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II. Abstract  

Protein-RNA interactions (PRIs) play an essential role in many cellular functions. Improved 

methods are needed to systematically develop modulators of PRIs. Therefore, having a widely 

applicable strategy to develop methods that target such interactions is highly valuable.  

RNA binding motif 20 (RBM20) is a protein that plays a vital role in heart function and mutations 

in RBM20 associated with dilated cardiomyopathy (DCM). Previous studies have identified the 

structure of the RBM20 domain that is bound to the specific RNA sequence. RNA binding is 

regulated by an RNA recognition motif (RRM), with a well-folded C-terminal helix. Targeting 

RNA-RBM20 interaction can be a good starting approach in treating cardiac disease, yet direct 

targeting of the PRI can be challenging. However, allosteric inhibition of the target protein 

would provide a way of selective inhibition. Stapled peptides of RBM20 were synthesized and 

evaluated in the biophysical experiments. As a result, synthesized peptides showed binding 

affinity to the target protein. Further evaluation needs to be carried out for the effect of stapled 

peptides on titin splicing and on how alternative splicing relates to the diastolic heart failure.   

Heterogeneous nuclear ribonucleoprotein A2/B1 (hnRNP A2/B1), which is also an RNA bind-

ing protein, is upregulated in various types of cancer where it affects the splicing of tumor 

suppressors and oncogenes. The target makes an attractive starting point as it shows a prom-

ising mode of action in cancer therapy, and several crystal structures of its interaction with 

RNA are available. Peptide nucleic acids (PNAs) are proposed to be used as a scaffold to 

carry fragments that target a PRI binding site. By exchanging the PNA nucleobases for small 

molecule fragments, novel chemical matter with the potential to inhibit the interaction can be 

identified. In addition, another strategy was explored, called translational repression assay pro-

cedure (TRAP), to track the recognition of the RNA by hnRNP A2/B1. This assay was then 

employed in combination with the split-intein circuit ligation of peptides and proteins (SI-

CLOPPS) technique for the screening of the macrocyclic peptides as inhibitors for hnRNP 

A2/B1. Selected peptides were first synthesized and then evaluated by applying biophysical 

experiments that defined two peptides that are binding to hnRNP A2/B1. Optimization through 

alanine scanning revealed a derivate with a ~3-fold increase in binding affinity. Further inves-

tigation and analysis need to be carried out to obtain a potential peptide inhibitor of hnRNP 

A2/B1.  
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III. Zusammenfassung 

Protein-RNA-Interaktionen (PRIs) spielen eine wesentliche Rolle bei vielen zellulären Funkti-

onen. Es werden daher Methoden benötigt, um Modulatoren zu entwickeln, die systematisch 

PRIs beeinflussen können. Die Entwicklung einer allgemein anwendbaren Strategie zur Mo-

dulation solcher PRIs wäre sehr wertvoll.   

Das RNA-Bindungsmotiv 20 (RBM20) ist ein Protein, das eine wichtige Rolle bei der Herzfunk-

tion spielt, und Mutationen in RBM20 werden mit dilatativer Kardiomyopathie (DCM) in Verbin-

dung gebracht. Frühere Studien haben die Struktur der RBM20-Domäne identifiziert, die an 

die spezifische RNA-Sequenz gebunden ist. Die RNA-Bindung wird durch ein RNA-Erken-

nungsmotiv (RRM), die eine C-terminalen Helix aufweist, reguliert. Die gezielte Beeinflussung 

der RNA-RBM20-Interaktion kann ein guter Ansatz für die Behandlung von Herzkrankheiten 

sein, jedoch kann die direkte Beeinflussung der PRI eine Herausforderung darstellen. Die al-

losterische Hemmung des Zielproteins würde eine Möglichkeit der selektiven Hemmung bie-

ten. In dieser Arbeit wurden stabilisierte Peptide der C-terminalen Helix von RBM20 syntheti-

siert und die Bindungsaffinität mittels biophysikalischeer Experimente untersucht. Die Wirkung 

der stabilisierten Peptide auf alternative Spleißenprozesse im Zusammenhang mit diastoli-

scher Herzinsuffizienz müssen noch weiter untersucht werden.   

Das heterogene nukleare Ribonukleoprotein A2/B1 (hnRNP A2/B1), welches ebenfalls ein 

RNA-bindendes Protein ist, wird bei verschiedenen Krebsarten hochreguliert, wo es das Splei-

ßen von Tumorsuppressorgenen und Onkogenen beeinflusst. hnRNP A2/B1 ist ein attrakti-

vess Zielprotein, da es eine vielversprechende Wirkungsweise in der Krebstherapie aufweist 

und bereits mehrere Kristallstrukturen seiner Interaktion mit RNA verfügbar sind. In zweiten 

Teil dieser Arbeit werden Peptidnukleinsäuren (PNA) als Gerüst für Fragmente verwendet, die 

auf eine PRI-Bindungsstelle abzielen. Durch den Austausch der PNA-Nukleobasen gegen 

kleine Molekülfragmente können neue chemische Moleküle gebildet werden, die das Potenzial 

haben, die Interaktion zu hemmen. Darüber hinaus wurde eine weitere Strategie erforscht, die 

die “translational repression assay procedure“ (TRAP)mit der biotechnologischen Methode 

„Split-intein Circuit Ligation of Peptides and Proteins“ (SICLOPPS) kombinierte, um nach mak-

rozyklischen Peptiden als Inhibitoren für hnRNP A2/B1 zu screenen. Ausgewählte Peptide 

wurden zunächst chemsich synthetisiert und dann mit Hilfe von biophysikalischen Experimen-

ten bewertet. Es wurden zwei vielversprechende Peptidkandidaten gefunden, die eine mode-

rate Affinität an hnRNP A2/B1 aufwiesen. Die Optimierung durch Alanin-Scanning ergab ein 

Derivat mit einer ~3-fachverbesserter Bindungsaffinität. Es müssen jedoch weitere Untersu-

chungen durchgeführt werden, um den Peptidkandidaten als Inhibitor von hnRNP A2/B1 zu 

verifizieren. 
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1. Introduction 

1.1. The complex lives of mRNAs, RNA splicing and alternative splicing  

In eukaryotes, transcription and translation are performed separately in the nucleus and the 

cytoplasm, respectively, which allows eukaryotes to apply post-transcriptional processing of 

pre-mRNA, producing a variety of mRNAs1. mRNAs are first generated in the nucleus as pre-

mRNAs, which are then subjected to several processing steps, including 5'-end capping, splic-

ing, 3'-end cleavage, and polyadenylation. Then, mature mRNAs are exported from the nu-

cleus and transported into the cytoplasm, where translation by ribosome takes place, resulting 

in protein synthesis2. Often, protein-coding sequences are interrupted by introns (non-coding 

segments), which must be removed from pre-mRNA, and as a result, exons (protein-coding 

segments) must be joined to form mature mRNA3. This process is known as pre-mRNA splic-

ing. Introns are characterized by three major sites, which are the 3' splice site (3' SS), 5' splice 

site (5' SS), and branch point (BP). The splicing process takes place between the transcription 

and translation steps and happens through two transesterification reactions catalyzed by the 

spliceosome4. It starts with the attack of the 2' hydroxyl group of an adenosine residue to the 

5' SS resulting in a cleaved 5' exon and a lariat intermediate. In the second step, the 3' hydroxyl 

group attacks the phosphodiester at the 3' splice site, forming the lariat intron and ligated exon 

(Figure 1)5,6.  

Figure 1: RNA splicing process. Pre-mRNA is transformed into spliced mRNA, in which introns are removed through 

two transesterification reactions: branching and exon ligation. Adapted from Wilkinson et al3.  

Alternative splicing (AS) which is a crucial step in mRNA processing, leads to the production 

of various mRNA variants from a single gene7,8. Alternative splicing is an important process 

leading to gene expression complexity and results in cellular differentiation. Alternative splicing 

has six main types: exon skipping, mutually exclusive exons, alternative 3' splice site, 

alternative 5' splice site, back splicing, and intron retention (Figure 2).  

In the most frequent alternative splicing events, particular exons are skipped, forming new 

mRNA variants. Nevertheless, based on the latest investigations, intron retentions also appear 

in 75% of the genes9. The relative abundance of each type of AS event differs remarkably 
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between eukaryotes10,11. For instance, in metazoans, exon skipping is widespread, while in 

plants and fungi, intron retention is most abundant12,13. 

Figure 2: Constitutive splicing and five different modes of alternative splicing: 1. Constitutively splicing 2. Intron 

retention 3. Exon skipping 4. Alternative 5' splice site 5. Alternative 3' splice site 6. Back splicing. Adapted from Ren 

et al14. 

The splicing process has two main steps: Spliceosome assembly and actual splicing of the 

pre-mRNA15. The spliceosome itself recognizes consensus sequences at 5'SSs, 3'SSs, and 

BP sites. Alternative splicing can be regulated by cis-regulatory and trans-regulatory factors. 

Cis-regulatory factors comprise exonic (ESEs) and intronic splicing enhancers (ISEs) which 

are the sequences within the exons and introns, respectively16,17. They interact with positive-

acting regulatory elements, for example, serine/arginine-rich family proteins (SR), while exonic 

splicing silencers (ESSs) and intronic splicing silencers (ISS), interact with negative-acting reg-

ulatory elements, for instance, heterogeneous nuclear ribonucleoproteins (hnRNPs) (Figure 

3)18. Cooperation between these elements causes enhancement or inhibition of spliceosome 

assembly at weak splice sites19,20.  

Figure 3: Alternative splicing regulatory factors and role of two splicing factor families (hnRNP and SR) in alternative 

splicing. The enhancer elements are recognized by activator proteins, and the silencer elements are bound by 

repressor proteins. These two protein families promote or inhibit spliceosome assembly at weak splice sites. 

Adapted from Wang et al15.  

SR proteins and hnRNPs are two protein families of splicing factors that regulate alternative 

splicing of many target genes18. Recent studies have uncovered that the regulation properties 
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of SR or hnRNP proteins that bind to pre-mRNA are often specific to cellular conditions18. 

However, SR and hnRNP proteins are not the only splicing regulatory proteins, as there are 

other classes of proteins that bind to RNA and regulate splicing. Some examples of these are 

the signal transduction and activation of RNA (STAR) proteins21, NOVA proteins22, epithelial 

splicing regulatory proteins (ESRPs), T cell-restricted intracellular antigen 1 (TIA1)23, and many 

others. Splicing factor proteins aroused great attention and are now considered as main regu-

lators of cellular processes. As splicing can be a major contributor to human disease, obtaining 

a better understanding of the AS regulatory proteins is gaining more interest24. 

1.2. RNA-binding proteins, roles of RBPs in RNA life cycle 

The pre-mRNA processing reactions are regulated by RBPs and trans-acting RNAs1. In yeast, 

570 different proteins have the capacity to bind RNA, and this number is predicted to be even 

higher in humans, as even the RRM, which is one type of RNA binding domain (RBD), is found 

in approximately 500 different human genes. There are some other well-known RBDs, includ-

ing the K-homology (KH) domain, RGG (Arg-Gly-Gly) box, zinc finger (ZnF), and double-

stranded RNA-binding domain (dsRBD)25,26.  

To better understand the RBP function one of the important aspects is subcellular localization, 

which can be both nuclear or cytoplasmic1. Several RBPs are able to shuttle between the nu-

cleus and the cytoplasm and play a crucial role in the RNA life cycle which involves processes 

such as RNA splicing, stability, translation, degradation, and localization (Figure 4).  

Figure 4: RBPs are involved in controlling RNA life. They are involved in splicing, polyadenylation, and transcription, 

besides transport, translation, localization, and degradation of mRNA. Adapted from Gebauer et al27. 
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One example of an RBP involved in splicing, stabilization, and translation of many mRNA spe-

cies is the human antigen R (HuR) protein28. The function of HuR starts in the nucleus, where 

HuR associates with introns and influences splicing. Then, HuR’s role keeps going in the cy-

toplasm to stabilize the mRNAs, and it modulates the mRNA translation machinery.  

1.2.1. How RNA-binding proteins interact with RNA 

Most of the PRIs are distinctive, and identification of how they interact with each other is nec-

essary. To understand a PRI, a closer look at the chemical fragments of proteins and RNAs is 

needed29. Binding between proteins and RNAs may take place throughout different interac-

tions such as hydrogen bonding, Van der Waals interactions, hydrophobic interactions, elec-

trostatic interactions, and π-interactions.  

Hydrogen bonding is a type of bonding that can ensure major stability to the protein-RNA com-

plex. Hydrogen bonds form at 2.4–3.0 Å distances between an electronegative atom bound to 

a hydrogen atom, whose electrons are not shared equally30. Van der Waals (VdW) interactions 

which are weak electrostatic interactions occur above ~3.0 Å can also be considered as weak 

hydrogen bonds. The 2'-OH and the phosphodiester backbone of RNAs can interact with pro-

tein through hydrogen bonds and VdWs31.   

Hydrophobic interactions, which form at distances of 3.8–5.0 Å, can be important stabilizing 

factors for the PRIs as they may result in the formation of a “hydrophobic core”. Hydrophobic 

interactions that have been studied at protein-RNA interfaces represent around 50% of all in-

teractions32.   

π-interactions are rather strong and can occur at the nitrogenous base ring and an aromatic 

ring containing amino acid33. These interactions are forming most frequently with a distance of 

2.7–4.3 Å and often result in π-π stacking interactions. As a result of the structural analyses, 

multiple π-interactions occurring in protein-RNA crystal structures have been found, and these 

kinds of interactions can participate in the stabilization of protein-RNA interaction.  

1.3. Roles of RBPs in diseases 

1.3.1. RBPs in diabetes and cardiovascular disease 

Several RBPs have been linked to human pathologies, from vascular disorders to cancer and 

neurogenerative diseases27. Diabetes mellitus (DM), a widespread global health condition34 is 

hallmarked by chronic hyperglycemia, which results in systemic damage to the vascular sys-

tem that triggers cardiovascular disease (CVD). In vascular endothelial cells (ECs), hypergly-

cemia was shown to cause marked alterations in gene expression. This is regulated by tran-

scriptional and post-transcriptional control mechanisms. It is vital for the healthy performance 

of vascular ECs to regulate posttranscriptional modifications in the RNA network. A wide 
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variety of RNA networks regulated by RBPs are participating in vascular endothelial disorders 

in diabetes35. For instance, RNA Binding Fox-1 Homolog 2 (RBFOX2), upregulated in diabetic 

hearts, regulates alternative splicing36. It binds to its target RNA motif and controls the splicing 

of genes implicated in diabetic cardiomyopathy. In addition, HuR is a highly expressed RBP 

that is upregulated in the presence of high-grade diabetes.  

Apart from that, in the adult heart, changes in splicing patterns have also been shown to disturb 

cardiac function. The expression levels of several splicing factors are found to be repressed in 

dysfunctional cardiomyocytes. Studies have identified that the expression levels of RNA-bind-

ing motif protein 20 (RBM20) which is the most abundantly expressed protein in the human 

heart, can lead to dilated cardiomyopathy in humans37,38.  

1.3.2. Roles of RBPs in cancer  

RBPs are strongly correlated with tumor formation39, and many investigations have indicated 

that RBP dysregulation has a major contribution to cancer progression40.  

Recent studies have defined that splicing factors play an important role in cancer progres-

sion18. For example, splicing factor proteins can bind to cis-regulatory elements to mediate 

alternative splicing reactions39. Compared to normal cells, in cancer cells aberrant alternative 

splicing has been observed which can drive cancer development18. 

Localization of an mRNA is a significant process in the regulation of mRNA stability and trans-

lation. RBPs that are linked to cancer mainly interact with RNAs and regulate their localization 

and translation41. For instance, IGF2BP1 (insulin-like growth factor 2 mRNA binding protein 1) 

regulates mRNA localization, which is linked to cell motility and influences cancer invasion and 

metastasis42,43. 

RBPs are implicated in different stages of the translation process, including termination, elon-

gation, and initiation. Eukaryotic translation initiation factor E4 (eIF4E) is an oncogene and a 

tumor-related RBP and is over-expressed in cancer cells44. HuR is another RBP that binds 

mRNAs having AU-rich elements (ARE) in their 3'-UTR and as a result, increases the 

ProTαmRNA translation. An increased level of ProTαmRNA has been reported to have a rela-

tion with anti-apoptotic effects in cancer cells45. 

RBPs can be a promising target in cancer therapy as they act as a critical regulator of cancers. 

Therefore, expanding the understanding of the roles of RBPs in cancers will help to provide 

better insight into therapeutic perspectives. 

1.3.3. RBPs and their role in neurodegenerative disease 

Recent investigations suggest that RBPs are playing a key role in the maintenance and integ-

rity of neurons. Changes in RBP function and RNA metabolism can trigger various 
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neurodegenerative diseases. For instance, studies have revealed that in amyotrophic lateral 

sclerosis (ALS), there is a clear genetic correlation between mutations of RBP-encoding genes 

and the development of the disease46. In addition, Fragile X Messenger Ribonucleoprotein 1 

(FRM1) mutation leads to an intellectual disorder where the common mutation occurs in the 5'  

untranslated region of a gene on Chromosome X that encodes the Fragile X mental retardation 

protein (FMRP)47,48. FMRP has multiple RBDs49 binding to the range of mRNAs and sup-

presses translation50. In fragile X syndrome, over-translation of RNA to protein presumably 

results in a neurological disorder.  

1.4.  Peptides as RNA-protein interaction modulators 

One way to target PRIs is by using small molecules to modulate RNA-binding proteins. As an 

example, Park et al. investigated small molecule inhibitors for Lin28–let-7 interaction51. A newly 

designed compound increased the let-7 miRNA level and decreased the let-7 gene expression. 

However, it might not always be straightforward to find small molecule inhibitors due to the 

high surface area of the target protein and the lack of well-defined binding pockets52. Due to 

the limitations of their molecular size, small molecules occupy only 300-1000 Å2 of the protein 

surface53.  

Apart from small molecules, peptide-based inhibitors are promising candidates to target pro-

tein-protein interactions (PPIs) and PRIs effectively54–56. Peptides offer higher selectivity and 

efficacy, along with low levels of toxic properties. However, therapeutic peptides also have two 

intrinsic drawbacks. Those are poor permeability and stability in vivo. Several factors may af-

fect membrane permeability, including the length of the peptide and the amino acid combina-

tion. The failure of passing through the membrane limits the application of the peptides in drug 

development. A second drawback is the poor stability of the peptide candidates in vivo. Amide 

bonds of the peptides can be hydrolyzed by proteases and this leads to the short half-life and 

fast elimination57. However, these drawbacks have led to more interest in optimizing them, 

which has resulted in a series of peptide drugs. 

1.4.1. Improving the physicochemical properties of peptides 

Different strategies such as modifications on the backbone, on the side chain, peptide termini 

modification, peptide stapling, conjugation with cell-penetrating peptides, and lipid conjugation 

are some of the examples that helped to improve the peptide properties (Figure 5)58.  
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Figure 5: Developed methods to enhance the physicochemical characteristics of peptides. Adapted from Lee et 

al58. 

Backbone and side chain modifications 

With backbone modification, the proteolytic stability of peptides can be improved while modifi-

cations on side the chain are applied to improve the binding capacity and selectivity of the 

peptides. There are several ways of introducing backbone modifications: L- to D-amino acid 

substitution, inserting N-alkylated amino acids, α-substituted or β-substituted amino acid inser-

tion. In side chain modifications, natural amino acids are exchanged with their analogs59. For 

example, homoarginine and β-phenylalanine are both suitable for modifying side chain of pep-

tides. To increase the peptide stability, mainly ones which are sensitive to enzymes, peptide 

termini modifications are also a good choice.  

