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Abstract 

The research area of synthetic supramolecular chemistry within biological systems is in-

spired by natural phenomena that drive the creation of living matter. The formation of 

self-assembled structures can be observed in almost every biological process and is therefore 

fundamental for cellular life. A major focus of mimicking such processes to build artificial 

supramolecular structures within the cell is being able to control the complex dynamics of 

self-assembly. This can be realized by incorporating stimulus-responsive structural elements 

into the molecular design of an assembly precursor. Specific biological or chemical cues 

within the cellular environment can trigger the transformation of the precursor-molecule into 

an active monomer capable of self-assembly. In this thesis, a new system for enzyme-in-

duced intracellular self-assembly was developed to achieve the stimulus-responsive for-

mation of nanostructures inside cancer cells. For this purpose, a peptide sequence that is 

cleavable by the enzyme furin was incorporated into the molecular design of a precursor 

molecule. Furin is a protease that is associated with the Golgi apparatus of eukaryotic cells 

and is overexpressed in some cancer cells. Prior to the formation of fibrillar architectures 

inside the cell, the enzyme-responsive precursor molecule has to go through several steps, 

starting with cellular uptake, subcellular diffusion to the Golgi and subsequent cleavage by 

furin. This proteolytic cleavage initiates the in situ generation of linear self-assembling pep-

tides. Within this thesis, the enzyme-induced self-assembly of furin-responsive peptides was 

analyzed to study their bio-responsiveness and the kinetics of the enzyme-triggered reaction 

cascade, as well as the supramolecular properties of the resulting self-assembling monomers. 

Additionally, cell studies with furin-overexpressing breast cancer cells were carried out 

showcasing the efficient in vitro conversion of the precursor and the formation of intricate 

intracellular nanostructures. These artificial structures were shown to exhibit low cytotoxi-

city making them highly interesting for various applications in synthetic biology and nano-

medicine. 
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Kurzfassung 

Das Forschungsgebiet der synthetischen supramolekularen Chemie in biologischen Syste-

men ist inspiriert von Naturphänomenen, welche die Entstehung lebender Materie vorantrei-

ben. Die Bildung selbstassemblierender Strukturen ist in nahezu jedem biologischen Prozess 

vorzufinden und damit einhergehend fundamental für zelluläres Leben. Ein großer Fokus 

bei der Nachahmung solcher Prozesse, zum Aufbau synthetischer supramolekularer Struk-

turen innerhalb der Zelle, liegt darauf, die komplexe Dynamik der Selbstorganisation kon-

trollieren zu können. Dies kann realisiert werden, indem stimulusabhängige Strukturele-

mente in das molekulare Design eines assemblierenden Präkursors integriert werden. Spezi-

fische biologische oder chemische Bestandteile innerhalb der zellulären Umgebung können 

die Umwandlung des Vorläufermoleküls in ein aktives Monomer auslösen, welches zur 

Selbstassemblierung fähig ist. In dieser Arbeit wurde ein neues System zur enzyminduzier-

ten intrazellulären Selbstorganisation entwickelt, um die stimulusabhängige Bildung von 

Nanostrukturen innerhalb von Krebszellen zu erreichen. Dazu wurde eine durch das Enzym 

Furin spaltbare Peptidsequenz in das molekulare Design eines Präkursormoleküls eingebaut. 

Furin ist eine Protease, die mit dem Golgi-Apparat eukaryotischer Zellen assoziiert und in 

einigen Krebszellen überexprimiert wird. Vor der Bildung fibrillärer Architekturen inner-

halb der Zelle muss das enzymresponsive Vorläufermolekül mehrere Schritte durchlaufen, 

beginnend mit der zellulären Aufnahme, der subzellulären Diffusion zum Golgi und der an-

schließenden Spaltung durch Furin. Diese proteolytische Spaltung initiiert die In-situ-Erzeu-

gung von linearen selbstassemblierenden Peptiden. Im Rahmen dieser Arbeit wurde die en-

zyminduzierte Selbstorganisation Furin-responsiver Peptide analysiert, um ihre Biorespon-

sivität und die Kinetik der enzymgetriggerten Reaktionskaskade sowie die supramolekularen 

Eigenschaften der resultierenden selbstorganisierenden Monomere zu untersuchen. Zusätz-

lich wurden Zellstudien mit Furin-überexprimierenden Brustkrebszellen durchgeführt, wel-

che die effiziente In-vitro-Umwandlung des Präkursors und die Bildung komplizierter intra-

zellulärer Nanostrukturen demonstrierten. Es wurde gezeigt, dass diese synthetischen Struk-

turen eine geringe Zytotoxizität aufweisen, was sie für verschiedene Anwendungen in der 

synthetischen Biologie und Nanomedizin interessant macht. 
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1 Introduction 

In nature, the formation of sophisticated structures via secondary interactions of self-assem-

bling monomers can be observed in a multitude of cases. Within the eukaryotic cell, supra-

molecular structures are strongly represented, with self-assembly of biomolecules being es-

sential for the foundation of life.[1] One example of supramolecular interactions inside the 

cell is the hydrogen bonding driven interactions of nucleotides which are the basic building 

blocks of desoxyribonucleic acid (DNA), the biomacromolecule that stores genetic infor-

mation within the nucleus. In order to find space in the relatively small cell nucleus, the 

DNA must be compressed, which is achieved by wrapping it around positively charged his-

tones, reducing its size by a factor of 40,000. The cytoskeleton, a dynamic network of 

self- and co-assembling proteins, located in the cytoplasm of the eukaryotic cell, represents 

another example of naturally occurring supramolecular structures.[2] Through the creation of 

different fibrillar architectures, the cytoskeleton ensures cell stability, motility and division, 

among other things. This ability to generate function through structure formation is a com-

mon property of all the afore-mentioned natural assemblies. The development of life-like 

bionanomaterials that can form artificial nanostructures in the complex intracellular envi-

ronment represents a major milestone in supramolecular chemistry, nanomedicine and syn-

thetic biology. The mimicking of natural supramolecular networks inside cells might help to 

analyze molecular mechanisms of naturally occurring cellular processes, thereby aiding the 

investigation into the origin of life.[3] Furthermore, materials that transform into synthetic 

supramolecular nanostructures in situ have many potential uses for therapeutic and diagnos-

tic applications, since they circumvent many of the limitations of small molecule drug and 

imaging agents, such as drug resistance in cancer cells caused by efflux pumps.[4,5] The abil-

ity of supramolecular monomers to form large aggregates within the cell forces their accu-

mulation at the target site and enhances their pharmacokinetics.[6] 

1.1 Self-Assembly 

1.1.1 General Theoretical Background 

The discovery of self-assembling molecules are attributed to Jean-Marie Lehn who demon-

strated in 1990 the first supramolecular polymer based on hydrogen bonds between small 

molecules.[7] A new field in chemistry was created which deals with larger structures formed 

via non-covalent reversible interactions including hydrogen bonds, hydrophobic and elec-

trostatic interactions, Van-der-Waals forces and π-π stacking. These intermolecular interac-

tions are the equivalent to intramolecular covalent bonds between atoms in molecules.[8] 
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Because of the low binding energy of non-covalent interactions (< 30 kJ/mol) compared to 

covalent bonds (> 100 kJ/mol) multivalent forces are necessary to build stable supramolec-

ular networks.[9] The process of forming such sophisticated structures is called self-assem-

bly, which is described as a spontaneous (or in response to a specific stimulus) organization 

of compounds into large, rigid, organized architectures. A distinction is made between static 

and dynamic self-assembly. The former may require energy for the formation of the ordered 

structures, but once formed, a stable equilibrium is established that does not dissipate energy. 

The latter process is less investigated and is merely able to occur if the system dissipates 

energy. A simple example for dynamic self-assembly would be a competitive process be-

tween reaction and diffusion in oscillating chemical reactions.[10]   

The research interest in self-assembling systems arises from the fact that several biological 

systems are based on such complex interactions like the cell membrane, consisting of as-

sembling amphiphilic lipids or the two complementary single strands that form the DNA 

double helix which are connected through hydrogen bonds.[2,11] The most popular bioin-

spired building blocks to form synthetic self-assembling structures are peptides because of 

their attractive properties like structural programmability, biocompatibility and -degradabil-

ity, versatile functionality, good availability and cost-effectiveness.[12] Peptides provide an 

abundance of hydrogen-bond-formation sites because of their amide bonds in the backbone 

such as several other functional groups depending on their side chains. The selectivity and 

high directionality of these interactions lead to a stabilization of the peptide secondary struc-

ture which can induce the formation of 1D, 2D and 3D nanostructures.[12] Also, π-π stacking 

of aromatic side chain groups or added aromatic moieties can drive peptide self-assembly 

and can lead to directional growth. These interactions are very robust in water because of 

the containing nonpolar aromatic groups.[13] Aromatic residues of peptide building blocks 

can be also involved in hydrophobic interactions which leads to disordered structures while 

π-π stacking induces well-organized structures.  

Self-assembly can be controlled through different factors such as the increasing of tempera-

ture which can lead to weaker or broken hydrogen bonds while hydrophobic interactions get 

stabilized through this environmental change. Also, the solvent can influence non-covalent 

interactions by changing the pH which affects the competing solvation between donor and 

acceptor sites of hydrogen bonds.[12] Kim and Ihee published a system for a significantly 

example of kinetic control of thermodynamic interactions by using diphenylalanine in water 

and showed an alternating structural transition between nanowires and nanotubes.[14] In 
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general, ultrasonication is an effective method to overcome energy barriers of intermolecular 

non-covalent interactions for the reconfiguration of nanostructures.[15] 

1.1.2 Assembly Formation Triggered by Intracellular Stimuli 

Within the cell, different naturally occurring stimuli can be exploited to trigger self-assembly 

of active monomers which are formed in situ from pro-assembling precursors. Such targeted 

intracellular stimuli include changes of pH during endocytosis and the presence of certain 

enzymes, as well as redox-active molecules such as reactive oxygen species (ROS) or glu-

tathione (Figure 1.1).[16] These compartments within the cell can be compared to reaction 

vessels which offer different reaction conditions for chemical transformations. 

  

Figure 1.1: Schematic representation of the eukaryotic cell and its compartments harboring different conditions 

in terms of self-assembly triggers such as ROS, glutathione, pH or enzymes.[17] 

For example, the physiological pH in tissues and inside cellular organelles can vary signifi-

cantly. The tumor microenvironment, for instance displays a slightly acidic pH (6.7-7.1) 

compared with healthy tissue (pH 7.2).[18] Besides, within the cell a change in pH value can 

be observed during the endocytic pathway which entails the formation of distinct membrane 

compartments. These vesicular compartments are called endosomes and serve to internalize 

molecules from the outside of the plasma membrane, whereby their internal pH level ranges 
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from 6.3 in the early endosomes to 5.5 in the late endosomes and 4.7 in the finally formed 

lysosome (Figure 1.1).[19] These localization-dependent pH changes within the cell can trig-

ger self-assembly or morphological transformation of a pH-responsive nanomaterial like 

peptides, since certain side chains of amino acids can be protonated or deprotonated chang-

ing the hydrophilic-hydrophobic balance within the molecule (Figure 1.2 a).[20] Another pos-

sible trigger for self-assembly inside cells is glutathione which is a tripeptide that acts as 

reducing agent. Its concentration varies greatly within human tissues and is especially high 

in cytosolic nuclear compartment (up to 10 mM[21]) transforming this subcellular space into 

a reducing environment. Due to its thiol group owing to cysteine, glutathione can also act as 

nucleophile in addition to its reducing properties as cell-protective antioxidant. Its capability 

to efficiently reducing disulfide bonds and the difference in concentration inside and outside 

of the cell make glutathione an attractive endogenous trigger for intracellular self-assem-

bly.[22] Through the cleavage of disulfide bonds, hydrophilic units of the precursor molecule 

can be removed inside the cell which leads to the formation of peptides capable of self-as-

sembly. The attachment of hydrophilic motifs is essential to enable cell entry and to prevent 

the formation of supramolecular structures outside the cell (Figure 1.2 b).[23]   

In contrast to the reducing agent glutathione, ROS perform the task of oxidizing agents 

within cells. They are generated during oxidative mitochondrial metabolism and as cellular 

response to xenobiotics, cytokines and bacterial invasion.[24][25] As mitochondria produce 

ROS due to the electron transport chain, the surrounding environment represents an attrac-

tive subcellular target for ROS-sensitive materials to create supramolecular architectures in-

side cells.[26,27] For example, thioketal groups can be degraded in the presence of sufficient 

amounts of ROS.[28] In combination with a mitochondria-targeting group as part of the chem-

ical design of an assembly precursor, ROS-responsive materials can be efficiently trans-

ported to the oxidative environment of the mitochondria. The principle of the triggered self-

assembly after degradation of the thioketal is analogous to the assembly formation caused 

by the cleavage of a disulfide bond whereby hydrophilic units can be removed (Figure 1.2 b). 

Another type of an endogenous stimulus that has been frequently exploited for intracellular 

self-assembly is the biocatalytic transformation of precursor molecules by specific enzymes. 

A multitude of different enzymes can be found within the cellular environment fulfilling 

various functions within the cell at their respective subcellular locations.[2] By using en-

zyme-specific recognition motifs within the precursor design, a targeted bio-responsiveness 

towards a certain enzyme can be implemented. The concept of triggering the formation of 
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intracellular superstructures via enzymatic conversion has largely been based on the removal 

of hydrophilic groups to generate self-assembling monomers (Figure 1.2 b). 

