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Abstract  

 

RNA binding proteins are crucial effectors of gene expression. Post-transcriptional gene 

regulation is defined by specific RNA-protein interactions and to understand the function of an 

RBP, it is important to know its specific RNA targets. Many technologies have been developed 

for the identification of recognition motifs, such as RNA Bind-n-Seq (BNS). RNA BNS so far was 

exclusively conducted with purified RBPs. Recombinant protein purification can often be 

challenging, and RNA affinities can be divergent because of purification -related truncations or 

the missing physiological context of an RBP candidate. Furthermore, RNA binding functions 

might be restricted to developmental stages or specific tissues. Therefore, we modified the 

original RNA BNS protocol from Lambert et al. (2014), introducing a second target RNA 

selection step. By increasing the specificity and resolution of target RNA selection, like in 

SELEX, we show that target RNA motifs can also be identified  with endogenous RBPs and 

protein complexes, immunoprecipit ated from cell lysates. We further  demonstrate a 

quantification approach, that allows us to define an optimal concentration range of 

immunoprecipitated RBPs in our RNA BNS experiments. Improvements in our sample 

preparation finally  allowed us to identify target RNA motifs of different RBPs from most 

various sources, including mouse brain and liver tissues. Since including the physiological 

context of an RBP in RNA BNS, we refer to this adapted method as endogenous RNA BNS (endo-

bind-n-seq). 

The Enhancer of decapping 4 (EDC4) is a protein that is highly involved in mRNA metabolism 

and P-body formation. It appeared as a potential new RBP candidate during high-throughput 

screenings of the last decade but never has been examined for mediating RNA contacts in detail. 

In this thesis, we examined the potential RNA binding function of EDC4 and tested its N-

terminal WD40 domain as putative RBD. We aimed to recapitulate the screenings in more 

detail, including different EDC4 constructs. Thus, we performed a pull-down approach on 

immobilized pre-miRNA hairpins, testing for RNP complex formation with RNAs of known 

sequences, and performed CLIP experiments to investigate the interaction of EDC4 with 

endogenous RNAs of unknown sequences. By applying our optimized endo-bind-n-seq 

approach on immunoprecipitated EDC4 and its isolated WD40 domain, we identified  a putative 

RNA binding motif of EDC4 and identif ied the EDC4 WD40 domain as a specific interactor of 

canonical GU- and AU-rich RNA motifs that are typically found as regulatory elements in the σȭ 

UTR of mRNAs. "ÁÓÅÄ ÏÎ !ÌÐÈÁ&ÏÌÄ ÐÒÅÄÉÃÔÉÏÎÓ ÁÎÄ ÔÈÅ ÅØÁÍÐÌÅ ÏÆ ÅÁÒÌÉÅÒ ÓÏÌÖÅÄ ɼ-propeller 

RNP complex structures, we finally hypothesize about a potential RNA binding mode of the 

EDC4 WD40 domain as a new RBD. 
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1 Introduction  
 

1.1 RNA binding proteins  

1.1.1 RBPs contribute to all steps of RNA metabolism  

Proteins are the molecular instruments in all kingdoms of life, that orchestrate the diverse and 

complex processes required for the growth, functioning, and survival of all living organisms. 

Francis Crick described early in 1958 and more detailed in 1970 the Central Dogma of 

Molecular Biology (Crick, 1970), in which he postulated the importance of the transfer of 

genetic information between all three, DNA, RNA, and proteins. One distinct set of molecular 

instruments, that enable parts of this informational transfer , are RNA binding proteins (RBPs). 

RBPs recognize their specific RNA substrates through distinct RNA binding domains (RBDs) to 

form ribonucleoprotein (RNP) complexes. In turn, the resulting RNP complexes are involved in 

the post-transcriptional gene regulation and coordinate the biogenesis, processing, function, 

and decay of their interacting RNA compounds (reviewed by Gerstberger et al., 2014). 

Accordingly, RNA molecules play critical roles in most biological processes, and the landscape 

of existing RNA species is highly diverse. While in bacteria and archaea, one essential RNA 

polymerase (Pol) protein exists to transcribe RNA molecules from the DNA, eukaryotes possess 

three different RNA polymerases (Vannini and Cramer, 2012; Werner and Grohmann, 2011). 

Pol I produces ribosomal RNAs (rRNAs), Pol II transcribes messenger RNAs (mRNAs), small 

nucleolar and nuclear RNAs (snoRNA and snRNA), microRNAs (miRNAs) and long non-coding 

RNAs, and Pol III is responsible for the transcription of transfer RNAs (tRNAs) and other 

distinct  RNA species (White, 2011; Liu et al., 2013; Viktorovskaya and Schneider, 2015). In 

plants, two additional DNA-dependent RNA polymerases (Pol IV and Pol V) have evolved as 

derivatives of Pol II, which transcribe non-coding RNAs for gene-silencing processes, to 

regulate plant development and genome defense (Haag and Pikaard, 2011). 

The existence of specific RNA polymerases and the broad range of RNA products already imply 

the presence of numerous RBP factors that are involved in the regulation of all aspects of the 

individual RNA life cycles. In humans, approximately 1400 RBPs have been estimated to 

ÉÎÔÅÒÁÃÔ ×ÉÔÈ ÐÏÌÙÁÄÅÎÙÌÁÔÅÄ 2.!Óȟ Á ÆÅÁÔÕÒÅ ÔÙÐÉÃÁÌÌÙ ÆÏÕÎÄ ÁÔ ÔÈÅ σȭ ÅÎÄ ÏÆ Í2.!Ó (Hentze et 

al., 2018). More recently, the landscape of RBPs has been examined on a broader view, further  

encompassing interactions also with  total RNA. By this, an estimated total of around 4260 RBPs 

has been annotated for human (Gebauer et al., 2021). In plants, more than 1800 protein 

candidates have been identified as putative RBPs, and with the increasing number of methods 

for investigating RNA-protein interactions, many more RBPs are expected to be identified soon 
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(Burjoski and Reddy, 2021; Marondedze, 2020). Accordingly, RNP complexes appear to be 

ubiquitous in all organisms, which emphasizes their crucial role in the control and functional 

regulation of their specific RNA substrates. 

1.1.2 The different ways of target RNA identification  

To understand the biological function of an RBP and be able to recapitulate its role in 

development and disease, it is essential to know its specific RNA substrates. Therefore, many 

approaches have been developed to identif y the specific RNA targets of an RBP. RNA 

Immunoprecipitation  and Sequencing (RIP-Seq) was one of the first methods used to isolate 

RNP complexes from cell lysates with  specific antibodies against an RBP of interest, followed 

by the extraction and sequencing of the interacting RNA compounds (Selth et al., 2009; Zhao et 

al., 2010). To subsequently identify putative  target RNAs of an RBP from a sequencing dataset, 

sequencing reads can either be aligned to the genome with algorithms such as Bowtie 

(Langmead et al., 2009), or RNA motifs can be directly extracted by applying software like 

MEME (Bailey et al., 2015) or Weeder (Pavesi et al., 2004). The formation of RNP complexes in 

vivo strongly depends on physiological interactions, sub-cellular localizations, and the 

corresponding concentrations of involved molecules. Indeed, with  the example of mammalian 

ELAV/Hu family RNA binding protein HuR, RNP complexes were found to be prone to 

artificially reassociate after cell lysis. Suggesting, that RNP complexes might not accurately 

reflect an in vivo situation upon immunoprecipitation due to subsequent reassortment events 

after the lysis of cells (Mili and Steitz, 2004). To overcome such discrepancies, and to reflect 

the actual protein-RNA interactions of an intact cell, RIP has been coupled to ultraviolet (UV) 

light irradiation o f cells and tissues prior  to lysis (Ule et al., 2005). This UV Crosslinking and 

Immunoprecipitation (CLIP) approach relies on the formation of UV-induced covalent bonds 

exclusively between proteins and RNAs that are in direct contact with each other (Huppertz et 

al., 2014; König et al., 2012; Ule et al., 2005, 2003). In addition, the introduction of a partial 

digestion step of crosslinked RNAs in immunoprecipitated RNP complexes further  enabled the 

approximation of specific RNA binding sites of the examined RBP. Consequently, the accuracy 

of identified target RNA motifs significantly improved with  CLIP compared to RIP approaches. 

By further combining CLIP with high-throughput sequencing (HITS-CLIP), the method has 

become a standard approach for in vivo target RNA identification of RBP candidates, also on a 

genome-wide scale (König et al., 2012; Licatalosi et al., 2008; Yeo et al., 2009). Over the years, 

numerous derivatives of CLIP have been developed to further improve  the target RNA 

identification of the many existing RBP candidates (Figure 1.1). On the one hand, the 

sequencing library preparation has been optimized by individual nucleotide resolution CLIP 
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(iCLIP), since reverse transcription of copy DNA (cDNA) libraries  for sequencing tends to 

prematurely terminate at crosslinked nucleotide positions, which still contain covalently 

bound peptide residues after protease digestion steps (Huppertz et al., 2014; König et al., 

2010). Follow-up strategies such as enhanced CLIP (eCLIP) or infrared CLIP (irCLIP) aimed at 

further improving the library preparation and the RNP complex purification from cell lysates 

(Van Nostrand et al., 2016; Zarnegar et al., 2016). On the other hand, crosslinking efficiencies 

were improved by treating cells with photoactivatable nucleotide analogs, such as 4-

thiouridine (4 -SU) or 6-thioguanine (6-SG), which are incorporated into nascent transcripts 

before crosslinking in photoactivatable ribonucleoside-enhanced CLIP (PAR-CLIP) (Hafner et 

al., 2010). CLIP is constantly being developed and many variations already exist, yet many 

others are still likely to evolve to further shed light on the diversity of existing RNP complexes 

in their  physiological context of a cell (Bae et al., 2020; Hafner et al., 2021; Knörlein et al., 2022; 

Sharma et al., 2021). 

 

 

Figure 1.1: Examples of existing CLIP variants and associated RNP complex treatment.  Indicated CLIP-based 

methods vary in different steps of cell and library preparation. Cells are either irradiated with UVC (254 nm) or after 

the incorporation of photoactivatable nucleotide analogs (4SU, optional 6SG) with UVA/B (365 nm). Thereby, 

covalent crosslinks are generated between RBPs and their directly bound RNA substrates, which preserve the in 

vivo RNP interaction for library preparation. Figure from (Hafner et al., 2021) . 

Besides such in vivo experiments, also in vitro methods have been developed to identify  specific 

RNA binding motifs of a given RBP. Quantitative approaches like electrophoretic mobility shift 

assay (EMSA) or isothermal calorimetry (ITC) require prior knowledge about target RNA 

motifs and therefore are rather used to confirm potential RNP complex interactions. However, 

to identify a specific binding motif , RNA-protein interactions can be assayed in vitro by 

Systematic Evolution of Ligands by Exponential Enrichment (SELEX) based strategies. In the 

first  SELEX experiments, random pools of RNA oligonucleotides were repeatedly incubated 

with different ligands in several rounds of binding, to identify  specific molecular interactions. 

Short ly after, the method was further expanded towards randomized single-stranded DNA 

(ssDNA) pools (Ellington and Szostak, 1992, 1990; Tuerk and Gold, 1990). Since then, SELEX 
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has become a popular tool for identifying  short and complex, three-dimensional RNA and 

ssDNA structures that can specifically bind to their  ligands. Strikingly, these so-called aptamers 

can bind to a broad variety of ligands, including molecules such as proteins, co-factors or metal 

ions, and even whole cells or viruses (Sakamoto et al., 2018; Stoltenburg et al., 2007). To focus 

on the efficient identification of an RBPȭÓ target RNA motif, the SELEX approach has been 

further adapted. In RNAcompete, recombinantly purified RBPs are immobilized for selective 

binding to their target RNA substrates from an in vitro transcribed RNA pool. After one 

selection round, protein-bound RNAs are eluted from the formed RNP complexes and analyzed 

on a microarray, that reflects all input sequences as a reference (Ray et al., 2013, 2009). This 

high-throughput technique was further optimized with  the SELEX-related RNA Bind-n-Seq 

(BNS) approach (Lambert et al., 2014). In this method, synthetic randomized input RNA pools 

are incubated with different amounts of immobilized, recombinant RBPs for interaction with 

their target RNAs (Figure 1.2). After one round of selection, the bound targets are isolated from 

RNP complexes and analyzed by deep sequencing. Since yielding a comprehensive profile of 

RNA-protein interaction s, RNA BNS has become a widely adopted protocol in the field for the 

in vitro identification  and analysis of target RNA motifs (Lambert et al., 2015; Van Nostrand et 

al., 2020; Jouravleva et al., 2022). 

 

 

Figure 1.2: Overview of the e xperimental RNA BNS approach established by Lambert et al. (2014) . Varying 

amounts of tagged, recombinant RBP are incubated with fixed concentrations of a synthetic, randomized RNA input 

pool. The RBP is pulled down through its fused streptavidin binding peptide (SBP)-tag, using magnetic streptavidin 

beads, and associated RNAs are cloned into a library for sequencing analysis. In parallel, the input RNA pool is cloned 

and sequenced for comparison with RBP enriched results. Figure from (Lambert et al., 2014) . 

1.1.3 Many RNA binding domains are well characterized, many are not - yet 

Despite the high abundance of identified RBP candidates, the number of known RBDs is limited. 

In fact, some time ago, only a few canonical domains were considered as RBDs, like the RNA 

recognition motif (RRM), K-homology (KH) domain, cold-shock domain (CSD), or zinc finger 

motif (ZF) (Lunde et al., 2007). Furthermore, structural analysis of RNP complexes has 
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emphasized over time, that individual RBDs recognize rather short RNA motifs, that mainly 

comprise between 3-7 nucleotides (Hennig et al., 2014). Accordingly, the question arises, how 

RBPs can provide their  highly specific and well-regulated functions while maintaining such a 

broad versatility ? 

Different RBPs can recognize similar RNA motifs, but their  individual preference for additional 

features like secondary structure elements, bipartite motifs, and flanking nucleotide positions 

was found to significantly contribute to the formation of specific RNP complexes (Dominguez 

et al., 2018). This overarching mode of target recognition is attributed to the fact, that most 

RBPs contain more than one RBD, resulting in a cooperative binding mode of the domains 

(Hennig et al., 2014; Lunde et al., 2007). Individual RBDs can bind to both, single-stranded RNA 

(ssRNA) or double-stranded RNA (dsRNA) through specific molecular interactions between 

the amino acid residues of the RBD and the bases, sugar moieties, or backbone of the target 

RNA (Corley et al., 2020). Furthermore, RNA base stacking interactions with  aromatic amino 

acid residues of an RBD ɉʌ-stacking) present a common feature of specific RNP complex 

formations (Corley et al., 2020; Knörlein et al., 2022; Shiels et al., 2002; Wilson et al., 2016). By 

combining two or more RBDs, these specific interaction modes can be expanded, and hence, 

exploited for more complex RNP formations and functions. For example, longer stretches of 

specific RNA sequences can be recognized through extended RNA binding surfaces. 

Cooperative RBDs can furthermore  adopt structural rearrangements upon the interaction with 

their RNA substrates, as it  has been described for the human pre-mRNA splicing factor U2 

snRNP auxiliary factor (U2AF65) (Hennig et al., 2014; Hennig and Sattler, 2015; Mackereth et 

al., 2011). In addition, on the example of Drosophila Upstream of N-Ras (Unr), a recent study 

showed, that intramolecular interactions between RBDs that directly  contact the RNA, and 

RBDs that do not contact the RNA (pseudo-RBDs), can further define the formation of specific 

RNP complex (Hollmann et al., 2020). Unr contains five canonical ssRNA-binding CSDs and four 

additional pseudo-RBD CSDs. Those were found to indirectly  contribut e to the recognition of 

RNA tertiary structures , by specifying the multi-domain organization of the RNA contacting 

CSDs within  Unr. Hence, the specificity of an RBP for target RNA recognition significantly 

increases along with an increasing number of cooperatively acting RBDs. RNA binding 

specificities can also be influenced by posttranslational modifications (PTMs) of RBDs. PTMs 

like glycosylation, phosphorylation, or methylation can provoke reprogramming of the 

biophysical features of a protein. This has been thoroughly investigated for many proteins in 

the context of structural features, localization, signaling, or protein-protein interactions 

(Pejaver et al., 2014; Y.-C. Wang et al., 2014). However, PTMs were not in the focus for RNA 

interactions in the past and only recently by the effort of two groups, a broad database about 

PTMs on RNA binding proteins has been released (England et al., 2022). 
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For a long time, the number of considered RBDs was highly restricted to the known, Ȭclassicalȭ 

domains (Figure 1.3). However, following genome-wide RNA interactome capture studies, the 

view on protein folds involved in RNP complex formation significantly expanded. Many Ȭnon-

classicalȭ and previously unknown RBDs were found to directly contact RNAs (Baltz et al., 2012; 

Beckmann et al., 2015; Castello et al., 2012). Some of these new interactors have been already 

confirmed as RBDs in follow-up studies, such as ÔÈÅ ɼ-propeller structures NHL (NCL-1, HT2A, 

Lin-41) and WD40 (Jin et al., 2016, 2016; Loedige et al., 2015, 2014; Salerno-Kochan et al., 

2022; Sun et al., 2018). Notably, however, not only globularly structured RBDs are involved in 

RNP complex formation. Also, intrinsically disordered regions (IDRs), lacking stable tertiary 

structures in their native states, have been identified as ubiquitous features of many RBPs, 

being directly involved in mediating RNA-protein contacts (Castello et al., 2016; Järvelin et al., 

2016). Thus, considering the expanded diversity of known RBDs, a multitude of RNA binding 

modes now exists for further investigations on new RNP complexes and their specific 

physiological functions. 

 

 

Figure 1.3: MRNA interactome capture s tudies unravel many canonical and non -canonical RBDs. Numbers of 

proteins identified during mRNA interactome capture studies in HeLa cells, containing the indicated canonical 

(classical, dark blue) and non-canonical (non-classical, light blue) RBDs. Respective numbers of proteins identified 

in HeLa whole-cell lysates are indicated in grey. Figure adapted from (Castello et al., 2012) . 

1.1.4 The ɼ-propeller domain  structures  NHL and WD40 as new RBDs 

4ÈÅ ɼ-propeller domain is a highly structured protein fold that is found in all kingdoms of life 

(Hu et al., 2018, 2017; Jing et al., 2002; Pereira and Lupas, 2022; Stirnimann et al., 2010; Xu 

and Min, 2011). ɼ-propellers have a funnel-like shape (toroidal) and are built from sequence 

repeats that typically comprise 40-50 amino acid residues. These repeats are arranged into 

four-stranded anti-ÐÁÒÁÌÌÅÌ ɼ-sheet units, referred to as Ȭbladesȭ, which radially orient around 
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a central symmetry axis, to create the domain-specific Ȭpropellerȭ structure with a central pore 

(Figure 1.4A). Whit this well-defined globular architectureȟ ɼ-propellers can be characterized 

by four distinct surface areas for specific interactions: the narrower top surface, the wider 

bottom surface, the circumference, and the central pore (Figure 1.4B) (Schapira et al., 2017; 

Stirnimann et al., 2010). However, it was only with the advent of RNA interactome studies in 

2012, ÔÈÁÔ ɼ-propeller domains were first suggested as non-canonical RBDs (Baltz et al., 2012; 

Castello et al., 2012). Until then, they were exclusively considered as versatile binding 

platforms for proteins, peptides, and DNA (Stirnimann et al., 2010; Xu and Min, 2011). While 

ÔÈÅ ÏÖÅÒÁÌÌ ÁÒÃÈÉÔÅÃÔÕÒÅ ÏÆ ɼ-propeller domains is highly conserved, sequence repeats barely 

share overall similarities. In addition, the number of blade units was found to vary between 

four and ten blades (Paoli, 2001), resulting in a large variety of functions. One of the most 

prevalent representatives ÏÆ ɼ-propeller domains is the WD40 domain family, which was 

predicted to be among the ten most abundant protein domains in eukaryotes (Stirnimann et 

al., 2010). WD40 domains were first described as sequence repeats containing 44-60 amino 

acids in bovine b-transducin (Fong et al., 1986). Following crystallization studies, a b-propeller 

fold with seven blades was observed, which frequently terminated with the name-giving 

tryptophan-aspartate (WD) dipeptide (Sondek et al., 1996). !ÎÏÔÈÅÒ ÃÏÍÍÏÎ ɼ-propeller 

domain, typically composed of six blade units of around 44 amino acids, is the NHL domain 

family. This domain was named after the three proteins NCL-1, HT2A, and LIN-41, in which it 

was first identified (Frank and Roth, 1998; Fridell et al., 1995; Slack et al., 2000; Slack and 

Ruvkun, 1998). 3ÅÖÅÒÁÌ ÏÔÈÅÒ ɼ-propeller families have evolved, differing in their  individual  

blade unit compositions. Thus, the highly symmetric protein domain family has become a focus 

of studies on structural plasticity, the evolution of new peptides, and their versatile functions 

(Afanasieva et al., 2019; Mylemans et al., 2021). 

 

 

Figure 1.4: Typical s tructural features of WD40 ɼ-propeller s as described by Stirnimann et al. (2010) . (A) 

Top view on a typical WD40 domain fold, usually composed of seven individual blade units (PDB-ID: 2H68). ɼ-

propeller blades commonly consist of four-stranded anti-pÁÒÁÌÌÅÌ ɼ-sheets, ÏÆ ×ÈÉÃÈ ÔÈÅ ÏÕÔÅÒÍÏÓÔ ɼ-strand (blade 
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7, bÌÕÅɊ ÂÅÌÏÎÇÓ ÔÏ ÏÎÅ 7$τπ ÓÅÑÕÅÎÃÅ ÒÅÐÅÁÔȟ ÁÎÄ ÔÈÅ ÆÏÌÌÏ×ÉÎÇ ÔÈÒÅÅ ɼ-strands belong to the previous WD40 

sequence repeats (blade 7, red). (B) Side view on the typical funnel-like shape of WD40 domains. The narrow part 

is commonly referred to as the top surface, and the wider part as the bottom surface. The main chain is colored by 

a gradient, starting in blue at the N-terminus and ending in red at the C-terminus. 

The first RNP structure ever solved for a b-propeller protein was in our lab on the NHL domain 

of the Drosophila protein Brain tumor (Brat)  (Loedige et al., 2015). Brat was shown to be 

involved in neurogenesis as well as abdomen development in early embryos, through 

translational repression of the hunchback mRNA (Lee et al., 2006; Sonoda and Wharton, 2001). 

Only after its identification as independent RBP, mRNAs were found to be post-

transcriptio nally regulated by Brat. Thereby, the positively charged top surface of the NHL 

domain was shown to specifically recognize its ÔÁÒÇÅÔ ÓÓ2.! ÍÏÔÉÆÓ ÃÏÎÔÁÉÎÉÎÇ ÁÎ Ȭ55'55'ȭ 

sequence (Loedige et al., 2015, 2014). In more detail, the RNA motif was bound within three 

pockets across the NHL top surface, that were evenly located between two of the six NHL 

domain blades respectively (Figure 1.5A). RNA recognition was supported through hydrogen 

bonds as well as base-stacking interactions between aromatic residues of the b-propeller 

surface and the individual RNA bases. In addition, ionic interactions with the RNA backbone 

contributed to substrate binding (Loedige et al., 2015). Following these findings, further NHL 

proteins were identified as direct interactors of their RNA substrates. Similarly to Brat, the 

Drosophila protein Meiotic P26 (Mei-P26), which is also involved in cell fate regulation, was 

shown to specifically recognize an U-rich ssRNA target motif (Salerno-Kochan et al., 2022). 

Furthermore, RNP complex formation with dsRNA substrates has been reported for the NHL 

domain in C.elegans LIN-41, a protein involved in developmental transitions and 

reprogramming events (Kumari et al., 2018). LIN-41 was found to specifically recognize a 

structured stem-loop element within its target RNA, emphasizing the possible versatility of 

target recognition modes within  the same domain family. 

After the report of the NHL RNP complex structure in Brat, the structure of the WD40 RNP 

complex in the SMN (survival of motor neuron) complex subunit Gemin5 was subsequently 

solved (Jin et al., 2016). Gemin2-8 proteins are part of the SMN complex, which is required for 

snRNP assembly and hence are essential for splicing (reviewed by Li et al., 2014). Gemin5 was 

shown to be the snRNA interacting SMN complex component, and a region within its annotated 

WD40 repeats was found to be crucial for RNP complex formation (Lau et al., 2009). By solving 

the structure of the Gemin5 RNP complex (Figure 1.5B), Jin et al. (2016) demonstrated for the 

first time a mechanism that involved two b-propeller surfaces in the base-specific recognition 

of an RNA substrate. Thereby, a broad positively charged cleft in the interface of the two 

tandem WD40 domains served as a binding platform for the RNA. Interestingly, RNA-

contacting amino acid residues were mainly located on loop regions of the interacting protein 
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surface between b-strands. Furthermore, like the NHL domain of Brat, base-stacking 

interactions together with hydrogen bond formations were responsible for the specific 

recognition of the target RNA sequence. Later, additional WD40 family proteins were found in 

direct contact with their RNA substrates, however with differing binding modes. The WD40 

domain of the cleavage and poly-adenylation specificity factor (CPSF) complex subunit WDR33 

(WD repeat-containing protein 33) was found to directly interact with the bases U3-A6 of the 

mRNA poly-adeÎÙÌÁÔÉÏÎ ÓÉÇÎÁÌ Ȭ!!5!!!ȭ at the circumference. RNP complex formation was 

thereby supported by the zinc finger protein CPSF-30 subunit of the CPSF complex (Figure 

1.5C) (Sun et al., 2018). With this, the CPSF complex ÃÏÎÔÒÉÂÕÔÅÓ ÉÎ ÍÁÍÍÁÌÓ ÔÏ ÔÈÅ σȭ-end 

processing of pre-mRNAs, of which poly-adenylation is an important step in mRNA maturation 

next to cleavage by the hexameric cleavage stimulation factor (CstF) (Takagaki and Manley, 

2000). WDR33 recognizes its target RNA motif through specific base-stacking interactions, 

however, unlike b-propellers in Gemin5 or Brat, without supporting hydrogen bond 

formations. The revelation of the diverse and specific ɼ-propeller RNP complex structures 

emphasized their versatility in mediating RNA interactions. With the high abundance of the 

domain family, several other WD40, NHL, ÁÎÄ ÏÔÈÅÒ ɼ-propeller domains likely  remain 

overlooked as potential RBDs, offering an open field for further exploration s. 

 

 

Figure 1.5: RNP complex structures of th e NHL and WD40 domains. (A) Ribbon model RNP structure of the 

BRAT NHL domain (blue, top view) in complex with an Ȭ55'55'ȭ 2.! ÍÏÔÉÆ ɉÇÒÅÙɊ ɉ0$"-ID: 4ZLR). (B) Ribbon 
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model RNP structure of the two GEMIN5 WD40 domains (dark blue, top view, and light blue, side view) in complex 

×ÉÔÈ ÁÎ Ȭ!55555'ȭ 2.! ÍÏÔÉÆ ɉÇÒÅÙɊ ɉ0$"-ID: 5H1L). (C) Ribbon model of the WDR33 WD40 domain (blue, bottom 

view) and the zinc finger (ZF) protein CPSF-σπ ɉÇÒÅÅÎɊ ÏÆ ÔÈÅ #03& 2.0 ÃÏÍÐÌÅØ ÉÎ ÃÏÎÔÁÃÔ ×ÉÔÈ ÁÎ Ȭ!!5!!!#ȭ 2.! 

motif (grey) (PDB-ID: 6dnh). Blade units of ÔÈÅ ɼ-propeller structures were numbered in sequential order. 

 

1.2 The end of an mRNA lifetime  

1.2.1 Eukaryotic mRNA transcription and function in a nutshell  

The transcriptomic landscape of a cell is a determinant of its function and mRNAs serve as the 

molecular messengers, that carry the genetic information  from the DNA to the protein 

synthesis machinery, the ribosome (Morris et al., 2021). To ensure precise gene expression, 

the process of mRNA transcription by RNA Pol II in the nucleus is tightly regulated. It  starts 

with the assembly of a pre-initiation complex, consisting of several initiation factors, at the 

promoter site of a gene, positioning Pol II at the transcription start site, followed by 

transcription initiation  and elongation. Upon reaching the ÇÅÎÅȭÓ termination signal, Pol II 

dissociates from the DNA and releases the transcribed precursor mRNA molecule (pre-mRNA) 

(Cramer, 2019). During transcription, the pre-mRNA undergoes a series of modification steps 

(Figure 1.6). The final protein coding sequence (CDS) of an mRNA is defined through a crucial 

process known as splicing. This involves the action of a large multi -subunit assembly, mainly 

composed of five snRNA containing RNP complexes, known as the spliceosome. In canonical 

splicing, intronic sequence regions (introns) are excised from the pre-mRNA, and the 

remaining, protein-coding sequence blocks (exons) are precisely ligated to form the coherent 

protein CDS (Brody and Abelson, 1985; Gehring and Roignant, 2021; Padgett et al., 1984; 

Wilkinson et al., 2020).  Shortly after transcription initiation, the nascent pre-mRNA undergoes 

ÁÎ ÅÓÓÅÎÔÉÁÌ ÍÏÄÉÆÉÃÁÔÉÏÎ ÁÔ ÔÈÅ υȭ ÅÎÄȟ in which a protective ȬÃÁÐȭ ÓÔÒÕÃÔÕÒÅ is added. This cap 

typically consists of a N7-methylguanosin (m7G) moiety and serves multiple functions: It 

shields the RNA from exonucleolytic degradation, but also contributes to the regulation of pre-

mRNA splicing, the export of the mature mRNA into the cytoplasm, and the initiat ion of protein 

translation by the ribosome (Galloway and Cowling, 2019; Ramanathan et al., 2016). 

Throughout these processes, the m7G cap is specifically recognized by protein factors, that 

constitute either the cap-binding complex (CBC) in the nucleus or the complex of eukaryotic 

initiation  factor 4F (eIF4F) in the cytoplasm (Izaurralde et al., 1994; Marcotrigiano et al., 1997; 

Visa et al., 1996). Once arrived at the transcription  termination signal, the pre-mRNA is 

specifically cleaved at a poly-adenylation signal (PAS) by the cooperative action of CPSF, CstF 

and the cleavage factors I and II (CFI, CFII), and subsequently the σȭ ÅÎÄ gets poly-adenylated 

by a poly(A) polymerase (PAP) (Mitschka and Mayr, 2022; Takagaki et al., 1989; Zhang et al., 
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2020; Zhao et al., 1999). The resulting poly(A) tail further protects the mRNA from degradation 

through the interaction with poly(A) binding proteins (PABPs), both, in the nucleus and the 

cytoplasm (Nicholson-Shaw et al., 2022). Cytoplasmic PABPs can furthermore engage with the 

translation initiation factor complex ÔÈÁÔ ÉÓ ÂÏÕÎÄ ÔÏ ÔÈÅ υȭ ÃÁÐȟ ÆÏÒÍÉÎÇ Á closed-loop structure 

of the mRNA. This interaction not only enhances the translation efficiency but furthermore 

contributes to the mRNAȭÓ stability (Vicens et al., 2018). PAS is located in the σȭ ÕÎÔÒÁÎÓÌÁÔÅÄ 

region (UTR) of the pre-mRNA, downstream from the CDS. In the presence of multiple PASs, a 

transcript  can undergo alternative polyadenylation, resulting in different  mRNA isoforms with  

varying σȭ 542 lengthsȢ 4ÈÅ σȭ 542 ÏÆ ÁÎ Í2.! ÉÓ ÉÎÖÏÌÖed in several regulatory functions, 

making alternative polyadenylation a key determinant for mRNA stability, localization, and 

translation (Tian and Manley, 2017). The successful maturation of an mRNA is marked by 

specific interactions with various RBPs, ÓÕÃÈ ÁÓ ÔÈÅ #"# ÁÔ ÔÈÅ υȭ ÅÎÄȟ ÎÕÃÌÅÁÒ 0!"0 ÁÔ ÔÈÅ σȭ 

end, and the formation of exon-junction complexes (EJC) resulting from splicing events (Singh 

et al., 2015). Together with other RBPs, the mRNA-protein (mRNP) complex is recognized by 

the transcription and export complex (TREX). This interaction facilitates the loading of the 

mRNA export factor NXF1-NXT1 to transfer the mature mRNA into the cytoplasm (Cheng et al., 

2006; Vorländer et al., 2022). Once in the cytoplasm, mRNAs are usually engaged by the 

ribosome for protein translation until they are no longer needed and face mRNA decay. The 

ÒÉÂÏÓÏÍÅȭÓ ÓÍÁÌÌÅÒ ÓÕÂÕnit  thereby decodes the mRNA, while its larger subunit translates the 

mRNA into protein . Thereby, it catalyzes the peptide bond formation between mRNA-encoded 

amino acids, which is how the mRNA transcriptome defines the proteome and function of a cell 

(Klinge and Woolford, 2019; Monaghan et al., 2023; Sonneveld et al., 2020).  

 

 

Figure 1.6: Overview of the mRNA transcription in the nucleus.  RNA Pol II synthesizes pre-mRNA, which soon 

ÉÓ ÃÁÐÐÅÄ ÁÔ ÔÈÅ υȭ ÅÎÄ and bound by CBC. Introns are excised from the nascent transcript and the resulting splice-

junctions are bound by the exon-junction complex (EJC). At the termination signal, the mRNA is cleaved off from Pol 

II and poly-ÁÄÅÎÙÌÁÔÅÄ ÂÙ ÔÈÅ ÃÁÎÏÎÉÃÁÌ σȭ ÅÎÄ Ðrocessing machinery. The poly(A) tail is bound by nuclear poly-A 

binding protein (PABPN1), and together with other interacting RBPs the mRNP is recognized by the transcription 

and export complex (TREX) which licenses the export of the mRNA to the cytoplasm by loading the nuclear export 

factor (NXF1-NXT1) on the mRNA. Figure from (Vorländer et al., 2022) . 
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1.2.2 Eukaryotic mRNA decay 

The fate of an mRNA in the cytoplasm is regulated by numerous interacting protein factors that 

recognize specific sequence elements or modifications within the transcript  and cover the RNA 

body. Binding of eIF4E  to ÔÈÅ υȭ ÅÎÄ ÐÒÅÖÅÎÔÓ the removal of the mRNA cap, a process referred 

to as decapping, thus protecting the mRNA from degradation by υȭ-σȭ ÅØÏÒÉÂÏÎÕÃÌÅÁÓÅ ρ ɉ82.ρɊ 

(Vilela et al., 2000). In addition , eIF4E was found to be involved in the localization of mRNPs 

into dynamic cytoplasmic granule structures (Andrei et al., 2005). These structures, known as 

processing bodies (P-bodies), consequently sequester the mRNA in a translationally inactive 

state (Räsch et al., 2020; Schütz et al., 2017). The mRNA σȭ ÅÎÄ ÉÓ ÐÒÏÔÅÃÔÅÄ by cytoplasmic 

PABPs that are bound to the poly(A) tail , which can vary in length and further control gene 

expression (Passmore and Coller, 2022). So how is the mRNA getting degraded? 

