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Summary 
 
For cellular viability, transcription is a fundamental process. Hereby, the DNA plays the most 
elemental and highly versatile role. It has long been known that promoters contain conserved 
and often well-defined motifs, which dictate the site of transcription initiation by providing 
binding sites for regulatory proteins. However, research within the last decade revealed that it 
is promoters lacking conserved promoter motifs and transcribing constitutively expressed 
genes that constitute the majority of promoters in eukaryotes. While the process of 
transcription initiation is well studied, whether defined DNA sequence motifs are required for 
the transcription of constitutively expressed genes in eukaryotes remains unknown. 
 In the highly divergent protozoan parasite Trypanosoma brucei, most of the protein-
coding genes are organized in large polycistronic transcription units. The genes within one 
polycistronic transcription unit are generally unrelated and transcribed by a common 
transcription start site for which no RNA polymerase II promoter motifs have been identified so 
far. Thus, it is assumed that transcription initiation is not regulated but how transcription is 
initiated in T. brucei is not known. This study aimed to investigate the requirement of DNA 
sequence motifs and chromatin structures for transcription initiation in an organism lacking 
transcriptional regulation.  

To this end, I performed a systematic analysis to investigate the dependence of 
transcription initiation on the DNA sequence. I was able to identify GT-rich promoter elements 
required for directional transcription initiation and targeted deposition of the histone variant 
H2A.Z, a conserved component during transcription initiation. Furthermore, nucleosome 
positioning data in this work provide evidence that sites of transcription initiation are rather 
characterized by broad regions of open and more accessible chromatin than narrow 
nucleosome depleted regions as it is the case in other eukaryotes. These findings highlight the 
importance of chromatin during transcription initiation.  

Polycistronic RNA in T. brucei is separated by adding an independently transcribed 
miniexon during trans-splicing. The data in this work suggest that nucleosome occupancy 
plays an important role during RNA maturation by slowing down the progressing polymerase 
and thereby facilitating the choice of the proper splice site during trans-splicing.  

Overall, this work investigated the role of the DNA sequence during transcription 
initiation and nucleosome positioning in a highly divergent eukaryote. Furthermore, the findings 
shed light on the conservation of the requirement of DNA motifs during transcription initiation 
and the regulatory potential of chromatin during RNA maturation. The findings improve the 
understanding of gene expression regulation in T. brucei, a eukaryotic parasite lacking 
transcriptional regulation.



 

 IV 

Zusammenfassung 
 
Die Transkription ist ein entscheidender Prozess in der Zelle und die DNA-Sequenz nimmt 
hierbei eine elementare Rolle ein. Promotoren beinhalten spezifische und konservierte DNA-
Sequenzen und vermitteln den Start der Transkription durch die Rekrutierung spezifischer 
Proteine. Jedoch haben Forschungen im vergangenen Jahrzehnt gezeigt, dass die Mehrzahl 
der Promotoren in eukaryotischen Genomen keine konservierten Promotormotive aufweisen 
und häufig konstitutiv exprimierte Gene transkribieren. Obgleich der Prozess der 
Transkriptionsinitiation im Allgemeinen gut erforscht ist, konnte bisher nicht nachgewiesen 
werden, ob ein definiertes DNA-Motiv während der Transkription von konstitutiv exprimierten 
Genes erforderlich ist. 
 In dem eukaryotischen und einzelligen Parasiten Trypanosoma brucei ist die Mehrzahl 
der proteinkodierenden Gene in lange polycistronische Transkriptionseinheiten arrangiert. 
Diese werden von einem gemeinsamen Transkriptionsstart durch die RNA Polymerase II 
transkribiert, allerdings konnten hier bisher keine Promotormotive identifiziert werden. Aus 
diesem Grund besteht die Annahme, dass Transkription keiner Regulation unterliegt. 
Allgemein ist der Prozess der Transkriptionsinitiation in T. brucei bisher nur wenig verstanden. 
 Um den Zusammenhang zwischen DNA-Motiven und konstitutiver Genexpression 
näher zu untersuchen und Schlussfolgerungen über die DNA-Sequenz-Abhängigkeit der 
Transkriptionsinitiation zu ziehen, habe ich eine systematische Analyse in T. brucei 
durchgeführt. Ich konnte GT-reiche Promotorelemente innerhalb dieser Regionen 
identifizieren, die sowohl eine gerichtete Transkriptionsinitiation, als auch den gezielten Einbau 
der Histonvariante H2A.Z in Nukleosomen nahe der Transkriptionsstartstelle vermittelt haben. 
Des Weiteren zeigten Nukleosomenpositionierungsdaten, dass in Trypanosomen die 
Transkripitonsstartstellen nicht die charakteristische, nukleosomendepletierte Region, wie für 
andere Organismen beschrieben, sondern eine offene Chromatinstruktur enthalten. Zusätzlich 
konnte ich zeigen, dass die Chromatinstruktur eine wichtige Rolle während der mRNA-
Prozessierung spielt. In T. brucei wird die polycistronische pre-mRNA durch das Anfügen 
eines Miniexons während des sogenannten trans-Splicens in individuelle mRNAs aufgetrennt. 
Die Daten dieser Arbeit belegen, dass die Anreicherung von Nukleosomen eine 
Verlangsamung der transkribierenden Polymerase bewirken und sie somit die richtige Wahl 
der Splicestelle gewährleisten. 
 Zusammenfassend wurde in dieser Arbeit die Rolle der DNA Sequenz während der 
Transkriptionsinitiation und Nukleosomenpositionierung in einem divergenten Eukaryoten 
untersucht. Die Erkenntnisse bringen mehr Licht in die Konservierung der Notwendigkeit eines 
DNA-Motivs während der Transkriptionsinitiation und das regulatorische Potential der 
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Chromatinstruktur während der RNA-Reifung. Zudem verbessern sie das Verständnis der 
Genexpressionsregulation in T. brucei, einem eukaryotischen Parasiten, der ohne 
transkriptionelle Regulation überlebt.
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Transcription is a fundamental process conducted in all living cells and essential to transfer 
the genomic information into RNA, which is then translated into an amino acid sequence to 
produce proteins (Crick, 1970). Whereas the amount of genomic information is constant, the 
amount of protein produced from different genes can vary greatly. This is facilitated and 
regulated by the mechanism of gene expression, which involves the action of several cellular 
processes such as transcription, splicing and translation (Jocelyn et al., 2011). Thus, the 
regulation of these processes is of central importance for life. 
 The genomic information is encoded in the sequence of the DNA, the basal molecule 
involved in gene expression. Its sequence is read by an RNA polymerase (RNA pol) and 
converted into RNA, a process termed transcription. The nascent RNA contains intron 
sequences, which are removed by splicing to produce mature messenger RNA (mRNA). 
Splicing can occur during transcription, while the remaining RNA is still transcribed and after 
transcription has finished. There are three distinct RNA polymerases in eukaryotes that 
transcribe different classes of genes. While RNA pol I transcribes ribosomal RNAs (rRNAs) 
and RNA pol III transfer RNAs (tRNAs), RNA pol II transcribes protein-coding genes, which 
yield mRNAs. Although, polymerases are recruited to different classes of promoters they share 
some common features (Geoffrey, 2000). The first crucial step during transcription is the 
recruitment of the RNA pol, which leads to subsequent transcription initiation. This is a highly 
regulated process that requires the assembly of an RNA pol pre-initiation complex (PIC), which 
results from a cascade of protein-binding events to the promoter (Venters and Pugh, 2009a).  
 Transcription is a DNA-templated process, meaning it relies on the contact between 
the DNA double helix and DNA-binding proteins and is thereby dependent on the accessibility 
of the DNA. In eukaryotic genomes, DNA is packaged into chromatin, a structure that is 
composed of nucleosomes, in which DNA is wrapped around histone proteins (Luger et al., 
1997). The tightness of the wrapping and the distance between nucleosomes dictate the 
accessibility of the DNA and can be altered by several factors to generate e.g. nucleosome 
depleted regions (NDRs). While promoter regions are depleted of nucleosomes, gene bodies 
are protected by nucleosome formation (reviewed in Hughes and Rando, 2014). Thus, the PIC 
may assemble within the promoter region, but the progression of transcription is inhibited by 
the presence of nucleosomes. Hence, chromatin structure provides an additional level of 
transcription initiation regulation. In addition, splice sites are depleted of nucleosomes, which 
might facilitate a faster transcription within these regions and thereby regulate co-
transcriptional splicing (reviewed in Naftelberg et al., 2015).  
 In both mechanisms, PIC assembly and the establishment of chromatin structures, the 
DNA sequence plays a fundamental role. It may contain DNA sequence elements that recruit 
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subunits of the RNA pol complex and therefore define promoter regions. Furthermore, the DNA 
sequence plays a central role in the establishment of the chromatin structure, especially 
around promoters where it often promotes the formation of nucleosome depleted regions, 
leaving the DNA accessible for proteins (Raisner et al., 2005). 
 In the following chapters, I will summarize the mechanisms of RNA pol II PIC assembly 
and chromatin formation with respect to the role of the DNA sequence. In addition, I will focus 
on the regulatory impact of chromatin on transcription and introduce two distinct classes of 
transcription initiation, focused and dispersed. Finally, I will describe how the eukaryotic 
parasite Trypanosoma brucei appears to survive without any transcriptional control.  
 
 
1.1 The pre-initiation complex 
 
Transcription initiation requires the binding of RNA pol II to the promoter yet RNA pol II itself 
does not recognize promoter sequence motifs (Juven-Gershon and Kadonaga, 2010). Thus, 
the polymerase depends on other proteins to be part of the pre-initiation complex, which bind 
to regulatory sequence elements within promoters and recruit RNA pol II to the transcription 
initiation site (reviewed in Venters and Pugh, 2009a; Juven-Gershon and Kadonaga, 2010; 
Roy and Singer, 2015). In this section, regulatory DNA elements within the promoter will be 
described followed by an overview about the assembly of the RNA pol II PIC mediated by 
these regulatory elements.  
 
1.1.1 Regulatory promoter elements 
 
Regulatory promoter elements can be located within a core promoter, which is a 50-100 bp 
sequence where the transcription machinery assembles and transcription initiates. So-called 
upstream elements can be located in yeast 100-500 bp and in metazoans up to several 
thousands of bp upstream of the core promoter (Harbison et al., 2004; Venters and Pugh, 
2009a). These sequence elements are bound by trans-acting sequence-specific factors, such 
as the general transcription factors (GTFs), which recruit the transcription machinery including 
RNA pol II. Core promoter and upstream elements are listed in Table 1.1 and illustrated in 
Figure 1.1. 
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Table 1.1 Promoter DNA elements.  
Adapted from (Venters and Pugh, 2009a; Juven-Gershon and Kadonaga, 2010; Roy and Singer, 2015). TSS, 
transcription start site. 

 
DNA 
element 

Name Consensus 
sequence (IUPAC) 

Distance from 
TSS 

Species 

Core promoter elements 
TATA TATA-box TATAWAAR -25 bp Yeast, metazoans 

Inr Initiator YYANWYY -2 to +4 bp, spans 
TSS 

Metazoans 

BRE TFIIB recognition 
element 

SSRCGCC 
(BREu), 
RTWKKKK 
(BREd) 

-35 bp (BREu), -
20 bp (BREd) 

Metazoans 

DPE Downstream 
promoter element 

RGWCGTG +30 bp Metazoans 

DCE Downstream core 
element 

CTTC, CTGT, 
AGC 

+9 bp, +18 bp, 
+32 bp 

Metazoans 

MTE Motif ten element CSARCSAACG +23 bp Metazoans 

Upstream elements 
UAS Upstream activating 

sequence 
- -several hundreds 

of bp 
Yeast 

Enhancer - - -several thousands 
of bp 

Metazoans 

URS Upstream 
repressing 
sequence 

- -several hundreds 
of bp 

Yeast 

 
 
The most common core promoter motifs are the TATA-box and the initiator element (Inr), which 
occur either together or separately (Yang et al., 2007; Frith et al., 2008). Both are binding sites 
for the GTF TFIID. The TATA-box is specifically bound by the TFIID subunit TATA-binding 
protein (TBP), which initiates the assembly of the RNA pol II pre-initiation complex (Roeder, 
1996). Twenty percent of promoters in yeast and 10-15% of mammalian promoters contain a 
TATA-box (Kim et al., 2005; Carninci et al., 2006; Cooper et al., 2006), while 70% and 46% of 
Drosophila and human promoters contain an Inr element (Smale and Kadonaga, 2003; Yang 
et al., 2007). Both elements appear to serve distinct functions: genes controlled by a TATA-
box-containing promoter are mostly tissue-specific and need a tight regulation (Lenhard et al., 
2012), whereas Inr-containing promoters control ubiquitously expressed genes (Gershenzon 
and Ioshikhes, 2005; Sandelin et al., 2007; Lenhard et al., 2012). The TFIIB recognition 
element (BRE) is composed of two distinct motifs flanking the TATA-box (BREu and BREd) 
and serves as the binding site for the GTF TFIIB. The downstream promoter element (DPE) is 
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present in mammalian and Drosophila Inr promoters (Smale and Kadonaga, 2003). It serves 
as the downstream core element (DCE) while the Inr-dependent motif ten element (MTE) 
serves as a binding site for components of the TFIID complex (Lewis et al., 2000; Juven-
Gershon et al., 2008; Roy and Singer, 2015). Elements located further upstream of the core 
promoter are called upstream activating/repressing sequences (UAS/URS) in yeast and 
enhancers in metazoans. They are bound by trans-activating factors which results in the case 
of UAS and enhancers in activation of transcription or in case of URS in decreased 
transcriptional activity (Venters and Pugh, 2009a). 
 

 

Figure 1.1 Promoter elements. 
Promoter elements found in yeast and metazoans relative to the TSS (+1). UAS, upstream activating 
sequence; URS, upstream repressing sequence; BREu, upstream TFIIB recognition element; TATA, 
TATA-box; BREd, downstream TFIIB recognition element; Inr, Initiator; DCE, downstream core element; 
MTE, motif ten element; DPE, downstream promoter element. 

 
 
1.1.2 Assembly of the RNA pol II pre-initiation complex 
 
The PIC is composed of GTFs and RNA pol II and is assembled at promoters. The detailed 
composition of subunits may vary between yeast and mammals. Common subunits 
encompass the following proteins: TBP (TATA-box binding protein), and the GTFs TFIIB, 
TFIIH, TFIIE and TFIIF (He et al., 2013; Murakami et al., 2013). Since those have been 
identified in the context of TATA-box-containing promoters the following characteristics are 
restricted to TATA-box-containing promoters. TBP is usually part of the TFIID complex and 
binds to the TATA-box located within an accessible region of promoters. The binding results 
in a bending of the DNA (Figure 1.2; Kim et al., 1993). A second factor, TFIIB, binds to the 
TATA-box flanking BREs (Lagrange et al., 1998; Deng and Roberts, 2005). It additionally 
interacts with TBP resulting in an interaction of an TFIIB domain with RNA pol II 
(Sainsbury et al., 2013) and thereby in the recruitment of RNA pol II to the PIC. RNA pol II is 
not able to melt the DNA to separate the template from the non-template strand unlike other 
polymerases. It is aided by TFIIH, which is the only GTF exhibiting enzymatic activity by 
containing two helicases Ssl2p and Rad3p and a kinase Kin28p (in yeast; Tirode et al., 1999). 
The site of interaction of TFIIH is not clear yet, but it is suggested that it interacts with the DNA 
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downstream of the complex. TFIIE facilitates the binding of TFIIH and also the melting of the 
promoter (reviewed in Luse, 2014). For TFIIF it is suggested that it facilitates the loading of 
RNA pol II into the PIC and stabilizes TFIIB within the PIC (reviewed in Luse, 2012). Finally, 
the transition from transcription initiation to elongation is facilitated by phosphorylation of 
serine 5 within the YSPTSPS heptapeptide repeats in the C-terminal domain (CTD) of RNA 
pol II mediated by the kinase activity of the TFIIH subunit (Valay et al., 1995).  
 The assembly of the PIC within promoters is not the sole regulator of transcription 
initiation. In most eukaryotic organisms, the genomic DNA is packaged into chromatin, which 
makes the DNA less accessible for protein-binding events. The following section will describe 
how the chromatin status is regulated to allow DNA-templated processes such as PIC 
assembly. 
 

 

Figure 1.2 Fully assembled RNA polymerase II pre-initiation complex (PIC). 
Schematic illustration of the RNA polymerase II (RNA pol II) pre-initiation complex on a TATA-box-
containing promoter. The TATA-box is bound by the TATA-box binding protein (TBP), which is part of the 
general transcription factor (GTF) TFIID. TFIIB binds to the TATA-box flanking TFIIB recognition elements 
(BREu, BREd) and TBP and thereby recruits RNA pol II to the PIC. TFIIF aids the loading of RNA pol II 
and stabilizes TFIIB. TFIIE facilitates the binding of TFIIH that contains 2 helicases (Rad3p, Ssl2P) and a 
kinase (Kin28p). Kin28p phosphorylated Ser5 within the heptapeptide repeat in the C-terminal domain 
(CTD) of RNA pol II and RNA pol II initiates transcription. 

 
 
1.2 Chromatin structure 
 
The chromatin structure influences all steps of transcription, namely: initiation, promoter 
escape, elongation and termination (Venkatesh and Workman, 2015). After a brief introduction 
into chromatin biology the following sections will focus on the detailed nucleosome positioning 
as nucleosomes are the basic subunits of chromatin. First, I will give an overview about state-
of-the-art methods to study nucleosome positioning, subsequent sections will focus on the 
chromatin structure around promoters and describe determinants of nucleosome positioning. 
Furthermore, the role of chromatin in the regulation of post-transcription-initiation events, e.g. 
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promoter proximal RNA pol II pausing, transcription elongation and co-transcriptional splicing 
will be addressed. 
 
1.2.1 DNA is packaged into chromatin 
 
Eukaryotic DNA is packaged into chromatin, which consists of repeating nucleoprotein 
complexes called nucleosomes (Figure 1.3; Hewish and Burgoyne, 1973; Kornberg and 
Thomas, 1974; Olins and Olins, 1974). One nucleosome consists of 147 bp of DNA wrapped 
1.65 times around a histone octamer composed of two copies of each core histone H2A, H2B, 
H3 and H4 (Luger et al., 1997). Nucleosomes are separated by the linker DNA, which contains 
0-80 bp and varies among species and cell types (Prunell and Kornberg, 1982). One molecule 
of the linker histone H1 is bound to the entry and exit sites of nucleosomal DNA and completes 
the second turn of wrapped DNA (Allan et al., 1980). This subunit is called chromatosome and 
consists of 167 bp of nucleosomal DNA (Widom, 1989, 1998). In the chromatosome 
conformation, the so-called 10 nm fiber, the DNA is condensed about 6-fold. The 10 nm fiber 
can be further condensed to the 30 nm fiber, a structure that still needs to be resolved and has 
been questioned in some publications (Lieberman-Aiden et al., 2009; Fussner et al., 2012; 
Gan et al., 2013). Originally, it was thought that the sole purpose of packaging of DNA into 
chromatin was to fit the large amount of eukaryotic DNA (e.g. 2 m for all 46 human 
chromosomes) into the nucleus of approx. 6 µm in diameter (Bruce et al., 2014). Yet, within 
the last 20 years it became clear that the degree of chromatin compaction is an important 
regulatory mechanism for DNA templated processes such as recombination, DNA repair, 
replication and gene expression (Hughes and Rando, 2014). Especially the positioning of 
nucleosomes along the DNA is of central interest since it affects the accessibility of the DNA 
to binding proteins. Thus, a range of methods have been developed to study nucleosome 
formation and positioning. 
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Figure 1.3 Chromatin structure. 
A nucleosome is the basic unit of chromatin and consists of 147 bp of DNA wrapped around a histone 
octamer. Histone H1 binds to the DNA entry and exits sites at nucleosomes and the complex is called 
chromatosome. The 10 nm fiber, in which nucleosomes are located next to each other can be further 
condensed to a 30 nm fiber (modified from Figueiredo et al., 2009). 

 
 
1.2.2 Methods to study nucleosome positioning 
 
A nucleosome´s position relative to a given DNA locus can be studied by identifying the part 
of the DNA that is associated with the histone octamer (nucleosomal DNA) and is referred to 
as translational nucleosome positioning (Satchwell et al., 1986). Thereby, nucleosome 
positioning can be studied by using methods that map protein-DNA interactions at high 
resolution, such as chromatin immunoprecipitation (ChIP) combined with next-generation 
sequencing (ChIP-seq). Within the last 10 years ChIP-seq has become an indispensable tool 
for mapping protein-DNA interactions (Johnson et al., 2007) and the determination of genome-
wide nucleosome positioning (Albert et al., 2007). During ChIP-seq, DNA-protein interactions 
are preserved by in vivo formaldehyde crosslinking and the chromatin is fragmented by 
sonication. The protein-DNA complex of interest is pulled-down with a specific antibody and 
crosslinks are reversed for subsequent DNA analysis. The immunoprecipitated DNA is 
sequenced and mapped to a reference genome revealing the profile of protein-DNA binding 
events, e.g. nucleosomes. The resolution of ChIP-seq is amongst others influenced by the size 
of the fragmented DNA (Fan et al., 2008). Typically, sonication-based fragmentation of 
chromatin yields fragments between 200 and 500 bp (Mahony and Pugh, 2015). Thus, ChIP-
seq is not perfectly suited for the precise mapping of nucleosomes (Albert et al., 2007).  
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 One possibility to improve spatial resolution experimentally is the implementation of an 
enzymatic cleavage step after immunoprecipitation, as it is performed in ChIP-exo assays 
(Rhee and Pugh, 2011, 2012). Here, the lambda exonuclease is used to digest the 
immunoprecipitated DNA in 5´-3´ direction. This digestion removes one strand of the DNA until 
it is protected by the bound protein and also reduces background by the removal of non-
crosslinked DNA. After crosslinks are reversed, the digested strand is synthesized by primer 
extension (the undigested strands were ligated to another adapter than the newly synthesized) 
and sequenced from one end. Although this approach adds more resolution to the sequencing 
data, more input material compared to sonication-based ChIP-seq assays is required due to 
additional washing steps.  
 Alternatively, the enzymatic fragmentation step can be performed before the 
immunoprecipitation step as it is the case during MNase-ChIP-seq. Here, the fragmentation of 
chromatin is facilitated by treatment with micrococcal nuclease (MNase). MNase is a non-
specific endonuclease derived from S. aureus with a preference for AT-dinucleotides that 
digests dsDNA, ssDNA as well as RNA. It digests unprotected DNA, e.g. linker DNA between 
nucleosomes, leaving a ‘footprint’ of the bound histones. Thus, it is well suited to generate 
accurate genome-wide nucleosome positioning maps at high resolution (Albert et al., 2007). 
In comparison to sonication-based approaches, MNase-ChIP-seq provides a high 
reproducibility due to the use of an enzymatic cleavage instead of random sheering of the 
chromatin. In addition, fewer washing steps are needed, which reduced the hands-on time and 
the number of cells needed for each assay. 
 
1.2.3 Chromatin structure around promoters 
 
Conducting the above-mentioned methods, it was possible to generate genome-wide 
nucleosome positioning maps. The first genome-wide nucleosome positioning analysis was 
performed in S. cerevisiae and to date high-resolution nucleosome positioning maps have 
been generated for more than 30 organisms and multiple cell types (a selection is listed in 
Table 1.2).  
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Table 1.2 Selection of organisms for which genome-wide nucleosome positioning maps have been 
generated. 
 

Organism Reference 
Saccharomyces cerevisiae (Yuan et al., 2005) 

Schizosaccharomyces pombe (Lantermann et al., 2009) 

Dictyostelium discoideum (Chang et al., 2012) 

Aspergillus fumigatus (Nishida et al., 2009) 

Arabidopsis thaliana (Chodavarapu et al., 2010) 

Caenorhabditis elegans (Valouev et al., 2008) 

Plasmodium falciparum (Westenberger et al., 2009) 

Drosophila melanogaster (Mavrich et al., 2008) 

Oryzias latipes (Nahkuri et al., 2009) 

Mus musculus liver cells (Li et al., 2011), embryonic stem cells (Teif et al., 
2012) 

Homo sapiens CD4+ T cells (Schones et al., 2008), embryonic stem cells 
(Yazdi et al., 2015) 

 
 
All studies revealed a common and thereby evolutionary conserved pattern: nucleosomes 
occupy preferred positions in genes and non-gene regions and they are depleted at most of 
the promoters and some enhancers and terminators, generating so-called nucleosome 
depleted regions (NDRs). In general, the size of NDRs varies with the class of promoters (for 
more information see chapter 1.3) and the phase of the cell cycle (Kelly et al., 2010; Nekrasov 
et al., 2012). In yeast, NDRs have an average size of 150 bp (Jiang and Pugh, 2009), are 
enriched in transcription factor (TF) binding sites (Lee et al., 2007b; Ozonov and van 
Nimwegen, 2013), TATA boxes or TATA-like elements (Basehoar et al., 2004; Rhee and Pugh, 
2012) and are accessible to the pre-initiation complex of RNA pol II (Morse, 2007). NDRs are 
flanked by at least one nucleosome containing the H2A histone variant H2A.Z and the 
respective first nucleosome is designated as -1 (upstream of NDR) and +1 nucleosome 
(downstream of NDR). Both nucleosomes and downstream located nucleosomes are well-
positioned, meaning their translational positioning is the same in each cell of the population 
generating a phased nucleosome array (Figure 1.4). In yeast, the +1 nucleosome often 
occludes the transcription start site (TSS; Albert et al., 2007), whereas it is positioned 
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downstream of the TSS in metazoans (Mavrich et al., 2008; Schones et al., 2008). The extent 
of the phasing decreases gradually towards the 3´-end of the coding region and it seems to be 
dependent on transcriptional activity, since it is not observed upstream of the NDR and at 
repressed genes (Schones et al., 2008; Lantermann et al., 2010; Valouev et al., 2011). H2A.Z-
containing nucleosomes have been shown to be less stable, facilitating an easier eviction of 
the nucleosome during transcription initiation (Suto et al., 2000; Abbott et al., 2001; Zhang et 
al., 2005; Jin and Felsenfeld, 2007; Siegel et al., 2009). Furthermore, nucleosomes 
downstream of the promoter are characterized by histones with specific post-translational 
modifications, such as acetylation on lysine 16 of the H4 tail (Kimura et al., 2002; Suka et al., 
2002) and methylation of lysines 4 and 79 of H3 (van Leeuwen et al., 2002; Ng et al., 2003a; 
Santos-Rosa et al., 2004).  
 This characteristic chromatin structure around promoters is evolutionarily conserved 
and emerges genome-wide in the individual organisms. The following sections will describe 
the underlying mechanisms dictating which part of the DNA sequence is included in the 
nucleosome and the composition of the histone octamer. 
 

