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Summary 

Some infectious diseases can be still challenging for the entire population because sometimes 

no specific medication is available. One opportunity is addressing new target modalities to 

inhibit viral and bacterial proteins. Important approaches in this regard are protein-nucleic acid 

interactions, on which many pathogenic processes rely. Intervening in and inhibiting these 

interactions can be particularly challenging, as the targets as well as the interactions are often 

not sufficiently understood. 

The latency-associated nuclear antigen (LANA) is the major factor in the latent persistence of 

the Kaposi's sarcoma-associated herpesvirus (KSHV). In this thesis, a simple method to express 

a LANA mutant is described. In addition, a functional fluorescence polarization assay was 

established to test inhibitors generated from a fragment-based approach for LANA-DNA 

interaction inhibition. Another target is the RNA-binding, post-transcriptional carbon storage 

regulator A (CsrA), which is highly conserved in many bacterial species. Using a self-designed 

peptide library, a cloning method and a phage display specialized for CsrA were successfully 

developed. This led to a first hit, a disulfide-cyclized heptapeptide as a highly potent CsrA-

RNA inhibitor. Using fluorescence polarization assay, structure-activity relationships of this hit 

were further explored. Also, redox-stable triazole-bridged disulfide peptide mimetics, which 

can inhibit the CsrA-RNA interaction from various bacterial species, were generated. 
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Zusammenfassung 

Einige Infektionskrankheiten stellen nach wie vor eine große Herausforderung für die gesamte 

Bevölkerung dar, weil oft keine gezielte Medikation verfügbar ist. Eine Chance besteht in der 

Adressierung neuer Targetmodalitäten zur Hemmung viraler und bakterieller Proteine. 

Wichtige Ansätze hierfür sind Protein-Nukleinsäure-Interaktionen, auf welchen zahlreichen 

krankmachende Prozessen beruhen. Besonders herausfordernd ist es, in diese Interaktionen 

einzugreifen und diese zu hemmen, da die Targets als auch die Interaktionen häufig nicht 

hinreichend erforscht sind. 

Das latenz-assoziierte nukleäre Antigen (LANA) ist der Hauptfaktor für die latente Persistenz 

des Kaposi’s Sarkom-assoziierten Herpesvirus (KSHV). In dieser Arbeit wird eine einfache 

Methode beschrieben, wie ein LANA-Mutant exprimiert werden kann. Außerdem wurde ein 

funktionaler Fluoreszenzpolarisations-Assay etabliert, mit welchem Inhibitoren, die aus einem 

Fragment-basierten Ansatz entstanden sind, auf LANA-DNA-Interaktions-Hemmung geprüft 

wurden. Ein weiteres Target ist der RNA-bindende, post-transkriptionelle carbon storage 

regulator A (CsrA), welcher hochkonserviert in vielen Bakterienspezies vorkommt. Mittels 

einer selbst designten Peptidbibliothek konnte erfolgreich eine Klonierungsmethode und ein 

auf CsrA spezialisiertes Phagen-Display entwickelt werden. Dies führte zu einem ersten Hit, 

einem disulfidzylisierten Heptapeptid als hochpotenter CsrA-RNA-Inhibitor. Mittels 

Fluoreszenzpolarisations-Assay wurden Struktur-Aktivitätsbeziehungen dieses Hits weiter 

vertieft. Auch redoxstabile Triazol-verbrückte Disulfid-Peptid-Mimetika, welche die CsrA-

RNA-Interaktion verschiedener Bakterienspezies hemmen, wurden generiert. 
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1 Introduction 

1.1 Protein-Nucleic Acid Interactions and their Inhibition 

Protein-nucleic acid interactions belong to biological macromolecule-macromolecule 

interactions.1 Especially in physiological and pathological processes, biomacromolecules and 

their interactions are necessary and involved in biological processes throughout the 

organism.2–3 A function of most cellular proteins is only given in complex with other 

macromolecules.4 This complexation regulates e.g. substance transport, molecular switches, 

molecular pumps, catalysts, growth factors, and signal transduction receptors.5 More concrete 

examples include the interaction of ribosomes with RNA,6 tRNAs (transfer RNA) with 

aminoacyl-tRNA synthase during translation,7 RNA with ribonucleoprotein particles in post-

transcriptional regulation8 and also antibodies with antigens.9  

Biological macromolecules include proteins such as enzymes or antibodies and nucleic acids 

such as DNA or RNA, but also polysaccharides such as starch or cellulose belong to it.10 A 

common characteristic of these macromolecules is a composition of individual building blocks 

such as amino acids, nucleotides or monosaccharides.10 The molecular mass of 

biomacromolecules may well be above 10 kda.11  

In the context of this work, we will focus on interactions of proteins with the nucleic acids DNA 

and RNA, which have been increasingly studied for more than 30 years.12 In the process of 

molecular recognition, these interactions are (mostly) non-covalent.13 Main interactions are 

elicited through hydrogen bonds, which can also be mediated by water molecules, and non-

polar Van der Waals forces, both through base and backbone contacts.14–15  

As far as protein-DNA interactions are concerned, it is known on the basis of calculations, that 

5 to 33 % of the protein surface is available for DNA binding.16 The 33 % usually referring to 

proteins that form this bond as a dimer or higher oligomer. Involved are one to two hydrogen 

bonds per 100 Å2, while protein dimers often have a larger gap between protein and DNA 

compared to monomers.16 The major groove on the DNA is usually considered as the binding 

site for nucleic acid binding proteins.14  

Computational chemistry analyses have also been published for protein-RNA complexes.15 The 

number of often encountered hydrogen bonds is similar to that of protein-DNA complexes. 

However, an RNA is less polar than DNA and only half as many water molecules contribute to 
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the water-mediated hydrogen bonds. Due to possible more complex secondary structures of 

RNA, the gap between protein and RNA is larger on average.15  

Of course, there are also unwanted processes of such interactions, which are responsible for 

diseases, especially by the introduction of foreign proteins into the body by pathogens such as 

viruses or bacteria.17–18 A central component of medicinal chemistry is the displacement of 

nucleic acids from the protein by other molecules (e.g. small molecules, fragments, peptides, 

antibodies) that have a higher affinity for the protein than the nucleic acid itself.19 An example 

of such DNA/RNA binding proteins that are undesirable in the host is the viral latency-

associated nuclear antigen (LANA), which is able to bind DNA. Furthermore, the bacterial 

carbon storage regulator (CsrA), which is able to bind RNA, is a key virulence modulator in 

Gram-negative bacteria. Both proteins and their interaction with nucleic acid are described in 

more detail below. 

 

1.2 The Latency-Associated Nuclear Antigen 

The latency-associated nuclear antigen (LANA) is the most prominent virulence factor of 

Kaposi's sarcoma-associated herpesvirus (KSHV), formerly called human herpesvirus-8 

(HHV-8).20 KSHV is one of nine known human herpesviruses.21–22 Like all herpesviruses, these 

cause a latent infection in the host organism and remain there for life after infection.23 To date, 

there is still no way to eliminate these viruses from the host.24–25 Up to now, only antiviral drugs 

for symptomatic treatment of Kaposi's sarcoma (KS) exist.26  

Following human transmission of KSHV, which usually occurs via saliva or other body fluids, 

mainly B lymphocytes, endothelial and primary mesenchymal stem cells become infected.27–28 

The appearance of this disease is called Kaposi's sarcoma (KS), which is a type of cancer and 

named after Moritz K. Kaposi (1872).29–30 Initially, it is an angioproliferative dysfunction 

affecting the skin and in advanced stages, mucous membranes, lymph nodes, lungs, and 

gastrointestinal tract can be involved.31–32 However, KSHV is not pathogenic for healthy 

individuals with intact immune systems. Outbreaks may occur in severely immunosuppressed 

patients with existing acquired immunodefiency syndrome (AIDS) or transplant  

recipients.33–34  

The latent persistence of infected cells is caused by a specific region on the KSHV episome 

(140 kb), the so-called latency-associated region, which is also shown in Figure 1. MicroRNAs 
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(miRNAs), kaposins and the open reading frames (ORFs) 71-73 (v-FLIP, v-cyclin and LANA) 

form a latent gene cluster there.27,35–36 As already mentioned, LANA, as the most prominent 

viral protein in this context, plays a crucial role in persistence and will therefore be examined 

in more detail.  

 

Figure 1: LANA captures latent persistence. LANA dimers bind with the C-terminus to the viral DNA of the TR region at 

LBS1, 2 and 3 and connect via the N-terminus to the host DNA. The TR is located on the KSHV episome, which is also the 

site of the latency-associated region that among others encodes for LANA. 

 

In solution, LANA forms dimers and consists of 1162 amino acids with a molecular weight of 

222-234 kDa.37–39 Such a LANA dimer has a sequence-specific DNA-binding domain (DBD) 

at the C-terminal domain, which is highly ordered and binds to the viral DNA within the viral 

terminal repeat (TR). In total, the TR consists of 78 bp and has three so-called LANA binding 

sites (LBS1,2,3). Each of these LBS can bind a LANA dimer with different affinity. LBS1 has 

the highest affinity for LANA, while LBS3 has a 100-fold lower affinity.40 The nucleotide 

sequences differ slightly and have a length of 20 bp (Figure 2).40 In contrast, the N-terminal 

domain is highly disordered and links the viral DNA to the human host nucleosome via the 
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internal repeat.41–42 This linkage is illustrated in Figure 1. Thus, transferring the viral episome 

into the dividing daughter cells and linking the two genomes are major functions of LANA for 

ensuring latent persistence.43–44 To survive in the host cell, other functions include targeting 

tumor suppressors, chromatin modification and the transcriptional control, and latent viral 

replication.39,45  

 

 

Figure 2: Localization of the three LBS on the TR region.40 Primary DNA recognition sites are highlighted in grey. 

 

In addition to LANA, there are existing other viral DNA-binding proteins that have a very 

similar structure and function. These include Epstein-Barr nuclear antigen 1 (EBNA1) of 

Epstein-Barr virus (EBV) and the E2 protein of human papillomavirus (HPV).46–47  

Since LANA is responsible for latent persistence in the host and there are no drugs available 

yet to defeat this persistence, it is an interesting drug target. 

 

1.3 The Carbon Storage Regulator A 

In 1995 Liu et al. found the carbon storage regulator (Csr) as a global, post-transcriptional 

regulatory system.48 It can control for example the carbon metabolism in E. coli.49 The carbon 

storage regulator A (CsrA), alternatively named regulator of secondary metabolites A (RsmA) 

in Pseudomonas, is a bacterial protein, which is a prominent virulence factor in many bacterial 

species.50 These proteins can be seen as the key players of the Csr/Rsm system.19  

CsrA consists of 61 amino acids and forms a symmetrical homodimer.51–52 As an RNA-binding 

effector protein, both identical binding surfaces are able to bind an mRNA strand each.53 Each 

monomer consists of five β-strands and one α-helix (Figure 4).54 In vitro, the Arg44 residue 

located at the N-terminus of the α-helix on CsrA seems to be important for RNA binding 

(Figure 4).54 These facts have been confirmed by X-ray crystallography and nuclear magnetic 

resonance (NMR) solution studies.55 The mRNA which will be recognized by CsrA must have 

the characteristic and highly conserved GGA core binding motif in its sequence, which is 
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usually present in a hair pin loop.53 A model of a CsrA homodimer in complex with RNA and 

the specific GGA motif is shown in Figure 3.  

 

 

Figure 3: CsrA dimer (white and green represents a monomer each) in combination with two RNA molecules (black/green) 
and zoomed-in view of the essential GGA motif, based on X-ray and NMR structure of, among Pseudomonas fluorescens, 
RsmA from Yersinia enterocolitica.19  

 

CsrA/RsmA shows similar sequences in several bacterial species. While there is a lack in 

eukaryotes, CsrA is widespread among Gram-negative bacteria and also highly conserved 

there.56–57 There is a remarkable homology in several human pathogens. For example E. coli, 

Yersinia species, Helicobacter pylori and Pseudomonas aeruginosa are producing nearly 

identical variants of CsrA/RsmA.58–59 An amino acid sequence comparison of these four 

important bacterial pathogen species is illustrated in Figure 4. 

 

 

Figure 4: Comparison of CsrA/RsmA sequences of different human pathogenic species.59 Identic sequence parts are marked 
in blue. The sequences of E. coli, Y. enterocolitica and P. aeruginosa are strongly conserved, whereas H. pylori contains more 
divergence. The assignment of the β-sheets and α-helix is provided. Arg44, which is putative for binding to RNA, is marked in 
green.  
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In mouse model studies with CsrA/RsmA deficient mutants of P. aeruginosa and H. pylori a 

significantly lower virulence could be proven.60–61 The protein acts via binding and regulating 

mRNA and, thus exerting pleiotropic effects on the bacterial transcriptome.62 It can regulate 

both positively (mostly while acute infection) and negatively (mostly after chronic infection). 

To mention a few regulation examples, there can be recognized a repression of glycogen 

biosynthesis, gluconeogenesis, peptide transport and biofilm formation and on the other hand 

an activation of glycolysis, acetate metabolism, motility, host colonization and invasion.59,63–66  

In more detail, an example for positive regulation is the binding of CsrA to E. coli flhDC 

(encodes for flagellum) mRNA67, which leads to transcript stabilization and preventing RNase 

degradation (Figure 5B). This results in activating the flhDC expression leading to increased 

motility to escape from stressful microenvironments.66,68  

 

 

Figure 5: How CsrA impacts gene expression in E. coli.69 (A) Negative regulation of glgC expression through repression of 
translation. CsrA homodimer binds to GGA motif of hairpin loop and GGA of Shine Dalgarno (SD) sequence on ribosomal 
binding site, preventing the 30S unit of the ribosome from binding to mRNA. (B) Positive regulation of flhDC expression by 
mRNA transcript stabilization. CsrA homodimer binds to two GGA motifs in hairpin loops, preventing RNase E from mRNA 
degradation (cleavage) and mRNA turnover. 

 

In negative regulation a repression of translation is observed.70 There, CsrA competes with the 

ribosome, while binding to the ribosome binding site of the mRNA, which leads to a modulation 

of bacterial virulence.19 Peptide uptake via carbon starvation gene cstA (a permease encoding 

hydrophobic polypeptide) by blocking ribosome access to the cstA transcript can be mentioned 

in this context.52 In a similar way, CsrA is able to bind glgC mRNA (Figure 5A) which reduces 

the energy of the cells.49,71 This was shown by Romeo et al., where a 20-fold increase in 

glycogen level was observed after inhibiting CsrA.62,72  

Due to the fact that CsrA strongly influences gene expression and is also present in numerous 

human pathogenic bacterial species, it is an interesting drug target as well. 
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1.4 Fluorescence Polarization Assay 

When a fluorophore is irradiated with linear polarized light, molecules whose transition dipole 

moment is oriented in parallel to the electric field of the irradiated light are excited. The emitted 

light is then also polarized to a certain degree.73 Perrin et al. first described fluorescence 

polarization in 1926.74 In 1952, Laurence et al. studied the binding of fluorescein and bovine 

serum albumin (BSA), establishing a method for monitoring the binding of small molecules to 

proteins.75  

An application of this principle is the fluorescence polarization assay (FP assay), which is an 

important biochemical assay for the characterization of binding affinities of fluorophores to 

macromolecules. Especially ligand-receptor,76 protein-protein,77 protein-peptide78 and protein-

nucleic acid79 interactions can be observed. In particular, it can be used for competition 

experiments in which a ligand (e.g., nucleic acid) competes with another ligand (e.g., peptide) 

for binding to a receptor (e.g., protein). In this process, a fluorescence-labeled ligand binds to 

a receptor and competes with an unlabeled molecule.80 Fluoresceine is a commonly used 

fluorescence label.81  

Measurements are taken in special plate readers. The light emitted from a monochromatic light 

source passes through a vertical polarizer. The resulted vertically polarized excitation energy 

passes through the sample. Only those fluorescence-labeled molecules, which are in the vertical 

layer are able to absorb the vertically polarized excitation light. These molecules are now in the 

excited state and emit light. The resulting emission energy is now depolarized to some degree. 

For quantification, a rotatable polarizer is used to measure in the vertical and horizontal planes. 

Thus, the proportion of the vertical (parallel, remaining polarized part) and horizontal 

(perpendicular, depolarized part) emission can be detected.82 The decisive factor here is the 

polarization value P, which is calculated from ratios of light intensities I.83  

 

 � =
�������	�
��	��	��
�����

�������	����	��	��
�����
                               (1)83 

 

For a measurement at constant temperature and viscosity, the polarization is directly 

proportional to the molecular volume.84 If a labeled ligand is excited with linearly polarized 

light, it starts to rotate and the resulted emitted light is depolarized. If this labeled ligand is now 

bound to a receptor, the molecular volume increases and the rotation speed is slowed down 



Introduction 

8 

considerably, resulting in a higher polarization value.85 The polarization change is illustrated in 

Figure 6. 