One way to overcome the protective function of these terminal mRNP complex structures is by 

endonucleolytic cleavage, resulting in unprotected RNA fragments that can subsequently be 

exonucleolytically degraded. This mechanism is used for example during RNA interference 

(RNAi), in which an RNA-induced silencing complex (RISC) sequence specifically cleaves its 

target RNA with an endonuclease component of the Argonaute protein family (Neumeier and 

Meister, 2021). Also, mRNA surveillance pathways like nonsense-mediated decay (NMD) apply 

endonucleolytic cleavage to initiate the turnover  of an aberrant transcript . In NMD, the 

endonuclease SMG6 cleaves mRNAs, carrying a premature termination codon (PTC), to prevent 

the synthesis of truncated and dysfunctional proteins (Kurosaki et al., 2019). 

However, the major pathway of cytoplasmatic mRNA decay in eukaryotes follows a sequential 

mechanism that targets the protective terminal RNA structures. Commonly referred to as 

deadenylation-dependent mRNA decay (DDMD), it initiates  with  the deadenylation of the 

mRNA σȭ end (Figure 1.7). Deadenylation mainly occurs through a two-step mechanism, in 

which the poly(A)-nuclease (PAN) complex PAN2-PAN3 first trims long poly(A) tails to roughly 

110 nucleotides, followed by almost complete tail removal through the second, processive 

deadenylase complex CCR4-NOT (Passmore and Coller, 2022; Yamashita et al., 2005; Yi et al., 

2018)Ȣ 3ÕÂÓÅÑÕÅÎÔÌÙȟ Ô×Ï ÁÌÔÅÒÎÁÔÉÖÅ ÐÁÔÈ×ÁÙÓ ÃÁÎ ÔÁËÅ ÐÌÁÃÅȡ )Î υȭ-σȭ ÍÅÄÉÁÔÅÄ Í2.! ÄÅÃÁÙȟ 

the Sm-like proteins 1-7 (Lsm 1-7) ring-complex associates with the deadenylated mRNA 

σȭ end and helps recruit the decapping machinery (Chowdhury et al., 2007; Parker, 2012; 

Passmore and Coller, 2022). The decapping machinery, consisting of the decapping protein 

(DCP) 1, DCP2, and other enhancing factors, subsequently induces cleavage of ÔÈÅ υȭ m7G cap 

structure from the mRNA. DCP1 thereby promotes the catalytic activity of DCP2 to hydrolyze 

and release the mRNA cap (Chang et al., 2014; Fromm et al., 2012; She et al., 2008; Vidya and 
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Duchaine, 2022). The unprotected mRNA is finally digested by XRN1 in the υȭ ÔÏ σȭ end 

ÄÉÒÅÃÔÉÏÎȢ )Î σȭ-υȭ ÍÅÄÉÁÔÅÄ Í2.! ÄÅÃÁÙȟ ÔÈÅ cytoplasmic multi -subunit nuclease complex 

exosome directly recognizes and processively degrades the deadenylated mRNA from the 

unprotected σȭ end ÔÏ ÔÈÅ υȭ ÅÎÄ ɉlÁÂÎÏ ÅÔ ÁÌȢȟ ςπρφȠ :ÉÎÄÅÒ ÁÎÄ ,ÉÍÁȟ ςπρχɊ. Finally, the 

ÓÃÁÖÅÎÇÅÒ ÄÅÃÁÐÐÉÎÇ ÅÎÚÙÍÅ $ÃÐ3 ÈÙÄÒÏÌÙÚÅÓ ÔÈÅ υȭ cap from the short, remaining RNA 

oligomer (Fuchs et al., 2020). 

 

 

Figure 1.7: Deadenylation -dependent mRNA decay in a scheme. The poly(A) tail is removed by initial 

deadenylation of long tails to ~110nt by PAN2-PAN3, followed by complete deadenylation by CCR4-NOT. After 

complete removal ÏÆ ÔÈÅ ÐÏÌÙɉ!Ɋ ÔÁÉÌȟ ÔÈÅ Í2.! ÅÉÔÈÅÒ ÕÎÄÅÒÇÏÅÓ ÄÅÃÁÙ ÔÈÒÏÕÇÈ υȭ-σȭ ÄÅÇÒÁÄÁÔÉÏÎ ÏÒ ÔÈÒÏÕÇÈ σȭ-5ȭ 

ÄÅÇÒÁÄÁÔÉÏÎȢ )Î υȭ-σȭ ÄÅÃÁÙȟ ÔÈÅ ,ÓÍρ-χ ÃÏÍÐÌÅØ ÂÉÎÄÓ ÔÏ ÔÈÅ ÄÅÁÄÅÎÙÌÁÔÅÄ σȭ-end of the mRNA, and the m7G cap is 

hydrolyzed by the catalytic DCP1-DCP2 unit which is bound to EDC4. The decapping complex has further bound 

XRN1, which digests the unprotecteÄ Í2.! ÆÒÏÍ ÔÈÅ υȭ-ÅÎÄȢ )Î σȭ-υȭ ÄÅÃÁÙȟ ÔÈÅ ÅØÏÓÏÍÅ ÄÉÒÅÃÔÌÙ ÄÉÇÅÓÔÓ ÔÈÅ 

ÕÎÐÒÏÔÅÃÔÅÄ σȭ-end after deadenylation and the remaining cap structure finally is hydrolyzed by the scavenger-

decapping enzyme DcpS. Figure adapted and modified from (Garneau et al., 2007) . 

1.2.3 Specific mRNA features  determine its turnover fate 

But what designates an mRNA for decay? The half-lives of individual mRNA transcripts 

strongly differ within a cell (Radhakrishnan and Green, 2016). The mRNA surveillance 

machinery induces the degradation of a transcript by sensing errors within its CDS through the 

translational machinery. Thereby, a premature stop codon (NMD), a missing in-frame stop 

codon (nonstop decay, NSD), or ribosome stalling features (no-go decay, NGD) can induce rapid 

turnover of a faulty transcript (Monaghan et al., 2023; Powers et al., 2020). Furthermore, error -

independent lifetime regulation of mRNAs has recently been connected to the codon usage 

pattern with in a CDS. The abundance of tRNAs, that are suitable to decode mRNA nucleotide 

triplets (codons) into the amino acids of an encoded protein, is specific to tissues, 

developmental stages, and organisms (Behrens et al., 2021; Dittmar et al., 2006; Plotkin et al., 
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2004; Torrent et al., 2018). The presence of uncommon codons in the physiological context 

was shown to negatively affect the elongation speed of translating ribosomes and induce 

deadenylation of the translated mRNA by the CCR4-NOT complex. Thus, codon bias has been 

linked to the regulation of mRNA half-lives (Boël et al., 2016; Hia et al., 2019; Mishima and 

Tomari, 2016; Narula et al., 2019). For a long time, researchers especially focused on RBPs that 

regulate the mRNA fate by recognizing specific sequence elements within the non-coding 

ÒÅÇÉÏÎÓ ÏÆ ÁÎ Í2.!ȟ ÅÓÐÅÃÉÁÌÌÙ ÉÎ ÉÔÓ σȭ 542Ȣ 4ÙÐÉÃÁÌ ÄÅÓÔÁÂÉÌÉÚÉÎÇ σȭ 542 cis-elements, that 

trigger DDMD, recruit for example the 6-methyl-adenosine (m6A) reader protein YTHDF2, the 

miRNA guided RISC, or tristetraprolin (TTP) which specifically recognizes AU-rich element 

(ARE) motifs (Figure 1.8) (Ashworth et al., 2019). Accordingly, the lifespan of an mRNA 

strongly depends on the abundance of such RNP sites ÉÎ ÔÈÅ σȭ 542 and its ability to recruit 

specific stabilizing or destabilizing effector proteins (Ashworth et al., 2019; Siegel et al., 2022). 

 

Figure 1.8: Cis-regulatory e ÌÅÍÅÎÔÓ ÉÎ ÔÈÅ Í2.! σȭ 542 ÒÅÃÒÕÉÔ RBPs that induce DDMD. Several trans-acting 

2"0Ó ÂÉÎÄ ÔÏ ÓÐÅÃÉÆÉÃ ÅÌÅÍÅÎÔÓ ÉÎ ÔÈÅ Í2.! σȭ 542 ÔÏ ÒÅÃÒÕÉÔ 0!.ς-PAN3 (orange) and the CCR4-NOT complex 

(red). Proteins that directly bind to the mRNA are shown in green, indirectly interacting trans-factors in blue. PABP 

recruits PAN2-PAN3. CCR4-NOT is recruited by several factors: The 6-methyl-adenosine (m6A)-binding protein 

YTHDF2, tristetraprolin (TTP), butyrate response factor 1 (BRF1), and Pumilio (PUF/PUM). CCR4-NOT can 

furthermore indirectly be recruited  by Transducer of ErbB2/B-cell translocation gene (TOB/BTG) family proteins 

through PABP interactions. Both CCR4-NOT and PAN2-PAN3 can further be recruited by GW182 and by AGO, loaded 

with specific miRNAs. Figure adapted and modified from (Ashworth et al., 2019) . 

AREs, for example, are one of the major ÓÔÁÂÉÌÉÔÙ ÅÌÅÍÅÎÔÓ ÉÎ ÔÈÅ σȭ UTR of short-lived 

transcripts and have been already studied for more than three decades (Chen and Shyu, 1995; 

Otsuka et al., 2019; Ripin et al., 2019; Sidali et al., 2022). They are present in 10-15 % of all 

human genes, which are involved in regulatory processes such as RNA metabolism, cell 

proliferation, signaling, and stress response (Bakheet et al., 2006; Halees et al., 2008). AREs are 

typically ÂÕÉÌÔ ÆÒÏÍ ÐÅÎÔÁÍÅÒÉÃȟ ÏÖÅÒÌÁÐÐÉÎÇ Ȭ!555!ȭ ÃÏÒÅ ÍÏÔÉÆÓ ×ÉÔÈ ÔÈÅ ÍÉÎÉÍÁÌ ÕÎÉÔ 

Ȭ55!555!ɉ5Ⱦ!Ɋɉ5Ⱦ!Ɋȭ (Lagnado et al., 1994). The number and context of ARE pentamers, 
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however, differ between genes and their  ability  to destabilize a transcript increases with the 

number of overlaps. Several RBPs were found to interact with AREs as destabilizing trans-

acting factors, such as the AU-rich element/poly(U) -binding/degradation factor 1 (AUF1), the 

butyrate response factor 1 (BRF1), or TTP (Khabar, 2010; Sidali et al., 2022). By binding to the 

σȭ 542ȟ 440 ÉÎÄÕÃÅÓ Í2.! ÄÅÁÄÅÎÙÌÁÔÉÏÎ (Sandler et al., 2011), and furthermore was reported 

to enhance the decapping of ARE-containing transcripts through interactions with decapping 

factors such as DCP2 (Fenger-Grøn et al., 2005). Notably, the ARE binding factor ELAV-like 

protein 1 (ELAVL1, also referred to as HuR) increases mRNA stability, potentially by blocking 

the binding sites for destabilizing effector proteins (Brennan and Steitz, 2001). Similar to AREs, 

ÐÅÎÔÁÍÅÒÉÃ Ȭ'555'ȭ ÃÏÒÅ ÍÏÔÉÆÓ ×ÅÒÅ ÆÏÕÎÄ ÔÏ ÏÖÅÒÌÁÐ ÉÎ ÔÈÅ σȭ UTR and analogously mediate 

rapid decay of such GU-rich element (GRE) containing mRNAs (Vlasova et al., 2008). GREs with 

ÔÈÅ ÍÉÎÉÍÁÌ ÃÏÎÓÅÎÓÕÓ ÓÅÑÕÅÎÃÅ Ȭ5'555'555'5ȭ ×ÅÒÅ ÉÄÅÎÔÉÆÉÅÄ ÉÎ υȟυ % of all human genes. 

Like ARE-containing transcripts, they are mainly involved in regulatory processes, however 

with emphasis on cytokine-mediated signaling pathways (Halees et al., 2011). To date, CUGBP 

ELAV-like family (CELF) proteins are the only considered, cytosolic trans-acting factors of GREs 

ÉÎ ÔÈÅ Í2.! σȭ UTR (Vlasova-St. Louis et al., 2013). However, with the example of the diversity 

of ARE interactors, more RBPs may likely  contribute to transcriptional regulation through 

binding to GU-rich cis-elements (Dolicka et al., 2020; Otsuka et al., 2019).  

1.2.4 Processing bodies (P-bodies)  

Many RNP complexes tend to further assemble into larger, membrane-less organelles 

commonly referred to as RNP granules. This process of liquid-liquid phase separation (LLPS) 

is dynamic, and driven by changes in the cellular environment, such as in temperature or in the 

concentration of involved molecules. Resulting condensate structures interacting RNA-protein, 

but also RNA-RNA and protein-protein interactions (Lin et al., 2015; Banani et al., 2017; Tauber 

et al., 2020). Well-known examples of RNP granules include the nucleolus, Nuclear Speckles, 

and Cajal bodies in the nucleus, or Stress Granules (SGs) and P-bodies in the cytosol (An et al., 

2021; Decker et al., 2022). 

P-bodies are considered sites of translational repression, mRNA storage, and decay in the cell 

(Hubstenberger et al., 2017; Wang et al., 2018). Hydrolysis of the m7G-cap is a crucial step in 

ÔÈÅ υȭ-σȭ ÐÁÔÈ×ÁÙ ÏÆ ÄÅÁÄÅÎÙÌÁÔÉÏÎ-dependent mRNA decay and many of its involved factors 

have been identified to localize into P-bodies (Hubstenberger et al., 2017; Youn et al., 2018): 

Both, the catalytic decapping complex factors DCP1 (DCP1a in human) and DCP2, as well as the 

exoribonuclease XRN1 have been detected within P-bodies in human, yeast and Drosophila 

during immunofluorescence experiments (Eulalio et al., 2007a, 2007b; Sheth and Parker, 2003; 
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van Dijk et al., 2002). Furthermore, the LSM1-7 ring complex was found to colocalize with 

DCP1/2 and XRN1 in the condensates in human and yeast (Ingelfinger et al., 2002; Sheth and 

Parker, 2003). LSM1-7 connects the mRNA decay initiating step of deadenylation to the 

decapping machinery through interaction with Pat1 (PatL1 in human) (Haas et al., 2010), a 

bridging factor that was also detected with in P-bodies (Scheller et al., 2007; Sheth and Parker, 

2003). The DEAD-box helicase 6 (DDX6) is a factor known for its functions in translational 

repression and mRNA decay. It contributes to the link between deadenylation and decapping 

in P-bodies by simultaneously binding to PatL1 and a subunit of the CCR4-NOT complex (Vidya 

and Duchaine, 2022). Furthermore, Enhancer of decapping (EDC) factors such as EDC3 and 

EDC4 were found to localize into P-bodies (Fenger-Grøn et al., 2005; YU et al., 2005). 

Specifically, EDC4 has been considered important for the maintenance of P-bodies in metazoan, 

and recent studies have demonstrated how the interaction of EDC4 with nucleases in P-bodies 

can influence the regulation of mRNA stabilities (Brothers et al., 2022; William R Brothers et 

al., 2023). 

These few examples of colocalizing protein factors already imply P-bodies as RNP granules 

with a high abundance of cooperative decay factors that are located in proximity. Many other 

proteins, that are involved in translational repression and the regulation of mRNA turnover, 

were found to localize into P-bodies, including components of the miRNA-mediated silencing 

pathway or nonsense-mediated decay (Standart and Weil, 2018). However, P-bodies were 

found to not be essential for mRNA degradation (Eulalio et al., 2007b). Instead, the formation 

of P-bodies seems to depend on the availability of transcript intermediates undergoing steps 

of decay, and their  associated trans-acting protein factors. Specifically, deadenylation was 

found to be a prerequisite for P-body formation: Poly(A) binding proteins are absent in P-

bodies (Kedersha et al., 2005), and depletion of the deadenylation enzymes CAF1 and CCR4 

significantly reduces the number of P-bodies in mammalian cells (Zheng et al., 2008). 

Moreover, phase-separating RBPs often contain intrinsically disordered regions (IDRs), 

protein sequences that do not expose defined secondary structures until they contribute to 

molecular interactions (Banani et al., 2017; Uversky et al., 2015). This tendency to exert 

interactions drives RNP granule formation under physiological conditions and hence supports 

the formation of P-bodies when corresponding factors are available (Brangwynne et al., 2015). 

Furthermore, post-translational modifications of P-body components such as phosphorylation, 

as well as stress stimuli can impact the number and size of P-bodies in the cytosol (Brengues 

et al., 2005; Kedersha et al., 2005; Wang et al., 2014). Recent findings highlighted that even 

protein stoichiometr ies can have a significant impact on the post-transcriptional fate of mRNAs 

that localize into P-bodies. Specifically, the relative protein levels of EDC4 and XRN1 decided, 
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whether miRNA-mediated silencing results in translational repression or decay of a targeted 

transcript (William R Brothers et al., 2023). Accordingly, P-body formation presents a highly 

dynamic and variable event in the cell. It strongly depends on the presence and state of the 

many involved protein and RNA factors, suggesting situation-dependent and diverse 

compositions of this specific type of cytosolic condensates. 

1.2.5 Enhancer of decapping 4  

The Enhancer of decapping 4 (EDC4, also referred to as Ge-1 or HEDLS (human enhancer of 

decapping large subunit)) was first identified in 1994 as a new nuclear autoantigen Ge-1 during 

the ÕÓÅ ÏÆ Á ÐÁÔÉÅÎÔȭÓ ÓÅÒÕÍ ×ÉÔÈ 3ÊĘÒÇÅÎȭÓ ÓÙÎÄÒÏÍÅ (Bloch et al., 1994). Interestingly, in the 

same study, EDC4 was shown to contain a putative nuclear localization sequence (NLS). 

Together with recent findings that indicate a role of EDC4 in the DNA damage response, this 

suggests the presence of a small fraction of endogenous EDC4 in the nucleus (Hernández et al., 

2018; Wu et al., 2020). Nevertheless, starting with studies in 2005, EDC4 was mainly 

established as an essential component of cytosolic P-bodies (Fenger-Grøn et al., 2005; YU et al., 

2005). Already before, three EDC proteins (Edc1-3) have been identified in yeast, that interact 

with  the DCP1-DCP2 complex and enhance mRNA decapping activity (Dunckley et al., 2001; 

Kshirsagar and Parker, 2004; Schwartz et al., 2003). Subsequently, ÔÈÅ ȬÈÕÍÁÎ ÅÎÈÁÎÃÅÒ ÏÆ 

ÄÅÃÁÐÐÉÎÇ ÌÁÒÇÅ ÓÕÂÕÎÉÔȭ was identified as a mammalian factor, that similarly enhances 

decapping by promoting the interaction between DCP1 and DCP2 (Fenger-Grøn et al., 2005). A 

large RNAi screen on suppressors of miRNA-mediated gene silencing in Drosophila 

furthermore emphasized the importance of EDC4 as decapping activator (Eulalio et al., 2007c), 

and later EDC4 was commonly referred to as ȬÅÎÈÁÎÃÅÒ ÏÆ ÄÅÃÁÐÐÉÎÇ τȭ. Along with its 

functional characterization, the domain organization of EDC4 has been defined in three distinct 

regions: The N-terminal domain containing a WD40 motif with  ÓÅÖÅÎ ɼ-propeller blade units, 

a serine-rich linker sequence within a low-ÃÏÍÐÌÅØÉÔÙ ÒÅÇÉÏÎȟ ÁÎÄ Á ÃÏÎÓÅÒÖÅÄ ɻ-helical coiled-

coil domain in the C-terminus (Figure 1.9A)(Bloch et al., 2023; Braun et al., 2012; Eulalio et al., 

2007c; Jinek et al., 2008). High-accuracy models of protein structure predictions by the 

machine learning algorithm AlphaFold further confirmed the presence of a conserved seven-

bladed WD40 domain structure, a long coiled-coil domain, and a structured C-terminal end in 

EDC4 (Figure 1.9B)(Jumper et al., 2021; Varadi et al., 2022). The distinct regions of EDC4 serve 

as an interaction platform for many different protein factors. However, EDC4 was also found 

to self-multimerize through its C-terminal domain (Chang et al., 2014; Jinek et al., 2008). With 

a total size of roughly 152 kDa (for its canonical, first out of two isoforms in human; UniProt ID: 

A6P2E9) and its individual interaction domains, EDC4 was found to be involved as a scaffold 

in diverse specific processes, depending on, and corresponding to its interacting factors. 
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Figure 1.9: Predicted s tructure and d omain organization of the Enhancer of decapping 4.  (A) Schematic 

domain organization of EDC4. (B) Ribbon model of the AlphaFold predicted EDC4 structure (ID: AF-Q6P2E9-F1). 

WD40 domain highlighted in blue, C-terminal domain in green, serine-rich linker in blue, and annotated NLS in 

yellow. IDR depicted in grey. 

1.2.5.1 EDC4 in mRNA decay 

In 2008, it was still an open question, whether EDC4 should be considered another catalysis 

ÃÒÕÃÉÁÌ Ȱ$#0ȱ ÃÏÍÐÏÎÅÎÔ ÏÒ solely an enhancing factor of the metazoan decapping complex 

(Franks and Lykke-Andersen, 2008). Meanwhile, it has been shown that EDC4 orchestrates the 

assembly and activation of mRNA decay factors, serving as an interaction platform and hence 

more as an ȬÅnhancer of decappingȭ: The EDC4 WD40 domain interacts with a trimeric complex 

of the human decapping activator DCP1a, while its C-ÔÅÒÍÉÎÁÌ ɻ-helical domain simultaneously 

interacts with DCP2 and XRN1 (Figure 1.10) (Braun et al., 2012; Chang et al., 2014). 

Interestingly, EDC4 is missing in yeast, where the assembly of the enzymatic decapping 

complex DCP1-DCP2 occurs through a direct and stable interaction between the two factors 

(She et al., 2008). Only in plants, a homolog of EDC4 was identified named VARICOSE (VCS), 

which recruits and stimulates the decapping machinery similarly to metazoans (Xu et al., 

2006). 

4ÈÅ .ÕÄÉØ ÆÁÍÉÌÙ ÐÙÒÏÐÈÏÓÐÈÁÔÁÓÅ $#0ς ÃÁÎ ÁÄÁÐÔ ÁÎ ÉÎÁÃÔÉÖÅȟ ȬÏÐÅÎȭ ÁÎÄ ÁÎ ÁÃÔÉÖÅȟ ȬÃÌÏÓÅÄȭ 

conformation (She et al., 2008). DCP1 interaction with DCP2 was found to stabilize its 

catalytically active, closed form in yeast, supporting the hydrolysis of the m7G cap structure 

from the mRNA υȭ ÅÎÄ (She et al., 2008). This interaction is conserved between species, 
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however, the residues involved in DCP1-DCP2 complex formation are not, and depletion of  

EDC4 was found to inhibit decapping in human and flies (Eulalio et al., 2007c; Fenger-Grøn et 

al., 2005)Ȣ $ÅÃÁÐÐÉÎÇ ÂÙ $#0ς ÇÅÎÅÒÁÔÅÓ Á υȭ ÍÏÎÏÐÈÏÓÐÈÏÒÙÌÁÔÅÄ Í2.! ÐÒÏÄÕÃÔ, which is 

ÖÕÌÎÅÒÁÂÌÅ ÔÏ υȭ-σȭ ÅØÏÎÕÃÌÅÏÌÙÔÉÃ ÄÅÇÒÁÄÁÔÉÏÎ (van Dijk et al., 2002). Hence, by additionally 

recruiting the exoribonuclease XRN1, EDC4 orchestrates and facilitates the decapping and 

degradation of substrates dedicated to undergoing υȭ-σȭ Í2.! ÄÅÃÁÙ (Chang et al., 2014). 

Furthermore, EDC4 was recently found to indirectly liberate the catalytically active 

deadenylase CAF1 (Chang et al., 2019). CAF1 is inhibited by complex formation with XRN1. 

Thus, by sequestering XRN1, EDC4 promotes deadenylation and further contribute s to the 

initiation of  υȭ-σȭ Í2.! ÄÅÃÁÙ and P-body formation. 

 

 

Figure 1.10: Model of the d ecapping complex assembled in human.  DCP1a is bound as a trimeric complex 

through its C-terminal trimerization domain (TD) to the EDC4 WD40 domain. It harbors an N-terminal EVH1 domain 

for interaction with the N-terminal regulatory domain (NRD) of DCP2, and an asparagine-arginine-containing loop 

(NR-loop) which contributes to DCP2 activation upon adaptation of a closed conformation of DCP2. DCP2 is bound 

to the EDC4 C-terminal alpha-helical region through a phenylalanine-rich EDC4-binding (FEB) motif. EDC4 

simultaneously binds through its C-terminal region to a specific binding motif (BM) in the XRN1 C-terminus, to 

orchestrate the degradation and decapping of an mRNA substrate on the same scaffold. Figure and model adapted 

from (Chang et al., 2014). 

1.2.5.2 EDC4 in mRNA stabilization  

With its extended IDR and its function as a modular scaffold for diverse interactions, EDC4 not 

ÏÎÌÙ ÒÅÃÒÕÉÔÓ ÔÈÅ υȭ-σȭ Í2.! ÄÅÃÁÙ/ decapping machinery, but also interacts with the 

mammalian endoribonuclease Meiosis regulator and mRNA stability factor 1 (MARF1) (Bloch 

et al., 2014)Ȣ -!2&ρ ÂÉÎÄÓ ÉÔÓ ÔÁÒÇÅÔ Í2.!Ó ÉÎ ÔÈÅ σȭ 542 ÔÏ ÍÅÄÉÁÔÅ ÄÅÁÄÅÎÙÌÁÔÉÏÎ-

independent turnover and interacts with the C-ÔÅÒÍÉÎÁÌ ɻ-helical domain of EDC4 in a similar 

and mutually exclusive way to XRN1 (Brothers et al., 2022; Nishimura et al., 2018). However, 

different from XRN1, the complex formation of EDC4 with MARF1 inhibits mRNA turnover by 

capturing MARF1 in P-body condensates. Thus, by preventing MARF1 from targeting its 

substrates, EDC4 acts as an indirect suppressor of mRNA decay. Only upon P-body dissolution, 
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MARF1 can reenter its function in decay and mediate the degradation of its specific mRNA 

targets (Brothers et al., 2022, 2020). 

1.2.5.3 EDC4 and its potential function in RNA binding  

EDC4 is constantly located in the proximity of mRNAs. Considering its versatile function as a 

molecular scaffold, it might further more contribute to RNA binding, to support P-body 

formation. EDC4 is also part of the WD40 domain family, which is more and more taken into 

account as a non-canonical RNA binding domain family (see chapter 1.1.3). Interestingly, along 

with  the genome-wide mRNA interactome studies that have established WD40 domains as a 

new class of RBDs, EDC4 appeared for the first time as a potential mRNA interactor in UV 

crosslinking assays in human HUH7 cells (Beckmann et al., 2015). This observation was later 

confirmed in other RNA interactome high-throughput assays (Mullari et al., 2017a; Treiber et 

al., 2017). However, the specific function of EDC4 as a potential RBP has never been further 

investigated in detail. 
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2 Aim of the Thesis 
 

High-throughput screenings of the last decade have revealed numerous new RNA binding 

domains and potential RBP candidates, including EDC4. We reasoned, that due to its consistent 

proximity to RNA molecules and its membership in the WD40 domain family, EDC4 might be a 

previously overlooked RBP, worth y of a more detailed investigation. This thesis aims to 

establish EDC4 as a direct RNA interactor , with a specific focus on its WD40 domain as a novel 

RBD. Our goal was to identify specific RNA substrates and binding motifs of EDC4, and to 

analyze the mode of RNP complex formation in more detail, to provide further  new insights 

into potential physiological functions of EDC4 through RNA binding. 

One approach we planned to use for identifying  specific target RNA binding motifs of EDC4 was 

RNA Bind-n-Seq. Bind-n-Seq experiments so far were exclusively conducted with recombinant, 

purified RBPs and their individual RNA binding domains. To select for target RNA motifs in a 

more physiological context that includes, for example, cellular interaction partners or 

modifications of an RBP candidate, we have developed an optimized RNA BNS approach in the 

lab, which we refer to as Ȭendo-bind-n-seqȭ. In this thesis, we further aimed to enhance our 

method and increase its specificity to allow for efficient target RNA selection with a diverse 

range of endogenous RBP candidates, including EDC4. 

  



Results 

 
22 
 

3 Results 
 

3.1 Endo-bind -n-seq ɀ an improved  RNA BNS protocol   

RNP complexes are essential players in cellular function and gene regulation. However, robust 

identification of RNA binding specificities of involved protein components is still challenging 

in the field. This is especially due to the high variety of existing RNA binding domains and their 

differing RNA binding modes, as well as the diverse intra- and intermolecular interactions they 

can adapt for RNA binding. To gain further insight into RNA binding specificities, we developed 

endogenous RNA Bind-n-Seq (endo-bind-n-seq, initially designed by Dr. Nora Treiber and Dr. 

Thomas Treiber). Enabling target motif enrichment not only from recombinantly purified 

proteins but also from immunoprecipitated (IP) samples, our protocol focuses on improving 

the previously published RNA Bind-n-Seq method from Lambert et al. (2014). Based on the 

work of this thesis, we further improved endo-bind-n-seq towards optimal protein 

concentrations in RNA binding reactions after IP, as well as optimized precipitation  and RNA 

interaction stringencies.  

 

3.1.1 The endo-bind -n-seq wor kflow  

In classic RNA Bind-n-Seq (BNS) assays, recombinantly purified  RBPs are immobilized on a 

bead-based matrix for incubation with a randomized RNA pool. In one single round of selection, 

target RNA motifs present in the pool are enriched by RNP complex formation and 

subsequently cloned for deep sequencing. Finally, sequencing analysis of the bound RNA 

fragments gives insights into the RNA-protein interaction profile  (Lambert et al., 2014). While 

classic RNA BNS can be powerful, it requires recombinant RBPs, which might not always be 

available. Furthermore, the RNA binding behavior of a candidate could differ from the situation 

within a living cell because of purification -related truncations, missing post-translational 

modifications, or missing interaction partners. Finally, the use of only a single target RNA 

selection round could be problematic when investigating low-affinity RNA binders due to 

statistically less significant target motif results. We reasoned, that using the cDNA library from 

RNA fragments, that were enriched in the first selection round, as a template for the 

transcription of a new, specified RNA pool for a second selection round, should further increase 

the reliability of retrieved RNA motifs. Hence, to overcome the limitations of classic RNA BNS, 

we decided to increase the statistical power of the method, by introduc ing a second round of 

selection in endo-bind-n-seq (Figure 3.1).  
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Figure 3.1: Pipeline of the endo-bind -n-seq protocol. POI gets immobilized on a bead-based matrix and faced 

with  a randomized RNA pool (usually 8mers). Bound RNAs get isolated and cloned for deep sequencing. Resulting 

cDNA library serves as a template for run-off ÔÒÁÎÓÃÒÉÐÔÉÏÎ ÁÆÔÅÒ σȭ-adapter removal by MssI cleavage. Through the 

υȭ-adapter incorporated T7 RNA polymerase promoter, a new specified RNA pool gets transcribed, harboring 

increased numbers of potential RNA targets. The optimized pool is used in a second round of target selection. 

As in previous protocols, an RBP candidate was immobilized on beads, and incubated with a 

randomized RNA pool in excess. Unbound RNA fragments were removed by washing steps and 

RNP complexes were denatured for the elution of interacting RNA molecules. The eluted RNAs 

were ligated to a pre-ÁÄÅÎÙÌÁÔÅÄ σȭ $.! ÁÄÁÐÔÏÒȟ ÆÏÌÌÏ×ÅÄ ÂÙ υȭ 2.! adaptor ligation, based 

on the Illumina Trueseq system. Upon reverse transcription, PCR amplification, and size 

selection of insert-containing fragments on a PAGE-gel, the yielded library was finally  

subjected to deep sequencing (Figure 3.1, grey arrow). We introduced several modifications to 

the existing BNS protocol, to allow for a second round of selection (Figure 3.1, blue). Input RNA 

librar ies were flanked by the ÆÏÕÒ ÉÎÖÁÒÉÁÎÔ ÂÁÓÅÓ '555ȟ σȭ ÔÏ ÔÈÅ ÒÁÎÄÏÍÉÚÅÄ ÎÕÃÌÅÏÔÉÄÅ 

positions. These contributed to a cleavage site for the restriction enzyme MssI after ligation of 

ÔÈÅ σȭ ÁÄÁÐÔÅÒȟ ×ÈÉÃÈ was further extended with  a υȭ AAAC motif . By blunt-end cleavage of MssI 

at its recognition site (GUUU|AAAC), ÔÈÅ ÏÒÉÇÉÎÁÌ σȭ ÅÎÄ ÏÆ ÔÈÅ ÉÎÐÕÔ ÐÏÏÌ could be restored 
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prior  to in vitro transcription of a new RNA pool, which was applied in a second round of target 

selection. To perform in vitro ÔÒÁÎÓÃÒÉÐÔÉÏÎȟ ÔÈÅ 4ÒÕÅÓÅÑ 2ÅÁÄρ ÐÒÉÍÅÒ ÁÎÎÅÁÌÉÎÇ ÓÉÔÅ ÏÆ ÔÈÅ υȭ 

ÁÄÁÐÔÏÒ ×ÁÓ ÒÅÐÌÁÃÅÄ ÂÙ Á 4χ 2.! ÐÏÌÙÍÅÒÁÓÅ ÐÒÏÍÏÔÅÒȢ )Î ÁÄÄÉÔÉÏÎȟ Á υȭ-GGG triplet was 

added to the promoter sequence for efficient re-transcription of the library insert s by T7 RNA 

polymerase. With this, a new RNA pool was produced that followed the initial design for target 

RNA selection, except for ÔÈÅ ÁÄÄÉÔÉÏÎÁÌ υȭ-GGG triplet. The new pool now was optimized 

towards the investigated RBP candidate and hence, provided an increased number of potential 

target RNA motifs in the second round of target selection. 

To perform endo-bind-n-seq, we mainly used a randomized input RNA pool of 8 nt in length 

(Figure 3.2A), since most individual RBDs specifically recognize 4 ɀ 6 nt sequence elements of 

their  linear target RNA (Gerstberger et al., 2014). However, to also provide targets for the 

analysis of bigger RBP complexes or more extended RNA motifs, we further generated a 

randomized 14mer RNA pool (Figure 3.2B). 

 

 

Figure 3.2: Randomized input RNA p ools for endo -bind -n-seq. Nucleotide position distribution of the 

synthetically synthesized input pools used for endo-bind-n-seq, containing either (A) eight random or (B) fourteen 

random nucleotide positions. RNA pools were synthesized with Metabion (Germany). 

The endo-bind-n-seq protocol consists of several individual reaction steps, that build up on 

each other. However, only two of the many steps served as a visual checkpoint for sample 

integrity and control of the methodological procedure until  sequencing (Figure 3.3). The fully 

ligated library product had a total size of 140 nt containing an 8mer insert, and 146 nt 

containing a 14mer after the first selection round. 8mer libraries run like a 150 bp marker band 

on a low-percent PAGE-gel, while 14mer libraries run a little higher  (Figure 3.3A). The 

ÁÄÄÉÔÉÏÎÁÌ υȭ-GGG triplet in libraries after the second selection barely changed their running 

behavior. However, insert-containing fragments clearly separated from empty adapter dimers 

and thus, allowed for size selection of the proper ligation products. Interestingly, the use of 

optimized input RNA pools in the second selection steps clearly reduced the number of empty 

adapter byproducts compared to the first selection steps, especially when using stringent RNA 
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binding conditions (Figure 3.3A, lanes 1 and 3 compared to lanes 5 and 7), indicating successful 

enrichment of target RNA molecules with  the optimized input RNA pools. Apart from library  

purification s, also the purification of in vitro transcribed RNA pools for the second selection 

served as a checkpoint. RNAs were detected on a high-percent PAGE-gel by UV shadowing, 

running as a distinct  band between DNA template signals and the running front of a 

bromophenol blue dye (Figure 3.3B). Altogether, with this workflow , we had a solid setup in 

our hands that allowed us to test for target RNA enrichment with  diverse RBPs from different 

origins. 