 

Figure 1.4 Nucleosomal organization around the TSS in Saccharomyces cerevisiae. 
Positioning of nucleosomes across the TSS of all coding genes within the S. cerevisiae genome (modified 
from Mavrich et al., 2008). Nucleosome occupancy indicates how strong a certain DNA sequence is 
occupied by a nucleosome. The nucleosomes flanking the nucleosome depleted region (NDR) are marked 
with -1 and +1, resp. and contain H2A.Z (shown in pink). 

 
 
1.2.4 Determinants of nucleosome formation and positioning across the genome 
 
Intense studies within the last 30 years revealed that the translational nucleosome positioning 
is largely but not exclusively determined by the DNA sequence. The final in vivo nucleosome 
positioning is achieved by the interplay of factors and mechanisms that ‘read’ the DNA 
sequence, such as histone-DNA interactions, chromatin remodelers, TFs and active 
transcription. But the relative importance of each is not fully understood yet. From a 
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nucleosome point of view, the mentioned factors can be divided into two distinct classes: cis- 
(DNA sequence, histones) and trans-acting (chromatin remodelers, transcription TFs and 
active transcription) factors (Radman-Livaja and Rando, 2010). If not mentioned otherwise, the 
following findings rely on studies performed in S. cerevisiae, since many of the basic 
mechanisms are highly conserved among eukaryotes and most of the research has been done 
in this organism. 
 
1.2.4.1 DNA sequence 
 
Regarding the extent to which the DNA sequence contributes to nucleosome positioning, the 
following two distinct hypotheses have been put forward: i) each individual nucleosome 
position is determined by a ‘genomic code for nucleosome positioning’ (Segal et al., 2006; 
Kaplan et al., 2009), where nucleosome positioning is determined by sequence preferences of 
the histone octamer and by the bending ability of the DNA strand and ii) only a few positions 
are sequence-determined and the majority of nucleosomes is positioned stochastically relative 
to the positioned nucleosomes or e.g. a TF binding site acting as a barrier. This mechanism is 
referred to as ‘statistical positioning’ (Kornberg and Stryer, 1988; Möbius and Gerland, 2010).  
 Histones bind to DNA genome-wide, thus they do not possess sequence-specific DNA 
binding domains. The interactions between histones and DNA rely on the penetration of the 
amino acid residues of the histones into the minor groove of the phosphodiester backbone of 
the DNA (Luger et al., 1997). Early in vitro studies showed that nucleosome formation is highly 
dependent on the ability of DNA to bend around the histone octamer in a DNA sequence 
dependent manner and they identified sequences favored and disfavored for nucleosome 
formation. These studies revealed a preferred rotational positioning, e.g. the orientation of the 
DNA helix on the histone surface, of AT-dinucleotides in a 10 bp periodicity (1 helical turn) in 
the minor groove facing the histone octamer and of GC-dinucleotides facing outward (Figure 
1.5; Drew and Travers, 1985; Satchwell et al., 1986). This behavior could be confirmed by the 
generation of a genome-wide nucleosome positioning map (Brogaard et al., 2012) and is due 
to the fact that the minor groove of AT-rich sequences is narrower compared to those of GC-
rich sequences (Olson and Zhurkin, 2011). In addition, homopolymeric poly(dA:dT) and 
poly(dG:dC) sequences have been identified to be disfavored by nucleosome formation 
because they are intrinsically rigid (McCall et al., 1985; Nelson et al., 1987; Suter et al., 2000; 
Segal and Widom, 2009; Tsankov et al., 2011). While poly(dA:dT) tracts are abundant in 
eukaryotic genomes (Dechering et al., 1998), its prevalence at promoter regions varies among 
species. Whereas poly(dA:dT) occurrence is very common in in S. cerevisiae (Yuan et al., 
2005; Lee et al., 2007b) it is rather rare in higher eukaryotes (Lantermann et al., 2010; Tsankov 
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et al., 2010, 2011). In yeast, it has been shown, that poly(dA:dT) help positioning the +1 
nucleosome (Raisner et al., 2005; Zhang et al., 2009) and the introduction of a poly(dA:dT) 
tract can generate an NDR (Small et al., 2014). Widom and colleagues identified a sequence 
from a pool of synthetic DNA sequences that mediates strong nucleosome positioning 
following the same rules. It exhibits an even stronger histone affinity than naturally occurring 
sequences and was named the Widom601 sequence (Lowary and Widom, 1998). The role of 
the DNA sequence during genome-wide nucleosome positioning in vivo has been addressed 
by in vitro experiments, in which nucleosomes are assembled by salt gradient dialysis using 
purified histones and genomic DNA. Although the generated in vitro nucleosome pattern at 
non-promoter intergenic regions is notably similar compared to the in vivo pattern, it 
significantly differs around the promoter regions. Although an NDR was established in vitro, 
the depletion was less pronounced in vitro than in vivo. Additionally, the strong positioning of 
the -1 and +1 and nucleosomes was not observed (Kaplan et al., 2009; Zhang et al., 2009). 
One key experiment was performed using human cells and revealed that in vitro GC-rich 
promoters were favored in nucleosome formation, whereas they are depleted in vivo (Valouev 
et al., 2011). Additionally, when the strong Widom601 sequence was inserted into the yeast 
genome, no strongly positioned nucleosomes over the sequence have been detected (Perales 
et al., 2011). These results indicate that besides DNA sequence subsidiary factors like ATP-
dependent chromatin remodelers, transcription factors and active transcription influence the 
nucleosome pattern in vivo. 
 

 

Figure 1.5 Sequence preferences during nucleosome formation. 
Illustration of nucleosomal DNA (cyan and pink) wrapped around the histone octamer (grey). Nucleosome 
formation favors DNA sequences that contain AA/TT/TA-dinucleotides (red) in a 10 bp periodicity in the 
minor groove facing to the histone octamer and GC-dinucleotides (green) facing outward. Stretches of 
homopolymeric As and Ts (cyan) are disfavored. Redrawn from (Struhl and Segal, 2013). 
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1.2.4.2 Chromatin remodelers 
 
When adding yeast cell extract and ATP to purified histones and DNA, the nucleosome 
positioning pattern resembles the in vivo nucleosome positioning pattern more closely (Korber 
and Hörz, 2004; Zhang et al., 2011): the depletion of nucleosomes at promoters is enhanced, 
comparable to the in vivo level and well-positioned +1 and -1 nucleosomes are generated. This 
effect is highly ATP-dependent and suggests an involvement of ATP-dependent chromatin 
remodeling complexes (reviewed in (Clapier and Cairns, 2009; Zhang et al., 2011). There are 
four different chromatin remodeling complex families known to date, which are able to engage, 
select and remodel nucleosomes: SWI/SNF (switching defective/sucrose nonfermenting), 
ISWI (imitation switch), CHD (chromodomain, helicase, DNA binding), INO80 (inositol 
requiring 80). Chromatin remodeler complexes have several common characteristics: i) affinity 
to the nucleosome itself, ii) a histone modification recognition domain, iii) a similar DNA-
dependent ATPase domain to break histone-DNA contacts prior to remodeling, iv) ATPase 
regulating domains and proteins and v) domains and proteins to interact with other factors. 
However, the individual complexes harbor unique domains, which allow their separation into 
distinct families (Table 1.3). The individual families are evolutionarily conserved and best 
studied in human, yeast, fly, mouse, frog and plants, although the individual composition in 
each organism varies.  
 

Table 1.3 ATP-dependent chromatin remodeler complexes in S. cerevisiae. 
List of yeast chromatin remodeling complexes and their ATPase assigned to the respective family. Modified 
from (Clapier and Cairns, 2009). HSA, helicase-SANT; SANT, Swi3, Ada2, N-Cor, and TFIIIB; SLIDE, SANT-
like ISWI domain. 

 
Family SWI/SNF INO80 ISWI CHD 
Complex SWI/SNF RSC SWR1 INO80 ISW1a ISW1b ISW2 CHD1 

ATPase Swi2/Snf2 Sth1 Swr1 Ino80 Isw1 Isw2 Chd1 

Additional 
ATPase 
domains 

bromodomain, 
HSA 

HSA SANT, SLIDE chromodomain, 
DNA binding 

Reference (Mohrmann and 
Verrijzer, 2005; 
Bao and Shen, 

2007) 

{Bao and 
Shen, 2007, 

#79911} 

{Corona and Tamkun, 
2004, #46418} 

{Marfella and 
Imbalzano, 2007, 

#18475}(Mohrmann 
and Verrijzer, 2005; 

Bao and Shen, 
2007) 
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In general, chromatin remodelers utilize the released energy resulting from ATP hydrolysis to 
alter the structure, position or composition of nucleosomes. This is facilitated by the 
nucleosomal DNA forming a loop, which is translocated by the ATPase, then the histone 
octamer can be either slid along the DNA or evicted from the nucleosome (reviewed in Saha 
et al., 2006; Cairns, 2007). Chromatin remodelers are involved in various cellular processes 
such as DNA replication, DNA repair and especially in transcription, where they shape the 
nucleosomal landscape around promoters. The mechanistic details are specific for each 
remodeler complex.  
 The complexes of the SWI/SNF family, SWI/SNF and RSC, alter the structure of the 
chromatin by sliding and/or ejecting nucleosomes independently of transcription (Hirschhorn 
et al., 1992; Venters and Pugh, 2009b). The ATPases of both, SWI/SNF and RSC, contain a 
bromodomain, which binds to acetylated lysines. Since promoter nucleosomes are hyper-
acetylated, both complexes are targeted to promoters. SWI/SNF is exclusively found at RNA 
pol II promoters, whereas RSC is additionally localized to RNA pol I and RNA pol III promoters 
(Damelin et al., 2002; Ng et al., 2003b). RSC seems to be required for NDR formation, since 
NDRs are narrowed and the downstream nucleosome array is shifted upstream upon RSC 
depletion (Ganguli et al., 2014). 
 The SWR1 complex alters the composition of nucleosomes by replacing the canonical 
histone H2A with its variant H2A.Z at promoter nucleosomes (Mizuguchi et al., 2004; Raisner 
et al., 2005), while the INO80 complex removes H2A.Z from nucleosomes (Papamichos-
Chronakis et al., 2011). 
 Members of the ISWI and CHD family are important during nucleosome array formation 
downstream of the +1 nucleosome and the linkage of the array to the NDR due to their spacing 
activity (Clapier and Cairns, 2009). Members of the ISWI family negatively regulate 
transcription, e.g. ISW2 is recruited by Ume6, a regulator of meiotic genes to generate a 
repressive chromatin structure (Goldmark et al., 2000; Fazzio et al., 2001). The CHD1 is the 
least well understood remodeling complex. Upon mutation of the complex nucleosome 
positioning of only few genes was affected, suggesting that CHD1 is targeted to specific genes 
or that it might work in parallel to other remodelers (Tran et al., 2000). Through its 
chromodomains, CHD1 interacts with H3K4me3 found at promoters, although this interaction 
has been shown only in vitro so far (Flanagan et al., 2005; Pray-Grant et al., 2005; Biswas et 
al., 2007). In a pull-down approach CHD1 was found to be part of the SAGA (Spt-Ada-Gcn5 
Acetyltransferase) complex (Pray-Grant et al., 2005), which acetylates histones H3, H4 and 
H2B at promoters.  
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 However, the exact mechanisms how chromatin remodelers influence nucleosome 
positioning genome-wide is still unclear. When incubating purified histones and DNA with 
individual chromatin remodelers, the in vivo pattern (restricted to individual genes or less 
precise positioning in general) could only partly be reconstituted suggesting a requirement of 
an interplay between the different chromatin remodelers (Wippo et al., 2011). Chromatin 
remodeler complexes can be recruited in many different ways: i) by the NDR itself acting as a 
long free DNA stretch, ii) by containing a sequence-specific subunit, i.e. Rsc3 of RSC, 
iii) directly or indirectly through DNA-binding factors like TFs or general regulating factors, 
iv) by histone PTMs or v) co-transcriptionally via histone PTMs or the RNA polymerase II C-
terminal domain (CTD; Lieleg et al., 2014).  
 
1.2.4.3 Transcription factors and active transcription 
 
Besides DNA sequence and chromatin remodelers, active transcription mediated by the 
binding of transcription factors (TFs) and the transcription machinery have been shown to 
influence nucleosome positioning. A subset of TFs, the general regulatory factors, e.g. Reb1 
in yeast, is able to invade nucleosomal DNA in vivo and thereby decreases nucleosome 
occupancy via recruitment of chromatin remodelers (Yu and Morse, 1999; Raisner et al., 
2005). High-resolution in vivo nucleosome positioning maps in the absence of active 
transcription have shown that the +1 nucleosome and downstream nucleosomes are 
positioned further downstream relative to their original position (Weiner et al., 2010; Zhang et 
al., 2011).  
 
1.2.4.4 Suggested integrative models 
 
The Korber group proposes the following integrative model regarding the formation of 
nucleosome architecture around promoters (Lieleg et al., 2014): The NDR is generated by 
nucleosome-disfavored DNA sequences, e.g poly(dA.dT) tracts, and chromatin remodelers, 
e.g. RSC, and general regulatory factors, e.g. Reb1. The width of the NDR is determined by 
the positioning of the -1 and +1 nucleosomes mainly by recruited chromatin remodelers, e.g. 
Isw2. The array of regularly spaced nucleosomes downstream of the +1 nucleosome may 
occur according to statistical positioning against a barrier, but also requires an active process 
mediated by remodelers. These may be recruited to the barrier and act on individual 
nucleosomes or as di-nucleosome clamps that dictate the spacing from the barrier. The latter 
may explain the gradual decrease in positioning within the nucleosome array, since a sufficient 
amount of remodelers needs to be recruited through active transcription. The final fine-tuning 
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is mediated by the rotational positioning determined by intrinsic DNA sequence features, e.g. 
dinucleotide periodicity.  
 The groups of Struhl and Segal (Hughes et al., 2012; Struhl and Segal, 2013) suggest 
an integrative model, which adds more importance to active and elongating transcription during 
the positioning of the +1 nucleosome. They suggest that the RNA pol II pre-initiation complex 
fine-tunes the positioning of the +1 nucleosome upon positioning by remodelers.  
 
1.2.5 Chromatin regulates post-transcription-initiation events 
 
Besides its regulatory role during transcription initiation, chromatin plays an important role 
during transcription elongation and RNA maturation. Upon transcription initiation RNA pol II 
pauses downstream of the promoter and transcription elongation is hindered by the formation 
of nucleosomes. The following sections address the role of chromatin during promoter-
proximal pausing, the mechanism of histone exchange during transcription elongation and the 
indirect influence of chromatin on RNA maturation during co-transcriptional splicing. 
 
1.2.5.1 Promoter-proximal RNA pol II pausing 
 
The progression of RNA pol II through the promoter-proximal region after transcription initiation 
provides an additional regulatory mechanism to transcription and is widespread in metazoans 
(Muse et al., 2007; Zeitlinger et al., 2007; Core et al., 2008; Lee et al., 2008; Gilchrist et al., 
2010; Nechaev et al., 2010; Rahl et al., 2010; Min et al., 2011) and lacking in S. cerevisiae 
(Adelman and Lis, 2012).  

Upon assembly of the PIC and local unwinding of the DNA, the RNA pol II initiates RNA 
synthesis and escapes the promoter by releasing the GTFs and the contact to the promoter. 
During the first step of transcription elongation through the promoter-proximal region RNA pol II 
pauses within the first 100 bp (Kephart et al., 1992) due to the association of two factors, DSIF 
(DRB sensitivity inducing factor; Marshall and Price, 1992) and NELF (negative elongation 
factor; Wada et al., 1998). In D. melanogaster, it has been shown that RNA pol II pausing 
correlates with low nucleosome occupancy at promoters and that nucleosome occupancy 
increases upon depletion of the pausing factor NELF (Gilchrist et al., 2008, 2010). These 
findings led to the assumption, that RNA pol II pausing is involved in establishing a 
transcriptional permissive structure that might allow faster additional transcription initiation in 
response to specific cues or binding of additional activators. In addition, RNA pol II pausing 
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ensures a proper protection and maturation of the nascent RNA, since the phosphorylated 
Ser5 within the CTD of RNA pol II is bound by the 5´capping enzyme (Ghosh et al., 2011). 
 The transition from the paused to an elongating RNA pol II is mediated by the 
phosphorylation of the DSIF-NELF complex by the kinase of the positive transcription 
elongation factor b (P-TEFb; Marshall and Price, 1992, 1995; Wada et al., 1998). Thereby, 
NELF dissociates from RNA pol II, which allows RNA pol II to elongate the RNA transcript. P-
TEFb also phosphorylates Ser2 in the RNA pol II CTD, which finalizes the transition to 
elongating RNA pol II (Peterlin and Price, 2006). 
 
1.2.5.2 Transcription elongation 
 
Upon transcription initiation RNA pol II needs to overcome the barrier of nucleosomes within 
the gene body, which hinders progression of RNA pol II. The access of nucleosomal DNA is 
facilitated by histone exchange, a process that includes the disruption of histone-DNA contacts 
prior to removal of histones in a sequential manner (Figure 1.6; reviewed in Venkatesh and 
Workman, 2015). Both, histone-DNA and histone-histone interactions can be weakened by 
PTMs on histones or by altering the nucleosome composition by replacing canonical histones 
with histone variants by ATP-dependent chromatin remodelers (Kobor et al., 2004; Smolle and 
Workman, 2013).  
 The Ser5 phosphorylation of the CTD of the activated RNA pol II recruits the PAF 
complex (polymerase II-associated factor; Hampsey and Reinberg, 2003; Ng et al., 2003c) 
and the Bur1/2 (bypass UAS requirement) complex. Bur1 phosphorylates the E2 ligase Rad6 
(Wood et al., 2005), which mono-ubiquitinylates the E3 ligase Bre1. Bre1 transfers the ubiquitin 
to H2BK123 (Robzyk et al., 2000; Ng et al., 2003b; Wood et al., 2003; Kao et al., 2004; Laribee 
et al., 2005; Wood et al., 2005), which mediates the tri-methylation of H3K4 by 
COMPASS/Set1 (Complex of proteins associated with Set1 (Su(var)3-9, Enhancer-of-zeste, 
Trithorax 1) and H3K79 by Dot1 (disruptor of telomeric silencing 1; Briggs et al., 2002; Dover 
et al., 2002; Sun and Allis, 2002; Wood et al., 2003; Nakanishi et al., 2008). H3K4me3 is then 
bound by the chromodomain of the acetyltransferase NuA4, which acetylates the H4K12 and 
stimulates the recruitment of the bromodomain-containing SAGA complex (Ginsburg et 
al., 2014), which acetylates H3.  
 The acetylation of promoter-histones plays a crucial role in regulating the chromatin 
structure around active promoters. It aids the RSC complex to maintain the NDR and recruits 
together with the NDR the SWR complex via its bromodomain-containing subunit Bdf1 (Durant 
and Pugh, 2007), which also recruits the GTF TFIID and thereby facilitates the PIC assembly. 
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The SWR complex replaces sequentially the H2A-H2B dimers with dimers composed of H2B 
and the histone variant H2A.Z (Wu et al., 2005). 
 The histone variant H2A.Z shares a ~60% sequence identity with its canonical 
counterpart H2A and its sequence is highly conserved among species (Zlatanova and Thakar, 
2008; Talbert and Henikoff, 2010). H2A.Z is incorporated into the nucleosome in a replication-
independent manner (Mizuguchi et al., 2004). Its incorporation affects the interface between 
the H2A.Z-H2B dimer and the H3-H4 tetramer, which leads to changes in the biochemical 
properties in the nucleosome affecting PTMs, protein interactions and chromatin structure 
(Talbert and Henikoff, 2010) and thereby decreases nucleosome stability (Suto et al., 2000). 
 

 
 
The SWR complex interacts with NuA4, which acetylates H2A.Z on K14, once it is incorporated 
into the promoter nucleosome (Millar et al., 2006). This prevents the removal of H2A.Z from 
the nucleosome by INO80 ensuring the retention of H2A.Z within promoter nucleosomes 
(Papamichos-Chronakis et al., 2011). Once transcription has started and RNA pol II has 
overcome the instable H2A.Z-containing nucleosomes its progression is ensured by the 
eviction of one H2A-H2B dimer (Kireeva et al., 2002; Belotserkovskaya et al., 2003; Kulaeva 
et al., 2009). This is facilitated by the ubiqutinylation of H2BK123 and the FACT histone 
chaperone complex (Pavri et al., 2006). The resulting hexamer composed of the H3-H4 
tetramer and the remaining H2A-H2B dimer is stabilized by the histone chaperone Nap1 

 

Figure 1.6 Mechanism of histone exchange. 
(A) Histone exchange upon transcription initiation. PAF1and Bur1/2 bind to the phosphorylated Ser5 within 
the CTD of RNA pol II and Bur1 phosphorylates Rad6. Rad6 mono-ubiquitinylates Bre1, which transfers 
the ubiquitin to H2BK123 stimulating COMPASS/Set1 and Dot1 to tri-methylate H3K4 and H3K79, resp. 
H3K4me3 is bound by NuA4, which acetylates H4K12 and stimulates the recruitment of the SAGA 
complex, which acetylates several lysines within the N-terminal of H3. The acetylation of promoter-histones 
recruits the SWR complex, which replaces sequentially the H2A-H2B dimers with H2A.Z-H2B dimers. In 
addition, SWR interacts with NuA4, which acetylates H2A.Z on K14, upon incorporation. (B) Histone 
exchange during transcription elongation. The ubiquitinylation of H2BK123 facilitates the eviction of one 
H2A-H2B dimer via the FACT histone chaperone complex and Nap1 stabilizes the remaining histone 
hexamer. Modified from (Venkatesh and Workman, 2015).  
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(Kuryan et al., 2012). Chaperones are proteins that interact with histones and are involved in 
a broad spectrum of processes, like histone transport, storage and nucleosome assembly and 
disassembly. 
 
1.2.5.3 Splicing 
 
Variations in the degree of nucleosome occupancy are not only found at promoters, but also 
at DNA motifs important for RNA splicing. During splicing the nascent and precursor mRNA 
(pre-mRNA) is processed into mature messenger RNA (mRNA), which after additional 
modifications is the template for translation to produce proteins. During transcription elongation 
the 5´-end of the pre-mRNA is stabilized and protected against degradation by the addition of 
a 7-methylguanosin, the so-called cap. The emerging capped pre-mRNA is composed of 
alternating intron and exon sequences, whereas only exons contain coding sequences. During 
splicing intron sequences are co-transcriptionally removed and exon sequences are joint 
together yielding mRNA (Figure 1.7). Intron sequences are marked at the 5´-end with a 
conserved GU-dinucleotide (splice donor site) and at the 3´-end with a conserved AG-
dinucleotide (splice acceptor site), which is preceded by a pyrimidine-rich polyY tract and an 
A as branch point. In a first reaction, the splice donor site forms a 2´-5´phosphodiester bond 
with the branch point (Guth et al., 2001) forming a lariat-like structure (Ruskin et al., 1984). 
This step is facilitated amongst other proteins by U1 snRNP (small nuclear ribonucleoprotein) 
bound to the splice donor site and U2 snRNP bound to the branch point. U2 snRNP requires 
the previous binding of U2AF, which consists of a U2AF65 subunit (U2 auxiliary factor, binds 
the polyY tract) and a U2AF35 subunit (binds to the splice acceptor site; Zamore et al., 1992; 
Wu et al., 1999; Kielkopf et al., 2001). Upon the first reaction, U6 snRNP replaces U1 snRNP 
at the free splice donor site (Staley and Guthrie, 1998) and forms the active site for the second 
reaction, in which the splice donor site and the splice acceptor site are ligated to join the exons 
and the lariat-shaped intron is released (Madhani and Guthrie, 1994). 
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Figure 1.7 Mechanism of RNA splicing. 
The coding sequence of pre-mRNA is split among exons (cyan), which are interspaced by non-coding 
introns (pink). Introns are marked at each end with conserved sequences: a GU at the 5´-end serving as 
splice donor site (SDS) and an AG at the 3´-end serving as splice acceptor site (SAS). The SAS is 
preceded by an adenosine serving as branchpoint (highlighted in light pink) and a pyrimidine-rich polyY 
tract. The SDS, polyY tract and SAS are bound by U1 snRNP, U2AF65 and U2AF35, resp. U2snRNP 
binds to the branch point and U2AF65 and U2AF35 are released. Upon an interaction between U1 snRNP, 
U2 snRNP and other proteins, the SDS and the branch point form a 2´-5´phosphodiester bond, which 
results in a lariat-like structure. The ligation of both exons is mediated by U6 snRNP and releases the 
lariat-shaped intron.  

 
 
In genome-wide studies exons have been shown to be highly occupied by nucleosomes 
compared to introns, which has been linked to the higher GC-content within exons (Schwartz 
et al., 2009). In addition, the presence of polypyrimidine-rich sequences that are part of splice 
signals located at intron/exon boundaries have been shown to be nucleosome depleted (Figure 
1.8; Schwartz et al., 2009; Tilgner et al., 2009; Chen et al., 2010). Both, high nucleosome 
occupancy throughout exons and nucleosome depletion at intron/exon boundaries are 
evolutionarily conserved (Gelfman et al., 2012).  
 The formation and maintenance of this prominent chromatin structure around splice 
sites also involves PTMs and the action of chromatin remodelers. In yeast, exons are marked 
by H3K4me3, which has been shown to recruit the chromatin remodeler CHD1, whose 
depletion decreases splicing efficiency drastically (Sims et al., 2007). For another chromatin 
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remodeler, SWI/SNF, it has been shown that its ATPase catalytic subunit Brm interacts with a 
subunit of the spliceosome that is involved in exon recognition (Batsché et al., 2006).  
 In the context that splicing occurs co-transcriptionally, a speed bump model has been 
proposed in which nucleosomes act as barriers slowing transcription elongation. This allows 
the assembly of the splicing machinery at the slowly emerging pre-mRNA and ensures a 
proper exon inclusion into the mRNA (Schwartz and Ast, 2010). Thereby, chromatin structure 
influences splicing efficiency and gene expression. Moreover, it has been suggested that high 
nucleosome occupancy at exons protects coding sequences from mutational agents 
(Tolstorukov et al., 2011).  
 