 

Figure 1.2: Possible chemical transformations of precursors induced by different intracellular stimuli which 

lead to the generation of self-assembling monomers.[17] 

However, for enhancing the spatiotemporal control over the transformation of a precursor 

into a self-assembling monomer, having more than one conversion step, can be advanta-

geous. Starting with the stimulus-induced generation of a reactive intermediate, this ap-

proach combines several transformation steps (Figure 1.2 c). Since the intermediate can only 

be converted into the final self-assembling monomer given the appropriate chemical reaction 

conditions, this allows a more sophisticated design of the reaction sequence within the cell, 

potentially including more than one intracellular stimulus for self-assembly.[29] 

1.1.3 Nanomaterials for Intracellular Self-Assembly 

For intracellular self-assembly of synthetic materials, several criteria regarding biocompati-

bility and environmental responsiveness must be fulfilled. For instance, the precursor mole-

cule should be able to enter the cell without immediately causing cell death or disrupting 

cellular functions. To pass the phospholipid bilayer of the cell membrane, cell-penetrating 

peptides,[27] containing positively charged moieties can be used which has been shown to be 

an efficient strategy. Furthermore, self-assembly must take place within crowded and com-

plex environments and the self-assembling monomer needs a critical aggregation concentra-

tion which is sufficiently low for physiological conditions.[30] A general overview of four 

material classes which are commonly used for intracellular self-assembly, including their 

type of supramolecular structures, is given in Figure 1.3. These materials include peptides, 

polyaromatic compounds, polymers and metal nanoparticles. 
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Figure 1.3: Material classes for intracellular self-assembly and their supramolecular structures.[17] 

Because of the relevance of peptides within this work, the following chapter 1.2 describes 

their properties, structures and possibilities for synthesis. 

1.2 Peptides and Proteins 

Proteins represent biological macromolecules which have the largest proportion in the cell 

in terms of quantity and have crucial functions in almost all biological processes. The build-

ing blocks of proteins are amino acids which form directed chains connected by peptide or 

rather amide bonds. The number of amino acids determines the nomenclature: structures 

with more than 100 amino acids are referred to as proteins, whereas those with fewer amino 

acids are called peptides. Amino acids are chiral and can either display a L- or D-configura-

tion. In general, there are 20 proteinogenic amino acids which can be found in proteins. They 

have different side chains that differ in size, shape, charge, hydrogen bonding ability, hydro-

phobic character and chemical reactivity. This particular set of amino acids exhibits diverse 

structural and chemical properties which cover a wide range of functions that are crucial to 

protein function.[31,32] 

1.2.1 Hierarchy of Protein Structures 

The biological function of peptides and proteins results from their 3D structure, whereby a 

distinction is made between four structural levels of increasing complexity. The amino acid 

sequence in a peptide is called the primary structure and determines its properties due to the 

different side chain residues. When forming a peptide bond, the α-carboxyl group of one 

amino acid will be linked with the α-amino group of another, releasing a water molecule. At 

first glance, the backbone of a peptide sequence contains only single bonds whereby a free 
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rotation of all three bonds is expected, but the peptide bond has the character of a partial 

double bond at which all four bonds are in one plane. This structural motif characterizes the 

properties of the peptides, such as hydrolytic stability, and can be described by two me-

somere boundary structures where the electrons oscillate between the nitrogen and oxygen 

atom (Figure 1.4).[31,32] 

 

Figure 1.4: Mesomeric structures of the peptide bond to show its partial double bond character. 

The double bond character of the peptide bond allows two configurations of the atoms 

around the bond, in detail the trans and cis configuration. With the former the Cα atoms are 

on the same side of the bonding plane while the latter has the two Cα atoms on opposite sites 

(Figure 1.4). Because of steric reasons the trans configuration is favored with the exception 

of the secondary amide bond of proline. In solution, an equilibrium between trans and cis is 

observed. Despite the restriction in rotation of the peptide bond, the most peptides can form 

several conformations in solution because of the two free rotational single bonds (Cα-C and 

Cα-N). This allows protein folding, stabilized by interactions between amino acid side chain 

residues.[31,32]  

The ability of the peptide backbone to form hydrogen bonds between NH- and CO-groups 

leads to the occurrence of a large number of defined superstructures called as secondary 

structure. Arrangements that do not follow a specific pattern are referred to as random coils. 

Some conformations can be found frequently which include the α-helix and the β-pleated 

sheet. They were already described in 1951 by L. Pauling and R. Corey,[33] even before the 

first protein structures were elucidated by X-ray crystallography.[34] Later on, further struc-

tural elements like β-turns or Ω-loops were verified which do not have regular periodic struc-

tures but they are mostly well-defined and rigid. The α-helix, a rod-shaped, chiral element 

(Figure 1.5 a, b) is one of the possible structures. The backbone forms the inner part of the 

rod, while the side chains point outwards in a helical arrangement. The helix is stabilized by 

hydrogen bonds of the carbonyl oxygen and the amide proton between every fourth amino 

acid. Van-der-Waals forces also ensure stabilization due to the dense packing inside the he-

lix. Furthermore, the stability can be enhanced by hydrogen bonds between the side chains 

of the amino acids. However, there are also amino acids which disturbs the stability of α-hel-

ices, in fact such with branches at the Cβ atom like valine, threonine or isoleucine but also 
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proline with a missing hydrogen atom at the nitrogen. In addition, the side chains of serine, 

aspartate or asparagine can form competing hydrogen bonds with the peptide backbone 

which also disturbs the α-helix. Both, right-handed and left-handed α-helices exist, behav-

img like image and mirror image.[35] The right-handed α-helix is energetically more favora-

ble because there are fewer steric hindrances between the side chains. Therefore, almost all 

α-helices in proteins are right-handed.[31,32] 

 

Figure 1.5: Schematic representations of the α-Helix (left) and two types of β-pleated sheets (right). a Cα atoms 

(black) and side chains (green) in a helical band. b Illustration of the hydrogen bonds (dashed lines) between 

carbonyl oxygens (black, next to pink oxygen atoms) and amide protons (white). c Antiparallel β-pleated sheet 

with the β-strands running in opposite directions. d Parallel β-pleated sheet with the β-strands running in the 

same direction.[31] 

A second periodic structure discovered by Pauling and Corey is called β-pleated sheet.[36] In 

contrast to the α-helix, the peptide backbone of the β-pleated sheet has an almost completely 

stretched conformation and the side chains of neighboring amino acids point in opposite 

directions. A distinction is made between the antiparallel and the parallel β-pleated sheet. In 

the former, the β-strands exhibit opposite directionality regarding their N- and C-terminus 

(Figure 1.5 c). In this arrangement, the carbonyl oxygen and the amide proton of one amino 

acid are hydrogen bonded to the opposite atoms of an amino acid in the adjacent β-strand. 

In the parallel arrangement, adjacent β-strands have the same directionality regarding their 

N- and C-terminus (Figure 1.5 d). Here, the carbonyl oxygen and amide proton of one amino 

acid are linked to the opposite atoms of two different amino acids that are two residues apart 

in the adjacent strand. The antiparallel β-pleated sheet is more stable compared to the parallel 

sheet because more hydrogen bonds for the same number of amino acids are present. In most 

cases, there is a mixture of parallel and antiparallel strands, so that it is called a mixed 

β-pleated sheet. Often amino acids like isoleucine, valine or tyrosine can be found in the 
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β-pleated sheet secondary structure.[31,32]  

The tertiary structure do not follow any symmetry and represents the spatial arrangement of 

the secondary structure elements. The spatial folding of proteins is based on physical inter-

actions within the protein and between protein and solvent, so that a specific three-dimen-

sional folding pattern is induced. This includes electrostatic and hydrophobic interactions 

such as Van-der-Waals forces and intramolecular hydrogen bonds. Covalent bonds between 

amino acids within the sequence like disulfide bonds can additionally promote the stabiliza-

tion of the structure. A crucial aspect of protein folding is that the inner part of such investi-

gated structures only contains nonpolar sidechains while the surface consists of polar such 

as nonpolar side chains. This phenomenon is due to the aqueous environment and the asso-

ciated increase in hydrophobic interactions between non-polar side chains. The last and most 

complex structure level of proteins is the quaternary structure which occurs in proteins that 

are made up of several polypeptide chains that are able to be linked together. It is responsible 

for specific protein properties which means that little changes in the structure can cause sig-

nificant changes in the overall protein behavior. Examples for this are the regulation of ox-

ygen transport through hemoglobin and the control of catalytic enzyme activities.[31,32] 

1.2.2 Synthesis of Peptides 

In the human body, proteins are synthesized in cells via protein biosynthesis within a few 

seconds.[32] To synthetically acquire peptides, the solid-phase peptide synthesis, developed 

by R. B. Merryfield[37] is the state-of-the-art technique, whereby a specific peptide sequence 

is sequentially grown upon a stationary carrier material. The advantage of the solid-phase 

synthesis is that the entire peptide sequence is attached to the support material and is there-

fore immobilized, so that the reactants used in excess can be easily separated from the prod-

uct by simple washing steps.[38] These reactants entail the individual amino acids as building 

blocks of the peptide, as well as peptide coupling agents, such as carbodiimides or benzotri-

azole compounds, that drive the formation of new amide bonds. The direction of synthesis 

starts from the C-terminus of the peptide and grows further via N-terminal attachment of the 

next amino acid. To prevent unwanted side reactions, an appropriate use of protecting groups 

is crucial for solid-phase peptide synthesis. For this reason, amino acids with a N-terminal 

protecting group, typically a base-sensitive fluorenylmethoxycarbonyl (Fmoc) group, and 

nucleophilic side chain groups, such as the thiol group of cysteine or the amino group of 

lysine, are blocked as well. In the first step of the solid-phase peptide synthesis, the C-ter-

minal amino acid of the desired peptide must be attached to an insoluble resin or the resin 
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can be purchased commercially. This and the following steps of the solid-phase peptide syn-

thesis can be performed on-machine by a peptide synthesizer. At the beginning, the (pre-

loaded) resin must swell in a solvent to increase the diffusion of the reactants and to ensure 

access to the loaded areas inside the carrier material to achieve the highest possible conver-

sion.[37] Before the next amino acid can be attached, the protecting group at the N-terminus 

must be removed. The next building block of the peptide sequence is now attached to the 

free N-terminus of the immobilized amino acid. After the desired peptide sequence has been 

completely constructed, the final step is to cleave it off from the solid carrier material as well 

as to remove the side chain protecting groups, typically under acidic conditions. 

1.2.3 Depsipeptides 

Depsipeptides are a specific type of peptides which are defined as oligomers that contain 

other bifunctional acids (mostly hydroxy acids) next to amino acids.[39] While amino acids 

form amide bonds, ester bonds result from hydroxy acids. Naturally occurring depsipeptides 

have been the subject of extensive research due to their promising biological activities, in-

cluding anticancer, antifungal, anti-inflammatory, anticlotting or anti-atherogenic proper-

ties.[40] In most literature, depsipeptides are described as a linear sequence with a mixture of 

ester and amide bonds. Herein, the ester bond results from the side chain of serine which is 

linked with the C-terminus of another amino acid. This results in a branching of the previ-

ously linear peptide chain.[27] This type of depsipeptides were developed to facilitate the 

chemical synthesis and purification of long peptides circumventing aggregation phenomena. 

In order to subsequently achieve the desired target peptide, an O,N-acyl shift is necessary 

after deprotecting the amino group of the serine bearing the ester bond (Figure 1.6).[41]  

 

Figure 1.6: Conversion of a depsipeptide to a linear peptide through the removal of a N-terminal protecting 

group (R2) and a subsequent O,N-acyl shift. 

In this work, depsipeptides are used as non-assembling precursor molecules to build sophis-

ticated artificial structures in cells. For this purpose, the N-terminus of the ester-bearing ser-

ine is modified with a bio-responsive protecting group that can be removed via a specific 
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stimulus inside the cell. This hydrophilic moiety also serves the function of enabling cell 

penetration and preventing premature assembly.[27] 

1.3 Furin 

Enzymes are proteins that act as the catalysts of biological systems and since they can speed 

up reactions by decreasing the required activation energy. Besides their outstanding catalytic 

properties, they typically show a high specificity towards the substrate and the reaction they 

catalyze, such as the forming, the degradation and the remodeling of molecules which take 

place in the active center of the enzyme.[31,32]  

Furin is a serine endoprotease which means that it is able to hydrolyze specific amide bonds 

within a protein or peptide. The recognition sequence cleaved by furin contains the amino 

acid arginine in P1 as well as in P4 position (Figure 1.7, left).[42] The optimal cleavage se-

quence is Arg-X-Arg/Lys-Arg (with X as any amino acid) because of the nega-

tively-charged residues of the binding pockets in the active center of furin which results in a 

prioritization of amino acids with positive charged side chains like arginine or lysine.[43] 

 

Figure 1.7: Left: Optimal recognition sequence of the enzyme furin. (Arg = arginine, Lys = lysine, X, Z = any 

amino acids). Right: Overall structure of human unliganded furin (catalytic domains = gold, P-do-

mains = blue). The catalytic residues (cyan stick model), the substrate binding pockets (labeled S1–S5), and 

bound ions (Na+ (purple), Ca2+ (green)) are indicated.[44] 

Some conditions are necessary to reach the optimal enzyme activity for furin. This includes 

a pH range from 7 to 7.5 but more than 50% of the enzymatic activity remains between pH 5 

and 8, depending on the cleavable substrate.[42] In addition, furin is strictly calcium depend-

ent and needs a concentration of at least 1 mM calcium for full activity. This results from 

the two calcium binding pockets contained in the enzyme and additionally it was shown that 

a weak bond to potassium can be formed which results in an increasing activity with the 

presence of 20 mM potassium.[42,45] Within cells, furin is localized at the trans-Golgi net-

work, a late Golgi structure that is responsible for sorting secretory pathway proteins to their 
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final destinations.[46] Different cancer cell lines are also known to express high levels of furin 

making them interesting candidates for furin-related in vitro experiments. Several cell lines 

that were shown to exhibit furin overexpression via immunoblotting are HCT 116 cells, 

MDA-MB-468 cells and MDA-MB-231 cells.[47] For the cell studies in this thesis furin over-

expressing MDA-MB-231 breast cancer cells were used. 

1.4 Fluorescence and Fluorophores 

Fluorescence is a spontaneous emission of photons after a previous excitation with light. 