Cell penetrating peptides and lipid conjugations 

Cell-penetrating peptides (CPPs) can travel through biological membranes. Basic residues 

such as arginine and lysine are abundant in CPPs, and they enhance the recognition by the 

glycosaminoglycans (GAGs), which enable CPPs to travel through the membrane. The conju-

gation of CPPs with other peptides can also enhance the membrane permeability; for example, 

the conjugation of human insulin to the TAT peptide improved the permeability of the human 

insulin through the membrane60,61. 

Another used technique, conjugation with lipids results in reduced toxicity and improved oral 

bioavailability. For example, fatty acids that contain carboxylic acid and hydrocarbon chains 

can be conjugated with drugs. Stearic acid, squalenoic acid, and palmitic acid are examples 

of fatty acids used for conjugation62.  
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Cyclization 

Cyclization is a widely used technique to improve the properties of peptides63,64. Cyclization 

can increase affinity and proteolytic stability. Via cyclization, stabilization of α-helices and β-

sheets can be achieved65,66. Cyclization improves binding affinity as cyclic molecules have a 

lower loss of entropy compared to their linear analogues67. Furthermore, macrocycles are can 

keep some of the properties of potent small molecules, such as metabolic stability and a lack 

of immunogenicity. All these properties make the macrocyclic peptides advantageous tools in 

the developing therapeutics. The peptide cyclization can be a challenging synthesis step since 

a specific structure has to be obtained. The numerous strategies that have been reported for 

successful peptide cyclization include amide bond formation, disulfide bond formation, alkene 

metathesis, ether/thioether formation, CH activation, and photocatalyzed reactions68.  

1.5. Peptide cyclization strategies 

1.5.1. Amide bond formation 

Cyclization via amide bond formation is classified into four general groups which are head-to-

tail, side chain-to-side chain, side chain-to-tail, and head-to-side chain cyclization (Figure 6)69. 

For cyclization based on the formation of the amide bond, the coupling protocol used for linear 

peptides can be applied70. The three main types of reagents (phosphonium, carbodiimides, 

and aminium-/uranium-iminium) have been optimized to reduce racemization during amide 

bond formation71. However, head-to-tail cyclization is still challenging due to C-terminal epi-

merization and dimerization, which is common for peptides shorter than seven residues. If the 

coupling reagent and additives are carefully chosen these side products can be reduced72. For 

instance, PyBOP was employed for the cyclomarin C synthesis73, while for the teixobactin syn-

thesis, HATU/HOAt/Oxyma Pure/DIEA was preferred74.  

Figure 6: Illustration of the amide cyclization. A) Side chain-to-side chain; B) Head-to-tail; C) Tail-to-side chain; D) 

Head-to-side chain cyclization. Adapted from Hayes et al69. 

1.5.2. Disulfide cyclization 

Disulfide bond formation is another widely used strategy to design cyclic peptides. Cysteines, 

which can be easily included into the peptide chain are used for disulfide cyclization. Disulfides 

are formed under oxidative conditions, but naturally, disulfide bonds are unstable in reducing 



 

9 

 

environments such as the cytosol. Stability can be increased by changing disulfides with other 

analogs such as thioether, triazole, lactam, etc68. 

1.5.3. C-C double bond formation: Alkene metathesis 

Stapled peptides are peptides that can mimic the structures at the interface of PPIs with an α-

helical shape75. Due to the high hydrophobicity from the helical structure, the peptide can pass 

through biological membranes76. With peptide stapling, an extended plasma half-life and pro-

teolytic resistance can be achieved.  

Alkene metathesis has been commonly applied to synthesize stapled peptides as it is compat-

ible with various functional groups and mostly results in good yields. The reaction happens in 

the presence of two alkenes and is also referred to as ring-closing metathesis (RCM) (Figure 

7). RCM was initially applied by Grubbs and Blackwell for stapling peptides and reported for 

solution-phase metathesis. However, RCM can be carried out both in solid and solution 

phases. Typically, a Grubbs-type catalyst is used, which are classified as Hoveyda-Grubbs 

catalyst, 1st, 2nd 77, and 3rd generation Grubbs catalyst78. Different catalyst concentrations are 

required depending on the reaction conditions, e.g. in the solution phase or in the solid phase. 

In the solution phase, lower concentrations are applied to avoid dimer formation. In the solid 

phase, microwave irradiation is usually applied in order to obtain the cyclized product. For 

successful stapling, alkene modified specific side-chain amino acids are used. Hydrocarbon 

stapling is now optimized for i, i + 3/4/7 spacings and has been applied to peptides to stabilize 

α-helical structures, which are able to mimic binding motifs from proteins.  

 

Figure 7: Ring closing metathesis scheme. X = amino acid, Y = CH2, (CH2)3, CH2SCH2. Adapted from Bechtler et 
al68. 

Song et al. reported a peptide as an example of successful RCM, where a six-fold enhanced 

peptide affinity for the initiation factor eIF4E was observed79. In addition, an insulin analog 

defined by van Lierop et al. in which substitution of the disulfide with alkene retained an affinity 

for insulin receptors and exhibited increased efficacy in mice80.  

1.6. Cyclic peptide libraries 

Macrocyclic peptides as regulators of protein-protein and protein-RNA interactions is a pro-

gressing field, and since they are advantageous compounds as potential drugs suitable meth-

odologies for cyclic peptide library generation are required68. The available technologies can 

be classified based on the methods used to prepare the cyclic peptides, which are either 
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chemically or genetically prepared81. As an example of methods that are based on chemical 

synthesis include DNA-encoded libraries while split intein circular ligation of peptides and pro-

teins (SICLOPPS), mRNA display, and phage display are genetically encoded methods.   

1.6.1. Genetically encoded libraries 

Phage display libraries 

Phage display allows the screening of 109 peptide variants82. In phage display, the phenotype 

is linked to genotype, and the peptide ligand which is displayed is encoded by the phage ge-

nome (as a fusion to a coat protein) (Figure 8)83. For the first time, Smith et al. introduced this 

technology in which he utilized synthetic peptide chains on the bacteriophage surface protein84. 

Briefly, DNA sequences, derived from fragments of specific genes or as synthetic DNA librar-

ies, are inserted into the phage genome that then codes for the peptide fused to the N- or C-

terminus of one of its coat proteins. It is necessary to mention that phage display has some 

limitations since it can only use proteinogenic amino acids as building blocks. In this case, the 

obtained peptides are sensitive to proteolytic degradation. Conformational flexibility, to a high 

degree, also affects the binding affinity or macrocyclization specificity. Moreover, in phage dis-

play the diversity of the population can be limited due to consecutive library amplifications85. 

The first generated macrocycle libraries were peptides cyclized via a disulfide bond between 

two cysteine residues. As a result of the screening of such cyclic peptide libraries, a biological 

probe to illuminate the binding interface between Protein A (a component of the Staphylococ-

cus aureus cell wall) and the antibody Fc fragment has been discovered86. 

Figure 8: Principle of the phage display technology using M13 bacteriophage. M13 bacteriophage has a single-

stranded DNA genome, and five different coat proteins. The DNA sequence that encodes for the peptide is inserted 

into the genome sequence, as a fusion to the gene which encodes for the phage coat protein (pIII). In the bacterial 

host gene expression starts and the peptide fragment is displayed on the phage surface as a combined product of 

genes which are involved in coat protein encoding. Adopted from Jaroszewicz et al87. 

mRNA display libraries 

As in phage display, in mRNA display, the peptides in the library are covalently linked to their 

encoding mRNA strand, which allows identification of the peptide hits via sequencing88,89. The 
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RNA-peptide conjugates are exposed to affinity-based screening, reverse transcription, ampli-

fication, and transcription, and several cycles are required to find a tight binder. This technique 

avoids E. coli transformation by the application of in vitro transcription and translation. As a 

result, mRNA display can generate much larger libraries compared to phage display90. With 

mRNA display, generation of artificial amino acid-containing peptides libraries is possible 

which is one of the major advantages when compared with other methods.  

Figure 9: Synthesis scheme of an mRNA display peptide library. Adapted from Dougherty et al91. 

Intein-based libraries 

Benkovic and co-workers developed a technology called SICLOPPS92. This method allows the 

intracellular cyclization of peptides and a library of up to 108 peptides can be produced91. In 

SICLOPPS intein self-excision followed by C- and N-terminal segments ligation results in a 

cyclic peptide93. Reconstitution of the C- and N-terminal parts of an intein forms an active intein, 

and as a result a thioester is formed. That undergoes a transesterification process at the C-

terminal intein junction to form a lariat intermediate. Then, the further rearrangement releases 

the lactone as a cyclic product, and an X-to-N acyl shift results in the formation of a cyclic 

peptide (Figure 10). The only requirement for SICLOPPS to function efficiently is that a cyste-

ine or serine must be the first residue94. For the selection of active hits, SICLOPPS can be 

combined with a cell assay such as a bacterial reverse two-hybrid system (RTHS)95. Tavassoli 

and colleagues reported a peptide binding HIF‐1α PAS-B domain and as a result, inhibits the 

hypoxia-inducible factor (HIF)96.  

Figure 10: Representation of the cyclic peptide generation mechanism by SICLOPPS. X = O or S. Adopted from 

Tavassoli et al97. 
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1.7. Peptide nucleic acids 

PNAs have potential as therapeutics, molecular tools, anticarcinogenic agents, biosensors, 

and in nano-technology. PNA technology was first invented by Peter and his colleagues in 

1991 as a DNA analog98. The aim of this investigation was to design a ligand that can recognize 

double-stranded DNA through Hoogsteen base pairing.  

PNAs consist of N-(2-aminoethyl) glycine building blocks, which form the peptide backbone 

and replace the phosphoribose backbone of DNA. The purine and pyrimidine nucleobases are 

bound to this backbone which is achieved by methylene carbonyl linkages99. 

 

Figure 11: Structure of DNA and PNA. A: adenine, G: guanine, C: cytosine and T: thymine. Adapted from Wu et 
al100. 

PNA synthesis is similar to peptide synthesis169, which can be synthesized by applying solid-

phase synthesis protocols. The backbone of PNA gives it a unique hybridization characteristic, 

and unlike DNA and RNA, the backbone of the PNA is not charged. Hereby, there isn’t elec-

trostatic repulsion while PNA hybridization to its target nucleic acid which provides high stability 

to the PNA-RNA or PNA-DNA duplexes. PNAs are resistant to enzymatic degradation, which 

gives them a longer lifetime both in vitro and in vivo. As the peptide backbone of PNAs is not 

easily recognized by nucleases or proteases, it can be biostable in human serum, bacterial cell 

extracts, and tumor cell extracts. 

Their specific optimized properties, such as higher affinity, strong specificity, and low toxicity, 

make PNAs strong candidates in therapeutic drug development. It has been reported that gene 

expression in P. falciparum can be controlled by using antisense PNA molecules. For the first 

time, Kolevzo and coworkers showed that using PNA technology to treat malaria infections is 
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possible101. They conjugated antisense PNA to an octa-D-lysine CPP and, as a result, 

achieved downregulation of P. falciparum gene expression. Targeting pre-mRNA splicing is 

also a promising strategy for cancer drug discovery. Some PNA conjugates have been identi-

fied which can target the 5'- or 3'- splice sites and inhibit pre-mRNA splicing102.  Nielsen et al. 

reported PNAs that regulate the pre-mRNA splicing of the Mouse double minute 2 homolog 

(MDM2) gene102. One of the PNAs showed splicing inhibition of intron 3 while another showed 

splicing inhibition of intron 2 and intron 3. These results demonstrate PNAs can be a good 

modulator of splicing events.  

1.8. Allosteric regulation, regulation with small molecules and peptides  

Allosteric regulation is one of the ways the interactions between biomolecules can be regu-

lated103. Allosteric regulation can be classified as negative (NAMs) and positive allosteric mod-

ulation (PAMs) (Figure 12). For NAMs, the allosteric inhibitor binds to the allosteric binding 

site, which leads to structural change with the protein that results in the inhibition of the binding 

of the ligand at the active site. For PAMs, the allosteric activator binds to the allosteric binding 

site and, through structural reorganization of the protein improves the binding affinity of the 

ligand to the active site.   

Figure 12: Allosteric regulation. Negative allosteric modulation (left) and positive allosteric modulation (right) is ex-

plained. In NAM the active site of the protein (blue) is altered by an allosteric inhibitor (red). Therefore, binding of 

the substrate (orange) is prohibited. In PAM (right panel), the affinity for the substrate (orange) enhances upon the 

allosteric activator (green) binding to the active site of the protein. Adapted from Ni et al103. 

Many proteins undergo allosteric regulation, and one of the examples for this is hemoglobin, 

where a negative allosteric modulation process take place104. Hemoglobin is an oxygen 
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transport protein that is found in blood cells. Oxygen binds to the hemoglobin on one subunit, 

resulting in a conformational change that induces the binding of oxygen to the rest of the active 

hemoglobin subunit. 

There are some drugs that have been already approved as allosteric regulators by the US 

Food and Drug Administration (FDA). One of these drugs is a Nevirapine (1) (Figure 13, 1) 

which hinders virus infections caused by immunodeficiency. This immune deficiency 

(HIV/AIDS) is acquired by reverse transcriptase enzyme inhibition105. Unlike other inhibitors, 

nevirapine has an allosteric binding away from the active site. Another well-known allosteric 

drug is Maraviroc (2) (Figure 13, 2), which works based on the negative modulation mechanism 

and is used in the HIV infection treatment. Chemokine receptor type 5 (CCR5) is required for 

the viral entry into the cell and maraviroc can cause a conformational change of CCR5 allo-

sterically that prevents viral entry106.  

 

Figure 13: Allosteric drugs approved by FDA. Adapted from Ni et al103. 

Apart from small molecules, peptides can also act as allosteric regulators. Peptide sequences 

that mimic endogenous allosteric modulators and can influence the activity of the target can 

be selected through structure-based drug design or computational studies. Several allosteri-

cally acting peptides have been discovered107. For example, a macrocyclic peptide was re-

ported that inhibits hepatocyte growth factor (HGF)-induced MET receptor activation allosteri-

cally which happens through binding to the active form of HGF selectively108. As another ex-

ample, a cyclic peptide that allosterically modulates lysophosphatidylinositol (LPI)-induced en-

docytosis and inhibits G protein-coupled receptor 55 (GPR55)-mediated proliferation81. In a 

recently published paper, a stapled peptide that is targeting Polypyrimidine Tract Binding Pro-

tein 1 (PTBP1) was reported to bind to the RBD domain of the PTBP1 and, therefore, alloster-

ically disrupt the protein-RNA interaction109. All these discoveries indicate that allosteric regu-

lation is a convincing approach to target protein regulation selectively to control cellular pro-

cesses. 
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2. Modulating the interaction between RBM20 and RNA   

2.1. Introduction  

RNA binding motif protein 20 (RBM20) is a protein that binds RNA and is found to be involved 

in DCM. DCM is a heart muscle disease that is related to the enlargement of the heart ventri-

cles (Figure 14) and is one of the major causes of heart transplantation110. Survival chances 

are low since DCM progresses over time and as a result may lead to death. 

 

Figure 14: Image showing how DCM effects the normal heart. In normal heart (left) chambers relax and fill, then 

contract and pump. In the heart with DCM (right) muscle fibers have stretch, heart chambers enlarge. Adapted from 

"Medical gallery of Blausen Medical 2014".  

The first RBM20-related human cardiomyopathy was reported in 2009 and by then the main 

cause of cardiomyopathy was considered to be mutations in the RBM20 protein38. Mutations 

that lead to DCM have been found in a number of genes and RBM20 is one of them that shows 

a mutation in 2-3% of DCM cases. RBM20 was found to be selectively expressed in heart 

tissue and acts as a splicing factor protein affecting the genes that are necessary for cardiac 

function. 25% of DCM mutations are related to the TTN gene which is a human gene with 364 

exons, the highest exon number in mammals111,112. The TTN gene encodes the titin protein 

which is the largest sarcomeric protein and is specific for muscles113. It has been shown that 

titin elasticity can be pathologically modified in heart failure and cardiomyopathy. Unstable titin 

elasticity is linked to titin isoform switching which is a result of alternative splicing114,115. It was 

known that the TTN gene can undergo alternative splicing, however, regulation of  TTN splicing 

was not investigated until it was reported that RBM20 is involved116. It was stated that the 

rescue of HFpEF-like symptoms happens when the titin splicing factor RBM20 is inhibited in 

mice111. HFpEF is a type of heart failure that results in complications such as exercise intoler-

ance, diastolic dysfunction, and concentric hypertrophic remodeling117,118. Inhibition of RBM20 

resulted in restored diastolic function and improved exercise tolerance when using TtnIAjxn (I-band 

- A-band junction) mouse model.  
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Figure 15: The regulatory mechanism of the RBM20 binding to cis-regulatory elements in TTN. Adapted from Guo 

et al119. 

The RBM20 complying gene carries 14 exons and is located on chromosome 10120,121. The 

protein consists of 1227 amino acid and the annotated domains include a leucine-rich region, 

two zinc finger domains, an RRM domain, a serine- and arginine-rich region (SR region), and 

a glutamate-rich region (Figure 16).  

 

Figure 16: RBM20 protein structure, including functional domains. Adopted from Watanabe et al120. 

The RNA recognition motif of RBM20 recognizes UCUU RNA sequences specifically. When 

the UCUU is mutated to CGUU or CGCG the binding is completely lost, while with the UCUG 

modification a reduction of the binding affinity was observed122,123. Based on structural infor-

mation the RRM domain is extended upon interaction with RNA. Upon closer inspection of the 

RNA-bound structure it is visible that the C-terminus of the protein folds into a helix (helix 3) 

upon binding of RBM20 to RNA with a UCUU sequence, see PDB structures 6so9 and 6soe 

(Figure 17). On the other hand, when the helix is removed the binding affinity of the protein for 

RNA is reduced122. The structural studies confirm that even though helix 3 does not directly 

interact with RNA it plays an unusual role in uridine nucleotide binding to the protein complex.  

Figure 17: Overlay of the structure of RNA (AUCUUA) bound and unbound to RBM20. Shown in beige is the RNA 

bound RRM domain of RBM20 (PDB: 6so9), in green the unbound RBM20 (PDB: 6soe). Helix 3 is indicated and 

makes a dramatic conformational shift upon RNA binding. Structures are generated with the mouse protein. 

Adapted from Upadhyay et al122.  
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ITC experiment confirms the interaction of RNA with RBM20   

The interaction of RRM domain of murine RBM20 with RNA was confirmed with an isothermal 

titration calorimetry (ITC) experiment in which a low micromolar binding affinity to RBM20 was 

observed122. The experiment was carried out between RBM20 (513–621) binding to AUCUUA 

RNA, which showed a 1:1 interaction with a KD of 5.7 µM. To study binding specific mutations 

were made and the new RNA derivates were tested by ITC. When either the first or last base 

was mutated, there were no significant change in the affinity to RBM20. Mutating the first uracil 

to cytosine led to a 2-fold increase in KD, while mutation in the remaining CUU led to 16–36 

times higher KD values than the original motif (Table 1), which indicates the importance of the 

UCUU for interaction. 

Table 1: KD values obtained from ITC measurements of RBM20 with RNAs with various point mutations (underlined 

nucleotide). Adapted from Upadhyay et al122. For mRBM20 Δα3 the α3 helical region has been removed. 

