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Abstract

The study and application of peptides have transformed clinical research, offering innovative
approaches to combat cancer, organelle-specific diseases, and bacterial antibiotic resistance.
This work focuses on developing, characterizing, and designing the cell-penetrating peptide
sC18 and its variants to improve drug delivery to cancer cells, achieve organelle-specific

targeting, and improve antimicrobial properties.

In the first study, three variants of sC18 were developed to improve its efficacy as a carrier for
the anti-cancer drug Doxorubicin. By optimizing the amphipathic structure or net charge, some
of them showed enhanced cytotoxicity towards cancer cells while sparing healthy cells.
Peptide-drug conjugates (PDCs) containing Doxorubicin were developed, with the peptide

sC18AE in particular proving to be the most promising candidate for future studies.

Then, sC18 variants bearing peroxisomal targeting sequences were investigated regarding
their ability to be transported into the peroxisome via the cellular peroxisomal import
machinery. The uptake efficiency varied depending on the utilized PTS and CPP. Moreover,
peptides PX1 and PX9 showed high internalization efficiency and good biocompatibility in
MCF-7 cells and might enhance the level of Pex5, a major peroxisomal receptor protein.
However, colocalization with peroxisomes remained limited. Thus, further optimization is

needed to investigate the developed peptides' targeting efficiency and therapeutic relevance.

Finally, the peptide sC18*R,L, was further developed regarding its antimicrobial potential, and
several new derivatives were created and biologically tested. The chemical modification using
a triazolyl bridge in the peptide RL-8 increased the activity against both Gram-positive and
Gram-negative bacteria and improved the peptide stability against proteolytic degradation. In
particular, the triazolyl-bridged peptide 8B showed significantly increased bacterial membrane
disruption with low cytotoxicity in human cells, making it a potential candidate for combating
resistant pathogens. This peptide was further modified in a retro-inverso manner, which

increased its antimicrobial activity further.

This work highlights the versatility of sC18 peptides in addressing pressing challenges in drug
delivery, organelle-specific targeting, and antimicrobial resistance. Future studies could

provide novel insights to improve these peptides for clinical applications.



Zusammenfassung

Die Erforschung und Anwendung von Peptiden hat die klinische Forschung veréndert und
bietet innovative Anséatze zur Bekampfung von Krebs, organellenspezifischen Krankheiten
und bakterieller Antibiotikaresistenz. Diese Arbeit konzentriert sich auf die Entwicklung,
Charakterisierung und das Design des zellpenetrierenden Peptids sC18 und seiner Varianten,
um die Medikamentenabgabe an Krebszellen zu verbessern, eine organellenspezifische

Zielansteuerung zu erreichen und die antimikrobiellen Eigenschaften zu verbessern.

In der ersten Studie wurden drei Varianten von sC18 untersucht, um deren Wirksamkeit als
Trager fur das Krebsmedikament Doxorubicin zu verbessern. Durch Optimierung der
amphipathischen Struktur oder der Nettoladung zeigten einige von ihnen eine gesteigerte
Zytotoxizitat gegenuber Krebszellen, wahrend gesunde Zellen verschont blieben. Peptid-
Wirkstoff-Konjugate, die Doxorubicin enthalten, wurden entwickelt, wobei sich das PDC

bestehend aus sC18AE , als der vielversprechendste Kandidat fir kinftige Studien erwies.

AnschlieRend wurden sC18-Varianten mit peroxisomalen Zielsequenzen auf ihre Fahigkeit
untersucht, Uber die peroxisomale Importmaschinerie in das Peroxisom transportiert zu
werden. Die Aufnahmeeffizienz variierte in Abhangigkeit von den verwendeten
Signalsequenzen und der Peptide. Die Peptide PX1 und PX9 zeigten eine hohe
Internalisierungseffizienz und gute Biokompatibilitat in MCF-7 Zellen und erhéhten das
Proteinlevel von Pex5, einem wichtigen peroxisomalen Rezeptorprotein. Die Kolokalisierung
der PX-Peptide mit Peroxisomen blieb jedoch gering. Weitere Optimierungen sind erforderlich,

um die Zielgenauigkeit und therapeutische Relevanz der entwickelten Peptide zu steigern.

Schlielich wurde das Peptid sC18*R,L hinsichtlich seines antimikrobiellen Potenzials
weiterentwickelt, und es wurden neue Derivate synthetisiert und biologisch getestet. Die
Modifikation mit einer Triazolylbriicke im Peptid RL-8 verbesserte die Stabilitat des Peptids
gegen proteolytischen Abbau und erhdhte die Aktivitdit gegen grampositive, sowie
gramnegative Bakterien. Insbesondere das triazolylverbriickte Peptid 8B zeigte eine deutlich
erhohte Membranlysierung bei geringer Zytotoxizitat in menschlichen Zellen, was es zu einem
potenziellen Kandidaten fur die Bek&mpfung resistenter Krankheitserreger macht. Die viel
versprechenden Peptide wurden in retro-inverser Weise synthetisiert, was deren

antimikrobielle Aktivitat weiter erhohte.

Diese Arbeit unterstreicht die Vielseitigkeit von sC18-Peptiden bei der Bewadltigung von
Herausforderungen im Bereich der Arzneimittelverabreichung, der organellen-spezifischen
Ausrichtung und der antimikrobiellen Resistenz. Zukinftige Studien kdnnten neue

Erkenntnisse zur weiteren Verbesserung dieser Peptide fir klinische Anwendungen liefern.
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1. Introduction
1.1 Architecture and functionality of eukaryotic membranes

A biological membrane is essential for all kingdoms of life. It is a selective barrier separating
the intracellular components from the extracellular environment.[1] It plays a crucial role in
maintaining cellular integrity, regulating the import and export of substances, facilitating
communication through various signaling pathways, and supporting essential cellular
processes like energy production, cell division, and molecule transport.[2] The structure of the
membranes differs from organism to organism and is always unique depending on its
composition. However, the eukaryotic membrane consists primarily of a lipid bilayer with
embedded proteins and provides fluidity and stability, allowing the organism to adapt
dynamically to environmental needs.[3] The lipid bilayer is built by phospholipids, glycolipids,

and sterols, see Fig. 1.[4]
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Figure 1. Schematic overview of the three main types of lipids within membranes. (A) Phospholipids
with prominent headgroups: choline, inositol, ethanolamine, serine, and glycerol. (B) Schematic
glycosphingolipid, exemplified by glucosylceramide with an attached C18 fatty acid chain. (C) The most
abundant sterol group in mammalian cells is Cholesterol. Adapted from Hilton, K.L.F.; Manwani, C. et
al. [4-6]

However, the headgroup and the hydrophobic tail exhibit different structures and
properties.[7,8] The cellular membrane mainly consists of phospholipids, as shown in Fig. 1A,
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which possess two fatty acid chains, either saturated or unsaturated. They are linked by a
glycerol connected to a phosphate group bound to the hydrophilic headgroup. The headgroup
can be divided into five prominent representatives: choline, inositol, ethanolamine, serine, and
glycerol.[9,10] Another phospholipid type called sphingophospholipid consists of one fatty acid
chain linked by sphingosine (structure like a fatty acid chain) instead of glycerol.[11] A further
group of molecules in the cellular membrane are the glycolipids. These also contain fatty acids
bound either by glycerol or sphingosine, but they have a directly attached sugar residue
instead of a phosphate group. Hereby, the number and type of sugars varies for each
glycolipid.[12] Lastly, the sterols represent a group of molecules within the membrane
consisting of a hydrophilic head (often a hydroxy group) followed by steroid rings and an
aliphatic chain. The sterol commonly found in mammalian cells is cholesterol.[13] Sterols are
essential for forming liquid-ordered (Lo) membrane states, also described as lipid "rafts,"
which play a crucial role in essential biological processes.[14] In contrast, the small polar
headgroups of phosphatidylethanolamine confer greater fluidity and lower surface packing
density and pressure to phosphatidylethanolamine-rich regions, referred to as liquid-
disordered (Ld) microdomains.[15] The uneven distribution of lipid heterogeneity can be stable
or temporary. Transient membrane microdomains, such as lipid rafts, are contrasted by stable

membrane microdomains, which are defined by tight junctions.
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Figure 2. Comparison of cell membrane compositions in non-cancerous and cancerous cells. The
asymmetrical distribution of zwitterionic phospholipids, acidic phospholipids, phosphatidylserine, and
cholesterol is shown. The extracellular pH changes are also highlighted. Adapted from Neundorf, I. et
al. [16]

All these components and properties are not symmetrically distributed, resulting in two
different properties in both leaflets. Notably, membranes are unique, and the lipid composition
differs depending on the organism.[8] In mammalian cell membranes, the composition of the
bilayer varies significantly due to the distribution of lipid types.[17] On the one hand, the outer
leaflet, exposed to the extracellular environment, consists mainly of phosphatidylcholine,
glycolipids, and sphingomyelin. On the other hand, phospholipids, like phosphatidylserine and
phosphatidylethanolamine, are primarily found in the inner leaflet.[3,4,18]



Interestingly, the membrane of cancerous eukaryotes differs from that of non-cancerous
eukaryotes. As shown in Fig. 2 and described above, acidic phospholipids in healthy
mammalian cells are predominantly found in the inner leaflet, while in cancer cells, they are
partially located in the outer leaflet. The phosphatidylserine concentration is significantly
enriched in the outer leaflet.[19] This change in lipid composition is typically caused by the
misfunction of two ATP-driven pumps, flippases, and floppases. A collapse of this machinery
leads to phospholipid rearrangement in the outer leaflet, which is known as phospholipid
scrambling. It occurs in both apoptosis and cancer. [20—-22] This dysfunction shifts the pH from
7.3 to 6.9, altering the microenvironment of cancer cells towards more acidic conditions.[23]
Further, the more acidic tumor micro-environment is mainly caused by hypoxia and elevated
lactate production resulting from enhanced glycolysis in cancer cells to ensure proper cell
metabolism.[24] Another aspect is the increased cholesterol levels in the cancerous
membrane, which leads to higher fluidity that enhances membrane-protein movement and
accelerates cell migration. Simultaneously, lipid rafts are increased to maintain high oncogenic
signaling. All these differences promote proliferation, migration, and resistance to common
therapies.[25,26]

Notably, all these differences can act as biomarkers in the compositions of cancerous
membranes, which can be utilized for targeted cancer therapy.[27-29] As cancer remains one
of the leading causes of death worldwide, the discovery of new cancer drugs and treatments

is crucial to the continued fight against cancer.

1.2 Architecture and functionality of prokaryotic membranes

Also, in prokaryotes, the membrane lipids are essential structural and functional components.
They are responsible for membrane organization, cell recognition, membrane fluidity, energy
storage, cell signaling, and more.[30,31] However, the types of phospholipids vary depending
on the bacterial species. Instead of phosphatidylcholine, as in eukaryotic membranes,
phosphatidylethanolamine, phosphatidylglycerol, and cardiolipin are the most abundant
phospholipids.[32] Generally, the asymmetrical distribution of the phospholipids in bacteria is
widely unknown.[33] Interestingly, in contrast to eukaryotic membranes, the overall structure
of bacterial membranes is cholesterol-free. Due to the absence of cholesterol, the membrane
fluidity is destabilized, and some bacteria substitute the cholesterol with sterol-like hopanoid,
which supports membrane stabilization. These hopanoid structures were mainly found in
gram-negative bacteria.[34,35] Bacteria without hopanoid within their cell wall showed that
lacking this sterol-like structure increases antibiotic sensitivity. However, the mechanism of
how hopanoid supports antibiotic resistance is not fully understood.[36] Furthermore, many

proteins, like efflux pumps and aquaporins, are embedded in the membrane. Additionally,



enzymes responsible for ATP synthesis and metabolic processes are located within the
bilayer.[37]

Generally, bacterial envelopes can be divided into two main categories: Gram-positive and
Gram-negative shown in Fig. 3. They differ in structure and functionality, which is essential for

understanding their pathogenesis and further developing treatments against bacteria.[38,39]

Gram-positive bacterium Gram-negative bacterium

LPS

Outer membrane

Periplasmic
Peptidoglycan space
Peptidoglycan

Periplasmic
space

Cell membrane Cell membrane

Figure 3. Structural comparison of Gram-negative and Gram-positive bacterial cell envelopes.
Differences in peptidoglycan layer thickness, membrane proteins in periplasmic space, outer membrane
presence, and associated components, like lipopolysaccharides (LPS), are highlighted. Adapted from
Lithgow, T.; Stubenrauch, C.J. et al. [39]

Gram-positive bacteria consist of a thick peptidoglycan layer between 30 and 100 nm thick,
which makes up most of the cell wall.[40] The peptidoglycan layer enables gram staining
developed by Hans Christian Gram.[41] Wall teichoic or lipoteichoic acids are found on top of
the peptidoglycan layer, increasing its negative charge.[42] These are valuable tools to help
maintain cell wall integrity, regulate ion transport, facilitate adhesion, and play a role inimmune
response and cell division. Between the cell membrane and the peptidoglycan layer, there is
also a small periplasmic space in which lipoproteins are present.[43] In the years of rising
antibiotic resistance, prominent examples of these species have been listed in the ESKAPE
group. Some bacteria of the ESKAPE group are Gram-positive, like Enterococcus faecium
and Staphylococcus aureus. These bacteria are highly pathogenic and resistant to many

antibiotics, which represents a major challenge to modern medicine.[44]

In contrast, Gram-negative bacteria bear a dual membrane envelope from an outer and cell
membrane.[45] The outer membrane holds asymmetrical phospholipids in the inner leaflet and
on its outer leaflet lipopolysaccharides (LPS). These LPS support and protect the membrane
integrity and act as endotoxins. It, therefore, plays an important role in the development of

drugs, as it increases the negative charge of bacteria through phosphate groups.[46]
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Underneath the outer membrane, the peptidoglycan layer is surrounded by a periplasmic
space with lipoproteins, and the adjacent inner membrane is composed of a phospholipid
bilayer. Gram-negative bacteria are generally intrinsically resistant to many classes of
antibiotics due to their dual membranes and increased number of efflux pumps.[47] Prominent
members of the Gram-negative bacteria from the ESKAPE group are Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter species.[44] As
bacteria rapidly develop multidrug resistance and the discovery of new antibiotics is declining,

it is essential to focus on developing alternative treatments for bacterial infections.[48]

1.3 Peptides in biomedical research

Peptides play a crucial role in biomedical research due to their advantages over conventional
treatments. During the last decades, the interest in peptides from a therapeutic perspective
has risen, and many obstacles have been overcome. Significant advancements have been
made since the introduction of peptide therapeutics in 1921 with the extraction of insulin.
Starting with the development of solid-phase peptide synthesis (SPPS) and identifying
products using high-performance liquid chromatography (HPLC) and mass spectrometry
(MS).[49,50] The journey of peptides used as therapeutics started with insulin, the first peptide
drug for diabetes patients, in 1921.[51] Insulin was initially obtained as an animal extract and
can now be recombinantly expressed and produced.[52] During the 20th century, several
peptides were discovered and used as therapeutics. The following Tab. 1 lists the early

discovered peptides and their introduction into the clinic.

Current research is intensively trying to chemically modify natural peptides to overcome
proteolytic degradation and improve oral delivery and selectivity. Thanks to this research,
more peptides have entered the clinical phase in recent decades.[53] The first synthetic

peptides in the clinical application were Oxytocin, Vasopressin, and Leuprorelin.[54-56]

Simultaneously, peptides with antimicrobial properties were discovered. These low-molecular-
weight peptides play a crucial role in the innate immune system and were used for further
modification to circumvent the rising antibiotic resistance.[57-59]. Besides their antibacterial
properties, the peptides also revealed antiviral and anticancer activity.[60] Interestingly, the
rising field of peptides in clinical application is complemented by cell-penetrating peptides
(CPP), able to overcome the cellular membrane or to target specific cellular sites by additional

organelle-targeting moieties called cell-targeting peptides (CTP). [61]



Table 1. Names, origin, and first clinical application of peptides

Peptide Origin Clinical application

Insulin [51] Canine and Bovine pancreas 1920s

Adrenocorticotropic hormone Bovine and porcine pituitary glands 1950s
(ACTH) [62]

Calcitonin [63] Salmon ultimobranchial gland 1971

Oxytocin [64] Synthetic 1962

Vasopressin [65] Synthetic 1962

Leuprorelin [66] Synthetic analog of gonadorelin 1984

To date, 80 peptides are U.S. Food and Drug Administration (FDA) approved and available
for therapy.[67] The number of peptides in clinical development and undergoing preclinical
studies is increasing.[68] To date, peptides have been developed as therapeutic agents for

various conditions, such as microbial infections and cancer.

In particular, CPPs are under investigation as drug delivery systems for anti-cancer,

antimicrobial, and antiviral treatments, which will be highlighted in the next chapters. [69,70]

1.4 Cell-penetrating peptides and their application to overcome cell membranes

Cell-penetrating peptides (CPPs) are usually small peptides ranging from 4-40 amino acids
that can translocate the plasma membrane without destroying the membrane integrity.[71-73]
Within the class of CPPs, they can be discriminated into three categories. These categories
are cationic, amphipathic, and hydrophobic CPPs that underlie different physiochemical
characteristics and properties. [74,75] In detail, cationic CPPs are the most commonly used
CPPs and consist of a high number of positively charged amino acids under physiological
conditions. Primarily, peptides rich in arginine and lysine are recognized as CPPs, while the
sequence order and location are crucial for internalization efficacy.[76] Cationic peptides use
charge-driven uptake by electrostatic interaction between their positive charge and the
negatively charged headgroups of acidic phospholipids or glycolipids.[77] The best-known
example of this category is the TAT peptide derived from the trans-activator of transcription
protein, discovered in 1988.[78] This sequence is derived from Human Immunodeficiency
Virus Type-1 (HIV-1), which contains multiple arginine residues, resulting in a high positive
charge. This peptide can translocate and deliver cargoes like oligonucleotides, proteins,
nanoparticles, and small molecular drugs into cells.[79—-81] Several years later, a new peptide

was discovered that could internalize into cells. This peptide, Penetratin, was derived from a
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homeoprotein of Drosophila melanogaster.[82] Both peptides were further modified and
truncated, resulting in adapted sequences of the TAT peptide and Penetratin listed in
Tab. 2.[83]

Table 2. Name, sequence, origin, and category of prominent CPPs.

Name Sequence Origin Category
TAT4s.57[78] GRKKRRQRRRPPQ HIV-1 cationic
Penetratin RQIKIWFQNRRMKWKK Antennapedia Drosophila cationic
[82] melanogaster
Pep-1 [84] KETWWETWWTEWSQPKKKRKYV HIV-reverse transcriptase primary
SV40 T-antigen amphipathic
pVEC [85] LLIILRRRIRKQAHAHSK Vascular endothelial primary
cadherin amphipathic
sC18 [86] GLRKRLRKFRNKIKEK CAP18 secondary
amphipathic
CADY [87] GLWRALWRLLRSLWRLLWRA JTS-1 secondary
amphipathic
Bac71-16 [88] RRIRPRPPRLPRPRPR cathelicidin-derived bovine proline-rich
neutrophils amphipathic

The second category, amphipathic CPPs, comprises peptides that include positive amino
acids like arginine and lysine and a nonpolar region with hydrophobic amino acids such as
leucine, isoleucine, valine, or alanine. Amphiphilic CPPs can be divided into primary,
secondary, and proline-rich amphipathic CPPs. [89] On the one hand, primary amphipathic
peptides consist of both a hydrophobic domain and a hydrophilic domain, allowing them to
interact with the plasma membrane's hydrophobic lipid tails and hydrophilic headgroups.[90]
The most prominent peptides of this class are pVEC and Pep-1.[84,85]

On the other hand, the secondary amphipathic peptides form a-helix or B-sheet structures
upon interaction with the plasma membrane.[91] The hydrophobic- and cationic amino acids
are distributed within the sequence.[92] A prominent peptide of this class developed and
discovered in our group is sC18 and its derivatives with anti-cancer, antimicrobial, and delivery
properties.[86,93—-97] Another well-studied secondary amphipathic CPP is CADY.[87] The last

class of amphipathic peptides contains a proline pyrrolidine template and can build two



secondary structures: polyproline | (PPI) and polyproline Il (PPIl). The best-known peptide of
this class is Bac7.[88,98]
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Figure 4. The uptake mechanism of CPPs is differentiated into (A) energy-dependent endocytic models
and (B) energy-independent direct translocation models, adapted from Tabujew I, Lelle M, Peneva K,
et al.[99]

An important goal is to understand the uptake mechanism of these peptides to enhance their
properties through further modification and optimization. All CPPs mentioned and known are
able to overcome the cellular membrane. However, the uptake mechanisms are not fully

understood. Previous studies extensively investigated the uptake mechanism and the theory
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behind internalization.[73,100,101] The differences in the physicochemical properties, net
charge, secondary structure, and other characteristics of CPPs influence the potential and
efficiency of cellular internalization by different mechanisms. Nowadays, the uptake
mechanisms can be categorized into two main routes. First, in energy-dependent vesicular
mechanism (endocytosis) and second, the energy-independent (direct translocation)
internalization across the cell membrane, as shown in Fig. 4. [102,103] It is known that CPPs
in higher concentrations lead to direct translocation, whereby CPPs carrying cargoes prefer
an endocytic-dependent uptake mechanism. [104,105] The endocytic uptake is energy-
dependent and further divided into four sub-mechanisms: clathrin-dependent, caveolae-
mediated, clathrin-, caveolae-independent uptake, and macropinocytosis. Except for
macropinocytosis, in which a protrusion of the membrane occurs, the other mechanisms
correspond to an invagination of the membrane.[106] It is assumed that the primary uptake of
CPPs is endocytic. Therefore, it is important to remember that the peptides must be released
from the endosome or early lysosome to reach their intracellular target or efficient drug
release.[107,108]

Four major models are provided for the energy-independent uptake mechanism of CPPs: the
barrel-stave, toroidal pore, carpet, and inverted micelle mechanisms. These mechanisms are
mainly initiated by the electrostatic interaction of the cationic amino acids of the CPPs with the
negatively  charged headgroups of  phospholipids, like  phosphatidylserine
phosphatidylglycerol, heparin sulfate, and glycosaminoglycan.[109,110] Notably, the
interaction of the basic amino acids can be discriminated, as lysine residues have been shown
to form monodentate hydrogen bonds. In contrast, arginine residues can form bidentate
hydrogen bonds that support the destabilization of the membrane and, at the same time,
reinforce the folding of the peptide at the plasma membrane, resulting in a positive curvature.
These differences are provided by ammonium-(lysine) and guanidium-(arginine)
groups.[111,112] The peptides can transiently destabilize and translocate the membrane by
pore formation, divided into a barrel-stave and toroidal model.[113] The main difference
between both models is the orientation of the peptide. In the barrel-stave model, the peptides
build a ring formation due to hydrophobic residues interacting with the lipid tails of the
phospholipids, and the polar residues are directed toward themselves.[114] Instead, the
toroidal model describes that the peptides are embedded in the membrane due to the
interaction of the basic amino acids of the CPPs with the polar head groups of the
phospholipids. [115] The carpet mechanism is another uptake possibility in which the peptide
accumulates on the cell membrane, as described for pore formation. When the carpet-like
structure is formed, the electrostatic interactions lead to membrane rearrangement, a higher

fluidity, and a temporary thinning of the overall membrane structure. High accumulation of the



peptides reduces membrane surface tension, leading to spontaneous membrane
translocation.[116,117] Another mechanism is the inverted micelle formation, in which the
CPPs interact with the cell membrane due to both electrostatic and hydrophobic parts, which
affect the supramolecular organization of the phospholipids and leads to encapsulation of the

CPPs into inverse micelles followed by cytosolic release. [83,118]

In summary, the diverse physicochemical properties and structural characteristics of CPPs
influence their ability to internalize through energy-dependent and energy-independent
translocation mechanisms. Optimizing these pathways, particularly membrane interaction, is
crucial for enhancing the efficiency of CPPs as drug delivery tools or medical applications.
Interestingly, the endosomal release occurs in the same manner as the cellular membrane
penetration achieved by disrupting the endosomal membrane through electrostatic
interactions, membrane destabilization, or pore formation, allowing the CPPs and their cargo
to enter the cytosol. Exemplary additional modifications for improved endosomal release
include endosomal escape domains (EEDs) and pH-sensitive peptides. They are able to
facilitate escape from the endosome. [119-122] The translocation of eukaryotic membranes

offers numerous opportunities for targeted treatments of diseases.

1.5 Antimicrobial peptides

The worldwide increase in antibiotic resistance by bacteria must be urgently addressed. In the
following chapter, antimicrobial peptides (AMPs) will be discussed in detail to combat this
growing problem.[123]

Generally, AMPs are low molecular weight oligopeptides naturally derived from plants,
animals, and humans.[124] Within the host, they play a major role in the innate immune
response and exhibit antimicrobial activity. These peptides typically range from 10-60 amino
acids in length, and the majority are cationic, meaning they carry a positive net charge.[125]
In addition to the majority of AMPs being cationic, there are also a few anionic AMPs that have
been identified. Anionic peptides are less common but still play a role in antimicrobial defense
mechanisms.[126,127] Interestingly, the uptake mechanism for these peptides into the cells

is also not fully understood.

AMPs can be discriminated by mode of action in targeting intracellular targets or membrane
perturbation. On the one hand, the intracellular targets of these peptides affect protein
biosynthesis, disrupting DNA replication, enzyme inhibition, or interfering with signaling
pathways.[128-130] On the other hand, the uptake and perturbation mechanisms of AMPs
are responsible for their antimicrobial activity. However, it is suggested that AMPs use direct

penetration and translocation mechanisms described in Fig. 4.[131] The uptake efficacy and
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mechanism are based on their conserved amphipathic character. Due to their
physicochemical properties, AMPs can interact with bacterial membranes through
electrostatic interactions, forming ionic pores or transient gaps that lead to membrane collapse
and, ultimately, bacterial death.[132] The mechanisms for overcoming the membrane can be
further discriminated into transmembrane pore formation (barrel stave or toroidal model) and
non-pore mechanisms such as carpet-like models. In addition to the above-mentioned
mechanisms, AMPs mostly use the induction of a negative Gaussian curve (NGC), which is
responsible for the peptides disrupting the membrane. The efficacy of NGCs depends on lipid
composition as the interaction with the negatively charged phosphatidylglycerol and cardiolipin
is increased.[133,134] In general, the lipid composition of bacteria differs greatly from that of

eukaryotes.[135]

Table 3. Name, sequence, classification, and origin of prominent known antimicrobial peptides.

