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Abstract 

Supramolecular assemblies are known to be instrumental in the existence of living organisms 

by directing biological processes such as energy metabolism or molecular transport. Mimicking 

such processes has become a large field in research during the last decades in which many 

different synthetic self-assembling nanomaterials have been developed to create non-natural 

superstructures in mammalian cells. A common approach that focuses on controllability is to 

design stimulus-responsive precursor molecules with the ability to rearrange into self-

assembling monomers after activation. The dynamic properties of the cellular environment can 

be exploited by using intracellular components and metabolites such as enzymes or hydrogen 

peroxide as triggers. In this thesis, the approach for a photosensitive precursor molecule was 

pursued to obtain spatiotemporal control over the initiation of fibrillation. In order to achieve 

this, an isopeptide with an attached 2-nitrosobenzyl-based protecting group was designed to 

develop a photoinduced self-assembling system suitable for intracellular application. Irradiation 

of this precursor leads first to cleavage of the photolabile group with a following rearrangement 

resulting in the self-assembling peptide monomer. Depending on the design of the peptide 

sequence, properties of the monomer can be adjusted or tuned regarding dynamics and 

fibrillation characteristics. Combination of the photolabile protecting group with a cysteine-

containing peptide allows the development of a dynamic system in which cysteine residues can 

be oxidized to disulfides. Within this work, the self-assembly of this photosensitive peptide was 

investigated to test its suitability for intracellular applications. Therefore, kinetics of the light-

induced reaction cascade and supramolecular structures of the resulting self-assembling 

monomers were analyzed. 
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Zusammenfassung 

Es ist bekannt, dass supramolekulare Assemblierungen für die Existenz lebender Organismen 

entscheidend sind, da sie biologische Prozesse wie den Energiestoffwechsel oder den Transport 

von Molekülen steuern. Die Nachahmung solcher Prozesse ist in den letzten Jahrzehnten zu 

einem großen Forschungsgebiet geworden, in dem viele verschiedene synthetische, 

selbstorganisierende Nanomaterialien entwickelt wurden, die in Säugetierzellen nicht natürliche 

Überstrukturen bilden. Ein gängiger Ansatz, bei dem die Kontrollierbarkeit im Fokus steht, 

besteht darin, auf Reize reagierende Vorläufermoleküle zu entwickeln, die sich nach der 

Aktivierung in selbstorganisierende Monomere umlagern können. Die dynamischen 

Eigenschaften der zellulären Umgebung werden ausgenutzt, indem intrazelluläre Komponenten 

und Stoffwechselprodukte wie Enzyme oder Wasserstoffperoxid als Auslöser verwendet 

werden. In dieser Arbeit wurde der Ansatz für ein lichtempfindliches Vorläufermolekül verfolgt, 

um eine räumlich-zeitliche Kontrolle über die Fibrillierungsinitiation zu erhalten. Zu diesem 

Zweck wurde ein Isopeptid mit einer angehängten 2-Nitrosobenzyl-Schutzgruppe entwickelt, um 

ein photoinduziertes selbstorganisierendes System für die intrazelluläre Anwendung zu schaffen. 

Die Bestrahlung dieses Vorläufermoleküls führt zunächst zur Abspaltung der photolabilen 

Gruppe mit anschließender Umlagerung zum selbstorganisierenden Peptidmonomer. Je nach 

Gestaltung der Peptidsequenz können die Eigenschaften des Monomers in Bezug auf Dynamik 

und Fibrillierungscharakteristika angepasst oder abgestimmt werden. Die Kombination der 

photolabilen Schutzgruppe mit einem cysteinhaltigen Peptid ermöglicht die Entwicklung eines 

dynamischen Systems, in dem Cysteinreste zu Disulfiden oxidiert werden können. Im Rahmen 

dieser Arbeit wurde die Selbstorganisation dieses lichtempfindlichen Peptids im Hinblick auf 

dessen Eignung für intrazelluläre Anwendungen zu testen. Dazu wurden die Kinetik der 

lichtinduzierten Reaktionskaskade und die supramolekularen Strukturen der entstehenden 

selbstassemblierenden Monomere analysiert. 
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1 Introduction 
 

1.1 Peptides and supramolecular structures  

Amino acids (AA) are small molecules acting as building blocks for biomacromolecules in living 

organisms. Other small molecules, for example lipids, nucleic acids and carbohydrates, are 

responsible for membrane formation, storing of genetic information and energy, whereas AAs 

play a huge role in protein biosynthesis. The general structure of an AA is characterized by the 

residues at its 𝛼-carbon atom. Every AA consists of an 𝛼-carboxylic acid (pink), an 𝛼-amino 

group (blue), an 𝛼-hydrogen atom (white) and a side chain (green) that is unique for each AA.[1] 

As the 𝛼-carbon atom represents a chiral center (except for glycine with R = H), there are L- 

and D-isomers possible which are shown in Figure 1. However, most eukaryotic and prokaryotic 

species use L-isomers in their cells for biosynthesis of peptides and proteins.[1,2] 

 

Figure 1: General three-dimensional structure of L- and D-amino acids.[1] 

In nature, ribosomes take care of protein biosynthesis and are responsible for the coupling of 

20 proteinogenic AAs to a peptide. The AAs are connected via an amide bond, the so-called 

peptide bond. This peptide bond arises from a reaction between an 𝛼-carboxylic acid of an AA 

and an 𝛼-amino group of another AA. The resulting chain is the primary structure of the peptide. 

Further, there are the secondary, tertiary, and quaternary structure of peptides. The flexibility of 

a peptide chain limited by the partial double-bond character of the peptide bonds.[1] Secondary 

structures are formed when primary structures fold into regular, repeating structures stabilized 

by hydrogen bonds and Van-der-Waals-forces. The main and often occurring conformations are 

𝛽-sheets and 𝛼-helices, 𝛽-turns and random coil. Random coils are defined as structures with 

no discernible secondary structure.[3] 𝛽 -Turns are structural principles creating directional 

changes of peptide chains. This occurs through hydrogen bonding of the carbonyl group of an 

AA with the amide group of an AA which is three residues away.[1]  
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 𝛽-sheets are formed as zigzag structures of peptide backbones, the alternating sequences of 

peptide bonds and 𝛼-carbons. Parallel and antiparallel 𝛽-sheets can be formed depending on 

the emerging interactions (Figure 2, right). In the antiparallel arrangement, amide and carbonyl 

groups of an AA in one strand are each connected to the carbonyl and amide groups of a partner 

in the adjacent strand via hydrogen bonds. In the parallel alignment, the amide group of an AA 

is hydrogen bonded to the carbonyl group in the adjacent strand, whereas the carbonyl group 

of the same AA forms a hydrogen bond with an amid group two residues away in the adjacent 

strand.[1] An 𝛼-helix is characterized by a twisted peptide backbone with outward facing side 

chains (Figure 2, left).[1,2] 

 

Figure 2: Schematic illustrations of an 𝛼-helix with a side (a and b) and a top (c) view and parallel (upper 

two) and antiparallel (lower two) peptide chains, forming 𝛽-sheets (d). Hydrogen bonds are represented 

as dashed lines. Carbon-atoms: grey, amino groups: blue, hydrogen-atoms: white, carbonyl oxygen: pink, 

side chains: green.[1] 

Regularly, an 𝛼-helix contains 3.6 AAs in each completed 360 degree turn.[1] However, 𝛼-helices 

with 3.5 AAs each turn are found in coiled coil superstructures. They typically consists of two 

to five 𝛼 -helices wrapped around each other resulting in a left-handed helix forming a 

supercoil.[4] Under aqueous conditions, helices interact with each other through hydrophobic 

and ionic interactions. Hydrophilic side chains point to the outside of the coiled coil and interact 

with the solvent. [4] 

As the sequence is often designated abcdefg, hydrophobic residues can be found in positions 

a and d whereas ionic AAs in positions e and g (Figure 3).[5]  

d
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Figure 3: Interacting AAs a-f (representing two complete turns) in a coiled coil structure of two 𝛼-

helices.[4] 

Coiled coil structures are a class of the tertiary structures which are formed through the 

interaction between AAs that are located far away from each other in the linear sequence of a 

completed peptide chain. These include interactions between defined secondary structures via 

hydrogen bonds, Coulomb-interactions, and Van-der-Waals-forces but also disulfide bridges. 

Proteins consist of at least one completely folded AA-chain. Assembly of more than one of these 

tertiary superstructures to a quaternary structure enables a great variety of different proteins. 

An overview over the different peptide superstructures is shown in Figure 4. 

Again, hydrogen bonds, Coulomb-interactions, Van-der-Waals-forces and disulfide bridges are 

responsible for structure stability.[1,2] Disulfide bridges are the most common cross-bridges in 

tertiary and quaternary structures resulting from a reaction of two cysteine residues. Cysteine 

contains a thiol group in the side chain which can form a disulfide bridge by oxidation with 

another thiol group. Biochemistry takes advantage of the reversibility of this oxidation by using 

dithiothreitol (DTT) to reduce disulfide bridges in protein analysis.[1,6,7] 

 

Figure 4: Schematic illustration of peptide superstructures including primary, secondary, tertiary, and 

quaternary structure.[adapted from 1] 
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As already mentioned, peptide production in living cells is executed by ribosomes. In synthetic 

chemistry, there is a long history of peptide synthesis and method optimization.[8] One of the 

first famous approaches for synthetic peptide synthesis was the preparation of a dipeptide by 

Fischer and Fourneau in 1901.[9] Limitations of their work included the absence of easily 

removable N-terminal protecting groups (PGs). About 30 years later the carbobenzoxy group 

was introduced as a temporary PG by Bergmann and Zervas.[8] Several small peptide sequences 

such as glutathione or carnosine could be synthesized using these advantages.[10,11] New PGs 

were developed, starting with the discovery of the tert-butyloxycarbonyl group (Boc) in 1957. 

These groups are stable towards hydrogenation, Birch reduction and strong alkali but also acid-

labile and therefore easily to remove.[8,12] Multiple coupling reagents were discovered throughout 

the next decades to optimize peptide synthesis.[8] Until Merrifield published a method for solid 

phase peptide synthesis in 1963, all approaches in this scientific field have been performed in 

solution.[13] From this point, solid phase peptide synthesis (SPSS) became one of the most used 

methods in peptide synthesis. Cross-linked polystyrene or polyethylene glycol-based polymers 

are used as solid supports until today. Introduction of the base-labile N-terminal PG 9-

fluorenylmethyloxycarbonyl (Fmoc) in 1970, lead to development of the recent method of 

choice: Fmoc-solid phase peptide synthesis (Fmoc-SPPS).[14] Fmoc-SPPS consists of four 

repetitive steps (Figure 5): (1) N-terminal deprotection, (2) washing, (3) coupling of a Fmoc-

protected AA and (4) another washing step.[15] The growing peptide is C-terminal linked to the 

solid support and cleaved off using trifluoracetic acid (TFA), that also cleaves all acid-labile PGs 

from side chains, after completed synthesis (5).[16] Nowadays, a variety of PGs is known for 𝛼-

amino groups and side chain functional groups (see Chapter 1.4). 
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Figure 5: Scheme of a standard Fmoc-SPPS cycle with Fmoc (red) as N-terminal PG and acid-labile PGs 

(grey) at side chain residues. 

 

1.2 Self-assembly inside living cells 

The idea of self-assembling building blocks has been adapted from biology. Proteins and their 

different superstructures are only one example for biological self-assembly. Other intracellular 

examples are the cytoskeleton or DNA, the double-helical structure that also contains the genetic 

information coding for functional peptides in living organisms. Building blocks of DNA are 

nucleotides consisting of a pentose sugar (desoxyribose), a nitrogenous base and a phosphate 

group. An alternating sequence of sugar and phosphate builds the DNA backbone polymer 

where bases extend away from the chain. The four nucleotides adenine, guanine, thymine and 

cytosine differ only in the nitrogenous base and are responsible for the formation of the double-

helix. Non-covalent interactions lead to complementary stacking of bases (A-T and G-C) 

including hydrogen bonding and 𝜋-𝜋 stacking.[1,2,17] 

(1) Deprotection
(2) Washing

(3)   AA coupling
(4)   Washing

(5)   Final deprotection and cleavage
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Since self-organization is driven by non-covalent interactions, their nature is of great importance 

when it comes to design of new self-assembling building blocks. One group of these interactions 

are long-range coulomb interactions (ion-ion, ion-dipole and dipole-dipole) resulting in attractive 

or repulsive effects. Ionic forces have been employed as a straightforward chance for self-

assembly regarding designed building blocks.[1,17,18] Van-der-Waals forces are defined as short 

ranging and weak interactions between hydrophobic parts of molecules. Additionally, the 

hydrophobic effect leads to repulsion of solutes in polar solvents, causing self-assembly that 

can also be seen in the formation of micelles.[1,17] Hydrogen bonds form between an 

electronegative atom and a hydrogen atom that is bound to another electronegative atom. 