Protein RNA KD (µM) 

mRBM20 α3 (513–621) AUCUUA 5.7 ± 0.2 

mRBM20 α3 (513–621) GUCUUA 4.0 ± 0.1 

mRBM20 α3 (513–621) ACCUUA 13 ± 2 

mRBM20 α3 (513–621) AUUUUA 140 ± 30 

mRBM20 α3 (513–621) AUCCUA 210 ± 3 

mRBM20 α3 (513–621) AUCUCA 95 ± 1 

mRBM20 α3 (513–621) AUCUUG 4.8 ± 0.1 

mRBM20 Δα3 (513–609) AUCUUA 43 ± 1 

2.2.  Aim 

In this chapter, the regulation of the RBM20-RNA interaction was targeted. For this purpose, 

we planned to allosterically inhibit RBM20 with stapled peptides. The RBM20 helix 3 is unique 

and plays a significant role in the protein-RNA interaction. Therefore, allosteric inhibition at this 

site would provide a way of selective inhibition of RBM20 (Figure 18).  

Figure 18: 1. Structure of RBM20 RRM domain in RNA unbound (green); 2. RNA bound states (tint); 3. together 

with stapled peptide (brown). 
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2.3. Results and discussions 

2.3.1. Targeting RBM20-RNA interaction with stapled peptides 

While peptide-based drugs are gaining more attention, there are still difficulties in using these 

compounds as therapeutics76. Over the past years, several techniques have been investigated 

to overcome problems with peptide-based pharmaceuticals. Using hydrocarbon stapled pep-

tides is one way that could serve as a solution since stable α-helical peptides can be obtained 

via stapling, which is one of the most common secondary structures found in proteins124. A 

stapled peptide can have increased cellular uptake compared to its linear counterpart. Inserting 

a staple enhances the hydrophobicity, which might hypothetically play a role in cellular uptake. 

However, the actual mechanism of increased cell permeability is still being investigated76. 

Moreover, the α-helical structure of stapled peptides can increase protease resistance, as en-

zymes cannot reach target sites on the peptide. 

Figure 19: Example of peptide stapling corresponding to one staple in the peptide chain. Adopted from Moiola et 
al76. 

The side chains of two amino acids can be linked together to force the peptide to form an α-

helical structure. However, more than one staple can be installed within a long peptide using 

three or four non-natural amino acids depending on targeting to obtain two separate or con-

nected staples (Figure 20, B)125. Hydrocarbon stapling uses non-native amino acids carrying 

side chains with a terminal alkene that can be coupled via RCM (Figure 20, A)126. One of the 

fundamental principles is that the amino acids selected for stapling are at the proper distance 

from each other. Usually, amino acids in position i and i + 4 or i + 7 are ideal for stapling. For 

i, i + 4 stapling, at least 7 or 8 carbon chains are used, while 10-12 carbon chains are needed 

for i, i + 7 stapling to form a brace between the amino acids127,128.  

Figure 20: A) Example of RCM with the non-native amino acids bearing α-olefins; B) Examples of (1) one i, i + 4 

stapling; (2) one i, i + 7 stapling; (3) double i, i + 4 stapling. Adopted from Walensky et al128. 
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2.3.2. Design of peptides 

After a close look at the structure of RBM20 protein residues, it was identified that an extra α-

helix (helix 3) is formed upon RNA binding (Figure 21, A). We hypothesized that the helix could 

be mimicked by a stapled peptide (Figure 21, B), which could bind its site and allosterically 

inhibit RNA binding. 

Figure 21: A) RBM20 loop in an unbound state shown in magenta and RBM20 helix 3, which is formed upon RNA 

binding shown in beige; B) Helix of RBM20 that were planned to be mimicked by stapled peptides. Stapling positions 

were shown in light blue. 

Based on the structure of the extra helix 3 three peptides were designed for synthesis. An extra 

arginine (R) was added to improve the solubility properties of the peptides. The first was the 

original linear peptide sequence from RBM20 (Figure 21, magenta: Figure 22, RB1 peptide), 

and two were stapled peptides that were designed for mimicking the α-helix (Figure 21, beige; 

Figure 22, RB2–RB3 peptides). These two peptides were designed with the non-natural amino 

acids in a position that was not involved in binding according to the structure. 

Figure 22: Designed mimics of RBM20 helix 3. X represents the non-natural amino acid that was placed to perform 

hydrocarbon stapling.  

2.3.3. Synthesis of the linear and stapled peptides  

Synthesis of the linear peptide is based on SPPS which was first reported by Merrifield129. 

SPPS starts with the attachment of the first amino acid to solid support by a covalent bond, 

followed by the assembly of the rest of the amino acids, forming a chain attached to the solid 

polymer until the desired peptide sequence is obtained. One of the important requirements of 
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SPPS is the selection of a suitable polymer that has to be insoluble in solvents used for the 

synthesis. As the peptide sequence will stay attached to the insoluble solid support during 

synthesis, this allows rapid filtration and washing of the excess reagents and solvents after 

each step of the synthesis130.   

Polystyrene-based Rink Amide AM resin was utilized to synthesize linear peptides. First, the 

Fmoc group on the resin was removed with 20% piperidine in DMF (Figure 23). Coupling was 

carried out in the presence of Fmoc-amino acid, PyBOP, and DIPEA in DMF. Next, the Fmoc 

deprotection and coupling steps were repeated until the desired peptide sequence was ob-

tained. To remove the excess reactants the resin was washed with DMF after every step. If 

needed, acetylation of the N-terminus with acetic anhydride and DIPEA in DMF was carried 

out. To be able to use the peptide as a probe in biophysical experiments, FITC labeled versions 

were synthesized as well. For FITC labeling, a linker was attached to the peptide N-terminus 

by applying the above-mentioned standard coupling conditions and followed by Fmoc group 

deprotection. The peptide was then treated with FITC isomer I in the presence of DIPEA and 

DMF followed by cleavage from the resin with TFA/TIPS/H2O. Liquid chromatography-mass 

spectrometry (LC-MS) analysis confirmed the success of the synthesis, and the purification 

was accomplished using reversed-phase high-performance liquid chromatography (RP-

HPLC).   

 

Figure 23: Synthesis scheme of the RBM20 linear peptides on solid phase. Rink amide resin was used as a solid 

support. 
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For the synthesis of stapled peptides (Figure 24), a Rink amide AM LL (low-loading) resin was 

chosen as a solid support. First, the linear peptide sequence was completed following the pro-

tocol mentioned above. However, in this case, non-native amino acids with alkene side chains 

(Fmoc-S5-OH) for covalent connection were placed at two specific positions (see section 

2.3.2.). Next, RCM126 was applied to obtain stapled peptides from linear precursors. Initially, 

Hoveyda-Grubbs 2nd generation catalyst was used to efficiently link two alkyl groups located 

at the side chain of the amino acids131,132. To this end, the Hoveyda-Grubbs 2nd generation 

catalyst was added to the resin in argon-flushed DCE, and followed by microwave irradiation 

(MWI) for 10 min at 120 °C (see section 5.10.2.). Subsequently, the resin-bound stapled pep-

tides were split into two portions, where one portion was acetylated while the other was labeled 

with FITC prior to cleavage and global deprotection133. Next, the peptides were purified using 

RP-HPLC. 

Figure 24: A synthesis scheme of the stapled peptides on the solid phase. Rink amide low loading resin was used 

as a solid support. Fmoc-(S)-2-(4-pentenyl) Ala-OH (Fmoc-S5-OH) was chosen as a non-native amino acid for 

stapling. 

To improve yield after cyclization, a slightly different approach was applied where stapling was 

carried out using Grubbs 1st generation catalyst134,135, and the reaction was repeated overall 

four times for 2 h at room temperature (see section 5.10.2.). Once the cyclization was com-

plete, the success of the stapling was monitored by ultra-high-performance liquid chromatog-

raphy (UHPLC). 

2.3.4. Circular dichroism spectroscopy of the stapled peptides 

Circular dichroism (CD) spectroscopy is a method that is widely used in structural biology to 

determine the secondary structure of peptides and proteins136. Biomolecules are made up of 

chiral monomers that can produce signals upon the absorbance via amide and carbonyl groups 

of the polypeptide backbones when exposed to circularly polarized light137. CD spectroscopy 

can use the information on the absorption of polarized light by such chromophores, and this 
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can be employed to obtain structural information about the peptide and protein conformations. 

Secondary structure determination of proteins and peptides by CD can be performed in the UV 

range from 190 to 300 nm. From the CD measurement, it can be defined whether peptide or 

protein has a random coil, α-helical or β-sheet conformations as depicted in Figure 25138. 

 

Figure 25: CD spectra of proteins with α-helix (red), β-sheet (blue) and random (pink) structures. Adapted from 
Sahoo et al 138. 

To define the α-helicity of synthesized peptides, CD spectroscopy measurements were carried 

out. It is essential to follow a well-designed protocol to obtain high-quality and reproducible CD 

data. A sodium phosphate buffer, which is the buffer used for other experiments using RBM20, 

was used for this measurement. However, the buffer should not contain any components that 

can absorb in the used wavelength range. Therefore, buffer components were modified ac-

cordingly (see section 5.14.). 

The CD molar ellipticity data at 222 nm can be used for quantifying the helical content of protein 

and peptides, where helical structure exhibits a characteristic minimum139,140. The fractional 

helicity (FH) of a protein in solution can be estimated from the CD response at 222 nm by 

equation (1) where θλ exp is the experimentally observed mean residue ellipticity for a given 

wavelength (λ), and θλ
u and θλ

h correspond to the ellipticity for a peptide with 0% and 100% 

helical content at wavelength (λ) which are typically experimentally or theoretically estimated.  

                                   (1)      FH = (θλ
exp- θλ

u) / (θλ
h- θλ

u)  

Synthesized peptides were measured by CD spectroscopy and percentage helicity of the pep-

tides were calculated based on equation (1). 
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Figure 26: Representation of the CD spectra for acetylated RB1 (linear), RB2 (stapled) and RB3 (stapled) peptides. 

Buffer was used for a baseline correction. 

Table 2: Percentage helicity of the peptides calculated based on the ellipticity values obtained from CD spectros-
copy measurements. 

 

 

 

 

Linear peptide spectra seemed more similar to the random coil conformation, while stapled 

peptides had a higher α-helicity (Figure 26). The percentage of helicity calculated from the 

ellipticity values obtained from CD spectroscopy measurement confirmed this assumption. Cal-

culations (Table 2) showed that the linear RB1 has the lowest percentage of helicity (4.0). In 

contrast, for RB3, a >3-fold increase in the percentage of helicity (12.8) was obtained, which 

was even higher for peptide RB2 (14.8). 

2.3.5. Direct fluorescence polarization with RNAs 

Two human RBM20 constructs, RBM20 α3 (residues 511–619) with helix 3 and RBM20 Δα3 

(residues 511–601) without helix 3 (see section 5.4.) were chosen to be used in the fluores-

cence polarization (FP) experiment. To establish the binding affinity of RNA with each RBM20 

construct a particular nucleotide sequence keeping the central UCUU motif has to be selected. 

The RNA nucleotides 3'FAM-GUCUUAA (R1) and 3'FAM GUCUUAGUCUUAGUCUUA (R2) 

were tested in the FP experiment. A three-times repeated UCUU variant was utilized to improve 

the binding affinity which would require lower protein concentrations in competitive experiments. 

Direct FP experiments were carried out with both protein constructs RBM20 α3 and RBM20 Δα3 

(Figure 27-28). The labeled RNAs (1 nM) were titrated with a 2-fold dilutions series of protein in 

Peptide % Helicity 

RB1 4.0 

RB2 14.8 

RB3 12.8 
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384 well plate. FP was measured on a plate reader after 60 minutes of incubation at room tem-

perature. 

Figure 27: Fluorescence polarization curves of R1 and R2 RNAs titrated with RBM20 α3 (511–619). Polarization was 

measured after a 60-minute incubation period and presented as an average of technical replicates (N=2). Poly A 

(AAAAAAA) RNA was chosen as a negative control. 

Figure 28: Fluorescence polarization curves of R1 and R2 RNAs titrated with RBM20 Δα3 (511–601). Polarization 

was measured after a 60-minute incubation period and presented as technical replicates (N=2). Poly A (AAAAAAA) 

RNA was employed as a negative control.  

Table 3: KD values of the R1 and R2 RNAs for their binding affinity to the RBM20 protein with and without helix. 

Protein RNA KD (µM) 

RBM20 α3 R1 0.087 ± 0.01 

RBM20 α3 R2 0.030 ± 0.004 

RBM20 α3 Poly A - 

RBM20 Δα3 R1 >50 

-5 -4 -3 -2 -1 0

0

50

100

150

log (Protein conc. [µM])

F
lu

o
re

s
c
e
n

c
e
 p

o
la

ri
z
a
ti

o
n

 [
m

P
]

R2 3'FAM

R1 3'FAM

poly A 3'FAM

-3 -2 -1 0 1 2
0

50

100

150

200
R1 3'FAM

R2 3'FAM

poly A 3'FAM

log (Protein conc. [µM])

F
lu

o
re

s
c
e
n

c
e
 p

o
la

ri
z
a
ti

o
n

 [
m

P
]



 

25 

 

RBM20 Δα3 R2 4.63 ± 0.32 

RBM20 α3 Poly A - 

For both protein constructs, binding between RNAs and RBM20 is observable. However, the 

RBM20 Δa3 construct shows weaker binding affinity compared to the RBM20 α3. This data cor-

relates with literature stating that helix 3 is required for tighter RNA binding, and absence of the 

helix results in up to 10-fold decrease in the binding affinity122. The KD value for R1 with RBM20 

Δα3 could not be determined as no saturation was reached with an increasing protein concen-

tration. For R2 RNA, the KD was in the low micromolar range for RBM20 Δα3, while with RBM20 

α3, a low nanomolar KD was observed. The control RNA (Poly A) does not show any significant 

change in FP, indicating no binding to the protein.   

2.3.6. Direct fluorescence polarization assay with stapled peptides 

FITC-labeled peptides (Figure 29, see section 2.3.3. and 5.10. for the synthesis) were evaluated 

in a direct FP assay for the determination of their binding affinity to RBM20 Δa3 (see Figure 30).  

Figure 29: N-terminally FITC labeled peptides of derived from RBM20 helix 3. (X) represents the non-natural amino 

acid which was used to perform hydrocarbon stapling.   

FITC labeled peptides were titrated with a 2-fold dilution series of the RBM20 Δa3 protein in 384 

well plates. FP was measured after 60 minutes of incubation at room temperature and using a 

plate reader. 
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Figure 30: Fluorescence polarization curves of N-terminally FITC labeled peptides RB4, RB5, RB6 measured with 

RBM20 Δa3 (RBM20 without helix 3). Polarization was measured after a 60-minute incubation period and presented 

as technical replicates (N=2). 

Measurements showed a slight upward trend in FP with peptide; however, top-value saturation 

was not achieved. Hence, the data did not allow the calculation of accurate KD values. The ex-

periment was also carried out with C-terminally labeled peptides to exclude the possibility that 

the label might influence the binding. C-terminally labeled peptides (Figure 31) were synthesized 

applying the standard SPPS protocol141
 (see section 2.3.3.), but an additional lysine with an Mtt-

protected side chain was added. After the ring-closing metathesis reaction, the Mtt group was 

removed from the resin-bound peptides by treatment with HFIP in DCM142, as stated in section 

5.10.1. Next, the peptide was labeled with FITC using the standard protocol. 

 

Figure 31: C-terminally FITC labeled peptides of RBM20 protein. Fmoc-Lys(Mtt)-OH was loaded to the solid support 

for C-terminal labeling.  
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C-terminally labeled peptides were evaluated in the FP experiment (Figure 32) under the same 

conditions applied before (see section 2.3.5.).  

Figure 32: Fluorescence polarization curves of C-terminally FITC labeled peptides RB7, RB8 and RB9 measured 

with RBM20 Δa3 (RBM20 without helix 3). Polarization was measured after a 60-minute incubation period and pre-

sented as technical replicates (N=2). 

Even though an increased FP with C-terminally labeled peptides was achieved, top-value satu-

ration could not be reached. Therefore, KD values of the peptides could not be calculated. To be 

able to obtain a fitted curve, the experiment was repeated with an increased protein starting con-

centration (110 µM). N-terminally FITC-labeled peptides (RB4–RB6) were evaluated in the ex-

periment. 

Figure 33: Fluorescence polarization curves of peptides RB4, RB5, RB6 and R2 RNA measured with RBM20 Δa3 

(RBM20 without helix 3). As a positive control, R2 RNA was used in this experiment. Polarization was measured 

after a 30-minute incubation period and presented as technical replicates (N=2). 
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Table 4: KD values of the FITC-labeled peptides RB4, RB5, RB6 and the R2 RNA from the FP assay of the RBM20 

Δa3 protein. 

 

Binding between RBM20 Δa3 and peptides was observed with an increased protein concentra-

tion. KD values were calculated, which are given in Table 4. Improved binding affinity with both 

stapled peptides was observed in comparison to the linear peptide, which could be explained by 

the helical structure of the stapled peptide that could better mimic the protein and, therefore, im-

prove binding affinity to the protein.  

2.3.7. Competition fluorescence polarization with RNA 

Next, we wanted to evaluate the inhibitory properties of the peptides in the competition FP ex-

periment against the RBM20/RNA interaction. First, a competition experiment with unlabeled 

RNAs was performed (Figure 34). Labeled R1 and R2 RNAs were used as tracers in the experi-

ment in the presence of a fixed concentration of RBM20 α3. A 2-fold dilution series of unlabeled 

equivalent RNAs was added to the plate. The appropriate protein concentration for each RNA 

was determined based on the KD values obtained from direct FP experiments143.  

Figure 34: Competition FP curve of the 1nM of FAM labeled R2 RNA with 60 nM RBM20 α3. Unlabeled RNA was 

used as a competitor in this experiment. Polarization was measured after a 60-minute incubation period and pre-

sented as technical replicates (N=2). 
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RBM20 Δα3                 R2                 1.55 ± 1.07 

RBM20 Δα3 RB4 14.32 ± 2.04 
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-4 -3 -2 -1 0 1 2
20

40

60

80

100

120

R2 (RNA)

log (Competitor conc. [µM])

F
lu

o
re

s
c
e
n

c
e
 p

o
la

ri
z
a
ti

o
n

 [
m

P
]



 

29 

 

Table 5: IC50 values calculated from the competition assay of RBM20 α3 with RNAs. RNA sequences are shown in 

section 2.4.5. 

 

 

 

Competition between labeled and unlabeled RNAs was observed. However, the R1 RNA shows 

a higher IC50 value than the R2 RNA, and a >6-fold difference between the two RNA motifs was 

determined. R2 RNA, which has a low nanomolar IC50, can be used as a control in the competi-

tion experiments to evaluate the inhibitory properties of the peptides.  

2.3.8. Evaluation of the peptides in competition FP assay 

Three peptides (RB1-RB3, Figure 22) that were synthesized and N-terminally acetylated were 

tested in the competition FP experiment for their inhibitory properties against the interaction be-

tween 3'FAM labeled R2 RNA and RBM20 (Figure 35). Peptides with a 2-fold dilution series were 

incubated with premixed protein/labeled RNA with the appropriate protein concentration143.    

Figure 35: Competition FP of 100 µM of RB1, RB2 and RB3 with 60 nM RBM20 α3. Polarization was measured 

after a 30-minute incubation and presented as technical replicates (N=2). 

Table 6: IC50 values of the RBM20 peptides calculated from the competition FP assay of RBM20 α3 and FAM la-

beled R2 RNA. 