Name Sequence Classification Origin

Human B- DHYNCVSSGGQCLYSACPIFTKIQG Source human
defensin-1 [136] TCYRGKAKCCK

C18 [137] GLRKRLRKFRNKIKEKLKKI Source rabbit

viral), virus

Amino acids-rich .
Bac5 [139] RFRPPIRRPPIRPPFYP mino acids-ric bovine
species
LLGDFFRKSKEKIGKEFKRIVQRIKD Structure (a-
Gomesin [141] ZCRRLCYKQRCVTYCRGR Structure (B- spider

sheet)

The classification of AMPs can be divided into four subgroups dependent on activity
(antibacterial-, antiviral-activity, etc.), source (mammalian, insect, etc.), structure (a-helix, B-
sheet, etc.), and amino acid-rich compaosition (tryptophan, proline, etc.). Some examples of
these AMPs are listed in Tab. 3. In the past decade, naturally derived antimicrobial peptides
(AMPs) have been optimized, and synthetic versions have been developed.[142] These
improvements focused on reducing the size of AMPs while enhancing their bioavailability and
stability, making them more attractive and practical for therapeutic and clinical use.[143-145]
First, the size reduction is interesting as the production costs are much lower.[144] Second,
the biggest disadvantage of AMPs in medical applications is their low stability, which has been
increased by using unnatural D-amino acids or side chain modification of amino acids, thus

significantly prolonging the half-life.[145,146] Lastly, since bioavailability is essential for
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biomedical applications and further substitution of antibiotics, AMPs were modified to increase
such bioavailability. However, the relationship between AMP properties, such as positive net
charge, amphipathicity, hydrophobicity, and helicity, and their antimicrobial activity and toxicity
towards mammalian or red-blood cells remains unclear and individual. Standard optimization
strategies often involve modifying peptide amphipathicity by adding polar or nonpolar residues
to increase selectivity. Given the unpredictable nature of AMP optimization, it is essential to
simultaneously conduct both antimicrobial and toxicity tests on eukaryotic and red blood cells

to assess effectiveness and safety.[147]

1.6 Peptide-drug conjugates

To date, cancer is the third most common cause of death worldwide, and the trend is rising.
Therefore, research in cancer drug development is more focused on this topic. However,
standard chemotherapeutics often cannot distinguish between healthy and cancerous cells,
leading to high off-target effects.[148] Therefore, antibody-drug conjugates (ADCs) were
focused on minimizing off-target effects and increasing drug efficacy. However, besides the
advances, ADCs showed low retention time in the blood combined with stability issues in the
bloodstream, low penetration capacity into the tumor microenvironment, low payload efficacy,
immunogenicity, and unusual off-target toxicity. Furthermore, the production costs are very

high and unlikely to be established in broad clinical applications. [149,150]

An emerging approach called peptide-drug conjugate (PDC) was developed to address these
issues. PDCs have a lower molecular weight, can penetrate the microenvironment, offer
improved delivery efficiency, and are less expensive than ADCs.[151] PDCs comprise cell
targeting/penetrating peptides, a linker, and a cytotoxic cargo. The primary function of peptides
in conjugates is to enable penetration into the tumor microenvironment through the known
mechanism of action (Fig. 4). To achieve this, CPPs are discovered and then further modified
to enhance selectivity for tumor cells. For example, chimeric peptides combine a CPP
component with a cell-targeting moiety, such as the iRGD motif. This motif interacts with the
overexpressed aVB3-integrin receptor on the surface of multiple tumor types.[152] This dual-
function design enhances tumor specificity and improves the ability of the therapeutic agent
to reach and affect cancer cells selectively. Another prominent tumor-targeting motif is GEi;,
which targets the epidermal growth factor receptor (EGFR). This growth factor receptor is also
known to be overexpressed in several tumors. [153] In the following Tab. 4 other tumor-

homing peptides are listed.

Three linkers were mainly used to couple the drug with the CPP/CTP to incorporate an anti-
cancer drug, depending on drug release, stability, selectivity, and overall drug efficacy. The

first linkers used are non-cleavable, such as succinyl-maleimide linkers. Due to the non-
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cleavable property, the active drug is released after the degradation of the whole PDC. Off-
targets and systemic cytotoxic activity are highly reduced. When the drug is linked at the non-
active site, it could also be active while bound to the CPP.[154] The maleimide moiety of the
linker is coupled by a Thiol-Michael addition, which is a reversible reaction. For example, high

levels of glutathione could trigger a retro Michael addition.[155]

Table 4. Name, sequence, and target of prominent targeting sequences.

Name Sequence Target
iRGD [152] CRGDRGPDC Integrin aVBs
GE11[156] YHWYGYTPQNVI EGFR
PL3 [157] AGRGRLVR Tenascin-C
CREKA [158] CREKA fibrin-fibronectin complex

Another group of linkers can be acid-sensitive or enzyme-sensitive, meaning they are
cleavable under specific conditions. The oxime-bearing bifunctional linkers, for example,
represent an acid-sensitive linker. This linkage is favorable for enhancing the stability of the
PDC in the extracellular environment under physiological pH. Therefore, premature drug
release resists within the bloodstream. However, it gets cleaved in the tumor environment due
to a dropped pH value (pH <5.5). Therefore, it enhances the precision of drug binding to
specific sites, minimizing further off-target effects.[159] Stimuli-responsive linkers are a rapidly
emerging area of research today. One notable type is ROS-responsive linkers, which contain
thioketals that undergo cleavage in response to reactive oxygen species (ROS). Since ROS
levels are elevated in tumors, these linkers allow the selective release of anti-cancer drugs
directly within the tumor.[160]

All these properties must be compatible with the coupled drug to enable efficient cancer
treatment. Famous drugs used in PDCs are Paclitaxel, Gemcitabine, or Doxorubicin, depicted
in Fig. 5. These chemotherapeutics are used in clinics to beat cancer but show high systemic
cytotoxic effects and several off-targets.[161] In detail, Gemcitabine functions by acting as a
cytidine analog. After phosphorylation, it is converted into the active form, gemcitabine
triphosphate, which gets incorporated into DNA. This incorporation disrupts DNA synthesis
and translation, ultimately leading to cell death.[162] Another example is Paclitaxel, which
stabilizes microtubules and inhibits their depolymerization, disrupting the mitotic spindle's
normal function. This results in cell cycle arrest in the G2/M phase, which initiates apoptotic
pathways and controls cell death. Also, this mechanism is non-selective and shows many off-

target effects in chemotherapy.[163]
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Doxorubicin Paclitaxel Gemcitabine

Figure 5. Chemical structures of the prominent drugs (A) Doxorubicin, (B) Paclitaxel, and (C)
Gemcitabine used in drug conjugation. [162—164]

Doxorubicin, a well-known chemotherapeutic drug, is an anthracycline antibiotic derived from
Streptomyces peucetius.[165] Doxorubicin primarily affects intercalating DNA, which disrupts
the DNA replication process. Another function is the inhibition of Topoisomerase Il, a crucial
enzyme breaking down the supercoiled structure, which leads to DNA double-strand breaks.
The further stabilization of Topoisomerase Il prevents destabilization after DNA double-strand
breaks.[164] In addition, the high systemic cytotoxic effect results from generating reactive
oxygen species (ROS) produced by the radicals. ROS are responsible for several pathway
activations, and overproduction leads, for example, to lipid peroxidation, resulting in loss of

cell membrane integrity and, ultimately, in cell death.[166]

In summary, cancer remains one of the leading causes of death worldwide, and significant
research efforts are being made to improve drug efficacy and reduce off-target effects in
cancer therapy. Conventional treatments lack selectivity, leading to significant side effects,
and ADCs also have limitations, including short residence time, low tumor penetration, and
stability issues in the bloodstream. Therefore, promising PDCs have been developed as an
alternative, offering better penetration of the tumor microenvironment, higher delivery

efficiency, and lower costs.

1.7 Subcellular targeting peptides

Besides cancer, numerous other diseases are the focus of current research, many of which
require precise targeting of specific organelles within the cell. The next chapter will explore

this crucial aspect of targeting organelles in more detail.

Subcellular targeting peptides can reach specific subcellular compartments or organelles after
passing the plasma membrane. In the last decades, development research has focused on
this topic to generate drugs that can directly treat mostly rare misfunctions in metabolic
pathways.[61,75] Several organelles within the cell are involved in key metabolite

mechanisms. To target these organelles or metabolite mechanisms within specific organelles,
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the cell’'s own machinery is used by adding signal or targeting sequences to the CPP. The
cells have their own sorting system, including receptors located on the target organelles or in
the cytosol, which recognize proteins or CPPs containing specific signal- or targeting
sequences and facilitate their transport to the correct destination.[167] Various organelles,
such as the endomembrane, are passed during this transport. In total, this process is critically
observed and checked by cellular monitoring. It starts with recognition of the signal sequence,
which can be introduced differently, such as N-, C-terminal, or within the sequence.[168]
Often, the process ends with cleaving off the signal sequence from the cargo/CPP. In
organelle-specific drug delivery, CPPs serve as a valuable tool for overcoming the plasma
membrane, and following the signal sequence aids in directing non-specific drugs to the

appropriate region. As a result, the efficiency of the drug is improved.

For example, the nuclear import is mediated through the nuclear pore complex by an energy-
dependent transport supported by the nuclear localization signal (NLS). NLS binds to
importin a, subsequently binding importin 8, initiating the uptake through the nuclear pore
complex (NPC) into the nucleus. The NLSs are generally short 5-16 basic amino acid
sequences.[169] Typical examples are the large T antigen of simian virus 40 with PKKKRKV
or the nucleoplasmin protein of Xenopus with the sequence
KRPAATKKAGQAKKKK.[169,170] Genetic disorders initiate many diseases like cancer as a
result of damage or abnormalities in the DNA. Therefore, the nucleus is very interesting for

targeted drug delivery mediated by peptides.

To date, mitochondria are the primary intracellular target in drug delivery and are well
investigated.  Mitochondrial ~dysfunction leads, among others, to age-related,
neurodegenerative, and metabolic diseases.[171,172] Notably, this organelle consists of two
phospholipid bilayers separated by the intermembrane space for mitochondrial importation.
Due to its autonomous function, mitochondria also have their own genome (mtDNA) hosting
37 genes.[173] However, many proteins are still translated in the cytosol and must be
transported into mitochondria. Mitochondrial uptake is mainly facilitated by the mitochondrial
targeting sequence (MTS), which is recognized by the translocase outer membrane
(TOM).[174] Commonly known MTSs are, for example, from the proteins malate
dehydrogenase 2 (MLSLRPSLRKGLVAAKPSGQ) or aldehyde dehydrogenase 5
(LSRTAAAPNSRIFTR).[175] Generally, the signal sequence can vary in length and sequence
but conserves the basic amino acids and the a-helix properties supporting the uptake through
the negatively charged mitochondrial inner membrane potential. However, after recognition by
TOM, the protein bearing the MTS is finally transported into the mitochondrial matrix by
translocase inner membrane 23 (TIM23). With the help of the mitochondrial processing

peptidase (MPP), the signal sequence is cleaved off, and the folding of the imported protein
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starts. In the last decades, many drugs or treatment methods have been developed using
direct targeting of mitochondria, which offers increased treatment efficacy and reduced off-
target effects.[176]

Another organelle of great interest for targeting is the peroxisome, which is essential for crucial
metabolic pathways. Dysfunction of the peroxisomal enzymes results in a high accumulation
of toxic metabolites or upregulated synthesis of ether lipids. For example, upregulated ether
lipid synthesis is mainly found in aggressive cancer cells.[177] Another prominent disease
derived from peroxisome is the Zellweger Spectrum Disorder (ZSD), in which an inability to
import peroxisomal proteins occurs, resulting in impaired fatty acid metabolism or ether lipid
synthesis.[178,179] To combat such diseases, the complex import machinery of the
peroxisome is of great interest. In total, 31 peroxins are known to be involved in the biogenesis
of peroxisomes.[180] All peroxisomal proteins involved in metabolic activities must be
transported into the peroxisomal matrix recognized by peroxisomal targeting sequences
(PTSs).[181,182] In comparison to mitochondria, no known proteins were translated in
peroxisome. To date, three different PTSs are known. PTS-1 is a C-terminal located
sequence, while PTS-2 is N-terminally located. Lastly, PTS3 is randomly located independent
of PTS1 and PTS2, underlying the import mechanisms of PTS1. Still, there is no known
consensus sequence for PTS3.[183]

In detail, the most common form of PTS1 consists of the three amino acids SKL at the C-
terminus, whereas some variations in the sequence are possible. The sequence can vary,
such as S/A/C-K/R/H-L/A/M.[184] Some working groups have also identified elongated PTS1,
like PGNAKL, which showed a higher binding affinity to the receptor Pex5.[185] However, the
N-terminally located PTS2 is a nonapeptide with the consensus motif [R/K]-[L/V/I/Q]-X-X-
[L/VNIHIQ]-[L/SIGIAIK]-X-[H/Q]-[L/A/F].[186] The PTS2 is generally less efficient than the
PTSL1 pathway for peroxisomal import.[187]
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Figure 6. Schematic representation of peroxisomal uptake mechanisms for PTS1 and PTS2.
Peroxisomal targeting signals (PTS) uptake follows distinct but related pathways. PTS1 is recognized
in the cytosol by the receptor protein Pex5, which mediates its transport to the docking complex formed
by Pex13 and Pex14 at the peroxisomal membrane. Following translocation into the peroxisomal lumen,
Pex5 is embedded in the peroxisomal membrane, undergoing either mono- or polyubiquitination. Mono-
ubiquitinated Pex5 is extracted from the membrane by the hexameric AAA ATPase complex through
ATP hydrolysis. Subsequently, the receptor is recycled in the cytosol by deubiquitinating enzymes. For
PTS2, a similar pathway is employed, with the key difference being the cytosolic recognition of the
PTS2 signal by Pex7. Pex7 interacts with the long isoform of Pex5, facilitating the subsequent steps of
the import cycle. Adapted from Gao Y, Skowyra M, et al. [188]

The import mechanism of PTS1 and PTS2 is detailed in Fig. 6. Pex5, an import receptor,
recognizes proteins with C-terminal PTS1. After recognition of PTS1, the cargo is shuttled
towards the peroxisomal membrane. The docking complex comprising Pex13 and Pex14
interacts with the cargo-loaded Pex5. Afterward, the cargo with Pex5 is imported through a
transient pore into the peroxisomal matrix built by Pex13.[189] After import, the peroxisomal
membrane proteins Pex2/Pex10/Pex12, forming the RING-finger complex, recognize Pex5.
Following, the receptor gets ubiquitinated.[190] Hereby, the Pex2 protein is responsible for
polyubiquitination facilitated by Ubc4, whereas Pex10/Pex12 are responsible for mono
ubiquitination facilitated by UbcH5a/b/c.[191] The recycling of the receptor is dependent on
the ubiquitination status. Mono-ubiquitinated receptors are recycled, and poly-ubiquitinated
receptors are degraded by proteasomal enzymes.[192] After ubiquitination, the Pex5 protein
is shuttled through the membrane by the ATPase Pex1 and Pex6 using ATP as an energy
donor. The heterohexameric AAA*-ATPase can unfold Pex5 by threading them through a
central pore in a continuous, processive manner. During this process, the cargo of Pex5 is
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released in the matrix.[193] Mono-ubiquitin of Pex5 is removed in the cytosol by de-
ubiquitinating enzymes (DUBs) and recycled for the uptake machinery.[194]

Unlike PTS1, the PTS2 signal is recognized by the Pex7 receptor. This uptake is based on
the same mechanism as for PTS1 and differs only for the Pex5 and Pex7 receptors.
Interestingly, Pex7 does not translocate to the docking complex. Instead, the receptor binds
to the long isoform of Pex5 (Pex5L), gets shuttled to the docking complex, and is imported
into the peroxisomal matrix through Pex13.[195] The export and recycling mechanism is the

same as for Pex5.

To conclude, developing organelle-targeted peptides offers precise therapeutic options that
modulate subcellular processes within the target. The drug's effect is localized to the correct
organelle, enhancing its efficacy and minimizing off-target effects. The benefits of organelle-
targeted therapies make it possible to treat the cause of the disease mechanisms instead of

treating symptoms.

1.8 The CPP sC18 and its development

In 2009, CPP sC18, which is derived from the antimicrobial protein cathelicidin CAP18 found
in rabbit neutrophils, was described. It is able to bind and inhibit LPS.[86] This peptide may be
potent in antimicrobial activity, as LPS is on the surface of the envelope of Gram-negative
bacteria. This peptide is from the C-terminal part of C18 (aa 106-121) of CAP18, in Fig. 7.

/ aa 110 120 130 140 \

CAP18 ... SPEPTGLRKR LRKERNKIKE KLKKIGQKIQ GFVPKLAPRT DY
C18 GLRKR LRKFRNKIKE KLKKI

sC18 GLRKR LRKFRNKIKE K

sC18* GLRKR LRKFRNK

o /

Figure 7. The CPP sC18 is derived from the C-terminal region of the cationic antimicrobial protein
CAP18 (Uniprot: P25230, 18 kDa). The C-terminal region, termed C18 (aa 106—125), was truncated to
form sC18, which adopts an alpha-helical structure in membrane environments. Further deletion of the
last four amino acids yielded the variant sC18*.

As described in the previous chapter about CPP, sC18 is classified as secondary amphipathic
CPP because it forms a secondary structure upon membrane interaction. The CPP sC18 was
investigated in terms of its antimicrobial and anti-cancer properties.[93,96,196] Further studies
analyzed the peptide's capacity as a carrier for delivering small molecules, and the peptide
was also used to target subcellular organelles.[197,198] Sequence truncation resulted in the
peptide sC18. However, ongoing discovery and clarification of the peptide led to an additional

shortening of the sequence by four more amino acids. This new peptide was named sC18*.
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To increase the net charge of sC18 further, the peptide was newly designed as a dimer
(sC18,). This peptide already showed higher uptake efficacy and, due to increased net charge,
also a certain tumor selectivity.[199,200] To enhance its therapeutic efficacy, sC18 was also
used for either direct or co-incubated drug delivery. Small molecules' inability to overcome the
cellular membrane is a major challenge. However, since sC18 can traverse the membrane via
mainly endocytic mechanism and additional direct penetration, it is favored as a drug carrier.
Co-incubation of sC18; with Actinomycin D, acting as a chemotherapeutic drug, revealed high
efficacy in transportation. Therefore, the anti-cancerous activity was highly increased.[200]
Additional conjugation of sC18 with thiosemicarbazone-platinum complexes was investigated,
which are known for their anti-proliferative activity, making them promising alternatives to the
commonly used chemotherapeutic agent cisplatin. Due to their low bioavailability and limited
cellular uptake, conjugation to bioactive peptides, like sC18, offered an effective strategy to
enhance delivery. Notably, this sC18-based system demonstrated high stability and low
cytotoxicity, likely due to the peptide's properties, making it a strong candidate for clinical
application in late-stage radiolabeling approaches.[201] Further studies from Feni et al. started
to use a variant of sC18 for generating PDC.[198] As the peptide is conjugated to daunorubicin
via the lysine side chain, the peptide was further modified by incorporating a targeting
sequence (RGD-motif) for aVBs integrin-expressing cells. Due to this maodification, the PDC

showed enhanced toxic effects in aV[3; integrin-expressing cells.[198]

Another study showed that sC18 variants with organelle-targeting motifs can target cellular
receptors. By incorporating signal sequences, studies have also revealed the possibility of
targeting subcellular organelles. For targeting the nucleus, sC18 or its shortened version,
sC18*, was fused with N50 or NrTP sequences. After fusion with the signal sequences, the
observed cytotoxicity remained low, even though the peptides were taken up highly into the
nucleus. Co-incubation of sC18*N50 or sC18*NrTP with the cytostatic drug Doxorubicin
revealed that the drug was shuttled more efficiently into the nucleus.[197] In another study,
sC18 was fused to MTS, which led to mitochondrial uptake and highly enhanced the activity
of the cytostatic drug after covalent conjugation with chlorambucil.[175] In addition to
subcellular targeting, our group recently reported the design and analysis of cell-permeable
CaaX peptides consisting of the CPP sC18* bearing the CaaX-motif derived from Ras
proteins. Through this modification, the intracellular prenylation machinery was targeted and
influenced.[94]
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Figure 8. The CPP sC18 and its diverse applications, including antimicrobial activity, anti-cancer
properties, drug delivery, and subcellular targeting capabilities. Image created with Biorender®.

As the peptides demonstrated anti-cancer activity, they are likely also to exhibit antimicrobial
effects because the membranes of bacteria are predominantly negatively charged, similar to
cancerous cells. Interestingly, the peptide sC18 showed nearly no antimicrobial activity,
although derived from an antimicrobial protein. To further increase the activity towards
bacteria, imidazolium salt conjugates were generated. These conjugates showed antimicrobial
activity in low micromolar ranges in multi-resistant bacteria. However, the study revealed that
the peptide was not responsible for the activity.[196] Subsequent studies aimed to increase
the antimicrobial properties of the peptide itself by amino acid exchanges. Thus, amino acid
substitutions were analyzed, and three critical amino acids (Arg10, Glul5, and Lys16) for
antimicrobial activity were identified. In particular, the amino acids in direct proximity to the
hydrophobic side, Arg10, and Lys16, are favorable for hydrophobic amino acid exchanges.
Therefore, phenylalanine and additional fluorinated phenylalanine were incorporated into the
sequence. Through these modifications, the overall antimicrobial activity was greatly
increased.[93] A worldwide problem is that bacterial biofilm accumulates on the surface of
clinical material, resulting in wound infection. Therefore, bifunctional chimeric peptides were
developed by fusing an improved sC18 variant with additional titanium-binding sequences.
These peptides showed high activity in solution and on titanium surfaces. Due to their ease of
synthesis and handling, these peptides offer a promising alternative for preventing bacterial
biofilm formation.[93,202]
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In summary, all these studies showed that the activity and mode of action of sC18 depend on
its modifications and incorporation with drugs, signaling sequences, or protein motifs. As a
CPP, sC18 has demonstrated versatile capabilities, including antimicrobial properties, delivery
of small-molecule drugs, anti-cancer effects, and targeted intracellular delivery, as shown in
Fig. 8. The primary challenge is the rapid proteolytic degradation of peptides. To address this,
peptides can be modified by incorporating unnatural building blocks, such as D-amino acids
or triazolyl bridges. These modifications prevent proteases from recognizing cleavage sites,

significantly limiting peptide degradation.[145]
1.9 Objectives

Cancer is still one of the major causes of death worldwide, and research is focusing on cancer
therapy mediated by cell-selective targeting to circumvent high side effects. In addition to the
well-known cancer disease, rarer diseases have become a focus of current research.
Peroxisomal-related diseases have not yet been fully understood, and the treatment of these
diseases has so far been mostly symptom-oriented. Besides diseases related to cancer or
organelle-specific malfunctions in eukaryotes, several bacterial strains have started to resist
common antibiotics. Current research in bacterial treatments is being greatly expanded to
investigate and develop antimicrobial substances to fight the antimicrobial resistance crisis. In
this work, variants of sC18 will be developed to address these topics and to support the current

research:

1. sC18 variants and their property of transporting Doxorubicin

In the first part of this work, the question arose of whether the peptide sequence of sC18 can
be improved to be used as a vehicle for an anti-cancer drug. To answer this question, the
sequence of sC18 will be modified to improve cellular internalization and selectivity. Finally,
the promising variants will be investigated as PDCs to improve the efficacy and selectivity of

the anti-cancer drug Doxorubicin.

2. sC18 variants and the property to target subcellular organelles

In previous studies, the peptides sC18* and sC18*R,L have shown the ability to translocate
the plasma membrane through endocytic and direct penetration processes. In this study, the
guestion arose of whether these properties could be used for intracellular targeting,
specifically, the peroxisome. Therefore, chimeric peptides will be designed with peroxisomal
targeting sequences. These peptides are hypothesized to internalize into cells, and the
peroxisomal import machinery is used to reach the peroxisome. This might present a novel

approach for targeted drug delivery for peroxisomal-related diseases.
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3. Tailoring sC18* variants with antimicrobial activity

Given the antimicrobial and lytic properties of sSC18* derivatives, the last study aims to further
optimize their activity against bacteria, especially pathogenic ones. Therefore, it should be
investigated whether increasing the number of hydrophobic or basic amino acids of sC18*
influences the overall antimicrobial activity. Moreover, it is hypothesized that stabilized
secondary structure and proteolytic resistance might influence antimicrobial activity. To
address this, a triazolyl-bridge will be introduced to reveal if intramolecular chemical
modifications could stabilize the secondary structure and enhance proteolytic stability.
Additionally, incorporating D-amino acids and reversing the sequence should increase

proteolytic resistance further.
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2. Material and methods
2.1 Amino acids and resins

All N°-Fmoc protected amino acids and the Rink amide resin were purchased from IRIS
Biotech (Marktredwitz, Germany). The preloaded Wang resins and the TentaGel™ S RAM

were bought from Merck (Darmstadt, Germany).

2.2 Chemicals

All chemicals, disposables, and reagents were obtained from Carl Roth (Karlsruhe, Germany),
Jena Bioscience (Jena, Germany), Merck (Darmstadt, Germany), Sarstedt (NUmbrecht,

Germany), and VWR (Darmstadt, Germany) unless otherwise stated.

2.3 Lipids

All lipids used in this study are shown in Tab. 5. All lipids were purchased from Avanti Polar
Lipids, Inc. (Alabaster, USA). DOPE, labelled with Atto550, was purchased from Atto Tec

(Siegen, Germany).

Table 5. List of used lipids and their abbreviation.