 

Figure 1.8 Nucleosome occupancy across the 3´splice acceptor site (SAS). 
Nucleosome occupancy levels in activated T-cells aligned to the 3´SAS (dashed line). Introns, exons and 
polyY tracts are shown in pink, cyan and grey. Redrawn from (Schwartz et al., 2009). 

 
 
1.3 Focused and dispersed transcription initiation 
 
The findings outlined above concern mostly TATA-box-containing promoters which promote 
transcription initiated from a single TSS, a process referred to as focused transcription. 
Promoters driving focused transcription, in the following referred to as focused promoters, 
typically contain well-defined promoter elements and are present in all organisms studied thus 
far (Juven-Gershon and Kadonaga, 2010). However, with the development of more and more 
tools to study gene expression on a genome-wide scale, it is becoming increasingly clear that 
~70% of mammalian genes are regulated by dispersed promoters (Saxonov et al., 2006). Here, 
TSSs are spread over 50-100 bp, sometimes even across regions spanning 10 kb (Koch et 
al., 2011). Dispersed promoters are often found in CpG islands and typically lack well-defined 
promoter elements (Carninci et al., 2006; Saxonov et al., 2006; Sandelin et al., 2007). Besides 
mammals, dispersed promoters have been identified in S. cerevisiae (Zhang and Dietrich, 
2005), Arabidopsis thaliana (Yamamoto et al., 2009), Drosophila melanogaster (Ni et al., 
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2010), Xenopus laevis (van Heeringen et al., 2011), Leishmania major (Martínez-Calvillo et 
al., 2003) and Trypanosoma brucei (Kolev et al., 2010). 

Compared to focused promoters, dispersed promoters appear to be more enriched in 
H2A.Z (Rach et al., 2011). Although their high GC content should provide a favored DNA 
sequence for nucleosome formation (Ramirez-Carrozzi et al., 2009; Tillo et al., 2010; Valouev 
et al., 2011) dispersed promoters show a static chromatin structure with broader NDRs at their 
TSSs (Tirosh and Barkai, 2008) and thereby tend to have a more open chromatin structure 
(Jones, 2012). This is additionally supported by the enrichment of RNA pol II due to promoter-
proximal pausing, which counteracts the tendency of nucleosome formation within promoters 
(Core et al., 2008). Based on these findings it has been suggested that the activity of dispersed 
promoters within CpG islands is independent of chromatin remodelers (Ramirez-Carrozzi et 
al., 2009).  
 Although it is not known how exactly PICs assemble at CpG islands (Luse, 2014), CpG 
islands and dispersed promoters in general share some common characteristics with focused 
promoters during transcription initiation. They are marked by H3K4me3 (Guttman et al., 2009), 
contain transcription factor binding sites (Landolin et al., 2010) and RNA pol II undergoes 
promoter-proximal pausing (Hargreaves et al., 2009).  
 Dispersed promoters tend to be located upstream of constitutively expressed genes, 
whereas focused promoters are associated upstream of regulated genes (Juven-Gershon and 
Kadonaga, 2010). This correlation has raised questions about the requirement of defined 
promoter motifs during transcription initiation of constitutively expressed genes or about the 
existence of promoter motifs in organisms that do not regulate transcription initiation.  
 
 
1.4 Trypanosoma brucei 
 
1.4.1 General overview 
 
The flagellated protozoan parasite Trypanosoma brucei belongs to the class of kinetoplastea 
and the order of Trypanosomatida and has branched from the eukaryotic lineage early in 
evolution (Fernandes et al., 1993). T. brucei is the causative agent of the vector-borne disease 
African trypanosomiasis, which affects humans (sleeping sickness) and cattle (nagana). In 
2009, ~10,000 human cases have been reported with ~3000 annual infections per year (WHO, 
2015). Transmission of the disease is restricted to the habitat of its vector, the tsetse fly 
(Glossina sp.; Malvy and Chappuis, 2011), which occurs almost exclusively in Sub-Saharan 
Africa. The species Trypanosoma brucei encompasses three infective subspecies: 
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i) Trypanosoma brucei gambiense, which causes a chronic course of disease and is found in 
western and central Africa, ii) Trypanosoma brucei rhodensiense, which causes a rapid and 
acute course of disease and is found in eastern and southern Africa and iii) Trypanosoma 
brucei brucei, which infects animals only and is commonly used in the laboratory. 
 T. brucei resides within its mammalian host extracellularly. Thus, it needs to constantly 
evade the host immune system due to its exposed surface. The surface of T. brucei is coated 
with ~10 million copies of an identical protein, the variant surface glycoprotein (VSG; 
Vickerman, 1969; Cross, 1975). Although its genome codes for several thousand distinct VSG 
genes (Cross et al., 2014). Only one VSG gene is expressed at any time from a specific 
transcription unit called expression site (Johnson et al., 1987). The genome of T. brucei 
contains ~15 of those expression sites, which are located in the subtelomeric regions of the 
chromosomes (De Lange and Borst, 1982; Hertz-Fowler et al., 2008) and only one is active at 
any time while the remaining expression sites are repressed. T. brucei uses a mechanism 
called antigenic variation to facilitate a periodic change of the VSG on the trypanosome 
surface, which repeatedly challenges the host immune system. The exact mechanism 
however, is not known to date. 
 
1.4.2 Gene expression in T. brucei 
 
Trypanosoma brucei and its relatives (order Kinetoplastida, family Trypanosomatidae) 
Leishmania and Trypanosoma cruzi own mechanisms to regulate gene expression that 
distinguish themselves from other eukaryotic systems. 
 
1.4.2.1 Genes are organized in polycistronic transcription units 
 
The diploid genome of T. brucei is ~35 Mb in size (haploid) and contains ~9,000 genes that 
are distributed among 11 chromosomes (Melville et al., 2000; Berriman et al., 2005) and are 
mostly organized in ~200 polycistronic transcription units (PTUs; Figure 1.9A; Siegel et al., 
2009). PTUs contain the majority of protein-coding genes and are transcribed by RNA pol II. 
A special type of PTUs, the expression sites, are transcribed by RNA pol I. Polycistronic 
transcription has also been observed in C. elegans, however, there PTUs only contain ~15% 
of the protein-coding genes (Blumenthal et al., 2002). Genes within one PTU are transcribed 
from the same strand, whereas the direction of neighboring PTUs can be oriented in the same 
and opposite direction. PTUs can be separated by tandem arrays of RNA pol I-transcribed 
rRNA or RNA pol III-transcribed tRNA genes, or by so-called strand switch regions, where the 
transcription sense converges or diverges (Cordingley, 1985; Hernández-Rivas et al., 1992). 
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1.4.2.2 trans-splicing 
 
The polycistronically transcribed RNA is processed into mature mRNA by co-transcriptional 
trans-splicing (Figure 1.9B). Here, the primary polycistronic transcript is separated by a splicing 
reaction in which a capped 39-nt mini-exon is added to the 5´-end of each 5´UTR (Freistadt et 
al., 1987; Perry et al., 1987; Freistadt et al., 1988; Bangs et al., 1992). This mini-exon is called 
the spliced leader (SL) and is transcribed independently by RNA pol II from an array located 
on chromosome 9 (Kooter and Borst, 1984; Gilinger and Bellofatto, 2001). Trans-splicing 
requires, like cis-splicing, a polypyrimidine-rich tract (polyY tract, mostly Ts), a GU dinucleotide 
at the 5´-splice donor site (SDS) and an AG dinucleotide at the 3´-splice acceptor site (SAS). 
Both processes follow the same mechanism and most of the factors of the spliceosome are 
conserved in T. brucei (reviewed in Liang et al., 2003).  
 

 

Figure 1.9 Genes are organized in PTUs and trans-spliced in T. brucei. 
(A) Schematic illustration of an exemplary PTU. ORFs, rRNA genes and tRNA genes are shown in black, 
pink and blue and are transcribed by RNA pol II, RNA pol I and RNA pol III, resp. Orange arrows indicate 
the direction of transcription. (B) Schematic illustration of pre-mRNA maturation by trans-splicing. Genes 
within the polycistronic pre-mRNA are separated by the splicing of the spliced leader (SL, highlighted in 
cyan) to the SAS of each gene. The SL is transcribed from a distinct locus and capped (asterisk). After 
splicing the RNA is polyadenylated and the mature mRNA can be exported from the nucleus. 

 
 
With the exception of two genes (poly(A) polymerase, DNA/RNA helicase) all genes of the 
T. brucei genome do not contain introns (Mair et al.; Berriman et al., 2005). Hence, the 5´-end 
of each 5´UTR serves as SAS. Systematic mutational analyses, in which the position and 
composition of polyY tracts and of SASs have been altered, and sequence elements in 5’UTRs 
have been mutated, revealed the importance of these motifs for efficient trans-splicing in 
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T. brucei (Huang and Van der Ploeg, 1991; Siegel et al., 2005). Since splicing is crucial for the 
maturation of primary transcripts into mRNA this process provides a mechanism for post-
transcriptional regulation of gene expression. 
 
1.4.2.3 Transcription initiation in T. brucei 
 
Trypanosoma brucei appears to completely lack the ability to regulate RNA pol II-mediated 
transcription (Clayton, 2002) and the process of transcription initiation in this organism is still 
unknown. One of the major reasons might be that, although several attempts have been made, 
no promoter motifs for RNA pol II-transcribed protein-coding genes have been identified so far. 
However, based on findings derived from other eukaryotes key players and markers involved 
in transcription initiation in T. brucei have been identified. The following paragraphs summarize 
the current knowledge about the RNA pol II complex, transcription factors, RNA pol II promoter 
motifs, the chromatin structure around transcription start sites and chromatin remodelers. 

To gain insight whether the mechanism of transcription initiation in T. brucei might be 
similar to the mechanism in S. cerevisiae, in silico analyses have been performed. In yeast it 
has been demonstrated that RNA pol I, II and III complexes share 5 common and 7 homologue 
subunits (Willis, 1993; Geiduschek and Kassavetis, 2001; Hu et al., 2002). The analysis in 
T. brucei revealed that the genome encodes all of the common and most of the homologue 
subunits among the RNA pol I, II and III complexes (Ivens et al., 2005). Distinct to RNA pol II 
in most eukaryotes, RNA pol II in T. brucei contains a non-canonical CTD that is 
phosphorylated (Das and Bellofatto, 2009), although it lacks the characteristic heptapeptide 
repeat that is differentially phosphorylated in the course of transcription (Smith et al., 1989). 
Regarding the presence of transcription factors, only few have been identified, that are 
involved in SL RNA transcription. These encompass TRF4 (TBP-related protein 4; Ruan et al., 
2004; Das et al., 2005; Schimanski et al., 2005), TFIIB (Palenchar et al., 2006; Schimanski et 
al., 2006), SNAPc (Das and Bellofatto, 2003; Schimanski et al., 2005), TFIIA (Das et al., 2005; 
Schimanski et al., 2005) and TFIIH (Lecordier et al., 2007; Lee et al., 2007a). 
 Amongst all RNA pol II-transcribed genes, only for the SL RNA gene a promoter motif 
has been identified so far that consists of a bipartite upstream sequence element and an 
initiator (Gilinger and Bellofatto, 2001). Promoter motifs for RNA pol II-transcribed PTUs are 
still elusive. Several attempts to identify promoter motifs remained unsuccessful. Putative 
promoter sequences originating from regions upstream of the RNA pol II-transcribed actin 
gene cluster (Ben Amar et al., 1991) and HSP70 (Lee, 1996), resp. have been shown to direct 
transient expression of a reporter gene. However, it was not clear whether the activity was 
RNA pol II-mediated and follow-up studies could not validate this observation (McAndrew et 
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al., 1998). In a second study, the insertion of a putative promoter sequence of Tbpgt into 
mammalian cells resulted in transcriptional activity suggesting a similar transcription initiation 
mechanism in T. brucei, however it is difficult to draw conclusions from heterologous systems 
(Bayele, 2009). In another study, McAndrew and colleagues observed ɑ-amanitin-sensitive 
transcription of a reporter gene, which is preceded with a T3 polymerase promoter and inserted 
in a transcriptional silent region in the genome. The toxin ɑ-amanitin is a strong inhibitor of 
RNA pol II, whereas other polymerases are either insensitive or only moderately influenced 
(Schultz and Hall, 1976). Thus, the authors suspected that the active T3 polymerase-mediated 
transcription leads to an open chromatin conformation and that this allowed RNA pol II to 
access the DNA and to initiate transcription (McAndrew et al., 1998). Given these results and 
the lack of transcriptional control (Clayton, 2002), it has been suggested that chromatin 
structure is a central regulator of transcription initiation in T. brucei. 
 As already described in chapter 1.2 the chromatin structure can be altered by the 
incorporation of histone variants, PTMs and the action of chromatin remodelers. Albeit histones 
are evolutionary conserved, there are substantial differences among the trypanosome histones 
and those of higher eukaryotes regarding their highly modified N-terminal tails (Thatcher and 
Gorovsky, 1994; Mandava et al., 2007). Many PTMs are trypanosome-specific, while well-
conserved PTMs are absent (Janzen et al., 2006a; Mandava et al., 2007). One of the best 
characterized histone PTM in T. brucei is H3K76me, the homologue to K3K79 in other 
organisms, which is mono-, di- or trimethylated by DOT1 in humans and associated with 
transcribed chromatin (Steger et al., 2008). In T. brucei, H3K76 is mono- and di-methylated by 
DOT1A and trimethylated by DOT1B (Janzen et al., 2006b). Besides the four canonical 
histones (H2A, H2B, H3, H4) T. brucei expresses four histone variants (H2A.Z, H2B.V, H3.V, 
H4.V; Alsford and Horn, 2004; Lowell and Cross, 2004; Lowell et al., 2005). Histone variants 
differ from their canonical counterparts in their DNA sequence and are incorporated into 
nucleosomes in a cell cycle and replication independent manner. The H2A variant H2A.Z is 
highly conserved among eukaryotes (Malik and Henikoff, 2003) and in T. brucei it exclusively 
dimerizes with the H2B variant H2B.V (Lowell et al., 2005). In genome-wide ChIP-seq assays 
it has been shown that PTUs are marked by nucleosomes containing H2A.Z/H2B.V at the 5´-
end and by nucleosomes containing H3.V/H4.V at the 3´-end (Figure 1.10; Siegel et al., 2009). 
Due to the instability of H2A.Z/H2B.V-containing nucleosomes (Siegel et al., 2009) it has been 
suggested that those nucleosomes contribute to a more open chromatin structure and thus 
epigenetically mediate RNA pol II-transcription initiation (Siegel et al., 2009). Compared to 
other eukaryotes, in which only single nucleosomes around the promoter contain H2A.Z, the 
sites enriched in H2A.Z/H2B.V-containing nucleosomes span regions of ~10 kb around the 5´-
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ends of PTUs in T. brucei. Those regions are in the following referred to as ‘transcription start 
regions’ (TSRs). Besides histone variants (H2A.Z and H2B.V), TSRs are additionally enriched 
in PTMs (H3K4me3 and H4K10ac) and a bromodomain protein (BDF3) associated with open 
chromatin (Siegel et al., 2009; Wright et al., 2010). Mapping of primary transcripts genome-
wide has revealed that transcription initiates within these regions in a dispersed manner (Kolev 
et al., 2010). In extensive homology searches within the T. brucei genome, several proteins 
involved in establishing an open chromatin structure could be identified. Those encompass the 
chromatin remodeler ISWI (de la Serna et al., 2006; Urwyler et al., 2007), histone 
acetyltransferases (Kawahara et al., 2008; Siegel et al., 2008), several histone 
methyltransferases (Figueiredo et al., 2009) and several BDFs (Siegel et al., 2009). However, 
the mechanism, in which these factors act together to establish an open chromatin structure 
remains still elusive.  
 

 

Figure 1.10 Epigenetic marks at PTUs. 
Boundaries of PTUs are marked by nucleosomes containing different types of histone variants. 
Nucleosomes containing H2A.Z and H2B.V (cyan nucleosomes) are enriched at divergent (dTSRs) and 
non-divergent transcription start regions (ndTSRs). Nucleosomes containing H3.V and H4.V (green 
nucleosomes) are enriched at transcription termination regions (TTRs). Identified TSR-specific PTMs and 
a chromatin remodeler subunit are shown in cyan. Orange arrows indicate the direction of transcription. 

 
 
1.5 Aim of the study 
 
In most of the eukaryotic organisms, regulation of gene expression involves transcriptional 
control. One central regulator during transcription is the DNA sequence as it defines the 
promoter region necessary for transcription initiation. The nature of regulatory DNA sequences 
divides promoters into two classes: those containing well defined promoter motifs, e.g. a TATA-
box, and those lacking conserved promoter motifs and transcribing constitutively expressed 
genes. In both classes, however, the DNA sequence provides a binding site for regulatory 
proteins. Those can either be involved in the establishment of a transcription-permissive 
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chromatin structure or in the assembly of the RNA polymerase complex and thereby regulate 
transcription initiation. This raises the question whether defined promoter motifs are required 
for the expression of constitutively expressed genes and whether defined promoter motifs exist 
in organisms that do not regulate transcription initiation, such as trypanosomes. Thus, this 
study aimed to shed light on the regulation of gene expression in T. brucei with a focus on the 
role of the DNA sequence by addressing the following questions: 
 

§ Where does RNA pol II transcription initiate within TSRs? 
§ Does the chromatin structure across TSRs differ to that at other genomic sites? 
§ Is the DNA sequence found within TSRs sufficient to promote transcription initiation 

and is it possible to identify DNA sequence motifs?  
§ Is the DNA sequence sufficient to promote targeted histone variant deposition? 
§ Does the T. brucei genome contain NDRs and if yes, are they involved in regulation of 

gene expression?  
§ Does the DNA sequence affect nucleosome positioning? 

 
Answering these questions will provide insights into the previously little investigated 
mechanism of dispersed transcription initiation and regulation of gene expression in an early 
diverged eukaryotic organism. 
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2.1 Molecular cloning methods 
 
2.1.1 Polymerase chain reaction (PCR) 
 
To amplify DNA fragments to be inserted in a plasmid backbone a 50 µl reaction was set up 
containing 25 ng of plasmid DNA or 100 ng of genomic DNA from T. brucei, 0.2 mM of each 
dNTP (Thermo Scientific), 0.5 µM of each specific forward and reverse primer (synthesized by 
Sigma Aldrich), 1 U of Phusion High-Fidelity DNA Polymerase (Thermo Scientific), Phusion 
HF Buffer and dH2O. The cycling conditions were adjusted according to the melting 
temperature of the primers and the amplicon length: 98 °C/30 sec, 25 cycles (98 °C/10 sec – 
X °C/30 sec – 72 °C/30 sec/kb), 72 °C/5 min, 12 °C/hold. 

To verify bacterial colonies after transformation (see chapter 2.1.3 and 2.1.4) a 20 µl 
reaction was set up containing 0.2 mM of each dNTP (Thermo Scientific), 0.5 µM of each 
specific forward and reverse primer (synthesized by Sigma Aldrich), 10% DMSO, 1 U of 
DreamTaq DNA Polymerase (Thermo Scientific), DreamTaq Buffer and dH2O. Per reaction 
one colony was picked with a pipette tip and transferred to the PCR tube by rubbing on the 
tube wall. Remaining bacteria on the tip were streaked on a LB-agar plate supplemented with 
50 µg/ml Ampicillin and incubated over night at 37 °C. The cycling conditions were adjusted 
according to the melting temperature of the primers and the amplicon length: 95 °C/5 min, 30 
cycles (95 °C/3 min – X °C/30 sec – 72 °C/1 min/kb), 72 °C/5 min, 12 °C/hold. 

To verify the integration of a transfected construct into the T. brucei genome integration 
PCRs were performed using 1 µl of genomic DNA (prepared with Phusion Human Specimen 
Direct PCR Kit, see chapter 2.3.5) and DreamTaq DNA Polymerase as described above. The 
cycling conditions were adjusted according to the melting temperature of the primers and the 
amplicon length: 95 °C/3 min, 30 cycles (95 °C/30 sec – X °C/30 sec – 72 °C/1 min/kb), 
72 °C/5 min, 12 °C/hold. 
 
2.1.2 Restriction digest 
 
To digest backbones and inserts prior to ligation or InFusion reaction, 2 µg of DNA were 
digested in a 50 µl reaction containing the respective restriction enzyme/s (New England 
Biolabs), the corresponding buffer and dH2O. The reaction was incubated for 1 hour at the 
temperature according to the enzymes´ requirements. 
 To linearize plasmids prior to transfection 50 µg of DNA were digested in a 100 µl 
reaction containing the respective restriction enzyme/s (New England Biolabs), the 
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corresponding buffer and dH2O. The reaction was incubated for 3 hours at the temperature 
according to the enzymes´ requirements. 
 
2.1.3 InFusion and transformation 
 
For InFusion reactions, the backbones were digested according to the descriptions in 
chapter 2.1.2. Inserts were amplified as described in chapter 2.1.1 using oligonucleotides 
containing overhangs complementary to the first 15 bp of each end of the linearized backbone 
vector as primers. Backbones and inserts were purified using the NucleoSpin Gel and PCR 
Clean-up Kit according to the instructions of the manufacturer (Macherey&Nagel). InFusion 
reactions were performed using the InFusion® HD Cloning Plus reagents according to the 
manufacturer’s instructions (Clontech Laboratories) with minor changes. In brief, 50 ng of 
backbone, 25 ng of insert and 1 µl of InFusion HD Enzyme Premix were mixed and the total 
volume was adjusted to 5 µl with dH2O. The reaction was incubated for 15 min at 50 °C and 
placed on ice. Stellar competent cells were thawed gently on ice, 50 µl transferred to a 15 ml 
reaction tube and 2.5 µl of InFusion reaction were added. After 30 min on ice a heat shock for 
45 sec at 42 °C was performed. After 2 min incubation on ice 445 µl of SOC medium were 
added and the bacteria were allowed to recover for 1 hour at 37 °C and 200 rpm. 20 µl of the 
bacteria were spread on a LB-agar plate supplemented with 50 µg/ml Ampicillin. The remaining 
bacteria were centrifuged at 3500 rpm for 1 min, the supernatant removed except of ~100 µl, 
the pellet resuspended and spread on a LB-agar plate supplemented with 50 µg/ml Ampicillin. 
Colonies were tested via colony PCR (see chapter 2.1.1) or used to set up a liquid overnight 
culture in LB medium to isolate plasmids (see chapter 2.1.5) and to perform restriction digests 
(see chapter 2.1.2). 
 
2.1.4 Ligation and transformation 
 
For ligation reactions, the backbones and inserts were digested according to the descriptions 
in chapter 2.1.2 and purified using the NucleoSpin Gel and PCR Clean-up Kit according to the 
instructions of the manufacturer (Macherey&Nagel). Ligation reactions were performed using 
the T4 DNA Ligase according to the manufacturer’s instructions (Thermo Scientific). In brief, 
insert and 100 ng of backbone were mixed in a molar ratio to of 5:1, T4 DNA Ligase Buffer and 
1 U of T4 DNA Ligase were added and the total volume was adjusted to 20 µl with dH2O. The 
reaction was incubated for 1.5 h at RT. Top10 competent cells were thawed gently on ice, 
30 µl transferred in a 1.5 ml reaction tube and 6 µl of the ligation reaction were added. After 
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30 min on ice a heat shock for 1 min at 42 °C was performed. After 1 min incubation on ice 
300 µl of SOC medium was added and the bacteria were allowed to recover for 1 hour at 37 °C 
and 200 rpm. 20 µl of the bacteria were spread on a LB-agar plate supplemented with 50 µg/ml 
Ampicillin. The remaining bacteria were centrifuged at 3500 rpm for 1 min, the supernatant 
removed except of ~100 µl, the pellet resuspended and spread on a LB-agar plate 
supplemented with 50 µg/ml Ampicillin, which have been incubated over night at 37 °C. 
Colonies were tested via colony PCR (see chapter 2.1.1) or used to set up a liquid overnight 
culture in LB medium to isolate plasmids (see chapter 2.1.5) and to perform restriction digests 
(see chapter 2.1.2) or submit for Sanger sequencing (see chapter 2.1.6). 
 
2.1.5 Plasmid isolation 
 
Plasmids were isolated from 4 ml of liquid bacterial overnight culture using the NucleoSpin 
Plasmid Kit or from 100 ml of liquid bacterial overnight culture using the NuleoBond Xtra Midi 
Kit from Macherey&Nagel according to the instructions of the manufacturer.  
 
2.1.6 Sanger sequencing 
 
To verify generated constructs via Sanger sequencing 500 ng of plasmid were mixed with 
2.5 µM of specific primer in a total volume of 10 µl and send to the sequencing service 
Macrogen. 
 
2.1.7 Bacterial stock preparation 
 
Bacterial strains were preserved in 20% glycerol by adding 300 µl of 50% glycerol to 700 µl of 
a liquid bacterial overnight culture and immediate freezing at -80 °C. 
 
2.1.8 EtOH precipitation 
 
To concentrate and sterilize digested constructs prior to transfection, the DNA was first purified 
using the NucleoSpin Gel and PCR Clean-up Kit (Macherey&Nagel) with minor changes: each 
sample was split among 3 columns and eluted twice with 34 µl Buffer NE, each. Then, the 
DNA was precipitated as follows: 1/10 of the total volume of 3 M NaOAc and 2.5 V of 100% 
EtOH were added and the DNA was incubated for 30 min on ice. The precipitated DNA was 
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pelleted by centrifugation at 16,000 xg for 30 min, washed with 70% EtOH and dried under 
sterile conditions. The DNA was resuspended in 20 µl of sterile dH2O. 
 