Protein Peptide IC50 (µM) KI (µM) 

RBM20 α3 RB1 ~100 ~100 

RBM20 α3 RB2 4.71 ± 1.14 1.567 ± 0.38 

RBM20 α3 RB3 8.03 ± 1.69 2.681 ± 0.57 

Protein RNA IC50 (µM) KI (µM) 

RBM20 α3 R1 1.63 ± 0.59 0.536 ± 0.2 

RBM20 α3 R2 0.251 ± 0.03 0.074 ± 0.01 
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All the peptides showed a decrease in FP with an increasing peptide concentration. RB2 and 

RB3 peptides showed low micromolar IC50 values. However, since RB1 was not properly soluble, 

the experiment needed to be repeated for RB1; at the same time its solubility had to be improved 

for accurate determination of its IC50. To improve the solubility of linear peptide (RB1), one of the 

amino acids, which is expected not to contribute to binding, was exchanged with arginine, which 

is predicted to improve solubility (Figure 36). Indeed, solubility was improved for the modified 

RB10 peptide. For the purity data, see Supplementary Figure 4. 

 

Figure 36:  RB10 peptide, which is a modified analog of the RB1 to improve solubility. Modified position was shown 

in green. 

Next, RB10 was tested in the competition FP experiment (Figure 37) to evaluate its inhibitory 

properties for the RBM20-RNA interaction. The same conditions mentioned above were applied 

to set up the competition experiment. 

Figure 37: Competition fluorescence polarization of 100 µM of RB10 and RB2 with 60 nM RBM20 α3. As a positive 

control, RB2 was used. After a 30-minute incubation period, polarization was measured and presented as technical 
replicates (N=2). 

In addition, as the stapled peptides showed a low micromolar inhibition for the RBM20-RNA in-

teraction (Figure 35), they could be further optimized to improve the inhibitory properties of the 

peptides. For this purpose, creating a peptide library would be an option. However, preparing a 

library with a stapled peptide is synthetically challenging. Helicity can also be achieved by intro-

ducing α-aminoisobutyric acid (AIB) at specific positions in the peptide sequence144. Since pep-

tides containing AIB residues are linear, they could be used to do an alanine scan and to 
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synthesize a library. AIB-containing peptides can be designed in a way that the AIB is placed in 

stapling positions (Figure 38). 

 

Figure 38: AIB containing RB11 peptide. X represents α-aminoisobutyric acid.  

RB11 was synthesized and involved in the competition FP experiment (Figure 39). The same 

conditions were applied to set up the experiment. 

Figure 39: Competition fluorescence polarization of 100 µM RB2 and RB11 with 60 nM RBM20 α3 protein. As a 

positive control RB2 was used. After a 30-minute incubation period, polarization was measured and presented as 

technical replicates (N=2).  

Table 7: IC50 values of the RBM20 peptides calculated from the competition FP assay of RBM20 α3 and FAM la-
beled R2 RNA. 

Protein Peptide IC50 (µM) KI (µM) 

RBM20 α3 RB2 (1) 5.66 ± 0.64 1.89 ± 0.22 

RBM20 α3 RB10 27. 95 ± 0.82 9.36 ± 0.27 

RBM20 α3 RB2 (2) 4.71 ± 1.14 1.567 ± 0.38 

RBM20 α3 RB11 - - 

RB10 was able to compete with the RNA (Figure 37), while RB11 did not show any inhibition for 

the RNA-RBM20 interaction (Figure 39). Peptides (RB10 and RB11) were also spectroscopically 

analysed, and the obtained CD spectra (Figure 40) allowed the calculation of the percentage of 

helicity (Table 8). The calculated percentage helicity showed that RB10 and RB11 are similar to 

RB2 and RB3.  
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Figure 40: Representation of the CD spectra for RB10 and RB11. Buffer was used for a baseline correction. 

Table 8: The percentage helicity of the peptides calculated based on the ellipticity values obtained from CD spec-

troscopy measurement. 

 

 

 

As working with AIB peptide for library design was not an option and instead RB10 had good sol-

ubility and maintained IC50 values in a low micromolar range it was chosen for further optimiza-

tion. 

2.3.9. Point mutations for further optimization of peptides 

RB10 peptide was selected for optimization in which point mutations at specific positions were 

made based on NMR structures to achieve better interactions with RBM20. NMR analysis can 

be applied to obtain information about peptides and their intermolecular interactions145. Synthe-

sis of the linear peptide is advantageous as it is time and cost-effective. Once improved binding 

affinity with a linear peptide was obtained, the mutation can be transferred to the stapled peptide 

to enhance binding affinity further. Accordingly, α-helicity, cell permeability, and stability can also 

be improved76. New peptides with point mutations (Figure 41) were used and purified for further 

investigations.  

Figure 41: Variants of the RB10 peptides. Point mutations are highlighted in red. 

Peptide % Helicity 
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RB11 13.04 
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A competition FP experiment was conducted with the mutated peptides to define their inhibitory 

properties for RBM20-RNA interaction (Figure 42). The same conditions (section 2.3.8.) were 

used to set up the competition experiment. 

Figure 42: Competition FP of 100 µM of mutated linear peptides RB12-RB17 with 60 nM RBM20 α3. As a positive 

control, RB10 was used. After a 30-minute incubation period, polarization was measured and presented as technical 

replicates (N=2). 

While competition for RB10 was observed, similar competition could not be reached for point 

mutations. In addition, for the RB12 peptide, a binding-like curve was obtained where the fluo-

rescence polarization increased with an increasing peptide concentration, which might be re-

lated to the aggregation. 

2.3.10. Fluorescence polarization and total intensity  

When a fluorescent molecule is excited by plane-polarized light, it results in the emission of 

largely depolarized light due to the rotational diffusion during the lifetime of the fluorescence146. 

The emitted light passes through the excitation polarizing filter (the parallel polarizing filter) and 

a filter oriented at 90° to the excitation filter (the perpendicular polarizing filter) (Figure 43)143. To 

measure the FP, emission intensities can be collected from the channels that are parallel and 

perpendicular to the electric vector. Equation (2), which is defined as the difference between the 

parallel (Iǁ) and perpendicular (I┴) emission intensities normalized by the total fluorescence in-

tensity, can be used to determine FP. 

(2)      FP = III - I┴/ III + I┴ 
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Figure 43: Principle of FP. A fluorophore is excited with light by passing through an excitation polarizing filter; the 

polarized fluorescence is measured either parallel or perpendicular to the exciting light’s plane of polarization. Two 

intensity measurements are obtained (I┴ and III) and used for the calculation of fluorescence polarization. Adopted 

from Lea and Simeonov et al147. 

It can be seen from Equation 2 that the FP value is independent of fluorophore concentration as 

it is not dependent on the absolute intensities of the emission light collected at either orienta-

tion147. Deviation from such independence of FP on the concentration of the fluorophore reagent 

can indicate fluorescence probe aggregation (anomalous FP increase and premature fluores-

cence intensity saturation upon increase of fluorophore concentration). On the other hand, a 

change in the fluorescence intensity of a fluorophore may result in significantly different contri-

butions to the total fluorescence intensity of the sample, which can complicate the interpretation 

of FP measurements148,149.  

When we analyzed the raw data of the competition FP measurement, we observed that there 

was a significant change in the total fluorescence intensity with an increasing peptide concentra-

tion (Figure 44, A) which was not seen with the RNA in which total intensity stayed steady (Figure 

44, B). Evaluation also demonstrates that with the peptides, the total intensity increased while 

the fluorescence polarization decreased and reached the highest value for RB2 (Figure 44, A).  
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Figure 44: A) Competition FP and total intensity of RB1, RB2 and RB3 with RBM20 α3 (see Figure 35); B) Competi-
tion FP of R2 RNA (see Figure 34) with RBM20 α3 and total intensity change with increasing RNA concentration; C) 
Direct FP of RB4, RB5 and RB6 with RBM20 Δα3 (see Figure 33) and total intensity change with an increasing 

peptide concentration  

Even though the direct FP experiment successfully confirmed the binding between designed 

peptides and RBM20 with a low micromolar KD (see Figure 33) and no significant change was 

observed for total intensity (Figure 44, C) the same cannot be said for the competition experi-

ment. Although peptides (RB1-RB3) in competition experiments initially showed inhibition, this 

data was not reliable due to the unstable total intensity values. Therefore, this experiment was 

not suitable to interpret the inhibitory properties of the peptides. In conclusion, stapled peptides 

showed binding to the RBM20 protein, but their inhibitory properties for the RNA-RBM20 inter-

action could not be proven. 

It has previously been shown that RBM20 regulates titin splicing.150
 Titin truncation variants are 

the most frequent cause of dilated cardiomyopathy, one of the main causes of heart failure and 

heart transplant. Therefore, evaluating the stapled peptides on TTN splicing would be an inter-

esting target. However, first biophysical experiments such as MST, ITC, or pull-down can be car-

ried out to further study binding properties of peptide to RBM20. 
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3. Targeting the interaction of hnRNP A2/B1 with RNA  

3.1. Introduction  

hnRNPs, the heterogeneous nuclear ribonucleoproteins, are RNA-binding proteins involved in 

various RNA metabolic pathways such as pre-mRNA processing, mRNA stabilization, and 

splicing which makes them crucial in the regulation of gene expression151. Although hnRNP 

family proteins have different combinations of various domains, they show similar properties to 

each other. Structural investigation of hnRNPs clarifies that proteins are mainly composed of the 

RRM, qRRM (quasi-RNA recognition motif), glycine-rich domains, KH domains, and an RGG 

box domains consisting of Arg-Gly-Gly repeats. hnRNPs are named in alphabetic order, starting 

with hnRNP A1 and ending with hnRNP U, having molecular weights in a range between 34 and 

120 kDa (Figure 45)152. 

Figure 45: Domain construction of the different hnRNP proteins. Adapted from Geuens et al152. 

Some hnRNP proteins alter alternative splicing patterns, resulting in different isoforms caused 

by exon skipping or other alternative splicing mechanisms152. This modulation can be direct for 

some proteins such as hnRNP H and A1 or indirect, for example, in hnRNP M. hnRNP H is one 

of the splicing factors resulting in the formation of human epidermal growth factor receptor 2 

(HER2) splice variants, which is important  for the HER2 signaling pathway (Figure 46)153. 

hnRNP M is found in breast tumors and involves in the activation of an AS switch, thus regulating 

CD44 splice isoforms154. In addition, hnRNP A1 involves in alternative splicing of various genes 

such as c-Src, caspase-2, SMN2, and even itself155. hnRNP A1 collaborates with other splicing 

factors by interacting with splicing regulatory elements, protein domains, and splicing sites156.  



 

37 

 

 

Figure 46: hnRNPs that are involved in cancer and metastasis. hnRNP C and A1 are acting on the promotor of BRCA 

and KRAS, HRAS, respectively157,158. hnRNP E1 is known to be involved in the regulation of mRNA half-life and 

mRNA stability has a relation with the growth of cancer159–161. The recent discoveries on hnRNP E1 which plays a 

key role in Transforming growth factor beta (TGF-β)-mediated epithelial-mesenchymal transition (EMT) has clarified 

that hnRNP E1 is regulating oncogenes such as Dab-2 and ILEI162. Adapted from Geuens et al152. 

One of the subfamilies of the hnRNP proteins is the hnRNP A/B family, which has four members: 

hnRNP A1, A2/B1, A3, and A0 of which A2/B1 are the most studied proteins, and they are found 

to be involved in mRNA translation163
 and splicing164. Furthermore, hnRNP A2/B1 plays a signif-

icant part in neuronal mRNA trafficking165. hnRNP A/B is an important member of the hnRNPs, 

and increasing evidence shows that they play a role in tumor development166. In previous stud-

ies, overexpression of hnRNP A2/B1 in lung and breast cancers was observed167,168 and in breast 

cancer cells, knockdown of hnRNP A2/B1 induced apoptosis169. Moreover, recent studies found 

that the splicing factors hnRNP A1 and A2/B1 can modulate the alternative splicing of PKM2169. 

This activates a metabolic switch to aerobic glycolysis, which is a necessary process for cancer 

cells.  

hnRNP A2/B1 exists as two isoforms, where an additional 12 amino acids at the N-terminus dif-

ferentiate the B1 from the A1 isoform. Both have an RBD consisting of RRM1 and RRM2, as well 

as a Gly-rich domain including a prion-like domain (PrLD), PY-motif and an RGG box (Figure 

47)170,171.  

 

Figure 47: Domain structure represented based on the hnRNP B1 isoform. Adapted from Wu et al172. 
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hnRNP A2/B1 can bind specific RNA sequences and as a result, affects mRNA processing. In 

addition to the mRNAs, it also takes part in the regulation of other RNAs. For instance, it binds to 

HIV-1 RNA, leading to vRNA nuclear retention (vault RNA) and microRNAs173,174. hnRNP A2/B1 

can also boost the long non-coding RNA HOTAIR (HOX Transcript Antisense Intergenic RNA) 

association to intervene in HOTAIR-dependent heterochromatin initiation175.  

To uncover the RNA-binding specificity and characteristics structural studies of hnRNP A2/B1 in 

combination with various RNAs have been carried out172. The crystal structures show a well-de-

fined RNA binding groove that recognizes UAG and AGG by the RRM2 and RRM1 domains, re-

spectively. 

 

Figure 48: Representation of RRM1 domain of the protein bound to AAGG RNA. Adapted from Wu et al172. 

It was demonstrated that, mutation of the UAG motif which is recognized by RRM2, resulted in 

just a slight reduction in binding affinities, while mutating the AGG interacting with RRM1, such 

as 2nd
 G to C or 3rd

 G to C had a more apparent influence on the binding affinities. Crystallography 

studies propose that RRM1 mainly recognizes purine-rich motifs, whereas RRM2 seems to rec-

ognize RNA sequences with less restrictions, containing either UAG, GAG, or pyrimidine con-

taining RNAs. 

It is also reported that N6-methyladenosine (m6A), one of the most abundant internal modifica-

tions of messenger RNA, may provide hnRNP A2/B1 access to certain binding sites176. For ex-

ample, the presence of m6A may ease hnRNP A2/B1 ability to improve primary microRNA pro-

cessing177,178. Molecular studies have demonstrated that m6A can impact alternative splicing179. 

This finding can connect the correlation between hnRNP A2/B1 and m6A and implicate hnRNP 

A2/B1 as a nuclear reader and effector of the m6A mark. However, further investigations are 

needed to better understand the mechanism of action178. 
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3.2. Aim 

The aim of this work is to develop inhibitors for hnRNP A2/B1 protein which is an RNA-binding 

protein and is upregulated in various types of cancer. Initially, PNAs which would mimic the RNA 

to target the hnRNP A2/B1-RNA binding site were synthesized and evaluated.  

In the second part of the chapter, cyclic peptide hits of hnRNP A2/B1, identified from the screen-

ing-based approach, were synthesized and evaluated for their inhibitory properties. Peptides 

were first evaluated in fluorescence polarization assay, and selected hits were further evaluated 

for their activity in the microscale thermophoresis assay. 
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3.3. Results 

3.3.1. Targeting hnRNP A2/B1-RNA interaction with peptide nucleic acids 

The importance of the hnRNP A2/B1 protein in alternative splicing and its upregulation in various 

cancer types169,180,181
 as well as RNA binding features of RRM domains of hnRNP A2/B1 have 

been already discussed in the previous sections172. To target the hnRNP A2/B1-RNA binding site 

a strategy using PNA scaffolds modified with fragments was chosen. RNA can be mimicked by 

PNA where the deoxyribose phosphate backbone is exchanged by a peptide backbone (Figure 

49, see section 1.7)99. 

 

Figure 49: Mimicking RNA oligonucleotide by peptide nucleic acid where the phosphodiester backbone of RNA was 

replaced by a peptide backbone. Adopted from Wu et al100. 

3.3.2. Peptide nucleic acid synthesis 

Initially, the synthesis of a 4mer PNA with AAGG nucleobases linked to the backbone was 

planned. The 4mer PNA would mimic the AAGG motif of the RNA (10mer: AAGGACUAGC) 

shown bind to the RRM1 domain of the hnRNP A2/B1 protein (see section 3.1.)172.The synthetic 

strategy for PNAs relies on standard solid phase based synthesis (Figure 50, see section 

5.11.)129,182. The Fmoc group is used as N-terminal protecting group while the benzhydryloxycar-

bonyl (Bhoc) group is used for the amino groups of nucleobases. 

H-Rink Amide ChemMatrix resin was chosen for the synthesis. Once the amino acid loading, 

which was carried out in the presence of Fmoc-amino acid, COMU, and DIPEA (see section 

5.9.2.), was complete, capping of the free amino group was performed with Ac2O and DIPEA in 

DMF to prevent any side products. After resin loading determination (see section 5.9.5.) coupling 

of the next monomer was carried out using the corresponding Fmoc-protected PNA monomer, 

COMU, and DIPEA. Coupling was followed by Fmoc group removal with 20% pyrrolidine in DMF, 

and washing between every step was performed in DMF. The steps mentioned above were re-

peated until the desired sequence was obtained. For fluorescent labeling, a linker was attached 

to the N-terminus of the PNA applying the above-mentioned coupling conditions, and this was 

followed by attaching the fluorophore (Fluorescein I) using FITC isomer, and DIPEA in DMF. The 

success of the synthesis was monitored by LC-MS, which was followed by purification in RP-

HPLC.  
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Figure 50: Synthesis scheme of the 4mer PNA (AAGG) referring to the solid phase-based synthesis protocol129.  

3.3.3. Direct fluorescence polarization assay with RNAs 

Isothermal titration calorimetry (ITC) data have been reported in the literature for the interaction 

of hnRNP A2/B1 with an appropriate RNA nucleotide sequence172. To confirm the ITC results 

from the previous studies an FP experiment was designed. For the direct FP experiment 3'FAM 

labelled RNAs with the same RNA nucleotide sequences as reported in the literature were se-

lected which were AGGACUGC (8mer) and AAGGACUAGC (10mer) (Figure 51). hnRNP A2/B1 

(residues 1-251) with an N-terminal MBP tag was used where the MBP tag was added to improve 

purification success and yields. Labeled RNAs (1 nM) were used and titrated with a 2-fold dilu-

tions series of protein. Polarization was measured on a plate reader after 30 minutes of incuba-

tion at room temperature.  

Figure 51: Direct FP curves of N-terminal MBP tagged hnRNP A2/B1 (residues 1-251) with 3'FAM labeled AG-
GACUGC (8-mer) in blue and AAGGACUAGC (10-mer) in green. As a control, FAM labeled polypyrimidine was 

used. Polarization was measured after a 30-minute incubation period and presented as technical replicates (N=2). 

For both RNAs a binding curve can be fitted which confirms the binding event between hnRNP 

A2/B1 and the RNA. The KD values calculated from the obtained data are shown in Table 9. In 
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addition, a polypyrimidine sequence (AUUUUUCCAUCUUUGUAUC) that was intended as a 

negative control gives a binding curve meaning that the protein interacts with the pyrimidine se-

quence.  

Table 9: KD values for the 8-mer and 10mer RNAs tested in FP assay for binding affinity with hnRNP A2/B1. 

RNA KD (µM) 

8mer 3'FAM 0.457 ± 0.202 

 10mer 3'FAM 0.00314 ± 0.0001 

     Poly pyrimidine 3'FAM 0.147 ± 0.005 

Next, to investigate the contribution of the label to the binding affinity 5'FAM labeled RNA was 

also tested under the same conditions (Figure 52). Since the polypyrimidine bound to the target 

protein and therefore cannot be used as a negative control it was excluded from the experiment. 

Instead the CCCCCCCC RNA sequence (Poly C) was used for the following experiment as a 

negative control.  

Figure 52: Direct FP curves of N-terminal MBP tagged hnRNP A2/B1(residues 1-251) with 3'FAM (dark green) and 

5'FAM (light green) labeled 10mer RNA (AAGGACUAGC). As a negative control, Poly C was used. Polarization was 

measured after a 30-minute incubation period and presented as a technical replicate. 