Usually, nitrogen, oxygen or fluorine are found as electronegative parts and called hydrogen 

acceptor while the hydrogen is referred to as hydrogen donor. Hydrogen bonds are highly 

directional, long- or short-range forces occurring inter- and intramolecular. Superstructures 

containing multiple hydrogen bonds are stabilized and spatial arranged with enhanced 

specificity.[1,17,19] Lastly, interactions of aromatic rings (𝜋-𝜋 stacking) can also lead to self-

assembly or intramolecular stability. 𝜋-𝜋 stacking occurs between aromatic rings when oriented 

face-to-face or edge-to-face. All noncovalent interactions are illustrated in Figure 6.[1,17] 

Functional self-assembly inside living cells is a highly flexible and dynamic process not least 

because of their noncovalent binding character. In the complexity of cell metabolism, these 

mechanisms are mostly controlled by proteins and triggered by messengers or other 

molecules.[19] In terms of synthetic life-like systems, such complexity is not realizable or wanted. 

Therefore, it was and is a task of science to discover new triggers and inducing methods for 

synthetic self-assembling molecules. 
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Figure 6: Noncovalent interactions responsible for self-assembly and building of superstructures.[adapted 

from 17]  

 

1.3 Designed short self-assembling amphiphiles 

In the field of synthetic small self-assembling building blocks, a huge research progress has 

been achieved during the last decades. Many different nanoparticles have been developed for 

use in technological areas and in medicine.[20,21] When it comes to medical applications, self-

assembling peptides play a great role regarding drug delivery and direct disease treatment.[22] 

Assembled peptide structures were shown to increase fibroblast migration, drug stabilization 

and even regeneration of neurons.[23–25] Despite great difficulties in the use of peptides as 

pharmaceuticals due to poor oral availability, short half-lives or rapid metabolism, this approach 

is gaining more and more importance. One reason for this is that peptide applications include 

protein targeting that is more selectively than of small molecules, thereby reducing potential off-

target side effects.[26]  

Aggregation of 
amphiphiles into 
micelles
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Science is constantly searching for new design strategies for self-assembling peptides with 

predefined supramolecular structures in view of function and therapeutics. Besides the work 

with fiber or hydrogel forming 𝛽-strand peptide strategies, another subfield concentrates on 

high-ordered and discrete structures with 𝛼 -helical peptides.[27] Coiled coils, consisting of 

several 𝛼-helices, are an example for those systems highly supported by bioinformatics and 

experimental studies allowing predictive structural designs.[28] However, 𝛽 -strand forming 

amphiphiles are still in focus of research and can form a lot of different kinds of superstructures 

depending on their molecular design. Many short peptide building blocks require hydrophobic 

residues to facilitate self-assembly. They are constructed by a repeated scheme of an aromatic 

compound (for example Fmoc), a linker and an AA chain with an unprotected C-terminal 

carboxylic acid (Figure 7).[29]  

 

Figure 7: Scheme of an aromatic peptide amphiphilic building block for self-assembly divided in four 

segments: aromatic moiety (blue), linker (green), peptide (yellow) and C-terminus (red).[adapted from 29]  

Generally, aromatic self-assembling amphiphiles lead to structures that assemble due to 

aromatic stacking and hydrogen bonding. These structures can be divided into definite 

assemblies (micelles and vesicles) with a discrete dimension and indefinite assemblies (tubes, 

fibers, sheets and tapes) (Figure 8).[30]  

 

 

Figure 8: Simplified illustration of aromatic peptide amphiphile assemblies showing possible 

supramolecular structures due to hydrogen bonding and aromatic interactions.[adapted from 29]  

Aromatic
Linker
Peptide
C-terminus

Supermolecular structures: 
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The design of an aromatic peptide amphiphile can vary in all four segments shown in Figure 7. 

For example, Fmoc, pyrene and naphthalene derivates can be used as aromatic moieties to 

facilitate self-assembly. Ring substitutions have an impact on hydrophobicity with consequences 

for assembling conditions. Some aromatic parts, for example azobenzene and dithienylethene, 

also have an additional functional role causing switchable morphological or spectroscopic 

changes.[31,32] Co-assembling fluorophores can be used for stabilizing, responsiveness or 

imaging purposes, contributing new application methods.[29]  

The choice of linker also seems to influence the formation of superstructures. An increase of 

molecular curvature was found to be detrimental to effective assembly. Therefore, linear 

geometries appear to be more useful in allowing effective intermolecular interactions in both the 

aromatic and peptide self-assembly domains. Additionally, the linear methoxy linker is a potential 

hydrogen bond acceptor with implications for self-assembly.[29]  

Regarding the variety in AA structural side chain differences, it isn’t surprising that the peptide 

sequence is an important design aspect. Amino acids can be classified as hydrophobic or 

hydrophilic with respect to their side chain properties. For example, aromatic amino acids such 

as phenylalanine or tyrosine and aliphatic ones such as valine or leucine are classified as 

hydrophobic. In addition, there are five hydrophilic amino acids that occur loaded at physiological 

pH and contain either an acidic (glutamic acid and aspartic acid) or basic (histidine, arginine and 

lysine) functional group. In addition, there are three amino acids with special properties: glycine 

is very flexible and is the only non-chiral amino acid; proline is rigid and, in combination with 

glycine, important for the formation of beta-turns in proteins; and cysteine, whose thiol group 

can be easily oxidized to form disulfide bonds.[33–36] Accordingly, flexibility, conformation, and 

mechanical properties of the resulting superstructures can be determined by the AA choice in 

the designed peptide sequence.[37]  

For small AA sequences of aromatic amphiphiles, the free acid is often left at the C-terminus 

because this allows self-assembly to be easily triggered by pH adjustments. In contrast, with a 

functionalized C-terminus, for example, one has a broader pH range stability.[29,37]  

Since the cellular environment is very complex, crowded and has a neutral pH value, self-

assembling amphiphiles must also be able to organize themselves under these circumstances. 

Wang developed an enzyme responsive peptide-conjugate that could have an application in 

cancer therapy. Precursors are enzymatically cleaved releasing functional building blocks and 

forming fibrous assemblies.[38] Another research group concentrated on intramolecular 
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condensation reactions leading to a biorthogonal cyclization of a thiol and a cyanobenzothiazole. 

Their monomers were released by enzymatic cleavage or the cells´ redox environment.[39,40] 

Recently, the Weil group investigated self-assembling nonfunctional building blocks forming 

fibred superstructures inside living cells and therefore inducing cell death through apoptosis.[41–

43] One approach were kinked bioinspired tripeptides (ISA) with an ester bond between serine 

and isoleucine, so called isopeptides, which were used as precursors. A ROS-sensitive 

phenylboronic acid trigger group capps the N-terminus of serine and contained an attached cell-

penetrating peptide. Cytosolic ROS causes the degradation of the phenylboronic acid group and 

reveals the free reactive amine. Under neutral conditions, the amino group can perform an 

intramolecular nucleophilic attack on the ester bond between serine and isoleucine (O,N-acyl 

shift), yielding linearized peptides (Figure 9).[41]  

 

Figure 9: Cleavage of a N-terminal trigger group and following rearrangement of the molecule via 

nucleophilic attack of the freed amino group forming an amide bond (O,N-acyl shift). 

Isoleucine was either Fmoc or Coumarine343 protected, leading to co-assembly into cytotoxic 

peptide fibres inside ROS-overproducing cancer cells (reaction scheme is shown in Figure 10). 

Such a multistep approach offers more opportunities to direct the transformation of a precursor 

into the self-assembling monomer.[41]  

R
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Figure 10: Multistep reaction of kinked isopeptides forming intracellular superstructures. After self-

assembly precursors are uptaken due to the attached cell-penetrating peptide (orange), it is cleaved by 

hydrolysis (a). Intracellular ROS-species cleave the caging group (purple) followed by an O,N-acyl shift 

releasing the self-assembling building blocks (green) (b). Monomer assembly forms a fibrillar network 

inside the cell (c) leading to apoptosis.[adapted from 44]  

 

1.4 Protecting groups 

For a protecting group (PG) to be widely used in syntheses, it must possess several properties: 

It should be introduced selectively and in high yields without influencing other functional groups. 

The PG should be stable under all conditions during synthesis, including purification steps, until 

the protecting group is cleaved selectively. It should prevent racemization or epimerization and, 

in the best case, have a stabilizing effect on the molecule. In addition, PGs may offer other 

advantages such as better solubility or more suitable physical properties. This makes some 

intermediates easier to isolate, for example by crystallization. PGs should be able to be 

introduced and cleaved using readily available reagents, which also facilitates purification. Only 

a handful of PGs meet these requirements. Often a compromise has to be found, taking into 

account the most important criteria in terms of synthesis. In most cases, high stability of the 

PG with simultaneous easy cleavage is the decisive problem.[45]  

So far, many easily usable and stable PGs have been discovered and explored. Depending on 

the reaction conditions, acid-labile, base-labile, redox-labile, enzyme-labile or photolabile PGs 

can be used. The choice of the appropriate PG depends, of course, also on the functional group 

to be protected.[45] In case of peptide synthesis, side chains of AAs can contain different kinds 
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of functional groups that interfere with reagents and reactants. Therefore, these groups must 

be capped with PGs preventing side reactions and resulting in better yields. Due to the great 

variety of functional groups, for example hydroxy, amino, carboxylic and thiol groups, many 

different PGs are used and must be matched.[14,46] SPPS strategies with various protection 

methods for the 𝛼-amino group have been developed and constantly optimized over the years. 

Most common are strategies with 9-fluorenylmethoxycarbonyl (Fmoc), used in combination with 
tBu-type side-chain protection, or the tert-butyloxycarbonyl (Boc) group in combination with Bn-

type side-chain protection. Whereas the Boc group is stable against bases, nucleophiles and  

catalytic hydrogenation, it can be removed with 25-50% trifluoroacetic acid (TFA) in DCM. On 

the other hand, Fmoc is a base-labile PG which is cleaved by  solutions of 20% piperidine in 

DMF.[46,47] tBu-type side-chain PGs are acid labil, which allows side chain cleavage without Fmoc 

removal in SPPS. Further,  Trityl (Trt), Monomethoxytrityl (MMT), Boc, 2,2,4,6,7-Pentamethyl-

2,3-dihydrobenzofuran-5-sulfonyl (Pbf) are acid-labile PGs. Due to the differences in stability, it 

is possible to selectively deprotect side chains to perform functionalizations without affecting 

other PGs that require more acidic cleavage conditions.[46,48,49]  

 

1.4.1 Photo-labile protecting groups – light as a trigger 

A functional PG is often selected on the basis of its cleavage conditions and is sometimes also 

used to form precursors of chemically or biologically active molecules. In research, many 

approaches follow strategies with enzyme-labile PGs, which are then cleaved within cells. 

Precursors that only acquire their properties after PG cleavage can thus be activated inside the 

cells.[50] Here it is a question of activation at the destination of the system, but there are other 

parameters for such an approach. Photo-labile PGs are cleaved by light and therefore no 

additional reagents are needed. This creates a good opportunity when it comes to work with 

cells in biochemistry.[45] Spatiotemporal control of the activation of the precursor allows more 

flexibility in this method. Some known photolabile protecting groups used for bio-applications 

such as 2-nitrobenzyl, 3-nitrophenyl, benzyloxycarbonyl, phenacyl, benzoinyl and related groups 

have been used for capping peptides, polysaccharides and nucleotides.[51] 2-Nitrobenzyl 

derivatives are commonly used photolabile PGs and were originally developed for organic 

synthesis. Biochemical application of 2-nitrobenzyl related groups was pioneered 1978 by 

Kaplan with the synthesis of caged ATP.[52]  
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In principle, a photolytic cleavage of a chemical bond is the result of the absorption of a photon 

by the molecule. Cleavage mechanisms can follow several numbers of pathways. For example, 

excitation of an organic chromophore can lead to the formation of a highly reactive diradical 

species. Considering all possible reaction pathways, hydrogen abstraction in the γ-position is 

quite common, and was identified by Norrish.[53] He described a mechanism for carbonyl 

compounds that is now known as a Norrish-type II reaction.[54] Cleavage of 2-nitrobenzyl 

derivatives also follow the Norrish-type II reaction where in the first step the double bond of the 

nitro-group is split homolytically forming a diradical species (Figure 11; A). After that, 𝛾 -

hydrogen is abstracted creating a 1,4-diradical intermediate (Figure 11; B) followed by an 

intramolecular migration (Figure 11; C). The negatively charged oxygen of the nitro-group then 

attacks the 𝛾 -carbon atom leading to a five-membered cyclic intermediate (Figure 11; D). 