 

Figure 3.3: Methodological checkpoint steps in e ndo-bind -n-seq. (A) Example for the purification of an endo-

bind-n-seq library on a 6 % urea PAGE after target RNA enrichment with an RBP from either a randomized 8mer or 

14mer RNA pool, with high or low stringency RNA binding conditions (75 mM or 300 mM of salt). Adapter-insert 

products contain selected target RNA motifs; adapter dimers are byproducts of insufficiently selected target RNA 

available in samples for adapter ligation. (B) Exemplary UV shadowing gel after in vitro transcription of a specified 

8mer or 14mer RNA pool from cDNA libraries for a second round of target RNA selection, run on an 18 % urea PAGE. 

Excised RNA products are highlighted with a red box. 

3.1.2 Stable motif enrichme nt for established RBPs in  endo-bind -n-seq 

The new BNS pipeline was initially tested with well-characterized RBPs like hnRNPA1 (Jones 

et al., 2022; Luo et al., 2021; Ray et al., 2013). By using recombinantly expressed and puri fied 

proteins, the known target RNA motifs were clearly enriched within sequencing reads after 
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two selection rounds and analysis with  a modified version of the Weeder2 software (Zambelli 

et al., 2014) (tested by Dr. Nora Treiber and Dr. Thomas Treiber, data not shown). Thus, having 

a robustly working protocol in our hands, the next step was to investigate, whether our 

established two-round RNA BNS approach was efficient enough to also serve as a versatile, 

antibody-based RNA motif identification method (Figure 3.4, assayed by Dr. Nora Treiber and 

Dr. Thomas Treiber). As a control, we used untagged recombinant protein domains that were 

incubated in solution with the randomized RNA input pools and immobil ized by filtration on a 

nitrocellulose membrane (Figure 3.4A). The FLAG/HA (FH)-tagged RBPs CELF1, hnRNPA1, and 

GRSF1 were expressed in HEK293T cells and immunoprecipitated by anti-FLAG pulldown for 

target RNA selection in endo-bind-n-seq (Figure 3.4B). In addition, the RBP candidates were 

immunoprecipitated from HEK293T wild-type lysates with protein-specific antibodies for 

motif enrichment with the endogenous, bead-bound candidates (Figure 3.4C). Incubation of 

immobilized hnRNPA1 strongly enriched for UAGUGUA-containing target sequences, 

independent of the antibodies used for the immobilization  (Figure 3.4B and C). Interestingly, 

motifs enriched by recombinant hnRNPA1 (Figure 3.4A) minimally  differed from cell-derived 

hnRNPA1, indicating a slightly derivative and context-dependent RNA binding activity. CELF1 

enriched for GU-rich RNA sequences and GRSF1 selected UGGGUU-containing motifs, 

independent of the applied immobilization strategy (Figure 3.4A-C). Hence, we could 

demonstrate that endo-bind-n-seq was efficient enough to enrich specific target RNA motifs 

with recombinant protein, but also with RBP candidates that were immunoprecipitated from 

cell lysates, even on an endogenous level. 

 

 

Figure 3.4: Stable target RNA motif enrichment with purified  and cell  derived  RBPs or complexes. (A-C) 

Sequence logo representation of enriched motifs after two endo-bind-n-seq selection rounds with CELF1, hnRNPA1, 

and GRSF1. Proteins were assayed using recombinant RNA binding peptides immobilized in filter binding assays 

(A), FH-tagged full-length protein immunoprecipitated from overexpression lysates (B), or endogenous protein 

after IP (C). (D) Sequence logo representation of enriched motifs after two endo-bind-n-seq selection rounds with 

immunoprecipitated FH-CSTF1. All indicated enrichment scores were calculated with Weeder2. (E) Schematic 
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complex organization of the Cleavage stimulation factor (CstF). Two heterotrimeric subunits consisting of CstF-50 

(CSTF1), CstF-64 (CSTF2) and CstF-77 (CSTF3) form a hexameric complex. The complex associates with  U- and GU-

rich RNA sequences through the RRM domains of CSTF2. 

After the successful target RNA enrichment with  immunoprecipitated RBPs, we decided to 

further examine indirect RNA binding activities in the context of a multi-subunit RNP complex. 

Therefore, we expressed FH-CSTF1 in HEK293T cells to perform endo-bind-n-seq. CSTF1 

forms a complex with CSTF2 and CSTF3, constituting the cleavage stimulation factor (CstF) 

which is involved in mRNA polyadenylation (Grozdanov et al., 2020; Takagaki and Manley, 

1997). CstF recognizes variable GU- or U-rich sequence elements through CSTF2, which 

harbors two RRMs (Takagaki and Manley, 1997). However, CSTF1 is a member of the WD40 

protein family  and therefore, we reasoned it might possibly contribute to RNA binding. 

Interestingly, while recombinant CSTF1 protein did not enrich for a specific RNA motif (data 

not shown), endo-bind-n-seq with immunoprecipitated FH-CSTF1 resulted in the robust 

selection of a GU-rich binding motif  (Figure 3.4D). Thus, we concluded that CSTF1 itself was 

not directly involved in target RNA recognition, but indirect isolation of the CstF complex factor 

CSTF2 through CSTF1 was sufficient to enrich its target RNA motif in endo-bind-n-seq (Figure 

3.4E). 

Altogether, our first  experiments indicated, that we had an efficient, new RNA BNS derivative 

in our hands. The increased statistical significance of enriched RNA motifs allowed for the 

identification of target RNAs with purified  proteins, but also with candidates directly 

immunoprecipitated from cell lysates. Since including the cellular context of an RBP, our 

results suggested that endo-bind-n-seq can furthermore be used to study indirect  RNA binding 

events, including larger protein assemblies. 

 

3.1.3 Improved  RNA motif selection  with quantified amounts of RBPs 

Our first  endo-bind-n-seq experiments were performed with samples from HEK293T cells, 

using cell numbers as a reference for the immunoprecipitation of defined amounts of RBP. 

However, since aiming for broad applicability of our method, we frequently faced the question 

of how much cell material from any origin would be required to efficiently perform endo-bind-

n-seq. Depending on the used cell system, protein expression levels can differ. At the same time, 

the context of distinct local protein and RNA concentrations is decisive for RNA binding 

affinities. When applying too much protein in RNA binding, unspecific electrostatic interactions 

might occur, while too low protein concentrations might result in a loss of target motif  

enrichment. To avoid such discrepancies, we developed a reference system that allowed us to 
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quantify the absolute protein amounts immunoprecipitated from defined amounts of cell 

lysate, to accurately determine the final protein concentrations applied in endo-bind-n-seq 

(Figure 3.5). We expressed and purified a GST-HA-tagged hnRNPA1(2-187) construct and 

titrated i ncreasing amounts of the recombinantly purified  protein for analysis by western blot 

with HA-specific antibodies (Figure 3.5A). We subsequently quantified the resulting western 

blot signals and plotted them against the respectively loaded protein amounts (Figure 3.5B). 

To generate a quantification reference curve, the detected signal intensities were subjected to 

regression, using a one-site-dependent binding saturation model (formula in Figure 3.5B). 

 

 

Figure 3.5: Reference setup to quantif y absolute protein amounts  enriched  from cell lysates after IP. (A, top) 

Domain organization of the recombinant reference protein construct GST-HA-hnRNPA1(2-187), containing a GST-

tag for protein purification (green) and a HA-tag (dark blue) for immunodetection in western blot. (A, bottom) 

Exemplary western blot of titrated, defined amounts of the reference protein , detected with anti-HA antibody. (B) 

Quantified western blot signals were normalized to signal values derived from 1 µg of loaded GST-HA-hnRNPA1(2-

187). Resulting signal mean intensities from 4 independent replicates were plotted against the respective loaded 

amount of protein. Regression was analyzed according to the given equation of a one-site-dependent binding 

saturation, including non-specific background binding events (Bmax: maximum specific binding; Kd: equilibrium 

dissociation constant; NS: nonspecific binding; BG: background; values defined by chi-square - goodness of fit 

approximation). 

Having in hand a quantification system based on the use of HA-specific antibodies, we next 

aimed to determine the final amount of protein that was immunoprecipitated from 

overexpression cell lysates and to define the concentrations applied in endo-bind-n-seq 

reactions. We chose to test two RBP candidates: HnRNPA1 as a positive control, which had 

consistently enriched its target RNA motif  during our first experiments, and the less 

established RNA interactor ZC3H7B. Second presents a zinc finger protein, that has been 

identified to bind to pre-miRNA hairpins before (Treiber et al., 2017). However, it features 

some complexity by harboring five consecutive zinc finger motifs at its C-terminus, with four 

of them being of C3H1-type, and one of C2H2-type. We expressed FH-tagged hnRNPA1 and 

ZC3H7B in HEK293T cells and performed anti-FLAG pulldowns from defined amounts of total 



 Results 

29 
 

lysate. The samples were loaded on an SDS-PAGE together with samples of 1 µg GST-HA-

hnRNPA1(2-187), which served as an internal  reference for the analysis of western blot signals 

(Figure 3.6A). Quantified anti-HA signal intensities of the immunoprecipitated RBP candidates 

were normalized to the reference, and the absolute amounts of precipitated protein were 

calculated, applying our quantification system. This allowed us to estimate the exact protein 

concentrations used in RNA binding reactions when working with the respectively tested 

amount of overexpression lysates of a given protein candidate (Figure 3.6B). Interestingly, 

expression efficiencies significantly differed between the two candidates in HEK293T cells. 

While for FH-hnRNPA1, 250 µg of lysate was sufficient to reach concentrations between 50 and 

60 nM of protein in endo-bind-n-seq reactions, immunoprecipitation  of FH-ZC3H7B from 1 µg 

of lysate was required to achieve comparable reaction conditions (Figure 3.6B, marked with 

asterisks). 

 

Figure 3.6: Quantification of final protein concentrations in endo-bind -n-seq after IP.  (A) Exemplary western 

blots of FLAG-IP experiments from titrated amounts of overexpression lysates with FH-ZC3H7B and FH-hnRNPA1. 

1µg GST-HA-hnRNPA1(2-187) were co-loaded as internal reference for normalization of quantified anti-HA derived 

immunosignals. (B) Absolute protein amounts were calculated from 3 independent replicates using our reference 

setup (Figure 3.5). Resulting final protein concentrations in RNA binding reactions of endo-bind-n-seq (volume of 

400 µL) were determined and plotted against the respectively tested input lysate amounts. 

We next examined RNA motif selection efficiencies with the defined amounts of FH-hnRNPA1 

and FH-ZC3H7B in endo-bind-n-seq. Based on reliable quantification results, we started with 

immunoprecipitation of FH-ZC3H7B from 4 µg of lysate and from 1 µg of lysate for FH-

hnRNPA1, and further tested the following decreasing protein concentrations (Figure 3.7). 

Strikingly, both candidates enriched for specific target RNA motifs in a broad concentration 

range, between the highest tested amounts down to around 2 nM of protein (Figure 3.7A). FH-

hnRNPA1 selected for its previously observed UAGUGUA-containing target sequence and FH-

ZC3H7B had strongly enriched for AGUUUCG-containing motifs after Weeder2 analysis. 

Weeder2 not only generates a list of enriched motif sequences but also scores the identified 

motifs according to their robustness in reproducible nucleotide positioning, motif overlap, and 

thus significance (Pavesi et al., 2004). Interestingly, when plotting the resulting scores against 
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the estimated protein concentrations, we found a clear peak for concentrations around 55 nM 

with both candidates (Figure 3.7B). Significantly higher concentrations caused a decrease in 

motif significance, indicating a co-selection of non-target RNA motifs in binding reactions. 

Furthermore, the significance of FH-hnRNPA1 enriched motifs decreased markedly stronger 

with concentrations surpassing the observed optimum compared to FH-ZC3H7B (>> 60 nM, 

Figure 3.7B). This might be due to the earlier found, strong expression of FH-hnRNPA1 in 

HEK293T (Figure 3.6). In summary, our data suggested, that RBPs used beyond a certain 

concentration range in RNA binding reactions bind less specifically, resulting in a less 

significant target motif output. Considering that both protein candidates were completely 

unrelated, harboring different RNA binding domains, and having enriched for different target 

RNA motifs, we concluded that protein concentrations ranging between 50-60 nM represented 

ÏÕÒ ÎÅ× ȬÇÏÌÄ ÓÔÁÎÄÁÒÄȭ ÆÏÒ endo-bind-n-seq experiments. 

 

 

Figure 3.7: RNA target motif enrichment with  titrated protein concentrations in endo-bind -n-seq. (A) 

Sequence logo representation of enriched motifs after two selection rounds with different concentrations of FH-

ZC3H7B and FH-hnRNPA1 in endo-bind-n-seq after anit-FLAG IP. Pre-calculated final concentrations and weeder 

scores are given. Optimal concentrations are highlighted with an asterisk (light blue: ZC3H7B; dark blue: hnRNPA1). 

(B)  Weeder2 enrichment scores of highest scoring target motifs were plotted against tested protein concentrations, 

using the mean values from two independent replicates. 
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3.1.4 Optimization of buffer conditions for RBP candidate immobilization  

Working with RBPs implies the ability of a candidate to bind to its individual target RNA in the 

cell. RNAs often interact with  not only one single RBP, but they are regulated by several 

interaction partners at the same time. Accordingly, proper target motif identification for an 

RBP candidate in endo-bind-n-seq can be impaired by previously blocked RBDs or by co-

purified  protein contaminants. To assess the impact of cell lysate-derived impurities on endo-

bind-n-seq experiments, we assayed different buffer conditions for the purification of 

immunoprecipitated RBP candidates. We either tested increasing salt concentrations in 

washing steps to clear the RBPs from cellular RNAs, or high amounts of detergent (RIPA 

buffer) , focusing on potential protein contaminants. The differently treated protein candidates 

were subsequently applied in RNA binding reactions under low salt conditions (Figure 3.8). 

We expressed FH-hnRNPA1 and FH-ZC3H7B in HEK293T cells and used anti-FLAG coupled 

beads for their  immunoprecipitation  from earlier defined, optimal lysate amounts (Figure 3.7). 

In addition, we incubated anti-FLAG beads with wild-type HEK293T lysate as a negative 

control. The protein-loaded beads were washed with  increasing buffer stringencies, using the 

indicated conditions. Western blot analysis confirmed that the amount of immunoprecipitated 

RBP candidates was not affected by the altered washing conditions (Figure 3.8A). Interestingly, 

however, plotting of the weeder scores of endo-bind-n-seq enriched motifs clearly indicated 

an impact of washing conditions on the target RNA selection (Figure 3.8B). The significance of 

enriched target motifs markedly increased with proteins that were washed with  a median high 

ionic strength after their immobilization (salt concentrations between 300-500 mM, Figure 

3.8B). While for FH-ZC3H7B, RNA motif selection efficiencies were consistent with in this salt 

range, FH-hnRNPA1 enriched best for significant motifs after protein washes with 500 mM of 

salt. We hence concluded, that salt concentrations around 500 mM were not harmful to the 

state of the proteins yet, but sufficient to release pre-bound contaminants that might affect the 

outcome of endo-bind-n-seq experiments. Surprisingly, a further increase in salt concentration 

negatively affected the RNA selection for both protein candidates (1M NaCl, Figure 3.8B). High 

levels of detergent did not have any impact on RNA binding reactions and both FH-hnRNPA1 

and FH-ZC3H7B enriched with efficiencies similar to low salt conditions (RIPA, 150 mM NaCl, 

Figure 3.8B). Weeder scores of non-specifically bound background RNA motifs stayed 

consistently low with  all tested conditions when using wild -type HEK293T lysate incubated 

anti-FLAG beads in RNA binding reactions, which served as a negative control (Figure 3.8B). 

 



Results 

 
32 
 

 

Figure 3.8: Target RNA selection efficiency subjected to the titration of IP washing stringencies.  (A) 

Exemplary western blots of immunoprecipitated protein amounts after IP washes, applying increasing buffer 

stringency conditions. (B) Weeder2 enrichment scores of highest scoring motifs, plotted against buffer stringencies 

tested in IP washing steps for optimized purification of immobilized protein  candidates in endo-bind-n-seq. 

We next examined the motifs corresponding to the plotted weeder scores (Figure 3.8B) in more 

detail (Figure 3.9). As before, FH-hnRNPA1 robustly enriched for its target RNA sequence, 

selecting motifs that contained an UAG(U/G)G core under all tested conditions (Figure 3.9A), 

suggesting high-affinity interactions . For FH-ZC3H7B, the earlier identified AGUUUCG motif 

(Figure 3.7A) could be recapitulated under washing conditions with  300 mM, 500 mM, and 1 M 

of salt after immunoprecipitation . However, with  a reduced emphasis on the cytidine moiety 

of the motif compared to previous experiments (Figure 3.9B). When using low salt conditions 

or RIPA buffer for washes of bead-bound FH-ZC3H7B, target RNA motifs became less clear, 

reflecting the significance scores from Weeder2 analysis, which were similar to the negative 

control under these conditions (Figure 3.8B). Together, these results suggested a rather low 

binding affinity of ZC3H7B to its target RNA motif. Background motifs, that were enriched with  

wild -type HEK293T lysate incubated anti-FLAG beads, stayed consistent throughout all tested 

washing conditions (Figure 3.9C), similar to their  weeder scores (Figure 3.8B). At the same 

time, the selected background motifs appeared surprisingly specific, containing an AGUGA(G) 

core sequence. Therefore, we assumed some bead-based bias for specific background RNA 

motif selection from our input  pools (Figure 3.9C). Nevertheless, the difference between the 

RBP-derived results highlighted, that washing conditions for protein candidates with 500 mM 

of salt after immunoprecipitation present a suitable standard to conduct endo-bind-n-seq 

experiments. 
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Figure 3.9: Motifs enriched in endo-bind -n-seq after anti -FLAG IP with  altering  washing conditions . Sequence 

logo representation of enriched motifs after two selection rounds with immobilized (A) FH-hnRNPA1, (B) FH-

ZC3H7B, or (C) empty FLAG-beads incubated with wild -type HEK293T lysate. Incubated beads were washed with 

indicated buffer conditions. Stringency of washing conditions increases from top to bottom. 

 

3.1.5 Optimization of RNA binding  conditions for a reduced background bias 

When testing for optimal washing conditions of immunoprecipitated RBP candidates in endo-

bind-n-seq (chapter 3.1.4), we observed a bead-derived bias of background RNA motif 

selection, which resembled target motifs that were enriched by FH-hnRNPA1 (Figure 3.9). To 

challenge this background bias, we conducted a second buffer optimization approach, using 

increasing salt concentrations in RNA binding reactions. We immobilized FH-hnRNPA1 from 

quantified HEK293T overexpression lysates with  anti-FLAG beads, and in parallel incubated 

anti-FLAG beads with wild-type HEK293T lysates to assess background RNA motif  selection. 

Washed beads were subsequently applied in endo-bind-n-seq RNA binding reactions, using 

buffer conditions ranging between 150 mM and 1 M of salt (Figure 3.10). Interestingly, the FH-

hnRNPA1 core motif UAG(U/G)G was only found, when using RNA binding conditions with 

300 mM of salt or higher in the binding buffers (Figure 3.10A). Under low-salt conditions 

(150 mM), FH-hnRNPA1 enriched for a similar  motif  containing an AGUGA core (Figure 3.10A), 

which however was indistinguishable from motifs enriched by the negative control (Figure 

3.10B). With  increasing salt concentrations in RNA binding buffers, the bias of background RNA 

motifs disappeared. Instead, a random distribution of nucleotides could be observed, that 

clearly differed from the FH-hnRNPA1 enriched targets under the same conditions. Hence, we 
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concluded, that starting from 300 mM of salt, ionic strengths in RNA binding buffers were high 

enough to suppress the biased interaction of specific RNA motifs with  the beads (Figure 3.10B). 

Interestingly, significance scores from the Weeder2 analysis stayed constantly low for all 

background motifs. However, FH-hnRNPA1 motif score results peaked at 500 mM of salt 

(Figure 3.10C), suggesting optimal RNA binding conditions for the RBP candidate. Altogether, 

our data emphasized, that salt and buffer conditions present an important factor in endo-bind-

n-seq reactions, which requires specific adjustments for each individual RBP candidate to 

achieve high-quality target motif output results. 

 

 

Figure 3.10: Titration of RNA binding stringenc ies in endo-bind -n-seq. Sequence logo representation of 

enriched motifs after two selection rounds with (A) immunoprecipitated FH_hnRNPA1 and (B) with wild -type 

HEK293T lysate incubated, empty anti-FLAG beads. RNA binding stringencies increase from left to right by salt 

concentrations in RNA binding buffers. (C) The trend of Weeder2 enrichment scores is graphically depicted, 

corresponding to the binding buffer conditions of upper motifs with in the respective columns. 

 

3.1.6 The multi -domain zinc  finger protein ZC3H7B enriches for two different 

target motifs in endo-bind -n-seq 

The zinc finger protein ZC3H7B, which we had used to assess endo-bind-n-seq with different 

protein concentrations after immunoprecipitation (Figure 3.7), and to optimize immobilized 

RBP candidate conditions (Figure 3.8 and Figure 3.9), represents a rather complex RNA binder. 

It is constituted of five consecutive zing finger motifs at its C-terminus, which might collaborate 

in a more sophisticated RNA binding mode (Figure 3.11A). It  further harbors three N-terminal  

tandem tetratricopeptide repeats (TPR), which have been found to enhance protein complex 
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formation by mediating protein-protein interactions (Blatch and Lässle, 1999). So far in this 

thesis, we have exclusively worked with the overexpressed, tagged full-length FH-ZC3H7B 

construct, which reproducibly  enriched the target RNA motif AGUUUCG in endo-bind-n-seq 

(Figure 3.11B). However, considering the TPR repeats of the protein, we cannot exclude that 

the motif got enriched through a multi -protein complex that was co-immunoprecipitated 

through FH-ZC3H7B in our experiments. ZC3H7B has previously been reported to associate 

with  mRNAs, however without a description of specific RNA target motifs (Baltz et al., 2012; 

Castello et al., 2012). Later, ZC3H7B has been identified as a specific interactor of the pre-

miRNA hairpins miR7-1, miR16-2, and miR29a, recognizing an AUA(A/ U) motif in their apical 

loop (Treiber et al., 2017). Interestingly, previous endo-bind-n-seq experiments performed by 

Dr. Nora Treiber and Dr. Thomas Treiber yielded a target RNA motif that matched the target 

sequence with in the apical loop of the reported pre-miRNA interactor hairpins (Figure 3.11C), 

when using a recombinant ZC3H7B(415-956) construct, containing the proteins zinc finger 

domain (Figure 3.11A). To further  assess the selection of two independent target RNA motifs 

by ZC3H7B in endo-bind-n-seq, we decided to investigate the RNP complex formation with the 

two motifs in more detail. 

 

Figure 3.11: ZC3H7B enriches two different  target RNA motifs in endo-bind -n-seq. (A) Schematically depicted 

domain organization of the full-length zinc finger protein ZCH7B, and a truncated construct comprising aa415-956, 

focusing on its zinc finger domain. (B) Sequence logo of a ZC3H7B target motif enriched in endo-bind-n-seq with 

anti-FLAG immunoprecipitated full -length FH-ZC3H7B. (C) Sequence logo of a ZC3H7B target motif enriched in 

endo-bind-n-seq with truncated, recombinantly purified  GST-ZC3H7B focusing on the zinc finger domain. Weeder 

scores are given. 

 

3.1.6.1 RNP complex formation of the ZC3H7B zinc finger domain in EMSA 

To examine the RNP complex formation of ZC3H7B from an in vitro perspective, we performed 

electro-mobility shift assays (EMSA) with RNA constructs harboring the endo-bind-n-seq 

enriched ZC3H7B target motifs (Figure 3.11B and C). Therefore, we in vitro transcribed either 
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the AGUUUCG (Motif 1, Figure 3.11B) or the AUAGAU (Motif 2, Figure 3.11C) motif, flanked by 

random AC-linker sequences on both the υȭ ÁÎÄ the σȭ ÅÎÄ, and incubated them with  the 

purified  zinc finger domain GST-ZC3H7B(415-956) (Figure 3.12A). Both radioactively labeled 

RNA constructs, containing either Motif  1 (Figure 3.12B) or Motif 2 (Figure 3.12C), clearly 

shifted in gels after incubation with increasing amounts of GST-ZC3H7B(415-956), confirming 

RNP complex formation. In contrast, incubation of the purified zinc finger domain with an 

unrelated control RNA, consisting of AGCC motif repeats, did not result in comparable RNA 

signal shifts, suggesting a specific interaction of GST-ZC3H7B(415-956) with both its endo-

bind-n-seq enriched target RNA motifs (Figure 3.12D). In addition to in-gel shifting RNP 

complex signals, both labeled ZC3H7B target RNA constructs were increasingly retained with in 

gel pockets upon protein addition, which could not be observed for the control RNA substrate 

(Figure 3.12B-D). This further confirmed the specificity  of GST-ZC3H7B(415-956) RNP 

complex formation, since preventing gel migration exclusively for the target motif containing 

RNA constructs. Interestingly, the pre-miRNA loop matching Motif 2 RNA was retained and 

shifted markedly stronger in EMSA than the Motif  1 RNA (Figure 3.12B and C), indicating a 

higher affinity of GST-ZC3H7B(415-956) to the target RNA Motif  2. 

 

Figure 3.12: The ZC3H7B zinc finger domain  specifically binds to  its target RNA motifs in EMSA. (A) SDS-PAGE 

analysis of purified, recombinant GST-ZC3H7B(aa415-956) used in EMSA. (B-D) Increasing amounts of GST-

ZC3H7B(aa415-956) in RNA binding reactions ×ÉÔÈ υȭ-radiolabelled RNA constructs harboring the endo-bind-n-seq 

enriched target sequences (B) Motif 1 and (C) Motif 2 between random linkers, or with (D) an unrelated RNA as 

negative control. Protein amounts were titrated up (0/15/30/60/120  nM) and incubated with constant levels of 

RNA. 

To closer investigate the RNA binding affinity of GST-ZC3H7B(415-956) to its target RNA 

motifs, we repeated the EMSA with  both Motif 1 and Motif 2 containing RNA constructs, 

including more protein titration steps. We analyzed RNP complex formation with protein 

concentrations ranging between 5-1280 nM, and subsequently quantified and compared the 

respectively bound RNA fractions (Figure 3.13). We further attempted to prevent the retention 
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of RNP complexes within the gel pockets by introducing competitor molecules such as salt or 

a mixture of tRNAs. However, neither salt, nor tRNAs could counteract the accumulation of 

target RNA signals in the pockets (data not shown). Again, both RNA constructs strongly shifted 

in EMSA upon the addition of GST-ZC3H7B(415-956). However, especially samples within the 

lower protein concentration range clearly emphasized an earlier shifting of Motif 2 RNA signals 

compared to Motif 1 RNA in the gel (Figure 3.13A). Quantification of the bound RNA fractions, 

by analysis of the decreasing signals of unbound RNAs and plott ing against the applied protein 

concentrations, confirmed this observation (Figure 3.13B). Together, our results indicated a 

higher RNA binding affinity  of the zinc finger domain GST-ZC3H7B(415-956) to RNA Motif 2 

compared to Motif 1. Nevertheless, also RNP complex formation with RNA Motif  1 generated 

an adequate RNA binding curve and thus, we concluded, that both endo-bind-n-seq enriched 

RNA sequences represent specific target RNA motifs of the zinc finger protein ZC3H7B. 

 

 

Figure 3.13: GST-ZC3H7B(415-956) binds target Motif 2 with higher affinity than Motif 1  in EMSA. (A) EMSA 

of the recombinant, C-terminal GST-tagged ZC3H7B ÚÉÎÃ ÆÉÎÇÅÒ ÄÏÍÁÉÎ ×ÉÔÈ υȭ-radiolabelled RNA constructs 

harboring the endo-bind-n-seq selected indicated target motifs (Motif1, top; Motif2, bottom) between random 

linkers. Protein amounts were titrated up to 1.28 µM with constant RNA levels. (B) Shifted RNA portions were 

quantified by reducing signal intensities of free RNA. Bound fractions were calculated and plotted against applied 

protein concentrations. 

 

3.1.6.2 ZC3H7B RNP complex formation  in a radioactive  competitor assay  

We next examined, whether target Motif 2 (AUAGAU) showed higher RNA binding affinity to 

GST-ZC3H7B(415-956) in EMSA because of RNP complex formation with the same truncated 

ZC3H7B construct  that was also used during its selection in endo-bind-n-seq. Therefore, we 
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performed a competitor  assay between the two identified  target RNA motifs, using 

immunoprecipitated FH-ZC3H7B for RNP complex formation (Figure 3.14). Equal to endo-

bind-n-seq experiments, where Motif 1 (AGUUUCG) has been selected as a target. Respectively, 

one of the two target motif RNAs was radioactively labeled and subsequently mixed with 

increasing amounts of cold, unlabeled RNA corresponding to the opposite target motif or an 

unrelated control sequence. For each mix, equal amounts of FH-ZC3H7B were immobilized on 

beads for RNP complex formation, which was confirmed by western blot analysis (Figure 

3.14A). RNA samples were either incubated with empty beads as a control or with bead-bound 

FH-ZC3H7B. The interacting portions of radioactively labeled RNA were subsequently 

analyzed on a denaturing PAGE gel. The resulting signals were quantified and normalized to 

the zero-competitor input  signal, to determine the preferentially bound FH-ZC3H7B target 

RNA motif (Figure 3.14B). Competition of the FH-ZC3H7B selected, labeled RNA Motif  1 with 

increasing amounts of cold Motif  2 resulted in a continuous decrease of detectable RNA signals, 

indicating less and less Motif 1 binding to FH-ZC3H7B (Figure 3.14B, row1). Interestingly, 

when applying a mix with 1 pmol of both target RNA motifs, the signals detected for Motif  1 

decreased almost by half compared to zero-competition samples. This reflected the stochastic 

distribution of the two target  RNA motifs in the binding reaction, suggesting equal binding to 

FH-ZC3H7B. In contrast, Motif 1 signals from the competition with increasing amounts of an 

unrelated control RNA did not indicate a significant inhibi tion of RNP complex formation with 

the target (Figure 3.14B, row 2). Incubation of the radioactively labeled, GST-ZC3H7B(415-

956) selected target Motif 2 with FH-ZC3H7B generated detectable signals equal to Motif 1, 

confirming efficient RNP complex formation. However, Motif 2 RNP complexes were barely 

affected by the addition of cold Motif 1 RNA and radioactive signals only started decreasing 

upon the addition of at least double the amount of the cold competitor (Figure 3.14B, row 3). 

The addition of increasing amounts of control RNA did not have any effect on FH-ZC3H7B 

bound Motif 2 portions, showing constant signals for all tested conditions (Figure 3.14B, row 

4). Together, our results confirmed a higher affinity of ZC3H7B to target RNA Motif 2 (AUAGAU) 

compared to target Motif 1 (AGUUUCG), and the use of immunoprecipitated ZC3H7B full -length 

protein instead of the isolated zinc finger domain did not have any impact on this binding 

preference. Nevertheless, as in EMSA, the interaction of FH-ZC3H7B with both its endo-bind-

n-seq enriched target RNA motifs was specific, and only the respectively opposite motif, and 

not an unrelated control RNA, efficiently competed with RNP complex formation of ZC3H7B. 
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Figure 3.14: ZC3H7B competitor assay of endo-bind -n-seq enriched target RNA motifs.  (A) Western blot 

analysis of anti-FLAG immunoprecipitated FH-ZC3H7B samples used in the competitor assay. (B) Signals detected 

from 1 pmol of υȭ-radiolabelled RNA constructs harboring indicated ZC3H7B target motifs, after binding to 

immobilized FH-ZC3H7B and incubation with increasing amounts of cold competitor RNA. Competitors either 

harbored the opposite target motif or an unrelated control sequence (RNA constructs analogous to EMSA, Figure 

3.12). RNP interactions analyzed by denaturing PAGE gel were exposed to a phosphor screen for 24 h or 72 h. 

Imaging signals were quantified and normalized to zero competitor input signals. 

 

3.1.7 Endo-bind -n-seq enables target RNA motif selection  with  RBPs isolated 

from tissue samples  

RBPs frequently exhibit expression patterns that are specific to tissues or developmental 

stages. In addition, protein modifications or interaction partners can vary in the context of their  

dynamic natural environment. Hence, as a proof of concept, we last assessed RNA binding 

specificities of endogenous RBPs from mural tissue samples in endo-bind-n-seq. We used 

mouse brain and liver samples to examine target RNA motif selection by the RBP candidates 

hnRNPA1, GRSF1, and CELF1, for which we already had successfully enriched their target RNA 

motifs in earlier experiments with purified protein s and after immunoprecipitation from 

HEK293T cell lysates (chapter 3.1.2). To perform efficient target RNA selection reactions with 

suitable amounts of protein for each candidate, we first immunoprecipitated the proteins with 

specific antibodies from titrated  amounts of brain and liver lysates for quantification in 

western blot (Figure 3.15), to estimate the final protein concentrations in endo-bind-n-seq 

(according to chapter 3.1.3). CELF1 and GRSF1 did not markedly differ in their  quantities or 

running behavior between brain and liver tissues. Interestingly, however, hnRNPA1 was not 

only significantly lower expressed in mouse liver  tissue compared to the brain, but also ran 

markedly lower than in brain samples, indicating the expression of a shorter hnRNPA1 isoform 

in mouse liver. 
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Figure 3.15: Quantification of immunoprecipitated RBPs from  mural tissue.  Exemplary western blots of mouse 

brain and liver derived RBP candidates after immunoprecipitation from titrated  amounts of tissue lysate with 

specific antibodies against CELF1, GRSF1, or hnRNPA1. 1µg of GST-HA-hnRNPA1(2-187) was co-loaded on blots in 

triplicates as an internal reference for immunosignal normalization and subsequent quantification of 

immunoprecipitated protein amounts (see chapter 3.1.3). 

 

We calculated the respectively required lysate amounts for each candidate, to match the earlier 

defined optimal protein concentration range around 60 nM for target RNA selection (see 

chapter 3.1.3) and performed endo-bind-n-seq from mouse tissue samples (Figure 3.16A). We 

immobilized endogenous hnRNPA1 from adjusted brain and liver lysate amounts with specific 

antibodies on beads, and validated the immunoprecipitation by western blot (Figure 3.16B). 

Beads-bound hnRNPA1 was incubated with our randomized RNA input pool for binding under 

high-salt conditions (300 mM), which we previously had identified as an optimal condition to 

avoid RNA background binding events while not having an impact on specific target 

interactions with  hnRNPA1 itself (chapter 3.1.5). Empty beads, that were incubated in equal 

lysate amounts and treated analogously to hnRNPA1 samples, served as a negative control. 

Strikingly, hnRNPA1 from both tissue extracts enriched for its known target RNA motif, 

containing an UAG(U/G)G core, while the negative control did not enrich for a specific sequence 

element (Figure 3.16C). The high values of resulting Weeder2 significance scores further 

emphasized the efficiency of target RNA selection by hnRNPA1 from both mouse tissues. 