Because light is an electromagnetic wave, it is able to interact with electrons within mole-

cules, promoting them into an excited state. Depending on the multiplicity of the excited 

state, another luminescence process besides fluorescence is possible, namely phosphores-

cence. The former is a spin-allowed process which results in a rapidly photon emission with 

a typical fluorescence lifetime of 10 ns. Phosphorescence is a transition between a triplet 

excited state and a singlet ground state (or vice versa) and therefore spin-forbidden which 

results in phosphorescence lifetimes in the range of milliseconds to seconds.[48] To reach a 

triplet excited state, intersystem crossing is necessary which is an isoenergetic change be-

tween two states with different multiplicity, thereby populating a different vibrationally ex-

cited state. With a few rare exceptions, luminescence processes take place from the lowest 

vibrational level of S1 (Kasha rule) because of the more rapidly vibrational relaxation 

(10-12 s), called internal conversion which leads to a higher priority of this process. This also 

occurs when the photon returned to an excited vibrational level of the ground state and causes 

the emission spectrum to be a mirror image of the absorption spectrum of the S0     S1 tran-

sition.[49]    

To illustrate such molecular processes, occur in exited states, so-called Jablonski diagrams 

can be employed (Figure 1.8).[49] 
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Figure 1.8: Possible depiction of a Jablonski diagram. S0, S1, S2: singlet ground/excited states; T1: triplet excited 

state; 0, 1, 2: vibrational states within an electronic energy level. 

Fluorescent molecules can be made visible with confocal microscopes, especially structures 

within biological cells because the investigation with a traditional wide field microscope is 

disturbed by a high background attributed to the thickness of cells. The principle is that light 

from a point light source is focused on one point of the sample. Reflected light such as flu-

orescence photons from the radiated point are selected by a lens and focused onto a pinhole. 

Only light from the excitation focus can pass through the pinhole and reaches the detector 

which ensures a better signal-to-noise ratio. A full image can be received when fluorescence 

of many sample points is detected making confocal microscopy a scanning method.[50]  

1.4.1 Coumarin and Pyrene 

The two fluorophores employed in this work are coumarin and pyrene, more specifically the 

derivates coumarin-343 (C343) and 1-pyrenylacetic acid (Py-COOH) (Figure 1.9). Typical 

for fluorophores are several aromatic groups or other forms of conjugated π-systems which 

are responsible for the property to re-emit light after excitation. The absorbed wavelength, 

the energy transfer efficiency as well as the fluorescence lifetime of each fluorophore is 

influenced by the chemical structure and the environment such as the solvent or other mol-

ecules that can interact with the fluorophore in its excited state.[51]  

Often fluorophores are used as labels for bioactive agents like peptides, antibodies or nucleic 

acids and are linked to them via covalent bonds. This allows the application of analytical 

methods like fluorescence imaging or spectroscopy as part of biological experiments. 
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Figure 1.9: Chemical structures as well as absorption and emission spectra of the fluorophores coumarin-343 

(top)[52] and 1-pyrene acetic acid (bottom).[53] 

The absorption maximum of C343 in ethanol is situated at 443 nm[52] while pyrene in cyclo-

hexane shows more than one absorption maximum (335 nm, 272 nm and 241 nm) (Figure 

1.9). All absorption maxima of pyrene appear in combination with another peak of lower 

wavelength (320 nm, 262 nm and 232 nm).[53] The emission spectrum of C343 in ethanol 

shows also one maximum at 460 nm and is a mirror image of its absorption spectrum.[52] 

The emission spectrum of pyrene in cyclohexane shows a broad emission band at around 

380 nm with several maxima.[53] 
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2 Motivation and Aim 

The formation of supramolecular structures is fundamental for cellular life. Mimicking nat-

ural self-assembling structures via synthetic molecules has been a focus in research for the 

last few decades. One reason for this is that the in situ creation of synthetic structures inside 

cells circumvents the limitations of small molecule drugs regarding efflux-induced drug re-

sistance in cancer cells.[5] By using bio-responsive assembly precursors, intracellular triggers 

can be exploited to specifically control the self-assembly behavior within the dynamic cel-

lular environment. Targeted stimuli include changes in pH[20,54], or redox environment[23,27] 

as well as various enzymes[55] which are often characteristic for a certain subcellular loca-

tion. Recently, the Weil group developed a system for the controlled formation of peptide 

nanostructures inside living cells via a multistage reaction cascade exploiting the pH changes 

during endocytosis and the presence of ROS inside the cell.[27] In order to extend the toolbox 

of available bio-responsive systems for intracellular self-assembly it is crucial to explore 

various chemical and biological triggers inside the cell to advance molecular design con-

cepts. Due to their diverse functions and cellular localizations, enzymes are generally a 

promising option as intracellular stimuli for in situ structure formation, as they potentially 

allow for subcellular specificity of the assembly generation. Especially those enzymes that 

have a pathological relevance (e.g. enzymes which are overexpressed in certain cancers) 

represent interesting targets for biomedical application.  

The aim of this thesis is the development of an enzyme-responsive peptide nanomaterial for 

controlled intracellular self-assembly. More specifically, the objectives in this work include 

the synthesis, characterization and biological investigation of furin-responsive depsipeptides 

containing the furin-responsive cleavage motif (RVRR) (Figure 2.1). Due to the positively 

charged side chain groups of the arginine-rich enzyme-responsive sequence it also serves as 

a cell-penetrating moiety. The kinked ISA motif that is attached to the furin cleavage site is 

incapable of fiber formation prior to cell uptake and linearization and therefore serves as the 

pro-assembling unit in the precursor molecules. The aromatic group connected to the isoleu-

cine can fulfill multiple functions: firstly, aromatic units increase the propensity for self-as-

sembly in the aqueous cellular environment due to their π-π stacking ability. Secondly, they 

can contribute fluorescent properties to the molecule, thereby, enabling the investigation of 

intracellularly formed structures via confocal laser scanning microscopy. In this thesis dif-

ferent molecular design strategies are pursued regarding the aromatic head group of the pep-

tides. A previously examined combination of both Fmoc- and coumarin-343-functionalized 

peptides will be used which has been shown to successfully co-assemble inside and outside 
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the cell.[27] In this co-assembly system, the Fmoc-group provides a strong tendency for 

self-assembly, while the fluorophore coumarin-343 contributes the fluorescence to the pep-

tide nanostructures. Additionally, another system with pyrene as aromatic group will be syn-

thesized and investigated, as pyrene combines the properties of strong self-assembling be-

havior and an emission maximum at visible wavelengths in one compound (Figure 2.1).  

 

Figure 2.1: Chemical structures of furin-responsive depsipeptides with Fmoc (violet), coumarin-343 (tur-

quoise) and pyrene (blue) as aromatic residues. 

Generally, the chemical design of the herein presented furin-sensitive depsipeptides accounts 

for all necessary properties of nanomaterials capable of triggered structure formation inside 

cells: the ability to enter cells, the targeted bio-responsiveness and the self-assembling nature 

of the in situ formed monomers.[17] An overview of the intracellular behavior of the furin-re-

sponsive depsipeptides is given in Figure 2.2: firstly, the depsipeptides 3 enter the cell due 

to the cell-penetrating properties of the oligoarginine N-terminal sequence; secondly, the 

Golgi-associated enzyme furin cleaves the RVRR motif, thereby, deprotecting the amino 

group of the serine. Consequently, the free amino group of the depsipeptide 3.2 can perform 

a nucleophilic attack on the adjacent ester bond causing an O,N-acyl shift. This rearrange-

ment reaction results in the linearization of the peptides yielding the self-assembling tripep-

tide monomers 5.  
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Figure 2.2: Reaction cascade to induce self-assembly inside and outside cells. Depsipeptide 3 is uptaken by the 

cell due to the polar arginine’s (black) and subsequently cleaved by the enzyme furin resulting in peptide 3.2. 

The subsequent O,N-acyl shift linearizes the peptide, enabling it to self-assemble and generate supramolecular 

networks. 

To study the individual reaction steps outside the cell, commercial furin will be used to per-

form a kinetic analysis of the enzyme-induced transformation. For this reason, the cleavage 

and subsequent linearization of the depsipeptides in the presence of furin will be analyzed 

via analytical high performance liquid chromatography studies (HPLC). In addition, the lin-

ear peptides 5 will be synthesized in order to investigate their self-assembly behavior using 

various analytical methods. For instance, temperature-dependent nuclear magnetic reso-

nance (NMR) measurements will provide information about the π-π-stacking behavior of the 

aromatic fluorophores, while circular dichroisms (CD) studies will be performed at different 

temperatures, to obtain more information about the stability of the self-assembled structures. 
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In order to get an insight into the morphology of the peptide nanostructures, they will be 

visualized using transmission electron microscopy (TEM). This method will also be used to 

determine the critical fibrillation concentration, which is an important parameter for intra-

cellular self-assembly. Furthermore, the optical properties of coumarin-343 and py-

rene-modified peptides will be investigated using UV/VIS spectroscopy, looking into the 

effects of self-assembly on the spectra.  

Finally, cell uptake studies will be carried out in collaboration with Sarah Chagri to examine 

the intracellular accumulation, transformation and assembly of the furin-responsive dep-

sipeptides via confocal laser scanning microscopy. In addition, the cytotoxicity of the en-

zyme-responsive depsipeptides will be studied using a cell viability assay allowing the de-

termination of the half maximal inhibitory concentration (IC50). 

The experiments presented in this thesis were carried out under the supervision of Sarah 

Chagri and the synthetic procedures were partly based on her work. Therefore, the following 

results will be included in her dissertation. 
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3 Results and Discussion 

The following chapter describes the synthesis and characterization of the peptides used in 

this thesis. The depsipeptides 3/6 were synthesized by solid-phase peptide synthesis (SPPS) 

followed by the attachment of a N-terminally modified isoleucine 1 (Ile/I) at the unprotected 

serine side chain. For the linear peptide 5c, pyrene acetic acid was coupled to the free N-ter-

minus after the linear tripeptide ISA was synthesized via SPPS (Figure 3.1). The other linear 

peptides Fmoc-ISA 5a and C343-ISA 5b were previously synthesized by other people or 

purchased commercially. 

 

Figure 3.1: Chemical structures of the depsipeptides 3/6 and the linear peptide sequences 5. 

Furthermore, the enzymatic conversion and subsequent linearization of the depsipeptides 3/6 

in the presence of furin was investigated using high performance liquid chromatography 

(HPLC) studies. In addition, a detailed analysis of the peptide nanofibers, formed by the 

self-assembling linear peptides 5 was performed via transmission electron microscopy 

(TEM), circular dichroism (CD) and nuclear magnetic resonance (NMR) spectroscopy. 

Lastly, the depsipeptides 3/6 were used for cell uptake and cell viability studies to investigate 

the intracellular structure formation and the cytotoxicity of the peptide nanomaterials. 

3.1 Synthesis and Characterization of Peptides 

For this thesis, six different depsipeptides 3/6 were synthesized, as for each furin-sensitive 

depsipeptide a non-cleavable peptide with a scrambled version of the cleavage motif was 

required as a control compound. Therefore, two peptide sequences 2.1 and 2.2 were synthe-

sized via SPPS: the furin cleavable sequence (RVRRSA) and the non-cleavable control 
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sequence (RRRVSA) (Scheme 3.1). In the following, the sequence cleavable by furin is 

called “active sequence” 2.1 whilst the other one is named “scrambled sequence” 2.2. 

 

Scheme 3.1: Both synthesized peptide sequences. Left: active sequence 2.1 (RVRRSA), cleavable by furin. 

Right: scrambled sequence 2.2 (RRRVSA), not cleavable by furin. 

The acetyl protecting group at the N-terminal arginine can be introduced into the peptide 

sequences in two ways. On the one hand, Fmoc-Arg(Pbf) can be used so that the N-terminus 

of the peptide sequence (RVRRSA/RRRVSA), synthesized via SPPS, is free after a final 

Fmoc deprotection step. Subsequently, the acetyl protecting group can then be introduced 

by an amide coupling with acetic acid. In the second and less complex method, Ac-Arg(Pbf) 

is used in the SPPS, so that a subsequent synthesis step is not necessary.   

Using serine with an unprotected side chain, allows the synthesis of a depsipeptide while the 

peptide is still connected to the solid-phase. The aromatic compounds (C343, Py-COOH) 

were each coupled with isoleucine (Scheme 3.2) to generate the fluorescently labeled iso-

leucine derivates 1b and 1c that could then be introduced to the peptide via Steglich esteri-

fication on the serine side chain.  

 

Scheme 3.2: Synthesis scheme of C343-Ile 1b and Py-Ile 1c at the solid-phase and in solution. 
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C343-Ile 1b was synthesized via two different methods, at the solid-phase and in solution. 

For the first variant, the base labile Fmoc group of isoleucine loaded Wang resin was re-

moved by using piperidine (20 %) in DMF. Then the free amine was coupled with the car-

boxylic acid group of C343 using the peptide coupling reagent benzotriazol-1-yloxytripyr-

rolidinophosphonium hexafluorophosphate (PyBOP) and the base diisopropylethylamine 

(DIPEA). In a last step, the compound had to be removed from the solid support material by 

adding an acidic cleavage solution consisting of trifluoroacetic acid (TFA), triiso-

propylsilane (TIPS) and H2O. After removal of the cleavage solution, the crude product was 

purified via flash column chromatography yielding C343-Ile (quant. yield).  