If an inhibitor is active in competition experiments and polarization is plotted as a function of 

the logarithmic concentration of the analyte, the result shows up as a sigmoidal curve.19 This 

allows the determination of the half-maximal inhibitory concentration (IC50) value in its 

inflection point, which can classify the activity of the analyte.86 This phenomenon is also shown 

in Figure 6. 

 

M
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Figure 6: Sigmoidal inhibition curve for a competition experiment in which an inhibitor competes with a nucleic acid for 

binding at the target. Polarization (millipolarization mP) is plotted against the logaritmic inhibitor concentration. (1) At low 

inhibitor concentrations, the labeled nucleic acid remains on the target and the inhibitor is free. Upon irradiation of polarized 

excitation light, slow rotation of the target-nucleic acid complex occurs, resulting in polarization retention of the emitted light 

(high mP value). (2) 50 % of the nucleic acid is replaced by the inhibitor, resulting in the important medicinal chemistry 

parameter, the IC50 for determining binding affinity. (3) At high inhibitor concentration, the labeled nucleic acid is completely 

displaced by the target. Due to the rapid rotation of the relatively small labeled nucleic acid, the emitted light is highly 

depolarized (low mP value). 

 

In addition to the determination of IC50 values of individual compounds, it is possible to perform 

high throughput screenings. In this case, numerous compounds can be tested at a specific 

concentration on a target.87 Another point is the dissociation constant (Kd value) which can be 

determined with a saturation experiment.88 
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1.5 Phage Display 

There are several types of so-called “display” technologies existing, including mRNA,89 

ribosome,90 and CIS displays.91 However, one of the most commonly used display strategies is 

phage display.92 Here, a phage presents its appendage of choice to a target, usually an 

immobilized protein. It is a method for selecting potential binders for such a protein. Binders 

can be, for example, peptides92 or antibodies93. Accordingly, these phage displays are then 

termed peptide display94 and antibody display95, respectively. The oligopeptide display method 

was first described by George P. Smith in 1985.96 In 2018, George P. Smith and Sir Gregory P. 

Winter received the Nobel Prize for the peptide and antibody display process, in which 

genetically modified phages are used to generate new biopharmaceuticals.97  

 

 

Figure 7: Schematic representation of an M13 phage presenting a peptide (modified according to Kügler et al. 2013).98 This 

consists of several capsid proteins (pIII, pVI, pVIII, pVII/pIX), whereby pVIII forms the actual envelope in which the phagemid 

is enclosed, which codes for the peptide to be presented, as well as for pIII, to which the peptide is linked. Here we can also 

see how genotype and phenotype are coupled: Coding gene and translated peptide are present on the phage at the same time. 

To separate the genome-bearing phage from the target-binding peptide during panning, there is a trypsin cleavage site between 

the peptide and pIII. This phage is not capable of replication on its own because the remaining surface proteins (capsid proteins) 

are not encoded in the phagemid. These are supplied by an additional helper phage. 

 

Different types of phages can be used for phage display, e.g. phage T7,99 phage lambda100 or 

filamentous phages f1, fd, M13.96 Filamentous phages, in particular M13 phage will now be 

examined in more detail and is schematically shown in Figure 7. M13 has different surface 

proteins to which the appendage to be displayed can be bound. Possible are so-called capsid 

proteins (pVII/pIX, pVIII, pVI, pIII) which are located on the surface of an M13 phage. In our 

case, the pIII protein was used for connection of the appendage to phage, which is also regularly 

applied for the binding of peptides or antibodies.101–102  
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The principle of phage display is based on genotype-phenotype coupling, where the peptide 

gene and peptide is quasi linked.103 The coding gene is located inside the phage (genotype) and 

simultaneously the translated gene is presented by the phage fused to pIII protein on the phage 

surface (phenotype). 96  

To be able to map numerous peptides at the same time, so-called libraries are used. A library is 

a bundle of different gene sequences that are supposed to code for e.g. different peptides.104 

Billions of different combinations,92 which determine the diversity of a library, are possible and 

can be screened simultaneously in the phage display for potential binders to any target.105  

 

 

Figure 8: Schematic representation of a phage display panning.106 (1) A microtiter plate well is coated with the target protein 

and the phage library is subsequently added. (2) The phages are left on the target for a period of time and the peptides are 

presented to the target, some of which bind and some of which do not. (3) The well is washed out and thus non-binding phages 

are removed. (4) After addition of trypsin, the peptide-encoding phage is separated from the peptide. (5) In a deep well, an E. 

coli culture is infected with the eluted phages. (6) The phages are not replicated until a helper phage is added. (7) The newly 

formed phages are separated from E. coli. (8) These phages are now the library enriched with potential binders, which can be 

used for the next round of panning. (9) After any round of panning, clones can be separated on agar plates. (10) The clones are 

sequenced to determine which peptide the potential binders encode.   

 

After the design of a library of interest, it is cloned into a special vector, which in this context 

is also called a phagemid. A phagemid is the name for vectors that code for filamentous 

phages.107 The phagemid also contains the sequence encoding the surface protein pIII.108 In this 

work pHAL30109 is used. The library cloned into the phagemid is then packaged into M13 phage 

and is then ready for panning, a process in which potential binders are enriched.106,110 After the 
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target of interest has been immobilized in microtiter plate wells, incubation with the packaged 

library is performed.111 Here, the presented peptides have a chance to bind to the target, whereas 

weak binders and non-binders are subsequently eliminated by washing the wells with a plate 

washer, the binders remain in the well binding to the target. Between peptide and pIII is a trypsin 

cleavage site. After incubation with trypsin, the phage is separated from the peptide. The 

peptide remains on the target, and the phage encoding this peptide is reused for the next step. 

E. coli cultures are treated with this phage and thereby infected. However, these phages cannot 

replicate themselves because the phagemid lacks the building blocks to produce intact phages. 

For this purpose, a co-infection with a helper phage is required, which provides all capsid 

proteins.108,112 The result is a library enriched with binders, which can be used for the next round 

of panning.113 After several rounds of panning and thus enrichment of binders, it is worthwhile 

to plate out and thus separate some clones and sequence them to observe the gene sequence of 

these binders. The whole panning process is shown in Figure 8.  

Phage display is a tool which offers the possibility of a high throughput screening to rapidly 

and effectively identify potential binders for any protein target.114 In practice, this is often 

applied to antibody display in the discovery of single-chain variable fragments (scFvs) for any 

antigen.105,109,115 These scFvs contain only a minimal functional part of a full antibody, where 

the light chain (VL) and heavy chain (VH) are connected via an amino acid linker.116–117  

Another application is peptide display, which can be applied analogously to the antibody 

display above and was also used in this thesis.92,98,106 Thus, for any given protein, there is the 

possibility of finding peptides that can act as potential binders.118 Heinis et al. describes the 

procedure with small bicyclic peptides (< 1.5 kDa), which gain increased stability in intestinal 

environments by this cyclization.119–120 
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2 Aim and Scope 

Numerous viral and bacterial targets are underexplored. In particular LANA, a disease-causing 

protein of the KSHV, is only poorly studied with regard to antiviral agents. KSHV as a disease 

is still not curable because there is no specific drug that can interrupt the latent phase of this 

virus. On the other hand, CsrA as a bacterial target, whose sequence is wide spread and highly 

conserved among bacteria, the first small molecules have only recently been discovered as 

inhibitors. This makes it even more important to study both targets in detail and to develop new 

methods to identify antiviral or antibacterial agents. 

The aim of this thesis was the evaluation of new protein-nucleic acid inhibitors for the viral 

target LANA and the discovery of new peptides hits for the bacterial target CsrA. A 

fluorescence polarization assay should be established as SAR driver. Furthermore, phage 

display was established and used as an approach to find further hit structures. 

In the first part of this work, based on previous studies, the expression of LANA mutants should 

be optimized. Hits of a fragment-based approach, an in-house library screening and a hit-to-

lead optimization should be characterized by biophysical assays. For this purpose, a functional 

fluorescence polarization-based LANA-DNA interaction inhibition assay should be 

established. These efforts are shown in Chapter A, B and C. 

In the second part of this work a phage display methodology should be established, enabling to 

find binding peptides for any target. First, an oligomer coding for a peptide library should be 

designed. Subsequently, this library should be cloned into a vector and packaged in phage. This 

library should then be used in the phage display, where the individual peptides are presented to 

the target in disulfide cyclized form. A special goal was to optimize this panning as much as 

possible to obtain plausible potential binders for Yersinia CsrA. These procedures were 

described in Chapter D. 

In the third part of this work a peptide-based approach should be used to identify CsrA-RNA 

interaction inhibitors. For this purpose, the established and optimized phage display procedure 

against Yersinia CsrA should be performed and potential CsrA binders should be characterized 

by sequencing. The discovered hit sequences should then be resynthesized and confirmed by a 

functional fluorescence-based CsrA-RNA interaction inhibition assay, which has been 

established in a previous work for CsrA. This hit should be further characterized by microscale 

thermophoresis (MST). Additionally, structure-activity relationships of this hit should be 

investigated by synthesizing a number of peptide derivatives by solid phase peptide synthesis. 
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Furthermore, it should be shown that the disulfide bridge is essential and an alanine scan should 

be performed to identify important interaction hotspots. In a final step, disulfide mimetics 

should be found, which enabling to protect the macrocyclic motif from reductive cleavage while 

retaining activity. The whole process was described in Chapter E. 
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3 Results 

3.1 Chapter A: Protein-DNA Interactions (Part I) 

Title: 

Fragment-Based Discovery of a Qualified Hit Targeting the Latency-Associated Nuclear 
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Authors: 
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3.5 Chapter E: Protein-RNA Interactions 
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Graphical Abstract: 

 
 

Size matters: Inhibition of protein-nucleic acid interactions can require the use of extended structural space with 
MW > 500 Da. Here, we identified a redox-stable ultrashort macrocyclic peptide containing a disulfide mimic. The parent 
disulfide-bridged peptide was selected by phage display against the attractive antiinfective target CsrA. 
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4 Final Discussion 

The aim of this thesis was to generate new inhibitors that can prevent protein-nucleic acid 

interactions by displacing the nucleic acid and binding to the protein. On the one hand for the 

viral LANA-DNA interaction, which is responsible for the latent persistence of KSHV, on the 

other hand for the bacterial CsrA-RNA interaction, which is highly conserved in human 

pathogens such as Yersinia, Pseudomonas and E. coli. Thus, LANA and CsrA represent 

promising targets for the development of anti-KSHV drugs or agents that are applicable against 

a broad range of bacterial pathogens. 

In general, it is often difficult to inhibit protein-nucleic acid interactions. This may be due to 

the size of the nucleic acids, which are very large in contrast to fragment-sized or small 

molecules. The corresponding binding pocket of the protein in which the nucleic acid is located 

may also be too large for a relatively small inhibitor. Therefore, solutions have to be found in 

the form of other approaches, such as a peptide-based approach. 

In the first part (Chapter A, B and C), a fluorescence polarization assay (FP assay) for LANA 

was established after successful optimization of LANA protein expression. The first LANA-

DNA-interaction inhibitors using fragment-based approach and hits from an in-house library 

were evaluated using this expressed protein and the established assay. Highly potent inhibitors 

against LANA emerged. 

In the second part (Chapter D) a phage display procedure was established. The starting point 

was a self-designed peptide library encoding very small macrocyclic peptides. In the course of 

phage display panning, optimization steps were performed. Using the library, potential binders 

could theoretically be found for any target. 

In the third part (Chapter E), a highly potent peptide-based CsrA-RNA inhibitor was 

successfully found. This hit was evaluated by biological assays and further structure-activity 

relationship (SAR) insights were obtained by different methods. By means of disulfide bridge 

replacement, a potent redox-stable inhibitor against CsrA was achieved. 

All three parts will be discussed in the following. 
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4.1 Protein-DNA Interactions 

In the first part of this work, the LANA protein was expressed as an initial step. For this purpose, 

an oligomerization-deficient KSHV LANA(1008-1146) mutant was used. The use of a C-

terminal domain (CTD) of the LANA wild type (wt) results in higher homo oligomers. 

Moreover, with the CTD wt, quantitative precipitation of LANA and DNA occurs upon 

interaction with DNA, which also means poor solubility.17 However, highly soluble LANA 

dimers were required for the experiments, in which form they would also bind to an LBS. The 

oligomerization-deficient mutant allowed this to be achieved with several point mutations. 

Hellert et al. were already able to establish a method to express this LANA mutant,121 but this 

expression is extremely labor intensive, time consuming, and unreliable. Reasons are a complex 

medium (autoinduction), cell disruption by sonification (heating and time consuming) and an 

on-column refolding step. Because in this expression process, the LANA protein is mainly 

located in the inclusion bodies of E. coli, LANA would have to be denatured first and renatured 

on the column. With our method, these three steps could be significantly simplified. The main 

culture (conventional medium) was directly inoculated with a cryoculture without preculture 

usage. Expression generated sufficient solubilized protein outside the inclusion bodies. Other 

benefits included cell disruption with just one passage through a microfluidizer and simple Ni-

affinity purification without a refolding step. Yields up to 2.5 mg per litre of culture could be 

achieved. Other oligomerization-deficient LANA constructs like LANA(996-1149) and 

LANA(1017-1149) for crystallization study trials were also successfully expressed using our 

method. The purified proteins were used in several assays to evaluate different compounds in 

assays. 

Many potential fragment-sized molecules were synthesized by our former group member 

Philine Kirsch in the context of fragment-based drug discovery (FBDD)41 up to the discovery 

of a new lead structure.122 In addition, screening of an in-house library123 has been performed.  

Since this part of the work has happened hand in hand with the development of the FP assay, 

the following section will provide an overview of Philine Kirsch's fragment-based approach. In 

the fragment-based approach, 720 fragment-sized compounds had to be analyzed by Surface 

Plasmon Resonance Spectroscopy (SPR) as a biophysical assay and Thermal Shift Assay (TSA) 

to detect compound-protein binding. This resulted in 20 binders, which were evaluated as 

potential inhibitors in a fluorescence-based competition assay to investigate functional LANA-

DNA interaction inhibition. This FP assay thus served as an SAR driver at each optimization 

step and supported that fragment-growing with finding a growth vector was successful. In 
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addition, an orthogonal LANA-DNA interaction inhibition assay (electrophoretic mobility shift 

assay, EMSA) was performed with LBS1 and 2 and 1 + 2 in combination. The assay gave three 

hits with increased potency and good physiochemical properties (fragment-like, best of the 

three: 17 ± 1 µM), although no X-ray structure was present. Co-crystallization of the fragments 

with LANA would be essential for structure-based optimization and interaction hotspots, but 

this has not yet been successful. However, saturation-transfer difference NMR (STD-NMR) 

and molecular docking offered a successful alternative for inhibitor-target interaction and to 

find out the putative binding mode (different compounds had different binding sites). Target 

binding was confirmed by microscale thermophoresis (MST) assay. 

Our fluorescence-based competition assay for LANA was derived from an established method 

for CsrA developed by Maurer et al..19 This assay was successfully transferred to the 

oligomerization-deficient LANA mutant. However, all parameters (such as DMSO tolerance 

and concentration of protein and the labeled ligand) were again precisely varied and checked. 

In addition, the LBS single strands had to be hybridized beforehand. The three LBS 1, 2 and 3 

were used individually as smaller fluorescein-labeled DNA pieces for competition experiments 

with the synthesized compounds. The fragments showed similar activity against LBS 1, 2 and 

3 in the FP assay, which may indicate that LANA can be displaced from all three binding sites, 

if the full TR unit would be present.  

In an additional validation step, a Z-factor124 of > 0.9 was achieved indicating suitable 

reproducibility. This statistical parameter of assay robustness can be seen as a measure for high 

throughput capability. After confirming that this established assay was high-throughput 

capable, screening of an in-house library with 670 drug-like compounds could be performed. 

However, the assay could not be transferred to the LANA CTD wt because, as already 

mentioned, this construct tends to oligomerize and precipitate together with DNA, which was 

not the case with the highly soluble mutant. The FP assay had thus proven to be a reliable tool 

to rapidly screen the synthesized fragments and those of the in-house library. To test compounds 

with wt protein, EMSA was performed in collaboration with the group of Thomas Schulz 

(Saskia Stein, Hannover Medical School, MHH). According to EMSA, the lead structure 

developed by Philine Kirsch was also active against wt LANA (LBS2: 8 ± 1 µM and wt LBS1: 

60 ± 4 µM). 

As mentioned earlier, it is not easy to displace relatively large DNA from the target with small 

molecules. However, this is exactly the case with the LANA-DNA interaction. However, only 

a small single LBS was displaced in the assay, while within the cellular environment actually 
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the entire viral DNA has to be displaced from binding to three LANA homo dimers. 

