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Abstract

ABSTRACT

Novel therapeutic approaches against cancer are urgently needed. Classical medication is
usually compromised by detrimental effects on healthy tissues and an increasing occurrence
of drug resistances. In recent years, so called host defense peptides came into focus of research
as innovative anticancer agents putatively capable of overcoming these limitations. Peptide
NK-2 represents the a-helical, highly amphipathic core region of porcine NK-lysin and is well-
reputed for its broad-spectrum activities against numerous microbial pathogens but was also
found to exert basic effectiveness against cancer cells. Mechanistic details of the anti-cancer
cell activities, however, still remain elusive. In the course of this study, it was aimed at optimi-
zing peptide NK-2 in terms of its anticancer activity and identifying key structural influences,
as well as at shedding light on the underlying mode of action and target specificity.

Here, for peptide NK-2 and > 30 derivatives thereof sequence- and structure-related physico-
chemical peptide properties, such as charge distribution, hydrophobicity and amphipathicity,
were calculated. Investigated cell types enclosed a pair of rarely considered colorectal carci-
noma cells derived from individual patients, as well as a human prostate adeno-carcinoma cell
line with normal keratinocytes as a non-cancerous reference. Biological data from cytotoxicity
tests and fluorescence microscopic analyses were complemented by studies on artificial mem-
branes, the lipid composition of which mimicked normal and cancer cell membranes enclosing
various mixtures of zwitterionic phosphatidylcholine with anionic phosphatidylserine (PS).
Details on the peptides” membrane binding, intercalation, orientation and permeabilization
were addressed by dynamic light scattering, FRET spectroscopy, tryptophan fluorescence, as
well as dye release and quencher uptake experiments.

Structure-function correlations enabled the identification of a set of peptide variants con-
comitantly improved in terms of anti-cancer cell effectiveness, selectivity and stability. Novel
peptides exhibited an up to 20-fold enhanced activity against prostate cancer cells in medium,
with a Cys/Ala exchange turning out to be the key substitution to sustain peptide activity
under medium conditions. NK-2 and improved variants acted by a direct, physical membrane
permeabilization mechanism with subsequent internalization of peptides. Remarkably, the
susceptibility of cancerous cells to these peptides correlated well with the cell surface level of
PS, but not with the overall surface net charge, pointing at a PS-specific target preference. As
the exposure of PS is a hallmark of cancerous cells, whereas it is typically absent from the
surface of healthy human cells, this finding may contribute to the desired future development

of selective and effective peptide-based anticancer therapeutics.
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Zusammenfassung

ZUSAMMENFASSUNG

Die Behandlung von Krebserkrankungen bedarf dringend neuartiger Ansatze, da klassische
Therapiemethoden mit Schadigungen gesunder Gewebe einhergehen und durch die Zunahme
von Arzneimittelresistenzen beeintrachtigt sind. Sogenannte Host Defense Peptide sind in den
letzten Jahren als innovative Antikrebsmittel in den Fokus der Forschung gertickt, da sie derlei
Nachteile potentiell iiberwinden konnen. Das Peptid NK-2 wurde urspriinglich aus der a-heli-
kalen, stark amphipathischen Kernregion des NK-Lysins des Schweins abgeleitet und ist vor
allem fiir seine Breitbandwirkung gegen zahlreiche mikrobielle Pathogene bekannt, jedoch
auch zunehmend fiir seine Aktivitat gegen Krebszellen. Details des Antikrebswirkmechanis-
mus bleiben weitgehend unklar. Zentrale Ziele dieser Arbeit waren sowohl die Optimierung
der Antikrebswirkung des NK-2 und die Identifizierung entscheidender Strukturelemente als
auch die Untersuchung der zugrundeliegenden Wirkweise und Zielspezifitat.

Vor diesem Hintergrund wurden Sequenz- und Struktur-bedingte physikochemische Eigen-
schaften, wie Ladungsverteilung, Hydrophobizitdt oder Amphipathizitat, fiir das Leitpeptid
NK-2 und > 30 Derivate berechnet. Verwendete Zelltypen umfassten zwei jeweils aus Patien-
tenmaterial gewonnene Kolonkarzinom-Zelllinien sowie Standardzelllinien fiir ein humanes
Prostata-Adenokarzinom und fiir normale Keratinozyten als nicht-maligne Referenz. Biolo-
gische Daten aus Zytotoxizitatstests und Fluoreszenzmikroskopie wurden durch Studien an
kiinstlichen Membranen erganzt. Deren Lipidzusammensetzung basierte auf verschiedenen
Mischungen von Phosphatidylcholin und Phosphatidylserin (PS), um Mimikry-Systeme fiir
gesunde und kanzerdse Zellmembranen darzustellen. Membranbindung, Interkalation,
Orientierung und Permeabilisierung der Peptide wurden mittels Dynamischer Lichtstreuung,
FRET-Spektroskopie sowie Tryptophan-Fluoreszenz-, Calcein-Freisetzungs- und Quencher-
Aufnahme-Experimenten untersucht.

Struktur-Funktions-Korrelationen ermoglichten die Identifizierung von Peptidvarianten mit
gleichsam verbesserter Effektivitat, Stabilitat sowie Krebszellselektivitat. Die neuen Peptide
zeigten eine bis zu 20-fach hohere Aktivitat gegen Prostatakrebszellen in Medium, wobei sich
ein Cys/Ala-Aminosdureaustausch als entscheidend fiir die Aktivitatserhaltung in Medium
herausstellte. NK-2 und seine verbesserten Varianten wirkten durch eine direkte, physikali-
sche Permeabilisierung der Zielmembran mit anschlieffender Internalisierung des Peptids.
Bemerkenswerterweise korrelierte die Suszeptibilitit untersuchter Krebszellen gegeniiber
verbesserten NK-2-Peptiden mit dem PS-Gehalt auf der Zelloberfliache, nicht aber mit der
zelluldren Nettoladung, was auf PS als eine spezifische Zielstruktur der Peptide hinweist. Da
das anionische Phospholipid PS typischerweise auf malignen nicht aber auf gesunden Zellen
exponiert ist, konnten die hier erzielten Ergebnisse dazu beitragen, zukiinftig verbesserte,

d.h. selektive und effektive, Peptid-basierte Antikrebstherapeutika zu entwickeln.
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Introduction

1 INTRODUCTION

Cancer ranks high among the most persistent threats of human health. By 2010, neoplastic
diseases were reported to still be the third leading cause of death among mankind (Thun et al.
2010). Meanwhile, the world health organization estimates a tremendous increase of new cases
of cancer per year from 14 million in 2012 to 22 million within the succeeding twenty years.
Most state-of-the-art cancer treatments follow a so called combinational approach enclosing
surgery as well as radiation, immuno- and chemotherapy. Major drawbacks comprise
commonly observed low therapeutic indices, high recurrences, and severe dose-dependent
toxicities against healthy host cells and tissues. Moreover, the growing burden of (multidrug)
resistant cancer cells underpins the urgent need for innovative therapeutic approaches with
combined potent and selective anticancer activity (Hanahan and Weinberg 2011).
Antimicrobial or Host Defense Peptides (HDPs) were originally discovered as being part of
the first line of defense of almost every living organism. In general, HDPs are rather small
amphipathic peptides, and provide their respective host with a fast-acting and effective
armory against pathogenic microbial invaders. Due to their unique, yet, still not completely
understood mode of action, HDPs have persistently attracted the attention of researchers and
clinicians worldwide. For the last decades, they have been predominantly under investigation
as promising future alternative antibiotics, putatively being able to overcome known and
prevent the emergence of new resistances (Guani-Guerra et al. 2010; Hancock and Sahl 2006;
Yeaman and Yount 2003). However, findings made in recent years extended the focus of
research on another possible field of application: Several representatives of HDPs were found
to exhibit effective activity against cancer cells and tumorous tissues, making them highly
interesting as potent novel anticancer drug candidates (Raucher and Ryu 2015; Gaspar et al.
2013; Harris et al. 2011; Riedl et al. 2011a).

NK-2 is an HDP originally derived from the cationic core region of porcine NK-lysin (Andra
and Leippe 1999), and possesses demonstrable activities against numerous pro- and
eukaryotic microbial targets, as well as against several types of cancer cells (Maletzki et al.
2014; Bankovic et al. 2013; Gross et al. 2013; Schroder-Borm et al. 2005).

This work generally aimed at shedding light on crucial aspects of the anti-cancer cell activity
of peptide NK-2. Specifically, major objectives addressed in the scope of this thesis could be

outlined as follows:
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* To assess the activities of peptide NK-2 with respect to its basic effectiveness against and
selectivity for cancerous over healthy human cells, as well as in consideration of the
overall peptide stability. Of note, besides well-established standard cell lines of human
prostate cancer and non-malignant normal keratinocytes the use of two patient-derived

colorectal carcinoma (CRC) cell lines provided an advanced cellular test system.

* To scrutinize the effects of particular structural modifications on NK-2’s anti-cancer cell
performance. What changes in the amino acid sequence are favorable in order to optimize
the peptide’s level of activity against cancer cells, and thus, its therapeutic use? A set of
more than 30 variants of the parent peptide NK-2 was included in in-depth investigations.
Software-assisted calculation of peptide-specific physicochemical properties as well as
detailed assessments of individual peptide-membrane interactions were performed in

order to enable comprehensive structure-function correlations.

* To gain deeper insight into how the activity and target specificity of NK-2-derived
peptides is influenced by the membrane surface exposure of the anionic phospholipid
phosphatidylserine (PS). As a key hypothesis underlying this work, it is assumed that PS
- frequently found at elevated levels on the surface of cancerous but not on healthy human
cells — plays a decisive role for the selective targeting of pathologically modified cells by

NK-2-derived peptides.
* To contribute to the general understanding of the peptide’s anticancer mode of action.

With respect to these overarching objectives, biological data were complemented with studies
on artificial membrane systems designed to mimic both cancerous as well as healthy cell

membranes.
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2 THEORETICAL BACKGROUND
2.1 Host Defense Peptides

In general, HDPs evolved in a broad variety of organisms, acting as an energy-effective
instantaneous armory against pathogenic invaders. As such, they belong to the innate
immunity of their respective hosts. Naturally occurring HDPs were discovered in virtually
every life form including bacteria, insects, reptiles, amphibians, fish, plants, birds, and
mammals. Up to now, the number of naturally occurring host defense peptides exceeds 2,400
(Wang et al. 2015a). Moreover, synthetic peptides expand the arsenal of HDPs and are typically
either developed as variants of existing natural peptides, or designed from scratch by de novo
rational approaches (Chu et al. 2015; Zhu et al. 2014; Sharma et al. 2013; Tyagi et al. 2013;
Huang et al. 2010).

Apart from their diverse origins, HDPs also share some common features. Characteristically,
they cluster hydrophilic and hydrophobic amino acid residues along their structure to adapt
an overall amphiphilic conformation. Normally, a high ratio of basic over acidic amino acid
residues leads to a pronounced (poly-) cationic net charge, and contributes, in coincidence
with a high proportion of hydrophobic residues, to the amphipathicity. Most HDPs typically
possess a limited sequence length of less than 50 amino acid residues. In general, a-helical
conformations as well as 3-sheets are prevalent in nature, yet other secondary structures occur,
such as loops or extended peptides. The establishment of a structured folding state is
frequently not induced until interaction with a hydrophobic interface, such as a biomembrane,
takes place. However, some peptides stabilize their fold a priori, either with or without the aid
of disulfide bridges. (Mookherjee and Hancock 2007; Dennison et al. 2006; Zelezetsky and
Tossi 2006; Papo and Shai 2005)

As a consequence of their particular structural properties, HDPs are capable of exhibiting a
range of unique activity mechanisms exerted in host defense, which will be addressed

hereafter.
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2.1.1 Classical Mechanisms of Action

HDPs have been reported to target a wide range of potential pathogens such as bacteria,
archaea, protozoa, parasites, fungi and enveloped viruses (Yeung et al. 2011; Marr et al. 2006;
Boman 2003), as well as cancer cells (Chu et al. 2015; Raucher and Ryu 2015; Hoskin and
Ramamoorthy 2008). Although numerous HDPs have been discovered, and even more
synthesized so far, the exact mode of action is still subject of extensive research.

A vast majority of HDPs is capable of exhibiting activity through direct physical disruption of
the respective target cell membrane. Various superordinate mechanistic models have been
postulated to describe and classify frequently observed impacts of HDPs on target cell
membranes (see figure 2.1). All of these models anticipate a multi-step cooperative mechanism
basically enclosing (i) peptide binding to the membrane surface, (ii) partitioning of peptides
into the lipid bilayer, and (iii) membrane permeabilization.

In a bit more detail, the initial step of spatial approximation between usually still randomly
coiled cationic peptides and the cell surface is primarily driven by electrostatic attraction.
Apparently, negatively charged membrane surfaces are likely to play a crucial role as principle
interaction partners of cationic amphipathic HDPs. With respect to classical microbial targets,
these negative surface charges can be predominantly attributed to the abundance of acidic
membrane phospholipids and phosphoglycoplipids, as well as, optionally, components of an
enveloping cell wall and/or glycocalyx (Hammer et al. 2010; Andra et al. 2007; Schroder-Borm
et al. 2003; Matsuzaki et al. 1995).

By getting in close vicinity to the hydrophobic membrane interface, previously unstructured
peptides fold to secondary structures characterized by an amphipathic clustering of amino
acid residues. This, in turn, promotes peptide partitioning into the membrane lipid bilayer. At
lower (local) concentrations, i.e. peptide/lipid ratios, the linear peptide molecules tend to
orientate in parallel to the surface plane. On this occasion, hydrophobic peptide sections strive
towards the hydrocarbon core of the lipid bilayer, while hydrophilic sections align facing the
aqueous environment. Typically, progressive perpendicular insertion of peptide molecules
into the lipid bilayer is promoted after reaching a certain threshold concentration. (Melo et al.

2009; Bechinger and Lohner 2006)
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Figure 2.1: Classical modes of action of host defense peptides. Most HDPs are rather unstructured in
aqueous solution but shape into ordered structures upon interaction with a hydrophobic interface like
a plasma membrane (D). Its amphipathic amino acid distribution causes a peptide molecule to
partially seek contact with both the hydrophobic acyl chains of the bilayer core as well as the
hydrophilic lipid headgroups and the solvent surrounding. After exceeding a certain (local) threshold
concentration, membrane impairment can occur by different mechanisms (). An insertion of
peptides perpendicular to the surface plane is established to form a toroidal pore. The pore lumen is
framed partially by peptide molecules and partially by lipid headgroups, which introduces local
membrane curvature strain. Instead, for a barrel-stave pore, perpendicularly inserted peptides align in

parallel to the hydrocarbon bilayer core to form a continuous pore lumen from tightly associated
peptide molecules only. The carpet-like mechanism suggests that highly concentrated peptides can

disrupt the target membrane in a detergent-like fashion. Modified after Bahar and Ren (2013).

For the subsequent step of actual membrane impairment different mechanisms have been
postulated. In general, pore formation mechanisms suggest transient or stable transmembrane
aqueous channels to be established, which is delineated by the so called “barrel-stave” as well
as the “toroidal pore” model. The former expects pore assembly from laterally oligomerized
peptide helices, where the hydrophobic clusters associate with the membrane lipids’

hydrocarbon cores and constitute a transmembrane lumen bordered by the hydrophilic
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peptide faces. Alamethicin, for instance, was repeatedly attributed to exert activity through
such a barrel-stave-like mechanism (Yang et al. 2001; Beven et al. 1999; He et al. 1996; Sansom
1991). Instead, the toroidal pore formation induces local curvature strain as well as thinning
in the membrane bilayer with amphipathic peptides providing alternative interaction surfaces
for both polar lipid headgroups as well as non-polar acyl chains. Magainins (Hallock et al.
2003; Matsuzaki et al. 1996) as well as melittin (Yang et al. 2001) were shown to induce such a
type of transmembrane pores. The carpet-like mechanism proposes peptide accumulation at
the membrane in parallel to the surface plane, eventually resulting in a coverage reminiscent
of a carpet. Upon exceedance of a critical concentration, the amphipathic peptides are believed
to disrupt the target membrane in a detergent-like manner, eventually with micellization of
peptide-lipid complexes impeding the membrane integrity (Bahar and Ren 2013; Jenssen et al.
2006). Typical representatives for this mode of action would be the cathelicidin-like peptide
ovispirin (Yamaguchi et al. 2001) as well as dermaseptin (Pouny et al. 1992).

Irrespective of the particular model considered to describe the mode of action, as a final
consequence, a peptide-induced loss of the cell membrane’s barrier function is achieved,
accompanied by the collapse of pH and ion gradients as well as the osmotic balance (Melo et
al. 2009; Bechinger and Lohner 2006; Tossi 2005; Yeaman and Yount 2003; Shai 2002). Of note,
HDP-mediated membrane impairments are not necessarily succeeded by immediate cell death
per se. Yet, in the vast majority of studies, peptides were found to rapidly provoke lethality,
typically within the range of just a few minutes (Boman 1995).

The afore-described models have been originally developed to characterize explicitly the
diverse interactions of HDPs with microbial targets. Nevertheless, the underlying
physicochemical principles of peptide-membrane interactions are most probably valid
likewise as the basis for potential activities against cancer cells.

In addition to these classical scenarios of HDP action, several mechanisms were described to
be unique to the interaction with cancer cells, and related concepts will be addressed in the

succeeding sections.
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2.1.2 Anti-Cancer Cell Activities of Host Defense Peptides

Among discovered naturally occurring HDPs, so far, more than 185 were found to exhibit
activities against cancerous cells (Wang et al. 2015b). Many representative studies have already
been vividly reviewed in the past (Gaspar et al. 2013; Schweizer 2009; Hoskin and
Ramamoorthy 2008; Papo and Shai 2005; Zasloff 2002). Recent examples stressed the great
diversity of human cancer types, which have been successfully targeted by anticancer HDPs,
ranging from hepatoma (An et al. 2014) and colorectal cancer cells (Kuroda et al. 2015; Maletzki
et al. 2014) to acute T cell leukemia (Lemeshko 2013) as well as oral squamous cell carcinoma
(Chu et al. 2015), to name just a few.

In the following, an overview on the current knowledge about the underlying principles of

anti-cancer cell activities of HDPs will be presented.

2.1.2.1 Particular Mechanisms of Actions against Cancer Cells

The exact mode of action and the key factors determining a selective cancer cell targeting by
HDPs are still elusive. In close resemblance to antimicrobial mechanisms, peptide-induced
oncolytic effects can be generally attributed to membrane-related or non-membrane-related
mechanisms (Liu et al. 2015; Harris et al. 2011; Hoskin and Ramamoorthy 2008).

In principle, initially attracted by a net negative surface charge, a direct physical attack of the
target cell membrane by amphipathic HDPs can lead to the induction of cancer cell necrosis
through destabilization and disintegration of their plasma membrane (Schweizer 2009; Hoskin
and Ramamoorthy 2008). However, when compared to the understanding of antimicrobial
mechanisms of HDPs, little appears to be known about the exact principles underlying any
direct membrane impairment of cancer cells. One relatively well-studied example is that of
cecropin B, an a-helical antimicrobial peptide originally isolated from insects. Patch clamp
investigations using the Ags human stomach carcinoma cell line revealed that cecropin B
exerted activity through the formation of transient channel-like pores (Ye et al. 2004). Besides,
similar membranolytic anti-cancer cell mechanisms have also been proposed for magainins
(Cruciani et al. 1991) as well as for the synthetic SVS-1 $-hairpin peptide (Sinthuvanich et al.
2012).
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Figure 2.2: Schematic overview on anti-cancer cell activities of host defense peptides. Exemplarily,
an arbitrary a-helical amphipathic peptide was chosen to illustrate typical cellular and subcellular HDP
targets. Predominantly, the cell membrane of a cancer cell is likely to be directly compromised by
cationic amphipathic HDPs. Moreover, after successful translocation of peptides to the cytoplasm,
various intracellular targets — especially membrane-enclosed organelles — are potentially susceptible
to peptide attacks. Cell killing can finally be induced by necrosis or an apoptotic cascade, or by DNA
interference with peptides entering the nucleus. HDP-induced immunomodulatory stimuli can present
an alternative indirect route of peptide-mediated cancer cell attacking.

As an indirect route of cancer cell killing, specialized non-membrane-related mechanisms of
action have been reported for some anticancer HDPs. These can enclose the affection of cancer
cell proliferation as observed with microtubule-perturbing HDP-like dolastatins (Simmons et
al. 2005), as well as the targeting of distinct intracellular destinations. Regarding the latter, for
instance, mitochondria, DNA-related targets, vital enzymatic pathways, lysosomes or
peroxisomes were identified as potential sites of HDP activity after peptide internalization
(Yeung et al. 2011; Giuliani et al. 2007; Brogden 2005). The promotion of immunomodulatory
effects in higher organisms presents another important pathway through which particular
HDPs have been shown to exert activity (Hancock et al. 2016; Gaspar et al. 2013). Such routes

can comprise but are not restricted to NK cell stimulation and interferon synthesis induction
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as observed with alloferons (Bae et al. 2013; Chernysh et al. 2012), or the activation of
complement cascades by the antitumor peptide tachyplesin (Chen et al. 2005).

In consequence, besides necrosis, the final oncolytic effect may alternatively be related to the
induction of apoptosis or modified responses of the host immune system. Nevertheless, to
enable interactions with internal targets, the initial translocation of peptides to the cytoplasm,
either with or without permeabilization of the membrane, remains mandatory. The major
targets of HDDPs for exerting anti-cancer cell activity were summarized in figure 2.2.

Of note, the type and degree of potentially exerted HDP activities are believed to be strongly
dependent on multiple conditions. These can include, but are not limited to, the targeted cell
type and its particular membrane composition, the peptide concentration, as well as
environmental influences. The latter especially considers properties of the ambient liquid
phase. As well, multiple modes of action can apply for a single type of peptide either
consecutively or even simultaneously. Furthermore, with respect to higher organisms bearing
a diverse repertoire of endogenous HDPs, synergistic mechanisms of different peptides, as
well as the interplay with other immune response-related factors are to be expected. (Huang

et al. 2015; Liu et al. 2015)

2.1.2.2 Altered Membrane Properties of Cancer Cells

The transformation of healthy to neoplastic mammalian cells generally manifests in a complex
variety of alterations in the cell physiology. Although cancer is a generic term for an utmost
heterogeneous and pleiotropic disease, some common hallmarks have been identified. Cancer
cells provide self-supply with growth signals and manage to ignore growth inhibitory signals.
They can trigger angiogenesis and show unlimited proliferative potential. Furthermore,
cancerous cells are able to avoid apoptosis induction and exhibit metastatic tissue invasion
through barriers like membranes and capillary walls. Finally, successful immunosuppression
is mediated by tumor cells as well as by tumor-infiltrating non-cancerous host cells. (Hanahan
and Weinberg 2011)

Apparently, the overall membrane constitution plays a decisive role for the potential effective
and selective interaction of cancer cells with HDPs. In comparison of healthy and cancerous
cells, three major distinctions should be outlined. Without claiming universal applicability, it

can be stated that the majority of cancer cells possesses (i) an extensive negative surface charge
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due to the abnormal abundance of anionic (macro)molecules in the outer leaflet of their plasma
membrane (Riedl et al. 2011a), (ii) an enlarged cellular surface area owed to an elevated
number of microvilli (Ren et al. 1990; Kolata 1975), and (iii) an increased overall membrane
fluidity attributed to changes in the cholesterol profiles (Sood and Kinnunen 2008; Sok et al.
1999). In principle, all three distinctions can be potentially favorable in terms of cancer cell
susceptibility towards HDPs as they (i) provide an electrostatic “recruiting platform” for
cationic peptides, (ii) increase the attackable contact surface, and (iii) facilitate peptide
integration into the lipid bilayer, respectively (Alves et al. 2015; Huang et al. 2015; Harris et al.
2011; Riedl et al. 2011a; Hoskin and Ramamoorthy 2008). Both, (ii) and (iii), are cancer cell-
related features with a high-potential impact on the membrane insertion and permeabilization
by HDPs. Nevertheless, the cellular surface net charge is considered to be the crucial factor for
the selectivity of peptide targeting due to the direct impact on the mandatory initial step of
peptide approximation to the membrane (Hoskin and Ramamoorthy 2008).

Looking one step closer, a range of membrane constituents may contribute to the intensified
net negative surface charge of cancer cells. Sulfated glycosaminoglycans (GAGs) as well as
hypersialylated glycoproteins and glycolipids are usually anionic at physiological pH, and
their cell surface occurrence was shown to be increased for various malignancies. (Han et al.
2013; Kannagi et al. 2008; Fuster and Esko 2005; Sanderson et al. 2004; Dennis et al. 1999; Kleeff
et al. 1998)

Increased quantities of sialic acids as terminal carbohydrates of glycosylated membrane
proteins and lipids were shown for many cancer cell types. Hypersialylation might be mainly
attributed to a cancer-related upregulation of the expression of certain glycosyltransferases
(Pearce and Laubli 2015; Dennis et al. 1999; Kim and Varki 1997). Several studies observed
interactions of some HDPs with cell surface-associated sialic acids (Weghuber et al. 2011; Bucki
et al. 2008; Risso et al. 1998). Nevertheless, previous work of Gross et al. could provide strong
evidence for excluding cell surface-bound sialic acids as primary targets of peptide NK-2,
which clearly favored sulfated polysaccharide structures (Gross and Andra 2012).

In fact, the role of elevated levels of such surface-exposed sulfated glycans on cancer cells is
rather controversially discussed. Several HDPs, such as magainin, melittin, LL-37, and
a-defensin, were found to basically interact with different GAGs (Schmidtchen et al. 2002;
Schmidtchen et al. 2001; James et al. 1994). However, for a set of bovine lactoferricin-derived

peptides, the presence of heparan sulfate and chondroitin sulfate on different cancer cell lines
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had no or only minor effects on the anti-cancer cell activity, or even had an inhibitory impact
(Fadnes et al. 2011; Fadnes et al. 2009). Adding to this, considerable amounts of sulfated
glycans are often present also on the membrane surface of healthy cells (Khoo and Yu 2010),
and their upregulated exposure can be restricted to particular phases in cancer evolvement
(Fernandez-Vega et al. 2015; Garcia-Suarez et al. 2014; Sanderson et al. 2004). Overall, these
ambivalent characteristics make sulfated glycans rather non-ideal candidates as selectivity-
determinant HDP target structures.

Finally, and of special note, the surface exposure of the anionic phospholipid
phosphatidylserine (PS) is considered to be a highly important marker for many types of
cancer cells. In the scope of this work, special emphasis lies on PS as a putative key surface
factor on cancer cells for the initial targeting of the here-deployed peptide NK-2 and structural

variants thereof to cancerous cells.

2.1.2.3 Phosphatidylserine as a Cancer Cell Marker

Overall, besides phosphatidylcholine (PC), phosphatidylethanolamine (PE) and sphingo-
myelin, the anionic phospholipid phosphatidylserine (PS) is one of the most abundant
phospholipids in mammalian cell membranes (Schutters and Reutelingsperger 2010; Vance
and Steenbergen 2005). In general, each cell type and even its subcellular
membrane-enveloped structures can feature an individual lipid constitution and organization.
Yet, the plasma membrane of healthy cells is typically characterized by an asymmetric
distribution of its lipid components. Zwitterionic choline-based phospholipids
(PC, sphingomyelin) are predominantly located on the lipid bilayer’s outward facing leaflet.
In despite, aminophospholipids like zwitterionic PE and anionic PS are usually sequestered to
the cytoplasmic side of the lipid bilayer (Verkleij et al. 1973; Bretscher 1972). Explicitly, the
exoplasmic membrane leaflet is found to be virtually void of PS and other, though less
abundant, negatively charged constituents like phosphatidylinositol phosphates or phospha-
tidic acid (Bruckheimer and Schroit 1996). This asymmetry is basically maintained by the
outbalanced interplay of membrane-spanning enzymes classified as ATP-dependent flippases
and floppases, as well as calcium-dependent scramblases (Kay et al. 2012; Zwaal et al. 2005).

The translocation of PS to the outer membrane surface is typically found on aged or

pathologically modified cells and has various physiological implications. It serves as a marker
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for early stage apoptosis and triggers the engulfment of aberrant cells by macrophages.
Moreover, surface-exposed PS participates in the suppression of inadvertent immune and
inflammatory responses, and promotes initiation of blood clotting at sites of injury. (Birge et
al. 2016; Vance and Tasseva 2013; Zwaal et al. 2005)

Apart from these regulatory tasks of PS in homeostasis, the multiple pathological
modifications taking place during cancer evolvement can induce a similar loss of the plasma
membrane’s asymmetric constitution. The disturbance of the underlying enzymatic pathways
can result in the exposure of elevated levels of PS on the exoplasmic membrane leaflet of cancer
cells (Riedl et al. 2011b; Kirszberg et al. 2009; Schréder-Borm et al. 2005; Utsugi et al. 1991).
Increased PS-exposure was also shown for MDR cells of human non-small cell lung (Bankovic
et al. 2013) as well as gastric carcinoma (Pohl et al. 2002), where the transport of PS was shown
to be related to the activity of MDR cell-specific P-glycoprotein. It is generally assumed that
PS can make up to 10 % of the total membrane lipid content (Schutters and Reutelingsperger
2010). Nevertheless, very little appears to be known about this in detail, e.g. about a potential
disease-related upregulation of the PS synthesis, or to what extent the total membrane PS
actually translocates to the outer bilayer leaflet.

However, affected cancer cells possess a markedly enhanced number of negatively charged
cell surface factors, which distinguishes them from their non-pathogenic counterparts. In this
context, it is suggested that PS translocation plays an essential role in rendering cancerous cells
highly susceptibility for selective interactions with cationic anticancer HDPs (see figure 2.3).
Explicitly, some HDPs, including NK-2 (Schroder-Borm et al. 2005), were shown to
preferentially target cells with increased surface-bound PS levels. Iwasaki et al. (2009)
obtained a positive correlation of the surface levels of PS on several cancer cell lines with the
susceptibility of these cells to enantiomeric peptide analogs of beetle defensins, while
Ried] et al. (2015) characterized cancer cell-specific membranous PS as a key target for certain
derivates of human lactoferricin. In another study, the colocalization of the synthetic host
defense-like peptide, D-K¢Ls, with surface-bound PS was identified as being crucial to a
selective interaction of the peptide with cancer cells after intratumoral injection into human
breast and prostate cancer xenografts (Papo et al. 2006). Most recently, for PPS1, a so called
peptide-peptoid hybrid, Desai and co-workers (2016) claimed PS-selective cancer cell targeting

and toxicity.
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Figure 2.3: Schematic depiction of PS-related changes in the human plasma membrane upon cancer
evolvement. The increased abundance of PS on the outer leaflet of the lipid bilayer is connected to
the disturbance of connected regulatory enzymatic pathways during the transformation of healthy to
pathologically modified cells. This is usually believed to contribute to an enhanced electrostatic
attraction of cationic HDPs, thus, putatively renders cancerous cells susceptible to peptide-induced
lysis.

2.1.2.4 Perspectives on Applications of Host Defense Peptides in Cancer Therapy

Chemotherapeutic treatment still is the principle approach in fighting progressed and
metastatic stages of cancerous diseases (Siegel et al. 2014). However, severe adverse effects on
healthy cells, and ineffectiveness towards dormant or slow-growing cancer cells are major
drawbacks to this therapy. Moreover, the emergence of multi-drug resistant (MDR) cancer
cells, e.g. via active drug efflux pumps or adapted expression of drug-specific cellular
receptors, has become an increasing problem for common chemotherapeutic strategies (Chen
and Sikic 2012). With a completely different novel mechanism of action, anticancer HDPs can
provide a powerful treatment option. The direct physical disruption of targeted cancer cells
minimizes the risk of emerging resistances and is capable of circumventing existing resistance
mechanisms. As stated before, this includes explicitly an HDP effectiveness against MDR cells.
(Huang et al. 2015; Raucher and Ryu 2015; Douglas et al. 2014; Bankovic et al. 2013; Gaspar et
al. 2013; Yeung et al. 2011; Schweizer 2009; Hoskin and Ramamoorthy 2008)

Based on their respective target specificity, anticancer HDPs can roughly be classified into two

main categories: Peptides exerting potent activity against cancerous but not healthy
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mammalian cells on the one hand, and peptides which are about equally toxic towards
neoplastic and normal cells on the other hand (Papo and Shai 2005). The first group of
anticancer HDPs provides a promising opportunity for innovative cancer therapy with the
potency to overcome the limitations of conventional treatment approaches.