Hence, our data confirmed, that endo-bind-n-seq represents a suitable approach for examining 

the binding specificity of an RBP, also when isolated from sources as complex as tissue samples.  
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Figure 3.16: Endogenous hnRNPA1 from murine  tissue efficiently enriches its  target  RNA motif.  (A) Outline 

of an endo-bind-n-seq experiment using immunoprecipitated RBPs from mouse tissue samples. Figure created with 

biorender.com. (B) Western blot of endogenous hnRNPA1 immunoprecipitated from defined mounts of murine 

brain and liver lysates. (C) Sequence logo representation of enriched motifs after two selection rounds with 

immobilized hnRNPA1 from tissues or lysate-incubated empty beads as a negative control. Weeder2 enrichment 

scores are given. 

To assess the robustness of our method on other examples, we further immobilized 

endogenous GRSF1 and CELF1 from adjusted brain and liver lysate amounts with specific 

antibodies, and again validated the immunoprecipitation by western blot (Figure 3.17A). Since 

we had not specifically examined the RNA binding behavior of GRSF1 and CELF1 under 

different stringency conditions before, we included low-salt conditions (75 mM) next to high-

salt RNA binding (300 mM) in our experiments. In addition, empty beads were incubated in 

respective lysate amounts and treated analogously to the candidates, to serve as a negative 

control. Interestingly, GRSF1 clearly enriched for its earlier observed target RNA motif UGGGU 

from both tissue extracts under low-salt conditions (Figure 3.17B). Under high-salt conditions, 

the motif became less clear for GRSF1 from liver tissues and related weeder scores markedly 

dropped compared to the other samples. However, GRSF1 from brain tissue still efficiently 

enriched for its target RNA under high-salt conditions, suggesting higher RNA binding affinities 

of GRSF1 from mouse brain (Figure 3.17B). For CELF1, we had expected to enrich for GU-rich 

target RNA motifs, which however was only the case for samples from brain extract under high-

salt conditions (Figure 3.17C). In addition, significance scores for CELF1 results from liver 

extracts were generally low, similar  to the negative control (Figure 3.17D), indicating poor RNA 

binding capacities of CELF1 proteins isolated from mouse liver extract. Interestingly, as in 
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earlier experiments, empty beads enriched for a specific background motif under low-salt RNA 

binding conditions, which only disappeared under high-salt conditions (Figure 3.17D). In sum, 

RNA binding specificities of GRSF1 and CELF1 seemed to differ in a tissue-dependent context. 

Nevertheless, endo-bind-n-seq successfully enriched for their expected RNA motifs under 

specific conditions, confirming our method as a suitable approach for the identification  of RNA 

binding motifs of endogenous RBPs, even after their isolation from tissue samples. 

 

 

Figure 3.17: Endo-bind -n-seq with GRSF1 and CELF1 from murine tissues. (A) Western blot analysis of 

endogenous GRSF1 and CEFL1, immunoprecipitated from defined mounts of murine brain and liver lysates, used in 

endo-bind-n-seq with low salt (LS, 75 mM KCl) and high salt (HS, 300 mM KCl) RNA binding conditions. (B-D) 

Sequence logo representation of enriched motifs after two selection rounds with immobilized (B) GRSF1 and (C) 

CELF1 from mouse brain and liver tissues, or (D) lysate-incubated empty beads as negative control. Weeder2 

enrichment scores are given.  
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3.2 Enhancer of decapping 4  (EDC4) ɀ a new potential RBP of the WD40 family  

Enhancer of decapping 4 (EDC4), also known as HEDLS or Ge-1, is a key component of the 

mRNA decapping machinery and is involved in mRNA degradation and translational 

repression. It serves as a scaffold and directly interacts with many different proteins, such as 

DCP1, DCP2, and XRN1 (Chang et al., 2014). Furthermore, it is essential for P-body formation 

in the cytoplasm (Eulalio et al., 2007b; YU et al., 2005). EDC4 not only seems to play a role in 

the active decay of mRNAs but is also very likely involved in the storage of transcripts within  

P-bodies (Hubstenberger et al., 2017). Genome-wide mRNA interactome studies have 

identified many new potential RNA binders, that do not contain so far known RBDs (Baltz et 

al., 2012; Castello et al., 2012). Therefore, domains that were not considered RBDs before, like 

the b-propeller WD40 domain, may directly contact the RNA. These findings suggested, that 

EDC4 could directly interact with  RNA through its WD40 domain, which so far has not been 

examined in detail. The aim of this study was to further characterize the WD40 family member 

EDC4, with  a special focus on its potential RNA binding function and possible RNA substrates. 

 

3.2.1 The EDC4 WD40 domain alone does not localize in to P-bodies  

EDC4 is an essential P-body factor and therefore is commonly used as a marker for P-body 

staining in immunofluorescence (IF) experiments (Ayache et al., 2015; Eulalio et al., 2007b; 

Hubstenberger et al., 2017; Ling et al., 2014). It has been reported, that the C-terminal domain 

of EDC4 is required for its localization into P-bodies (YU et al., 2005). However, as P-bodies are 

a hub of mRNA metabolism and we considered the EDC4 WD40 domain as a potential new RBD, 

we were wondering if the isolated WD40 domain could still  localize into P-bodies to some 

extent. To examine this, we used inducible Flp-In TREx293 cells, that could overexpress FH-

tagged full-length EDC4, or a truncated construct solely comprising the WD40 domain 

(EDC4(WD40), Figure 3.18A). To investigate the localization of overexpressed FH-EDC4 and 

FH-EDC4(WD40) in immunofluorescence experiments, we used specific antibodies 

recognizing the HA-portion in the FH-tag (Figure 3.18B). As expected, FH-EDC4 was detected 

in distinct, bright spots in the cytosol, representing P-bodies of the cell. FH-EDC4(WD40) did 

not localize into P-body condensates. Instead, the WD40 domain showed a random distribution 

within the cytoplasm, indicating that potential RNA contacts with the WD40 domain were not 

sufficient for its localization into P-bodies and specific interactions with the full body of EDC4 

were required to detect the cytosolic foci. 
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Figure 3.18: EDC4(WD40) alone  does not localize  into  P-bodies. (A) Schematic presentation of full-length EDC4 

with  annotated protein domains (top), and the truncated construct used for studies focusing on the WD40 domain 

(bottom). (B) Immunofluorescence detection of EDC4 constructs (green) with anti-HA antibody in Flp-In T-REx293 

cells overexpressing FH-EDC4 or FH-EDC4(WD40) constructs. Nuclei were stained with DAPI (blue). 

 

3.2.2 A toolbox for deeper investigations on EDC4  

3.2.2.1 Generation of EDC4 specific antibody  

We aimed to investigate EDC4 in more detail and examine its characteristics on an endogenous 

level. To not depend on tagged and overexpressed protein constructs, we generated EDC4-

specific polyclonal antibodies by the immunization of a rabbit. Therefore, we induced the 

expression of recombinant His6-EDC4(WD40) in bacteria, which however was insoluble in 

E.coli. Hence, we applied a denaturing protein reconstitution approach for the purification of 

the domain (Figure 3.19A). We separated protein aggregates from expression lysates by 

centrifugation and resolubilized the aggregated domain by resuspension of the pellets in a 

buffer with  stepwise increasing concentrations of urea as a denaturing agent (Figure 3.19B). 

The fraction that was resolubilized with eight molar urea contained the highest amounts of 

His6-EDC4(WD40) (Figure 3.19B, lane 5) and was applied for affinity chromatography 

purification (Figure 3.19C). After four elution steps, clean His6-EDC4(WD40) could be obtained 

(Figure 3.19C, lane 8). The protein solution was dialyzed to a residual concentration of two 

molar urea, aiming for a strong immune response with  high antibody titers, and used for 

antibody generation. 
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Figure 3.19: Purification of recombinant H is6-EDC4(WD40) for antibody generation.  (A) Schematic overview 

of the purification strategy. (B) Aliquots of the indicated purification steps were analyzed by SDS-PAGE and 

Coomassie staining. Aggregated proteins were stepwise solubilized from the pellet, using indicated increasing 

concentrations of urea in the buffer. (C) Aliquots of the indicated HisTrap affinity chromatography steps were 

analyzed by SDS-PAGE and Coomassie staining. Chromatography was performed with samples solubilized from the 

pellet with 8 M urea. 

As a first test, the produced rabbit anti-EDC4 antibody serum was directly applied in western 

blot, immunofluorescence, and immunoprecipitation experiments, to validate its function in 

recognizing EDC4. Unfortunately, except for spotted His6-EDC4(WD40) on a nitrocellulose 

membrane in dot-blot experiments, our antibodies did not recognize EDC4 in western blot 

experiments (data not shown). However, when applying anti-EDC4 serum in immuno-

fluorescence experiments in Flp-In TREx293 wild-type cells, we could observe clear 

cytoplasmic P-body foci from endogenous EDC4 (Figure 3.20A), suggesting that our antibodies 

were suitable for the detection of the native protein. To test the antibody for 

immunoprecipitation of EDC4, we used overexpressed FH-EDC4 and FH-EDC4(WD40) from 

Flp-In TREx293 cells and analyzed the samples by western blot, using anti-HA antibody for the 

detection (Figure 3.20B). Both, full-length EDC4 as well as the WD40 domain construct could 

be successfully immunoprecipitated with our antibod ies. Together, our initial tests validated 

the functionality of the produced anti-EDC4 antibody and hence, we isolated the antibodies 

from the serum by Sepharose G affinity purification to further improve the usage in later 

applications. 
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Figure 3.20: Validation of  the generated  anti -EDC4 antibody serum.   (A) Immunofluorescence detection of 

endogenous EDC4 (green) in Flp-In T-REx293 cells with serum obtained from His6-EDC4(WD40) immunized rabbit 

(anti -EDC4). Nuclei were stained with DAPI (blue). (B) Immunoprecipitation of  overexpressed FH-EDC4 and FH-

EDC4(WD40) from induced Flp-In T-REx293 cell lysates with anti-EDC4 rabbit antibody serum. Samples and 10 % 

of input lysate were analyzed by western blot and detected with anti-HA antibody.  

 

3.2.2.2 Generation of EDC4 knockout cell lines  

To expand our toolbox for studying EDC4, we performed knockout experiments using the 

CRISPR/Cas9 system. We designed single-guide RNAs, targeting the WD40 domain encoding 

region of EDC4 (Figure 3.21A), and generated knockouts in Flp-In T-REx293, allowing us to 

later conduct rescue experiments by the Flp-In recombination system of the cells. To validate 

the knockout of EDC4, we performed western blot analysis of lysates from different knockout 

clones and compared them to Flp-In T-REx293 wild -type lysate (Figure 3.21B). Since our 

produced anti-EDC4 antibody did not work for western blot analysis (chapter 3.2.2), we used 

a commercial antibody to detect endogenous EDC4 in the blot. A strong signal around 180 kDa 

could be observed in wild-type lysate, which completely disappeared in lysates of KO Clone 1 

and KO Clone 3, indicating complete depletion of EDC4 in these cells. Interestingly, in KO 

Clone 5, a band could be observed that showed around half reduced intensities for EDC4 

compared to the wild-type, suggesting the generation of a heterozygous cell line. It has been 

shown, that DCP1a stably interacts with the WD40 domain of EDC4 and colocalizes with it in 

P-bodies (Chang et al., 2014; YU et al., 2005). To assess, whether the knockout of EDC4 had an 

influence on protein levels of DCP1a in our KO clones, we additionally  analyzed DCP1a by 

western blot (Figure 3.21B).  However, depletion of EDC4 did not have striking effects on the 

abundance of DCP1a compared to the wild -type or the heterozygous KO Clone 5, showing 

similar  signals between all samples. As a second knockout validation approach, we performed 

immunofluorescence experiments, using our self-made anti-EDC4 antibody (Figure 3.21C). We 

examined wild -type Flp-In T-REx293 cells and compared them to cells having either 

overexpressed FH-EDC4 or knocked out EDC4. As before, distinct P-body foci could be 

observed in the cytosol of wild -type cells. The size of the foci significantly increased upon FH-
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EDC4 overexpression, reflecting the high levels of EDC4 in the cells. In contrast, KO Clone 1 

completely lost detectable signals in immunofluorescence experiments. Hence, we concluded, 

we had successfully depleted EDC4 with our knockout approach. In addition, the complete loss 

of detectable signals in the knockout cells further confirmed  the specificity of our produced 

anti-EDC4 antibody. 

 

 

Figure 3.21: Validation of EDC4 knockout  cell lines by IF and western blot.  (A) Schematic presentation of the 

EDC4 body (blue: WD40, green: coiled-coil) and used PAM sequence position (coding for amino acid 169) for 

CRISPR/Cas9 knockouts. (B) Western blot analysis of Flp-In T-REx293 WT lysate (lane 1) and three EDC4 KO Flp-

In T-REx293 clones (lanes 2-4) with commercial antibodies against the indicated proteins. Detection of ɼ-Actin 

served as a loading control. (C) Immunofluorescence detection of EDC4 with our anti -EDC4 antibody serum in Flp-

In T-REx293 WT or upon overexpression FH-EDC4, and EDC4 KO clone1 (green). Nuclei stained with DAPI (blue).  

Like EDC4, DCP1a is commonly used as a marker for P-body staining in immunofluorescence 

experiments (Hubstenberger et al., 2017; YU et al., 2005). During the western blot analysis of 

EDC4 knockout clones, we observed that DCP1a levels stayed constant between the wild -type 

and EDC4 knockout cells (Figure 3.21B). We used this fact, to assess whether the depletion of 

EDC4 indeed had caused a loss of P-bodies in our cells, as has been observed before (YU et al., 

2005; Eulalio, Behm-Ansmant, et al., 2007). We performed immunofluorescence experiments 

with specific antibodies detecting DCP1a and analyzed its localization in wild-type and EDC4 

knockout cells (Figure 3.22). Like EDC4, DCP1a localized in distinct cytosolic P-body foci in the 

wild -type cells. However, in EDC4 KO Clone 3, DCP1a signals were randomly distributed within 

the cytosol. Hence, we assumed that P-body formation was in fact impeded in our knockout 

cells. Altogether, our data indicated that we had successfully generated full EDC4 KO clones 

and again emphasized EDC4 as an essential factor for P-body formation. 
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Figure 3.22: DCP1a does not localize into P -bodies in EDC4 KO cells. Immunofluorescence detection of DCP1a 

in Flp-In T-REx293 WT cells and EDC4 KO clone3 (green). Nuclei were stained with DAPI (blue). 

 

3.2.2.3 Recombinant expression and p urif ication of the EDC4 WD40 domain  

Our main goal in this project was the characterization of the EDC4 WD40 domain as a new 

potential RBD. To be able to examine RNP complex formation from an in vitro perspective, we 

next developed a purification strategy for recombinant EDC4 WD40 domain constructs. WD40 

domains present highly complex protein folds, and our first  expression and purification 

attempts, applying induced overexpression of recombinant EDC4(WD40) in E. coli, resulted in 

full y aggregated proteins (chapter 3.2.2). To provide more suitable machinery for the 

expression of WD40 domain folds, we initially purified  EDC4(WD40) from insect cells (data 

not shown). However, this expression system is not very flexible in handling and therefore, we 

kept developing a recombinant expression and purification strategy for EDC4(WD40) domains 

from E. coli cells, based on bacterial auto-induction as reported by Studier (2005). Briefly, 

recombinant WD40 domains were N-terminal ly fused to a cleavable GST-tag and expressed in 

E. coli BL21 cells at low temperatures. Bacteria were grown in an optimized medium, which 

further  contained lactose for auto-induced expression of the recombinant GST-EDC4(WD40) 

construct in growth-saturated bacteria cultures (see methods section 4.5). GST-tagged WD40 

domains were purified from bacteria lysates by GST-affinity chromatography, followed by a 

second GST-affinity run after cleavage of the N-terminal tag. The untagged WD40 domains 

were collected from flow-through fractions, while free GST-tags were captured on the column. 

The flow-through was finally fractionated by size exclusion chromatography (Figure 3.23A). 

Our EDC4(WD40) peptide comprised 479 amino acids (Figure 3.18A), with a molecular weight 

of 53 kDa. Therefore, we initially used a Superdex 200-based gel filtration system (Figure 
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3.23A, blue), which provides an overall separation range of 10 ɀ 600 kDa (according to the 

manufacturer) and should have perfectly matched the molecular weight of our protein. 

However, except for a very small portion of EDC4(WD40) protein showing absorption between 

12-13 ml (fractions B4-5), almost all our protein ended up in the void volume (fractions A12-

15), assumingly having lost its solubility upon cleavage of the GST-tag (Figure 3.23A, blue). The 

second clear peak around 14 ml (fracti ons B8-9) exclusively contained residual free GST-tags 

according to PAGE analysis (data not shown). 

 

 

Figure 3.23: Purification of the recombinant EDC4 WD40 domain from auto -induced  bacteria  lysate . (A) Size 

exclusion chromatography profile, detected at 280 nm, of recombinant EDC4(WD40) samples fractionated after 

affinity purification,  using either a Superdex 200 (blue) or a Superose 6 (green) matrix with a total volume of 24 ml. 

(B) SDS-PAGE analysis and Coomassie-staining of indicated pooled fractions after Superose 6 gel filtration. (C) Final 

purification products of recombinant EDC4(WD40) proteins, that were expressed as wild-type (wt) or mutant (A-

/E-mut: S105A/E, S407A/E) domains, analyzed by SDS-PAGE and Coomassie-staining. 

It has been observed before, that EDC4 can interact with itself (Bloch et al., 2011; Jinek et al., 

2008). Hence, we speculated that our purified WD40 domains might have multimerized 

instead of aggregated, which was supported by a protruding Ȭshoulderȭ with in the void peak 

(Figure 3.23A, blue). To assess this hypothesis, we next fractionated affinity-purified 

EDC4(WD40) samples on a Superose 6 matrix, which is suitable for separating proteins in a 

range between 5 kDa and 5 MDa (Figure 3.23A, green). Still, we detected a distinct major peak 

in the void fractions (fractions B13-14). However now, the overall absorption pattern indicated 
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the presence of more soluble protein complexes. Strikingly, SDS-PAGE analysis revealed almost 

pure EDC4(WD40) protein running around 55 kDa in fractions B6-B9 (Figure 3.23B), 

suggesting the presence of native but indeed multimerized WD40 domains according to the 

chromatography profile (Figure 3.23A, green). Other emerging absorption signals did not 

contain any further peptides of interest. We were able to reproducibly apply this expression 

and purification strategy, also for the generation of WD40 domain mutants (focus of later 

results) (Figure 3.23C). Hence, we concluded to have a working and flexible approach in our 

hands, that allowed us to purif y the recombinant EDC4 WD40 domain from bacteria. 

 

3.2.2.4 Expression and p urification of EDC4 (WD40) in complex with DCP1a  

DCP1a is known to directly bind as a trimeric complex to the EDC4 WD40 domain, to promote 

mRNA decapping (Chang et al., 2014). Consequently, we were wondering if the interaction with 

DCP1a might interfere with a potential RNA binding function of the EDC4 WD40 domain. To be 

able to simulate a more in vivo situation in later RNA interaction studies, we further aimed at 

purifying recombinant DCP1a protein. While we were not able to express and purify soluble 

DCP1a alone in bacteria (data not shown), auto-induced co-expression of GST-tagged DCP1a 

together with GST-EDC4(WD40) produced soluble protein with our previously applied 

expression and purification approach (chapter 3.2.2.3). GST-DCP1a and GST-EDC4(WD40) 

containing bacteria lysates were purified by GST-affinity chromatography, followed by 

cleavage of the N-terminal tag from only the WD40 domain, and fractionation of the proteins 

by size exclusion chromatography on a Superose 6 matrix (Figure 3.24). Intriguingly, 

absorption peaks in the resulting chromatogram seemed to overlap in soluble protein 

fractions, suggesting the presence of different  protein complexes in our sample (Figure 3.24A). 

Analysis of the individual fractions by SDS-PAGE revealed three major fraction types, which 

either contained almost pure recombinant GST-DCP1a, running little higher than 100 kDa (A, 

fractions A15-B2), GST-DCP1a with very few amounts of EDC4(WD40) (B, fractions B3-4), or 

similar  amounts of GST-DCP1a and EDC4(WD40), suggesting complex containing fractions (C, 

fractions B5-B7). Reanalysis of the final samples containing the respectively pooled fractions 

indicated that we had purified  both GST-DCP1a as well as GST-DCP1a:EDC4(WD40) complexes 

(Figure 3.24C), which could be applied for RNP complex formation studies of the EDC4 WD40 

domain.  
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Figure 3.24: Purification of the recombinant DCP1a: EDC4(WD40) complex . (A) Size exclusion chromatography 

(SEC) profile on a Superose 6 (green) matrix with a total volume of 24 ml, detected at 280 nm. Sample of co-

expressed recombinant GST-DCP1a and EDC4(WD40) from auto-induced bacteria, fractionated after affinity 

purification. (B) SDS-PAGE analysis and Coomassie-staining of indicated fractions after Superose 6 gel filtration. (C) 

Final purification products, pooled from the following fractions. A: A15-B2, B: B3-4, C: B5-B7. Samples were 

analyzed by SDS-PAGE and Coomassie-staining. 

 

3.2.3 UV crosslinking of EDC4 RNP complexes in  T-REx293 cells  

EDC4 was for the first time described as a potential new RBP in the results of a genome-wide 

mRNA interactome study, that was based on covalent RNA-protein crosslinking experiments 

with ultraviol et (UV) light in HUH7 cells (Beckmann et al., 2015). To recapitulate this finding 

and to identify endogenous target RNAs of EDC4, we aimed to perform UV crosslinking and 

immunoprecipitat ion (CLIP) experiments, followed by sequencing of protein-bound RNAs. In 

this method, the formation of a covalent bond between cellular RNAs and their interacting 

RBPs is induced by the irradiation  of cells with UV light at 254 nm, to strengthen the RNA-

protein interaction. RNP complexes are subsequently immunoprecipitated, and crosslinked 

RNAs can get isolated and applied to a specialized cloning strategy for next generation 

sequencing (König et al., 2012). To examine potential cellular RNP complexes of EDC4, we 

accordingly performed CLIP experiments with  overexpressed FH-EDC4 and FH-EDC4(WD40), 

as well as endogenous EDC4 from Flp-In T-REx293 cells (Figure 3.25). The crosslinked EDC4 
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constructs were immunoprecipitat ed with anti -FLAG or anti-EDC4 antibodies, and the co-

purified , protein-bound RNAs were radiolabeled. RNP complexes were resolved by SDS-PAGE 

and analyzed in autoradiograms after blotting on a membrane (Figure 3.25A). Non-crosslinked 

samples served as a negative control. Intriguingly for both, overexpressed and endogenous 

EDC4, as well as the overexpressed WD40 domain, clear radioactive signals could be detected 

at the expected size in crosslinked samples, that were significantly weaker in non-crosslinked 

samples. Western blot analysis confirmed the observed differences between radioactive 

signals, showing equal protein amounts in crosslinked and non-crosslinked samples (Figure 

3.25B). Accordingly, we assumed we had successfully co-immunoprecipitated covalently 

bound target RNAs of EDC4 by CLIP. However, contradictory to our data, cloning attempts for 

deep sequencing of putatively bound RNAs in these samples reproducibly failed. 

 

 

Figure 3.25: Detection of  32P-labeled RNP complexes of different EDC4 constructs in CLIP. (A) Autoradiograms 

of indicated radiolabeled RNA-protein complexes treated with or without  UV crosslinking (CL) at 254 nm. 

Overexpressed FH-EDC4(WD40) and FH-EDC4 were anti-FLAG immunoprecipitated. Endogenous EDC4 was 

immunoprecipitated using our anti-EDC4 antibody from Flp-In T-REx293 cells. Arrows emphasize signals expected 

to represent EDC4 RNP complexes. (B) 10 % of indicated CLIP samples were respectively analyzed in western blot. 

FH-tagged protein was detected by anti-HA antibody, endogenous EDC4 with commercial EDC4-specific antibody. 

We sought to enhance the efficiency of our CLIP approach by performing photo-activatable 

ribonucleoside-enhanced crosslinking and immunoprecipitation (PAR-CLIP) experiments. In 

this method, photoreactive nucleoside analogues (6-thioguanine (6SG) or 4-thiouridine (4SU)) 

are incorporated into nascent transcripts before the irradiation  of cells with UV light at 365 nm, 

to improve the crosslinking efficiencies with in RNP complexes (Hafner et al., 2010). We tested 

this approach with  overexpressed FH-EDC4 from Flp-In T-REX293 cells and assayed the 

different nucleoside analogues in PAR-CLIP (Figure 3.26). Western blot analysis confirmed, 

that the amount of immunoprecipitated FH-EDC4 from overexpression induced Flp-In T-

REX293 cells was comparable between the tested conditions (Figure 3.26A and B). Strikingly, 

autoradiograms of radiolabeled FH-EDC4 RNP complexes showed markedly increased signals 
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for samples treated with  photoreactive nucleosides 4SU and 6SG, compared to untreated 

samples (Figure 3.26C). Hence, we assumed that the crosslinking efficiencies were clearly 

improved and we had co-immunopurified higher amounts of RNA. Since signals from 6SG-

treated samples appeared cleaner but with  the same intensities as 4SU, we decided to further 

validate 6SG treatment for FH-EDC4 prior to  library cloning attempts. Therefore, we used non-

crosslinked samples and cells that were not induced for FH-EDC4 overexpression as a control 

and tested two different concentrations of 6SG treatment (Figure 3.26D). Interestingly, the 

different amounts of 6SG did not have striking effects on resulting signals, indicating that 

nascent target RNAs of EDC4 were already saturated with 50 µM of 6SG. Non-crosslinked 

samples showed reduced signal intensities and samples without overexpressed FH-EDC4 

almost lost the signal. A faint still could be observed, which was most likely derived from leaky 

expression of FH-EDC4 in our Flp-In T-REX293 cells due to minimal amounts of inducing agent 

in our culturing media (Figure 3.26D, lane 2). Hence, we concluded that the detected signals 

were specific to FH-EDC4 RNP complexes and that 6SG presented a suitable nucleoside 

analogue to examine EDC4 in PAR-CLIP. Unfortunately, despite several further optimization 

steps including RNase treatment conditions and RNA selection variations in the cloning 

procedure, we were not successful in generating a library for next-generation sequencing and 

therefore were not able to identify  endogenous target RNAs of EDC4 in Flp-In TREx293 cells. 

 

 

Figure 3.26: Detection of  32P-labeled RNP complexes of FH-EDC4 in PAR-CLIP. (A,B) Western blot analysis with 

anti-HA antibody of anti-FLAG immunoprecipitated FH-EDC4 from Flp-In T-REX293 cells, that were either induced 

for overexpression by tetracyclin (+ Tet) or not (- Tet), for use in CLIP or PAR-CLIP. (C) Autoradiogram of 

radiolabeled FH-EDC4 RNP complexes in CLIP (UV 254 nm), or in PAR-CLIP with either 50 µM 4SU or 6SG addition 

to cells (UV 365 nm). (D) Autoradiogram of radiolabeled FH-EDC4 RNP in PAR-CLIP with indicated amounts of 6SG 

and induced or uninduced FH-EDC4 expression. 
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3.2.4 RNP complex formation of EDC4 with pre-miRNA hairpin structures  

The first high throughput screen, in which EDC4 was actually validated as an RBP, was 

published by our lab (Treiber et al., 2017). The study was based on a pulldown approach, in 

which pre-miRNA hairpins were immobilized on beads, to identify interacting protein 

partners. Thereby, EDC4 was found to specifically interact with  the miRNA hairpin miR-15b. 

To confirm this observation and deeper investigate RNP complex formation by EDC4, we 

applied the same pulldown strategy and included in our experiments the isolated EDC4 WD40 

domain and an N-terminally depleted construct lacking the WD40 domain ɉ%$#τɉɝ7$τπɊɊ 

(Figure 3.27A). To perform RNA pulldown experiments, we in vitro transcribed pre-miRNA 

hairpin constructs, that carried a common overhang sequence for their immobilization on 

streptavidin beads through a biotinylated  adapter RNA. We overexpressed FH-EDC4, FH-

EDC4(WD40), and FH-%$#τɉɝ7$τπɊ ÉÎ &ÌÐ-In TREx293 cells and incubated the lysates with 

streptavidin beads, that only carried the biotinylated  adapter RNA as a pre-clearing step, to 

avoid unspecific background interactions. Pre-cleared lysates were subsequently used in 

pulldown experiments with immobilized RNA hairpins and analyzed by western blot. In our 

first experiment, we aimed to validate the interaction of EDC4 with its reported inter actor miR-

15b and included miR-93 as a control hairpin , which was not found to interact with EDC4 

before (Figure 3.27B). Indeed, we could reproduce the interaction of FH-EDC4 with miR-15b, 

while no protein could be detected after pulldown with miR-93. We further tested RNA 

hairpins, in which we exchanged the double-stranded stem and the single-stranded loop 

regions of miR-15b and miR-93, to examine the interaction of EDC4 with miR-15b in more 

detail. Interestingly, only the miR-15b stem containing hairpin could pulldown small amounts 

of FH-EDC4. However, the resulting signals were not comparable to pulldown samples of miR-

15b itself, suggesting the presence of a target site in the miR-15b stem region which, however, 

somehow was impaired in the chimeric hairpin structure. Strikingly, FH-EDC4(WD40) was 

pulled down with all four tested RNA hairpins and even showed slightly stronger signals after 

pulldown with miR-93 and the miR-93 stem containing hairpin chimera (Figure 3.27B). 

However, the overall interaction efficiency of FH-EDC4(WD40) with the tested miRNA hairpins 

appeared to be less efficient compared to full-length EDC4. Depletion of the WD40 domain 

seemed to significantly impact the RNP complex formation of EDC4 with the hairpins and we 

could only detect faint signals in all pulldown samples of FH-%$#τɉɝ7$τπɊȢ Together, our data 

emphasized an essential role of the full -length context of EDC4 for specific pre-miRNA hairpin 

interactions and suggested, that the EDC4 WD40 domain was important and sufficient for RNP 

complex formation.  
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Figure 3.27: Full -length EDC4 specifically  interact s with miR -15b in pulldown experiments.  (A) Schematic 

presentation of EDC4 constructs used in miRNA hairpin pulldown assays. FH-tagged EDC4, EDC4(WD40), or a WD40 

domain deletion construct (EDC4(ɝWD40)) were overexpressed in Flp-In TREx293 cells. (B) Pulldown assay with  

miR-15b as a target, miR-93 as a negative control, and hairpin-loop exchange constructs of the two. Interacting 

proteins and 20 % of input material were analyzed by western blot with  anti-HA antibody. Schematic hairpins were 

colored according to their expected interaction behavior (green: target, red: no target). 

We were wondering whether our examined EDC4 constructs generally exerted the observed 

RNP complex formation characteristics, or whether they were specific to the chosen RNA 

hairpins. To assess this, we tested three more miRNA hairpins (miR-7-1, miR-21, miR-138) in 

pulldown experiments with the three FH-tagged EDC4 overexpression constructs, and in 

addition, we tested for hairpin interactions of the purified EDC4(WD40) domain alone and in 

complex with GST-DCP1a (Figure 3.28). Surprisingly, this time FH-EDC4 was not only pulled 

down by miR-15b, but by most of the miRNA hairpins (Figure 3.28A), including miR-93 which 

before had served as our negative control (Figure 3.27). Still, the RNA hairpin  interactions of 

FH-EDC4 seemed to be of a specific nature, since pulldown samples of miR-21 did not show 

any signals in western blot (Figure 3.28A). Interestingly, again FH-EDC4(WD40) did not show 

any specificities in RNA binding and was pulled down with all tested miRNA hairpins, including 

miR-21. FH-%$#τɉɝ7$τπɊ ÓÈÏ×ÅÄ only faint signals after pulldown with all miRNA hairpins, 

confirming that the WD40 domain noticeably contributed to the RNA hairpin binding of EDC4. 

We next assessed the contribution  of the EDC4 WD40 domain in pre-miRNA pulldown 

experiments, by testing hairpin binding with  purified  EDC4(WD40) and the GST-

DCP1a:EDC4(WD40) complex (Figure 3.28B). We used the known interactor miR-15b as a 

positive control, miR-21 as a negative control, and miR-7-1 as an unknown target that had 

shown interactions with FH-EDC4 in our experiments. To ensure equal amounts of the 

assumed WD40 RBD, we calculated the final concentrations of the WD40 domain in the 

pulldown reactions for both, EDC4(WD40) and GST-DCP1a:EDC4(WD40), considering the 

presence of trimeric GST-DCP1a portions in the purified complex. The equal pulldown 

conditions were confirmed by comparable EDC4(WD40) signals in input samples after western 

blot analysis (Figure 3.28B, lanes 1 and 2). Even though most of the total input proteins were 
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lost after pre-clearing reactions, both miR-15b and mir-7-1 seemed to successfully pull  down 

the remaining precleared GST-DCP1a:EDC4(WD40) complex, showing signals for GST-DCP1a 

and EDC4(WD40) in the western blot analysis (Figure 3.28B). In samples of mir-21, the 

complex components could not be clearly detected, indicating that the interaction with mir -

15b and mir-7-1 was specific. A GST-affinity pulldown on GST-DCP1a:EDC4(WD40) confirmed 

the accuracy of the detected GST-DCP1a:EDC4(WD40) signals in pre-miRNA pulldown samples 

(Figure 3.28C). Strikingly, after pulldown experiments with purified  EDC4(WD40) alone, no 

protein could be detected for any of the tested hairpins, indicating that the interaction with 

DCP1a had contributed to pre-miRNA binding (Figure 3.28B). Hence, our data suggested that 

the EDC4(WD40) domain could only interact with pre-miRNA hairpins in the context of a 

complex containing DCP1a. Moreover, the binding specificities of EDC4 to different RNA 

hairpins appeared to be versatile and dependent of the full -length protein in a cellular context. 

 

Figure 3.28: Pre-miRNA hairpin  pulldown s with overexpressed and purified EDC4 constructs.  (A) Pulldown 

assay of overexpressed FH-tagged EDC4 constructs on five different miRNA hairpins. Protein eluates and 20 % of 

total input and residual input after pre-clear reactions were analyzed by western blot with anti-HA antibody. (B) 

Pulldown assay of recombinantly expressed and purified EDC4(WD40) domains and GST-DCP1a:EDC4(WD40) 

complexes. Eluates and 20 % of input samples were analyzed by western blot with commercial anti-EDC4 and anti-

DCP1a antibody. (C) Western blot analysis of the GST-DCP1a:EDC4(WD40) complex after GST-affinity pulldown, 

detected with specific antibodies against DCP1a (red)  and EDC4.(green). Schematic hairpins were color-coded 

according to their interaction behavior (green: reported target; yellow: unknown target; red: no target). 

