 is suitable for FA ligand binding assays

- ACTH and a-MSH do interact with anionic lipids in NDs

- ACTH-lipid interaction differs from ACTH-detergent micelle interaction

- Recombinantly expressed and modified ligands were shown to maintain their receptor
activation abilities

- Calcium disturbs ACTH-lipid interaction, suggesting a heretofore unknown way of
hormone signaling modulation
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HIV-1 Vpr

We were able to establish cell-free expression of the cytotoxic protein HIV-1 Vpr.
Furthermore its expression yields were optimized by the use of a pIVEX vector. An
impact of zinc on the solubility of HIV-1 Vpr was shown when introduced during
cell-free expression as well as upon suspension after precipitate based expression. This
data confirms that HIV-1 Vpr is able to coordinate zinc as it was postulated by
Schwefel et al. [90]. Activity of soluble expressed Vpr could be successfully tested in a
pull-down assay with the Vpr interaction partner HIV-1 p6. Purification of HIV-1 Vpr
was achieved in a precipitate based expression setup with subsequent washing steps
before addition of zinc chloride to promote protein solubility. Although effects of zinc
on the solubility of Vpr were not reproducible after a large set of experiments new data
implies a possible role of the excess of reducing agent present during CECF on the
coordination of zinc by Vpr. A first purification of soluble Vpr was tested successfully
but needs to be further optimized to increase binding to strep-tactin purification
resin.

Overall cell-free expression was shown to be suitable for expression of HIV-1 Vpr
providing soluble protein upon addition of zinc. It is a promising tool to gain protein
yields sufficient for NMR experiments to study the zinc coordinating structure of
Vpr.

Key findings

- HIV-1 vpr can be expressed with CECF

- Zinc does have a positive impact on the solubility of Vpr

- Vpr soluble expressed in the presence of zinc is actively binding HIV-1 p6

- Soluble Strep-tag II Vpr (expressed with zinc) was found to bind to Strep-Tactin
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Selective Protein Hyperpolarization in Cell Lysates Using Targeted Dynamic
Nuclear Polarization.
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Abstract: Nuclear magnetic resonance (NMR) spectroscopy has the intrinsic
capabilities to investigate proteins in native environments. In general, however, NMR
relies on non-natural protein purity and concentration to increase the desired signal
over the background. We here report on the efficient and specific hyperpolarization of
low amounts of a target protein in a large isotope-labeled background by combining
dynamic nuclear polarization (DNP) and the selectivity of protein interactions.
Using a biradical-labeled ligand, we were able to direct the hyperpolarization to
the protein of interest, maintaining comparable signal enhancement with about
400-fold less radicals than conventionally used. We could selectively filter out
our target protein directly from crude cell lysate obtained from only 8mlL of
fully isotope-enriched cell culture. Our approach offers effective means to study
proteins with atomic resolution in increasingly native concentrations and environments.
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The use of amphipols for NMR structural characterization of 7-TM proteins.

Authors: Elter S., Raschle T., Arens S., Viegas A., Gelev V. Etzkorn M., Wagner G.
Journal: The Journal of Membrane Biology,

2014 October, 247(0): 957964.

Published online 2014 May 25. doi: 10.1007/s00232-014-9669-5 [114]