 

Figure 3.2: 1H-NMR spectra of C343-Ile 1b (top, DMF-d7, 500 MHz, 298 K) and Py-Ile-tBuO (bottom, 

DMF-d7, 400 MHz, 298 K). 
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As the free carboxylic acid of C343-Ile made the purification via flash column chromatogra-

phy quite difficult, the next synthesis attempts of C343-Ile 1b and also of Py-Ile 1c were 

performed in solution with an at the C-terminus tBu-blocked isoleucine as starting material 

which offered the possibility to remove this protecting group after the purification step 

(Scheme 3.2, second row). The coupling step was performed analogous to the solid-phase 

synthesis with the peptide coupling reagent PyBOP and the base DIPEA. Both tBu-protected 

C343-Ile and Py-Ile were obtained in good yields (yields: C343-Ile-tBuO: 91 %, 

Py-Ile-tBuO: 89 %). The cleavage of the C-terminal tBu-group with TFA in dichloromethane 

(DCM) was a quantitative reaction and the final products 1b and 1c were filtered over silica 

gel with pure ethyl acetate to remove TFA.  

To obtain the final depsipeptides 3/6, the isoleucine derivates Fmoc-Ile 1a, C343-Ile 1b and 

Py-Ile 1c were reacted with the unprotected serine side chain of the linear peptide se-

quences 2 via Steglich esterification using 4-(dimethylamino)pyridine (DMAP) and DIC as 

reagents (Scheme 3.3).  

 

Scheme 3.3: Synthesis scheme of the final synthesis step of the depsipeptides 3/6 and subsequent cleavage 

from the resin. 

For the synthesis of the pyrene modified depsipeptides 3c/6c a better conversion was ob-

served when using DCM instead of DMF as a solvent which could be attributed to the en-

hanced solubility of Py-Ile 1c in DCM. In a last step the depsipeptides 3/6 were cleaved from 

the solid-phase using TFA, TIPS and H2O as described above. The peptides were precipi-

tated in ice cold diethyl ether and purified via preparative HPLC (yields: see Scheme 3.3). 



Results and Discussion 

23 

The MALDI-TOF spectra and the analytical HPLC traces show that the purification was 

successful and the pure products 3/6 were obtained (Figure 3.3). 

 

Figure 3.3: MALDI-TOF spectra and HPLC traces of the synthesized with Fmoc-, C343- and pyrene-modified 

depsipeptides 3 and 6. 

To investigate the self-assembly behavior outside the cell, it was necessary to synthesize the 

linearized peptides 5 which result from the enzyme cleavage and the subsequent O,N-acyl 

shift starting from the depsipeptides 3. As described above Fmoc-ISA 5a and C343-ISA 5b 

were received otherwise and only Py-ISA 5c was self-synthesized (Scheme 3.4).  
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Scheme 3.4: Synthesis scheme of the linear pyrene-modified peptide 5c and subsequent cleavage from the 

resin. 

The peptide sequence ISA 4 was synthesized via SPPS. For the attachment of Py-COOH to 

the N-terminus of ISA 4, the coupling reagent PyBOP and the base DIPEA were used. The 

final linear peptide 5c was removed from the resin by using a cleavage solution of TFA, 

TIPS and H2O, then precipitated in ice cold diethyl ether and purified via preparative HPLC 

(yield: 10 %).  

 

Figure 3.4: 1H-NMR spectrum of Py-ISA 5c (DMSO-d6, 850 MHz, 298 K). 
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3.2 Analysis of Enzymatic Conversion 

Next, the enzyme-responsiveness of the three furin-sensitive depsipeptides 3 was analyzed. 

The non-cleavable scrambled depsipeptides 6 served as controls. Using commercially avail-

able furin and a HPLC setup, the conversion of the depsipeptides by the protease was inves-

tigated.  

 

Scheme 3.5: Cleavage of depsipeptides 3 by the enzyme furin at the RVRR cleavage site and a subsequent 

O,N-acyl shift to get the linearized peptides 5. 

For the analysis, the compounds were each dissolved at a concentration of 100 µM in a buff-

ered solution (pH 7.4) prepared from 2-(4-(2-hydroxyethyl)-1-piperazinyl)-ethanesulfone 

acid (HEPES) (100 mM), CaCl2 (1 mM) and tris(2-carboxyethyl)phosphine (TCEP) 

(1 mM). The commercial furin (2 µg) was added to the mixture and the samples were incu-

bated at 37 °C. At different timepoints, samples of the mixtures were taken out and methanol 

was added to precipitate the enzyme and to stop the enzymatic reaction. After centrifugation 

of the samples, they were injected into an analytical HPLC to analyze the progression of the 

enzymatic cleavage and the subsequent formation of the linearized peptides 5 over time 

(Scheme 3.5). In Figure 3.5 the HPLC traces of the analysis of the pyrene-modified active 

depsipeptide 3c and its scrambled control depsipeptide 6c are shown. 
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Figure 3.5: Left: HPLC traces of furin (c = 25.6 nM) induced removal of the RVRR cleavage site to get 3.2c 

and linearization to 5c and its reference spectrum (blue, second row). HPLC trace without furin (blue, first 

row) to show the stability of 3c in HEPES buffer solution. Right: HPLC traces to show the stability of 6c in 

the presence (c = 21.4 nM) and absence (blue) of furin in HEPES buffer solution.  

The HPLC traces shown in Figure 3.5 (left) indicate a cleavage of the depsipeptide 3c by 

furin as the peak of the starting material 3c (RT = 13.1 min) decreased significantly over 

time. After an incubation time of 30 min, two new signals 3.2c (RT = 14.8 min) and the 

product of the O,N-acyl shift, the linearized peptide 5c (RT = 15.6 min) were observed. 

While the peak of the cleaved depsipeptide 3.2c also decreases over time due to the rear-

rangement of the free depsipeptide, the peak of the final linearized peptide 5c increases. 

After 6 h of incubation with furin the conversion of the depsipeptide 3c into the linear 

Py-ISA 5c was at 64 %. For the sample without furin only one peak in the HPLC trace is 

visible showing the overall stability of the depsipeptide 3c in the buffer solution.   

The control experiment performed with the scrambled depsipeptide 6c showed no conver-

sion, as only the peak of the starting material (RT = 13.2 min) was observed in the HPLC 

traces throughout the 6 h incubation time (Figure 3.5, right). This result showcased the sta-

bility of the depsipeptide 6c with the non-cleavable scrambled RRRV sequence in the pres-

ence of furin making it a suitable control substance for further biological studies.  

Similar experiments were performed for the Fmoc-modified depsipeptides 3a/6a 

(RT = 12.7 min, 13.1 min) (Figure 3.6) and the C343-modified depsipeptides 3b/6b 

(RT = 12.8 min, 13.0 min) (Figure 3.7). The depsipeptides 3a and 3b containing the RVRR 

motif showed a comparable susceptibility to enzymatic conversion by furin as the py-

rene-modified depsipeptide 3c: 81 % of the Fmoc-substituted depsipeptide 3a was enzymat-

ically converted to the linearized Fmoc-ISA 5a (RT = 15.5 min) after 6 h (89 % after 8 h) 
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(Figure 3.6) and 61 % of the C343-substituted depsipeptide 3b was converted to the linear-

ized C343-ISA 5b (RT = 15.2 min) after 6 h (Figure 3.7).     

 

Figure 3.6: Left: HPLC traces of furin (c = 14.7 nM) induced removal of the RVRR cleavage site to get 3.2a 

and linearization to 5a and its reference spectrum (violet, second row). HPLC trace without furin to show the 

stability of 3a in HEPES buffer solution (violet, first row). Right: HPLC traces to show the stability of 6a in 

the presence (c = 19.8 nM) and absence (violet) of furin in HEPES buffer solution. 

Based on these observations it could be concluded that the Fmoc- and C343-modified dep-

sipeptides 3a/b containing the RVRR motif can be cleaved in the presence of furin and can 

subsequently rearrange via O,N-acyl shift yielding the final linear peptide monomers 5a/b. 

As for the control depsipeptides 6a/b with the scrambled RRRV motif, no conversion by the 

enzyme was detected (Figure 3.6, Figure 3.7). 

 

Figure 3.7: Left: HPLC traces of furin (c = 15.0 nM) induced removal of the RVRR cleavage site to get 3.2b 

and linearization to 5b and its reference spectrum (turquoise, second row). HPLC spectrum without furin to 

show the stability of 3b in HEPES buffer solution (turquoise, first row). Right: HPLC traces to show the 

stability of 6b in the presence (c = 23.8 nM) and absence (turquoise) of furin in HEPES buffer solution. 
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As a proof-of-concept experiment the HPLC study of the enzymatic conversion of depsipep-

tides demonstrated that furin can cleave the unnatural substrates containing the RVRR cleav-

age motif despite their branched structure and the large aromatic group bound to isoleucine. 

This is an important finding since enzyme-responsiveness of the depsipeptides 3 is crucial 

for their intracellular transformation.  

3.3 Analysis of Self-Assembly Behavior 

The self-assembly behavior was investigated via different methods, namely TEM, UV/VIS 

and CD spectroscopy as well as temperature-dependent NMR experiments. Because of the 

previous published work[27] in which the linear peptide sequences Fmoc-ISA 5a and 

C343-ISA 5b were analyzed in detail, the focus in the following sections was placed on the 

linear Py-ISA 5c.  

3.3.1 TEM Analysis 

Samples of the linear peptide 5c with varying concentrations were prepared to determine the 

critical fibrillation concentration (Figure 3.8), as this parameter is important to determine the 

materials suitability for intracellular self-assembly.  

 

Figure 3.8: TEM images of Py-ISA 5c at different concentrations in 9:1 PBS/DMSO (pH 7.4). 

Scale bars = 250 nm. 
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All samples were made by preparing a DMSO stock solution of the linear peptide and dilut-

ing it with phosphate-buffered saline (PBS) in a 1:9 ratio. After 24 h incubation time at room 

temperature, the sample solutions were applied to freshly etched Formvar/carbon coated 

copper grids.  

The TEM images show the self-assembling capability of the linear peptide Py-ISA 5c. At 

concentrations of 100 µM and higher long peptide fibers can be observed that create bundles 

(Figure 3.8, top), while at a concentration of 75 µM only amorphous aggregates are visible 

(Figure 3.8, bottom). As the single fibers are twisted into each other, this results in strands 

up to a thickness of approximately 150 nm. The length of the fibers cannot be determined 

because they extend beyond the edge of the images. In future experiments, concentrations 

between 75 µM and 100 µM could be investigated to determine the critical fibrillation con-

centration more accurately. Nevertheless, these preliminary results already suggest that the 

material is suited for intracellular assembly formation, as it does not require extensive 

amounts of peptide to form orders structures.   

To check that the depsipeptides do not self-assemble and form fibers before furin cleavage 

and linearization takes place, TEM studies of the pyrene-modified active depsipeptide 3c 

were performed (Figure 3.9). 

 

Figure 3.9: TEM images of RVRR(Depsi-Py-I)SA 3c at a concentration of c = 250 µM in 9:1 PBS/DMSO 

(pH 7.4). Scale bars = 250 nm. 

The TEM images of RVRR(Depsi-Py-I)SA 3c show no fibers which proves that there is no 

self-assembling behavior of the enzyme-responsive precursor that is comparable to the linear 

fibrillating Py-ISA 5c. 

3.3.2 UV/VIS Spectroscopy 

Using absorbance and fluorescence measurements the optical properties of Py-ISA 5c above 

and below the critical fibrillation concentration were investigated. Additionally, solvent 
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effects were studied by varying the ratio of DMSO and PBS in the samples. For the concen-

tration-dependent measurements samples with concentrations of 1mM, 100 µM and 10 µM 

of the linear peptide 5c in PBS/DMSO 9:1 were prepared and subsequently analyzed (Figure 

3.10). In addition, Py-COOH was also examined regarding its optical properties because this 

compound is well-known in literature[56] and can be used as a reference compound to identify 

characteristic signals of the pyrene unit. 

 

Figure 3.10: Absorption (a) and emission spectra of Py-ISA 5c (b) and Py-COOH (c) with different concen-

trations in PBS/DMSO 9:1.  

The optical spectra of the samples with varying concentrations of Py-ISA 5c only differ in 

the intensity of the signals but they all show similar absorbance and fluorescent fingerprints. 

The strong increase of the absorption intensity signals when increasing the concentration of 

5c from 10 µM to 100 µM could result from enhanced exciton migration in the closely 

packed pyrene cores[57] and indicates self-assembly of 5c at higher concentration. This is in 

line with the results of the TEM studies (Figure 3.8) which showed the formation of peptide 

nanofibers at a concentration of 100 µM.  

 The linear peptide 5c has two high energy absorption bands with vibronic features at 343 nm 

and 327 nm which can assigned to the π-π*-transitions of the pyrene group. The spectrum of 
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the 1 mM sample does not have a high resolution and just one broad absorption band around 

335 nm is visible which could also result from stacked pyrene groups. The emission spectra 

are vertically mirrored to the absorption spectra and also show two maxima at 396 nm and 

377 nm after an excitation at 340 nm. Here, the sample with the highest concentration 

(1 mM) show the lowest fluorescence intensity signals. Normally, pyrene forms complexes 

with itself which can be seen in the emission spectrum of Py-COOH with a broad emission 

band at around 470 nm.[49] The relative intensity of the excited-state dimer (excimer) peak 

is proportional to the concentration of pyrene and is slightly visible at 1 mM (Figure 3.10, 

bottom, black curve) and more intense at 10 mM (green curve). Py-ISA 5c do not display 

this excimer peak at 470 nm. This could be due to the analyzed concentrations being to low 

to observe this phenomenon. Besides, it is possible that the chemical environment of the 

pyrene moiety, namely the peptide sequence ISA, disturbs the complex formation between 

the aromatic units via steric hindrance, for instance, caused by the branched isoleucine side 

chain.  

In another experiment the effect of the solvent, more specifically the ratio of DMSO to PBS, 

on the optical properties of 5c was investigated. (Figure 3.11). For this purpose, samples 

with a constant peptide concentration (c = 100 µM) and varying ratios of PBS/DMSO were 

prepared and analyzed via UV/VIS spectroscopy.  