However, apart from the variety of distinct HDPs showing effective anti-cancer cell toxicity
in vitro, so far, only a limited number of peptides made it through to clinical trials, not to
mention actual drug approval (Hu et al. 2011). Predominantly, this was attributed to the
significant inactivation of many HDPs in blood serum, where the association of charged but
amphipathic peptides to high- and low-density lipoproteins as well as to albumins and other
plasma abundant proteins seem to be determining factors (Sivertsen et al. 2014; Vij et al. 2010;
Maisetta et al. 2008; Svenson et al. 2007; Peck-Miller et al. 1993). Beyond that, proteolytic
degradation constitutes another obstacle putatively contributing to reduced pharmacokinetics
(Yeung et al. 2011), and for several HDPs a diminished activity in the presence of elevated
concentrations of salts as well as mono- and bivalent metal ions, mainly speaking of Ca? and
Mg?, has been reported (Wei et al. 2007; Minahk and Morero 2003; Pink et al. 2003; Brewer
and Lajoie 2000; Lehrer and Ganz 1999; Scane and Hawkins 1986). The risks of undesired
immunogenicity and unspecific toxicity underpin the need for HDPs of high selectivity
(Mader and Hoskin 2006). From an economic point of view, also the high manufacturing
expenses of peptide synthesis procedures can become critical in the drug development
process.

Nevertheless, much effort is put into solving each of these issues in order to pave a way for
anticancer HDPs to fully unfold their therapeutic potential. Firstly, the advent and ongoing
advancement in recombinant biotechnological production strategies can provide alternatives
with reduced costs of goods (Fan et al. 2014; Wang et al. 2014; Bommarius et al. 2010).
Moreover, through the design of HDP-like peptidomimetics (Kim et al. 2011), or the
incorporation of non-natural (Chu et al. 2015) or D-enantiomeric amino acids (Iwasaki et al.
2009; Papo et al. 2006), proteolytic cleavage could be alleviated, ideally without compromising
the anti-cancer cell activity (Rodrigues et al. 2008; Papo and Shai 2005). Specifically adapted
formulations, ranging from prodrug creation (Forde and Devocelle 2015; Desgranges et al.
2012) over peptide conjugation with tumor-homing substrates (Kondo et al. 2012; Colombo et
al. 2002) to the incorporation into nanoparticulate carriers (Medeiros et al. 2014; Urban et al.

2012) can improve HDP selectivity, serum half-life and stability, and reduce peptide-related
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immunogenicity and unintended toxicity. Yet, assessing the usefulness and applicability of
each measure remains a case-by-case developmental task.

For already established antimicrobial HDPs, topical or local administration forms are
prevailing for approved indications (Wang et al. 2015a; Yount and Yeaman 2012). This
circumvents the above-described pitfalls of systemic application and is probably the preferred
initial strategy also for potential anticancer drug development. Exemplarily, the human HDP
LL37, from the group of cathelicidins, is currently under investigation in a phase II trial on the
effectiveness of its intratumoral injection into human melanoma (M.D. Anderson Cancer
Center and National Cancer Institute (NCI) 2015).

It is furthermore suggestive that the local administration of multifunctional HDPs, e.g. at the
site of surgical tumor resections, could entail the benefit of combined anticancer and
antimicrobial peptide activities, including inflammation inhibition (Wei et al. 2015; Bjorn et al.
2012) as well as endotoxin neutralization (Schadich et al. 2013; Kaconis et al. 2011). Besides,
also anti-angiogenic activities have been reported for several HDPs (Hou et al. 2013;
Steinstraesser et al. 2011; Mader and Hoskin 2006; Ran et al. 2002), which seem to be able to
inactivate tumor-associated vascular endothelial cells (Rodrigues et al. 2008; Mader et al. 2006).
This provides an opportunity to additionally target solid tumors by diminishing their nutrient
supply.

Additive or synergistic effects can arise from a combinational cancer treatment comprising
classical chemotherapeutics as well as anticancer HDPs. Putatively, this can also enable a dose
reduction of both therapeutic compounds, which, in turn, would concomitantly lessen any
dose-dependent toxic side effects. Cecropin A, for example, was shown to synergize with the
common chemotherapeutics S-fluorouracil as well as cytarabine in the treatment of
lymphoblastic leukemia cells (Hui et al. 2002), whereas modification of doxorubicin-carrying
gold nanoparticles with a cell-penetrating peptide enhanced the cytotoxicity towards brain

metastatic breast cancer cells (Morshed et al. 2016).

2.1.3 Sequence-Related Implications on Anti-Cancer Cell Peptide Activities

The number of studies on HDPs with anti-cancer cell activity is still quite limited as compared
to the originating class of antimicrobial peptides (Wang et al. 2015a; Wang et al. 2009a).

Nevertheless, various authors consistently concluded from statistical analyses and reviews of
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experimental efforts that there could not be identified a unifying single factor determining the
selectivity and/or effectiveness of anticancer HDPs in general (Liu et al. 2015; Harris et al. 2011;
Hoskin and Ramamoorthy 2008).

However, for the fundamentally required ability of HDPs to partition into biological
membranes, the establishment of a stable amphipathic secondary structure is essential at some
point. This is basically achieved by a certain composition and arrangement of hydrophilic and
hydrophobic amino acid residues. Thus, the amino acid composition, i.e. types, frequencies,
and relative positions of particular amino acid residues, is highly important. (Huang et al.
2010; Dennison et al. 2006; Zelezetsky and Tossi 2006)

With pKa values of >11, Lysine (K) and Arginine (R) residues are both readily positively
charged at physiological pH values (Nozaki and Tanford 1967). Hence, their abundance is a
major determinant for the overall cationic character of natural HDPs. Besides, just like the
peptides used in this study, many anticancer HDPs possess an amidated carboxy-
terminus (Wang et al. 2009a). This can further contribute to a positive net charge, but the
influence of this feature on the toxicity and selectivity of HDPs is ambiguous (Harris et al.
2011). On the contrary, negatively charged Glutamic acid (E) an Aspartic acid (D) residues
appear at only very low frequencies in the sequence of HDPs in general (Wang et al. 2009a).
Typically, more than one third of all residues is constituted by hydrophobic amino
acids (Liberio et al. 2013). Within this group, Alanine (A) and Leucine (L) seem to be of
elevated importance for many a-helical HDPs, which might be owed to these residues’
combined high hydrophobicity and helix-formation propensity (Harris et al. 2011; Pace and
Scholtz 1998). Nonetheless, other residues of pronounced hydrophobicity, such as
Isoleucine (I), Phenylalanine, and Valine (V) substantially contribute to the nonpolar portion
of amphipathic HDPs.

Of note, all of these “building blocks” must be kept well-balanced with respect to the overall
sequence length, net charge and charge distribution, as well as the mean hydrophobicity and
distinct hydrophobic moment(s). At the same time, these parameters must be adjusted so that
an effective but highly selective interaction with respective target cancer cells is accomplished.
Moreover, also peptide stability under physiological conditions as wells at its target site of
activity must be accounted for.

Any modification of the amino acid composition of an HDP, i.e. the substitution, addition, or

deletion of at least one residue, can have an impact on one or more of the afore-mentioned
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characteristics (Du et al. 2014; Huang et al. 2014; Schmidtchen et al. 2014; Yin et al. 2012; Huang
et al. 2011).

To sum up, no generally applicable unifying concepts were established so far to systematically
designate defined structural peptide properties to a predictable functional outcome. Instead,
it appears that the specific features of a given HDP’s sequence and structure allow for an
effective and selective interaction with a particular membrane composition and constitution.
Regarding anticancer HDPs, it is conceivable that a particular peptide will rather be active
against a certain kind of than against all types of cancerous cells, taking additionally into

account the enormously variable phenotypes and specificities of neoplastic cells.

2.2 Peptides Employed in this Study

As a general remark, in the following, the one-letter-code will be applied to denote amino acid
residues as part of peptide names or sequences, and to assign substitutions. Three-letter-
coding with suffixed sequence position number will be used to address specific single
residues, e.g. as substitution sites. In all other cases, amino acid names will be spelled out.
Anticipatory, for example, I2W is the name of an NK-2 derivative where an isoleucine (I) at

position 2 (Ile-2) was substituted by tryptophan (W).

2.2.1 Peptide NK-2 and Derivatives thereof

The peptide NK-2 was originally derived as the key functional fragment of NK-lysin (Andra
and Leippe 1999), which is an antimicrobial effector molecule produced by porcine cytolytic
T and NK immune cells (Andersson et al. 1995). NK-lysin belongs to the saposin-related
protein family (Stenger et al. 1999), and possesses a rather limited range of antimicrobial
activities, e.g. against Escherichia coli, Bacillus megaterium and Candida albicans (Andersson et al.
1996). Andersson et al. (1996) were the first to demonstrate a cytolytic effect of NK-lysin
against NK-sensitive cancer cells of mice. Also recently, NK-lysin was observed to exhibit lytic
activity against YAC-1 mouse T-lymphoma cells, and the human analog, granulysin, showed
potent in vitro and in vivo tumor cell killing abilities (Martinez-Lostao et al. 2015; Al-Wasaby

et al. 2015).
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NK-2 comprises a total of 27 amino acid residues referring to NK-lysin’s cationic core region
of residues 39-65 (Andrd and Leippe 1999). The sequence encompasses NK-lysin’s helices 3
and 4 with adjacent (mostly positively charged) residues (see figure 2.4), and the two helices
are tightly connected by a flexible hinge region. The possession of demonstrable bactericidal
(Hammer et al. 2010; Andra et al. 2007), LPS-neutralizing (Brandenburg et al. 2010; Andra et
al. 2004), anti-protozoa (Jacobs et al. 2003), anti-plasmodial (Gelhaus et al. 2008) as well as
anti-fungal activities, along with low hemolytic potential and poor toxicity towards healthy
human cells (Andrd and Leippe 1999), drew attention to NK-2 as a promising therapeutic

candidate for various indications.

Figure 2.4: Region of natural NK-lysin corresponding to
peptide NK-2. The three-dimensional depiction illustrates
the originating NK-lysin structure solved by NMR and
refers to the Protein Database record 1NKL (Liepinsh et
al. 1997). The given ribbon model was created and
modified using the Protein Workshop tool (Moreland et
al. 2005). Highlighted in green is NK-lysin’s core region of
residues 39 to 65, which is the sequence segment

representing peptide NK-2.

Moreover, anticancer activity of NK-2 was comprehensibly shown against a range of cell lines
of human origin, including neuroblastoma, leukemia, lymphoma, prostate cancer, and
colorectal adenocarcinoma cells, as well as even against MDR non-small cell lung cancer and
colon cancer cells (Bankovic et al. 2013; Gross and Andra 2012; Drechsler and Andra 2011;
Schroder-Borm et al. 2005). In addition, colorectal adenocarcinoma tumors, grown as
xenografts subcutaneously in immunocompromised nude mice, responded with necrotic and
apoptotic growth inhibition to the treatment with NK-2 and some of its structural variants
stressing the remarkable in wvivo potential (Maletzki et al. 2014). By contrast, human
glioblastoma cells seemed to be somehow protected against NK-2-related cytotoxicity (Jacobs
et al. 2003).

In line with its biological activities, NK-2 was found to be capable of binding to, insertion into
and permeabilization of artificial membrane systems mimicking the lipid constitution of
distinct microbial (Andra et al. 2007; Willumeit et al. 2005; Andra et al. 2004; Schroder-Borm et
al. 2003) as well as pathologically modified mammalian cells (Gross et al. 2013; Gross and

Andra 2012; Schroder-Borm et al. 2005). Of special note, it was repeatedly suggested that the
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anti-cancer cell activity of NK-2 could be connected to the presence of membrane surface PS
(Maletzki et al. 2014; Bankovic et al. 2013; Schroder-Borm et al. 2005).

Looking at NK-2's sequence and structure in a bit more detail reveals several noteworthy
characteristics. NK-2 features a random coil conformation in aqueous solution, and adopts an
a-helical secondary structure upon interaction with hydrophobic interfaces, e.g. biological
membranes. This has been comprehensively substantiated in the past, for example, by circular
dichroism (Andra et al. 2007; Andra and Leippe 1999), infrared reflection absorption (both in
Olak et al. 2008) as well as Fourier-transform infrared spectroscopy measurements (Schroder-
Borm et al. 2003). The helical conformation originates an overall amphiphilic molecule with
charged and hydrophilic amino acid side chains clustered predominantly along one face, and

hydrophobic residues on the complementary face of the helical cross section (see figure 2.5).

Figure 2.5: Helical wheel projection of peptide NK-2. In order to facilitate the identification of
characteristic patterns in the amino acid distribution, residues of different charge and polarity were
visualized by symbol- and color-coding. Hydrophobic residues (diamonds) were coded green, with pure
green representing the most hydrophobic residue and the intensity of green decreasing proportionally
to the hydrophobicity. Hydrophilic non-charged residues (circles) are coded orange. Glycine is coded
in yellow reflecting the level of about zero hydrophobicity/hydrophilicity. Residues being charged
under physiological conditions were colored in light purple, with triangles and pentagons reflecting
acidic and basic residues, respectively. The helical wheel plot was modified after creation with a
web-based calculation tool introduced by Don Armstrong and Raphael Zidovetzki (web source,
Armstrong and Zidovetzki 2015). By default, this tool uses the Whole-Residue Interface scale by
Wimley and White (1996) for moment determinations (see appendix table A.1).

A pronounced positive net charge is established at physiological pH conditions (Andrd and

Leippe 1999), and charged amino acid side chains are apparently quite regularly distributed
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along the linear sequence of 27 residues in total. This can be substantiated by the complete
absence of a consecutive stretch of more than four non-charged residues, while the average
distance between two non-adjacent charged amino acids is about 3.6 residues, which is exactly
the number of residues per helical turn in an ideal a-helix. Consequently, 9 of 10 positively
charged residues are clustered on the upper-right face of the helical wheel. By contrast, this
clustered abundance of charges is complemented by an increased frequency of hydrophobic
amino acid residues on the opposing face of the cross section. Considering phenylalanine,
isoleucine, leucine, methionine, and valine to be the hydrophobic residues present in peptide
NK-2, the average distance between non-neighboring hydrophobic amino acids is about
3.4 residues, again closely matching the size of one helical turn.

Nonetheless, both the predominantly charged/hydrophilic moiety as well as the mostly
hydrophobic face are occasionally interfused by single residues of opposite polarity. Yet, with
respect to the longitudinal amino acid distribution, the presence of such interfering residues
seems to be mainly restricted to the C-terminal sequence moiety (positions > 14). This is well
exemplified by amino acids Arg-17 and Asp-21 being the only charged residues interrupting
the hydrophobic helical face, while two hydrophobic leucine residues at positions 15 and 23

can be found in the predominantly hydrophilic face.

Here, besides NK-2, a total of 33 structural variants thereof were subject to detailed
investigations on their respective interactions with different (cancer) cells as well as artificial
membrane systems. The design of most of these modified variants was explicitly motivated
by rational considerations (Andra et al. 2007) rather than by e.g. iterative or randomized amino
acid residue alterations. Selected variants have already been included in studies regarding
structural and functional features with respect to microbial as well as cancer cells (Ciobanasu
et al. 2015; Maletzki et al. 2014; Gross et al. 2013; Gross and Andra 2012; Andra et al. 2011;
Drechsler and Andra 2011; Andra et al. 2008; Andra et al. 2007). Notably, the extensively
shortened derivative NK11 was shown to be unable to adopt a helical conformation and was
repeatedly proven to be virtually void of membrane-activity. Furthermore, variants C7A,
C7A-D21K, as well as C7A-A tended to exhibit enhanced stability and anti-cancer cell activity.
For the lead structure of peptide NK-2 as well as for each of the here-involved derivatives,
software-assisted calculations of distinct physicochemical properties yielded detailed

structure-related information and will be delineated in the results section.
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2.2.2 Melittin

Melittin is a principle toxic component in the venom of honey bees (Apis mellifera). Its highly
potent lytic interactions with cell membranes of diverse kind have been studied extensively
since the 1950s (Hanulova et al. 2009; Dempsey 1990; Habermann 1954). In total, melittin
comprises 26 amino acid residues organized in strongly amphipathic a-helical conformation.
An extended hydrophobic section spans over 19 residues, followed by a highly basic tetra-
peptide stretch (KRKR) in close-to-C-terminal position. Depending on features of the targeted
membrane, pH and salt conditions, and, especially, the melittin concentration, different
conformations can be found, with either monomers or tetrameric aggregates in aqueous
surrounding (John and Jahnig 1988).

The peptide was found to act by diverse mechanisms of action against microbial as well as
eukaryotic cells (Dempsey 1990). Besides the direct physical membrane impairment generally
prevalent with cationic amphipathic peptides (see above), melittin is capable of exhibiting
secondary cytotoxic effects, also in the scope of cancer cell targeting (Son et al. 2007). For
example, a selective activation of phospholipase A2 was observed in Ras-overexpressing
cancer cells, inducing calcium influx and rapid cell death (Sharma 1993). However, melittin’s
extensive membrane destruction properties were found to be accompanied by pronounced
hemolytic activity (Gross et al. 2013; Dempsey 1990; Tosteson et al. 1985; Habermann 1972)
and overall poor membrane selectivity (Sommer et al. 2012; Hanulova et al. 2009; Maher and
McClean 2008). Hence, in the course of this work, melittin was deployed as an effective but

non-specific positive control peptide in cell- and artificial membrane-based experiments.
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2.3 Human Cancer Cell Models Used in this Study

2.3.1 Patient-Derived Human Colon Cancer Cells

Globally, colorectal cancer ranks third among the most prevalent cancers, diagnosed with
incidences in about 10 % of the population, and about equally distributed among women and
men (Torre et al. 2015).

Several attempts have been made worldwide to characterize the activities of HDPs against
various CRC cell lines (Chen et al. 2015; Kuroda et al. 2015; Niemirowicz et al. 2015; Ren et al.
2015; Nie et al. 2013). Exemplarily, Kuroda et al. (2015) determined a dose-dependent
apoptosis induction in HCT116 cells by a structural derivative of the human HDP LL-37,
namely FF/CAP18. KL15, a synthetic variant of bacteriocins from Lactobacillus casei, was shown
to exhibit necrosis-related activity against SW480 colon adenocarcinoma cells and to adopt an
a-helical conformation in the presence of unilamellar lipid vesicles. This clearly points at the
profound ubiquitous relevance of this field of research and, explicitly, of HDP-based treatment
strategies.

For the assessment of a given compound’s general interactions with cancer cells, most studies
rely on well-characterized, long-cultivated standard cancer cell lines. Along with those named
above, in case of colon cancers, common CRC models encompass CaCo-, HCT-, or COLO-cells,
to name just a few. Here, of special note, advantage was taken of two cancer cell cultures,
which were established by Linnebacher and co-workers at the University of Rostock,
Germany, from colon cancer tissue of individual patients after surgical resection. To be more
precise, the actual cell lines, HROC24 and HROC107, were derived from primary
adenocarcinoma material subsequent to a successful engrafting and growth in immune-
compromised mice (Maletzki et al. 2012; Linnebacher et al. 2010).

In general, such cells are considered advantageous over standard model cell lines in terms of
information on and characterization of closer-to-reality applicability and effectiveness of
therapeutic strategies (Ince et al. 2015; Maletzki et al. 2015; Whittle et al. 2015; Maletzki et al.
2012; Linnebacher et al. 2010). Both cell types were originally derived from the ascending colon
of the respective patient, and share further commonalities down to the oncological molecular
type of the so called sporadic mismatch repair deficiency (spMMR-D). Apart from these
common features, HROC24 and HROC107 cells show particular distinctions, e.g. in their

growth kinetics and morphologies. Noticeably, a study by Maletzki et al. (2014) indicated a
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marked difference of both cell types in their surface-exposure of PS, with HROC107 and
HROC24 cells attributably expressing low and high surface-PS levels, respectively.

Under consideration of these promising initial data, here, a more in-depth analysis of these
cell types was conducted, including alternative cell characterization techniques as well as
further studies on their interactions with NK-2-derived peptides. In addition, the HCT116
human colon cancer model cell line was included as a commercially available colorectal

adenocarcinoma reference.

2.3.2 Human Prostate Cancer Cells and Non-Tumorigenic Keratinocytes

Prostate cancer approximately accounted for one third of all new cancer cases in US American
males in 2014, representing the most prevalent type of cancer in total (Siegel et al. 2014). The
adenocarcinoma of the prostate gland is the most common subtype, and the PC-3 human
prostate adenocarcinoma cell line is a commercially available, well-characterized standard cell
line established in the late 1970s from disease grade IV epithelial tissue of a bone metastatic
site (Kaighn et al. 1979). Here, this easy-to-handle cancer cell model was predominantly
applied to study structure-activity relationships upon interaction with peptides. As a
reference, HaCaT human keratinocytes were included in these investigations to represent
non-cancerous, healthy human cells. They grow adherently as monolayers and have originally
been characterized as in vitro spontaneously transformed cells from histologically normal

human dermal tissue (Boukamp et al. 1988).
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3 MATERIALS
3.1 Peptides

In total, a set of 35 peptides including NK-2 and 33 structural derivatives thereof, as well as
melittin as a reference, have been deployed in the course of this study. With the exception of
peptide C7S-OH, all peptides had been synthesized with an amidated carboxy-terminus on a
peptide synthesizer (ASP 222; Intavis, Bioanalytical Instruments, Cologne, Germany) by
Rainer Bartels and Volker Grote from the division of Structural Biochemistry at the
Leibniz-Center for Medicine and Biosciences (Borstel, Germany). The synthesis was done
according to a standardized Fmoc solid-phase technique, and peptides were provided in
RP-HPLC-purified and lyophilized form. Peptide stock solutions at a molar concentration of
1 mM were prepared by dissolving the peptides in 0.01 % trifluoroacetic acid (TFA;
Sigma-Aldrich, Steinheim, Germany). The stocks were stored at -20°C, thawed for usage and
refrozen again immediately afterwards. A detailed overview on individual peptide sequences

and properties will be given in result section 5.1.
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3.2 Lipids

Natural phospholipids L-a-phosphatidylcholine (PC) from hen egg and L-a-phosphatidyl-
serine (PS) from porcine brain were purchased from Avanti Polar Lipids (Alabaster, AL, USA).
Their respective predominant hydrocarbon species, as referred to supplier information (see

table 3.1), are depicted in figure 3.1.

Table 3.1: Origins and supplier details on deployed phospholipids.

Product Manufacturer / supplier Product no.
L-a-phosphatidylcholine (PC), from chicken egg, powder Avanti Polar Lipids, Alabaster, AL, USA  840051P
L-a-phosphatidylserine (PS), from porcine brain, powder Avanti Polar Lipids, Alabaster, AL, USA  840032P

N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-phosphatidylethanolamine Molecular Probes, Eugene, OR, USA N360
N-(Lissamine-Rhodamine-B-sulfonyl)-phosphatidylethanolamine Molecular Probes, Eugene, OR, USA L1392

In resemblance to conditions found on the surface of healthy human cells, liposomes solely
made of zwitterionic PC lipids remain about non-charged at physiological pH values. Instead,
PS is an anionic phospholipid with a negative net charge at physiological pH. The charges
within the lipid headgroup are distributed to a more or less zwitterionic terminal serine and a

primarily anionic phosphate anchor.

Figure 3.1: Predominant constituents of employed natural phospholipids. Depicted are skeletal
formulas of L-a-phosphatidylcholine from hen egg (A) (fatty acid carbons:double bonds = 16:0, 18:1)
and L-a-phosphatidyl-serine from porcine brain (B) (18:0, 18:1). Structural representations were
modified from Avanti Polar Lipids (web source, Avanti Polar Lipids Inc. homepage).

In addition, fluorescently labeled phospholipids were utilized in FRET spectroscopy
experiments. Phosphatidylethanolamine (PE) is also considered zwitterionic, hence, shows
negligible influence on the net charge of phospholipid membranes. Pre-conjugated,
lyophilized N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-phosphatidylethanolamine (NBD-PE) and
N-(Lissamine-Rhodamine-B-sulfonyl)-phosphatidylethanolamine (Rh-PE) were purchased
from Molecular Probes (Eugene, OR, USA).
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3.3 Cell Cultures

The following tables summarize information on key features and origins of all cell lines

deployed in the course of this work.

Table 3.2: Overview on patient-derived human colorectal cancer cell lines.

HROC24 Patient-derived low-passage colorectal cancer (CRC) cells

Organism:

Ethnicity:

Age:

Gender:

Tissue:

Morphology:
Growth Properties:
Supplier / depositor:
Generated by:

Homo sapiens, human

Caucasian

98 years

Male

Colon ascendens

Epithelial

Monolayer, adherent

PD Dr. M. Linnebacher / University clinic of Rostock, Germany
Linnebacher et al. (2010)

HROC107 Patient-derived low-passage colorectal cancer (CRC) cells

Organism:

Ethnicity:

Age:

Gender:

Tissue:

Morphology:
Growth Properties:
Supplier / depositor:
Generated by:

Homo sapiens, human

Caucasian

81 years

Female

Colon ascendens

Epithelial

Monolayer, adherent

PD Dr. M. Linnebacher / University clinic of Rostock, Germany
Linnebacher et al. (2010)
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Table 3.3: Overview on commercially available human model cell lines.

PC-3 Prostate adenocarcinoma cells

Organism: Homo sapiens, human

Ethnicity: Caucasian

Age: 62 years

Gender: Male

Tissue: Prostate

Morphology: Epithelial

Growth properties: Monolayer, adherent. Cells form clusters in soft agar and can be

adapted to suspension growth.

Supplier / depositor: ATCC® No. CRL-1435™

Generated by: Kaighn et al. (1979)
HCT116 Colorectal adenocarcinoma cells

Organism: Homo sapiens, human

Ethnicity: Caucasian

Age: not available

Gender: Male

Tissue: Colon

Morphology: Epithelial

Growth properties: Monolayer, adherent

Supplier / depositor: ATCC® No. CCL-247™

Generated by: Brattain et al. (1981)
HaCaT Normal skin cells

Organism:
Ethnicity:

Age:

Gender:

Tissue:
Morphology:
Growth Properties:
Supplier/depositor:
Generated by:

Homo sapiens, human

Caucasian

62 years

Male

Skin

Keratinocyte

Monolayer, adherent

CLS Cell Line Service No. 300493 / DKFZ, Heidelberg, Germany
Fusenig, Boukamp (Boukamp et al. 1988)
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3.4 Chemicals and Reagents

Table 3.4: Chemicals and reagents.

Product Quality Manufacturer / supplier Product no.

2-Propanol > 99.95 %, Rotisolv® Roth, Karlsruhe, Germany AE73.2

3-[4,5-dimethylthiazol-2-yl]-2,5- 297.5 % TLC, cell culture . . . .

diphenyltetrazolium bromide (MTT) tested Sigma Aldrich, Steinheim, Germany M>655

Accutase Cell dissociation buffer Capricorn Scientific, Ebsdorfergrund, ACC-1B
Germany

Ammonium chloride > 99.5 % for analysis, ACS, ISO Roth, Karlsruhe, Germany K298.1

Binding buffer (2x) ApoDETECT™ kit (reagent 2) Life Technologies, Darmstadt, Germany 331200

Calcein Powder, mixed isomers Sigma Aldrich, Steinheim, Germany C0875

Calcium chloride (CaCl,) > 94 %, dehydrated Roth, Karlsruhe, Germany A119.1

Chloroform (CHCls)

D(+)-Glucose

Dulbecco’s modified eagle medium

(DMEM)
Ethanol

Fetal bovine serum (FBS)
FITC-annexin V

HEPES

Hydrochloric acid (HCI)
Magnesium sulfate (MgSQ,)
Mowiol 4-88 reagent
Paraformaldehyde
Penicillin / streptomycin

Phosphate-buffered saline (PBS)

Potassium chloride (KCI)
Potassium iodide (KI)

Propidium iodide (PI)

Sodium chloride (NaCl)

Sodium hydroxide (NaOH)
Sodium thiosulfate pentahydrate
Sytox green

Trifluoroacetic acid (TFA)

Triton X-100

Trypsin / EDTA

pro analysis

>99.5 %, Cellpure®
incl. stable Na-glutamine

>96 %, with ca. 1 % MEK
EU-approved origin
ApoDETECT™ kit (reagent 1)
> 99.5 %, Pufferan®

37 % pure, fuming

> 99 % heptahydrate

97.8 % (lot B23468)

> 95 %, ReagentPlus®

10.000 U/ml / 10.000 pg/ml
1x, pH 7.4, w/o Ca%* and Mg?*

Powder for 50 |, w/o Ca%* and
Mg2*

>99.995 %, Roti®metic
>99.995 %, Suprapur®
ApoDETECT™ kit (reagent 3)
>99.5 % for analysis, ACS, ISO
1mol/l+0.2%

ACS, ISO, Reag. Ph. Eur.

5 mM solution in DMSO

> 99 %, Pufferan®

Class 9 / purity grade Ill
0.05% / 0.02 % (w/v)
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Merck, Darmstadt, Germany

Roth, Karlsruhe, Germany
Biochrom, Berlin, Germany

Roth, Karlsruhe, Germany

Biochrom, Berlin, Germany

Life Technologies, Darmstadt, Germany

Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

Sigma Aldrich, Steinheim, Germany

Biochrom, Berlin, Germany

Biochrom, Berlin, Germany
Biochrom, Berlin, Germany

Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

Life Technologies, Darmstadt, Germany

Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany

Merck, Darmstadt, Germany

Life Technologies, Darmstadt, Germany

Sigma Aldrich, Steinheim, Germany

AppliChem, Darmstadt, Germany

Biochrom, Berlin, Germany

1.024.452.2500
HNO06.3

FG 0445

T171.4
S 0115
331200
6763.2
9277.1
T888.1
475904
P-6143
A 2212
L 1825

L 182-50

5346.1
1.05044.0050
331200
9265.1
K021.1
106516
57020

T6508

A4975

L2143
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3.5 Laboratory Equipment and Software

Table 3.5: Instruments and laboratory equipment.