Abstract: While amphipols have been proven useful for refolding of seven trans-
membrane helical (7-TM) proteins including G-protein coupled receptors (GPCRs)
and it could be shown that an amphipol environment is in principle suitable for
NMR structural studies of the embedded protein, high-resolution NMR insights into
amphipol refolded and isotopically labelled GPCRs are still very limited. Here we
report on recent progress towards NMR structural studies of the melanocortin-2
and -4 receptor, two class A GPCRs which so far have not been reported to
be incorporated into an amphipol environment. Making use of the established
7-TM protein bacteriorhodopsin (BR) we initially tested and optimized amphipol
refolding conditions. Most promising conditions were transferred to the refolding
of the two melanocortin receptors. Analytical scale refolding experiments on the
melanocortin-2 receptor show very similar behavior to results obtained on BR. Using
cell-free protein expression we could generate sufficient amounts of isotopically
labeled bacteriorhodopsin as well as melanocortin-2 and -4 receptors for an initial
NMR analysis. Upscaling of the amphipol refolding protocol to protein amounts
needed for NMR structural studies was, however, not straight forward and impeded
detailed NMR insights for the two GPCRs. While well resolved and dispersed NMR
spectra could only be obtained for bacteriorhodopsin, a comparison of NMR data
recorded on the melanocortin-4 receptor in SDS and in an amphipol environment
indicates that amphipol refolding induces larger structural modifications in the receptor.
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Figure 8.1: RP-HPLC separated ACTH(1-39)C monomers and dimers. SDS-
PAGE analysis of ACTH(1-39)C purified without DTT in reducing and non-reducing sample
buffer.
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Figure 8.2: ACTH(1-39)C after centrifugal concentration. HSQC of ACTH(1-39)C
after protein concentration with a centrifugal concentrator. The narrow peak dispersion
indicates that the peptide is mainly unfolded.
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Table 8.1: Acquisition parameters of NMR experiments.

Spectra Complex points Spectral width (Hz) NS
lH 15N 1SC 1H 15N 13C

BNYH - HSQC 2048 256 - 13 30 - 32
BOYH - HSQC 2048 - 256 13 - 165 32
HNCO 2048 40 128 13 30 22 8
HN(CA)CO 2048 40 128 13 30 22 16
CBCA(CO)NH 2048 40 128 13 30 75 16
HNCACB 2048 40 128 |13 30 75 16

1H 13C 130 1H 13C 130

(H)CCH-TOCSY 2048 64 128 |13 75 75 16
lH 15N lH lH 15N lH
BN —TOCSY — HSQC | 2048 40 128 |13 30 13 16
BN - NOESY — HSQC | 2048 40 128 | 13 30 13 16
ppm
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Figure 8.3: TOCSY spectrum of MC4R 1-26. A TOCSY spectrum of 836 uM
MC4R(1-26), the receptors N-terminus, which was shown to maintain the receptors basal
activity [49], was recorded. The synthesized peptide was ordered N-terminal acetylated and
as a C-terminal amide (Peptide and Elephants GmbH).
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Figure 8.4: Comparison of ACTH(1-39)/Cys and a-MSH chemical shifts. Over-
lay of A HA chemical shifts of ACTH(1-39) and acetylated a-MSH (Peptides and Elephants)
to ACTH(1-39)C.
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ResID
S1
Y2
S3
M4
E5
H6
F7
R8
W9

G10
K11
P12
V13
Gl4
K15
K16
R17
R18
P19
V20
K21
V22
Y23
P24
N25
G26
A27
E28
D29
E30
S31
A32
E33
A34
F35
P36
L37
E38
F39
C40

N

118,31
122,47
121,10
119,04
120,86
122,45
121,55
109,84
121,88

121,00
112,74
121,35
122,84
123,26
124,28

120,84
125,49
121,97
125,11

117,46
109,71
123,73
119,74
120,91
122,46
116,91
126,01
119,86
125,02
120,35

122,41
120,93
120,79
124,57

8,51
8,49
8,42
8,28
8,14
8,27
8,20
8,36
8,16

8,41
8,59
8,41
8,49
8,56
8,59

8,37
8,40
8,21
8,64

8,64
8,49
8,20
8,56
8,33
8,55
8,51
8,32
8,33
8,25
8,30

8,42
8,40
8,36
7,97

CA

58,19
58,29
55,85
57,21
56,09
57,92
56,28
57,21
44,99
54,10
62,91
62,37
45,09
56,05
56,23
55,86
53,95
62,98
62,30
56,05
61,81
55,97
63,21
53,25
45,33
52,34
56,51
54,03
56,86
58,78
52,64
56,44
52,26
55,55
63,02
55,34
56,49
57,52
59,53