Considering this complex scenario, further optimization of the generated compounds will be 

necessary. It is promising that such a small inhibitor already shows decent activity in the in 

vitro assays (also against wt LANA). The binding pocket is large, flat and poorly defined. In 

conclusion, LANA is difficult to target but not undruggable for such small molecules as is often 

described.125  

A viable alternative could be a peptide-based approach, which, with their larger molecular 

scaffolds, are more suited for macromolecule-macromolecule-interaction inhibition. Such a 

peptide could be identified by exploiting the phage display technology against LANA in the 

future. Importantly for peptides, whose size is beyond Lipinski space, mammalian (eukaryotic) 

cells are easier to permeate than those of e.g. Gram-negative bacteria.126  

Another possibility to obtain larger compounds is the so-called compound merging or linking. 

Different compounds that already successfully inhibit LANA-DNA interaction are combined 

with each other. Especially since it is assumed that different compounds (in-house-library 

screening hits) bind to different sites of LANA.123 Such a procedure could increase the 

inhibition potency. 

Another way to defeat the latent persistence of KSHV might be the PROTAC (proteolysis 

targeting chimeras) approach.127 Currently, PROTAC-based LANA degraders are being 

developed in our group. Such a degrader consists of two linked moieties, one part which binds 

to LANA (inhibitor) and one part which binds to E3 ligase (E3 ligand).128 Upon binding, 

ubiquitylation of LANA and, hence, proteolytic degradation in the proteasome is induced by 

the PROTAC agent. 

 

4.2 Phage Display 

Besides fragment-based drug discovery, the peptide-based approach could be another method 

with high potential to address protein-nucleic acid interactions. Peptides are typically large 

compared to fragments and are thus better suited to displace nucleic acids from the target with 

a relatively large binding pocket. This chapter should not be specifically assigned to protein-

DNA or protein-RNA interactions. This method can be used for any target and, furthermore, 

only potential binding to a target without nucleic acid competition is captured. However, the 

method has been optimized for the protein CsrA. 
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As described in Chapter D, a phage display procedure was established to quickly and easily 

obtain potential binders against any target. This method was based on 2.48 · 106 different 

heptapeptide variants (Figure 9) encoded by a self-designed library oligomer. This library first 

had to be cloned into a phagemid. Classical restriction cloning and subsequent ligation failed. 

However, a self-designed method for cloning very small peptide libraries proved succesful.106 

This outstanding method circumvented cumbersome inefficient restriction enzymatic steps and 

classical error-prone ligations using Hot Fusion cloning.129 Here, the library oligomer was 

amplified via PCR and phagemid was linearized restriction-free via PCR (instead of with 

restriction enzymes). After Hot Fusion reaction with exonuclease and polymerase, 

transformation into E. coli was performed. Then, up to 50 % more positive clones were obtained 

with ligation compared to the variant with restriction enzymes and ligase. The great advantage 

of Hot Fusion cloning was that no purification steps were required. In classical restriction 

cloning, the PCR product of the library would first have to be purified at 60 bp, which is critical 

for most PCR cleanup kits. The purified product would be only 30 bp after restriction and would 

have to be separated and purified on an agarose gel from fragments that are 18 and 11 bp long. 

This turned out to be impossible in this form and a way out could have been native 

polyacrylamide gel electrophoresis (native PAGE), which would have taken a lot of time and 

expertise. Hot Fusion cloning eliminated these steps completely. 

After transformation of the cloned library into E. coli, it was packed into M13 phages. Here it 

turned out to be necessary to combine several transformations in order to achieve a higher 

library diversity. A high diversity of approximately 1 · 106 was successfully achieved by 

pooling six transformations. A mapping of the complete library would probably not have been 

possible even with more transformations, because certain sequences could already be lost in the 

cloning process. 

 

Figure 9: Schematic representation of the heptapeptide from the Phage Library containing two cysteines at fixed positions with 
a potential to build a macrocycle. X encodes for any amino acid except cysteine 

 

The cloned library, which was packaged in M13 phages, could then be used in the actual phage 

display cycle - the so-called panning - for the selection of potential target binders. The exact 

procedure was described in Chapter E and in Section 1.5. Because the peptide library has two 

firmly positioned cysteines, they form a disulfide bridge under oxidative conditions. The 
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peptide thus formed a macrocycle, which was explicitly desired. Small macrocyclic peptides 

are quite a common form for peptides related to phage display, especially bicyclic peptides have 

been described in literature.130 In addition, macrocyclic peptides have a higher potential for oral 

availability than linear ones.131 After three rounds of panning, the genes of the binding peptides 

were successfully identified by sequencing. During panning, there were several points where 

optimization was possible. For example, the wells were coated with different target 

concentrations, the number of automated wash cycles before phage elution with trypsin was 

varied, and the Tween-20 content in the buffer was changed. 

This panning procedure, which can be used universally for any target, was performed with 

Yersinia CsrA (biotinylated and His-tagged construct CsrA-biot-His6) and also optimized for 

it. 

The most significant effect was achieved by varying the number of wash cycles using a plate 

washer to remove non-binding phages. The fewer wash cycles, the more plausible peptide 

sequences came out after sequencing. The more wash cycles, the more non-specific binders 

were present (for exact criteria see Section 4.3). One reason for this could be that the 

binding/affinity of the presented peptides to the immobilized CsrA was relatively weak. The 

initial many wash cycles were taken from a protocol optimized for selection of stronger binding 

scFvs instead of peptides.113 With many wash cycles, there was an increased probability that 

potential binders were also eliminated. Variation of target amount and Tween-20 had not 

yielded significant differences, so we decided to use an established amount, which was also 

described in the scFv protocol.113  

One problem that could not be solved so far was that after sequencing, there were always quite 

a few clones that contained the “empty” phagemid pHAL30, i.e. phages that did not present any 

peptide during panning. This problem occurred already during phage packaging, where phages 

preferentially proliferated when there was no library insert present. One reason might be that 

they were not eliminated by the few washing cycles. The problem did not occur with more 

frequent washing. With this compromise - fewer wash cycles, a lot of empty vector but a few 

potential binders - CsrA binders were successfully obtained. 

Of course, there would have been many more points where optimization during panning would 

have been possible, e.g. variation of incubation times, other buffers and intensity of the plate 

washer wash jet. This would mean additional effort and was not necessary in our case. 
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4.3 Protein-RNA Interactions 

In the third and more exploratory part of this thesis, the peptide-based approach was applied to 

inhibit the protein-RNA interaction between CsrA and a short RNA segment. The established 

phage display discussed in Chapter 4.2, optimized for CsrA, was applied with Yersinia CsrA 

(biotinylated and His-tagged construct CsrA-biot-His6). This means that the library was 

screened against immobilized CsrA. 

After three rounds of panning and sequencing of 32 clones, we established criteria to facilitate 

preselection of potential binders. Intact sequences and avoidance of high tryptophan content 

(more than two tryptophans) were important as this implies non-specific binding. The presence 

of glutamic acid with its carboxyl group was advantageous for binding to the positively charged 

surface of CsrA, which has a high proportion of basic amino acids. Under these criteria, a first 

hit emerged which could be a potential CsrA binder. 

Resynthesis by solid phase peptide synthesis (SPPS) including N-terminal acetylation, C-

terminal amidation and macrocyclization through a disulfide bridge was performed. Reasons 

for this were the mimicking of the peptide backbone at C- and N-termini, in which the phage 

presented the peptide during panning. The synthesized hit P1 is shown in Table 1. In the next 

step, the peptide hit P1 was competitively screened for inhibitory activity against labeled RNA 

using FP assay according to Maurer et al.19 on CsrA. This was a complete success as the RNA 

was displaced with an IC50 of 6.89 ± 1.29 µM. The orthogonal MST assay yielded a Kd of 

10.5 ± 1.4 µM, providing evidence for direct, specific peptide-CsrA interaction. Our result is 

quite comparable to the best CsrA inhibitors to date, the natural products MM14 (4 ± 1 µM) 

and TubulysinAr-672 (11 ± 1 µM).19 However, our peptide is much more synthetically 

accessible. 

The goal was now to characterize this hit in more detail. The disulfide bridge was essential, 

because reduction to the two thiols (and thus linearization of the peptide) by addition of 5 mM 

DTT in the assay resulted in no activity. Thus, peptide binding to CsrA was strongly structure 

dependent. To further investigate this dependence, peptide derivatives were prepared by Fmoc-

SPPS and examined by FP assay to obtain closer SAR insights. Omitting N-terminal acetylation 

or C-terminal amidation resulted in slightly higher IC50 values. For this reason, we left these 

residues on the peptide, as the peptide backbone is also better represented, as it was in the 

panning. To find out which amino acids were responsible for the activity/binding to CsrA, we 

performed an alanine scan. This had revealed that Ser3 and Trp7 were important interaction 
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hotspots to maintain activity against CsrA. As expected, linearization by substitution of 

cysteines with alanines showed no more activity. This confirmed the result of linearization by 

DTT and that the macrocycle was essential for inhibition. Val1, Glu4, and Leu5 were no 

hotspots or had only a minor impact on activity if replaced by alanine. The presence of glutamic 

acid was actually thought to be a criterion for good potential binders. CsrA has a positively 

polarized surface with many basic lysine and arginine residues. A strong salt bridge could be 

built by the carboxyl group. Since the loss of activity did not occur here, it is worthwhile to 

look at this residue in more detail in the future. It was also shown that it was not readily possible 

to truncate the peptide further; when Val1 or Trp7 were omitted, the activity losses were 

comparable to those from the Ala-scan (VA/WA). All seven amino acids were therefore 

required. 

The disulfide bond in the peptide could be very easily incorporated synthetically, but there is a 

problem in certain physiological environments: reductive conditions prevail inside a cell. If 

such a macrocyclic peptide enters the cytoplasm, the peptide would be linearized by reduction, 

which would cause its effectiveness to disappear. As strategy to mitigate this problem, the 

triazole-bridge approach was investigated. Instead of cysteines, unnatural amino acids with 

alkyne and azide functions were incorporated. Using click chemistry, macrocyclization was 

then performed.132–134 These disulfide mimetics were divided into two groups: 1,4-disubstituted 

1,2,3-triazoles, which were synthesized by copper-catalyzed azide-alkyne 1,3-dipolar 

cycloaddition (CuAAC), and 1,5-disubstituted 1,2,3-triazoles, which were achieved by 

ruthenium-catalyzed azide-alkyne 1,3-dipolar cycloaddition (RuAAC). In total, there were six 

variants, all of which were tested/validated via the FP assay. Three variants of a 1,4-version 

were synthesized by our group. The best variant (P2) achieved an IC50 of 35.3 ± 0.6 µM, which 

was only 5-fold worse than the original peptide hit. Elongation of the cycle with a methyl group 

decreased the activity. Likewise, when changing the orientation of the triazole ring (P3), the 

activity became worse (IC50: 92.8 ± 4.0 µM). 

In cooperation with the group of David Craik (Thomas Durek, Andrew White, Queensland, 

Australia), three variants of a 1,5-version were synthesized. In the assay, these all showed lower 

activity (the best 178 ± 12 µM) than the 1,4-versions. This seemed unusual as it has been 

described in the literature that 1,5-versions have the better activity as these are more flexible 

and less rigid linkers. These observations were made in a different system using a 14 amino 

acid long protease inhibitor SFTI-1.135–136 In the context of CsrA inhibitors, apparently our 1,4-

versions can better adopt the active conformation from the peptide hit than the 1,5-versions. 
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Moreover, P2 and P3 had been shown to be active against E. coli CsrA. The remarkable 1-digit 

µM IC50’s of 4.93 ± 0.89 and 6.80 ± 1.50 µM respectively are even comparable to peptide hit 

P1 against Yersinia CsrA. Table 1 gives an overview of P1, P2 and P3 with structures and 

activities. We thus showed that at least two forms of disulfide mimetics are also active against 

CsrA of at least one other bacterial species. Thus, these peptide-compounds have the potential 

to be broad-spectrum anti-infective agents. Nevertheless, it would be important to check the 

activity against CsrA/RsmA from additional bacterial species. 

 

Table 1: Comparison of the small macrocyclic hepta peptides as CsrA-RNA interaction inhibitors. 

Peptide Structure 
MW / 

g/mol 

FP Assay 

IC50 (Yersinia CsrA) 

/ µM 

FP Assay 

IC50 (E. coli CsrA) 

/ µM 

P1 

 

878.03 
6.87 ± 1.29 

KD(MST): 10.5 ± 1.4 
182 ± 67. 

P2 

 

881.95 35.3 ± 0.6 4.93 ± 0.89 

P3 

 

881.95 92.8 ± 4.0 6.80 ± 1.50 

 

This part of the thesis led to a rather early and promising success. The original peptide hit P1 

and the relatively simple disulfide bridge exchange in the 1,4-disubstututed 1,2,3-triazoles (P2, 

P3) are a good starting point for further optimization. Moreover, the peptides are a very good 

starting point to generate further optimized highly potent drug-like CsrA-RNA inhibitors. 

Upon panning, other peptides emerged after sequencing that may also be of interest and should 

be explored further in future studies. 

The binding selectivity against a specific target (here: CsrA - but from different species) still 

needs to be checked using other nucleic acid binding proteins such as e.g. LANA. If the binding 

selectivity is not given, side effects should be checked. 
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As far as the molecular size (given in Table 1) of the peptides P1, P2 and P3 is concerned, the 

Lipinski space for oral bioavailability is slightly exceeded with a mass of about 880 Da. Hence, 

these peptides reside in the extended Lipinski space (500 - 1000 Da).126,131,137 However, oral 

bioavailability may still be present for compounds of this size. A few examples from literature 

are Desmopressin131 (1069 Da) for treatment of haemophilia A and the HIV protease inhibitor 

Ritonavir137 (721 Da). Furthermore, oral bioavailability is not always needed for all indications. 
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5 Conclusion and Outlook 

In this dissertation, the two poorly studied protein targets, both modulators of infectious 

diseases, LANA and CsrA were investigated. LANA as a viral target binds DNA and CsrA as 

a bacterial target binds RNA. In both cases a protein-nucleic acid interaction should be 

inhibited. An FP assay was established for LANA and the expression of LANA was optimized. 

Phage display as an important tool for finding suitable inhibitors was established and applied 

for CsrA. 

Indeed, an FP assay was established, which acted as an excellent SAR driver for both targets. 

Expression/purification of the oligomerization-deficient LANA mutant was performed using a 

simplified method. A universally applicable phage display procedure for each target was 

established. With this, a first peptide-based inhibitor was identified, which interfered with the 

CsrA-RNA interaction in the 1-digit µM range. Two redox-stable disulfide mimetics for E. coli 

CsrA yielded similar activity. These peptides are good starting points for therapeutic agents, as 

they have the potential to be broad-spectrum active against other CsrA-harbouring species. This 

encourages further pursuit of the peptide-based approach for CsrA. A transfer of the peptide-

based approach to LANA is still pending. 

The FP assay was an excellent tool to test functional compounds in a cell-free setup. A next big 

step regarding the LANA project would be to test the cellular efficacy of the compounds or to 

generate cellular efficacy to inhibit the latent persistence of KSHV. In cooperation, a cell-based 

virus infection assay is planned for this purpose. A cell-based assay is also planned inhouse as 

well as in cooperation for CsrA. 

For LANA and CsrA project it would be worth to solve co-crystal structures. This has been 

attempted but has not been successful to date. LANA in complex with one of the best 

synthesized inhibitors, CsrA together with the most active peptide hits. This would allow the 

actual binding mode to be elucidated. If this won’t be successful for CsrA together with peptide, 

STD-NMR could also be helpful, as it was with LANA. 

In the case of phage display, there is still the possibility of expanding the structural space. For 

this, the peptides presented by the phages could be chemically modified on cysteine residues 

providing new and non-natural macrocyclization motifs. Such “combinatorial chemical 

libraries”119 are quite common, but require a high amount of elaboration. 

Another variant to generate CsrA binders by phage display would be a panning against all-D-

CsrA, which will be synthesized in collaboration. This would then enable to perform mirror 
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phage display, in which the identified peptide sequences would actually correspond to D-amino 

acid-based peptide hits against the natural (all-L) target. These may have better 

pharmacological properties than their corresponding L-peptides.138   
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Abstract: Small macrocyclic peptides are promising candidates for new anti-infective drugs. To date, such peptides have been 

poorly studied in the context of anti-virulence targets. Using phage display and a self-designed peptide library, we identified a 

cyclic heptapeptide that can bind the carbon storage regulator A (CsrA) from Yersinia pseudotuberculosis and displace bound 

RNA. The initial disulfide-bridged peptide, showed an IC50 value in the low micromolar range. Upon further characterization, 

cyclization was found to be essential for its activity. To increase metabolic stability, a series of disulfide mimetics were designed 

and a redox-stable 1,4-disubstituted 1,2,3-triazole analogue displayed activity in the double-digit micromolar range. Further 

experiments revealed that this triazole peptidomimetic is also active against CsrA from Escherichia coli. This study is an ideal 

starting point for medicinal chemistry optimization of this macrocyclic peptide and might pave the way towards broad-acting 

virulence modulators. 
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Peptide Synthesis and Macrocyclization 

General information. All resins were purchased from Rapp Polymere. The azide/alkyne building blocks Fmoc-L-
azidoalanine (Fmoc-Aza-OH), Fmoc-L-propargylglycine (Fmoc-Pra-OH) and Fmoc-L-homoazidoalanine (Fmoc-Aha-OH) 
were purchased from Carl Roth VG. Fmoc-Val-OH, Fmoc-Ala-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Leu-OH and Fmoc-
Cys(Trt)-OH were purchased from Novabiochem. Fmoc-Ser(tBu)-OH was purchased from TCI.  
 