Instrument Type Manufacturer / supplier
Balances Entris 2202I-1S, max. 2200 g Satorius, Gottingen, Germany
5-digit KERN analysis balance Kern & Sohn, Balingen, Germany
Cell counter Countess automated cell counter Life Technologies GmbH, Darmstadt, Germany
Centrifuges MiniSpin plus centrifuge Eppendorf, Hamburg, Germany

CO; incubator

Electronic dispenser pipette
Extruder

Flow cytometer
Fluorescence microscope
Laminar flow hood
Magnetic stirrer
Multichannel pipette
Multiwell platereader

pH meters

Phase contrast microscope
Pipetting aid

Piston-stroke pipettes
Sonifier
Spectrofluorometer
Thermostat

Tilting shaker

Vacuum pump

Vortex mixer

Water bath

Zetasizer

Multifuge 3 S-R

Centrifuge 5415R

Binder CB, class 3.1

Multipette stream

Avanti Mini-Extruder

BD FACSCalibur™ platform
Olympus DP71

Herasafe KS 18, class Il clean bench
Big quid

Transferpette S, 10-100 pl
Tecan infinite M200pro

inoLab, WTW series, pH 720
Knick calimatic

Axiovert 40 CFL, inverted
accu-jet pro

Research plus 10 / 200 / 1000 pl
Branson Sonifier 250

SPEX-IIl Fluorolog

Haake F3

Rocking Platform

DIVAC2.4L

Test tube shaker, VWR Collection
GFL 1003

JB Aqua S Plus

Sonorex Digitec

Zetasizer Nano ZS, ZEN3600
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Thermo Fisher Scientific, Braunschweig, Germany
Eppendorf, Hamburg, Germany

Binder, Tuttlingen, Germany

Eppendorf, Hamburg, Germany

Avanti Polar Lipids, Alabaster, AL, USA

Becton Dickinson, Franklin Lakes, NJ, USA
Olympus, Hamburg, Germany

Thermo Fisher Scientific, Braunschweig, Germany
IKA, Staufen, Germany

Brand, Wertheim, Germany

Tecan, Crailsheim, Germany

WTW, Weilheim, Germany

Knick, Berlin, Germany

Carl Zeiss, Oberkochen, Germany

Brand, Wertheim, Germany

Eppendorf, Hamburg, Germany

Branson Ultrasonics, Danbury, CT, USA

SPEX Industries, Edison, NJ, USA

Thermo Fisher Scientific, Braunschweig, Germany
VWR International, Hannover, Germany

Oerlikon Leybold Vacuum, Cologne, Germany
VWR International, Hannover, Germany

GFL, Burgwedel, Germany

Grant Instruments, Cambridge, United Kingdom
Bandelin electronic, Berlin, Germany

Malvern Instruments, Malvern, United Kingdom
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Table 3.6: Software and tools.

Software

Version

Manufacturer / supplier

CellQuest Pro
cellSens
CorelDRAW X7
Flowing Software
Helical Wheel Projections
Magellan
MATLAB
OriginPro 8 SRO
Photoshop CS5
Profilegraph
Protein Workshop

Zetasizer Software

6.0

Entry
17.6.0.1021
251

vl1i4

7.1

R20144, 8.3.0.532
v8.0724 (B724)
12.0.2

1.03

4.2.0

7.03
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Becton Dickinson, Franklin Lakes, NJ, USA

Olympus, Hamburg, Germany

Corel GmbH, Munich, Germany
University of Turku, Turku, Finland

Armstrong and Zidovetzki, (2015)

Tecan, Crailsheim, Germany

MathWorks Inc., Natick, MA, USA
OriginLab, Northampton, MA, USA
Adobe Systems, Mountain View, CA, USA

University of Cologne, Germany

Moreland et al. (2005)

Malvern Instruments, Malvern, United Kingdom
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3.6 Disposables and Consumables

Table 3.7: Disposable labware and consumables.

Product Manufacturer / supplier Order no.
24-well cell culture plates, transparent, flat TPP, Trasadingen, Switzerland 92424

96-well cell culture plates, Cellstar, clear, flat ~ Greiner Bio-One, Frickenhausen, Germany 655180

96-well microtiter plates, Nunclon A, black, flat Greiner Bio-One, Frickenhausen, Germany 137101

Cell culture flasks, 25 / 75 cm? TPP, Trasadingen, Switzerland 90026 / 90076
Centrifuge tubes, 15 ml / 50 ml TPP, Trasadingen, Switzerland 91015 / 91050
Combitips advanced 0.1 /1/2.5/5ml Eppendorf AG, Hamburg, Germany ??:1(;%384942(}5456
Countess cell counting chamber slides Thermo Fisher Scientific, Braunschweig, Germany C10228

Eppendorf tubes, safe-lock, 1.5 / 2.0 ml
Glass cover slips, round, 12 mm
Microscopy glass slide

Nitrile gloves, rotiprotect, size L

Parafilm M
Pipette tips, epT.l.P.S. 20 / 200 / 1000 pl

Polycarbonate membrane, 25 mm
Quartz cuvettes 109.000F-QS

Quartz cuvettes 101-QS

Reagent reservoirs

Rotilabo glass sample vials

Septum PTFE, 8 mm

Serological pipettes, 2 /5/10 /25 ml
Syringe filters, CME, 0.22 um, 33 mm
Syringes, Braun Injekt-F, 1 ml
Syringes, Braun Omnifix, 20 ml

TG 100 separation gauze, 50 mm
Zetasizer folded capillary cells DTS1070

Eppendorf AG, Hamburg, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany
Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany
Eppendorf AG, Hamburg, Germany

Whatman, GE Healthcare, Uppsala, Sweden
Hellma Analytics, Millheim, Germany
Hellma Analytics, Millheim, Germany

VWR International, Hannover, Germany
Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Biochrom, Berlin, Germany

Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Roth, Karlsruhe, Germany

Whatman, GE Healthcare, Uppsala, Sweden

Malvern Instruments, Malvern, United Kingdom

31

0300 120.086 /.094
P231.1
H868.1
P778.1

H666.1

0300 00.854
/.870/.919

110605
109000F-10-40
111-10-40
1.800.932.5
E159.1

E163.1

940-02 /-05 /-10 /-24
KH54.1
T987.1
T550.1
10423029
DTS1070
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3.7 Buffers and Stock Solutions

As a general remark, all buffers and stock solutions were sterile-filtered through syringe filters
with a pore size of 0.2 um (Nucleopore, GE Healthcare, Uppsala, Sweden) prior to usage. The
only exceptions to this were complete medium as well as PBS/medium solutions, which were
prepared from sterile solutions and strictly handled under a laminar flow hood in order to
prevent contamination. All ingredients used are listed in table 3.4 together with details on

concentration, purity and supplier.

3.7.1 Aqueous Buffers

All of the following buffers were prepared by dissolving the ingredients in endotoxin-filtered,
demineralized water (purified H20), adjustment of the pH value to 7.4 using HCl or NaOH,

and final storage at 4°C in the dark until usage.

Buffer A
HEPES 20 mM
NaCl 150 mM
Buffer B
HEPES 40 mM
Buffer IN
HEPES 10 mM
EDTA 1 mM
Buffer OUT
HEPES 10 mM
NaCl 150 mM
EDTA 1 mM

Annexin V binding buffer (ApoDETECT™ kit — reagent 2)

HEPES 10 mM
NacCl 140 mM
CaClz 2.5 mM
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3.7.2 Cell Culture Medium-Based Buffers

Complete medium

DMEM 500 ml
Heat-inactivated FBS 50 ml
Penicillin / streptomycin 5ml

Details on the preparation are provided in the corresponding method section 4.2.1.

PBS/medium
PBS (1x) w/o Ca?* and Mg?* 9/10t
Complete medium 1/10%

Stock solutions of PBS/medium were freshly prepared for each experiment.

Buffer variants for cytotoxicity testing

Several buffer variants composed of PBS/medium supplemented with distinct DMEM-related

additives (see table 3.8), as well as defined mixtures of PBS, DMEM, and FBS (see table 3.9)

were used during cytotoxicity testing.

Table 3.8: Buffer variants I-lll. PBS/medium buffer was augmented with additive components at

DMEM-equivalent final concentrations as indicated.

Variant name Component Additive
I PBS/medium 4.5 g/1 D(+)-Glucose
I PBS/medium 200 mg/l MgS0,
1 PBS/medium 200 mg/I CaCl,

The given concentration of each additive reflect this components final mass concentration in

equivalence to pure DMEM conditions. Appropriate additive stock solutions were prepared

by dissolving the respective substance in PBS (1x) followed by sterile filtration.

Table 3.9: Buffer variants IV-VII. Given values represent each component’s volumetric share (vol. %)

in the final buffer variant.

Component /vol-%

Variant
PBS (1x) DMEM FBS
v 90 10 0
Vv 90 0 10
\ 80 10 10
Vil 0 99 1
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3.7.3 Stock Solutions

Mowiol stock
Glycerin 6g
Mowiol 249 ¢
Purified H-O 6 ml
Tris-HCl stock (0.2 M) at pH 8.5 12 ml

Dissolved in 6 ml purified H2O in a water bath at 53°C. After centrifugation for 20 minutes at

4,000 rpm supernatant aliquots (~0.5 ml) were stored at —20°C.

Paraformaldehyde (3 % w/v) stock

Paraformaldehyde 3g
Dissolved to clearance with ca. 80 ml pre-heated (~60°C) and stirred PBS solution under a
ventilated hood. The volume of the cooled down and filtered solution is adjusted to 100 ml
with PBS. The pH value was readjusted to 7.4, if necessary. Storage of aliquots (5 to 15 ml)
at —20°C.
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4 METHODS
4.1 Software-Based Assessment of Peptide Properties

The public-domain software Profilegraph (version 1.03, University of Cologne, Germany)
introduced by Hofmann and Stoffel (1992) served as a computational tool for amino acid
sequence analysis.

Presuming a physiological pH value, aspartic acid is the only negatively charged amino acid
residue present in any given peptide. Basic residues lysine and arginine were considered
positively charged. Moreover, all peptides, except C75-OH, used for the experimental part of
this work had been synthesized with an amidated carboxy-terminus, which, in conjunction
with the amino-terminus, increases the net charge by +1. Under these prerequisites, a given
peptide’s net charge (Q) was calculated by subtracting the number of aspartic acid residues
from the sum of positive charges.

All calculations addressing hydrophobicity properties were based on the so called Normalized
Consensus scale introduced by Eisenberg et al. (1984). This scale ranks the contribution of all
20 proteinogenic amino acids in terms of hydrophobicity in such a way that the mean over all
20 values sums up to0, while the corresponding standard deviation equals exactly 1
(see appendix table A.1). Due to this weighting, the scale ranges asymmetrically from -2.53 for
arginine, bearing a well-accessible positive charge in its side chain, to+1.38 for highly
hydrophobic isoleucine.

As a first parameter, the average hydrophobicity (H) was deduced as the arithmetic mean of
all amino acid residue-specific hydrophobicities of a given sequence. Moreover, the so called
hydrophobic moment (uH) can serve as a measure of the amphipathicity of a defined amino
acid sequence (Eisenberg et al. 1982). The Profilegraph software allows the implementation of
sliding window analysis routines in order to take not only the contribution of one amino acid

residue into account, but to include influences from neighboring residues.
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Generally speaking, the mean value of uH within a segment of defined window width (2m+1)

could be calculated by

2 .
i+m

> HG) cos(6(j—1))‘ , (61
j=i-m

i+m

BHomas (D = @m+ D7 || HG)sinsG - D)| +
j=i-m

where m represents the half-width of the sliding window, H(j) is the scale-related
hydrophobicity value of the j* residue, and 4 is the inter-residue angular frequency.

Here, an ideal continuous a-helical conformation was assumed for all peptides. Accordingly,
the sliding window width (2m+1), for which puH values should be calculated, was set
to 7 (yielding m = 3) to span approximately the size of two helical turns (see above). Moreover,
the inherent periodicity of an a-helical secondary structure specifies the angle between two
consecutive residues (6) to be approximately 100°.

Considering these prerequisites, for each peptide the mean hydrophobic moment over all
7-residue segments (uHean) as well as the local maximum hydrophobic moment (uH,,x) Were
assessed. Of note, the terminal three windows were generally neglected for further analyses
due to the ambiguous definition of pre- and post-sequence residues.

Finally, in addition to the full sequence analysis, also N- and C-terminal moieties of each
peptide were individually investigated. The linear amino acid sequence of each peptide
bearing n residues in total was divided to yield two parts of about equal size. For even
numbers of n, the residue counts of the C- and N-terminal moieties were identical, with

ny =ng= %, while for odd numbers of n, the carboxy-terminal segment was chosen to be

larger (¢ ,0da = nTH) than the amino-terminal part (ny oqq = "T_l)_
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4.2 Cellular Test Systems

4.2.1 Cell Cultivation Procedures

Despite of their diverse origins, all cell types could be cultured in Dulbecco’s Modified Eagle’s
Medium (DMEM) supplemented with 10 % heat-inactivated fetal bovine serum (FBS), and
1 % penicillin (100 U/ml)/streptomycin (100 pg/ml). Inactivation of FBS was achieved by
incubation for 30 minutes at 56°C. In the following, accordingly supplemented cell culture
medium is termed “complete medium”.

Cells were cultured adherently in complete medium in an incubator at 37°C in a humidified
atmosphere with 5 % COz in tissue culture flasks of 25 or 75 cm?. Cell harvest and passaging
was done after reaching 80-90 % confluency by treatment of PBS-washed cells with either
trypsin/EDTA or accutase. The addition of 0.5 ml or 1 ml of either of these dissociation
reagents, and subsequent incubation for a few minutes at 37°C was applied for cell detachment
from either 25 cm? or 75 cm? tissue culture flasks, respectively.

Accutase is an enzyme-based cell dissociation reagent derived from crustaceans and allows a
gentler detachment of adherently growing cells, which yields higher cell viability and
improved separation of single cells. The latter is considered advantageous for flow cytometric

applications.

4.2.2 Flow Cytometric Analysis

In general, flow cytometry enables the simultaneous light-based analysis of multiple physical
properties of individual cells in a liquid stream. Distinction of cells is based on their respective
optical characteristics. These comprise the relative particle size deduced from forward-
scattered light (FSC), relative granularity or internal complexity deduced from side-scattered
light (SSC), as well as the relative fluorescence emission intensities for typically up to four
defined ranges of wavelengths (FL1 to FL4).

Cells were harvested from cell culture flasks using accutase cell dissociation reagent. Washing
the cell pellet twice was accomplished by centrifugation for 1 minute at 800 rpm in a
MiniSpin® plus lab centrifuge (Eppendorf AG, Hamburg, Germany), removal of the
supernatant, and immediate resuspension in ice-cold PBS. Finally, the resuspended cells were

filtered through a single layer of TG 100 separating gauze (100 um pore size, Whatman,
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GE Healthcare, Uppsala, Sweden). Cell density was determined by a Countess automated cell
counter (Invitrogen, Life Technologies, Darmstadt, Germany) and subsequently set to 0.5 x 10¢
cells/ml in 500 pl ice-cold PBS.

Hereafter, cells were again spinned down in a laboratory centrifuge (5415R, Eppendorf,
Hamburg, Germany) for 1 minute at 800 rpm and, afterwards, resuspended in 490 ul of
binding buffer (ApoDETECT™ kit —reagent2, Life Technologies GmbH, Darmstadt,
Germany) at room temperature.

A minimum of four samples (S1-54) was prepared for each cell type: (51) Unstained control
cells, (S2) cells stained with propidium iodide (PI; ApoDETECT™ kit — reagent 3) only, (S3)
cells stained with FITC-annexin V (ApoDETECT™ kit — reagent 1) only, and (54) cells stained
with both FITC-annexin V as well as PL.

Annexin V possesses a very high, calcium-dependent binding specificity towards PS and is
widely used for membrane PS assessment (Lee et al. 2013; Dong et al. 2009; Kenis and
Reutelingsperger 2009; Cichorek et al. 2000; Rao et al. 1992; Tait and Gibson 1992).
FITC-conjunction allows high emission intensity fluorescence analysis by flow cytometry or
microscopic techniques. FITC can be excited over a broad range with a maximum at about
495 nm. The emission spectrum peak can be found at approximately 519 nm.

For the quantification of cell surface PS-levels, two (S3 and S4) out of four samples per cell type
were stained with 10 ul of annexin V coupled to the fluorescent dye FITC. After incubation in
the dark for 15 minutes at room temperature, all samples were centrifuged again and finally
taken up in 475 pl of binding buffer. The samples were transferred to FACS tubes, stored on
ice and shielded from light until used within the subsequent 2 hours.

Flow cytometry was performed on a BD FACSCalibur™ platform (Becton Dickinson, Franklin
Lakes, NJ, USA) operated with the CELLQuest software for data acquisition using instrument
settings as given in table 4.1. Immediately prior to sample injection, 25 pl of PI solution were
added to samples (S2) and (54) to yield a final concentration of 1 ug/ml. PI is an intercalating
nucleic acid stain and considered as impermeant to intact cell membranes. Bound to DNA, the
fluorescence emission intensity of PI is enhanced about 20- to 30-fold, and its excitation and
emission spectrum peaks of about 535 and 617 nm, respectively, allow the simultaneous
detection of fluorescein-derivatives such as FITC (Suzuki et al. 1997).

Both FITC as well as PI were excited by an argon-ion laser at 488 nm, and emission intensities

were detected simultaneously from 500 to 560 nm and 543 to 627 nm by two distinct detection
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channels FL1 and FL2, respectively. Each individual measurement comprised a total count of
10,000 events per sample. Evaluation of raw data was done by the aid of the public-domain

tool Flowing Software 2.5.1 (University of Turku, Finland).

Table 4.1: Standard instrument settings for flow cytometry experiments on a BD FACSCalibur™
platform. Given are information on parameter-specific voltage set points, signal amplification and
scaling modes formatted as requested by the CELLQuest controller software. Experiments conducted
comprised analyses of unstained, FITC-annexin V- and/or Pl-stained cells. Unless stated otherwise,
listed settings applied to all cell lines tested.

Detection Voltage / V Amp Gain Mode
FSC E-1 6.06 Lin
SSC 260 - Log
FL1 474 - Log

FL2 (a)* 412 - Log
FL2 (b) 443 - Log
FL3 650 - Log
FL1A - 1.00 Lin
FL4 800 - Log

* The given set point of FL2 (a) was used for the analysis of HCT116 and HROC107 cells only.

In order to exclude PI-positive (dead) cells from evaluation, cell type-specific gates were set in
dot plot displays of FL2 (PI) vs. FSC signals for results from cells stained with PI only (52).
These gates were set manually and kept constant for all experiments and reproductions
conducted with the respective cell type.

Histograms of intensity counts from FL1 (FITC-annexin V) signals were created for the initially
pre-gated population (see appendix figure A.1). The geometric mean fluorescence intensity
(MFT) of FITC-annexin V-stained (MFIg;t¢ from S3) and unstained control (MFI.,ptro1 from S1)
cells were deduced from these histograms.

In total, three independent experiments were performed using individual cell preparations.
Finally, as a quantitative marker for the cell type-specific level of surface-exposed PS, the
quotient (Q) of the average MFIgic and MFl onto Was determined. Respective standard
deviations Syg; prrc and Syr control Were considered to calculate the error propagation

corrected standard deviation of the quotient (sq) according to equation 6.2:

SMFI_FITC)2 (SMFI_control)2
o = ( + Q (6.2)
¢ j MFlgrc/ ~ \MFlontrol
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4.2.3 The MTT Metabolic Activity Assay

The water-soluble tetrazolium salt 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bro-
mide (MTT) can be reduced, predominantly by reducing equivalents such as NADH, to yield
crystalline formazan, whereby the dye undergoes a photometrically traceable color change
from yellowish to purple. Hence, the intensity of the color change is a measure for the cell
metabolic activity, i.e. viability (van Meerloo et al. 2011; Marshall et al. 1995; Mosmann 1983).
Freshly harvested cells (accutase treatment, see above) were counted and suspended in
complete medium to a density of 5.0 x 105 cells/ml for HROC107 cells or 2.5 x 105 cells/ml for
all other cell types. Cells were seeded (100 pl/well) in a sterile flat-bottom 96-well microtiter
plate (Cellstar® cell culture plate, Greiner Bio-One, Frickenhausen, Germany) and incubated at
37°C in a humidified atmosphere with 5 % CO.. The higher seeding density for HROC107 cells
was chosen to take adequate account of the comparably lower growth rate of these cells. After
24 hours, wells of each plate were visually controlled for confluency on a random basis.
Either FBS-supplemented DMEM cell culture medium (“complete medium”4.2.1) or PBS
supplemented with 10 % of complete medium (“PBS/medium”), or any of the buffer
variants I-VII as outlined in section 3.7 (see tables 3.9 and 3.8) was used to dilute peptide stocks
(I mM in 0.01 % TFA) to final concentrations of 0.1, 0.3, 1, 3, 10, 30, and 100 uM. After washing
the confluently cell-covered wells twice with the respective buffer and removal of the
supernatant from each cavity, peptide solutions were transferred to the microtiter plate at
100 pl/well according to the corresponding method layout. After incubation for 4 hours at
37°C, 10 pl of water-soluble MTT (Sigma-Aldrich, Steinheim, Germany) dissolved again in the
respective buffer to 5 mg/ml were added to each well, followed by a final incubation for
2 hours at 37°C.

Dye reduction was stopped and formed formazan crystals were dissolved by the addition of
100 pl of acidified isopropanol (Roth, Karlsruhe, Germany) containing 10 %v/v Triton X-100
(AppliChem, Darmstadt, Germany) and 0.8 %v/v concentrated hydrochloric acid (Roth,
Karlsruhe, Germany) into each well. Repeated rigorous up and down pipetting is needed to
quantitatively solubilize all visible crystals to homogeneity. If necessary, any residual air
bubbles were removed by a heated sterile disposable steel cannula. Acidification of the

solubilizing solution served to keep phenol red, the pH indicator component of DMEM cell
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culture medium, in its yellow-colored state, which minimizes the risk of interference, thus, of
artificially increased absorbance detection.

Extinction (Mgyp,) was determined on the microtiter plate reader Tecan infinite M200pro
(Tecan, Crailsheim, Germany) at absorbance and reference wavelengths of 570 and 690 nm,
respectively. Positive and negative controls were represented by cells incubated under the
respective buffer/medium conditions alone (M;4¢) or in buffer/medium supplemented with
5 % Triton X-100 (M,), respectively. Calculation of the metabolic activity of the cells (%M) was

done according to equation (6.3):

MEXp _MO> (63)

%M = 100-(—
% Mroo — M,

Mean ICso values, representing the molar peptide concentration at half-maximal cell viability,
were derived from the afore-described titration curves by sigmoidal, y?-reduced Boltzmann’s

fitting by OriginPro 8 software (OriginLab, Northampton, MA, USA).

4.2.4 Fluorescence Microscopy Analysis of Colorectal Cancer Cells

Partially anticipating the outcome of the aforementioned flow cytometry investigations,
HROC24 as well as HROC107 cells treated with fluorescently labeled peptides were subjected
to fluorescence microscopy analysis in order to compare peptide effects on CRC cells exposing
high or low levels of surface-bound PS, respectively.

For sample preparation, cells were initially cultivated in tissue culture flasks as described
above (see section 4.2.1). At a confluency of more than 80 %, the cells were harvested by
Accutase treatment, counted and seeded in complete DMEM medium at densities of
2.0 x 107 cells/well on glass cover slips (Roth, Karlsruhe, Germany) placed into the cavities of
a 24-well plate (TPP, Trasadingen, Switzerland). After incubation for 24 hours at 37°C and
5% COz in a humidified atmosphere, the cells were washed twice using 1 ml PBS/well for
5 minutes per step.

Subsequently, the cells were incubated with either PBS including 3 uM Sytox green (control)
or fluorescently labeled peptides Rh-NK-2, Rh-C7A-D21K, or Rh-NK11 for up to six distinct
periods of time (1, 5, 10, 20, 30, or 60 minutes). Accordingly, peptides were diluted in PBS

containing 3 uM Sytox green to yield a finally applied peptide concentration of 10 uM. Sytox
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green is a fluorescent nucleic acid stain impermeable to plasma membranes of living cells.
Upon impairment of the membrane, e.g. by HDPs, the stain penetrates into the cell and binds
nucleic acids with high affinity. DNA-binding leads to a more than 500-fold enhancement of
the fluorescence emission intensity, enabling dead cell indication in microscopic analysis.
Immediately after expiration of the respective incubation period, fixation was accomplished
well-wise, after two-fold washing with 1ml PBS, by the treatment with 0.5ml of
3 % (w/v) paraformaldehyde (PFA; Roth, Karlsruhe, Germany) for 30 minutes. The
membrane-permeable fixative PFA covalently cross-links soluble proteins to the cytoskeleton
while concomitantly allowing the preservation of the chemical and structural status of each
cell as close to the living state as possible (Fox et al. 1985).

Thereafter, the cells of each well were washed again for 3 x 5 minutes with 1 ml PBS per step.
The PFA reactivity was quenched by the addition of 1 ml of 50 mM ammonium chloride (Roth,
Karlsruhe, Germany) per well for 30 minutes. After another 3 x 5 minutes washing with PBS,
each cover slip was mounted in 5 pl of Mowiol solution (Calbiochem®, Merck, Darmstadt,
Germany) on a glass microscopy slide (Roth, Karlsruhe, Germany).

Well plates were kept on a tilting shaker during all incubation and washing steps. Finally, all

samples were allowed to dry overnight in the dark before being stored at 4°C until analyzed.

Cytotoxicity of Rh-labeled peptide variants

Notably, Rhodamine-related toxicity was checked in control experiments by comparatively
treating CRC cells with either labeled or non-labeled peptide variants with concomitant
Pl-staining for dead cell determination. Resulting differences, if any, revealed Rh-labeled

peptides to exhibit a slightly reduced cytotoxic potency.

Imaging procedure

Each individual experiment was conducted independently at least twice using distinct freshly
cultured cell preparations. Analysis was performed on an Olympus DP71 fluorescence
microscope equipped with appropriate fluorescence and phase contrast objectives. Images
were taken by means of the cellSens Entry software provided by the supplier. Of note, after a
scheduled annual system maintenance procedure, the exposure times were required to be
adjusted for comparability between both cell lines. Manually adjusted exposure settings are

summarized by table 4.2.
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Motifs were chosen manually to be representative for the conducted experiment. Phase
contrast images were taken providing general information on count and morphology of the
cells. Additionally, fluorescence images of the same motif were recorded either through a
FITC/Cy2- or a Cy3-filter in order to visualize Sytox green- or Rh-staining, respectively. To
distinguish between any peptide effects in detail, images were taken using three distinct

objectives with internal magnification factors of 10x, 40x and 100x.

Table 4.2: Adjusted exposure time settings for fluorescence microscopy imaging of distinct CRC cells.
Adjustments were required after scheduled instrument maintenance between both experimental
series. Changed exposure time values are delineated by italics.

Exposure time /ms

Objective magnification Channel HROC24 cells HROC107 cells
10x Phase contrast 10 10
FITC channel 1000 500
Cy3 channel 150 50
40x Phase contrast 55 55
FITC channel 300 150
Cy3 channel 70 40
100x Phase contrast 350 350
FITC channel 50 50
Cy3 channel 10 35

4.2.5 Cell Surface Zeta Potential Measurements

In electrolytic media, the surface charge of a particle in suspension is compensated by counter
ions of opposite charge (see figure 4.1). An electrochemical double layer is formed by such
counter ions in the outer circumference of the particle. Within a first layer of counter ions,
termed Stern-layer, counter ions are associated firmly with the particle surface, while ions of
the second, so called diffuse layer, are attached much looser. By this, a gradual decrease of
counter ions can be observed. Upon application of an electric field, any charged particle moves
towards the electrode of opposite charge to the particle’s net-charge. This causes a partial
removal of ions in the diffuse layer, while Stern-layer ions move with the particle. The Zeta
potential reflects the electrostatic potential at the resulting surface of hydrodynamic shear
(slipping plane), and can be followed by measuring the electrophoretic mobility of the moving

particle. The slipping plane is defined as the interface between tightly particle-attached ions
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and the surrounding medium. The particle velocity is proportionally dependent on the applied

field strength and the Zeta potential (Kirby and Hasselbrink 2004).
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Figure 4.1: Zeta potential of a charged particle. Schematically depicted is a negatively charged particle
with associated layers of ions in the surrounding medium. Upon particle movement, e.g. in an electrical
field, ions outside of the slipping plane are sheared off by the hydrodynamic resistance. The Zeta
potential is defined as the potential at the surface of hydrodynamic shear.

Here, individual cells of the distinct human cell lines represented these charged particles, and
their Zeta potential was determined in a defined aqueous buffer. In a second approach, cells
were sequentially titrated with NK-2-derived peptides or melittin, and the measurement was
repeated to elucidate any peptide-induced changes.

For the purpose of sample preparation, cells were harvested using accutase cell detachment
solution. Washing was done twice with buffer B by consecutively dissolving the cells in buffer,
spinning down on a MiniSpin plus centrifuge (Eppendorf, Hamburg, Germany) at 800 x g for
5 minutes and discarding of the supernatant. Afterwards, the suspension was filtered through
TG 100 separation gauze with a pore size of 100 pm (Whatman, GE Healthcare, Uppsala,
Sweden). Subsequently, the cells were counted by means of the Countess automated cell

counter (Invitrogen, Life Technologies, Darmstadt, Germany), and finally, adjusted to a
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density of 1 x 10° cells/ml. Prior to the first Zeta potential determination, each sample was
further diluted in buffer B to 2 x 105 cells/ml.

Filtered and diluted cell samples (1000 pl) were titrated with increasing peptide concentrations
of 0.1, 0.3, 1, 3, 10, and 30 uM and the respective cell surface Zeta potential was determined at
25°C in thoroughly pre-washed and dried folded-capillary cuvettes equipped with gold
electrodes (DTS1070) on a Zetasizer Nano ZS (both from Malvern Instruments, Malvern,
United Kingdom). Equivalent volumes of 0.01 % TFA served as buffer control. For the purpose
of thermal equilibration, cuvette-deposited cell samples were incubated directly within the
instrument for 180 or 20 seconds prior to each first or follow-up measurement of a titration
series, respectively. The first measurement of each series was done using cell dilutions only,
i.e. without peptide addition.

Each individual experiment of a series comprised a six-fold repeated measurement cycle of
20 runs. In accordance with equation 6.4, software-based evaluation of the Zeta potential
(Zetasizer Software, Malvern Instruments, Malvern, United Kingdom) was done under the
assumption of a Smoluchowski approximation of the Henry’s equation;
i.e. f(ka) (Henry’s function) = 1.5, which is considered adequate for aqueous solutions or

suspensions of particles and moderate electrolyte concentrations:

7= 3 Ue N . He N

T 2-¢-f(ka) = T ¢ (6.4)

The electrophoretic mobility (u,) was determined by laser-Doppler velocimetry (M3-PALS

technique) under consideration of input parameters as summarized in table 4.3.

Table 4.3: Input parameters of the Zetasizer Nano ZS for determining Zeta potentials at 25°C.

Symbol Name Value Unit
Dielectric constant 78.3 AsViml=Fm?
n Solvent viscosity 0.8417 kemlst=Pas
RI Refractory index 1.331 -

Results are given as mean Zeta potentials with range from experiments performed
independently at least twice on separate days using different cell preparations. Of note, due
to the marked polydispersity of the analytes, average particle sizes and size distributions could

not be determined by the Zetasizer Nano ZS for any cell sample investigated.
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4.3 Liposome-Based Test Systems

4.3.1 Liposome Preparation Procedure

Each lipid was dissolved to 1 mM in chloroform:methanol (3:1 to 2:1) in a flat-bottom glass
vial. When required, dissolved lipids were mixed in the respective ratio. Lipid solutions were
dried under nitrogen streaming of the liquid surface. The generated lipid film was desiccated
overnight to remove traces of organic solvents. The film was rehydrated in appropriate
volumes of aqueous buffer A, containing 20 mM HEPES and 150 mM NaCl at pH 7.4, and
vortex-mixed for at least 2 minutes to yield multilamellar vesicles. Small unilamellar vesicles
were obtained by sonication for 1-3 minutes to clarity on a Branson Sonifier 250 (Branson
Ultrasonics, Danbury, CT, USA). To form large unilamellar vesicles the suspension was
subjected to three thermocycles by alternately placing it on ice and into a heated water bath
(60-65°C) for 30 minutes per step, followed by extruding the thermally treated vesicle solution
19-times through a polycarbonate filter membrane (0.1 um pore size; Nucleopore, GE
Healthcare, Uppsala, Sweden) by the aid of an Avanti® Mini-Extruder (Avanti Polar Lipids,

Alabaster, AL, USA). Liposome preparations were stored at 4°C in the dark until used.