CB

38,93
63,73
32,64
30,06
29,91
39,45
30,76
29,27

32,61
31,98
32,95

33,11
33,05
30,92
30,10
31,98
32,73
33,40
33,08
38,26
31,99
38,57

19,37
30,33
41,21
30,00
63,89
19,26
30,21
19,42
38,99
32,08
42,31
30,44
39,58
29,09

co

175,90
174,64
176,71
176,49
174,91
175,73
175,87
176,81
173,48
174,41
177,03
176,83
173,95
176,71
176,47
176,06
174,21
176,65
175,94
175,43
175,54
174,63
176,92
175,96
173,88
177,52
176,25
176,49
176,75
174,54
177,78
175,90
177,00
173,74
176,83
177,46
175,93
174,82
178,53

HA

4,66
4,43
4,46
4,14
4,50
4,55
4,19
4,70
3,91
4,59
4,44
4,13
3,96
4,34
4,32
4,34
4,61
4,47
4,10
4,29
4,14
4,84
4,43
4,74
4,00
4,34
4,24
4,57
4,30
4,39
4,32
4,19
4,24
4,87
4,42
4,34
4,24
4,73
4,38

Figure 8.6: ACTH(1-39)C chemical shifts. Chemical shifts of ACTH(1-39)C.
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Chemical Shift Chemical Shift

ACTH ACTH(1-39)C o-MSH ACTH ACTH(1-39)C oa-MSH
1 SER H 8,36/ 9 TRP HB2 3,25 3,23 3,28
1 SER HA 4,401 9 TRP HB3 3,40 3,38 3,41
1 SER HB2 3,791 9 TRP HD1 7,28 7,26 7,30
1 SER HB3 3,791 9 TRP HE1 10,24 10,24 10,24
2 TYR H 8,43 8,35 9 TRP HE3 7,65 7,62
2 TYR HA 4,64 4,66 4,641 9 TRP Hz2 7,47 7,46
2 TYR  HB2 2,67 3,02 2,97| 9 TRP HZ3 7,16 7,17
2 TYR  HB3 2,76 3,02 3,08/ 9 TRP HH2 7,23
3 SER H 8,51 8,51 8,38|/10 GLY H 8,36 8,36 8,30
3 SER HA 4,42 4,43 4,45110 GLY HA2 3,94 3,91 3,87
3 SER HB2 3,83 3,82 3,85|/10 GLY HA3 3,91 3,91 3,96
3 SER HB3 3,91 3,91 3,94|11 LYS H 8,17 8,16 8,14
4 MET H 8,49 8,49 8,52|11 LYS HA 4,59 4,59 4,61
4 MET HA 4,46 4,46 4,48|11 LYS HB2 1,82 1,83 1,83
4 MET  HB2 2,02 2,02 2,03|11 LYS HB3 1,82 1,83 1,83
4 MET  HB3 2,12 2,11 2,13(11 LYS HG2 1,45 1,45 1,47
4 MET  HG2 2,54 2,53 2,55|11 LYS HG3 1,45 1,45 1,47
4 MET  HG3 2,61 2,61 2,63|11 LYS HD2 1,72 1,70 1,72
5 GLU H 8,42 8,42 8,44|11 LYS HD3 1,72 1,70 1,72
5 GLU HA 4,15 4,14 4,15/11 LYS HE2 3,01 3,00 3,02
5 GLU  HB2 1,88 1,86 1,89(11 LYS HE3 3,01 3,00 3,02
5 GLU  HB3 2,15 2,13 1,89(11 LYS HZ 6,87
5 GLU HG2 2,21 2,21 2,15|12 PRO HA 4,46 4,44 4,47
5 GLU  HG3 2,21 2,21 2,22(12 PRO HB2 1,89 1,88 2,07
6 HIS H 8,30 8,28 8,24|12 PRO HB3 2,26 2,27 2,30
6 HIS HA 4,50 4,50 4,49|112 PRO HG2 2,00 2,04
6 HIS HB2 2,99 2,98 3,02(12 PRO HG3 2,05 2,04
6 HIS HB3 3,04 3,04 3,02|12 PRO HD2 3,63 3,63 3,65
7 PHE H 8,14 8,14 8,11|/12 PRO HD3 3,83 3,82 3,84
7 PHE HA 4,56 4,55 4,54|12 PRO HG2 1,92
7 PHE  HB2 2,94 2,95 2,99|12 PRO HG3 2,03
7 PHE  HB3 2,94 2,95 2,99|13 VAL H 8,43 8,41 8,40
7 PHE HD1 7,12 7,12 13 VAL HA 4,13 4,13 4,05
7 PHE  HD2 7,12 7,12 13 VAL HB 2,08 2,08 2,07
7 PHE Hz 6,82 13 VAL QQG 0,98 0,97 1,00
6 PHE  HE1 7,26 14 GLY H 8,60 8,59
7 PHE  HE2 7,26 14 GLY HA2 3,96 3,96
8 ARG H 8,26 8,27 8,22|14 GLY HA3 4,00 3,96
8 ARG HA 4,19 4,19 4,18|/15 LYS H 8,42 8,41
8 ARG  HB2 1,55 1,55 1,56(15 LYS HA 4,33 4,34
8 ARG  HB3 1,55 1,55 1,56/ 15 LYS HB2 1,75 1,83
8 ARG  HG2 1,26 1,26 1,26(15 LYS HB3 1,84 1,83
8 ARG  HG3 1,31 1,31 1,32(15 LYS HG2 1,45 1,45
8 ARG HD2 3,02 3,02 3,03|15 LYS HG3 1,45 1,45
8 ARG  HD3 3,02 3,02 3,03|15 LYS HD2 1,70 1,69
8 ARG HE 7,18 7,16|15 LYS HD3 1,70 1,69
9 TRP H 8,19 8,20 8,15|15 LYS HE2 3,01 2,86
9 TRP  HA 4,70 4,70 4,69|15 LYS HE3 3,01 3,00