Table 10: KD values for 3'FAM and 5'FAM labeled 10mer RNA tested in FP assay for binding affinity with hnRNP 

A2/B1. 

RNA KD (µM) 

10mer 3'FAM 0.0064 ± 0.0001 

5'FAM 10mer 0.0026 ± 0.0005 

Poly C 3'FAM -  

From the binding curves of this FP measurement the KD values were calculated and indicated 

that the linkage of the FAM label on either side does not affect the binding affinity of RNA to the 

target protein to a significant degree (Figure 52 and Table 10). Therefore, 3'FAM RNA was used 

for the further experiments. On the other hand, Poly C RNA did not show a significant increase in 

fluorescence polarization, which makes it a suitable control for the direct FP experiment.  
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3.3.4. Competition FP experiment with RNAs 

Next, a competition FP experiment (Figure 53-54) for the hnRNP A2/B1 and RNA was performed 

where the unlabeled RNAs with the same nucleotide sequence were used as competitors. This 

would allow to determine how RNAs compete with each other and this can be utilized as a control 

later in the competition FP with other inhibitor molecules. For this purpose, two unlabeled RNAs 

with the same sequence (10mer: AAGGACUAGC and 8mer: AGGACUGC) and MBP-tagged 

hnRNP A2/B1 (residues 1-251) were used. The unlabeled RNAs were added to the plate as a 2-

fold dilution series and were titrated with a premixed protein/labeled RNA with fixed protein and 

RNA concentrations143. According to the data from the direct FP measurements (shown in Table 

10) a 5 nM and 625 nM of a protein concentration should be used for the 10mer and 8mer RNAs, 

respectively.  

Figure 53: Competition FP curves of N-terminal MBP tagged hnRNP A2/B1 (residues 1-251) with 1 nM 10mer 3'FAM 

RNA (AGGACUGC). 10 µM of unlabeled 10mer RNA was used as a competitor. As a negative control, Poly C was 

used. Polarization was measured after a 30-minute incubation period and presented as technical replicates (N=2).  

Figure 54: Competition FP curves of N-terminal MBP tagged hnRNP A2/B1 (residues 1-251) with 1 nM 8-mer 3'FAM 

RNA (AAGGACUAGC). 10 µM of unlabeled 8mer RNA was used as a competitor. As a negative control, poly C was 

used. Polarization was measured after a 30-minute incubation period and presented as technical replicates (N=2). 
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For both RNAs a decrease in fluorescence polarization was observed with an increasing unla-

beled RNA concentration. However, for the 8mer RNA only a slight decrease in fluorescence po-

larization was observed and a competition curve could not be fitted. For the 10mer RNA the com-

petition curve can be fitted which indicates the competition between labeled and unlabeled 

RNAs. The IC50 value for 10mer RNA shown in Table 11 was obtained. Since the 10mer RNA 

results in better IC50, it can be used as a positive control in competition experiments to evaluate 

the activity of the molecules.  

Table 11: Competition FP derived IC50 values for the 8mer and 10mer RNAs. 

Labeled RNA IC50 (µM) 

8mer RNA 3'FAM >10  

10mer RNA 3'FAM 0.067 ± 0.063 

Poly C 3'FAM -  

3.3.5. Direct fluorescence polarization assay with PNAs 

After the successful synthesis of the fluorescently labelled PNA it was tested in a direct FP assay 

to investigate the affinity of the PNA for hnRNP A2/B1 (Figure 55). For this purpose, different 

hnRNP A2/B1 constructs, spanning residues 1-104, 12-195, or 1-251 covering   RRM1 only, 

RRM1 and RRM2 or RRM1 and 2 and part of the RGG box, respectively, were used. Proteins 

were applied as a 2-fold dilution series in the plate and titrated with FITC labeled peptides (1 nM). 

Figure 55: Direct FP curves of hnRNP A2/B1 constructs, 1-104 (RRM1), 12-195 (RRM1 and RRM2), 1-251 (construct 
containing RGG box: P1 and P2) with FITC labeled 4mer PNA (AAGG). During the protein purification hnRNP A2/B1 

(residues 1-251) was obtained as two separate fractions (possibly monomer and dimer) and both were tested. Meas-

urements were performed as technical replicates (N=2). 

There was an increase in fluorescence polarization with an increasing PNA concentration. How-

ever, accurate KD values could not be calculated as full curves could not be fitted. This could be 

explained by the loss of binding affinity with a short PNA having only four nucleobases in the 
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sequence. Therefore, it would be interesting to test the binding affinity of longer PNAs that mimic 

the 10mer and 8mer RNAs which both have a nanomolar binding affinity to the target protein172.  

3.3.6. PNA monomer synthesis 

For the synthesis of 10mer and 8mer PNAs a new PNA monomer (Compound 4, Fmoc-PNA-U-

OH) was needed which is not commercially available. Fmoc-PNA-U-OH was synthesized based 

on previously reported strategies (Figure 56, see section 5.11.3.)183,184. Initially, to a solution of 

uracil acetic acid (1) HBTU and DIPEA were added. After stirring for 2 min, Fmoc protected ami-

noethyl glycine (2) was added to the reaction mixture. To remove the tert-butyl protecting group 

from compound (3) TFA was used. Once the reaction was complete the solvents were evapo-

rated and the product (4) purified by column chromatography resulting in a white powder. 

 

Figure 56: Synthesis scheme of the PNA monomer (Fmoc-PNA-U-OH) needed for 10mer and 8mer PNA synthesis 

in solid phase.  

3.3.7. Synthesis of 10mer and 8mer PNAs 

For the synthesis of the longer PNAs (Figure 57) the same solid phase synthesis strategy as used 

previously was applied (see section 3.3.2. and 5.11.)129,182. However, the synthesis of the 10mer 

and 8mer PNA sequences was unsuccessful. Although synthesis of short PNA sequences was 

successful it becomes challenging to complete the full sequence after five or six monomers have 

been connected.  

 

Figure 57: Representation of 8mer and 10mer PNA sequences: A) 8-mer PNA sequence; B) 10-mer PNA sequence. 

It was necessary to develop a strategy which allows easier synthesis and should have better 

binding properties than PNA. Based on the RNA sequences, adenine and guanine seemed to be 

the most important nucleotides for recognition by hnRNP A2/B1 and would probably serve as the 
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main source of affinity. As an alternative, we hypothesized that the starting point of an inhibitor 

could be found in these single nucleotides. Once inhibitory effects were observed for such a mol-

ecule it could be further optimized by addition of amino acids. The other amino acids would serve 

to improve potency and create a selective molecule to avoid binding to similar proteins. The first 

step would be to see how mononucleotides can inhibit the protein-RNA interaction. These would 

include adenosine (5), adenosine 3'-monophosphate (6), adenosine 5'-monophosphate (7), 

guanosine (8), guanosine 3'monophosphate (9), guanosine 5'-monophosphate (10) (Figure 58).  

Figure 58: Structures of the selected mononucleotides represented from 5 to 10. Guanosine 3'-monophosphate (9) 
was not commercially available and therefore, was not involved in further experiments.  

Next, it would be interesting to see whether the amide variants 11 and 12 (Figure 59) can inhibit 

the interaction between RNA and hnRNP A2/B1. 

Figure 59: Structure of the synthesized PNA variants having adenine (11) and guanine (12) on the side chain. The 

synthesis was carried out in solid phase. 

PNA variants were synthesized on solid phase following the SPPS protocol (see section 

5.11.2.)129. 2-Chlorotrityl chloride (2-CTC) resin was chosen as a solid support for the synthesis. 

After loading the PNA monomer the N-terminus Fmoc group was deprotected and the free amino 

group was acetylated with acetic anhydride. PNA variants were cleaved from resin using TFA in 

DCM. Solvents were removed and purification was carried out using preparative HPLC. 
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3.3.8. Competition experiment with mononucleotides and PNA variants 

Once the compounds were obtained either commercially or synthetically they were evaluated in 

the competition FP assay against the 10mer RNA (Figure 60). MBP-tagged hnRNP A2/B1 (resi-

dues 1-251) with an appropriate concentration143
 and FAM labeled 10mer RNA (1 nM) were in-

volved in the experiment. Unlabeled RNA or mononucleotides were added to the plate as a 2-

fold dilution series and FP was measured after 30 minutes incubation. 

Figure 60: Competition FP curves of the unlabelled 10mer RNA and mononucleotides: adenosine (5) adenosine 3'-

monophosphate (6), adenosine 5'-monophosphate (7) and PNA variant (11) against the 5 nM hnRNP A2/B1 inter-

action with FAM labelled 10mer RNA. As a positive control unlabeled 10mer RNA was used. Polarization was meas-

ured after a 30-minute incubation period and presented as technical replicates.  

Since there was a slight decrease observed in fluorescence polarization for adenosine 3'-mono-

phosphate (6), adenosine 5'-monophosphate (7), the experiment was repeated with an in-

creased compound concentration (Figure 61).   
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Figure 61: Competition FP curves of the unlabelled 10mer RNA and mononucleotides: adenosine 3'-monophosphate 

(6), adenosine 5'-monophosphate (7) against the 5 nM hnRNP A2/B1 interaction with FAM labeled 10mer RNA. 

Mononucleotides were used in mM concentration range. As a positive control, unlabeled 10mer RNA was used and 

shown as technical replicates. 

Since hnRNP A2/B1 can bind guanosine as well, guanosine variants were also tested in the com-

petition FP experiment (Figure 62). This time a higher compound concentration (mM range) was 

applied directly. 

Figure 62: Competition FP curves of the unlabelled 10mer RNA and mononucleotides: guanosine (8), guanosine 5'-

monophosphate (10) and PNA variant (12) against the 5 nM hnRNP A2/B1 interaction with FAM labeled 10mer RNA.  

Unlabeled compounds were used in mM concentration range. Unlabeled 10mer RNA was used as a positive control 

and shown as technical replicates. 

In the presence of the compounds there is small indication of inhibition, however, the concentra-

tion of the probes used for the experiment was in the mM range. These results show that the 

given compounds either do not show binding or only weak binding to the target protein, therefore, 

could not compete with RNA.  

In conclusion, there is a high affinity of RNA to the hnRNP A2/B1 and 4mer PNA didn’t have a 

desired binding affinity as well as the synthesis of the longer PNAs was not straightforward. An-

other option would be trying to design new molecules which has phosphate groups on it to im-

prove the binding affinity. For that, a good control for both PNA synthesis and nucleotide synthe-

sis is needed.  
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As this approach was not successful, a screening-based approach was performed next. 

3.3.9. Identification of cyclic peptide inhibitors of the hnRNP A2/B1  

The assay discussed in this chapter has been developed and performed by Dr. Jessica Nowacki-Hansen. The SI-

CLOPPS library has been prepared by Dr. Stefan Schmeing according to the reports by Benkovic and Tavassoli185. 

Cyclic peptide inhibitors (Table 12) of the hnRNP A2/B1-RNA interaction have been identified by 

a screening-based approach (detailed information can be found in “dissertation of Jessica 

Nowacki-Hansen”). For this purpose, a SICLOPPS97
 plasmid library encoding for  of hexameric 

cyclic peptides was combined with the TRAP assay variant developed in our group186. The assay 

was encoded on two plasmids: one expresses a Green fluorescent protein (GFP) tagged hnRNP 

A2/B1 (AA1-251). The other plasmid expresses a BFP RNA construct that contained the 10mer 

RNA twice distanced by a GGG linker (AAGGACUAGCGGGAAGGACUAGC) in its 5’-UTR in 

front of the ribosomal binding site. Previously, an interaction between the protein and the RNA 

construct could be detected leading to repression of the reporter gene (low BFP levels). An in-

hibitor of the interaction, therefore, should lead to the restoration of the reporter gene (high BFP 

levels).  Escherichia coli cells were used for the screening and cells with an inhibited phenotype 

(restored BFP production) were selected for using fluorescence activated cell sorting (FACS)187. 

SICLOPPS plasmids were isolated from the hit population and analyzed by next generation se-

quencing188,189. The screening procedure is schematically depicted in Figure 63.  

Figure 63: Representation of the SICLOPPS peptide library generation and screening. The SICLOPPS plasmids and 

TRAP assays plasmids can be transformed into E. coli cells including screening assay and screened by FACS. SI-
CLOPPS plasmids with a desired phenotype can be isolated from cells and sequenced to identify the macrocyclic 

peptide. Adopted from Tavassoli, 2017139. 

3.3.10. Synthesis of the macrocyclic peptides of the hnRNP A2/B1   

Synthesis protocol described in this chapter was optimized by Dr. Peter ‘t Hart. 

Peptide synthesis was carried out using an SPPS protocol129. 2-CTC resin was used as a solid 

support for the synthesis. To start the synthesis the first amino acid of the appropriate peptide 

sequence was attached to the resin using Fmoc-amino acid and DIPEA in DCM (see section 

5.9.3.). After successful loading of the first amino acid, removal of the Fmoc-protecting group 

was performed in 20% piperidine/DMF, which was then followed by coupling with a second 

amino acid resulting in a first peptide bond formation. Coupling was carried out with appropriate 

Fmoc-protected amino acid, PyBOP, and DIPEA in DMF. The Fmoc-deprotection and coupling 
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reactions were repeated until the desired peptide sequence had been achieved and the peptide 

chain was selectively cleaved from the solid support without removing the side chain protecting 

groups (see section 5.12.2.). The peptide went through a head-to-tail cyclization in solution in the 

presence of PyBOP, Oxyma pure, and DIPEA (see section 5.12.3.). After cyclization the success 

of the reaction was monitored by LC-MS and a final cleavage was performed in 

TFA/TIPS/H2O/DODT to remove all the protecting groups (see section 5.12.4.). Once peptide 

was obtained it was purified using preparative HPLC. The synthesis route for the cyclic peptides 

is shown in Figure 64.   

 

Figure 64: Synthesis scheme of the SICLOPPS peptides.  

Certain peptide candidates were obtained as isomers as they were giving two peaks during LC-

MS analysis both having the corresponding peptide mass which could be explained as a result 

of racemization during cyclization.  

Table 12: Cyclic peptides derived from the SICLOPPS screening of hnRNP A2/B1. 

Peptide Peptide sequence Name 

1 X  X  X  X  X  X 13 

2 X  X  X  X  X  X 14 

3 X  X  X  X  X  X 15 

4 X  X  X  X  X  X 16 
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The successfully synthesized peptides were then tested in the competition FP experiment to 

evaluate the inhibitory properties of the peptides against the hnRNP A2/B1-RNA interaction. 

3.3.11. Direct fluorescence polarization assay with RNA 

To develop a competition experiment for the peptides we first performed a direct FP experiments 

with RNA to define the optimal protein concentration for the competition FP assay143. Previous 

studies showed that hnRNP A2/B1 binds to RNA with an AAGG motif with low nanomolar affinity 

as measured by ITC172. To establish an assay that measures hnRNP A2/B1 binding to a particu-

lar nucleotide sequence, 3'Cy5 labeled RNA1 (AAGGACUAGC) and 5'FAM labeled RNA2 

(AAGGACUAGCGGGAAGGACUAGC) oligonucleotides were employed. First, the direct FP as-

say was performed using 3'Cy5 labeled RNA1 and MBP-tagged hnRNP A2/B1 (residues 1-251). 

Labeled RNA (1 nM) was titrated with 2-fold dilutions series of protein in 384 well plate.  

Figure 65: Fluorescence polarization curves of 3'Cy5 labeled RNA1 with hnRNP A2/B1 (1-251) measured after 30 

minutes of incubation. n1 and n2 represents two biological replicates, respectively.   

Binding between RNA and the protein was observed for both biological replicates (Figure 65). 

Direct FP experiment was carried out once again involving the 3'Cy5 labeled Poly C 

(CCCCCCCC) RNA as a negative control (Figure 66). 
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Figure 66:  Fluorescence polarization curve of 3'Cy5 labeled RNA1 and Poly C RNA with hnRNP A2/B1 (residues 1-

251). As a negative control, Poly C was used. Polarization was measured after a 30-minute incubation and shown 

as technical replicates.  

Table 13: Averaged KD values for the 3'Cy5 labeled RNA1 tested in FP assay for binding affinity with hnRNP 

A2/B1. 

 

Replicate Labeled RNA KD (µM) 

(1) 

(2) 

RNA1 3'Cy5 

RNA1 3'Cy5 

0.0236 ± 0.0114 

0.093 ± 0.018 

 Poly C 3'Cy5 >10 

For the RNA1, an increase in fluorescence polarization with an increasing protein concentration 

was observed which indicated binding between protein and RNA. The Poly C RNA also showed 

a noticeable increase in fluorescence polarization at higher protein concentrations which could 

be explained with the weak interaction between cytosine residues and the protein. The direct FP 

experiment was carried out under the same conditions in the presence of 5'FAM labeled RNA2 

(AAGGACUAGCGGGAAGGACUAGC) oligonucleotide. MBP-tagged hnRNP A2/B1 (residues 

1-251) was used in the experiment. 
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Figure 67: Fluorescence polarization curves of 5'FAM labeled RNA2 and Poly C RNAs with hnRNP A2/B1 (residues 

1-251). Polarization was measured after a 30-minute incubation period. n1 and n2 represents two biological repli-
cates, respectively. As a control, 5'FAM Poly C RNA was utilized.  

For both biological replicates binding between RNA and the protein is observable (Figure 67). 

The control RNA (Poly C) does not show any significant change in fluorescence polarization 

which indicates that there is no binding to the protein.  

Table 14:  Averaged KD values for the 5'FAM labeled RNA2 tested in FP assay for binding affinity with hnRNP 

A2/B1. 

Labeled RNA KD (µM) 

5'FAM RNA2 0.0131± 0.003 

5'FAM Poly C - 

3.3.12. Evaluation of the hnRNP A2/B1 peptides in competition FP assay 

The synthesized peptides for the hnRNP A2/B1 SICLOPPS screening (Table 15) were evaluated 

in the competition FP assay.  

Table 15: Peptides from the hnRNP A2/B1 SICLOPPS screening. 

Peptide Sequence Name Note 

1 X  X  X  X  X  X 13  

2 X  X  X  X  X  X 14  

3 X  X  X  X  X  X 15  

4 X  X  X  X  X  X 16  

5 X  X  X  X  X  X 17-1 1st isomer 

5_2 

6 

X  X  X  X  X  X 

X  X  X  X  X  X 

17-2 

18 

2nd isomer 
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Competition FP experiment was carried out in the presence of the FAM labeled RNA2 and MBP-

tagged hnRNP A2/B1 (residues 1-251) (Figure 68-70). Labeled RNA2 at a final concentration of 

1 nM was used in the experiment. Unlabeled molecules (RNA1 and peptide) was applied as a 2-

fold dilution series and titrated with protein/labeled RNA with the fixed protein concentration143.   

 

Figure 68: Curves of 13, 14 peptides and unlabeled RNA1 from the competition FP of 25 nM of hnRNP A2/B1. As a 

positive control, unlabeled RNA was was used in this experiment. Polarization was measured after a 60-minute in-
cubation and shown as a technical replicate (N=2). The measurements were performed at the same time on the 

same plate however the graphs are shown separately for easier interpretation. 

 

Figure 69: Curves of 15, 16 peptides and unlabeled RNA1 the competition FP of 25 nM of hnRNP A2/B1. As a 

positive control, unlabeled RNA was used and DMSO was used as a negative control in this experiment. A4 was 

dissolved in DMSO and diluted with buffer to a final DMSO concentration of 1%. Polarization was measured after a 

60-minute incubation period and shown as a technical replicate (N=2). 
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Figure 70: Curves of 17-1, 17-2, 18 peptides and unlabeled RNA1 from the competition FP of 25 nM of hnRNP A2/B1. 
As a positive control, unlabeled RNA was used. Polarization was measured after a 60-minute incubation period and 

shown as a technical replicate (N=2). 