4.3.2 Particle Size and Surface Zeta Potential Determination

Liposome stock solutions, prepared according to the standard procedure (see section 4.3.1),
were initially diluted in ultrapure water and/or buffer A to a total volume of 1000 ul in order
to adjust (i) the lipid concentration to ~50 uM, and (ii) the overall sample conductivity to 1.05
to 1.45 mS/cm. Diluted liposome samples were sequentially treated with increasing peptide
concentrations of 0.1,0.3,1, 3,10, and 30 uM. After each titration step, a particle size
measurement was performed, immediately succeeded by a Zeta potential determination. The
average particle size was assessed based on dynamic light scattering (DLS). Particles in
solution or suspension are persistently undergoing Brownian motion. As a consequence, time-
dependent fluctuations in the intensity of scattered light occur. Analytical interpretation of
these intensity fluctuations allows the determination of the diffusion coefficients of the
particles and the subsequent deduction of a size distribution (Nitzsche and Simon 1997).

Here again, all experiments were carried out on a Zetasizer Nano ZS with preset input para-
meters as defined in table 4.3, and were performed at 25°C in folded-capillary electrophoresis
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cuvettes. Prior to each first measurement, a given sample was incubated for 180 seconds within
the instrument for thermal equilibration. In between of the coupled size and Zeta potential
determinations, as well as after each titration step, the measurement was prefaced by another
20 seconds of incubation.

Results of liposomal size determinations are given as the average vesicle diameter calculated
as the arithmetic mean (z-average) with range from at least two independent preparations.
Each single measurement enclosed a 12-fold size determination and was automatically
assessed by the cumulant analysis tool provided by the manufacturer’s software. Of note, as a
quality marker, the polydispersity index (PDI) of each single measurement was monitored. In
the context of Zetasizer-based experiments, the PDI is a dimensionless correlative measure of
the distribution width for a recorded set of intensity signals, thus, particle sizes. By definition,
the PDI can range from 0 (ideal monodisperse, or uniform) to 1 (broad distribution of data,
without deducible correlation). Results associated with a PDI > 0.5 were excluded from further
analysis.

The Zeta potential measurements of liposome preparations, performed immediately
subsequent to each particle size determination, were done in analogy to the respective

measurements on eukaryotic cells with identical input parameter settings (see section 4.2.5).

4.3.3 Probe Dilution Forster Resonance Energy Transfer Experiments

A fluorescent probe dilution assay was performed in order to investigate peptide intercalation
into phospholipid liposomes by so called Forster Resonance Energy Transfer (FRET) spectro-
scopy. Upon excitation of a fluorophore (donor) the process of resonance energy transfer to
another molecule (acceptor) can occur if the emission spectrum of the former overlaps the
absorption spectrum of the latter (Forster 1948). The transfer takes place without the
appearance of an intermediate photon but by dipole-dipole interactions of the donor-acceptor
pair (FRET pair). Besides the relative orientation of donor and acceptor transition dipoles, the
efficiency of the transfer is dependent on the extent of the spectral overlap and, especially, on
the distance between donor and acceptor molecules. Here, NBD- (donor dye) and Rhodamine-
labeled (acceptor dye) labeled phosphatidylethanolamine (PE) served as a FRET pair.

Liposomes used were composed of either natural L-a-PC only, or a 90:10 mixture of L-a-PC

and -PS, or L-a-PS only. During liposome preparation, lipid-conjugated FRET pair dyes were
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introduced by the inclusion of 1mol-% each of NBD-PE and Rh-PE. The total lipid
concentration was 1 mM (see section 4.3.1). Preceding a measurement, liposome samples
diluted 1:100 in buffer A (10 uM) were equilibrated at 37°C in a thermostat (Haake F3; Thermo
Fisher Scientific, Braunschweig, Germany) for several minutes.

All FRET experiments were conducted at 37°C on a SPEX-III Fluorolog spectrofluorometer
with dual-channel detection (SPEX Industries, Edison, NJ, USA). Precision quartz cuvettes of
type 109.000F-QS (Hellma Analytics, Miillheim, Germany) with a 10 mm light path were used
for all FRET experiments. A miniature magnetic rod allowed continuous stirring of samples
within the measurement chamber of the Fluorolog instrument, which is equipped with an
appropriate rotating magnetic field. Donor-specific excitation was achieved at 470 nm with
tixed slit width of 1 mm. Initially, apertures of emission paths I and II for donor and acceptor
detection, respectively, were set manually to achieve ~200,000 counts per second. The
fluorescence intensities of donor (Ip) and acceptor (/) were followed simultaneously over time
at 531 nm and at 593 nm, respectively. After 50 seconds, a peptide sample was added from
100 uM stocks (in 0.01 % TFA) to reach final concentrations of either 0.2, 0.4, or 0.8 uM, and
the signal was continuously recorded for another 250 seconds. Negative controls were
measured after addition of 0.01 % TFA instead of peptide at a volume equivalent to a peptide
molarity 0.8 uM. All experiments were done at least in duplicates.

The equilibrium distribution of NBD- and Rh-coupled lipids throughout the liposomal
membrane results in a steady state-like signal according to the average donor-acceptor
distance. Upon addition and subsequent intercalation of peptide molecules, the mean distance
between the two fluorophore species increases. The resulting decrease in the average spatial
proximity of donor and acceptor dyes was followed as the ratio of their respective emission
intensities (Ip/I,). This ratio is termed “FRET signal” in the following.

For quantitative evaluation, the arithmetic mean of the experimentally achieved level of FRET
signal (Fgyp) was calculated as percent increase (%F) compared to the mean FRET signal

during the equilibration phase (F;) according to equation 6.5:

F;
%F = 100 - (%) (6.5)
0

Time frames of at least 30 seconds were included in the determination of the respective mean

values.
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4.3.4 Measurement of Intrinsic Tryptophan Fluorescence

Tryptophan (Trp) fluorescence experiments were conducted in order to characterize
peptide-membrane interactions in terms of peptide intercalation depth and, regarding NK-2,
also molecular orientation.

The aromatic amino acid tryptophan is a fluorophore whose wavelength at maximum
emission intensity is highly sensitive to changes in the polarity of its solvent surrounding.
Hence, tryptophan fluorescence can be used as a highly sensitive intrinsic hydrophobicity
probe. In case a distinct tryptophan-bearing part of a peptide is completely surrounded by an
aqueous phase, its emission intensity maximum typically occurs at a specific wavelength
around 350 nm. However, when the same tryptophan residue is located in a hydrophobic
environment, for example upon integration into the core of a phospholipid membrane, the
emission wavelength maximum of the fluorophore shifts to a lower value (see figure 4.2).
Therefore, this phenomenon is called blue shift and is well-established as a measure for the

degree of intercalation of tryptophan-bearing peptides into biomembranes (Lakowicz 2006,

pp- 529-576).

Fy Figure 4.2: Exemplary representation of a blue shift
- % 1.0 N phenomenon. Depicted are normalized fluorescence
gE emission spectra of the single-Trp peptide F14W in buffer
TEU g 0.5 (black) and subsequent to incubation with liposomes
ZB § ....-" made of natural phosphatidylserine (grey) recorded after

g ‘ excitation of the intrinsic tryptophan residue at 295 nm.

. 0 — 1 T T Upon membrane intercalation of the respective residue,

300 325 350 375 400

the wavelength at maximum emission intensity shifts to
Wavelength /nm lower values (blue shift) as indicated by the arrow.

Three distinct single-Trp variants of NK-2 as well as the natural single-Trp peptide melittin
served as test objects. The NK-2 derivatives are termed I2W, F14W, and G25W with amino
acid residue substitutions to tryptophan in close-to-amino-terminal (Ile-2), mid-structure
(Phe-14) and close-to-carboxy-terminal (Gly-25) positions, respectively (see figure 4.3). For
each measurement, stocks of each peptide (1 mM in 0.01% TFA) were freshly diluted in
buffer A to reach a final concentration of 250 uM. Preparation of extruded unilamellar
liposomes (1 mM) was performed according to the standard protocol (see section 4.3.1). Lipid
compositions were chosen to roughly mimic membranes of pathologically modified

(PC:PS = 80:20, 50:50, and PS only) and healthy eukaryotic cells (PC only).
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Figure 4.3: Three distinct single-Trp variants of parent peptide NK-2. The position of the introduced
tryptophan residue was indicated in red color for peptides 12W (A), F14W (B), and G25W (C),
respectively. The underlying ribbon model represents residues 39 to 65 of the originating NK-lysin
structure referring to the Protein Database record 1NKL (Liepinsh et al. 1997), and was created and
modified using Protein Workshop (Moreland et al. 2005).

Tryptophan fluorescence experiments were conducted in all-black, flat-bottomed 96-well
microtiter plates (Nunclon; Greiner Bio-One, Frickenhausen, Germany). Measurements were
performed at 37°C on a Tecan infinite M200pro fluorescence microtiter plate reader (Tecan,
Crailsheim, Germany) controlled by the provided Magellan® software. The bandwidth of the
excitation double monochromator was lower or equal to 5 nm, while the emission bandwidth
was fixed to 20 nm. The latter required the minimum difference between excitation and
emission wavelength to be > 25 nm.

The total volume per well was set to 100 ul comprising liposome pre-dilutions (87 ul), peptide
stock solutions (8 ul), and demineralized water (5 pl). Peptides were added from 250-uM-
stocks to liposomes pre-diluted in buffer A to yield final well concentrations of 20 uM and
300 uM, respectively, resulting in a peptide-to-lipid ratio of 1:15. After addition of all
components, the microtiter plates were shaken for 10 seconds and subsequently incubated at
37°C within the plate reader for 5 minutes. This shaking and incubation step was repeated
once Measurements were carried out after another shaking step and further 5 minutes of
incubating the plate.

Excitation was done at 280 nm and emission spectra were recorded from 310 to 400 nm at a
step width of 1 nm, averaging ten reads per data point (called “no. of flashes”).

Resulting raw data were corrected for the contribution of light scattering in the presence of
vesicles, i.e. blank reduction (spectra of liposomes in buffer served as blanks). Blank reduced
raw data were then exported and post-processed well-wise by MATLAB software (version
R2014a (8.3.0.532), MathWorks Inc., Natick, MA, USA) with a Savitzky-Golay smoothing
algorithm using a 24 order polynomial filter function and a filter window frame size of

21 nm (see appendix figure A.2). As a rule of thumb, for single-peak Gaussian-like spectrum
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data, smoothing frame size should be less than peak width at half maximum (Savitzky and
Golay 1964).

All experiments were done in duplicates and performed independently at least twice using
individually prepared liposomes and peptide dilutions. Smoothed spectra of each run were
used to extract the respective wavelengths at highest emission intensity. For the calculation of
the blue shift (BS), the mean value of all recorded wavelengths at maximum emission intensity

of a given peptide incubated in the presence of defined liposomes (4 ) was

max, peptideX, liposomeY

subtracted from the mean maximum wavelength of the respective peptide in buffer alone

(Amax, peptideX):
BSpeptidex, liposomeY = Amax, peptideX — Amax,peptideX, liposomeY (6.6)

The error of the blue shift (SBSpepti dex liposomeY) was calculated according to equation 6.7:

2 6.7)

2
R A )
BSpeptidex, liposomeY \/ )‘max,peptidex }‘max,peptidex,liposomeY

4.3.5 Potassium Iodide Fluorescence Quenching

Quenching in terms of fluorescence spectrometry generally describes the diminishing of
detectable fluorescence intensity due to various influences. When a fluorophore in the excited
state is deactivated upon contact with another molecule in solution, the occurrence is referred
to as collisional or dynamic quenching and the deactivating molecule is named a quencher.
Halogens, such as iodide (I7), as well as heavy atoms, acrylamide or oxygen may all act as
quenchers, yet the exact mechanism of interaction varies with the fluorophore-quencher pair.
The decrease in fluorescence intensity can occur due to electron transfer, spin-orbit coupling
or intersystem crossing to the triplet state between such pairs. This diffusion-dependent
molecular collision phenomenon is the most common type of quenching effect. Apart from
this, quenchers may form non-fluorescent complexes with fluorophores. This process is
frequently termed static quenching as it can already occur in the energetic ground state. Both,
dynamic as well as static quenching mechanisms require close spatial proximity between

quencher and fluorophore. The internal conversion of light absorbed by a fluorophore into
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vibrational and/or thermal energy can also decrease the intensity of emitted fluorescence.
Finally, some non-molecular effects such as high optical densities or changes in the system
temperature may cause signal quenching effects. (Lakowicz 2006, p. 11-18; Bu et al. 2004)

For the here-described assay, potassium iodide (KI) was deployed as a quencher well-soluble
in aqueous surroundings. In general, Kl-induced decreases in the fluorescence emission
intensity are reversible via removal of the quencher molecules. To avoid the risk of I> forma-
tion, which could interact e.g. with nonpolar membrane regions, sodium thiosulfate (Na25:0s)
was added as a reducing agent to the quencher stock solution (7 M KI, 3.5 mM Na25:0s,
pH 8.55). Of note, buffer A contains 150 mM NaCl, which is necessary in order to maintain a
constant ionic strength in the presence of I~ (Lakowicz 2006, p. 290).

In principle, liposomes of PC and PS at equal shares were prepared according to the procedure
given in section 4.3.1 with the following alterations: For the purpose of fluorescence labelling,
the lipid mixtures enclosed 1 mol-% NBD-PE (Molecular Probes, Eugene, OR, USA), and the
liposomes remained non-extruded subsequent to sonification and thermocycling. All
measurements were carried out in 101-QS precision quartz cuvettes (Hellma Analytics,
Miillheim, Germany) at 37°C on the SPEX-III Fluorolog spectrometer (SPEX industries, Edison,
NJ, USA). Excitation was done at 470 nm with the excitation path aperture fixed at 3 mm, while
the emission slit width was manually adjusted to set the starting intensity to approximately
200,000 counts per second. The samples were continuously stirred within the instrument as
described before.

At first, each sample contained a 1:100 dilution (in buffer A) of the liposome stock solution,
and its emission intensity was recorded for approximately 100 seconds until a stable signal
was reached. In a second step, the quencher solution was injected to yield final concentrations
of KI and Na25:0s of 800 mM and 0.4 mM, respectively. A decrease in fluorescence intensity
becomes detectable resulting from the iodide-induced quenching of fluorophore molecules in
the outer leaflet of the liposomal membranes. For the following 400 seconds, the system was
allowed to reach a steady state level (Iy). The residual fluorescence emission is caused by
NBD-groups in the liposomal inner membrane leaflet, where the fluorophores are inaccessible
for the membrane-impermeant quencher molecules. Hereafter, peptides were added from
stock solutions (1 mM in 0.01 % TFA) to yield a molar concentration of 3 uM (NK11) or

1 uM (all other peptides), and putative signal changes (Ipeptiqe) Were recorded for about
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100 seconds. In a last step, Triton X-100 was added to ensure complete membrane disinter-
gration and to achieve the level of maximum fluorescence quenching (/;¢).

In order to assess any buffer-related influences, reference spectra were recorded for each
experimental run after adding an equivalent amount of buffer A instead of quencher solution
to the liposome sample (Ipyfrer). In general, the arithmetic mean of steady-state fluorescence
emission intensities were used for evaluation. Equation 6.8 was used to determine the percent
quenching as the difference in the relative emission decreases induced by peptide addition or
control treatment (buffer). Final results were calculated as the mean with standard deviation
from three independent experiments conducted using a minimum of two individual liposomal

preparations in total.
% Quenching = % Kl-induced quenching — % Buffer-induced quenching

I — 1 ; Iy — 1
= % Quenching = o~ Tpeptide) ;oo Yo = Toutter) (6.8)
(IO - 1100) (10 - 1100)

4.3.6 Dye Release Test

Calcein is a membrane-impermeable fluorescent dye with well-defined excitation and
emission wavelength maxima at around 495nm and 515 nm, respectively. The exact
characteristics of calcein fluorescence are dependent on various conditions, e.g.buffer
composition, pH, and temperature. At high molar concentrations of =20 mM, the calcein
fluorescence emission intensity decreases due to collisional quenching mechanisms, i.e. self-
quenching (Horobin 2002, p. 249). The release of calcein from the internal volume of a liposome
leads to the dilution of the dye in the surrounding buffer. The resulting dequenching of the
fluorescence can be followed as the increase in the detected emission intensity.

In principle, liposomes made PC and PS at equal shares were prepared according to the
general procedure given in section 4.3.1. Modifications to the standard protocol were as
follows: Dried and desiccated lipid films were rehydrated in 288 ul of buffer IN including
5 mg, i.e. 28 mM, of calcein (Sigma-Aldrich, Steinheim, Germany) and 20 pl of 1 M NaOH, and
dissolved by thorough vortexing. After ultra-sonification to clarity and thermocycling
according to the standard protocol, another 262 ul of buffer IN were added, followed by

regular extrusion. For buffer exchange and separation of lipid vesicles from non-encapsulated
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calcein, extruded samples were applied to a PD MidiTrap G25 column (GE Healthcare,
Uppsala, Sweden) pre-equilibrated with buffer OUT. After sample application, elution was
done by the stepwise addition of buffer OUT and equivolume fraction collection in Eppendorf
cups. Fractions containing calcein-encapsulating liposomes in a close-to-calcein-free solvent
surrounding were identified by fraction-wise analysis of average particle diameters and Zeta
potentials as well as UV absorption measurements.

Calcein release tests were performed in half-micro UV cuvettes (VWR International,
Hannover, Germany) on an RF-5301 PC spectrofluorometer (Shimadzu Deutschland,
Duisburg, Germany) controlled by Panorama Fluorescence 2.1 software provided by the
manufacturer. The instrument uses a xenon lamp of 150 W as light source and a photo-
multiplier (R3788-02) for detecting fluorescence emission at right angle relative to the
excitation beam. Excitation and emission detection were done at 495 and 513 nm, respectively,
with bandwidths set to 3 nm.

Each sample enclosed liposomes diluted 1:200 in buffer OUT to a total volume of 1000 pl.
Signals were recorded at an interval of 1 measurement/second. At first, a baseline was
recorded for diluted liposomes only. After not less than 90 seconds, peptide solution was
added and distributed rapidly by repeated inversion of the parafilm-sealed cuvette. Peptides
were added from stocks (1 mM in 0.01% TFA) to adjust the final peptide concentration to either
0.3 uM or 3 uM (NK11 only). Subsequent changes in the calcein fluorescence were recorded
for up to 10 minutes before finally dissolving remaining lipid vesicles by the addition of 10 ul
of Triton X-100 from a buffer-diluted stock to set the detergent concentration to 0.2 %v/v.
Emission intensities recorded within 10 seconds after Triton addition were averaged and
represented the level of 100 % dye release (R1o¢), while the mean fluorescence emission within
the last 20 seconds prior to peptide application were considered to reflect the 0 % level of
calcein release (Ry). The percentage of calcein release (%R) was calculated according to

equation 6.9, as a quantitative measure for peptide-induced membrane permeabilization.

peptide — RO) (6.9)

R
%R=1OO-<R R
100 — Ko

Whereby Rpeptige Tepresents the mean fluorescence intensity over a period of at least

20 seconds after any peptide-induced signal change had reached a steady-state plateau.
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5 RESULTS

5.1 Peptide Characterization

5.1.1 Peptide Design

All NK-2-derived peptides used in the scope of this thesis have been designed based on
rational considerations, as stated above. This ensemble of structural NK-2 variants comprised
single- and multiple-residue substitution variants, as well as several shortened variants with
C-terminal, N-terminal and intrasequential omissions of (consecutive) residues. Also
combinations of substitutions and shortenings have been realized. In total, sequence lengths
varied between 10 to 27 amino acid residues.

The helical wheel plots given in figure 5.1 schematically depict cross sections of the amino acid
distribution within a presumed continuous a-helical conformation of peptide NK-2. In
addition, the specific sites and substituents of all single-residue modified variants as well as
exemplary alterations in shortened NK-2 derivatives are indicated.

Obviously, most single-residue modifications were realized within the predominantly
hydrophobic face of the helical cross section. Special emphasis laid on two distinct alterations
regarding positions 7 and 21. On the one hand, the single free thiolate group of Cys-7 is
anticipated to be prone to oxidation-related stability issues and putatively promotes peptide
dimerization. The replacement of this non-functional cysteine by either alanine (e.g. C7A),
leucine (C7L), or serine (e.g. C7S) could avoid such issues and concomitantly preserve the
degree of polarity of the hydrophobic helix face. On the other hand, the negative charge of
Asp-21 reduces the peptide’s cationic net charge, while it additionally contradicts the overall
amphipathic helix profile due to its anticipated localization within the hydrophobic cross-
sectional moiety. An exchange of Asp-21 to lysine (D21K) enhanced the net positive charge by
+2 to +12, while the alternative substitution to leucine (D21L) yielded a net charge of +11 and
enlarged the size of the peptide’s hydrophobic arc referring to the helical cross-section.
Following a similar rationale, another single residue alteration comprised the replacement of
the positive charge of either Arg-4 or Arg-17 by hydrophobic leucine (R4L, R17L). The
introduction of a single tryptophan residue at three distinct intramolecular positions of NK-2
(I2ZW, F14W, and G25W) enabled fluorescence spectrometry-based investigations on peptide-

membrane interactions. Moreover, changing the single methionine residue (Met-11) to leucine

55



Results

could avoid potential detrimental consequences of oxidation to methionine sulfoxide, and
concomitantly retains a similar hydrophobicity at this position. Variants like C7A-D21K and

C7A-M11L-D21K combine also multiple substitutions in their sequence.

* F14W D21 "z,
« ‘4
B « R17L
- D21K
- D21L

Figure 5.1: Helical wheel plots of peptide NK-2 and exemplified structural modifications. Symbol-
and color-coding is compliant with figure 2.5. Hydrophobic residues (diamonds) were coded green,
with pure green representing the most hydrophobic residue and the intensity of green decreasing
proportionally to the hydrophobicity. Hydrophilic non-charged residues (circles) are coded orange.
Glycine is coded in yellow reflecting the level of about zero hydrophobicity/hydrophilicity. Residues
being charged under physiological conditions were colored in light purple, with triangles and
pentagons reflecting acidic and basic residues, respectively. Moreover, in (A), the sites of amino acid
residue exchanges were marked by red-dotted double arrows for several single-substitution variants
of NK-2, each one named either according to the respective modification. Additionally,
(B) representatively depicts the omission of four consecutive residues from positions 18 to 21 (red
lines and circles). The underlying helical wheel plots were modified after creation with the web-based
calculation tool introduced before (web source, Armstrong and Zidovetzki 2015).

As a second class of sequence modifications, also distinct peptide shortenings were realized
by different means. In consideration of the parent structure of NK-2, such alterations basically
followed the premise to exert limited and defined impacts on the charge and hydrophobicity
patterns of the resulting sequence. A first approach was the deletion of four consecutive
residues at distinct positions (e.g. C7A-A, NK23a, NK23b, and C7S-A). By this approach, a
stretch of residues matching approximately the size of one helical turn (~3.6 residues) was
omitted, thus, a minimal disturbance of the overall amphipathic helix profile was expected.
Other shortened variants feature the deletion of one or more carboxy- and/or amino-terminal

residues. This is exemplified by derivative 110 representing the overlapping ten amino acid
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residues of variant C20, comprising the 20 C-terminal residues of NK-2, and N17, enclosing
the N-terminal 17 residues of variant C7S. Finally, also extensive shortenings of the parent
structure were realized by the omission of multiple helical turn segments. Peptide NK11, for
instance, misses overall four of such 4-residue-stretches, resulting in an amino acid sequence

of only eleven residues.

5.1.2 Sequence- and Structure-Inherent Peptide Properties

For all NK-2 variants a range of physicochemical properties was calculated by the aid of the
Profilegraph software tool. Assuming a physiological pH value, determined parameters
enclosed each peptide’s molecular net charge (@), mean hydrophobicity (H), as well as the
average and local maximum hydrophobic moments (uH). Moment calculations were initially
done over a sliding window of 7 amino acid residues. All determined values are summarized
in table 5.1 and displayed together with each peptide’s amino acid sequence, the total residue
count (n), the mean charge per residue (Q/n), as well as the ratio of hydrophobicity to
net (H/Q) and average residual charge (H/( Q/n)). All properties were additionally calculated
for each peptide’s amino- and carboxy-terminal sequence moieties. Correspondingly
determined values are tabulated in the supplemental to this thesis (appendix table A.2), while
a visual overview on all calculated results is given in the box plot representations of figure 5.2.
Out of this overall rather extensive information, without discussing each data set in detail,
several findings of general relevance could be emphasized. Of note, statements made in the
following primarily address NK-2 and its variants. Intentionally, the results for the
non-NK-2-related reference peptide melittin will be put into context subsequently.

As a first striking feature, the net charges of all NK-2-derived peptides varied markedly
from +6 to +12, well-reflecting both their generally polycationic, yet versatile charge-related
nature. Moreover, an about equivalent contribution of the N- and C-terminal sequence parts
to the overall peptide’s net charge could be deduced. Furthermore, fluctuations of the net
charge correlated roughly with the length of the amino acid sequence (n), which could be
demonstrated for the complete sequence itself as well as for the N- and C-terminal moieties.
Consequently, the average portion of net charge per residue, Q /n, was found to span a quite
consistent range of values in all sequence parts, and ranged between a minimum and

maximum of +0.23 and +0.63, respectively.
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Figure 5.2: Value distribution of calculated peptide properties. All parameters were calculated
assuming a physiological pH and under consideration of Eisenberg’s Normalized Consensus scale. The
box plot representations display the distribution of each set of parameters determined over the full
sequence length (black lines), as well as separately for amino-terminal (blue lines) and carboxy-
terminal (red lines) segments. The top and bottom horizontal lines of each box frame reflect the upper
and lower quartiles of the distributions, respectively. The median is delineated by an additional
horizontal line and the arithmetic mean is represented by a black open diamond symbol. Bars span
maximum and minimum values, respectively.

According to the underlying Normalized Consensus scale, the mean hydrophobicity (H) of an
arbitrary sequence of amino acid residues could theoretically adopt values from —2.53
(arginine) to +1.38 (isoleucine). For the investigated set of peptides, H values were found to
vary between —0.64 (I10) up to the highest full-sequence average of —0.12 (NK-2-KKK),
reflecting an overall rather intermediate to low mean hydrophobicity. In despite, individual
contributions from terminal segments were more versatile, ranging from —0.87 for the
N-terminal part of peptide NK11 to +0.07 for the C-terminal sequence of R17L. Regardless of
this versatility, extrema in one moiety are in many cases apparently balanced out by the
complementary segment leading to comparably narrow distributions of the overall H/Q and
H/(Q/n) values. The strong linear interdependency of H and Q/n, substantiated by figure 5.3,
is a consequence of the rationale-based design of the NK-2 derivatives in the course of which
the proportion between charged and hydrophobic residues was intentionally kept in balance.
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Figure 5.3: Linear interdependency of the peptide hydrophobicity and the mean charge per residue .
The average hydrophobicity (H) and the mean charge per amino acid residue (Q /n) were calculated
for each peptide’s full length sequence (B) as well as individually for the N-terminal (A) and C-terminal
(C) segments. The proportionality of both parameters is reflected by linear fittings.

As a measure of the amphipathicity in a presumed a-helical peptide conformation, hydro-
phobic moments (uH) were initially calculated considering complete peptide sequences only.
This was done because the 7-residue sliding window underlying the respective calculations is
not appropriately applicable if windows overlapping both terminal moieties would have been
skipped in the first place. Nevertheless, hydrophobic moments were averaged (tHpean) also
for notionally separated amino- and carboxy-terminal segments. A detailed overview on the
calculated moments is given in table 5.2.

Overall, the full-sequence puHean values ranged from 0.56 to 0.94, which basically pointed at
a pronounced amphiphilic character of the peptides in general. This tendency is underpinned
by the observed local maximum hydrophobic moments (1Hy,x), identifying the stretch of two
consecutive helical turns of highest amphipathicity. Even variant NK11, the peptide of lowest
average hydrophobic moment (Hyean (NK11) = 0.56), possesses a 7-residue window of mark-
ed amphipathicity with uH,,x of 0.85. In total, uH,,x adopted values between 0.85 (NK11) and
1.26 (NK19b-KR). However, 29 peptides featured a puHp,x between 1.03 and 1.08, with a
remarkable 22-fold occurrence of a maximum value of 1.06 in 20 different peptides. Of note,
variants M11L and C7A-M11L-D21K were the only peptides with two windows of identical
maximum amphipathicity, with a consistent localization at positions 13 and 17 (of 27). The
abundance of this repeatedly found maximum hydrophobic moment value could be primarily
assigned to the amino acid motif FLRRISK. This composition is a strongly amphipathic pair-
wise combination of hydrophobic (phenylalanine, leucine, isoleucine) and charged (arginine,
lysine) residues, and obviously highly conserved within the set of NK-2 derivatives. With

regard to the double-maximum derivatives mentioned above, the methionine-to-leucine ex-
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change at position 11 apparently yielded another stretch of similar amphipathicity (ILRTFLR).
Yet, apart from the overall high average amphipathicity, a remarkable gradual decline in the
hydrophobic moment was observed between the mid-structural part and the C-terminus for
most peptide variants. The minimum hydrophobic moments (uHy,i,) were frequently found
to be as low as about 0.24, and were predominantly associated with the rightmost calculation
windows. It could be inferred from the amino acid sequence of the corresponding windows
that this minimum amphipathicity is mainly caused by the stretch of four adjacent
non-charged residues ILTG spanning more than one helical turn (~3.6 residues). By contrast,
the N-terminal peptide moieties basically feature a rather even distribution of high
amphipathicity. An exception to this tendency is observed only with variants R4L and
C7A-K8L-D21K, where the exchange of a basic residue (Arg-4 and Lys-8, respectively) to
hydrophobic leucine again yielded non-charged 4-residue segments obviously perturbing the
amphipathicity in the surrounding region.

Expectedly, the analysis of the non-NK-2-related reference peptide melittin led to an entirely
divergent set of values. Exemplarily, in direct comparison to NK-2 (+0.37), melittin possesses
a markedly reduced Q/n ratio of +0.23, as it is similarly large (26 versus 27 residues), but has
a lower net charge of +6 instead of +10. Besides, four of melittin’s five positively charged
amino acid residues are clustered at positions 21 to 24, which is in close proximity to the
additionally amidated C-terminus. Consequently, the amino-terminal peptide segment
featured a strong mean hydrophobicity of +0.55 and a H/(Q/n) ratio of +7.18. Among all
investigated peptides, melittin’s amino acid sequence was the only one with a positive average
hydrophobicity H of +0.10. Moreover, the determined mean and maximum hydrophobic
moments of melittin were comparably low adopting values of 0.43 and 0.80, respectively.
Altogether, the conclusions drawn from the conducted software-assisted peptide property
determinations underpin the apparent use of the applied set of NK-2 variants in order to study
differential effects of distinct structural modifications. The substantially divergent features of
melittin make this peptide a worthy reference to NK-2-derived sequences. Overall, the inter-
pretation of these calculated, purely sequence- and structure-inherent properties is thought to
be of special value when being brought into context with functional data from empirical bio-
logical and non-biological experiments. In the following chapters, the outcome of
corresponding cell- and liposome-based investigations will be separately presented, before

selected cross-correlations are discussed in a separate result chapter (see section 5.10).
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Table 5.1: Overview on peptide sequences and structure-related peptide properties. Computer-assisted calculations were done with the Profilegraph software
based on the Normalized Consensus hydrophobicity scale introduced by Eisenberg et al. (1984) for peptides NK-2 and 33 derivatives thereof, as well as the
reference peptide melittin. Peptides are sorted in the order of decreasing sequence length (n), and accordingly assigned a numerical identifier (ID). Referring to
the sequence of NK-2, residue changes are indicated by bold type letters, while hyphens represent omissions. All peptides, except C7S-OH, were synthesized with
amidated C-termini. Determined parameters enclosed each peptide’s net charge (Q) and average charge per residue (Q/n) at physiological pH, the mean
hydrophobicity (H), as well as the average (index: mean) and local maximum (index: max) hydrophobic moments (uH). The moments were initially calculated
over a sliding window of 7 residues. Finally, the proportions of hydrophobicity to net (H/Q) and average residual charge (H/(Q/n)) were determined. Background
grey-scale coding delineates single-substitution (IDs 2-13), multiple-substitution (IDs 14-16), and deletion (IDs 17-34) variants of parent peptide NK-2 (ID 1).