Photolytic cleavage of the PG and the capped molecule occur under release of carbon dioxide 

(Figure 11; E).[54]  

 

Figure 11: Photolytic cleavage of 2-Nitrobenzyl-based PGs through Norrish-type II reaction.[55]  
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1.5 Click chemistry 

Advances in the understanding of molecular biology and other disciplines have led to an 

increasing demand for materials with clear and defined structures. The production of such 

multifunctional molecules presents significant synthetic challenges to the scientific community. 

Many synthetic strategies allow only rough control over the resulting product structure. For an 

organic synthetic approach to be widely used for material production, the reaction must have 

several properties. It must form stable bonds and have low cross-reactivity with other functional 

groups. Further, the reactants should be fully converted, and thus the reaction should be free 

of large amounts of byproducts. Additionally, the synthesis must proceed under mild reaction 

conditions and should be performed with readily available reagents.[56,57]  

This year, in 2022, the Nobel Prize in Chemistry was awarded to Bertozzi, Meldal and Sharpless 

for the development of the reaction framework often referred to as click chemistry.[58] This 

synthetic framework meets all of the criteria mentioned above and can offer great potential for 

the synthesis of any type of material. Click reactions are driven by a high thermodynamic gain, 

resulting in stereospecific, fast reactions with high yields. Thus, it is not a specific reaction type, 

but rather defines a concept that encompasses multiple reactions with different mechanisms 

but share the same reaction processes and conditions. Sharpless described click chemistry 

early on as the formation of complex substances by bringing together smaller units via 

heteroatoms.[59] Bertozzi began using click chemistry in living organisms to study biological 

processes and target anticancer drugs. To do this, she developed bioorthogonal reactions that 

can occur in living organisms while not disrupting the normal chemistry of the cell. The 

application of click chemistry is a major advance for research at the cellular level in living 

organisms.[58,60] 

Examples for click reactions include the Cu(I)-catalyzed Huisgen-1,3-dipolar cycloaddition and 

which is ideal for the controlled preparation of multifunctional materials (Figure 12).[56]  

 

Figure 12: Cu(I)-catalyzed Huisgen-1,3-dipolar cycloaddition as example for click chemistry.[56]  

The Huisgen-1,3-dipolar cycloaddition is a reaction between azides and terminal alkynes, the so 

called copper-catalyzed azide-alkyne cycloaddition (CuAAC), resulting in 1,4-disubstituted 1,2,3-
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triazoles in very high yields under mild conditions.[61] This regioselective reaction has already 

been used as a powerful ligation tool for the most disparate molecular fragments. With the 

triazole ring as a non-toxic, robust keystone in complex molecular architectures, this click 

reaction has already been used for the selective modification of enzymes, viruses, and cells.[62–

65] Besides organic synthesis, another area of application is in drug discovery, even though 1,2,3-

triazoles have rarely been found in marketed drugs, demonstrating that there are still some 

limitations in the molecules of drug candidates.[66] Click reactions have been used for nucleotide 

labelling, peptide ligation and functionalization of solid surfaces for protein binding.[67–69] The 

potential applications of click chemistry in organic chemistry and biology are far from exhausted 

and will be further expanded and explored in the future. 
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2 Motivation 
The aim of this work is the synthesis of a new photosensitive pro-self-assembling peptide 

amphiphile, and the analysis of its kinetics and structural characteristics. This molecule should 

be functionalizable with a linker for the introduction of a cell penetrating peptide, so that the 

system could be developed into a new modulated cancer therapy. 

In recent years, the Weil group has conducted research on the synthesis of short self-

assembling peptide amphiphile precursors for the use in cancer therapy.[41,43] They developed 

systems in which caged isopeptides were introduced into A549 breast cancer cells using the 

endocytotic pathway. Due to the characteristic environment in cancer cells, the pH and hydrogen 

peroxide labile groups were cleaved off, forming self-assembling monomers.[44]  Fibre formation 

of these monomers led to a disruption of cell metabolism and thereby to apoptosis of the cancer 

cells. Pieszka and Zhou both used ISA-isopeptides with a boronic acid as the caging group, TAT 

for cell penetration and aromatic (with or without platinum) systems for self-assembly.[41,43] A 

new approach is to use photolabile protecting groups for such a system to have spatiotemporal 

control over the fibrillation initiation. A major advantage of the work with photolabile protection 

groups is that no chemical treatment is required for cleavage instead light of a specific 

wavelength.[45] In yet unpublished work, the Weil group used a 2-nitrosobenzyl-based protecting 

group for the synthesis of a self-assembling peptide precursor. A change in the isopeptide 

sequence to ICA resulted in an even more dynamic system with several chemical steps. Fmoc 

was selected as aromatic group for the self-assembly, which was initiated by irradiation for a 

short period of time with approximately complete cleavage. With its oxidizing potential, the 2-

nitrosobenzyl group could be recycled for thiol oxidation, forming disulfides with other fibrillation 

properties. As disulfides are easily reducable (for example with DTT), this dynamic system was 

found to be, even in the fibrillation state, highly reversible.  

Based on this work, a new pro-self-assembling peptide amphiphile should be developed with 

the possibility to attach a cell penetrating species to address cancer cells. This amphiphile should 

have the same properties and characteristics in fibrillation, reversibility and dynamics as the one 

mentioned before. Therefore, an ICA-isopeptide (Figure 13, black) will be synthesized using the 

Fmoc-SPPS-strategy and a manual esterification method. Attached Fmoc (Figure 13, green) 

should drive self-assembly via 𝜋- 𝜋-stacking and nvoc3 (Figure 13, orange) should act as the 

precursor protecting group and oxidizing reagent that can be cleaved off at 365 nm. Another 
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advantage of nvoc3 is the terminal alkyne group that can be used for functionalization via 

Huisgen-1,3-dipolar click reaction. Additionally, a coumarin343 (Figure 13, blue) varaint of the 

described amphiphile will be synthesized for coincubation which could be an imaging possibility 

in later cell experiments as shown in the publication of Pieszka.[41] The aimed system and 

expected reaction cascade after irradiation of Iso(Fmoc-I)nvoc3CA and Iso(C343-I)nvoc3CA is 

shown in Figure 13. 

 

 

Figure 13: Expected reaction cascade for Iso(Fmoc-I)nvoc3CA and Iso(C343-I)nvoc3CA (top left). First 

step is the controlled irradiation and cleavage of nvoc3 at 365 nm (a), followed by the S,N-acyl shift (b) 

that results in the linear peptide amphiphiles Fmoc-ICA and C343-ICA. Oxidation of the monomers leads 

to disulfides (c) and both structures can self-assemble and form fibres through 𝜋- 𝜋-stacking (d). 
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The synthesized products will be purified by high performance liquid chromatography (HPLC) 

and following lyophilization. Further, nuclear magnetic resonance (NMR), liquid chromatography 

(LC) and mass spectrometry (MS) will be used for characterization measurements. Photolysis 

kinetics will be used to develop an irradiation protocol for this new class of pro-self-assembling 

peptide amphiphiles. Afterwards, S,N-acyl shift kinetics will be investigated through multiple 

time point measurements with an analytical HPLC setup after irradiation. Circular dichroism (CD) 

and transmission electron microscopy (TEM) measurements will be performed for analysis of 

secondary structure and fibrillation properties. 

This work was carried out under the supervision of Patrick Roth and the synthetic protocols 

and experimental procedures were partly based on his work. Therefore, the following results 

will be included in his dissertation.  
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3 Results and Discussion 
In the following chapter, results collected during this work are described and discussed 

regarding synthesis, characterization and structure analysis. 

 

3.1 Synthesis 

Synthesis of isopeptides and the control peptide 

Synthesis of isopeptides and the control peptides was performed using the Fmoc solid-phase 

peptide synthesis strategy (SPPS) with a Liberty Blue Automated Microwave Peptide Synthesizer 

by CEM Corporation or a Merrifield apparatus (esterification). 

A Wang-resin with an attached Fmoc-protected alanine was deprotected with 20% piperidine in 

DMF and either Fmoc-protected cysteine or serine coupled to the growing peptide. After another 

Fmoc-deprotection step, N-terminal protection with nvoc3 and esterification with Fmoc- or 

C343-proteced isoleucine were performed outside of the SPPS-device in a Merrifield apparatus. 

Cysteine containing peptides were treated with a mixture of DCM/TIPS/TFA (6x 10 mL; 

95%/5%/1%) to cleave the side chain protecting MMT group. Protection with nvoc3 was needed 

to enable the coupling of isoleucine to the hydroxy or thiol group (ester) in the side chain of 

serine or cysteine, resulting in a so-called isopeptide. Synthesized isopeptides were cleaved 

from the resin with a mixture of TFA/TIPS/MilliQ water (95%/2.5%/2.5%) and purified by HPLC. 

Since nvoc3 is a photolabile protecting group, every working step with nvoc3 was performed 

under exclusion of light. Figure 14 and Figure 15 show the reaction schemes of all synthesized 

isopeptides: Iso(Fmoc-I)nvoc3CA (1) (70 mg, 17.4%) , Iso(C343-I)nvoc3CA (2) (20 mg, 5.0%), 

Iso(Fmoc-I)nvoc3SA (3) (10 mg, 12.7%) and Iso(C343-I)nvoc3SA (4) (4 mg, 4.8%). Decreased 

yields can be explained due to the many reaction steps and loss through purification.  
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Figure 14: Reaction schemes of cysteine containing isopeptides Iso(Fmoc-I)nvoc3CA (A, 1) and 

Iso(C343-I)nvoc3CA (B, 2): SPPS-cycle of deprotection with 20% piperidine and AA coupling with 

DIC/Oxyma (a), protection with nvoc3 using TEA (b), cleavage of MMT group with DCM/TIPS/TFA (95:5 

+1%) and esterification with Fmoc-Ile (A) or C343-Ile (B) (c), cleavage from the resin (d). 
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Figure 15: Reaction schemes of serine containing isopeptides Iso(Fmoc-I)nvoc3SA (A, 3) and Iso(C343-

I)nvoc3SA (B, 4): SPPS-cycle of deprotection with 20% piperidine and AA coupling with DIC/Oxyma (a), 

protection with nvoc3 using TEA (b), esterification with Fmoc-Ile (A) or C343-Ile (B) (c), cleavage from 

the resin (d). 

At first, synthesis of 2 was performed by attaching Fmoc-isoleucine and following deprotection 

with 20% piperidine. Later purification showed that the thiol ester was piperidine labile and 

hydrolyzed. Therefore, another approach was developed including the linkage of C343 to 

isoleucine before used for esterification.  
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Synthesis of C343-ile was realized by coupling of H-Ile-OtBu · HCl and Coumarin343 using 

PyBOP as a coupling reagent and DIPEA as a base. After purification through flash column 

chromatography (2:1 CH/EA, Rf=0.41), the tBu protecting group was cleaved under acidic 

conditions. The yellow-orange product was analyzed by NMR-spectroscopy and could then be 

used for the isopeptide synthesis.  

Yield: 541.6 mg (90.7%) 

 

Later during this work, difficulties were encountered in the analysis of the model compounds 1 

and 2 , which will be explained in more detail in later chapters. The reason for difficulties could 

be due to the alkyne group, as it represents one of the few differences to the already known 

and analyzed nvoc. After irradiation with UV-light, the alkyne group could undergo unwanted 

side reactions due to its high electron density, which could prevent self-assembly and therefore 

show other characteristics. To exclude this possible interfering factor, the alkyne group of 1 was 

linked to 6-azidohexanoic acid via a Cu(I)-catalyzed Huisgen-1,3-dipolar cycloaddition. TBTA was 

used as ligand and CuSO4 as the copper source which was reduced by sodium ascorbate to 

generate Cu(I)-ions freshly in solution. This reaction could be performed in a DMSO/MilliQ water 

mixture at room temperature and be purified via HPLC yielding a white powder. Purification 

could be verified by analytical HPLC and LC-MS (Figure 16). The HPLC trace shows two peaks 

at 18.9 min and 19.7 min, representing both isomers, due to the chiral center of the molecule 

being located in the nvoc3 protecting group. 

Yield: 3 mg (52.0%) 
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Figure 16: HPLC-chromatogram (A), MS-spectrum (B) and molecular structure with marked chiral center 

(*, C) of Iso(Fmoc-I)nvoc3CA-hexanoic acid 5. Calculated: M = 961.38 g/mol. Found: 

[M+H]+ = 926.5 g/mol, [M+Na]+ = 984.4 g/mol.  

 

C343-ICA 

The control peptide C343-ICA 6 was synthesized on a Chlorotrityl-resin with an attached 

unprotected alanine. Fmoc-protected cysteine and isoleucine were coupled to the peptide and 

then Fmoc-deprotected with 20% piperidine in DMF. For N-terminal protection with C343, the 

coupling reagents PyBOP and DIPEA were used and added to the resin in a reaction vail. C343-

ICA was cleaved from the resin and side chain deprotected before purification by HPLC (Figure 

17). A yellow-orange product was obtained and analyzed through LC-MS and NMR. The control 

peptide was synthesized for use in structure analysis and characterization experiments as a 

reference compound and for system validation experiments. 