Excitingly, we observed competition of the peptides with the FAM labeled RNA2. Peptides 13, 

14, 15 and 18 showed only slightly decreased polarization and curves could not accurately be 

fitted. 16 and 17 seem to compete with the RNA with low micromolar IC50 values (Table 16). How-

ever, in comparison to 17-2, 17-1 gives ~5-fold lower IC50 indicating 17-1 is likely the correct iso-

mer. Therefore, 16 and 17-1 were selected as the best candidates from the SICLOPPS screen-

ing. Based on the IC50 values KI inhibition constants were  calculated190.  

Table 16: IC50 values and calculated KI values derived from competition FP of the peptides tested for their inhibitory 

properties for the interaction of RNA with hnRNP A2/B1.  

Compound IC50 (µM) KI (µM) 

RNA2 0.15 ± 0.10 0.05 ± 0.02 

13 >1000 - 

14 >1000 - 

15 - - 

16 22.91 ± 15.46 7.83 ± 5.29 

17-1 46.92 ± 29.91 16.04 ± 10.23 

17-2 261.09 ± 312.56 89.26 ± 106.86 

18 >1000 - 

DMSO control - - 

In conclusion, two hit peptides have low µM IC50 and KI values. Out of these two peptides, 16 had 

very poor solubility which is why it was not involved in further experiments. Therefore, 17-1 was 
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selected for further optimization to improve the inhibitory properties of the hit for hnRNP A2/B1 

and RNA interaction. 

3.3.13. Alanine scanning for the hit peptide selected from the SICLOPPS screen-

ing 

Data represented in this chapter has been obtained together with Arina Khamzina.  

Alanine scanning is a technique that can be used to identify the contribution of the side chain of 

each amino acid on the bioactivity of a peptide191. Alanine is selected for this purpose as it lacks 

a bulky side chain with a functional group while maintaining the main chain structure that many 

other amino acids possess. Glycine would also be an option for the exchange since it does not 

have a sidechain, however, the lack of chirality at the α-carbon could introduce flexibility and con-

formational changes making the interpretation more complicated191. Therefore, alanine scan-

ning was selected to determine the function of sidechains with certain properties such as hydro-

phobicity, polarity, or charge that might play a function in the interaction with protein. As peptide 

candidate 17-1 was the most promising in terms of IC50 and solubility it was used for alanine scan-

ning. 

For the purpose of alanine scanning, each amino acid of 17-1 was exchanged with alanine one 

at a time, which gave six new derivatives with a different sequence represented in Table 17. In 

this way, amino acid binding properties to the target protein can be determined which would allow 

to perform appropriate modifications for further optimization. Each alanine-substituted peptide 

was separately assessed in the biophysical assays. 

Table 17: Peptides derived from the alanine scanning of A5-1. Point mutations are marked in red. 

Peptide Sequence Name 

1 X  X  X  X  X  X 17-1 

2 A X  X  X  X  X 19 

4 X  A  X  X  X  X 20 

5 X  X  A X  X  X 21 

6 X  X  X  A  X  X 22 

7 X  X  X  X  A  X 23 

8 X  X  X  X  X  A 24 

The peptides were synthesized applying the same synthesis protocol (see section 5.12.) based 

on SPPS141.  

https://en.wikipedia.org/wiki/Proteinogenic_amino_acid#Side-chain_properties
https://en.wikipedia.org/wiki/Bioactivity
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Peptide 19 and 20 both eluted as two signals during HPLC purification with the same correspond-

ing mass indicating that racemization occurred during cyclization. To be able to test both isomers 

in the FP experiment they were isolated separately. While both isomers were obtained peptide 

19, only a single one of the isomers could be isolated (20-1) due to a very low yield of the other 

and therefore it was not included in the FP experiment. However, since it is unknown which iso-

mer is missing for 20 the data is needs to be interpreted with care. 

3.3.14. Evaluation of the hit peptides in competition FP assay 

To characterize the competitive properties of each mutated peptide competition FP assays were 

performed using FAM labeled RNA2 and MBP-tagged hnRNP A2/B1 (residues 1-251).  Unla-

beled molecules (RNA1 or peptide) were applied as a 2-fold dilution series and were titrated with 

protein143/labeled RNA (Figure 71-73).  

Figure 71: Competition FP curves of peptides 17-1, 19-1, 19-2, 20-2 and unlabeled RNA1 against the 25 nM of 
hnRNP A2/B1 interaction with 1 nM of FAM labeled RNA2. As a positive control, 17-1 and unlabeled RNA were used. 
After a 60-minute incubation period, polarization was measured and shown as a technical replicate (N=2). The ex-
periment was carried out at once in the same plate but are shown separately for better interpretation. 

Figure 72: Competition FP curves of peptides 17-1, 21, 22 and unlabeled RNA1 against the 25 nM of hnRNP A2/B1 

interaction with 1 nM of FAM labeled RNA2. As a positive control, 17-1 and unlabeled RNA were used. After a 60-

minute incubation period, polarization was measured and shown as a technical replicate (N=2). 
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Figure 73: Competition FP curves of peptides 17-1, 23, 24 and unlabeled RNA1 against the 25 nM of hnRNP A2/B1 

interaction with 1 nM of FAM labeled RNA2. As a positive control, 17-1 and unlabeled RNA were used. After a 30-
minute incubation period, polarization was measured and shown as a technical replicate (N=2). 

Competition between FAM labeled RNA2 and all the tracers was observable. Competition 

curves could be fitted and an IC50 values were determined for 19-1, 20-2, 22, 23 and 24 peptides. 

For 19-2 and 21 bottom saturation could not be reached and therefore IC50 values could not be 

determined. Mutations at several positions lead to the loss of inhibition properties. Surprisingly, 

in comparison to 17-1, 24 shows a >2-fold improved IC50 value. Based on the IC50 values derived 

from the nonlinear regression fit the inhibition constants (KI) were calculated (Table 18).   

Table 18: IC50 and KI values calculated from alanine scanning of peptides evaluated against hnRNP A2/B1-FAM 

labeled 10merggg10mer RNA interaction.  

Compound IC50 (µM) KI (µM) 

RNA2 0.20 ± 0.04 0.065 ± 0.01 

17-1 52.9 ± 11.2 18.1 ± 3.8 

19-1 74 ± 2.1 25.2 ± 7.3 

19-2 >1000 >500 

20-2 324.5 ± 197.1 110.8 ± 67.3 

21 >1000 >1000 

22 48.2 ± 51.6 16.4 ± 17.6 

23 156.9 ± 130.9 53.6 ± 44.7 

24 19 ± 3.3 6.5 ± 1.2  

The competition FP experiment was repeated using Cy5 labeled RNA1 as a tracer to verify the 

results as previous experiment in our group demonstrated that using the FAM label can lead to 

false positive results (Figure 74-76). 
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Figure 74: Competition FP curves of peptides 17-1, 19-1, 19-2, 20-2 and unlabeled RNA1 against the 35 nM of 

hnRNP A2/B1 interaction with 1 nM of Cy5 labeled RNA1. 17-1 and unlabeled RNA were used as positive control in 

this experiment. Polarization was measured after a 60-minute incubation period and shown as a technical replicate 

(N=2). The measurements were performed at the same time on the same plate however the graphs are shown sep-

arately for easier interpretation. 

Figure 75: Competition FP curves of peptides 17-1, 21, 22 and unlabeled RNA1 against the 35 nM of hnRNP A2/B1 

interaction with 1 nM of Cy5 labeled RNA1. 17-1 and unlabeled RNA were used as positive control in this experiment. 
Polarization was measured after a 60-minute incubation period and shown as a technical replicate (N=2). 
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Figure 76: Competition FP curves of peptides 17-1, 23, 24 and unlabeled RNA1 against the 35 nM of hnRNP A2/B1 

interaction with 1 nM of Cy5 labeled RNA1. 17-1 and unlabeled RNA were used as positive control in this experiment. 
Polarization was measured after a 60-minute incubation period and shown as a technical replicate (N=2). 

Table 19: IC50 and KI values calculated for the peptides from alanine scanning evaluated against hnRNP A2/B1-

Cy5 labeled 10mer RNA interaction.  

Compound IC50 (µM) KI (µM) 

 RNA1 0.058 ± 0.002 0.02 ± 0.001 

17-1 

19-1 

20. 07 ± 1.01 

29.6 ± 7.42 

8.14 ± 0.41 

12.01 ± 3.01 

19-2 43.2 ± 16.79 17.53 ± 6.82 

20-2 >1000 >1000 

21 >1000 >1000 

22 60.73 ± 31.01 24.65 ± 12.59 

23 24.09 ± 5.76 9.77 ± 2.34 

24 13. 49 ± 1.75 5.47 ± 0.71  

Similar as for the experiment using the FAM labeled RNA, competition between the Cy5 labelled 

RNA and the peptides was observed. For the peptides 19-1, 19-2, 22, 23 and 24 a competition 

curve can be fitted and an IC50 values fall within a lower µM range. For peptides 20-2 and 21 lack 

of the lower plateau does not allow the determination of the accurate IC50 values. Based on the 

IC50 values derived from the nonlinear regression fit the inhibition constants (KI) can be calcu-

lated. For 24 ~1.5-fold improved IC50 and KI values were observed compared to 17-1, which is 

similar to the results obtained usinf FAM-labelled RNA2. In summary, except for 20-2 and 21 

there was no significant change in IC50 and KI values which indicates that the amino acids in these 

two positions are very important for binding to the target protein. It can be noticed that the peptide 

curves from FP are not giving complete inhibition, which is most likely related to RNA that inter-

acts with both domains of hnRNP A2/B1172. It is probable that the peptide candidate is binding to 
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one domain of the hnRNP A2/B1 and therefore, the other domain of the protein is still bound to 

the RNA.  

3.3.15. Microscale thermophoresis with selected hits from SICLOPPS and alanine 

scanning 

Some of the MST measurements were performed by Dr. Jessica Nowacki-Hansen 

Microscale thermophoresis (MST) is a biophysical assay technique used to investigate the inter-

action between molecules192. This assay can be used to quantify protein-protein and protein-

small molecule interactions. The method allows the detection of the movement of fluorescently 

labelled molecules over a temperature gradient. For an MST measurement, capillaries are 

loaded with a sample and the temperature gradient is produced by an infrared laser. The MST 

instrument than monitors emitted fluorescence over time. For MST, the protein is usually cova-

lently labeled with a fluorescent dye, but the ligand could be labelled as well. The fluorescent 

molecule is mixed with the ligand at different concentrations, and after a certain incubation time 

the mixtures of molecules are loaded into separate capillaries. When the temperature gradient is 

applied to the capillaries with samples the movement of the fluorescent molecule is observed 

and recorded. The different concentrations of the ligand effect the movement of the fluorescent 

molecule at different rates and this feature can be used to evaluate the interaction between mol-

ecules. When the fluorescent molecule interacts with the ligand, there will be a change in some 

properties of the molecules, such as size, charge or hydration shell and this will influence the 

movement of the molecules.  

Peptides 17-1 selected from SICLOPPS screening and 24 selected from alanine scanning were 

used in the MST experiment to investigate the binding properties to hnRNP A2/B1 (Figure 77-

78). RED fluorescent dye NT-647-NHS was chosen to label the protein following the protocol 

from the manufacturer. The dye contains an NHS-ester, which reacts with primary amines that 

are found on lysine residues of proteins to form dye-protein-conjugates.  
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Figure 77: MST curve indicating the interaction between 17-1 and hnRNP A2/B1 (residues 1-251) protein. RED flu-
orescent dye NT-647-NHS was used to label the protein. Measurement took place after 30 minutes of incubation 

and the graphs represent two biological replicates. 

 

Figure 78: MST curve indicating the interaction between 24 and hnRNP A2/B1 (residues 1-251) protein. RED fluo-
rescent dye NT-647-NHS was used to label the protein. Measurement took place after 30 minutes of incubation and 

the graphs represent two biological replicates. 

Table 20: Dissociation constant (KD) of the peptides with hnRNP A2B1 protein from the MST experiment. 

Peptide KD [μM] 

17-1 99 ± 28.28 

24 35.4 ± 12.45 

For both peptides the KD values were calculated by NanoTemper MST Monolith Nt.115 software. 

Based on this analysis 24 had an almost >2.5-fold improved KD when compared with the A17-1 

peptide for hnRNP A2/B1.  
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3.3.16. Investigation of the interaction of hnRNP A2/B1 peptide with RRM1 and 

RRM2 domains  

MST measurements were performed by Dr. Jessica Nowacki-Hansen 

Next, to investigate whether the hit peptide (24) is binding to the RRM1 or the RRM2 domain of 

hnRNP A2/B1 the binding affinity for the single domains was evaluated by MST (Figure 79-80).  

 

Figure 79: MST curve of the peptide 24 and hnRNP A2/B1 RRM1(residues 1-104) domain. RED fluorescent dye NT-
647-NHS was used to label the protein. Measurement took place after 30 minutes of incubation and the graphs 

represent two biological replicates. 

Figure 80: MST curve of peptide 24 and hnRNP A2/B1 RRM2 (residues 112-195) domain. RED fluorescent dye NT-
647-NHS was used to label the protein. Measurement took place after 30 minutes of incubation and the graphs 

represent two biological replicates. 

Table 21: Dissociation constant (KD) of the peptide 24 with individual hnRNP A2B1 RRM domains as measured by 

the MST. 

Protein Peptide KD [μM] 

hnRNP A2/B1 RRM1 24 598.5 ± 57.28 

hnRNP A2/B1 RRM2 24 - 
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Binding affinity between 24 and hnRNP A2/B1 RRM1 domain was monitored from the MST curve 

and the KD value calculated using the NanoTemper MST Monolith Nt.115 software. Binding to 

RRM1 was observed with a significantly higher KD value than for the construct containing both 

RRMs. Furthermore, for RRM2 no binding was observed which suggests that 24 binds to RRM1 

but RRM2 is required for high affinity binding193,194.  

3.3.17. Investigation of hnRNP A2/B1 and RNA interaction with mass photometry 

The crystal structure of hnRNP A2/B1 shows that both RRM domains of separate hnRNP A2/B1 

recognized by RNA (Figure 81)172. To investigate this, we used mass photometry (MP) which is 

able to measure the accurate mass of molecules in solution in a label-free manner195. These fea-

tures enable the application of mass photometry to the quantification of protein-protein interac-

tions by providing the mass of bound and unbound molecules in solution. 

Figure 81: Representation of the RRM domains of the hnRNP A2/B1 in complex with RNA1 (AAGGACUAGC). RNA1 

accommodated into a (+) charged groove of the RRM domains of two hnRNP A2/B1. Adopted from  Wu et al172.  

MP detects single biomolecules or their complexes by their light scattering as they bind nonspe-

cifically to a surface, a glass coverslip (Figure 82, A)196. Each binding event leads to a change at 

the glass/water interface, which effectively alters the local reflectivity and can be detected by tak-

ing advantage of optimized interference between scattered and reflected light (Figure 82, B). De-

tection also allows to measure the concentration of a sample by counting individual molecules. 

To explore this capability monomers that form dimer and produce mass distributions with the ex-

pected major bands can be chosen (Figure 83, C). 
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Figure 82: A) glass cover slip with (right, blue) and without sample (left), B) Label-free detection by imaging the 

scattered and reflected light over time. b) Scatter plot of single-molecule contrast and mass distribution for a mixture 

of monomer/dimer. Adopted from Soltermann et al196. 

Mass photometry was applied to investigate the interaction between RNA and hnRNP A2/B1. If 

in case the RNA binds to two hnRNP A2/B1 molecules  there would be ~2-fold mass difference 

between samples with and without RNA 
197,198. Different RNA concentrations were applied and 

(Figure 84, Supplementary figure 11-12) MBP tagged hnRNP A2/B1 construct (residues 1-251, 

MW: 70.306 kDa) was used.  

Figure 83: Mass photometry data observed from the measurement for hnRNP A2/B1 protein alone.  
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Figure 84: Mass photometry data observed from the measurement for hnRNP A2/B1 protein with Cy5 labeled 10mer 
RNA. The protein concentration was 50 nM protein and the RNA concentration 25 nM. The measurement was per-
formed after 30 min incubation at rt.  

Under all conditions (Figure 84, Supplementary figure 11-12) only the mass which correspond-

ing to the corresponding protein construct (1-251, MW: 70.306 kDa) was obtained. Since RNA-

binding was confirmed by various other biophysical techniques this indicated that mass photom-

etry is not suitable to clarify if the RNA is interacting with two hnRNP A2/B1 through different 

RBDs. Other experiments are therefore still needed to clarify how the interaction between 

hnRNP A2/B1 and RNA take place in solution which would allow further investigation of the iden-

tified inhibitors.  
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3.4. Summary and outlook  

Peptide inhibitors for hnRNP A2/B1 were selected from a screening-based approach followed by 

synthesis using SPPS and tested in a fluorescence polarization assay. As a result, two low mi-

cromolar hit peptides were found that inhibit the interaction of hnRNP A2/B1 with the correspond-

ing RNA. Since one of the peptides (16) had a poor solubility and therefore could not be involved 

in the further experiments, peptide A17-1 was selected for further optimization studies. To verify 

the interaction between peptide and the target protein, another biophysical assay, microscale 

thermophoresis experiment was performed. MST experiment confirmed the protein-peptide 

binding with a mid-micromolar KD value with the selected peptide. Next, an alanine scan was ap-

plied to identify the amino acids important for the binding. Interestingly, alanine scanning re-

vealed a derivate (24) with a ~1.5-fold increase in affinity, indicating further structure-activity re-

lationship studies to be promising. Next, the MST experiment with the single domains (RRM1 

and RRM2) of hnRNP A2/B1 revealed that 24 mainly bind to the RRM1 domain but it needs both 

domains or even the whole hnRNP A2/B1 protein (1-251) for proper binding. Solving the crystal 

structure of the protein together with the hit candidate would give a better insight into the protein-

peptide interaction and would allow further optimization of the hit peptide. Apart from that, opti-

mization could be done by substitution of amino acids that doesn’t show binding with other amino 

acids. In addition to that, optimization could be done on the important amino acids by substituting 

their side chains with close analogs.  