 

3.2.5 The EDC4 WD40 domain interacts with GU - and AU-rich RNA elements  

!Ó ÐÁÒÔ ÏÆ ÔÈÉÓ ÔÈÅÓÉÓȟ ×Å ÐÒÏÆÏÕÎÄÌÙ ÏÐÔÉÍÉÚÅÄ ÏÕÒ ÌÁÂȭÓ endo-bind-n-seq protocol, which 

allows for the identification of target RNA motifs for RBP candidates, that contain canonical 

and non-canonical RNA binding domains (see chapter 2.1). To investigate the RNA binding 

specificity of EDC4 and its assumed, non-canonical WD40 RBD in more detail, we took 
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advantage of our dedicated method. We overexpressed FH-EDC4 and FH-EDC4(WD40) in Flp-

In T-REx293 cells and immobilized the candidates by anti-FLAG immunoprecipitation for 

incubation with a randomized 8mer RNA pool in endo-bind-n-seq (Figure 3.29). Interestingly, 

full -length EDC4 (Figure 3.29A) as well as the isolated WD40 domain (Figure 3.29B) selected 

for motifs, that contained ȬAGUU(U)ȭ and ȬGU(G)ȭ sequence elements. The significance scores 

from Weeder2 analysis appeared rather low compared to empiric score results of RBP-

enriched target RNA motifs that usually had surpassed values around one (chapter 3.1). 

However, the motifs selected by FH-EDC4 and FH-EDC4(WD40) markedly differed from typical 

background sequences that got enriched by anti-FLAG immunoprecipitated samples (chapter 

3.1), suggesting that the target RNA selection was not very efficient but still specific. Of note, 

our randomized input 2.! ÐÏÏÌÓ ÁÒÅ ÆÌÁÎËÅÄ ÂÙ ÆÏÕÒ ÉÎÖÁÒÉÁÎÔ ÂÁÓÅÓ Ȭ'555ȭ ÁÔ ÔÈÅ RNA σȭ ÅÎÄs 

for methodological reasons in endo-bind-n-seq, which get commonly clipped off during the 

bioinformatical analysis for the presentation of final motif results (Figure 3.29, dashed 

nucleotides). 

 

 

Figure 3.29: Endo-bind -n-seq enriched target motifs  of EDC4 and its  WD40 domain. Sequence logo 

representation of the two highest scoring motif  results, selected by overexpressed (A) FH-EDC4 and (B) FH-

EDC4(WD40) from Flp-In T-REx293 cells, after two selection rounds in endo-bind-n-seq, using randomized 8mer 

RNA pools. Significance scores, from Weeder2 analysis are given. Dashed letters are part of the RNA inserts in endo-

bind-n-seq librar ies and are typically trimmed from final motif results during the bioinformatical sequencing 

analysis procedure.  

The full RNA motifs, that had been selected by FH-EDC4 and FH-EDC4(WD40), including the 

invariant ȬGUUUȭ overhang of endo-bind-n-seq library inserts, reminded us of the pattern of 

typical GU-rich element (GRE) RNA motifs. Such GREs usually consist of uridine-rich 

sequences, that contain self-ÒÅÐÅÁÔÉÎÇ ÏÒ ÏÖÅÒÌÁÐÐÉÎÇ Ȭ'555'ȭ ÃÏre motifs and are commonly 

ÆÏÕÎÄ ÉÎ ÔÈÅ σȭ 542 ÏÆ ÓÈÏÒÔ-living mRNA transcripts (Halees et al., 2011; Vlasova et al., 2008). 

To examine, whether typical GRE sequences might indeed present target RNA motifs of the 

EDC4 WD40 domain, we next performed EMSA experiments. We in vitro transcribed RNA 

constructs ÃÏÎÔÁÉÎÉÎÇ ÓÉØ Ȭ5'55ȭ ÍÏÔÉÆ ÒÅÐÅÁÔÓ and thus, ÔÈÒÅÅ Ȭ'555'ȭ ÃÏÒÅ ÅÌÅÍÅÎÔÓ as a 

putative target, or Ȭ#'55ȭ ÒÅÐÅÁÔs as a negative control. The RNA constructs were radiolabeled 
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and subsequently applied in RNA binding reactions with increasing amounts of the purified 

EDC4(WD40) domain (Figure 3.30A). Even though we had transcribed the RNA constructs 

from synthetic DNA templates, the UGUU-repeat reproducibly generated two RNA products, 

which we could neither separate during its purification, nor dissolve by heat treatment prior 

to RNA binding reactions, indicating that the byproduct was not derived from secondary 

structures. Nevertheless, RNA binding reactions resulted in surprisingly high-affinity RNP 

complex formations of EDC4(WD40) with the slower migrating ȬUGUUȭ repeat RNA species, 

depicting an apparent dissociation constant of around 0.2 µM in EMSA (Figure 3.30A). 

Furthermore, this interaction seemed to be specific, since the replacement of the first uridine 

with a cytidine in the repetitive core motif completely abolished RNP complex formation with 

EDC4(WD40). We had previously observed that DCP1a seemed to contribute to pre-miRNA 

binding of the EDC4 WD40 domain in pulldown experiments (Figure 3.28B). To assess, 

whether the protein interaction also had an impact on the affinity of EDC4(WD40) to its GRE 

RNA target, we repeated the EMSA with the purified GST-DCP1a:EDC4(WD40) complex (Figure 

3.30B). Strikingly, the interaction of EDC4(WD40) with DCP1a seemed to not have any impact 

on RNP complex formation, showing the same signal shift ÐÁÔÔÅÒÎ ×ÉÔÈ ÔÈÅ Ȭ5'55ȭ ÒÅÐÅÁÔ as 

EDC4(WD40) alone, ÁÎÄ ÎÏ ÉÎÔÅÒÁÃÔÉÏÎ ×ÉÔÈ ÔÈÅ Ȭ#'55ȭ ÒÅÐÅÁÔ ÃÏÎÔÒÏÌ RNA. 

 

 

Figure 3.30: EDC4(WD40) specifically interacts with  a GU-rich RNA construct in EMSA. Increasing amounts of 

purified (A) EDC4(WD40) domain, or (B) GST-DCP1a:EDC4(WD40) complex were incubated with the indicated υȭ-

radiolabelled RNA constructs in binding reactions. RNP complex formation was analyzed by native PAGE. 

Surprised by this finding, we reexamined the impact of DCP1a on EDC4(WD40) RNP complex 

formation in EMSA by another approach. As before, we incubated increasing amounts of 

purified EDC4(WD40) with its GU-rich target RNA, resulting in clearly shifted RNP complexes 
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of the EDC4 WD40 domain (Figure 3.31A, lane 1-6). Subsequently, we supplemented RNA 

binding reactions, that contained constant high levels of EDC4(WD40), with increasing 

amounts of isolated GST-DCP1a, to analyze whether EDC4(WD40) RNP complex formation 

would get enhanced or abolished by the addition (Figure 3.31A, lane 7-11). However, again 

DCP1a did not have any impact on the RNP complex formation of EDC4(WD40). We next 

wanted to confirm the presence of GST-DCP1a in shifted RNP complexes (Figure 3.31B). 

Therefore, we performed EMSA with the GU-rich target RNA and GST-DCP1a:EDC4(WD40), 

and added specific antibodies against EDC4 and DCP1a in RNA binding reactions, expecting to 

detect super-shifted signals of antibody-bound RNP complexes (Figure 3.31B, lane 5-6). As a 

control, we incubated the labeled RNA with antibodies alone, to confirm the accuracy of super-

shifting signals (Figure 3.31B, lane 7-8). Strikingly, only incubation with EDC4 specific 

antibodies, but not with  anti-DCP1a antibodies induced a super-shift, indicating that actually 

no DCP1a was present in the detected RNP complex signals. Of note, our anti-EDC4 antibody 

alone did also induce a shift of the RNA, which however slightly differed in its pattern from 

EDC4(WD40) containing samples, confirming the presence of EDC4(WD40) RNP complexes in 

our binding reactions. Altogether, even though we could not assess the impact of the protein 

interaction between DCP1a and EDC4(WD40) on RNA binding, our data confirmed the 

canonical GU-rich element sequence as a specific target RNA motif  of the EDC4 WD40 domain.  

 

 

Figure 3.31: GST-DCP1a:EDC4(WD40) complexes might  be disassembled in EMSA. (A) Increasing amounts of 

purified EDC4(WD40) were incubated with υȭ-radiolabelled GGG(UGUU)6 RNA (lane 1-6), and subsequently 

supplemented with increasing amounts of GST-DCP1a (lane 7-11). (B) Increasing amounts of GST-

DCP1a:EDC4(WD49 were incubated with radiolabelled GGG(UGUU)6 RNA (lane 1-4), and supplemented with our 

anti-EDC4 (lane 5) or commercial anti-DCP1a (lane 6) specific antibodies. In addition, protein-free RNA was 

incubated with the antibodies (lane 7-8). 

Like GREs, ARE motifs consist of uridine-rich sequences, that contain self-repeating or 

ÏÖÅÒÌÁÐÐÉÎÇ Ȭ!555Aȭ ÃÏÒÅ ÍÏÔÉÆÓȟ and they are also ÃÏÍÍÏÎÌÙ ÆÏÕÎÄ ÉÎ ÔÈÅ σȭ 542 ÏÆ ÓÈÏÒÔ-

living mRNA transcripts (Barreau et al., 2005; Zhao et al., 2014). Interestingly, EDC4 was 



Results 

 
60 
 

frequently associated with the regulation of short-living mRNAs like chemokines, cytokines, or 

rotaviral RNAs in literature,  however without  an implication of directly contacting the 

transcripts (Dhillon and Rao, 2018; Erickson et al., 2015; Mikuda et al., 2018). To assess, 

whether also a canonical ARE sequence could interact with  the EDC4 WD40 domain, like the 

canonical GRE motif (Figure 3.30A), we again performed EMSA with the purified EDC4(WD40) 

protein (Figure 3.32). We in vitro transcribed a putative ARE target containing ÆÏÕÒ Ȭ!555ȭ 

repeats and applied it after radiolabeling in RNA binding reactions with increasing amounts of 

the WD40 domain (Figure 3.32A). Strikingly, as for the GRE target, we could detect shifted RNP 

complexes in EMSA, confirming the direct interaction of EDC4(WD40) with the canonical ARE 

sequence. To validate the specific nature of the interaction, we included an RNA containing four 

Ȭ''''##ȭ ÒÅÐÅÁÔÓ ÁÓ Á ÎÅÇÁÔÉÖÅ ÃÏÎÔÒÏÌ which, however, did not shift with EDC4(WD40) in 

EMSA (Figure 3.32B). Even though the overall affinity of the WD40 domain appeared to be 

lower for the ARE sequence compared to the GRE sequence, we concluded, that both regulatory 

mRNA element motifs present specific target RNA sequences of the EDC4 WD40 domain.  

 

Figure 3.32: EDC4(WD40) specifically interacts with  an AU-rich RNA construct in EMSA. Increasing amounts 

of purified EDC4(WD40) domain were incubated with the indicated υȭ-radiolabelled RNA constructs in binding 

reactions. RNP complex formation was analyzed by native PAGE. GGGU(AUUU)4AU was used as a canonical ARE 

target in two RNA binding reaction replicates (A, B), and (GGGGCC)4 as a negative control (B). 

It must be mentioned that the reproducibility of increasingly shifting RNA-protein complexes 

of EDC4(WD40) in EMSA was sometimes difficult, suggesting that the EDC4(WD40) domain 

might present a more complex RBD. Nevertheless, in sum we could observe RNP complex 

formation for different AU- and GU-rich RNAs ×ÉÔÈ ÔÈÅ ÒÅÐÅÔÉÔÉÖÅ ÃÏÒÅ ÍÏÔÉÆÓ Ȭ!'55ȭȟ Ȭ!555ȭȟ 

Ȭ'5'5ȭ ÁÎÄ Ȭ5'55ȭȟ ×ÈÉÌÅ the ÁÄÄÉÔÉÏÎ ÏÆ Á ÃÙÔÏÓÉÎÅ ÉÎ ÔÈÅ ÃÏÒÅ ÍÏÔÉÆÓ ɉȬ!'##ȭȟ Ȭ#'55ȭȟ 

Ȭ'555#'ȭȟ ''''##ȭɊ consistently abolished the interaction with EDC4(WD40) (data not 

shown). Hence, our data suggested that EDC4 might be involved in the regulation of ARE and 
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GRE-containing mRNAs through direct interactions with the regulatory RNA elements in their  

σȭ UTR. 

 

3.2.6 Enhanced RNA binding of a phospho -mimetic EDC4(WD40) mutant  

A recent study showed, that EDC4 together with the inhibitor of NF-kB (IkB) kinase (IKK), 

regulates the stability of a large number of immune response genes like cytokines and 

chemokines (Mikuda et al., 2018). In this study, EDC4 was found to be phosphorylated by IKK 

upon activation of the NF-kB signaling pathway as an immune response. Strikingly, two of the 

phosphorylation sites were located within the EDC4 WD40 domain, at serine positions 107 and 

405. Cytokines and chemokines are typical representatives of transcripts that contain 

regulatory AU- and GU-rich RNA elements ÉÎ ÔÈÅÉÒ σȭ UTR (Khabar, 2010; Palanisamy et al., 

2012; Vlasova-St. Louis and Bohjanen, 2011). Hence, based on our previous observation of the 

EDC4(WD40) RNA binding preference to GRE and ARE motifs, we were tempted to examine 

the impact of the reported phosphorylation on RNP complex formation. Therefore, we 

expressed and purified recombinant EDC4(WD40) double-mutant domains (Figure 3.23C, 

chapter 3.2.2.3), that were substituted at the reported phosphorylation sites (Ser107 and 

Ser405) by alanine for phospho-deficient mutants (A-mutant), or by glutamate for phospho-

mimetic mutants (E-mutant). To assess RNP complex formation of the WD40 double-mutants, 

we performed EMSA with the purified EDC4(WD40) ÄÏÍÁÉÎÓȟ ÕÓÉÎÇ Á ÒÁÄÉÏÌÁÂÅÌÅÄ Ȭ!'55ȭ-

repeat RNA as a target, and included the wild -type domain (WT) as control (Figure 3.33). 

Similar to earlier experiments, the RNA substrate increasingly shifted in EMSA upon the 

addition of EDC4(WD40) WT, confirming RNP complex formation of the WD40 domain (Figure 

3.33A). Interestingly, both double-mutant WD40 domains generated a similar  pattern of 

shifted RNP complex signals, like the WT. However, analysis of bound RNA fractions by the 

quantification of signals from unbound RNA portions revealed a markedly higher binding 

affinity of the E-mutant compared to the A-mutant or the wild-type domain, which in contrast 

showed rather similar  binding to the RNA substrate (Figure 3.33B). Therefore, we concluded 

that phosphorylation of the WD40 domain at Ser107 and Ser405 might enhance the binding of 

EDC4 to its target RNAs. 



Results 

 
62 
 

 

Figure 3.33: Glutamate substitution s at S105/ S407 enhance RNA binding of EDC4(WD40) in EMSA. (A) 

increasing amounts of purified EDC4(WD40) as a wild -type, A-mutant (S107A, S405A), or E-mutant (S107E, S405E) 

domain were incubated with υȭ-radiolabelled GGG(AGUU)6 RNA. RNP complex formation was analyzed by native 

PAGE. (B) RNA binding curves quantified from free RNA portions in EMSA. Bound fractions were calculated and 

plotted against the applied protein concentrations. 

During earlier pre-miRNA pulldown experiments with purified EDC4(WD40), we could only 

detect RNA hairpin inter actions for EDC4(WD40) in complex with DCP1a, but not for the wild-

type domain alone (Figure 3.28B). To examine, whether the improved RNA binding affinit y of 

the phospho-mimetic EDC4(WD40) E-mutant could overcome the hairpin interaction 

deficiency of the wild-type domain, we next performed pre-miRNA pulldown experiments 

(Figure 3.34). In addition to the E-mutant, we assayed the pulldown of phospho-deficient A-

mutant domains, for which we had observed a similar RNA binding behavior as for the wild-

type in EMSA. As before, we used the known interactor miR-15b as a positive control, miR-21 

as a negative control, and miR-7-1 as well as miR-93 as unknown target hairpins that had 

shown interactions with FH-EDC4 in our experiments (Figure 3.28A). This time, preclear 

reactions did not result in a significant loss of the purified protein domains (Figure 3.34A). 

Strikingly however, as for EDC4(WD40) WT before, no signal could be detected in any of the 

samples for pulldown experiments with  the A-mutant domain. In contrast, even though the 

signals were a bit blurry, the E-mutant domain clearly had bound to the hairpins of miR-7-1, 

miR-93, and miR-15b in pulldown assays. The interaction furthermore appeared to be specific, 

since miR-21 did not show any signals for the EDC4(WD40) E-mutant in the western blot. 

Analysis of the bead-coupled pre-miRNA hairpins by denaturing PAGE analysis confirmed 

equal pulldown conditions, also in the negative control (Figure 3.28B). Hence, altogether our 

data suggested, that phosphorylation of the EDC4 WD40 domain might significantly enhance 

the RNP complex formation of EDC4 and furthermore contribute to a specific target RNA 

recognition. 
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Figure 3.34: The EDC4(WD40) E-mutant specifically  interacts with pre -miRNA hairpins.  (A) Pulldown assay 

of recombinantly expressed and purified EDC4(WD40) domain mutants with the indicated RNA hairpins. Eluates 

and 20 % of input samples were analyzed by western blot with commercial anti-EDC4 antibody. (B) Denaturing 

PAGE analysis of bead-coupled RNA hairpins in the experiment, stained with Ethidium Bromide. Schematic hairpins 

were color-coded according to their earlier observed interaction behavior (green: reported target; yellow: unknown 

target; red: no target). 

 

3.2.7 Hypothesis on a possible  RNA interaction  site in  the EDC4 WD40 domain 

With our data, we had collected good evidence, that the EDC4 WD40 domain presented a so far 

overlooked, new RNA binding domain. To analyze and hypothesize about the RNA binding 

mode from a more structural point of view, we took advantage of the structure prediction tool 

AlphaFold (Jumper et al., 2021) (Figure 3.35). We examined the surface charge distribution on 

the EDC4 WD40 domain and analyzed the localization of the two reported phosphorylation 

sites Ser107 and Ser405 (Mikuda et al., 2018), which we had found to enhance RNA binding in 

a phospho-mimetic mutant of EDC4(WD40). The rainbow ribbon diagram of the predicted 

EDC4 WD40 domain presented a funnel-ÌÉËÅ ɼ-propeller structure, as expected for WD40 

domain folds (Stirnimann et al., 2010) (Figure 3.35A). WD40 domains are typically built from  

ÓÅÖÅÎ ÃÕÒÖÅÄ ɼ-sheets, so-called ɼ-propeller blades, which could be also observed for the EDC4 

WD40 domain, especially when zooming into the structure (Figure 3.35B). Intriguingly, 

according to the structure prediction, the two reported phosphorylation sites were located 

close to each other on the WD40 top surface, despite their broad distance in the amino-acid 

sequence (Figure 3.35A and B, green electron densities). Furthermore, surface charge analysis 

revealed their localization within a positively charged surface patch (Figure 3.35B and C, side 

view). Hence, phosphorylation of the two serine residues would induce a noticeable change in 

the EDC4 WD40 surface charge, since replacing the positive patch with negative charges. 

However, in our experiments, the phospho-mimetic WD40 mutant even enhanced RNA 

binding, which would not be expected for introduced negative charges at an RNA binding site 

due to repulsion effects with the RNA backbone. Therefore, we assumed that the RNA 

interaction would probably not occur with in this area. Instead, it appeared more likely, that 

RNA binding takes place within a cave, that was located on the bottom surface exactly opposite 
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to the phosphorylation sites in the WD40 domain (Figure 3.35C and D). A zoomed-in view of 

the cave and the associated wireframe model highlighted several aromatic residues, that were 

aligned adjacent to each other in the cave, behind a negatively charged peptide bulge (Figure 

3.35D, orange wires). We assumed, that these residues (H185, F239, H356, or F365) might 

provide a suitable site for RNA base stacking interactions. In addition, we observed two 

protruding loops behind the aromatic cave, harboring several positively charged residues that 

possibly could fold onto the RNA backbone upon binding, to further support the interaction 

(Figure 3.35D, blue wires). To investigate this hypothesis, we tried to express and purif y RNA-

binding deficient EDC4(WD40) mutants, in which we substituted the aromatic residues with 

alanine. However, our purification attempts so far were not successful, probably due to severe 

rearrangements within the highly structured domain area (data not shown). Nevertheless, 

analysis of the predicted EDC4 WD40 domain structure emphasized a potential RNA binding 

site, that might be worth investigating in more detail. Furthermore, considering the localization 

of the reported phosphorylation sites on the EDC4 WD40 top surface, and the potential RNA 

binding site on the bottom surface, our data suggested that we might have observed improved 

RNP complex formation for the phospho-mimetic EDC4(WD40) mutant, due to conformational 

changes with in the domain, potentially resulting in an improved accessibility of the putative 

RNA binding site. 

 

 

Figure 3.35: Alpha fold predictions reveal a potential RNA interaction site on the WD40 domain.  Bottom view 

and side view of the EDC4 WD40 domain (aa 45-524), based on structure predictions from Alpha fold 2 (project 

Q6P2E9). Reported phosphorylation sites Ser107 and 405 are highlighted in green spheres. (A) Rainbow-ribbon 
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diagram of the EDC4 WD40 domain. (B) Zoomed in view with  black ribbons and predicted surface charges. (C) View 

of the complete, predicted surface charge distribution of the WD40 domain. (D) Zoomed focus on a potential RNA 

binding site on the WD40 bottom surface. TOP: Surface charge distribution. BOTTOM: Wireframe model with 

potential aromatic base stacking interaction amino acid residues in orange (dark: F239, F365; light: H186, H356), 

and proximal protruding positively charged lysine and arginine residues in light blue. 
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4 Discussion  
 

4.1 Endo-bind -n-seq 

4.1.1 An optimized method for native RBP target motif  identification  

RBPs play a central role in post-transcriptional  gene regulation by directly affecting RNA half-

lives and translation, recruiting other proteins to their target RNAs. Correct RNP complex 

formation is essential for cell type and tissue-specific expression patterns and a false regulation 

can cause severe disease (Gebauer et al., 2021; Lukong et al., 2008). To better understand the 

function of individual RBPs, a broad spectrum of methods has been developed to identify their 

specific target RNA binding motifs, including RNA Bind-n-Seq. Since its development, RNA BNS 

has become a frequently applied approach for in vitro RNA binding studies (Dominguez et al., 

2018; Jouravleva et al., 2022; Lambert et al., 2014; McGeary et al., 2019; Taliaferro et al., 2016; 

Van Nostrand et al., 2020). Strikingly, RNA BNS experiments so far were exclusively conducted 

with recombinantly expressed and purified RBPs. The purification of correctly folded, 

recombinant protein often can be challenging, depending on the protein candidate. Therefore, 

experiments with purified proteins often are conducted only with the isolated RNA binding 

domains. Thereby, RNA binding affinities can be divergent because of the missing context of 

protein complexes or post-translational modifications of the studied RBP. Consequently, target 

RNA selection might lead to physiologically false-positive or false-negative RNA binding results 

when exclusively working with purified proteins. To overcome these limitations, we have 

ÓÕÃÃÅÓÓÆÕÌÌÙ ÄÅÖÅÌÏÐÅÄ ÔÈÅ 2.! ".3 ÄÅÒÉÖÁÔÉÖÅ ȬÅndo-bind-n-ÓÅÑȭȢ %ÎÄÏ-bind-n-seq enables 

the robust identification of RNA binding motifs of endogenous RBPs, that were enriched from 

their physiological environments to perform on-beads selection of their specific target RNAs. 

However, a benefit of working with purified RBPs is the knowledge about the exact amount of 

protein that is used in RNA binding reactions. Optimal RBP concentrations must be applied for 

efficient RNA-protein interactions since too high amounts of RBP could result in unspecific 

RNA binding reactions, and too low amounts of protein would lead to a loss of target motif 

enrichment. Therefore, we further established a quantification strategy that allowed us to 

calculate the final concentrations of an endogenous protein candidate after 

immunoprecipitation in endo-bind-n-seq experiments. In fact, we were able to define an 

optimal concentration range for immunoprecipitated RBPs in binding reactions. Significance 

scores of selected target RNA motifs gradually increased with increasing amounts of protein in 

the reactions until  concentrations of around 60 nM and started to decrease again when 

applying markedly higher amounts of RBP (Figure 3.7). Accordingly, background-binding 
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events assumingly had covered the saturation of RNP complexes with their specific target 

RNAs in higher concentrations, due to the high abundance of different RNA motifs in the 

binding reactions. An effect that has been similarly observed in RNA BNS with purified proteins 

(Jouravleva et al., 2022; Lambert et al., 2014). Our optimized approach allows for precise 

estimations of RBP concentrations in endo-bind-n-seq after immunoprecipitation . This 

knowledge has been an advantage of experiments with purified proteins before, which allowed 

for RNA binding affinity measurements of an RBP to its target RNA motifs (Jouravleva et al., 

2022; Lambert et al., 2014; McGeary et al., 2019). Since having introduced a quantification 

system for immuno-precipitated RBP amounts, our endo-bind-n-seq approach might even get 

further developed towards a quantitative method, like it has been done with purified proteins . 

Different however from earlier approaches, the bioinformatical adaptation in endo-bind-n-seq 

would further allow the distinction of RNA binding affinities of an RBP candidate in a cellular 

context. By enhancing the informational output, our improved method could offer new insights 

into the stimulus-dependent function of an RBP, or the impact of dynamic post-translational 

modification events related to different  developmental stages of an organism. 

4.1.2 Each RBP requires an individual protocol validation  

4.1.2.1 Unspecific interactors deviate the t arget RNA motif out come 

When working with in vivo derived materials, there is a high probability of sample 

contamination with co-purified molecules, no matter whether those might be of desired or 

undesired origin. Aiming for the investigation of RBPs implies their  direct interaction with 

cellular RNAs, which might be still bound to the proteins after immunoprecipitation . 

Depending on its RNA binding affinit ies, a studied RBD might be blocked and not available for 

efficient target motif selection in endo-bind-n-seq. Furthermore, other proteins might get co-

purified during immunoprecipitation  reactions, either through direct interactions with the 

RBP candidate, by binding to co-purified cellular RNAs, or by unspecific interactions with the 

bead matrix. Importantly, protein contaminants could alter target RNA motif results in RNA 

binding reactions, especially when containing RBDs themselves. Indeed, we observed a bias in 

the enrichment of non-specific RNAs from our randomized input pools, when using negative 

controls containing theoretically empty beads (Figure 3.9). These results not only deviated 

from the intuitive expectation of a random and unbiased nucleotide distribution in a control 

but also closely mirrored the motif selected by hnRNPA1, diminishing its visual significance. 

We hypothesized that this bias might arise from co-immunoprecipitated protein contaminants 

or unspecific interactions of certain RNA motifs with the applied bead matrix. To address this 

issue, we systematically optimized our protocol, focusing on buffer and salt conditions. By 
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applying salt concentrations around 500 mM in washing steps after immunoprecipitation, we 

were able to put the examined RBP candidates in perfect shape for RNA interaction, resulting 

in a peak of significance scores for the selected target motifs (Figure 3.8). Additionally , we were 

able to eliminate non-specific background binding of RNA motifs by employing 300 mM of salt 

concentrations in binding reactions (Figure 3.10). However, here an optimal condition would 

strongly depend on the examined RBP and its specific RNA binding affinities. Hence, binding 

buffer conditions must be individually tested for each protein candidate in endo-bind-n-seq. In 

addition, further components like protein complex dissolving detergents or other salt agents 

might be of interest, depending on the investigated RBP candidate.  

4.1.2.2 RBP complexity challenges  specific  target RNA motif selection  

To evaluate the effectiveness of our endo-bind-n-seq approach, which underwent several 

optimization steps, we investigated the selection of target RNA motifs for two specific RBP 

candidates. The first, hnRNPA1 is a well-characterized RBP that contains three RBDs (two 

RRMs and one RGG domain) and has been implicated in various steps of the mRNA life cycle, 

including alternative splicing, mRNA export, and translation (Bonnal et al., 2005; Izaurralde et 

al., 1997; Tavanez et al., 2012).  Already in 1994, a study on hnRNPA1 had revealed an 

Ȭ5!''GAȾ5ȭ ÓÅÑÕÅÎÃÅ ÁÓ ÉÔÓ ÔÁÒÇÅÔ 2.! ÍÏÔÉÆ by a SELEX approach (Burd and Dreyfuss, 1994). 

More recently, however, hnRNPA1 was found to also interact with non-coding RNAs like the 

7SK snRNA and the pri-miRNA hairpin structure pri -miR-30c. Along with this, Ȭɉ5/C)!'ȭ ÈÁÓ 

been identified as its minimal sequence-specific target RNA motif, with a slight preference for 

Ȭ5!'ȭ, and further  increased binding by Ô×Ï Ȭ!'ȭ ÃÏÒÅÓ ×ÉÔÈÉÎ Á target motif  (Jain et al., 2017; 

Jones et al., 2022; Luo et al., 2021). Interestingly, we were able to recapitulate these findings in 

our endo-bind-n-seq experiments. On the one hand, we enriched for ȬUAG''!ȭ ÃÏÎÔÁÉÎÉÎÇ 

motifs, matching the early SELEX results (Figure 3.4A, Figure 3.10, Figure 3.16), and on the 

ÏÔÈÅÒ ÈÁÎÄ ×Å ÆÏÕÎÄ ȬUAGUG(UAɊȭ ÃÏÎÔÁÉÎÉÎÇ ÍÏÔÉÆÓ (Figure 3.4B-C, Figure 3.7, Figure 3.9), 

indicating a more complex and context-dependent binding function of hnRNPA1. Nevertheless, 

independent of its source, hnRNPA1 consistently ÅÎÒÉÃÈÅÄ ÆÏÒ Ȭ5!'ȭ ÃÏÎÔÁÉÎÉÎÇ sequences with 

high significance scores in endo-bind-n-seq. Thus, our results further confirmed hnRNPA1 as a 

high-affinity RNA interactor, and the minimal motif as its specific recognition element. 

The second RBP we used for optimizing target RNA motif selection in endo-bind-n-seq was the 

zinc-finger protein ZC3H7B, also known as Ȭ2ÏÔÁÖÉÒÕÓ Ȭ8ȭ-associated non-structural proteinȭ 

(RoXaN). ZC3H7B contains a cluster of four CCCH-type and one CCHH-type zinc-finger motifs, 

which are broadly spread in the C-terminus as consecutive RBDs, and was reported to associate 

with mRNAs as well as pre-miRNA hairpin structures (Baltz et al., 2012; Castello et al., 2012; 
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Treiber et al., 2017). ZC3H7B has been identified as a specific interactor of the pre-miRNA 

hairpins miR-7-1, miR-16-2, and miR-29a, by directly contacting the shared apical loop motif 

Ȭ!5!ɉ!Ⱦ5Ɋȭ of the hairpins (Treiber et al., 2017). However, ZC3H7B has also been reported to 

directly interact with the rotaviral non -structural protein NSP3 and the eukaryotic translation 

initiation factor 4G (eIF4G), to regulate rotavirus mRNA translation and to directly contact AU-

rich RNA elements of cellular mRNAs (Leppek and Stoecklin, 2014; Vitour et al., 2004). These 

highly divergent functions already hint towards a more complex RNA binding mode of ZC3H7B. 

In endo-bind-n-seq, we observed two individually enriched target RNA motifs, that were either 

enriched by the purified zinc finger domain of ZC3H7B, matching the miRNA hairpin loop 

ÓÅÑÕÅÎÃÅ ɉȬ!5!'!5ȭɊȟ or in the context of the full-length protein ɉȬ!'555#'ȭɊ after 

immunoprecipitation ( Figure 3.11). The two motifs did not share distinct  sequence elements, 

but both showed specific interactions with full -length and truncated ZC3H7B in binding 

validation experiments. However, with higher  binding affinities ÆÏÒ Ȭ!5!'!5ȭ (chapter 3.1.6). 

It is a common feature of zinc finger proteins to harbor a cluster of zinc finger domains, that 

cooperatively recognize their RNA and DNA substrates (Corley et al., 2020; Malgieri et al., 

2015). It has been shown before, that with high amounts of consecutive binding domains, 

target recognition modes of a single zinc finger protein can be dynamic and vary within a 

domain cluster. For example, tÈÅ ÈÏÓÔ ÁÎÔÉÖÉÒÁÌ ÆÁÃÔÏÒ ȬÚÉÎÃ ÆÉÎÇÅÒ ÁÎÔÉÖÉÒÁÌ ÐÒÏÔÅÉÎȭ ɉ:!0Ɋ 

contains four N-terminal CCCH-type zinc finger motifs, of which motif  2 was found to 

specifically recognize CG-rich target RNAs. Thereby, motif  2 can either be supported by zinc 

finger motif  1 or motif  3 (Meagher et al., 2019; Pal et al., 2023). The transcription factor IIIA 

(TFIIIA) contains nine CCHH-type zinc fingers in tandem, which accordingly exert an even 

more complex substrate interaction mode. Individual zinc finger groups of TFIIIA recognize 

either the 5S rRNA or the 5S rRNA encoding gene by contacting a DNA stretch that contains 

three different  target recognition elements (reviewed by Hall, 2005). The presence of five 

tandem zinc finger motifs in ZC3H7B, in combination with the short RNA substrates we had 

used in endo-bind-n-seq, might accordingly explain the selection of two different target RNA 

motifs. Thus, the two motifs might have been individually  recognized by the cooperative 

binding of individual zinc finger groups of ZC3H7B. In addition, interacting protein partners 

might have customized the target recognition mode of ZC3H7B in immunoprecipitated 

samples. To further  define the interaction of ZC3H7B with its RNA targets, it could be useful to 

re-perform endo-bind-n-seq with the isolated zinc finger domain after immunoprecipitation  

from cell lysates, to examine the potential influence of interacting protein partners. 

Furthermore, studying different  truncations of the zinc finger domain could unravel specific 

binding preferences of individual zinc finger motifs or motif groups. In this case, the use of our 
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14-mer library could support the identification of a more complex target RNA sequence of 

ZC3H7B. 

4.1.3 RBP function depends on the physiological environment  

We introduced endo-bind-n-seq as a new approach that allowed us to reflect in vivo target RNA 

motif interactions of RBPs in their  native state and physiological environment. By examining 

the RNA motif  selection of immunoprecipit ated CSTF1, we were able to demonstrate that endo-

bind-n-seq also allows for indirect target RNA enrichment through co-isolated protein 

complexes (Figure 3.4E). CSTF1 is part of the Cleavage Stimulation Factor (CstF) complex, 

which recognizes GU- and U-rich RNA elements through the RRM containing complex factor 

CSTF2, to select for poly(A) sites during mRNA processing (Grozdanov et al., 2020, 2018; 

Takagaki and Manley, 1997; Yang et al., 2018). While purified CSTF1 did not enrich for specific 

sequences in endo-bind-n-seq (data not shown), the immunoprecipitated protein selected the 

known GU-/ U-rich target motifs with good enrichment scores (Figure 3.4D). Thus, we could 

validate the indirect binding  function of CSTF1 in its native environment with  endo-bind-n-seq 

and further emphasize that CSTF1 itself did not directly interact with  the mRNA in a sequence-

specific manner. These results further  highlight the potential impact of protein interaction 

partners in a physiological context. Therefore, it is recommendable to cross-check the RNA 

binding behavior of an investigated RBP candidate as we have done for CSTF1. 