Figure 8.7: Table.1: Comparison of ACTH(1-39)/Cys and a-MSH chemical shifts.
Overlay of A HA chemical shifts of ACTH(1-39) (Peptides and Elephants) and acetylated
a-MSH to ACTH(1-39)C.
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# RES ATOM Chemical Shift # RES ATOM Chemical Shift
ACTH ACTH(1-39)C o-MSH ACTH ACTH(1-39)C o-MSH

16 LYS H 8,50 8,49 21 LYS HD2 1,61 1,61
16 LYS HA 4,32 4,32 21 LYS HD3 1,70 1,69
16 LYS HB2 1,78 1,75 21 LYS HE2 2,87

16 LYS HB3 1,82 1,81 21 LYS HE3 2,87

16 LYS HG2 1,48 1,46 22 VAL H 8,21 8,21
16 LYS HG3 1,48 1,46 22 VAL HA 4,15 4,14
16 LYS HD2 1,71 1,69 22 VAL HB 1,93 1,91
16 LYS HD3 1,71 1,69 22 VAL QG1 0,82 0,84
16 LYS HE2 3,01 2,97 22 VAL QG2 0,88 0,87
16 LYS HE3 3,01 2,97 23 TYR H 8,63 8,64
17 ARG H 8,57 8,56 23 TYR HA 4,85 4,84
17 ARG HA 4,34 4,34 23 TYR HB2 2,84 2,83
17 ARG  HB2 1,76 1,76 23 TYR HB3 3,12 3,08
17 ARG  HB3 1,84 1,76 23 TYR HD1 7,16 7,16
17 ARG  HG2 1,62 1,63 23 TYR HD2 7,26 7,16
17 ARG  HG3 1,65 1,63 23 TYR HE1l 7,25
17 ARG  HD2 3,18 3,19 23 TYR HE2 7,25
17 ARG  HD3 3,18 3,19 24 PRO HA 4,43 4,43
17 ARG HE 7,33 24 PRO HB2 1,99 1,98
18 ARG H 8,60 8,59 24 PRO HB3 2,32 2,31
18 ARG HA 4,62 4,61 24 PRO HG2 2,04 2,03
18 ARG  HB2 1,76 1,78 24 PRO HG3 2,04 2,03
18 ARG  HB3 1,86 1,78 24 PRO HD2 3,82 3,82
18 ARG HE 7,36 24 PRO HD3 3,82 3,82
18 ARG  HG2 1,71 1,68 25 ASN H 8,61 8,64
18 ARG  HG3 1,71 1,68 25 ASN HA 4,74 4,74
18 ARG  HD2 3,20 3,19 25 ASN HB2 2,91 2,86
18 ARG  HD3 3,20 3,19 25 ASN HB3 2,91 2,91
19 PRO HA 4,49 4,47 25 ASN HD21 7,75 7,75
19 PRO  HB2 2,27 25 ASN HD22 7,02 7,03
19 PRO  HB3 2,27 26 GLY H 8,49 8,49
19 PRO  HG2 2,00 1,99 26 GLY HA2 3,91 3,91
19 PRO  HG3 1,90 1,99 26 GLY HA3 4,10 4,10
19 PRO  HD2 3,65 3,63 27 ALA H 8,18 8,20
19 PRO  HD3 3,84 3,82 27 ALA HA 4,36 4,34