Once a peptide candidate with desired activity has been identified it can be involved in cell-based 

experiments to investigate its splicing inhibitory properties. For that purpose, the permeability 

properties of the cyclic peptides needed to be investigated as well.  
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4. Materials, reagents, chemicals, devices 

4.1. Materials 

 

Material/Chemical Supplier 

Amicon® Ultra 

Coomassie Protein-Assay-Kit 

Coomassie stain 

Eppendorf tube 

Falcons 

HPLC vials 

Microplate, 96-well 

Microplate, 384 well, 4514 

Multichannel Pipettes 

Needles 

Pipettes 

Protein Labeling Kit RED - NHS 

Sereological pipettes 

Syringes 

Syringe filters 

Syringe reactors 

SYPRO Orange protein stain (5000x) 

Millipore® 

Thermo Fisher Scientific 

Serva 

Sarsted AG & Co. KG 

Sarsted AG & Co. KG 

VWR International GmbH 

Greiner Bio-One 

Corning 

Thermo Fisher Scientific 

Braun 

Eppendorf 

NanoTemper Technologies 

Sarsted AG & Co. KG 

Braun 

Fischer Scientific 

Multisyntech GmbH 

Thermo Fischer Scientific 

4.2. Devices 
 

Device Supplier 

Äkta Explorer 

Centrifuges 

Cell disruptor sonicator 

GE Healthcare 

Eppendorf 

Fischerbrand 
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ChemiDoc MP Imaging System 

DNA/RNA UV cleaner box 

FinnpipetteTM F1 Multichannel Pipette 

HiLoadTM 16/600 SuperdexTM 75 

HiLoadTM 26/60 SuperdexTM 75 

Incubator 

Lyophilizer 

LC-MS 

Monolith Nt.115 

NanoDrop 2000c Spectrophotometer 

Plate reader Tecan Sparks 

Peptide synthesizer 

 

 

Peristaltic pump 

Rotor evaporator 

RP-HPLC 

Incubator shaker 

Bio-Rad Laboratories 

LTF Labortechnik 

Thermo Fisher Scientific 

Cytiva 

Cytiva 

Binder Drying and heating chamber ED 23 

Christ 

Agilent Technologies 

NanoTemper Technologies 

Thermo Fisher Scientific 

Tecan trading AG 

Multisyntech GmbH, Syro I peptide synthe-

sizer 

Gyros Protein Technologies, PurePep® Cho-

rus  

Landgraf Laborsysteme HLL GmbH 

Büchi 

Agilent Technologies 

Eppendorf SE 

Thermomixer 

Thermal cycler 

Shaker 

Sonicator 

Vacuum Manifold 

Eppendorf Thermomixer 

Bio-Rad 

IKA Labortechnik 

Bandelin 

Promega 

 

4.3. Software  
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Software Supplier 

ChemDraw 

GraphPad Prism 9 

PerkinElmer 

GraphPad Software, Inc. 

SnapGene 

Xcalibur 

GSL Biotech LLC 

Thermo Fisher Scientific 

4.4. Reagents 
 

Reagent Supplier 

4-(2-hydroxyethyl)-1-piperazineethanesul-

fonic acid) (HEPES) 

Disodium hydrogen phosphate (Na2HPO4) 

Glycerol 

Hydrochloric acid (HCl) 

Imidazole 

Isopropyl β-d-1-thiogalactopyranoside (IPTG) 

Isopropanol 

PageRulerTM prestained protein ladder 

Phenylmethylsulfonyl fluoride (PMSF) 

Sodium chloride (NaCl) 

Sodium hydroxide (NaOH) 

Sodium fluoride (NaF) 

Sodium Dodecyl Sulfate (SDS) 

Thermo Fisher Scientific 

 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

Thermo Fisher Scientific 

Carl Roth GmbH 

Carl Roth GmbH 

Carl Roth GmbH 

Thermo Fisher Scientific 

Applichem 

Carl Roth GmbH 

VWR International GmbH 

Sigma-Aldrich 

Sigma-Aldrich 

Sodium dihydrogen phosphate (NaH2PO4) 

tris(2-carboxyethyl) phosphine (TCEP) 

Triton X-100 

Tween-20 

VWR International GmbH 

TCI 

Serva 

Fischer BioReagents 
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4.5. Medium and buffers 
 

Medium Components 

LB medium 

 

 

 

 

Super Optimal Broth with catabolite repres-

sion (SOC) 

 

 

 

 

 

 

 

5x SDS sample buffer 

 

 

 

SDS running buffer 

 

 

 

Coomassie staining solution 

0.5% Yeast extract 

1% Tryptone 

171 mM NaCl 

pH 7.4 

 

0.5% Yeast extract 

2% Trytone 

2.5 mM KCl 

10 mM NaCl 

10 mM MgSO4 

10 mM MgCl2 

20 mM Glucose 

200 mM Tris (pH 6.8) 

 

 

40% Glycerol 

8% SDS 

10 mM DTE 

0.007 mM Bromophenol blue 

 

200 mM Glycine 

25 mM Tris 

1% SDS 
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Destaining solution 

0.1% Coomassie R250 

10% Acetic acid 

40% MeOH 

 

10% acetic acid in H2O 

4.6. Protein buffers 

RBM20 buffers 

Buffers Components 

Lysis buffer 

 

 

 

Wash buffer 

 

 

 

Elution buffer 

 

 

 

 

Storage buffer 

 

50mM Tris 

500mM NaCl 

5% glycerol 

1 mM PMSF 

pH 7.5 

 

50mM Tris 

500mM NaCl 

5mM Imidazole 

5% glycerol 

pH 7.5 

 

50mM Tris 

500mM NaCl 

500mM Imidazole 

5% glycerol 

pH 7.5 

 

50mM Tris 

500mM NaCl 

5% glycerol 
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pH 7.5 

hnRNP A2/B1 buffer 

Buffers Components 

Lysis buffer 

 

 

 

 

Washing buffer 

 

 

 

 

Eluting buffer 

 

 

 

 

 

Storage buffer 

 

50 mM HEPES 

300 mM NaCl 

1 mM PMSF 

pH 8 

 

300 mM NaCl 

50 mM HEPES 

1 mM TCEP 

20 mM Imidazol 

pH 8 

 

50 mM HEPES 

300 mM NaCl 

1 mM TCEP 

500 mM Imidazol 

pH 8 

 

                        100 mM NaCl 

25 mM HEPES 

1 mM TCEP 
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pH 8 

4.7. Assay buffers 
Buffers Components 

hnRNP A2/B1 buffer 

 

 

 

 

SRSF1 buffer 

 

 

 

 

 

 

RBM20 buffer 

100 mM NaCl 

25 mM HEPES 

1 mM TCEP 

0.01 Triton 

pH 8 

 

20 mM Na2HPO4 

150 mM KCl 

50 mM L-Arg 

50 mM L-Glu 

1.5 mM MgCl2 

0.2 mM EDTA 

1 mM TCEP 

0.01% Triton 

pH 8 

 

20 mM Sodium Phosphate 

(NaH2PO4/Na2HPO4) 

50 mM NaCl 

2.5 mM TCEP 

0.01% Tween-20 

pH 7.5 
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4.8. Antibiotics and induction agents 
 

Antibiotic/Induction agent 

Supplier 

Ampicillin 

IPTG 

Roth 

Biochemica 

4.9. Amino acids 
 

Amino acid Supplier 

Fmoc-Ala-OH 

Fmoc-Ile-OH 

Fmoc-Leu-OH 

Fmoc-Asp (OtBu)-OH 

Fmoc-His (Trt)-OH 

Fmoc-Met-OH 

Fmoc-Ser (tBu)-OH 

Fmoc-Cys(Trt)-OH 

Fmoc-Val-OH 

Fmoc-Arg (Pbf)-OH 

Fmoc-Pro-OH 

Fmoc-Glu(OtBu)-OH 

Fmoc-Trp(Boc)-OH 

Fmoc-Phe-OH 

Fmoc-Gln(Trt)-OH 

Fmoc-Thr(tBu)-OH 

Fmoc-Tyr (tBu)-OH 

Fmoc-Lys (Mtt)-OH 

Fmoc-(S)-2(4-pentenyl) Ala-OH 

Merck 

Carbolution 

Chem-Impex 

Novabiochem 

Roth 

Carbolution 

Carbolution 

Carbosynth 

Carbolution 

Carbosynth 

Novabiochem 

Novabiochem 

Novabiochem 

Carbosynth 

Carbolution 

Novabiochem 

Novabiochem 

Novabiochem 

Fluorochem 
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4.10. PNA monomers 
PNA monomer Supplier 

Fmoc-PNA-A(Bhoc)-OH 

Fmoc-PNA-G(Bhoc)-OH 

Fmoc-PNA-C(Bhoc)-OH 

ASM Research Chemicals 

ASM Research Chemicals 

ASM Research Chemicals 

4.11. SPPS reagents/solvents 
 

Reagents/solvents Supplier 

1-Cyano-2-ethoxy-2-oxoethylidenaminooxy (COMU) 

2,2′- (Ethylendioxy)diethanthiol (DODT) 

Acetonitrile 

Benzotriazol-1-yloxytripyrrolidinophosphonium hexafluor-

ophosphate (PyBop) 

Dimethylformamide (DMF) 

Dichloromethane (DCM) 

Dichloroethane (DCE) 

Grubbs 1st
 generation 

Grubbs 2nd
 generation 

Hexafluorisopropanol 

N,N-Diisopropylethylamine (DIPEA) 

Oxyma pure 

Piperidine 

Pyrrolidine 

Trifluoroacetic acid (TFA) 

Triisopropyl silane (TIPS) 

Biosynth 

Sigma-Aldrich 

Roth 

Carbosynth 

 

VWR Chemicals 

Thermo Fisher Scientific 

Sigma Aldrich 

TCI 

TCI 

Thermo Fisher Scientific 

Roth 

Carbosynth 

Acros 

TCI 

Roth 

Sigma Aldrich 

 

4.12. RNAs  
All RNAs were obtained from Sigma-Aldrich. 
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5. Methods 

5.1. Preparation of bacterial cultures 

Medium with a desired volume was prepared in an Erlenmeyer-flask (~4x volume of medium). 

The antibiotic was added in a working concentration, followed by cells that were picked from the 

agar plate and were utilized to inoculate the medium. The culture was incubated at 37 °C for 

overnight. The next day, the saturated culture was used for protein expression.  

5.2. Preparation of glycerol stock 

A culture of a single colony was grown in LB medium with appropriate antibiotics at 37 °C (160 

rpm) overnight. From that culture, 500 µL was mixed with 50% glycerol solution in a 1:1 ratio. The 

glycerol stock was frozen in liquid N2 and stored at -80 °C until further use. 

5.3. Bacterial Transformation 

Chemically competent cells were placed on ice for approximately 10 minutes. Agar plates from 

storage at 4 °C were warmed up to room temperature. 1–2 µL of plasmid was mixed with cells 

and incubated on ice for 15 minutes. The cells were exposed to the heat shock in a heat block for 

45 seconds at 42 °C. Meanwhile, the Super Optimal Broth with catabolite repression (SOC me-

dium, see section 4.5.) was warmed up to 37 °C in the thermomixer. The cell suspension was 

placed back into ice for 2 min, and 300 µL of SOC medium was added. The culture was incubated 

in shaking incubator (300 rpm) for 1 h at 37 °C. Then, cell suspension was added to a plate con-

taining the corresponding antibiotic under sterile conditions and grown overnight at 37 °C. 

5.4. RBM20 protein expression and purification  

Protein expression and purification was carried out either by Dr. Stefan Schmeing or work 

shared referring to the report from Upadhyay et al122. 

5.4.1. Expression of RBM20 delta_a3 

pMAL-RBM20-RRM-delta_a3 was transformed into E. coli BL21DE3 (RIL) cells and plated on 

an agar plate with Ampicillin (Amp). The next day, a single colony was utilized to inoculate the 

preculture which was grown overnight at 37 °C. For the expression, 20 mL of the preculture was 

added to the 2 L LB medium. The culture was grown at 37 °C until an OD600 of ~0.7 was reached. 

The culture was cooled at 4 °C for 30 min and was then induced with 300 µM IPTG. Expression 

was carried out overnight at 20 °C and 180 rpm. The next day, cells were pelleted by centrifuga-

tion for 10 min at 5000xg at 4 °C.  

5.4.2. Purification of RBM20 delta_a3  

Cell pellets were resuspended in lysis buffer (for buffer components, see section 4.6.), and 1 mM 

PMSF was added. This was followed by lysis of the cells for 10 min using a cell disruptor sonicator 

with a 70% amplitude, 10 sec on, 10 sec off, and a pulse temperature of 0 °C on ice. The 
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supernatant was collected and filtered before it was loaded on a 5 mL Ni-NTA HisTrap (GE) col-

umn, which was equilibrated with wash buffer (see section 4.6.) beforehand. The protein was 

eluted with elution buffer (see section 4.6.), and fractions were collected. Fractions containing 

protein were combined and further purified by size exclusion chromatography (SEC) using Hi-

Load 26/60 superdex75 column eluting with protein storage buffer (see section 4.6.).  

5.4.3. Expression of RBM20_a3 

pMAL-RBM20-RRM-a3 was transformed into E. coli BL21 DE3 (RIL) cells and plated on an agar 

plate with Amp. The same protocol (see section 5.4.1.) was followed to grow the expression cul-

ture. Once an OD600 of ~0.55 was reached, the culture was cooled at 4 °C for 45 min and was 

induced with 300 µM IPTG. Expression was carried out overnight at 20°C, 160 rpm. The next 

day, the culture was centrifuged for 10 min at 5000xg, 4 °C, and the pellet was harvested.  

5.4.4. Purification of RBM20_a3 

The purification was done following the same protocol from section 5.4.2. 

5.5. hnRNP A2/B1 protein expression and purification 

MBP-tagged hnRNP A2/B1 (residues 1–251) was expressed and purified applying the protocol 

from the protein chemistry facility (PCF) in the MPI Dortmund as described in the following sec-

tions.  

5.5.1. MBP-tagged hnRNP A2/B1 expression 

E. coli BL21 (DE3) cells were used to express MBP-tagged hnRNP A2/B1 (residues 1–251). A 

previously prepared E. coli glycerol stock with the corresponding plasmid was used for protein 

expression. To prepare a preculture, a small amount of the glycerol stock was added to the LB 

medium with Amp and incubated at 37 °C overnight. The next day, the preculture was used to 

inoculate a 5 L expression culture (5 L) and incubated until an OD600 of 0.6-0.8 was obtained. 1 

mM IPTG was added to induce the protein expression and the culture was incubated at 18 °C 

and 180 rpm overnight.  

5.5.2. MBP-tagged hnRNP A2/B1 purification  

The next day, bacteria were harvested by centrifugation (5000 x g, 15 min, 4 °C) and resus-

pended in lysis buffer (see section 4.6.). Lysis was performed on ice using a cell disrupter soni-

cator with 60% amplitude, 10 sec on, 10 sec off. The collected supernatant was loaded onto a 5 

mL Ni-based HisTrapTM HP column. The column was connected to the ÄKTA System, which 

was already equilibrated with wash buffer (see section 4.6.). The protein was eluted with elution 

buffer (see section 4.6.) and protein containing fractions were combined and dialyzed overnight 

in the storage buffer (see section 4.6.). The next day, the concentrated protein was purified on 

SEC with a HiLoad 26/60 Superdex 75 column eluting using storage buffer. Fractions were mon-

itored by SDS gel electrophoresis, and pure fractions were combined and concentrated. The 
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protein concentration was monitored by Nanodrop (2000c Spectrophotometer), and protein ali-

quots were stored at -80 °C. 

5.6. Protein concentration determination by Bradford assay 

The concentration of protein was determined by using the Coomassie® Protein Assay Reagent 

Kit following the microplate procedure. BSA was used as a protein standard, and measure-

ments were performed at 595 nm in a plate reader (TECAN Spark).  

5.7. Direct fluorescence polarization assay  

100 µM RNA stock solutions were prepared and stored at -20 °C for later use. 384 well-plates 

(black, 20 µL) with a round bottom were used for the experiment. To determine the protein con-

centration the Bradford assay (see section 5.6.) or a NanoDrop 2000c spectrophotometer was 

used. All assays were performed in duplicates. See section 4.7. for the buffer components used 

for the experiment.  

Fluorescently labeled (FAM or Cy5) RNAs were used for the experiment, and protein with an ap-

propriate concentration was applied in the 384 well-plates as a 2-fold dilution series in the assay 

buffer. Labeled RNA at a 1 nM final concentration was added (1:1 v/v), and the plate was pro-

tected from light. After incubation for 30 or 60 min (if not mentioned otherwise), the fluorescence 

was measured, with filters set at 490 nm/520 nm (Ex/Em) for FAM labeled RNA and 610 nm/670 

nm (Ex/Em) for Cy5 labeled RNA on a plate reader (TECAN Spark).  

5.8. Competition Fluorescence polarization 

Assay buffer was used for the experiment (see section 4.7.). The protein concentration was de-

termined either spectrophotometrically (NanoDrop 2000c Spectrophotometer) or with the Brad-

ford assay (see section 5.6.). Fluorescently labeled RNAs (1 nM final concentration) were mixed 

with a protein at the desired concentration corresponding to a 50-80% of binding as determined 

in the direct FP assay for the given RNA143. 2-fold serial dilutions of the unlabeled competitor 

were added into the 384 well-plates (black, 20µL), which was then mixed 1:1 with pre-incubated 

labeled RNA/protein mixture. After incubation for 30 minutes or 60 minutes, if not mentioned oth-

erwise, the fluorescence was measured setting either 490 nm/520 nm for FAM or 610 nm/670 

nm (Ex/Em) for Cy5 label on a Tecan plate reader (TECAN Spark).  

5.9. Solid Phase Peptide Synthesis 

5.9.1. Loading amino acid on Rink amide resin 

The resin was added into the syringe reactor and swelled with DCM for 20 min. The solvent was 

exchanged for DMF, and the resin was suspended in 20% piperidine in DMF and agitated for 15 

min. In a separate flask, 4 eq of the Fmoc-amino acid was dissolved in a small amount of DMF. 

The same eq of PyBOP (or COMU, depending on the purpose) and 8 eq of DIPEA was prepared 
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in DMF and added to the syringe reactor. The mixture was agitated until the coupling reagent 

dissolved. Next, the amino acid solution was added, and the mixture was shaken for 1 h at rt. 

Reagents were drained, and the resin was washed with DMF, followed by drying under vacuum. 

The resin loading was determined using a NanoDrop 2000c Spectrophotometer (see section 

5.9.5.).  

5.9.2. Loading amino acid to ChemMatrix resin  

The same protocol as described in section 5.9.1. was applied.  

5.9.3. Loading amino acid to 2-chlorotrityl chloride (2-CTC) resin 

The resin was swollen for 30 minutes in DCM (3 mL). DCM was removed, and Fmoc-amino acid 

(4 eq) and DIPEA (8 eq) in DCM were added into the syringe reactor and shaken for 1 h. The 

resin was washed with DCM (4 x 1 min) and dried under vacuum.  

5.9.4. 2-CTC resin reactivation 

For 2-CTC resin that was stored for a longer amount of time a reactivation step was performed 

before use. In a round bottom flask placed on ice, resin was swollen in DCM (10 mL), and 2.4 eq 

of pyridine were added, followed by addition of 1.2 eq thionyl chloride, dropwise199,200. The tem-

perature was elevated to rt, followed by refluxing the reaction mixture overnight. The next day, 

the mixture was transferred to a syringe reactor and washed with DCM (4 x 1 min). 

5.9.5. Resin loading determination 

5 mg of dry resin was weighed in an Eppendorf tube. 1 mL of 20% piperidine in DMF was added 

to the resin and agitated for 10 min. In a 1 mL quartz cuvette, 1 mL of 20% piperidine in DMF 

solution was placed, and the UV/Vis was used to measure the blank at 301 nm. The agitated 

mixture was diluted with 20% piperidine/ DMF (10 or 20-fold dilution was applied depending on 

the loading efficiency) solution, and the absorption was measured using a NanoDrop 2000c 

Spectrophotometer. The recorded absorption value, the resin weight, and the volume were en-

tered into an equation (3) derived from Lambert–Beer’s law201, together with the absorption co-

efficient (7800 M-1cm-1) at 301 nm, in order to calculate the resin loading.  

(3) S = E301 V D / ε m I 

S = Substitution [mmol g-1] 

ε301 = Molar absorption coefficient at 301 nm (M-1
 cm-1) 

E301 = Absorption of the sample solution at 301 nm 

m = Sample weight of the resin [mg] 

V = Sample volume 

l = Optical path length of the cell [cm] 

D = Dilution factor 
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5.10. Synthesis of the RBM20 peptides on solid phase  

Reagents and solvents were commercially available. Peptides were manually synthesized and 

resins were agitated using either a Vacuum Manifold or shaker. Linear peptide synthesis was 

performed applying SPPS protocol129.  