Endo-bind-n-seq allowed us to select target RNA motifs even with proteins extracted from 

complex tissue samples (chapter 3.1.7). These experiments strongly emphasized the 

importance of the physiological environment of an RBP candidate. For hnRNPA1, the selection 

of target RNA motifs remained consistent, independent of whether we isolated the protein 

from mouse brain or liver  tissue. However, we could observe two different isoforms of 

hnRNPA1 that were differentially expressed in the brain and liver . The tissue-dependent 

expression of protein isoforms could have a more significant impact on other RBP candidates, 

underscoring once again the advantages of endo-bind-n-seq experiments. Moreover, the 

binding affinities of the RBP candidates GRSF1 and CELF1 to their specific target RNA motifs 

seemed to be higher in mouse brain samples than in liver samples in our experiments (Figure 

3.17). Both proteins are well-characterized RBPs, that have been identified in direct contact 

with  their  specific target RNAs through various methods, including UV crosslinking-based 

studies, pre-miRNA pulldown assays and RNA BNS experiments in case of purified  CELF1 

(Katsantoni et al., 2023; Lambert et al., 2014; Le Tonquèze et al., 2016; Masuda et al., 2012; 

Treiber et al., 2017; Van Nostrand et al., 2020). During our initial  experiments with purified , 

overexpressed, and endogenous proteins, we also successfully enriched specific target RNA 
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motifs for both, GRSF1 and CELF1 (Figure 3.4). Thus, we speculate that the 

immunoprecipitated RBPs from mouse liver samples may have exhibited lower RNA binding 

affinities, possibly due to tissue-specific post-translational modifications or interactions with 

specific protein partners. These findings suggest a context-dependent and adapted protein 

function. Consequently , the observed low-affinity binding sites may have influenced the target 

motif selection under our chosen endo-bind-n-seq conditions, indicating potential limitations 

of our approach. 

Nonetheless, endo-bind-n-seq adds several features that were not covered by other methods 

so far. Moreover, it presents a flexible approach that can be further  adapted towards a specific 

RBP of interest. For example, by employing different RNA pools for RNP complex formation, or 

by incorporating structural features, such as RNA hairpins, into the pool. The use of RBPs from 

diverse tissue origins has underscored the influence of Á ÐÒÏÔÅÉÎ ÃÁÎÄÉÄÁÔÅȭÓ physiological 

environment. This expanded context, however, can be also approached from another angle. By 

minimizing the native environment of an RBP, achieved through subcellular fractionation 

before immunoprecipitation . This approach would further  allow us to discern the function of 

a protein across different compartments, providing deeper insights into the subcellular context 

of specific RNP complexes. In conclusion, we propose endo-bind-n-seq as a valuable extension 

of the existing RNA Bind-n-Seq approach. 

 

4.2 The new RNA binder EDC4 

4.2.1 Identification of the  EDC4 WD40 domain as a new RBD 

EDC4 is a large scaffold protein in metazoans, that has been reported to interact with several 

different  sets of protein factors. Accordingly, EDC4 has been implicated in various regulatory 

functions, including mRNA stabilization and destabilization in the cytosol (Brandmann et al., 

2018; Brothers et al., 2022; William R. Brothers et al., 2023; Chang et al., 2014), and even in the 

DNA damage response of the nucleus (Hernández et al., 2018; Wu et al., 2020). EDC4 has also 

been identified  as a potential RBP during high-throughput interactome studies of mRNAs and 

pre-miRNA hairpins (Beckmann et al., 2015; Mullari et al., 2017b; Treiber et al., 2017). 

However, this function has never been further  investigated in detail. !Ô ÔÈÅ ÓÁÍÅ ÔÉÍÅȟ ɼ-

propeller domains like the NHL and WD40 domains have been reported to present long-time 

ignored RNA binding domains (Baltz et al., 2012; Beckmann et al., 2015; Castello et al., 2012). 

Based on that, several studies have ÅØÁÍÉÎÅÄ ɼ-propeller RNP complex structures in detail, 

with  proteins from human, Drosophila, and C. elegans (Jin et al., 2016; Kumari et al., 2018; 
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Loedige et al., 2015; Salerno-Kochan et al., 2022; Xu et al., 2016). With our work, we 

contributed to establishing ɼ-propeller domains as common and abundant RBDs. We were able 

to collect both, in vivo and in vitro evidence, showing that the EDC4 WD40 domain can directly 

contact specific RNA targets. We identified target RNA motifs of overexpressed EDC4 

constructs by endo-bind-n-seq, which led us to investigate the interaction of EDC4(WD40) with 

RNA substrates corresponding to the cis-regulatory motifs GRE and ARE, typically found in 

Í2.! σȭ 542Ó ɉÃÈÁÐÔÅÒ σȢςȢυɊȢ Strikingly, the WD40 domain specifically interacted with  GU- 

and AU-rich RNAs in vitro, while the addition of a cytosine moiety in the sequence completely 

disrupted the RNP complex formation of the domain (Figure 3.30, Figure 3.32). Interestingly, 

when EDC4 was described for the first time as a central component of P-bodies and the 

decapping machinery in human, the factor has already been associated with  the regulation of 

ARE-mediated mRNA decay (Fenger-Grøn et al., 2005). Since then, several studies reported 

some impact of EDC4 on the stability of ARE-containing transcripts and their sequestration 

within P-bodies. However, always with an indirect role of EDC4 in contacting the transcript s 

for their regulation (Erickson et al., 2015; Mikuda et al., 2018; Seto et al., 2015). At the same 

time, P-bodies were found to be significantly enriched for AU-rich mRNAs regarding both, their 

ÃÏÄÉÎÇ ÓÅÑÕÅÎÃÅ ÁÎÄ σȭ 542. While GC-rich transcripts seem to be excluded from P-bodies 

(Courel et al., 2019). P-bodies form through a large network of RNAs and proteins that 

synergistically interact through RNP complex formation and intrinsically disordered protein 

regions for phase separation (Lin et al., 2015; Luo et al., 2018). Thus, our findings indicate, that 

the essential P-body factor EDC4 not only contributes to the RNP granule formation through 

protein-protein interactions, but also through directly binding to the AU-rich RNA components. 

We further could validate direct RNA interactions of EDC4 by pulldown experiments with  

different pre-miRNA hairpin structures (chapter 3.2.4). Again, RNP complex formation 

appeared to be specific, especially in the context of overexpressed full -length protein since the 

hairpin of miR-21 did not pulldown EDC4 (Figure 3.28A). Of note, however, the overexpressed 

EDC4 WD40 domain had lost this specificity and was pulled down by all tested hairpins. While 

purified EDC4(WD40) in complex with DCP1a again did not interact with miR-21 (Figure 

3.28B). Therefore, we speculate that complex formation with DCP1a contributes to the binding 

specificity  of EDC4(WD40). Overexpression of EDC4(WD40) might likely have saturated 

endogenous levels of DCP1a, resulting in complex-free EDC4(WD40) fractions with  less 

specific binding behaviors (Figure 3.28A). All tested miRNA hairpins contain elements that 

resemble AU- and GU-rich sequence motifs, supporting our in vitro binding results of 

EDC4(WD40) in EMSA (Figure 4.1). Strikingly, also miR-21 contains two short, adjacent GU-

rich motifs. Those, however, are directly separated by a centric cytosine moiety, further 

supporting the RNA binding preferences we had observed in EMSA. Hence, we propose that 
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typical ARE and GRE motifs of a certain minimum length represent specific RNA targets of the 

EDC4 WD40 domain. In summary, we have identified another layer of scaffolding function for 

EDC4, which directly  involves its WD40 domain in contacting specific RNA targets. 

 

 

Figure 4.1: Pre-miRNA hairpins tested for  interaction with EDC4 in pulldown assays.  Tested hairpins are 

color-coded according to their  observed interaction behaviors with EDC4 (green: reported and validated 

interaction; yellow: unknown interactor; red: no interaction/negative control).  Hairpin loop sequences are 

highlighted in blue. Putative EDC4 binding sites are emphasized by dark green boxes. MiR-base ID-codes are 

indicated for each hairpin. 

4.2.2 Post-translational modifications enhance RNA binding  of EDC4 WD40 

It is noteworthy that, despite the apparent specificity of RNA binding by the EDC4 WD40 

domain, the binding affinities of EDC4 to its RNA substrates appeared relatively low in our 

experiments with wild -type protein constructs. Given the cooperative binding mode of the 

many factors involved in RNP complexes for P-body formation, one might simply consider the 

EDC4 WD40 domain as an additional low-affinity  RBD, contributing  to the overall stability of 

the P-body interaction network. Strikingly however, the Scheidereit lab recently showed, that 

upon phosphorylation of EDC4 through the inhibitor of NF-ʆ" ɉ)ʆ"Ɋ ËÉÎÁÓÅ ɉ)++Ɋ, a large 

number of ARE and GRE-containing transcripts, encoding for cytokines, chemokines, and pro-

inflammatory signaling molecules, were dysregulated in human cells (Mikuda et al., 2018). 

When testing for RNP complex formation of a corresponding phospho-mimetic EDC4 WD40 

domain mutant, we were impressed to find markedly enhanced binding of the WD40 domain 

to its earlier identified  RNA substrates in both, EMSA and pre-miRNA pulldown assays (chapter 

3.2.6). Hence, we decided to further  analyze the two reported phosphorylation sites from a 

more structural point of view and thereby identi fied a potential RNA binding site of the EDC4 

WD40 domain on its bottom surface (Figure 3.35), by using the AlphaFold prediction tool 

(Jumper et al., 2021). While structure predictions must be generally approached with caution, 
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WD40 domains are among the most abundant protein folds in eukaryotes and are 

evolutionarily conserved, also in prokaryotes and plants (Hu et al., 2018, 2017; Q. Li et al., 2014; 

Stirnimann et al., 2010). AlphaFold is an artificial intelligence program based on machine 

learning, and the available dataset on WD40 domain structures is extensive. Thus, we assumed 

it would be acceptable to attempt init ial speculations through structure prediction of the EDC4 

WD40 domain. Strikingly, our hypothesized putative RNA binding site is located on the 

opposite domain surface of the examined phospho-sites. Suggesting, that phosphorylation of 

EDC4 might induce a conformational change in the WD40 domain which might result in an 

improved accessibility of the RNA binding site. We observed four aromatic residues at the 

putative binding site, that might contribute to specific base-stacking interactions. In addition, 

a flexible loop in direct proximity contained lysine and arginine residues, that might contribute 

to interactions with the RNA backbone (Figure 3.35D). These features would suggest a similar 

RNA binding mode to the one reported for the BRAT NHL domain in Drosophila (Loedige et al., 

2015). Interestingly, also in predictions of the Drosophila NHL-domain protein Mei-P26 RNP 

complex, positively charged arginine and lysine residues were identified in flexible loop 

regions, having a significant impact on RNA substrate recognition (Salerno-Kochan et al., 

2022). These findings lend support to our hypothesis, regarding the potential  RNA binding site 

on the EDC4 WD40 domain, and its further examination for validation could be of interest.  

4.2.3 Hypothesis about the  post-transcriptional regulation of short -living  

transcripts  by EDC4 RNP complex formation  

MRNA decapping is a fundamental step in the post-transcriptional gene regulation of 

eukaryotes and accordingly presents a heavily regulated event. The basic mechanism of 

decapping and associated factors was mainly established in yeast (Fromm et al., 2012; She et 

al., 2008, 2006; Steiger et al., 2003; van Dijk et al., 2002). However, the decapping scaffold EDC4 

is missing in yeast. Only in plants, a homolog known as VARICOSE (VCS) enhances the 

mechanism similar ly to metazoans (Sorenson et al., 2018; Xu et al., 2006). This already 

indicates the existence of additional and more complex layers of regulation, that have further 

evolved in the multicellular organisms. We have observed the binding of the human EDC4 

WD40 domain to typical cis-regulatory mRNA elements, that are commonly ÆÏÕÎÄ ÉÎ ÔÈÅ σȭ 542 

of short-living transcripts , such as cytokines and inflammatory genes. We could further 

improve this binding by mimicking a phosphorylation event in the WD40 domain, that has been 

reported in the context of the NF-ʆ" ÐÁÔÈ×ÁÙ (Mikuda et al., 2018). In the NF-ʆ" ÐÁÔÈ×ÁÙȟ )++ 

is getting activated in response to stimuli like DNA damage, cytokine signaling, and oxidative 
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stress. IKK releases, as a result, NF-ʆ" ÂÙ ÐÈÏÓÐÈÏÒÙÌÁÔÉÏÎ ÏÆ the inhibitor  of NF-ʆ" ɉ)ʆ"Ɋ 

(Hayden and Ghosh, 2008; Hinz and Scheidereit, 2014). Consequently, NF-ʆ" induces an 

increased expression of cytokines and proinflammatory proteins like TNFɻ ÏÒ IL-1, which 

trigger a positive feedback loop of the pathway and thereby initiate  the immune response of a 

cell. However, over a longer period, increased expression of immune response genes could risk 

the occurrence of inflammatory or autoimmune diseases (Chetaille Nézondet et al., 2020; Lai 

and Dong, 2016). Hence, rapid decay of the increasingly expressed transcripts in a context-

dependent manner would present a reasonable mechanism to maintain cell survival. 

Intriguingly, such a connection would match the RNA binding behavior we had observed for 

the EDC4 WD40 domain. With its reported stimulus-induced phosphorylation, the WD40 

domain might increasingly sequester AU- and GU-rich element-containing transcripts and as a 

result, trigger their rapid turnover to dow nregulate the cellular immune response. Based on 

these thoughts, we have generated a model of how EDC4 might be directly involved in the post-

transcriptional regulation of transcripts, that carry ARE and GRE cis-regulatory motifs in their 

σȭ UTR (Figure 4.2). Strikingly, not only EDC4 but also DCP1a was found to get specifically 

phosphorylated by JNK kinase upon the stimulus of translational stress or IL-1 signaling in 

human (Rzeczkowski et al., 2011; Tenekeci et al., 2016). This phosphorylation was found to 

disintegrate DCP1a from P-bodies together with a cytosolic redistribution of EDC4 and XRN1. 

This context-dependent redistribution of decay factors again lends support to our model of 

enhanced targeting of pro-inflammatory  transcripts for decay by RNA complex formation with  

EDC4. Furthermore, phosphorylation of DCP1a was reported to suppress the expression of NF-

ʆ" ÔÁÒÇÅÔ ÇÅÎÅÓ through DCP1a localization in the nucleus (Rzeczkowski et al., 2011). This 

might allow EDC4-containing decay complexes to gradually turn  over the remaining 

inflammatory transcripts  in the cytoplasm. We must emphasize, that our idea of post-

transcriptional regulation of ARE and GRE containing mRNAs by EDC4 is highly speculative 

and still requires in-depth studies to confirm the precise mode of function. Nonetheless, such 

a mechanism could account for the challenges we had encountered when attempting CLIP 

experiments followed by sequencing in a HEK293T-based cell system, in which genes like 

cytokines are generally low expressed (chapter 3.2.3). Therefore, it might be interesting to re-

perform CLIP assays in specific immune cell lines, to examine EDC4 RNP complex formation 

with our hypothesized target RNA group.  

Of note, also the EDC4 plant homolog VCS was reported to be rapidly phosphorylated in 

response to osmotic or salt-induced stress stimuli . However without further evidence 

regarding the molecular and physiological consequences (E. Stecker et al., 2014; Kawa et al., 

2020). In addition, the reported phosphorylation sites in VCS were mainly located within the 

serine-rich linker domain of the protein, indicating a possible derivative function compared to 
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human EDC4. Nevertheless, stress-induced regulation of the decapping scaffold through 

phosphorylation events seems to present a conserved function between plants and metazoan, 

presenting a flexible and rabidly  tunable mechanism to preserve the fitness of an organism. 

 

 

Figure 4.2: Model about the r egulation of ARE and GRE containing transcripts by EDC4.  In unstimulated cells, 

EDC4 directly interacts with the GU- and AU-ÒÉÃÈ 2.! ÅÌÅÍÅÎÔÓ ÉÎ ÔÈÅ σȭ UTR of transcripts, either for RNP complex 

formation in P-bodies or enhanced decay of short-living transcripts that are expressed on a basal level (red). Upon 

stimuli that induce an immune response in the cell, cytokines and inflammatory transcripts can escape the basal 

turnover mechanism and enhance the cell survival mechanism due to their increased abundance (green). Upon loss 

of the stimulus, the immune response is getting downregulated again and the EDC4-enhanced decay of short-living 

transcripts recapitulates the original transcriptome levels of the cell.  
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5 Materials and Methods  
 

5.1 Materials  

5.1.1 Consumables, Chemicals and Enzymes 

All consumables, including chemicals and enzymes, were purchased from companies 

accordingly described in the Methods section unless stated differently. Products were mainly 

ordered from Carl Roth (Karlsruhe, Germany), Thermo Fisher Scientific (Waltham, USA), 

Merck (Darmstadt, Germany) Sigma-Aldrich (St. Louis, USA), AppliChem (Darmstadt, 

Germany), GE Healthcare (now Cytiva, Freiburg Breisgau, Germany), Sarstedt (Nümbrecht, 

Germany), Eppendorf (Hamburg, Germany). Oligonucleotides were synthesized with Metabion 

GmbH (Planegg/Steinkirchen, Germany). Radiochemicals were purchased from Hartmann 

Analytic GmbH (Braunschweig, Germany).  

 

Table 1.1 List of consumables. 

Name Company 

Amersham Hybond ECL Membrane GE Healthcare  

Amersham Hybond-N Membrane GE Healthcare  

Plastic pipettes, Pipet tips Sarstedt  

Reaction tubes (1.5 ml and 2 ml) Eppendorf 

Reaction tubes (15 ml and 50 ml) Sarstedt 

Tissue culture dishes Sarstedt  

Syringes Inject® and Omnifix® Braun (Germany, Melsungen) 

Syringe needles 100 Sterican Braun (Germany, Melsungen) 

Syringe filters Rotilabo® Carl Roth 

 

Table 1.2 List of non-commercially acquired enzymes. 

Name Source 

T7 RNA polymerase Self-purified lab stock 

Truncated T4 RNA ligase 2 (RNL2) Self-purified lab stock 
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Kits that were used in this thesis are listed in Table 1.3. Commercially acquired ready to use 

reagents are listed in Table 1.4. 

Table 1.3 List of used kits. 

Name Company 

FastDigestΆ buffers and enzymes Thermo Fisher Scientific 

First Strand cDNA Synthesis Kit Thermo Fisher Scientific 

IllustraΆ MicroSpin G-25 Columns GE Healthcare 

MiSeq® Reagent Nano Kit v2 Illumina  (San Diego, USA) 

NucleoSpin® Gel and PCR Clean-up  Macherey-Nagel 

NucleoSpin® Plasmid Macherey-Nagel 

NucleoBond® Xtra Midi Macherey-Nagel 

NucleoSpin® RNA Macherey-Nagel 

PhusionΆ High-Fidelity DNA Polymerase Thermo Fisher Scientific 

T4 Polynucleotide Kinase Kit Thermo Fisher Scientific 

 

Table 1.4 List of commercial reagents and ready-made materials. 

Name Company 

ANTI-FLAG® M2 Affinity Agarose Gel Sigma-Alrdich 

DynabeadsΆ MyOneΆ Streptavidin C1 Invitrogen 

Glutathione SepharoseΆ 4 Fast Flow GE Healthcare 

LipofectaminΆ2000 Invitrogen 

NuPAGEΆ 4-12% Bis-Tris gel Invitrogen 

Protein G SepharoseΆ 4 Fast Flow GE Healthcare 
Roti®-Phenol/Chloroform/Isoamyl alcohol (25:24:1), 
pH 4.5-5  Carl Roth 

Roti®-Quant (5x) Carl Roth  

SequaGel® UreaGelΆ System National Diagnostics 

TakyonΆ No ROX SYBR® 2x MasterMix Eurogentec 

 

5.1.2 Laboratory Equipment 

All instruments used in this thesis were part of the laboratory equipment if not explicitly stated 

differently. Instruments and reusable equipment are listed in Table 1.5 List of instruments and 

reusable equipment.Table 1.5. Used chromatography columns are listed in Table 1.7. 
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Table 1.5 List of instruments and reusable equipment. 

Name Company 

Agilent 2100 Bioanalyzer Agilent Technologies (Santa Clara, USA) 

ÄKTApurifierΆ system GE Healthcare 

CAWO X-Ray Cassette CAWO Solutions (Schrobenhausen, Germany) 

Centrifuge 5417 R Eppendorf 

Centrifuge Avanti J-20 XP Beckman Coulter (Krefeld, Germany) 

Centrifuge HeraeusΆ BiofugeΆ fresco Thermo Fisher Scientific 

Confocal Microscope Leica TCS SP8 Leica (Wetzlar, Germany) 

Geiger Counter Model LB123 EG&G Berthold (Bad Wildbad, Germany) 

Gel Doc imaging system Quantum ST4 Vilber  Lourmat (Cellégien, France) 

HeraCell 240i CO2 Incubator Thermo Fisher Scientific 

HeraSafe KS Thermo Fisher Scientific 

Heraeus Incubator Model B6200 Thermo Fisher Scientific 

Innova®44 Incubator Shaker Series New Brunswick Scientific (Edison, USA) 

Milli -Q PLUS Millipore (Billerica, USA) 

MiSeq Illumina (San Diego, USA) 

Molecular Imager FX Imaging Screen-K Bio-Rad  

NanoDrop® ND-1000 Thermo Fisher Scientific 

Odyssey Infrared Imaging System LI-COR Biosciences (Lincoln, USA) 

Personal Molecular ImagerΆ FX Bio-Rad 

PowerPAC 200 and 300, power supply Bio-Rad 

Power supply EV233 Consort (Turnhout, Belgium) 

Thermocycler peqSTAR 2X and 96X Avantor (Pennsylvania, USA) 

ThermoMixer C Eppendorf 

Trans-Blot® and Trans-Blot® Mini cell  Bio-Rad 

Trans-Blot® SD Semi-dry transfer cell Bio-Rad 

Ultracentrifuge OptimaΆ LE-80K Beckman Coulter (Krefeld, Germany) 

UltrasonicsΆ Analog Sonifier 450 BRANSON Ultrasonics Corportation (Danbury, 
USA) 

Ultraspec 3300 pro Amersham Biosciences (Little Chalfont, UK) 

 

Table 1.6 List of software and algorithms. 

Name Source 

Quantity One 1-D analysis Software Bio-Rad 

Odyssey System 9120 Software LI-COR Biosciences (Lincoln, USA) 

Weeder2 Software (modified version) (Zambelli et al., 2014) 
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WebLogo3 creator (online) (Crooks et al., 2004) 

 

Table 1.7 List of chromatography columns. 

Name Specification  Company 

GSTrapTM High Performance (5 mL) Affinity chromatography Cytiva 

HisTrap HP (5 mL) Affinity chromatography Cytiva 

Superdex 200 Increase 10/300 GL Size exclusion chromatography Cytiva 

Superose 6 Increase 10/300 GL Size exclusion chromatography Cytiva 

 

5.1.3 Plasmids 

An overview of empty and modified vectors used in this work are listed in table Table 1.8. Most 

of the used plasmids were cloned by Dr. Nora Treiber and are part of the AG Meister plasmid 

collection. 

Table 1.8 List of plasmids used in this work. 

Name Source and Comments 

pColdI 
AG Meister/TAKARA Bio; recombinant protein 
expression and purification with N-terminal poly-
histidine tag 

pColdI/His6-EDC4(WD40) AG Meister 

pET32a 
AG Meister/Novagen; recombinant protein expression 
and purification with  thioredoxin- and hexa-histidine-
tag 

pET32a/EDC4(WD40)-A mutant This work  

pET32a/EDC4(WD40)-E mutant This work  

pGEX-4T-1 
GE Healthcare; recombinant protein expression and 
purification with GST-tag 

pGEX-4T-1/CELF1 (2-486) AG Meister 

pGEX-4T-1/DCP1a This work 

pGEX-4T-1/DCP1a/no TEV This work 

pGEX-4T-1/ EDC4(WD40)-A mutant This work 

pGEX-4T-1/ EDC4(WD40)-E mutant This work  

pGEX-4T-1/GRSF1 (134-480) AG Meister 

pGEX-4T-1/HA-hnRNPA1 (2-187) AG Meister 

pGEX-4T-1/hnRNPA1 (2-320) AG Meister 
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pGEX-4T-1/ZC3H7B (415-956) AG Meister 

PX458 
pSpCas9(BB)-2A-GFP plasmid; Cloning backbone for 
sgRNA, expressing Cas9 from S. pyogenes with 2A-eGFP   

PX458-EDC4 KO guide1 
EDC4 guide RNA cloning in PX458, according to Zhang 
lab 

VP5-Flag/HA 
AG Meister; original pIRESneo, modified according to 
Meister et al. (2004) 

VP5-Flag/HA-CELF1(2-486) AG Meister 

VP5-Flag/HA-GRSF1(119-480) AG Meister 

VP5-Flag/HA-hnRNPA1(1-320) AG Meister 

VP5-Flag/HA-ZC3H7B(2-977) AG Meister 

VP5-Flag/HA-DCP1a This work 

VP5-Flag/HA-EDC4(delWD40) This work 

VP5-Flag/HA-EDC4(WD40)-A mutant This work  

VP5-Flag/HA-EDC4(WD40)-E mutant This work  

pGEM-T_hsa-miR-15b AG Meister 

pGEM-T_hsa-miR-93 AG Meister 

pGEM-T_hsa-miR-21 AG Meister 

pGEM-T_hsa-miR-7-1 AG Meister 

pGEM-T_hsa-miR-138-1 AG Meister 

 

5.1.4 Oligonucleotides 

The following RNA and DNA oligonucleotides were chemically synthesized and purchased for 

the indicated use of respectively following tables. 

RNA oligonucleotides 

Table 1.9 List of used RNA oligonucleotides. 

Name 3ÅÑÕÅÎÃÅ ɉυȭ Ą σȭɊ 

Randomized 8-mer RNA pools NNNNNNNNGUUU 

Randomized 14-mer RNA pools NNNNNNNNNNNNNNGUUU 

υȭ-RNA adapter (endo-bind-n-seq) GUUCAGUAAUACGACUCACUAUAGGG 

RNA-Hook oligo (pre-miRNA 
pulldown) 

(2-OMe-rA)(2 -OMe-rG)(2-OMe-rG)(2-OMe-rC)(2-OMe-
rU)(2-OMe-rA)(2 -OMe-rG)(2-OMe-rG)(2-OMe-rU)(2-OMe-
rC)(2-OMe-rU)(2-OMe-rC)(2-OMe-rC)(2-OMe-rC)-Biotin 
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DNA oligonucleotides 

Table 1.10 List of DNA oligonucleotides for next generation sequencing library cloning. Random nucleotide positions 
for barcode sequences are indicated by a hash-tag. 

Name 3ÅÑÕÅÎÃÅ ɉυȭ Ą σȭɊ 

ÁÄÅÎÙÌÁÔÅÄ σȭ-adapter rApp-AAACTGGAATTCTCGGGTGCCAAGG-ddC 

RT-primer (RTP) GCCTTGGCACCCGAGAATTCCAGTTT 

5' barcode primer AATGATACGGCGACCACCGAGATCTACAC######GTTCAGTAATA-
CGACTCACTATAGGG 

3' barcode primer CAAGCAGAAGACGGCATACGAGAT######GTGACTGGAGTTCCTT-
GGCACCCGAGAATTCCA 

Scale-up PCR fw AATGATACGGCGACCACCGAGATCTACACGTTCAGTAATACGACTCA-
CTATAGG 

Scale-up PCR rev (equals RTP) GCCTTGGCACCCGAGAATTCCAGTTT 

 

Table 1.11 List of DNA oligonucleotides for molecular cloning. 

Name 3ÅÑÕÅÎÃÅ ɉυȭ Ą σȭɊ 

EDC4 KO guide1 fw caccGGAGAGCGAAGACTGCTGTG 

EDC4 KO guide1 rev aaacCACAGCAGTCTTCGCTCTCC 

EDC4 KO guide1 ctrl fw GTTCAGAGTTCTACAGTCCGACGATCCCCTTAACACCCTGCTCAGA 

EDC4 KO guide1 ctrl rev CCTTGGCACCCGAGAATTCCATCATGCAGCAGGGCCAC 

EDC4 KO guide 2 fw caccgTCAGCGTCAGCACTTCGGAG 

EDC4 KO guide 2 rev aaacCTCCGAAGTGCTGACGCTGAc 

EDC4 KO guide2 ctrl fw GTTCAGAGTTCTACAGTCCGACGATCGATACGTATTCATGGTCCACTGC 

EDC4 KO guide2 ctrl rev CCTTGGCACCCGAGAATTCCAGAGAGTTGAGGTGCGCGAAA 

DCP1a(aa 1) NotI fw ataagaatgcggccgcGAGGCGCTGAGTCGAGCT 

DCP1a(aa 1) EcoRI fw ggaattcGAGGCGCTGAGTCGAGCT 

TEV-DCP1a(aa 1) EcoRI fw ggaattcGAAAACCTGTATTTTCAGGGAGAGGCGCTGAGTCGAGCT 

DCP1a(aa 582) NotI rev atagtttagcggccgcTCATAGGTTGTGGTTGTCTTTGTTC 

DCP1a(aa 582) EcoRI rev ggaattcTCATAGGTTGTGGTTGTCTTTGTTC 

TEV-EDC4_FL(aa 1) EcoRI 
fw 

ccgggaattcGAAAACCTGTATTTTCAGGGAGCCTCCTGCGCGAGCATC 

TEV-EDC4_FL(aa 1) BamHI 
fw 

cgcggatccGAAAACCTGTATTTTCAGGGAGCCTCCTGCGCGAGCATC 

EDC4_FL(aa 1401) SalI rev acgcgtcgacCTAAGGGAGGCTGGGGGT 

EDC4_del-WD40(aa 525) 
NotI fw 

aaagcggccgcCCACAGCTGAACCCTGATGTGG  

TEV- EDC4_del-WD40(aa 
525) BamHI fw 

cgcgaattcGAAAACCTGTATTTTCAGGGACCACAGCTGAACCCTGATGTGG 
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EDC4_del-WD40(aa 1401) 
EcoRI rev 

ccggaattc CTAAGGGAGGCTGGGGGTCACG 

TEV-EDC4_WD40(aa 45) 
BamHI fw 

cgcggatccGAAAACCTGTATTTTCAGGGAAATGGACTTCTGGTCCCAGA 

EDC4_WD40(aa 524) SalI 
rev 

gaattcTTACTGGAAGCGGATCTGCACATC 

T7-Hook fw TAATACGACTCACTATAGGGAGACCTAGCC  

miR-15b rev ATGAATTTCCTTAAATTTCTAGAGC 

miR-93 rev CCGGGGGCTCGGGAAGTGC 

mir15b_loop93_fw ACCCAACCTGCGAATCATTATTTGC 

mir15b_loop93_rev AATCACACTGTAAACCATGATGTGC 

mir93_loop15b_fw GTCAAGATACTGCTGAGCTAGCAC 

mir93_loop15b_rev TGTAGCATACCTGCACGAACAGC 

miR-21 rev TGTCAGACAGCCCATCGACTGG 

miR-7-1 CTGTAGAGGCATGGCCTGTGC 

 

Table 1.12 List of DNA oligonucleotides for site directed mutagenesis PCR. 

Name 3ÅÑÕÅÎÃÅ ɉυȭ Ą σȭɊ Function  

EDC4_S107A fw GCTAGCAGTGACTCTagcATTTCAAGCAAGGC Phospho-dead 

EDC4_S107A rev GCCTTGCTTGAAATgctAGAGTCACTGCTAGC Phospho-dead 

EDC4_S107E fw GCTAGCAGTGACTCTgagATTTCAAGCAAGGC Phospho-mimetic 

EDC4_S107E rev GCCTTGCTTGAAATctcAGAGTCACTGCTAGC Phospho-mimetic 

EDC4_S405A fw CTTCAGCTCAGTGgcaGTGCCCCCTAGCC Phospho-dead 

EDC4_ S405A rev GGCTAGGGGGCACtgcCACTGAGCTGAAG Phospho-dead 

EDC4_ S405E fw CTTCAGCTCAGTGgagGTGCCCCCTAGCC Phospho-mimetic 

EDC4_ S405E rev GGCTAGGGGGCACctcCACTGAGCTGAAG Phospho-mimetic 

EDC4_H186A fw GATCTGGCTTTCGCGgccCTCAACTCTCCA RNA binding deficient 

EDC4_ H186A rev TGGAGAGTTGAGggcCGCGAAAGCCAGATC RNA binding deficient 

EDC4_F240A fw GATCATCTGGTGCCCCgccATCCCTGAGGA RNA binding deficient 

EDC4_ F240A rev TCCTCAGGGATggcGGGGCACCAGATGATC RNA binding deficient 

EDC4_ H357A fw GCCTCCTGTTCTGTGACAACgccAAGAAACA RNA binding deficient 

EDC4_ H357A rev TGTTTCTTggcGTTGTCACAGAACAGGAGGC RNA binding deficient 

EDC4_ F366A fw GATGTCCCTgccTGGAGGTTCCTTATTACTG RNA binding deficient 

EDC4_ F366A rev CAGTAATAAGGAACCTCCAggcAGGGACATC RNA binding deficient 
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Table 1.13 List of qPCR primers. 

Name 3ÅÑÕÅÎÃÅ ɉυȭ Ą σȭɊ Target  

qP_EDC4_fw GATTCTCAGCGATGTGCAACGG EDC4 

qP_EDC4_rev AGCGACTCACAACCTGGATACC  

qP_GAPDH_fw TGGTATCGTGGAAGGACTCATGAC GAPDH 

qP_GAPDH_rev ATGCCAGTGAGCTTCCCGTTCAGC  

qP_IFNg_fw GAGTGTGGAGACCATCAAGGAAG IFN-g 

qP_IFNg_rev TGCTTTGCGTTGGACATTCAAGTC  

qP_IL6_fw AGACAGCCACTCACCTCTTCAG IL-6 

qP_IL6_rev TTCTGCCAGTGCCTCTTTGCTG  

qP_TNFa_fw CTCTTCTGCCTGCTGCACTTTG TNF-a 

qP_TNFa_rev ATGGGCTACAGGCTTGTCACTC  

 

Table 1.14 List of DNA oligonucleotides used as IVT templates. (T7 RNA polymerase promoter sequence was used as 
universal forward primer site. Reverse T7 promoter sites are indicated by small letters. In case of flanking random 
linkers, target motifs are emphasized by bold letters.) 

Name 3ÅÑÕÅÎÃÅ ɉυȭ Ą σȭɊ 

Universal T7 fw TAATACGACTCACTATAGGG 

EDC4 6xAGUU rev AACTAACTAACTAACTAACTAACTccctatagtgagtcgtatta 

EDC4 U(4xAUUU)AU rev ATAAATAAATAAATAAATAccctatagtgagtcgtatta 

EDC4 6xGUGU rev ACACACACACACACACACACACACccctatagtgagtcgtatta 

EDC4 6xUGUU rev AACAAACAAACAAACAAACAAACAccctatagtgagtcgtatta 

EDC4 6xAGCC rev GGCTGGCTGGCTGGCTGGCTGGCTccctatagtgagtcgtatta 

EDC4 6xCGUU rev AACGAACGAACGAACGAACGAACGccctatagtgagtcgtatta 

EDC4 4xGUUUCG rev CGAAACCGAAACCGAAACCGAAAccctatagtgagtcgtatta 

EDC4 4xGGGGCC rev GGCCCCGGCCCCGGCCCCGGCccctatagtgagtcgtatta 

ZC3H7B Motif1 rev GTGTGTGTGTCGAAACTGTGTGTGTGTccctatagtgagtcgtatta 

ZC3H7B Motif2 rev GTGTGTGTGTATCTATGTGTGTGTGTccctatagtgagtcgtatta 

ZC3H7B ctrl rev GGCTGGCTGGCTGGCTGGCTGGCTccctatagtgagtcgtatta 

 

5.1.5 Antibodies and Antisera 

Specific antibodies, that were used in this thesis, are listen in Table 1.15. The respective 

application is indicated. 
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Table 1.15 Used antibodies and their application. (mAb = monoclonal antibody, pAb = polyclonal antibody, IF = 
immunofluorescence, IP = immunoprecipitation, WB = western blot)  

Antibody  Origin  Property  Application  Source 

HA.11 (16B12) Mouse mAb WB (1:1000), IP Covance Inc. 