Yield: 80 mg (27.9%) 
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Figure 17: Reaction scheme for the synthesis of C343-ICA using the Fmoc-SPPS strategy: SPPS-cycle 

of Fmoc-deprotection with 20% piperidine and AA coupling with DIC/Oxyma (a), Fmoc-deprotection and 

C343-coupling with PyBOP and DIPEA (b), cleavage of side chain protecting groups and from the resin 

(c).  

Since the thiol groups are to be oxidized to disulfide bridges in the system, DiC343-ICA 7 was 

also prepared as a control compound. Therefore, C343-ICA was dissolved in DMSO in MeOH 

(v/v) and stirred at room temperature for 72 h. Purification by HPLC yielded in an orange powder 

that was analyzed by LC-MS. 

Yield: 3 mg (44.8%) 

 

ESI-MS spectra and HPLC-chromatograms of synthesized isopeptides, control peptides and 

provided control peptides that were only used as references in HPLC-analyses are shown in 

Figure 18 and Figure 19. 
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Figure 18: ESI-MS spectra and HPLC chromatograms of the synthesized isopeptides 1, 2, 3, 4, and 5. 
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Figure 19: ESI-MS spectra and HPLC chromatograms of the control peptides 6, 7, Fmoc-ICA 8, DiFmoc-

ICA 9, Fmoc-ISA 10 and C343-ISA 11. 
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3.2 Characterization and Analysis 

The following chapter shows the results of characterization and analysis of synthesized 

isopeptides and control peptides in terms of self-assembly and the reaction cascade. Fmoc-ICA 

and DiFmoc-ICA were provided by Patrick Roth of the Max-Plank-Institute for Polymer Research. 

C343-ISA was provided by Sarah Chagri and nvoc-glycine was provided by Raphael Meyer of 

the Max-Plank-Institute for Polymer Research.  

 

3.2.1 Photolysis rate of isopeptides 

During this work, isopeptides were irradiated to investigate the rate of cleavage of the photolabile 

PG. This was realized by irradiation of 100 µM isopeptide solutions (MeOH/NH4HCO3-buffer; 

pH=7.4, 5 mM; 1:1) at 365 nm for 0 s, 30 s, 60 s, 90 s, 120 s, and 600 s (n=3) and analyzed via 

HPLC. The photolysis rate results from the quotient of the calculated areas under the peaks that 

occur at the retention times of the non-irradiated (0 s) reference samples. It describes the 

percentual rate of nvoc3 cleavage after different irradiation times. 

 
Figure 20: Photolysis rates of 1, 2, 3 and 4 are shown in percent plotted against irradiation times in 

seconds. Samples were irradiated at 365 nm for 0 s, 30 s, 60 s, 90 s, 120 s, and 600 s (n=3). 
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Figure 20 shows the photolysis rates of 1, 2, 3 and 4 plotted against irradiation times resulting 

in comparable curves. An initial sharp increase is followed by a slow approach to 100%, showing 

an increase in the photolysis rate with increasing irradiation times. After 30 s of irradiation, 

photolysis rates of more than 90% are found for 1 and 4, whereas for 2 and 3 these rates are 

even higher than 95%. From this it can be concluded that more than 90% of each isopeptide can 

be deprotected, in comparison to the non-irradiated protected samples, with an irradiation time 

of 30 s. Irradiation times of 60 s and higher did not lead to further significant increases of the 

photolysis rates and therefore, 30 s was set as the irradiation time for further experiments.  

During analyzation of C343-containing isopeptides, decreasing yellow coloring with 

simultaneously increasing irradiation times was observed. To further investigate the impact of 

irradiation on C343, absorbance measurements were performed with irradiated samples of 

C343-ICA (100 µM in PBS). Obtained data showed a decrease in absorption with longer 

irradiation times (see Figure 55, appendix), which can be explained by photobleaching. 

Photobleaching or chemical quenching is the permanent loss of fluorescence of a fluorophore 

as a result of irradiation. The fluorophore molecules are photochemically destroyed by the 

excitation light and lose their fluoresce ability.[] However, C343 still shows a high absorption 

after irradiation of 30 s, which indicates suitability of C343 as a fluorophore for the system. 

Based on these results, the successful UV-induced cleavage of nvoc3 could be confirmed. Thus, 

the conditions for the further analyses of isopeptides for this work are fulfilled. In addition, future 

cell experiments with this system could be carried out due to the relatively short irradiation 

times despite the use of UV light. 

 

3.2.2 S,N-acyl and O,N-acyl shift-kinetics 

For the analysis of S,N and O,N-acyl shifts of 1, 2, 3 and 4, 100 µM peptide solutions 

(MeOH/NH4HCO3-buffer; pH=7.4, 5 mM; 1:1) were irradiated for 30 s at 365 nm and injected 

into a HPLC setup. Data was collected at different time points after irradiation and plotted in 

comparison to chromatograms of non-irradiated isopeptide, the corresponding linear- and 

disulfide-peptides. After successful nvoc3 cleavage (a, Figure 21), the unprotected isopeptide 

should rearrange by S,N- or O,N-acyl shift to form the linear peptide amphiphile (b, Figure 21). 

In the case of the cysteine containing peptides, the thiols can further oxidize into disulfides (c, 

Figure 21). 
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Figure 21: Reaction cascade of nvoc3 cleavage through isopeptide irradiation (a), S,N- or O,N-acyl shift 

at a pH > 2 (b) and oxidation of two thiol groups of cysteine containing peptides to a disulfide peptide 

(c). 

For the analysis of Iso(Fmoc-I)nvoc3CA 1, HPLC-measurements were performed 0 min, 20 min, 

40 min, 60 min, 120 min, 240 min, 360 min and 24 h after irradiation. The obtained data are 

shown in Figure 22 along with Fmoc-ICA, DiFmoc-ICA and non-irradiated isopeptide 1 as 

controls. 

 

Figure 22: HPLC-chromatograms or irradiated (30 s) Iso-(Fmoc-I)nvoc3CA 1 (A) and Iso(C343-I)nvoc3CA 

2 (B) measured after different periods of time compared to non-irradiated isopeptide (light blue) and 

corresponding linear (khaki) and disulfide (orange) peptides. 
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The analyzed isopeptide shows two peaks (peaks IIIa and IIIb) which represent the R- and S-

isomer due to the chiral center in the PG. Already at 0 min the chromatogram shows, besides 

the complete isopeptide cleavage, two small peaks with retention times of 11  min (peak I) and 

11.8 min (peak II). Peak I decreases after 240 min, indicating the unprotected isopeptide formed 

during irradiation gradually rearranges to the linear peptide. Contrary to expectation that the 

amount of unprotected isopeptide should be highest directly after irradiation, peak I initially 

increases. Since the used HPLC setup cools samples down to 15 °C, different injection 

concentrations may have occurred because the peptide solution was still at room temperature 

during the first injection. 

The peak of Fmoc-ICA (peak II) continues to rise, whereas peak I is no longer present after 24 h, 

demonstrating a complete successful rearrangement within 24 h. After 40 min, a new peak at 

14.7 min (peak IV) arises and increases over time, representing the disulfide species formed 

through oxidation of the linear peptide. Since no other reagents were added to the sample 

solution, it can be assumed that the cleaved PG acts as an oxidizing agent showing a functional 

recycling for the formation of the disulfide peptide. 

In addition to this reaction cascade, another peak at 13.4 min occurs immediately after 

irradiation and shows no change in intensity over time. Since this peak does not belong to any 

molecule of the cascade, it can be assumed that another species was formed after the nvoc3 

cleavage. The work with thiols involves relatively dynamic systems, therefore, in addition to the 

model compounds Iso(Fmoc-I)nvoc3CA 1 and Iso(C343-I)nvoc3CA 2, serine containing 

isopeptides were synthesized and analyzed to determine possible differences. The following 

figure shows S,N- and O,N-acyl shift kinetics of Iso(C343-I)nvoc3CA 2, Iso(Fmoc-I)nvoc3SA 3 

and Iso(C343-I)nvoc3SA 4. 
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Figure 23: HPLC-chromatograms of irradiated (30 s) Iso(Fmoc-I)nvoc3SA 3 (A) and Iso(C343-I)nvoc3SA 

4 (B) measured after different periods of time compared to non-irradiated isopeptide and corresponding 

linear and disulfide peptides. 

HPLC-measurements of the isopeptides 2, 3 and 4 were conducted 0 min, 30 min, 60 min, 

90 min, 120 min, 240 min, 360 min, 24 h and 48 h after irradiation (Figure 22, Figure 23). 

Obtained HPLC traces are shown in comparison to the non-irradiated peptide and the 

corresponding linear and disulfide peptides as controls. Each kinetic shows the same scheme 

with an arising and decreasing peak I (Figure 22 A: RT =16 min; Figure 23 A: RT =15.9 min; B: RT 

=15.5 min) and an increasing peak II with comparable retention times as the linear control 

peptides (Figure 22 A: RT =17.8 min, Figure 23 A: RT =16.6 min, B: RT =16.3 min). In case of 

Iso(C343-I)nvoc3CA, peak II decreases whereas peak IV starts to arise. This can be explained 

due to the disulfide formation out of two linear peptide monomers. 

Peak I in Figure 22 B can still be seen after 24 h, whereas peak II disappears after 24 hours. 

This leads to the suggestion that part of peak I could arise due to the formation of a by-product 

during the irradiation process, which was also suspected in Figure 22 A. Formation of a peak at 

16 min in Figure 23 A supports this assumption and shows that the by-product is also obtained 

in serine systems. Structural properties of these peptides (3 and 4) were not further 

investigated. 

LC-MS analysis showed a peak (RT =6.6 min) with a mass to charge ratio of m/z=451.2 (Figure 

24) in every irradiated kinetic solution measured after 24 h.  
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Figure 24: ESI-MS of the arising peaks in shift kinetics measured after 24 h. 

Future experiments could include the analysis of the by-product, which could be realized through 

isolation, enrichment and structure clarification via NMR-spectroscopy.  

To test whether the formation of the by-product occurs due to the free alkyne group, the S,N-

acyl shift kinetic was performed with iso(Fmoc-I)nvoc3CA-hexanoic acid 5 (Figure 25). 

 

Figure 25: HPLC-chromatograms of irradiated (30 s) Iso-(Fmoc-I)nvoc3CA-hexanoic acid 5 measured 

after different periods of time compared to non-irradiated isopeptide and corresponding linear and 

disulfide peptides.  

Immediately after irradiation, peak I (RT =16.1 min) and peaks IIa, IIb and IIc (IIa: RT =17.3 min, 

IIb: RT =18.1 min, IIc: RT =18.9 min) appear, with peak I decreasing steadily and the other three 

peaks increasing up to 360 min and then disappearing after 24 hours. The middle peak IIb has 
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the same retention time as the control peptide Fmoc-ICA (peak II) and all three peaks disappear 

within 24  which suggests that they represent the rearranged linear peptide. To analyze the 

distribution of peaks IIa/b/c, the kinetics should be repeated under different conditions in future 

experiments. Another possibility would be the use of a LC-MS for the kinetic analysis to directly 

analyze the masses of occurring peaks. 

From the disappearance of peaks I and IIb, it can be concluded that both the rearrangement of 

isopeptides and the oxidation of linear peptides to disulfides have taken place completely after 

24 h. Peak IV occurs immediately after irradiation and increases over time. By comparison with 

the control, this peak can be assigned to the DiFmoc-ICA. Furthermore, there is no peak to be 

seen at a retention time of 16 min that would be comparable to the peaks of the other kinetics 

that occurred after irradiation but did not disappear over time (see Figure 23). This allows the 

conclusion that these peaks are actually caused by the free alkyne group during or after 

irradiation. 

Through the analysis of kinetics, it was shown that the rearrangement of isopeptides 1-5, 

deprotected by UV-light, takes place within 24 h (S,N-acyl shift) or 48 h (O,N-acyl shift), 

respectively. The expected reaction cascade could be confirmed by the time-delayed 

occurrence, increase and decrease of the individual peaks. In this context, the formation of linear 

and disulfide peptides is of particular importance, as these are expected to function as self-

assembling monomers. However, it has also been shown that a by-product is arising during 

cleavage, which is probably formed by a reaction of the free alkyne group. 

 

3.2.3 Structure analysis via Circular Dichroism (CD) 

To analyze the secondary structure of the synthesized model compounds Iso(Fmoc-I)nvoc3CA, 

Iso(C343-I)nvoc3CA and Iso(Fmoc-I)nvoc3CA-hexanoic acid, CD-spectra were conducted for 

100 μM in NH4HCO3-buffer (pH=7.4, 5 mM). One sample of each compound was irradiated in 

MeOH for 30 s at 365 nm before evaporation and incubation in buffer for 24 h. The linear 

peptides Fmoc-ICA and C343-ICA and the disulfide peptides DiFmoc-ICA and DiC343-ICA were 

measured as controls. Samples were measured from 180 nm to 300 nm via 3 times data 

accumulation at 20 °C. Figure 26 shows the processed data of the isopeptides compared to the 

CD-spectra of the control peptides. 
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Figure 26: CD-spectra of Iso(Fmoc-I)nvoc3CA 1 (A), Iso(C343-I)nvoc3CA 2 (B) and Iso(Fmoc-I)nvoc3CA-

hexanoic acid 5 (C), each with an irradiated sample and corresponding linear and disulfide peptide. 