 

Figure 3.11: Top: Absorption (left) and emission (right) spectra of Py-ISA 5c (c = 100 µM) with different 

ratios of PBS/DMSO. Bottom: TEM images of Py-ISA 5c (c = 100 µM) with two different ratios of 

PBS/DMSO. 
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In both, the absorbance and the emission spectrum, a bathochromic shift could be observed 

when the PBS/DMSO ratio decreased and more DMSO was present in the sample (Figure 

3.11, top). The red shift was more pronounced in the absorption spectra. This data was com-

pared with TEM images that were taken to investigate the impact of changing the ratio of 

PBS/DMSO on the structure formation (Figure 3.11, bottom). At a 9:1-ratio of PBS/DMSO 

the TEM image shows fiber formation of Py-ISA 5c, while at an 1:6-ratio of PBS/DMSO 

(86 % DMSO) only aggregates are formed. This indicates that the bathochromic shift in the 

optical spectroscopic measurements potentially marks the ratio of PBS/DMSO that is no 

longer suited for the fibrillar structure formation of Py-ISA 5c. Nonetheless, also the effect 

of the solvent can play a role in the shifted spectra because in the concentration dependent 

measurements no shift was observed (Figure 3.10). 

3.3.3 CD Spectroscopy 

To further investigate the structure formation and the secondary structure of Py-ISA 5c and 

to compare it to RVRR(Depsi-Py-I)SA 3c, CD spectroscopy experiments were performed 

(Figure 3.12). The spectra were measured in Milli-Q water and phosphate buffer without 

sodium or potassium salts (PB, 10 mM). 

 

Figure 3.12: CD spectra (left) and absorption spectra (right) of Py-ISA 5c (c = 100 µM) in phosphate buffer 

(PB, 10 mM) (turquoise curves) and Milli-Q (black curves) and RVRR(Depsi-Py-I)SA 3c (c = 100 µM) in 

phosphate buffer (PB, 10 mM) (blue curves). 

The CD spectrum of Py-ISA 5c in PB showed a minimum at 191 nm which indicated a ran-

dom coil secondary structure[58] and corresponds to the hydrogen bond interactions of the 

peptide backbone (Figure 3.12, left, turquoise line).[59,60] Two maxima were observed at 

206 nm and 233 nm which can be attributed to n-π* transitions. In addition, a cotton effect 

with four positive maxima at 278 nm, 290 nm, 334 nm and 355 nm appears which can be 

assigned to the π-π* transitions of the aromatic pyrene groups, demonstrating the importance 
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of them in the self-assembly process.[27] The cotton effect is the characteristic change in 

circular dichroism near an absorption band of a molecule (compare Figure 3.12, right).[61] In 

contrast to the spectra of the linear peptide 5c, the CD spectrum of the furin-responsive dep-

sipeptide 3c in PB did not show obvious CD signals above 200 nm (Figure 3.12, left, blue 

line). Around 200 nm a minimum was observed indicating a random coil secondary struc-

ture. Interestingly, Py-ISA 5c in Milli-Q water did not show any signals within the hole 

wavelength area which could indicate that self-assembly heavily depends on the solute-sol-

vent interactions and the ionic strength of the solvent. Additional ions might increase the 

polarity which results in a stronger hydrophobic effect causing more non-covalent interac-

tions between the aromatic units.[62]  

Another CD experiment was performed to examine the stability of the Py-ISA 5c fibers at 

higher temperatures. For this reason, the temperature of the sample was increased in ten-de-

gree steps, starting at 20 °C and ending at 80 °C (Figure 3.13) and decreased in a similar 

fashion back to the starting temperature. The effects of the temperature of the self-assembly 

behavior were additionally visualized by TEM images. 

 

Figure 3.13: Temperature dependent CD spectra of Py-ISA 5c (c = 100 µM) in PB and respective TEM images 

at room temperature (left) and 80 °C → room temperature (right). 

An increase of ten degrees caused signal intensity losses resulting in a complete vanishing 

of the maxima above 200 nm at 50 °C. Instead, the CD spectra measured at 50 °C or higher 

showed a distinct random coil structure indicating that above 50 °C the secondary structure 

of Py-ISA 5c is disrupted. After cooling the sample back down to 20 °C the CD spectrum 

did not display similar signals as the one of the unheated sample which could hint at a loss 

of superstructures due to the heating and cooling cycle. To visualize potential morphological 

changes caused by heat, a TEM study after incubating Py-ISA 5c for 24 h at 80 °C was 

performed (Figure 3.13, right). The TEM image shows a clear change in morphology, since 
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the sample with the linear peptide that underwent heating and cooling did not display any 

bundled nanofibers anymore but instead showed a network of individual thin fibers. 

3.3.4 NMR Spectroscopy 

The temperature-dependent self-assembly behavior of Py-ISA 5c was further investigated 

on a molecular level by 1H-NMR spectroscopy (Figure 3.14). For a better comparison with 

the previously performed CD experiments, the same solvent conditions were used but with 

deuterated solvents instead (PB/DMSO-d6 9:1). The concentration of the peptide 5c for the 

NMR experiment was at 804 µM (0.43 mg/ml) and thus higher than in the other analytical 

methods. However, this was necessary to acquire adequate NMR signals. In this experiment, 

the temperature was increased in five-degree steps from 25 °C to 80 °C. After cooling down, 

the sample was measured again at 25 °C (Figure 3.14). 

 

Figure 3.14: Temperature-dependent 1H-NMR spectra of Py-ISA 5c (0.43 mg/ml) in PB/DMSO-d6 9:1. 

At 25 °C no signals, in both aromatic and aliphatic region, belonging to Py-ISA 5c were 

visible which indicates the self-assembly of the linear peptide. Increasing the temperature 

led to the appearance of signals at 35 °C and grew more intense up until 75 °C. These obser-

vations suggest that the self-assembled structures disassemble at elevated temperatures and 

that Py-ISA 5c is then present as a monomer. After the sample was cooled back to 25 °C, 

the signals in the 1H-NMR spectrum disappeared again suggesting that supramolecular 

nanostructures are formed once more. These results are in line with the data acquired from 

temperature-dependent CD measurements and TEM studies that indicate a change in sec-

ondary structure and morphology upon heating (Figure 3.13).  
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3.4 Cell Uptake Studies and Intracellular Structure Formation 

To analyze the intracellular behavior and the cytotoxicity of the furin-responsive depsipep-

tides, various experiments were performed in collaboration with Sarah Chagri who carried 

out the culturing, treatment and analysis of the cells.     

 

Figure 3.15: Confocal laser scanning micrographs of MDA-MB-231 cells treated for 24 h with furin-sensitive 

depsipeptide 3c (2nd row, c = 100 µM, 3rd row, c = 250 µM) and non-cleavable control depsipeptide 6c (4th row, 

c = 250 µM) to show cellular uptake and intracellular structure formation. Scale bars: 25 µm. 

The cellular uptake of the furin-sensitive depsipeptides 3 and the subsequent intracellular 

structure formation of the linearized peptides 5 as a result of furin-induced cleavage was 

investigated. As a control substance the non-cleavable scrambled depsipeptides 6 were 



Results and Discussion 

36 

employed which were expected to only show cellular uptake but no further enzymatic con-

version as demonstrated via HPLC analysis in the presence of furin (chapter 3.2). For the 

cell experiments the breast cancer cell line MDA-MB-231 was used which has been shown 

to exhibit an increased furin expression.[47] First, the pyrene-modified depsipeptides 3c/6c 

were tested (Figure 3.15) at concentrations of 100 µM (3c) and 250 µM (3c/6c) which are 

necessary to surpass the critical fibrillation concentration.  

The confocal microscopy images show cellular uptake of both pyrene-modified depsipep-

tides 3c (RVRR motif) and 6c (scrambled RRRV motif) but the intracellular fluorescence 

signal was significantly higher for the samples treated with the furin-sensitive peptide se-

quence 3c. This suggests that the enzymatic conversion and subsequent intracellular struc-

ture formation and aggregation of the linearized peptide 5c in these samples caused an ac-

cumulation of the fluorescent peptide inside the cells. In contrast to that, the non-cleavable 

depsipeptide 6c would have a much lower tendency to aggregate due to electrostatic repul-

sion of the arginine side chains and would therefore still be able to leave the cell in a non-as-

sembled state. This hypothesis is further supported by the lack of defined structures formed 

by 6c inside cells. This lower accumulation tendency of 6c could be the reason for its lower 

intracellular fluorescence signal compared to the cells treated with 3c. This finding under-

lines the importance of in situ supramolecular structure formation for the retainment of syn-

thetic material inside cells. For additional proof that the linearized Py-ISA 5c was formed 

inside the cells treated with the furin-sensitive depsipeptide 3c, the cell lysate was analyzed 

by analytical HPLC (Figure 3.16). 

 

Figure 3.16: HPLC traces of reference compounds 3c, 5c and 6c (turquoise and blue), and of the cell lysates of 

the cells treated with either cleavable depsipeptide 3c or non-cleavable control depsipeptide 6c (black) (detec-

tion at 340 nm). 
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The HPLC trace of the lysate of cells treated with the active depsipeptide 3c shows both the 

peak of the starting material and of the linearized Py-ISA 5c as confirmed via MALDI-TOF 

measurements (Figure 8.22, Figure 8.23, Figure 8.24, see attachment). These results indicate 

at least a partial conversion of the furin-sensitive depsipeptide 3c by intracellular furin inside 

MDA-MB-231 cells in contrast to the control depsipeptide 6c with the scrambled sequence 

that could not be removed by the enzyme.   

Besides the nucleus, the Golgi apparatus was also stained in additional cell studies (Figure 

3.17, yellow) to check if the pyrene fluorescence signal was concentrated near the organelle 

where furin is mainly located. For this reason, a commercial Golgi stain was used before 

doing the confocal imaging (BODIPYTM FL C5-ceramide stain, complexed to bovine serum 

albumin). 

 

Figure 3.17: Confocal laser scanning micrographs of MDA-MB-231 cells treated for 24 h with depsipeptide 3c 

(2nd row, c = 250 µM) and depsipeptide 6c (3rd row, c = 250 µM) to show cellular uptake and intracellular 

structure formation. HCS NuclearMask Deep Red (red) and BODIPYTM FL C5-ceramide, complexed to BSA 

Golgi stain (yellow). Scale bars: 25 µm. 

The Pearson’s correlation coefficient was calculated to 0.59 for depsipeptide 3c. Compared 

with the literature the result does indicate just a weak Golgi affinity.[63] For the scrambled 
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depsipeptide 6c the value is less lower with 0.54 probably due to the possibility to diffuse 

away from the furin location and by possibly crossing the cell membrane again. In addition, 

the structures look more amorphous and less fiber-like as in the previous cell experiment 

which perhaps can result from the Golgi stain. In further experiments the concentration of 

the Golgi apparatus stain should be decreased for a less competitive fluorescence signal 

compared to pyrene luminescence. In addition, parallel it could prepare samples with just a 

stained nucleus in the same experiment to check if the Golgi stain disturbs the fiber for-

mation.  

MDA-MB-231 cells were also treated with the Fmoc- and C343-modified depsipeptides 

3a/3b (5:1) to investigate their cell uptake and intracellular structure formation (Figure 3.18). 

For this experiment, the incubation time was 14 h which was sufficient because of the higher 

fluorescence intensity of C343 in comparison to pyrene which facilitated the detection.  

 

Figure 3.18: Confocal laser scanning micrographs of MDA-MB-231 cells treated for 14 h with depsipep-

tides 3a/3b 5:1 (2nd row, c = 100 µM) and depsipeptide 6a/6b 5:1 (3rd row, c = 100 µM) to show cellular uptake 

and intracellular structure formation. HCS NuclearMask Deep Red (red). Scale bars: 25 µm. 
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Analogous to the pyrene-modified depsipeptides 3c/6c both the active and the scrambled 

peptides 3a/b and 6a/b show cellular uptake but with a significantly higher fluorescence 

signal in the cells treated with the enzyme-responsive molecules 3a/b (Figure 3.18, middle 

row) which again suggests enzymatic conversion and subsequent intracellular co-assembly 

and accumulation of the linearized peptides 5a/b. 

3.5 Cell Viability  

The cytotoxicity of the pyrene-modified depsipeptides 3c/6c was investigated using a cell 

viability assay (Figure 3.19). MDA-MB-231 cells were treated for 24 h with different con-

centrations of the furin-responsive 3c and the scrambled control depsipeptide 6c and subse-

quently analyzed. 

 

Figure 3.19: Cell viability of MDA-MB-231 cells treated for 24 h with different concentrations of depsipep-

tides 3c/6c. 

The cell viability after 24 h of incubation was similar for the active 3c and scrambled dep-

sipeptide 6c for concentrations up to 250 µM. However, at 500 µM a strong difference in 

cell viability were observed between the two materials with the depsipeptide 6c being sig-

nificantly more toxic. This is an interesting observation since it suggests that the intracellular 

conversion of the furin-responsive depsipeptide 3c decreases its toxicity compared to the 

non-cleavable control peptide 6c. For 3c the IC50 (half maximal inhibitory concentration) is 

578 µM and for 6c 322 µM. However, more measurements should be made in the future to 

reduce the error of the calculated IC50 values. Regarding the role of the intracellular 
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self-assembly, it is important to note that the furin-sensitive depsipeptide 3c caused the for-

mation of fluorescent intracellular nanostructures at a concentration of 100 µM that could 

be observed via confocal microscopy. However, at this sample concentration the 

MDA-MB-231 cells still displayed 87 % viability. While other peptide materials for intra-

cellular self-assembly have been shown to be significantly more toxic[27,60] making them 

interesting for a therapeutic application. The low cytotoxicity of the furin-responsive dep-

sipeptide 3c offers a new possibility to build synthetic structures inside cells without directly 

causing a cell death.  
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4 Conclusion and Outlook 

In this thesis, an enzyme-responsive material was developed to achieve the controlled for-

mation of intracellular nanostructures triggered by the protease furin. For this purpose, three 

different furin-responsive depsipeptides 3 were synthesized which were either Fmoc- (3a), 

C343- (3b) or pyrene-substituted (3c). As non-cleavable control compounds, the scrambled 

counterparts 6 were synthesized, also by using solid-phase peptide synthesis and by attach-

ing Fmoc-, C343- or pyrene-modified isoleucine at the free hydroxy group of serine via a 

Steglich esterification. For the additional investigation of the self-assembling behavior of the 

linearized version of the peptides, the respective linear peptides 5 were also obtained.   