ɼ-Actin (AC15) Mouse mAb WB (1:10000) Abcam 

hnRNPA1 (sc-32301) Mouse mAb WB (1:1000), IP Santa Cruz 

CELF1 (13002-1-AP) Rabbit pAb IP Proteintech 

CELF1 (3B1) Mouse mAb WB (1:1000) Abcam 

GRSF1 (ab205531) Rabbit mAb WB (1:1000), IP Abcam 

DCP1a (ab47811) Rabbit pAb WB (1:1000), IF (1:800) Abcam 

EDC4 (17737-1-AP) Rabbit pAb WB (1:3000) Proteintech 

EDC4 Rabbit pAb IF (serum 1:400), IP 
(purified)  

This work 

 

Western blot signals were detected ÁÃÃÏÒÄÉÎÇ ÔÏ ÔÈÅ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȟ ÕÓÉÎÇ ÔÈÅ 

origin specific, secondary antibodies IRDye 680RD and IRDye 800 (LI-COR Bioscience). 

5.1.6 Biological material 

The following biological materials were generated or used for experiments in this work. 

Table 1.16 Tissue sample origin. 

Organism Strain  From  

Mouse (male) C57BL/6 Laboratory of Prof. E. Tamm and Prof. I. 
Neumann (University of Regensburg) 

 

Table 1.17 Cell lines. 

Name Origin/Description  

HEK293T Human embryonic kidney  

Flp-InΆ T-RExΆ-293 HEK293T derivative, containing Ð&24ϳÌÁÃ:ÅÏ ÁÎÄ 
pcDNAΆφϳ42 (based on T-RExΆ system) 

Flp-InΆ T-RExΆ-293 EDC4 -/ - clone C1 CRISPR/Cas9 knockout of EDC4, generated in this work  

Flp-InΆ T-RExΆ-293 EDC4 -/ - clone C3 CRISPR/Cas9 knockout of EDC4, generated in this work  

Flp-InΆ T-RExΆ-293 EDC4 -/ + clone C5 CRISPR/Cas9 knockout of EDC4, generated in this work  

Flp-InΆ T-RExΆ-293 FH-EDC4 Stable, inducible cell line, generated by Dr. Thomas 
Treiber and Dr. Nora Treiber 
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Flp-InΆ T-RExΆ-293 FH-EDC4(WD40) 
Stable, inducible cell line, generated by Dr. Thomas 
Treiber and Dr. Nora Treiber 

 

Table 1.18 Bacterial Escherichia coli strains. 

Name Application  

RosettaΆ (DE3) Protein expression  

BL21 (DE3) Protein expression 

XL1-Blue Molecular cloning; Plasmid amplification 

5.1.7 Buffers and solutions 

Buffers prepared in this work are listed in Table 1.19 and sorted regarding their use in the 

indicated methods. 

Table 1.19 List and buffers used in this work. 

Method  Buffer and solution  Components 

SDS PAGE SDS running buffer (10x) 250 mM Tris, 1.92 M Glycine, 1% SDS 

 SDS Loading buffer (5x) 50% Glycerin, 10% SDS, 250 mM DTT, 250 mM 
Tris HCL pH 6.8, 0.1% Bromophenol blue  

Western blot Standard Towbin blotting 
buffer 

25 mM Tris, 192 mM Glycine, 20% methanol 
(pH 8.6) 

 EDC4 Wet-blotting buffer  25 mM Tris, 1.92 M Glycine, 10% methanol (pH 
8.6) 

 TBS-T buffer 10 mM Tris, 150 mM NaCl, 0.1% Tween-20 (pH 
8) 

 Blocking solution TBS-T buffer, 5% milk powder 

Coomassie staining Staining solution 30% Ethanol, 10% Acetic acid, 0.2% 
Commassie Brilliant Blue R-250 

 Destaining solution 30% Ethanol, 10% Acetic acid 

Urea PAGE TBE buffer (10x) 890 mM Tris, 890 mM boric acid, 20 mM EDTA 

 RNA Loading buffer (2x) Formamide, Bromophenol blue, Xylene cyanol 

 UV shadowing dye (2x) Formamide, Bromophenol blue 

EMSA TB buffer (10x) 450 mM Tris, 450 mM boric acid 

 EMSA buffer 25 mM Tris HCl pH 7.5, 75 mM KCl, 3 mM 
MgCl2, 0.01% NP40, 10% Glycerol 

Immunoprecipitation  NP40 lysis buffer 150 mM NaCl, 50 mM Tris HCl pH 7.5, 0.5% 
NP40, 1 mM DTT, 1 mM AEBSF 

 EDC4 Triton-PBS buffer PBS, 0.5% Triton X-100, 1 mM DTT, 1 mM 
AEBSF 
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 IP washing buffer 150 mM NaCl, 50 mM Tris HCl pH 7.5, 0.05% 
NP40, 1mM DTT 

Immunofluorescence Blocking solution PBS, 6% BSA, 0.3% Triton X-100 

 IF buffer PBS, 3% BSA, 0.1% Tween-20 

Pre-miRNA pulldown Pulldown buffer 50 mM Tris pH 8, 150 mM NaCl, 5% Glycerol 

Bacteria culture LB Medium 10g/l  NaCl, 5g/l  yeast extract, 10g/l bacto 
trypton  

 M-supplement (50x) 1.25 M Na2HPO4, 1.25 M KH2PO4, 2.5 M NH4Cl, 
0.25 M Na2SO4 

 5052-supplement (50x) ςυϷ 'ÌÙÃÅÒÏÌȟ ςȢυϷ 'ÌÕÃÏÓÅȟ ρπϷ ɻ-lactose 
monohydrate 

Protein purification  HS GST-A buffer PBS, 1 M NaCl, 2 mM DTT 

 GST-B buffer PBS, 50 mM Tris HCl pH 8, 10 mM Glutathione 

 HS His-A buffer 50 mM NaH2PO4 pH 8, 1 M NaCl, 10 mM 
Imidazol 

 His-B buffer 50 mM NaH2PO4 pH 8, 300 mM NaCl, 500 mM 
Imidazol 

 GEFI/SEC buffer 50 mM HEPES pH 7.5, 200 mM NaCl 

CLIP NP40 lysis buffer 50 mM HEPES KOH pH 7.5, 120 mM KCl, 2 mM 
EDTA-NaOH pH 8, 1 mM NaF, 0.5% NP40 

 IP wash buffer 50 mM HEPES KOH pH 7.5, 300 mM KCl, 0.05% 
NP40 

 HS wash buffer 50 mM HEPES KOH pH 7.5, 500 mM KCl, 0.05% 
NP40 

 Dephosphorylation buffer 50 mM Tris HCl pH 7.9, 100 mM NaCl, 10 mM 
MgCl2 

 Phosphatase wash buffer 50 mM Tris HCl pH 7.5, 20 mM EGTA NaOH pH 
7.5, 0.5% NP40 

 PNK buffer 50 mM Tris HCL pH 7.5, 50 mM NaCl, 10 mM 
MgCl2 

 Proteinase K buffer 50 mM Tris HCl pH 7.5, 6.25 mM EDTA NaOH 
pH 8, 75 mM NaCl, 1% SDS  

Endo-bind-n-seq Binding buffer 150 mM KCl, 25 mM Tris pH 7.5, 3 mM MgCl2, 
0.01% NP40, 1 mg/mL BSA 5% glycerol, 1 mM 
DTT (optional 15 µg/mL heparin) 

 LS / HS binding buffers 75 mM/300 mM/ 500 mM/ 1 M KCl, and 
residual Binding buffer mixture 

 Elution buffer 10 mM Tris HCl pH 7, 400 mM NaCl, 1 mM 
EDTA, 1% SDS 

 IP wash buffer 1-4 150 mM/ 300 mM/ 500 mM/ 1 M NaCl, 50 mM 
Tris HCl pH 7.5, 0.05% NP40, 1 mM DTT 

 RIP buffer 150 mM NaCl, 50 mM Tris pH 7.5, 1% sodium 
deoxycholate, 0.1% SDS, 1% NP40, 1 mM DTT 

General buffers Phosphate buffer saline 
(PBS) 

135 mM NaCl, 1.3 mM KCl, 3.2 mM Na2HPO4, 
0.5 mM NaH2PO4, pH 7.4 



Materials and Methods 

 
88 
 

 HEPES (2x) 274 mM NaCl, 54.6 mM HEPES, 1.5 mM 
Na2HPO4 

 IVT buffer 30 mM Tris pH 8, 1 mM DTT, 0.01% Triton X-
100, 2 mM spermidine 

 RNL2 buffer 50 mM Tris HCl pH 7.5, 10 mM MgCl2, 1 mM 
DTT 

 

 

 

5.2  Molecular biological methods  

Molecular biological methods were basically performed according to Sambrook et al. (1989) 

ÁÎÄ ÆÏÌÌÏ×ÉÎÇ ÍÁÎÕÆÁÃÔÕÒÅÒÓȭ ÉÎÓÔÒÕÃÔÉÏÎÓ ÁÎÄ ÐÒÏÔÏÃÏÌÓȢ $.! ÑÕÁÌÉÔÙ ÁÎÄ ÃÏÎÃÅÎÔÒÁÔÉÏÎÓ ×ÅÒÅ 

spectrophotometrically determined with the NanoDropTM system (Thermo Fisher Scientific). 

Polymerase Chain Reaction (PCR) 

For amplification of desired DNA fragments, PCR was performed on either template vectors 

harboring the targeted CDS or on cDNA derived from various cell lines. Reactions were carried 

out using the PhusionTM High-Fidelity DNA Polymerase (Thermo Fisher Scientific). Annealing 

temperatures were adapted to applied primers (listed in 4.1.4) according to their specific 

melting temperatures (defined with the Tm calculator online tool of Thermo Fisher Scientific). 

Agarose Gel Electrophoresis 

PCR reactions and DNA digestion products were analyzed by agarose gel electrophoresis, 

applying appropriate DNA ladders (Thermo Fisher Scientific) as size standard. DNA samples 

were resolved on agarose gels of 1-2% (w/v), supplemented with Ethidium Bromide for 

visualization under UV light. Gels were run in 1x TBE buffer with a current of 120V for 30-

45 min and desired products were excised and purified from the gel using the NucleoSpin® 

Gel and PCR-cleanup kit (Machery-Nagel). 

Restriction digestion and Ligation for Molecular Cloning 

For both, test-digestion as well as molecular cloning attempts, DNA was digested for 1-2 hours 

at 37 °C, using appropriate molecular scissors of the FastDigestTM restriction enzyme system 

(Thermo Fisher Scientific) in reactions with a total volume of 60 mL. For cloning attempts, re-

ligaÔÉÏÎ ÏÆ ÌÉÎÅÁÒÉÚÅÄȟ ÅÍÐÔÙ ÖÅÃÔÏÒÓ ×ÁÓ ÉÍÐÅÄÅÄ ÂÙ ÉÎ ÔÁÎÄÅÍ ÄÅÐÈÏÓÐÈÏÒÙÌÁÔÉÏÎ ÏÆ $.! υȭ 

ends applying FastAP (Thermo Fisher Scientific) in the digestion mix. 
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Digestion products for molecular cloning were purified (initial agarose gel electrophoresis for 

digested vectors, followed by NucleoSpin® Gel and PCR-cleanup kit (Machery-Nagel) 

purification for both, vectors and PCR insert products) prior to ligation attempts. Ligation was 

carried out using T4 DNA Ligase (Thermo Fisher Scientific), mixing 50 ng of linearized vector 

with a 2-8 fold molar excess of insert DNA for reaction at either room temperature for 2 hours 

or at 18 °C over night. Ligation products were transformed into calcium competent XL1-blue 

bacteria cells and positive clones were selected by growth on LB-agar plates supplemented 

with appropriate antibiotics. Plasmids of positive clones were extracted and analyzed by 

Sanger sequencing performed by either Macrogen (Amsterdam, Netherlands) or Eurofins 

(Munich, Germany). 

Plasmid DNA extraction from E.coli 

For amplification of a specific plasmid, a single bacteria colony was picked from an LB-agar 

plate to inoculate an LB-suspension culture for growth over night, shaking at 37 °C. For small 

scale plasmid isolation attempts, a culture with a total volume of 4 mL was prepared and 

processed with the NucleoSpin® Plasmid kit (Macherey-Nagel). To perform big scale plasmid 

isolations, suitable for cell transfection attempts, a culture of 250 mL was prepared and 

processed using the NucleoBond® XtraMidi kit (Macherey-Nagel). 

Genomic DNA extraction 

For analysis of generated CRISPR/Cas9 knockout cell lines by next generation sequencing 

(NGS), genomic DNA (gDNA) of knockout clones was extracted. Cell pellets from 6-well dishes 

(centrifugation at 500 g, 3 min, 4 °C) were resuspended in 500 mL Proteinase K buffer and 

incubated with 0.2 mg/mL ProteinaseK (AppliChem) at 50 °C over night. DNA precipitation 

was induced with 400 mL isopropanol at -20 °C for 1 h, followed by centrifugation at 20000 g, 

4 °C for 30 min. After washing the pellet with 70 % EtOH (v/v) and drying at 50 °C for 10 

minutes, gDNA was dissolved in 50-100 mL water. 

Site-directed Mutagenesis (Quick-Change) 

Mutations exchanging either a single amino acid (point mutation) or skipping a short amino 

acid sequence from the original CDS (deletion) were introduced into plasmids using primers 

with long homology regions (up to 20 ÎÔ ÁÔ σȭ ÁÎÄ υȭ ÅÎÄÓɊȟ ÆÌÁÎËÉÎÇ ÔÈÅ ÍÕÔÁÔÉÏÎ ÔÁÒÇÅÔ 

position. Using these, plasmids were amplified by PCR, purified, and subsequently digested 

with DpnI (Thermo Fisher Scientific) for removal of methylated template plasmids derived 

from bacterial amplification. Remaining mutant plasmids were transformed into competent 

XL1-blue cells and plated for selection of positive clones. 
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Mutagenesis PCR mix     Cycling Conditions 

50 ng  Template DNA    Initial denaturation  98 °C 30 s 
10 mL  5x HF buffer    18 cycles 
1 mL  forward primer (10  mM)   Denaturation  98 °C 10 s 
1 mL  reverse primer (10 mM)   Annealing  55 °C 30 s 
1.5 mL  DMSO     Elongation  72 °C 1 min/kb  
1 mL  dNTPs (10 mM)    Terminal elongation 72 °C 10 min 
1 mL  Phusion (2 U/ mL)   Storage   4 °C 
Ad 50 mL ddH2O 

 

5.3 Cell culture  

Human cell lines were cultivated under standard conditions in a humidified chamber at 37 °C 

in a 5 % CO2 containing atmosphere, using appropriate growth medium generally 

supplemented with 10 % FBS (Sigma-Aldrich) and 1 % Penicillin/Streptomycin as basic 

antibiotics (Sigma-Aldrich). 

HEK 293T adherent cells were ÁÃÃÏÒÄÉÎÇÌÙ ÍÁÉÎÔÁÉÎÅÄ ÉÎ $ÕÌÂÅÃÃÏȭÓ ÍÏÄÉÆÉÅÄ %ÁÇÌÅȭÓ ÍÅÄÉÕÍ 

(DMEM, Sigma-Aldrich). 

Flp-InTM T-RExTM-293 adherent cell lines, including knockout strains, were cultivated in DMEM 

further supplemented with 100 mg/mL Zeocin (Invitrogen) and 15 mg/mL Blasticidin (Gibco). 

Stable expression cell lines, based on the Flp-InTM T-RExTM-293 system, were cultivated in 

DMEM supplemented with 150 mg/mL Hygromycin B (Invitrogen) and 15 mg/mL Blasticidin 

(Gibco). 

Cell transfection with Calcium phosphate 

Transfection of HEK 293T cells was performed, exploiting the precipitation of calcium in 

reaction with phosphate. For one 15 cm diameter culturing dish, 10 mg of DNA were mixed with 

123 mL CaCl2 (2 M) and filled up to a total volume of 1 mL with sterile water. Precipitation was 

induced by dropwise addition of 1 mL of 2x HEPES while vortexing. Upon crystallization of 

calcium phosphate after 10 min of incubation at RT, crystal bound plasmid DNA was 

transfected by dropwise addition of the suspension solution to the cells, allowing DNA uptake 

through endocytosis. Cells were further cultivated and harvested after 48 hours of incubation 

with transfected DNA. 

Cell transfection with Lipofectamine 2000 Reagent 

For generation of CRISPR/Cas9 knockout cell lines and for cell lines not originating from HEK 

293T strains, plasmid transfection was performed with LipofectamineTM 2000 (Invitrogen) 
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ÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ 24 h prior  to transfection, cells were freshly seeded 

without antibiotics, aiming for 70-90 % confluency during transfection. 16 h post-transfection, 

the medium was replaced with fresh medium including appropriate antibiotics and cells were 

harvested after further incubation for 16-24 h. 

Generation of CRISPR/Cas9 knockout Cell lines 

Knockout strains were generated along the CRISPR genome engineering toolbox published by 

the Zhang lab (Ran et al., 2013). For generation of CRISPR/Cas9 derived knockout cell lines in 

a HEK 293T based cell system, 1 mg of plasmid PX458 cloned for expression of EDC4 

complement guide RNAs were transfected into Flp-InTM T-RExTM-293 cells in a 12-well format, 

co-expressing GFP as a reporter. Cells were cultured for 24 h without antibiotics and 

subsequently analyzed by flow cytometry, using the BD FACSAria IIu system (Biosciences). 

Cells of appropriate transparency, size and positive for GFP expression were individually 

sorted into a 96-well format for growth of single-cell derived knockout cell lines. Clonal 

colonies were analyzed by NGS according to the Illumina TrueSeq technology using a MiSeq-

System. For this, 50 ng of gDNA from potential knockout clones (isolation described in chapter 

4.2) were amplified in a 50 mL Phusion PCR, comprising a sequence range of ~ 150 bp, 

harboring the sgRNA target position. Amplicons were analyzed on a 2 % (w/v) agarose gel, 

purified, and faced to a second PCR, attaching primers with specific barcodes of the Illumina 

system to the genome derived amplification products for sequencing analysis. Positive clones 

were further validated by western blot and immunofluorescence experiments. 

Immunofluorescence 

A 24-well format cell culture dish was prepared with coverslips. Each coverslip-well was 

washed once with 70 % EtOH and once with 1x PBS before incubation with 200 mL Gelatin 2b 

solution (1:10 in 1x PBS) at 37 °C. After 2 h, residual Gelatin 2b solution was removed and Flp-

InTM T-RExTM-293 cells stably expressing different FH_EDC4 constructs or FH_ZNF106 

constructs were added for growth over night at 37 °C in medium supplemented with 1 mg/mL 

tetracycline for protein overexpression. 

Next day, cells were fixed with ice cold acetone on ice for 7 minutes as tested by Alshammari 

et al. (2016) and subsequently processed at RT, washing 4 times with 1x PBS prior incubation 

in 200 mL IF blocking solution for 1 h. The solution was removed, and primary antibody was 

added in IF buffer for incubation over night at 4 °C, stored in a humid chamber. The slides were 

washed 4 times with 1x PBS and further incubated with secondary antibody (Alexa Fluor® 

system) in IF buffer for 1 h at room temperature. Finally, cells were rinsed with 1 mL water, 

mounted on a microscopy slide applying 8 mL ProLongΆ Gold with DAPI (Life Technologies) 
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and dried for at least 10 h in the dark. Confocal images were detected and analyzed on a TCS 

SP8 microscopy system (Leica), measuring DAPI with an individual 405 nm laser, Alexa 

Fluor® 488 using an Argon laser (488 nm) and Alexa Fluor® 555 with a DPSS laser (561 nm). 

 

5.4 RNA based methods 

RNA quality and concentrations were spectrophotometrically determined with the 

NanoDropTM system (Thermo Fisher Scientific) and further confirmed by PAGE analysis. 

2ÅÁÇÅÎÔÓ ×ÅÒÅ ÇÅÎÅÒÁÌÌÙ ÁÐÐÌÉÅÄ ÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓ ÉÆ ÎÏÔ ÄÅÓÃÒÉÂÅÄ 

differently.  

Denaturing Polyacrylamide Gel Electrophoresis (Urea PAGE) 

Size and quality of RNA samples were analyzed on urea containing polyacrylamide gels, 

ÐÒÅÐÁÒÅÄ ×ÉÔÈ ÔÈÅ 2ÏÔÉÐÈÏÒÅÓÅ΅ ÓÅÑÕÅÎÃÉÎÇ ÇÅÌ ÓÙÓÔÅÍ ɉ2ÏÔÈɊ ÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ 

instructions. Electrophoresis of smallest RNA fragments around 10 nt was performed on 18 % 

urea PAGEs, while PAGE percentage was reduced with increasing length of RNAs, using 6 % 

urea PAGEs for sequences around 150 nt. Gels were pre-heated empty, running with constant 

voltage in 1x TBE buffer for 20 min (300 V for small, 450 V for big gels). RNA samples were 

supplemented with RNA loading buffer (1:1) and heat-denatured at 95 °C for 30-60 seconds 

prior loading. Wells were rinsed before loading samples to remove accumulated urea in 

solution. Post electrophoresis, gels were either stained with ethidium bromide (5 mL in 100 mL 

1x TBE) for RNA detection, or UV-shadowing was performed in case of IVT experiments. 

In vitro transcription (IVT) 

RNA was synthesized from template DNA harboring a T7 promoter site upstream to the 

desired transcript sequence, using either synthetic oligonucleotides that were slowly annealed 

by stepwise cooling after heat denaturation, or using amplified DNA templates prepared by 

PCR. Run-off transcription was performed with homemade T7 RNA polymerase (1 mg/mL), in 

ÏÒÄÅÒ ÔÏ ÏÍÉÔ Á ÔÅÒÍÉÎÁÔÉÏÎ ÓÉÇÎÁÌ ÁÔ ÔÈÅ σȭ ÅÎÄ ÏÆ ÔÈÅ desired RNA sequence. In vitro  

transcription reactions of 500 mL were prepared with 2 mg of template DNA, combined with 

homemade 1x IVT buffer, 5 mM NTPs each, 10 mM MgCl2, 1 mL Ribolock (Thermo Fisher 

Scientific), 1 mL TIPP (NEB), 5 % (v/v) DMSO and 25 mL T7 polymerase. Reactions were 

incubated overnight at 37 °C and supplemented with RNA loading buffer (1:1) exclusively 

containing bromphenol blue as a dye for RNA product detection by UV shadowing after urea 

PAGE. The gel was placed with a foil under UV light on top of a fluorescent silica gel matrix of a 
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TLC plate (Macherey-Nagel) and dark areas were excised, harboring UV light absorbing 

products. RNA was eluted from crushed gel pieces overnight at 4 °C under rotation in water. 

Extracted RNA was transferred without gel pieces in aliquots of 650 mL to fresh reaction tubes 

and mixed with 1 mL Glycogen (Thermo Fisher Scientific), 50 mL of 5 M NaCl and 600 mL 

isopropanol (at least 0.8 volumes of RNA solution) for precipitation at - 20 °C for at least 1 h. 

RNA was pelleted by centrifugation for 30 minutes (20000 xg, 4 °C), well dried for 5 minutes 

at 60 °C, redissolved in water and stored at - 80 °C till further use. 

32P labeling of Nucleic Acids 

2.!Ó ×ÅÒÅ ÒÁÄÉÏÁÃÔÉÖÅÌÙ ÌÁÂÅÌÅÄ ÁÔ ÔÈÅÉÒ υȭ ends, applying g-32P-ATP (Hartmann Analytic). For 

efficient labeling, 30 pmol of IVT product were first dephosphorylated in a total volume of 

10 mL with 1 mL FastAP in 1x PNK buffer A (Thermo Fisher Scientific), supplemented with 

0.5 mL RiboLock (Thermo Fisher Scientific). After incubation for 30 minutes at 37 °C, reaction 

was stopped at 75 °C for 20 minutes. For radioactive labeling, the reaction was upscaled to 

20 mL, adding further PNK buffer A, 1 mL T4 PNK (Thermo Fisher Scientific) and 20 mCi of g-32P-

ATP, incubating at 37 °C for 30-60 minutes. Reaction was stopped at 75 °C for 10 minutes and 

further 10 mL of water were added for subsequent purification on an Illustra MicroSpin G-25 

column (GE Healthcare). 

In silico RNA structure prediction 

Prior application of radioactively labeled RNAs in EMSA experiments, possible secondary 

structures of designed target constructs were predicted with the RNAfold web server based on 

the ViennaRNA package (version 2.4.18) to avoid structure biases in RNA binding activity of 

investigated proteins. 

RNA isolation for cDNA synthesis 

For qPCR attempts, total RNA was isolated from half of a confluently grown 10 cm cell culture 

dish of Flp-InTM T-RExTM-293 wild-type and EDC4 knockout cells. RNA was extracted with the 

NucleoSpin RNA Kit (Macherey-Nagel), including digestion of endogenous DNA. For cDNA 

synthesis with the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific), 1 mg of the 

isolated total RNA was used. For reliable comparison of later qPCR results, cDNAs were 

synthesized in parallel and total RNAs were diluted to around 200 ng/mL before pipetting, 

ensuring application of equal RNA template concentrations in the reactions. 

Quantitative real-time PCR (qPCR) 

For quantification of gene expression levels in different cell lines, qPCR was performed in 

reactions with a total volume of 20 mL, applying 2 mL of prediluted cDNA synthesis product 
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(1:10), corresponding to 10 ng of initial total RNA as template. TakyonΆ No ROX SYBR® 2x 

MasterMix (Eurogentec) was used with 0.5 mM of specific forward and reverse primer each and 

measurements were run on a CFX96 cycler system (Bio-Rad). Relative RNA expression was 

analyzed with the DDCt method, using the housekeeping gene GAPDH as reference for 

normalization of expression levels in different samples. 

 

5.5 Recombinant p rotein purification  

Screening experiments for optimized expression and solubility conditions of a protein 

In order to define suitable conditions for efficient expression and purification of a recombinant 

protein, small scale experiments were performed, testing different E.coli expression strains 

(BL21(DE3) and Rosetta), different growth temperatures (18 °C, 25 °C, 37 °C), growth times (2 

ɀ 16 hours) and diverse vectors encoding variant fusion tags (pGEX-4T-1, pET32a, pColdI). 

Furthermore, in case of inefficient protein expression by canonical induction methods using 

IPTG, auto-induction for protein expression on basal levels using a-Lactose was assayed 

(Studier, 2005). 

Overnight cultures were inoculated after transformation of respective expression vectors and 

cultivated at 37 °C with antibiotics according to applied vectorȭÓ ÒÅÓÉÓÔÁÎÃÅ. Next day, a larger 

volume of medium was inoculated with the pre-culture (1:100), grown to an OD600 of 0.6 and 

induced for protein expression by adding 1 mM IPTG. The induced culture was splitted in small 

flasks of 20 mL and placed shaking at different temperatures for growth. Samples of 2 mL were 

taken from each condition at defined timepoints and stored as pellets after centrifugation 

(5 min, 6000 xg, 4 °C) at ɀ 20°C until use. Depending on expressed fusion-constructs, bacteria 

pellets were resuspended in either 500 mL HS-GST-A or His-A buffer, and lysed by sonication 

(2x 20 Pulses, duty cycle 50 %, output control 2.5). Samples were taken from the total input 

after lysis (input), and after centrifugation (20000 g, 4 °C, 20 min) from the soluble fraction 

(supernatant). All fractions, including the insoluble debris (pellet) were supplemented with 

loading buffer (1x Laemmli or 1x Urea-,ÁÅÍÍÌÉ ÆÏÒ ȬÐÅÌÌÅÔȭ) and analyzed for the expressed POI 

by SDS-PAGE. 

Growth of EDC4 WD40 domain expressing Bacteria Cultures by Auto-Induction (AI) 

The EDC4_WD40 domain and mutant variants were expressed as GST-fusion proteins from 

pGEX-4T-1 vector in E.coli BL21(DE3) cells. Protein expression was performed according to 

Studier (2005), exploiting auto-induction in high-density shaking cultures, applying a 



 Materials and Methods 

95 
 

combination of M-supplement and 5052-supplement. Furthermore, high rates of aeration were 

crucial for cultures growth to efficiently express the EDC4_WD40 domain constructs. 

Therefore, exclusively 2 L baffled Erlenmeyer flasks, filled with a total of 1 L LB-medium plus 

supplements and pre-culture (1:100 regarding growth medium) were used. Cultures were 

grown at 37 °C for 2 hours and subsequently directly transferred to 20 °C, shaking at 160 rpm. 

Bacteria were harvested after 5-7 h hours of further growth, having auto-induced the 

expression of GST-WD40 fusion protein, and were directly lysed in high-salt (HS)-GST-A buffer 

for subsequent large scale affinity purification attempts. 

Large scale purification of EDC4 WD40 domain constructs from BL21(DE3) cells 

BL21(DE3) pellets having expressed the GST_EDC4_WD40 fusion constructs were 

resuspended in HS-GST-A buffer supplemented with 1 mL Benzonase per liter of bacteria 

culture, 1 mM AEBSF/1 mM DTT, and a small spatula tip of lysozyme powder. Lysis of a pellet 

from 4 L of culture was finalized by sonication for 3 x 5 min (duty cycle 50 %, output control 

6.5) with a consecutive break on ice for 3 minutes respectively. Lysates were cleared by 

centrifugation (48 000 xg, 4 °C, 30 min) and prior to loading, supernatants were filtered 

applying a syringe filter with a diameter of 45 mM (Roth). 

Cleared lysates were loaded on a 5 mL GSTrap column that was previously equilibrated with 

HS-GST-A buffer. Unbound protein was removed by washing with 4 CV of HS-GST-A for specific 

pulldown of GST-fusion proteins. Protein bound to the column matrix was eluted with 3 CV of 

100 % GST-B buffer. Eluates were incubated over-night with GST tagged TEV-protease (4 °C 

under rotation), cleaving of the GST-tag of the WD40 domains. Buffers were exchanged back to 

HS-GST-A buffer using a Vivaspin®20 concentrator (MWCO 30.000, Sartorius) and finally 

reduced to a total volume of 1 mL. Samples were reloaded on a 5 mL GSTrap column and tag-

free protein of interest was collected from flow-through fractions. Respective fractions were 

concentrated to a maximum volume of 500 mL and run with SEC-buffer on an equilibrated 

Superose® 6 Increase 10/300 GL column. Pure POI fractions were combined, narrowed and 

concentrations were spectrophotometrically determined at 280 nm. Samples were 

supplemented to a final concentration of 40 % glycerol, flash-frozen in liquid nitrogen and 

stored at -80 °C. 

Growth of Bacteria Cultures for classical canonical Protein Expression and Purification (IPTG) 

Diverse other protein constructs were expressed as GST-fusion proteins from pGEX-4T-1 

vector, as His6-Thioredoxin fusion constructs from pET-32a or simply His6-tagged proteins 

from pColdI vectors, either using E.coli BL21(DE3)RIL or Rosetta strains. Inoculated cultures 

were grown to an OD600 of 0.6 and subsequently induced for protein expression by addition of 
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100 mM IPTG. Generally, cultures were incubated between 4 and 16 h, shaking at 25 °C or 37 °C 

and 150 rpm. Upon harvesting, bacteria pellets were either directly lysed in respective A-

buffers for direct, subsequent purification attempts or flash-frozen in liquid nitrogen for 

storage at ɀ 80 °C until use.  

Pellets were lysed by sonification in respective lysis buffers. GST-tagged proteins were purified 

on 5 mL GSTrap columns analogously to the EDC4_WD40 constructs, however without cleaving 

of the tag and subsequent SEC on a Superdex®200 10/300 GL column. His6-tagged proteins 

were lysed in HisA-buffer, supplemented with 1mL Benzonase and 1 mM AEBSF/1 mM DTT, by 

sonication (3x 3 min, duty cycle 50 %, output control 5). After clearance by centrifugation and 

filtration, supernatants were loaded on an equilibrated 5 mL HisTrap column and protein of 

interest was eluted by stepwise increasing concentrations of buffer HisB. Elution fractions 

harboring the respective protein of interest were concentrated with appropriate Vivaspin®20 

concentrators according to the construct size, to a maximum volume of 500 mL. Samples were 

run with SEC-buffer on an equilibrated Superdex®200 10/300 GL column. Pure POI fractions 

were combined, and concentrations were spectrophotometrically determined at 280 nm. 

Samples were supplemented to a final concentration of 40 % glycerol, flash-frozen in liquid 

nitrogen and stored at -80 °C. 

Fusion protein/complex   Growth time   Temperature [°C] 

GST-HA-hnRNPA1(2-187)   over night (IPTG)  25 °C 

GST-ZC3H7B(415-956)    over night (AI)   25 °C 

His6-EDC4(WD40)    over night (IPTG)  15 °C 

GST-EDC4(WD40) WT/A-mut./E-mut.  5-7 hours (AI)   20 °C 

GST-DCP1a:EDC4(WD40)   5-7 hours (AI)   20 °C 

 

Polyclonal antibody generation and purification 

Polyclonal antibodies against EDC4(45-524) were generated with Eurogentec (Belgium) 

according to the Speedy 28-Day program, providing His6-tagged antigens in 2 M Urea 

containing His-B buffer to the company for immunization of rabbits. 

Therefore, denaturing protein purification was performed by overexpression from pColdI 

vectors in BL21(DE3) cells overnight at 15 °C upon induction with IPTG. Cultures were 

centrifuged, lysed in HisA-buffer and the supernatant was collected. The pellet was 

resuspended and vortexed in 10 mL buffer supplemented with 4 M urea, centrifuged and 

supernatant was again separately collected. The procedure was repeated wit buffer containing 
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6 M and 8 M urea, and finally all supernatant fractions were analyzed by SDS-PAGE, testing for 

highest amounts of antigen. Respective fractions were manually purified with a syringe on a 

1 mL HisTrap column (GE Healthcare), and eluates were dialyzed to a final concentration of 

2 M Urea for use as antigen. 

Received rabbit sera were initially tested by dot-blot and IF experiments. For IP reactions, 

polyclonal antibodies were purified in batches of 5 mL from the serum, applying 1 mL Protein 

G Sepharose® beads (GE Healthcare) per batch. All steps were performed at 8 °C. Beads were 

washed with 10 mL of PBS prior loading of the serum by gravity flow. Flowthrough of the 

serum was loaded a second time and the matrix was subsequently washed with 15 mL of PBS. 

For elution of bound antibodies, the beads were incubated with 2 mL of 100 mM Glycine (pH 

2.5) for 5 min and the eluate was collected in a reaction tube prepared with 120 mL Tris (pH 

8.8), aiming for direct neutralization. Concentration of the antibody solution was 

spectrophotometrically determined at 280 nm, samples were supplemented with 40 % 

Glycerol and stored in aliquots at -20 °C for later use. 