Lipids Abbreviations
1,2-dioleoyl-sn-glycero-3-[phospho-rac-(1- glycerol)] DOPG
1,2-dioleoyl-sn-glycero-3- phosphoethanolamine DOPE
1,2-dioleoyl-sn-glycero-3-phosphocholine DOPC

1,2-dioleoyl-sn-glycero-3- phosphoethanolamine with Atto 550 Atto550-DOPE

2.4 Figure creation

All figures and tables were generated using BioRender, Microsoft PowerPoint, ChemDraw,

Pymol, or Origin.
2.5 Data storage

All primary data are stored on the servers Sofs2 of the Regionales Rechenzentrum der

Universitat zu Kdln (RRZK) and can be viewed on request.
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2.6 Equipment

Balances

Cell culture clean bench

Centrifuges

COgz-incubator

Concentrator

Electrophoresis power supply

ESI mass spectrometer

Flow cytometer

Haemocytometer

Heating block

HPLC (analytical)

FA-210-4i, Faust (Klettau, Germany)
LA 124i, VWR (Darmstadt, Germany)

Herasafe HS12, Thermo Scientific (Waltham,
Massachusetts, USA)

Heraeus Pico 17, Thermo Scientific (Waltham,
Massachusetts, USA)

Heraeus Multifuge X1R, Thermo Scientific (Waltham,
Massachusetts, USA)

Centrifuge 5147 R, Eppendorf (Hamburg, Germany)
Centrifuge 5417 C, Eppendorf (Hamburg, Germany)
MIKRO 22 R, Hettich (Tuttlingen, Germany)

CB Series, Binder (Tuttlingen, Germany)

SpeedVac Savant SC210A and RVT5105 Refrigerated
Vaport Trap VLP80 Vacuum Pump, Thermo Scientific
(Waltham, Massachusetts, USA)

EPS 600, Pharmacia Biotech (Stockholm, Sweden)

Model 1000/500, Bio-Rad Laboratories (Hercules,
California, USA)

LTQ XL, Thermo Scientific ((Waltham, Massachusetts,
USA)

Guava® easyCyte, Merck (Darmstadt, Germany)

Neubauer improved, superior Marienfeld (Lauda-

Konigshofen, Germany)
Thermomixer compact, Eppendorf (Hamburg, Germany)

Hewlett Packard Series 1100, Agilent (Waldbronn,
Germany) column: CC 125/4.6 NUCLEODUR 100-5
C18ec, Macherey-Nagel (Diren, Germany)
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HPLC (preparative)

Imaging system

LC-MS

Lyophilizer

Magnetic stirrer

Microscope

Multipipette

NanoDrop

pH-meter
Pipettes
Pipetting aid
Plate reader

Rotary shaker

Elite LaChrom, Hitachi (Chiyoda, Japan); Autosampler L-
2200, Pump L-2130, Diode Array Detector L-2455 and
Fraction Collector FoxyR1, Teledyne ISCO (Lincoln,
Nebraska, USA) column: VP 250/16 NUCLEODUR 100-
5 C18ec, Macherey Nagel (Lincoln, Nebraska, USA)

ChemiDoc™ (BioRad)

LC: Hewlett-Packard Series 1100 (Agilent) MS: LTQ-XL,
Thermo Scientific (Waltham, Massachusetts, USA)
columns: Aeris™ 3.6 um PEPTIDE XB-C18 100 A,
Phenomenex (Aschaffenburg, Germany) EC 125/4.6
NUCLEODUR 100-5 C18ec, Macherey-Nagel (Duren,
Germany)

Alpha 2-4 LDplus, Christ (Osterode am Harz, Germany)

RET basic, IKA®-Werke GmbH & Co. KG (Staufen im

Breisgau, Germany)
VMS-C7, VWR Advanced (Darmstadt, Germany)

Keyence BZ-X810, objective: 60x immersion ail

objective (Osaka, Japan)

UltraView VoX spinning disk confocal microscope,
objective: Plan-Apo Tirf 60x/1,49 Oil DIC objective,
Perkin Elmer (Waltham Massachusetts, USA)

Multipipette M4, Eppendorf (Hamburg, Germany)

NanoDrop™ TM 1000 Spectrophotometer, Thermo
Scientific (Waltham, Massachusetts, USA)

761 Calimatic, Knick International (Berlin, Germany)
Eppendorf (Hamburg, Germany)

NeoLab (Heidelberg, Germany)

Infinite M200, Tecan (Mannedorf, Switzerland)

KL-2, Edmund Bihler GmbH (Bodelshausen, Germany)

Swip, Edmund Buhler GmbH (Bodelshausen, Germany)
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SDS-PAGE system

Semi-Dry blotting system
Spectrophotometer

Synthesis robot

TEM

Thermocycler

Ultramicrotome

Vacuum pump

Vortex

Water bath

Mini-PROTEANT® Tetra Cell, Bio-Rad Laboratories
(Hercules, California, USA)

kuro Gel, VWR (Darmstadt, Germany)

Pharo 300, Spectroquant®, Merck (Darmstadt, Germany)
Syro |, MultiSynTech (Bochum, Germany)

PurePep® Chorus, Gyros Protein (Uppsala, Sweden)
Liberty Blue 2.0, CEM (Kamp-Lintfort, Germany)

JEM-2100 Plus Transmission Electron Microscope,
JEOL (Akishima, Japan)

Professional TRIO Thermocycler, Biometra (Jena,

Germany)

Leica Microsystem, UC6 equipped with a diamond knife
(Biel, Switzerland)

VWR (Darmstadt, Germany), vacuubrand (Wertheim,

Germany)

Vortex-Genie 2, Scientific Industries, Inc. (Bohemia, New
York, USA)

JK MS2 Minishaker, IKA®-Werke GmbH & Co. KG
(Staufen im Breisgau, Germany)

SW22, Julabo (Seelbach, Germany)

26



2.7 Solid phase peptide Synthesis (SPPS)

All peptides used in this work were synthesized using manual or automated solid-phase
peptide synthesis (SPPS), as described in chapter 2.7.1. The used amino acids were Nq-
protected by Fmoc or Boc, and trifunctional side chains were further protected with acid-labile

or base-labile protecting groups working with an orthogonal protecting group strategy.

2.7.1 Automated SPPS

By using automated SPPS, peptides were synthesized in a parallel way. Primarily, the
peptides were synthesized with the Syro | peptide synthesizer, whereas the triazolyl-bridged
and retro inverso peptides were synthesized with the PurePep® Chorus. The Fmoc/tBu
protecting group strategy was used with both automated synthesizers. The synthesis was
performed in an open polypropylene reaction vessel equipped with a Teflon frit. Rink amide or
Wang-resin was swollen in DMF for up to 15 min to enable a successful coupling efficiency.

Then, the following steps depicted in Fig. 9 were performed for the complete sequence.

H (o]
Fmoc \Hj\/n
o Ri Deprotection
peptide)LOH/NHz
Final cleavage Cycle of Solid Phase 0
Peptide Synthesis (SPPS) HZNM
R1

Activation
Coupling

0

N
Fmoc \I)LOH

R,

R, H 0O
Fmoc N
\HJ\n, \I)J\/O
0O R
0
O resin peptide)j\o/\o Wang-resin
0

side chain protecting group
peptide N/\O : : :
Ry amino acid side chain H Rink amide resin

Figure 9. Cycle overview of Solid Phase Peptide Synthesis. First, the resin was deprotected, followed
by activation and coupling of the amino acid. This coupling step was repeated twice. This represents
one cycle for one amino acid and will be repeated as often as necessary. Finally, the resin was cleaved
off after the final Fmoc deprotection.
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The cleavage of the No-protecting group (Fmoc) was achieved using 40 % piperidine in DMF
for 2 min and 20 % piperidine in DMF for 10 min. Afterward, the resins were washed four times
with 600 ul DMF and incubated with 300 pl of the Fmoc-protected amino acid to be coupled
next, 50 pl 2.4 M DIC in DMF, and 50 pl 2.4 M Oxyma in DMF for 40 min. The coupling step
was repeated after washing twice with 800 pl DMF to enhance the coupling efficiency. After
the final Fmoc-deprotection, resins were washed four times with 600 ul DMF and then
manually washed five times with 1 ml each of DCM, MeOH, and Et20. Afterward, the resins

were dried.

2.7.2 Manual coupling

Special or expensive amino acids and complicated coupling steps were performed manually.
First, the resin was swollen in DMF for 15 min. After discarding the DMF, 8 eq. of the
appropriate amino acid and 8 eqg. of Oxyma Pure were added to the resin, whereby 8 eq. of
DIC were directly added into the solution. The vessel was shaken overnight (o/n) at room
temperature. The coupling was repeated after washing eight times with 1 mL DMF. This time,
the reactants were added to the resin with 2 eq. of the appropriate amino acid and 2 eq. of
HATU. Finally, 2 eq. of DIPEA were added into the solution and shaken for 2 h at rt. The resin
was washed with DMF, DCM, MeOH, and Et,O five times and dried under the fume hood or
with the SpeedVac.

2.7.3 Manual Fmoc-deprotection

The resin was swollen for at least 15 min in 1 mL DMF. Afterward, the solvent was removed,
and 500 pL of 20 % piperidine in DMF was added and shaken for 20 min at rt. The reaction
mixture was removed, and the cleavage was repeated once. The resin was then washed five
times with DMF, DCM, MeOH, and Et2O and afterward air-dried under the fume hood or in the
SpeedVac.

2.7.4 Manual Boc protection

First, the resin was swollen in DCM for 15 min. After discarding the DCM, 10 eq. of di-tert-
butyl-dicarbonat and 1 eq. of DIPEA in 500 pul DCM were added to the resin. The vessel was
shaken 2 h at rt. The coupling was repeated after washing five times with 1 mL DCM. The
resin was washed with DCM, MeOH, and Et,O five times and dried under the fume hood or

with the SpeedVac. A Kaiser test proved the success of the reaction.

2.7.5 Dde cleavage

Before removing the Dde protecting group, the resin was swollen in DMF under shaking

conditions for 15 min. The cleavage solution contains 2 % hydrazine in DMF and was added
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to the resin for 10 min. To check the successful deprotecting, the cleavage solution was
collected and photometrically analyzed at a wavelength of 301 nm (absorption of the Dde
protection group). The cleavage step was repeated until the absorbance at 301 nm is <0.1.
Afterward, the resin was washed with DCM, MeOH, and Et,O five times each. Et,O and

subsequently dried under the fume hood or with the SpeedVac.

2.7.6 Peptide drug-conjugate synthesis

As peptide drug-conjugates (PDCs), the sC18-variants were conjugated via a succinyl
maleimide (SMP) linker with the anti-cancer drug Doxorubicin (Dox). The first step was to
couple Dox with SMP by the catalytic activity of triethanolamine (TEA). Dox, SMP, and TEA
were dissolved in DMF with a molar ratio of 1.1:1:2 and reacted in the dark for at least 3 h
under stirring conditions. The coupling process was monitored by thin-layer chromatography
(TLC) using chloroform, methanol, and ammonia in a ratio of 70:30:3 (v/v/v). Afterward, the
Dox-SMP complex was precipitated in Et20 o/n at -20 °C. The solution was then centrifuged
at 5000 x g for 5 min at 4 °C, and the product was resuspended again in 10 mL Et20O. This
washing step was repeated five times. The pellet was dried under the hood. Then, the complex
conjugation of DOX-SMP with C-sC18 was prepared by a Michael addition reaction between
the thiol group from the cysteine and maleimide moiety of SMP. Therefore, the synthesized
peptide and the DOX-SMP conjugate were dissolved in DMF and subsequently mixed in a
molar ratio of 1:2. The reaction was performed in the dark at rt for 48 h under shaking
conditions and monitored by TLC as described before. Afterward, the solution was transferred
to a dialysis tube (MWCO: 1000 Da) and dialyzed against 500 mL of DMF, which was replaced
every 6 h to eliminate the unreacted DOX-SMP complex. After 48 h of dialysis, the reaction
was concentrated and precipitated as described for the Dox-SMP conjugate. Preparative RP-
HPLC further purified the product. Finally, the conjugates were analyzed by HPLC/ESI-MS.

For further assays, conjugates were stored in 1 mM stocks dissolved in MilliQ water at -20 °C.

2.7.7 Manual click reaction

All peptides with a triazolyl-bridge were synthesized at the University of Florence. The
synthesis was performed on Tentagel S RAM by automated high-efficiency solid phase
peptide synthesis with the PurePep® Chorus synthesizer, following the Fmoc/tBu-strategy.
The click reaction of the peptides was performed on resin after the entire peptide had been
synthesized. The resin was incubated with 1.2 eq. of CuBr and 1.5 eq. of sodium ascorbate,
5 eq. of DIPEA, and 5 eg. of 2.6 lutidine in DMSO:DMF (1:2, v/v) at 55 °C. An infrared scan
checked the efficacy to determine whether free azide moieties were left. Purification of the
peptides was performed by RP-HPLC on an alliance chromatography equipped with a BEH
C18 column. Peptides were finally analyzed by analytical ESI-MS.
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2.7.8 5(6)-carboxyfluorescein labeling

Some peptides were labelled with 5(6)-carboxyfluorescein (CF) to visualize peptides in cellular
assays. After swelling the resin in 1 mL DMF for 15 min, it was shaken with 8 eq. of each CF,
Oxyma, and DIC in DMF overnight at rt. This coupling step was repeated after five washing
steps with 1 mL DMF with 2 eq. each of CF, HATU, and DIPEA in DMF (total volume: 300 L)
for 2 h. Afterward, the resin was washed five times with 1 mL of DMF, DCM, MeOH, and Et20
and dried. A Kaiser test analyzed the efficiency of the labelling. CF is likely to polymerize
during the coupling; therefore, a polymer cleavage was performed. The resin was swollen
again in 1 mL DMF for 15 min and then incubated twice with 500 ul 20 % piperidine in DMF at
room temperature for 20 min while shaking. Afterward, the resin was washed and dried under

the fume hood.

2.7.9 Kaiser test

With the Kaiser test, it is possible to prove the presence of primary or secondary amines. Due
to this, the test is used to check the coupling efficiency. A few beads of the resin were
incubated with one drop of each solution 1 (1.0 g ninhydrin in 20 mL EtOH), 2 (80 g of phenol
in 20 mL EtOH), and 3 (0.4 mL 1 mM KCN in 20 mL pyridine) at 95 °C for 5 min. Ethanolamine
served as the positive control, whereby only solutions 1-3 were used as a negative control.

Blue-colored beads after incubation time indicate free amino groups or incomplete coupling.

2.7.10 Sample cleavage

A sample cleavage was performed to determine the correctness of the sequence after the
synthesis. Therefore, a few dry resin beads were transferred into a 1.5 mL reaction vessel.
2.5 yL MilliQ-water and 2.5 yL triisopropy! silane (TIS) served as scavengers, and finally,
95 uL trifluoroacetic acid (TFA) was added to the reaction vessel. When the sequence
contains a Cys, Met, or Trp, a different scavenger mix containing 7 pl thioanisole, 3 yL 1,2-
ethandithiol, and 90 pl TFA is used. The reaction was shaken for 3 h at rt. Afterward, 1 mL of
ice-cold Et2O was added, and the peptide precipitated for at least 20 min at -20 °C. After
precipitation, the reaction vessel was centrifuged for 5 min at 10,000 xg and 4 °C. The
supernatant was discarded, and the pellet was washed at least five times with 1 mL ice-cold
Et2O. Subsequently, the pellet was dried under the hood or dried in the SpeedVac and
dissolved in 100 uL H20. The few resin beads were pelleted by centrifugation at max. speed
for 1 min. The supernatant was diluted 1:2 in 10 % ACN/90 % H20/0.1 % FA for LC-MS

analysis.
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2.7.11 Full cleavage

A sample cleavage was performed to determine the correctness of the sequence after the final
synthesis. Therefore, the complete dry resin was incubated with 25 uL MilliQ-water and 25 L
TIS, which served as scavengers, and finally, 950 uL TFA was added to the reaction vessel.
When the sequence contained Cys, Met, or Trp, a different scavenger mix containing 70 pl
thioanisole, 30 pL 1,2 ethandithiol (EDT), and 900 pl TFA was used. The reaction was shaken
for 3 h at rt. Afterward, the cleaved peptide was precipitated in 10 mL of ice-cold Et2O for at
least one night at -20 °C. After precipitation, the reaction vessel was centrifuged for 4 min at
4,696 x g and 4 °C. The supernatant was discarded, and the pellet was washed at least five
times with 10 mL ice-cold Et20. Subsequently, the pellet was dried under the hood or in the
SpeedVac and dissolved in 1-3 mL H20/tert-BuOH (3:1, v/v). The peptide solution was diluted
1:10in 10 % ACN/90 % H»0/0.1 % FA for LC-MS analysis. Finally, the peptide was transferred

into a tared glass vessel and freeze-dried o/n under vacuum.

2.7.12 Preparative RP-HPLC

After the synthesis, the peptides were purified using reverse-phase HPLC (RP-HPLC). The
previously lyophilized peptides were dissolved in 960 pl of the starting gradient of a mixture of
H.O/ACN and 0.1 % TFA, depending on the hydrophobicity. The solved peptide was
centrifuged at maximum speed to eliminate particles in the solution. The supernatant was
injected onto a C18-column running a gradient of increasing acetonitrile (ACN) with a flow rate
of 6 mL min™. Hydrophilic peptides were purified using a gradient of 10-60 % ACN in H20
supplemented with 0.1 % TFA in 45 or 60 min. In contrast, more hydrophobic peptides were
purified using a gradient of 20-70 % or 30-80 % ACN in H20 with 0.1 % TFA in 45 min. All
peaks measured at 220 nm were collected and fractionated. After removing ACN from the
collected fractions by vacuum concentration, they were analyzed by analytical LC-MS using a
1:5 dilution of the fraction solution in 10 % ACN/90 % H20 and 0.1 % FA. The correct fractions

were combined and finally lyophilized.

2.7.13 Analytical HPLC-MS

The quality of the peptides was analyzed using high-performance liquid chromatography-
electrospray ionization mass spectrometry (HPLC-ESI-MS). Typically, a linear gradient from
10-60 % ACN or 20-70 % ACN is supplemented with 0.1 % FA in 15 min, depending on the
hydrophobicity of the analyzed peptides. The flow rate of the gradient is set to 6 mL mint. The
peptides were detected by measuring the absorption at 196 nm or 220 nm, whereby the
identity was determined using a linear coupled electrospray ionization-mass spectrometer
based on the corresponding quasi-molecular ions that are separated according to their m/z
ratio. The spectra were analyzed using Xcalibur, and the purity was determined by integrating
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the peptide peak in the UV-chromatogram at 220 nm relative to the total area of all peaks. All

chromatograms were visualized using Origin.

2.8 Biophysical methods and in vitro characterization

2.8.1 Preparation of giant unilamellar vesicles (GUVs)

Giant unilamellar vesicles were used to investigate the interaction of the peptides with different
cell membranes. Dextran buffer was prepared by dissolving 10 mM HEPES buffer, 50 mM
KCI, 50 mM NaCl, and 1 mg mL? Dextran in 50 mL MilliQ-water and adjusting the pH value to
7.4 with NaOH.

Glass slides for the GUV generation were washed twice with water, soap, ethanol, and
acetone, respectively. A thin, low-melting agarose layer is necessary to build GUVSs.
Therefore, 1 % low melting agarose was melted in MilliQ water by heating up in a microwave.
Afterward, 200 uL were added per slide and distributed by a pipette tip. In the next step, slides
were incubated at 50 °C for 30 min on a heating plate. Generation of the lipid mixture was
performed by adding 1,2-dioleoyl-sn-glycero-3-phospho-rac-(1-glycerol) sodium salt (DOPG,
30 Mol %, 24 uL), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC, 40 Mol %, 31 uL) and
1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE, 30 Mol %, 22 uL) in specific
concentrations for negatively charged GUVs by using a Hamilton syringe and 920 uL
chloroform. For staining the lipid phase, 3 puL Atto550 was added. To generate the neutral lipid
composition, DOPC (50 Mol %, 50 uL) and DOPE (50 Mol %, 47.32 uL) and, for the red color,
Atto550 (0.2 Mol %, 3.52 uL) were mixed. Afterward, 10 uL lipid solution was placed onto the
thin agarose layer and subsequently distributed. The slides were dried under vacuum for 1 h
to remove the chloroform. Afterward, a sealing ring was added around the pink lipid film. Lipids
were hydrated with 297 yL dextran buffer and 3 yL Oyster405 (500 uM stock). Due to
hydrophobic and hydrophilic forces, vesicles are formed. Afterward, slides were incubated for
2 hatrtin the dark. Subsequently, lipids were transferred into fresh PCR tubes and centrifuged
for 10 min at maximum speed. The supernatant was removed, and the pellet was resuspended
in 300 pL dextran buffer. 40 pL of the generated GUV solution was transferred into an Ibidie.
Finally, 1 uM of peptide concentration was used per well and filled up to 100 pL with dextran
buffer. Incubation with peptides was performed for 30 min at rt. Afterward, GUVs were
analyzed using the tabletop BZ-X800E microscope. The final analysis and processing were

performed with Fiji.

2.8.2 Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was used to determine the secondary structure of

peptides. Therefore, the peptides were diluted either in 10 mM phosphate buffer (pH 7.0) or
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10 mM phosphate buffer (pH 7.0) supplemented with various trifluoroethanol (TFE)
concentrations (25-50 %) to a final concentration of 20 uM. The spectra were recorded from
260 — 180 nm at 20 °C in 0.5 or 1 nm intervals using a Jasco J-715 spectropolarimeter in an
N2-atmosphere. The measurement was done by following settings: sensitivity: 100 mdeg; scan
mode: continuous; data pitch: 0.5 nm; speed: 50 nm min?; response: 2 sec; band width:
1.0 nm. A 1 mm quartz cell was used for the measurement. Each measurement was repeated

five times, and the respective buffer was subtracted as a background signal. Afterward, the

[6]meas.

curves were smoothed. The molar ellipticity [6] was calculated as [6]calc = with n:

10+n*cxl’

number of residues, c: peptide concentration in mol L™* and I: path length in cm. The quality
of a-helical content was calculated from the molar ellipticity value at 222 nm. R-values were
calculated as the ratio between the molar ellipticity values at 222 and 208 nm, with R=1

defined as a reference for a completely built a-helix.

2.8.3 Stability assay

A stability test was performed in human and goat serum to investigate the proteolytic stability
of the peptides. The peptides were diluted in each serum until the final concentration of
250 pM. Afterward, the samples were incubated at 37 °C under shaking conditions. Initially,
20 pL of the fresh peptide and serum mix were collected and used as time point zero. 20 L
of ice-cold 100 % ACN was added, and the sample was placed on ice. This procedure was
repeated after 5, 15, 30, 45, 60, 90, 120, and 240 min. Samples were then centrifuged at
15,000 rpm for 15 min at 4 °C. 15 uL of supernatant was carefully removed, and 5 uL of 10 %
ACN/H20 containing 0.1 % formic acid was added. The peptide was analyzed by LC-MS. The
peptide amount was determined by integrating the area under the curve. The first sample (t0)

was set to 100 % of the peptide amount. The graphs were visualized using Origin.

2.9 Biological and biochemical methods

2.9.1 Cell lines and respective culturing media

Within this thesis, several human cell lines from ATCC were used, including HeLa (human
cervix carcinoma), MCF-7 (Michigan Cancer Foundation 7), MCF-7-mCherryPTS1
(genetically modified cell line created by myself), HEK293 (human embryonic kidney), and
HFF-1 (human foreskin fibroblast 1). The cell lines HeLa, MCF-7, and MCF-7-mCherryPTS1
were cultured in RPMI1640 medium supplemented with 10 % fetal bovine serum (FBS) and
4 mM L-glutamine. HEK-293 cells were cultured in MEM medium supplemented with 15 %
FBS and 4 mM L-glutamine. HFF-1 cells were cultured in DMEM medium supplemented with
10 % FBS and 4 mM L-glutamine. All cell lines were cultured in 10 cm sterile petri dishes,

except for HFF-1, which was cultured in T-75 culture flasks at 37 °C and 5% CO; in a
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humidified atmosphere. From now on, all media supplemented with FBS and L-glutamine will

be referred to as complete medium.

2.9.2 Maintenance of cells and seeding

The cell culture work was generally performed under sterile conditions with autoclaved and
cleaned materials. Cells were cultured in 10 mL complete medium at 37 °C, 5 % CO,, and a
humidified atmosphere until the cells reached ~80 % confluency. Afterward, cells must be split
and seeded into a new sterile petri dish. The cells were usually split twice weekly, or the
medium was exchanged if necessary. Before splitting and seeding, the old medium of the cells
was removed, and the cells were washed twice with 5 mL PBS. Afterward, 1 mL trypsin-EDTA
was added and incubated at 37 °C and 5 % CO: until the cells were detached. The reaction
of this process can be stopped by adding 9 mL complete medium. Subsequently, cells were
diluted depending on the cell line and transferred into new sterile petri dishes. If cells were
needed for assays, 10 yuL of the undiluted cell suspension was transferred into the
hemocytometer (Neubauer chamber), and the total number of cells was counted. Afterward,
depending on the assay, the required number of cells was transferred into an appropriate well

plate filled with fresh complete medium and grown o/n to reach confluency.

2.9.3 Freezing and thawing cells

In general, cell lines were stored in liquid nitrogen. Freezing cells is a process in which they
must be detached, as described above. Cells were transferred into a 15 mL falcon and spun
down at 1,300 rpm at 30 °C for 5 min. After discarding the medium, cells were resuspended
in 1.5 mL complete medium containing an additional 10 % sterile-filtered DMSO solution and
transferred into cryogenic vials. The vials were placed in a cryo-freezing container at -80 °C.
This container enables a freezing rate of 1 °C mint. On the next day, the vials were stored in

the liquid nitrogen.

To thaw cells in culture, they were incubated for 10-20 sec in a water bath at 37 °C and then
transferred to 8.5 mL complete medium in a 15 ml falcon. Cells were centrifuged at 1,300 rpm
and 30 °C for 5 min, and after discarding the medium, cells were resuspended in 10 mL
complete medium and transferred into a fresh 10 cm petri dish or T25 culture flask. Finally,

cells were grown at 37 °C, 5 % CO: in a humidified atmosphere.

2.9.4 Cellular viability assay

To analyze the cellular viability, cells were seeded in a 96-well plate (HFF-1: 16,000 cells,
MCF-7 and mCherryPTS1-MCF-7: 20,000 cells, HeLa: 16,000) and grown o/n to about 90 %
confluency. Cells were incubated with 100 pL of various peptide concentrations, depending

on the tested peptides/conjugates, in a serum-free medium at 37 °C and 5 % CO- for 24 h.
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After the treatment, cells were washed once with 100 uL PBS and incubated with 100 pL of a
10 % resazurin solution (In-vitro toxicology assay kit) in serum-free medium at 37 °C for 45-
90 min. Cells that served as positive control were treated beforehand with 70 % ethanol for
10 min, whereas untreated cells served as negative control and were set to 100 % viability.
Viable cells can metabolize resazurin to resorufin, which is detectable at 595 nm after
excitation at 550 nm. The detection was performed using the Tecan Infinite M200 plate reader.

2.9.5 Lactate dehydrogenase release assay

To analyze the lactate dehydrogenase release and, thus, the membrane integrity, cells were
seeded in a 96-well plate (HFF-1: 16,000 cells, MCF-7 and mCherryPTS1-MCF-7: 20,000
cells, HeLa: 16,000) and grown o/n to about 90 % confluency. Cells were incubated with
100 pL of various peptide concentrations, depending on the tested peptides/conjugates, in
serum-free medium at 37 °C and 5 % CO- for 30 min. Afterward, cells were equilibrated to rt.
The positive control was treated with Triton X-100, whereas the negative control was left
untreated. Subsequently, a volume of CytoTox-OneTM reagent (CytoTox-ONE™
Homogeneous Membrane Integrity Assay) equal to the volume of the medium present in each
well was added and incubated at rt for 10 min. Finally, the reaction was stopped by adding
50 uL stop solution. Cells with disrupted membrane integrity release lactate dehydrogenase
(LDH), which enzymatically converts lactate and NAD* to pyruvate and NADH. Diaphorase
then uses NADH to convert resazurin to resorufin, which can be detected at 595 nm after
excitation at 550 nm. The LDH release of the positive control treated with Triton X-100 was
defined as 100 % LDH release. The detection was performed using the Tecan Infinite M200

plate reader.

2.9.6 Hemolytic activity assay

Red blood cells (RBCs, SER-10MLRBC, Tebubio) were washed three times with PBS by
centrifugation at 2,000 x g and 4 °C for 5 min and diluted 1:20 in PBS. In a 96-well plate, the
RBC solution was mixed with 50 pL of different peptide concentrations (2:1, v/v) and incubated
for 30 min or 24 h at 37 °C and 5 % COz2. Untreated cells served as the negative control, while
cells treated with 50 pL of 10 % Triton X-100 acted as the positive control, set at 100 %
hemolytic activity. Afterward, the plate was centrifuged at 1,500 x g for 3 min, and the
supernatant was transferred into a fresh 96-well plate and scanned for heme groups by

measuring the absorption at 540 nm with a Tecan Infinite M200 plate reader.