Samples were measured in 100 μM in NH4HCO3-buffer (pH=7.4, 5 mM). 

CD-spectra of C343 containing peptides shows similar curves with minima between 190 nm and 

200 nm that are typical for no defined secondary structure.[70] Peptides were further analyzed 

via TEM-measurements, which could confirm these findings (see chapter 3.2.5). 

CD-spectra of 8 shows a maxima before 190 nm and a minimum at 210 nm. These findings 

indicate formation of ordered 𝛽-sheet structures.[70]  

For the control peptide DiFmoc-ICA 9, as maximum at 193 nm and a minimum at 208 nm were 

observed in the CD spectrum. The maximum around 218 nm, which can be attributed to a n → 

π* transition, whereas the maximum at 258 nm is corresponding to the π → π* transition. 

Another minimum at 220 nm indicates atypical twisted 𝛽-sheet structures.[41,43,71,72] CD-spectra 

of 5 contains a maximum at 193 nm, followed by a minimum at around 221 nm and a maximum 

at 258 nm, whereby it shows few similar events when compared to 9. This could be explained 

by self-assembly after irradiation driven by aromatic interactions and resulting in atypical twisted 

𝛽-sheet structures.[72]  
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However, the curves of irradiated Iso(Fmoc-I)nvoc3CA 1 and non-irradiated Iso(Fmoc-

I)nvoc3CA-hexanoic acid 5 show maxima before 190 nm and a minimum around 198 nm, 

respectively, which indicates a more disordered structure as random coil.[70]  Irradiated 1 was 

expected to show ordered 𝛽-sheet structures, as it forms Fmoc-ICA after exposure to UV-light. 

Since the cleaved PG remains in the sample solution it could interfere with the measurement. 

The CD spectrum of non-irradiated Iso(Fmoc-I)nvoc3CA 1 possesses a minimum at 185 nm 

followed by a maximum at 218 nm, which can be attributed to a n → π* transition.[41,43] These 

findings suggest ordered 𝛽-sheet structures, which were not assumed since the sample was 

not irradiated and should therefore not form self-assembling amphiphiles. Further experiments 

could investigate structural changes in correlation to used solvents. 

Through secondary structure analysis via CD-measurements could be shown that C343-

containing peptides form random coil structures, whereas Fmoc-containing peptides can show 

ordered 𝛽-sheet structures. DiFmoc-ICA and irradiated Iso(Fmoc-I)nvoc3CA-hexanoic acid also 

showed atypical twisted 𝛽-sheet structures and aromatic π-π interactions. Future experiments 

could vary in the choice of solvent or peptide concentration. Further, coincubation tests of Fmoc-

ICA and C343-ICA could be analyzed via CD to monitor structure formation through co-assembly. 

 

3.2.4 Reduction of disulfides with DTT 

Reduction of disulfides with DTT was performed to investigate the possibility of preventing 

disulfide formation after irradiation and reversibility of the disulfide formation. Therefore, CD and 

LC-MS-measurements were conducted and analyzed regarding structural change. 

CD-measurements were performed with Iso(Fmoc-I)nvoc3CA 1, Iso(Fmoc-I)nvoc3CA 2 and 

DiFmoc-ICA. 100 µM methanolic solutions were mixed with different DTT concentrations 

(0 equiv., 2 equiv., 5 equiv. or 10 equiv.) before irradiation for 30 s at 365 nm. MeOH was 

evaporated the samples resolved in NH4HCO3 buffer (5 mM, pH=7.4). After 24 h incubation at 

room temperature samples were measured via CD. Disulfide peptide DiFmoc-ICA 9 was equally 

prepared and mixed with 0 equiv., 10 equiv. or 100 equiv. DTT. Since the interfering DTT 

remained in sample solutions during measurements, the range between 185 nm and 240 nm 

was not taken into account. DiC343-ICA was not analyzed due to low availability and the lack of 

ordered structure formation as seen in TEM and CD-measurements. Because of this deficit, CD-
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spectra of 2 showed no structural changes and will not be discussed further (see Figure 54, 

appendix). 

 

Figure 27: CD-spectra of irradiated Iso(Fmoc-I)nvoc3CA 1 (A) and DiFmoc-ICA 9 (B) measured in 

NH4HCO3 buffer (5 mM, pH=7.4, DTT). DTT interference marked by the dashed red line (< 240 nm). 

Figure 27 shows CD-spectra of Iso(Fmoc-I)nvoc3CA 1 (A) and DiFmoc-ICA 9 (B). In A, 

similarities between the curves of 0 equiv. and 10 equiv. can be observed as well as comparable 

curves for 2 equiv. and 5 equiv. DTT. CD-spectra for 0 equiv. and 10 equiv. show no defined 

local minimum or maximum above 240 nm indicating random coils.[70] In contrast, 2 equiv. and 

5 equiv. have maxima at around 255 nm. These curves are typically found for peptides 

containing atypical twisted 𝛽-sheet structures.[72] Self-assembly of the irradiated sample also 

wasn’t observed during previous measurements (see chapter 3.2.3). For the curve of 10 equiv. 

DTT, disulfide formation could be suppressed to an extent to which it could no longer be 

detected. The reason why the samples with 2 and 5 equiv. DTT show ordered structures in 

contrast to the sample with 0 equiv. needs to be investigated further.  

DiFmoc-ICA 9 analysis shows similar curves for 0 equiv. DTT as previously described (see 

chapter 3.2.3). With increasing DTT concentrations, the maximum of the CD-spectrum which is 

corresponding to the π → π* transition decreases in intensity indicating reduction to the Fmoc-

ICA monomer which forms untwisted 𝛽 -sheet structures.[41,43,71] Further experiments could 

investigate at which DTT concentrations no more aromatic interactions occur and therefore 

structures would be disassembled. 

For LC-MS-measurements, isopeptide 1 (100 µM) was combined with an equal amount of 

NH4HCO3 buffer (5 mM, pH=7.4). DTT was added in different concentrations (0 equiv., 2 equiv., 
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5 equiv. or 10 equiv.) before irradiation for 30 s at 365 nm. After 24 h incubation at room 

temperature samples were injected into LC-MS. Disulfide peptides DiFmoc-ICA and Di-C343-

ICA were equally prepared and mixed with 0 equiv., 10 equiv. or 100 equiv. DTT. Iso(C343-

I)nvoc3CA wasn’t included in this experiment due to the lack of structure formation as seen in 

TEM and CD-measurements. 

 

Figure 28: LC-chromatograms of DiFmoc-ICA 9 (A), DiC343-ICA 7 (B) and Iso(Fmoc-I)nvoc3CA 5 (C) 

with different concentrations of DTT. 

LC-chromatogram of 9 (Figure 28, A) shows no significant change comparing 0 and 10 equiv. 

DTT whereas an increased disulfide peak for the sample with 100 equiv, DTT could be detected. 

This leads to the suggestion that a partly reduction of the compound to the linear peptide Fmoc-

ICA 8 took place. The peak of Fmoc-ICA was suggested to be a part of the increasing injection 

peak. Complete conversion could be achieved with higher concentrations of DTT and could be 

subject of future experiments.  
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An decreasing disulfide peak for 10 and 100 equiv, DTT was detected for 7 in Figure 28 B, 

indicating reduction of the disulfide bond. However, since the 100 equiv. sample still shows a 

small disulfide peak higher concentrations are necessary for complete reduction. DiC343-ICA 

showed significantly more lability towards the reducing agent compared to DiFmoc-ICA which 

could be explained by the ordered structure formation that was observed for 9 but not for 7. 

This could make it harder for DTT to attack the disulfide bond resulting in a lower conversion 

rate. Additionally, the linear C343-ICA 6 was observed with a retention time of 6.9 min. The peak 

increased at 10 equiv. but decreased again with 100 equiv. When looking at the chromatograms, 

it becomes apparent that the samples are contaminated by other by-products or substances. 

Due to lack of time, the DTT LC-MS experiments to analyze the reducibility of the disulfides 

could not be repeated, which should be done in future experiments. 

Figure 28 C shows that up to 10 equiv. DTT had no effect on the formation of disulfides after 

irradiation of 1. The graph shows similar peaks for DiFmoc-ICA (right box) and Fmoc-ICA (left 

box) in every measured sample. These results differ from those obtained from the CD 

measurements, which could be due to the different sample preparations and solvents. Another 

reason could be that the PG, which acts as an oxidizing agent after irradiation, cancels out the 

reducing effect of DTT which would require significantly higher DTT concentrations for future 

experiments. 

Reducing experiments with DTT resulted in CD spectra of Iso(Fmoc-I)nvoc3CA that showed 

changes with first an increasing and then a decreasing rate of ordered structures. In contrast, 

its LC chromatograms showed no change with increasing DTT concentration suggesting that 

the irradiated PG, which acts as an oxidizing agent, cancels out the reducing effect of DTT. 

Therefore, higher DTT concentrations could be used for future experiments to investigate the 

possibility of preventing disulfide formation after irradiation. 

The reducing properties of DTT with respect to the disulfides could be shown by CD- and LC-

measurements. This showed that disulfide formation of this system is reversible and that the 

rate of disulfide can be reduced by the addition of DTT. Future experiments could focus on 

developing methods to image reversibility even further, such as TEM studies. 
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3.2.5 Imaging of self-assembly through transmission electron microscopy (TEM) 

For the analysis of self-assembling behavior, samples of irradiated isopeptides 1, 2 and 5 were 

analyzed using TEM-measurements. Additionally, the synthesized linear C343-ICA and DiC343-

ICA were investigated using this method.  

In a first attempt, all peptides were solved in DMSO and diluted 1:10 (v/v) with filtered PBS. A 

sample of each isopeptide was irradiated for 30 s at 365 nm. After incubation of 24 h, samples 

were applied to plasma etched copper grids and imaged with TEM (Figure 29, A-D).  

 

Figure 29: TEM images of 100 µM solutions of isopeptides 1 (A) and 2 (B), C343-ICA (C), DiC343-ICA 

(D) and Iso(Fmoc-I)nvoc3CA-hexanoic acid (E). Scale bars 250 nm. 
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Every image shows a high amount of aggregates, which was suggested for C343-containing 

controls and isopeptides. For Iso(Fmoc-I)nvoc3CA 1, fibres, which can only be seen in the 

rudimentary, should be expected based on previous work of the Weil group. To improve 

fibrillation conditions, Iso(Fmoc-I)nvoc3CA was dissolved in MeOH (100 µM) irradiated for 30 s 

at a wavelength of 365 nm before solvent was evaporated and replaced with filtered PBS. 

However, imaging of these samples showed no difference in self-assembly behavior. Another 

interfering factor for structure formation could be the resulting by-product, which was 

discovered in the shift kinetics. Since the by-product could be eliminated by capping the alkyne 

group with a click reaction of 1 and 6-azidohexanoic acid, TEM analysis were repeated with this 

isopeptide (Figure 29, E). TEM-images of irradiated isopeptide 5 (100 µM) show overall self-

assembly of the rearranged linear peptide monomers into long and thin fibres. In addition to the 

relatively untwisted fibres, there are also strongly twisted structures that can be identified as 

disulfide-assemblies by comparison with previous work. Therefore, it can be assumed that the 

oxidation by the protecting group as oxidizing agent has proceeded, as shown in the shift kinetic. 

Further experiments could investigate the critical fibrillation concentration of 5 via TEM-imaging. 

Large concentrations of fibrillation amphiphiles could not be used for cell experiments which 

makes it important that the critical fibrillation concentration is low enough. Since 100 µM is a 

sufficient concentration, it could be used for cell experiments in the future. These findings prove 

that  model compound 5 is suitable for the development of the desired system. 

As a proof-of-concept experiment, coincubation tests were performed with 1:1 and 5:1 ratios of 

Fmoc-ICA and C343-ICA and 1:1 and 5:1 ratios of Iso(Fmoc-I)nvoc3CA and Iso(C343-I)nvoc3CA. 

Therefore, DMSO-stock solutions of the linear control peptides were diluted with filtered PBS 

(200 µM) and Nvoc-glycine (50 µM) added as an oxidizing agent. Peptide solutions were mixed 

in 1:1 and 5:1 ratios and irradiated at 365 nm for 30 s. Coincubation of isopeptides was realized 

by mixing methanolic solutions of Iso(Fmoc-I)nvoc3CA 1 and Iso(C343-I)nvoc3CA 2 (200 µM) 

in 1:1 and 5:1 ratios. Samples were irradiated at 365 nm for 30 s and MeOH was evaporated 

before resolving in filtered PBS. TEM-measurements of coincubation tests are shown in Figure 

30. 
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Figure 30: TEM-images of coincubation test in 1:1 and 5:1 ratios of linear control peptides (A) and 

irradiated isopeptides 1 and 2 (B). 