Using commercial furin in buffered solution, the cleavage of the active depsipeptides 3 

downstream of the RVRR motif and the subsequent O,N-acyl shift of the free depsipeptides 

could be shown successfully via HPLC analysis. Furthermore, the stability of the depsipep-

tides 6 with a non-cleavable RRRV motif in the presence of the enzyme could be demon-

strated as well.  

Using the linear pyrene-modified peptide 5c the self-assembling behavior was investigated 

with different analytical methods. This included TEM studies to visualize the morphology 

of the formed supramolecular structures. At concentrations from 100 µM and higher, long 

twisted peptide fibers resulting in strands up to a thickness of approximately 150 nm were 

observed. At a concentration of 75 µM, only amorphous aggregates could be observed. Fur-

ther investigation of the peptide nanofibers, formed by the linear peptide 5c was performed 

by CD spectroscopy. The signals in the recorded spectra are in line with the TEM images, 

indicating the formation of supramolecular structures. In addition, it could also be shown 

that the branched pyrene-modified depsipeptide 3c do not form any ordered structures, which 

proves that there is no self-assembling behavior of the enzyme-responsive precursor that is 

comparable to the linear fibrillating Py-ISA 5c. The stability of the self-assembling struc-

tures as well as the behavior of the π-π-stacking of the aromatic fluorophores was investi-

gated via temperature-dependent CD and 1H-NMR studies. The results showed changes in 

the self-assembly and π-π-stacking behavior at temperatures around 40 °C. Morphological 

changes of the fibrillating linear peptide 5c caused by heat could be made visible with TEM 

studies where no bundled nanofibers were displayed after an incubation time at 80 °C any-

more but instead showed a network of individual thin fibers. In addition, optical properties 

of the pyrene-modified linear peptide 5c were investigated by UV/VIS spectroscopy. 

Changes in concentrations above and below the critical fibrillation concentration show dif-

ferences in the signal intensity providing further hints towards self-assembly of 5c.   



Conclusion and Outlook 

42 

Finally, MDA-MB-231 cells which show an increased furin expression[47] were each treated 

with depsipeptide 3c or 6c and analyzed using confocal laser scanning fluorescence micros-

copy. After an incubation time of 24 h, fiber-like structures were observed in the cells treated 

with the furin-responsive pyrene-modified depsipeptide 3c. The cell lysate was subjected to 

HPLC analysis, which confirmed the presence of the linearized peptide 5c. In comparison, 

the non-cleavable depsipeptide 6c had a weaker fluorescence intensity signal inside cells and 

did not show obvious structure formation. In order to examine whether there is a localization 

of the fibers within the cell at the Golgi apparatus, where furin is mainly found, co-staining 

experiments were performed. However, experimental conditions including the concentration 

of the stain need to be optimized, as it has not yet been possible to make a precise statement 

about the localization of the fluorescent nanostructures. Lastly, the cytotoxicity of the dep-

sipeptides 3c/6c was investigated, showing a lower cytotoxicity of the compounds compared 

to other already known materials that are able to form sophisticated structures within 

cells.[27,60] Interestingly, the furin-responsive depsipeptide 3c displays a weaker toxicity that 

its non-cleavable control molecule 6c (IC50 (3c) = 578 µM, IC50 (6c) = 322 µM).    

In summary, it could be shown that the synthesized active depsipeptides 3 are suitable for 

intracellular self-assembly and are only activated inside the cell due to the furin-responsive 

cleavage site (RVRR), allowing the control of assembly formation. The comparatively low 

cytotoxicity also opens up the possibility of building supramolecular structures in the cell 

without triggering directly cell death.   

A further aim of this project could be the controlled disassembly of these architectures, for 

example, via an intracellular click reaction with a highly polar compound on the surface of 

the assemblies (Figure 4.1). To realize this idea, preliminary experiments were performed as 

a proof of concept. First, an azido group was introduced to the free C-terminus of the linear 

pyrene-modified peptide 5c to generate a self-assembling peptide monomer with a clickable 

group. As a hydrophilic click partner, a tetraarginine sequence was prepared and linked to 

dibenzocyclooctine (DBCO) at the N-terminus. After a successful click reaction, the polar 

tetraarginine sequence should disrupt the assemblies of the linear pyrene-modified peptide 

due to electrostatic repulsion of the positively charged arginine’s. The strain-promoted al-

kyne-azide cycloaddition (SPAAC) has already been successfully performed in cells. These 

reactions are fully biocompatible, and they proceed at physiological conditions without the 

addition of any potentially toxic catalyst,[64] such as copper which is often used for the acti-

vation of click reactions.  
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Figure 4.1: Schematic representation of click-induced disassembly of synthetic structures inside cells. The 

tetraarginine sequence connected with DBCO is uptaken by the cell after synthetic nanostructures were formed 

via enzyme-responsive transformation of an assembly precursor. The click reaction between DBCO and the 

C-terminal azide at the self-assembled structures changes the hydrophobicity of the peptide monomers result-

ing in the disassembly of the intracellular structures.  

During this thesis, the click reaction was already tested outside the cell, whereby the desired 

product could be detected in the MALDI mass spectrum. In the future, further experiments 

should be carried out, for instance, TEM studies to check whether disassembly of previously 

formed fibers via click reaction is possible.   

In general, controlling both the assembly and the disassembly of the synthetic nanomaterial 

inside living cells would be a milestone in this research field and would bring the community 

closer to the imitation of natural supramolecular systems within cellular environment. 
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5 Experimental Section 

5.1 Instruments and Methods 

The methods used for the purification, analysis and characterization of the reaction mixtures 

and products as well as detailed preparation procedures and other kinds of experiments are 

described below. 

Reagents and Solvents 

All reagents and solvents were purchased from commercial sources and used without further 

purification. For peptide synthesis special DMF with reduced amine content was used.  

Thin Layer Chromatography 

The analysis of compounds by means of thin layer chromatography was carried out using 

Alugram Sil G/UV254 plates, by Macherey-Nagel. The analytes were detected by extinction 

of UV absorption at a wavelength of 254 nm or 365 nm. 

Flash Chromatography 

For the purification by column chromatography, silica gel with an average particle size of 

0.04 – 0.063 mm, by Macherey-Nagel was used for the stationary phase. The mobile phase 

was freshly prepared from analytical grade solvents.  

Nuclear Magnetic Resonance Spectroscopy (NMR) 

NMR-spectra were recorded on an Avance III 400 (400 MHz) or an Avance III 850 

(850 MHz) spectrometer by Bruker in deuterated solvents. The chemical shifts δ (in ppm) 

refer to the proton signal of the deuterated solvent relative to the tetramethyl silane standard 

(= 0.00 ppm). For further analysis of the fibrillating peptides a temperature dependent NMR 

analysis with an Avance III 700 (700 MHz) spectrometer was performed. The peptide 

Py-ISA 5c (0.43 mg/mL) was dissolved in DMSO-d6 and diluted with aqueous (D2O) 50 mM 

phosphate buffer (1:9). The temperature was increased in 5 °C steps from 25 °C to 80 °C. 

After cooling down, another spectrum at 25 °C was recorded. The MestReNova 10.0.2 soft-

ware by MESTRELAB RESEARCH was used to analyze the spectra. 

Solid Phase Microwave Peptide Synthesizer (SPPS) 

All peptides were synthesized by using a Liberty Blue Automated Microwave Peptide Syn-

thesizer by CEM Corporation. The resin was swollen for at least 1 h in special DMF with 
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reduced amine content before the synthesis. All amino acids were dissolved in DMF at a 

concentration of 0.2 M. As activator DIC (0.5 M in DMF) was used and Oxyma® as activator 

base (1 M in DMF). Further information of the individual methods are described below for 

each peptide separately. 

High Performance Liquid Chromatography (HPLC) 

All peptides were purified via preparative HPLC by Shimadzu equipped with a Kinetex 5 µm 

EVO C18 100 Å LC column (size: 150 × 30.0 mm) with a flowrate of 25 mL/min. Further 

purification steps and analytical measurements were performed via semi-preparative or ra-

ther analytical HPLC equipped with an Agilent Eclipse XDB-C18 5 µm column 

(size: 9.4 × 250 mm) with a flowrate of 4 mL/min.   

For both HPLC instruments the mobile phase consisting of ACN and Milli-Q water, each 

acidified with 0.1 % TFA were prepared freshly. The absorbance was recorded at 214 nm, 

254 nm, 340 nm (for pyrene-modified peptides) and 437 nm (for C343-modified peptides) 

according to the photophysical properties of the compound. Further information on the 

method used is described below for each peptide separately. 

Liquid Chromatography - Mass Spectrometry (LC-MS) 

For compound analysis a LC-MS 2020 by Shimadzu equipped with a Kinetex 2.6 µm EVO 

C18 100 Å column (size: 50 × 2.1 mm) was used. For the mobile phase ACN and Milli-Q 

water were utilized, each acidified with 0.1 % formic acid. All measurements were started 

with 5 % ACN while it was linearly increased to 95 % in 12 minutes. The samples were 

dissolved in ACN, MeOH and/or Milli-Q water. 

Matrix-Assisted Laser Desorption/Ionization – Time of Flight Mass Spec-

trometry (MALDI-TOF) 

For further characterization of the peptides, MALDI-TOF spectra were recorded on a rapif-

leX MALDI-TOF/TOF by Bruker. The samples were solved in ACN, MeOH and/or Milli-Q 

water and mixed with a saturated solution of the matrix α-cyano-4-hydroxycinnamic acid 

(CHCA) in water/ACN (1:1) and 0.1 % TFA before measuring. The software mMass was 

used to analyze the spectra. 

UV/VIS Spectrocopy 

To perform fluorescence intensity and absorbance scans, a SPARK 20M microplate reader 

by the company Tecan group Ltd. was used. The samples were measured in a Greiner 384 
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flat transparent well plate and the data were evaluated via Excel and Origin. The samples 

were prepared in different ratios of DMSO/PBS or in pure DMSO depending on the experi-

ment. 

Circular Dichroism Spectroscopy (CD) 

For further investigation of fibrillating molecules CD spectra were recorded on a JASCO 

J-1500 spectrometer in a 1 mm High Precision Cell by HellmaAnalytics. Data were pro-

cessed in Spectra Analysis by JASCO and Origin. The samples were prepared in Milli-Q 

water or 10 mM phosphate buffer with a peptide concentration of 100 µM. To fully dissolve 

the peptide sample solutions, they were sonicated. After an incubation time of 24 h, 

CD spectra were recorded at wavelengths from 180 nm to 380 nm with a bandwidth of 1 nm, 

data pitch of 0.2 nm and scanning speed at 5 nm/min. Spectra were measured three times 

and then averaged. For temperature dependent measurements, the temperature was increased 

and decreased in 10 °C steps.  

Transmission Electron Microscopy (TEM) 

TEM images were recorded on a JEOL 1400 transmission electron microscope with a volt-

age of 120 kV. The images were visualized with the software ImageJ. Unless noted other-

wise, all samples were prepared in DMSO/PBS (9:1) solution and incubated between 20 h 

and 24 h at room temperature while shaking. The samples were applied to plasma-cleaned 

Formvar/carbon-film coated copper grids (300 mesh) by Plano GmbH. To prepare the TEM 

grids, a 3 µL drop of the sample solution was placed on the grid and incubated for 5 minutes. 

The excess solution was removed and then the grids were stained with uranyl acetate for 

2.5 minutes. After washing three times with Milli-Q water, the grids were dried before being 

used for microscopy.  

Furin Degradation Analysis 

To check if the depsipeptides can be enzymatically cleaved, commercial furin (PeProtech) 

was utilized. The peptides (sample concentration: 100 µM) were dissolved in a buffer solu-

tion prepared of HEPES, TCEP and CaCl2 in Milli-Q water with 2 µg of furin. The pH was 

adjusted to 7.4 using 1M HCl and diluted NH3. A second identical sample without the en-

zyme was prepared and both were shaken at 37 °C. After 0.5 h, 1 h, 2 h, 4 h and 8 h, 150 µL 

of the sample were removed and the same volume of methanol was added (1:1 

150 µL/150 µL). After centrifugation for 5 minutes at 12,000 rpm, 200 µL of the supernatant 
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was injected into an analytical HPLC and the cleavage of the peptide by furin and its subse-

quent linearization were monitored.  

Cell Uptake Studies 

For cell uptake studies MDA-MB-231 cells cultured in DMEM medium were utilized. The 

cells were seeded in an 8-well confocal plate with 15.000 cells per well. The peptides were 

dissolved in DMSO to obtain a 10 mM stock solution which was diluted with PBS (1:9). 

After an additional dilution with DMEM (1:9), the cells were treated with the sample solu-

tions (c = 100 µM) and were incubated at 37 °C for 14 h or 24 h dependent on the experi-

ment. Then the cells were fixed with 4 % paraformaldehyde for 15 minutes at room temper-

ature (this step was skipped for life cell imaging). For nucleus staining (30 min at 37 °C) 

HCS NuclearMask Deep Red Stain and for Golgi stain BODIPYTM FL C5-ceramide com-

plexed to BSA was utilized (30 min at 4 °C). Before imaging with confocal laser microscopy, 

the nucleus staining solution was removed and fresh DMEM was added. After Golgi staining 

the cells were incubated again with fresh medium (30 min at 37 °C). 

Confocal Laser Scanning Microscopy 

Cells were imaged on a Leica Stellaris® 8 microscope (40x glycerol immersion objective) 

with a fast lifetime contrast (FALCON) module. Excitation of the samples was performed 

by using a 40 MHz pulsed white laser. A HyD®X (GaAsP hybrid photocathode) detector 

was used to detect emitted photons. 