2.9.7 Flow cytometry

The cellular uptake was analyzed using the Guava® easyCyte flow cytometer. All cells (MCF-
7/mCherryPTS1-MCF-7: 120,000, HFF-1/HeLa/Hek293: 100,000) were seeded into a 24-well
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plate and grown overnight at 37 °C and 5 % COz2 until they reached ~90 % confluency. The
CF-labelled peptides were diluted in 400 uL medium lacking FBS to a final concentration of
1 uM or 10 pM, respectively. Untreated cells served as negative control, and the signal was
subtracted from all measurements. Afterward, the cells were incubated for 30-120 min,
depending on the approach. After discarding the peptide solution, cells were washed once
with PBS, and 150 pL trypsin-EDTA (without phenol red) was added. Cells started to detach,
and the reaction was stopped by adding 850 uL complete medium (without phenol red), and
cells were resuspended. After transferring 200 uL of the cell suspension into a fresh 96-well
plate, the uptake quantity was determined using the mean fluorescence in 10,000 cells with a

GRN-B (525/30) or laser using the Guava® easyCyte flow cytometer.

2.9.8 Fluorescence microscopy

Fluorescence microscopy was performed to visualize the cellular uptake of the peptides.
Staining compartments and parts of the cell transiently or by a stable cell line helped to
investigate the subcellular distribution and colocalization. For these analyses, MCF-
7/mCherryPTS1-MCF-7: 30,000 cells were seeded into an ibidi® 8-well plate and grown at
37 °C and 5 % CO- overnight. When the cells reached a subconfluency of 60-70 %, cells were
treated with 300 uL of different CF-labelled peptide concentrations in serum-free medium at
37 °C and 5 % CO:zfor 30 — 120 min. 10 min before the treatment ended, 0.6 uL Hoechst
33342 (1 mg mlt) was added to the cells to stain the nucleus in blue. After incubation, cells
were washed twice with 200 pL PBS and incubated in 300 pL complete medium. Cells were
imaged using a Keyence BZ-X810 microscope (Plan-Apo 60x/1,40 Oil, Keyence), UltraView
VoX Spinning Disk confocal microscope (Plan-Apo Tirf 60x/1,49 Qil DIC, Nikon), or LSM 980
with Airyscan 2 and multiplex confocal laser scanning microscope, (Plan-Apo 63x/1.4 Qil DIC,

Zeiss). The images were finally processed with Fiji.

2.9.9 Cell lysis

1,000,000 cells (MCF-7 cells) were seeded in a 6-well plate and grown at 37 °C and 5 % CO:2
o/n. After discarding the medium, cells were treated with 10 uM of peptides in a serum-free
medium for 2 h at 37 °C. Untreated cells served as negative control. Afterward, cells were
washed twice with PBS and placed on ice. 150 pL ice-cold lysis buffer (25 mM Tris, 150 mM
NaCl, 1 mM TCEP, 2 mM EDTA, 1 % Triton X-100, 1X Haltrm Protease Inhibitor Cocktail) was
added to the cells. Cells were placed on ice and subsequently abraded using a cell scraper.
The cell suspension was transferred into fresh 1.5 mL Eppendorf tubes. The tubes were
incubated on ice for 20 min. Afterward, the cell debris were pelleted by centrifugation at max
speed at 4 °C for 30 min. The supernatant was transferred again into fresh 1.5 mL Eppendorf
tubes and mixed with SDS-PAGE loading buffer (200 mM Tris-HCI pH 6.8, 400 mM DTT, 8 %

36



SDS, 0.4 % bromophenol blue and 40 % glycerol) in a ratio of 4:1 (v/v). The mix was heated

at 95 °C for at least 5 min and then frozen at -20 °C until further use.

2.9.10 SDS-PAGE and Western blot analysis

SDS-PAGE is a process that separates the proteins of the cell lysates, followed by an
immunoblot. SDS-PAGE gels consist of a 4 % stacking gel and a 10 % separating gel.
(Tab. 6).

Table 6. Components of the 4% stacking gel and the 10% separating gel with appropriate volumes.

Component 4 % stacking gel 10 % separating gel
Acrylamide/bisacrylamide 30 % (37.5:1) 1.33 mL 4.16 mL
Gel buffer (3 M Tris, 0.3 % SDS, pH 8.45) 3mL 4.165 mL
ddH0 5.6 mL 4 mL
10 % APS (ammonium persulfate) 90 pL 100 pL
TEMED 10 pL 15 pL

Proteins from cell lysates were analyzed using SDS-PAGE and immunoblotting techniques.
Gels were assembled in the Mini-PROTEANT® Tetra Cell (Bio-Rad) with anode buffer
(100 mM Tris, pH 8.9) and cathode buffer (100 mM Tris, pH 8.25, 100 mM tricine, 0.1 % SDS).
Samples cooked and mixed with SDS-PAGE loading buffer were heated up again at 95 °C for
a few minutes and were then loaded onto the SDS-PAGE gel and separated initially at 50 V
for 10 min, then at 120 V for 1 h, alongside a protein size marker (PageRulerTM Plus

Prestained Protein Ladder, Thermo Fisher Scientific).

Proteins were transferred onto a methanol-activated polyvinylidene fluoride membrane
(PVDF) for immunoblotting using a semi-dry transfer method. The PVDF membrane was
activated in methanol for 10 sec and assembled with six Whatman papers, the SDS-PAGE
gel, and six more Whatman papers, all soaked in transfer buffer (25 mM Tris, pH 8.3, 192 mM
glycine, 20 % methanol). The transfer was carried out at a constant current of 200 mA per

membrane for 1.5 h.

Post-transfer, the membrane was blocked in 5 % BSA in PBS-T with gentle shaking for 1 h at
rt. It was then incubated o/n at 4 °C with primary antibodies diluted in 5% BSA in PBS-T. The
next day, the membrane was washed three times for 10 min each with PBS-T at room
temperature, followed by a 1.5 h incubation with secondary antibodies diluted in 5% BSA in

PBS-T. After another series of washes, the membrane was treated with enhanced
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chemiluminescence solution (ECL) and visualized using a ChemiDoc system (Bio-Rad) to

detect horseradish peroxidase (HRP)-conjugated antibodies.

2.9.11 Transient transfection

To perform transient transfection, cells were seeded (MCF-7/mCherryPTS1-MCF7: 30,000
cells per well) into an 8-well ibidi® in complete growth medium and grown to 70-90 %
subconfluency. For the transfection, Lipofectamine2000 was used and equilibrated at rt 30 min
before usage. 1ug of the plasmid was mixed with 25 pl Opti-MEM, and 1 pL of
Lipofectamine2000 was also mixed with Opti-MEM and filled up to 25 pL. Both mixtures were
incubated for 5 min at rt. Afterward, they were combined by adding the plasmid-mix to the
Lipofectamine2000-mix. The final mixture was incubated for 20 min at rt to form the DNA-
Lipofectamine2000 complexes. Before the transfection mix was dropwise added to the 8-well
ibidi®, the old medium was exchanged with medium without supplements. Afterward, the plate
was incubated 4 h in a 37 °C CO; incubator. Then, the transfection medium was replaced by
fresh complete medium. For protein expression, cells were incubated for 24 h. Cells were
analyzed using a Keyence BZ-X810 microscope (Plan-Apo 60x/1,40 Oil, Keyence). The
images were finally processed with Fiji.

2.9.12 Stable cell line bearing mCherry with PTS1

Plasmid construction was created to develop a stable cell line inductively expressing mCherry
with peroxisomal-targeting signal 1(PTS1). In general, a PiggyBac system was used to create
it. Therefore, the mCherry-PTS1 plasmid was ligated into the empty PiggyBac vector. After
plasmid construction, the plasmids needed to be amplified and purified. 4-5 ng of PB-CuO-
mCherry-Peroxisome-2-BGH 787 ng plI* (5.09 uL) and pCI-FLAG PiggyBac Transposase
1800 ng pL? (2.22 pL) were transformed into DH5a E. coli. The transformation was performed
as follows: DH5a E. coli were thawed in a water bath directly mixed with the DNA and
subsequently incubated on ice for 30 min. Afterward, cells were heat shocked at 42 °C for
45 sec, followed by incubation on ice for 2 min. Then, 500 pul fresh LB-medium was added,
and the cells were incubated for 90 min under shaking conditions. Afterward, 200 pL of the
suspension was distributed on LB-selection agar containing ampicillin. The next day, colonies
were picked and inoculated in LB-medium containing ampicillin o/n at 37 °C and shaken with
180 rpm. The plasmids were purified using a midi prep (Carl Roth) as described in the
manufacturer’s instructions. The concentration of the plasmids was determined using the
NanoDrop. Plasmid PCI-Flag-PB-TPase had a concentration of 896.8 ng puL* and the plasmid
PB-CuO-mCherry-Peroxisome-2-BHG of 854.4 ng uL!. To ensure the correctness of the

plasmids, they were sequenced using Sanger sequencing with appropriate primer.
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On the first day, cells were seeded (MCF-7: 400,000 cells) into a 6-well plate and incubated
in a 37 °C CO; incubator to reach 70-80 % subconfluency. For simultaneous transfection,
Lipofectamine2000 was used and equilibrated at rt 30 min before usage. The plasmids,
Lipofectamine2000, and the medium were mixed, as depicted in Tab. 7.

Table 7. Components of the transfection reagent with respective concentration and amount necessary
to mix A and B.

Component conc. [ng/pL] | amount [ng] | Tube A[pL] | Tube B [pL]
PCI-FLAG-PB-Tpase 896.8 500 0.6 -
PB-CuO-mCherry-
854.4 1300 15 -
Peroxisome-2-BHG
Lipofectamine2000 - - - 5
Opti-MEME - - 247.9 245

Both mixes were incubated for 5 min at rt. Afterward, they were combined by adding Tube-A
to Tube-B. The final mixture was incubated for 20 min at rt to form the DNA-Lipofectamine2000
complexes. Before the transfection mix was dropwise added to the 6-well plate, the old
medium was exchanged for a medium without supplements.

Table 8. PCR-mix and the reaction steps used to amplify the oligonucleotides. PCR-mix consists of 5X

Q5 buffer, 10 nM dNTPs, 10 uM forward primer, 10 uM reverse primer, Q5 polymerase, and nuclease-
free water. The cycle of denaturation, annealing, and elongation was repeated 36 times.

Volume ) )
Component (L] Reaction step | Temp. [°C] | Time [sec] Cycle
]
5X )
10 Denaturation 95 60 1
Q5 buffer
10 mM
1 Denaturation 95 5
dNTPs
10 uM .
) 15 - Annealing 50 10 36
Forward primer
10 uM .
) 15 Elongation 72 5
Reverse primer
Q5 Polymerase 0.5 Elongation 72 120
Nuclease-free water 8.5 Break 4 0
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The transfection medium was replaced 24 h after transfection by a fresh, complete medium.
After an additional 24 h, all cells were transferred using Trypsin/EDTA into 10 cm petri dishes
in which they were treated with 2.5 ug mL* puromycin. Beforehand, a kill curve of puromycin
was performed in MCF-7 cells, and the concentration of 2.5 pg/mL was set for further positive
clone selection. Cells were grown for one week in a 37 °C CO; incubator in the selection
medium containing the appropriate amount of puromycin. The medium was changed every
two days to maintain the puromycin concentration in the medium. Afterward, cells were
cultured in a complete medium without puromycin to recover successfully transfected cells.
Few cells started to generate colonies in the dishes. The recovery time was around two weeks
until the cells reached 70-80 % subconfluency. Cells were split into fresh petri dishes to freeze
them in liquid nitrogen (as described in 2.9.3 Freezing and thawing cells). To determine
whether the transfection worked, cells were induced with cumate in different concentrations to
determine the best expression level of the mCherry-PTS1 protein. This analysis utilized the
Keyence BZ-X810 microscope (Plan-Apo 60x/1,40 Qil, Keyence). The induction test revealed
that 30 pg mL? cumate showed the best expression levels of mCherryPTS1 protein and

subcellular distribution in a vesicular pattern labelling the peroxisomes.

2.9.13 Plasmid construction

For individual plasmid constructs, the constructs had to be designed beforehand. The Gehring
Lab kindly provided the backbone plasmid 3407. This plasmid 3407 encodes a mGold protein
with a multiple cloning site (MCS) at the C-terminus of this protein. The oligonucleotides for
the insert were designed to contain the desired peptide and PTS, including the restriction
enzyme sites for cloning into the plasmid 3407. The restriction sites of Notl and Xhol were
chosen and included in the oligonucleotide sequences shown in Tab. 9. The oligonucleotides
were designed to anneal with the reverse primer and amplify the oligonucleotides using
polymerase chain reaction (PCR). The different oligonucleotides were industrially synthesized
by metabion and shipped lyophilized. They were dissolved in appropriate nuclease-free water
to a final concentration of 100 uM. Then, the forward and reverse primers were mixed with Q5
polymerase, dNTPs, Q5 buffer, and water. Afterward, the reaction was performed as
described in Tab. 8. Afterward, the PCR product was purified via PCR clean-up from Roth.
PCR products and the plasmid 3407 bearing the mGold protein were digested using Notl and
Xhol restriction enzymes. The digest reaction mix was done as described in Tab. 10 and
incubated for 1 h at 37 °C. To inactivate the enzymes, the digest mix was heated up to 65 °C
for 20 min. The Plasmid constructs were purified via PCR clean-up from Machery Nagel, and
the digested plasmid was purified using agarose gel electrophoresis. A 1 % agarose gel was
used at 200 V for 1 h to separate the digested plasmid. Afterward, the plasmid was extracted

using the NucleoSpin PCR and Gel Extraction Kit from Machery Nagel. The plasmid band was
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cut out under UV light and melted at 60 °C in a buffer provided by the kit for 10 min. The

purification was performed as described in manuals from Machery Nagel.

Table 9. Name and sequence of the engineered PCR constructs. The insert is highlighted in grey. All
inserts have an Xhol and Notl restriction site, and behind the insert is a stop codon.

Name

Sequence

sC18*

sC18*Rt

PX9

PX10

PX11

PX12

PTS1 1

PTS1 2

Reverse Primer

AAA ACT CGA GGG CCT GAG AAA GCG GCT GCG GAA GTT CAG AAA
CAA ATG AGC GGC CGC AAA A

AAA ACT CGA GAG ACT GCG GAA GCT GCT GAG AAA GTT CCT GCG
GAA ATG AGC GGC CGC AAA A

AAA ACT CGA GAG ACT GCG GAA GCT GCT GAG AAA GTT CCT GCG
GAA GCC CGG CAA CGC CAA GCT CTG AGC GGC CGC AAA A

AAA ACT CGA GGG CCT GAG AAA GCG GCT GCG GAA GTT CAG AAA
CAA GCC CGG CAA CGC CAA GCT CTG AGC GGC CGC AAAA

AAA ACT CGA GAG ACT GCG GAA GCT GCT GAG AAAGTT CCT GCG
GAA AGG CGG AGG CAA GAG CAA GCT CTG AGC GGC CGC AAA A

AAA ACT CGA GGG CCT GAG AAA GCG GCT GCG GAA GTT CAG AAA
CAA AGG CGG AGG CAA GAG CAA GCT CTG AGC GGC CGC AAA A

AAA ACT CGA GCC TGG AAA CGC CAA GCT CTG AGC GGC CGC AAAA

AAA ACT CGA GGG TGG CGG AAA GAG CAA GCT CTG AGC GGC CcGC

AAA A

TTT TGC GGC CGC
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Table 10. Component and the respective volume of the restriction mix of the PCR products. Restriction
mix consists of r3.1 10X buffer, PCR-product or plasmid, Notl, Xhol, and nuclease-free water.

Component Volume [uL]
r3.1 10X Buffer 5
PCR-product/plasmid 19
Notl enzyme 1
Xhol enzyme 1
Nuclease-free water 24

The concentration of the purified digested plasmid was determined by analyzing the
absorbance at 260 nm with a NanoDrop. To insert the digested PCR product into the digested
plasmid, a ligation with the T4 ligase was performed. Therefore, the annealed oligonucleotides
were mixed with the plasmid vector in a 1:3 molar ratio. The reaction mix is described in
Tab. 11. The ligation was done at 16 °C in a thermocycler. Afterward, the T4 ligase is
inactivated at 65 °C for 10 min.

Table 11. Component and respective volume of the ligation mix. The ligation mix is out of T4-ligase
buffer, digested plasmid 3407, digested PCR product, T4 ligase, and nuclease-free water.

Component Volume [uL]
T4-ligase buffer 2
Plasmid 3407 1
PCR construct 3
T4 Ligase 1
Nuclease-free water 13

The heat-shock method described above used 2 uL of ligation product to transform 50 pL
chemically competent DH5a E. coli cells. After mixing the bacteria with the plasmids, the
mixture is chilled on ice for 30 min. Afterward, cells were shocked at 42 °C for 30 sec and
subsequently cooled down on ice for 2 min. The transformed cells were then incubated with
350 pL at 37 °C under shaking for 90 min. The transformation mix was distributed on AMP-
LB-agar plates and incubated o/n at 37 °C for further selection. The next day, positive colonies
were picked and incubated in AMP-LB-medium o/n at 37 °C. The plasmid DNA was extracted

using a midi prep as described in the manufacturer's instructions. Finally, the sequence of the
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plasmid and inserted oligos were analyzed by EuroFins, which performed sanger sequencing,

for instance, using appropriate primers flanking the insert region.

2.9.14 Colocalization studies of CF-labelled peptides/mGold plasmid with stable cell
line mCherryPTS1-MCF-7

For colocalization studies, 25,000 cells of mCherry-PTS1-MCF-7 per well were seeded into
an ibidi with an appropriate complete medium and cultivated o/n at 37 °C, 5 % CO> under
humidity conditions. Within the next day, cells were washed once with PBS. Afterward, they
were induced with appropriate cumate concentration to produce the mCherry protein bearing
the PTS1 and incubated again o/n at 37 °C, 5 % CO; under humidity conditions.

The transfection of the plasmid 3407 with individual insert was performed using
Lipofectamine2000. For this, it was prewarmed at rt for 30 min. 1 pg of the plasmid was mixed
with 25 pl Opti-MEM. Also, 1 pL of Lipofectamine2000 was mixed with Opti-MEM and filled to
25 uL. Both mixes were incubated for 5 min at rt. Afterward, they were combined by adding
the plasmid mix to the Lipofectamine2000 mix. The final mixture was incubated for 20 min at
rt to form the DNA-Lipofectamine2000 complexes. Before the transfection mix was added
dropwise to the 8-well ibidi®, the old medium was exchanged for a medium without
supplements. Afterward, the plate was incubated for 4 h in a 37 °C CO; incubator. Then, the
transfection medium was replaced by the fresh, complete medium. Cells were incubated for

24 h for protein expression.

However, for the peptide co-localization assay, cells were treated with 300 uL of different CF-
labelled peptide concentrations in serum-free medium at 37 °C and 5% COz2 for 15 min,
30 min, 60 min, or 120 min. 10 min before the end of the treatment, 0.6 pL Hoechst 33342
(1 mg mlt) was added to the cells to stain the nucleus in blue. After incubation, cells were
washed twice with 200 puL PBS and placed in a 300 yL complete medium. Cells were imaged
using a Keyence BZ-X810 microscope (Plan-Apo 60x/1,40 Oil, Keyence) or UltraView VoX
Spinning Disk confocal microscope (Plan-Apo Tirf 60x/1,49 Oil DIC, Nikon). The images were

processed with Fiji.

2.9.15 Bacterial cell culture

Within this thesis, several bacterial strains were used, including Bacillus spizizenii (ATCC
6633), Salmonella typhimurium (TA100), Pseudomonas fluorescens (DSM 50090),
Micrococcus luteus (DSM 20030), Neisseria gonorrhoeae Ng196 (pilE::cat, G4::acc, S2), and
methicillin-resistant Staphylococcus aureus (MRSA-43300, S2). All bacterial strains with
biological safety level 1 (S1) were spread out of glycerol stock on LB-agar plates and

incubated overnight at 37 °C. Bacteria were spread out monthly to avoid contamination. The
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following day, one colony was selected, added to 5 mL of pre-warmed LB medium, and then
incubated at 37°C under shaking at 180 rpm o/n. The preculture was diluted in 25 mL fresh
LB-medium and grown to an optical density at 600 nm (ODsoo) of more than 0.7. The bacterial

culture was used for further experiments at the exact optical density.

N. gonorrhoeae was cultivated in the working group of Prof. Berenike Maier, whereas MRSA

was cultivated in the working group of Prof. Andreas Kilatt.

2.9.16 INT assay

The iodonitrotetrazolium chloride (INT) assay was used to analyze the bacterial viability.
Bacterial cultures with an optical density of 0.7 at 600 nm were used. In a 96-well plate, 180 uL
of minimal medium (10 mM Tris, 5 mM glucose) and for N. gonorrhoeae Gonococcal liquid
medium was made from 5 g/L NaCl, 4 g/L K;HPO4, 1 g/L KH2PO4, and 15 g/L Proteose
Peptone No. 3, supplemented with 1% IsoVitaleX (IVX). IVX was made from 1 g/L d-glucose,
0.1 g/L I-glutamine, 0.289 g/L I|-cysteine-HCI-H,O, 1 mg/L thiamine pyrophosphate, 0.2 mg/L
Fe(NOs)s, 0.03 mg/L thiamine HCI, 0.13 mg/L 4-aminobenzoic acid, 2.5 mg/L B-nicotinamide
adenine dinucleotide, and 0.1 mg/L vitamin B12. 10 yL of bacteria suspension (ODego: 0.7)
and 10 uL of peptide solution were mixed. All bacterial strains were tested against several
concentrations. As the negative control, pure water was added, and ciprofloxacin was used
as the positive control. All samples were incubated at 37 °C for 4 h under shaking conditions.
Afterward, 10 uL of a 1 mg mL? solution of INT in pure DMSO was added to each well, and
samples were further shaken for 15 min at 37 °C. Finally, the absorption of formazan at
560 nm was measured in each well using a Tecan Infinite M200 plate reader (Tecan Group
AG). The ECso value of the used peptides was calculated by a sigmoidal fit of the dose
response using the computational program Origin. The fit of the graph is used for the following

calculation:
EC5O=10LOGXO

The x values are supposed to be the logarithm of the dose; thereby, LOGxXO is the middle of

the curve, representing the ECso value.

2.9.17 Viable count assay

A viable count assay with methicillin-resistant Staphylococcus aureus (MRSA-43300) was
performed at the University Clinic of Cologne with the working group of Prof. Andreas Klatt.
Bacteria were cultivated in tryptic soy broth. Cells were diluted to an ODsgo 0Of 0.6. Bacteria
were mixed with PG buffer (18.4 mM K>HPO4, 5 mM glucose, pH 7.4). Afterward, they were
centrifuged and resuspended after discarding the supernatant again with 1 mL of PG buffer.

The bacterial culture was diluted again at 1:10. Then, 500 uL of this dilution was mixed with
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4.5 mL of PG buffer. Each well was prefilled with 50 yL of PG buffer. Peptides were mixed
directly in each well. Afterward, 50 pL of bacterial solution was added, and the plate was
incubated for 2 h at 37 °C. Bacterial cells were then diluted 1:10 and suspended again 1:8 in
PG buffer. 50 yL of the desired solution was distributed onto prewarmed TSB agar plates and

incubated o/n at 37 °C. On the next day, visible colonies were counted.

2.9.18 Transmission electron microscopy

For transmission electron microscopy (TEM), bacterial cells were cultured until they reached
an ODego Of 1.0. Preparation was made by combining 100 puL of the bacterial culture, 490 uL
of minimal medium (composed of 10 mM Tris and 5 mM glucose), and 10 uL of respective
peptide solution to achieve a final peptide concentration of 5 uM. The mixture was incubated
at 37 °C for 4 h under shaking conditions. Following incubation, the bacterial cells were
centrifuged at 10,000 x g, and the supernatant was discarded. Afterward, the pellet was
prepared for TEM analysis by the imaging facility of the CECAD as follows: The bacterial pellet
was resuspended in 1 mL of a fixative solution containing 20 mM HEPES, 0.2 M Tris, and 3 %
glutaraldehyde. Immersion fixation was performed using a solution of 2% glutaraldehyde,
2.5 % sucrose, and 3 mM CaCl; in 0.1 M HEPES buffer for 30 min at rt, followed by an
additional 30 min at 4 °C. After fixation, the samples were washed with 0.1 M sodium
cacodylate buffer and centrifuged at 1,000 g for 10 min. The supernatant was removed, and
the pellet was mixed with 3 % low melting point agarose dissolved in 0.2 M sodium cacodylate
buffer. The mixture was incubated at 37 °C for 10 min and hardened at 4 °C for 30 min. Small
pieces of approximately 1 mm? were cut from the pellet and washed four times for 15 min each
with 0.1 M sodium cacodylate buffer. Postfixation was done using 1 % osmium tetroxide
(0s0.), 1.25 % sucrose, and 1 % potassium ferricyanide in 0.1 M sodium cacodylate buffer at
4 °C for 2 h. The samples were washed four times with 0.1 M sodium cacodylate buffer and
dehydrated using a graded ethanol series (50 %, 70 %, 90 %, and three times 100 %), with
each step lasting 15 min. The samples were then treated sequentially with a 50 %
ethanol/propylene oxide mixture, followed by two changes of pure propylene oxide, each for
15 min. Infiltration with Epon resin was performed in stages, starting with a mixture of 50 %
Epon and 50 % propylene oxide, followed by 75 % Epon and 25 % propylene oxide, with each
step lasting 2 h at 4 °C. Pure Epon resin was applied o/n at 4 °C. The next day, the resin was
replaced with fresh Epon and incubated at rt for 2 h. Samples were then embedded in Epon

blocks and polymerized at 60 °C for 72 h.

Ultrathin sections, approximately 70 nm thick, were prepared using an ultramicrotome with a
diamond knife. The sections were stained with 1.5 % uranyl acetate at 37 °C for 15 min,

followed by 3 % lead citrate for 4 min. TEM imaging was conducted in the CECAD imaging
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facility using a JEM-2100 Plus Transmission Electron Microscope operating at 80 kV, with

images captured using a OneView 4K camera (Gatan).

2.9.19 Statistical analysis

A paired Student's t-test was conducted using Microsoft Excel for statistical analysis of
experiments comparing two groups. The paired t-test's significance levels were as follows: *p
< 0.05, **p < 0.005, ***p < 0.0005, and ****p < 0.00005. When comparing data across more
than two groups, the student-t test was performed in Microsoft Excel. The significance
thresholds for one-way ANOVA were set as: *p < 0.05, **p < 0.01, **p < 0.001, and
**xxn < 0.0001.

2.9.20 AlphaFold3

AlphaFold3 was used for in silico prediction of the interaction of PX1 with Pex7 protein or PX9
with Pex5 protein.[203] The predicted and generated model 0 was processed with Coot to
form a cartoon of the peroxin (Pex5, Pex7) and the side chain animation of the PX peptides
and their corresponding PTS. Further, Coot was used to generate a PDB file. The model's
PDB file was used to generate images of PX peptides and their respective receptors using
Pymol.
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3. Results

In the following chapters, the results of my doctoral research are presented. The first chapter,
“3.1 Comparing sC18 variants and synthesis of peptide-drug conjugates”, has already been
published in the journal Molecules from MDPI in 2022 (Grabeck J, Lutzenburg T, Frommelt P,
Neundorf I. Comparing Variants of the Cell-Penetrating Peptide sC18 to Design Peptide-Drug
Conjugates. Molecules. 2022 Oct 7;27(19):6656. doi: 10.3390/molecules27196656.)[204]

The second chapter, “3.2 Design of peroxisomal targeting sC18 variants”, has not been

published yet. A manuscript about the achieved goals of this chapter is in preparation.