19 PRO 2,29 27 ALA QB 1,42 1,42
20 VAL H 8,38 8,37 28 GLU H 8,57 8,56
20 VAL HA 4,12 4,10 28 GLU HA 4,28 4,24
20 VAL HB 2,06 2,03 28 GLU HB2 1,94 1,93
20 VAL QQG 0,95 28 GLU HB3 2,05 2,03
20 VAL QG1 0,97 28 GLU HG2 2,28 2,27
20 VAL QG2 0,95 28 GLU HG3 2,28 2,27
21 LYS H 8,39 8,40 29 ASP H 8,34 8,33
21 LYS HA 4,31 4,29 29 ASP HA 4,60 4,57
21 LYS HB2 1,65 1,65 29 ASP HB2 2,57 2,58
21 LYS HB3 1,65 1,65 29 ASP HB3 2,72 2,73
21 LYS HG2 1,16 1,15 30 GLU H 8,56 8,55
21 LYS HG3 1,28 1,27 30 GLU HA 4,31 4,30

Figure 8.8: Table 2. Comparison of ACTH(1-39)/Cys and a-MSH chemical shifts.
Overlay of A HA chemical shifts of ACTH(1-39) (Peptides and Elephants) and acetylated
a-MSH to ACTH(1-39)C.
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Chemical Shift Chemical Shift
ACTH ACTH(1-39)C o-MSH ACTH ACTH(1-39)C oa-MSH

30 GLU  HB2 1,97 1,97 39 PHE H 8,30 8,36

30 GLU  HB3 2,14 2,13 39 PHE HA 4,62 4,73

30 GLU HG2 2,26 2,29 39 PHE HB2 3,00 3,00

30 GLU  HG3 2,31 2,29 39 PHE HB3 3,20 3,24

31 SER H 8,51 8,51 39 PHE HD1 7,27 7,26

31 SER HA 4,42 4,39 39 PHE HD2 7,27 7,26

31 SER HB2 3,94 3,93 39 PHE H 7,98

31 SER HB3 3,94 3,93 40 CYS H 7,97

32 ALA  H 8,33 8,32 40 CYS HA 4,38

32 ALA  HA 4,32 4,32 40 CYS HB2 2,94

32 ALA QB 1,42 1,40 40 CYS HB3 2,94

33 GLU H 8,33 8,33

33 GLU HA 4,21 4,19
33 GLU HB2 1,90 1,91
33 GLU HB3 1,99 1,91
33 GLU HG2 221 2,22
33 GLU HG3 2,25 2,22
34 ALA  H 8,25 8,25
34 ALA  HA 4,25 4,24
34 ALA QB 1,29 1,27

35 PHE H 8,28 8,30
35 PHE HA 4,87 4,87
35 PHE  HB2 2,94 2,93
35 PHE  HB3 3,16 3,15
35 PHE  HD1 7,29 7,29
35 PHE  HD2 7,29 7,29
35 PHE  HE1 7,35

35 PHE  HE2 7,35

36 PRO HA 4,43 4,42
36 PRO  HB2 1,89 1,89
36 PRO  HB3 1,99 1,98
36 PRO  HG2 1,94 1,94
36 PRO  HG3 2,28 2,26
36 PRO  HD2 3,50 3,51
36 PRO  HD3 3,73 3,73