The synthesis was carried out on a Rink Amide AM resin (substitution: 0.7 mmol/g, mesh 100-

200). After the first amino acid loading (see section 5.9.1.), capping was performed to prevent 

any side products. For the capping, 10 eq Ac2O and 12 eq DIPEA in DMF were used, and the 

reaction was agitated at room temperature for 30 min. Fmoc removal was performed with 20% 

piperidine in DMF for 1 x 5 min and 1 x 10 min. For coupling, Fmoc-amino acid (4 eq), PyBOP (4 

eq), and DIPEA (8 eq) were mixed in DMF. The mixture was added to the syringe reactor, and 

agitated for 1 h. After draining the solvents, the Fmoc-cleavage solution was added, and the resin 

was agitated as before. DMF wash (4 x 30 sec) was applied to wash the leftover reagents be-

tween every step. If needed, acetylation was carried out using 10 eq Ac2O and 12 eq DIPEA in 

DMF (30 min at rt). For the FITC labeling of the peptides, the Fmoc-AEEA-OH linker (4 eq) was 

attached to the peptide, applying standard coupling protocol. This was followed by FITC labeling 

overnight at rt using 2 eq FITC isomer and 4 eq DIPEA. Synthesis was monitored by UHPLC. In 

addition to manual synthesis, synthesis can be automatically performed using the peptide syn-

thesizer (Syro I).  

5.10.1. C-terminal FITC labeling 

For the C-terminal labeling of RBM20 peptides, Fmoc-L-Lys(Mtt)-OH was loaded (see section 

5.9.1.) on Rink Amide AM resin. This was followed by coupling the rest of the amino acids by 

applying the protocol from section 5.10. Once the linear sequence was completed, Fmoc group 

removal was carried out, which was followed by acetylation of the N-terminus. The N-(4-methox-

ytriphenylmethyl) (Mtt) group was deprotected using 40% HFIP in DCM. Additionally, 2.5% TIPS 

was used as a scavenger. Mtt deprotection was done for 4 x 20 min at room temperature142. 

Then, the Fmoc-AEEA-OH linker was attached to the free amino group of lysine which was fol-

lowed by FITC labeling (see section 5.10.). 

5.10.2. Stapled Peptide synthesis 

Either one of two methods were used for peptide stapling: 

(i) Rink Amide AM LL resin (substitution: 0.20 - 0.45 mmol/g, 100-200 mesh) was used for the 

synthesis of the stapled peptides. For the stapling, the dry resin with the N-terminus of the 

linear peptide still Fmoc-protected (synthesized referring to section 5.10.) was swelled in 

DCM for 20 min while flushing with argon. To the mixture flushing with argon 1st
 generation 

Hoveyda-Grubbs catalyst in 10 mol% was added, and the reaction was carried out for 2 h at 

rt. This step was repeated three more times. Solvents were removed between steps, and 
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fresh ones were added under the argon flow. After the cyclization, the resin was washed with 

DCM twice for 1 min. Completion of the reaction was monitored by UHPLC or FLEET-HPLC. 

(ii) DCE was used to swell the dry resin for 20 min under argon. To the mixture under argon 

Grubbs 2nd
 generation catalyst (10 mol %) was added. The reaction was heated under MWI 

at 120 °C for 10 min. This step was repeated once more with fresh catalyst (10 mol %) and 

after completion, DCM (4 x 1 min) and DMF (4 x 1 min) were utilized to wash the resin.  

5.10.3. RBM20 peptide cleavage from solid support 

A fresh solution of TFA/TIPS/H2O (95:2.5:2.5, v/v) was prepared and added to the resin attached 

peptide. The reaction was agitated for 2 h, and the solution was dropwise added to the ice-cold 

diethyl ether. For each mL of peptide solution, a 10-fold ether volume was used. To recover re-

maining peptide, the syringe reactor was shaken with fresh TFA, and the solution was added 

dropwise to the ice-cold ether. The mixture was centrifuged for 5 min at 4000 rpm at 4 °C. The 

supernatant was removed, and fresh ether was added and the peptide resuspended. The cen-

trifugation step was repeated three times in total. The dried pellet was dissolved in 50% 

ACN/50% H2O/0.1% TFA, followed by lyophilization. Crude peptides were stored at -20 °C until 

further use. 

5.11. Peptide nucleic acid synthesis 

As a solid support for PNA synthesis, ChemMatrix resin (substitution: 0.40 - 0.60 mmol/g, mesh 

35 - 100) was chosen. The PNA monomer loading was performed using 1.5 eq Fmoc protected 

PNA monomer, 1.5 eq COMU and 3 eq DIPEA for 2 h at rt. Then, capping was performed with 10 

eq Ac2O and 12 eq DIPEA in DMF for 30 min at rt. Fmoc removal was carried out with 20% pyr-

rolidine in DMF for 10 min. The resin was washed with DMF (4 x 1 min) between the steps, and 

the cycle was repeated until the desired PNA sequence was complete. To perform acetylation 

and FITC labeling the same protocol from section 5.10. was followed. However, in this case, 

COMU was used as the activating reagent. The synthesis was monitored by UHPLC.  

5.11.1. Cleavage 

The same cleavage protocol was applied as in section 5.10.3. 

5.11.2. Synthesis of PNA variants 

PNA variants (compound 11-12) were synthesized on solid support using 2-chlorotrityl chloride 

resin (substitution: 1.00 - 1.80 mmol/g, 100 - 200 mesh). PNA monomer was loaded to the resin 

(see section 5.9.3.), and this was followed by capping with DCM: MeOH: DIPEA (80:15:5, v/v) 

for 15 min. Afterward, the resin was washed with DMF, and the Fmoc group was deprotected. 

After the resin was washed, the standard capping protocol was applied for the acetylation of N-

terminus. Resin was washed with 2 x DMF and 2 x DCM and dried under vacuum. Amide variants 
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were cleaved from resin with 95% TFA in DCM for 1 h at rt. TFA was evaporated, and the PNA 

monomer went through purification using RP-HPLC. 

5.11.3. PNA monomer synthesis 

Fmoc-U-OH was synthesized based on previously reported strategies183,184. Initially, to a solu-

tion of uracil acetic acid (0.4 mmol) in DMF (5.5 mL), HBTU (0.54 mmol) and DIPEA (0.94 mmol) 

were added at 0 °C. After stirring for 2 min, Fmoc-protected aminoethyl glycine (0.53 mmol) was 

added to the reaction mixture at the same temperature. The resulting mixture was allowed to 

warm to room temperature and stirred for 4 h. The reaction mixture was extracted with ethyl ac-

etate three times. The combined organic layers were washed with 10% aqueous NaHSO4, satu-

rated aqueous NaHCO3, brine, dried over anhydrous sodium sulfate, and concentrated in vacuo 

after filtration. 

To remove the tert-butyl group, TFA was slowly added at 0 °C to a solution of the compound in 

DCM (1:1, v/v). The reaction mixture was then warmed to room temperature and stirred for 4 h. 

Then, solvents were evaporated, and residual TFA was co-evaporated with chloroform 3-4 

times. The obtained product (Fmoc-U-OH) was purified by column chromatography 

(DCM/MeOH, 5:1), resulting a white powder. 

5.12. Synthesis of the hnRNP A2/B1 and SRSF1 peptides  

SPPS was performed either manually or automated on a PurePep® Chorus peptide synthesizer.  

Evaluation of the synthesis was monitored by performing a test cleavage where a small amount 

of resin was cleaved and followed by analysis using an Agilent Infinity UHPLC equipped with an 

Agilent ZORBAX Eclipse Plus column (2.1 mm x 50 mm, 1.8 µm Zorbax Eclipse C18 Rapid Res-

olution).  

5.12.1. Linear peptide synthesis 

The peptides were synthesized on 2-CTC resin (substitution: 1.00 - 1.80 mmol/g, 100-200 

mesh). After the first amino acid loading (see section 5.9.3.), capping was performed to prevent 

any side products (see section 5.11.2.). DCM (5 x 1 min) was used to wash the resin, and the 

solvent was exchanged to DMF to perform the Fmoc group removal (20% piperidine in DMF, 1 x 

5 min and 1 x 10 min). The resin was washed with DMF (4 x 1 min), and coupling was carried out 

as in section 5.10. The cycle was repeated until the desired sequence was obtained. The suc-

cess of the synthesis was monitored in the UHPLC. 

5.12.2. Cleavage of the peptides from solid support  

First, the Fmoc group was removed from the N-terminus of the peptide with 20% piperidine in 

DMF. The resin was agitated with DMF (4 x 1 min) and DCM (2 x 1 min). 20% HFIP/DCM (5 mL) 

was drawn into the syringe reactor and agitated for 20 min. The procedure was repeated 2 more 
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times. The solution was drained into a round bottom flask, and the solvents were removed in a 

vacuum. Remaining traces of solvents were removed under high vacuum overnight.   

5.12.3. Cyclization in solution  

Dry peptides were suspended either in DCM or DMF depending on the solubility, and 2 eq Py-

BOP, 2 eq Oxyma pure, and 4 eq DIPEA were added. Peptide concentration in the solution 

should was kept below 1 mM. The mixture was agitated overnight, and the solvents were evap-

orated using a rotary evaporator. A rotary evaporator connected to a high vacuum pump was 

used to evaporate DMF.   

5.12.4. Cleavage of protecting groups 

A fresh solution of TFA/TIPS/H2O/DODT (95:2.5:2.5:5, v/v) was prepared and added to the pro-

tected cyclic peptide. The protocol from section 5.10.3. was followed to obtain the peptide as a 

powder. 

5.13. Peptide purification 

5.13.1. Preparative RP-HPLC 

An Agilent Infinity II LC-MS system equipped with 125 mm x 21 mm, 5 µm or 125 mm x 10 mm, 5 

µm Macherey-Nagel Nucleodur C18 Gravity column was used for the purification of peptides. A 

20 mL/min flow rate was applied and detection at UV detection was performed at 210 nm. As an 

elution solvent, H2O and CH3CN supplemented with 0.1% TFA were used. 

5.13.2. LC-MS purity analysis 

The fractions from preparative HPLC were collected and analyzed using an Agilent Infinity HPLC 

system equipped with 50 mm x 3 mm, 1.8 µm Macherey-Nagel Nucleodur C18 Gravity column. 

Analysis was carried out applying 5-95% ACN (0.1% TFA) for 30 min and with a flow rate of 0.56 

mL/min. 

5.13.3. High-resolution mass spectrometry 

LTQ-XL Orbitrap mass spectrometer with Hypersyl GOLD (50 mm x 1 mm, 1.9 μm column) was 

used for high-resolution mass spectrometry (HRMS). 

5.14. Circular Dichroism Spectroscopy 

For circular dichroism analysis, 100 µM unlabeled peptides were prepared in CD buffer (20 mM 

sodium phosphate buffer, 10 mM NaF, pH 8), and the absorbance was measured in the UV range 

from 190 to 300 nm using JASCO CD spectrometer at 20 °C and with 1 mm pathlength.  

5.15. Microscale thermophoresis 

MST was carried out with MBP tagged hnRNP A2/B1 (residues 1-251) in 100 mM NaCl, 25 mM 

HEPES, 0.05% Tween-20, pH 8. The protein was labelled with RED fluorescent dye NT-647-
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NHS and labeling was performed according to the manufacturer’s instructions (Monolith NT™ 

Protein Labeling Kit RED-NHS). Labeling efficiency was determined using a Nanodrop 2000c 

Spectrophotometer 
202. Then, 0.5 mL reaction tubes or PCR tubes were used to prepare 10 µL of 

2-fold serial dilutions of the peptide. 10 µL of labeled protein was added into each tube (1:1, v/v) 

to reach a final protein concentration of 250 nM. The mixture was incubated for 30 minutes. Af-

terward, samples were loaded into the premium capillaries (Monolith Premium Capillaries), and 

Monolith Nt.115 device was used for the measurements. 

5.16. Mass photometry 

Mass photometry experiments were performed using MBP-tagged hnRNP A2/B1 (residues 1-

251) in storage buffer (25 mM HEPES, 100 mM NaCl, 1 mM TCEP, pH 8). 50 nM protein and 12.5 

nM, 25 nM, and 50 nM Cy5 labelled RNA were used. Protein and RNA were mixed and incubated 

for 30 minutes at room temperature. Calibration was done using 5 µM bovine serum albumin 

(BSA) and 5 µM thyroglobulin (TG) protein. Measurement was carried out using a Refeyn 

TwoMP instrument. 
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7.4. Supplementary figures 

7.4.1. RBM20 peptide sequences, masses (calculated and determined) and puri-

ties 

Supplementary figure 1: Unlabeled RB1, RB2 and RB3 peptide sequences, purity and calculated/determined 

masses. 

RB1 

 

HRMS ESI: m/z [C58H99N19O17]  

Calculated: 1333.7466 [M+H]+, measured: 668.88317 [M+2H]2+. 

 

RB2 

HRMS ESI: m/z [C64H108N18O15] 

Calculated: 1368.8242 [M+H]+, measured: 685.41956 [M+2H]2+. 

RB3 
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HRMS ESI: m/z [C64H108N18O16]  

Calculated: 1384.8191 [M+H]+, measured: 693.41705 [M+2H]2+. 

 

Supplementary figure 2: N-terminally FITC labeled RB4, RB5 and RB6 peptide sequences, purity and calculated/de-

termined masses. 

RB4 

 

HRMS ESI: m/z [C83H121N21O24S]  

Calculated: 1827.8614 [M+H]+, measured: 914.93326 [M+2H]2+. 
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RB5 

 

HRMS ESI: m/z [C89H128N20O22S] 

Calculated: 1860.9233 [M+H]+, measured: 931.46958 [M+2H]2+. 

 

RB6 

 

HRMS ESI: m/z [C89H128N20O23S] 

Calculated: 1876.9182 [M+H]+, measured: 939.46700 [M+2H]2+. 
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Supplementary figure 3: C-terminally FITC labeled RB7, RB8 and RB9 peptide sequences, purity and calculated/de-

termined masses. 

RB7 

HRMS ESI: m/z [C85H122N22O23S]  

Calculated: 1850.8774 [M+H]+, measured: 617.96586 [M+3H]3+. 

 

RB8 

HRMS ESI: m/z [C91H131N21O21S] 

Calculated: 1885.9549 [M+H]+, measured: 943.98479 [M+3H]2+. 
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RB9 

 

HRMS ESI: m/z [C91H131N21O22S]  

Calculated: 1901.9498 [M+H]+, measured: 634.99046 [M+3H]3+. 

 

Supplementary figure 4: A to R modified RB10 and AIB containing RB11 peptide sequences, purity and calcu-

lated/determined masses. 

RB10 

 

HRMS ESI: m/z [C61H108N22O17] 

Calculated: 1420.8263 [M+H]+, measured: 710.41466 [M+3H]2+, 473.94524 [M+3H]3+.  
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RB11 

 

HRMS ESI: m/z [C59H102N18O15] 

Calculated: 1302.7772 [M+H]+, measured: 652.39673 [M+3H]2+. 

 

Supplementary figure 5: Sequences, purity and calculated/determined masses of point mutated linear peptides. 

RB12 

 

HRMS ESI: m/z [C61H107N23O16] 

Calculated: 1417.8266 [M+H]+, measured: 709.92258 [M+3H]2+, 473.61718 [M+3H]3+. 
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RB13 

 

HRMS ESI: m/z [C60H102N22O19] 

Calculated: 1434.7692 [M+H]+, measured: 718.39328 [M+3H]2+, 479.26442 [M+3H]3+. 

 

 

RB14 

 

HRMS ESI: m/z [C64H110N22O17] 

Calculated: 1458.8419 [M+H]+, measured: 730.43027 [M+3H]2+, 487.28893 [M+3H]3+. 
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RB15 

 

HRMS ESI: m/z [C61H107N23O17] 

Calculated: 1433.8215 [M+H]+, measured: 717.92006 [M+3H]2+, 478.94867 [M+3H]3+. 

 

 

RB16 

 

HRMS ESI: m/z [C60H104N22O18] 

Calculated: 1420.7899 [M+H]+, measured: 711.40424 [M+3H]2+, 474.60496 [M+3H]3+. 
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RB17 

 

HRMS ESI: m/z [C64H113N23O17] 

Calculated: 1475.8685 [M+H]+, measured: 738.94402 [M+3H]2+, 492.96474 [M+3H]3+. 
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7.4.2. PNA structures, masses (calculated and determined) and purity data 

Supplementary figure 6: Structures, purity and calculated/determined masses of unlabeled and FITC labeled 4mer 

PNAs. 

Unlabeled PNA 

HRMS ESI: m/z [C46H57N29O11] 

Calculated: 1191.4792 [M+H]+, measured: 1192.48628. 

 

FITC-labeled PNA 

HRMS ESI: m/z [C71H77N31O18S] 

Calculated: 1683.5784 [M+H]+, measured: 842.79627 [M+2H]2+. 
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Supplementary figure 7: Structure, purity and calculated/determined masses of PNA monomer. 

Compound 4 (Fmoc-PNA-U-OH) 

HRMS ESI: m/z [C25H24N4O7] 

Calculated: 492.1645 [M+H]+, measured: 493.17215. 

Supplementary figure 8: Structures, purity and calculated/determined masses of PNA amide variants. 

Compound 11 

HRMS ESI: m/z [C13H17N7O4] 
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Calculated: 335.1342 [M+H]+, measured: 336.14163. 

 

Compound 12 

HRMS ESI: m/z [C13H17N7O5] 

Calculated: 351.1291 [M+H]+, measured: 352.13655. 
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7.4.3. hnRNP A2/B1 peptide purity data 

Supplementary figure 9: Purity data of macrocyclic peptides selected from SICLOPPS screening. 
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Supplementary figure 10: Purity data of the macrocyclic peptides from alanine scanning of A5-1. 
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7.4.4. Mass photometry figures 

 

Supplementary figure 11: Mass photometry data observed from the measurement of MBP-tagged hnRNP A2/B1 

(residues 1-251, MW: 70.306 kDa) protein with RNA1. 50 nM protein was mixed with 50 nM RNA. The measurement 

was taken after 30 min incubation at rt. 

 

 

 

 

 

 

 

 

Supplementary figure 12: Mass photometry data observed from the measurement of MBP-tagged hnRNP A2/B1 

protein (residues 1-251, MW: 70.306 kDa) with RNA1. 50 nM protein was mixed with 12.5 nM RNA. The measure-

ment was taken after 30 min incubation at rt. 

7.4.5. Used RNAs 

Supplementary table 1: RBM20 RNAs  

Name Sequence Modification 

R1 GUCUUAA 3'FAM 

R2 GUCUUAGUCUUAGUCUUA 3'FAM 

Poly A AAAAAAA 3'FAM 

 

Supplementary table 2: hnRNP A2/B1 RNAs 

Name Sequence Modification 

8mer AGGACUGC 3'FAM 

10mer AAGGACUAGC 3'FAM 
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10mer AAGGACUAGC 5'FAM 

RNA1 AAGGACUAGC 3'Cy5 

Poly pyrimidine AUUUUUCCAUCUUUGUAUC 3'FAM 

Poly C CCCCCCCC 3'FAM 

Poly C CCCCCCCC 5'FAM 

Poly C CCCCCCCC              3'Cy5 

RNA2 AAGGACUAGCGGGAAGGACUAGC 5'FAM 

 

7.4.6. CD data 
Supplementary figure 13: CD chromatogram of peptide mutations of stapled peptides. 

 

Supplementary table 3: Percentage of helicity of mutated stapled peptides. 

 

 

 

 

 

Peptide % Helicity 

RB18 6.66 

RB19 12.34 

RB20 

RB21 

14.56 

13.18 