A shows the coincubation of Fmoc-ICA 8 and C343-ICA 6 in which fibres can be found for both 

analyzed ratios. Structures are both twisted and untwisted, indicating a mixture of assembling 

linear peptide as well as assembling disulfide peptide. A stronger formation of fibrils is observed 

at the 5:1 ratio which can be explained due to the larger proportion of self-assembling Fmoc-

ICA. Coincubation of irradiated isopeptides 1 and 2 showed amorphous aggregates (B). It can 

be assumed that the self-assembly of linear and disulfide monomers is disturbed by the formed 

by-product, as already indicated in TEM-measurements of 1. 

The formation of fibrils during the coincubation of Fmoc-ICA 8 and C343-ICA 6 demonstrated 

that the concept of the system works and can be further investigated. Isopeptide coincubation 

could be repeated by using Iso(Fmoc-I)nvoc3CA-hexanoic acid 5 to reduce a disturbance caused 

by the by-product. Additionally, a click reaction with 2 and 6-azidohexanoic acid could be 

performed and the resulting product used for further analysis. 
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4 Summary and Outlook 
In previous work, the Weil group developed several systems of short self-assembling peptide 

amphiphile precursors for use against cancer cells. Different triggers were investigated to 

activate caged isopeptides to rearrangement of the precursor-molecule into the active monomer 

capable of self-assembly. Besides pH- and hydrogen-responsive systems[41,43], a new kind of 

caging group should be investigated in this work which could allow creation of a system with 

spatiotemporal control about fibrillation independently of cell metabolism and without additional 

chemical initiators. Therefore, the aim of this work was the synthesis and analysis of a new 

photolabile pro-self-assembling peptide amphiphile bearing the possibility to attach a cell 

penetrating species that could address cancer cells in future research.  

During this thesis, five photolabile isopeptides were synthesized, including the model compunds 

Iso(Fmoc-I)nvoc3CA 1 Iso(C343-I)nvoc3CA 2 Iso(Fmoc-I)nvoc3CA-hexanoic acid 5. Iso(Fmoc-

I)nvoc3SA 3 and Iso(C343-I)nvoc3SA 4 were synthesized as test molecules since the serine 

system was suggested to be less dynamic and reactive. Synthesis of isopeptides and the control 

peptides C343-ICA 6 and DiC343-ICA 7 was achieved by Fmoc-solid phase peptide synthesis 

with subsequent esterification (1-5), oxidation (7) or click reaction (5).  

Analysis of photolysis rates resulted in successful UV-induced cleavage of over 90% of nvoc3 

after 30 s of irradiation (365 nm) which confirms suitability of synthesized isopeptides for the 

desired photolabile peptide precursor system. 

Furthermore, rearrangement of the irradiated isopeptides by S,N-acyl shift and O,N-acyl shift 

was successfully shown via HPLC kinetics. In addition, by-product formation was observed after 

cleavage, which is probably due to a reaction of the free alkyne group. Analyzation of test 

molecules 3 and 4 showed similar findings. Therefore, synthesis of 5 was included in this work 

to prevent by-product formation by capping the free alkyne group. 

Secondary structure analyses were performed with CD-measurements in NH4HCO3 buffer, 

showing random coil structures for C343-containing peptides. Fmoc-containing peptides formed 

ordered 𝛽-sheet structures but also unordered structures which could be further investigated 

by using other solvents or peptide concentrations. That formation of atypical 𝛽-sheet structures 

and π-π interactions after irradiation was only be observed for 5 could be a consequence of the 

side reaction occurring in samples of 1. Reversibility of the thiol-disulfide redox-system and 

therefore the secondary structures could be demonstrated by CD- and LC-MS-measurements 
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of 7 and 9 incubated with different concentrations of the reducing agent DTT. It could be focus 

on developing methods to image reversibility in the future for example through TEM studies. 

TEM-images of 100 µM samples show amorphous aggregates for 2, 6 and 7 which is in line 

with CD-measurements. Irradiated samples of 1 also form aggregates and only rudimentary 

fibres, confirming the findings in CD-spectra. In contrast, analysis of 5 showed long twisted and 

untwisted fibres over the entire sample, indicating that the by-product plays a role in preventing 

1 to self-assemble. From previous experiments of the Weil group, untwisted fibres can be 

assigned to Fmoc-ICA 8 and twisted structures to DiFmoc-ICA 9. As a proof of concept 

experiment, coincubation of Fmoc-ICA 8 and C343-ICA 6 was carried out and showed strong 

self-assembly in 1:1 and 5:1 ratios with similar structures. Isopeptide coincubation tests could 

be performed in further experiments by using Iso(Fmoc-I)nvoc3CA-hexanoic acid 5 to reduce a 

disturbance caused by the by-product. Additionally, the alkyne group of 2 could be capped via 

click reaction to use this new model compound for further analysis. 

In summary, the new photolabile pro-self-assembling peptide amphiphile 5 was synthesized, 

containing a group at which cell penetrating species could be attached. Successful deprotection 

after 30 s of irradiation and complete rearrangement via S,N-acyl shift could be shown through 

HPLC-analyses. Formation of ordered secondary structures was observed during CD- and TEM-

measurements, showing two different types of fibres. In addition, reversibility of disulfide 

formation could be shown with DTT as a reducing agent. Considering these findings, 5 is suitable 

for further research regarding self-assembling behavior first outside and later inside living cells. 

Imaging could be achieved by coincubation with a C343-derivate as it was already shown in 

previous work of Pieszka.[41] In terms of fibrillation initiation, this system could be controlled 

precisely regarding timing and locational limitation. This could be a great advantage for cancer 

therapy research to reduce side effects. 

Controllable assembly of synthetic nanomaterials that can be precisely deployed and tuned 

would be a major step forward when it comes to intracellular applications for medicine or in life 

science. 
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5 Material 
 

5.1 Apparatus and equipment  

 

Table 1: Apparatus and equipment. 

Apparatus and equipment  Appliance brand  

Analytical HPLC Shimadzu with Atlantis T3 5 μm 4.6×100 mm 

column 

Circular Dichroism JASCO J-1500  

Freeze Dryer CHRIST Alpha 2-4 LSCbasic 

HPLC  Shimadzu with Phenomenex Gemini 5 μm 

NX-C18 110 Å 150 × 30 mm column 

LCMS  Shimadzu with Kinetex 2.6 μm EVO C18 100 

Å LC 50x2.1 mm column 

NMR  Bruker Avance II 400 MHz 

Bruker Avance III 700 MHz 

Shaker  Eppendorf 

SPPS CEM Liberty Blue Automated Peptide 

Synthesizer 

Tecan Spark 20 M microplate reader 

TEM JEOL 1400 

TEM Grids  Plano GmbH 

Transparent flat bottom well-plate Greiner Bio-One  
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5.2 Chemicals 

 

Table 2: Chemicals. 

Chemicals  Brand  

6-Bromohexanoic acid TCI 

Acetonitrile VWR 

Boc-Ser-OH Sigma-Aldrich 

Copper-(II)-sulfate anhydrous Fisher Scientific 

Dimethylsulfoxid Sigma-Aldrich 

Dulbeco´s Phosphate Buffered Saline  Sigma-Aldrich 

Coumarin343, pure, laser grade Acros Organics 

Fmoc-L-Ala-Wang-resin Bachem 

Fmoc-L-Cys(Trt)-Oh Merck Novabiochem 

Fmoc-L-Cys(MMT)-OH Merck Novabiochem 

Fmoc-L-Ile-OH Merck Novabiochem 

Fmoc-L-Ile(tBu)-OH chloride TCI 

Fmoc-L-Ser-OH Merck Novabiochem 

H-Ala-2-chlorotrityl-resin Bachem 

L-Ascorbic acid sodium salt, 99% Acros Organics 

N,N-Diisopropylethylamine Sigma-Aldrich 

N,N-Diisopropylcarbodiimid VWR 

N,N-Dimethylpyridin-4-amine VWR 

N,N-Dimethylformamide VWR 
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Chemicals  Brand  

Piperidine Roth 

Oxyma CEM 

Sodiumazide Roth 

Triisopropyl silane Sigma-Aldrich 

Trifluoroacetic acid Roth 

Tris(benzyltriazolylmethyl)amine TCI 

Uranyl acetate dihydrate Merck 
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6 Experimental 
The following chapter describes the methods used for synthesis, purification, and analysis that 

were performed to prepare this work. Reagents and solvents were purchased from commercial 

sources and were used without any further purification. Fmoc-ICA and DiFmoc-ICA were 

provided by Patrick Roth of the Max-Plank-Institute for Polymer Research. C343-ISA was 

provided by Sarah Chagri and nvoc-glycine was provided by Raphael Meyer of the Max-Plank-

Institute for Polymer Research.  

 

6.1 Synthesis 

6.1.1 6-Azidohexanoic acid 

6-Bromohexanoic acid (5 g, 0.026 mol, 1 equiv.) was dissolved in DMF and combined with 

sodium azide (5 g, 0.077 mol, 3 equiv.). The reaction mixture was heated to 85 °C under stirring 

for 16 h. After this, the reaction mixture was added to 100 mL of 0.1 M aqueous HCl. The 

product was extracted with DCM (4x 50 mL) and the organic layer washed with MilliQ water (1x 

50 mL). After drying over sodium sulfate, DCM was removed under reduced pressure and the 

crude product was purified by column chromatography (1:1, CH/EA + FA, Rf=0.6) yielding 2.14 g 

(52.3%). The product (Figure 31) was analyzed by NMR-spectroscopy. 

 

Figure 31: 6-Azidohexanoic acid. 

1H-NMR: (400 MHz, DMSO-d6) δ [ppm]= 12.02 (s, 1H, H7), 3.32 (t, J = 6.8 Hz, 2H, H1), 2.21 (t, 

J = 7.3 Hz, 2H, H5), 1.61 – 1.43 (m, 4H, H2,4), 1.40 – 1.26 (m, 2H, H3). 

 

6.1.2 C343-Ile 

H-Ile-OtBu · HCl (335.6 mg, 1.5 mmol, 1 equiv.) and Coumarin343 (428 mg, 1.5 mmol, 1 equiv.) 

were dissolved in 15 mL dry DCM. The coupling reagents PyBOP (1.561 g, 3 mmol, 2 equiv.) 

and DIPEA (1.163 g, 9 mmol, 6 equiv.) were added and the reaction solution stirred at room 

temperature overnight. After that, solvents were removed under reduced pressure and the crude 

purified by flash column chromatography (2:1 CH/EA, RF=0.41). A solution of TFA and DCM 
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(20 mL, 1:1, 2 h) was used to cleave the tBu protecting group. The solvents were removed 

under reduced pressure yielding 541.6 mg yellow-orange product (90.7%). The product (Figure 

32) was analyzed by NMR-spectroscopy. 

 

Figure 32: C343-Ile. 

1H-NMR: (500 MHz, DMF-d7) δ [ppm]= 9.25 (d, J = 8.4 Hz, 1H, H11), 8.59 (s, 1H, H14), 7.27 (s, 

1H, H5), 4.64 (dd, J = 4.7 Hz 8.5 Hz, 1H, H3), 3.40 (p, J = 3.7 Hz, 4H, H18,23), 2.93 (m, 2H, H20), 

2.77 (m, 2H, H21), 1.97 (m, 4H, H19,22), 1.58 (ddd, J = 5.0 Hz, 7.42 Hz, 12.8, 1H, H4), 1.28 (p, J 

= 7.6 Hz, 7.4 Hz, 2H, H7), 0.96 (m, 6H, H5,8). 

 

6.1.3 Merrifield solid-phase peptide synthesis  

Peptides were synthesized using the Fmoc solid-phase peptide synthesis strategy (SPPS) by 

Merrifield, synthesizing the peptides from C- to N-terminus in the Liberty Blue Automated 

Microwave Peptide Synthesizer by CEM Corporation. 

For the synthesis of isopeptides, a Wang-resin with an attached Fmoc-protected alanine was 

swollen in 5 mL DMF (RT; 45 min; 500 rpm) and filled into the SPPS-reaction vessel. Draining 

of the reaction vessel was followed by another short swelling process of 20 s. After that, the 

Fmoc group was removed by a deprotection step with 20% piperidine in DMF (v/v) and washed 

with DMF. Fmoc-protected cysteine or serine was coupled to the N-terminus with Oxyma and 

DIC as coupling reagents. After coupling, another Fmoc-deprotection step followed. Synthesis 

steps and reaction conditions at the SPPS-device are shown in Table 3.  