 

5.6 Biochemical methods  

5.6.1 Protein detection 

Lysis and quantification of mammalian cell and tissue samples 

Lysis of cultured cells and mouse tissues was generally achieved by homogenous resuspension 

in NP40 lysis buffer (supplemented with 1 mM AEBSF and 1 mM DTT), followed by incubation 

for 20 minutes on ice. Additionally, tissues were broken up by mechanical disruption with 

mortar and pestle after contiguous influx of liquid nitrogen for 2-3 times. Lysates were 

centrifuged for 30 minutes (20000 g, 4 °C) and concentrations of total protein in remaining 

cleared supernatants were quantified as described by Bradford (1976), applying ROTI®Quant 

(Carl Roth) according to mÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ $ÅÆÉÎÅÄ ÁÍÏÕÎÔÓ ÏÆ ÌÙÓÁÔÅÓ ×ÅÒÅ ÅÉÔÈÅÒ 

supplemented with Laemmli buffer for analysis by SDS-PAGE or directly used in subsequent 

experiments. 

Immunoprecipitation from whole cell extracts (IP) 

FLAG/HA-tagged proteins from induced stable cell lines of the Flp-InTM T-RExTM-293 system or 

from transfected HEK293T cells were immunoprecipitated from cleared overexpression 

lysates using ANTI-FLAG®M2 Affinity Gel beads (Sigma Aldrich). FLAG-IP reactions were 
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incubated for 2-3 h. Endogenous proteins were precipitated with specific antibodies, that were 

coupled to Protein G Sepharose® beads (GE Healthcare) in tandem to incubation of the IP 

reaction overnight. 

In general, 20 mL beads were prewashed 2 times with 1 mL NP40-lysis buffer (1000 g, 4 °C, 

1 min) before addition of defined amounts of cell extract. Sample tubes were filled up to a total 

volume of 1 mL with NP40-lysis buffer (supplemented with 1 mM AEBSF/1 mM DTT), 2 mg of 

specific antibody was added in case of endogenous IPs and reactions were incubated at 4 °C 

under rotation. Beads were subsequently 3 times washed with IP-wash buffer, supernatant 

was quantitatively removed after the last washing step and beads were resuspended in 30 mL 

1x Laemmli buffer for analysis by SDS-PAGE. 

For IP of EDC4 using self-made anti-EDC4 antibody serum (with Eurogentec), reactions were 

filled up with Triton -PBS buffer (supplemented with 1 mM AEBSF/1 mM DTT) to a total 

volume of 1 mL for incubation overnight. Furthermore, 20 mg of purified serum was added for 

coupling and finally IPs were washed using again Triton-PBS buffer. 

SDS-PAGE and Western blot (WB) 

In general, proteins were separated on 10 % polyacrylamide gels containing SDS, running at 

190 V in SDS running buffer. Prior loading, samples supplemented with Laemmli buffer were 

heated for 3 minutes at 95 °C, completing denaturation of all proteins. Total cell extracts were 

loaded with 50-200 mg for analysis or as 5-10 % input samples in context of IP or pulldown 

experiments. For detection by western blot, proteins were transferred on an AmershamΆ 

Protran Nitrocellulose membrane (GE Healthcare) by semi-dry electro-blotting in 

1x Towbin/20  % MeOH buffer at constant current of 2 mA/cm 2 for 1 min per kDa of the 

respective protein. Post blotting, membranes were blocked in 5 % milk/TBS-T buffer for 

20 minutes, followed by incubation with primary antibody at 4 °C overnight. Membranes were 

washed 3 times with TBS-T buffer for 5 minutes each and subsequently incubated with 

secondary antibody for 1 hour at room temperature. After 3 more washing steps, membranes 

were scanned on an Odyssey Infrared Imaging System (LI-COR Biosciences). For detection of 

full -length EDC4 protein, samples were resolved on an 8 % SDS-PAGE and subsequently 

transferred by wet-blot in 1x Towbin/10  % MeOH buffer. Blotting was performed at 8 °C with 

pre-cooled buffer for 2 hours at constant 85 V. 

Coomassie staining 

Due to presence of high protein amounts, quality of recombinantly purified proteins and total 

lysates was analyzed by SDS-PAGE and subsequent Coomassie staining. SDS-gels were run and 
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directly after incubated in Coomassie staining solution, shaking for 1-2 hours. The solution was 

removed, the gel was once rinsed with water and further incubated in Coomassie destaining 

solution overnight for visualization of abundant proteins. 

5.6.2 Electromobility shift assay (EMSA) 

For EMSAs, titrated amounts of recombinantly purified proteins were incubated with constant 

1 nM of in vitro transcribed and 32P-labeled RNAs (0.02 pmol RNA per 20 mL reaction and on 

average 0.05 Bq after labelling) in EMSA buffer at RT for 30 minutes under rotation. 

Electrophoresis of samples was directly after performed without loading buffer on a pre-run 

6 % native polyacrylamide gel at 8 °C and 230 V for 75 minutes in 1x TB buffer. Gels were 

transferred on Whatman filter paper, vacuum dried for 2 h at 80 °C and exposed to a storage 

phosphor screen overnight till detection of radioactive signals and final analysis with the 

Personal Molecular ImagerΆ System (Bio-Rad). 

5.6.3 pre-miRNA pulldown of RBPs 

Pulldown of RNA binding proteins with RNA hairpins derived from pre-miRNA sequences was 

performed as established by Treiber et al. (2018, 2017). Briefly, 40 mL DynabeadsΆ M-270 

Streptavidin (Invitrogen) were coupled with 2 mg RNA-Hook oligo (2ȭ-O-methylated RNA 

adapter) in 250 mL Pulldown buffer for at least 1 h at 4 °C under rotation. Beads were washed 

3 times with Pulldown buffer and half was removed and stored for later preclear reaction. 

Remaining beads were mixed with 10 mg hairpin RNA (purified from IVT) and incubated over 

night rotating at 4 °C. Total cell extracts were prepared from two confluent 15 cm diameter 

dishes of HEK293T cells transfected for overexpression of different EDC4 constructs by 

sonication (2x 20 pulses, output 3) in Pulldown buffer (supplemented with 1 mM AEBSF and 

1 mM DTT). First Input sample was taken and cleared lysates were combined with the adapter-

coupled beads for preclear reaction rotating at 4 °C for at least 4 h. Beads were afterwards 

removed by centrifugation and second Input sample was taken as control. Adapter-coupled 

beads hybridized to the bait-RNA were washed twice with Pulldown buffer and added to the 

precleared lysates for incubation overnight rotating at 4 °C. Next day, beads were washed first 

with supplemented Pulldown buffer including additional 150 mM NaCl, followed by washing 

with supplemented Pulldown buffer including 0.1 % Triton-X100 and a final washing step with 

simply supplemented Pulldown buffer. Elution of bound RBPs from the beads was performed 

at 95 °C for 5 minutes in Laemmli buffer and pulldowns were analyzed by SDS-PAGE and 

western blot. 
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5.6.4 Crosslinking-IP (CLIP) 

Basic steps of iCLIP were performed as described by Huppertz et al. (2014). Autoradiograms 

were detected from experiments with stable cell lines of the Flp-InTM T-RExTM-293 system, 

modified for induced expression of FLAG/HA-tagged full-length proteins or restricted 

constructs focusing on their WD40 domains, using three confluent 15 cm diameter dishes per 

experiment. Furthermore, iCLIP was performed with endogenous EDC4 after anti-EDC4 IP 

from six confluent 15 cm diameter dishes of wild-type Flp-InTM T-RExTM-293 cells. 

UV crosslinking was generally performed at 254 nM and 150 mJoules/cm2 on a Stratalinker 

(Stratagene). Cells were collected, lysed in CLIP-NP40 lysis buffer and RNase I (Ambion) 

treated with 200 Units of enzyme at 22 °C for 10 minutes. Partial fragmentation of RNAs was 

stopped by addition of 2 mL SUPERase-InΆ RNase Inhibitor (Ambion) and covalently attached 

RNPs were purified by IP. After 3 washing steps with CLIP-IP wash buffer, RNase I treatment 

was repeated, followed by direct washing for 3 times with CLIP-High-salt wash buffer and 2 

times with Dephosphorylation buffer (all buffers freshly supplemented with 1 mM DTT). Beads 

were resuspended in 100 mL Dephosphorylation buffer, supplemented with 0.5 U/mL CIP 

(NEB) and incubated for 45 min at 37 °C (800 rpm shaking). Beads were washed once with 

1 mL Phosphatase wash buffer, 2 times with PNK buffer and resuspended in 100 mL PNK buffer 

ÆÏÒ ÒÁÄÉÏÁÃÔÉÖÅ ÌÁÂÅÌÉÎÇ ÏÆ 2.! υȭ ÅÎÄÓ with 2 mL PNK (Thermo Fisher Scientific) and 1 mL g-

32P-ATP at 37 °C for 45 min (800 rpm shaking). Beads were washed 4 times with PNK buffer, 

resuspended in 40 mL 2x NuPAGE LDS-PAGE buffer and heat-eluted at 70 °C for 10 minutes. 

Samples were run on a NuPAGE Novex 4-12 % Bis-Tris Midi gel (Invitrogen) and blotted on a 

nitrocellulose membrane. Membrane was wrapped in foil, exposed to a storage phosphor 

screen for 2 h or overnight and radioactive signals were detected with the Personal Molecular 

ImagerΆ System (Bio-Rad). RNP complex areas were cut from the membrane using the 

detected autoradiograph as a mask. RNA was eluted by Proteinase K digestion (1,2 mg/mL) in 

500 mL CLIP-Proteinase K buffer at 55 °C for 60 min (at 600 rpm) and subsequently extracted 

with 1 vol. ROTI® PCI mixture (Carl Roth). Aqueous phase was supplemented with 1/10 vol. 

3 M NaCl and 1 mL Glycogen and precipitated with at least 0.8 vol. of isopropanol at - 20 °C 

overnight. RNA was pelleted at 20000 g, 4 °C, 30 min, dried and dissolved in 10 mL water for 

5 minutes at 65 Ј#Ȣ σȭ ÐÒÅ-ÁÄÅÎÙÌÁÔÅÄ ÁÄÁÐÔÅÒ ɉσȭ #,)0 $.!-adapter) was ligated overnight at 

4 °C with 2 mL homemade truncated RNA ligase2 in a total volume of 20 mL with RNL2 buffer 

and 3 mL DMSO and analyzed on a 12 % urea PAGE for radioactive signal. Additionally, a 

radioactively labeled RNA of 21 nt was co-ÌÉÇÁÔÅÄ ×ÉÔÈ σȭ #,)0 $.!-adapter and run as size 

reference. Signals running higher than the marker were excised and eluted from the gel with 
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0.3 M NaCl solution at 4 °C overnight under rotation. The RNA was precipitated with 1 mL 

Glycogen and at least 1 vol. isopropanol, pelleted and redissolved in 10 m, ×ÁÔÅÒȢ υȭ #,)0 2.!-

adapter was ligated with 2 mL T4 RNA Ligase 1 (NEB) in a total reaction of 20 mL, followed by 

phenol-chloroform extraction and cDNA synthesis for library preparation using the 

SuperScriptIIIΆ First Strand Synthesis Super Mix (Thermo Fisher Scientific). Barcodes were 

assembled by PCR amplification applying index primers corresponding to the TruSeq® RNA 

library protoco l (Illumina) and library preparation was accordingly processed and finalized. 

5.6.5 Endo-bind-n-seq 

Target RNA selection with recombinant protein 

Binding Reaction with GST-fusion Proteins 

20 ml of glutathione Sepharose (GE healthcare) were washed twice with binding buffer (25 mM 

Tris-HCl pH 7.5, 150 mM KCl, 3 mM MgCl2, 0.01% (v/v) NP-40, 1 mg/ml BSA, 1 mM DTT, 

15 µg/ml heparin, 5% (v/v) glycerol) and resuspended in 400 ml of the binding buffer, 

containing 40 U RiboLock (Thermo Fisher Scientific) and 10 mg of the phosphorylated 8-mer 

RNA or 15 mg of the 14-mer RNA. GST fusion protein was added to a final concentration of 100 

nM, and the binding reaction was performed for 30 minutes at room temperature with 

agitation. Beads were then collected by a centrifugation step (1000 g, 2 min, 4°C) and washed 

three times with ice-cold binding buffer. After the last washing step, all residual washing buffer 

was carefully removed before adding 200 µl elution buffer (10 mM Tris-Cl pH 7.0, 400 mM 

NaCl, 1 mM EDTA, 1% (w/v) SDS). The elution was done at 55°C under shaking (700 rpm) for 

5 minutes for subsequent RNA extraction. 

Binding reaction with His-tagged recombinant proteins 

Selection reactions with His6-tagged proteins were carried out as described for GST-tagged 

variants, with the exception that IMAC-Sepharose beads (GE healthcare) charged with Nickel 

chloride were used and the DTT in the binding buffer was omitted. 

Binding reaction with Epitope-tagged recombinant proteins 

For immobilization of recombinant HA-tagged protein, 2 µg monoclonal anti-HA antibody 

(Covance) were incubated with 20 µl Protein G Sepharose Beads (GE Healthcare) in 300 µl IP 

wash buffer (50 mM Tris HCl pH 7.5, 150 mM NaCl, 0.05% (v/v) NP 40, 1 mM DTT) for 1 h at 4°C. 

The beads were washed two times with binding buffer and then used in a binding reaction as 

described above, with the immobilized Epitope-tagged protein.   

Binding reaction with untagged, recombinant proteins ς Filter binding reaction 
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For untagged recombinant proteins, a filter binding assay was used to identify bound RNA. For 

this, 100 nM recombinant protein in 400 µL filter binding buffer (25 mM Tris-HCl pH 8.0, 50 

mM KCl, 2 mM MgCl2, 0.01% NP-40, 1 mM DTT, 10% (v/v) glycerol) containing 40 U RiboLock 

(Thermo Fisher Scientific) was mixed with 10 µg, or 15 µg phosphorylated 8-mer or 14-mer 

RNA pool and incubated for 30 minutes at room temperature while rotating. Nitrocellulose 

membrane (GE Healthcare) was equilibrated with filter binding buffer containing 15 mg/ml 

heparin and fitted to a glass drip directly before spotting the binding reaction to the membrane 

while applying vacuum. The membrane was washed with 20 mL ice-cold filter binding buffer. 

The spot harboring the binding reaction was cut out and transferred to a 1.5 mL reaction tube. 

The RNA was eluted from the membrane by adding 250 ml NA-45 buffer (50% formamide, 1.8 

M sodium acetate, 2 mM EDTA, 0.2% (w/v) SDS) and shaking at 70 °C for 30 min. The buffer 

was then transferred to a new for subsequent RNA extraction. 

 

Target RNA selection with protein immunoprecipitated from cell lysates 

Binding reaction with immunoprecipitated Flag-HA-tagged proteins 

HEK293T cells were transfected by the calcium-phosphate method with a plasmid containing 

the coding sequence for a candidate protein with an N-terminal Flag-HA-tag under control of a 

CMV promotor for high expression. Cells were grown for 1.5-2 days after transfection and 

collected by scraping the cells after washing twice with PBS. For each protein, defined lysate 

amounts or, without previous quantification, two 15 cm plates were used per selection 

reaction. The cells were collected by centrifugation (5 min, 500 g, 4°C) and resuspended in 1 

mL IP lysis buffer (50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 1 mM AEBFS, 1 mM DTT, 0.5% (v/v) 

NP-40). The cells were lysed by incubation on ice for 15 minutes. Insoluble material was 

pelleted by centrifugation (20 000 g, 4 °C, 15 min) and the supernatant transferred to a fresh 

reaction tube. 20 µl FLAG-M2 Agarose Beads (Sigma) were washed twice with IP wash buffer 

(50 mM Tris-HCl, pH 7.5, 300 mM NaCl, 0.05 % (v/v) NP40), resuspended in 100 ml IP lysis 

buffer and added to the lysate. The binding reaction was incubated at 4 °C for 2-3 hours while 

agitating. The beads were subsequently washed three times with 1 mL IP wash buffer. During 

the third wash, the beads were transferred to a fresh tube and 5 % of the beads were taken for 

western blot analysis of the immunoprecipitation. The immunoprecipitated proteins were 

used directly in an RNA-binding reaction by resuspending the beads in 400 ml binding buffer 

and adding randomized RNA-pool. The binding reaction was further conducted as described 

for the recombinant proteins. In case of stringency titration experiments, all steps were 

performed as described before. Only individual buffers were varied according to the list below. 
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Binding reaction with endogenous proteins from cell lysates 

HEK293T cells were grown to 100 % confluency and harvested by scraping the cells after 

washing twice with PBS. For each protein, defined lysate amounts or, without previous 

quantification, four 15 cm plates were used per binding reaction. The cells were collected by 

centrifugation (5 min, 500 g, 4°C) and resuspended in 2 mL IP lysis buffer (50 mM Tris-HCl, pH 

7.5, 300 mM KCl, 1 mM AEBFS, 1 mM DTT, 0.5% (v/v) NP-40). The cells were lysed for 15 

minutes on ice. Insoluble material was pelleted by a centrifugation step (20 000 g, 4 °C, 15 min) 

and the supernatant transferred to a fresh reaction tube. To couple specific antibodies to beads, 

20 µl protein-G Sepharose (GE Healthcare) were washed twice with IP wash buffer (50 mM Tris-

HCl, pH 7.5, 300 mM KCl, 0.05 % (v/v) NP40) and resuspended in 300 mL IP lysis buffer. 2 µg 

of the specific antibody were added to the beads and coupled for 1 hour at 4°C while rotating. 

Beads were washed twice with 1 mL IP wash buffer, resuspended in 100 mL IP lysis buffer and 

added to the cell lysate. The immunoprecipitation and RNA binding reaction was performed 

analogous to the Flag-HA-tagged proteins.  

Binding reaction with endogenous proteins from mural tissue 

Brain and liver tissue samples were mechanically homogenized in 1 mL IP lysis buffer (50 mM 

Tris-HCl, pH 7.5, 300 mM KCl, 1 mM AEBFS, 1 mM DTT, 0.5% (v/v) NP-40) by mortar and 

pestle, with 2-3 shock freezing steps with liquid nitrogen added during grinding. The lysed 

tissue was transferred into reaction tubes and insoluble material was pelleted by 

centrifugation (20 000 g, 4 °C, 30 min). Immunoprecipitation was performed from 

supernatants with specific antibodies coupled to protein-G Sepharose as above described for 

endogenous proteins from cell lysates. 

RNA extraction from target RNA selection reactions 

250 µL Roti Aqua PCI (for RNA extraction, Carl Roth) were added to the elution reaction and 

mixed thoroughly by vortex. After centrifugation (17,000g, 10 min, 20°C) for phase separation, 

the aqueous phase was transferred into a new reaction tube. 20 µg Glycogen (RNA grade, 

Thermo Fisher Scientific) and 0.8 mL ethanol were added, the reaction well mixed and kept at 

- 20°C for at least 1 hour. RNA was pelleted by centrifugation (20 000 g, 30 min, 4 °C), the 

supernatant was completely removed, and the pellet was dried for 5 minutes at 55 °C. 

Library cloning 

First adaptor ligation 

Extracted RNA pellet was resuspended in 12 µL RNase free water, shaking 5 minutes at 55 °C, 

and then placed on ice. 2 µL 10x ligation buffer (500 mM Tris-HCl pH 7.5, 100 mM MgCl2, 
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10 mM DTT), 3 µL DMSO and 1 µL pre-adenylated 3-́ÁÄÁÐÔÅÒ ×ÅÒÅ ÁÄÄÅÄ ɉυȭ-rApp-

AAACTGGAATTCTCGGGTGCCAAGG-ddC-σȭɊȟ ÈÅÁÔÅÄ ÆÏÒ σπ ÓÅÃÏÎÄÓ ÁÔ ωυ °C and immediately 

placed on ice. The reaction was supplemented with 20 U RiboLock (Thermo Fisher Scientific) 

and 2 ml truncated RNA ligase 2 (RNL2 (aa 1-249) K227Q), mixed and incubated overnight at 

4 °C. Ligation was completed by further incubation at 37 °C for one hour and subsequently 

placed on ice. 

Second adaptor ligation 

2 µL 10x ligation buffer, 3 µL DMSO, 0.4 µL ATP (100 mM), 1 µL 5´-RNA adapter oligo (10 µM; 

υȭ-GUUCAGUAAUACGACUCACUAUAGGG-σȭɊ ÁÎÄ ρρȢφ А, 2.ÁÓÅ ÆÒÅÅ ×ÁÔÅÒ ×ÅÒÅ ÁÄÄÅÄ ÔÏ ÔÈÅ 

first ligation reaction. The mix was heated to 95 °C for 30 seconds and directly placed on ice. 

20 U T4 RNA ligase 1 (NEB) were added, mixed, and incubated at 37 °C for 1 hour. 

cDNA synthesis 

For cDNA synthesis, the First Strand cDNA Synthesis Kit (Thermo Fisher Scientific) was used. 

1 µL RT-ÐÒÉÍÅÒ ɉςπ А-Ƞ υȭ-GCCTTGGCACCCGAGAATTCCAGTTT-3ȭɊ ×ÁÓ ÍÉØÅÄ ×ÉÔÈ ρπ µL of 

the second adaptor ligation reaction and annealed for 5 minutes at 65 °C. After cooling briefly 

on ice, 4 µL reaction buffer, 2 µL dNTPs (10mM), 1 µL RiboLock and 2 µL MuLV-RT were added 

and cDNA-synthesis performed for 1 hour at 37 Ј#ȟ ÁÃÃÏÒÄÉÎÇ ÔÏ ÍÁÎÕÆÁÃÔÕÒÅÒȭÓ ÉÎÓÔÒÕÃÔÉÏÎÓȢ 

Barcoding PCR 

The synthesized cDNA was used in a PCR to introduce barcoding primer for Next Generation 

Sequencing of RBP selected RNAs. For this, 5 mL of cDNA reaction were mixed with 1 µL 3´ 

barcode primer (Trueseq System, 100 mM), 1 µL 5´ barcode primer (100 mM), 1.25 µL dNTPs 

(10mM), 10 µL 5x HF buffer, 1 U Phusion polymerase (Thermo Fisher Scientific) and 31.25 µL 

water. The PCR program consisted of a 3 minutes denaturing step at 98 °C, 30 amplification 

cycles (denaturing: 98 Ј#ȟ ρπȭȭȠ annealing: 60 Ј#ȟ σπȭȭȠ elongation: 72 Ј#ȟ ρπȭȭɊ ÁÎÄ Á ÆÉÎÁÌ 

elongation step for 5 minutes at 72°C. Following primer sequences were used: 

σȭ ÂÁÒÃÏÄÅ ÐÒÉÍÅÒȡ 

CAAGCAGAAGACGGCATACGAGATNNNNNNGTGACTGGAGTTCCTTGGCACCCGAGAATTCCA 

υȭ barcode primer: 

AATGATACGGCGACCACCGAGATCTACACNNNNNNGTTCAGTAATACGACTCACTATAGGG 

NOTE: 3ÏÍÅ ωȭ ÂÁÒÃÏÄÅ ÐÒÉÍÅÒÓ ÎÅÅÄÅÄ ÔÏ ÂÅ ÆÕÒÔÈÅÒ ÓÕÐÐÌÅÍÅÎÔÅÄ ×ÉÔÈ ÁÎ ÁÄÄÉÔÉÏÎÁÌ #!#-

trinucleotide downstream to the barcode hexamer. With this, melting temperatures got optimized 

towards sequencing primers, hence increasing final numbers of reads. 
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Urea PAGE of barcoding PCR products 

A 6 % urea acrylamide gel (15x22 cm) was pre-run in TBE-buffer at 250 V without heating, to 

avoid denaturation of DNA samples. PCR samples were supplemented with 12 µL 6x TriTrack 

DNA loading dye (Thermo Fisher Scientific) and as a reference, 20 µl Ultra Low Range DNA 

Ladder (Thermo Fisher Scientific) was used. Prior loading, wells were flushed with TBE-buffer. 

Gels were run at 250 V until the bromophenol blue dye had reached the lower end of the gel 

(4-6 h) and subsequently stained with ethidium bromide. Under UV-light, a close double-band 

could be observed with adapter dimers that run around 140 bp, while ligation products 

containing the desired insert sequence appeared equal to the 150 bp ladder band. Insert-

containing bands were cut out, crushed and eluted with 300 mL of 400 mM NaCl overnight at 

4 °C with agitation. Gel pieces were pelleted by centrifugation (10 min, 4 °C, 20 000 g) and the 

supernatant containing eluted DNA was transferred to a fresh tube. The DNA was precipitated 

by adding 20 mg glycogen (Thermo Fisher Scientific) and 0.8 mL ethanol, followed by one hour 

incubation at -20 °C and pelleting by centrifugation (20,000 g, 30 min, 4°C). After removal of 

the supernatant, the DNA was dried at 55 °C for 10 minutes and resuspended in 30 mL water. 

Typical yields ranged 10 - 40 ng/µL of DNA. Next to further processing for generation of a new 

RNA pool, purified DNA products were applied in deep sequencing, reflecting outcome of the 

first RNA selection round in endo-bind-n-seq. 

Scale-up PCR 

50 ng of the purified adapter-insert DNA product was used in a 100 mL scale-up PCR containing 

1x HF buffer, 0.4 M dNTPs, 2 U Phusion polymerase (Thermo Fisher Scientific), 1 mM forward 

ÐÒÉÍÅÒ ɉυȭ-AATGATACGGCGACCACCGAGATCTACACGTTCAGTAATACGAC TCACTATAGG-σȭɊ 

and 1 m- ÒÅÖÅÒÓÅ ÐÒÉÍÅÒ ɉυȭ-GCCTTGGCACCCGAGAATTCCAGTTT-σȭɊȟ ÆÏÌÌÏ×ÉÎÇ ÔÈÅ 0#2 

cycling program of the barcoding reaction. The PCR product was purified with the 

NucleoSpin® Gel and PCR Clean-up Kit (Macherey and Nagel) and eluted with 30 mL water. 

Typical yields ranged between 100-150 ng/mL DNA. 

Enzymatic cleavage with MssI 

3.5 µL FastDigest 10x buffer and 1.5 µL MssI FastDigest enzyme (Thermo Fisher Scientific) 

were added to the purified PCR product. The cleavage reaction was incubated at 37 °C for 1-2 

hours. 

In vitro transcription and gel purification of the RNA 

The MssI cleavage reaction was directly applied to an in vitro transcription (IVT) reaction (total 

of 500 mL), containing 30 mM Tris-HCl, pH 8.0, 25 mM MgCl2, 10 mM DTT, 0.2 mM spermidine, 
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0.01% Triton X-100, 5 mM ATP, 5 mM CTP, 5 mM GTP, 5 mM UTP, 4 U/mL thermostable 

inorganic pyrophosphatase (NEB), 80 U/mL RiboLock (Thermo Fisher Scientific) and 0.1 

mg/mL T7 RNA polymerase. The reaction was incubated at 37 °C overnight. 

The IVT reaction was purified on an 18 % urea acrylamide gel (15x22 cm) after addition of 

0.5 mL RNA loading buffer (formamide with 0.005 % (w/v) bromophenol blue). The gel was 

run for 6-7 hours at 400-500 V, until the bromophenol blue band reached the lower edge of the 

gel and analyzed by UV shadowing. The RNA resulting from the 8-mer input RNA consists of 15 

ÎÕÃÌÅÏÔÉÄÅÓ ɉυȭ-GGGNNNNNNNNGUUU-σȭɊ ÁÎÄ ÒÕÎ ÁÂÏÕÔ σ cm above the dye front. RNA 

transcribed from a 14-ÍÅÒ ÉÎÐÕÔ ÈÁÄ ςρ ÎÕÃÌÅÏÔÉÄÅÓ ɉυȭ-GGGNNNNNNNNNNNNNNGUUU-σȭɊȟ 

accordingly, and run about 5 cm above the gel front. The bands were excised and crushed. For 

elution of the RNA, 1.8 mL RNase-free water were added to the gel pieces and rotated overnight 

at 4 °C. Gel pieces were pelleted by centrifugation (3300 g, 10 min, 4 °C), and supernatant was 

divided in 2x 650 mL into fresh reaction tubes. For precipitation of the RNA, 20 µg glycogen 

(RNA grade, Thermo Fisher Scientific), 50 µL of 5 M NaCl and 600 µL 2-propanol were added 

to each tube and, after mixing thoroughly, the mix was as stored at -20 °C for at least one hour 

before pelleting of precipitated RNA by centrifugation (20 000 g, 30 min, 4 °C). RNA pellets 

were washed once with 1 mL 80 % (v/v) ethanol. For complete removal of residual liquid, the 

RNA pellet was dried at 55 °C for 5 minutes, dissolved in 50 mL RNase-free water and related 

samples pooled. Typical concentrations of combined RNA solutions with 100 mL ranged 

between 80-250 ng/µL.  

Dephosphorylation 

To remove the 5-́triphosphate from the in vitro transcription reaction product, 11.5 µL PNK 

buffer A and 2 U FastAP (alkaline phosphatase, Thermo Fisher Scientific) were added to the 

RNA. The reaction was incubated for 1 hour at 37 °C before inactivating the enzyme by heating 

the reaction to 75 °C for 10 minutes. 

Rephosphorylation 

&ÏÒ ÁÄÄÉÔÉÏÎ ÏÆ Á ÓÉÎÇÌÅ υȬ-phosphate required during ligation reactions, 1 µL ATP (100 mM) 

and 2 µL recombinant PNK (1 mg/mL) were added to the heat-inactivated dephosphorylation 

reaction and incubated for 1 h at 37 °C. The RNA was precipitated by adding 100 µL of a 1 M 

NaCl solution and 800 µl ethanol, thorough mixing of the sample and incubation for at least one 

hour at -20 °C before centrifugation for 30 minutes at 20 000 g and 4 °C. The pellet was dried 

for a few minutes at 55 °C and dissolved in 30 mL RNase free water. Since ATP was 

coprecipitated, a photometric concentration determination of the RNA was not possible at that 
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point. Therefore, final concentrations were calculated back based on measurements after the 

gel purification of RNA and the newly generated pool was used for a second round of target 

selection, applying it in another binding reaction. 

Library Analysis  

Deep Sequencing and Output Processing 

Generated RBNS libraries were analyzed on an Illumina MiSeq-sequencing platform, aiming for 

an average of 30 000 reads per sample. For isolation of the pure insert sequence, the full MssI-

ÒÅÓÔÒÉÃÔÉÏÎ ÓÉÔÅ ɉ'444ȿ!!!#Ɋ ÔÏÇÅÔÈÅÒ ×ÉÔÈ ÁÄÊÁÃÅÎÔ σȭ-adapter sequence were trimmed from 

reads. In case of second sÅÌÅÃÔÉÏÎ ÒÏÕÎÄ ÓÁÍÐÌÅÓȟ ÔÈÅ )64 ÄÅÒÉÖÅÄ υȭ-GGG-triplet was included 

for trimming. Resulting sequences were filtered for length of the permutated RNA sequence 

library applied in the first selection round (usually 8mer). Remaining sequences were 

converted into fast format. Fasta files were analyzed with an altered version of the Weeder2 

software (Zambelli et al., 2014), modified towards identification of recurrent motifs with 5 -, 6- 

and 7-nt in length. For Weeder2 analysis, input RNA pools were cloned and analyzed in parallel 

with RBNS libraries and served as an unbiased reference for background subtraction during 

motif enrichment calculations. Processing of sequencing output was performed with tools 

running inside our local galaxy instance (The Galaxy Community, 2022). Cutadapt (v1.6) was 

used for adapter trimming and size filtering steps. The Weeder2 software was kindly gifted by 

the manufacturer with adapted target size filters for our motifs. 

Quantification and Statistical Analysis 

Western blot signals were detected and quantified with associated Application Software 

Version 3.0.30 of the Odyssey Infrared Imaging System 9120 (LI-COR Biosciences). Phosphor 

image signals were detected and quantified using the Quantity One analysis software Version 

4.6.9 (BioRad laboratories) with local background correction. Signal intensity and 

concentration calculations as well as standard deviations were calculated with Excel. Chi-

square goodness of fit approximations for absolute protein amount quantification-curve 

generation according to a one site dependent binding saturation, considering unspecific 

background binding, was calculated with the Excel associated Solver add-in program, applying 

the method specific formula. 

 

 

 

  



Appendix 

 
108 
 

6 Appendix  
 

6.1 Abbreviations  

Units were abbreviated according to the International System of Units. Chemical names that 

are not listed below were abbreviated according to IUPAC (International Union of Pure and 

applied Chemistry) recommendations. Protein names were abbreviated corresponding to the 

UniProt Consortium database (2023).  

 
 
AEBSF   4-(2-Aminoethyl)benzenesulfonyl fluoride hydrochloride 

Amp   ampicillin  

APS   ammonium persulphate 

ARE   AU-rich element 

ATP   adenosine triphosphate 

BNS   bind-n-seq 

bp   base pairs 

Bq   Becquerel 

CDS   coding sequence 

cDNA   copy DNA 

CIP   Calf Intestinal Alkaline Phosphatase 

CV   Column Volume   

ɝ (Delta)  deletion    

Da   Dalton [g/mol]  

DAPI   τᴂȟφ-Diamidin-2-phenylindole 

DNA   deoxyribonucleic acid 

dNTP   deoxynucleoside triphosphate 

D.mel.   Drosophila melanogaster 

DMSO   Dimethyl sulfoxide 

ds   double-stranded 

DTT   Dithiothreitol  

E.coli   Escherichia coli 

EDTA   ethylenediaminetetraacetic acid 

EGTA   ethylene glycol-bis(ɼ-aminoethyl ether)-.ȟ.ȟ.ᴂȟ.ᴂ-tetraacetic acid 

EMSA   electromobility shift assay 

endo   endogenous 

EtBr   ethidium bromide 

EtOH   Ethanol 

FBS   Fetal bovine serum 

FH   FLAG-HA peptide 

GRE   GU-rich element 

GSH   Glutathione 

GST   Glutathione S-transferase 

GTP   guanosine triphosphate 

HA   hemagglutinin 
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HEPES   4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid 

HF   high fidelity 

His   Histidine 

HS   High salt 

IF   Immunofluorescence 

IP   Immunoprecipitation  

IPTG   Isopropyl-b-D-thiogalactopyranoside 

kb   kilobase 

MeOH   Methanol 

miRNA   micro RNA 

mRNA   messenger RNA 

mRNP   messenger ribonucleoprotein 

NGS   next generation sequencing 

NLS   nuclear localization sequence 

nt   nucleotide(s) 

OD   optical density 

PAGE   polyacrylamide gel electrophoresis 

PAR-CLIP  Photoactivatable-Ribonucleoside-Enhanced Crosslinking and IP  

PCI   Phenol/chloroform/isoamyl alcohol mixture (25:24:1)  

PCR   Polymerase chain reaction 

PNK   Polynucleotide kinase 

POI   Protein of interest 

pre-miRNA  precursor miRNA 

pri -miRNA  primary miRNA 

PTM   post-translational modification 

qPCR   quantitative PCR 

RNA   ribonucleic acid 

RNP   ribonucleoprotein 

RRM   RNA recognition motif 

rRNA   ribosomal RNA 

SDS   sodium dodecyl sulfate 

Ser   serine 

sgRNA   single guide RNA 

ss   single stranded 

TBS   tris buffer saline 

TIPP   thermostable inorganic pyrophosphatase 

TLC   thin-layer chromatography 

Tris   Tris-(hydroxymethyl) -aminomethan 

U   Units, Uridine 

UTR   untranslated region 

UV   ultraviolet  

Vol.   volumes of respective reaction 

WT   wild type 

ZF   zinc finger 
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