The last chapter, “3.3 Novel sC18* variants that display high antimicrobial activity” has already
been published in Infectious Diseases from ACS in 2024 (Grabeck J, Mayer J, Miltz A, Casoria
M, Quagliata M, Meinberger D, Klatt AR, Wielert I, Maier B, Papini AM, Neundorf I. Triazole-
Bridged Peptides with Enhanced Antimicrobial Activity and Potency against Pathogenic
Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-2727. doi:
10.1021/acsinfecdis.4c00078.)[205]. After this work was published, the retro-inverso peptides
were synthesized and characterized. Thus, the structural examination of these peptides and
preliminary data regarding their antimicrobial activity has not yet been published. A manuscript

is submitted to ACS Biochemistry.

3.1 Comparing sC18 variants and synthesis of peptide-drug conjugates

Cancer remains one of the leading causes of mortality worldwide, and despite advances in
treatment, many conventional therapies suffer from severe side effects and drug
resistance.[148] To address these challenges, research in cancer therapy has increasingly
focused on innovative approaches, such as peptide-drug conjugates (PDCs). By enhancing
drug specificity and reducing systemic toxicity, PDCs represent a promising strategy in the

fight against cancer.[151]

This chapter compares recently described sC18 variants regarding their activity towards
artificial membranes, secondary structuring, cytotoxicity in cancerous and non-cancerous
cells, and their ability to transport doxorubicin covalently. Dr. Tamara Sasse partly performed

the experiments in chapter 3.1 as part of her Dissertation.

3.1.1 Synthesis of sC18 variants

Dr. Tamara Sasse synthesized and purified the sC18 variants.[206] These variants of this
study included a truncated version of sC18 lacking the last four amino acids named sC18* and
a modified variant thereof, as well as sC18AE, in which just the C-terminal glutamate residue

of sC18 was deleted. The deletion of the glutamate in sC18AE at position 15 was done to

47



increase the peptide's net charge further and optimize the peptide interaction with negatively
charged phospholipids at the plasma membrane. The eliminated negatively charged
glutamate also led to less possible electrostatic repulsion between basic amino acids, as
shown by the alanine scan.[207] The truncated version sC18* was already successfully used
for drug delivery purposes.[96,208] To further improve the activity of sC18*, four amino acid
substitutions were introduced at the first, fifth, tenth, and eleventh positions leading to peptide
sC18*R,L. Indeed, the almost perfectly designed amphipathic character of this peptide might
be able to interact even better with the cellular membrane and enable a higher cell entry of
peptides. All peptides are listed in Tab. 12 and depicted in helical wheel projections in Fig. S1.

Table 12. Name, sequence, calculated molecular weight, experimental molecular weight, and net
charge of synthesized peptides with amidated C-terminus.

Name Sequence MWcaic [g/mol] | MWey, [g/mol] Net charge

sC18 GLRKRLRKFRNKIKEK 2069.55 2069.87 +9
sC18AE GLRKRLRKFRNKIKK 1940.44 1940.93 +10

sC18* GLRKRLRKFRNK 1570.94 1571.33 +8
sC18*R,L RLRKLLRKFLRK 1626.10 1626.46 +8

All peptides were synthesized by SPPS following the Fmoc/t-Bu strategy. The identity of
synthesized peptides was confirmed by the mass spectra containing m/z signals
corresponding to the respective peptide's calculated quasi-molecular ions. The purity of each
peptide was determined by integrating the area under the peak in relation to the overall area
of all peaks in the UV spectrum. The analytical spectra of the peptides are presented in the
appendix, Fig. S1-S4. To enable the analysis of cellular uptake, the peptides were labelled
with 5(6)-carboxyfluorescein. After successful synthesis, the peptides were analyzed using
circular dichroism (CD) spectroscopy. As expected, all peptides showed an a-helical structure
after adding 50 % TFE (see Fig. S6). TFE was characterized to replace the hydration shell via
apolar interactions and dehydration entropy, subsequently forming bifurcated hydrogen bonds

with peptide carbonyls, stabilizing secondary structures.[209]

3.1.2 Cytotoxicity and cellular uptake of sC18 variants

Then, the peptides were further tested regarding their cytotoxic activity toward cancerous
HelLa and non-cancerous HEK-293 cells. Additionally, they were analyzed in terms of uptake

efficacy and cellular distribution.

On the one hand, for sC18, sC18*, and sC18AE, no toxic effects were observed at

concentrations up to 50pM in HelLa cells, consistent with previously reported
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findings.[197,210] However, increasing the concentration up to 100 pM reduced cell viability
to 75 %, as depicted in Fig. 10. This observation supported the suggestion that CPPs
generally increase their penetration capability with increasing concentrations, which is often

accompanied by cytotoxicity caused by membrane destruction. [135]
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Figure 10. (A, B): Cytotoxicity profiles of peptides in HeLa and HEK-293 cells. Cells were incubated
with varying concentrations of peptide solutions for 24 h. Untreated cells served as a negative control,
while cells treated with 70% ethanol were used as the positive control. Values from the positive control
were subtracted from all data, and the viability of untreated cells was set to 100%. Experiments were
performed in triplicate with n=3. Dr. Tamara Sasse conducted these experiments in her dissertation.
(C): Flow cytometry analysis of HeLa and HEK-293 cells after incubation with 1 uM and 10 uM peptide
solutions for 30 min at 37 °C. Assays were performed in triplicate with n=3. These experiments were
conducted as part of my master’s thesis. © 2022. This work is openly licensed via CC BY 4.0.

Interestingly, the newly modified peptide sC18*R,L exhibited markedly higher activity in HeLa
cells, reducing cell viability to approximately 35 % at a concentration of 25 pM. In contrast, the
cytotoxic effects of sC18*R,L in HEK-293 cells were less pronounced and became evident

only at 50 uM or higher concentrations. The other variants, sC18, sC18*, and sC18AE, also
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showed no toxic effects up to 50 pM. Only the parental peptide sC18 started to have slightly

cytotoxic effects at a concentration of 100 uM, decreasing the cellular viability to ~75 %.

The enhanced cytotoxicity of sC18*R,L in HelLa cells may be attributed to its concentrated
content of basic amino acids, which likely promoted strong electrostatic interactions with the
more negatively charged plasma membrane of HelLa cells compared to HEK293 cells. The
enhanced accumulation at the membrane surface may lead to membrane-disrupting effects,
which is supported by a stronger interaction between peptide and membrane, which is further
supported by a larger hydrophobic side of the peptide (see Fig. S5). The helical wheel
projection supports this hypothesis, as the positively charged site is thoroughly separated from
the hydrophobic part. To get more insights into the uptake mechanism, the peptides were

further investigated regarding their uptake efficiency, measured by flow cytometry.

As mentioned, cellular uptake mechanisms and the ability to translocate the cell membrane
often depend on the peptide concentration.[135] Therefore, the cellular uptake was tested at
the non-toxic concentrations of 1 uM and 10 uM in both cell lines. As shown in Fig. 10, sC18
and its truncated version sC18* were taken up to a lower extent than their modified versions
sC18AE and sC18*R,L at a used concentration of 10 uM. Analysis at lower peptide
concentrations revealed less pronounced differences between the peptides, supporting the
hypothesis of concentration-dependent uptake and efficiency. Notably, the uptake of the
sC18AE and sC18*R,L was enhanced approximately 10-fold compared to the unmodified
counterparts. These results align with the cytotoxicity assay findings, as high cellular uptake
is often associated with increasing cytotoxicity, as mentioned, and suggest that the uptake of
SC18AE lacking the glutamate is enhanced due to the reduced electrostatic countercharge.
Therefore, the interaction of the peptide is no longer disturbed and supports the accumulation
on cell surfaces. For sC18*R,L, the reordering of amino acids also demonstrated that precisely
separating the hydrophilic and hydrophobic regions enhances cell-penetrating capacity.
Overall, the results suggested that the internalization mechanism may be influenced by the

peptide concentration, as uptake highly increased at higher concentrations.

3.1.3 Analyzing membrane interaction using giant unilamellar vesicles (GUVS)

Within the next chapter, the contact of these peptides with artificial membranes and the cellular

uptake were investigated.
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Figure 11. (A): Confocal fluorescence microscopy of HelLa cells after 10 uM CF-labelled peptide
treatment for 30 min at 37 °C. Blue: Hoechst 33342 nuclear stain, Green: CF-labelled peptides. Dr.
Tamara Sasse performed this experiment. Scale bar: 20 um (B): Peptide interaction with negative giant
lamellar vesicles (GUVs) composed of DOPC/DOPE/DOPG (40:30:30) treated with 1 uM solutions of
CF-labelled peptides for 30 min and imaged using a fluorescence microscope (Keyence). Red: Atto550;
green: CF-labelled peptides; blue: Oyster 405. Scale bar: 50 um. (C): Peptide interaction with neutral
giant lamellar vesicles (GUVs) composed of DOPC/DOPE (50:50) treated with 1 uM solutions of CF-
labelled peptides for 30 min and imaged using a fluorescence microscope (Keyence). Red: Atto550;
green: CF-labelled peptides; blue: Oyster 405. Scale bar: 50 um. These experiments were performed
as part of my master’s thesis. © 2022. This work is openly licensed via CC BY 4.0.

First, HeLa cells were treated with 10 uM CF-labelled peptides for 30 min. (Fig. 11A) As
expected, the parental peptides sC18 and sC18* showed significantly lower uptake efficiency
than the newly designed peptides. The pattern of uptake seemed to be different. The parental
peptides were taken up punctually, suggesting they were taken up via endocytosis. This is
also observable for the sC18AE. The uptake seemed to differ in efficiency. Interestingly, the
pattern for sC18*R,L was different. The dot-like pattern was also visible, but the peptide was
additionally diffusively distributed within the cell. This observation supports the suggestion that
the peptide might be taken up both in an endocytic manner and by direct translocation. This
may be attributed to the peptide's ideal amphipathic character, which also contributes to an a-
helical structure and subsequent support embedding in the plasma membrane. Notably,
sC18*R,L was also taken up into the nucleus, which may result from its highly positive net
charge. So-called nuclear localization signals (NLS) are comprised primarily of basic amino

acids and, therefore, favored for nuclear import. [169]

Next, the so-called lipid-peptide interaction with giant unilamellar vesicles (GUVs) was

investigated. Anionic lipids (Fig. 11B) consisting of synthetic phosphatidylethanolamine,
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phosphatidylcholine, and phosphatidylglycerol were used to mimic the plasma membrane
composition of cancer cells. Lacking, the anionic phosphatidylglycerol was used to mimic the
more balanced plasma membrane of healthy cells. Both vesicle types were treated with 1 pM
of CF-labelled peptides for 30 min. In Fig. 11B, all peptides exhibited surface accumulation on
vesicles mimicking the plasma membrane of cancer cells. However, sC18* showed the
weakest accumulation signal, which was in line with previous studies.[197] Except for
sC18*R,L, all peptides demonstrated intact vesicles confirmed by the Oyster405 dye within
the vesicles. Interestingly, no interactions at all were observed for all tested peptides with
Zwitterionic vesicles at this concentration (Fig. 11C). The peptides could not accumulate on
the artificial membrane, which may be due to the absence of anionic phospholipids. However,
sC18*R,L showed high membrane interaction and penetration towards negatively charged
GUVs. Due to its good amphipathic characteristics, it is likely that this peptide becomes
embedded in the phospholipid bilayer and further builds temporary pores. This would result in

cytosolic outflow, which leads to cell death.

In summary, the optimized peptides sC18AE and sC18*RL showed an enhanced
internalization, which might correlate with an increased cytotoxicity. These findings suggest
that sC18AE may be more suitable for future applications in drug delivery. It exhibits
significantly improved uptake efficiency while remaining low cytotoxicity. Conversely, due to
the high cytotoxicity of sC18R,L, this variant was excluded from further consideration in drug

delivery.

3.1.4 Synthesis of peptide drug-conjugates

The peptides sC18, its truncated version sC18* and the modified sC18AE were used for
generating PDCs to investigate the capability of transporting Doxorubicin into the cell
(Tab. 13).

Table 13. Name, sequence, calculated molecular weight, experimental molecular weight, and net

charge of synthesized peptide-drug conjugates with amidated C-terminus. Dox: Doxorubicin, SMP: N-
succinimidyl-3-maleimidopropionate.

Name Sequence MW ac [g/mol] | MWexp [g/mol] | Net charge
PDC-1 Dox-SMP-CGLRKRLRKFRNKIKEK 2868.43 2868.03 +8
PDC-2 Dox-SMP-CGLRKRLRKFRNKIKK 2738.31 2738.90 +9
PDC-3 Dox-SMP-CGLRKRLRKFRNK 2368.81 2368.95 +7

Adding an N-terminal cysteine to the peptides enabled PDC synthesis through the Michael

addition with maleimide from the linker N-succinimidyl-3-maleimidopropionate (SMP). As
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proof-of-principle, Doxorubicin, an anthracycline anti-cancer drug, was used. The effects of
Doxorubicin are based on its intercalation into the DNA resulting in inhibition of nucleic acid
synthesis. The goal of the PDCs was to investigate the uptake efficiency and capabilities of
small-molecule transport of the used CPP. As Doxorubicin is known to be highly cytotoxic to
healthy cells, minimizing these would be a goal. The synthesis of the PDCs is schematically
shown in Fig. 12. First, Doxorubicin was coupled to SMP through its primary amino group. The
success of the coupling reaction and the efficiency were monitored by thin-layer
chromatography (TLC). To finalize the PDC, the building block Dox-SMP was covalently
coupled to the added N-terminal cysteine of the peptides by Thiol-Michael addition.

HS

0
0

0 OH 0O 0 OH O OH

OH 0 OH 0. OH
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Figure 12. Exemplary synthesis scheme of PDC-2. Synthesis of PDCs is divided into the first building
block, Dox-SMP, and finally, the Thiol-Michael addition with the cell-penetrating peptide. © 2022. This
work is openly licensed via CC BY 4.0.

The successful PDC synthesis was purified using RP-HPLC and analyzed analytically by LC-
MS, as shown exemplarily for PDC-1 in Fig. 13. The calculated m/z ratios belonged to the
detected values except for the peak 491.76. Some side products were visible after the
synthesis, such as the hydrophobic side product with the m/z ratio of 397.19, which belonged
to the anthracycline rings of Doxorubicin with a cleaved glycoside group.[211] It eluted at about

13-14 min retention time in all synthesized PDCs (Data not shown).
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Figure 13. Final HPLC-ESI/MS analysis of purified PDC-1 (Dox-SMP-C-sC18). (A) A gradient of 10-
60 % ACN with 0.1 % FA in 15 min was used for the HPLC analysis. UV-chromatogram of Dox-SMP-
C-sC18. (B) Full scan of ESI/MS at a retention time of 5.25-5.71 min. In the peak of the UV
chromatogram, the charged molecular ions are: [M+3H]3* = 956.76, [M+4H]* = 717.96, [M+5H]>*=
574.74 and [M+6H]%= 409.95. © 2022. This work is openly licensed via CC BY 4.0.

3.1.5 Secondary structure of PDCs

Previous studies showed that the peptides sC18, sC18* and sC18AE form an a-helical
structure after adding 50 % TFE.[210] This structure might be influenced by conjugation with
the Dox-SMP intermediate. Therefore, the secondary structure of the new PDCs was again
analyzed using CD spectroscopy. The results in aqueous phosphate buffer and supplemented
with 50 % TFE are shown in Fig. 14.
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Figure 14. CD spectra of synthesized PDCs in phosphate buffer with and without adding TFE. PDCs
were analyzed at a concentration of 20 uM in either (A) 10 mM phosphate buffer, pH 7.0 (A) or (B)
10 mM phosphate buffer, pH 7.0, with the addition of 50 % TFE. TFE: trifluorethanol. © 2022. This work
is openly licensed via CC BY 4.0.

All synthesized PDCs analyzed in phosphate buffer formed random coil structures as
expected. Interestingly, the peptides formed an a-helical structure after adding TFE. This

experiment supports that the additional building block did not affect the structuring of the
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peptide. Since the interaction between simple CPPs and the membrane relies on electrostatic
interactions, the PDCs, particularly PDC-2, may exhibit greater selectivity for cancer cells as
the net charge of the PDC is +9. Cancer cells have a higher content of acidic phospholipids in
their outer leaflet, like phosphatidylserine, which enhances the electrostatic attraction with the
positively charged peptides.[22] In contrast, healthy cells maintain a more balanced and
zwitterionic membrane composition, which may reduce the uptake of the designed PDCs.

3.1.6 Cytotoxicity and uptake of PDCs

In the next step, the cytotoxic activity and effectiveness of cellular uptake were examined
exemplary in HeLa cells (cervical cancer cells) and in HFF-1 (human foreskin fibroblasts 1). A
cell viability assay investigated the cytotoxic activity of the synthesized PDCs after 24 h of
treatment with different concentrations (2.5 — 70 uM). In HelLa cells, a dose-response curve of
the PDCs was measured, allowing the calculation of ECs values. Interestingly, PDC-2 bearing
sC18AE showed the lowest ECso value with 14.47 uM. In contrast, PDC-3 containing sC18*
showed a much higher value with 27.01 uM. Doxorubicin alone showed the highest
cytotoxicity with an ECsp value of < 6 uM (data not shown).

Following, cytotoxicity assays performed in HFF-1 cells should determine if the PDCs would
also be toxic in non-cancerous cells. (Fig. 15B) Remarkedly, no significant cytotoxic effects
were detectable for up to 50 uM of the tested PDCs. Interestingly, Doxorubicin alone exhibited
substantial toxicity in healthy cells already at a low micromolar range, resulting in decreased
cell viability. Notably, the selectivity was markedly increased through the conjugation with the
peptides, particularly by conjugation with sC18AE.
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Figure 15. Cytotoxicity profiles and uptake efficiency of PDCs in HeLa and HFF-1 cells. (A) Dose-
response curves for PDCs in HelLa cells: Cells were treated with PDC concentrations ranging from
25-70uM for 24 h at 37 °C, and viability was measured using the resazurin-based assay. (B)
Cytotoxicity assay in HFF-1 cells: Cells were incubated with varying concentrations (10 - 50 uM) of
PDCs for 24 h at 37 °C, followed by resazurin-based viability assessment. (C) Quantification of PDC
internalization in HelLa cells: Cells were incubated with 10 uM PDC solutions/Doxorubicin for 30 min at
37 °C, and the uptake was analyzed via flow cytometry. All experiments were performed in triplicate
(n = 3). © 2022. This work is openly licensed via CC BY 4.0.

Doxorubicin enables intrinsic absorption and fluorescence within the visible spectrum
(excitation and emission wavelengths of 470 and 560 nm). Therefore, no additional
fluorophore was necessary to analyze the uptake efficiency of the PDCs. The cytotoxic results
align with the cellular uptake efficiencies of these PDCs, depicted in Fig. 15C. PDC-2
demonstrated the highest uptake efficiency, 2-fold higher than PDC-3, followed by PDC-1,
with 1.5-fold increased uptake compared to PDC-3. However, the uptake of PDC-3 is 3-fold
decreased compared to the drug alone. The difference in cytotoxicity compared to Doxorubicin
alone could be explained by the good penetration properties of Doxorubicin instead of possibly
endocytosis-mediated uptake mediated by the PDCs. Thus, the observed lower cytotoxicity of
the conjugates might be associated with the lower uptake compared to the free drug. However,

the uptake and cytotoxic activity data support the hypothesis that sC18AE exhibits enhanced
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cellular uptake, likely because of reduced electrostatic counter-interactions and a greater net
charge than the other PDCs.

The mechanism of action of Doxorubicin primarily involves nuclear DNA intercalation, leading
to double-strand breaks. Therefore, the long-term effects of Doxorubicin on healthy cells would
be even greater as the uptake of the drug alone was higher. The use of peptides as carrier
molecules notably decreased the uptake of Doxorubicin. This reduced uptake paradoxically
proved beneficial, enhancing selectivity for unbalanced anionic membranes, such as those
found in many cancer membranes. Compared to the cytotoxicity of the unconjugated peptides,
the overall cytotoxic effect of the PDCs was significantly enhanced, highlighting the potential
of PDC in targeted cancer therapy.

3.1.7 Localization studies of PDCs

Lastly, the PDCs were analyzed using a fluorescence microscope to get further insights into
the cellular distribution of Doxorubicin. The cellular uptake was elucidated after 30 min
incubation with 5 uM PDCs or Doxorubicin, respectively, as shown in Fig. 16. These
internalization studies also supported the already observed lower uptake of PDC-3, whereas
the uptake of PDC-1 and PDC-2 appeared punctate and in aggregates. This might indicate an
endocytic uptake mechanism or PDC aggregation. Otherwise, the red fluorescence of
Doxorubicin would be more distributed within the cytosol or localized in the nucleus. However,
it remained unclear if the endosomal uptake ended in the endosomes or lysosomes.
Nevertheless, Doxorubicin is known to be undegradable, but it is sequestered by lysosomal
enzymes in the lysosome to reduce the drug efficiency.[212] This might also be an advantage,
as the drug was likely cleaved off from the peptide after proteolytic digestion to be effective.
PDC-1 exhibited a more cytosolic distribution, suggesting that the peptide was less entrapped
in endosomes and began to reach the nucleus, as indicated by colocalization with the nucleus,
stained in blue. Interestingly, Doxorubicin alone started co-localizing with the nucleus directly
after incubation. The analysis of uptake efficiency and localization of the PDCs and
Doxorubicin in HFF-1 cells revealed distinct differences in both quantity and intracellular
distribution. The reduced uptake of PDCs in HFF-1 cells may be due to the more zwitterionic
nature of the plasma membrane, which lacks an unbalanced membrane composition and
might influence peptide accumulation. This observation aligns with previous findings using
artificial membrane systems. In contrast, Doxorubicin uptake in healthy cells occurred

independently of such interactions and was quite equal with cancerous cells.
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Figure 16. Fluorescence microscopy was performed after treatment of HeLa (A) and HFF-1 (B) cells
with 5 uM PDCs and Doxorubicin after 30 min of incubation at 37 °C. Red: peptides coupled to red
fluorophore Doxorubicin; blue: Hoechst 33342 nuclear stain; BF: brightfield to identify cell structure;
scale bar represents 20 um. © 2022. This work is openly licensed via CC BY 4.0.

In summary, these findings support the hypothesis that PDCs are able to transport small
molecules into cells such as Doxorubicin. Further, they might reduce cytotoxic effects in
healthy cells due to diminished electrostatic interactions. However, further investigation is
warranted to optimize the drug release mechanism by exploring alternative linker chemistries
for controlled release. The developed PDCs, especially sC18AE, showed a potential base for

future research in targeted drug delivery to cancer cells.
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3.2 Design of peroxisomal targeting sC18 variants

Peroxisomes are key metabolic organelles that are essential in scavenging reactive oxygen
species (ROS), controlling cellular lipid metabolism, and B-oxidation fatty acids.[178] For
example, the lack of protein import into the peroxisome leads to the well-known Zellweger
syndrome, while the upregulation of certain enzymes leads to aggressive types of
cancer.[177,213] Only a few drugs have been developed to treat peroxisomal diseases.
Therefore, research focuses on developing drugs that reach peroxisomes by using antibodies

or peroxisomal targeting sequences (PTS).

A simple and effective approach for cell-specific delivery involves using specific targeting
sequences within CPP. Some variants of sC18 were already equipped with organelle-targeting
moieties, confirming its ability to target organelles.[197,214] This chapter describes the design
and biological evaluation of peroxisomal targeting sC18 peptides. Under my supervision,

Philipp Holz partly performed the experiments in chapter 3.2 as part of his bachelor's thesis.

3.2.1 Design and synthesis of sC18* peptides bearing PTS1 and PTS2 sequences

The chimeric peptides consist of a CPP and an intracellular targeting signal. Based on
previous studies of uptake efficiency and chimeric properties, the CPPs selected were sC18*
and sC18*R,L.[204] sC18*R,L is most likely taken up both via endocytosis and direct

translocation, whereas sC18* may be used only via endocytosis.

The added PTS sequence should be recognized in the cytosol and facilitate the transport to
the peroxisome. Therefore, either PTS1 or PTS2 signals were used. PTS1 signals are the
most common C-terminal signal sequence recognized by the Pex5 receptor, whereas the
Pex7 receptor recognizes N-terminal PTS2 sequences. Different well-known PTS sequences
were used, derived from peroxisomal proteins, which are discussed and used in literature to
date.[185-187] All peptides were labelled with 5(6)-carboxyfluorescein (CF) to follow the
uptake efficiency and investigate cellular distribution. In particular, for peptides containing
PTS2 at the N-terminus, CF was incorporated into the sequence via a lysine side chain
residue. Instead of having an amidated C-terminus, peptides with PTS1 signals at the C-
terminus utilized Wang-resin to create a natural C-terminus necessary for recognition by the

peroxisomal import protein Pex5. CF was then introduced at the N-terminus.
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Table 14. Peptide, name, sequence, calculated molecular weight, experimental molecular weight, and
the net charge of the synthesized peptides. PX1-PX5 have an amidated C-terminus. Different PTS2 are
marked in red, different PTS1 are marked in blue, and the 5(6)-carboxyfluorescein is marked in green.
Under my supervision, Philipp Holz synthesized the peptides PX1-4 and PX6-7 as part of his bachelor’s
thesis.

) Mw Mw Net
Name Peptide Sequence calc exp
[g/mol] | [g/mol] @ charge
sC18* = sC18* -GLRKRLRKFRNK 1929.3 | 1930.0 +7
PTS2_1-
PX1 so15 RLQVVLGHLGLRK(-CF)RLRKFRNK | 29455 | 2946.8 +8
PTS2_2-
PX2 soLE: RVQVVLGHAGLRK(-CF)RLRKFRNK | 2889.4 | 2890.6 +8
PTS2_3-
PX3 soLE KIQVVLGHLGLRK(-CF)RLRKFRNK | 29175 = 2918,6 +8
PTS2_4-

PX4 SO18¢ KLQVVLGHAGLRK(-CF)RLRKFRNK | 28754 @ 2876.7 +8
pxs =~ P1S2.1° RLQVVLGHLRLRK(-CF)LLRKFLRK | 3000.7 = 3001.6 +8
SC18*R,L ' '

sC18*
PX6 ool -GLRKRLRKFRNKKL 21716 | 21722 +7
sC18*-
PX7 o1 -GLRKRLRKFRNKSKL 22587 | 2259.4 +7
* -
PX8 Scéf.si"‘ -RLRKLLRKFLRKGGGSKL 24839 | 24857 +7
pxg A SCI8R.L- -RLRKLLRKFLRKPGNAKL 2566.1 | 2566.9 +6
PTS1_1
PX10 sC18*- -GLRKRLRKFRNKPGNAKL 2510.9 | 2511.7 +7
PTS1_1 : :
px11 | SC18'R,L- -RLRKLLRKFLRKGGGKSKL 26132 | 2614.0 +7
PTS1 2
PX12 Ff%f*'z -GLRKRLRKFRNKGGGKSKL 2558.0 | 2558.9 +8

Except for the fluorophore labelling, the synthesis was performed using automated SPPS. The
final analytical HPLC-UV-chromatogram and the respective mass spectrum are exemplarily
shown for CF-PX9 in Fig. 17. The analytical data for the other successfully synthesized
peptides are attached in Fig. S7-S19. All peptides were purified and obtained in a high purity,
which was determined by integrating the area under the respective peak concerning the total
area of all peaks. The identity was confirmed by mass spectrometry. All synthesized peptides
are listed in Tab. 14 with the respective sequence, calculated and experimentally evaluated
molecular weight, and the resulting net charge. The synthesized peptides were differentiated
into PTS2 (peptides PX1-PX5) and PTS1 (PX6-PX12) bearing peptides. Analysis of the
secondary structure confirmed by CD spectroscopy that all tested peptides adopted an a-
helical structure after adding 50 % TFE (Fig. S19).
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Figure 17. Final HPLC-ESI/MS analysis of CF-PX9 after purification. (A) UV-chromatogram of CF-
labelled PX9 with a double peak at a retention time from 7.69-8.39 min. (B) Mass spectrum of the peak
at the retention time of 7.69-8.39 min showing m/z ratios that correspond to the quasi-molecular ions of
CF-PX9: [M+7H]7* 376.72, [M+6H]6* 428.84, [M+5H]5* 514.36, [M+4H]** 642.70, [M+3H]3* 856.56.