Intracellular Linearization of Depsipeptides 

After the cells were incubated in a confocal plate (8-well, 15000 cells/well) four wells were 

treated with RVRR(Depsi-Py-I)SA 3c and the other half with RRRV(Depsi-Py-I)SA 6c 

(each 250 µM) for 24 h. Then the cells were washed with PBS three times and lysed using 

100 µL RIPA buffer on ice for 5 min. The cells were treated using a cell scraper and the cell 

lysates were transferred into two different PCR tubes. 400 µL of each cell lysate were mixed 

with 1600 µL methanol to precipitate proteins from the lysate. After centrifugation at 

13,000 rpm at 4 °C for 15 min to remove the proteins and cellular debris, 400 µL of each 

supernatant was analyzed by analytical HPLC. 
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Cell Viability Assay 

MDA-MB-231 cells were seeded in a white 96 half area well plate (1500 cells/well) and 

were left to adhere overnight. The cells were treated with different concentrations 

(c = 50 µM, 100 µM, 250 µM, 500 µM, 1000 µM) of 50 µL sample solution of depsipep-

tides 3c/6c such as 5c (c = 250 µM) and incubated for 24 h. After the incubation was finished, 

the same volume of CellTiterGlo Assay solution (prepared according to the protocol of the 

supplier) was added to the sample. After incubation for 10 min at room temperature, the 

luminescence was read out using the well plate reader Promega GloMax®-Multi Detection 

System, using the settings the instrument was supplied with. The assay was performed in 

quadruplicates.  

5.2 Synthesis 

C343-Ile (1b) 

 

Method A:  

C343-Ile 1b was synthesized using solid-phase supported synthesis. First, Fmoc-Ile Wang 

resin (65.59 mg, 0.50 mmol, 1.0 eq.) was swollen in DMF for 1 h. Then the Fmoc-protecting 

group was removed by adding a solution of 20 % piperidine in DMF (2 × 8 mL). The reac-

tion solution was shaken 2 × 10 minutes. After removing the piperidine solution, the resin 

was washed with DMF and DCM. C343 (171.18 mg, 0.60 mmol, 1.2 eq.) and PyBOP 

(520.40 mg, 1.00 mmol, 2.0 eq.) were dissolved in dry DMF (5 mL) and DIPEA (0.35 mL, 

2.00 mmol, 4.0 eq.) was added dropwise. The mixture was added to the resin suspended in 

dry DMF (3 mL) and the reaction solution was shaken over night at room temperature. After 

the reaction was completed, the solvent was removed and the resin was washed with DMF 

and DCM. Finally, the product was cleaved from the resin by adding a mixture of TFA 

(4.75 mL, 95 %), TIPS (0.125 mL, 2.5 %) and H2O (0.125 mL, 2.5 %). The mixture was 

shaken for 2.5 h and the solvent was removed under reduced pressure. The crude product 

was purified by flash chromatography on silica (EA/CH = 3:1 → 5:1, DCM/MeOH = 5:1). 
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Method B:  

C343 (427.95 mg, 1.50 mmol, 1.0 eq.) was dissolved in dry DCM (5 mL) and DIPEA 

(1.6 mL, 9.00 mmol, 6.0 eq.) was added. PyBOP (1561.20 mg, 3.00 mmol, 2.0 eq.) and 

tBu-L-Ile × HCl (335.61 mg, 1.50 mmol, 1.0 eq.) were also dissolved in dry DCM (5 mL) 

and added to the previous prepared solution. The reaction mixture was stirred at room tem-

perature for 3 h before the solvent was removed under reduced pressure. The crude product 

was purified via column chromatography (CH/EA, 2:1). In a last step, the tert-butyl-protect-

ing group was removed by adding a mixture of DCM/TFA (10 mL, 1:1). After stirring at 

room temperature for 3 h the solvent was removed under reduced pressure. 

Yield: A: 199.23 mg (0.50 mmol, quant.), dark yellow amorphous solid.  

 B: 541.60 mg (1.36 mmol, 91 %). 

MF: C22H26N2O5  MW: 398.46 g/mol  [398.18]. 

RF = 0.18 (CH/EA, 2:1, HCOOH). 

1H-NMR, COSY (500 MHz, DMF) δ/ppm = 9.25 (d, J = 8.43 Hz, 1H, H-11), 8.59 (s, 1H, 

H-14), 7.27 (s, 1H, H-5), 4.64 (dd, J = 4.65 Hz, 8.47 Hz 1H, H-3), 3.40 (p, J = 3.66 Hz, 

3.70 Hz, 4H, H-18, H-23), 2.93 (m, 2H, H-20), 2.77 (m, 2H, H-21), 1.96 (m, 4H, H-19, H-

22), 1.58 (ddd, J = 5.01 Hz, 7.42 Hz, 12.76 Hz, 1H, H-4), 1.28 (p, J = 7.62 Hz, 7.36 Hz, 2H, 

H-7), 0.96 (m, 6H, H-6, H-8). 

13C-NMR (500 MHz, DMF) δ/ppm = 152.95 (C-2), 148.76 (C-9, C-24), 148.02 (C-11), 

127.62 (C-14), 120.23 (C-13), 108.33 (C-16), 108.15 (C-15), 106.37 (C-17), 57.15 (C-3), 

50.16 (C-12), 49.64 (C-10), 38.04 (C-4), 27.40 (C-18, C-23), 25.42 (C-21), 21.16 (C-7), 

20.19 (C-20), 20.08 (C-19, C-22), 15.63 (C-6), 11.54 (C-8).  

 

Acetyl-L-arginyl-L-valyl-L-arginyl-L-arginyl-L-seryl-L-alanine (2.1) 

(Ac-RVRRSA) 
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The peptides were synthesized using the afore-mentioned solid-phase peptide synthesizer. 

Two different methods for the preparation of Ac-RVRRSA were carried out.  

Method A:  

Before using the peptide synthesizer, the Fmoc-Ala Wang resin (0.705 g) was swollen in 

DMF for 1h. To prepare 0.5 mmol of the peptide, Fmoc-Ser (unprotected side chain) 

(0.82 g), Fmoc-Arg(Pbf) (6.23 g), Fmoc-Val (0.82 g) and Ac-Arg(Pbf) (2.24 g) were dis-

solved in DMF (12 mL, 48 mL, 12 mL, 24 mL) as well as the activator base Oxyma® (3.13 g 

in 22 mL DMF) and the activator DIC (3.68 mL in 49 mL DMF). The swollen resin was 

transferred into the reaction vessel of the peptide synthesizer and the amino acids as well as 

activator and activator base were placed at the appropriate positions. The selected method 

was started whereby the Fmoc group of alanine was removed first, using 20 % piperidine 

solution in DMF followed by a washing step with DMF. Next Fmoc-Ser was coupled to the 

N-Terminus of Ala using Oxyma® and DIC. The removal of the Fmoc protecting group and 

the coupling of the next amino acid were carried out alternately till the peptide sequence was 

completely finished. For the couplings of arginine, double coupling and additional washing 

steps were performed. Because of the acetyl protecting group at the N-terminal arginine the 

final Fmoc-deprotection step was omitted. The finished peptide at the solid phase was re-

moved from the reaction vessel and washed with DMF and DCM. 

Method B:  

Before using the peptide synthesizer, the Fmoc-Ala Wang resin (0.705 g) was swollen in 

DMF for 1h. To prepare 0.5 mmol of the peptide, Fmoc-Ser (unprotected side chain) 

(0.82 g), Fmoc-Arg(Pbf) (9.35 g) and Fmoc-Val (0.82 g) were dissolved in DMF (12 mL, 

72 mL, 12 mL) as well as the activator base Oxyma® (3.13 g in 22 mL DMF) and the acti-

vator DIC (3.68 mL in 49 mL DMF). The swollen resin was transferred into the reaction 

vessel of the peptide synthesizer and the amino acids such as activator and activator base in 

DMF were placed at the appropriate positions. The selected method was started whereby the 

Fmoc group of Ala was removed first, using 20 % piperidine solution in DMF followed by 

a washing step with DMF. Next Fmoc-Ser was coupled to the N-Terminus of Ala using 

Oxyma® and DIC. The removal of the Fmoc protecting group and the coupling of the next 

amino acid were carried out alternately till the peptide sequence was completely finished. 

For the couplings of arginine, a double coupling and additional washing steps were per-

formed. The finished peptide (with a free N-terminus) at the solid phase was removed from 

the reaction vessel and washed with DMF and DCM. Then acetic acid (0.04 mL, 0.75 mmol, 
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3 eq.) and PyBOP (520.4 mg, 1.00 mmol, 4 eq.) were dissolved in dry DMF (5 mL) and 

DIPEA (0.17 mL, 1.00 mmol, 4 eq.) was added dropwise. The mixture was added to the 

resin (0.25 mmol) and the reaction was shaken at room temperature for 2 h. The excess re-

action solution was removed and the resin was washed with DMF and DCM. The crude 

product was utilized in the next synthesis step without further purification and cleavage from 

the resin. 

MF: C31H59N15O9  MW: 785.91 g/mol  [785.45]. 

MALDI-TOF: m/z: [M+H]+ 786.43 (calc. 786.47). 

 

RVRR(Depsi-C343-I)SA (3b)  

 

C343-Ile 1b (109.58 mg, 0.275 mmol, 1.1 eq.) and DMAP (30.54 mg, 0.25 mmol, 1 eq.) 

were dissolved in dry DMF (5 mL) before DIC (0.16 mL, 1.00 mmol, 4 eq.) was added to 

the solution. To the resin (0.25 mmol) loaded with Ac-RVRRSA 2.1 and suspended in dry 

DMF (3 mL) the previously prepared solution was added dropwise. The mixture was shaken 

over night at room temperature. Afterwards, the resin was washed repeatedly with DMF and 

DCM. To cleave the peptide sequence from the resin, a mixture of TFA (4.75 mL, 95 %), 

TIPS (0.125 mL, 2.5 %) and H2O (0.125 mL, 2.5 %) was added and the suspension was 

shaken for 2.5 h at room temperature. The solution was separated from the resin and the 

crude product was precipitated in ice-cold Et2O. After centrifugation for 20 minutes at 
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4k rpm the supernatant was removed. The crude was dissolved in water and CAN and puri-

fied via HPLC (10 % to 100 % ACN in 20 min). 

Yield: 34.2 mg (0.03 mmol, 12 %), yellow amorphous solid. 

MF: C53H83N16O13  MW: 1166.35 g/mol  [1165.64]. 

MALDI-TOF: m/z: [M+H]+ 1166.38 (calc. 1166.65), [M+Na]+ 1188.36 (calc. 1188.63). 

RT (semipreparative HPLC) = 12.8 min. 

 

Figure 5.1: MALDI-TOF spectrum (left) and HPLC trace (right) of RVRR(Depsi-C343-I)SA. 

RVRR(Depsi-Fmoc-I)SA (3a)  

 

Fmoc-Ile 1a (353.42 mg, 1.00 mmol, 4 eq.) and DMAP (30.54 mg, 0.25) were dissolved in 

dry DMF (5 mL) and DIC (0.16 mL, 1.00 mmol, 4 eq.) was added to the solution. To the 

resin (0.25 mmol) loaded with Ac-RVRRSA 2.1 dry DMF (3 mL) was added and the previ-

ously prepared mixture was added dropwise. The suspension was shaken over night at room 
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temperature. Afterwards, the resin was washed repeatedly with DMF and DCM. To cleave 

the peptide sequence from the resin, a mixture of TFA (4.75 mL, 95 %), TIPS (0.125 mL, 

2.5 %) and H2O (0.125 mL, 2.5 %) was added and the suspension was shaken for 2.5 h at 

room temperature. The solution was separated from the resin and the crude product was 

precipitated in ice cold Et2O. After centrifugation for 20 minutes at 4k rpm the supernatant 

was removed. The crude was dissolved in water and ACN and purified via HPLC (10 % to 

100 % CAN in 20 min). 

Yield: 2.00 mg (1.78 µmol, 1 %), colorless amorphous solid. 

MF: C52H80N16O12  MW: 1121.31 g/mol  [1120.61]. 

MALDI-TOF: m/z: [M+H]+ 1121.68 (calc. 1121.62), [M+Na]+ 1143.66 (calc. 1143.60). 

RT (semipreparative HPLC) = 13.0 min. 

 

Figure 5.2: MALDI-TOF spectrum (left) and HPLC trace (right) of RVRR(Depsi-Fmoc-I)SA. 
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RRRV(Depsi-C343-I)SA (6b)  

 

RRRV(Depsi-C343-I)SA 6b was synthesized analogously to RVRR(Depsi-C343-I)SA 3b. 

Only the amino acid sequence in the method of the peptide synthesizer was changed to get 

the scrambled peptide. Because of a triple arginine coupling in a row the method was ad-

justed accordingly by accomplishing more washing steps. 

Yield: 40.0 mg (0.03 mmol, 12 %), yellow amorphous solid. 

MF: C53H83N16O13  MW: 1166.35 g/mol  [1165.64]. 

MALDI-TOF: m/z: [M+H]+ 1166.38 (calc. 1166.65). 

RT (analytical HPLC) = 13.0 min. 

 

Figure 5.3: MALDI-TOF spectrum (left) and HPLC trace (right) of RRRV(Depsi-C343-I)SA. 
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RRRV(Depsi-Fmoc-I)SA (6a)  

 

RRRV(Depsi-Fmoc-I)SA 6a was synthesized analogously to RVRR(Depsi-Fmoc-I)SA 3a. 

Only the amino acid sequence in the method of the peptide synthesizer was changed to get 

the scrambled peptide. Because of a triple arginine coupling in a row the method was ad-

justed accordingly by accomplishing more washing steps. 

Yield: 64.2 mg (57.2 µmol, 12 %), colorless amorphous solid. 

MF: C52H80N16O12  MW: 1121.31 g/mol  [1120.61]. 