After the completed coupling in the SPPS-device, the resin was transferred with DCM into a new 

reaction vessel. DCM was removed and the resin washed with dry DMF (3x 2 mL). For N-

terminal protection, 1-(5-Methoxy-2-nitro-4-prop-2-ynyloxyphenyl)ethyl N-succinimidyl 

carbonate (nvoc3) (0.55 mmol, 1.1 equiv.) was dissolved in 5 mL dry DMF and added with 
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trimethylamine (1 mmol, 2 equiv.) to the resin and the mixture was shaken under argon 

atmosphere (RT, o.n., 80 rpm). The protection was followed by three washing steps with DCM 

(3x 2 mL) and DMF (3x 2 mL). Cysteine containing peptides were treated with a mixture of 

DCM/TIPS/TFA (6x 10 mL; 95%/5%/1%, 6x 10 min, 80 rpm) to cleave the MMT group off the 

side chain. After that, the resin was washed with DCM (3x 2 mL) and dry DMF (3x 2 mL) and 

the esterification was performed. Therefore, isoleucine (Fmoc or C343 protected) (1.2 equiv.), 

DMAP (1 equiv.) and DIC (0.001 equiv.) were solved in 5 mL dry DMF and added to the resin. 

The mixture was shaken under argon atmosphere (RT, o.n., 80 rpm) and the resin washed with 

DCM (3x 2 mL) and DMF (3x 2 mL). The synthesized isopeptides were cleaved from the resin 

and purified by HPLC. Every working step with nvoc3 was performed under exclusion of light. 

C343-ICA was synthesized using a Chlorotrityl-resin with an attached unprotected alanine. 

Therefore, the first deprotection step, as mentioned above, wasn’t needed. The described 

coupling, washing and deprotection cycle was performed with Fmoc-protected cysteine and 

isoleucine to produce the linear control peptide. The resin was transferred with DCM into a new 

reaction vessel. DCM was removed and the resin was washed with dry DMF (3x 2 mL). For N-

terminal protection of the synthesized ICA, C343 (0.6 mmol, 1.2 equiv.) and PyBOP (1 mmol, 

2 equiv.) were each dissolved in 2.5 mL dry DMF and added to the resin. DIPEA (2 mmol, 

4 equiv.) was added and the mixture was shaken under argon atmosphere (RT, o.n., 80 rpm). 

C343-coupling was followed by washing steps with DMF (3x 2 mL) and DCM (3x 2 mL) before 

the peptide was cleaved from the resin and purified by HPLC. Every working step with C343 was 

performed under the exclusion of light. Synthesis scales of the different isopeptides and the 

control peptide are shown in Table 4. 
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Table 3: Synthesis steps at the SPPS-device. 

Peptide synthesis step Program 

Deprotection Fill with 20% piperidine in DMF (10 mL) 

Heat to 70 °C for 25 s 

Heat to 90 °C for 65 s 

Drain 

Wash Fill with DMF (7 mL) 

Drain for 7 s 

Coupling Fill with AA solution (0.5 mmol in DMF; 12 mL), 
DIC solution (1.0 M in DMF; 7 mL) and Oxyma 
solution (1.0 M in DMF; 5 mL) 

Heat to 70 °C for 30 s 

Heat to 90 °C for 120 s 

Drain 

 

Table 4: Synthesis scale for the synthesized peptides. 

Peptide  Scale 
[mmol] 

Fmoc-
Cys(MMT)-OH 
[mmol] 

Fmoc-
Cys(Trt)-OH 
[mmol] 

Fmoc-
Ser-OH 
[mmol] 

Fmoc-
Ile-OH 
[mmol] 

C343-
Ile-OH 
[mmol] 

Iso(Fmoc-I)nvoc3CA 0.5 2.5 - - 0.6 - 

Iso(C343-I)nvoc3CA 0.5 2.5 - - - 0.6 

Iso(Fmoc-I)nvoc3SA 0.1 - - 0.5 0.12 - 

Iso(C343-I)nvoc3SA 0.1 - - 0.5 - 0.12 

C343-ICA 0.5 - 2.5 - 0.6 - 

 

6.1.4 Resin-cleavage 

A mixture of TFA/TIPS/MilliQ water (10 mL, 95%/2.5%/2.5%) was added to the resin and shaken 

at room temperature for 2 h (80 rpm) for cleavage of the peptides from the resin and for 

cleavage of the side chain protecting groups. After washing with TFA, the solvents were removed 

under reduced pressure.  
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6.1.5 Purification through high performance liquid chromatography (HPLC) 

The crude of the peptides was dissolved in ACN and MilliQ water (3:2, v/v) at concentrations up 

to 8 mg/mL and filtered through regenerated cellulose filters (0.20 μm) to remove particles. The 

solutions of the peptides were injected into a reversed phase HPLC using a setup by Shimadzu 

with a Phenomenex Gemini 5 μm NX-C18 110 Å 150 × 30 mm column. All measurements and 

purification steps were done using gradients of ACN and MilliQ water, acidified with 0.1% TFA, 

and a flowrate of 25 mL/min. Absorbance was recorded at 214, 254 and for the C343-peptides 

at an additional wavelength of 437 nm.  

Purification of the linear control peptide C343-ICA was accomplished by using a gradient starting 

at 25% ACN. First, the gradient was linearly increased to 75% ACN in 13 min. The ACN 

concentration was increased to 100% in 2 min and held for 2 min before the gradient was again 

decreased to 25% in 3 min and held for 5 min. The collected fractions were combined and 

lyophilized (48 h) yielding 80 mg yellow-orange powder (27.9%). The product (Figure 33) was 

analyzed by NMR-spectroscopy and LC-MS. 

 

Figure 33: C343-ICA. 

1H-NMR: (400 MHz, DMSO-d6) δ [ppm]= 9.10 – 9.00 (m, 2H, H11,14), 8.54 – 8.52 (m, 1H, H23), 

8.31 – 8.27 (m, 1H, H20), 7.28 (s, 1H, H26), 4.97 (s, 1H, H24), 4.52 – 4.37 (m, 2H, H21,36), 4.24 – 

4.13 (m, 1H, H27), 2.79 – 2.65 (m, 4H, H2,10), 1.92 – 1.85 (m, 5H, H4,8,32), 1.33 – 1.22 (m, 5H, 

H34,38), 0.97 – 0.81 (m, 10H, H3,9,33,35). 

Iso(Fmoc-I)nvoc3CA was purified with a gradient starting at 0% ACN and a linear increase to 

80% ACN in 32 min. ACN concentration was then increased to 100% in 2 min and held for 2min. 

After that, the gradient was decreased to 0% ACN in 2 min and held for 3 min. A following 

lyophilization of the collected fraction yielded 70 mg colorless powder (17.4%). The purified 

product was analyzed by NMR-spectroscopy (Figure 34) and LC-MS. 
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Figure 34: Iso(Fmoc-I)nvoc3CA. 

1H-NMR: (400 MHz, DMSO-d6) δ [ppm]= 8.38 – 7.93 (m, 1H, H3), 7.93 – 7.82 (m, 2H, H65,72), 

7.79 – 7.69 (m, 4H, H19,32,68,69), 7.46 – 7.25 (m, 5H, H22,66,67,70,71), 7.18 (d, J = 14.4 Hz, 1H, H9), 

6.18 – 6.01 (m, 1H, H15), 4.95 – 4.86 (m, 2H, H25), 4.39 – 3.84 (m, 10H, H4,5,10,29,31,59,60), 3.65 (s, 

1H, H27), 3.29 – 3.18 (m, 1H, H33), 1.55 – 1.42 (m, 3H, H17), 1.31 – 1.13 (m, 5H, H11,35), 0.95 – 

0.61 (m, 6H, H34,36). 

For the purification of Iso(C343-I)nvoc3CA, a starting concentration of 5% ACN was used and 

increased to 100% ACN in 30 min. After holding for 3 min, the gradient was decreased to 5% 

ACN in 2 min and held for another 5 min. The collected fractions were lyophilized and yielded 

20 mg yellow-orange powder (5%). The product was analyzed by NMR-spectroscopy (Figure 

35) and LC-MS. 

 

Figure 35: Iso(C343-I)nvoc3CA. 
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1H-NMR: (400 MHz, DMSO-d6) δ [ppm]= 9.23 (d, 1H, H45), 8.66 – 8.10 (m, 2H, H3,50), 7.72 (s, 

2H, H19,32), 7.34 – 7.03 (m, 2H, H9,22), 6.10 (s, 1H, H15), 4.92 (s, 2H, H25) 4.78 – 4.48 (m, 1H, H4), 

4.22 – 4.02 (m, 3H, H5,10,31), 4.00 – 3.86 (m, 3H, H29), 3.65 (s, 1H, H27), 3.02 – 2.76 (m, 1H, H33), 

2.74 – 2.65 (m, 6H, H52,54a,57,55a), 2.12 – 1.74 (m, 6H, H54b,55b,53,56), 1.59 – 1.37 (m, 3H, H17), 1.40 

– 1.06 (m, 5H, H11,35), 0.95 – 0.54 (m, 6H, H34,36). 

Iso(Fmoc-I)nvoc3SA and Iso(C343-I)nvoc3SA were purified with a gradient starting at 25% ACN 

that was linearly increased to 100% ACN in 20 min. The concentration was held for 5 min, then 

decreased to 25% in 5 min and again held for 5 min. After lyophilization (48 h), 10 mg colorless 

(12.7%) and 4 mg yellow-orange powder (4.8%) were obtained. Products were analyzed by 

NMR-spectroscopy (Figure 36 and Figure 37) and LC-MS. 

 

Figure 36: Iso(Fmoc-I)nvoc3SA. 

1H-NMR: (400 MHz, DMSO-d6) δ [ppm]= 8.36 (d, J = 39.8 Hz, 1H, H3), 8.00 – 7.60 (m, 6H, 

H19,32,65,68,69,72), 7.48 – 7.06 (m, 5H, H22,66,67,70,71), 6.81 (s, 1H, H9), 6.15 (m, 1H, H15), 4.92 (s, 2H, 

H25), 4.45 – 3.77 (m, 10H, H4,5,10,29,31,59,60), 3.65 (s, 1H, H27), 3.12 (m, 1H, H33), 1.61 – 1.48 (m, 

3H, H17,), 1.26 – 1.22 (m, 5H, H11,35), 0.90 – 0.63 (m, 6H, H34,36).  
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Figure 37: Iso(C343-I)nvoc3SA 

1H-NMR: (700 MHz, DMSO-d6) δ [ppm]= 9.20 – 8.93 (m, 1H, H45), 8.61 – 8.24 (m, 2H, H3,50), 

7.95 (s, 1H, H32), 7.86 – 7.68 (m, 1H, H19), 7.35 – 7.12 (m, 2H, H9,22), 6.30 – 6.06 (m, 1H, H15), 

4.93 (s, 2H, H25), 4.69 – 4.37 (m, 1H, H4), 4.39 – 4.09 (m, 4H, H5,10,31), 3.93 (d, J = 16.8 Hz, 3H, 

H29), 3.66 – 3.63 (m, 1H, H27), 2.89 (m, 1H, H33), 2.76 – 2.70 (m, 6H, H52,54a,57,55a), 2.07 (m, 2H, 

H54b,55b), 1.91 – 1.86 (m, 4H, H53,56), 1.52 (d, J = 16.6 Hz, 3H, H17), 1.39 – 1.12 (m, 5H, H11,35), 

1.05 – 0.60 (m, 6H, H34,36). 

 

6.1.6 Oxidation of C343-ICA  

C343-ICA (6.7 mg, 0.006 mmol) was dissolved in 6.7 mL 20% DMSO in MeOH (v/v) and stirred 

at room temperature for 72 h. MeOH was removed under reduced pressure and 20 mL MilliQ 

water added to the mixture. After lyophilization, the crude product was dissolved in 2 mL DMF 

and filtered through regenerated cellulose filters (0.20 μm) before purification by reverse phase 

HPLC with the same parameters as described before. The used gradient started at 50% ACN 

and was increased up to 65% ACN in 10 min. An ACN concentration increase to 100% in 1 min 

followed and was held for 5 min. After that, the gradient was decreased to the starting 

concentration of 50% ACN and held again for 5 min. The collected fractions were combined and 

lyophilized (48 h) yielding 3 mg of yellow-orange powder (44.8%). Powder was analyzed by LC-

MS (Figure 38).  
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Figure 38: MS-spectrum (left) and molecular structure (right) of DiC343-ICA. Calculated: 

M = 1142.49 g/mol. Found: [M+H]+ = 1143.6 g/mol, [M+Na]+ = 1165.6 g/mol. 