37 LEU H 8,46 8,42
37 LEU  HA 4,31 4,34
37 LEU HB2 1,55 1,53
37 LEU HB3 1,66 1,66
37 LEU  HG 1,69 1,69
37 LEU QD1 0,98 0,97
37 LEU QD2 0,93 0,92
38 GLU H 8,39 8,40

38 GLU HA 4,27 4,24
38 GLU HB2 1,94 1,87
38 GLU HB3 2,07 2,05
37 GLU HG2 2,32
38 GLU HG3 2,32

Figure 8.9: Table 3. Comparison of ACTH(1-39)/Cys and a-MSH chemical shifts.
Overlay of A HA chemical shifts of ACTH(1-39) (Peptides and Elephants) and acetylated
a-MSH to ACTH(1-39)C.
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8.1.1| ACTH Membrane-Interaction in Presence of Calcium
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Figure 8.10: ACTH in presence of 100% POPC NDs. Overlay of 'H-, 'N-HSQC
spectra showing 30 uM ACTH with 30 uM 100% POPC NDs without (red) and with 10 mM
Ca%* (green) at 10°C.
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Figure 8.11: ACTH in presence of 50% POPS NDs. Overlay of 'H-, ?’N-HSQC spec-
tra showing 30 uM ACTH with 30 uM 50% POPS NDs without (red) and with 1mM /
10mM Ca?* (green) at 10 °C.
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Figure 8.12: ACTH in presence of 30% POPS NDs. Overlay of 'H-, "’ N-HSQC spec-
tra showing 30 uM ACTH with 30 uM 30% POPS NDs without (red) and with 1mM /
10mM Ca?* (green) at 10 °C.
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Figure 8.13: Peak volume of ACTH residues is not influenced by calcium. Peak
volumes of ACTH residues E5, K11, G14 without (red) and with 10mM Ca?* (blue) do not

essentially differ.
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Figure 8.14: HSQC of 6xHis-GB1. HSQC spectrum of 1.3 mM 6xHis-GB1 fusion tag in
50mM NaPi pH 7.0 with 150 mM NaCl after TEV protease cleavage, purified by SEC.
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Mass Spectrometry
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Figure 8.15: Molecular mass of 13C, '’N ACTH(1-39)C was confirmed by MS.
ESI MS reveals that peptides with a mass compatible to that of *C, 1°N labeled ACTH(1-
39)C could be purified from one SEC peak using RP-HPLC.
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Figure 8.16: '3C, '°N labeled truncated peptide ACTH(1-28) ESI mass spectrome-
try reveals that a peptides of approximately a mass according to 28 ACTH(1-28) was purified
from ACTH(1-39)C expression by SEC.

200
550 4
500 4
750 4
700 4
650 4
600 4
550 4
so00 4
+50 4
so0
350 4
300 4
250 §
200 ]
150

100 4

5-3,

+6

[-3:-R:]

R3]

&0

+4
+5

873.74

Figure 8.17: ACTH(1-39) gained from !3C, '’'N ACTH(1-39)C SEC peak. ESI
MS reveals that peptides with a mass compatible to that of 13C, N labeled ACTH(1-
39) could be purified from ACTH(1-39)C expression via SEC and RP-HPLC.
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Figure 8.18: Mass Spectrometry data of ACTH(1-23)C-Totapol conjugate. ESI
MS determined molecule size according to the ACTH(1-23)C-Totapol conjugate.
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cAMP-based Bioassay
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Figure 8.19: Activation of MC4R by a-MSH. Down stream activation of MC4R was
recorded in a cAMP-bioassay after incubation of SF-MC4R-6xHis transfected HEK 293-F
cells (24,000 / well) with an increasing concentration of a-MSH (Tocris). An EC50 = 0.035
£ 0.007nM was calculated. RLU values for the described conditions are displayed as black
squares, the corresponding curve fit is shown as a red curve.
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Figure 8.20: Competitive cAMP assay. MC4R activation by 1 uM ACTH (Ana Spec)
alone and in presence of a 10-fold excess (10 uM) SHU 9119 (synthetic antagonist). Untreated
(no ligand) SF-MC4R-6xHis expressing cells are depicted as hatched bars. Receptor activity
is displayed by the decrease of relative luminescence (RLU) in % (100% = MC4R expressing
cells without ligand (Ctrl.)). SHU 9119 decreases ACTH mediated MC4R activation.
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Figure 8.21: Specificity of cAMP assay. Non-transfected (gray) and SF-MC4R express-
ing (black) HEK 293-F cells were incubated with 1 uM ACTH or NDP-a-MSH to exclude an
unspecific ligand mediated luminescence decrease without receptor activation. Untreated (no
ligand) non-transfected and SF-MC4R-6xHis expressing cells are depicted as hatched bars.
Receptor activity is displayed by the decrease of relative luminescence (RLU) in % (100% =
non-transfected cells with 0 uM ligand (Ctrl.)). No unspecific signal decrease is observed.