3.2.2 Cytotoxicity and uptake efficacy of PX-peptides

First, the cytotoxicity of peptides was analyzed using MCF-7 cells (Michigan Cancer
Foundation-7). Since the cytotoxicity of sC18*R,L in different cell lines was studied in previous
work, it was not used as a control here.[206,215] Thus, only sC18* was a peptide control for
cytotoxicity and uptake assays. (Fig. 18, Fig. 19)
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Figure 18. Cytotoxicity assay of CF-labelled PX peptides., (A) PTS2 bearing peptides and PTS1 (B)
PTS1 bearing peptides. MCF-7 cells were treated for 24 h, and peptide concentrations varied between
5 to 50 uM. The assay was conducted in triplicates (n=3). Error bars represent standard deviations.

Under my supervision, Philipp Holz performed the cytotoxic profile of sC18*, PX1-4, and PX6-7 as part
of his bachelor’s thesis.

MCEF-7 cells were treated with various concentrations of the PX-peptides. After 24 h, the cell
viability was determined using a resazurin-based cytotoxicity assay (Fig.18). The
investigation of cytotoxicity is necessary, as the chimeric peptides should be able to
translocate across the membrane and pass through the peroxisome without causing any

damage to the cells. Interestingly, peptides bearing PTS2 showed no cytotoxicity at a
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concentration of up to 25 pM, except for PX5. The peptides PX1 and PX3 reduced cell viability
at 50 uM to about 50 %, while PX2, PX4, and the control peptide sC18* showed no cytotoxicity
at the highest concentration. Here, it was unexpected that similar signal sequences led to
different cytotoxicity at higher concentrations. The leucine at the C-terminal end of PTS2_1
and PTS2_3 of PX1 and PX3 is probably responsible for a larger hydrophobic side. The
increased hydrophobic side favors the insertion of the peptide into the plasma membrane and
possible pore formation, which results in increased cytotoxicity. However, using the PTS2 and
the highly membrane-active peptide sC18*R,L, as seen in PX5, markedly increased cytotoxic
behavior and reduced cell viability to below 40 % at a peptide concentration of just 25 uM. The
peptides sC18* with the shorter PTS1 at the C-terminus (PX6-7, PX10, and PX12) showed no
cytotoxicity. As expected, exchanging the CPP to sC18*R,L led to a further increase in
cytotoxicity, highlighting that the toxicity of these chimera likely results from this particular
CPP. However, PX8, PX9, and PX11l exhibited cytotoxic effects in MCF-7 cells at a
concentration of 25 uM, while the cell viability of PX9 and PX11 was still above 80 %.

In summary, the PX-peptides compromise the CPP sC18*R,L generally exhibited higher
toxicity, with the smaller PTS1 sequence contributing less to this effect. Basic and hydrophobic
amino acids increased the peptides' cytotoxicity compared to the other signal sequences,
which contained fewer amino acids overall. All peptides have a high net charge above +7,
supporting the interaction with negatively charged plasma membranes of many cancerous
cells. The increased toxicity of the peptides could be further explained by higher internalization
efficiency, which might lead to direct translocation of the plasma membrane and, thus, to an
increased lytic effect. Therefore, the peptides were investigated concerning their cellular
uptake using a lower and probably harmless concentration. For the uptake analysis, cells were
incubated for 30 min with a peptide concentration of 10 uM (Fig. 19). PX1-4 peptides showed
highly increased uptake. Especially the peptides PX1 (33-fold higher) and PX3 (22-fold higher)
showed excellent cellular uptake compared to sC18*. These findings are consistent with the
increasing cytotoxic behavior at higher concentrations and support the assumption that the
high uptake of these peptides is associated with increased cytotoxicity. Interestingly, the
peptide PX5 with the CPP sC18*R,L showed an even higher uptake efficiency (80-fold higher).
This supports the hypothesis that the transport vehicle coupled to the hydrophobic signal
sequence is highly membrane-active and agrees with former observations. The uptake
guantity is more than doubled compared to the peptide PX1. For further investigations, the
highly active peptide PX5 was excluded, as the peptide was too membrane-active and toxic.
PX1 and PX3 bearing PTS2 showed cytotoxic activity only at the highest concentration but

exhibited a high uptake efficiency, so they were investigated further.

62



10000

20000 -

16000 -

8000 I

6000

8007

fluorescence intensity [a.u]
fluorescence intensity [a.u]

80001
400

6000 - L
T
4000 -
B ]
0 T 0 ___ T T

sC18* PX1 PX2 PX3 PX4 PX5 sC18* PX6 PX7 PX8 PX9 PX10 PX11 PX12

Figure 19. Internalization studies of CF-labelled PX peptides in MCF-7 cells. MCF-7 cells were treated
with 10 uM of the respective CF-labelled peptide for 2 h, and the internalization was measured by flow
cytometry. (A) PTS2 and (B) PTS1 containing PX peptides. The experiment was conducted in triplicates
(n=3). Error bars represent standard deviations.

In contrast, the peptides PX6/7 comprising PTS1 and sC18* showed marginally increased
uptake efficiencies than sC18* alone. Interestingly, the other PTS1 in PX10 and PX12
increased the uptake compared to sC18*. These findings for PX6, PX7, PX10, and PX12 also
aligned with the cytotoxic behavior tested in MCF-7 cells. However, exchanging the peptide to
sC18*R,L highly increased the uptake efficiency into MCF-7 cells again. The efficacy of PX8
(31-fold higher), PX9 (33-fold higher), and PX11 (41-fold higher) was significantly increased
compared to sC18* while remaining non-toxic at low concentrations. The increased net charge
for PX11 could explain the differences between these peptides. However, these peptides
showed minor cytotoxicity starting at higher concentrations around 25 pM. Therefore, further

investigations of PX-peptide comprising sC18*R,L were performed at a lower concentration.

3.2.3 Intracellular localization of PX-peptides

The selected peptides PX1, PX3, PX8, PX9, and PX11 were further clarified concerning their
intracellular distribution and localization to ascertain whether they were transported into the
peroxisome. Therefore, a stable cell line was generated by permanently implementing a gene
by the PiggyBac system into MCF-7 cells using transposase. The PiggyBac vector encodes
mCherry bearing a C-terminal PTS1 for peroxisomal uptake and has a promoter inducible by
cumate. Generally, the gene is on standby and can be activated by inducing the expression
of this protein by adding a certain amount of cumate. Within the induction time of around 24 h,
mCherry _PTS1 is expressed and recognized by Pex5 and gets imported into the peroxisome.
After induction, mCherry is mainly located in the peroxisome with low cytosolic levels (Fig. 20).
The idea was to co-incubate the stable cell line with the respective CF-labelled peptides to

investigate colocalization signals using live cell imaging.
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Figure 20. Colocalization studies of PX1, PX3, PX8, and PX9 using a stable transfected MCF-7 cell
line. The stable cell line expressing mCherry_PTS1 was induced with cumate for 24 h, followed by
peptide incubation with a concentration of 10 uM (PX1, PX3) or 5 uM (PX8, PX9, and PX11) for 2 h.
Nuclei were stained with Hoechst 33342. Cells were imaged using the confocal Airy Scan microscope
and processed with Fiji. The scale bar represents 20 um. (n=3)
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For colocalization studies, stable MCF-7 cells were treated after appropriate cumate induction
with 5 uM (PX8, PX9, PX11) or 10 uM (PX1, PX3) peptide concentration for 2 h and analyzed

with a confocal Airy Scan fluorescence microscope. The results are shown in Fig. 20.

The general cellular uptake of the peptides was in a punctuated pattern. Therefore, it was
assumed that the peptides were taken up through endocytic processes or were already
transported to the peroxisome through the peroxisomal uptake machinery. All tested peptides
showed some colocalization signals (indicated by a white arrow). However, the extent of these
signals was low, and almost the whole peptide was still in a punctuate pattern but not
overlaying with the peroxisomes. Analysis of the colocalization signals using the Fiji tool
“*JACOoP” indicated that the colocalized peptides with the peroxisome were entirely localized
within the peroxisome (data not shown). However, the total number of colocalization signals
was quite low. Additionally, it was observed that the peptides exhibited significantly higher
mobility compared to the peroxisomes, indicating insufficient peroxisomal import.
Furthermore, the peroxisomal export mechanism may be particularly rapid for unstructured
peptides. Typically, folded proteins are imported into peroxisomes, whereby the cargo bearing
the PTS1/PTS2 signal is stripped off.[182,189] Due to the short length of the peptides, the
Pex5 receptor might be quickly recycled, preventing the retention of the PX-peptides within
the peroxisome. As the colocalization study did not fully confirm the successful uptake of the
peptide into the peroxisomes, the incubation time of the peptides was adjusted. PX1 and PX9
were chosen to investigate the time-dependent localization, as they showed the most
colocalization signals in the former study. As new time points, the peptides were analyzed

after a treatment of 15 min, 30 min, and 60 min, as depicted in Fig. 21.

The overall uptake of the peptides seems to be time-dependent, as after a short incubation
time, less peptide was internalized into the cells. Interestingly, after 30 min, both a punctate
pattern and a cytosolic distribution were observed for the peptide PX1. No efficient overlap
was identified in terms of colocalization, even when considering different points in time. This
could be because the peptides are taken up by the peroxisome import machinery but are
exported subsequently through the export mechanism. This phenomenon could be explained
by the fact that the peptide itself might not have been released appropriately during export.
Thus, the idea emerged to investigate whether the peptide alters the recognition of the signal
sequence, whether its size is insufficient for effective release in the peroxisomal export

process, and whether the transport might occur co-translationally.
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PX1

PX9

Figure 21. Colocalization studies of PX1 and PX9 within stable MCF-7 cells. Stable cell line MCF-7
expressing mCherry_PTS1 was induced with cumate for 24 h followed by peptide incubation with a
concentration of 10 uM (PX1) and 5 uM (PX9) for 15, 30, and 60 min. Nuclei were stained with Hoechst
33342. Cells were imaged using the confocal Airy Scan microscope and processed with Fiji. White
arrows indicate colocalization signals. The scale bar represents 20 pm. (n=2)

3.2.4 Generation of recombinant mGold-PX peptide chimeras

To explore if the CPPs might affect the accurate recognition of the PTS, fusion proteins
containing the PX-peptides were created. First, plasmids, including the mGold fluorophore and
a C-terminal multiple cloning site (MCS), were developed to insert DNA encoding the PX-
peptides with PTS1 signals. The peptides PX9-12 were each incorporated into the C-terminal
end by subcloning. The design of the plasmids is shown in Fig. S20. As control plasmids, the
mGold protein was combined with PTS1_1 signal from PX9-10, PTS1_2 from PX11-12, or
solely the peptide sC18*R,L.
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Peroxisome

mGold-PTS1_1

mGold-PTS1_2

mGold-sC18*R,L

Figure 22. Colocalization studies of control plasmids mGold-PTS1_1, mGold-PTS1 2, and mGold-
sC18*R,L transfected into stable MCF-7 cells. MCF-7 cells expressing mCherry-PTS1 were induced
with Cumate for 24 h, followed by transfection with 1 ug plasmid for 24 h, respectively. Cells were
imaged using a Keyence tabletop fluorescence microscope. Images were processed with Fiji. The scale
bar represents 20 um. (n=2)

After transfecting the mCherry-PTS1-MCF-7 cells with the unmodified mGold, it was
distributed all over the cytosol (data not shown). These data confirmed that mGold is not
interfering with the fluorescence signal of mCherry-PTS1. However, the protein was still
cytosolically distributed using the mGold plasmid with incorporated PTS1 1 sequence
(PGNAKL). Potentially, C-terminal amino acids or tertiary structure of the mGold protein are
hindering the recognition of the signal sequence. However, using mGold fused to PTS1 2
sequence (KSKL), a punctate pattern of the protein was observed, which fully overlapped with
the peroxisomes. It could be assumed that the protein was recognized by Pex5 co-
translationally or post-translationally and successfully imported into the peroxisome. The
negative control, mGold, fused to the peptide sC18*R,L, showed again a cytosolic distribution
but somehow also an accumulation pattern. The overlay of the peroxisomes showed no
colocalization signals for these accumulations. These controls demonstrated that the signal

sequence is necessary for peroxisomal protein import, that recognition of PTS1 depends on
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the C-terminal end of the protein or peptide, and that the PTS or the peptide sC18*R,L does
not substantially alter the distribution of the mGold protein. [184]

Peroxisome Plasmid Merge

mGold-PX9

mGold-PX10

mGold-PX11

mGold-PX12

Figure 23. Colocalization studies of the plasmids mGold-PX9, mGold-PX10, mGold-PX11, and mGold-
PX12 in stable MCF-7 cells. MCF-7 cells expressing mCherry-PTS1 were induced with cumate for 24 h,
followed by transfection with 1 pg plasmid for 24 h. Cells were imaged using a Keyence tabletop
fluorescence microscope. Images were processed with Fiji. The scale bar represents 20 um. (n=2)

Next, new plasmids were designed to investigate whether the peptides would alter the
recognition. As the MCS of mGold is located at the C-terminus, the peptides PX9-12 were
selected. Indeed, mGold fused to respective PX-peptides showed an interesting distribution

within the cells (Fig. 23), as almost the whole fluorescence signal was in a punctate pattern
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suggesting that the protein got transported into the peroxisomes. The peroxisome staining
confirmed this, as it fully overlapped with the mGold-PX variants. Interestingly, the mGold
protein bearing PTS1_1 of PX9 or PX10 was colocalized with the peroxisome. Beforehand,
mGold with PTS1_1 of PX9 and PX10 was distributed within the cytosol and not localized in
the peroxisomes. The signal sequence was somehow recognized for mGold-PX9 and mGold-
PX10, and the fusion construct might be correctly imported into the peroxisome. These results
showed that the mGold protein altered the recognition efficiency of PTS1_1, but the added
peptide sequence again achieved recognition by the receptor Pex5.

In summary, these results indicated that the C-terminal amino acids of the peptides enabled
the recognition of the signal sequence. However, the recognition efficiency was somehow
altered by the CPP. Differences in distribution were detected as the peptides PX9 and PX11,
which comprise the CPP sC18*R,L were less present in the cytosol than PX10 and PX12 with
sC18* as CPP. This might indicate enhanced recognition efficiency of the proteins with PX9/11
by the receptor Pex5.

With these findings in hand, proteins' peroxisomal import might depend on the translation
machinery of peroxisomal proteins on ribosomes. They might be recognized during the
translation or post-translationally by receptor proteins Pex5 or Pex7. However, these findings
do not support or explain why the peptides were taken up to such a low extent. It may be that

the size of the peptides is too small for proper peroxisomal release.

3.2.5 Investigating changes in peroxisomal protein levels

To gain more insights into the efficacy of PX-peptides, the expression level of the peroxisomal
protein Pex5 was analyzed using Western blot. To assess changes in protein levels, MCF-7
cells were treated for 2 h with a peptide concentration of 10 uM. Peptides PX1, PX3, PX8,
PX9, and PX11 were studied due to their observed colocalization signals. The Western blot

results were quantified using the untreated control set to 1.
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Figure 24. Western blot analysis of Pex5 protein in MCF-7 cells. Cells were analyzed after 2h incubation
with 10 uM PX peptide. The band intensities normalized to beta-actin were set in relation to the control.
The Western blot was conducted in triplicates (n=3).

Fig. 24 showed that cells treated with peptides had higher levels of the peroxisomal import
receptor Pex5 than untreated cells. Cells treated with PX1 and PX3 containing a PTS2 signal
also showed increased Pex5 levels. This observation aligns with the import mechanism, as
the PTS2 signal is initially recognized by Pex7, followed by recruitment of the Pex5L
isoform.[195] Thus, the upregulation of Pex5 levels appears to be directly associated with
PTS2 recognition. Furthermore, PX peptides (PX8, PX9, and PX11) containing a PTS1 signal
also demonstrated increased Pex5 levels, suggesting that these peptides might be recognized

by Pex5, leading to elevated Pex5 levels.

With these results in hand, the question arose whether the altered receptor level depends on
the peptide treatment. Therefore, AlphaFold3 was used to predict how the peptides would
interact with the respective receptor. The prediction shown in Fig. 25 confirmed that the
exemplary peptide PX9 bearing PTS1 may be able to interact with Pex5 with a high interface
predicted template modeling (ipTM) score above 0.74. However, exemplary the peptide PX1
bearing PTS2 may also interact with the receptor Pex7 with a high ipTM score above 0.86.
Scores above 0.8 represent confident predictions.[203] This prediction further underlines that
the peptide can interact with the respective receptor and that the low extent of the

colocalization might be due to other reasons.
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A Pex5 + PX9 B Pex7 + PX1

Figure 25. AlphaFold3 prediction of PX peptides with the respective peroxisomal targeting signal
receptor. (A) Predicted interaction of Pex5 protein with PX9 peptide. (B) Predicted interaction of Pex7
protein with PX1 peptide. Protein structures were illustrated using PyMol.

In summary, either the PTS2 sequence or the sC18*R,L peptide significantly increased the
cytotoxicity of synthesized PX-peptides. PX1, PX3, PX8, PX9, and PX11 were taken up
efficiently into MCF-7 cells without harming the cells at lower concentrations, making them
potent candidates for further studies on peroxisomal uptake. However, the colocalization study
of potent peptides showed that small amounts of the peptides reached the peroxisome. It is
hypothesized that the receptors Pex5 or Pex7 may recognize the peptides, which could
explain the observed increase in Pex5 levels. Predictions from AlphaFold3 supported that at
least PX1 and PX9 are likely recognized by the receptor. The peptides PX1, PX3, PX8, PX9,
and PX11 showed a potential base for future research in peroxisomal targeting.
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3.3 Novel sC18* variants that display high antimicrobial activity

A growing global issue is the increasing resistance of various bacterial strains to common
antibiotics. To date, research in antimicrobial drug development focuses on addressing the
antibiotic resistance crisis. However, the creation of new antibiotics is lagging behind the
development of resistant bacteria. Innovative antimicrobial peptides that exhibit strong

antimicrobial activity may assist in combating this crisis.[123]

Previous studies showed that changing the physicochemical properties of the CPP sC18 leads
to antimicrobial activity.[215] Chapters 3.1 and 3.2 already presented the modified peptide
sC18*R,L, which displayed significant Iytic activity, anti-cancer activity, and overall strong
membrane interaction. Therefore, it indicates its effectiveness in disrupting microbial
membranes as well.[196,210] Under my supervision, Axel Miltz and Jacob Mayer partly
conducted the experiments in chapter 3.3 during their laboratory module and master's thesis.

Isabelle Wielert performed the cytotoxicity assay in N. gonorrhoeae.

3.3.1 Synthesis of sC18*RL variants

A screen was performed to analyze the effects of up to four amino acid exchanges at specific
positions of the peptide sC18* regarding the antimicrobial activity. In Fig. 26, the screen's
principle was depicted to increase either the hydrophobic part or the basic part in the a-helix
of the peptides. This was achieved by exchanging at a single position or up to four positions
at once in the first, fifth, tenth, or eleventh amino acid leading to 15 peptides RL-1 - RL-15,
listed in Tab. 15 and additionally depicted in the helical wheel projection in the appendix.
(Fig. S21) The synthesis of the 15 RL-peptides was performed using automated SPPS on a
Rink amide resin with an overall purity of above 85 %.

Figure 26. Helical wheel projection of designed RL-peptides originating from sC18* with indicated
exchanged amino acids at the first, fifth, tenth, and eleventh position either at a single position or at up
to four positions at once.
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Table 15. Name, sequence, calculated molecular weight, net charge, and hydrophobicity. The
hydrophobicity value was determined using HPLC by measuring the acetonitrile content at the retention
time where the synthesized peptides eluted. Peptides marked in blue were tested in detail. All peptides
are C-terminally amidated.

Name Sequence ['\élyvr;?ﬁ] ch’\;?;e Hydrophobicity
RL-1 RLRKRLRKFRNK 1671.08 +9 16.3
RL-2 GLRKLLRKFRNK 1528.91 +7 195
RL-3 GLRKRLRKFLNK 1528.91 +7 195
RL-4 GLRKRLRKFRRK 1614.03 +9 16.2
RL-5 RLRKLLRKFRNK 1628.05 +8 174
RL-6 RLRKRLRKFLNK 1628.05 +8 17.6
RL-7 RLRKRLRKFRRK 1713.16 +10 16.2
RL-8 GLRKLLRKFLNK 1485.89 +6 315
RL-9 GLRKLLRKFRRK 1571.00 +8 19.5
RL-10 GLRKRLRKFLRK 1571.00 +8 26.8
RL-11 RLRKLLRKFLNK 1585.02 +7 26.1
RL-12 RLRKLLRKFRRK 1670.13 +9 171
RL-13 RLRKRLRKFLRK 1670.13 +9 19.4
RL-14 GLRKLLRKFLRK 1527.97 +7 297
RL-15 RLRKLLRKFLRK 1627.11 +8 255

3.3.2 Cytotoxic screening of peptides in bacteria

At first, all 15 RL-peptides were screened regarding their antimicrobial activity against the
Gram-positive bacterium Bacillus spizizenii at five concentrations ranging from 0.5 to 50 pM
in LB-medium, as shown in Fig. 27. The bacterial cultures were grown to an ODggo of 0.7,
followed by a 1:20 dilution. The diluted cultures were then treated with the respective peptide
concentrations and incubated for 4 h at 37 °C to assess their efficacy. The screen revealed
the four blue-marked peptides RL-1, RL-8, RL-14, and RL-15 as the most potent peptides with
enhanced antimicrobial activity. Based on the helical wheel projections shown in Fig. S21, the
results demonstrated that the RL-1 peptide differed from the others. Enriching the basic amino
acids decreased the hydrophobic part of the peptide. In contrast, the other hit compounds
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exhibit an enlarged hydrophobic part consisting of at least five hydrophobic amino acids. In
view of the net charge, the antimicrobial activity was not related to the number of cationic
amino acids in the sequence. Since RL-7 has the highest net charge of +10, it showed no
antimicrobial activity. The balance between hydrophobic and basic amino acids seems to be
important. Comparing the peptides RL-13 and RL-14, it was observed that a reduction of the

hydrophobicity by one hydrophobic amino acid led to significantly decreased antimicrobial

activity.
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Figure 27. Antimicrobial profile of RL-peptides tested against Gram-positive and Gram-negative
bacteria. (A) Screening the antimicrobial activity of the RL-peptides against B. spizizenii in complete
medium and against P. fluorescens (B), M. luteus (C), and S. typhimurium (D) in minimal medium (Hz0,
5 mM glucose, 10 mM Tris). Untreated bacteria served as negative control and were set to 100 %
viability. The assays were performed in triplicates (n=3). Error bars represent standard deviations.
Jacob Mayer and Axel Miltz conducted the experiment. Reprinted with permission from Grabeck J,et
al. Triazole-Bridged Peptides with Enhanced Antimicrobial Activity and Potency against Pathogenic
Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024
American Chemical Society.
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However, the RL-1 peptide does not align with this hypothesis, as it has almost the lowest
hydrophobicity. An interesting observation is that it contains the amino acid Asn. This amino
acid is present in RL-1 and RL-8, known to play a role in intermolecular helix-helix interactions
through the interaction of polar residues of the side chains from Asn.[216,217] This interaction
might also influence the antimicrobial activity of the peptides after accumulation on the plasma

membrane.

Ongoing assays were performed with the four most potent peptides, RL-1, RL-8, RL-14, and
RL-15, in a Gram-positive and two Gram-negative bacterial species. In addition, it was
observed that the bacteria in the complete medium somehow recovered too quickly, which led
to restored cell viability. Consequently, ongoing assays were performed in a minimal medium
composed of 5 mM glucose and 10 mM Tris in H20, in which the bacteria were still viable, but
the dividing rate was decreased. Through this change, the immediate antimicrobial activity of
the peptides could be examined in detail. This experimental procedure was also repeated in
B. spizizenii (Fig. S22). With the data of the assays, the half maximal concentration ECso was
calculated (see Tab. 16).

Table 16. Calculated half maximal effective concentration ECso of RL-1, RL-8, RL-14, and RL-15 in uM
against B. spizizenii, M. Luteus, S. Typhimurium, P. fluorescens. Adapted with permission from Grabeck
J,et al. Triazole-Bridged Peptides with Enhanced Antimicrobial Activity and Potency against Pathogenic

Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024
American Chemical Society.

B. spizizenii M. luteus S. typhimurium | P. fluorescens
Peptide ECso [UM]
RL-1 20 15 7.5 20
RL-8 30 7.5 10 25
RL-14 25 5 25 25
RL-15 7.5 10 7.5 10

The ECso values showed an antimicrobial effect of RL-peptides in the lower micromolar range
of 5-25 pM in all tested bacteria. Interestingly, the values showed the highest activity for RL-
15, previously known for its lytic activity (sC18*R,L), followed by RL-1, RL-8, and RL-14. The
differences in the cell walls of the tested bacteria did not influence the antimicrobial activity.
However, it was observed that the peptides were individually more or less active against
certain bacteria. Therefore, developing individual peptides against a selective bacteria strain
would be greatly interesting. However, it is well established that most AMPs interact with the

membrane to form temporary pores and translocate the membranes directly. This would be

75



favorable in clinical application because bacteria develop resistance to cell wall disruption
more slowly and require several generations. For example, resistance development could
emerge by increased efflux pumps within the bacterial envelopes.[128,218] To circumvent

rapid resistance development, an additional chemical modification was clarified.