ID Peptide Amino acid sequence n Q Q/n H H/Q H/(Q/n) puHypean  UHpax UH iy
1 NK-2 KILRGVCKKIMRTFLRRISKDILTGKK 27 +10 +0.37 -0.28 -0.028 -0.74 0.79 1.06 0.24
2 12W KWLRGVCKKIMRTFLRRISKDILTGKK 27 +10 +0.37 -0.30 -0.030 -0.80 0.78 1.06 0.24
3  R4L KILLGVCKKIMRTFLRRISKDILTGKK 27 +9 +0.33 -0.14 -0.016 -0.43 0.72 1.06 0.24
4 C7A KILRGVAKKIMRTFLRRISKDILTGKK 27 +10 +0.37 -0.26 -0.026 -0.71 0.79 1.06 0.24
5 C7L KILRGVLKKIMRTFLRRISKDILTGKK 27 +10 +0.37 -0.25 -0.025 -0.67 0.80 1.06 0.24
6 C7S KILRGVSKKIMRTFLRRISKDILTGKK 27 +10 +0.37 -0.29 -0.029 -0.79 0.78 1.06 0.24
7 C7S-OH KILRGVSKKIMRTFLRRISKDILTGKK-OH 27 +9 +0.33 -0.28 -0.031 -0.84 0.78 1.06 0.24
8 M1iL KILRGVCKKILRTFLRRISKDILTGKK 27 +10 +0.37 -0.26 -0.026 -0.70 0.80 1.06 0.24
9 F14wW KILRGVCKKIMRTWLRRISKDILTGKK 27 +10 +0.37 -0.29 -0.029 -0.78 0.77 1.03 0.24
10 R17L KILRGVCKKIMRTFLRLISKDILTGKK 27 +9 +0.33 -0.14 -0.016 -0.43 0.74 1.06 0.24
11 D21K KILRGVCKKIMRTFLRRISKKILTGKK 27 +12 +0.44 -0.30 -0.025 -0.67 0.80 1.06 0.25
12 D21L KILRGVCKKIMRTFLRRISKLILTGKK 27 +11 +0.41 -0.20 -0.018 -0.50 0.79 1.07 0.35
13  G25W KILRGVCKKIMRTFLRRISKDILTWKK 27 +10 +0.37 -0.26 -0.026 -0.71 0.80 1.06 0.28
14 C7A-D21K KILRGVAKKIMRTFLRRISKKILTGKK 27 +12 +0.44 -0.29 -0.024 -0.64 0.80 1.06 0.25
15 C7A-K8L-D21K KILRGVALKIMRTFLRRISKKILTGKK 27 +12 +0.44 -0.19 -0.016 -0.43 0.71 1.06 0.25
16 C7A-M11L-D21K KILRGVAKKILRTFLRRISKKILTGKK 27 +12 +0.44 -0.27 -0.023 -0.61 0.81 1.06 0.25
17 NK-2-K —ILRGVCKKIMRTFLRRISKDILTGKK 26 +9 +0.35 -0.23 -0.025 -0.66 0.79 1.06 0.24
18 NK-2-KK KILRGVCKKIMRTFLRRISKDILTG-— 25 +8 +0.32 -0.18 -0.022 -0.56 0.85 1.06 0.44
19 NK-2-KKK —ILRGVCKKIMRTFLRRISKDILTG-— 24 +7 +0.29 -0.12 -0.018 -0.42 0.84 1.06 0.44
20 C7A-A KILRGVAKKIMRTFLRR----TILTGKK 23 +10 +0.43 -0.26 -0.026 -0.59 0.81 1.03 0.32
21 L3K-C7A-F14K-A KIKRGVAKKIMRTKLRR----ILTGKK 23 +12 +0.52 -0.49 -0.040 -0.93 0.68 0.98 0.32
22 NK23a KI----SKKIMRTFLRRISKDILTGKK 23 +9 +0.39 -0.35 -0.039 -0.89 0.79 1.06 0.24
23 NK23b KILRGVSKKIM----RRISKDILTGKK 23 +9 +0.39 -0.33 -0.037 -0.84 0.76 1.08 0.24
24 NK23c (C7S-A) KILRGVSKKIMRTFLRR----ILTGKK 23 +10 +0.43 -0.29 -0.029 -0.67 0.80 1.03 0.32
25 c20 @ 0o——————- KKIMRTFLRRISKDILTGKK 20 +8 +0.40 -0.39 -0.048 -0.96 0.79 1.06 0.24
26 C20-DK -——————- KKIMRTFLRRISKKILTGKK 20 +10 +0.50 -0.42 -0.042 -0.83 0.80 1.06 0.25
27 NK19a KI----SKKIMRTFLRR----ILTGKK 19 +9 +0.47 -0.36 -0.040 -0.76 0.82 1.03 0.32
28 NK19b KILRGVSKKIM----RR----ILTGKK 19 +8 +0.42 -0.34 -0.042 -0.80 0.77 1.08 0.32
29 NK19b-KR RILRGVSRRIM----RR----ILTGRR 19 +8 +0.42 -0.61 -0.076 -1.44 0.86 1.26 0.28
30 N17 KILRGVSKKIMRTFLRR —————————— 17 +8 +0.47 -0.39 -0.048 -0.82 0.84 1.03 0.48
31 NK15 KILRGVSK-—---—--R———— ILTGKK 15 +7 +0.47 -0.29 -0.042 -0.62 0.63 0.93 0.32
32 NK13 KI————SKKIMRTFLRR —————————— 13 +7 +0.54 -0.51 -0.073 -0.95 0.89 1.03 0.75
33  NK11 KI====i=cssss=cRem=s ILTGKK 11 +6 +0.55 -0.41 -0.068 -0.74 0.56 0.85 0.32
34 110 00 0—-—————- KKIMRTFLRR —————————— 10 +6 +0.60 -0.64 -0.106 -1.06 0.94 1.03 0.85
35 Melittin* GIGAVLKVLTTGLPALISWIKRKRQQ 26 +6 +0.23 +0.10 +0.017 +0.44 0.43 0.80 0.25

* reference peptide (not derived from NK-2)
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Table 5.2: Average hydrophobic moment (Hmean) per 7-residue calculation window. Hydrophobic moments were determined for all peptides as the mean over
each stretch of 7 consecutive amino acid residues based on the Normalized Consensus scale. The terminal three windows remained unconsidered (cut or greyed)
due to the undefined pre- and post-terminal environment. A color gradient is applied to rate the relative magnitude of each segments moment with pure blue
and pure red representing the level of lowest and highest uH, respectively. A thick vertical line virtually separates N- from C-terminal segments of each peptide,
while both minimum and maximum values are highlighted in bold type.

ID Peptide UH hean per 7-residue window

1 NK-2 0.87 091 0.69 0.76 052 094 0.87 1.00 0.85 1.03]0.88 0.99 0.85  1.06 097 1.03 0.86 0.54 0.44 0.27 0.24
2 12w 0.80 0.84 0.69 0.76 052 094 0.87 100 0.85 1.03]0.88 099 0.8 1.06 0.97 1.03 086 0.54 044 0.27 0.24
3 R4L 042 043 045 047 052 094 087 100 0.85 1.03]0.88 099 0.85 1.06 097 1.03 086 054 044 0.27 0.24
4 C7A 0.86 090 0.70 0.77 055 0.98 091 1.00 0.85 1.03]0.88 0.99 0.85  1.06 097 1.03 0.86 0.54 0.44 0.27 0.24
5 CiL 0.85 0.88 0.72 0.78 0.60 ' 1.03 096 1.00 0.85 1.03]0.88 0.99 0.85 1.06 097 1.03 0.86 0.54 0.44 0.27 0.24
6 C7S 0.88 093 068 075 048 0.89 0.82 100 0.85 1.03]0.88 099 0.85 1.06 0.97 1.03 086 054 044 0.27 0.24
7 C7S-OH 0.88 093 068 0.75 048 0.89 0.82 1.00 0.85 1.03]0.88 0.99 0.85  1.06 097 103 0.86 0.54 0.44 0.27 0.24
8 M11L 0.87 091 069 0.76 053 095 0.89 1.02 0.89 1.06] 094 0.99 0.85  1.06 097 1.03 0.86 0.54 0.44 0.27 0.24
9 Fl4w 0.87 091 0.69 0.76 052 094 087 095 080 097]0.84 095 0.82 1.03 0.97 1.03 086 0.54 044 0.27 0.24
10 R17L 0.87 091 0.69 0.76 052 094 0.87 100 0.85 1.03] 095 1.06 078 094 0.73 0.80 042 0.54 044 0.27 0.24
11 D21K 0.87 091 069 0.76 052 094 0.87 100 0.8 1.03]0.88 0.99 0.85  1.06 098 104 090 0.57 0.48 0.30 0.25
12 D21L 0.87 091 0.69 0.76 052 094 0.87 100 085 1.03]0.88 099 0.85 106 1.00 1.07 0.76 054 040 0.35 0.38
13 G25W 0.87 091 0.69 0.76 052 094 087 100 0.85 1.03]0.88 099 0.85 1.06 0.97 1.03 0.86 054 045 0.30 0.28
14 C7A-D21K 0.86 090 0.70 0.77 055 098 091 100 0.8 1.03]0.88 0.99 0.85 1.06 0.98 104 090 0.57 0.48 0.30 0.25

15  C7A-K8L-D21K 0.86 057 033 040 034 0.74 072 080 085 1.03] 088 099 085 1.06 098 1.04 090 05/ 048 030 0.25
16 C/A-M11L-D21K | 0.86 090 070 0.77 056 [099 093 | 1.02 089 [ 1.06] 094 099 085 [1.06. 098 104 090 05/ 048 030 0.25

17  NK-2-K 091 069 0.76 0.52 0.94 0.87 1.00 0.85 | 1.03 0.88 | 0.99 0.85 '1.06 0.97 1.03 0.86 0.54 0.44 0.27 0.24
18  NK-2-KK 087 091 069 0.76 0.52 094 0.87 1.00 0.85| 1.03 0.88 0.99 0.85 1.06 0097 [1.03 086 0.54 0.44
19 NK-2-KKK 091 0.69 0.76 0.52 0.94 0.87 1.00 0.85 1.03 | 0.88 0.99 0.85 [1.06 0.97 1.03 0.86 054 0.44

20 C7A-A 0.86 090 070 0.77 0.55 0.98 0.91 1.00 | 0.85 [1.03 0.88 099 0.88 0.88 0.83 0.49 0.32

21 L3K-C7A-F14K-A 0.73 0.79 045 0.77 0.55 [0.98 0.91 063|048 0.65 063 0.72 082 0.82 0.83 0.49 0.32

22 NK23a 0.75 0.92 0.82 ' 1.00 0.85 1.03 0.88 0.99 | 0.85 [1.06 0.97 1.03 086 0.54 0.44 0.27 0.24

23 NK23b 0.88 093 068 0.75 0.48 0.89 0.86 | 1.08 | 1.01 1.03 092 103 0.86 0.54 0.44 0.27 0.24

24 NK23c (C75-A) 0.88 093 068 0.75 0.48 0.89 0.82 1.00 ]| 0.85 [1.03 0.88 0.99 0.88 0.88 0.83 0.49 0.32

25 (€20 1.00 0.85 ' 1.03 0.88 0.99 0.85 1.06 | 0.97 1.03 0.86 0.54 0.44 0.27 0.24

26 C20-DK 1.00 0.85 [ 1.03 0.88 0.99 0.85 [ 1.06 | 0.98 1.04 0.90 0.57 0.48 0.30 0.25

27 NK19a 075 092 082 1.00 085 1.03]|0.88 0.99 0.88 0.88 0.83 0.49 0.32

28 NK19b 0.88 0.93 0.68 0.75 048 0.89 | 0.86 | 1.08 1.05 0.85 0.77 0.49 0.32

29  NK19b-KR 0.99 1.06 0.80 0.87 0.66 | 1.08| 1.04 j260 1.19 0.85 0.77 0.35 0.28

30 N17 | 0.88 0.93 068 0.75 0.48 | 0.89 0.82 1.00 0.85 [ 1.03 0.88 [

31 NK15 | 0.88 0.93 066 0.72 | 056 063 0.58 039 0.32 [

32 NK13 | 0.75 092 0.82 | 1.00 0.85 [ 1.03 0.88 |

33 NK11 0.85 0.65 | 0.58 0.39 0.32 [

34 110 1.00 0.85 | 1.03 0.88 |

35 Melittin 049 0.47 046 052 0.56 047 052 0.29 0.25 0.26 | 0.30 032 0.29 035 0.50 0.80 0.59 0.32_ 0.42 0.36
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5.2 Cell Type-Specific Membrane Surface Characteristics

Prior to investigations on cellular interactions with peptides, crucial surface properties of each
cell type were characterized by different approaches. Flow cytometry analysis was applied to
identify potential specificities in the cell-specific surface PS exposure. In addition, the average
Zeta potential of each cell type was determined as a comparative measure of the overall
accessible surface charge.

The level of cell surface-exposed PS was determined for five cell lines including two directly
patient-derived CRC cells. Annexin V binds to PS with high affinity and selectivity, and
FITC-labeling of annexin V enabled quantitative flow cytometric analysis. Dead cell exclusion
was accomplished by propidium iodide (PI) staining.

Figure 5.4 representatively depicts the outcome of a flow cytometric investigation of unstained
(non-filled histograms) and FITC-annexin V-stained (grey-filled histograms) CRC cells. In
principle, the geometric mean fluorescence intensities (MFI) of both groups were used to
calculate a respective quotient for each cell type. This signal ratio of stained versus unstained
cells served as a measure to compare the relative levels of surface-exposed PS. Detailed results

for all cell types are given in figure 5.5.
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Figure 5.4: Representative results of the flow cytometric assessment of the surface PS levels on CRC
cells. Depicted are exemplary overlay histograms of the FL1 (FITC-annexin V) fluorescence signals of
annexin V-stained (grey) and unstained control (white) cells of type HROC24 (A), HROC107 (B), and
HCT116 (C). The respective quotient of geometric mean fluorescence intensity (MFI) was calculated
for all cell lines tested and served as a marker for the corresponding level of surface-exposed PS. Pre-
gating of the Pl-negative population enabled the exclusion of signals from dead cells a priori. Gates
were set manually and kept constant for all experiments and reproductions analyzing a given cell type.
Software-based evaluation was done using Flowing Software 2.5.1 (Turku University, Finland).
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Figure 5.5: Surface exposure of PS on various cell lines as assessed by flow cytometry analysis after
FITC-annexin V-staining. The surface levels of PS were determined as the quotient of the geometric
mean fluorescence intensity (MFI) of FITC-annexin V-stained versus unstained control cells for each
cell line. The column plot in (A) depicts the absolute quotient, while quantities in (B) are expressed in
relation to HROC107 cells, which showed the lowest exposure levels of PS among the involved cancer
cells (B). Results are given as arithmetic means with standard deviations from at least three indepen-
dently conducted experiments.

Generally speaking, the levels of cell surface-exposed PS were found to vary remarkably
among the investigated set of cells, and the cell types were accordingly classified. HROC107
cells exposed PS on their surface at a level as low as that of non-cancerous HaCaT cells. Both
cell types will be addressed as poorly PS-exposing, or ‘low-PS’, cells in the following. In sharp
contrast to this, HROC24, HCT116 as well as PC-3 cells reproducibly demonstrated to possess
2.0- to 2.6-fold higher MFI quotients, thus surface PS levels. Hence, the latter three human

cancer cell types could be attributed to be highly PS-exposing, or ‘high-PS’ cells.
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Figure 5.6: Cell surface Zeta potentials of all cell lines under investigation. The Zeta potentials were
determined at 25°C for samples of 200,000 cells/mL in 40 mM HEPES buffer (pH 7.4). All
measurements were carried out on a Zetasizer Nano ZS with input parameters as defined in table 4.3.
Data represent mean values with standard deviations of at least three independent cell preparations.
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Intriguingly, as can be deduced from figure 5.6, the average Zeta potentials of the investigated
cell types did not show significant differences ranging from about -20.3 mV (HROC107)
to -21.4 mV (PC-3). This observation stood in striking contrast to the marked differences in the
PS exposure. Apparently, the abundance of the anionic phospholipid did not govern the
overall level of surface charge of a given cell type. Apart from this, the uniformity in the
cellular Zeta potential happened to be favorable in terms of directly comparing the effects

upon titration with peptides.

5.3 Peptide Cytotoxicity

Two distinct cellular test systems were deployed to scrutinize peptide-induced effects on
cultivated human cells by MTT-based metabolic activity tests.

Firstly, the same set of 35 peptides, for which the software-assisted property characterization
was performed (see section 5.1), was assessed in terms of peptide-specific activities against
two model cell lines, including the PC-3 prostate cancer cell line as well as attributably healthy
HaCaT human keratinocytes. Here, the main focus was put on gathering comprehensive
quantitative cytotoxicity data in order to subsequently enable a detailed view on
structure-activity relationships.

Secondly, the cytotoxic potentials of six selected peptides, including NK-2, four derivatives
thereof, and melittin, were tested against three distinct CRC cell lines, enclosing
patient-derived HROC24 and HROC107 cells, as well as the commercially available colon
cancer model cell line HCT116. Inferring from the above-described cell type-specific
characteristics, this model system appeared to have good prospect in providing further details
on the hypothesized PS-related peptide activity.

Of note, for both approaches, the corresponding cytotoxicity assays were conducted using two
distinct buffer conditions, ie. (i) PBS/medium as well as (ii) complete medium.
(see also section 2.1.2.4). Adding to this, particular variations of both buffer systems were

additionally tested for their basic influence on the cytotoxic potential of certain peptides.
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5.3.1 Comprehensive Investigations on the Cytotoxicity of NK-2-Derived Peptides
against PC-3 and HaCaT Cells

Figure 5.7 exemplarily depicts representative results from MTT assays performed under
PBS/medium and complete medium conditions after treating human prostate cancer (PC-3)
cells with various concentrations of peptide NK-2 and selected derivatives thereof. In general,
the individual peptide effects, indirectly measured as the residual metabolic activity of vital
cells, were found to be strongly dependent on the respective peptide molarity. For instance,
under PBS assay conditions (figure 5.7A), the parent peptide NK-2 did not markedly reduce
the PC-3 metabolic activity at concentrations lower or equal to 0.3 uM. With increasing peptide
molarity a gradual decrease of the residual cell viability was observed, finally dropping to 0 %
survival at molarities > 30 uM. In comparison, derivatives C7A-D21K and C7S-A showed a

very similar order of effectiveness, yet having a slightly steeper or flatter slope, respectively.
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Figure 5.7: Exemplary MTT results illustrating the concentration- and buffer-dependent in vitro cyto-
toxicity of selected NK-2 variants against PC-3 prostate cancer cells. Cytotoxicity assays based on the
conversion of yellowish MTT into purple formazan by viable cells were conducted at 37°C under
PBS/medium conditions (A) as well as in complete medium (B). Representatively chosen data depict
the outcome after a 4 h treatment of equal counts of PC-3 cells with indicated concentrations of pep-
tides NK-2 (black circles), C7A-D21K (green circles), and C7S-A (violet triangles). Peptides were
administered from stocks, and buffer toxicity was ruled out through incubation with equivalent
volumes of the dissolvent,i.e.0.01 % TFA (light grey crosses). Positive and negative control
experiments were included in each run by incubating cells in buffer/medium alone (100 %) or under
addition of 5 % Triton X-100 (0 %), respectively. Each data point was calculated as the mean residual
cell viability (%) with standard deviation (error bars).

As opposed to this similarity, strongly differential activities were observed for the very same

peptides when the assay was conducted in complete cell culture medium while keeping all
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other conditions constant (figure 5.7B). Here, peptides NK-2 and C7S-A remained void of
detectable activity up to concentrations of 30 and 10 uM, respectively, whereas C7A-D21K
almost completely maintained its effectiveness.

Apparently, the investigated peptide molarity range was appropriate to cover a broad
spectrum of activity, hence, to differentially assess the degree of cytotoxicity exhibited by
distinct peptide concentrations. In general, the molar peptide concentration at which the
metabolic activity of peptide-treated cells becomes diminished by 50 % is defined as the
ICs0 value. For the already introduced pool of 35 peptides, corresponding values were
determined from sigmoidal fittings of experimental titration curves as given in table 5.3.

A color-code was applied in order to visually categorize the extensive ICso data, and to
facilitate the comparative interpretation. ICs values of <2.5 uM were classified as most
cytotoxic and coded in pure green. In despite, values of > 100 uM were highlighted in red, and
considered to represent peptide ineffectiveness. Gradual differences in between of these two
extremes were illustrated by attributing specific color nuances to distinct peptide activity
levels, which is defined in details in the color key accompanying the result table. From the
given overview of cytotoxicity data, several general tendencies emerged and should be
emphasized in the following.

First of all, it could be stated that PBS conditions allowed many peptides to exert potent
cytotoxicity in general. Among all 35 employed peptides, 19 NK-2-related peptides as well as
melittin were found to kill PC-3 prostate cancer cells with ICs0 values below 5 pM. In this
scope, peptides C7A-D21K and C7A-M11L-D21K demonstrated to be the most potent NK-2
variants against cancer cells with mean ICso values of 2.1 and 1.7 uM, respectively.

As another striking aspect, a marked decrease in the cytotoxic activity was observed for the
majority of NK-2-derived peptides when conducting the MTT test in complete medium
instead of PBS/medium conditions. Especially the parent peptide NK-2, as is also deducible
from the above-given exemplary data, underwent an outright inactivation in full medium by
factors of around 10- and 20-fold against HaCaT and PC-3 cells, respectively. Likewise, and
regardless of the cell line treated, most NK-2 derivatives were inactivated in medium, too. In
terms of the intended potential future application of NK-2 in cancer therapy, at a first glance,

this observation basically impeded and questioned its therapeutic perspectives.
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Table 5.3: Cytotoxicity of NK-2-derived peptides and melittin against PC-3 and HaCaT cells. Metabolic
activity tests based on the conversion of MTT by viable cells were conducted in both PBS/medium and

in complete medium conditions. Given data represent mean ICso values (LM) with standard deviations.
ICso values were derived from sigmoidal fitting curves after incubation of cells (4 h) with distinct
peptides at molarities from 0.1 to 100 uM. In case fitting was unsuccessful, values were estimated (=),

or classified as being considerably larger than 100 uM (>> 100). Cells incubated in PBS/medium or

complete medium served as positive controls, whereas negative control was accounted for by treating

cells with 5 % Triton X-100 dissolved in the respective buffer. A color-coding was applied to categorize

the obtained ICso values from highly cytotoxic (green) to ineffective (red) (see color key, in uM). Of
note, peptides inactive in favorable PBS/medium conditions were excluded from MTT experiments in
complete medium (i.e. not done).

ID Peptide n PC-3 | HaCaT
PBS/medium Medium | PBS/medium Medium

1 NK-2 27 ‘ g7+0.8 [N

2 12w 27 6.6+1.5 =35

3 R4L 27 7007 | =80

4 C7A 27 72+12 17.7+1.6

5 CIL 27 10404

6 C7s 27 11.4+13 | =90 |

7 C7S-OH 27 11.5+1.4 37+6

8 M11L 27 76%+1.0

9 F14W 27 10.6+1.3 -

10 R17L 27 6.7+1.5 =70

11 D21K 27 3.6+0.2 =50

12 D21L 27 149+0.6 47+1.7 =30

13 G25W 27 =30 6.1+0.6 =35

14 C7A-D21K 27 3 1.3 31+03 129*16

15 C7A-K8L-D21K 27 10.4+04

16 C7A-M11L-D21K 27 . 16.4+0.6

17 NK-2-K 26 -

18 NK-2-KK 25

19 NK-2-KKK 24

20 C7A-A 23 59+0.6 12.8+0.6

21 L3K-C7A-F14K-A 23 not done not done

22 NK23a 23

23 NK23b 23

24 NK23c 23 £0.2

25 C20 20

26 C20-DK 20

27 NK19a 19

28 NK19b 19 not done =50 not done

29 NK19b-KR 19 not done not done

30 N17 17 not done not done

31 NK15 15 not done not done

32 NK13 13 not done not done

33 NK11 11

34 110 10 not done not done

5 welitn 2o [NOSEOONMEODR|MEMEO0N 31201

<10.0
<30.0
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However, an apparent activity re-establishment under complete medium conditions was
achieved with several distinct NK-2 variants. Namely, such medium-active variants featuring
ICs0 values of below 10 uM comprised two single-substitution derivatives (C7A, C7L), one
double-substitution variant (C7A-D21K), as well as two triple-substitution variants
(C7A-K8L-D21K, C7A-M11L-D21K). It is suggestive that the exchange of the single cysteine
residue at position 7 is related to this phenomenon.

Noticeably, changing the Cysteine at position 7 to rather polar serine (e.g. in variants C7S and
C75-A) did not yield derivatives with satisfactory effectiveness in medium. In despite, even a
truncated derivative of C7A, with a deletion of four consecutive residues from position 18 to 21
(C7A-A), effectively inhibited the cellular metabolic activity in medium. In fact, C7A-A turned
out to be the only peptide among any shortened variants of NK-2 being also sufficiently active
in complete medium - while peptides NK23a, C7S-A, and NK19a (all comprising a C7S
substitution) exhibited a substantial level of effectiveness only in case PBS/medium conditions
were applied, but lost their activity in medium. Any other shortenings led to peptides void of
demonstrable effectiveness already under PBS conditions.

Melittin was found to effectively impair the cellular metabolic activity, regardless of the
medium conditions and, especially, the targeted cell type. This underlines the potent but vastly
unselective melittin activity, and apparently points at a particularly different mode of action
as compared to NK-2 and derivatives thereof.

Finally, it should be pointed out that non-cancerous HaCaT cells turned out to be basically
susceptible to anti-cancer cell active peptides, as well, albeit in many cases to a lesser extent.
In fact, under complete medium conditions, the highest degree of selectivity for cancer cells
was again demonstrated for the overall most potent NK-2 variants C7A-D21K and
C7A-M11L-D21K. For these derivatives, preferential killing of prostate cancer over normal

cells by factors of about 3.5 and 5.1 could be determined, respectively.

5.3.2 Cytotoxicity of Selected Peptides against Colorectal Cancer Cells

The triplet of colorectal carcinoma (CRC) cells was assessed in MTT tests regarding their
susceptibility to selected peptides. Chosen peptides comprised the parent peptide NK-2 as the
lead structure as well as three promising derivatives thereof, namely C7A, C7A-D21K, and

C7A-A. In addition, the extensively shortened NK-2 variant NK11 was included as a putative
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negative control while melittin served as a knowingly potent but non-selective reference.
Results obtained from cytotoxicity tests in the two distinct buffer conditions are summarized
in table 5.4.

Here again, the parent peptide NK-2 was found to be well-effective against all CRC cell lines
for as long as the MTT test was performed in PBS/medium. In line with this, all basically active
peptides consistently inhibited HROC107 cells with poorer efficiency in comparison to
HCT116 and especially HROC24 colon cancer cells, regardless of the buffer condition.
However, switching the solvent surrounding to complete cell culture medium instead, led to
an extensive inhibition of NK-2’s cytotoxic efficacy. Meanwhile, the three C7A-substitution
variants exhibited differential degrees of activity improvement compared to the parent
peptide.

Table 5.4: Cytotoxicity of selected NK-2-derived peptides against human colorectal cancer cells. MTT
assays were conducted under PBS/medium conditions (A) as well as in complete medium (B). Given
data represent mean ICsp values (UM) with standard deviations. Peptides were added to confluently
cell-covered cavities of a 96-well plate. ICso values were derived from sigmoidal fitting curves after
incubation of cells for 4 h with distinct peptides at molarities between 0.1 and 100 uM. In case fitting
was unsuccessful, values were estimated (=), or classified as being considerably larger than
100 uM (>> 100). Cells incubated in PBS/medium or complete medium served as positive controls,

whereas negative control was accounted for by treating cells with 5 % Triton X-100 in the respective
buffer condition.

A ICso (M) in PBS + 10 % complete medium

Cell line NK-2 C7A C7A-A C7A-D21K NK11 Melittin
HROC24 7.5+0.7 2316 3.3+0.5 1.7+£0.6 >>100 1.0£0.0
HROC107 85%0.9 7.2£0.6 7.1+£0.8 5704 >>100 1.6+£0.1
HCT116 9.1+£0.5 6.3£0.6 6.8+0.7 4.7 +£0.7 >>100 1.1+£0.0

B ICso (UM) in complete medium

Cell line NK-2 C7A C7A-A C7A-D21K NK11 Melittin
HROC24 =100 257123 17.0£0.6 12.2+09 >>100 23%0.1
HROC107 =110 =48 =55 35.7+£3.5 >>100 23%0.1
HCT116 =100 30.1+1.1 20.8+1.0 19.0£1.6 >>100 3.0£0.0

With a closer look on the two patient-derived CRC cells, HROC24 and HROC107, the highest
selectivities of toxicity were found for peptide C7A-A and C7A-D21K with 3.2-fold and 2.9-fold

higher ICso values, respectively, towards HROC24 cells under full medium conditions.
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Representatively, the concentration-dependent peptide activity under complete medium
conditions against the two patient-derived HROC cell types is illustrated in figure 5.8.

Once more, derivative C7A-D21K turned out to be the overall most effective peptide in
complete medium with the lowest ICso values among all tested NK-2-related peptides. With
mean ICso values of 12.2 uM, 19.0 uM, and 35.7 uM against HROC24, HCT116, and HROC107
cells, respectively, even the most improved variant C7A-D21K was not as effective as observed

with the PC-3 human prostate cancer model.
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Figure 5.8: Representative results of cytotoxicity tests in complete medium with patient-derived CRC
cells. MTT assays were performed in complete medium to test the effectiveness of selected peptides
(as indicated) against HROC24 (A) and HROC107 (B) cells. The experimental setup was identical with
conditions described for figure 5.7. Each data point represents the mean residual cell viability (%) with
standard deviation at the indicated peptide concentration.

The anticipated inactivity of NK11 was strikingly underlined by ICso values exceeding a
peptide concentration of 100 uM by far, irrespective of the buffer condition or the cell type
treated. In contrast to this, melittin proved to be highly active against all cell lines with only

minor declines in the corresponding ICso values under full medium conditions.

5.3.3 Influences of Buffer Components on the Potency of Selected Peptides

Having found the afore-described marked divergences in the cytotoxic potential of numerous
peptides depending on whether PBS/medium or complete medium was used for toxicity
testing, the potential impacts of major buffer components were elucidated in separate
experiments. MTT tests under variation of the solvent condition were performed with HaCaT
normal keratinocytes treated with peptides NK-2, as the lead structure proven to forfeit
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activity in complete medium, C7A-D21K, as a derivative of the parent peptide with
comparably well-sustained medium activity, and the non-NK-2-related reference peptide
melittin, demonstrating potent activity under both assay conditions tested so far. The outcome
is illustrated by figure 5.9.

Unequivocally, the highest overall peptide activities (i.e. lowest ICso values) were obtained
from experiments performed in PBS/medium. Augmenting this condition with a DMEM-
equivalent concentration (4.5 g/1) of glucose (figure 5.9, variant I) exerted only minor, if any,
inhibitory effects on the peptide activity. In despite, divalent metal cations present at their
respective DMEM levels (200 mg/l each) provoked considerable decreases in the cytotoxic
potentials of all three examined peptides. In this regard, the activity of NK-2 was apparently
more sensitive to Ca? (II) than to Mg?* (IlI), whereas the type of metal ion did not seem to make

a difference for the response of C7A-D21K or melittin.
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Figure 5.9: Impact of buffer components on the cytotoxicity of selected peptides against HaCaT cells.
ICso values against HaCaT normal keratinocytes were assessed for peptides NK-2 (A), C7A-D21K (B), and
melittin (C) in MTT tests performed under variation of the buffer conditions. Cells were grown in
complete medium to confluence in the wells of a 96-well tissue culture plate. Washing and incubation
with peptides for 4 h was done with the indicated buffer (refer to tables 3.8 and 3.9 for details).
Shortcuts given in the form XX-YY-ZZ represent the volumetric percentages of the three main buffer
components PBS (XX), DMEM (YY) and FBS (ZZ), respectively. Further additives are accordingly
delineated. The shaded area in each plot facilitates visual comparison to PBS/medium conditions. The
x-axis in (A) was subjected to a scale break for enhanced resolution.