 
2.2 Generation of constructs 
 
All parental and generated constructs used in this study are listed in Table 2.1 and Table 2.2. 
If not mentioned otherwise all cloning reactions haven been performed using InFusion HD 
Cloning Plus reagents (see chapter 2.1.3). Oligonucleotides were synthesized by Sigma 
Aldrich and are listed in Table 2.3. gBlocks were synthesized by Integrated DNA Technologies 
(IDT) and are listed in Table 2.4. 
 

Table 2.1 List of parental constructs used in this study. 
Abbreviations: Amp, ampicillin; BLE, phleomycin resistance gene; PAC, puromycin N-acetyltransferase; Tet, 
tetracycline; Hygro, hygromycin; Blas, blasticidin; Phleo, phleomycin; Puro, puromycin. 
 

Name Purpose Resistance 
in E. coli 

Resistance 
in T. brucei 

Reference 

pPOTv3_TY-H3V Retrieve backbone for pPOTv3_TY-
RPB9_BSD 

Amp Blas unpublished, AJ 
Kraus 

pLEW100v5 Amplification of BLE Amp Phleo George Cross, 
Addgene #24012 

pyrFEKO-PUR Endogenous knock out and flanking 
of integration site with loxP sites, 
amplification of PAC 

Amp Puro (Scahill et al., 
2008) 

pLEW111 Tet-inducible ectopic 
overexpression of target gene from 
rRNA locus 

Amp Phleo (Hoek et al., 2000) 

pyrFEKO-HYG Endogenous knock out and flanking 
of integration site with loxP sites 

Amp Hygro (Scahill et al., 
2008) 

pLEW100v5_HYG Tet-inducible ectopic 
overexpression of target gene from 
rRNA locus 

Amp Hygro George Cross, 
Addgene #24012 

pCJ25ARluc Expression of Rluc from the VSG 
pseudogene in the active 221 BES 

Amp Blas unpublished, CJ 
Janzen 

pLEW100Cre-
EP1 

Tet-inducible Cre-recombinase 
expression 

Amp  Phleo (Scahill et al., 
2008) 

 
 
2.2.1 Generation of pPOTv3_TY-RPB9_Phleo/Puro 
 
The constructs pPOTv3_TY-RPB9_Phleo and pPOTv3_TY-RPB9_ Puro were generated to N-
terminally tag both endogenous alleles of the RNA pol II complex subunit RPB9 (TriTrypDB 
GeneID Tb427tmp.02.5180) with two Ty1 epitope tags using the pPOTv3 system (Dean et al., 
2015). To insert the upstream homology region, 300 bp upstream of the start codon of RPB9 
were amplified using oCW_1 and oCW_2 and inserted into pPOTv3_TY-H3V upon digestion 
with ApaI and NotI. After transformation the colonies were verified via colony PCR using the 
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oligonucleotides oCW_1 and oCW_3. To insert the downstream homology region, 300 bp 
downstream of the start codon of RPB9 were amplified using oCW_4 and oCW_5 and inserted 
into the product of the previous cloning step upon digestion with SacI and NheI generating 
pPOTv3_TY-RPB9_BSD. After transformation the colonies were verified via colony PCR using 
the oligonucleotides oCW_4 and oCW_6. Depending on the genetic background of the 
acceptor cell line the resistance gene was exchanged by a phleomycin resistance gene 
(amplified with oCW_7 and oCW_8 from pLEW100v5) and a puromycin resistance gene 
(amplified with oCW_9 and oCW_10 from pyrFEKO-PUR) after pPOTv3_TY-RPB9_BSD was 
digested with NotI and MluI generating pPOTv3_TY-RPB9_Phleo and pPOTv3_TY-
RPB9_Puro, respectively. After transformation the colonies were verified via colony PCR using 
the oligonucleotide pairs oCW_1/oCW_11 and pCW_1/oCW_10, respectively. Both constructs 
were linearized with ApaI and NheI prior to transfection. 
 
2.2.2 Generation of pLEW111_TY1-H2A.Z 
 
The construct pLEW111_TY1-H2A.Z was generated to constitutively overexpress Ty1-H2A.Z 
from an rRNA locus. First, the tetracycline operator was removed from pLEW111 (Hoek et al., 
2000) by digestion with BglII generating pLEW111-TetOp. The H2A.Z CDS (Tb427.07.6360) 
was amplified using the oligonucleotides oCW_12 and oCW_13. Upon digestion of both, the 
PCR product and pLEW111-TetOp with HindIII and BamHI both fragments were ligated 
generating pLEW111_TY1-H2A.Z. After transformation the colonies were verified by colony 
PCR using the oligonucleotides oCW_14 and oCW_13. The construct was linearized with NotI 
prior to transfection. 
 
2.2.3 Generation of pyrFEKO-HYG/PUR_H2A.Z 
 
The constructs pyrFEKO-HYG_H2A.Z and pyrFEKO-PUR_H2A.Z were generated to knock 
out both endogenous H2A.Z alleles using the pyrFEKO system (Scahill et al., 2008). The 
downstream region of the H2A.Z CDS was amplified using oCW_15 and oCW_16 and both, 
the PCR product and pyrFEKO-HYG/PUR were digested with SbfI and BamHI and ligated. 
The upstream region of the H2A.Z CDS was amplified using oCW_17 and oCW_18 and both, 
the PCR product and the product of the previous ligation reaction were digested with PvuII and 
HindIII and ligated generating pyrFEKO-HYG_H2A.Z and pyrFEKO-PUR_H2A.Z, respectively. 
All cloning steps were verified via digest with SbfI/BamHI and PvuII/HindIII, respectively. Both 
constructs were linearized with PvuII and SbfI prior to transfection. 
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2.2.4 Generation of TSR translocation constructs 
 
The targeting construct pCW24v2 originates from pLEW100v5_HYG (kind gift from George 
Cross, Addgene plasmid #24012). To generate pCW24v2, the rRNA spacer targeting 
sequence of pLEW100v5_HYG was removed by digestion with AlwNI and AflII and replaced 
with a linker sequence (amplified with oCW_19 and oCW_20 from the parental construct) and 
the upstream homology region Tb427_01_v4:282931-283210 (amplified with oCW_21 and 
oCW_22 from gDNA). The insertion was verified via colony PCR using the oligos oCW_21 and 
oCW_23. To insert the downstream homology region Tb427_01_v4:283239-283591 (amplified 
with oCW_24 and oCW_25 from gDNA), the plasmid was digested with NheI. The insertion 
was verified via colony PCR using the oligos oCW_23 and oCW_26. Prior to transfection, the 
plasmid was linearized with NotI. 

To generate the no-promoter control (pCW24v2-p), pCW24v2 was digested with BglII. 
The T7 promoter, which transcribes the selection marker, was reinserted with the annealing 
product of oCW_27 and oCW_28. The insertion was verified via colony PCR using the oligos 
oCW_3 and oCW_29. The constructs containing TSR DNA sequences were generated by 
replacing the rRNA promoter in pCW24v2 by BglII digestion and insertion of fragments 
amplified using different sets of oligonucleotides (oCW_30-61). The insertion was verified via 
colony PCR using the oCW_3 and the respective reverse oligo used to amplify the insert. 
 To generate the targeting construct pCW27v2, the upstream and downstream regions 
of homology of pCW24v2 were removed with XhoI/AflII and NheI, respectively and replaced 
by the new upstream homology region Tb427_09_v4:1,067,215-1,067,647 (amplified from 
gDNA with oCW_62 and oCW_63) and the new downstream homology region 
Tb427_09_v4:1,067,679-1,068,160 (amplified from gDNA with oCW_64 and oCW_65). The 
insertion was verified via colony PCR using the oligo pairs oCW_62/oCW_23 and 
oCW_64/oCW_26. Prior to transfection, the plasmid was linearized with NotI and XhoI. 

To generate the targeting construct pCW28v2, the upstream and downstream regions 
of homology of pCW24v2 were removed with XhoI/AflII and NheI, respectively and replaced 
by the new upstream homology region Tb427_10_v5:1,926,616-1,927,048 (amplified from 
gDNA with oCW_66 and oCW_67) and the new downstream homology region 
Tb427_10_v5:1,927,082-1,927,505 (amplified from gDNA with oCW_68 and oCW_69). The 
insertion was verified via colony PCR using the oligo pairs oCW_66/oCW_23 and 
oCW_68/oCW_26. Prior to transfection, the plasmid was linearized with NotI and XhoI. 



2. Materials and methods 

 51 

 The respective no-promoter controls (pCW27v2-p, pCW28v2-p), constructs containing 
TSR DNA sequences and GT-rich promoters have been generated just as described for 
pCW24v2. 
 In order to introduce the targeting constructs pCW27v2 and pCW28v2 and their 
derivatives into ∆H3.V cells the resistance marker was exchanged and the constructs were 
labelled with ‘v3’. The hygromycin resistance gene was removed with MscI and SpeI and 
replaced by a phleomycin resistance gene amplified with oCW_70 and oCW_71.  
 
2.2.5 Generation GT-rich promoter constructs 
 
To generate pCW24v2_GT_210_nt, pCW24v2 was digested with BglII and the synthesized 
gBlock GT_210_nt containing an AscI and an FseI restriction site at the 3´-end was introduced. 
The insertion was verified via colony PCR using the oligos oCW_3 and oCW_72. Digestion 
with AscI and FseI and insertion of the synthesized gBlock GT_206_nt fused both synthesized 
sequence elements creating pCW24v2_GT_416_nt. The construct was verified via colony 
PCR using the oligos oCW_3 and oCW_73. 
 To generate pCW24v2_GT_210_nt_rc, the reverse complement sequence of 
GT_210_nt was amplified with oCW_74 and oCW_75 and inserted into pCW24v2_GT_210_nt 
upon BglII and AscI digestion. The construct was verified via colony PCR using the oligos 
oCW_3 and oCW_75. To generate pCW24v2_GT_416_nt_rc, the reverse complement 
sequence of GT_416_nt was amplified with oCW_76 and oCW_77 and inserted into 
pCW24v2_GT_416_nt after BglII and FseI digestion. The construct was verified via colony 
PCR using the oligos oCW_3 and oCW_77. 
 To generate pCW24v4 (rRNA promoter control) and pCW24v4-p (no promoter control), 
pCW24v2 was digested with KpnI and SmaI and the synthesized rRNA_promoter sequence 
and no-promoter sequence were introduced. Both, the rRNA promoter sequence and no-
promoter sequence are preceded by two tetracyclin operators. pCW24v4 and pCW24v4-p 
were verified via colony PCR using the oligo pairs oCW_3/oCW_78 and oCW_3/oCW_29, 
respectively. 

To generate pCW24v4_GT_210_nt, pCW24v4 was digested with BglII and SmaI and 
the synthesized GT_210_nt sequence containing an AscI and an FseI restriction site at the 3´-
end was introduced. The insertion was verified via colony PCR using the oligos oCW_3 and 
oCW_74. Digestion of the plasmid with AscI and FseI followed by insertion of the synthesized 
GT_206_nt sequence joined both synthesized sequence elements to create the plasmid 
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pCW24v4_GT_416_nt. The construct was verified via colony PCR using the oligos oCW_3 
and oCW_79. 
 To generate pCW24v4_GT_210_nt_rc, the reverse complement sequence of 
GT_210_nt was amplified with oCW_80 and oCW_81 and inserted into pCW24v4_GT_210_nt 
after BglII and AscI digestion. The construct was verified via colony PCR using the oligos 
oCW_3 and oCW_75. To generate pCW24v4_GT_416_nt_rc, the reverse complement 
sequence of GT_416_nt was amplified with oCW_82 and oCW_83 and inserted into 
pCW24v4_GT_210_nt after BglII and AscI digestion. The construct was verified via colony 
PCR using the oligos oCW_3 and oCW_77. 
 
2.2.6 Generation of pCW37 
 
The construct pCW37 was generated to target FLUC to a locus within a PTU on chromosome 1 
(Tb427_01_v4:500,640-501,239) to measure endogenous RNA pol II levels. In pCW24v2-p 
the hygromycin resistance gene was inverted by digestion with SmaI and BglII and insertion 
of the amplification product of oCW_84 and oCW_85 on pCW24v2-p. The insertion was 
verified via colony PCR using the oligos oCW_84 and oCW_29. The upstream homology 
region (Tb427_01_v4:500,640-500,939, amplified with oCW_86 and oCW_87) was 
exchanged by digestion with XhoI and AflII and the downstream homology region 
(Tb427_01_v4:500,940-501,239, amplified with oCW_88 and oCW_89) by digestion with NheI 
and NotI. The construct was verified via colony PCR using the oligo pairs oCW_86/oCW_23 
and oCW_88/oCW_26. Prior to transfection, the plasmid was linearized with NotI and Xho. 
 
2.2.7 Generation of polyY constructs 
 
To study the role of the composition of the polyY tract in gene expression and nucleosome 
positioning the constructs pCW24v2_optPolyY (contains a long T-rich polyY tract) and 
pCW24v2_noPolyY (contains no polyY tract) were generated. To this end, 
pCW24v2_GT_210_nt was digested with SmaI and HindIII to remove the endogenous polyY 
tract of the GPEET 5´UTR. To insert the respective polyY tract the oligo pairs 
oCW_90/oCW_91 and oCW_92/oCW_93 were annealed and inserted into the digested 
backbone. Both constructs were verified via Sanger sequencing using oligo oCW_29 (data not 
shown) and linearized with NotI prior to transfection. 
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Table 2.2 List of constructs generated in this study. 
Abbreviations: Amp, ampicillin; Blas, blasticidin; Phleo, phleomycin; Puro, puromycin; Hygro, hygromycin. 
 

Construct name Purpose Resistance 
in E. coli 

Resistance 
in T. brucei 

Reference 

pPOTv3_TY-RPB9_BSD Endogenous N-terminal tagging of RPB9 with Ty1 epitope tag Amp Blas C Wedel, LSM Müller, 
R Derr 

pPOTv3_TY-RPB9_Phleo Endogenous N-terminal tagging of RPB9 with Ty1 epitope tag Amp Phleo C Wedel, LSM Müller, 
R Derr 

pPOTv3_TY-RPB9_Puro Endogenous N-terminal tagging of RPB9 with Ty1 epitope tag Amp Puro C Wedel, LSM Müller, 
R Derr 

pLEW111-TetOp Constitutive ectopic overexpression of target gene from rRNA locus Amp Phleo J Thürich 
pLEW111_TY1-H2AZ Constitutive ectopic overexpression of Ty1-H2A.Z from rRNA locus Amp Phleo J Thürich 
pyrFEKO-HYG_H2A.Z Endogenous knock out of H2A.Z and flanking of integration site with loxP sites Amp Hygro C Wedel 
pyrFEKO-PUR_H2A.Z Endogenous knock out of H2A.Z and flanking of integration site with loxP sites Amp Puro C Wedel 
pCW24v2 Targeting construct to insert rRNA promoter and FLUC between 2 divergent TSRs 

on chromosome 1 (Tb427_01_v4:283211) 
Amp Hygro C Wedel, R Derr 

pCW24v2-p Targeting construct without promoter to insert FLUC between 2 divergent TSRs on 
chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA Inserts regA (Tb427_10_v5: 800,949-810,167) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA1 Inserts regA1 (Tb427_10_v5: 800,949-802,743) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA2 Inserts regA2 (Tb427_10_v5: 802,251-804,045) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA3 Inserts regA3 (Tb427_10_v5: 803,552-805,345) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA4 Inserts regA4 (Tb427_10_v5: 804,859-806,648) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA5 Inserts regA5 (Tb427_10_v5: 806,150-807,942) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA6 Inserts regA6 (Tb427_10_v5: 807,455-809,249) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA7 Inserts regA7 (Tb427_10_v5: 808,751-810,167) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regA2rc Inserts the reverse complement of regA2 (Tb427_10_v5: 802,251-804,045) and 
FLUC between 2 divergent TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 
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Construct name Purpose Resistance 
in E. coli 

Resistance 
in T. brucei 

Reference 

pCW24v2_regB Inserts regB (Tb427_10_v5: 1,634,960-1,641,653) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regB1 Inserts regB1 (Tb427_10_v5: 1,634,960-1,636,762) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regB2 Inserts regB2 (Tb427_10_v5: 1,636,267-1,638,057) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regB3 Inserts regB3 (Tb427_10_v5: 1,637,571-1,639,366) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regB4 Inserts regB4 (Tb427_10_v5: 1,638,867-1,640,655) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regB5 Inserts regB5 (Tb427_10_v5: 1,640,194-1,641,653) and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_regB1rc Inserts the reverse complement of regB1 (Tb427_10_v5: 1,634,960-1,636,762) and 
FLUC between 2 divergent TSRs on chromosome 1 

Amp Hygro C Wedel, R Derr 

pCW24v2_GT_210_nt Inserts the synthetic promoter sequence GT_210_nt and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel 

pCW24v2_GT_210_nt_rc Inserts the reverse complement of the synthetic promoter sequence GT_210_nt and 
FLUC between 2 divergent TSRs on chromosome 1 

Amp Hygro C Wedel 

pCW24v2_GT_416_nt Inserts the synthetic promoter sequence GT_416_nt and FLUC between 2 divergent 
TSRs on chromosome 1 

Amp Hygro C Wedel 

pCW24v2_GT_416_nt_rc Inserts the reverse complement of the synthetic promoter sequence GT_416_nt and 
FLUC between 2 divergent TSRs on chromosome 1 

Amp Hygro C Wedel 

pCW27v2 Targeting construct to insert rRNA promoter and FLUC upstream of TSR on 
chromosome 9 (Tb427_09_v4:1,067,648) 

Amp Hygro C Wedel 

pCW27v2-p Targeting construct without promoter to insert FLUC upstream of TSR on 
chromosome 9 (Tb427_09_v4:1,067,648) 

Amp Hygro C Wedel 

pCW27v2_regA Inserts regA (Tb427_10_v5: 800,949-810,167) and FLUC upstream of TSR on 
chromosome 9 

Amp Hygro C Wedel 

pCW27v2_regB Inserts regB (Tb427_10_v5: 1,634,960-1,641,653) and FLUC upstream of TSR on 
chromosome 9 

Amp Hygro C Wedel 

pCW28v2 Targeting construct to insert rRNA promoter and FLUC within RNA pol III 
transcribed locus on chromosome 10 (Tb427_10_v5: 1,927,049) 

Amp Hygro C Wedel 

pCW28v2-p Targeting construct without promoter to insert FLUC within RNA pol III transcribed 
locus on chromosome 10 (Tb427_10_v5: 1,927,049) 

Amp Hygro C Wedel 

pCW28v2_regA Inserts regA (Tb427_10_v5: 800,949-810,167) and FLUC within RNA pol III 
transcribed locus on chromosome 10 

Amp Hygro C Wedel 
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Construct name Purpose Resistance 
in E. coli 

Resistance 
in T. brucei 

Reference 

pCW28v2_regB Inserts regB (Tb427_10_v5: 1,634,960-1,641,653) and FLUC within RNA pol III 
transcribed locus on chromosome 10 

Amp Hygro C Wedel 

pCW27v3 To insert pCW27v2 in ∆H3.V Amp Phleo C Wedel 
pCW27v3-p To insert pCW27v2-p in ∆H3.V Amp Phleo C Wedel 
pCW27v3_GT_210_nt To insert pCW27v2_GT_210_nt in ∆H3.V Amp Phleo C Wedel 
pCW28v3 To insert pCW28v2 in ∆H3.V Amp Phleo C Wedel 
pCW28v3-p To insert pCW28v2-p in ∆H3.V Amp Phleo C Wedel 
pCW28v3_GT_210_nt To insert pCW28v2_GT_210_nt in ∆H3.V Amp Phleo C Wedel 
pCW24v4 pCW24v2, rRNA promoter preceded with 2x TetO Amp Hygro C Wedel 
pCW24v4-p pCW24v2-p, rRNA promoter preceded with 2x TetO Amp Hygro C Wedel 
pCW24v4_GT_210_nt pCW24v2_ GT_210_nt, rRNA promoter preceded with 2x TetO Amp Hygro C Wedel 
pCW24v4_GT_416_nt pCW24v2_ GT_416_nt, rRNA promoter preceded with 2x TetO Amp Hygro C Wedel 
pCW24v4_GT_210_nt_rc pCW24v2_ GT_210_nt_rc, rRNA promoter preceded with 2x TetO Amp Hygro C Wedel 
pCW24v4_GT_416_nt_rc pCW24v2_ GT_416_nt_rc, rRNA promoter preceded with 2x TetO Amp Hygro C Wedel 
pCW37 Insert FLUC within a PTU to measure endogenous RNA pol II levels Amp Hygro C Wedel 
pCW24v2_longPolyY pCW24v2_GT_210_nt with long T-rich polyY tract instead of endogenous polyY Amp Hygro C Wedel 
pCW24v2_noPolyY pCW24v2_GT_210_nt without polyY tract Amp Hygro C Wedel 

 
 

Table 2.3 List of oligos used in this study. 
Underlined sequences indicate InFusion overhangs; abbreviations: UHR, upstream homology region; DHR, downstream homology region. 
 

Oligo name Lab internal name Purpose DNA sequence 5´-3´ 
oCW_1 1729_pPOTv3_TY-

RPB9_UR_F 
RPB9 UHR CTATAGGGCGAATTGGGCCCTGTGTCAACCAACGGCGATA 

 
oCW_2 1730_pPOTv3_TY-

RPB9_UR_R 
RPB9 UHR GCATTATACGCGGCCGCGGTGGTTTTATTCCACCTTAGCTTCG 

 
oCW_3 865_ald3´UTR_R pPOTv3_TY-

RPB9_Phleo verification 
CCTCCCCCATCTCCCCTCGAGGCGGAGACTGCAATGCA 
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Oligo name Lab internal name Purpose DNA sequence 5´-3´ 
oCW_4 1731_pPOTv3_TY-

RPB9_DR_F 
RPB9 DHR CAGGATCGGGTAGTGAGCTCGAGTCCACTTTGACGCAG 

 
oCW_5 1732_pPOTv3_TY-

RPB9_DR_R 
RPB9 DHR GCTTTTTCATGCTAGCGTTCACGAAGCATGTGACTTC 

 
oCW_6 404_H2A.Z_dKOP_F pPOTv3_TY-

RPB9_Phleo verification 
GAGGCGGTCGTATCACTACC 
 

oCW_7 1749_pPOTv3_Phleo_F Phleomycin AAAACCACCGCGGCCGCCCCGTACCGGGG 
oCW_8 1750_pPOTv3_Phleo_R Phleomycin AGCTTGAGCAACGCGTAATACTGCATAGATAACAAACG 
oCW_9 1733_pPOTv3_Puro_F Puromycin AAAACCACCGCGGCCGCCGCGTTTCCTTACATATTTCTCT 
oCW_10 1734_pPOTv3_Puro_R Puromycin AGCTTGAGCAACGCGTGGGCTCGAATCCCCC 
oCW_11 405_H2A.Z_dKOP_R pPOTv3_TY-RPB9_Puro 

verification 
GCGCGTGAGGAAGAGTTCTT 

oCW_12 NS_115_TY1-H2A.Z F Ty1-H2A.Z ATATAAGCTTATGGAAGTCCATACTAACCAGGACCCACTTGACTCTCTTACAGGTGATGAT
GCATG 

oCW_13 NS_116_TY1-H2A.Z R Ty1-H2A.Z TCTCGGATCCCTACGAGCCCCTCTTCGATTTCT 
oCW_14 234_plew111_F pLEW111-TY1-H2A.Z 

verification 
GAGTGAATCAGGTTAGGG 

oCW_15 402_H2A.Z_DR_F ∆H2A.Z DHR TTGTTGCCTTCAGCTCGCTA 
oCW_16 403_H2A.Z_DR_R ∆H2A.Z DHR CACTAAAACGGGCCACCTCT 
oCW_17 400_H2A.Z_UR_F ∆H2A.Z UHR CGGTACCAACACTAGACGGC 
oCW_18 401_H2A.Z_UR_R ∆H2A.Z UHR CGTGTCCGTGTATAATGCGC 
oCW_19 1278_pCW24_frgmt1_F pCW24v2 linker region TAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTC 
oCW_20 1279_pCW24_frgmt1_R pCW24v2 linker region CTCGAGCTGCATTAATGAATCGGCCAAC 
oCW_21 1503_pCW24_v2_UR_F pCW24v2 UHR TTAATGCAGCTCGAGGCGGCCGCCTACTCACCTGAGAAGCGGC 
oCW_22 1504_pCW24_v2_UR_R pCW24v2 UHR TCCGGATAGGCTTAAGCATCGTTGGGTGGCAAAGTG 
oCW_23 1508_pCW24_10_1_R construct verification GTATTCTGCAAATTTAAATGCTGCTAACA 
oCW_24 1505_pCW24_v2_DR_F pCW24v2 DHR AGGCATGCAAGCTAGCCGAAACCAAGGCGGAAGAAA 
oCW_25 1506_pCW24_v2_DR_R pCW24v2 DHR AGAGGATCTGGCTAGGCGGCCGCGCATGCGTAGGACTCGGTAT 
oCW_26 748_pET_seq_F construct verification AGCAGCCCAGTAGTAGGTTG 
oCW_27 1407_pCW26_T7prom_plus T7 promoter CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAAGATCTCCCTATCAGT 
oCW_28 1408_pCW26_T7prom_minus T7 promoter ACTGATAGGGAGATCTTGATTAATACGACTCACTATAGGGAGATCTCCCGTACCGG 
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Oligo name Lab internal name Purpose DNA sequence 5´-3´ 
oCW_29 NS54R_TTSluc sequence polyY tract TCTTTATGTTTTTGGCGTCTTCCAT 
oCW_30 1546_TSS10_part1_F regA CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAAGTTTAGCCCGTTTACCTCC

A 
oCW_31 1547_TSS10_part1_R regA ACTGATAGGGAGATCTAGCTCAGCAGTAATAAGGGTCA 
oCW_32 1548_TSS10_part2_F regA1 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAAGTTTAGCCCGTTTACCTCC

A 
oCW_33 1549_TSS10_part2_R regA1 ACTGATAGGGAGATCTGCGGACACGGATTAGCTGAA 
oCW_34 1550_TSS10_part3_F regA2 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAAAAGGCGTATGTCCACTGGG 
oCW_35 1551_TSS10_part3_R regA2 ACTGATAGGGAGATCTAGGTGTAAGGAAAAACTGAATGAGA 
oCW_36 1552_TSS10_part4_F regA3 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAGGCCCTTTGGTTACCCACTT 
oCW_37 1553_TSS10_part4_R regA3 ACTGATAGGGAGATCTTCCCACCGTGAGTTAAACCAG 
oCW_38 1554_TSS10_part5_F regA4 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCACAAAATTATGGTGCACGTAC

GGT 
oCW_39 1555_TSS10_part5_R regA4 ACTGATAGGGAGATCTTACTTCTAGGTGGGGCTCCC 
oCW_40 1556_TSS10_part6_F regA5 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAGCAACGTCTCCTTCGCTCTT 
oCW_41 1557_TSS10_part6_R regA5 ACTGATAGGGAGATCTAGCCAAGAGGTTTGTGGTTCA 
oCW_42 1558_TSS10_part7_F regA6 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAGGCACCCAAACTGCTGAAAG 
oCW_43 1559_TSS10_part7_R regA6 ACTGATAGGGAGATCTGCAAAATGCATACGCTCGGT 
oCW_44 1546_TSS10_part1_F regA7 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCACGAGGCTTTTGCTAAGAGGG

T 
oCW_45 1547_TSS10_part1_R regA7 ACTGATAGGGAGATCTAGCTCAGCAGTAATAAGGGTCA 
oCW_46 1612_TSS10_1/2_inv_F regA2rc CCGGTACGGGAGATCCCCTATAGTGAGTCGTATTAATCAAGATCTAGGTGTAAGGAAAAA

CTGAATGAGA 
oCW_47 1613_TSS10_1/2_inv_R regA2rc ACTGATAGGGAGATCTAAAGGCGTATGTCCACTGGG 
oCW_48 1405_pCW26_TSS16_1_F regB CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCACCCGGAAAGTGATGAGGGA

G 
oCW_49 1545_TSS16_part5_R regB ACTGATAGGGAGATCTAAAACAATATTTTTCTTCGTCAGCGT 
oCW_50 1536_TSS16_part1_F regB1 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCACCCGGAAAGTGATGAGGGA

G 
oCW_51 1537_TSS16_part1_R regB1 ACTGATAGGGAGATCTCTTATCTGTCCACCAATAGAGTATTTC 
oCW_52 1538_TSS16_part2_F regB2 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAGAACGCTAACCCCTCCTCG 
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Oligo name Lab internal name Purpose DNA sequence 5´-3´ 
oCW_53 1539_TSS16_part2_R regB2 ACTGATAGGGAGATCTGTGGGACAAACACGGTCACT 
oCW_54 1540_TSS16_part3_F regB3 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCAGGAGTACTAAAGTGCTGCG

GA 
oCW_55 1541_TSS16_part3_R regB3 ACTGATAGGGAGATCTGCAAAGAAGACCATTCGTCAACA 
oCW_56 1542_TSS16_part4_F regB4 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCATACTCCTTTTGCTTGCGGCG 
oCW_57 1543_TSS16_part4_R regB4 ACTGATAGGGAGATCTCACTCATTTCATAACCGGTCCG 
oCW_58 1544_TSS16_part5_F regB5 CCGGTACGGGAGATCTCCCTATAGTGAGTCGTATTAATCATTCGTTCTTTGATCAAAAGTG

TACGT 
oCW_59 1545_TSS16_part5_R regB5 ACTGATAGGGAGATCTAAAACAATATTTTTCTTCGTCAGCGT 
oCW_60 1652_TSS16_1/1revcomp_F regB1rc GTATTAATCAAGATCTCTTATCTGTCCACCAATAGAGTATTTC 
oCW_61 1653_TSS16_1/1revcomp_R regB1rc ACTGATAGGGAGATCTCCCGGAAAGTGATGAGGGAG 
oCW_62 1313_pCW27_frgmt2_F pCW27v2 UHR ATTAATGCAGCTCGAGAAGTCAGAAGGGGAAAGCGG 
oCW_63 1560_pCW27v2_pre_R pCW27v2 UHR TCCGGATAGGCTTAAGGTTGTACTGGGAGAGGGTGC 
oCW_64 1561_pCW27v2_F pCW27v2 DHR AGGCATGCAAGCTAGCCGCGCGCATCTCAAATCTAC 
oCW_65 1562_pCW27v2_R pCW27v2 DHR AGAGGATCTGGCTAGGCGGCCGCGGGTGCTTGCCTTTCATCAC 
oCW_66 1314_pCW28_frgmt2_F pCW28v2 UHR ATTAATGCAGCTCGAGCTTTCAGCAAGCACGCAGAG 
oCW_67 1563_pCW28v2_pre_R pCW28v2 UHR TCCGGATAGGCTTAAGCGGGAAGAGGTGGTGAACTT 
oCW_68 1564_pCW28v2_F pCW28v2 DHR GGCATGCAAGCTAGCGGTTCCCTGTGCATAATTCGC 
oCW_69 1565_pCW28v2_R pCW28v2 DHR AGAGGATCTGGCTAGGCGGCCGCTCCTCCCATAAATGTACAGCTCG 
oCW_70 1771_BLE_F Phleomycin ACAGAACAATTTTGGCCACACAACCCGGTGTTAGGATCTCCGAGGCCTTTAGTCCTGCTC

CTCGGCC 
oCW_71 1775_BLE_R2 Phleomycin AAGCTCTAGAACTAGTATGGCCAAGTTGACCAGTGC 
oCW_72 1646_TSSmotifs1_R pCW24v2_GT_210_nt 

verification 
ACACACAACACCACCGACAA 

oCW_73 1647_TSSmotifs2_R pCW24v2_GT_416_nt 
verification 

AGGGGAGGGGGACACAC 

oCW_74 1648_TSSmotifs1_revcomp_F pCW24v2_GT_210_nt_rc GTATTAATCAAGATCTAACAACAACCCTCCACACAC 
oCW_75 1649_TSSmotifs1_revcomp_R pCW24v2_GT_210_nt_rc CCGGCCGTAGGCGCGCCGTGTGTGTGGTGCTTTTT 
oCW_76 1650_TSSmotifs1/2_revcomp_

F 
pCW24v2_GT_416_nt_rc GTATTAATCAAGATCTACAAACAAACACAAAAA 
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Oligo name Lab internal name Purpose DNA sequence 5´-3´ 
oCW_77 1651_TSSmotifs1/2_revcomp_

R 
pCW24v2_GT_416_nt_rc TGATAGGGAGATCGGCCGGCCGTGTGTGTGGTGCTTTT 

oCW_78 1662_pAK1_rRNAR pCW24v4 verification GGGAGATCTACCGTACGCCGTAAGCGCTACTTTTACTGC 
oCW_79 1797_pCW24v3_TSSmotif1/2

_R 
pCW24v4_GT_416_nt 
verification 

AACTCAGTACTCAGGCCGGCCACAAACAAACACAA 

oCW_80 1792_pCW24v3_TSSmotif1rc
_F 

pCW24v4_GT_210_nt_rc GTATTAATCAAGATCTTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATAACA
ACAACCCTCCACACAC 

oCW_81 1793_pCW24v3_TSSmotif1rc
_R 

pCW24v4_GT_210_nt_rc CCGGCCGTAGGCGCGCCGTGTGTGTGGTGCTTTTT 

oCW_82 1794_pCW24v3_TSSmotif1/2r
c_F 

pCW24v4_GT_416_nt_rc GTATTAATCAAGATCTTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATTCTA
CAAACAAACACAAAAA 

oCW_83 1795_pCW24v3_TSSmotif1/2r
c_R 

pCW24v4_GT_416_nt_rc CCGGCCGTAGGCGCGCCCCGTGTGTGTGGTGCTTTT 

oCW_84 1763_invHyg_F Hygromycin inversion TTGTTAGCAGCATTTAAATCCCGTACCGGGGGCACA 
oCW_85 1764_invHyg_R Hygromycin inversion ACTGATAGGGAGATCTTTGCAGAATACTGCATAGATAACAAACGC 
oCW_86 1765_pCW37_UR_F pCW37 UHR ATTAATGCAGCTCGAGCCCTCTGTTTTCACCTCCTCC 
oCW_87 1766_pCW37_UR_R pCW37 UHR TCCGGATAGGCTTAAGAACGAGGAGGAGGGCAAAAG 
oCW_88 1767_pCW37_DR_F pCW37 DHR AGGCATGCAAGCTAGCAATTTCTCCACCTGTTTCACACT 
oCW_89 1768_pCW37_DR_R pCW37 DHR TCTGGCTAGGCGGCCGCTCACTTGCTTTCACTTCTTCACTTC 
oCW_90 1778_optPolyY_plus anneals to long polyY 

tract 
ACATGTTCTCGTCCCGGGTTTTTTTTCTTTTTTTTTTCTTTTTTTTTTATAGACTTCAATTAC
ACCAAAAAGTAAAATTCACAAGCTTGGAATTCCTT 

oCW_91 1779_optPolyY_minus anneals to long polyY 
tract 

AAGGAATTCCAAGCTTGTGAATTTTACTTTTTGGTGTAATTGAAGTCTATAAAAAAAAAAGA
AAAAAAAAAGAAAAAAAACCCGGGACGAGAACATGT 

oCW_92 1782_noPolyY_plus anneals to no polyY tract ACATGTTCTCGTCCCGGGATAGACTTCAATTACACCAAAAAGTAAAATTCACAAGCTTGGA
ATTCCTT 

oCW_93 1783_noPolyY_minus anneals to no polyY tract AAGGAATTCCAAGCTTGTGAATTTTACTTTTTGGTGTAATTGAAGTCTATCCCGGGACGAG
AACATGT 
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Table 2.4 List of gBlocks used in this study. 
Underlined sequences indicate InFusion overhangs. 
 

Sequence name Purpose DNA sequence 5´-3´ 
pCW24v2 background 
GT_210_nt insertion of short 

GT-rich sequence 
GTATTAATCAAGATCTGTGTGTGTGGTGCTTTTTTCGTCTTTTTTTGTGTGTGGGGCGAAGAAAATGTTTGTTTGTTCTTTCTC
CCGTGTGTGTGCTTCCCCCTTTGTGCGTGCGTAGGGGGAGAGTTCCCCCTTTGGGGGGAAACTGTGTGTGGGGTTTGTTTG
TGTGGGTGCGGGGGGGGAAACTTTGTTTTGTCGGTGGTGTTGTGTGTGGAGGGTTGTTGTTGGCGCGCCTACGGCCGGCC
GATCTCCCTATCAGT 

GT_206_nt extension of the 
short GT-rich 
sequence 

GTTGTTGTTGGCGCGCCGCGTGTGTGTAATGTTTTTTGGGGGGGGAGTTTATTTTTTGGTGGGTGGTGGTGTGTGTGTGCG
TGCGTGTTTTGTTTTTGGGGGGGGTTTCCCCCTTTGTTGCTGCTGTTTTTTGTTCCCCCTCCCCTGTGTGTGTGTGTGTTTGT
GCCCTTTTCTTGTTTGTGTGTCCCCCTCCCCTGTTTTTTGTGTTTGTTTGTGGCCGGCCGATCTCCCTATCA 

pCW24v4 background 
rRNA_promoter insertion of the 

rRNA promoter 
AGTCGTATTAATCAGGTACCTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATTAGCTTTCCACCCAGCGCGGG
TGCATTCTGGCTCTTATATATACTTATTGTCATGACAGAGTATATTGTACTGTGTTGATAAGGGACGGGTAACTGTATTGAAG
AGCCGATGCTTTTGACATGTTAGATATAATATGTTTTATTGTAAAGTCAATACAACACACAATAGGATAATAATGATAAAGTTA
AAAAAGTATATATAGTAATAGAAATATATCTTATATAGGAAAGATTAAGCAGTAAAAGTAGCGCTTACGGCGTACGGTCCCTG
AGTACTGAGTTTAACATGTTCTCGTCCCGGGCTGCACGCGCCT 

no_promoter no-promoter control AGTCGTATTAATCAGGTACCTCCCTATCAGTGATAGAGATCTCCCTATCAGTGATAGAGATTAGCCCTGAGTACTGAGTTTAA
CATGTTCTCGTCCCGGGCTGCACGCGCCT 

GT_210_nt insertion of short 
GT-rich sequence 

GCCCCCGGTACGGGAGATCCCCTATAGTGAGTCGTATTAATCAAGATCTTCCCTATCAGTGATAGAGATCTCCCTATCAGTG
ATAGAGATGTGTGTGTGGTGCTTTTTTCGTCTTTTTTTGTGTGTGGGGCGAAGAAAATGTTTGTTTGTTCTTTCTCCCGTGTG
TGTGCTTCCCCCTTTGTGCGTGCGTAGGGGGAGAGTTCCCCCTTTGGGGGGAAACTGTGTGTGGGGTTTGTTTGTGTGGGT
GCGGGGGGGGAAACTTTGTTTTGTCGGTGGTGTTGTGTGTGGAGGGTTGTTGTTGGCGCGCCTACGGCCGGCCTGAGTAC
TGAGTTTAACATGTTCTCGTCCCGGGCTGCACGCGCCT 

GT_206_nt extension of the 
short GT-rich 
sequence 

GTTGTTGTTGGCGCGCCGCGTGTGTGTAATGTTTTTTGGGGGGGGAGTTTATTTTTTGGTGGGTGGTGGTGTGTGTGTGCG
TGCGTGTTTTGTTTTTGGGGGGGGTTTCCCCCTTTGTTGCTGCTGTTTTTTGTTCCCCCTCCCCTGTGTGTGTGTGTGTTTGT
GCCCTTTTCTTGTTTGTGTGTCCCCCTCCCCTGTTTTTTGTGTTTGTTTGTGGCCGGCCTGAGTACTGAGTT 
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2.3 Trypanosome cell culture and analysis 
 
2.3.1 Trypanosome growth 
 
HMI-11 medium, pH 7.5 

0.3% NaHCO3 (Roth), 0.0136% Hypoxanthine (Sigma Aldrich), 0.018% L-Cysteine (Sigma 
Aldrich), 0.003% Bathocuprione disulfonic acid·Na2 salt (Serva), 1% PenStrep (Thermo 
Scientific), 0.0005% β-Mercaptoethanol, 1.76% IMDM (Thermo Scientific), 10% FCS 
(Sigma Aldrich) 

 
T. brucei bloodstream form cell lines (Table 2.5 and Table 2.6) were cultured in HMI-11 
medium at 37 °C and 5% CO2 to a density of 0.8-1.8 x 106 cells/ml. HMI-11 medium contains 
the same ingredients as HMI-9 (Hirumi and Hirumi, 1994), but lacks serum plus. Additionally, 
we dispensed with adding thymidine. Where appropriate, the following drug concentrations 
were used: 2 µg/ml G418 (Roth), 5 µg/ml hygromycin (Roth), 0.1 µg/ml puromycin (Sigma 
Aldrich), 25 µg/ml blasticidin (Invivogen), 1 µg/ml doxycycline (Sigma Aldrich), 50 µg/ml 
ganciclovir (Invivogen).  
 

Table 2.5 List of parental T. brucei cell lines used in this study. 
Abbreviations: BF, bloodstream form; MITat1.2, Molteno Institute Trypanozoon Antigen Type 1.2; SM, single 
marker; TETR, tetracycline repressor, T7RNAP, T7 RNA polymerase; Δ, deletion; NEO, aminoglycoside 
phosphotransferase; BSD, blasticidin S deaminase; PAC, puromycin N-acetyltransferase; HYG, hygromycin 
phosphotransferase; G418, neomycin; Blas, blasticidin; Puro, puromycin; Hygro, hygromycin. 
 

Name Genotype Constructs Selection Reference 
Wt BF Lister 427, MITat1.2, clone 221a - - (Cross, 1975) 
SM BF Lister 427, MITat1.2, clone 

221a, TETR T7RNAP NEO 
pHD328, 
pLew114hyg5´ 

G418 (Wirtz et al., 1999) 

BFJEL43 SM, RRNA∷Ty1-H2B.V BSD, 
ΔH2B.V::PAC │ ΔH2B.V::HYG 

pJEL92, pJEL74, 
pJEL75 

Blas, Puro, 
Hygro 

(Lowell et al., 2005) 

BFJEL25 SM, ΔH3V::PAC │ ΔH3V::HYG pJEL89, pJEL38 G418, Puro, 
Hygro 

(Lowell and Cross, 
2004) 
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Table 2.6 List of transgenic T. brucei cell lines generated in this study. 
Abbreviations: SM, single marker; ψ221, VSG pseudogene of active 221 BES; RLUC, Renilla luciferase; RRNA, ribosomal RNA locus; BSD, blasticidin S deaminase; BLE, 
phleomycin resistance gene; PAC, puromycin N-acetyltransferase; HYG, hygromycin phosphotransferase; G418, neomycin; Blas, blasticidin; Phleo, phleomycin; Puro, 
puromycin; Hygro, hygromycin. 
 

Name Genotype Constructs Selection Reference 
SM Rluc SM, ψ221::RLUC BSD pCJ25ARluc G418, Blas C Wedel 
SM Ty1-RPB9 SM Rluc, 2xTy1-RPB9 BLE, 2xTy1-RPB9 PAC pPOTv3_TY-RPB9_Phleo, 

pPOTv3_TY-RPB9_Puro 
G418, Blas, Phleo, Puro C Wedel 

SM Ty1-H2A.Z H2A.Z-  SM, RRNA∷Ty1-H2A.Z BLE, ΔH2A.Z::HYG pLEW111_TY1-H2A.Z, 
pyrFEKO-HYG_H2A.Z 

G418, Phleo, Hygro C Wedel 

SM Ty1-H2A.Z H2A.Z-/-  SM Ty1-H2A.Z H2A.Z-, ΔH2A.Z::PAC pyrFEKO-PUR_H2A.Z, 
pLEW100Cre-EP1 

G418, Phleo C Wedel 

pCW24v2 SM Rluc, Tb427_01_v4:283,211�RRNAPROM�FLUC HYG pCW24v2 G418, Blas, Hygro C Wedel, R Derr 
pCW24v2-p SM Rluc, Tb427_01_v4:283,211�FLUC HYG pCW24v2-p G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regA SM Rluc, Tb427_01_v4:283,211�regA�FLUC HYG pCW24v2_regA G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regB SM Rluc, Tb427_01_v4:283,211�regB�FLUC HYG pCW24v2_regB G418, Blas, Hygro C Wedel, R Derr 
pCW27v2 SM Rluc, Tb427_09_v4:1,067,648� RRNAPROM�FLUC 

HYG 
pCW27v2 G418, Blas, Hygro C Wedel 

pCW27v2-p SM Rluc, Tb427_09_v4:1,067,648�FLUC HYG pCW27v2-p G418, Blas, Hygro C Wedel 
pCW27v2 regA SM Rluc, Tb427_09_v4:1,067,648�regA�FLUC HYG pCW27v2_regA G418, Blas, Hygro C Wedel 
pCW27v2 regB SM Rluc, Tb427_09_v4:1,067,648�regB�FLUC HYG pCW27v2_regA G418, Blas, Hygro C Wedel 
pCW28v2 SM Rluc, Tb427_10_v5:1,927,049� RRNAPROM�FLUC 

HYG 
pCW28v2 G418, Blas, Hygro C Wedel 

pCW28v2-p SM Rluc, Tb427_10_v5:1,927,049�FLUC HYG pCW28v2-p G418, Blas, Hygro C Wedel 
pCW28v2 regA SM Rluc, Tb427_10_v5:1,927,049�regA�FLUC HYG pCW28v2_regA G418, Blas, Hygro C Wedel 
pCW28v2 regB SM Rluc, Tb427_10_v5:1,927,049�regB�FLUC HYG pCW28v2_regA G418, Blas, Hygro C Wedel 
SM Rluc regA1 SM, Tb427_01_v4:283,211�regA1�FLUC HYG pCW24v2_regA1 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regA2 SM, Tb427_01_v4:283,211�regA2�FLUC HYG pCW24v2_regA2 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regA3 SM, Tb427_01_v4:283,211�regA3�FLUC HYG pCW24v2_regA3 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regA4 SM, Tb427_01_v4:283,211�regA4�FLUC HYG pCW24v2_regA4 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regA5 SM, Tb427_01_v4:283,211�regA5�FLUC HYG pCW24v2_regA5 G418, Blas, Hygro C Wedel, R Derr 
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Name Genotype Constructs Selection Reference 
SM Rluc regA6 SM, Tb427_01_v4:283,211�regA6�FLUC HYG pCW24v2_regA6 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regA7 SM, Tb427_01_v4:283,211�regA7�FLUC HYG pCW24v2_regA7 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regA2rc SM, Tb427_01_v4:283,211�regA2rc�FLUC HYG pCW24v2_regA2rc G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regB1 SM Rluc, Tb427_01_v4:283,211�regB1�FLUC HYG pCW24v2_regB1 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regB2 SM Rluc, Tb427_01_v4:283,211�regB2�FLUC HYG pCW24v2_regB2 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regB3 SM Rluc, Tb427_01_v4:283,211�regB3�FLUC HYG pCW24v2_regB3 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regB4 SM Rluc, Tb427_01_v4:283,211�regB4�FLUC HYG pCW24v2_regB4 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regB5 SM Rluc, Tb427_01_v4:283,211�regB5�FLUC HYG pCW24v2_regB5 G418, Blas, Hygro C Wedel, R Derr 
SM Rluc regB1rc SM Rluc, Tb427_01_v4:283,211�regB1rc�FLUC HYG pCW24v2_regB1rc G418, Blas, Hygro C Wedel, R Derr 
SM Rluc GT_210_nt SM Rluc, Tb427_01_v4:283,211� GT_210_nt�FLUC HYG pCW24v2_GT_210_nt G418, Blas, Hygro C Wedel 
SM Rluc GT_210_nt_rc SM Rluc, Tb427_01_v4:283,211� GT_210_nt_rc�FLUC HYG pCW24v2_GT_210_nt_rc G418, Blas, Hygro C Wedel 
SM Rluc GT_416_nt SM Rluc, Tb427_01_v4:283,211� GT_416_nt�FLUC HYG pCW24v2_GT_416_nt G418, Blas, Hygro C Wedel 
SM Rluc GT_416_nt_rc SM Rluc, Tb427_01_v4:283,211� GT_416_nt_rc�FLUC HYG pCW24v2_GT_416_nt_rc G418, Blas, Hygro C Wedel 
pCW27v3 GT_416_nt BFJEL25, Tb427_09_v4:1,067,648� GT_416_nt�FLUC BLE pCW27v3_GT_416_nt G418, Blas, Hygro C Wedel 
pCW28v3 GT_416_nt BFJEL25, Tb427_10_v5:1,927,049� GT_416_nt�FLUC BLE pCW28v3_GT_416_nt G418, Blas, Hygro C Wedel 
pCW37 SM Rluc, Tb427_01_v4:500,640�FLUC HYG pCW37 G418, Blas, Hygro C Wedel 
pCW29 clone 1 SM Rluc, RRNA�FLUC HYG pLEW100v5_HYG G418, Blas, Hygro C Wedel 
pCW29 clone 2 SM Rluc, RRNA�FLUC HYG pLEW100v5_HYG G418, Blas, Hygro C Wedel 
pCW29 clone 3 SM Rluc, RRNA�FLUC HYG pLEW100v5_HYG G418, Blas, Hygro C Wedel 
pCW29 clone 4 SM Rluc, RRNA�FLUC HYG pLEW100v5_HYG G418, Blas, Hygro C Wedel 
pCW24v4 SM Rluc, Tb427_01_v4:283,211�RRNAPROM�FLUC HYG pCW24v4 G418, Blas, Hygro C Wedel 
pCW24v4-p SM Rluc, Tb427_01_v4:283,211�FLUC HYG pCW24v4-p G418, Blas, Hygro C Wedel 
pCW24v4 GT_210_nt SM Rluc, Tb427_01_v4:283,211� GT_210_nt�FLUC HYG pCW24v4_GT_210_nt G418, Blas, Hygro C Wedel 
pCW24v4 GT_210_nt_rc SM Rluc, Tb427_01_v4:283,211� GT_210_nt_rc�FLUC HYG pCW24v4_GT_210_nt_rc G418, Blas, Hygro C Wedel 
pCW24v4 GT_416_nt SM Rluc, Tb427_01_v4:283,211� GT_416_nt�FLUC HYG pCW24v4_GT_416_nt G418, Blas, Hygro C Wedel 
pCW24v4 GT_416_nt_rc SM Rluc, Tb427_01_v4:283,211� GT_416_nt_rc�FLUC HYG pCW24v4_GT_416_nt_rc G418, Blas, Hygro C Wedel 
pCW24v2 long polyY SM Rluc, Tb427_01_v4:283,211� GT_210_nt�FLUC HYG pCW24v2_longPolyY G418, Blas, Hygro C Wedel 
pCW24v2 no polyY SM Rluc, Tb427_01_v4:283,211� GT_210_nt�FLUC HYG pCW24v2_noPolyY G418, Blas, Hygro C Wedel 
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2.3.2 Cryo stock preparation and reconstitution 
 
To preserve T. brucei cell lines, cryo stocks were generated. 2 x 106 BF cells were harvested 
by centrifugation at 800 xg for 10 min and the supernatant was removed. The cell pellet was 
resuspended in 1 ml of HMI-11 medium containing 10% glycerol and transferred into a cryo 
stock vial. The cryo stocks were frozen using a Mr. Frosty freezing container (Thermo 
Scientific) to ensure slow freezing (-1 °C/min) and stored at -80 °C. For long term storage, the 
vials were transferred to liquid nitrogen. 
 To reconstitute preserved T. brucei cell lines, the cryo vial was thawed in a 37 °C water 
bath for 1 min and the cells were immediately transferred into 9 ml of pre-warmed HMI-11 
medium. Where appropriate, drugs were added to the in chapter 2.3.1 mentioned 
concentrations after 6 h. 
 