General Fmoc-SPPS procedure. Most peptides were synthesized manually via solid phase peptide synthesis (SPPS) 
using Fmoc chemistry. The resin was swollen for 30 min in DMF. For Fmoc deprotection piperidine/DMF (1:4, v:v) was 
added and shaken for 5 min, twice. It was then washed three times with DMF followed by the second round of adding 
piperidine/DMF (1:4) with incubating 5 min on a shaker. It was washed five times with DMF, five times with DCM and again 
one time with DMF. We used double coupling for each amino acid. The amino acid (4.0 eq.) was solved in DMF together 
with 3.9 eq. 3-[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate (HBTU) followed by adding 
10.0 eq. N-Ethyl-N-(propan-2-yl)propan-2-amine (DIPEA). This solution was pre-activated for 5 min on a shaker. The 
activated solution was added to the resin and incubated for 1 h on a shaker. After washing two times with DMF, it was 
added an activated amino acid/HBTU/DIPEA/DMF solution again and incubated 1 h on a shaker. The resin was washed 
five times with DMF and five times with DCM. This was followed by two deprotection cycles and two coupling cycles of the 
next amino acid. 
 
General acetylation procedure. For Acetylation, DMF/DIPEA/Ac2O (12:8:5, v:v:v) was added to the resin and shaken for 
0.5 h. Then it was washed five times with DMF, five times with DCM and again one time with DMF. 
 
General cleavage procedure. For protein cleavage from the solid support and removal of the side chain protecting groups 
a cleavage cocktail containing trifluoroacetic acid (TFA)/triisopropylsilane (TIS)/H2O (37:1:1, v:v:v) with a spatula tip of 
dithiothreitol (DTT) was added to the resin and incubated 2.5 – 3.0 h on a shaker. The liquid was collected and TFA was 
removed under reduced pressure, followed by precipitation with cold (-20 °C) methyl tert-butyl ether (MTBE). The crude 
peptide was gained by centrifugation (4600 rpm, 4 °C, 10 min) followed by MTBE washing (3x) and repeated centrifugation. 
 
General cyclisation procedure. For disulfide cyclisation the crude lyophilized peptide was dissolved in H2O/ACN (1:1, 
v:v) with a concentration of 1 mg peptide per 1 mL solvent and 1-3 % DMSO was added. The pH was adjusted to 7.7 using 
1M aq. ammonium carbonate solution. The solution was stirred for 1-4 days. The reaction was monitored by LC-MS. 
 
General preparative HPLC procedure. The purification was done with a DIONEX UltiMate 3000 UHPLC+ focused 
(Thermo Scientific), containing pump, diode array detector, and automated fraction collector. We used a VP 250/10 
NUCLEODUR C18 Gravity, 5 µm (Macherey-Nagel) column with a gradient from 10-50 % solvent B over 25 min (solvent 
A: H2O (0.05 % formic acid), solvent B: ACN (0.05 % formic acid)) and a 5 mL/min flowrate. Pure fractions were checked 
by LC-MS, combined and lyophilized. 
 
Ac-V-[CSELC]cyclic-W-NH2 (1); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-

3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-

5,8,11,14-tetraazacycloheptadecan-10-yl)propanoic acid.  
The linear precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 
0.2 mmol scale manually using Fmoc strategy with  two coupling cycles and two deprotection cycles as described in the 
“general Fmoc-SPPS procedure”. The cleavage of the peptide from the resin was performed by the “general cleavage 
procedure” protocol, where 7 mL cleavage cocktail was used with an incubation of 3 h on a shaker. After lyophilization, 
45.7 mg of crude linear product was achieved, which was used for the “general cyclisation procedure” for disulfide 
cyclisation of the cysteines for 2 days. For purification, the “general preparative HPLC procedure” has been performed. A 
yield of 2.68 mg pure (≥ 98 %) cyclized peptide (3.05 µmol, 1.53 % according to initial load of the resin) was obtained and 
characterized by LC-MS, 1H-NMR, 13C-NMR and HRMS. LC-MS: Column: Phenomenex Luna C18(2), gradient: 
MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50% MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.75 min, m/z = 
878.3 ([M+H]+). HRMS (ESI+) m/z calculated for C38H55N9O11S2 [M+H]+ 878.3530; found: 878.3528. 
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1H-NMR (500 MHz, dmso-d6, δ in ppm): 10.82 (bs, 1 H, Indole NH), 8.41 (bs, 1 H, NH), 8.30 (d, 3J = 7.80 Hz, 1 H, NH), 
8.15 (d, 3J  = 8.2 Hz, 1 H, NH), 8.06 (d, 3J = 6.8 Hz, 1 H, NH), 7.99 (d, 3J  = 6.6 Hz, 1 H, NH), 7.97–7.92 (m, 2 H, NH), 7.56 
(d, 3J37,36 = 7.9 Hz 1 H, H37), 7.30 (d, 3J34,45 = 7.9 Hz, 2 H, H34, NH), 7.12 (m, 2 H, NH, 32H), 7.03 (t, 3J35,36/34 = 7.3 Hz, 1 
H, H35), 6.95 (t, 3J36,35/37 = 7.4 Hz, 1 H, H36), 4.62-4.56 (m, 1 H, H5), 4.55-4.49 (m, 1H, 13-H), 4.43-4.37 (m, 1H, 28H), 
4.28-4.24 (m, 1H, 7H), 4.19 (dd, 3J = 8.8, 6.7 Hz, 1H, 3-H), 4-17-4.09 (m, 2H, 9H, 11H), 3.76-3.62 (m, 2H, 19H), 3.25 (dd, 
2J15a,15b = 13.4, 3J15a,5 = 4.2 Hz, 1H, H15a), 3.13 (dd, 2J30a,30b = 13.4, 3J30a,28 = 5.1 Hz, 1H, H30a), 3-06-2.93 (m, 4H, H14, 
H15b, H30b), 2.23 (t, 3J21,20 = 7.9 Hz, 2H, 21H), 2.00-1.90 (m, 3H, 20H, 16H), 1.88 (s, 3H, 1H), 1.60-1.53 (m, 1H, 24H), 
1.52-1.47 (m, 2H, 23H), 0.87 (d, 3J25,24, 3H, 25H), 0.85-0.80 (m, 9H, 17H, 18H, 26H). 
 
13C-NMR (126 MHz, dmso-d6, δ in ppm): 173.1 (C22), 172.2 (C29), 171.6 (C4), 171.5 (C10), 170.2 (C6, C8 or C12), 169.8 
(C6, C8 or C12), 169.5 (C-2), 169.1 (C6, C8 or C12), 136.1 (C33), 127.4 (C38), 123.6 (C32), 120.9 (C35), 118.5 (C37), 
118.3 (C36), 111.3 (C34), 110.1 (C31), 61.2 (C19), 57.6 (C3), 55.9 (C7), 54.0 (C99, 53.6 (C28), 52.8 (C13), 52.5 (C5), 
52.0 (C-11), 41.9 (C15), 40.7 (C14), 40.1 (C23), 30.6 (C21), 27.7 (C30), 26.9(C20), 24.3 (C24), 23.1 (C25), 22.6 (C1), 
21.6 (C26), 19.3 (C17 or C18), 18.2 (C17 or C18). 

 
H-V-[CSELC]cyclic-W-NH2 (2a); 3-((4R,7S,10S,13S,16R)-4-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-

yl)carbamoyl)-16-((S)-2-amino-3-methylbutanamido)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-

5,8,11,14-tetraazacycloheptadecan-10-yl)propanoic acid. 

The linear precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 
0.1 mmol scale manually using Fmoc strategy with two coupling cycles and two deprotection cycles as described in the 
“general Fmoc-SPPS procedure”. The cleavage of the peptide from the resin was done following the “general cleavage 
procedure” protocol, where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization, 
87.4 mg of crude linear product was achieved, which was used for the “general cyclisation procedure” for disulfide 
cyclisation of the cysteines for 2 days. For purification, the “general preparative HPLC procedure” has been performed. A 
yield of 1.03 mg pure (≥ 93 %) cyclized peptide (1.23 µmol, 1.23 % according to initial load of the resin) was obtained. LC-
MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 
5.1 min, flow rate: 0.6 mL/min, tR= 3.15 min, m/z = 834.4 ([M-H]-). HRMS (ESI+) m/z calculated for C36H53N9O10S2 [M-H]- 
834.3279; found: 834.3311. 
 
Ac-V-[CSELC]cyclic-W-OH (2b); ((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-10-(2-

carboxyethyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-tetraazacycloheptadecane-4-

carbonyl)-L-tryptophan.  
The linear precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S AC resin (load: 0.2 mmol/g) in a 
0.05 mmol scale with a microwave-assisted peptide synthesizer (CEM Liberty Lite) using Fmoc strategy with two coupling 
cycles and two deprotection cycles, including acetylation of the N-terminus. The used coupling reagents were Oxyma 
(0.5 M) and DIC (0.25 M) in DMF. The cleavage of the peptide from the resin was done following the “general cleavage 
procedure” protocol, where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization, 
14.4 mg of crude uncyclized product was achieved, which was used for the “general cyclisation procedure” for disulfide 
cyclisation of the cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been performed. A 
yield of 1.09 mg pure (≥ 98 %) cyclized peptide (1.24 µmol, 2.47 % according to initial load of the resin) was obtained. LC-
MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 
5.1 min, flow rate: 0.6 mL/min, tR= 3.88 min, m/z = 879.3 ([M+H]+). HRMS (ESI+) m/z calculated for C38H54N8O12S2 [M-H]- 
877.3224; found: 877.3251. 
 
Ac-VASELAW-NH2 (3a); (4S,7S,10S,13S)-13-(((S)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-

yl)amino)-1-oxopropan-2-yl)amino)-4-methyl-1-oxopentan-2-yl)carbamoyl)-10-(hydroxymethyl)-4-isopropyl-7-

methyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazahexadecan-16-oic acid. This linear peptide was synthesized on a Fmoc 
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Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling 
cycles and two deprotection cycles as described in the “General Fmoc-SPPS procedure” followedby the “general 
acetylation procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure” 
protocol, where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. For purification, the “general 
preparative HPLC procedure” has been performed. A yield of 3.24 mg pure (≥ 98 %) peptide (3.97 µmol, 3.97 % according 
to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % 
HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.57 min, m/z = 816.5 ([M+H]+). HRMS 
(ESI+) m/z calculated for C38H57N9O11 [M-H]- 814.4099; found: 814.4125. 
 
Ac-A-[CSELC]cyclic-W-NH2 (3b); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamidopropanamido)-4-(((S)-1-amino-3-(1H-

indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-

tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc Trp(Boc) 
TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.2 mmol scale manually using Fmoc strategy with two coupling cycles 
and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general acetylation 
procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure” protocol (in 
this case TFA/TIS/H2O/Anisole 95:2:2:1 as cleavage cocktail), where 3 mL cleavage cocktail was used with an incubation 
of 3 h on a shaker. After lyophilization, the crude uncyclized product was used for the “general cyclisation procedure” for 
disulfide cyclisation of the cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been 
performed. A yield of 1.07 mg pure (≥ 92 %) cyclized peptide (1.26 µmol, 0.63 % according to initial load of the resin) was 
obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 
50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.38 min, m/z = 850.4 ([M+H]+). HRMS (ESI+) m/z calculated for 
C36H51N9O11S2 [M-H]- 848.3071; found: 848.3097. 
 
Ac-V-[CAELC]cyclic-W-NH2 (3c); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-

3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-7-isobutyl-13-methyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-

tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc Trp(Boc) 
TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.05 mmol scale with a microwave-assisted peptide synthesizer (CEM 
Liberty Lite) using Fmoc strategy with two coupling cycles and two deprotection cycles as described in the “general Fmoc-
SPPS procedure”, including acetylation of the N-terminus. The used coupling reagents were Oxyma (0.5 M) and DIC 
(0.25 M) in DMF. The cleavage of the peptide from the resin was done following the “general cleavage procedure” protocol, 
where 7 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization, the crude uncyclized 
product was used for the “general cyclisation procedure” for disulfide cyclisation of the cysteines for 7 days. For purification, 
the “general preparative HPLC procedure” has been performed. A yield of 3.44 mg pure (≥ 98 %) cyclized peptide 
(3.99 µmol, 7.98 % according to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), 
gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.80 
min, m/z = 862.4 ([M+H]+). HRMS (ESI+) m/z calculated for C38H55N9O10S2 [M-H]- 860.3435; found: 860.3463. 
 
Ac-V-[CSALC]cyclic-W-NH2 (3d); (4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-N-((S)-1-amino-3-

(1H-indol-3-yl)-1-oxopropan-2-yl)-13-(hydroxymethyl)-7-isobutyl-10-methyl-6,9,12,15-tetraoxo-1,2-dithia-

5,8,11,14-tetraazacycloheptadecane-4-carboxamide. The linear precursor peptide was synthesized on a Fmoc 
Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.2 mmol scale manually using Fmoc strategy with two coupling 
cycles and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general 
acetylation procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure” 
protocol (in this case TFA/TIS/H2O/Anisole 95:2:2:1 as cleavage cocktail), where 7 mL cleavage cocktail was used with 
an incubation of 4.5 h on a shaker. After lyophilization, 45 mg of crude uncyclized product was achieved, which was used 
for the “general cyclisation procedure” for disulfide cyclisation of the cysteines for 10 days. For purification, the “general 
preparative HPLC procedure” has been performed. A yield of 0.8 mg cyclized peptide (Purity: ≥ 71 %; 0.98 µmol,0.49 % 
according to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 
0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.82 min, m/z = 820.3 ([M+H]+). 
HRMS (ESI+) m/z calculated for C36H53N9O9S2 [M-H]- 818.3329; found: 818.3356. 
 
Ac-V-[CSEAC]cyclic-W-NH2 (3e); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-

3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-methyl-6,9,12,15-tetraoxo-1,2-dithia-

5,8,11,14-tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc 
Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling 
cycles and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general 
acetylation procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure” 
protocol, where 5 mL cleavage cocktail was used with an incubation of 2 h on a shaker. After lyophilization, 44 mg of crude 
uncyclized product was achieved, which was used for the “general cyclisation procedure” for disulfide cyclisation of the 
cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been performed. A yield of 1.21 mg 
pure (≥ 98 %) cyclized peptide (1.45 µmol, 1.45 % according to initial load of the resin) was obtained. LC-MS: Column: 
Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow 
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rate: 0.6 mL/min, tR= 3.10 min, m/z = 834.3 ([M-H]-). HRMS (ESI+) m/z calculated for C35H49N9O11S2 [M-H]- 834.2915; 
found: 834.2944. 
 
Ac-V-[CSELC]cyclic-A-NH2 (3f); 3-((4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-4-(((S)-1-amino-

1-oxopropan-2-yl)carbamoyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-

tetraazacycloheptadecan-10-yl)propanoic acid. The linear precursor peptide was synthesized on a Fmoc Ala 
TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling cycles 
and two deprotection cycles as described in the “general Fmoc-SPPS procedure” followed by the “general acetylation 
procedure”. The cleavage of the peptide from the resin was done following the “general cleavage procedure” protocol, 
where 5 mL cleavage cocktail was used with an incubation of 2.5 h on a shaker. After lyophilization, 63 mg of crude 
uncyclized product was achieved, which was used for the “general cyclisation procedure” for disulfide cyclisation of the 
cysteines for 3 days. For purification, the “general preparative HPLC procedure” has been performed. A yield of 6 mg pure 
(≥ 98 %) cyclized peptide (7.86 µmol, 7.86 % according to initial load of the resin) was obtained. LC-MS: Column: 
Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow 
rate: 0.6 mL/min, tR= 2.99 min, m/z = 761.3 ([M-H]-). HRMS (ESI+) m/z calculated for C30H50N8O11S2 [M-H]- 761.2985; 
found: 761.2985. 
 