Fluorescence Anisotropy

A comparison of membrane interactions of ACTH(1-23)C-647 and the smaller ligand
a-MSH-Rhodamine (Phoenix Peptides, INC.) - according to the first 13 amino acids
of ACTH - is shown in figure 8.22. Binding was tested in a HEPES buffer using NDs
with 50% negative charge (50% POPS / 50% POPC).
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Figure 8.22: Binding affinity of a-MSH to NDs varies from ACTH(1-23)C. FA
values and fits for the interaction of 100 nM ACTH(1-23)C-647 (black) or a-MSH-Rhodamine
with (gray) in the presence of an increasing concentration of nanodiscs (50% POPS / 50%
POPC) at 23 °C, respectively.

A lower binding affinity of a-MSH-Rhodamine to the NDs with respect to ACTH(1-
23)C-647 could be observed. Differences could be due to the lower number of amino
acids interacting but also due to the different dye attached to the C-terminus of the
peptide, as well as its N-terminal acetylation.

To verify if specific hormone-receptor interaction can be observed in a membrane
preparation of MC4R, expressing insect cells ligand binding was not only studied with
10mM CaCl,; and without calcium but also in a competition assay in presence of
10mM Ca?*. Ligand binding was studied in presence of a decreasing concentration
of membrane fragments. For competition a 20-fold excess of SHU9119 (Tocris) was
applied to a serial dilution of membrane preparation before adding 40 nM of ACTH(1-
23)C-647.
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Figure 8.23: Calcium disrupts ACTH interaction with Thnao38 membrane. Bind-
ing of 40nM ACTH(1-23)C-647 to a membrane preparation from Tnao38 insect cells express-
ing SF-MC4R-6xHis (MC4R) was measured at 28 °C. Membrane preparation was diluted in
buffer either containing 0 mM or 10mM CaCly. Additionally replacement of ACTH by a
20-fold excess of SHU 9119 (Tocris) was tested.

Differences in the binding curves with and without calcium show a strong reduction of
unspecific interaction in presence of 10 mM calcium. Specific binding of ACTH can
not be detected as there are no significant differences between curves with ACTH
and calcium and ACTH competing with SHU9119 in presence of calcium. If there
was specific hormone-receptor interaction ACTH(1-23)C-647 should not be able to
bind in a 20-fold excess of the strong agonist SHU9119 an therefore differences should
be visible when compared to 40nM ACTH with 10mM Ca?*. Possibly the high
concentration of calcium does inhibit the interaction of the receptor with its ligand.
At the other hand 10 mM calcium was not sufficient to completely block unspecific
interaction. Further optimization will be necessary to set up a FA based binding assay
in presence of natural membranes. Nevertheless the use of calcium will be absolutely
essential to avoid unspecific interaction of the peptides with membranes.
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Figure 8.24: Calcium disrupts unspecific ACTH interaction with HEK 293F cells.
Binding of 40nM ACTH(1-23)C-647 to HEK 293F cells not transfected (non) and transfected
with pHL-IRES-SF-MC4R-6xHis (MC4R) was observed at 30 °C without and in the presence
of 10mM CaCl, using FA. Cells were diluted in a 1:10 serial dilution starting at 2x10° cells

/ well (SD n=2) before adding the ligand.
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