2.3.3 Stable transfection of T. brucei cells 
 
Transfection buffer (Schumann Burkard et al., 2011) 

90 mM Na2HPO4, 5 mM KCl, 0.15 mM CaCl2, 50 mM HEPES-NaOH pH 7.3 
 
Stable transfections in BF have been performed as described by Scahill et al., 2008. In brief, 
3 x 107 BF cells were harvested by centrifugation at 800 xg for 10 min and the supernatant 
was removed. The cell pellet was resuspended in 200 µl of cold transfection buffer and 
transferred to a pre-chilled electroporation cuvette (2 mm, 400 µl, VWR). Upon addition of 
10 µg of linearized plasmid the cells were transfected using the Nucleofector 2b (Lonza) and 
the program X-001. The cells were immediately transferred to 30 ml of pre-warmed HMI-11 
medium and diluted in a 1:10 and 1:100 ratio. The three dilutions (undiluted, 1:10, 1:100) were 
spread on 24 well-plates (1 ml/well) and incubated at 37 °C and 5% CO2. After 6 h the 
respective drugs were added to select for cells, which had integrated the construct successfully 
into the genome. 
 
2.3.4 Transient transfection of T. brucei cells 
 
In this study, the cell line SM Ty1-H2A.Z H2A.Z-/- was transiently transfected with the circular 
plasmid pLEW100Cre-EP1 to remove the floxed resistance genes and the Herpes simplex 
virus thymidine kinase HSVTK introduced to knock out both endogenous H2A.Z alleles. The 
transfection was performed as described in chapter 2.3.3 with minor changes. In brief, 
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3 x 107 BF cells were harvested and transfected in 250 µl transfection buffer with 20 µg of 
circular pLEW100Cre-EP1 and transferred in HMI-11 medium supplemented with 0.3 µg/ml 
doxycycline to induce the expression of CRE recombinase. The cells were diluted 1:10, 1:100, 
1:1,000 and 1:10,000 in HMI-11 medium supplemented with 0.3 µg/ml doxycycline and each 
dilution was spread on 24 well-plates. After 6 h ganciclovir was added (50 µg/ml final 
concentration) to select for the loss of HSVTK. In parallel, a mock transfection was performed 
without the addition of pLEW100Cre-EP1 to ensure sufficient killing of HSVTK-positive cells. 
 
2.3.5 Isolation of genomic DNA 
 
The Phusion Human Specimen Direct PCR Kit (Thermo Scientific) was used to isolate genomic 
DNA from T. brucei BF cells. 1 x 106 cells were harvested by centrifugation at 1,500 x g for 
10 min at RT and the supernatant was removed. The cell pellet was resuspended in 20 µl of 
dilution buffer and 0.5 µl DNA release additive. The reaction was mixed, incubated for 5 min 
at RT and boiled for 2 min at 98 °C. The cell debris was separated by centrifugation at 2,000 xg 
for 5 min at RT and 1 µl of the supernatant was used as template for PCR (see chapter 2.1.1).  
 
2.3.6 Isolation of RNA, cDNA synthesis and qPCR analysis 
 
Total RNA of 5 x 107 T. brucei BF cells was extracted using the NucleoSpin RNA kit from 
Macherey&Nagel according to the instructions of the manufacturer. One µg of total RNA was 
used to synthesize cDNA using M-MLV Reverse Transcriptase (Thermo Scientific) according 
to the instructions of the manufacturer. To analyse the expression of specific genes qPCR was 
performed with 1 µl of cDNA (diluted 1:8 in dH2O), the iTaq Universal SYBR Green Supermix 
(Bio-Rad) and the following cycling conditions: 95 °C/30 sec, 35 cycles (95 °C/5 sec – 
60 °C/30 sec), melting curve 65 °C-95 °C (0.5 °C increment 2-5 sec/step) in a CFX96 Touch 
Real-Time PCR Detection System (Bio-Rad). Primers were chosen to have an optimal melting 
temperature at 60 °C and to amplify 90-150 bp. The result was analysed using the double delta 
Ct method based on the expression of TERT (telomerase reverse transcriptase, 

Tb11.01.1950), since it is described to be the most suitable reference gene in the T. brucei 

genome (Brenndorfer and Boshart, 2010). 

 
2.3.7 Dual-Luciferase assay 
 
Luciferase activities were measured with the Dual-Glo Luciferase Assay System from 
Promega. T. brucei BF cells were grown to a maximum density of 1.8 x 106 cells/ml and 
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5 x 106 cells were harvested, washed with 1x PBS and resuspended in 200 µL 1x PBS. In a 
96-well plate 50 µl cell suspension (1.25 x 106 cells) and 50 µl Dual-Glo Luciferase Reagent 
were mixed and after 10 min firefly luciferase activity was measured for 1 sec in a Victorlight 
Luminometer. 50 µl Dual-Glo Stop&Glo Reagent were added and after 10 min renilla luciferase 
activity was measured. All measurements were performed at least in duplicates. To normalize 
for differences in cell number, firefly luciferase activity was normalized with renilla luciferase 
activity.  
 
2.3.8 Fluorescence microscopy 
 
PBS (phosphate buffered saline), pH 7.4 

2.7 nM KCl, 2 mM KH2PO4, 10 mM Na2HPO4, 137 mM NaCl 
 
PBG 

PBS, 0.2% cold water fish skin gelatin (Sigma Aldrich), 0.5% BSA 
 
A total of 2 x 107 T. brucei BF cells were harvested by centrifugation at 800 xg for 10 min at 
RT and fixed in HMI-11 medium supplemented with 2% formaldehyde for 5 min. The cells were 
washed three times with PBS and allowed to settle down on (2-aminopropyl)triethoxysilane-
coated cover slips for 30 min. Unsettled cells were removed by washing with PBS. The cells 
were permeabilized for 5 min in 100 µl of PBS containing 0.2% NP-40 and washed three times 
with PBS. Upon two blocking steps with 100 µl PBG for 10 min the cells were incubated with 
the primary antibody diluted in PBG for 1.5 h. Subsequently, the cells were washed four times 
with PBG for 5 min and incubated with the secondary antibody coupled to a fluorophore for 
1.5 h in the dark. After an additional washing step, the cells were mounted in Vectashield DAPI 
(Vecta Laboratories) on a microscope slide and the edges of the cover slip were sealed with 
nail polish. The samples were incubated over night at RT in the dark and stored at 4 °C. The 
samples were analyzed using a Leica DMI6000B microscope. Images were captured using 
Leica Application Suite and false colored using Fiji. 
 
 
 
 
 
 



2. Materials and methods 

 67 

2.4 Biochemical methods 
 
2.4.1 Western blot 
 
Lysis buffer 

1 ml 4x Laemmli sample buffer, 3 ml RIPA buffer, 8 µl 1 M DTT 
 
4x Laemmli sample buffer 

40% glycerol, 0.02% bromphenolblue, 8% SDS, 250 mM Tris pH 6.5 
 
RIPA buffer 

50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.25% Na-Deoxycholate, 0.1% SDS 
 

PBS (phosphate buffered saline), pH 7.4 
2.7 nM KCl, 2 mM KH2PO4, 10 mM Na2HPO4, 137 mM NaCl 

 
Per condition 2 x 106 T. brucei cells were harvested and lysed using lysis buffer. The cell 
lysates were separated on a 15% SDS-PAGE gel and transferred onto a nitrocellulose 
membrane using a semi-dry blotting method. The membranes were stained with 
0.5% Amidoblack staining solution in 10% acetic acid to verify the transfer, destained in 
destaining solution (25% isopropanol, 10% acetic acid) and subsequently blocked for 1 h in 
PBS-T (PBS + 0.1% Tween20) containing 3% BSA. The membranes were hybridized with the 
primary antibody diluted in PBS-T containing 1% milk over night at 4 °C. Primary antibodies 
were detected using secondary antibodies (α-mouse or α-rabbit, GE Healthcare) conjugated 
to horseradish peroxidase diluted in PBS-T containing 1% milk for 1.5 h at RT and Pierce ECL 
Western Blotting Substrate (Thermo Scientific) using a Luminescent Image Analyzer (GE 
Healthcare). 
 
2.4.2 Antibody production 
 
To perform MNase-ChIP-seq experiments against the endogenous histone variants H2A.Z 
(Tb427.07.6360) and H2B.V (Tb427tmp.02.5250), polyclonal antibodies were generated by 
immunizing three rabbits per protein with the respective antigen (αH2A.Z #1-3, αH2B.V #1.3). 
MNase-ChIP-seq is performed under native conditions. Under non-denaturing conditions, 
histones are only partially accessible to proteins since the majority of the protein is 
incorporated into nucleosomes. Only the highly post-translationally modified N-terminal tail 
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(30-40 aa) protrudes from the nucleus. These modifications are trypanosome specific and the 
reason why commercially available antibodies cannot be used. Thus, a 22-aa and 18-aa 
sequence from H2A.Z (DDAVPQAPLVGGVAMSPEQAS) and H2B.V 
(SSSSRKKSGARRGKKQQ) were selected based on unpublished PTM analysis data from 
Johannes Thürich to synthesize peptides used for immunization. Only completely unmodified 
aa were considered to avoid selection of proteins containing either modified or unmodified aa 
only (Appendix Figure 7.1A). The peptide was synthesized and immunization was performed 
by Pineda Antikörper Service. The synthesized peptide was covalently coupled to KLH 
(Keyhole limpet haemocyanin) to increase immunogenicity and HPLC purified. Prior to 
immunization preimmune sera of 12 rabbits were tested for cross reactions via western blot 
(data not shown). The immunization was performed by Pineda Antikörper Service according 
to the following 145-day protocol (Appendix Figure 7.1B): day 1, intradermal preimmunization 
with peptide in CFA (Complete Freund´s adjuvant); day 20/30/40/61/75/90/115, subcutaneous 
boosts with peptide in IFA (Incomplete Freund´s adjuvant). On day 61/90/120 test bleeds were 
analyzed for antibody production via western blot (Appendix Figure 7.1C). Based on the result 
of the first test bleed on day 61 the whole serum of αH2A.Z #1 was harvested. αH2A.Z #2 died 
on day 81. The whole serum of αH2A.Z #3 and αH2B.V #1-3 was harvested on day 145. The 
retrieved antisera were stored in 5-ml aliquots at -80 °C and αH2A.Z #1 75 d was affinity 
purified to evaluate different elution strategies (high salt, low pH, high pH, 
Appendix Figure 7.1D). The antisera αH2A.Z #1 75 d and αH2B.V #2 145 d were affinity 
purified by applying low pH conditions during elution. The purified antibodies were verified via 
western blot (Appendix Figure 7.1E), immunofluorescence microscopy 
(Appendix Figure 7.1F) and MNase-ChIP-seq (data not shown), where signals from αH2A.Z 
could be obtained using all methods and from αH2B.V using western blot only. 
 
2.4.3 Antibody affinity purification 
 
PBS (phosphate buffered saline), pH 7.4 

2.7 nM KCl, 2 mM KH2PO4, 10 mM Na2HPO4, 137 mM NaCl 
 
The polyclonal antisera αH2A.Z and αH2B.V produced in chapter 2.4.1 were affinity purified 
using SulphoLink Coupling Gel (Thermo Scientific) with the respective immobilized peptide as 
described elsewhere (Harlow et al.). In brief, 1 mg peptide was covalently coupled to the 
beaded SulphoLink Coupling Gel in a column. To block nonspecific binding sites of the gel the 
coupled beads were incubated with 50 mM L-cysteine. Specific antibodies from antisera were 
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purified by repetitive application of the serum onto the peptide-coupled gel column. For αH2A.Z 
three strategies were tested to elute the specific antibodies in 6 fractions each from the column: 
high salt using 3 M potassium chloride, low pH using 0.1 M glycine pH 2.5 and high pH using 
0.1 M glycine pH 10. The low pH elution turned out to be the most suitable 
(Appendix Figure 7.1D). The elution solution was dialyzed against PBS over night at 4 °C and 
concentrated the next day using Spectra/Gel® Absorbent (Sprectrumlabs.com) for several 
hours at RT. The concentrations were determined using NanoDrop (Thermo Fisher). 
 
 
2.5 Next-generation sequencing methods 
 
2.5.1 MNase-ChIP-seq 
 
Formaldehyde solution 

50 mM HEPES-KOH pH 7.5, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 11% 
Formaldehyde 

 
Permeabilization buffer 

100 mM KCl, 10 mM Tris pH 8.0, 25 mM EDTA 
 
Protease inhibitors 

1.46 µM Pepstatin A, 4.7 µM Leupeptin, 1 mM PMSF, 1 mM TLCK 
 
NP-S buffer 

0.5 mM Spermidine, 0.075% IGEPAL, 50 mM NaCl, 10 mM Tris-HCl pH 7.5, 5 mM 
MgCl2,1 mM CaCl2 

 
RIPA buffer 

50 mM HEPES-KOH pH 7.5, 500 mM LiCl, 1 mM EDTA, 1.0% NP-40, 0.7% Na- 
Deoxycholate 

 
Elution buffer 

50 mM Tris-HCl pH 8.0, 10 mM EDTA, 1.0% SDS 
 
Immunoprecipitation of mono-nucleosomes was performed as described previously (Wedel 
and Siegel, 2017). A total of 2 x 108 cells at a density of 0.8-1.5 x 106 cells/ml were harvested, 
resuspended in 30 ml of HMI-11 medium and cross-linked using 4 ml of formaldehyde solution. 
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Depending on the abundance and distribution of the target protein along the genome the 
amount of starting material can be decreased to 0.8 x 108 cells to have enough DNA to prepare 
the sequencing libraries. When immunoprecipitating epitope-tagged proteins, it is important to 
consider that solvent-accessible lysine residues provide the most reactive functional groups in 
native proteins for formaldehyde (Hoffman et al., 2015). Thus, the presence of lysine residues 
within epitope tags may cause the tag to be cross-linked to the core protein, leaving the tag 
inaccessible to antibodies. The number of lysine residues within commonly used tags varies 
from FLAG containing 2 lysine residues over Myc containing 1 to Ty1 not containing any lysine. 
The cross-link reaction is quenched by adding an excess amount of glycine (108 mM final 
conc.) as it serves as additional reaction partner for formaldehyde. Cell lysis was performed 
using 200 µM digitonin in permeabilization buffer containing protease inhibitors. The cells were 
washed in NP-S buffer containing protease inhibitors and EDTA and chromatin was 
fragmented using MNase. A critical step is to remove all traces of EDTA by several washing 
steps prior to MNase treatment, since MNase activity is dependent on Ca2+, which is chelated 
by EDTA. Because the activity of MNase varies among vendors, batch and incubation time, it 
is necessary to titrate the amount of applied MNase to prevent over- or under-digestion (Figure 
2.1A). The goal is to digest the chromatin to ~95 % mono-nucleosomes (147 bp) and ~5 % di-
nucleosomes (~350 bp). Additionally, MNase activity varies between uncross-linked and cross-
linked chromatin (Figure 2.1B). The MNase activity was stopped by adding EDTA and soluble 
nucleosomes were separated by centrifugation. The pellet was resuspended in NP-S buffer 
and to increase the yield of the experiment, chromatin remaining in the pellet was solubilized 
by mild sonification. After centrifugation both supernatants were pooled and an aliquot was 
separated, which was used as input control. This material was treated like the eluate after 
immunoprecipitation and served as size control and to normalize for technical artefacts 
introduced during the library construction, sequencing or computational analysis. 
Immunoprecipitation of nucleosomal DNA was performed using Dynabeads® M-280 Sheep 
anti-Rabbit IgG (Invitrogen) coupled to polyclonal H3 rabbit-antiserum (Gassen et al., 2012) at 
4 °C for 2 h or coupled to my custom-made polyclonal affinity-purified H2A.Z rabbit-antibody 
(this study) at RT for 30 min in the presence of 0.05% SDS to remove uncross-linked DNA 
fragments. It is possible to use monoclonal as well as polyclonal antibodies, but it is important 
that the antibody is specific and able to bind its epitope under cross-linked conditions. This can 
be tested by western blotting and performing immunofluorescence microscopy prior to MNase-
ChIP-seq, respectively. Bound material was washed several times with RIPA buffer and eluted 
in elution buffer. Cross-links of the input and the ChIPed sample were reversed over night at 
65 °C in presence of 300 mM NaCl and mono-nucleosomal DNA was purified using the 
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NucleoSpin Gel and PCR Clean-up Kit and Buffer NTB (Macherey&Nagel). The DNA was 
quantified using the Qubit dsDNA HS Assay Kit and the Qubit 2.0 Fluorometer (Thermo 
Scientific).  
 

 

Figure 2.1 MNase activity varies with concentration and substrate. 
(A) Titration of MNase concentration. The chromatin of 2 x 106 cells was treated with 1 U, 0.25 U and 
0.0625 U, respectively for 5 min at 25 °C. 300 ng of each nucleosomal DNA was run on a 2 % agarose gel 
(left lane: 1 U, central lane: 0.25 U, right lane: 0.0625 U). (B) 2 % agarose gel with uncross-linked (-) and 
cross-linked (+) chromatin treated with 2 U MNase for 10 min at 25°C. A different MNase batch was used 
between the experiments depicted in (A) and (B). 

 
 
2.5.2 Library construction 
 
ChIP-seq libraries were constructed as described in (Nguyen et al., 2014) and (Wedel and 
Siegel, 2017). A total of 35 ng of immunoprecipitated DNA or 35 ng of input DNA were end-
repaired, A-tailed, barcoded and Y-shaped adapters were ligated to each end of the DNA 
molecules (Figure 2.2A). Each Y-shaped adapter is composed of a universal sequence and a 
unique sequence containing the barcode sequence (Figure 2.2B). Both sequences share a 
partial homology region basepairing during annealing prior to the ligation to the DNA 
fragments. The included barcode allows pooling of several samples and reduces sequencing 
cost. The chimeric DNA fragments were purified and size selected to exclude unbound 
adapters using Agencourt AMPure XP beads (Beckman Coulter). During 5 cycles of PCR with 
KAPA Hot Start ReadyMix (KAPA Biosystems) Y-shaped adapters were converted into double-
stranded DNA. After an additional round of purification with Agencourt AMPure XP beads 
adapter dimers were removed by size selection from an 2.5% agarose gel to increase the yield 
of usable sequencing reads. The size selected DNA was extracted from the gel using the 
NucleoSpin Gel and PCR Clean-up Kit (Macherey&Nagel). In a last step the library was 
amplified by PCR. It is important not to over-amplify the library as this will lead to the formation 
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of duplexes that may cause problems during sequencing. In addition, the more cycles the PCR 
runs, the more likely it is that amplification biases are introduced. Thus, as few cycles as 
possible should be used. The number of cycles is dependent on the amount of starting 
material. When starting with 10-35 ng 9 and 11 cycles have been used. After the amplification 
the library is analyzed on an agarose gel and if duplexes are visible the PCR should be 
repeated with fewer cycles. The DNA was quantified in duplicates using the Qubit dsDNA HS 
Assay Kit and the Qubit 2.0 Fluorometer (Thermo Scientific). 
 

 

Figure 2.2 NGS library construction. 
(A) Schematic overview of the construction of a sequencing library using Y-shaped adapters. Fragmented 
DNA is blunt-ended and A-tailed. Y-shaped adapters are ligated to each end of each DNA molecule and 
are converted to dsDNA by PCR. The library is amplified during an additional PCR. (B) Y-shaped adapters 
are generated by annealing of a TruSeq universal adapter and a TruSeq indexed adapter with partial 
sequence homologies (green). 

 
 
2.5.3 Library quantification and sequencing 
 
An exact quantification of the sequencing library is essential to obtain a high yield of 
sequencing reads of high quality. First, the total DNA concentration of the library was 
determined using a Qubit and to determine the concentration of DNA containing adapters a 
qPCR is performed. When Qubit and qPCR results differed, qPCR values have been used. 
For each library the molarity was calculated based on the size of the containing DNA molecules 
and adjusted for all samples, e.g. to 2 nM and pooled where applicable. Using the KAPA SYBR 
Fast Universal qPCR Kit (KAPA Biosystems) a 1:500 and 1:1000 dilution of the pool or the 
sample was quantified in duplicates. Based on the calculated molarity a 0.5, 1 or 2 nM 
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sequencing pool was generated. The ratio of the samples within the pool determines the 
number of reads for each sample. The number of sequencing reads needed for a successful 
analysis depends on the experimental scope and the size of the genome. Proteins strongly 
enriched at specific sites can easily be identified at relatively low coverage while subtle 
patterns of widely distributed proteins may only be revealed at high sequencing depth, 
illustrated in Figure 2.3. The T. brucei genome is about 30 Mb in size. At this size, I found that 
1 x 106 reads were sufficient to detect strong peaks (Figure 2.3A), while the precise mapping 
of nucleosomes required a much larger number of reads (Figure 2.3B). Unlike ChIPed DNA, 
the input material consists of fragmented DNA from the entire genome. Thus, to obtain 
sufficient coverage to allow for normalization at the sites of interest, input material should be 
sequenced at least to the same depth as the ChIPed DNA. The DNA was chemically denatured 
following the instructions of Illumina and diluted to a final concentration of 1.8 pM and mixed 
with 1 % PhiX control to monitor the overall sequencing performance. Datasets generated 
within this study were sequenced using an Illumina HiSeq 2500 (generating 100 bp-reads) or 
NextSeq 500 platform (generating 76 bp-reads). All datasets generated and used in this study 
and information about sequencing and subsequent analysis are listed in Appendix Table 7.3 
and Appendix Table 7.4.  
 

 

Figure 2.3 The number of required reads depends on the scope of the experiment. 
(A) The distribution of the histone variant H2A.Z was mapped using MNase-ChIP-seq as representative 
for detection of strong peaks (Wedel and Siegel, 2017). The different panels illustrate the effect of 
sequencing depth. Reads are mapped to the Tb427v24 genome using bowtie2 and processed using 
samtools and COVERnant. Black boxes and orange arrows indicate ORFs and direction of transcription, 
respectively. (B) The distribution of H3 was mapped using MNase-ChIP-seq to generate a nucleosome 
occupancy map (Wedel and Siegel, 2017). The different panels illustrate the effect of sequencing depth. 
Green arrows highlight nucleosome positions becoming clearer with higher sequencing depth. Reads are 
mapped to the Tb427v8 genome using bowtie1 and processed according to the nucwave pipeline 
(Quintales et al., 2015). 
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2.5.4 Computational analysis 
 
For each sequencing run two .fastq files for each, the forward and the reverse strand are 
obtained. To remove the adapter sequences from the sequencing reads the adapter-trimming 
algorithm cutadapt (Martin, 2011) with the following command was used:  
 
$ cutadapt -a <ADAPTER_FWD> -A <ADAPTER_REV> -o <out.1.fastq> -p 

<out.2.fastq> <reads.1.fastq> <reads.2.fastq> 

 
To map the trimmed sequencing reads I used the short-read mapping software bowtie2 
(Langmead and Salzberg, 2012) and downloaded the sequence (.fasta file) and the annotation 
file (.gff file) of the respective reference genome from EuPathDB (Aurrecoechea et al., 2013). 
In general, any short-read mapping software can be used. An alternative to bowtie2 is BMA-
mem (Li and Durbin, 2010), which is excellent in terms of accuracy and it allows analysis of 
low complexity regions. I preferred using bowtie2, because of its speed while using a personal 
computer. Bowtie2 requires the installation of three additional softwares: samtools (Li et al., 
2009a), GNU curses library (http://www.gnu.org/software/ncurses), ZLib compreesion library 
(http://zlib.net). As a first step, I indexed the genome prior to sequencing read mapping using 
the following command: 
 
$ bowtie2–build <reference genome.fasta> <output prefix> 

 
Next, I generated a .sam file to map the sequencing reads. 
 
$ bowtie2 -t --local -x <indexed genome prefix> -1 <read 1> -2 

<read 2> > [output.sam] 

 
Depending on the scope of the experiment, I removed reads mapping to several locations in 
the genome, i.e. non-unique reads. Those can be removed by using samtools and the following 
command: 
 
$ samtools view -Sh <input.sam> | grep -v "XS:i:" > <output.sam> 

 
To visualize the sequencing data in a browser I converted the .sam file to an indexed 
.sorted.bam file. Therefore, I first converted the .sam file to a .bam file. After sorting and 
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indexing the .bam file I visualized the sequencing data using the IGV browser (Robinson et al., 
2011).  
 
$ samtools view –bh <input.sam> > <output.bam> 

 

$ samtools sort <input.bam> > <output.sorted.bam> 

 

$ samtools index <output.sorted.bam> 

 
For the analysis of my sequencing data I exclusively used our home-made pipeline 
COVERnant, which was developed by Konrad Förstner and the Siegel lab (Wedel et al., 2017). 
To generate coverage files that are normalized to the sequencing depths (i.e. counts per billion 
reads, CPB) or to determine the ratio of ChIPed DNA/input signal, I used COVERnants 
subcommand ‘ratio’, which generates .wig files. Here, a window size (ws) and a step size (ss) 
can be set to define the area size for which the number of reads is counted and to define the 
step size by which the window is moved along the genome.  
 
$ covernant ratio --paired_end --keep_zero_coverage <ws> <ss> -o 

<output> --denominator <denominator.sorted.bam> --numerator 

<numerator.sorted.bam> 

 
To average the sequencing data across multiple regions I used COVERnants subcommand 
‘extract’. I generated a .csv file containing the coordinates of the regions for which the meta 
plot should be generated.  
 
$ covernant extract <ws> <ss> --output_prefix <output prefix> 

--flip_reverse_strand <input.wig> <coordinates.csv> 

 
This generates two files. The _matrix.csv file contains the raw values for the regions chosen 
in the input .csv file. The median, mean and standard deviation calculated from these data are 
saved in the _matrix.csv file and can be visualized using a statistics software, i.e. GraphPad 
Prism. All datasets generated and used in this study and information about sequencing and 
subsequent analysis are listed in Appendix Table 7.3 and Appendix Table 7.4. 
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2.5.5 Ty1-RPB9-ChIP-seq 
 
The RNA pol II-ChIP was performed in cell lines, in which both endogenous alleles of RPB9, 
an essential subunit of the RNA pol II complex, contained a Ty1 epitope tag. Except for minor 
changes, the ChIP was performed as described in chapter 2.5.1. In brief, 3 x 108 cells were 
harvested, formaldehyde cross-linked and permeabilized using digitonin. After centrifugation, 
the pellet was resuspended in 600 µl of NP-S buffer and sonicated for 50 cycles at low strength 
in a 15 ml tube. After centrifugation, the supernatant was transferred to a new microcentrifuge 
tube and 60 µl were separated as input. Immunoprecipitation of DNA bound by RBP9 was 
performed using Dynabeads Protein G (Invitrogen) coupled to a BB2 antibody (Bastin et al., 
1996) at 4 °C over night and under presence of 300 mM NaCl. Bound material was washed, 
cross-links were reversed and immunoprecipitated DNA was purified. Sequencing libraries 
were constructed as described in chapter 2.5.2 and sequenced on an Illumina NextSeq 500. 
 