Ac- – -[CSELC]cyclic-W-NH2 (4a); ((4R,7S,10S,13S,16R)-16-acetamido-10-(2-carboxyethyl)-13-(hydroxymethyl)-7-

isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-tetraazacycloheptadecane-4-carbonyl)-L-tryptophan. The linear 
precursor peptide was synthesized on a Fmoc Trp(Boc) TentaGel® S RAM resin (load: 0.2 mmol/g) in a 0.1 mmol scale 
manually using Fmoc strategy with two coupling cycles and two deprotection cycles as described in the “general Fmoc-
SPPS procedure” followed by the “general acetylation procedure”. The cleavage of the peptide from the resin was done 
following the “general cleavage procedure” protocol, where 5 mL cleavage cocktail was used with an incubation of 2.75 h 
on a shaker. The solution was suspended in 1.5 mL DCM. At 2̶0 °C TFA (300 µL, 40 eq.) was added and incubated 
overnight. After lyophilization, 24 mg of crude uncyclized product was achieved, which was used for the “general cyclisation 
procedure” for disulfide cyclisation of the cysteines for 2 days. For purification, the “general preparative HPLC procedure” 
has been performed. A yield of 0.77 mg pure (≥ 98 %) cyclized peptide (0.99 µmol, 0.99 % according to initial load of the 
resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN 
increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.39 min, m/z = 777.3 ([M-H]-). HRMS (ESI+) m/z calculated 
for C33H46N8O10S2 [M-H]- 877.2700; found: 877.2720. 
 
Ac-V-[CSELC]cyclic – -NH2 (4b); (4R,7S,10S,13S,16R)-16-((S)-2-acetamido-3-methylbutanamido)-10-(2-

carboxyethyl)-13-(hydroxymethyl)-7-isobutyl-6,9,12,15-tetraoxo-1,2-dithia-5,8,11,14-tetraazacycloheptadecane-4-

carboxylic acid. The linear precursor peptide was synthesized on a Fmoc Cys(Trt) TentaGel® S RAM resin (load: 
0.2 mmol/g) in a 0.1 mmol scale manually using Fmoc strategy with two coupling cycles and two deprotection cycles as 
described in the “general Fmoc-SPPS procedure” followed by the “general acetylation procedure”. The cleavage of the 
peptide from the resin was done following the “general cleavage procedure” protocol, where 7 mL cleavage cocktail was 
used with an incubation of 2.5 h on a shaker. After lyophilization, 55.9 mg of crude uncyclized product was achieved, which 
was used for the “general cyclisation procedure” for disulfide cyclisation of the cysteines for 3 days. For purification, the 
“general preparative HPLC procedure” has been performed. A yield of 0.27 mg pure (≥ 89 %) cyclized peptide (0.39 µmol, 
0.39 % according to initial load of the resin) was obtained. LC-MS: Column: Phenomenex Luna C18(2), gradient: 
MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 2.99 min, m/z = 
690.3 ([M-H]-). HRMS (ESI+) m/z calculated for C27H45N7O10S2 [M-H]- 690.2591; found: 690.2608. 
 
General Fmoc-SPPS procedure for triazole-bridged peptides 5a, 5b, 5c. The amino acids were coupled via two 
coupling cycles. For proteinogenic amino acids a solution of the Fmoc protected amino acid (4.0 eq), HBTU (3.9 eq) and 
DIPEA (8.0 eq) was used. For non-proteinogenic amino acids a solution of the amino acid (3.5 eq), HATU (3.9 eq) and 
DIPEA (8.0 eq) was used. The resin was shaken 1 h at room temperature before every coupling step was followed by 
washing steps with DMF (5 x 6 mL) and DCM (5 x 6 mL). Fmoc deprotection was achieved by a reaction with 20 % 
piperidine in DMF for 5 min at room temperature, followed by a second deprotection step under same conditions. A solution 
of DMF/DIPEA/Ac2O (5:3:2) was given on the resin and shook 30 min at room temperature for the Acetylation of the 
peptide. The cleavage of the peptide from the resin and removal of the side chain protecting groups was done with a 
cleavage cocktail of TFA/H2O/anisole/TES (47:1:1:1). The mixture was shaken at room temperature for 3 h. After 
precipitation, the obtained solid was washed with MTBE (4 x 2 mL) and dried by freeze-drying. 
 
Copper-catalyzed azide-alkyne cycloaddition (CuAAC). The linear peptide (1.0 eq) was dissolved in argon-flushed H2O 
(1 mL/mg). CuSO4·5H2O (2.0 eq), Na-ascorbate (4.0 eq) and DIPEA (8.0 eq) were added and the reaction mixture stirred 
under argon at room temperature overnight. The solvent was removed by freeze-drying and the macrocyclic peptide was 
purified by preparative HPLC. 
 
Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,4-triazole) (5a); 3-((3S,6S,9S,12S,15S,Z)-15-((S)-2-acetamido-3-

methylbutanamido)-3-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-12-(hydroxymethyl)-6-

isobutyl-5,8,11,14-tetraoxo-11H-4,7,10,13-tetraaza-1(1,4)-triazolacyclohexadecaphane-9-yl)propanoic acid. The 
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linear precursor peptide Ac-V-Pra-SEL-Aza-W-NH2 was synthesized manually on a Fmoc Trp(Boc) Tenta Gel S RAM 
resin (0.20 mmol/g) at 0.10 mmol scale. According to the general Fmoc-SPPS procedure for triazole-bridged peptides, the 
following amino acids and building blocks were used: Fmoc-L-Aza-OH (0.35 mmol, 3.5 eq), Fmoc-Leu-OH (0.4 mmol, 
4.0 eq), Fmoc-Glu(OtBu)-OH (0.4 mmol, 4.0 eq), Fmoc-Ser(tBu)-OH (0.4 mmol, 4.0 eq), Fmoc-Pra-OH (0.35 mmol, 
3.5 eq) and Fmoc-Val-OH (0.4 mmol, 4.0 eq). Fmoc-L-Aza-OH and Fmoc-Pra-OH were used together with HATU 
(0.39 mmol, 3.9 eq) and DIPEA (0.8 mmol, 8.0 eq), while all other amino acids were used together with HBTU (0.39 mmol, 
3.9 eq) and DIPEA (0.8 mmol, 8.0 eq). The product was received as a white solid (32.6 mg, 37.0 µmol, 37 % according to 
the initial load of the resin). According to “Copper-catalyzed azide-alkyne cycloaddition” the macrocyclic peptide was 
prepared by a reaction of 27.0 mg (30.6 µmol, 1.0 eq) linear precursor peptide, 15.4 mg CuSO4·5H2O (61.2 µmol, 2.0 eq), 
24.4 mg Na-ascorbate (122 µmol, 4.0 eq) and 41.5 µL DIPEA (245 µmol, 8.0 eq). The solvent was removed by freeze-
drying. The macrocyclic peptide was purified by preparative HPLC (H2O:ACN 9:1→1:1) and was received as a pure 
(≥ 98 %) white solid (5.10 mg, 5.79 µmol, 19 %). The characterization was done by LC-MS, IR, 1H-NMR, 13C-NMR, 2 D 
NMR and HRMS (m/z). LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN 
increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.49 min, m/z = 879.5 ([M-H]-). HRMS (ESI+) m/z calculated 
for C40H56N12O11 [M+H]+ 881.4270; found: 881.4236. 
 

5
6 N

H

O

7 8
O

HN 9

10

OHN
11

H
N

17

12

O

H
N13

29

21 OH

22

23
24 OH

O

25

2627 28N
H

O

4
3

O
N
H

1819 20

21

O

14
30

32

33
34

HN
35

40

36 37

38

39

31

O

H2N

16
N
N N

15

 
 
 

1H-NMR (500 MHz, CD3OD, δ in ppm): 10.0 (bs, 1 H, Indole NH), 8.46-8.55 (m, 1 H, NH), 8.27-8.35 (bs, 1 H, NH), 8.08 
(d, 3JNH,5 = 8.24 Hz, 1 H, NH), 7.76 – 7.81 (m, 1 H, NH), 7.65 (s, 1 H, H15), 7.60 (d, 3J39,38 = 7.78 Hz 1 H, H39), 7.54 (d, 
3JNH,7 = 8.24 Hz, 1 H, NH), 7.34 (d, 3J36,37 = 8.09 Hz, 1 H, H36), 7.09 (dd, 3J37,36/38 = 7.68 Hz, 1 H, H37), 7.01-7.04 (m, 1 H, 
H38), 7.01 (s, 1 H, H34), 4.94-5.01 (m, 1 H, H13), 4.73-4.82 (m, 3 H, H5/H14/H30), 4.59 (bs, 1 H, NH), 4.49 (d, 3J14,13 = 
3.74 Hz, 1 H, H14), 4.30-4.34 (m, 2 H, H7/H9), 4.26-4.30 (m, 1 H, H3), 3.97-4.08 (m, 2 H, H11/H21), 3.76 (dd, 2J21a,21b = 
3.74 Hz, 3J21,7 = 11.4 Hz, 1 H, H21), 3.60-3.65 (m, 2 H, H23), 3.38 (dd, 2J17a,17b = 3.74 Hz, 3J17,5 = 11.4 Hz,, 1 H, H17), 3.19-
3.26 (m, 1 H, H17), 3.16 (dd, 3J32a,30 = 3.66 Hz, 3J32b,30 = 4.88 Hz, 2 H, H32), 2.02-2.19 (m, 2 H, H18/OH), 2.00 (s, 3 H, H1), 
1.77-1.94 (m, 2 H, H22), 1.52-1.68 (m, 3 H, H25/H26), 0.97 (dd, 3J19/20,18 = 6.48 Hz, 6 H, H19/H20), 0.92 (d, 3J27,26 = 6.10 
Hz. 3 H, H27), 0.87 (d, 3J28,26 = 6.10 Hz, 3 H, H28). 
 
13C-NMR (126 MHz, CD3OD, δ in ppm): 176.9 (C24), 175.3 (C31), 174.6 (C29), 173.8 (C2), 173.7 (C4), 173.1 (C12), 172.7 
(C10), 171.1 (C6/C8), 138.2 (C16/C35), 128.9 (C40), 126.2 (C15), 125.0 (C34), 122.7 (C37), 120.1 (C39), 119.6 (C38), 
112.4 (C36), 111.3 (C33), 63.5 (C21), 60.4 (C3), 57.0 (C7/C9), 55.9 (C30), 55.3 (C5), 54.3 (C11), 53.7 (C13), 51.3 (C14), 
39.9 (C25), 32.1 (C18), 29.2 (C23), 28.6 (C32), 26.7 (C17/C22), 26.2 (C26), 23.5 (C27), 22.6 (C1), 21.6 (C28), 19.9 (C20), 
18.8 (C19). 
 
 
Ac-V-[Aza-SEL-Pra]cyclic-W-NH2 (1,4-triazole) (5b); 3-((3S,6S,9S,12S,15S,Z)-15-((S)-2-acetamido-3-

methylbutanamido)-3-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-12-(hydroxymethyl)-6-

isobutyl-5,8,11,14-tetraoxo-11H-4,7,10,13-tetraaza-1(4,1)-triazolacyclohexadecaphane-9-yl)propanoic acid. The 
linear precursor peptide Ac-V-Aza-SEL-Pra-W-NH2 was synthesized on a microwave-assisted peptide synthesizer 
(Liberty Lite) using Fmoc Trp(Boc) Tenta Gel S RAM resin (0.20 mmol/g) at 0.05 mmol scale. The engaged amino acids 
were used in concentrations of 0.2 M in DMF. The used coupling reagents were Oxyma (0.5 M) and DIC (0.25 M) in DMF. 
The product was received as a white solid (32.0 mg, 36.3 µmol, 73 % according to the initial load of the resin). According 
to “Copper-catalyzed azide-alkyne cycloaddition” the macrocyclic peptide was prepared by a reaction of 32.0 mg (36.3 
µmol, 1.0 eq) linear precursor peptide, 18.6 mg CuSO4·5H2O (74.5 µmol, 2.05 eq), 28.2 mg Na-ascorbate (142 µmol, 
3.92 eq) and 55 µL DIPEA (317 µmol, 8.7 eq). The solvent was removed by freeze-drying. The macrocyclic peptide was 
purified by preparative HPLC (H2O:ACN 9:1→1:1) and was received as a white solid (6.42 mg, 7.29 µmol, 15 %). The 
characterization was done by LC-MS, 1H-NMR, 13C-NMR and HRMS (m/z). LC-MS: Column: Phenomenex Luna C18(2), 
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gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.52 
min, m/z = 879.4 ([M-H]-). HRMS (ESI+) m/z calculated for C40H56N12O11 [M+H]+ 881.4270; found: 881.4253. 
 

 
 
1H-NMR (500 MHz, CD3OD, δ in ppm): 7.64 (d, 3J39,38 = 7.9 Hz, 1 H, H39), 7.58 (s, 1 H, H16), 7.34 (d, 3J36,37 = 8.1 Hz, 1 
H, H36), 7.15 (s, 1 H, H34), 7.09 (t, 3J37,36/38 = 7.3 Hz, 1 H, H37), 7.02 (t, 3J38,37/39 = 7.4 Hz, 1 H, H38), 5.13-5.09 (m, 1 H, 
H5), 4.75-4.66 (m, 3 H, H13/H17a/H30), 4.62-4.55 (m, 2 H, H9, H11), 4.36 (t, 3J17,5 = 3.5 Hz, 1 H, H17b), 4.21 (d, 3J = 7.3 
Hz, 1 H, H3), 4.11 (dd, 2J21a,21b = 11.5 Hz, 3J21a,7 = 4.2 Hz, 1H, H21a),  4.03 (dd, 2J32a,32b = 9.5 Hz, 3J32a,30 = 5.6 Hz, 1H, 
H32a),  3.81-3.77 (m, 1H, H32b), 3.74 (dd, 2J21a,21b  = 11.5, 3J21b,7  = 3.0, 1 H, H21b), 3.43 (dd, 2J14a,14b = 15.2 Hz, 3J14a,13 = 
3.9 Hz, 1 H, H14a), 3.25-3.18 (m, 1 H, H14b), 2.97-2.90 (m, 1H, H23a), 2.85-2.78 (m, 1H, H23b), 2.31 (br.s, 2 H, H18/OH), 
2.12-2.03 (m, 2H, H22), 2.01 (s, 3 H, H1), 1.69-1.61 (m, 1H, 26H), 1.58-1.54 (m, 2 H, 25H), 0.97 (dd, 3J19/20,18 = 6.8 Hz, 6 
H, H19/H20), 0.92 (d, 3J27,26 = 6.5 Hz. 3 H, H27), 0.87 (d, 3J28,26 = 6.4 Hz, 3 H, H28). 
 
13C-NMR (126 MHz, CD3OD, δ in ppm): 177.1 (C24), 175.6 (C31), 174.6 (C29), 174.0 (C2), 173.9 (C4), 173.9 (C12), 173.6 

(C10), 172.3 (C8), 171.1 (C6), 138.1 (C35), 138.1 (C15), 129.0 (C40), 125.0 (C34), 124.8 (C16), 122.6 (C37), 120.1 (C39), 

119.7 (C38), 112.4 (C36), 111.7 (C33), 63.5 (C21), 60.7 (C3), 57.1 (C7/C9), 56.1 (C30), 55.9 (C13), 55.4 (C5), 54.8 (C11), 

51.5 (C17), 41.1 (C25), 31.9 (C18), 28.8 (C23), 28.6 (C32), 28.1 (C14/C22), 26.2 (C26), 23.5 (C27), 22.5 (C1), 21.5 (C28), 

19.8 (C20), 18.9 (C19). 