MALDI-TOF: m/z: [M+H]+ 1121.77 (calc. 1121.62), [M+Na]+ 1144.76 (calc. 1143.60). 

RT (analytical HPLC) = 13.2 min. 

 

Figure 5.4: MALDI-TOF spectrum (left) and HPLC trace (right) of RRRV(Depsi-Fmoc-I)SA. 
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(2-(pyren-1-yl)acetyl)-L-isoleucinate (1c) 

(Py-Ile) 

 

2-(Pyren-1-yl)acetic acid (130.15 mg, 0.50 mmol, 1.0 eq.) was dissolved in dry DMF (5 mL) 

before DIPEA (0.50 mL, 3.00 mmol, 6.0 eq.) was added. Then PyBOP (520.4 mg, 

1.00 mmol, 2.0 eq.) and tBu-L-Ile × HCl (111.87 mg, 0.50 mmol, 1.0 eq.) were also dis-

solved in dry DMF (5 mL) and added to the previous prepared solution. The reaction mixture 

was stirred at room temperature for 3 h before the solvent was removed under reduced pres-

sure. The crude product was purified via column chromatography (CH/EA, 2:1). In a last 

step the tert-butyl-protecting group was removed by adding a mixture of DCM/TFA (10 mL, 

1:1). After stirring at room temperature for 3 h the solvent was removed under reduced pres-

sure. The yield determination and characterization were performed before tert-butyl was re-

moved. 

Yield: 191.5 mg (0.44 mol, 89 %), colorless crystalline solid.  

MF: C28H31NO3  MW: 429.56 g/mol  [429.23]. 

RF = 0.65 (CH/EA, 2:1). 

1H-NMR (400 MHz, DMF) δ/ppm = 8.55 (d, J = 9.27 Hz, 1H, H-13), 8.42 – 8.22 (m, 9H, 

H-1, H-6, H-8, H-9, H-11, H-12, H-15, H-16, H-20), 4.46 (q, J = 8.00 Hz, 2H, H-25), 4.32 

(dd, J = 8.39 Hz, 5.96 Hz, 1H, H-22), 1.89 (m, 1H, H-21), 1.59 – 1.24 (m, 2H, H-19), 1.41 

(s, 9H, H-27, H-28, H-29), 0.92 (m, 6H, H-18, H-24).  

MALDI-TOF: m/z: [M-tBu+H]+ 374.10 (calc. 374.18), [M+H]+ 429.15 (calc. 430.24), 

[M+Na]+ 468.11 (calc. 468.19). 
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RVRR(Depsi-Py-I)SA (3c) 

 

Py-Ile 1c (102.70 mg, 0.275 mmol, 1.1 eq.) and DMAP (30.54 mg, 0.25 mmol, 1.0 eq.) were 

dissolved in dry DCM (5 mL) and DIC (0.16 mL, 1.00 mmol, 4 eq.) was added to the solu-

tion. To the resin (0.25 mmol) loaded with Ac-RVRRSA dry DCM (3 mL) was added and 

the previously prepared mixture was added dropwise. The suspension was shaken over night 

at room temperature. To cleave the peptide sequence from the resin, a mixture of TFA 

(4.75 mL, 95 %), TIPS (0.125 mL, 2.5 %) and H2O (0.125 mL, 2.5 %) was added and the 

suspension was shaken for 2.5 h at room temperature. The solution was separated from the 

resin and the crude product was precipitated in ice-cold Et2O. After centrifugation for 20 

minutes at 4k rpm the supernatant was removed and the crude was dissolved in water and 

ACN and purified via HPLC (10 % to 100 % ACN in 20 min). 

Yield: 9.4 mg (8.23 µmol, 3 %), beige amorphous solid. 

MF: C55H80N16O11  MW: 1141.35 g/mol  [1140.62]. 

MALDI-TOF: m/z: [M+H]+ 1141.37 (calc. 1141.63), [M+Na]+ 1163.35 (calc. 1163.61). 

RT (analytical HPLC) = 13.0 min. 
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Figure 5.5: MALDI-TOF spectrum (left) and HPLC trace (right) of RVRR(Depsi-Py-I)SA. 

RRRV(Depsi-Py-I)SA (6c) 

 

RRRV(Depsi-Py-I)SA 6c was synthesized analogously to RVRR(Depsi-Py-I)SA 3c. Only 

the amino acid sequence in the method of the peptide synthesizer was changed to get the 

scrambled peptide. Because of a triple arginine coupling in a row the method was adjusted 

accordingly by accomplishing more washing steps. 

Yield: 34.6 mg (0.03 mmol, 12 %), beige amorphous solid. 

MF: C55H80N16O11  MW: 1141.35 g/mol  [1140.62]. 

MALDI-TOF: m/z: [M+H]+ 1141.56 (calc. 1141.63), [M+Na]+ 1163.54 (calc. 1163.61). 

RT (analytical HPLC) = 13.2 min. 
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Figure 5.6: MALDI-TOF spectrum (left) and HPLC trace (right) of RRRV(Depsi-Py-I)SA. 

L-Isoleucyl-L-seryl-L-alanine (4) 

(ISA) 

 

The peptide was synthesized using the afore-mentioned solid-phase peptide synthesizer. Be-

fore using the peptide synthesizer, the Fmoc-Ala Wang resin (0.704 g) was swollen in DMF 

for 1h. To prepare 0.5 mmol of the peptide, Fmoc-Ser (unprotected side chain) (0.82 g) and 

Fmoc-Ile (0.85 g) were dissolved in DMF (12 mL each) as well as the activator base Oxyma® 

(0.99 g in 7 mL DMF) and the activator DIC (0.94 mL in 12 mL DMF). The swollen resin 

was transferred into the reaction vessel of the peptide synthesizer and the amino acids as 

well as activator and activator base were placed at the appropriate positions. The selected 

method was started whereby the Fmoc group of alanine was removed first, using 20 % pi-

peridine solution in DMF followed by a washing step with DMF. Next Fmoc-Ser was cou-

pled to the N-Terminus of Ala using Oxyma® and DIC by a following removal of the 

Fmoc-protecting group and the coupling of the last Fmoc-Ile analogous to the first coupling. 

After a final deprotection step of Fmoc the finished peptide at the solid phase was removed 

from the reaction vessel and washed with DMF and DCM. 

MF: C12H23N3O5  MW: 289.33 g/mol  [289.13]. 
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(2-(Pyrene-1-yl)acetyl)-L-isoleucyl-L-seryl-L-alanine (5c)  

(Py-ISA) 

 

2-(Pyrene-1-yl)acetic acid (156.17 mg, 0.600 mmol, 1.2 eq.) and PyBOP (520.4 mg, 

1.00 mmol, 2.0 eq.) were dissolved in dry DMF (5 mL) and DIPEA (0.35 mL, 2.00 mmol, 

4 eq.) was added to the solution. To the resin (0.50 mmol) loaded with ISA dry DMF (3 mL) 

was added and the previously prepared mixture was added dropwise. The suspension was 

shaken for 2.5 h at room temperature and the resin was subsequently washed with DMF and 

DCM. To cleave the peptide sequence from the resin, a mixture of TFA (4.75 mL, 95 %), 

TIPS (0.125 mL, 2.5 %) and H2O (0.125 mL, 2.5 %) was added and it was shaken 2.5 h at 

room temperature. The solution was separated from the resin and the crude product was 

precipitated in ice cold Et2O. After centrifugation for 20 minutes at 4k rpm the supernatant 

was removed. The crude was dissolved in water and ACN and purified via HPLC (10 % to 

100 % ACN in 20 min). 

Yield: 26.0 mg (48.9 µmol, 10 %), colorless amorphous solid. 

MF: C30H33N3O6  MW: 531.61 g/mol  [531.24]. 

1H-NMR, COSY (850 MHz, DMSO) δ/ppm = 8.41 (d, J = 9.15 Hz, 1H, H-26), 8.39 (d, 

J = 8.93 Hz, 1H, H-13), 8.28 (t, J = 7.28 Hz, 2H, H-29, H-31), 8.24 (d, J = 7.71 Hz, 1H, 

H-22), 8.20 (d, J = 9.17 Hz, 1H, H-27), 8.15 (s, 2H, H-34, H-35), 8.07 (d, J = 7.51 Hz, 1H, 

H-30), 8.05 (t, J = 8.50 Hz, 1H, H-8), 8.02 (d, J = 7.73 Hz, 1H, H-21), 7.95 (m, 1H, H-4), 

4.37 (d, J = 15.00 Hz, 1H, H-19.1), 4.33 (q, J = 6.42 Hz, 1H, H-7), 4.27 (dd, J = 7.20 Hz, 

8.95 Hz, 1H, H-12), 4.23 (d, J = 15.00 Hz, 1H, H-19.2), 4.18 (m, 1H, H-3), 3.57 (m, 2H, 

H-9), 1.78 (m, 1H, H-14), 1.46 (m, 1H, H-16.1), 1.21 (d, J = 7.29 Hz, 3H, H-5), 1.12 (m, 

1H, H-16.2), 0.84 (d, J = 6.83 Hz, 3H, H-15), 0.78 (t, J = 7.43 Hz, 3H, H-17).  

MALDI-TOF: m/z: [M+H]+ 554.11 (calc. 554.23). 

RT (analytical HPLC) = 15.6 min. 
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Figure 8.1: 1H-NMR spectrum of C343-Ile (DMF-d7, 500 MHz, 298 K). 

 

Figure 8.2: 13C-NMR spectrum of C343-Ile (DMF-d7, 500 MHz, 298 K). 
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Figure 8.3: COSY spectrum of C343-Ile (DMF-d7, 500 MHz, 298 K). 

 

Figure 8.4 MALDI spectrum of Ac-RVRR (test cleavage without purification). 
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Figure 8.5: MALDI spectrum of RVRR(Depsi-C343-I)SA. 

 

 

Figure 8.6: Chromatogram of RVRR(Depsi-C343-I)SA. 
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Figure 8.7: MALDI spectrum of RVRR(Depsi-Fmoc-I)SA. 

 

 

Figure 8.8: Chromatogram of RVRR(Depsi-Fmoc-I)SA. 
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Figure 8.9: MALDI spectrum of RRRV(Depsi-C343-I)SA. 

 

 

Figure 8.10: Chromatogram of RRRV(Depsi-C343-I)SA. 
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Figure 8.11: MALDI spectrum of RRRV(Depsi-Fmoc-I)SA. 

 

 

Figure 8.12: Chromatogram of RRRV(Depsi-Fmoc-I)SA. 
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Figure 8.13: 1H-NMR spectrum of Py-Ile (DMF-d7, 400 MHz, 298 K). 

 

Figure 8.14: MALDI spectrum of Py-Ile. 
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Figure 8.15: MALDI spectrum of RVRR(Depsi-Py-I)SA. 

 

 

Figure 8.16: Chromatogram of RVRR(Depsi-Py-I)SA. 
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Figure 8.17: MALDI spectrum of RRRV(Depsi-Py-I)SA. 

 

 

Figure 8.18: Chromatogram of RRRV(Depsi-Py-I)SA. 
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Figure 8.19: 1H-NMR spectrum of Py-ISA (DMSO-d6, 850 MHz, 298 K). 

 

Figure 8.20: MALDI spectrum of Py-ISA. 
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Figure 8.21 Chromatogram of Py-ISA. 

 

 

Figure 8.22: MALDI spectrum of RVRR(Depsi-Py-I)SA after cell lysate analysis by analytical HPLC. 
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Figure 8.23: MALDI spectrum of RRRV(Depsi-Py-I)SA after cell lysate analysis by analytical HPLC. 

 

Figure 8.24: MALDI spectrum of Py-ISA after cell lysate analysis by analytical HPLC. 

 



 

83 

Danksagung 

Als erstes möchte ich mich bei Frau Prof. Dr. Tanja Weil bedanken, die mir die Möglichkeit 

gegeben hat meine Masterarbeit in ihrem Arbeitskreis anzufertigen. Außerdem möchte ich 

mich für die Zeit bedanken die sie sich genommen hat, um ausführlich über meine For-

schungsergebnisse zu diskutieren.   

Für das Erstellen eines Zweitgutachtens meiner Masterarbeit möchte ich mich bei Herrn 

Prof. Dr. Andreas Walther bedanken.  

Ein großer Dank geht auch an meinen Gruppenleiter Dr. David Ng, der stets eine offene Tür 

für jegliche Fragen hatte und mir jederzeit sehr freundlich begegnet ist. Außerdem bedanke 

ich mich bei ihm für die großartigen Konfokal Laser Scanning Mikroskop Aufnahmen im 

Rahmen der in dieser Arbeit durchgeführten Zellexperimente. 

Auch vielen Dank an alle Mitarbeiter:innen des gesamten Instituts die an den Messungen 

meiner Proben beteiligt waren. 

Mein größter Dank gilt meiner Betreuerin Sarah, die mich hier am Institut sehr liebevoll 

aufgenommen hat und mir alles sehr geduldig erklärt und gezeigt hat. Ich hatte jederzeit die 

Möglichkeit ihr Fragen zu stellen und bekam immer eine ausführliche und zufriedenstellende 

Antwort. Ich bedanke mich auch für die sehr hilfreichen Korrekturvorschläge meiner Arbeit, 

durch die ich selbst am Ende noch einiges neues dazu lernen konnte.  

Ein großer Dank geht auch an den Rest der Gruppe die mich alle sehr herzlich aufgenommen 

haben und ebenfalls immer offen für Fragen waren. Das Kartenspielen mit Konrad, Patrick, 

Raphael, Julian, Laura und Nelly nach der Mittagspause werde ich definitiv vermissen. Ein 

besonderer Dank geht an Patrick für die Messung meiner TEM-Proben. 

Mein letzter Dank geht an meine Freunde und Familie, die mich stets unterstützt haben und 

dafür gesorgt haben, dass ich in meiner Freizeit auch mal an etwas anderes denken konnte. 