The alteration of the mixing proportions of PBS, DMEM, and FBS revealed, on the one hand,
that the complete withdrawal of FBS (IV) yielded ICso values almost fully equivalent to the
most favorable PBS/medium conditions. On the other hand, increasing the FBS portion to 10 %

(V, VI, and complete medium) was accompanied by a marked drop in peptide activities, with
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the strongest (negative) effect on the potency of NK-2 and a considerably lower but similar
(relative) impact on the activities of C7A-D21K and melittin. Nonetheless, most critical
declines in peptide activity (down to virtual inactivity) were observed for the parent peptide
NK-2 when buffer conditions were used featuring high DMEM contents concomitantly
supplemented with FBS only at low (1 % in VII) or raised (10 % in complete medium)
proportions. Although the potency of peptide C7A-D21K was affected too under such

conditions, the corresponding drop in effectiveness was considerably less pronounced.

5.4 Visualization of Peptide-Induced Effects on Colorectal Cancer Cells

Concentration- and time-dependent effects of selected Rhodamine-labeled NK-2-derived
peptides were studied by fluorescence microscopy analysis for the treatment of patient-
derived CRC cell lines HROC24 (high-PS) and HROC107 (low-PS). Combined phase contrast
and fluorescence microscopy was applied to visualize peptide-cell interactions. Labeling with
red fluorescent Rhodamine (Rh) enabled tracing of the peptide localization. Selected
Rh-labeled peptides included in these experiments encompassed the lead structure NK-2 as
well as its most effective derivative C7A-D21K, and the inactive control variant NK11. Cell
permeabilization events were monitored by concomitant incubation with the membrane-
impermeant nucleic acid stain Sytox green.

Figure 5.10 illustrates the time course of representative experimental series involving
HROC24 (A-L) and HROC107 (M-X) cells upon incubation with peptides Rh-NK-2 (A-F, M-R)
and Rh-C7A-D21K (G-L, 5-X) at a molar concentration of 10 puM. Initial binding of Rh-labeled
peptides to the cell surface was observed as a red peripheral seam. The permeabilization of
affected cells was visualized by a bright Sytox-induced green fluorescence emission of the
respective cell nuclei. At extended incubation periods, the coincident massive cellular intake
of labeled peptides frequently led to a bright yellow overlay fluorescence found in an
increasing number of cells over time. Of note, even long-term incubation with peptides at
highest molarities did not lead to disruptive membrane lysis with either of the cells. This could

be substantiated by the fact that no cellular debris or aggregates thereof were observable.
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HROC24 HROC107
C7A-D21K C7A-D21K

20 min 10 min 5 min 1 min

30 min

60 min

Figure 5.10: Fluorescence microscopy analysis of high- and low-PS CRC cell types. Equal counts of
HROC24 (A-L) and HROC107 (M-X) cells seeded on glass cover slips were treated with 10 uM of
fluorescently labeled peptides Rh-NK-2 (A-F, M-R) or Rh-C7A-D21K (G-L, S-X) in PBS over indicated
periods of time. For dead cell indication, all preparations were additionally incubated in the presence
of 3 uM of the membrane-impermeant nucleic acid stain Sytox green, which shows a bright green
fluorescence upon DNA intercalation. Bright yellow fluorescence reflects overlay signals from
internalized Rh-peptides and Sytox green. Selected images display the outcome of representative
experiments for each time point. Scale bars: 50 um.
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For high-PS HROC24 cells, incidences of peptide accumulation at the cell surface were
typically registered within 5 minutes from peptide addition, and first cells showing yellow
overlay fluorescence were observed after 5-10 minutes. Obviously, similar kinetics applied for
both peptides with regard to the initial step of cell surface binding (occurrence of red seams),
and finally, complete mortality was reached for both peptides after about 20 minutes.
However, overall, the number of readily permeabilized cells grew faster for Rh-C7A-D21K,
and almost all HROC24 cells finally displayed bright yellow overlay fluorescence.

In comparison, a shift in the interaction kinetics was evident for the peptide treatment of low-
PS HROC107 cells. For Rh-C7A-D21K, first binding events were recorded after 5-10 minutes,
while the occurrence of Rh-NK-2-binding to HROC107 cells was not registered earlier than
10 minutes from peptide addition. Both peptides were capable of achieving a level of complete
cell killing within the monitored 60-minutes timeframe, however, considerably faster kinetics
were observed for the administration of peptide Rh-C7A-D21K. Moreover, subsequent to cell
membrane permeabilization, peptide internalization was less pronounced with NK-2, while
intracellular C7A-D21K appearance was finally visible in virtually every cell. This could reflect
a somewhat altered mechanism of action of Rh-C7A-D21K as compared to the parent peptide

NK-2.

HROC24 HROC107
Buffer control NK11 Buffer control NK11

1 min

60 min

Figure 5.11: Control treatment of high- and low-PS CRC cells. Equal counts of HROC24 (A-D) and
HROC107 (E-H) cells seeded on glass cover slips were incubated either in PBS only for buffer
control (A-B, E-F) or were treated with 10 uM of the knowingly inactive NK-2 variant
Rh-NK11 (C-D, G-H) for indicated periods of time. Dead cell indication was accomplished by the
concomitant incubation of all cell samples in the presence of 3 UM Sytox green. Selected images display

the outcome of representative experiments for each time point. Scale bars: 50 um.
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In control experiments, equivalently prepared cell samples were incubated either with PBS
only or with the Rh-conjugated inactive NK-2 derivative Rh-NK11 for identical periods of
time. As anticipated, peptide NK11 remained strictly void of activity and accordingly treated
cells closely resembled the also non-affected PBS buffer controls. A diffuse red background
shimmer was visible in NK11-treated cell samples over the entire imaging period, apparently

caused by non-accumulated but freely dissolved Rh-labeled peptide (see figure 5.11).

Finally, in special consideration of the phase contrast images, general morphological
differences were observed between both cell types tested. While populations of HROC24 cells
appeared to be very homogeneous in terms of a spherical shape and rather narrow size
distribution, the dimensions and shapes found with HROC107 cells appeared to be
comparably versatile. Here, larger and predominantly rounded morphologies were prevalent,
yet, also considerable occurrences of stretched cell shapes were registered. Both CRC cell types
grew consistently in monolayers, with HROC107 cells tending to build slightly denser clusters
of cells. Overall, such distinctions in cellular appearance and growth behavior were not highly
incisive, but still thought to impact on the cumulative surface area accessible for any peptides
to interact with. Yet, the major differential responses of HROC24 and HROC107 cells could

only be owed to a limited degree to these morphological influences.

5.5 Changes in the Surface Zeta Potential of CRC Cells upon Peptide

Interaction

The compensation of the negative cellular Zeta potential was used as a marker to assess
binding of selected cationic amphipathic peptides to three distinct CRC cell lines (figure 5.12).
For this purpose, samples of these cells were titrated with increasing concentrations of
NK-2-derived peptides, melittin or equivalent volumes of the peptide solvent, 0.01% TFA, as
buffer control. Cell surface Zeta potentials were determined subsequent to each compound
addition step.

Titration of peptides to the CRC cells in all cases led to a dose-dependent decrease of the
(absolute) cellular Zeta potential, strongly suggesting peptide binding or at least firm
association to the cell membrane. For the interaction of peptides with HROC107 cells, the

compensation of the cell surface Zeta potential was consistently reached at comparably higher
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peptide concentrations than for the treatment of other cells. This pointed at an obviously
weaker peptide interaction with the cell surface of HROC107 cells. Overall, the course of the
peptide-induced change in the surface Zeta potential of the commercial reference CRC cell

line, namely HCT116, closely resembled the results obtained for HROC24 cells.
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Figure 5.12: Changes in the surface Zeta potential of distinct CRC cell types upon treatment with
selected peptides. Samples of 2x10°cells suspended in HEPES buffer (40 mM, pH 7.4) were
sequentially titrated with peptides at indicated concentrations (see color key). Results shown comprise
cell lines HROC24 (A), HROC107 (B), and HCT116 (C). After each peptide addition step, the cell surface
Zeta potential was determined at 25°C in a six-fold repeated measurement cycle (of 20 runs/cycle) with
a Zetasizer Nano ZS. In case three or more independent experiments were performed, data represent
mean values with standard deviation (a). All other results are given as mean with range.

Recalling parts of the previous findings of this work, it should be emphasized that almost
indistinguishable Zeta potentials had been found in the initial untreated state of each cell line.
Thus, differential responses to the incubation with NK-2 peptides are supposed to be related
to other distinctions in the respective cellular surface constitution. With HROC24 and HCT116

cells being attributably high-PS cell types as opposed to the low-PS HROC107 cell line, Zeta
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potential studies strongly supported the cellular surface PS exposure to play a pivotal role.
Notably, for the reference peptide melittin only negligible differences in the binding behavior
towards distinct cell types were determined, indicating a basically divergent interaction
mechanism.

In the investigated peptide concentration range, the phenomenon of overcompensation of the
Zeta potential was observed for peptide NK-2 and the three C7A-substitution variants. Ideally,
the addition of increasing peptide concentrations to initially negatively charged particles
(cells) leads, at some point, to an equilibrium state, where the surface Zeta potential becomes
fully depleted (+ 0 mV). Beyond that point, overcompensation can only be realized when
furtherly added peptides bind to or at least firmly associate with the cellular surface void of a
considerable Zeta potential. Lacking an electrostatic driving force, such an effect would most
probably be established due to hydrophobic interactions. The degree of overcompensation
was found to be more pronounced for the treatment of CRC cells with peptide NK-2 than with
any other peptide assessed. In fact NK-2 was the only peptide to unequivocally overcompen-
sate the Zeta potential of high-PS HROC24 and HCT116 cells already at 10 uM. This is
especially of note as the net charge of variant C7A-D21K (+12) is even higher than that of
NK-2, C7A and C7A-A (all +10). Adding to this, the change in the cellular Zeta potential after
incubation with melittin was stronger than after treatment with NK11, although both peptides
possess an identical net charge (+6). These observations underline that the phenomenon of
Zeta potential compensation is not simply driven by stoichiometric summation of charges.
Instead, peptide-specific interactions with particular cellular surface structures are apparently
important.

Of note, with none of the investigated cell types the addition of TFA (buffer control) led to any
changes in the surface Zeta potentials, thus observed effects were considered explicitly

peptide-induced.
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5.6 Changes in Liposomal Size and Zeta Potential upon Peptide Interaction

Complementary to the cell-based experimental series described above, also the binding
behavior of selected peptides to liposomal membranes was studied. As opposed to the highly
polydisperse cellular samples, here, quite homogeneous particle size distributions were
achieved. The well-established preparation of defined unilamellar lipid vesicles enabled a

reliable determination of mean particle diameters in addition to the respective surface Zeta

potentials.
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Figure 5.13: Average size and Zeta potential of liposomes composed of PC and PS in various
proportions. Particle diameters (open circles) and Zeta potentials (filled triangles) were assessed by
DLS measurements on a Zetasizer Nano ZS. Given are mean values with range. For perceptibility,
fittings were done according to an exponential decay function as indicated by dashed and solid lines
for size and Zeta potential determinations, respectively.

Results given in figure 5.13 depict obtained average dimensions and surface Zeta potentials of
PC:PS liposomes of distinct phospholipid ratios before adding any peptides. Basically, both
parameters were found to decrease with increasing shares of PS in the overall lipid
composition. Determined values ranged from pure L-a-PC vesicles with a mean diameter of
about 103 nm and an only slightly negative potential of =5 mV, to purely L-a-PS-constituted
liposomes of about half the size (ca.53nm) and a pronounced negative Zeta
potential (ca. —53 mV). Of note, considering the standard deviations of the measurements, the
average size and Zeta potentials of liposomes containing 20, 50, or 100 % PS were found to
possess similar characteristics, which is reflected by the plateau state reached in the

exponential decay fitting.
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The reduction of the liposomal Zeta potential was comprehensibly explainable, as a higher
portion of anionic charge was introduced upon elevation of the PS content. However, the
concomitant decline in the average particle diameter was less obvious. It might be suggested
that raising the PS portion in the overall membrane lipid composition could have led to
enhanced repulsive forces between the lipid head groups inducing intensified curvature

strain, thus, yielding smaller average particle diameters.

Putative alterations in both investigated parameters were studied by DLS-based Zetasizer
measurements for the sequential titration of vesicles of distinct lipid compositions with
NK-2-derived peptides (and controls). Roughly, apart from NK11, all NK-2 variants were
basically found to be capable of provoking an overcompensation of the liposomal surface Zeta
potential, regardless of the actual membrane composition (see figure 5.14). Here again, just
like with cells, NK-2 showed the strongest overcompensation behavior, while no Zeta
potentials > 0 mV were obtained for NK11.

In the applied concentration range, NK11 was the only peptide apparently not interacting with
liposomes exclusively made of PC (figure 5.14, column A), as considerable changes were
neither observed in the average particle dimensions nor in the Zeta potentials. All other
peptides were found to increase the Zeta potential of PC liposomes about proportional to the
amount of peptides added. This was reflected by a consistent (log) linear change in the
corresponding potential, suggesting at least a partial association of peptide molecules to the
liposomal surface. Yet, no alterations of the average diameter of PC liposomes were found
with any of the peptides.

Instead, regarding liposomes being partially or completely made of PS (columns B-D), an
irregular pattern was observable: In reaction to the first peptide titration steps (up to 0.3 uM),
only minor increases in the Zeta potential values were achieved, regardless of the particular
peptide added. However, at a certain molarity range, peptide addition typically led to an
abrupt, disproportionate rise in the Zeta potential. This pointed at some kind of transition in
the peptide-membrane interaction behavior and was generally found at peptide

molarities > 1 uM.
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Figure 5.14: Changes in Zeta potential and size of liposomes upon treatment with selected peptides.
Liposomes (50 uM) made of PC only (A), PC:PS-mixtures at ratios of 80:20 (B) or 50:50 (C), or PS
only (D) were titrated with progressive concentrations (see color key) of indicated peptides as well as
equivalent volumes of 0.01 % TFA (buffer control). Prior to the first as well as after each peptide
addition step, the Zeta potential (upper panel) as well as the liposomal size (bottom panel) were
determined on a Zetasizer Nano ZS in six- and three-fold repeated measurement cycles, respectively.
Data represent mean values with range from a minimum of two independent experimental series. For
the depiction of size determination results, a break was introduced to the x-axis at a value of 200 nm,
with labeling increments of 10 and 200 nm (minor ticks) before and after the break point, respectively.
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Apparently, such a sharp change in the surface Zeta potential (by typically> +30 mV to values
mostly > —10 mV) coincided with an increase of the mean lipid vesicle particle size. This
marked enlargement was differentially pronounced, but loosely related to the portion of PS in
the membrane lipid composition. The higher the share of PS, the more peptide was needed to
induce such an extensive and abrupt change in the Zeta potential and particle diameter.

It is suggestive that in case the liposomal Zeta potential was reduced to a certain level,
repellent forces between the poorly net-charged particles became too small to sustain a stable
suspension. Consequently, the probability of aggregation events would have increased, and
potentially formed aggregates could have provided platforms also for interactions with
hydrophobic regions of amphipathic peptides. In resemblance to the observations made with
CRC cells, this, in turn, could promote the phenomenon of overcompensation. Finally, huge
particles have been constituted with considerable positive Zeta potentials. As both Zeta
potential and size determinations are based on DLS measurements, such tremendously
enlarged particles contributed disproportionately strong to the calculated cumulative
results (scattered light is proportional to the 6™ power of the particle radius).

Interestingly, also titration with peptide NK11 led to the formation of enlarged particles,
though no marked drop in the Zeta potential was observed with this NK-2 variant. Probably,
the association of peptide NK11 to the particle surface was considerably less firm than with
other peptides. Hence, upon application of an electrical field, comparably fewer molecules
could have endured the arising shear forces to reside within the slipping plane around the
moving particle. Nonetheless, as no forces were applied during size determinations, even the
less tightly associated NK11 molecules could have promoted particle aggregation processes at
least at higher peptide molarities.

Of note, liposomes made of zwitterionic PC only did not show any aggregation effects —
neither at their low initial Zeta potentials of around —5 mV in the untreated state, nor during
any state of peptide-induced (over)compensation of the surface potential. This implicates that
the level of surface charge was not the (sole) determinant parameter leading to liposome
aggregation. Instead, the preceding binding of amphipathic peptides seems to be mandatory
to mediate or at least initiate the particle growth. And this required association of peptides
was obviously dependent on the presence of a certain share of anionic PS on the liposomal

surface.
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It should be pointed out that such tremendous increases in size had not been observed for the
titration of peptides to cells. Although the pronounced polydispersity of such biological
samples prevented the determination of a size distribution based on DLS measurements, cell
samples were occasionally checked by visual means under a phase contrast lab microscope. In

this regard, neither cellular debris nor aggregates were observable (not shown).

5.7 Membrane Intercalation of NK-2 Peptides

Peptide integration into phospholipid membranes composed of natural PC, PS and a 90:10
mixture thereof was assessed by a FRET pair probe dilution assay. Membrane intercalation of
peptides was monitored by fluorescence spectroscopy as the increase of the ratio of donor to

acceptor emission intensity (FRET signal) in dependence on time.
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Figure 5.15: Membrane intercalation of selected peptides as probed by FRET spectroscopy.
Representative data sets depicting the FRET signals upon peptide addition to liposomes
(10 uM total lipid concentration) made of PC only (left column), a mixture of PC and PS at a ratio
of 90:10 (center column), and PS only (right column). The liposomes were double-doped during
preparation with 1% each of Rh- and NBD-coupled phosphatidylethanolamine. Treatment
comprised the addition of peptides NK-2 (A, B, C), NK11 (D, E, F), and melittin (G, H, 1) at different
concentrations: 0.2 uM (grey), 0.4 uM (dark grey), and 0.8 uM (black). Peptides were added from
100-uM-stocks in 0.01 % TFA at time point 50 seconds. Accordingly, each preparation was
controlled for solvent effects using a volume of 0.01 % TFA equivalent to 0.8 uM (light grey). All
measurements were carried out at 37°C with excitation at 470 nm and simultaneous detection of
donor and acceptor emissions at 531 and 593 nm, respectively.

83



Results

Figure 5.15 exemplarily displays the typical outcome of selected FRET experiments. In
principle, the degree of membrane intercalation was dependent on the peptide concentration,
as well as on the presence and amount of PS found in the liposomal membrane composition.
The representative data sets depict typically observed peptide-specific differences:

For parent peptide NK-2 no considerable FRET signal changes were obtained after addition to
zwitterionic PC liposomes (A), reflecting a lack of membrane insertion. By contrast, the
abundance of PS in the membrane lipid composition promoted NK-2 intercalation, as
moderate to extensive FRET signal enhancements of up to ~10 and ~60 % were observed upon
peptide addition to liposomes made of PC:PS=90:10 (B) or 100 % PS (C), respectively. In
comparison, peptide NK-2’s shortened derivative NK11 (C-E) did not lead to substantial
changes in the FRET signal. A maximum response of around 10 % FRET increase was obtained
for the highest peptide molarity with pure PS liposomes. Thus, NK11 was considered to
feature basically poor membrane insertion abilities. Instead, melittin already showed
substantial concentration dependent insertion into PC membranes (G) with up to ~12 %
increased FRET signals upon peptide addition. Slightly enhanced melittin-induced FRET
signal changes with a maximum of about 18 % were observed for PC:PS (90:10) liposomes (H).
This rather poor difference pointed at a minor influence of PS on the membrane intercalation
behavior of peptide melittin. Overall, liposomes purely made of anionic PS obviously allowed
for the largest extents of peptide intercalation. With a FRET signal enhancement of up to ~60 %,
melittin (I) was found to insert into PS membranes as effective as NK-2 (C).

In a simplified scheme, the membrane insertion behaviors of peptides NK-2 (A-C),
NK11 (D-F), and melittin (G-I) could be characterized as clearly PS-correlated, poorly selective
and weak, as well as hardly selective but strong, respectively.

In principle, the findings described above for the exemplary data sets could be transferred to
the more comprehensive investigations which enclosed 30 peptides in total. Corresponding
results were summarized in figure 5.16. For the sake of comparability, the mean percent
increase in FRET signal was calculated in relation to a peptide molarity of 0.8 uM.

Overall, NK-2-derived peptide variants inserted very poorly into zwitterionic PC liposomes.
At the highest peptide molarities the median FRET increase was as low as 2.5 %, with a

minimum and maximum percent signal change of 0.5 and 10.3 %, respectively.
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Figure 5.16: Peptide intercalation into liposomal phospholipid membranes determined by probe
dilution FRET experiments. (A) Liposomes (10 uM total lipid) were made of either PC (white), PS (dark
grey), or a mixture of PC and PS at a molar ratio of 90:10 (grey). For FRET pair labeling, liposomes were
prepared together with phosphatidylethanolamine conjugated with either NBD or Lissamine-
Rhodamine (1 mol-% each) as donor and acceptor dyes, respectively. Double-doped liposomes were
independently treated with 0.2, 0.4 and 0.8 uM of the indicated peptides at 37°C. Given values
represent percent changes in the FRET signal, i.e. the emission intensity ratio of donor (Iponor) to
acceptor (I acceptor), after excitation at 470 nm and simultaneous detection at 531 nm and 593 nm. Any
results shown were calculated in relation to a peptide concentration of 0.8 uM. Box plots in (B)
summarize the distribution of these numeric results. From top to bottom, horizontal lines represent
upper quartile, median, and lower quartile, respectively. Bars indicate maximum and minimum values.
The arithmetic mean over the distributions is reflected by a black open diamond symbol. Of note,
results for peptides C7A, C7A-A, C7A-D21K, and NK11 have been partially used in the publication of
Maletzki and co-workers (2014), while melittin results were calculated in consideration of data already
published by Hanulova et al. (2009).

Apparently, liposomal membranes became more susceptible to peptide integration when
containing a share of 10 % PS. Yet, peptide-specific differential responses were observed with
this membrane composition. On the one hand, the majority of NK-2 variants induced roughly
three- to five-fold increased FRET signals as compared to the responses upon their addition to

PC liposomes. As an interesting fact, the membrane insertion improvement of the Cys-7
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substitution variants correlated nicely with the hydrophobicity of their respective substituent
residue, i.e. C7L > C7A > NK-2 > C7S. Altering NK-2’s sole negatively charged aspartic acid
in variants D21L and D21K yielded derivatives of decisively enhanced intercalation ability.
On the other hand, several derivatives did not exhibit considerably improved membrane
insertion. Especially, most of the extensively shortened variants of the parent peptide NK-2
(e.g. 110, NK11, NK13, NK15, C20, C20-DK) apparently lacked the ability to induce a
noteworthy FRET signal enhancement.

For the interactions of peptides with liposomes purely made of natural PS, these tendencies
were basically confirmed. Yet, a marked increase of the FRET signal was consistently observed.
With this membrane constitution, even variants 110 or NK11 induced substantial FRET signal
changes. Putatively, the high density of negative charges on the liposomal membrane surface
solely constituted by PS exerted strong electrostatic attraction forces on the cationic peptides.
Consequently promoted firm peptide association could potentially lead to a similar shift in the
FRET signal without necessarily being owed to a peptide insertion into the lipid bilayer.

In conclusion, it could be stated that the presence and abundance of the anionic membrane
lipid constituent PS had a strongly positive influence on the membrane insertion ability of all
peptides. Explicitly, most NK-2-derived peptide variants demonstrated a selective membrane
intercalation into PS-comprising membranes. This tendency is underpinned especially in
comparison to the reference peptide melittin, which exhibited only minor selectiveness

towards the membrane composition.

5.8 Peptide Orientation upon Membrane Intercalation

Tryptophan fluorescence experiments were carried out in the absence and presence of
liposomes constituted of different shares of PC and PS. Three distinct single-Trp variants of
NK-2, termed I2W, F14W, and G25W with amino acid residue substitutions to tryptophan in
close-to-amino-terminal, mid-structure, and close-to-carboxy-terminal positions, respectively,
were used as test probes. In addition, the natural single-Trp (Trp-19) peptide melittin served
as a reference. The so called blue shift represents a measure for the hydrophobicity of the
solvent environment in close proximity to the tryptophan side chain. The larger the blue shift,

the better a given tryptophan residue is shielded from the surrounding aqueous phase.
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Consequently, for the applied experimental setup, a large blue shift indicated a more
pronounced integration of the respective part of the molecule into the hydrophobic core of the
lipid bilayer and vice versa.

In general, the results given in figure 5.17 revealed two clear tendencies. First of all, the degree
of intercalation of any tested peptide appeared to be strongly correlated to the share of PS
found on a given membrane. However, secondly, obvious differences were observable in

comparison of the intercalation characteristics of each single-Trp peptide.
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Figure 5.17: Blue shift of the wavelength at maximum tryptophan fluorescence intensity after
incubation of PC:PS liposomes with peptides. Single-Trp residues from NK-2-derived peptides I12W
(red), F14W (blue), and G25W (green), as well as melittin (black) served as intrinsic hydrophobicity
sensors. The molar peptide-lipid ratio was set to 1:15 in buffer A. All measurements were carried out
at 37°C. Resulting raw data were corrected for the contribution of light scattering in the presence of
vesicles (spectra of liposomes in buffer served as reference). Post-experimental spectra processing
enabled the reproducible determination of signal peaks of maximum emission intensity. Depicted are
mean blue shifts from experiments done in duplicates and performed independently at least twice.
Bottom and top error bars represent minimum and maximum blue shifts, respectively.

Melittin was found to be the only tested peptide clearly integrating into zwitterionic liposomal
membranes solely made of PC (blue shift ~10 nm). This stressed, once again, the effective but
vastly unselective membrane interaction of the reference peptide. For negatively charged
membranes, the intercalation depth of melittin apparently increased substantially leading to
an about 1.5-fold higher blue shift. However, the degree of membrane interaction remains
almost invariant, irrespective of the amount of PS present in a membrane, clearly reflected by

the blue shift stagnating at a steady level of around 16 nm.
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In contrast to this, none of the three single-Trp variants of NK-2 was found to integrate
considerably into purely zwitterionic PC membranes. Upon increasing the share of PS in the
membrane total lipid composition, the derivatives demonstrated differential membrane
intercalation characteristics. Generally speaking, all NK-2 variants experienced substantial
increases of their respective intercalation depths in relation to the membrane PS content. Yet,
both the amino-terminal peptide moiety (I2W) and, especially, the mid-part (F14W) were
found to integrate to a considerably higher extent than the close-to-carboxy-terminal part of
NK-2 (G25W). Finally, upon interaction with liposomal membranes made of PS only, the mid-
structure tryptophan present in F14W induced the highest blue shift (~22 nm), followed by the
close-to-amino-terminal Trp-exchange variant I2W (~17nm) and G25W (~12.5nm).
Nevertheless, at a lower PS content of 20 % of the total membrane lipid, the mid-structure and

amino-terminal segments of NK-2 integrated to very similar extents.

5.9 Peptide-Induced Permeabilization of PS-Comprising Membranes

The capability of selected peptides to permeabilize PS-containing lipid vesicle membranes was
exemplified in two distinct proof-of-principle experimental approaches: (i) The peptide-
induced release of the membrane-impermeant dye calcein encapsulated in such vesicles at self-
quenching molarities, as well as (ii) the fluorescence quenching of NBD-labels on the inner
liposomal surface upon peptide-induced internalization of potassium iodide. Figure 5.18
representatively illustrates the differential effects exerted by peptides NK-2, C7A-D21K, NK11,
and melittin using liposomes consisting of PC and PS at equal shares.

Most prominently, in both setups C7A-D21K provoked a more than two-fold higher response
than the parent peptide NK-2 itself, which underpinned the superior activity of the double-
substitution derivative. The non-NK-2-related reference melittin was apparently the most
effectively permeabilizing peptide, inducing a calcein release rate and percent NBD-
quenching of approximately 80 % and 65 %, respectively, which is about twice and thrice as
much as obtained with C7A-D21K. In despite, peptide NK11 remained void of considerable
permeabilization activity even at a three- to ten-fold higher peptide molarity than applied for

all other peptides. Furthermore, both experimental approaches enclosed buffer control
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measurements (0.01 % TFA), with none of which considerable membrane permeabilization

effects became evident (not shown).
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Figure 5.18: Peptide-induced permeabilization of phospholipid liposomes. Given data represent
exemplary results from two distinct experimental approaches to assess the membrane permeabili-
zation by peptides NK-2 (black), C7A-D21K (grey), NK11 (dashed grey line/ black-hatched white
column), and melittin (dashed black line / white-hatched black column). In both cases, liposomes
composed of PC and PS at equal shares were used. (A) Leakage of liposome-encapsulated calcein was
induced by the addition of peptides after about 60 seconds (©) at concentrations of 0.3 uM (all but
NK11) or 3 uM (NK11), respectively. Full leakage was accomplished by adding 0.2 % Triton
X-100 ((@).The release rate at room temperature was followed over time after excitation at 495 nm
and fluorescence emission detection at 513 nm. (B) Fluorophore emission intensity was quenched by
potassium iodide before and after incubation of NBD-labeled liposomes with peptides at
concentrations of 1 uM (all but NK11) or 3 uM (NK11), respectively. Here again, complete permeabili-
zation was achieved by the addition of Triton X-100. Measurements were carried out at 37°C and
emission signals were detected at 531 nm after excitation at 470 nm. Error bars represent standard
deviations from three independent experiments.

Of note, in dye release experiments, a sharp signal increase was observed immediately after
the addition of peptides NK-2 and C7A-D21K to calcein-encapsulating vesicles (see panel A).
Here, the steady state level of the peptide-specific maximum dye release was typically reached
in less than 30 seconds reflecting very rapid interaction kinetics. With peptide melittin instead,
completion of the calcein leakage process was achieved much slower (= 150 seconds after

peptide addition), which clearly pointed at a divergent underlying mechanism of action.
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5.10 Structure-Function Analyses

The previously determined sequence- (net charge @, mean hydrophobicity H) and structure-
inherent (hydrophobic moment uH) physicochemical properties of peptide NK-2 and its
variants were brought into context with functional data from biological and liposome-based
experiments.

The peptide concentration needed to diminish the metabolic activity of PC-3 human prostate
cancer cells to 50 % (ICs0) was comprehensibly investigated for all 34 NK-2-related peptides by
an MTT assay under PBS buffer conditions. Accordingly identified values served as a
quantitative marker for peptide-specific anti-cancer cell activities. The ICso values of peptides
void of detectable activity in the scrutinized molarity range were arbitrarily set to 500 uM
(i.e. >>100 pM as in table 5.3). Of note, preference was given to MTT results achieved under
PBS conditions as the limited number of peptides active in complete medium would have been
too restrictive in the context of structure-function analyses. Complementary, the intercalation
abilities of 29 of these peptide variants were assessed by a FRET probe dilution approach
considering three distinct membrane compositions. The mean signal increase
(percent FRET increase) calculated in relation to a peptide molarity of 0.8 uM was likewise
used for correlations with calculated parameters.