 

 
Ac-V-[Pra-SEL-Aha]cyclic-W-NH2 (1,4-triazole) (5c); 3-((3S,6S,9S,12S,15S,Z)-3-((S)-2-acetamido-3-

methylbutanamido)-15-(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-6-(hydroxymethyl)-12-

isobutyl-4,7,10,13-tetraoxo-11H-5,8,11,14-tetraaza-1(1,4)-triazolacycloheptadecaphane-9-yl)propanoic acid. The 
linear precursor peptide Ac-V-Pra-SEL-Aha-W-NH2 was synthesized on a microwave-assisted peptide synthesizer 
(Liberty Lite) using Fmoc Trp(Boc) Tenta Gel S RAM resin (0.20 mmol/g) at 0.05 mmol scale. The engaged amino acids 
were used in concentrations of 0.2 M in DMF. The used coupling reagents were Oxyma (0.5 M) and DIC (0.25 M) in DMF. 
The product was received as a white solid (35.5 mg, 39.7 µmol, 79 % according to the initial load of the resin). According 
to “Copper-catalyzed azide-alkyne cycloaddition” the macrocyclic peptide was prepared by a reaction of 35.5 mg 
(39.7 µmol, 1.0 eq) linear precursor peptide, 20.4 mg CuSO4·5H2O (81.7 µmol, 2.06 eq), 33.2 mg Na-ascorbate 
(168 µmol, 4.2 eq) and 55 µL DIPEA (317 µmol, 8.0 eq). The solvent was removed by freeze-drying. The macrocyclic 
peptide was purified by preparative HPLC (H2O:ACN 9:1→1:1) and was received as a pure (≥ 98 %) white solid (8.45 mg, 
9.4 µmol, 19 %). The characterization was done by LC-MS, 1H-NMR, 13C-NMR and HRMS (m/z). LC-MS: Column: 
Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % MeCN in 5.1 min, flow 
rate: 0.6 mL/min, tR= 3.48 min, m/z = 895.4 ([M+H]+). HRMS (ESI+) m/z calculated for C40H56N12O11 [M+H]+ 895.4426; 
found: 895.4406. 
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1H-NMR (500 MHz, CD3OD, δ in ppm): 7.66 (d, 3J40,39 = 7.8 Hz, 1 H, H40), 7.39 (s, 1 H, H16), 7.32 (s, 1 H, H35), 7.05 (d, 
3J37,38 = 8.0 Hz, 1 H, H37), 7.00 (t, 3J39,38/40 = 7.3 Hz, 1 H, H39), 6.94 (t, 3J38,37/39 = 7.4 Hz, 1 H, H38), 4.85-4.81 (m, 1H, H5), 
4.44-4.37 (m, 2H, H9, H31), 4.25-4.18 (m, 2H, H9, H31), 4.13 (d, 3J13,14 = 6.1 Hz, 1H, H13), 4.08 (dd, 3J11,26 = 4.1 Hz, 1H, 
H11), 3.89 (dd, 2J22a,22b = 10.3 Hz, 3J22a,7 = 5.2 Hz, 1H, H22a), 3.54-3.33 (m, 3H, H22b, H15), 3.19-3.06 (m, 4H, H18, H33), 
2.58 (br.s, 1H, H24), 2.49-2.40 (m, 1H, H14a), 2.23 (br.s, 1H, H23), 2.06-2.00 (m, 1H, H19), 1.99 (s, 3H, H1), 1.89-1.81 
(m, 1H, H14b), 1.66-1.52 (m, 3H, H26, H27), 0.94 (dd, 3J20,19or21,19  = 6.6 Hz, 4.6 Hz, 6H, H20, H21), 0.91 (d, 3J29,27 = 5.8 
Hz, 3H, H29), 0.87 (d, 3J28,27 = 6.0 Hz, 3H, H28). 
 
13C-NMR (126 MHz, CD3OD, δ in ppm): 176.9 (C25), 176.0 (C32), 174.8 (C4 or C8 or C30), 174.7 (C4 or C8 or C30), 
173.5 (C2 or C6 or C10), 173.4 (C2 or C6 or C10), 173.3 (C2 or C6 or C10), 172.2 (C12, C4 or C8 or C30), 138.0 (C36), 
128.5 (C17, C41), 125.3 (C16, C35), 122.5 (C39), 120.0 (C38), 119.6 (C40), 112.3 (C37), 111.4 (C34), 62.4 (C22), 60.0 
(C3), 57.2 (C7), 56.6 (C31), 54.9 (C5 or C9 or C11), 54.8 (C5 or C9 or C11), 53.6 (C13), 45.7 (C15), 39.7 (C26), 32.0 
(C19), 31.2 (C14), 28.9 (C23, C24), 28.4 (C33), 26.1 (C27), 23.4 (C29), 22.4 (C1), 19.7 (C20 or C21), 18.7 (C20 or C21).  
 

 
Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (6a); (4S,7S,10S,13S)-13-(((S)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-

oxopropan-2-yl)amino)-3-(5-methyl-1H-1,2,3-triazol-1-yl)-1-oxopropan-2-yl)amino)-4-methyl-1-oxopentan-2-

yl)carbamoyl)-10-(hydroxymethyl)-4-isopropyl-7-methyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazahexadecan-16-oic 

acid, Ac-V-[Pra-SEL-Aha]cyclic-W-NH2 (6b); (4S,7S,10S,13S)-13-(((S)-1-(((S)-1-(((S)-1-amino-3-(1H-indol-3-yl)-1-

oxopropan-2-yl)amino)-4-(5-methyl-1H-1,2,3-triazol-1-yl)-1-oxobutan-2-yl)amino)-4-methyl-1-oxopentan-2-

yl)carbamoyl)-10-(hydroxymethyl)-4-isopropyl-7-methyl-2,5,8,11-tetraoxo-3,6,9,12-tetraazahexadecan-16-oic acid 

and Ac-V[Aha-SEL-Pra]cyclic-W-NH2 (6c); 3-((3S,6S,9S,12S,15S,Z)-15-((S)-2-acetamido-3-methylbutanamido)-3-

(((S)-1-amino-3-(1H-indol-3-yl)-1-oxopropan-2-yl)carbamoyl)-12-(hydroxymethyl)-6-isobutyl-5,8,11,14-tetraoxo-

11H-4,7,10,13-tetraaza-1(4,1)-triazolacycloheptadecaphane-9-yl)propanoic acid.  

Each peptide was manually synthesized by Fmoc-SPPS using Rink amide-MBHA resin (0.8 mmol loading, 100-200 mesh, 
Chempep Inc). Fmoc-protected amino acids (Fmoc-Trp(Boc)-OH, Fmoc-Leu-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Ser(tBu)-
OH, Fmoc-Val-OH) were purchased from either Mimotopes or CSBio, and the azide and alkyne precursors (Fmoc-Aza-
OH, Fmoc-Aha-OH and Fmoc-Pra-OH) were purchased from Chem-Impex International Inc. The peptides were 
synthesized on a 0.25 mmol scale and the resins were first swelled in DMF for 30 min prior to Fmoc deprotection (standard 
condition used throughout assembly: 20 % piperidine, 5 mL, 15 min). Each amino acid was coupled using 4.0 eq. of amino 
acid, 4.0 eq. of benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) and 8.0 eq. of N,N-
diisopropylethylamine (DIPEA) in 3 mL of DMF, shaken for 45 min. The resin was washed with DMF (3 x 5 mL) and DCM 
(3 x 5 mL) between each deprotection and coupling step. Following assembly of the sequences, the N-terminus was 
acetylated using acetic anhydride/DMF (1:4, 6 mL) and 2 eq. of DIPEA, shaken for 45 min. The resin was then washed 
thoroughly in DMF (5 x 5 mL) and DCM (5 x 5 mL), dried under a stream of N2 and stored in a desiccator overnight.  
The crude peptide-bound resin was next subject to ruthenium-catalyzed azide-alkyne cycloaddition (RuAAC) to install the 
1,5-disubstituted 1,2,3-triazole bridge. For each analogue, 75 µmol of resin-bound peptide (6a: 160 mg; 6b: 170 mg; and 
6c 170 mg; based on initial resin loading) was loaded into a glass vessel and suspended in 2 mL of anhydrous DMF. The 
mixture was sparged with argon for 30 min prior to the addition of 50 mol% of 
chloro(pentamethylcyclopentadienyl)(cyclooctadiene)ruthenium(II) (14.2 mg, 37.5 µmol). The reaction was heated to 80 °C 
for 18 h under an atmosphere of argon. The resin was thoroughly washed with DMF (3 x 5 mL), 0.5 % sodium 
diethyldithiocarbamate trihydrate in DMF (w/v, 3 x 5 mL), MeOH (3 x 5 mL), and DCM (5 x 5 mL) and dried under N2. The 
peptides were next cleaved from the resin by suspending the resin in 5 mL of TFA/TIS/H2O (95:2.5:2.5, v/v/v) for 2 h, 
followed by precipitation with cold Et2O before being redissolved in 50 % MeCN and lyophilized. The peptide was next 
purified to >95 % purity by preparative RP-HPLC on a Shimadzu Prominence system with a Phenomenex Gemini C-18 
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column (5 µm, 250 x 10 mm) using a gradient of 20-50 % Solvent B (Solvent A: H2O with 0.05 % trifluoroacetic acid; 
Solvent B: 95 % acetonitrile with 0.05 % trifluoroacetic acid) at 3 mL/min. The lyophilized peptides were obtained as a 
white solid (6a: purity: ≥ 95 %*, 0.67 mg, 0.76 µmol, 1.0 % overall yield based on the initial resin loading; 6b: purity: ≥ 98 %, 
1.72 mg, 1.92 µmol, 2.6 %; and 6c: purity: ≥ 98 %, 1.40 mg, 1.56 µmol, 2.1 %) and further characterized by LC-MS, 1H-
NMR and HRMS.  
6a: HRMS (ESI+) m/z calculated for C40H56N12O11 [M+H]+ 881.4270; found: 881.4280. 
6b: LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % 
MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.52 min, m/z = 895.4 ([M+H]+). HRMS (ESI+) m/z calculated for C41H58N12O11 
[M+H]+ 895.4426; found: 895.4428. 
6c: LC-MS: Column: Phenomenex Luna C18(2), gradient: MeCN/H2O + 0.05 % HCOOH, 5 % MeCN increase to 50 % 
MeCN in 5.1 min, flow rate: 0.6 mL/min, tR= 3.52 min, m/z = 895.4 ([M+H]+). HRMS (ESI+) m/z calculated for C41H58N12O11 
[M+H]+ 895.4426; found: 895.4402. 
 
 
 
 
 
 
 
 
 
 
 

 
 
Table S1. NMR chemical shifts of 6a. 

Residue H N Hα Hβ Others 

1 Val 8.08 114.1 4.04 1.97 0.88 Hγ1; 0.87 Hγ2; 59.8 Cα; 30.0 Cβ; 17.7 Cγ1; 18.3 Cγ2; Ac: 1.97 3H, 21.7 CH3 

2 Pra 8.73 123.5 4.73 3.02, 3.16 7.63 Hδ; 25.5 Cβ; 133.3 Cδ 

3 Ser 7.87 118.1 4.20 3.75, 3.85 56.1 Cα; 60.3 Cβ 

4 Glu 8.40 120.9 3.86 1.91 (2H) 2.16 Hγ (2H); 56.1 Cα; 26.4 Cβ; 33.3 Cγ 

5 Leu 7.73 118.6 4.09 1.25 (2H) 1.39 Hγ; 0.74 Hδ1; 0.77 Hδ2; 52.5 Cα; 39.5 Cβ; 24.3 Cγ; 20.6 Cδ1; 22.2 Cδ2 

6 Aza 8.08 125.5 5.04 4.39 (2H) 52.2 Cα; 47.3 Cβ 

7 Trp 7.93 123.5 4.74 3.14, 3.32 128.9 Nε1; 7.13 Hδ1; 9.98 Hε1; 7.58 Hε3; 7.41 Hζ2; 7.06 Hζ3; 7.16 Hη2; 27.0 Cβ; 124.6 Cδ1; 
118.4 Cε3; 112.0 Cζ2; 119.4 Cζ3; 122.03 Cη2; NH2: 7.09 H1, 7.43 H2, 108.0 N  
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Table S2. NMR chemical shifts of 6b. 

Residue H N Hα Hβ Others 

1 Val 8.07 125.6 3.94 1.91 0.81 Hγ1; 0.83 Hγ2; 60.0 Cα; 29.8 Cβ; 18.3 Cγ1; 17.9 Cγ2; Ac: 1.95 3H, 21.6 CH3 

2 Pra 8.78 123.5 4.77 3.38, 3.11 7.54 Hδ; 25.6 Cβ; 131.7 Cδ 

3 Ser 8.59 118.2 4.26 3.89, 3.81 57.1 Cα; 60.7 Cβ 

4 Glu 7.87 119.3 4.37 2.07, 1.85 2.29 Hγ (2H); 52.2 Cα; 27.2 Cβ; 30.5 Cγ 

5 Leu 7.95 119.8 3.98 1.45, 1.35 1.41 Hγ; 0.73 Hδ1; 0.79 Hδ2; 53.9 Cα; 39.2 Cβ; 24.3 Cγ; 21.4 Cδ1; 21.7 Cδ2 

6 Aha 8.33 121.8 4.40 2.24, 1.82 4.16 Hγ1; 4.25 Hγ2; 50.7 Cα; 31.7 Cβ; 44.1 Cγ 

7 Trp 7.99 121.4 4.62 3.27, 3.13 129.1 Nε1; 7.14 Hδ1; 10.01 Hε1; 7.55 Hε3; 7.34 Hζ2; 7.02 Hζ3; 7.09 Hη2; 27.2 Cβ; 124.6 
Cδ1; 118.3 Cε3; 112.0 Cζ2; 119.3 Cζ3; 122.0 Cη2; NH2: 7.02 H1, 7.46 H2, 108.2 N 

 

 

 
 
Table S3. NMR chemical shifts of 6c. 

Residue H N Hα Hβ Others 

1 Val 8.02 124.5 4.07 2.02 0.87 Hγ1; 0.86 Hγ2; 62.2 Cα; 32.6 Cβ; 21.2 Cγ1; 20.1 Cγ2; Αc 1.96 3H, 24.4 CH3 

2 Aha 8.70 124.4 4.08 2.27, 2.61 3.71 Hγ (2H); 46.1 Cα; 32.3 Cβ; 54.8 Cγ 

3 Ser 8.18 117.7 4.23 3.96, 3.79 59.5 Cα; 63.2 Cβ 

4 Glu 7.88 118.5 4.15 2.00 (2H) 2.36 Hγ2 (2H); 57.6 Cα; 28.7 Cβ; 33.3 Cγ 

5 Leu 7.58 118.1 4.11 1.02, 1.24 1.43 Hγ; 0.69 Hδ1; 0.72 Hδ2; 56.2 Cα; 42.9 Cβ; 26.8 Cγ; 24.8 Cδ1; 23.0 Cδ2 

6 Pra 7.98 117.0 4.62 2.89 (2H) 7.43 Hδ; 26.84 Cβ; 134.7 Cδ 

7 Trp 7.68 121.1 4.62 3.16, 3.31 128.8 Nε1; 7.14 Hδ1; 10.0 Hε1; 7.5 Hε3; 7.41 Hζ2; 7.06 Hζ3; 7.16 Hη; 29.8 Cβ; 127.3 
Cδ1; 121.1 Cε3; 114.6 Cζ2; 122.1 Cζ3; 124.6 Cη2; NH2: 7.03 H1, 7.33 H2, 107.7 N 
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Table S4. Key facts about the synthesis of the individual peptides. Starting from the used resin over cleavage cocktail and cyclization and yield. 

Peptide Resin Approach Manually/ 
synthesizer 

Cleavage cocktail Crude linear 
peptide yield 

Cyclisation Yield after 
prep HPLC 

Purity[a] 

1 Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.2 mmol Manually TFA/TIS/H2O (37:1:1) 
+ DTT, 7 mL, 3 h 

45.7 mg ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 2 days 

2.68 mg ≥98% 

2a Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.1 mmol Manually TFA/TIS/H2O (37:1:1) 
+ DTT, 7 mL, 2.5 h 

87.4 mg ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 2 days 

1.03 mg ≥98% 

2b Fmoc Trp(Boc) 
TentaGel® S AC 

0.05 mmol Synthesizer TFA/TIS/H2O (37:1:1) 
+ DTT, 7 mL, 2.5 h 

14.4 mg ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 3 days 

1.09 mg ≥98% 

3a Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.1 mmol Manually TFA/TIS/H2O (37:1:1) 
+ DTT, 7 mL, 2.5 h 

n.d. -- 3.24 mg ≥98% 

3b Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.2 mmol Manually TFA/TIS/H2O/Anisole 
(95:2:2:1), 3 mL, 3 h 

n.d. ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 3 days 

1.07 mg ≥95% 

3c Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.05 mmol Synthesizer TFA/TIS/H2O (37:1:1) 
+ DTT, 7 mL, 2.5 h 

n.d. ACN/H2O (1:1) 
1 mg/mL, 3 % 
DMSO, 7 days 

3.44 mg ≥98% 

3d Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.2 mmol Manually TFA/TIS/H2O/Anisole 
(95:2:2:1) + DTT, 

7 mL, 4.5 h 

45 mg ACN/H2O (2:1) 
0.17 mg/mL, 1 % 
DMSO, 10 days 

0.8 mg ≥91%[b] 

3e Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.1 mmol Manually TFA/TIS/H2O (37:1:1) 
+ DTT, 5 mL, 2 h 

44 mg ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 3 days 

1.21 mg ≥98% 

3f Fmoc Ala 
TentaGel® S 

RAM resin 

0.1 mmol Manually TFA/TIS/H2O (37:1:1) 
+ DTT, 5 mL, 2.5 h 

63 mg ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 3 days 

6 mg ≥98% 

4a Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.1 mmol Manually TFA/TIS/H2O (37:1:1) 
+ DTT, 5 mL, 2.75 h 

24 mg ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 2 days 

0.77 mg ≥98% 

4b Fmoc Cys(Trt) 
TentaGel® S 

RAM resin 

0.1 mmol Manually TFA/TIS/H2O (37:1:1) 
+ DTT, 7 mL, 2.5 h 

55.9 mg ACN/H2O (1:1) 
1 mg/mL, 2 % 
DMSO, 3 days 

0.27 mg ≥92% 

5a Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.1 mmol Manually TFA/H2O/anisole/TE
S (47:1:1:1), 3 h 

32.6 mg CuAAC 5.1 mg ≥98% 

5b Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.05 mmol Synthesizer TFA/H2O/anisole/TE
S (47:1:1:1), 3 h 

32 mg CuAAC 6.42 mg ≥98% 

5c Fmoc Trp(Boc) 
TentaGel® S 

RAM 

0.05 mmol Synthesizer TFA/H2O/anisole/TE
S (47:1:1:1), 3 h 

35.5 mg CuAAC 8.45 mg ≥98% 

6a/6b/6c Rink amide-
MBHA resin 

0.25 mmol Manually TFA/TIS/H2O 
(95:2.5:2.5, v/v/v), 

2 h 

160 mg / 
170 mg / 
170 mg 

RuAAC 0.67 mg / 
1.72 mg / 
1.4 mg 

≥95% / 
≥98% / 
≥98% 

[a] Determined by LC-MS. [b] This peptide was very poorly soluble, therefore the cyclization reaction had to be diluted and carried out with a higher 
ACN amount. This also prolonged the cyclization time significantly. In addition, many side products were formed, which could not be separated 
easily, which explains the lower purity of ≥ 91 %. 
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Expression of Yersinia CsrA-biot-His6 

The expression protocol of Yersinia CsrA-biot-His6 has already been published by Christine Maurer et al.[1] Two plasmids 
were transformed into electro competent E. coli BL21 by performing a double transformation. On the one hand pET28a 
with pAKH172_biotag insert for overexpression of His- and biotin-tagged CsrA and on the other hand pBirAcm for 
overexpression of biotin ligase for in vivo biotinylation at the lysine residue of the biotintag. pET28a has a kanamycin 
resistance, pBirAcm a chloramphenicol resistance. The amino acid sequence for the CsrA-biot-His6 construct is 
MLILTRRVGE TLMIGDEVTV TVLGVKGNQV RIGVNAPKEV SVHREEIYQR IQAEKSQPTT YLEGLNDIFE 
AQKIEWHELE HHHHHH. Biotin tag and His tag are underlined. The molecular weight of the CsrA-biot-His6 monomer is 
10.2 kDa. 
 