3.3.3 Synthesis of triazolyl-bridged peptides

It was assumed that the distribution of the hydrophobic and hydrophilic parts in the a-helical
formation is helpful in embedding the peptides in plasma membranes, leading to increased
membrane activity. Therefore, the idea was to force the secondary structuring of the peptides
via a triazolyl-bridge between two amino acids within the sequence. The peptide RL-8 was
chosen for this modification as it was one of the four most potent peptides regarding
antimicrobial activity. This triazolyl-bridge was formed at different positions and directions
between introduced L-propargylglycine (Pra) and L-azidolysine (Aza) either in the hydrophobic
part or the hydrophilic part, as displayed in Tab. 17 and in the helical wheel projection in
Fig. S23. Pra and Aza introduced at positions four and eight, results in peptides 8A and 8B.
In contrast, the triazolyl bridge introduced at positions two and six, leads to peptides 8C and
8D. The synthesis was performed by the working group of Prof. Anna-Maria Papini (University

of Florence) following the scheme depicted in Fig. 28.

. 20% piperidine in
DMF, 90 °C, 1’
H,N — Resin — 2. 3x 10” DMF

3. AA (5eq.)DIC (5eq.)
OxymaPure (5eq.)
DMF, 90 °C, 2’

NH- Resin

Tentagel SRAM
0.23 mmol/g

CuBr (1.2 eq.), Na ascorbate
(1.5 eq.), DIPEA (5 eq.), 2.6
Lutidine (5 eq.),

DMSO:DMF 1:2, 55 °C, MW, 10’

2x

NH- Resin

Peptide

Fmoc

2. TFA:TIS:H20 95:2.5:2.5, rt, 3.5h

Figure 28. Synthesis scheme of triazolyl-bridged peptides. The synthesis was performed on a Tentagel
S RAM resin with a heat-inducted automated synthesis robot. Click reaction of L-propargylglycine (Pra)
and L-azidolysine (Aza) to generate triazolyl moiety was catalyzed by Cu(l)-catalyzed azide—alkyne
cycloaddition (CuAAC). After the click reaction, the last Fmoc group was removed, followed by full
cleavage with scavenger-TFA mix. The peptide was cleaved off with an amidated C-terminus. The
group of Prof. Papini performed the synthesis, and | performed the re-synthesis in Florence. Adapted
with permission from Grabeck J,et al. Triazole-Bridged Peptides with Enhanced Antimicrobial Activity
and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-2727. doi:
10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.
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Previously performed assays by the group of Prof. Anna-Maria Papini elucidated the best
length of the methylenes (in total five) to promote the formation of helix-like secondary
structure.[219] After SPPS, the last Fmoc-group was retained. Reaction attempts without the
Fmoc-protecting group yielded high impurities (data not shown). Following, a Cu(l)-catalyzed
azide-alkyne cycloaddition (CuAAC) reaction was performed using microwave irradiation
adapted from the Nobel prize winner Morten Meldal.[220] Then, the last Fmoc group was
cleaved off, followed by full cleavage of the peptides from the solid support and subsequent
purification using RP-HPLC. HPLC measurements showed that hydrophobicity increased for
8A and 8B, and decreased for 8C and 8D.

Table 17. Name, sequence, calculated molecular weight, experimental molecular weight, net charge,
and hydrophobicity. The hydrophobicity value was determined using HPLC by measuring the
acetonitrile content at the retention time when the synthesized peptides RL-8 8A-8D eluted. Adapted
with permission from Grabeck J,et al. Triazole-Bridged Peptides with Enhanced Antimicrobial Activity

and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-2727. doi:
10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.

MW_ac. MWexp. Net Hydl’O-
Name Sequence [Da] [Da] charge phobicity
RL-8 GLRKLLRKFLNK 1485.9 1485.3 +6 315
N:N\
8A e, 14788 | 14782 @ +4 42.5
GLR-Pra-LLR-Aza-FLNK
!\l:N
8B (NP 1478.8 | 14782 = +4 41.8
GLR-Aza-LLR-Pra-FLNK
N:N‘
V)
8C 1508.8 1508.2 +6 215
G-Pra-RKL-Aza-RKFLNK
,N:N
(e N~F
8D 4 1508.8 1508.2 +6 19.3

G-Aza-RKL-Pra-RKLNK

3.3.4 Structural analysis

The secondary structure of peptides 8A-8D was analyzed using CD spectroscopy. Previous
studies of the group of Prof. Papini revealed the impact of triazolyl-bridge in supporting the
secondary structure.[221] CD-spectroscopy demonstrated that the linear peptide RL-8
exhibited a random coil structure in an aqueous solution (Fig. 29), whereas it formed an a-
helical structure in a phosphate buffer containing 50 % TFE.[204] Interestingly, the triazolyl-

bridged peptides already displayed a-helical structures in aqueous solution.
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Figure 29. CD spectra of triazolyl-bridged RL-peptides and linear peptide RL-8 in aqueous phosphate-
buffered solution. Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with
Enhanced Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug
9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.

In summary, introducing the triazolyl-bridge immediately stabilized the peptide's secondary
structure in an aqueous solution. Based on these findings, the peptides may exhibit enhanced

biological activity, which was elucidated in subsequent studies.

3.3.5 Antimicrobial activity against non-pathogenic and pathogenic bacteria

To prove the above-mentioned hypothesis of increased antimicrobial activity, the peptides
were tested in non-pathogenic Gram-positive (B. spizizenii) and Gram-negative (S.
typhimurium) bacteria (Fig. 30A, B). Indeed, significantly enhanced antimicrobial activity was
observed for 8A and 8B at 5 uM. Interestingly, the novel peptides 8C and 8D did not show
antimicrobial activity at the highest concentration tested (10 uM). Therefore, the position of the
triazolyl-bridge within the peptide sequence led to significant differences in antimicrobial
activity. While the position of the triazolyl-bridge did not affect the secondary structures, it did
influence antimicrobial activity. Introducing the bridge into the hydrophobic region (8C and 8D)
decreased the hydrophobicity, resulting in diminished antimicrobial activity. Conversely,
enhancing hydrophobicity through the triazolyl-bridge in the area of the basic amino acids
significantly increased the antimicrobial activity. For peptides 8A and 8B, a dose-response
curve against both bacteria was measured, and the calculated ECso values can be found in
Tab. 8.
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Figure 30. Antimicrobial activity and membrane interaction of novel triazolyl-bridged peptides compared
to RL-8. (A) Antimicrobial profile against Bacillus spizizenii and (B) Salmonella typhimurium after 4 h
incubation in minimal medium. Experiments were conducted in triplicates (n=3). Statistical analyses
were performed using a one-way ANOVA test (****p < 0.00001, ***p < 0.0001, ns p > 0.05). This
experiment was performed together with Jacob Mayer during his Master's module. Observation of
membrane interaction of new peptides in (C) Bacillus spizizenii and (D) Salmonella spizizenii via
Transmission Electron Microscopy (TEM). Bacteria were treated for 4h with 5 uM of the respective
peptide. The conditions, control (no treatment), RL-8, and 8A, were captured zoomed out at 5,000X
(upper row) and zoomed in at 25,000-40,000X (lower row). This experiment was performed at the
imaging facility of the CECAD. The assay was performed once as a preliminary data set (n=1).
Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with Enhanced Antimicrobial
Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-2727. doi:
10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.

The low values for both 8A and 8B (<2.5 uM) confirmed their great potent antimicrobial activity,
and it was also observable that the Gram-negative bacteria were more sensitive. The
increased antimicrobial activity might probably be explained by a stabilized secondary
structure supporting direct membrane interaction and potential transient pore formation.[222]
Furthermore, the stabilized secondary structure may allow the peptide to interact more
strongly with the bacterial membrane through electrostatic interaction, which is additionally
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supported by the hydrophobic part that can be easily inserted into the hydrophobic part of the

lipid bilayer, supporting pore formation.

Nevertheless, bacteria are able to build resistance to these lytic functions.[218] Higher peptide
stability could also indicate longer efficiencies after treatment. Less proteolytic degradation by
prokaryotic proteases may lead to increased efficiencies of the triazolyl-bridged peptides.
Another explanation for the increased ECso-values in Gram-negative S. typhimurium could be
the distinct structure of the bacterial cell wall, which lacks the thick peptidoglycan layer. It may
be favored by amphiphilic peptides to accumulate on negatively charged surfaces, such as
LPS. However, the ECso of 8A was slightly more effective against both tested bacterial strains.
Table 18. Half maximal effective concentration, ECso [uM], of the triazolyl-bridged peptides 8A and 8B
for B. spizizenii and S. typhimurium. Reprinted with permission from Grabeck J,et al. Triazole-Bridged
Peptides with Enhanced Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS Infect

Dis. 2024 Aug 9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical
Society.

ECso [UM]
Peptide B. Spizizenii S. Typhimurium
8A 1.35+£0.12 0.75 = 0.09
8B 2.39+£0.20 1.28+0.12

8A and RL-8 were exemplarily analyzed with transmission electron microscopy (TEM) to
investigate the uptake mechanism and the membrane interaction in more detail. The bacteria
B. spizizenii and S. Typhimurium were treated with 5 uM peptide for 4 h and prepared for TEM
analysis, respectively. As shown in Fig. 30C and D, bacteria treated with RL-8 showed a mixed
phenotype of mostly intact cell membranes and bacteria with visibly interrupted cell walls,
while untreated bacteria were predominantly intact. When the bacteria were treated with the
triazolyl-bridged peptide 8A, it was observed that the membrane integrity was heavily
influenced, and almost all cells were lysed. A large intracellular efflux was visible, and the light-
colored structure suggested that these bacteria were almost or already dead. These findings
confirmed that the novel peptides were highly membrane-active and lysed the bacterial cell
wall, leading to cell death in both bacteria types, most likely via the formation of permanent or
temporary pores. Encouraged by these findings, the newly synthesized peptides were also

tested against pathogenic bacteria.

The peptides 8C and 8D were excluded in the following assays because they did not show
promising antimicrobial activity. RL-8 and peptides 8A and 8B were tested against both

pathogenic Gram-positive (methicillin-resistance S. Aureus, MRSA) and Gram-negative
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bacteria (N. gonorrhoeae) as shown in Fig. 31. Interestingly, in MRSA, the linear peptide RL-
8 demonstrated activity comparable to that of 8B. However, 8B showed slightly enhanced
potency, as no colonies of MRSA were observed after treatment with 2.5 pM, whereas for RL-
8, colony growth was thoroughly inhibited only at 6 pM peptide concentration. Additionally, 8A
exhibited a decreased response in reducing colony growth. However, it remained effective at
low micromolar concentrations. The working group of Prof. Andreas Klatt used the peptide LL-
37 as a positive control because it is already well-described and used in clinical trials, e.g.,
against venous leg ulcers.[223,224] As expected, the activity of LL-37 was high and efficiently

reduced the viable colonies at low micromolar concentrations.
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Figure 31. Antimicrobial profile of LL-37, RL-8, 8A, and 8B in pathogenic bacteria. (A) Viable count
assay against methicillin-resistant S. aureus (B) Antimicrobial assay against N. gonorrhoeae. Assays
were performed in triplicates (n=3). Values were normalized against the untreated control. Error bars
represent standard deviation. Statistical analyses were performed using a one-way ANOVA test
(****p < 0.00001, ***p < 0.0001, ns p > 0.05). Peptides tested in N. gonorrhoeae were kindly performed
by Isabelle Wielert. Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with
Enhanced Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug
9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.

The more flexible peptide might better penetrate the thick peptidoglycan layer and favor
interaction with the predominant present negatively charged phosphatidylglycerol in the
membrane and wall teichoic acid on the peptidoglycan layer.[225] This might be supported by
the increased net charge of the linear peptide compared to the triazolyl-bridged peptides.
These observations are of great interest for future therapeutic applications of the peptide RL-
8 and the novel triazolyl-bridged peptides as they showed antimicrobial activity in pathogenic
MRSA in low micromolar concentration. Thus, it would be interesting to test further pathogenic
Gram-positive bacteria like Enterococcus faecium, which is known to be responsible for sepsis

after infection.[44]
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When testing the activity against N. gonorrhoeae, the INT assay was used, in which the
peptide 8A exhibited the highest activity, consistent with previous studies. At a concentration
of 5 uM, 8A significantly reduced bacterial cell viability to approximately 20 %, outperforming
RL-8 and 8B. Although 8B also showed great antimicrobial activity, a similar reduction was
observed at twice the concentration at 10 uM. In contrast, RL-8 demonstrated lower efficacy,
reducing bacterial cell viability to approximately 60 % at the highest tested concentration of
10 uM. The enhanced activity of the triazolyl-bridged peptides might be attributed to the
structural characteristics of Gram-negative bacterial cell walls bearing two membranes instead
of the thick peptidoglycan layer. The high membrane activity of the triazolyl-bridged peptides
might be facilitated by interactions with both the outer and inner membranes. These findings
highlight the critical role of secondary structures, particularly a-helices, in their mechanism of
action. Basic amino acids might initially interact with negatively charged LPS on the outer
membrane, inducing membrane perturbation and transient or permanent pore formation. This
is followed by penetration of the inner membrane, leading to bacterial leakage, membrane
destruction, and cell death. However, the cell viability of another pathogenic Gram-negative
bacterium, P. aeruginosa, remained unaffected even at peptide concentrations of up to 10 uM
(data not shown). This highlights the importance of developing tailored peptides targeting

specific bacterial infections, offering a focused approach to combating resistant pathogens.

3.3.6 Activity of newly designed AMPs in human cells

Antimicrobial peptides often exhibit simultaneous anti-cancer activity.[226] In previous studies,
other peptide variants of sC18 also demonstrated anti-cancer effects.[200,204,210] Peptides
with anti-cancer properties are proposed to interact with enriched negatively charged
phospholipids of the plasma membrane through their basic amino acid residues. Moreover,
these peptides frequently adopt secondary structures that enable them to embed themselves
within the membrane and to form transient pores. This disruption might ultimately lead to cell

death through cell lysis.

To explore their potential anti-cancer properties, the triazolyl-bridged peptides 8A and 8B, as
well as the linear RL-8, were tested on Hela cells at different concentrations (Fig. 32).
Furthermore, the peptides were tested on healthy human foreskin fibroblast 1 (HFF-1) cells to

assess their potential suitability and safety in clinical application.

After 24 h incubation with HelLa cells, the peptides 8A and 8B revealed significant cytotoxicity
compared to RL-8 at a concentration of around 10 uM. After treatment with 25 uM of 8A and
8B, the cancerous HelLa cells were not viable anymore, respectively. In contrast, with the linear
peptide RL-8, almost 100 % of the cells were viable at this concentration. Finally, doubling the

concentration led to an increase in cytotoxic activity. Interestingly, no cytotoxicity was

82



observed when testing the peptides in equal concentration against HFF-1 up to 25 pM. Only
at the highest concentration (50 uM), 8A showed significantly reduced cell viability to around
30 %.
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Figure 32. Cell viability assays using HeLa (A) and HFF-1 (B) cells. A cell viability assay was performed,
where cells were incubated for 24 h at the indicated concentrations. All assays were conducted in
triplicates (n=3). Values were normalized against the untreated control. Error bars represent standard
deviation. Statistical analyses were performed using a one-way ANOVA test (****p < 0.00001,
***n < 0.0001, ns p > 0.05). Jacob Mayer conducted the experiments in triplicates (n=3) under my
supervision as part of his Master’s thesis. Reprinted with permission from Grabeck J,et al. Triazole-
Bridged Peptides with Enhanced Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS
Infect Dis. 2024 Aug 9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical
Society.

Based on these results, further clinical application of the peptides should be in the lower
micromolar range, which should not harm healthy cells. These findings suggest that the
developed peptides might predominantly interact with the cell membrane via electrostatic
interaction. The more balanced zwitterionic phospholipids and lower levels of acidic
phospholipids in healthy cells like HFF-1 might markedly reduce the cytotoxicity. These data
were further supported by the LDH-release assay (Fig. S24), in which the direct effect of the
peptides on the membrane integrity was tested. The membrane integrity was highly impaired
at lower concentrations tested in HelLa cells, whereas in healthy HFF-1 cells, LDH release
started after treatment with 8A at a concentration of 25 uM. Interestingly, this effect was
already detectable after 30 min. These findings may provide further insights into the cellular
uptake mechanism of the peptide RL-8 and especially the triazolyl-bridged peptides 8A and
8B. The forced secondary structure appears to enhance the interaction with the membrane. It
potentially allows the peptides to be better embedded into the plasma membrane
independently of the organism if the membrane consists of negatively charged parts such as
LPS or acidic phospholipids. Losing this electrostatic affinity in balanced zwitterionic
phospholipid layers or neutrally charged envelopes might correlate with lower attractive force,
as shown in HFF-1 cells.
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Next, the synthesized peptides were tested in red blood cells (RBCs) according to the
hypothesis that the synthesized peptides act more “selectively” on membranes with negatively
charged phospholipids. RBCs must remain thoroughly neutrally charged; otherwise, the
electrostatic interaction with the cell walls could have an effect on the bloodstream.[227] , It
was expected that the membrane activity of the peptides in RBCs should be correspondingly
low. As shown in Fig. S25, it was observed in RBCs that the peptides RI-8 and 8B, except 8A,
exhibited no lytic activity after 30 min and 24 h. The Iytic activity of 8A started at 25 uM.
However, at the highest concentration (50 uM), 50 % of the cells were still not lysed. Strikingly,
peptide 8B demonstrated significantly lower Iytic activity in RBCs and reduced cytotoxicity
against HFF-1 cells while maintaining high antimicrobial and anti-cancer activity. Therefore,

this peptide would still be reasonable for further therapeutic application.

3.3.7 Synthesizing retro-inverso peptides

To further improve the performance of the novel peptides RL-8, 8A, and 8B, their structure
was modified using amino acids in the D-configuration and synthesizing the peptides as retro-
inverso variant (Tab. 19.) The design of the retro-inverso peptides might increase the

proteolytic resistance and, therefore, the antimicrobial activity further.
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Figure 33. The design of the retro-inverso peptide RL-8 serves as an example. The original peptide
sequence is inverted, utilizing only the D-configuration for the amino acid.

Fig. 33 shows the exemplary design of the peptide ri_RL-8 using D-amino acids and an
inverted sequence. Thereby, the chirality and, simultaneously, the sequence is inverted. This

should not be detectable by proteases or the organism.[228] Nevertheless, the changes in
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chirality might also lead to changes in membrane interaction behavior and, therefore,
antimicrobial activity. This will be tested in further studies using exemplary one Gram-positive
and one Gram-negative bacteria strain.

Table 19. Name, sequence, calculated molecular weight, experimental molecular weight, net charge,

and hydrophobicity. Hydrophobicity was assessed by measuring the acetonitrile content at the retention
time of the synthesized retro-inverso peptides using HPLC. Small letters stand for D-amino acids.

Name Sequence MWeaie. | MWexp. Net Hydro-
q [Da] [Da] charge phobicity
riRL-8 knlfkrllikrlg 1485.9 1485.3 +6 32.37
‘N:N
. (N~
ri_8A N 1478.8 1478.2 +4 43.63
knlf-Aza-rll-Pra-rig
NN
ri_8B S, 14788 | 14782 +4 39.40

knlf-Pra-rl-Aza-rig

The synthesis was performed using SPPS with a synthesis robot. Afterward, the triazolyl-
bridge of the peptides was again realized by using click chemistry with incorporated amino
acids Pra and Aza, as described in the previous chapter, 3.3.3. The number of methylene
groups flanking the triazolyl moiety remained unchanged. The synthesis and subsequent
purification by RP-HPLC were performed as described and shown. Exemplary, purified ri_8A

is depicted in Fig. 34. The other spectra of ri_RL-8 and ri_8B are attached in Fig. S26-27.
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Figure 34. HPLC-ESI/MS analysis of ri_8A after purification. (A) UV-chromatogram of ri_8A (retention
time of 10.09 min). (B) The mass spectrum of the peak at the retention time of 10.09 min shows m/z
ratios that correspond to the quasi-molecular ions of ri_8A: [M+4H]** = 370.65, [M+3H]3*= 493.76 and
[M+2H]?*= 739.85.
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3.3.8 Proteolytic stability of retro-inverso peptides

The triazolyl-bridge and the incorporated amino acids (Pra, Aza) are non-natural and could
influence the stability against proteases.[229] Before synthesizing the retro-inverso peptides,
the stability of triazolyl-bridged peptides 8A and 8B was tested in goat serum, attached in
Fig. S28. The linear peptide RL-8 underwent rapid degradation within 60 min, with a calculated
half-life of approximately 15 min. Beyond 60 min, RL-8 was undetectable by LC, indicating
complete proteolytic degradation. In contrast, the triazolyl-bridged peptides demonstrated
significantly enhanced stability, retaining approximately 50 % of their initial concentration after
120 min. The degradation of the triazolyl-bridged peptides was slower, so a final concentration
of approximately 40 % remained after 240 min. The orientation of the triazolyl-bridge could
potentially favor protease recognition, explaining the observed differences in stability for 8A

and 8B. However, these experiments could not conclusively demonstrate this.

In comparison, the stability of novel peptides will be analyzed after incubation in human serum
at 37 °C for 240 min. The presence of D-amino acids should further enhance protection
against enzymatic degradation. The peptide stability was determined at the same time points

using the UV detector of the LC. The results are depicted in Fig. 35.
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Figure 35. Stability analysis in human serum of triazolyl-bridged and retro-inverso peptides. Peptides
were incubated with a concentration of 250 uM for 240 min, with aliquots collected at designated time
points (5, 15, 30, 45, 60, 90, 120 and 240 min). Samples were precipitated using acetonitrile, and
peptide abundance was quantified via LC-MS. Abundance values were normalized to the initial

measurement at time point zero. Error bars represent standard deviation. The stability assay was
conducted in triplicates (n=3).

Testing the stability in human serum showed that the linear peptide RL-8 exhibited slower
degradation compared to goat serum, with over 50 % abundance detected after 60 min.

However, RL-8 was degraded by approximately 80 % after 120 min and thoroughly after
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240 min. The retro-inverso variant (ri_RL-8) demonstrated significantly increased stability,
retaining ~75 % abundance even after 240 min. These findings underline the enhanced
proteolytic stability reached by D-amino acids. Similarly, the triazolyl-bridged peptides
displayed improved stability in both goat and human serum, with over 60 % abundance
remaining after 240 min. The retro-inverso variants of 8A and 8B were detected in even higher
abundance, highlighting that incorporating D-amino acids into triazolyl-bridged peptides

further enhanced their stability.

3.3.9 Antimicrobial activity of retro-inverso peptides

Next, the antimicrobial activity was elucidated for the retro-inverso peptides using B. spizizenii
(Gram-positive) and S. typhimurium (Gram-negative) to compare the data with the previous

results.
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Figure 36. Antimicrobial profile of novel retro-inverso peptides after 4 h incubation in minimal medium.
(A) Bacillus spizizenii and (B) Salmonella typhimurium. Error bars represent standard deviation.
Experiments were conducted in triplicates (n=3). These experiments were performed together with
Michael Quagliata.

The assay shown in Fig. 36 revealed that the retro-inverso peptides exhibited high efficacy
against both B. spizizenii and S. Typhimurium already at 0.5-1 pM peptide concentration. In
contrast, the parental peptides started to be antimicrobial around 5 pM peptide concentration,
shown in Fig. 30. Interestingly, the retro-inverso linear variant displayed comparable
antimicrobial activity to the retro-inverso triazolyl-bridged peptides. The activity of RL-8 was
significantly higher than that of the linear RL-8 peptide (10 uM: >70 % cell viability), indicating

that retro-inverso properties contribute to bacterial toxicity.

In summary, the synthesis of retro-inverso peptides confirmed that the stability has increased
further. The first results in Gram-negative and Gram-positive bacteria showed increased
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antimicrobial activity of all peptides, especially for the linear peptide RL-8. It would be
interesting to test the novel retro-inverso peptides in pathogenic bacteria, and the developed

AMPs are of great interest for future therapeutic applications.
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4. Conclusion and outlook

The discovery of peptides has opened numerous opportunities for clinical applications. Over
the past decades, peptides have been utilized to treat antimicrobial, anti-cancer, and metabolic
diseases.[230] For instance, many CPPs have already been used for carrying anti-cancer
drugs. Besides the worldwide prominent cancer disease, intracellular diseases dependent on
organelle dysfunction are the focus of current research. In most cases, the treatment focuses
not on the diseases themselves but on the symptoms resulting from the dysfunction of the
organelles. Consequently, numerous research groups are interested in creating drugs that
target diseases in organelles after uptake into the cells through signal sequences.
Furthermore, antibiotic resistance is a growing global health crisis. Antibiotics have been used
incorrectly or too much in healthcare, agriculture, and animal husbandry, promoting the
development of resistant pathogens.[123] Nowadays, conventional antibiotics become less
effective, and some infections are untreatable, leading to increased mortality and higher
healthcare costs. In the last decades, the research has focused on developing novel

antimicrobial agents, and global teams are collaborating to combat this rising topic.

In this thesis, all these topics mentioned above were addressed and tackled using the peptide

sC18 and its variants to advance research in the respective areas.
1. Comparing sC18 variants and synthesis of peptide-drug conjugates

In this part of the thesis, the anti-cancer and drug-delivery properties of sC18 variants, namely
sC18*, sC18AE, and sC18*R,L, were investigated. Exploring the secondary structure of these
variants revealed that they were randomly coiled in an aqueous solution. Interestingly, adding
TFE led to the a-helix formation of all analyzed peptides. This was somewhat expected, and
the former data was agreed upon.[109] The analysis showed that deleting the glutamate in
the C-terminal part of sC18 led to an increased amphipathic character and, thus, promoted
the uptake efficiency of sSC18AE compared to the other peptides. When these variants were
tested in healthy and cancerous cells, it was shown that the plasma membrane composition
likely influenced the membrane interaction of the peptides. The increased quantity of acidic
phospholipids in cancer cells might improve the ability of the peptides to accumulate on the
surface. They might have led to the formation of a-helices, which simultaneously trigger the
cellular uptake mechanisms. May be due to this improved accumulation, the cytotoxicity
against cancerous Hela cells of all tested peptides was markedly increased compared to their
interaction with “healthy” HEK-293 cells. These findings are supported by the analysis of
negatively charged GUVs, in which the membrane accumulation of all peptides was visible.
Of particular interest was the almost “perfect” amphipathic peptide sC18*R,L, where the
hydrophobic and the basic amino acids were arranged oppositely, resulting in two perfectly
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separated sites. This peptide showed the ability to disrupt the artificial membrane of the tested
negatively charged GUVs. That effect was probably the reason for the increased cytotoxicity
in HeLa cells and HEK293 cells at quite lower micromolar concentrations. As sC18AE has the
highest net charge, the internalization efficacy was, as expected, enhanced. Interestingly, the
mechanism of this peptide might be different compared to sC18*R,L, as the cytotoxicity was
not increased. Instead of a direct translocation mechanism, this peptide seems to be taken up
by endocytosis. The fluorescence microscopy showed the punctate pattern, indicating

endocytic uptake.