Overall, this enabled the investigation of potential interrelationships of more than 100 distinct
combinations of functional and sequence-related data sets. Here, selected interdependencies
and general tendencies are to be presented, representatively contrasted by clearly

non-correlated factors.
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First of all, as is perceptible from figure 5.19, NK-2 variants featuring less than 19 amino acid
residues did generally not exert activity against PC-3 prostate cancer cells. Moreover, the
efficiency of peptide intercalation into PS membranes, as determined by FRET probe dilution
assays, tended to be facilitated with larger peptides, though the relation was less clear.
Generally speaking, the applied semi-log linear fit is to be considered rather ambiguous due
to the overall wide distribution of ordinate values, and the disproportionately high frequency
of 27-residue peptides. As the extent of interaction of peptides with zwitterionic PC

membranes was very low in general, no correlation could be deduced in this regard.
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Figure 5.20: Correlation of peptide-specific functional data with the net charge and the mean
hydrophobicity. Each symbol represents a single peptide with grey filled symbols indicating peptides
with pronounced anti-cancer cell activity (i.e. ICso < 10 uM). Panel A illustrates interdependencies of
the log of the peptide-specific mean ICso values against PC-3 human prostate cancer cells deduced from
MTT tests under PBS conditions with the calculated average peptide hydrophobicity (H), its net
charge (Q), as well as the ratio of both parameters (H/Q). Panel B depicts the relation of the very same
physicochemical peptide properties with the corresponding percent signal increase derived from
FRET-based probe dilution experiments done in the presence of liposomes made of either PS (open
circles) or PC (open squares). For the former, additionally, the distribution of H/Q ratios is given
calculated separately for the amino- (left-pointing open triangles) and carboxy-terminal (right-pointing
open triangles) peptide sequence moieties.

Apart from this, most strikingly, a critical value of around —0.03 in the ratio of each peptide’s

mean hydrophobicity to net charge (H/Q) could be identified providing a quite sharply
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defined threshold below which peptides did not exert potent anti-cancer cell activity. The
separate influences of both contributing parameters were differential: While no clear
dependency was perceptible for the peptide’s net charge alone, a disadvantageous impact of
extremely low overall hydrophobicity (< —0.3) became evident (see figure 5.20, panel A).

Although less dominantly, the H/Q-related threshold also seemed to play a crucial role for the
ability of the peptides to intercalate into liposomal membranes (figure 5.20, panel B). For the
ensemble of highly insertive peptides, a substantially narrower distribution of the H/Q
parameter was observed in the amino- than in the carboxy-terminal sequence moieties. Yet,
this relation was clearly unidirectional, as, in reverse, also comparably poorly intercalating
peptides were found in the respective segment-specific H/Q ranges. Moreover, for particular
peptide variants the hydrophobicity-to-net-charge ratio critically influenced the PS-selectivity
of their insertion into lipid bilayers as they hardly change the FRET signal with PC liposomes
but belong to the peptides which induced highest signal increases with PS lipid vesicles.

Both PC-3-related ICso values and FRET signal increases were observed to be grossly
independent from the peptide amphipathicity. This was exemplified in figure 5.21 for average
(UHmean) as well as local peak (uHp,x) hydrophobic moments (i.e.the vector sum of
hydrophobicity assuming a continuous a-helical secondary structure) determined for
complete peptide sequences, but held true likewise when N- and C-terminal moieties were
considered separately (not shown). Nevertheless, peptides for which effective anti-cancer cell
activity was observed possessed consistently high mean hydrophobic moments in a range of
0.7 to 0.85, combined with a narrowly defined 7-residue maximum moment of around 1.03
to 1.08. However, a reverse connection of amphipathicity to the log of ICso and, especially, to
the FRET signal could not be inferred, thus, no clear correlation was deducible between
peptide-specific hydrophobic moments and either anticancer activity or intercalation

behavior.
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Figure 5.21: Interdependencies between functional data and the peptide amphipathicity. As a
measure of amphipathicity, hydrophobic moments were calculated over a sliding window of 7 amino
acid residues for all peptides presuming the adoption of a continuous a-helical secondary structure
based on the Normalized Consensus hydrophobicity scale. The moment value of the segment of
highest hydrophobic moment (uH,,, 4, ) and the moment average over all 7-residue segments (UH ;,0qn)
were compared with (A) the log of the peptide-specific mean ICso values against PC-3 cancer cells
deduced from MTT cytotoxicity tests under PBS/medium conditions and (B) the peptide-induced
percent signal increase in FRET probe dilution assays using fluorescently double-doped liposomes
made of PS. Each symbol (open circle) represents a single peptide.

In summary, apart from a roughly proportional relation with the peptide sequence length,
overall no clearly linearly interdependent combinations of functional data and calculated
structural peptide parameters were found — neither for complete sequences nor the separate
scrutiny of amino- and carboxy-terminal peptide moieties. Instead, defined threshold areas or
value ranges of particular physicochemical peptide properties could be identified as being
vital for PS-selective membrane intercalation and, especially, anti-cancer cell activity. The
overall sequence hydrophobicity (H) was of basic importance, yet, the determining influence
on the peptide functionality became strikingly pronounced when the corresponding net

charge was taken into account additionally (H/Q).
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5.11 Cumulated Selectivities as a Measure of a Peptide’s Anticancer Potency

Inferring from the various function-related data experimentally determined for the ensemble
of distinct peptides, figure 5.22 summarizes crucial findings regarding the peptide-specific
selectivity for cancerous cells as well as for the membrane abundance of PS. This approach
was followed in order to narrow down the group of NK-2-derived peptides by identifying the
most promising candidates.

In a first step, a so called cumulated selectivity value (CSV) was determined for each peptide.
The CSV additively concatenates the selectivity factors deduced from (i) the ratio of
peptide-specific ICso values against HaCaT (low-PS human normal keratinocytes) over PC-3
(high-PS human prostate carcinoma) cells under complete medium conditions (grey columns),
as well as from (ii) the FRET signal increase induced upon peptide incubation with liposomes
made of a 90:10 mixture of PC and PS over the signal change with purely PC-constituted
liposomes (red columns).

Accordingly sorted, this plot ranks the set of peptides in the order of decreasing cumulated
selectivity. However, in this type of representation only the relative performance of the
peptides is reflected. Hence, focusing on the aims of this thesis, the CSV of each peptide was
additionally weighted by the corresponding level of anti-cancer cell activity under complete
medium conditions. This was accomplished by dividing the CSV by the peptide-specific mean
ICs0 against PC-3 cells in medium to yield an activity-weighted cumulated selectivity value,
termed A-CSV. The use of this weighted measure of each peptide’s anti-cancer cell
performance is well-exemplified by the lead structure peptide NK-2. It exhibited good
selectivity for PS-comprising membranes as well as for cancerous over normal human cells.
However, NK-2’s poor activity in complete medium (with a mean ICso against PC-3 = 80 uM)
is adequately reflected by a very low A-CSV, which was normalized to equal 1.0 in order to
easily express higher and lower values as multiples and fractions of it, respectively.

The essence of this evaluation approach is to identify the most promising peptide candidates
for potential therapeutic use or further development. In fact, the number of such candidates
concomitantly exerting potent anti-cancer cell activity in medium combined with high
selectivity for PS-bearing membranes as well as for cancerous over normal human cells was

successfully limited to a small group of NK-2-derived peptides. Namely, these variants
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enclosed peptides C7A (A-CSV =8.0), C7A-A (17.7), C7L (20.1), C7A-M11L-D21K (21.7),
C7A-K8L-D21K (24.9), as well as C7A-D21K (26.2).
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Figure 5.22: Peptide-specific anti-cancer cell potency and selectivity. The stacked column plot in (A)
additively depicts the selectivity factors of peptides derived as the quotients of (i) their mean ICso
values towards human PC-3 prostate cancer cells over HaCaT normal keratinocytes in complete
medium (grey columns) as well as of (ii) their membrane intercalation (% FRET signal increase) into
liposomes made of PC:PS(90:10) over insertion into pure PC vesicles (red columns). In (B) the
cumulated selectivities of each peptide given in (A) were additionally weighted through division by the
corresponding ICso against PC-3 cancer cells under complete medium conditions (activity gold
standard). Notably, the data set in (B) was normalized so that NK-2 has an A-CSV of 1.0, and a break
was introduced to the y-axis scale for enhanced resolution. Parent peptide NK-2 is highlighted by
hatched columns, while faded columns represent the non-NK-related peptide melittin.

Particular concern must be given to peptide melittin as this non-NK-2-related reference
peptide (faded-color columns) possessed the highest A-CSV. Nevertheless, as discussed
before, melittin is not a suitable candidate for drug development due to its severe hemolytic
potential as well as its marked toxicity also against non-cancerous HaCaT keratinocytes (mean

ICs0=3.1 uM).
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6 DISCUSSION

Peptide NK-2 and certain structural derivatives of this HDP originally described as the cationic
core region of porcine NK-lysin have already been reported to exhibit anticancer activity
against a representative range of human (Maletzki et al. 2014; Bankovic et al. 2013; Gross and
Andra 2012; Drechsler and Andra 2011; Schroder-Borm et al. 2005) and even equine cancer cell
lines (Gross et al. 2013).

In general, the nature of peptide-cell interactions is believed to be governed by the specific
interplay between cell membrane-related parameters such as its composition and
organization, on the one hand, and peptide-related influences such as its sequence and
conformation, on the other hand (Gaspar et al. 2013; Harris et al. 2011, Hoskin and
Ramamoorthy 2008).

Key aspects of these contributory factors have been under investigation in the course of this
work. Both cell- as well as liposome-based experimental approaches enabled studies on
mechanistic aspects underlying the anti-cancer cell activities of peptide NK-2 and improved
variants. Structure-function relationships of more than 30 structural derivatives of the lead
peptide NK-2 were examined in order to identify highly promising anticancer variants and crucial
sequence modifications underlying their superior activity. Moreover, discussing the achieved
results could contribute to understanding the characteristics of the anti-cancer cell effective-
ness and selectivity, as well as of the peptides” mode of action and the involved “building
blocks” comprising membrane binding, insertion and permeabilization, along with orientat-
ional information and interaction kinetics. Overall, general focus was put on the hypothesized

target specificity of NK-2-related peptides for membrane surface anionic phospholipid PS.

6.1 Anticancer Activities of Peptide NK-2 and Structural Derivatives

The well-established PC-3 human prostate cancer cell line was used in conjunction with
HaCaT normal human keratinocytes as a non-tumorigenic reference model to compre-
hensively assess the peptide-specific effectiveness against and selectivity towards cancerous
over attributably healthy cells. The basic susceptibility of PC-3 cells to the parent peptide NK-2
has been documented previously (Gross and Andra 2012). As a pertinent extension to the

current knowledge, here, the use of overall more than 30 structural derivatives of the lead

96



Discussion

structure NK-2 gave detailed insights into sequence-related features influencing the
anti-cancer cell potency and selectiveness.

Most remarkably, also rarely considered patient-derived colorectal carcinoma (CRC) cells,
namely HROC24 and HROC107 cells, were successfully targeted by selected NK-2-related
peptides. To a limited degree, this has been reported before by Maletzki et al. (2014), and, for
selected peptide derivatives, CRC cell type-specific toxicity could be strikingly underpinned
in this thesis. As an appropriate reference, the cell cultures deployed here also entailed a
commercially available CRC model cell line (HCT116).

As a first approach, the activity of each peptide variant was assessed against PC-3 as well as
HaCaT cells by the common and widely used MTT test applying PBS/medium conditions, i.e.
PBS buffer void of calcium and magnesium supplemented with 10 % DMEM cell culture
medium again including 10 % heat-inactivated bovine serum. In addition, selected peptides
were evaluated against all three distinct CRC cell types under equivalent assay conditions.

In this particular solvent environment, NK-2 and even a considerable number of its structural
derivatives proved to be extraordinarily active against all cell types tested with ICso values in
a low micromolar range. Notably, also non-cancerous HaCaT cells were not spared from
peptide toxicity. Although corresponding ICso values were in most cases slightly increased,
HaCaT keratinocytes were still substantially affected by peptide molarities assigned to be
effective against cancerous cells, reflecting an intermediate degree of cancer cell selectivity

under PBS/medium conditions.

In sharp contrast to the overall high potency of many peptides in PBS/medium conditions, a
substantial inactivation was observed for peptide NK-2 and the majority of its variants when
their cytotoxicity was alternatively assessed in complete medium, i.e. DMEM cell culture
medium supplemented with 10 % FBS. To this end and in general regard of cytotoxicity-
related findings of this thesis, it should be stated that the peptide anti-cancer cell performance
in complete medium is to be considered as the in vitro activity gold standard, because this
environment mimics physiological conditions much more closely than highly PBS-diluted
assay conditions. Medium-related activity losses have been reported before for NK-2 (Gross et
al. 2013; Drechsler and Andra 2011; Schroder-Borm et al. 2005) as well as for other HDPs
(Hancock and Sahl 2006; Mader and Hoskin 2006; Papo and Shai 2005; Papo et al. 2003), and
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can provide a critical obstacle for the clinical development of peptide-based therapies in
general (Yeung et al. 2011).

As has been outlined in details before (see section 2.1.2.4), putatively, several of the coarse cell
culture medium ingredients could be causative for the peptide activity inhibition and low
bioavailability frequently observed also in blood serum. Besides proteolysis, binding to serum
components or electrostatic interference from elevated concentrations of salts and metal ions
basically bear the potential to decrease peptide effectiveness. In fact, control experiments
confirmed considerably detrimental but not eliminating impacts of Ca?* and Mg? on the
activities of peptides NK-2, C7A-D21K as well as melittin. Instead, a high proportion of either
DMEM cell culture medium, or bovine serum, or, especially a combination of both components
strongly impaired to fully depleted the activity of peptide NK-2.

One could assume that cells cultivated in complete medium might also be more sufficiently
provided with conditions promoting cellular repair mechanisms, which probably prolongs
their endurance to peptide attacks. However, a peptide incubation period of four hours was
applied here and an accordingly upheld constitution of the membrane’s barrier function is
rather incompliant with the fast interaction kinetics of active peptide derivatives obtained
here, e.g. in fluorescence microscopic analyses. Moreover, such a survival mechanism would
have similarly impeded the effectiveness of any peptide tested, which, in fact, was not
observed. Instead, a narrowly defined group of selected NK-2 variants proved to sustain their
activity in complete medium and crucial underlying structural modifications of such

derivatives could be identified.

NK-2 derivatives with preserved medium activity were strikingly limited to peptides
comprising particular amino acid modifications. Explicitly, substituting the parent peptide’s
sole cysteine residue at position 7 was consistently proven to be key to this critical improve-
ment. The free thiol group of a single cysteine side chain is commonly considered disadvan-
tageous, e.g. in terms of being prone to unspecific oxidation and disulfide bridging (Cleland
et al. 1993), accompanied by peptide stability and functionality issues (Haag et al. 2012; Li et
al. 1995). Notably, Cys-7 in peptide NK-2 is equivalent to Cys-45 in the originating NK-lysin
protein, where the thiol is involved in intramolecular disulfide bonding to Cys-35, which

circumvents oxidation-related issues in the natural source (Liepinsh et al. 1997).
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Here, in case of medium-active peptide variants, NK-2's Cys-7 was replaced by either alanine
or leucine, both being attributably hydrophobic amino acid residues. The corresponding
straight-forward single-residue substitution derivatives, C7A and C7L, featured only
negligible, if any, changes concerning the set of calculated physicochemical peptide
parameters. Moreover, in close resemblance to the conformational features of the parent
peptide itself, it was proven for variant C7A to likewise adopt a predominantly a-helical
secondary structure in hydrophobic environments as well as in aqueous solutions in the
presence of PS lipid vesicles (Gross et al. 2013). Hence, it is suggestive that these substitutions
provided an improvement to the parent structure of NK-2 primarily through enhanced
peptide stability rather than through direct alteration of its inherent biophysical parameters.
In compliance with this finding, any other derivative featuring an accordingly exchanged
Cys-7 residue exerted potent activity in medium. Namely, such peptides included the
multiple-substitution variants C7A-D21K, C7A-K8L-D21K, and C7A-M11L-D21K, as well as
the truncated derivative C7A-A. Apparently, these variants entailed an additional exchange
or even deletion of the aspartate (D) residue at position 21. As this acidic residue impedes the
overall polycationic peptide character, its exchange to a non-charged (L) or even basic amino
acid residue (K) was expected to facilitate NK-2’s interaction with putatively anionic target
cell membranes by elevating the peptide net charge by +1 or even +2, respectively.
Interestingly, derivatives D21L and D21K proved to be highly effective in PBS/medium, but
provided only moderate activity enhancements in complete medium. This, in turn, implicated
that Asp-21 is not the key position to be modified in order to improve medium activity, and
concomitantly underpins the outstanding role of Cys-7. Further emphasizing this, the
shortening of C7A to variant C7A-A by the omission of amino acid residues 18-21 (comprising
Asp-21) was apparently possible without undergoing a critical activity inhibition under full
medium conditions. As generally growing importance is assigned to the cost of goods and
production during drug development processes (Agyei and Danquah 2011; Bray 2003), the
reduction in size but not performance realized with this derivative provided a further
substantial enhancement to the lead structure of NK-2.

Intriguingly, the probably most conservative exchange of Cys-7 to serine did not yield
derivatives of satisfactory effectiveness against cancerous cells in medium. At a first glance,
this was frankly unexpected, as variants C7S and C7S-A previously demonstrated enhanced

effectiveness against various Gram-positive as well as Gram-negative bacterial strains even in
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quite crude culture broth conditions (Gofman et al. 2010; Andra et al. 2007). Nonetheless, the
here-described low anti-cancer cell potential of C7S is in good agreement with findings from
other groups. For example, the C7S-induced killing of LNCaP (lymph-node carcinoma of the
prostate) cells was achieved at a comparably high (i.e. unfavorable) ICs in medium of > 30 uM
(Manavbasi 2012, peptide NKCS). Altogether, this should be taken as an indicator that
different precepts might apply for the antibacterial and the anti-cancer cell activities of NK-2-
derived peptides.

To this end, also some exemplary sequence modifications of ambivalent or even dis-
advantageous effects should be considered as valuable sources of information on the structural
basis of the peptide functionality. In resemblance to the stability-enhancing substitution of
Cys-7, the methionine residue at position 11 was exchanged to leucine in variant M11L. In
general, sulfur-comprising methionine residues can be readily oxidized to methionine
sulfoxide (Liang et al. 2012) which may cause structural alterations, aggregation and functional
impairment of peptides (Stadtman et al. 2005). Nevertheless, variant M11L itself was virtually
void of medium activity implying a profoundly less decisive role of the methionine residue
for stability in medium as compared to Cys-7. Yet, the triple-substitution derivative
C7A-M11L-D21K, combining the modifications of successful single-exchange variants,
featured the lowest (i.e. best) ICs in medium against PC-3 cells with concomitant highest
selectivity for cancerous PC-3 over attributably healthy HaCaT cells.

The detrimental effect of perturbed amphipathicity on the medium-related peptide activity
could be exemplarily underpinned by variant L3K-C7A-F14K-A, which is an alteration of the
active peptide C7A-A enclosing two additional residue substitutions to lysine in close-to-N-
terminal (L3K) and mid-structure (F14K) position. Strikingly, though L3K-C7A-F14K-A has a
substantially increased overall net charge, it was found to be entirely void of activity already
in PBS/medium conditions. This implicates that not charge itself but its defined positioning
and counterbalancing, e.g. by rather non-polar segments, is determinant for the peptide
functionality. This observation is basically in good agreement with findings from Harris and
co-workers (2011) who concluded from analyses of a range of diverse anticancer HDPs that a
functional impact of a peptide’s net charge usually involves additional contributing factors.
Heading in the same direction, here, comprehensive correlations of functional data with
distinct physicochemical peptide properties revealed that the mean hydrophobicity (H) and,

more precisely, a well-defined balance between H and the net charge Q of a given peptide
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(H/Q ratio) were most decisive for the respective variant’s anticancer potential against PC-3
human prostate cancer cells, as well as — even though less unequivocally — for the ability to
intercalate into PS-comprising membranes.

Apart from this, pronounced amphipathicity is a highly conserved characteristic of HDPs in
general (Ebenhan et al. 2014; Jenssen et al. 2006). Here, peptide-specific hydrophobic moments
were not found to correlate with functional features of the investigated NK-2 derivatives. This
is believed to be owed to the generally high average amphipathicity which the majority of
variants have in common, and which only slightly diverged from the moment values featured
by the lead structure of NK-2. By all likelihood, this lack of interdependency is a consequence
of the rationale-based design of the peptides in the course of which the sustained distribution
pattern and balance of hydrophobic and charged residues, i.e. amphipathicity, had been major
premises (Gross et al. 2013; Andra et al. 2007).

Finally, it should be stated that NK-2 derivatives shorter than 20 amino acid residues
consistently featured outright inactivity in terms of anti-cancer cell potency. In this regard it
appears worth-mentioning that an ideal a-helix of 20 residues is typically required to
completely traverse the distance of 30 A, which is the approximate thickness of the
hydrocarbon core of phospholipid bilayer membranes (White and Wimley 1999; Hol 1985).
Besides, also the inability to adopt a regular a-helical conformation in membrane-mimetic
environments, as it was shown e.g. for peptide NK11 (Andra et al. 2007), impedes the exertion
of effective membrane interactions, thus, cytotoxic activities.

Interestingly, Andréd et al. (2007) identified a minimum net charge of +8 along with the
abundance of a highly amphipathic 7-residue segment to be determinant for the broad
spectrum antibacterial activity of peptide NK-2 and a set of 18 (mostly shortened) derivatives
thereof. Instead, they observed no correlation with the mean hydrophobicity. As these findings
diverge considerably from the above-defined criteria for the anti-cancer cell activity, this can
be taken as another supportive finding to propose that somewhat different principles appear
to govern the interactions of peptide NK-2 with particular bacterial as opposed to human
cancerous cells. This can be exemplarily substantiated by peptide N17, which demonstrated
an outright inactivity against any mammalian cell line tested here, but exhibited a considerable

degree of activity against several Gram-negative bacterial strains (Andra et al. 2007).
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6.2 Peptide Mode of Action and Impacts of Membrane Phosphatidylserine

As reviewed in the introduction to this thesis, an increased abundance of the anionic
phospholipid PS, accounting for up to 10 % of the total lipid content (Riedl et al. 2011b;
Schutters and Reutelingsperger 2010; Kirszberg et al. 2009), was observed on the surface of
various human cancer cell types, including but not limited to neuroblastoma (Schroder-Borm
et al. 2005), multi-drug resistant lung carcinoma (Bankovic et al. 2013), hard-to-treat glio-
blastoma, or metastasis-derived melanoma (Riedl et al. 2011b) cells. Opposing this, due to an
actively upheld asymmetric distribution of membrane constituents, PS is known to be virtually
absent from the outer membrane leaflet of healthy mammalian cells (Bevers et al. 1996).
Consequently, PS has become more and more recognized as a putative anticancer target, with
cationic membrane-active HDPs providing a major opportunity to selectively attack this
cancer cell-specific marker (Huang et al. 2015; Liu et al. 2015; Gaspar et al. 2013). In this regard,
it is the consensus view that the initial step of binding or association is predominantly driven
by electrostatic interactions between the polycationic peptide and negatively charged factors
on the target membrane surface. With respect to the specificities of cancerous cells, besides PS,
mainly sulfated glycans as well as sialic acids are frequently regarded as anionic target
structures potentially contributing to the charge-driven attraction of peptides to the cancer cell
surface (Gross and Andra 2012). However, as it has been reviewed in detail before, both must
be considered non-ideal target candidates, e.g. due to their ubiquitous presence also on healthy
human cells, and/or their ambivalent effects on peptide activities (see section 2.1.2).

Hence, in the scope of this thesis, special emphasis was put on the anionic phospholipid PS as
a membrane-related factor of putatively crucial impact on the anticancer mode of action of

peptide NK-2 and structurally improved derivatives thereof.

By introducing and assigning each peptide an A-CSV, i.e. an activity-weighted cumulated
selectivity value, a quantitative marker was established in order to evaluate the ensemble of
NK-2-related peptides in terms of their individual prospects as anticancer agents. This
multi-parametric value classified each peptide according to its overall performance, taking
into account the peptide-specific differences regarding (i) the cytotoxicity in complete medium
against cancerous PC-3 as compared to normal HaCaT cells, as well as (ii) the FRET-deduced

selectivities for PC:PS (90:10) over pure PC lipid membranes.
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Following this approach, the group of overall 34 NK-2-related peptides was successfully
narrowed down to six derivatives of highly promising anticancer performance. From these, in
turn, three particular peptides were selected for subsequent in-depth investigations on the
hypothesized PS-related interactions of NK-2-based peptides with both advanced cellular
models of patient-derived CRC cells as well as with artificial membrane systems:

The double-substitution variant C7A-D21K (1) was chosen as the overall best-performing
derivative, while peptide C7A-A (2) was selected as it provided outstanding improvement
compared to NK-2, too, and entailed the additional productional benefit of being truncated by
four residues. Moreover, though not being as high-rated as the former derivatives, also
C7A (3) was included as it featured a still considerably better A-CSV as the parent peptide
and, of special note, represents the most decisive single-residue substitution (Cys-7 to Ala)
both greatly enhanced variants (1 and 2) have in common.

Complementary to these three improved variants, the selection peptides for follow-up studies
obligatorily enclosed also NK-2 (4) as the parent structure originating any derivative thereof.
Finally, the extensively shortened variant NK11 (5) was included as an evidentially inactive
control peptide, while melittin (6) served as a non-NK-2 related reference known to be highly
potent but likewise excessively hemolytic (see table 6.1, p. 104, as well as section 2.2.2).

It should be noted that the basically well-performing peptides C7L, C7A-K8L-D21K, and
C7A-M11L-D21K were not considered in the follow-up investigations. On the one hand, their
generally supreme A-CSVs were still inferior to that of C7A-D21K, and, on the other hand,
their applicability was impaired by increased hemolytic activities (personal communication;

see also table 6.1).

6.2.1 Cellular Selectivity

Generally speaking, the primarily investigated cellular model of cancerous PC-3 cells with the
HaCaT cell line as a non-cancerous reference proved to be a valuable test system to basically
elucidate the peptides’ anti-cancer cell activities and specificities. In this regard, considerable
degrees of selectivity for the tumorigenic over the normal human cell type became evident in
the course of this work. Reduced activity of the lead peptide NK-2 against the HaCaT human
normal keratinocyte cell line has been observed before, together with an overall minor

hemolytic potential (Drechsler and Andra 2011; Schroder-Borm et al. 2003; Andra and Leippe
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1999). Adding to this, NK-2 was also shown to be about non-toxic towards normal human
lymphocytes (Schroder-Borm et al. 2005). In line with these findings, with the exception of
peptide C7A, any of the here-identified NK-2 variants of enhanced anticancer performance
has been proven to be of comparable or even lower toxicity towards human erythrocytes than
the parent peptide. Table 6.1 outlines corresponding findings deduced from data published in
Gross et al. (2013), which additionally underpins the destructive hemolytic potential of the

reference peptide melittin.

Hemolysis / % Table 6.1: Hemolytic activities of selected NK-2-related
(]

Peptide at 10 uM peptides and melittin. Photometrically determined
percent hemolysis of human erythrocytes freshly
NK-2 19.4 harvested from healthy donors by measuring the release
C7A 32.8 of hemoglobin after incubation with indicated peptides at
C7A-D21K 22.3 a concentration of 10 uM. Values were deduced from
C7A-A 13.5 data originally published in Gross et al. (2013).
NK11 04 Background grey scaling denotes the type of sequence
Melittin 92.4 modification compared to NK-2 as introduced in table 5.1.

Importantly, flow cytometric analyses classified cancerous PC-3 cells as high-PS and
attributably healthy HaCaT cells as low-PS, which provided general support for the
hypothesized relevance of PS for the effectiveness and selectiveness of peptide NK-2. Both
PC-3 (Watson et al. 2014; Boo et al. 2013; He et al. 2012) as well as HaCaT (Seo et al. 2012; Shim
et al. 2008; Deyrieux and Wilson 2007) cells are well-reputed as cellular in vitro models and
their common and widespread uses range from assay-based compound screening to studies
on signaling pathways or cell differentiation, to name a few. However, in direct relation to
each other, these cell lines feature a range of profound distinctions referring to their highly
divergent cell type and origin. Comparisons are made between epithelial carcinoma cells from
a bone metastasis of a malignancy of the prostate gland, on the one hand, and a spontaneously
in vitro immortalized cell line of keratinocytes derived from histologically healthy skin tissue,
on the other hand. The overall rather high degree of divergence between both cell types
basically hampers the definition of individual influence factors putatively relevant for cellular
interactions with the investigated peptides.

Thus, in order to further elucidate the significance of PS for the activities of NK-2-related
peptides against cancer cells, in a second step, the previously identified ensemble of improved

derivatives was further assessed using an advanced cellular test system of patient-derived
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colon cancer cells. Both HROC24 and HROC107 cell lines were originally established from the
colon ascendens of individual patients, demonstrating highly similar characteristics even
down to the underlying genetic aberration (Maletzki et al. 2014; Maletzki et al. 2012;
Linnebacher et al. 2010). Moreover, identical cultivation conditions were successfully
applicable, which further stressed the similar demands of both CRC cell types. In line with
these fundamental resemblances, here, experimental data additionally revealed a marked
uniformity of both HROC cells with respect to their accessible surface charge as reflected by
almost indifferent Zeta potentials.

Yet, in contrast to this high degree of congruence, pronounced differential responses were
observed in the cell type-specific susceptibility towards selected NK-2 peptides. On the one
hand, HROC107 cells demonstrated to be substantially less prone to the cytolytic effects
exerted by active peptide variants than HROC24 cells. On the other hand, this cellular
selectivity was emphasized by the preferential compensation of the surface Zeta potential of
HROC24 cells upon incubation with any knowingly membranolytic NK-2 derivative.

In consistency with this, peptides NK-2 and C7A-D21K demonstrated superior effectiveness
in terms of peptide binding to and permeabilization of HROC24 as compared to HROC107
cells, which was successfully monitored in a PBS solvent environment by fluorescence
microscopic analyses. Confirmative results were also achieved with the commercially
available colon cancer model cell line HCT116, which was found to be almost as well
susceptible to the selected active NK-2 variants as HROC24 cells.

Against this background, it is of utmost importance that HROC24 and HCT116 cells were both
found to possess comparably high levels of surface-bound PS (high-PS) as determined by flow
cytometric analysis, while the surface PS levels of HROC107 cells were demonstrably
lower (low-PS). These observations were in very good accordance with findings from
Maletzki et al. (2014), the laboratory of whom originated the set of patient-derived HROC cell
lines. Even though using a different fluorescent annexin V label (allophycocyanin), a roughly
3.5-fold higher surface PS level for HROC24 over HROC107 could be deduced from their
previous study. This value correlates well with the ratio of 2.6 determined in the here-
performed FITC-annexin V-based flow cytometry experiments. Adding to this, for the parent
peptide NK-2, these findings correlate nicely to results of Schroder-Borm et al. (2005) who
observed facilitated killing of leukemia cell lines featuring up to ten-fold higher surface PS

contents as compared to normal lymphocytes.
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Of special note, the observed almost indistinguishable levels of the cell surface net charge held
true for all five cell lines under investigation. Obviously, the markedly differential interactions
with NK-2-derived peptides cannot be owed to any profound deviations in the amount of
accessible charge on the respective cellular surface. Instead, distinctions in the cell
type-specific peptide susceptibility are strongly suggested to be attributable to a considerable
extent to cell type-specific differences in the level of surface-exposed PS.

Under complete medium conditions, all three CRC cell lines tended to be less prone to the
treatment with active variants of peptide NK-2 as compared to both non-CRC cell types,
although the surface PS levels of high-PS (HROC24, HCT116, PC-3) and low-PS (HROC107,
HaCaT) cell types were comparable within each group. This basically indicates that the cell
surface PS exposure is not the sole influencing factor in this regard, and contributions from
further (cancer) cell line-specific distinctions such as the membrane rigidity, the accessible
surface area or the abundance and types of anionic carbohydrates have been addressed at the
outset to this thesis (see section 2.1.2). However, it should be pointed out explicitly that a direct
comparison and interpretation of ICs0 values obtained for CRC and non-CRC cell types must
be regarded rather inapplicable with respect to the above-discussed pronounced divergences
between both classes of cell lines. Despite of this partial limitation, when considering the
activities of individual peptides, a striking conformity existed in their selectivity for (i) PC-3
over HaCaT on the one hand, and (ii) HROC24 over HROC107 cells on the other. While the
lead peptide NK-2 and its derivative NK11 generally lacked activity (thus, also selectivity) in
complete medium, the enhanced variants C7A (2.0- and 2.1-fold selectivity for (i) and (ii),
respectively), C7A-A (2.2- and 3.2-fold), and C7A-D21K (3.0- and 3.5-fold) exerted well-
correlated selectivities for the respective high-PS types of both cellular test systems.