2.5.6 5´PPP-RNA-seq 
 
Small RNA (< 200 nt) were purified from 5 x 107 cells using a combination of miRNeasy Mini 
(Qiagen) and RNeasy MinElute Cleanup (Qiagen) following the instructions of the 
manufacturer. A total of 2 µg of small RNA were treated with 1 unit of Terminator 5´-Phosphate-
Dependent Exonuclease (TEX, Epicentre) in 1x Terminator Reaction Buffer B for 30 min at 
42 °C to remove 5´monophosphate RNA. Next, the RNA was purified and one half 
(+5´Polyphosphatase) was treated with 20 units RNA 5´Polyphosphatase to convert 5´-
triphosphate RNA to 5´-monophosphate RNA. The second half (-5´Polyphosphatase) was left 
untreated and served as a control. The sequencing library was constructed using the NEBNext 
Multiplex Small RNA Library Prep Set for Illumina (New England BioLabs). Briefly, a 3´-adapter 
was ligated to the RNA and the RT primer was hybridized to the 3´-adapter generating a 
double-stranded 3´-end. This increases the efficiency of the 5´-adapter ligation as it 
preferentially binds single-stranded molecules. In addition, the RT primer also hybridizes to 
unbound 3´-adapters minimizing the formation of adaptor-dimers during 5´-adapter ligation. In 
a next step, RNA was converted into cDNA by extension of the first strand from the RT primer 
during a PCR. In a second PCR, molecules with an adaptor at each end were enriched, 
barcodes were incorporated and the amount of the library was increased. A size selection step 
ensured that only small RNA molecules were included in the final library. From the control 
sample a library was generated, as well. Here, small transcripts containing a 5´-triphosphate 
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were excluded from the library, since the 5´-adapter requires a 5´-monophosphate. The 
samples were sequenced on an Illumina NextSeq 500. 
 
 
2.6 Data generated in this study and source code availability 
 
All sequencing data generated in this study have been deposited in NCBI’s Gene Expression 
Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number 
GSE98061 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98061). All datasets 
generated and used in this study and information about sequencing and subsequent analysis 
are listed in Appendix Table 7.3 and Appendix Table 7.4. 
 
 
2.7 Software 
 
The following table lists software used to analyze the data generated in this study. 
 

Table 2.7 Software used in this study. 
 

Software Reference 
cutadapt v1.14 (Martin, 2011); http://cutadapt.readthedocs.io/en/stable/index.html 
IGV browser v2.4.10 (Robinson et al., 2011); 

http://software.broadinstitute.org/software/igv 
GNU curses library v6.0 http://www.gnu.org/software/ncurses 
ZLib compression library v1.2.10 http://zlib.net 
bowtie2 v2.1.0 (Langmead and Salzberg, 2012); 

https://sourceforge.net/projects/bowtie-bio/files/bowtie2/2.1.0/ 
samtools v0.1.19e44428cd (Li et al., 2009a); http://samtools.sourceforge.net 
COVERnant v0.3.0 (Wedel et al., 2017); https://github.com/konrad/COVERnant 
GraphPad Prism v5.0b http://www.graphpad.com 
Leica Application Suite Advanced 
Fluorescence (LAS AF) v3.3 

https://www.leicabiosystems.com/de/arbeitsablauf/klinische-
mikroskopie/dokumentation-und-software/ 

Fiji v1.0 (Schindelin et al., 2012); http://imagej.net/Fiji 
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So far, transcription start regions (TSRs) in T. brucei have been demonstrated to be marked 
by the co-localization of the histone variants H2A.Z and H2B.V, the histone modifications 
H3K4me3 and H4K10ac, the bromodomain protein BDF3 and primary transcripts (Siegel et 

al., 2009; Kolev et al., 2010; Wright et al., 2010). To further characterize TSRs, I aimed to 
identify sites of RNA pol II-specific transcription initiation following a two-pronged approach. 
First, I determined the genome-wide distribution of RNA pol II enrichment by ChIP-seq. 
Subsequently, I mapped the distribution of small primary transcripts carrying a 5´-triphosphate 
that can be used to identify sites of transcription initiation. Overlapping enrichment of both, 
RNA pol II and small primary transcripts, would identify those sites where RNA pol II-mediated 
transcription initiates. Furthermore, to investigate whether the chromatin structure within TSRs 
is distinct to that of the remaining genome, I conducted MNase-ChIP-seq to investigate the 
chromatin accessibility within and around TSRs by mapping TSR-nucleosomes. 
 

 

3.1 The RNA pol II subunit RPB9 is enriched at the 5´-end of TSRs 
 

To determine the genome-wide RNA pol II enrichment by ChIP-seq, I generated a cell line 
expressing both endogenous alleles of the essential RNA pol II complex subunit RPB9 fused 
N-terminally to two Ty1 epitope tags using the pPOTv3 system (Dean et al., 2015). The cell 
line was confirmed by integration PCR and western blot (Figure 3.1A and B). The ChIP-seq 

experiment was performed with chromatin fragmented by sonication and Ty1-RPB9-bound 

DNA was immunoprecipitated using the BB2 antibody (Bastin et al., 1996). Mapping of the 

RPB9-ChIP-seq data revealed a strong enrichment of the RNA pol II complex at the 5´-end of 
each individual TSR, which is marked by H2A.Z-enrichment. The distribution of RPB9 and 
H2A.Z enrichment at a representative region on chromosome 9 is depicted in the left panel of 
Figure 3.1C. When averaging RPB9 enrichment for all non-divergent TSRs in the T. brucei 
genome, the RPB9 enrichment can be localized to a defined region of ~2 kb in size at the 5´-
end of H2A.Z enrichment (Figure 3.1C, right panel). This enrichment has been demonstrated 
in other eukaryotes, as well, and is due to promoter-proximal pausing upon transcription 
initiation (Adelman and Lis, 2012). Thus, I hypothesize that the identified sites of RNA pol II 
complex enrichment described here mark sites of RNA pol II pausing, just downstream of RNA 
pol II transcription initiation sites. 
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Figure 3.1 RPB9 is enriched at the 5´-end of H2A.Z enrichment. 
(A) Verification of the Ty1-RPB9 cell line by integration PCR. Primers bind upstream of the integration site 
and in the resistance gene upon transfection with pPOTv3_TY-RPB9_Puro (top panel) and pPOTv3_TY-
RPB9_Phleo (middle panel) and up- and downstream of the Wt or tagged allele (bottom panel; XR, 
respective resistance gene). Unspecific PCR products are marked by an asterisk. (B) Verification of the 
Ty1-RPB9 cell line by western blot using the BB2 antibody to detect Ty1-RPB9 (left panel). The amido 
black stained nitrocellulose is shown as loading control (right panel). (C) RPB9 ChIP-seq data (black) 
shown for the same representative region as in Figure 3.2B (left panels) and averaged for all 57 non-
divergent TSRs (right panel). A dashed line added where RNA pol II enrichment is considered to start. 
H2A.Z enrichment determined by MNase-ChIP-seq is shown in cyan.  

 

 

3.2 Transcription initiates ~200 bp upstream of RPB9 enrichment 
 

To test whether sites of RNA pol II complex enrichment indeed mark pausing sites downstream 

of transcription initiation, I mapped the distribution of small primary transcripts carrying a 5´-
triphosphate. Only primary transcripts contain a 5´-triphosphate since the triphosphate is 
processed during RNA maturation. The sequencing of the primary transcriptome of T. brucei 

has been successfully performed by Kolev and colleagues (Kolev et al., 2010). In an effort to 

improve the localization of transcription initiation sites, I used a different approach. The 
experimental outline is illustrated in Figure 3.2A. Kolev and colleagues isolated total RNA that 

was enriched for polyadenylated RNA and depleted the sample of rRNA by Terminator 5´-
Phosphate-Dependent Exonuclease (TEX) treatment, which digests 5´-monophosphate-
containing RNA. In comparison, I exclusively isolated RNA that was smaller than 200 nt from 

total RNA. Thus, I enriched the sample for short newly transcribed RNA, avoided to isolate 

long and abundant rRNA and to introduce a bias for already processed RNA. Subsequently, I 
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treated the sample with TEX to remove remnant 5´-monophosphate-containing RNA. To 
account for undigested 5´-monophosphate-containing RNA contaminants, the sample was 
split, and one half was treated with 5´-polyphosphatase to reduce the 5´-triphosphate to a 5´-
monophosphate. The other half was left untreated and was used to normalize for undigested 
5´-monophosphate-containing RNA contaminants in the sample used to identify transcription 
initiation sites upon sequencing. 
 

 

Figure 3.2 Identification of transcription initiation sites by mapping small primary transcripts. 
(A) Schematic outline of small 5´-triphosphate-RNA-seq. Small total RNA < 200 nt was purified from 
T. brucei. Treatment of the RNA with Terminator 5´-Phosphate-Dependent Exonuclease (TEX) degraded 
5´-monophosphate-containing RNA (black) and thus enriched for primary transcripts containing a 5´-
triphosphate (blue). To normalize for undigested monophosphate-containing RNA contaminants, the 
sample was split and libraries were prepared from 5´-Polyphosphatase-treated and untreated material. 
CPB, counts per billion reads. (B) Strand-specific mapping of small primary transcripts shown for a 
representative divergent TSR on chromosome 9 (left panel) and averaged for 27/30 non-divergent and 71 
divergent TSRs (middle and right panels). The grey dashed line indicates the start of RPB9 enrichment 
(Figure 3.1B). Transcripts derived from the bottom strand and the top strand are shown in red and blue, 
respectively. H2A.Z enrichment determined by MNase-ChIP-seq is shown in cyan. Orange arrows indicate 
the direction of transcription. 

 

 

The sequencing reads were mapped strand-specifically to the T. brucei genome and 
normalized as described above using COVERnant (see chapter 2.5.4). The enrichment of 
H2A.Z (determined in chapter 3.3.2) was used as reference for TSR location. The mapping 
revealed a strong enrichment of primary transcripts at the 5´-end of H2A.Z enrichment. The 
distribution of primary transcripts and H2A.Z enrichment at a representative region on 
chromosome 9 is depicted in the left panel of Figure 3.2B. When averaging primary transcript 
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enrichment for all TSRs in the T. brucei genome, the enrichment can be localized to a defined 
region of ~2 kb in size at the 5´-end of H2A.Z enrichment Figure 3.2B, right panel). The 
enrichment of 5´-triphosphate-containing RNA resembled the pattern of RPB9. When 
comparing the peaks of both, RNA pol II complex and primary transcripts, the former seemed 
to be enriched just downstream of the latter (compare dashed lines in Figure 3.1C and Figure 
3.2B). This finding suggested that RNA pol II transcription pauses 100-200 bp downstream of 
its initiation, similar to what has been observed in metazoans (Adelman and Lis, 2012). In 
addition, the data indicate a strong directionality of transcription initiation as the ratio of sense 
to antisense primary transcripts is 4:1 for both, the top and the bottom strand. Taken together, 
these findings suggest that the sites enriched in RNA pol II indeed mark sites of directional 
RNA pol II-mediated transcription initiation and that those sites locate to the 5´-end of TSRs. 
A list of RNA pol II transcription initiation sites can be found in Appendix Table 7.1. 
 

 

3.3 Chromatin structure around transcription start regions 
 

In T. brucei, TSRs are marked by H2A.Z-containing nucleosomes. Previous studies performed 

in different organisms, including T. brucei, have suggested that nucleosomes containing 

H2A.Z are less stable compared to canonical nucleosomes (Suto et al., 2000; Abbott et al., 

2001; Zhang et al., 2005; Jin and Felsenfeld, 2007; Siegel et al., 2009). Thus, H2A.Z-

containing nucleosomes contribute to a more open chromatin structure and an increased 

accessibility of DNA to proteins. Accessibility of DNA packaged into chromatin can be 

investigated by digestion of the chromatin with micrococcal nuclease (MNase), which 

specifically digests DNA that is not protected by histones. Thus, to investigate whether the 

DNA within TSRs in T. brucei is more accessible to proteins, I established an MNase-ChIP-

seq approach for T. brucei (Wedel and Siegel, 2017). 

 

3.3.1 MNase-ChIP-seq – A high-resolution method to investigate chromatin accessibility by 
mapping nucleosome positioning 

 

The key steps of the established MNase-ChIP-seq protocol are illustrated in Figure 3.3A. In 
brief, DNA-protein interactions are formaldehyde cross-linked and the cells are permeabilized. 
MNase is used to fragment the chromatin, such that the majority of the chromatin is digested 
to mono-nucleosomes and that a small population of di-nucleosomal DNA remains to avoid 
over-digestion (Figure 3.3B). To enrich for nucleosomal DNA, nucleosomes are 
immunoprecipitated using a histone-specific antibody. Following immunoprecipitation, the 
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cross-links are reversed, the DNA is purified and used to generate Illumina sequencer-
compatible libraries, which are subjected to next-generation sequencing. MNase preferentially 

digests DNA, which is not protected by proteins, such as the linker DNA between 

nucleosomes. The resulting digestion products, the nucleosomal DNA, is on average 147 bp 

in size. The size can differ depending on how tight the DNA is wrapped around the histone 

octamer (illustrated in Figure 3.3C). Chromatin containing loosely bound nucleosomes is more 

accessible to MNase and yields on average shorter MNase cleavage products (< 147 bp) than 
more compact chromatin (Weiner et al., 2010). As a result, when nucleosomal DNA is 
sequenced and mapped back to the genome nucleosome occupancy maps can be generated 
revealing nucleosome positioning (Cole et al., 2012). When exclusively sub-nucleosomal DNA 
< 147 bp is analyzed the position of loosely bound nucleosomes can be identified revealing 
regions of increased MNase sensitivity, reflecting the accessibility to proteins. A detailed 
protocol can be found in chapters 2.5.1-2.5.4. 
 

 

Figure 3.3 Establishment of a high-resolution MNase-ChIP-seq protocol for T. brucei. 
(A) Outline of MNase-ChIP-seq. T. brucei cells are formaldehyde cross-linked, permeabilized and 
chromatin is digested into mono-nucleosomes using MNase. Nucleosomes are immunoprecipitated using 
a histone-specific antibody. After the reversal of cross-links, the nucleosomal DNA is purified and paired-
end-sequenced. The sequencing reads are joined to fragments and assembled according to their 
midpoints generating nucleosome occupancy maps. (B) 2 % agarose gel with 100 ng of mono-
nucleosomal DNA after MNase digest. (C) Illustration of nucleosomal DNA length after MNase digestion 
of average bound nucleosomes (left panel) and loosely bound nucleosomes (right panel). 
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To establish the MNase-ChIP-seq protocol outlined above I joined steps from several 
previously published protocols. Cross-linking was performed as described by Lee et al. (Lee 
et al., 2006). To generate, isolate and immunoprecipitate mono-nucleosomes I combined a 
protocol for the permeabilization of T. brucei cells (Lowell et al., 2005) with a strategy to obtain 
and pull-down a high yield of mono-nucleosomes that had been used in S. cerevisiae (Wal and 
Pugh, 2012). For the washing and purification of the ChIPed DNA I included the protocol 
developed by Siegel and co-workers (Siegel et al., 2009). To construct ChIP-seq libraries I 
used a protocol published by Ethan Ford (Ford et al., 2014). For the computational analysis, 
we developed a pipeline called COVERnant that allows for easy analysis of ChIP-seq data 
(Wedel et al., 2017). 
 
3.3.2 Sites enriched in H2A.Z show increased sensitivity to MNase 
 

To investigate whether an increased instability of H2A.Z-containing nucleosomes contributes 

to increased chromatin accessibility, I isolated total nucleosomal DNA from T. brucei using an 

H3 antiserum (Gassen et al., 2012) in an MNase-ChIP-seq experiment and sequenced it on 

an Illumina HiSeq 2500 platform. A total of 18.6 million concordantly aligning 100 bp sequence 
reads could be mapped to the T. brucei 427v24 genome corresponding to an average genome 
coverage of ~53X.  

As quality control we analyzed the fragment size distribution upon mapping of the 
sequencing reads and the rotational positioning of the nucleosomes by investigating 
dinucleotide frequencies within nucleosomal DNA (Figure 3.4). We plotted the frequency of all 
sequencing fragments in dependency of their size and found them to be distributed according 
to a Gaussian distribution that peaks at the standard size of nucleosomal DNA (147 bp, Figure 
3.4A). Rotational nucleosome positioning is characterized by the DNA sequence associated 
with nucleosomes. Given that AT- and GC- dinucleotides differ in their rigidity, the formation of 
nucleosomes is dependent on the bending properties of the DNA. We extracted fragments of 
147 bp in size and determined the rotational positioning of T. brucei nucleosome sequences. 
We found that the sequence of nucleosomal DNA is characterized by a 10 bp-periodicity of 

less rigid AA/AT/TA/TT dinucleotides (Figure 3.4B) as it has been previously shown for yeast 
(Brogaard et al., 2012). This indicates, that dinucleotide patterns are important for the rotational 
positioning of trypanosome nucleosomes and both, the fragment size distribution and the 
rotational nucleosome positioning, suggest that my nucleosome occupancy maps are of high 
resolution.  
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Figure 3.4 Fragment size distribution and dinucleotide frequencies upon MNase-ChIP-seq. 
(A) Fragment size distribution after sequencing and joining of paired sequencing reads. Dashed lines 
indicate the fragment sizes 100, 137, 147 and 157 bp. (B) Relative frequencies of AA/AT/TA/TT and 
CC/CG/GC/GG dinucleotides throughout 147 bp of nucleosomal DNA for each bp relative to the 
nucleosome dyad. Dashed lines indicate distance of 10 bp from position -74 bp.  

 

 

Given that MNase digestion of accessible chromatin results in shorter sequencing fragments 
than the nucleosome-specific 147 bp, I mapped sub-nucleosomal fragments with a size of 100-
130 bp genome-wide and found sites enriched in H2A.Z to be enriched in those fragments 
(Figure 3.5A). The plotted H2A.Z distribution in Figure 3.5 to depict sites of H2A.Z enrichment 
at TSRs was obtained from an MNase-ChIP-seq experiment using a specific custom-made 
polyclonal H2A.Z antibody generated in this study (see chapter 2.4.2). When mapping supra-
nucleosomal fragments with a size of >175 bp, I found sites of H2A.Z enrichment to be 
depleted of those fragments. To validate this observation, I plotted the averaged nucleosome 
occupancy across all 71 divergent and 57 non-divergent TSRs. This further supported an 
increase in sub-mono-nucleosomal DNA fragments across TSRs (Figure 3.5B). These findings 
indicate that DNA associated with H2A.Z-containing nucleosomes is more easily digested by 
MNase than DNA bound to nucleosomes containing canonical histones, revealing TSRs as 
regions of increased DNA accessibility. 
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Figure 3.5 TSRs show increased MNase sensitivity. 
(A) MNase-ChIP-seq data of H2A.Z-containing nucleosomes (cyan) and total nucleosomes 
(nucleosome occupancy, grey) grouped based on size of digestion products at a representative TSR 
on chr 10. Black boxes represent ORFs. Orange arrows indicate the direction of transcription. (B) The 
enrichment of H2A.Z and total nucleosome occupancy averaged across all divergent TSRs (left 
panel) and non-divergent TSRs (right panel) are plotted relative to the midpoint of the region between 
the TSRs, and the TSR center, respectively. Dashed lines mark the respective TSR centers. 

 

 

3.4 Concluding remarks 
 
Combining the mapping of the RNA pol II subunit RPB9 and short primary transcripts, I was 
able to demonstrate that RNA pol II-mediated transcription initiates directionally at the 5´-end 
of TSRs. Both, RPB9 and short primary transcripts, are enriched at the 5´-end of TSRs, where 
short primary transcripts are enriched within a region of ~2kb and the enrichment of RPB9 
localizes ~200 bp downstream transcription initiation. Furthermore, by mapping nucleosomal 
DNA using MNase-ChIP-seq I could show that TSRs show an increased MNase sensitivity 
and thus are more accessible to proteins compared to the rest of the genome. 
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The localization of RNA pol II transcription initiation sites described in the previous chapter 
narrows the genome to putative promoter regions. Thus, it is now possible to analyze the DNA 
sequence within these regions and I aimed to investigate whether the DNA sequence is 
sufficient to initiate transcription. To this end, I chose sequences from candidate TSRs and 
inserted them with a downstream located reporter gene in a non-transcribed region in the 
T. brucei genome. If the inserted DNA sequence mediates transcriptional activity the gene 
product of the reporter gene can be measured. Furthermore, I investigated whether candidate 
DNA sequences are involved in the targeted deposition of the histone variant H2A.Z by 
conducting MNase-ChIP-seq with a custom-made polyclonal H2A.Z-specific antibody.  
 
 
4.1 TSR DNA sequences are capable to initiate transcription 
 
Even though much effort has been invested to identify RNA pol II promoter sequences for 
protein-coding genes in T. brucei, no promoter motifs have been described so far (Clayton, 
2002). Thus, I aimed to either identify promoter sequences or to exclude a role of the DNA 
sequence during transcription initiation. To this end, I conducted a systematic approach to 
investigate the ability of DNA sequences to initiate transcription in T. brucei in vivo using a 
reporter assay. As potential candidate DNA sequences, I considered the regions identified in 
chapter 3 (Appendix Table 7.1) being enriched in primary transcripts, RNA pol II and the 
histone variant H2A.Z. I chose the candidate sequences based on three criteria: 1) The TSRs 
should be located on chromosome 10, since this is the most characterized so far. 2) I aimed 
to investigate the DNA sequence spanning the complete H2A.Z enrichment. Thus, I selected 
TSRs that did not contain genes spanning the H2A.Z enrichment to avoid partial translocations 
of genes, which may lead to secondary effects. 3) The selected TSRs should not contain NotI 
and XhoI restriction sites since those are required for the linearization of the final construct 
prior to transfection. Among 20 TSRs located on chromosome 10, two TSRs were found to 
meet the above-mentioned criteria (Figure 4.1). Both regions were chosen to be inserted along 
with a reporter gene in a transcriptional silent locus in the T. brucei genome to investigate 
whether the inserted DNA sequences can drive transcription initiation.  
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Figure 4.1 Examined TSR DNA sequences. 
Primary transcript (red), RPB9 enrichment (black) and relative H2A.Z (cyan) distribution across the 
two tested TSRs TSR-A (left panel) and TSR-B (right panel) in dependency of the genomic position 
on chromosome 10. Black boxes indicate ORFs and orange arrows direction of transcription. The 
cyan bar represents the complete TSR-A DNA sequence regA (Tb427_10_v5:800,949-810,167; 
9,218 bp) and the pink bar the complete TSR-B DNA sequence regB (Tb427_10_v5:1,634,960-
1,641,653; 6,693 bp) examined in the reporter assay.  

 
 
4.1.1 Insertion of TSR DNA sequences in transcriptional silent locus 
 
I generated a construct, which allows the insertion of different DNA sequences upstream of a 
firefly luciferase gene (FLUC) into a transcriptional silent region. If the inserted DNA sequence 
mediates transcription initiation, FLUC will be transcribed and luciferase activity can be 
measured. Since the T. brucei genome is organized into PTUs most of the core genome is 
actively transcribed. Only short regions between PTUs have been described not to be 
transcribed (Kolev et al., 2010; Siegel et al., 2010), however those are found to be enriched in 
histone variants H3.V and H4.V, which are thought to repress transcription (Siegel et al., 2009). 
Therefore, I decided to target the reporter construct between divergent TSRs on 
chromosome 1, since these regions contain low levels of H3.V and H4.V compared to other 
non-transcribed regions (Figure 4.2).  
 To generate the targeting construct, I used the backbone of pLEW100v5_HYG as it 
already contains a robust and well investigated rRNA promoter-driven FLUC gene containing 
the 5´ UTR of a GPEET gene (including trans-splicing motifs), the FLUC CDS and the 3´ UTR 
of aldolase (including a polyadenylation site). This construct was generated to inducibly 
overexpress a gene of interest, in this case FLUC, from a random rRNA locus. It contains a 
hygromycin phosphotransferase gene (HYG) that is transcribed by a T7 promoter divergent to 
FLUC. The targeting region within the construct consists of one sequence containing a NotI 
restriction site in the center. Upon NotI digest the construct is linearized and the complete 
construct is stablely integrated into the genome via the homologous sequences at each end of 
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the linearized construct. In order to target this construct to another genomic location this 
system only requires one cloning step. In first attempts, in which I tried to replace the 
endogenous targeting sequence with a targeting sequence harboring a NotI restriction site in 
the center, as well, remained unsuccessful, since the integration into the T. brucei genome 
failed. Therefore, I replaced the targeting region downstream of HYG by an upstream 
homology region (UR) and inserted a downstream homology region (DR) downstream of FLUC 
generating the basal construct pCW24v2. To insert candidate DNA sequences in the non-
transcribed locus the rRNA promoter is exchanged with the candidate sequence and integrated 
into the T. brucei genome. All constructs used in this study to target DNA sequences between 
the divergent TSR on chromosome 1 are derivatives of pCW24v2 and are listed in (Table 2.2).  
 

 

Figure 4.2 Approach to target TSR DNA sequences to a non-transcribed locus. 
The TSR-A DNA sequence (cyan) is inserted into a targeting construct upstream of a firefly luciferase 
gene (FLUC). The construct is targeted to a non-transcribed locus between dTSRs on chromosome 1 
(mRNA levels are shown in grey and were determined previously; Vasquez et al., 2014) via upstream 
and downstream homology regions (UR, DR). H2A.Z and H3.V levels are shown in grey and green 
and were determined in this study and previously (Siegel et al., 2009), respectively. Black boxes 
represent ORFs. Orange arrows indicate direction of transcription. 