4 L of LB medium, containing 50 µg/mL kanamycin and 17 µg/mL chloramphenicol, were inoculated with an overnight 
preculture. This main culture was grown at 37 °C and 180 rpm until an O.D. 600 of 0.6 was reached. Then, 10 mL 5 mM 
biotin (50 µM end concentration), 3 mL 3 M MgCl2 (10 mM end concentration) and 1.19 mL 0.84 M IPTG (1 mM end 
concentration) per liter of culture was added. The culture was grown again at 37 °C, 180 rpm overnight. Cells were 
harvested by centrifugation (4 °C, 6200 rpm, 20 min). The pellets were resuspended in 4.5 mL/g wet cells lysis buffer 
(50 mM dipotassium hydrogen phosphate trihydrate, 300 mM sodium chloride, 10 mM imidazole, pH 8.0) containing 
cOmplete™ (EDTA-free protease inhibitor cocktail, Roche). Afterwards the cells were disrupted by one passage through 
a microfluidizer. After centrifugation of the homogenisate (4 °C, 19000 rpm, 1 h), the supernatant was sterile-filtered 
through 0.22 µm membrane filter. For purification an ÄKTAxpress™ device with a 1 mL HisTrap™ HP column was used, 
which was equilibrated with 20 mL lysis buffer (4 mL/min flowrate). The clear lysate was loaded on the column with 
1 mL/min. This was followed by two washing steps, first 15 mL of high salt buffer (50 mM dipotassium hydrogen phosphate 
trihydrate, 1 M sodium chloride, 10 mM imidazole, pH 8.0), second 20 mL of binding buffer (50 mM dipotassium hydrogen 
phosphate trihydrate, 300 mM sodium chloride, 30 mM imidazole, pH 8.0). Next, a linear gradient from 0 to 70 % elution 
buffer (25 mM dipotassium hydrogen phosphate trihydrate, 150 mM sodium chloride, 125 mM imidazole, pH 8.0) within 
56 min was chosen. For the final elution step, it was switched to 100 % elution buffer and the fractions were collected. The 
CsrA-containing fractions were concentrated via Vivaspin® 20 spin filters (3 kDa MWCO, Sartorius™), before the buffer 
was exchanged to storage buffer (50 mM dipotassium hydrogen phosphate trihydrate, 300 mM sodium chloride, ad DEPC-
treated water (RNase-free), pH 8.0) with a PD10 desalting column. The concentration was determined by UV spectroscopy 
with NanoDrop™ (280 = 8480 M-1cm-1, monomer). If required, the united fractions were concentrated again with Vivaspin® 
20 spin filters (3 kDa MWCO, Sartorius™) to adjust a monomer concentration of about 200 µM. Glycerol (10 % end 
concentration) was added to the protein and divided into aliquots, flash frozen in liquid nitrogen and stored at -80 °C. About 
2 mg protein per liter of main culture were yielded. 
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Expression of E. coli CsrA-His6 

 
The amino acid sequence for the E. coli CsrA-His6 construct is MLILTRRVGE TLMIGDEVTV TVLGVKGNQV 
RIGVNAPKEV SVHREEIYQR IQAEKSQQSSY HHHHH. The molecular weight of the CsrA-His6 monomer is 7.68 kDa. 
The construct is present in pET21a+ with an ampicillin resistance. The expression protocol of E. coli CsrA-His6 is based 
on Dubey et al..[2]  
 
TB medium, containing 100 µg/mL ampicillin, were inoculated with an overnight preculture. This main culture was grown 
at 37 °C and 180 rpm until an O.D. 600 of 0.6 was reached. Then, 1.19 mL 0.84 M IPTG (1 mM end concentration) per 
liter of culture was added. The culture was grown again at 37 °C, 180 rpm overnight. Cells were harvested by centrifugation 
(4 °C, 6200 rpm, 20 min). The pellets were resuspended in 4.5 mL/g wet cells lysis buffer (50 mM potassium dihydrogen 
phosphate, 300 mM sodium chloride, 10 mM imidazole, 10 % glycerol, pH 8.0) containing cOmplete™ (EDTA-free 
protease inhibitor cocktail, Roche). Afterwards the cells were disrupted by ultra-sonification (current = 50 %, every 30 sec 
and 5 cycles, break between every 5 cycles). After centrifugation of the homogenisate (4 °C, 19000 rpm, 1 h), the 
supernatant was sterile-filtered through 0.22 µm membrane filter. For purification an ÄKTAxpress™ device with a 1 mL 
HisTrap™ HP column was used, which was equilibrated with 20 mL lysis buffer (4 mL/min flowrate). The clear lysate was 
loaded on the column with 1 mL/min. This was followed by three washing steps, first washing buffer 1 (50 mM potassium 
dihydrogen phosphate, 300 mM sodium chloride, 20 mM imidazole, 10 % glycerol, pH 8.0), second two times washing 
buffer 2 (50 mM potassium dihydrogen phosphate, 300 mM sodium chloride, 50 mM imidazole, 10 % glycerol, pH 8.0). 
The elution was done with elution buffer (50 mM potassium dihydrogen phosphate, 300 mM sodium chloride, 250 mM 
imidazole, 10 % glycerol, pH 8.0) and the fractions were collected. The CsrA-containing fractions were concentrated via 
Vivaspin® 20 spin filters (3 kDa MWCO, Sartorius™), before the buffer was exchanged to storage buffer (50 mM 
dipotassium hydrogen phosphate trihydrate, 300 mM sodium chloride, ad DEPC-treated water (RNase-free), pH 8.0) with 
a PD10 desalting column. The concentration was determined by UV spectroscopy with NanoDrop™ (280 = 2980 M-1cm-1, 
monomer). If required, the united fractions were concentrated again with Vivaspin® 20 spin filters (3 kDa MWCO, 
Sartorius™) to adjust a monomer concentration of about 200 µM. Glycerol (10 % end concentration) was added to the 
protein and divided into aliquots, flash frozen in liquid nitrogen and stored at -80 °C.  
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Phage Display 

A more detailed description of oligomer design, cloning, library packaging and phage display can be found in Jakob et al. 
methods book chapter.[3]  
In brief, an oligomer was designed, which encodes for a very small peptide library, which has the structure XCXXXCX. 
There are two fixed cysteine positions in it and X encodes for any amino acid except cysteine. The oligomer was 
synthesized by Ella Biotech GmbH. This library was cloned into the phagemid pHAL30[4] (Figure S1) where it displays 
2.48 · 106 different peptides. The library was packed into M13K07 phages, which are able to present the peptides on their 
surface to a protein target. 
 

Figure S1. A) Vector map of pHAL30, B) Schematic drawing of pHAL30 with cloned peptide library. lacZ promoter: promoter of the bacterial lac 

operon; RBS: ribosome binding site; pelB: signal peptide sequence of bacterial pectate lyase Erwinia caratovora, mediating secretion into the 

periplasmic space; gIII: gene encoding for the phage protein III.[4]  

 
Under oxidative conditions, the cysteines are forming a macrocycle over the disulfide bond. For selection of potential CsrA 
binders, phage display was established. For this process, CsrA_biot_His6 was bound to a streptavidin-coated ELISA plate 
well. After blocking with BSA / milk powder, the pre-selected library, where BSA and streptavidin binders were excluded, 
was added. Unspecific binders were eliminated with a plate washer (Tecan Hydroflex), where PBS pH 7.4 containing 
Tween-20 was used. After the third panning round the clones were separated on agar plates. 32 clones were sequenced 
and checked for plausibility. Criteria for selection were an intact sequence with low tryptophane content and one glutamic 
acid, while carboxyl groups are beneficial for binding to positively charged surfaces on CsrA. We identified two interesting 
sequences containing a glutamate residue within the macrocycle. Peptide 1 (Ac-V-[CSELC]cyclic-W-NH2) could be 
successfully synthesized. Synthesis and macrocyclization of the alternative sequence 
Ac-H-[CQEVC]cyclic-P-NH2 yielded only dimerized product (data not shown). Nevertheless, this finding underscores the 
potential ionic interaction between the glutamate side chain and basic residues on the protein surface. 
CsrA coating amount of the wells, detergent amount in PBS buffer as well as washing stringency with the plate washer 
were optimized. Before each panning round, the wells were coated with either 4 µg or 40 µg CsrA_biot_His6. The better 
results were obtained with 4 µg. 0 µg CsrA was used as negative control. Before phage elution with trypsin, PBS containing 
different amounts of Tween-20 (0.05 %, 0.1 % or 0.2 %) was tried to rinse the wells with the plate washer. Since the 
variation effect was not significant, 0.1 % Tween-20 was chosen as the detergent amount. The number of washing cycles, 
however, had a significant impact on the results. Tested were 2/4/6, 4/8/10 and 10/10/10 washing cycles. The first number 
corresponds to the number of washing cycles after the first panning round, the second after the second and the third after 
the third round. The more washing rounds were used, the more sequences containing frame shifts or predominantly 
hydrophobic amino acids (i.e., more than one tryptophan residues) were found. This was the case for the 4/8/10 and 
10/10/10 variant. If, on the other hand, fewer washing cycles were used (2/4/6), a large proportion of pHAL30 origin empty 
vector containing no peptide encoding sequence was found, but also a few desired peptide sequences as potential binders. 
Peptide 1 was one of those useful sequences. 

A) 

B) 
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Fluorescence Polarization Assay 

The fluorescence polarization assay has been established by Maurer et al.[1] Fluorescence polarization was recorded using 
a CLARIOstar microplate reader (BMG LABTECH, Ortenberg, Germany) with an extinction filter at 485 nm and emission 
filter at 520 nm. Gain adjustment was performed before starting each measurement to achieve maximum sensitivity. The 
FP values were measured in millipolarization units (mP). The assay was performed two times in duplicates and the IC50 
value was calculated using sigmoidal logistic fit in Origin. Fluorescein-labeled RNA (for Yersinia CsrA: 5‘-
UUCACGGAGAA[flc]; for E. coli CsrA: 5’-AGACAAGGAUGU[flc]) was obtained from Sigma Aldrich in HPLC purity. The 
results of the dose-dependent measurement are shown in Figure S3 and S4. 
 
A 20 mM peptide in DMSO stock solution was diluted with assay buffer (10 mM HEPES, 150 mM NaCl, 0.005 % (v/v) 
Tween-20, ad DEPC-treated H2O (RNase free water), pH 7.4) in a way that 3 mM peptide in 15 % DMSO was achieved 
(21 µL 20 mM peptide in DMSO + 119 µL assay buffer). Afterwards, a 1:2 dilution series containing 12 steps was utilized 
by diluting 70 μL of assay buffer containing 15 % DMSO with 70 μL of the peptide in assay buffer with 15 % DMSO from 
this solution, starting from 3 mM ended in 1,46 µM. Using a 12-channel pipette, 10 μL of each concentration were 
transferred to a 384 well microtiter plate (black, flat bottom, Greiner Bio-One) in two replicates and another 10 μL of 1.2 μM 
(2.4 µM for E. coli CsrA) of the corresponding CsrA-biot-His6 protein (in assay buffer) were added to each well and quickly 
centrifuged to be preincubated for 1 h on a Duomax 1030 shaker under light exclusion. 10 μM fluorescein-labelled RNA 
(RNAflc) was diluted with assay buffer to a concentration of 45 nM obtaining an end concentration of 15 nM in the assay. 
After short centrifugation the plate was incubated for 1.5 h on the shaker under light exclusion. The final concentrations in 
the assay were 400 nM (800 nM for E. coli CsrA) CsrA-biot-His6 (monomer concentration), 5 % DMSO, 15 nM RNAflc and 
1000 µM to 0.49 µM peptide. 
Furthermore, a high control was prepared to check for the homogeneity of fluorescence for the complex between protein 
and RNAflc, a low control to verify the homogeneity of fluorescence for the free RNAflc as well as a blank to exclude any 
deviation due to the matrix of the assay. For the high control components were 10 μL of 15 % DMSO in assay buffer, 
10 μL of protein and 10 μL of RNAflc, for the low control corresponding 10 μL of 15 % DMSO in assay buffer, 10 μL of 
assay buffer and 10 μL of RNAflc and the blank consisted of 10 μL of 15 % DMSO in assay buffer and two times 10 μL of 
assay buffer. These three controls were measured in 24-lets. 
Moreover, a fluorescence control was performed for the peptides measured to check for the possibility of fluorescence 
quenching. Therefore, the first component was 10 μL of the dilution series of the corresponding peptide, second 
component was 10 μL of assay buffer and third component was 10 μL of RNAflc. 
Thereby, fluorescence intensity was calculated by determination of the sum of blank corrected based on raw data parallel 
and perpendicular for the highest concentration on the one hand and for the lowest concentration on the other hand. 
Afterwards, the average of these two values was determined and the deviation from fluorescence intensity to the average 
value should be under 20 % for no fluorescence quenching. This was the reason why the 1000 µM and 500 µM value was 
not included in the assay for 3d and 5a. 
 

 
 

Figure S2. A) Preparation plate (96-well plate, clear, v-bottom, non-binding) scheme and B) measuring plate (Greiner 386 well, black, flat bottom). 
Transferring in duplicates with 12-channel pipette from preparation plate to measuring plate 

 

 

 

A) B) 

Sample 
Fluorescence 
control HC 

LC 
Blank 
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Figure S3 (part 1). Results of the dose-dependent fluorescence polarization assay with competition inhibition curves used to determine the half 
maximal inhibitory concentration (IC50) for peptides 2a-3f with Yersinia CsrA_biot_His6. The assay has been performed two times in duplicates. 
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Figure S3 (part 2). Results of the dose-dependent fluorescence polarization assay with competition inhibition curves used to determine the half 
maximal inhibitory concentration (IC50) for peptides 4a-6c with Yersinia CsrA_biot_His6. The assay has been performed two times in duplicates. 
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Figure S4. Result of the dose-dependent fluorescence polarization assay with competition inhibition curve used to determine the half maximal 
inhibitory concentration for peptide 5a and 5b with E. coli CsrA_His6 as target. The assay has been performed two times in duplicates. 
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Microscale Thermophoresis Assay (MST) 

The MST assay was performed according to the protocol of the Monolith NT™ His-Tag labelling Kit RED-tris-NTA and 
was used for Peptide 1 only. The Yersinia CsrA-biot-His6 monomer concentration was adjusted with assay buffer (10 mM 
HEPES, 150 mM NaCl, 0.005 % (v/v) Tween-20, ad DEPC-treated H2O (RNase free water), pH 7.4) to 200 nM in a volume 
of 100 µL, mixed with 100 µL 100 nM dye (Nano RED) and incubated for 30 min in the dark at room temperature. The 
sample was centrifuged for 10 min at 4 °C and 15000 g. This was the ready-labelled protein. A 20 mM peptide DMSO 
stock solution was diluted with assay buffer to 2 mM, that the highest end concentration in the assay was 1000 µM with 
5 % DMSO. 20 µL of the 2 mM peptide was transferred into a first PCR tube and 10 µL of assay buffer containing 10 % 
DMSO was transferred into each next PCR tube 2-16. For the serial dilution series of the peptide, 10 µL of the ligand from 
tube 1 were transferred to tube 2 with a pipette and mixed by pipetting up-and-down several times. The procedure was 
repeated for tube 3-16 and 10 µL from tube 16 were discarded. Finally, 10 µL of the labelled protein were added to each 
PCR tube, mixed with a pipette and incubated in the dark for 45 min. All 16 dilutions were loaded into Monolith NT™ 
Standard Capillaries and measured in the Monolith NT.115™ device with 60 % excitation power and 40 % MST power. 
The protein concentration in the assay was 50 nM. The assay was performed three times in duplicates and the Kd value 
of 10.5 ± 1.4 µM was calculated using sigmoidal logistic fit in Origin. 
 