To further test the ability of the sC18, sC18*, and sC18AE variants to function as carriers for
drug delivery, PDCs containing the respective CPP and the anti-cancer drug Doxorubicin were
synthesized and investigated. The sC18*R,L peptide was excluded in PDC synthesis, as it
was too membrane-active and harmful to healthy cells in the lower micromolar range. The
bifunctional SMP linker enhances the stability of the PDC. However, the drug is attached
through an amide bond with the succinyl moiety, which is likely hydrolyzed by amidases in the
lysosomes, potentially allowing for the release of the unmodified drug.[154] Additionally, the
maleimide moiety was coupled with the peptide through a Thiol-Michael addition, a reversible
reaction. For example, high levels of glutathione could trigger a retro Michael addition.[231]
After PDC synthesis, the cytotoxicity and the uptake quantity were investigated and compared
to Doxorubicin. The cytotoxicity and the amount of PDCs internalized into the HeLa cells were
reduced, as Doxorubicin already has good uptake properties.[232] In general, the cytotoxicity
of the coupled drug could be influenced by the added linker at the topoisomerase Il interaction
domain. After a possible retro-Michael reaction the peptide would be cleaved off and release
the Dox-SMP intermediate. Side residues attached to Doxorubicin could have altered the
interaction efficacy of the drug, and only the ability to intercalate DNA might still be active. It
was not analyzed where and when the drug was cleaved off. Further studies of these PDCs
regarding their cytotoxicity mechanism would elucidate the cleavage mechanism inside the
cell. Therefore, the cells could be analyzed regarding their proliferation ability, and the marker
yH2AX could be used to detect double-strand breaks.[233] These indications could show if

the anthracycline drug works correctly or is altered by the linkage.

Interestingly, the uptake of PDC-2 appeared to be endocytic, which might have affected the
drug's efficacy as it probably hindered its uptake in the nucleus. Further extension of the
incubation period would help to investigate the long-term benefits of this PDC. To date,
conjugation of Dox might be favored for therapeutic use, as Dox has, when applied in clinical
chemotherapy, an 8-fold increase in lethal cardiotoxicity.[234] The minimization of
cardiotoxicity through the use of PDCs could be analyzed as a proof of principle for PDC-2 in

healthy cardiomyocyte cells. Further optimization of the PDCs could involve incorporating
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another linker system, such as a cathepsin B-sensitive linker, which would enhance selective

release in cancer cells where this particular enzyme is highly expressed.[235]

In summary, this thesis identified the peptide sC18AE as an efficient transporter for the
anthracycline drug Doxorubicin. This PDC minimized the drug’s side effects on healthy HFF-

1 cells while largely preserving its cytotoxic activity in HeLa cells.
2. Design of peroxisomal targeting sC18 variants

In the second part of the thesis, the organelle-targeting properties of sC18 were investigated.
CPPs can translocate the plasma membrane by various mechanisms and can be modified to
reach specific organelles through targeting sequences. Due to this precise targeting, potential
drug delivery may be more efficient. Therefore, the CPPs sC18* and sC18*R,L were combined
with either N-terminal PTS2 or C-terminal PTS1 sequences for peroxisomal import. The 12
resulting PX-peptides were successfully synthesized and labelled with 5(6)-
carboxyfluorescein. First, their cytotoxicity in MCF-7 cells was investigated. It was observed
that the longer and hydrophobic PTS-2 sequences increased the overall cytotoxicity. However,
the carrying peptide was also responsible for cytotoxic activity. In former studies, sC18*R,L
already showed lytic activity in higher micromolar ranges, which was in line with the results
when combined with the PTS2 or PTS1 signals. Thus, the following assays used a lower
micromolar range to avoid harming the cells. Peptides were then analyzed for their uptake
efficiency, which showed that they correlate with cytotoxic activity. Interestingly, all peptides
bearing PTS2 were taken up significantly better than the sC18* alone, which might be
attributed to the added hydrophobic amino acids of the signal sequence. sC18* combined with
PTS1 did not show increased uptake efficiency. As expected, only sC18*R,L combined with
PTS1 showed enhanced internalization levels that might depend on the internalization
efficiency of the used CPP. In total, PX1, PX3, PX5, PX8, PX9, and PX11 were taken up very
efficiently. PX5 exhibited high cytotoxic activity at lower micromolar concentrations, excluding

it from subsequent colocalization experiments.

To perform colocalization studies, MCF-7 cells were generated that stably expressed the
fusion protein mCherry_PTS1 (SKL) upon cumate induction. Afterward, cells were treated for
2 h with PX-peptides. To sum up, a small number of all tested peptides were colocalized in
the peroxisome, but the movement of the peptides during imaging was very high, which
probably influenced the localization signals. To discriminate if the peptides were transported
into the peroxisome at other time points, the colocalization assays were repeated with the
most promising peptides, PX1 and PX9, with earlier time points: 15 min, 30 min, and 60 min.
However, different time points also did not show more effective peroxisome targeting by the

PX1 and PX9 peptides. To exclude the possibility that the peptide sequence altered the signal
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sequence's recognition, a plasmid was generated that expressed a mGold_PX9-PX12 protein.
These plasmids were transfected into the inducible mCherry-PTS1-MCF-7 cells. As expected,
mGold alone and combined with sC18*R,L showed random cytosolic distribution for the
controls. mGold with only targeting sequence PTS1_1 was surprisingly distributed randomly
in the cytosol. In contrast, the distribution of mGold with targeting sequence PTS1_2 showed
almost perfect co-localization with peroxisomes. This might be due to the tertiary structure or
the last amino acids of the mGold protein influencing the recognition of the PTS1_1 signal.
Proline acts as a helix breaker, which might have altered the structure.[236] However, all
plasmids with mGold_PX9-PX12 showed an almost perfect overlay with the peroxisomes.
Concluding that the peptides bearing both PTS were recognized and might be transported into
the peroxisome. These findings exclude the hypothesis that the peptide influenced the PTS
recognition itself. Instead, it might be that the export of the peptides occurred quite fast through
the recycling mechanism of the Pex5 protein. To analyze the levels of the Pex5 receptor, MCF-
7 cells were treated with the peptides for 2 h, followed by Western blot analysis, since both
PTS1 and PTS2 sequences were imported directly or indirectly through the Pex5 protein.
Indeed, the peptides containing PTS1 or PTS2 increased the Pex5 levels. These findings
suggested that the Pex5 protein is able to recognize the PX-peptides. However, the

confirmation of successful import was not possible.

Different methods could be used to underline further that the peptides can successfully be
imported into the peroxisome. First, another stable cell line could be generated expressing the
peroxisomal receptor Pex5, usually located within cytosol but fused to the PTS1 signal, and
with an additional part of a split-GFP.[237] The other part of the split-GFP will be added to the
peptide sequence. Green fluorescence can only be observed in this system if the peptides get
transported into peroxisomes and bind to the recombinant Pex5 with the PTS1 sequence.
Moreover, it can be determined in a time-dependent manner when and with what efficiency
the peptides were imported into the peroxisome. Beforehand, it would be interesting to see if
binding with Pex5 occurs properly. Therefore, the PX-peptides bearing PTS1 must be tagged
with a biotin followed by a pull-down after incubation. Then, the interaction with Pex5 will be
investigated using Western blot. Additionally, it would be possible to examine the interactomics
of PX-peptides in MCF-7 cells. Another proof of principle could be a newly designed PDC
consisting of a potent PX-peptide (PX1 or PX9) coupled with an inhibitor of a peroxisomal
protein such as alkyl dihydroxyacetone phosphate synthase (AGPS), which is responsible for
ether lipid synthesis. This enzyme is highly upregulated in some cancerous cell lines (MCF-
7), favoring fast cell division and tumor growth.[177] A research group discovered an inhibitor

that can inhibit this enzyme, which could be used for conjugation.[238]
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In summary, the peptides PX1, PX3, PX9, and PX11 found so far are candidates for further
modifications, as promising colocalization signals and increased receptor protein levels of
Pex5 support the overall functionality. Therefore, they could be the basis for additional
modification and improvement of peroxisomal targeting peptides with the ability to inhibit

proteins or metabolic pathways localized within the peroxisome.
3. Novel sC18 variants that display high antimicrobial activity

In the final section of this work, the increased antimicrobial activity of the peptide sC18* was
examined by swapping specific amino acids and conducting further chemical modifications. In
the foregoing studies, the almost “perfect” amphipathic peptide sC18*R,L showed high
membrane interaction, Iytic activity, and increased cytotoxicity against cancerous and healthy
cell lines.[204,210,215] As this peptide showed potent properties for membrane perturbation,
it would be interesting to see if this would also be useful regarding antimicrobial aspects. Cell
wall disruption often leads to cell death due to lacking membrane integration and functionality.
Thus, a screen of the parental sC18* was created with up to four mutations, varying the overall
amphipathicity and the net charge of the peptides to identify the optimal physicochemical
properties of the peptides. After successful synthesis, these peptides were tested in Gram-
positive and Gram-negative bacteria to determine their general antimicrobial activity. The
outcome showed that the peptides do not inhibit cell division and growth. Instead, the primary
activity appears to be the destruction of the membrane. To obtain precise information on the
efficiency of cell wall destruction, the bacteria were tested against the peptides incubated in a
minimal medium in which the bacteria can no longer recover, thus making the lytic effect more
visible. Within the first screen in B. spizizenii, the peptides RL-1, RL-8, RL-14, and RL-15
(sC18*R,L) were chosen for further examination in Gram-negative and Gram-positive bacteria.
The other peptides were less active in tested bacteria, which might be due to the decrease in
basic amino acids and the unbalanced amphipathic character. Furthermore, the Asn within
the sequence might be responsible for helix-helix interaction, increasing the efficiency of
membrane interaction due to higher peptide accumulation. For further peptide designs, it might
be interesting to investigate the position of the Asn further to increase the membrane

interaction through a stronger helix-helix interaction.

Despite the highest activity of RL-15 in all tested bacteria, the less modified peptide RL-8 was
selected for further chemical modification, as the antimicrobial activity was high, and the
cytotoxicity for mammals might be lower in comparison to RL-15. A triazolyl-bridge was used
as a chemical modification to support the rigid structure of the peptide and, at the same time,
increase the membrane interaction of the peptides with microbes and further enhance stability

to enzymatic degradation.[229,239] The triazolyl-bridge was incorporated by the incorporation
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of the amino acids Pra and Aza. These amino acids were bridged by Cu(l)-catalyzed click
chemistry. The novel peptides 8A-D were analyzed regarding their secondary structure, which
showed that the triazolyl-bridged peptides already forced an a-helix in an aqueous phosphate-

buffered solution. This might further enhance the membrane interaction.

The four peptides were tested against the same bacteria as the linear ones. Indeed, the
antimicrobial activity was significantly increased for the peptides 8A and 8B, whereas the
peptides with the triazolyl-bridge in the hydrophobic region, 8C and 8D, showed decreased
antimicrobial activity. These findings again demonstrated the importance of the hydrophobic
part of the synthesized peptides. Detailed analysis of the peptides RL-8 and 8A using TEM
after treatment in both B. spizizenii and S. typhimurium revealed that the clicked peptide 8A
exhibited much higher bacterial membrane lysis, releasing intracellular contents. Further
studies showed increased antimicrobial activity of the chemically modified peptides in two
prominent pathogenic bacteria, methicillin-resistant S. Aureus and N. gonorrhoeae. Further
investigating the antimicrobial activity against more pathogenic bacteria of these novel

peptides is of great interest.

Interestingly, the peptides showed very similar activity in the human cancerous cell line HelLa.
However, when testing them in the HFF-1, cytotoxic activity was only observed in the higher
micromolar range. These results were confirmed by LDH-release assay after peptide
treatment. It was observed that LDH was released at higher micromolar concentrations, but
the cells can recover again, as confirmed with cell viability assay in HFF-1 cells. This was
supported by testing them in fully neutral RBC, revealing that higher micromolar
concentrations were needed to harm uncharged phospholipids. In these studies, it was shown
that triazolyl-bridged peptides showed significantly increased antimicrobial and anti-cancer
activity. Additionally, they were quite stable in goat serum against protease and peptidases.
Testing in human cells revealed cytotoxic and lytic activity but far from the concentration that
might be used for application in bacterial infections. Due to the significantly enhanced activity
of the triazolyl-bridged peptides, the idea arose to incorporate unnatural amino acids further.
Therefore, the peptides were synthesized using D-amino acids and using retro-inverso
synthesis. The stability in the human serum of the retro-inverso peptides ri_RL-8, ri_8A, and
ri_8B was markedly increased. In particular, ri_RL-8 was highly stable compared to its parental
peptide RL-8. The other variants were slightly more stable but similar to 8A/B. Furthermore,
the peptides were preliminarily tested in both B. spizizenii and S. typhimurium, and enhanced
antimicrobial activity was observed. Another interesting aspect would be to evaluate the
potential for circumventing the resistance development of bacteria against the tested peptides.
Therefore, a long-term experimental approach can be employed. Pathogenic strains like N.

gonorrhoeae or MRSA will be treated with half of the ECso value peptide concentration.
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Bacteria will be re-inoculated several times (20-30 generations). The ECso value must be
checked several times to prevent the starting concentration from becoming too low. Afterward,
the bacteria can be analyzed using genome sequencing to identify mutations, membrane
modifications, or similar. Slow resistance development would further increase the interest of
these peptides in clinical applications. However, additional in vitro screening would have to be
carried out beforehand to circumvent harming mammalian cells. After additional in vitro
screening, animal infection models could be used to test efficacy in vivo. Simultaneously, the
pharmacokinetics and -dynamics of the novel antimicrobial peptides could be
determined.[240]

In summary, variants of sC18* were synthesized and chemically modified with triazolyl-
bridges. Antimicrobial activity was significantly enhanced, particularly against pathogenic
bacteria; stability in human serum improved, and the interaction with negatively charged
plasma membranes became better. Especially, the novel peptide 8B exhibited good
antimicrobial and anti-cancer properties with lower lytic activity in tested healthy cells, making
it a promising candidate for clinical applications, alongside its retro-inverso variant showing

enhanced serum stability.

In total, this work demonstrated the versatility of sC18 through systematic amino acid
substitutions, deletions, truncations, insertions, and modifications. Conjugating SC18AE with
the anti-cancer drug Doxorubicin produced a functional PDC with potentially greater selectivity
for cancer cells. Inserting the PTS into sC18 variants provided initial indications of an impact
on the peroxisomal import machinery, establishing a promising foundation for optimizing
peroxisomal targeting peptides with potential applications. Additionally, chemical modifications
of sC18* variants, including triazolyl-bridge formation, significantly enhanced their
antimicrobial activity against pathogenic bacteria. Further optimization through incorporating
D-amino acids and sequence inversion may enhance the overall activity even more. These
diverse strategies, stemming from the parental peptide sC18, emphasize its broad potential

for therapeutic applications.
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6. Appendix

6.1 Supplementary figures
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Figure S1. HPLC-ESI/MS analysis of purified sC18. A gradient of 10-60 % ACN with 0.1 % FA in 15 min
was used for the HPLC. (A) UV-chromatogram of sC18. (B) Full scan of ESI/MS at a retention time of
7.97 min. Dr. Tamara Sasse kindly provided this analysis.[206] © 2022. This work is openly licensed

via CC BY 4.0.
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Figure S2. HPLC-ESI/MS analysis of purified sC18AE. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of sC18AE. (B) Full scan of ESI/MS at a retention
time of 7.89 min. Dr. Tamara Sasse kindly provided this analysis.[206] © 2022. This work is openly

licensed via CC BY 4.0.
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Figure S3. HPLC-ESI/MS analysis of purified sC18*. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of sC18*. (B) Full scan of ESI/MS at a retention
time of 7.22 min. Dr. Tamara Sasse kindly provided this analysis.[206] © 2022. This work is openly
licensed via CC BY 4.0.
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Figure S4. HPLC-ESI/MS analysis of purified sC18*R,L. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of sC18*R,L. (B) Full scan of ESI/MS at a
retention time of 9.08 min. Dr. Tamara Sasse kindly provided this analysis.[206] © 2022. This work is
openly licensed via CC BY 4.0.
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Figure S5. Helical Wheel projection of either (A) glutamate deletion in sC18 or (B) amino acid exchange
of truncated version sC18* leading to sSC18AE and sC18*R,L kindly provided by Dr. Tamara Sasse.[206]
© 2022. This work is openly licensed via CC BY 4.0.
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Figure S6. CD spectra of sC18 variants were analyzed at a peptide concentration of 20 yM in either
(A) 10 mM phosphate buffer, pH 7.0 (A) or (B) 10 mM phosphate buffer, pH 7.0 with the addition of
50 % TFE. This experiment was kindly provided by Dr. Tamara Sasse.[206] © 2022. This work is openly

licensed via CC BY 4.0.
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Figure S7. HPLC-ESI/MS analysis of purified CF-sC18. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-sC18*. (B) Full scan of ESI/MS at a
retention time of 4.96-5.61 min.
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Figure S8. HPLC-ESI/MS analysis of purified CF-PX1. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX2. (B) Full scan of ESI/MS at a retention
time of 6.80-7.24 min. This peptide was synthesized by Philipp Holz during his bachelor’s thesis under
my supervision.
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Figure S9. HPLC-ESI/MS analysis of purified CF-PX2. A gradient of 10-60 % ACN with 0.1 % FA in 15
min was used for the HPLC. (A) UV-chromatogram of CF-PX2. (B) Full scan of ESI/MS at a retention

time of 6.80-7.24 min. This peptide was synthesized by Philipp Holz during his bachelor’s thesis under
my supervision.
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Figure S10. HPLC-ESI/MS analysis of purified CF-PX3. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX3. (B) Full scan of ESI/MS at a retention

time of 6.50-7.23 min. This peptide was synthesized by Philipp Holz during his bachelor’s thesis under
my supervision.
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Figure S11. HPLC-ESI/MS analysis of purified CF-PX4. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX4. (B) Full scan of ESI/MS at a retention
time of 6.50-7.23 min. This peptide was synthesized by Philipp Holz during his bachelor’s thesis under

my supervision.
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Figure S12. HPLC-ESI/MS analysis of purified CF-PX5. A gradient of 10-60 % ACN with 0.1 % FA in

15 min was used for the HPLC. (A) UV-chromatogram of CF-PX5. (B) Full scan of ESI/MS at a retention
time of 8.05-8.58 min.
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Figure S13. HPLC-ESI/MS analysis of purified CF-PX6. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX6. (B) Full scan of ESI/MS at a retention
time of 5.35-5.97 min. This peptide was synthesized by Philipp Holz during his bachelor’s thesis under

my supervision.
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Figure S14. HPLC-ESI/MS analysis of purified CF-PX7. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX7. (B) Full scan of ESI/MS at a retention
time of 5.44-5.95 min. This peptide was synthesized by Philipp Holz during his bachelor’s thesis under

my supervision.
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Figure S15. HPLC-ESI/MS analysis of purified CF-PX8. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX8. (B) Full scan of ESI/MS at a retention
time of 7.50-8.04 min.
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Figure S16. HPLC-ESI/MS analysis of purified CF-PX10. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX10. (B) Full scan of ESI/MS at a
retention time of 5.67-6.62min.
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Figure S17. HPLC-ESI/MS analysis of purified CF-PX11. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX11. (B) Full scan of ESI/MS at a
retention time of 7.23-7.77 min.
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Figure S18. HPLC-ESI/MS analysis of purified CF-PX12. A gradient of 10-60 % ACN with 0.1 % FA in
15 min was used for the HPLC. (A) UV-chromatogram of CF-PX12. (B) Full scan of ESI/MS at a
retention time of 5.00-5.69 min.
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Figure S19. CD spectra of PX peptides in Phosphate buffer containing 50 % TFE. Graphs are
discriminated into PTS2 (A) and PTS1 (B) bearing PX peptides.

1. mGold

2. mGold-sC18*R,L

3. mGold-PTS1_1

4. mGold-PTS1_2

5. mGold-PX9 PGNAKL
6. mGold-PX10 PGNAKL
7. mGold-PX11 RLRKLLRKFLRK KSKL

Figure S20. Plasmid design with mGold as green fluorophore and the respective insert.
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Figure S21. Helical wheel projection of all 15 synthesized R,L variants of sC18* created with HeliQuest.
Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with Enhanced Antimicrobial
Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-2727. doi:
10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.
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Figure S22. Adapted assay with minimal medium containing H20, 5 mM glucose, 10 mM Tris against
B. spizizenii. Untreated bacteria served as negative control. The assays were performed in triplicates
(n = 3). Values were normalized against the untreated control. Error bars represent standard deviations.
The experiment was performed together and under my supervision with my master students Jacob
Mayer and Axel Miltz. Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with
Enhanced Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug
9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.
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Figure S23. Helical wheel projection of triazolyl-bridged RL-8 peptide variants; 8A, 8B, 8C and 8D
created with HeliQuest. X: Pra, Y: Aza.
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Figure S24. LDH-release assay in either (A) HelLa cells or (B) HFF-1 cells. Assays were performed in
triplicates (n = 3). Values were normalized against the untreated control. Error bars represent standard
deviation. Statistical analyses were performed using a one-way ANOVA test (****p < 0.00001, ***p <
0.0001, ns p > 0.05). Jacob Mayer performed this experiment during his master’s thesis under my
supervision. Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with Enhanced
Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-
2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.
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Figure S 25. Hemolysis assay for either (A) 30 min or (B) 24 h treatment. Assays were performed in
triplicates (n = 3). Values were normalized against the untreated control. Error bars represent standard
deviation. Statistical analyses were performed using a one-way ANOVA test (****p < 0.00001, ***p <
0.0001, ns p > 0.05). Jacob Mayer performed this experiment during his master’s thesis under my
supervision. Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with Enhanced
Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug 9;10(8):2717-
2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.

ri_RL-8 B
2.0%10°
5 q00]  maeae MESHE
- = 7239 | 4961
3 1.5x10°%4 [
£ RT: 6.71 min 3 80
c c
w ©
2 1.0x10% 2 60
] 3 [M+2H*
: © 743.39
L 5.0x%10% @ 404
2 K [M+5H]*
§ ® g0 29814
2 0.0
. . 0 AW 1 1 Il
5 10 15 0 500 1000 1500
retention time [min] mfz

Figure S26. HPLC-ESI/MS of purified ri_RL-8. (A) UV-chromatogram with a retention time at 6.71 min.

(B) Mass spectrum of the peak at the retention time of 6.71 min showing m/z ratios that correspond to
the quasi-molecular ions.
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Figure S27. HPLC-ESI/MS of purified ri_8B. (A) UV-chromatogram with a retention time at 6.71 min.
(B) Mass spectrum of the peak at the retention time of 6.71 min showing m/z ratios that correspond to
the quasi-molecular ions.
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Figure S28. Stability assay using 250 uM peptide solutions in goat serum. Peptides were incubated for
240 min, with aliquots collected at designated time points (5, 15, 30, 45, 60, 90, 120 and 240 min).
Samples were precipitated using acetonitrile, and peptides were quantified via LC-MS. Values were
normalized to the initial measurement at time point zero. This experiment was performed by the
master’s student Jacob Mayer. The assay was performed in triplicates (n = 3). Error bars represent
standard deviations. Reprinted with permission from Grabeck J,et al. Triazole-Bridged Peptides with
Enhanced Antimicrobial Activity and Potency against Pathogenic Bacteria. ACS Infect Dis. 2024 Aug
9;10(8):2717-2727. doi: 10.1021/acsinfecdis.4c00078. © 2024 American Chemical Society.
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6.2 List of abbreviations

ACN
AMP
APS
ATP
Aza
Boc
BSA
B. spizizenii
CAP18
CD

CF
CO;
CPP
CTP
CuAAC
Da
DCM
Dde
DIC
DIPEA
DMEM
DMF
DMSO
DNA
DTT
ECL

E. coli
ECso
EED
EDT
EDTA
Eq
ESI

acetonitrile

antimicrobial peptide

ammonium persulfate

adenosine triphosphate
L-azidolysine
tert-butyloxycarbonyl

bovine albumin serum

Bacillus spizizenii

cationic antimicrobial protein 18
circular dichroism
5(6)-carboxyfluorescein

carbon dioxide

cell-penetrating peptide
cell-targeting peptide
Cu(l)-catalyzed azide—alkyne cycloaddition
Dalton

dichloromethane
1-(4,4-dimethyl-2,6-dioxocyclohex-1-ylidene)ethyl
N,N’-diisopropylcarbodiimide
N,N’-diisopropylethylamine
Dulbeco’s Modified Eagle Medium
dimethylformamide

dimethyl sulfoxide
deoxyribonucleic acid
dithiothreitol

enhanced chemiluminescence
Escherichia coli

half maximal effective concentration
endosomal escape domain
1,2-ethandithiol
ethylenediaminetetraacetic acid
equivalents

electrospray ionization
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ESKAPE

ET.O
EtOH
FA
FBS
FDA
Fig.
Fmoc
GUV
HATU
HEK293
HelLa
HFF-1
HIV
H20
H20>
HPLC
INT
LC-MS
LDH
LPS
MCF-7
MCS
MeOH
MgCl,
M. luteus
MPP
MRSA
MTS
MW
MW caic
MW exp
m/z
NaCl

N. gonorrhoeae

Enterococcus faecium, Staphylococcs aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa, Enterobacter-
Spezies
diethyl ether
Ethanol
formic acid
fetal bovine serum
federal drug administration
Figure
fluorenyl methoxycarbonyl
giant unilamellar vesicles
hexafluorophosphate azabenzotriazole tetramethyl uranium
human embryonic kidney cells
human cercal carcinoma cells
human foreskin fibroblasts
human immunodeficiency virus
water
hydrogen peroxide
high-performance liquid chromatography
iodonitrotetrazolium chloride
liquid chromatography-mass spectroscopy
lactate dehydrogenase
lipopolysaccharides
Michigan Cancer Foundation 7
multiple cloning site
methanol
magnesium chloride
Micrococcus luteus
mitochondrial processing peptidase
methicillin-resistant Staphylococcus aureus
mitochondrial targeting sequence
molecular weight
calculated molecular weight
experimental molecular weight
mass to charge ratio
sodium chloride
Neisseria gonorrhoeae
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NLS

NMP
Oxyma

P. aeruginosa
PAGE
PCR

PBS
PBS-T

P. fluorescens
PDC

Pra

RNA

ROS

rpm
RPMI-1640
rt

RT

SDS

SMP

SPPS

S. typhimurium
TAT

tBu

t-BuOH
Tab.

TEM
TEMED
TFA

TIM23

TIS

TLC

TOM

uv

nuclear localization signal
N-methyl-2-pyrrolidone

ethyl canohydroxyiminoacetate
Pseudomonas aeruginosa
polyacrylamide gel electrophoresis
polymerase chain reaction
phosphate-buffered saline
phosphate-buffered saline with 0.05% Tween20
Pseudomonas fluorescens
peptide-drug conjugate
L-propargylglycine

ribonucleic acid

reactive oxygen species

rounds per minute

Roswell Park Memorial Institute, cell culture medium

room temperature

retention time

sodium dodecyl sulfate
N-succinimyl-3 maleimideproppionate
solid phase peptide synthesis
Salmonella typhimurium

trans activator of transcription
tert-butyl

tert-butanol

Table

transmission electron microscopy
tetramethylethylenediamine
trifluoroacetic acid

translocase inner membrane 23
triisopropylsilane

thin-layer chromatography
translocase outer membrane

ultraviolet
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6.3 Amino acids:

A

C

Ala
Cys
Asp
Glu
Phe
Gly
His
lle
Lys
Leu
Met
Asn
Pro
GIn
Arg
Ser
Thr
Val
Trp

Tyr

alanine
cysteine
aspartate
glutamate
phenylalanine
glycine
histidine
isoleucine
lysine
leucine
methionine
asparagine
proline
glutamine
arginine
serine
threonine
valine
tryptophan

tyrosine
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