 

6.1.7 Copper-catalysed azide alkine cycloaddition (CuAAC) of Iso(Fmoc-I)nvoc3CA 

Azidohexanoic acid (1.1 mg, 0.007 mmol, 1.2 equiv.) and Iso(Fmoc-I)nvoc3CA (4.6 mg, 

0.006 mmol, 1 equiv.) were coupled by a copper-catalysed azide alkine cycloaddition (CuAAC) 

with TBTA (6.4 mg, 0.012 mmol, 2 equiv.), CuSO4 (1.15 mg, 0.007 mmol, 1.2 equiv.) and 

sodium ascorbate (9.1 mg, 0.046 mmol, 8 equiv.) as reagents. First, azidohexanoic acid, the 

isopeptide and TBTA were dissolved in 1.6 mL DMSO in a small reaction vessel. CuSO4 and 

sodium ascorbate were each dissolved in 0.3 mL MilliQ water and added successively to the 

mixture. After addition of the copper salt, it was stirred for 2 minutes before adding the sodium 

ascorbate solution. Afterwards, the reaction solution was stirred at room temperature overnight 

and under the exclusion of light. Solvents were removed under reduced pressure and the crude 

product purified by reverse phase HPLC with equal parameters as described before. A gradient 

starting at 0% ACN was linearly increased to 80% ACN in 32 min and then increased to 100% in 

2 min. This concentration was held for 2min, subsequently decreased to 0% ACN in 2 min and 

held for another 3 min. Lyophilization of the combined fractions yielded 3 mg white powder 

(52.0%). Iso(Fmoc-I)nvoc3CA-hexanoic acid was characterized by LC-MS (Figure 39). 
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Figure 39: MS-spectrum (left) and molecular structure (right) of Iso(Fmoc-I)nvoc3CA-hexanoic acid. 

Calculated: M = 961.38 g/mol. Found: [M+H]+ = 926.5 g/mol, [M+Na]+ = 984.4 g/mol. 

 

6.2 Characterization and analysis of synthesized peptides 

For characterization and analysis of synthesized peptides and materials, the following methods 

and instruments were used.  

 

6.2.1 COSY-1H-NMR-spectroscopy 

COSY-1H-NMR-measurements were conducted to identify and characterize synthesized 

compounds. A solution of 3-7 mg peptide in DMSO-d6 was measured at an AVANCE-400- , 

AVANCE-500 or an Avance-700-Spectrometer. The data was analyzed with the software 

“MestReNova” by Mastrelab. Chemical shift δ was indicated in part per million (ppm). Multiplets 

were abbreviated as s=singlet, d=doublet, t=triplet, q=quartet, m=multiplet.  

 

6.2.2 LC-ESI-MS 

Solutions of the synthesized peptides (50 µg/mL in MeOH) were injected into a LC-ESI-MS setup 

by Shimadzu using a Kinetex 2.6 μm EVO C18 100 Å LC 50 × 2.1 mm column. ACN and MilliQ 

water with 0.1% of formic acid were used as solvents. The gradient started at 5% ACN and the 

ACN concentration was linearly increased to 95% in 12 min. All data were processed in “Origin 

2021b”. 
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6.2.3 Peptide stability tests 

Stability tests of all synthesized peptides were performed diluting 200 µM peptide solutions 

(MeOH) with equal amounts of NH4HCO3 buffer (5 mM). Samples were injected into an LC-ESI-

MS setup by Shimadzu and measured after 0 min and 24 h. Incubation was realized in a shaker 

at 500 rpm and room temperature. Obtained data was edited in “Origin 2021b”. 

 

6.2.4 Photolysis rate of isopeptides 

To determine the photolysis rate of synthesized isopeptides, a peptide solution (200 μM in 

MeOH) was mixed with an equal amount of NH4HCO3-buffer (pH=7.4, 5 mM). Samples of the 

solutions were irradiated at 365 nm for 0 s, 30 s, 60 s, 90 s, 120 s, and 600 s and injected into 

a HPLC. A reversed phase HPLC with a setup by Shimadzu and an Atlantis T3 5 μm 4.6×100 mm 

column with a flowrate of 1 mL/min was used. ACN and MilliQ water acidified with 0.1% TFA 

were used as solvents starting the gradient at 0% ACN. After that, ACN concentration was 

increased to 100% in 12 min and held for 3 min. The gradient was decreased linearly to 0% ACN 

in 2 min and held for another 3 min. Resulting data were analyzed with “Origin 2021b”. 

 

6.2.5 S,N-acyl and O,N-acyl shift-kinetics 

Isopeptides were analyzed regarding their S,N-acyl or O,N-acyl shifts. Therefore, methanolic 

peptide solutions (200 µM) were diluted with an equal amount of NH4HCO3-buffer (pH=7.4; 

5 mM). After irradiation for 30 s (365 nm), the samples were injected into a HPLC setup under 

the same conditions as described above. Starting at 0% ACN, ACN concentration was increased 

to 100% in 20 min and held for 3 min. The gradient was decreased linearly to 0% ACN in 2 min 

and held for another 4.5 min. Measurements were performed at 0 min, 30 min, 60 min, 90 min, 

120 min, 240 min, 360 min, 24 h and 48 h after irradiation. Iso(Fmoc-I)nvoc3CA was analyzed 

via a shortened method (20 min) and date collected after 0 min, 20 min, 40 min, 60 min, 

120 min, 240 min, 360 min and 24 h. Non-irradiated isopeptide and corresponding linear- and 

disulfide-peptides were injected as control. All data were processed by “Origin 2021b”. 
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6.2.6 Structure analysis via Circular Dichroism (CD) 

CD-measurements were used to analyze the secondary structure of synthesized peptides. 

Therefore, solutions with a concentration of 100 μM in MeOH were prepared and one sample 

of each analyzed isopeptide was irradiated at 365 nm for 30 s. MeOH was evaporated before 

residues were dissolved in 5 mM NH4HCO3-buffer (ph=7.4) and incubated for 24 h (RT; 

500 rpm). All samples were measured from 180 nm to 300 nm with a data pitch of 0,2 nm, a 

bandwidth of 1,00 nm and a scanning speed of 20 nm/min at 20 °C. Spectra were measured via 

3 times data accumulation and edited with “JACSO Spectra Manager II” and “Origin 2021b”. 

 

6.2.7 Imaging of self-assembly through transmission electron microscopy (TEM) 

DMSO-stock solutions (1 mM, 500 µM, 250 µM, 100 µM) of the synthesized peptides 1 and 3 

were diluted 1:10 (v/v) with filtered PBS. Iso(Fmoc-I)nvoc3CA was solved in MeOH (100 µM) 

and one sample of each isopeptide was irradiated for 30 s at a wavelength of 365 nm. The 

solvent in MeOH containing samples was evaporated and replaced with filtered PBS yielding 

100 µM solutions. 

Coincubation tests were performed with 1:1 and 5:1 ratios of Fmoc-ICA and C343-ICA DMSO-

stock solutions (1 mM) of the linear control peptides were diluted with filtered PBS yielding a 

concentration of 200 µM. Nvoc-glycine (5 mM) was added as an oxidizing agent and samples 

were irradiated at 365 nm for 30 s. 

Coincubation of isopeptides was realized by mixing methanolic solutions of Iso(Fmoc-I)nvoc3CA 

and Iso(C343-I)nvoc3CA (200 µM) in a 1:1 or 5:1 ratio. Samples were irradiated at 365 nm for 

30 s and MeOH was evaporated before resolving in filtered PBS. 

All samples were incubated on a shaker at room temperature for 24 h (500 rpm). Copper grids, 

coated with a thin electron-transparent formvar-layer, were plasma etched with 20% oxygen 

plasma for 30 s. After that, 3 μL sample solution were placed on a copper grid and incubated 

for 5 min. The solution was removed carefully with a filter paper and the copper grids air dried. 

Copper grids were stained with 7 μL of aqueous 4% uranyl acetate solution and incubated for 

2.5 min. Staining was stopped by washing copper grids three times with MilliQ water. Imaging 

of the air dried grids was accomplished in high vacuum at an acceleration voltage of 120 kV. 

Obtained images were edited with “Fiji ImageJ”. 
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6.2.8 Reduction of disulfides with DTT 

Solutions of all ICA containing isopeptides and disulfides (200 µM in MeOH) were diluted with 

an equal amount of NH4HCO3 buffer (5 mM, pH=7.4). Different equivalents of DTT (0 equiv., 

5 equiv., 10 equiv. and 100 equiv.) were added and isopeptides were irradiated for 30 s at 

365 nm. Samples were incubated for 24 h (RT, 500 rpm) and analysed by LC-MS. 

CD-measurements with ICA containing isopeptides and disulfides were performed by diluting 

200 µM methanolic peptide solutions with DTT in MeOH (0 equiv., 5 equiv., 10 equiv. and 

100 equiv.). Isopeptides were irradiated for 30 s at 365 nm and MeOH was evaporated of all 

samples. After resolving in NH4HCO3 buffer (5 mM, pH=7.4), the peptide solutions were 

incubated for 24 h (RT, 500 rpm) and measured between 180 nm to 300 nm. 

 

6.2.9 Fluorescence spectroscopy  

A Tecan SPARK 20M microplate reader was used to record emission intensities of irradiated 

C343-ICA-samples. Solutions of 100 µM C343-ICA in PBS were irradiated for 0 s, 30 s, 90 s, 

120 s, and 600 s and measured in a transparent flat bottom well-plate. Emission was recorded 

between 400 and 500 nm and the data was processed in “Origin 2021b”. 
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7 Appendix 
Supporting information, images and spectra studied in this work are listed in this chapter. 

 

7.1 List of Abbreviations 

AA                                                                                                     amino acid 
ACN acetonitrile 
C343                                                                                   coumarin343 
CD                                                                                   circular dichroism 
DCM dichloromethane 
DIC diisopropylcarbodiimide 
DMAP 4-(dimethylamino)-pyridine 
DMF N,N-dimethylformamide 
DMSO dimethylsulfoxide 
Fmoc fluorenylmethyloxycarbonyl 
HPLC                                                          high performance liquid chromatography 
ICA isoleucine-cysteine-alanine 
ISA isoleucine-serine-alanine 
Ile isoleucine 
LC-MS                                                         liquid chromatoghraphy–mass spectrometry 
MMT                                                                                 Monomethoxytrityl 
NHS                                                                                 N-hydroxysuccinimide 
NMR                                                                                 nuclear magnetic resonance 
Nvoc3                     1-(5-Methoxy-2-nitro-4-prop-2-ynyloxyphenyl)ethyl N-succinimidyl carbonate 
Oxyma ethyl-cyanohydroxyiminoacetate 
PBS                                                                             phosphate -buffered saline 
PG                                                                                                 protection group 
PyBOP                                  benzotriazol-1-yloxytripyr-rolidinophosphonium hexafluorophosphate 
RT                                                                                                 Retention Time 
SPPS                                                                          solid-phase peptide synthesis 
TEM                                                                      transmission electron microscopy 
TFA                                                                                trifluoroacetic acid 
TIPS                                                                               triisopropyl silane  
UV                                                                               ultra violet  
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7.2 Supplementary Data 

 

Figure 40: 1H-NMR of 6-azidohexanoic acid. 

 

Figure 41: 1H-NMR of C343-Ile. 
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Figure 42: 1H-NMR of Iso(Fmoc-I)nvoc3CA 1. 

 

Figure 43: COSY-NMR of Iso(Fmoc-I)nvoc3CA 1. 
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Figure 44: 1H-NMR of Iso(C343-I)nvoc3CA 2. 

 

Figure 45: COSY-NMR of Iso(C343-I)nvoc3CA 2. 
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Figure 46: 1H-NMR of Iso(Fmoc-I)nvoc3SA 3. 

 

Figure 47: COSY-NMR of Iso(Fmoc-I)nvoc3SA 3. 
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Figure 48: 1H-NMR of Iso(C343-I)nvoc3SA 4. 

 

Figure 49: COSY-NMR of Iso(C343-I)nvoc3SA 4. 
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Figure 50: LC-chromatograms of Iso(Fmoc-I)nvoc3CA (100 µM) after 0 min and 24 h incubation in 

MeOH/ NH4HCO3 buffer (1:1; 5 mM, pH=7.4).  

 

Figure 51: LC-chromatograms of Iso(C343-I)nvoc3CA (100 µM) after 0 min and 24 h incubation in MeOH/ 

NH4HCO3 buffer (1:1; 5 mM, pH=7.4). 
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Figure 52: LC-chromatograms of Iso(Fmoc-I)nvoc3SA (100 µM) after 0 min and 24 h incubation in 

MeOH/ NH4HCO3 buffer (1:1; 5 mM, pH=7.4). 

 

Figure 53: LC-chromatograms of Iso(Fmoc-I)nvoc3CA (100 µM) after 0 min and 24 h incubation in 

MeOH/ NH4HCO3 buffer (1:1; 5 mM, pH=7.4). 
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Figure 54: CD-spectra of irradiated Iso(C343-I)nvoc3CA containing 0, 5, 10 or 100 equiv. of DTT. 

 

Figure 55: Absorbance of C343-ICA after different irradiation times. 
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