 

 
Figure S5. Dose-dependent MST interaction curve of peptide 1 with Yersinia CsrA_biot_His6 used to determine the dissociation constant 

(Kd). 

 
 
 
 
 
 

Calculation of the Error Bars in Fluorescence Polarization and MST Assay 

Error bars are calculated with TINV function of Microsoft Excel, which returns the two-tailed inverse of the Student’s t-
distribution multiplied with the standard deviation of the mean of the measurements: 
 
TINV(probability, deg_freedom) · (STDEV of the mean) 
 
The argument probability is set to 95 % and the degree of freedom to 4. 
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NMR analysis and structure calculations 

NMR analysis of peptide 1 was performed with a 2 mM solution in 50 % H2O/50 % d3-acetonitrile (298 K, pH 3.4) on a 
Bruker Avance III 600 MHz spectrometer. 2D Spectra included TOCSY, ROESY, and natural abundance heteronuclear 
correlation spectroscopy (15N- and 13C-HSQC). TOCSY spectra were also recorded at variable temperatures (283 – 303 K) 
to determine amide proton temperature coefficients. Spectra were referenced to residual acetonitrile at 1.94 ppm. All 
spectra were processed using TopSpin v3.6 and assigned using CcpNMR Analysis. 
Preliminary structures were calculated in CYANA based upon ROESY-derived distance restraints. Several dihedral angle 
restraints were also added as predicted by TALOS-N[5] along with a single hydrogen bond pair after consideration of 
preliminary structures and amide proton temperature coefficients. A final ensemble of 20 structures were generated within 
CNS[6] using torsion angle dynamics and refinement and energy minimization in explicit water solvent. MolProbity[7] was 
used to assess stereochemical quality (summarised in Table S5). 
 
 
 
Table S5. Statistical analysis of peptide 1 structures[a]  

Experimental restraints  
total no. distance restraints 45 

intraresidue 22 
sequential 23 
medium range, i-j<5 2 
hydrogen bond restraints 2 

dihedral angle restraints  
phi 5 
psi 1 

Deviations from idealized geometry  
bond lengths (Å) 0.012 ± 0.001 

bond angles (deg) 1.161 ± 0.107 
impropers (deg) 1.14 ± 0.15 
NOE (Å) 0.033 ± 0.005 
cDih (deg) 0.032 ± 0.104 

Mean energies (kcal/mol)  
overall -194 ± 13 
bonds 3.9 ± 0.4 
angles 9.0 ± 1.8 
improper 3.3 ± 0.7 
van Der Waals -14.5 ± 2.2 
NOE 0.05 ± 0.02 
cDih 0.01 ±0.03 
electrostatic -977 ± 33 
Violations  

NOE violations exceeding 0.2 Å 0 
Dihedral violations exceeding 2.0 Å 0 

Rms deviation from mean structure, Å  
backbone atoms 0.79 ± 0.37 
all heavy atoms 1.81 ± 0.70 

  
Stereochemical quality[b]  
Residues in most favoured Ramachandran region, % 80.0 ± 11.0 

Ramachandran outliers, % 0 ± 0 
Unfavourable sidechain rotamers, % 0.0 ± 0.0 
Clashscore, all atoms 0.0 ± 0.0 
Overall MolProbity score 1.2 ± 0.3 

  
  

[a] All statistics are given as mean ± SD. 
[b] According to MolProbity[7]  
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In silico Investigations 

General. All in silico experiments were performed with Molecular Operating Environment (MOE) by Chemical Computing 
Group (CCG) release 2020.09 employing the Amber10:EHT force field.[8]  
 
Homology Model Building. Homology model of Yersinia pseudotuberculosis CsrA in complex with RNA was built using 
the first entry of NMR-solution structure 2MFH from Pseudomonas fluorescens in complex with RNA-oligo ucaggacau.[9] 
The template structure 2MFH was chosen from the available structures in the PDB based on the following requirements: 
resolved C-terminal residues and complex with short RNA oligo. 
The sequence of the template structure (P. fluorescens, Sec1) and the target sequence (Y. pseudotuberculosis, Sec2) 
share an identity of 71% and homology of 89% as shown by following blast result: 
 

Score Expect Method Identities Positives Gaps 

91.7 bits(226) 3e-32 Compositional matrix adjust. 41/58(71%) 52/58(89%) 0/58(0%) 

Sec2       MLILTRRVGETLMIGDEVTVTVLGVKGNQVRIGVNAPKEVSVHREEIYQRIQAEKSQP  58 

           MLILTR+VGE++ IGD++T+T+LGV G QVRIG+NAPK+V+VHREEIYQRIQA  + P 

Sec1       MLILTRKVGESINIGDDITITILGVSGQQVRIGINAPKDVAVHREEIYQRIQAGLTAP  58 

 
The built-in “homology model” function of MOE was used with standard parameters, while RNA atoms were used as 
environment to successfully yield a model in complex with RNA.  
 
Docking. Docking was performed using the built-in “Docking” function of MOE. NMR structures of peptide 1 (all 20 entries 
of PDB ID 7M7X, BMRB ID 30895) were used as “ligand” structures and the above-mentioned homology model as 
“receptor”. The docking site was defined by involving protein residues in 4.5 Å proximity to the RNA atoms as well as the 
C-terminal residues of one of the two identical RNA-interaction sites. The resulting selection was as follows: 
 
>CsrAYP_1|Chain A|Translational repressor|Y.pseudotuberculosis HomologyModel 
MLILTRR--E------------------------------------------------- 

>CsrAYP_1|Chain B|Translational repressor|Y.pseudotuberculosis HomologyModel 
--------------------T-L--K--Q-R----APK-VSVHR-EIYQRIQAEKSQPT 

 
Placement algorithm was “Triangle Matcher” with “London dG” as Scoring function generating 10 initial poses for every 
peptide 1 conformer (entry). Refinement method was “Induced Fit” with “GBVI/WSA dG” as Scoring function and 5 keeper 
poses. 
The resulting 100 docking poses (5 poses × 20 entries) were sorted according to the refinement/binding score. The 10 
best-scoring poses were sorted according to the “rmsd_refine” parameter indicating binding hypothesis with minimal 
deviation from the initial (experimental) solution geometry. By this means, we selected the optimal pose scoring in number 
8 of 100 regarding refinement/binding score and 3 of 100 regarding the “rmsd_refine” parameter. 
 
Analysis and Visualisation. The pose derived by the docking procedure described above was analysed using the “Ligand 
Interactions” function of MOE for generating a 2D depiction of the interaction profile (see Figure 3c from the main text). 
Graphic processing for manuscript figures was done using YASARA structure (YASARA Biosciences GmbH)139 and POV-
Ray 3.7.0. 
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Analytical LC-MS 

For analytical LC-MS, all samples were solved in Methanol. The measurements of compounds 1-5c and 6b, 6c were done 
with a DIONEX UltiMate 3000 UHPLC+ focused (Thermo Scientific), containing RS Pump, RS Autosampler, Diode Array 
Detector, Column Compartment (heated to 40 °C) and ISQ EC Mass Spectrometer. We used a HYPERSIL GOLD 1.9UM 
100 x 2.1MM COLUMN (Thermo Scientific). The gradient was 5-50 % solvent B over 4.2 min (solvent A: H2O containing 
0.05 % formic acid, solvent B: ACN containing 0.05 % formic acid followed by 50 % solvent B for 0.8 min all with a flowrate 
of 0.6 mL/min. 
The graphs show the HPLC chromatogram measured at 220 nm and the total ion count in the mass track. The 
chromatogram was used to determine the purity of the respective peptide. The mass spectrum from the main peak of the 
mass track is also shown. 
 
Compounds 6b and 6c were additionally analysed and 6a was only analysed on a Shimadzu Prominence LC-MS system 
using an Agilent Zorbax 300SB-C18 column (5 µm, 150 x 2.1 mm) with a flow rate of 0.6 mL/min. The samples were 
analysed using a linear gradient of 0-60 % solvent B in 30 min (Solvent A: H2O with 0.05 % formic acid; Solvent B: 95 % 
acetonitrile with 0.05 % formic acid) and the elutants were monitored by absorbance at 214 nm and 280 nm and low 
resolution ESI-MS.  
 
 
Ac-V-[CSELC]cyclic-W-NH2 (1) 
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H-V-[CSELC]cyclic-W-NH2 (2a) 
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Ac-V-[CSELC]cyclic-W-OH (2b) 
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Ac-VASELAW-NH2 (3a) 
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Ac-A-[CSELC]cyclic-W-NH2 (3b) 
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Ac-V-[CAELC]cyclic-W-NH2 (3c) 
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Ac-V-[CSALC]cyclic-W-NH2 (3d) 
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Ac-V-[CSEAC]cyclic-W-NH2 (3e) 
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Ac-V-[CSELC]cyclic-A-NH2 (3f) 
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Ac- – -[CSELC]cyclic-W-NH2 (4a) 
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Ac-V-[CSELC]cyclic – -NH2 (4b) 
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Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,4-triazole) (5a) 
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Ac-V-[Aza-SEL-Pra]cyclic-W-NH2 (1,4-triazole) (5b) 
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Ac-V-[Pra-SEL-Aha]cyclic-W-NH2 (1,4-triazole) (5c) 
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Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,5-triazole) (6a) 
 

 
 

 
 
 
 
 
 
 
 
Ac-V-[Pra-SEL-Aha]cyclic-W-NH2 (1,5-triazole) (6b) 
 

 
     

 
 
 
  

5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0 42.5 45.0 min
-50

0

50

100

150

200

250

300
mV

0

10

20

30

40

50

60

70

80

90

%
B.Conc

Detector A Ch2 280nm 
Detector A Ch1 214nm 

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 m/z
0.0

0.5

1.0

1.5

2.0

2.5

3.0
Inten.(x1,000,000)

881.4

1762.71322.3

5.0 7.5 10.0 12.5 15.0 17.5 20.0 22.5 25.0 27.5 30.0 32.5 35.0 37.5 40.0 42.5 45.0 min

0

250

500

750

1000

1250
mV

0

10

20

30

40

50

60

70

80

90

%
B.Conc

Detector A Ch2 280nm 
Detector A Ch1 214nm 

400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 m/z
0.0

1.0

2.0

3.0

4.0
Inten.(x1,000,000)

895.4

896.4

1790.7

1343.4

 

[M+H]+ 

2[M+H]

[M+H]+ 

2[M+H]



Appendix 

367 

38

Ac-V-[Aha-SEL-Pra]cyclic-W-NH2 (1,5-triazole) (6c) 
 

 
   

 
  

        
 
 
 
Purity 

No. Purity / % 

1 100 

2a 100 

2b 100 

3a 100 

3b 95 

3c 100 

3d 91 

3e 98 

3f 100 

4a 100 

4b 92 

5a 100 

5b 100 

5c 100 

6a 100 

6b 100 

6c 100 
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1H-NMR and 13C-NMR Spectra 

Compounds 1, 5a-5c were dissolved in 0.5 mL DMSO-d6 and measured with Bruker Fourier spectrometer model 
Ultrashield Plus 500 (500 MHz for 1H-NMR and 126 MHz for 13C-NMR). Chemical shifts are given in parts per million (ppm) 
and referenced against the residual proton or carbon resonances of the >99% deuterated solvents as internal standard. 
Coupling constants (J) are given in Hertz (Hz). Data are reported as follows: chemical shift, multiplicity (s = singlet, d = 
doublet, t =triplet, q = quartet, m = multiplet, dd = doublet of doublets, dt =doublet of triplets, br = broad and combinations 
of these) coupling constants, and integration. NMR spectra were evaluated using MestReNova. 
 
The 1,5-triazole analogues 6a, 6b, and 6c were analyzed on a Bruker AVANCE III 600 MHz spectrometer equipped with 
a cryogenically cooled probe. The samples were prepared in 500 µL of H2O/D2O (9:1 v/v, ~2 mM, pH 3.4) and 1H and 13C 
experiments were acquired at 298 K (referencing to H2O at 4.70 ppm). The spectra were manually assigned using 
CCPNMR analysis 2.4.2.  
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Ac-V-[CSELC]cyclic-W-NH2 (1) 
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Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,4-triazole) (5a) 
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Ac-V-[Aza-SEL-Pra]cyclic-W-NH2 (1,4-triazole) (5b) 
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Ac-V-[Pra-SEL-Aha]cyclic-W-NH2 (1,4-triazole) (5c) 
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Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,5-triazole) (6a) 
 
 
1H NMR spectra of 6a (600 MHz, H2O/D2O (9:1), pH 3.4) 

 
 
 
 
Ac-V-[Pra-SEL-]cyclic-W-NH2 (1,5-triazole) (6b) 
 
 
1H NMR spectra of 6b (600 MHz, H2O/D2O (9:1), pH 3.4) 
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Ac-V-[Aha-SEL-Pra]cyclic-W-NH2 (1,5-triazole) (6c) 
 
 
1H NMR spectra of 6c (600 MHz, H2O/D2O (9:1), pH 3.4) 
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2D NMR Spectra 

 
Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,4-triazole) (5a) 
 
[1H, 13C]-HSQC (full) 

 
 
[1H, 13C]-HSQC (7.65, 126.2 C/H 15) Triazole 
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[1H, 13C]-HMBC (full) 

 
 

[1H, 13C]-HMBC (C15/H17) 
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FTIR Spectra 

IR spectra were measured on a PerkinElmer Spectrum 100 FT-IR Spectrometer. The samples were measured as solid. 
 
 
 
 
Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,4-triazole) (5a) 
 

Green curve: before CuAAC 
Purple curve: after CuAAC 
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HRMS 

Compounds 1 and 5a-5c were solved in H2O/ACN (1:1) (v/v). HRMS was done with a DIONEX UltiMate 3000 UHPLC+ 
focused (Thermo Scientific), containing pump, autosampler, column compartment heated to 30 °C, diode array detector, 
and Q exactive focus. We used an EC 150/2 NUCLEODUR C18 Pyramid, 3 µm (Macherey-Nagel) column with a gradient 
from 90-5 % solvent B over 9 min and 1.5 min constant 5 % solvent B (solvent A: H2O (0.05 % formic acid), solvent B: 
ACN (0.05 % formic acid)) and a 0.5 mL/min flowrate.  
 
Compounds 6a, 6b and 6c were analyzed by HRMS on a Shimadzu interfaced UPLC coupled to an AB Sciex 5600 
TripleTOF MS using time-of-flight-MS (TOF-MS) scanning. The samples were run over a linear gradient of 20-40% 
acetonitrile in H2O (v/v) on an Agilent Zorbax C18 column (100 x 2.1 mm, 1.8 µm) at 40 °C and a flow rate of 0.2 mL/min. 
The electrospray voltage was 5500 V with a source temperature of 500 °C. The data was processed using Analyst v1.6.3 
software by AB Sciex.  
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Ac-V-[CSELC]cyclic-W-NH2 (1) 
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H-V-[CSELC]cyclic-W-NH2 (2a) 
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Ac-V-[CSELC]cyclic-W-OH (2b) 
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Ac-VASELAW-NH2 (3a) 
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Ac-A-[CSELC]cyclic-W-NH2 (3b) 
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Ac-V-[CAELC]cyclic-W-NH2 (3c) 
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Ac-V-[CSALC]cyclic-W-NH2 (3d) 
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Ac-V-[CSEAC]cyclic-W-NH2 (3e) 
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Ac-V-[CSELC]cyclic-A-NH2 (3f) 
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Ac- – -[CSELC]cyclic-W-NH2 (4a) 
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Ac-V-[CSELC]cyclic – -NH2 (4b) 
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Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,4-triazole) (5a) 
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Ac-V-[Aza-SEL-Pra]cyclic-W-NH2 (1,4-triazole) (5b) 
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Ac-V-[Pra-SEL-Aha]cyclic-W-NH2 (1,4-triazole) (5c) 
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Ac-V-[Pra-SEL-Aza]cyclic-W-NH2 (1,5-triazole) (6a) 
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Ac-V-[Pra-SEL-Aha]cyclic-W-NH2 (1,5-triazole) (6b) 
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Ac-V-[Aha-SEL-Pra]cyclic-W-NH2 (1,5-triazole) (6c) 
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