From a more general point of view, the here-observed variable degrees of PS surface exposure
are most probably found likewise in comparison of other cancerous cells. Exemplarily, this
assumption can be duly substantiated by Dobrzynska and co-workers (2005) showing that the
membrane composition with respect to phospholipid contents and organization fluctuated
tremendously among 18 tumors from individual patients all diagnosed with colorectal cancer
of similar TNM stage. Consequently, it appears reasonable to assume that marked differences
are to be expected regarding each individual malignancy’s susceptibility even to the best-

performing anticancer peptides.
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6.2.2 Membrane Interaction Mechanisms

The spatial approximation of peptide molecules to the target cell membrane is a profound pre-
requisite for any effective interaction in the first place. As was deducible from light scattering
measurements, apart from NK11, all of the selected peptides were apparently able to associate
—to a very limited degree — with liposomal membranes reflecting the outward-facing leaflet of
healthy human cells, here being simplistically constituted solely of zwitterionic natural PC.
However, no interactions of higher grade, i.e. extensive particle aggregation coinciding with a
disproportionate jump in the Zeta potential, were detectable in this regard. This indicates that
in the presence of PC vesicles the peptide-membrane association might be too weak to enable
a transition from an electrostatics- to a hydrophobicity-driven interaction. In line with this,
probe dilution FRET as well as intrinsic tryptophan fluorescence spectrometry strongly
supported this finding as poor to virtually no insertion into PC membranes was observable
neither for NK-2 or its structurally enhanced derivatives, nor for any of its three single-Trp
substitution variants. This is fully compliant with the outcome of numerous former
investigations where only minor to completely absent interactions of peptide NK-2 with
normal human membrane mimetics have been repeatedly proven (Ciobanasu et al. 2015;
Gelhaus et al. 2008; Andra et al. 2007; Schroder-Borm et al. 2005; Willumeit et al. 2005;
Schréder-Borm et al. 2003).

Contrasting the peptides’ poor interactions with PC membranes, both the degree of membrane
binding of NK-2 as well as its intercalation ability increased substantially in case the target
membrane was designed to mimic cancerous cellular surface conditions, i.e. liposomes made
of mixtures of PC and anionic PS. To this end, it is proposed that — for peptide NK-2 and its
active variants — the successful establishment of considerable hydrophobic interactions
between bound peptide molecules and the lipid bilayer provides an important precondition
for the subsequent process of intercalation. Notably, already quite low amounts of PS (10 % of
the total lipid content) seemed to be sufficient to enable effective peptide-membrane
interactions. For peptide NK-2, this is in very good agreement with findings from Schroder-
Borm et al. (2005) demonstrating facilitated intercalation into PS-comprising (as compared to
pure PC) lipid vesicle membranes. Adding to this, here, also the three structurally enhanced
C7A-substitution variants proved to likewise preferentially bind to and insert into liposomal

membranes in correlation to the membrane PS content.
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Notably, peptides NK-2 as well as melittin both induced very similar changes in liposomal
surface Zeta potentials. This was especially surprising as both peptides exert
membrane-activity in considerably different manners with regard to selectivity, effectiveness,
and mode of action (see also section 2.2). Moreover, the net charge of NK-2 is substantially
higher (Q = +10) than melittin’s (Q = +6). This suggests that the membrane association of
melittin is more readily driven by hydrophobic effects than observed with NK-2, which
strongly substantiates melittin’s mostly unselective interaction with phospholipid bilayers,
regardless of whether the membrane surface composition features e.g. anionic PS. In
consistency with this, NK-2 as well as its enhanced derivatives preferentially compensated the
cellular surface Zeta potentials of high-PS CRC cell lines, while for melittin no prioritization
of any type of cell was noticed. With regard to membrane interaction mechanisms it is further
to be recognized that on both, cells and PS-containing liposomes, the parent peptide NK-2
induced more extensive overcompensation effects than its derivatives of enhanced anticancer
activity. Obviously, such C7A-substitution variants require minor extents of hydrophobic
interactions with a target membrane to fully unfold their potential.

Another interesting mechanistic observation was made in probe dilution experiments when
shortly after the addition of 0.8 uM NK-2 to liposomes purely consisting of PS, the initially
sharply raised FRET signal decreased by around 10 % within the range of about 50 seconds
until reaching a steady state (see figure 5.15C). It is suggested that this phenomenon of an
inverse kinetic might result from peptide-induced lipid demixing effects. If ordered lipid
domains were initiated, donor and acceptor dyes could have come into closer proximity again
leading to a certain decline of the detectable donor-to-acceptor emission ratio, i.e. FRET signal.
Lohner and Blondelle (2005), for instance, described such a membrane disturbance mechanism
for antimicrobial peptides via the formation of reordered lipid domains.

Furthermore, NK-2 as well as its most improved derivative C7A-D21K were representatively
verified to be able to perturb the integrity of PC/PS lipid vesicle membranes, thus, to provoke
bilayer permeabilization. For NK-2, preferential permeabilization of PS-comprising over solely
PC-constituted lipid vesicles has been demonstrated before (Gelhaus et al. 2008), and here,
C7A-D21K was even considerably more efficient than its parent peptide. However, with both
peptides membrane impairment was generally sufficient to enable either efflux of calcein from
the inner liposomal volume or the internalization of KI molecules. Of note, the complementary

setups of both experimental approaches allow drawing the conclusion that the peptide-
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induced membrane permeability was proven to be bidirectional and readily transmembrane.
Adding to this, by the use of Rh-conjugates of the very same peptides, also cellular
permeabilization accompanied by concomitant intracellular access of peptides and the
membrane-impermeant nucleic acid stain Sytox green was comprehensibly visualized in
fluorescence microscopic investigations with high-PS HROC24 and low-PS HROC107 cells.
Mechanistically, these findings furthermore suggest that both NK-2 and C7A-D21K impede
the membrane’s barrier function via the formation of transient transmembrane pores. In line
with this, such transient pores have been observed for NK-2 in planar lipid bilayer
measurements at different types of bacterial membrane mimetics (Andra et al. 2011; Hammer
et al. 2010) as well as at PC/PS membranes (Jorg Andra, personal communication).

It should be noted that the permeabilization processes did apparently not involve or promote
extensive membrane disruption as typically only insignificant amounts of cellular debris were
observed. Nonetheless, as it has been demonstrated before with other cancerous mammalian
cell lines (Gross et al. 2013; Drechsler and Andra 2011; Schroder-Borm et al. 2005), here, also
patient-derived CRC cells responded to NK-2-related peptide attacks by partially drastic chan-
ges in the morphologic appearance involving rounding and membrane blebbing. Interestingly,
Wang and co-workers (2009b) noticed comparable cellular responses of human leukemia cells
upon treatment with polybia-MPI, an HDP from the venom of the social wasp.

Basic information on both location and orientation of peptide NK-2 molecules upon membrane
intercalation could be inferred from the calculated physicochemical peptide properties as well
as from tryptophan fluorescence spectroscopy.

At first, considering the low average hydrophobicity of the selected active peptides in
conjunction with their quite equally distributed amphipathicity (see tables 5.1 and 5.2), an
activity exhibition through the formation of regular transmembrane-spanning pores, like
suggested for the barrel-stave mode of action, is highly improbable. In close resemblance to
peptide NK-2, both cecropin A and B (Holak et al. 1988; Steiner et al. 1981), antimicrobial
peptides of the cell-free immunity of insects, adopt a secondary structure of two hinged
a-helices in lipid bilayer vicinity. Interestingly, both cecropin subtypes were found to directly
disrupt the membrane of bladder cancer cells (Suttmann et al. 2008) and were proposed to act
against bacteria by a mechanism that includes the formation of transient transmembrane pores
(Hung et al. 1999; Steiner et al. 1988). According to Eisenberg and co-workers (1984), the helices

of cecropin A and B feature consecutive 11-residue segments with mean hydrophobicities of
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—0.22 and —0.41 and concomitant hydrophobic moment values of 0.80 and 0.89, respectively.
This combination characterized at least the corresponding segments as clearly surface-prone
according to the hydrophobic moment plot introduced by the authors. These parameters
match remarkably well with those determined here for (the full lengths of) peptide NK-2 and
its most improved variants (with H=—0.26 ... —0.29, and pHyean = 0.79 ... 0.81), strongly
suggesting a similar membrane surface propensity as well as interaction mechanism.
Secondly, it was demonstrated by tryptophan fluorescence blue shift analysis that both the
amino-terminal and the mid-sequence segment of NK-2 intercalated deeply and to similar
extents into PS-bearing lipid vesicle membranes, even slightly favoring the mid-part at further-
ly increased PS contents. Instead, the peptide’s carboxy-terminus resided in a shorter-range
distance to the membrane-aqueous interface. This outcome underlined that the mid-part of
NK-2 apparently conserved the flexible hinge region (around residues Thr-13 to Leu-15)
located in between of helices 3 and 4 of the originating NK-lysin protein (see also figure 2.4).
It is suggested that NK-2’s predominantly a-helical secondary structure adopts a non-linear
but wedge-shaped conformation with a tilted orientation relative to the membrane normal,
while — at least in parts — upholding proximity to the bilayer surface. These results are in very
good correlation with findings from NK-2-related orientational investigations using molecular
dynamics simulations (Pimthon et al. 2009), as well as with experimental data from X-ray
scattering (Olak 2008) and solid-state NMR spectroscopy (Udupi Seetharamacharya 2005).
Finally, several of the here-applied experimental approaches furthermore provided insights
into the kinetics underlying the interactions of the investigated peptides with cellular
membranes as well as biomembrane-mimetic systems. Fluorescence microscopic experiments
revealed that peptide accumulation at the membranes of low-PS HROC107 and high-PS
HROC24 cells was in all cases quickly succeeded by permeabilization and cell death, with first
killing events typically registered within the range of a few minutes from treatment initiation.
However, two major tendencies evolved as (i) the survival of low-PS HROC107 cells was
markedly prolonged as compared to the high-PS CRC cell variant, and (ii) derivative
C7A-D21K exerted cancer cell killing activity at substantially accelerated kinetics as compared
to the parent peptide NK-2. In general, the rapidness of the killing process itself strongly
supports the cytoplasmic membrane to be the principle peptide target (Gaspar et al. 2013;
Huang et al. 2011; Boman 2003), because intracellular targeting usually requires longer

interaction timespans (Nicolas 2009). In line with this, the kinetics of calcein leakage from dye-
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encapsulating PC/PS liposomes were considerably quicker with peptides NK-2 and C7A-D21K
as compared to melittin (yet, the final degree of leakage was higher with the latter). For the
reference peptide, membrane permeabilization via the formation of regular pores from pre-
viously self-associated melittin dimers is described (Hristova et al. 2001). Instead, the clearly

different mechanism exerted by NK-2 and C7A-D21K featured an apparently faster kinetic.

6.2.3 Concatenated Mechanistic Information

Altogether, the ensemble of (mechanistic) findings made in the course of this work could serve
as individual signposts characterizing peptide NK-2 as well as its structurally enhanced
derivatives regarding their putative mode of action against the here-involved cancerous cells.
The schematic model given in figure 6.1 outlines key stages in the peptides” interactions with
(idealized) cancer cell membranes.

» Initially, the presence and accessibility of anionic PS on the membrane surface of a
cancerous cell triggers the recruitment of peptide NK-2, which holds true also for its
structurally improved derivatives. At this stage, the peptide molecules are anticipated to
be randomly coiled or at least predominantly unstructured (see figure 6.1, @). A certain
degree of electrostatic attraction between the polycationic peptide molecules and the
negatively net-charged membrane surface favors the spatial approximation between both
and increases the interaction probability. However, the selective accumulation of peptides
at the cancer cell membrane is correlated to the outer leaflet’s PS content, and is explicitly
independent from its overall net charge. This implies PS-specific interactions to play a
crucial role for the selective targeting of cancerous as opposed to normal cells.

* In vicinity to the bilayer interface, NK-2 and its enhanced derivatives adopt an a-helical
secondary structure. The now highly amphipathic peptides align in parallel to the lipid
bilayer normal in the first place, orienting with their hydrophilic helical face to the exo-
plasmic surface and with the hydrophobic face striving towards the bilayer hydrocarbon
core. This results in a putatively carpet-like coverage of the membrane surface (see @).

* Uponreaching or exceeding a peptide-specific local threshold concentration, hydrophobic
interactions between the peptide and the lipid bilayer core are main driving forces trigger-
ing the subsequent step of membrane insertion (see @). Membrane-intercalated NK-2

molecules appear in a bent shape probably angled resembling the natural conformation
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in the originating NK-lysin protein. The carboxy-terminus has a higher tendency to locate
in surficial proximity while a deeper integration is observed for the mid-part to amino-

terminal sequence moiety.
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Figure 6.1: Proposed mechanism of action of peptide NK-2 against cancer cells. Predominantly
hydrophobic and hydrophilic segments of the peptide’s amino acid sequence are represented in blue
and red, respectively. Choline lipid head-groups of PC are depicted in grey, negatively charged PS head-
groups in red. After selective attraction of peptides to PS-exposing cancer cells (@), the peptide
conformation shifts from a previously unstructured state to a predominantly a-helical fold. Carpet-like
membrane surface coverage (@) is succeeded by the insertion of peptide molecules into the
bilayer (@). NK-2 intercalated into PS-bearing membranes possesses an angled shape bent at a mid-
sequence flexible hinge region. The C-terminus remains in proximity to the bilayer surface while the
mid-to-N-terminal moiety inserts deeper. Finally, peptide-induced impairment e.g. by transient pore
formation (@), lipid packing perturbation (@) and/or membrane thinning (@), not yet experimentally
proven), can lead to lethal permeabilization of the membrane barrier within a few minutes.

* With ongoing accumulation and insertion of peptide molecules, also the chance for mem-
brane impairment events increases. Most likely such mechanisms lead to a transient
permeabilization and may include, but might not be limited to, the reversible formation
of (toroidal) transmembrane pores (see @) and/or the disturbance of the lipid packing,
e.g. by the induction of PS-enriched domains (see @). Speculatively, another probable
impairment route is membrane thinning (see @), which has not been explicitly proven for
the here-described NK-2 peptides so far but is a very common membrane disintegration
mechanism induced by a-helical, amphipathic HDPs (Sato and Feix 2006, Mecke et al.
2005; Ludtke et al. 1995).

* Rapid peptide-membrane interaction kinetics enable the total process from binding to
(lethal) permeabilization to be completed within the range of just a few minutes.
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6.3 Conclusion and Outlook

In the scope of this thesis, peptide NK-2 successfully demonstrated potency against a human
prostate cancer model cell line as well as, of special relevance, against two patient-derived
colorectal carcinoma cells. Yet, the peptide’s basically considerable anticancer performance
was limited by a pronounced activity inhibition in serum-supplemented cell culture medium
implying a most probably restricted applicability of NK-2 under physiological conditions.
Structure-function analyses enclosing an ensemble of more than 30 rationally designed
derivatives of the lead peptide NK-2 revealed a group of peptides with concomitantly elevated
potency, stability, as well as selectivity for cancerous over healthy human cells. Substituting
NK-2’s non-functional cysteine residue at position 7 by either alanine or leucine turned out to
be the key modification to render the peptide functional under complete medium conditions.
The additional exchange or omission of the sole negatively charged aspartate at position 21
yielded derivatives C7A-D21K and C7A-A (shortened by residues 18 to 21), respectively,
which emerged as outstandingly enhanced NK-2 variants. Peptide-induced target membrane
binding, intercalation as well as effective cell killing by membrane permeabilization occurred
extremely quickly, making the best-performing NK-2 analogs highly promising candidates for
future anticancer medication development in principle.

Apart from an activity and stability optimization of the peptide’s lead structure itself, an
effective anti-cancer cell performance is likewise dependent on the target preference, thus on
the cancer cell selectivity. Concluding from a range of in vitro tests, involving human
(cancerous) cell lines as well as artificial membranes as targets, it is proposed that the
magnitude of the accessible membrane surface charge is not a primarily decisive factor for
selective interactions with membrane-active NK-2-derived peptides. Instead of the cumulative
parameter of a target membrane’s net charge, experimental data suggest that the level of
surface-exposed PS is of crucial importance for the activity of peptide NK-2 and structurally
improved anticancer variants thereof in terms of their cancer cell selectivity, the overall
efficacy, as well as the underlying mode of action and kinetics.

Generally speaking, these findings underpin the significance of PS as a cancer cell-specific
surface factor being a promising target candidate for selective tumor treatment. Currently, PS-
directed anticancer therapy approaches are typically based on the use of annexin A5 (Qiu et

al. 2013; Frey et al. 2009) or monoclonal antibodies such as bavituximab (Mahoney et al. 2015).
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Discussion

Both attempts aim at shielding externalized PS on cancer cells in order to surmount its
immunosuppressive effects in the tumor microenvironment. Here, enhanced NK-2 peptide
variants acted by a direct physical membrane attack mechanism against PS-exposing cancer
cells. In conjunction with the rapid underlying kinetics, this is thought to provide a most
adequate armory to overcome existing resistances as well as to forestall the emergence of new
resistance mechanisms.

At present, the systemic application of HDPs in general is to be considered rather unlikely due
to stability and bioavailability constraints in vivo. Nonetheless, structural peptide optimization
as well as drug formulation approaches strive towards coping these limitations. Most
probably, local or topical administration seem to offer the opportunities with best prospects
for success. In line with this, peptides C7A-D21K as well as C7A-A were shown to considerably
curb the progression of human colon cancer xenografts in mice after repetitive intratumoral
injections (Maletzki et al. 2014). The concomitant anticancer and antibacterial effectiveness of
such peptides could also provide a combined benefit, e.g. after surgical removal of a solid
tumor, as the peptides ideally target residual cancer cells as well as prevent microbial
infections.

Finally, in recent years, the presence of surface-exposed PS evolved more and more as a
universal cancer cell hallmark. Yet, the abundance of this putative target structure can be
variable, just like it was observed here in direct comparison of a high- versus a low-PS CRC
cell line of otherwise striking congruence. Thus, it seems reasonable to assume that any PS-
targeted therapy (e.g. using NK-2-derived peptides) cannot be expected to be equally effective
in all patients — not even in those diagnosed with the same type of cancer.

This should be perceived as an advocacy for the principles of personalized medicine.
Presuming that information about the surface PS levels on cancerous cells of a particular
patient’s tumor were available, tailoring of a targeted peptide-based cancer treatment could
be realized. For malignancies displaying elevated amounts of PS, optimized derivatives of
peptide NK-2 could putatively provide an effective as well as molecularly targeted, thus,

selective therapy option.
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Appendix

APPENDIX

Table A.1: Hydrophobicity scales. The Normalized Consensus (NC) scale and the Whole-Residue
Interface (WIF) scale have been introduced by Eisenberg et al. (1984) and Wimley and White (1996),
respectively. The NC scale combines multiple previously proposed scales and assigns each amino acid
residue (i) a particular hydrophobicity value (H;). It ranks the individual contribution of each residue

based on its particular physicochemical properties in such a way that the mean over all contributive

factors equals 0 with a standard deviation of 1. In despite, the WIF scale additionally takes influences

of peptide bonds into account and ranks individual amino acids based on transfer free energies

(AGyF) resulting from experimentally determined for lipid bilayer partitioning. “n.d.” means not

determined.
Index i Amino acid (3-, 1-letter-code) Hj according to NC H; as AGyyr according to WIF
/- / kcal/mol

1 Alanine (Ala, A) 0.62 0.17
2 Arginine (Arg, R) -2.53 0.81
3 Asparagine (Asn, N) -0.78 0.42
4 Aspartic acid (Asp, D) -0.90 1.23
5 Cysteine (Cys, C) 0.29 -0.24
6 Glutamine (GIn, Q) -0.85 0.58
7 Glutamic acid (Glu, E) -0.74 2.02
8 Glycine (Gly, G) 0.48 0.01
9 Histidine (His, H) -0.40 0.17
10 Isoleucine (lle, 1) 1.38 -0.31
11 Leucine (Leu, L) 1.06 -0.56
12 Lysine (Lys, K) -1.50 0.99
13 Methionine (Met, M) 0.64 -0.23
14 Phenylalanine (Phe, F) 1.19 -1.13
15 Proline (Pro, P) 0.12 0.45
16 Serine (Ser, S) -0.18 0.13
17 Threonine (Thr, T) -0.05 0.14
18 Tryptophan (Trp, W) 0.81 -1.85
19 Tyrosine (Tyr, Y) 0.26 -0.94
20 Valine (Val, V) 1.08 0.07
Mean 0.00 n.d.

Standard deviation 1.00 n.d.
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FL2 — Propidium iodide FL2 = Propidium iodide

FL2 — Propidium iodide

Figure A.1: Pre-evaluation processing of flow cytometry data. Initially, for the sake of dead cell
exclusion, gating (R-1, red dots) was done manually in dot plots of the FL2 (propidium iodide; PI) versus
forward scatter (FSC) signals (A). Pre-gated populations of unstained (C) and FITC-annexin V-stained
cells (E) were then individually analyzed based on histogram intensity plots of their FL1 (FITC) signals
(D and F, respectively). The ratio of the geometric mean fluorescence intensities from (F) over (D)
represents a measure of the cellular PS exposure.
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Table A.2: Sequences and structure-related peptide properties as assessed separately for N- and C-terminal segments. Expanding the set of calculated
physicochemical peptide features presented in table 5.1, the same parameters were additionally determined for peptide segments notionally separating
N-terminal (index N) and C-terminal (index C) sequence moieties. The split point of each sequence is indicated by a tilde symbol (~). Peptides are sorted in the
order of decreasing sequence length (n), and accordingly assigned a numerical identifier (ID). Referring to the sequence of NK-2, residue changes are indicated
by bold type letters, while hyphens represent omissions. All peptides, except C7S-OH, were synthesized with amidated C-termini. Determined parameters
enclosed each peptide’s net charge (Q) and average charge per residue (Q/n) at physiological pH, the mean hydrophobicity (H), as well as the proportions of
hydrophobicity to net (H/Q) and average residual charge (H/(Q/n)). Background grey-scale coding delineates single-substitution (IDs 2-13), multiple-
substitution (IDs 14-16), and deletion (IDs 17-34) variants of parent peptide NK-2 (ID 1). An asterisk (*) indicates the non-NK-2-related reference peptide melittin.

ID Peptide ny n¢iQn Qci(Q/ M)y (Q/n)ci Hy He ((H/ Q)N (H/Q)ci(H/(Q/n)n(H/(Q/n))c
1 NK-2 KILRGVCKKIMRT~FLRRISKDILTGKK 13 14 i +5 +5 i +0.38 +0.36 -0.25 -0.20 -0.051 -0.041 -0.66 -0.57
2 12w KWLRGVCKKIMRT~FLRRISKDILTGKK 13 14 : 45 +5 ! +0.38 +0.36 -0.30 -0.20 -0.060 -0.041 -0.77 -0.57
3 R4L KILLGVCKKIMRT~FLRRISKDILTGKK 13 14 | +4 +5 +0.31 +0.36 +0.02 -0.20 +0.006 -0.041 +0.07 -0.57
4 C7A KILRGVAKKIMRT~FLRRISKDILTGKK 13 14 | +5 45 +0.38 +0.36 -0.23 -0.20 -0.046 -0.041 -0.59 -0.57
5 C7L KILRGVLKKIMRT~FLRRISKDILTGKK 13 14 i +5 +5 1 +0.38 +0.36 -0.19 -0.20 -0.039 -0.041 -0.51 -0.57
6 C7S KILRGVSKKIMRT~FLRRISKDILTGKK 13 14 i +5 +5 1 +0.38 +0.36 -0.29 -0.20 -0.058 -0.041 -0.75 -0.57
7 C7S-OH KILRGVSKKIMRT~FLRRISKDILTGKK-OH! 13 14 : +5 +4 { +0.38 +0.29 -0.29 -0.20 -0.058 -0.051 -0.75 -0.71
8 MI11L KILRGVCKKILRT~FLRRISKDILTGKK 13 14 | 45 +5 | +0.38 +0.36 -0.22 -0.20 -0.044 -0.041 -0.58 -0.57
9 F14W KILRGVCKKIMRT~WLRRISKDILTGKK 13 14 | +5 +5 +0.38 +0.36 -0.25 -0.23 -0.051 -0.046 -0.66 -0.65
10 R17L KILRGVCKKIMRT~FLRLISKDILTGKK 13 14 | +5 +4 | +0.38 +0.29 -0.25 +0.07 -0.051 0.018 -0.66 +0.26
11 D21K KILRGVCKKIMRT~FLRRISKKILTGKK 13 14 | +5 +7 | +0.38 +0.50 -0.25 -0.25 -0.051 -0.036 -0.66 -0.50
12 D21L KILRGVCKKIMRT~FLRRISKLILTGKK 13 14 i +5 +6 { +0.38 +0.43 -0.25 -0.05 -0.051 -0.009 -0.66 -0.12
13 G25W KILRGVCKKIMRT~FLRRISKDILTWKK 13 14 : 45 +5 ¢ +0.38 +0.36 -0.25 -0.18 -0.051 -0.036 -0.66 -0.50
14 C7A-D21K KILRGVAKKIMRT~FLRRISKKILTGKK 13 14 : 45 +7 i +0.38 +0.50 -0.23 -0.25 -0.046 -0.036 -0.59 -0.50
15 C7A-K8L-D21K KILRGVALKIMRT~FLRRISKKILTGKK 13 14 | +4 +7 +0.31 +0.50 -0.03 -0.25 -0.008 -0.036 -0.10 -0.50
16 C7A-M11L-D21K KILRGVAKKILRT~FLRRISKKILTGKK 13 14 | +5 +7 +0.38 +0.50 -0.20 -0.25 -0.039 -0.036 -0.51 -0.50
17 NK-2-K —-ILRGVCKKIMRTF~LRRISKDILTGKK 13 13 : +4 45 +0.31 +0.38 -0.05 -0.41 -0.012 -0.082 -0.15 -1.07
18 NK-2-KK KILRGVCKKIMR~TFLRRISKDILTG-- 12 13 i +5 +3 i +0.42 +0.23 -0.27 -0.09 -0.054 -0.031 -0.65 -0.40
19 NK-2-KKK —ILRGVCKKIMRT~FLRRISKDILTG-- 12 12 1 +4 +3 +0.33 +0.25 -0.15 -0.10 -0.038 -0.032 -0.45 -0.38
20 C7A-A KILRGVAKKIM~RTFLRR----ILTGKK 11 12 ' +4 +6 +0.36 +0.50 -0.04 -0.46 -0.009 -0.077 -0.10 -0.92
21 L3K-C7A-F14K-A KIKRGVAKKIM~RTKLRR———-TLTGKK | 11 12 | +5 +7 | +0.45 +0.58 | -027 -0.68 | -0.054  -0.098 20.59 117
22 NK23a KI----SKKIMRTFL~RRISKDILTGKK | 11 12 | +4 +5 | +0.36 +042 | -0.15 -053 & -0.037 -0.107 -0.40 -1.28
23 NK23b KILRGVSKKIM----~RRISKDILTGKK | 11 12 | +4 +5 | +0.36 +0.42 | 011 -053 | -0027 -0.107 -030 128
24 NK23c (C7S-A) KILRGVSKKIM~RTFLRR----ILTGKK 11 12 : +4 +6 i +0.36 +0.50 -0.11 -0.46 -0.027 -0.077 -0.30 -0.92
250C200 e KKIMRTFLRR~ISKDILTGKK 10 10 : 45 +3 i +0.50 +0.30 -0.64 -0.13 -0.127 -0.044 -1.27 -0.44
26 C20DK  ——————- KKIMRTFLRR~ISKKILTGKK | 10 10 | +5 +5 | +0.50 +0.50 | -0.64 -0.19 | -0.127 _ -0.039 127 2039
27 NK19a KI--—--SKKIMRT~FLRR----ILTGKK 9 10 +4 +5 i +0.44 +0.50 -0.43 -0.29 -0.107 -0.059 -0.97 -0.59
28 NK19b KILRGVSKK~IM----RR----ILTGKK 9 10 +4 +5: +0.44 +0.50 -0.36 -0.32 -0.089 -0.063 -0.80 -0.63
29 NK19b-KR RILRGVSRR~IM----RR-—---ILTGRR 9 10 +4 +5 i +0.44 +0.50 -0.70 -0.52 -0.175 -0.105 -1.58 -1.05
30 N17 KILRGVSK~KIMRTFLRR-—————————— 8 9 i +3 +5 ! +0.38 +0.56 -0.21 -0.54 -0.071 -0.108 -0.57 -0.97
31 NK15 KILRGVS~K-——————— R----ILTGKK 7 8 i +2 +5 ! +0.29 +0.63 -0.03 -0.52 -0.015 -0.104 -0.11 -0.83
32 NK13 KI====FKKIMRTELRR=—==o==== 6 7 43 +4 | +0.50 +0.57 -0.32 -0.68 -0.107 -0.170 -0.64 -1.19
33 NK11 KI----SK--—————- R----~ILTGKK 5 6 | +3 +3 ! +0.60 +0.50 -0.87 -0.02 -0.289 -0.007 -1.44 -0.04
34120 == 00——-————- KKIMR~TFLRR—-————————— 5 5 {43 +3 ! +0.60 +0.60 -0.70 -0.57 -0.234 -0.191 -1.17 -0.95
35 Melittin* GIGAVLKVLTTGL~PALISWIKRKROO 13 13 | +1 +5.0{ +0.08 +0.38 | +0.55 -0.35 | +0.552 -0.070 |  +7.18 091
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% Author Dominik Wilms
% Date: 16.10.2014
% Version: 1.1 (TRP Assay Evaluation)

o

Last change: 23.10.2014

oe

clc, clear, close all;

filename = 'XYZ.xlsx';

[nums, txt]=xlsread (filename) ;

RFU = nums (:,2:end);
Lambda (:, 1) = nums(:,1);

p3 = length(RFU(1,:));

pd = 1;

p5 = 310;

p6 = 400;

p7 = ((p6-p5)/p4)+1;
x = RFU;

N = 2;

DN = 0;

F = 21;

Results = savitzkyGolayFilt (x,N,DN,F);

[p,q] = size(Results);
x1l = zeros(pt+l,g+l);

x1(2:end,1) = Lambda(:,1);
x1(2:end,2:end) = Results(:,:);

for 1 = 2:g+1;

x1(p+3,1) = max(x1(:,1));

[maxwerte, maxzeilen] = max(x1l(:,1));
[maxwert, maxspalte] = max (maxwerte);
maxzeile = maxzeilen (maxspalte);
x1 (p+4,1) = x1 (maxzeile,1l);

value

end

Fl = num2str(F);

SN = {'Savitzky-Golay F =',F1l};
sheetname = strjoin (SN);

xlswrite (filename, x1, sheetname, 'Al1");
xlswrite (filename, txt, sheetname, 'Al") ;

Figure A.2: Matlab code for the determination of blue shifts from tryptophan fluorescence spectrum
data. The given code exemplarily depicts the Matlab code to deduce the resulting blue shift from
spectrum data of peptide I2W in the presence and absence of PC:PS (50:50) liposomes. Smoothing of
raw data, recorded by Tecan infinite M200pro, was realized by the application of a Savitzky-Golay filter
at a smoothing frame size of 21 nm. Search tasks for fluorescence intensity maxima and corresponding
wavelength positions were automated, and results were exported to Microsoft Excel files together
with the smoothed spectrum data to enable subsequent blue shift calculations.
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