 
 
4.1.2 TSR DNA sequence-mediated transcription initiation is dependent on the genomic 

locus 
 
To investigate the ability of the two TSR DNA sequences illustrated in Figure 4.1 to mediate 
transcription initiation, I generated two constructs based on pCW24v2 in which I replaced the 
rRNA promoter by either regA or regB. Additionally, I generated a ‘no promoter control’ in which 
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the rRNA promoter was removed. All four constructs were individually inserted into the region 
between two PTUs on chromosome 1 (Figure 4.3A, left panel) of SM cells expressing a renilla 
luciferase gene in the active expression site to account for differences in cell number. The 
insertion of the no promoter control resulted in no luciferase activity confirming that the target 
region is indeed not transcribed. Upon insertion of the rRNA promoter luciferase activity was 
detectable showing that the region is transcription permissive. The insertion of both constructs 
containing the TSR DNA sequences resulted in an 8.7-fold and 9.6-fold increase in luciferase 
activity compared to the no promoter control (Figure 4.3A, right panel). These results indicate 
that the DNA sequence found at TSRs contain elements able to initiate transcription. 
 

 

Figure 4.3 TSR DNA sequences are capable to mediate transcription initiation dependent on the 
genomic location. 
(A) Targeting region of pCW24v2 (left panel) and luciferase activity upon insertion of regA and regB (right 
panel). (B) Targeting region of pCW27v2 (left panel) and luciferase activity upon insertion of regA and 
regB (right panel). (C) Targeting region of pCW28v2 (left panel) and luciferase activity upon insertion of 
regA and regB (right panel). H2A.Z, H3.V and RNA levels are shown in light grey, green and dark grey, 
respectively. Grey boxes represent regions of homology. Orange arrows indicate direction of 
transcription. To account for differences in cell number, Fluc activity was normalized to ectopically 
expressed Rluc activity. To account for technical variations, values were normalized to rRNA promoter-
driven Fluc activity. Data are presented as mean ± SD. Error bars indicate standard deviation between 
two replicates. 
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To investigate whether the tested DNA sequences are capable to initiate transcription at other 
transcriptional silent loci, I generated two additional targeting constructs, pCW27v2 and 
pCW28v2, to target a locus upstream of a ndTSR on chromosome 9 (Figure 4.3B, left panel) 
and a locus between tRNA genes transcribed by RNA pol III (Figure 4.3C, left panel), although 
they show increased levels of H3.V and H4.V. Targeting the control constructs to both locations 
revealed that both loci are transcriptional silent, whereas the rRNA promoter was able to 
induce transcription initiation only at the locus on chromosome 10 (Figure 4.3B and C, right 
panels). Targeting regA and regB to both loci did not result in luciferase expression underlining 
the importance of the genomic context for gene expression.  
 
4.1.3 The transcription-mediating sequence element is distributed across TSRs and directs 

transcription 
 
To identify specific DNA elements that are able to initiate transcription within the TSRs, I first 
investigated whether they are distributed across the TSR or concentrated in a specific region. 
I divided regA and regB in 7 and 5 evenly spaced fragments of 1800 bp in length with a 500 bp 
overlap between adjacent fragments. Inserting those 12 fragments in the locus targeted by 
pCW24v2 revealed that all 12 fragments were able to initiate transcription well above 
background (Figure 4.4). Fragments originating from the 5´-end of each TSR resulted in the 
highest luciferase activity (regA1/2 and regB1) and luciferase activity tends to decrease 
towards the 3´-end. Interestingly, luciferase activity increases about 2-fold when inserting 
regA5 compared to regA4. RegA5 originates exactly downstream of an additional peak of 
primary transcripts. Taken together, these findings suggest a distribution of DNA sequence 
elements across the TSRs and consequently argue against the presence of well-defined 
canonical promoter motifs. Instead, the observed pattern is similar to that reported for 
dispersed promoters that lead to broad regions of transcription initiation (Deaton and Bird, 
2011). 
 The analysis of primary transcripts in chapter 3.2 revealed that transcription initiates 
with a strong stand bias. To determine whether TSR-derived DNA sequences are able to direct 
transcription, I inserted the reverse complement sequence of the fragments that yielded the 
highest luciferase activity (Figure 4.4, regA2rc, regB1rc). Insertion of both sequences resulted 
in a decrease in luciferase activity by 4.7-fold and 3.3-fold, respectively. This is in good 
agreement with the 4:1 ratio of sense to antisense primary transcripts I observed and strongly 
suggests that transcription is directionally initiated. As a consequence, I hypothesize that the 
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responsible promoter elements are unevenly distributed across the coding and noncoding 
strand. 
 

 

Figure 4.4 DNA elements are distributed across TSRs and provide directionality to 
transcription. 
Luciferase assays performed after insertion of fragments derived from regA and regB. The fragments 
are 1800 bp in size and overlap with adjacent fragments by 500 bp. H2A.Z levels and primary 
transcript levels across regA and regB are shown in cyan and red, resp. Fragments, that were inserted 
as reverse complement are represented by striped bars. To account for differences in cell number, 
Fluc activity was normalized to ectopically expressed Rluc activity. To account for technical variations, 
values were normalized to rRNA promoter-driven Fluc activity. Data are presented as mean ± SD. 
Error bars indicate standard deviation between two replicates. 

 
 
4.2 GT-rich promoter elements can trigger transcription initiation 
 
To identify sequence elements being unevenly distributed between the coding and the 
noncoding strand across TSRs, we computationally divided 199 TSRs into 5 evenly spaced 
regions according to their H2A.Z enrichment and in each region, we searched for sequences 
of 10 bp in size (10mers) that are at least 6-fold enriched on the coding strand compared to 
the noncoding strand. The vast majority of enriched 10mers contained either long stretches of 
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Gs or Ts or were rich in Gs and Ts in general and we found most of them to be enriched at the 
5´-end of TSRs (Figure 4.5A and B, Appendix Table 7.2). 
 To test whether these GT-rich sequences are able to mediate directional transcription, 
I designed two synthetic GT-rich promoter sequences in which I assembled the enriched 
10mer sequences. The sequences were designed in a way that they contained as many GT-
rich 10mers as possible and that they still met the synthesis requirements of Integrated DNA 
Technologies (IDT). Thus, where necessary, As and Cs were added to reduce the GT content 
and to allow synthesis. As a result, a short 210 nt promoter sequence with a GT content of 
80% and a longer 416 nt promoter sequence with a GT content of 81% after the fusion of two 
short fragments could be obtained (Figure 4.5C). The promoter sequences were inserted into 
the pCW24v2 targeting construct and integration of the two constructs resulted for both in high 
luciferase activity of 21-fold and 17-fold higher compared to the no promoter control (Figure 
4.5D). In addition, direction of transcription was highly dependent on the GT-rich sequence 
demonstrated by the strong decrease of luciferase activity upon insertion of the respective 
reverse complement sequence of the GT-rich promoter sequences. The luciferase activity 
mediated by the GT- rich promoter sequences is 2.4-fold and 2.0-fold higher compared to the 
luciferase activity measured upon insertion of endogenous TSR sequences (compare Figure 
4.3A, right panel and Figure 4.5D). To test whether the transcriptional activity of regA and regB 
was too low to induce transcription initiation in the genomic locations with increased H3.V and 
H4.V levels (Figure 4.3B and C, left panels), I inserted GT_416_nt instead. Even in a cell line 
lacking H3.V no luciferase activity mediated by the stronger GT-rich promoter sequence could 
be detected (Figure 4.5E), suggesting the involvement of additional factors, such as the 
histone variant H4.V and the genomic location.  
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Figure 4.5 GT-rich sequence elements on the coding strand mediate transcription initiation. 
(A) All TSR sequences were divided into 5 equal regions and the number of 10mers enriched at least 
6-fold on the coding strand compared to the noncoding strand were counted. The mean H2A.Z 
enrichment is shown in cyan. (B) The consensus sequence of 10mers identified in (A) within region 
1 was calculated using pictogram (Burge et al.). (C) Sequence of synthetic GT-rich promoters 
composed of the most enriched 10mers. (D) Luciferase assays after insertion of the two synthetic 
GT-rich promoter sequences GT_210_nt (light green) and GT_416_nt (dark green) and their 
respective reverse complement sequence (striped bars). (E) Luciferase assays after insertion of the 
synthetic GT-rich promoter sequence GT_416_nt into the genomic locations targeted by pCW27v3 
(left panel) and pCW28v3 (right panel) in BFJEL25. To account for differences in cell number, Fluc 
activity was normalized to ectopically expressed Rluc activity. To account for technical variations, 
values were normalized to rRNA promoter-driven Fluc activity. Data are presented as mean ± SD. 
Error bars indicate standard deviation between two replicates. 

 
 
To compare the transcriptional activity between two dTSRs on chromosome 1 induced either 
by the GT-rich sequence GT_210_nt or the rRNA promoter to endogenous RNA pol II and 
RNA pol I transcription levels, I targeted a promoter-less FLUC within a PTU and a rRNA 
promoter driven FLUC to the rRNA spacer region. Insertion of the luciferase gene within a PTU 
resulted in a 11.6-fold higher luciferase activity compared to the luciferase activity mediated 
by GT_210_nt. After insertion of the rRNA promoter driven luciferase into a rRNA spacer 
region, I find the luciferase activity to be 38.7-193.6-fold higher compared to the region 
between dTSRs (Figure 4.6B), which can be explained by the compartmentalization of the 
nucleus, since the vast majority of RNA pol I is spatially restricted to the nucleolus. In addition, 
I find luciferase activity to vary greatly among different clones, which is probably due to the 
integration in different rRNA spacer regions already described previously (Alsford et al., 2005).  
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Figure 4.6 Comparison of endogenous expression levels. 
(A) To compare GT_210_nt-mediated luciferase activity to endogenous RNA pol II transcription levels 
a promoter-less FLUC has been inserted in a PTU on chromosome 1 (Tb427_01_v4:500,640-
501,239) using the construct pCW37. (B) To compare rRNA promoter driven luciferase activity 
between dTSRs to endogenous RNA pol I levels rRNA promoter driven FLUC was inserted in a rRNA 
spacer using the construct pLEW100v5_HYG. Luciferase activity was measured of 4 different clones. 
To account for differences in cell number, Fluc activity was normalized to ectopically expressed Rluc 
activity. To account for technical variations, values were normalized to rRNA promoter-driven Fluc 
activity. Data are presented as mean ± SD. Error bars indicate standard deviation between two 
replicates. 

 
 
These results indicate that the newly identified GT-rich sequence elements are able to induce 
directional transcription initiation. However, the resulting transcriptional activity is lower than 
those resulting from endogenous RNA pol II transcription initiation. 
 To investigate whether this additional site of transcription initiation affects the 
transcription of flanking PTUs, I performed a qPCR analysis to compare transcript levels of 
different genes located upstream and downstream of the insertion site upon insertion of 
GT_416_nt. The genes were chosen based on the wild type expression level and the distance 
from the insertion site. I analyzed the expression of Tb427.01.860, Tb427.01.890, 
Tb427.01.990 and Tb427.01.1050 in the no promoter control and two clones of SM Rluc 
GT_416_nt, whereas Tb427.01.890 and Tb427.01.990 are the closest genes with a distance 
to the insertion site of 5 kb, each and Tb427.01.860 and Tb427.01.1050 are 22 kb and 17 kb 
apart, respectively. The insertion of GT_416_nt had no large effect on the transcript levels of 
genes located downstream of the insertion site. Upstream located genes were slightly 
negatively affected, possibly by run-through transcription of the T7 polymerase transcribing the 
resistance marker in the targeting construct (Figure 4.7).  
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Figure 4.7 Influence of GT-rich sequence insertion on the transcription of flanking PTUs.  
Comparison of transcript levels of genes located in PTUs flanking the insertion site (black arrow) 
before and after insertion of GT_416_nt. Transcript levels of genes in the no promoter control are 
shown in grey and are set to 1. Transcript levels of genes after the insertion of GT_416_nt compared 
to the no promoter control are shown for two clones in light and dark green. Data are presented as 
mean ± SD. Error bars indicate standard deviation among triplicates. 

 
 
4.3 GT-rich promoter elements promote targeted H2A.Z deposition 
 
The incorporation of H2A.Z into promoter-nucleosomes is the result of a cascade of protein 
binding and histone modification events, which is induced by the binding of RNA pol II to the 
promoter and phosphorylation within its CTD. One of the final steps is the acetylation of 
histones H4 and H3. The acetylation marks recruit the bromodomain-containing chromatin 
remodeling complex SWR, which replaces H2A by H2A.Z. Since the in chapter 4.2 identified 
GT-rich sequences were capable to induce transcription initiation, I aimed to investigate 
whether they also contribute to the H2A.Z deposition to the site of insertion. 

Thus, I performed an MNase-ChIP-seq experiment using the cell lines SM Rluc 
GT_210_nt and SM Rluc GT_416_nt and a custom-made polyclonal H2A.Z antibody (see 
chapter 2.4.2 for information about its generation). The mapping of the genome-wide 
distribution of H2A.Z in these cell lines revealed that both loci contained H2A.Z-containing 
nucleosomes. However, H2A.Z levels across both GT-rich sequences were lower compared 
to an endogenous TSR (Figure 4.8A). Since the formation of chromatin structure is a dynamic 
process, it is possible that the level of H2A.Z enrichment and transcriptional activity may 
increase with the number of cell divisions. Therefore, I re-generated the cell lines SM Rluc 
GT_210_nt and SM Rluc GT_416_nt and performed luciferase assays 8 and 30 days post 
transfection. The measurements revealed an increase in luciferase activity over time (Figure 
4.8B), supporting the hypothesis that H2A.Z recruitment may increase over time, as well. Thus, 
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I additionally performed an MNase-ChIP-seq experiment 8 days post transfection. For the short 
GT-rich sequence I indeed observed a time-dependent increase in H2A.Z levels, However, for 
the long GT-rich sequence no such increase was detectable.  
 

 

Figure 4.8 H2A.Z enrichment and luciferase activity increase over time. 
(A) H2A.Z enrichment across GT_210_nt, GT_416_nt, a 6 kb region upstream of the adjacent TSR 
(non-TSR) and the TSR upstream of the site of insertion. The H2A.Z levels were determined by 
MNase-ChIP-seq for SM Rluc GT_210_nt and SM Rluc GT_416_nt 8 and 21 days and 8 and 97 days 
post transfection, respectively. The H2A.Z enrichment of the adjacent TSR was set to 100%. (B) 
Luciferase activity was measured 8 and 30 days post transfection. To account for differences in cell 
number, Fluc activity was normalized to ectopically expressed Rluc activity. To account for technical 
variations, values were normalized to rRNA promoter-driven Fluc activity. Data are presented as 
mean ± SD. Error bars indicate standard deviation between two replicates. 

 
 
4.4 Concluding remarks 
 
The insertion of different complete or partial TSR DNA sequences into non-transcribed loci 
demonstrated that directed transcription initiation in T. brucei is indeed DNA-sequence-
mediated. However, the ability of the tested DNA sequences to initiate transcription is highly 
dependent on the genomic context. Analysis of TSR DNA sequences revealed GT-rich 
sequences enriched on the coding strand to be the key element to trigger directed transcription 
initiation. In addition, the GT-rich sequences promoted the targeted H2A.Z deposition to the 
site of the inserted GT-rich promoters. 
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In a wide range of organisms dispersed promoters have been identified (Martínez-Calvillo et 

al., 2003; Zhang and Dietrich, 2005; Saxonov et al., 2006; Yamamoto et al., 2009; Kolev et al., 
2010; Ni et al., 2010; van Heeringen et al., 2011). Those are characterized by several 
transcription initiation sites within regions of 50 bp-10 kb and a lack of defined promoter motifs 
(Carninci et al., 2006; Sandelin et al., 2007; Koch et al., 2011). Furthermore, they show a 
higher enrichment in H2A.Z and harbor broader NDRs compared to focused promoters (Tirosh 
and Barkai, 2008; Rach et al., 2011). In addition to promoters, exon/intron boundaries have 
been shown to be depleted from nucleosomes while exons are highly occupied by 
nucleosomes compared to introns (Schwartz et al., 2009; Tilgner et al., 2009; Chen et al., 
2010). It has been proposed that this increase slows down the transcription rate facilitating the 
co-transcriptional recruitment of splicing factors (Naftelberg et al., 2015). 

The data presented in the previous two chapters provided evidence, that TSRs in 
T. brucei could serve as dispersed promoters. They are enriched in H2A.Z over regions of 7-
10 kb, which appear to have a more open chromatin structure and RNA pol II-transcription 
initiates within ~2 kb at the 5´-end of H2A.Z enrichment. Although transcription initiation is 
DNA-sequence-mediated, defined promoter motifs are missing. In this chapter, I investigated 
whether TSRs and splice sites in T. brucei contain NDRs by mapping nucleosome positioning.  
 
 
5.1 Exon boundaries rather than TSRs contain well-defined NDRs 
 
To investigate whether TSRs contain NDRs I performed an MNase-ChIP-seq experiment using 
a specific H3 antiserum (Gassen et al., 2012) to pull down nucleosomes from TSRs and 
located within PTUs. The digestion of the chromatin with MNase only leaves DNA that was 
associated with the histone octamer allowing a precise localization of nucleosomes genome-
wide when the nucleosomal DNA is sequenced and mapped back to the genome. Depending 
on how many reads align to a certain region of the genome, it can be determined whether a 
region is highly occupied by nucleosomes or depleted from nucleosomes. To analyze H3 
MNase-seq data, Konrad Förstner developed the tool ‘COVERnant’ that calculates the 
nucleosome occupancy from the number of aligned reads and normalizes to the input control 
and the total number of reads (Wedel et al., 2017). In addition, it allows the generation of 
metaplots, in which the nucleosome occupancy can be averaged for selected genomic regions. 
 Given the broad regions of dispersed transcription initiation and the organization of 
genes into PTUs I analyzed the nucleosome occupancy across the first gene of each PTU. I 
used the ATG of the first genes as a proxy for transcription initiation and averaged the data for 
the 184 genes. The metaplots revealed a strong depletion of H3-containing nucleosomes 
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~90 bp upstream of the ATG (Figure 5.1A and B). However, my primary transcript data 
indicated that RNA pol II transcription initiates much further upstream of the ATG of the first 
gene of a PTU (Figure 4.1, TSR-B). In addition, due to the median 5´UTR length of ~90 bp in 
T. brucei (excluding the spliced-leader RNA; Siegel et al., 2011) the here observed NDR might 
co-localize with the 5´-end of 5´UTRs, which contains an important motif for splicing. Thus, 
these data point to a role of NDRs in RNA processing rather than transcription initiation.  
 

 

Figure 5.1 Most genes within PTUs are preceded by an NDR. 
(A) Schematic illustration of PTU. (B) Average nucleosome occupancy plotted relative to the ATG of the 
first genes within PTUs (n = 184). The first genes have been defined according to a previous study (Kolev 
et al., 2010) and the coordinated have been adjusted to the genome version Tb927v24. (C) Average 
nucleosome occupancy plotted relative to the ATG of all genes except of the first genes within PTUs 
(n = 12,220). 

 
 
Given that T. brucei splices its polycistronic pre-RNA in trans, the 5´-end of each 5´UTR serves 
as a splice acceptor site (SAS). Thus, should exon boundaries be depleted of nucleosomes, I 
would expect to find an NDR upstream of each ATG. To test this hypothesis, I averaged the 
nucleosome occupancy for all remaining genes of the T. brucei genome, i.e. all genes 
excluding the first genes of PTUs, and observed a similar pattern as depicted in Figure 5.1B, 
indicating that most genes are preceded by an NDR (Figure 5.1C). Additionally, both metaplots 
show that the gene bodies located downstream of the NDR are more occupied by 
nucleosomes than regions upstream of the NDR. 
 It is proposed that nucleosomes act as ‘speed bumps’ and thereby slow down the rate 
of RNA pol II elongation and enhance co-transcriptional splicing efficiency (Naftelberg et al., 
2015). If this is the case, I would expect that RNA pol II levels correlate with nucleosome 
occupancy. Assuming that efficient trans-splicing results in high RNA levels, I would expect 
the amount of RNA to correlate with nucleosome occupancy. Thus, I grouped all genes of 
T. brucei based on the level of detected transcripts (Vasquez et al., 2014) in those, which are 
highly (top 25 %), intermediately (middle 25 %) and weakly expressed (bottom 25 %). I 
generated metaplots, in which I averaged my RNA pol II-ChIP and H3 MNase-ChIP-seq data 
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across all genes assigned to the individual groups and plotted them to their ATG or SAS. Since 
the annotation of UTRs has been performed only for highly expressed genes so far, I used for 
those genes the coordinates of the SAS and for the remaining the coordinates of the ATG to 
avoid introducing a bias in RNA levels during the grouping. The analysis shows, that the RNA 
pol II coverage closely resembles those of the nucleosome occupancy and I find a well-defined 
NDR upstream of highly expressed genes, while it is absent upstream of genes that show low 
RNA levels (Figure 5.2). Notably, the NDRs of genes with intermediate and high RNA levels 
coincide with polyY tracts upstream of the genes analyzed. Plotting the data to ATGs 
exclusively shows the same results (Appendix Figure 7.2). PolyY tracts are short pyrimidine-
rich sequences that are located upstream of the SAS and serve as binding sites for the U2AF65 
subunit of the spliceosome (Kielkopf et al., 2001). Since polyY tracts are primarily composed 
of stretches of thymines we determined their location by screening for 10mers of Ts upstream 
of the SAS while an interruption of one non-T base was allowed (Figure 5.2, lower panels). 
Taken together, my nucleosome positioning data suggest that NDRs are involved in the 
regulation of RNA processing rather than of transcription initiation. 
 

 

Figure 5.2 Nucleosome depletion correlates with the level of gene expression. 
Average nucleosome occupancy (black) and RPB9 enrichment (cyan) plotted relative to the SAS/ATG of 
the 25 % of genes yielding the highest RNA levels (upper left panel, n = 2,753), the 25 % of genes yielding 
intermediate RNA levels (upper middle panel, n = 2,753) and the 25 % of genes yielding the lowest RNA 
levels (upper right panel, n = 2,753). RNA levels were determined previously (Vasquez et al., 2014). The 
number of polyT tracts composed of 10mers of Ts (Hamming distance = 1) within the regions analyzed in 
the upper panels was counted and plotted relative to the SAS/ATG (lower panels). The polyT enrichment 
is highlighted in grey. 

 
 
5.2 Composition of the polyY tract affects gene expression and nucleosome 

positioning 
 
To investigate, how the formation of an NDR at exon boundaries is regulated, I investigated 
whether the DNA sequence of the T-rich polyY tract is involved in this process. On the DNA 
level homopolymeric sequences in general are intrinsically rigid and are disfavored during 
nucleosome formation (Suter et al., 2000). Previous studies in which T. brucei cells were 
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transiently transfected with plasmids carrying FLUC preceded by polyY tracts of distinct 
composition showed that length and composition of polyY tracts influence trans-splicing 
(Siegel et al., 2005). Since the effect of nucleosome positioning could not be evaluated in these 
experiments, I conducted a similar approach based on a stable integration of the reporter 
construct into the genome.  

I generated two transgenic cell lines similar to SM Rluc GT_210_nt, which is described 
in chapter 4.2 and contains the short GT-rich promoter and FLUC preceded with the 
endogenous GPEET polyY tract. In the first cell line FLUC is preceded with a long T-rich polyY 
tract that has previously been shown to mediate highly efficient trans-splicing (Siegel et al., 
2005). In the third cell line no polyY tract is present upstream of FLUC. Luciferase assays 
revealed the highest luciferase activity for the GPEET polyY tract. The activity for the long T-
rich polyY tract was twofold lower compared to the GPEET polyY tract and no luciferase activity 
was measured for the cell line without polyY tract (Figure 5.3). These measurements are in 
good agreement with the previous transient transfection experiments and underline the 
importance of the polyY tract for efficient trans-splicing. 
 

 

Figure 5.3 Composition of polyY tract affects gene expression. 
Luciferase assays after insertion of a FLUC reporter construct containing the short GT-rich promoter. FLUC 
was preceded either with the endogenous GPEET polyY tract (green), a long T-rich polyY tract (light blue) 
or no polyY tract (dark blue). Pyrimidines are shown in blue. To account for differences in cell number, 
Fluc activity was normalized to ectopically expressed Rluc activity. To account for technical variations, 
values were normalized to rRNA promoter-driven Fluc activity. Data are presented as mean ± SD. Error 
bars indicate standard deviation between two replicates. 

 
 
To evaluate the importance of the polyY tract for nucleosome positioning, I performed an 
MNase-ChIP-seq experiment against histone H3 to examine the nucleosome positioning 
around the 5´-end of the 5´UTR of FLUC within the three cell lines. The paired-end sequenced 
reads were joined to fragments, mapped to the genome and high-resolution nucleosome 
occupancy maps were generated using ‘NUCwave’ (Quintales et al., 2015). ‘NUCwave’ 
calculates the position of a nucleosome according to the midpoint of the paired-end fragment. 
In order to obtain a higher resolution of the nucleosome center the fragments are symmetrically 
trimmed.  
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Analyzing the nucleosome occupancy maps revealed an extension of the NDR in the 
cells harboring the long T-rich polyY tract (Figure 5.4, middle panel) compared to those with 
the endogenous polyY tract (Figure 5.4, upper panel) and those without polyY tract (Figure 
5.4, lower panel). This might be the consequence of the homopolymeric nature of the long T-
rich sequence, which inhibits nucleosome formation. Additionally, these data indicate the 
presence of an NDR upstream of FLUC in the absence of a polyY tract (Figure 5.4, lower 
panel). Comparing the nucleosome positioning across the FLUC OFR it becomes apparent, 
that in all three cell lines FLUC is highly occupied by nucleosomes. However, in those in which 
FLUC is expressed the pattern is similar to each other (Figure 5.4, upper and middle panel) 
and different compared to the non-expressed FLUC (Figure 5.4, lower panel). In addition, the 
pattern suggests that in all three cell lines the GT-rich promoter is strongly depleted of 
nucleosomes, which might be due to the long homopolymeric stretches of Gs and Ts present 
in the promoter element. Taken together my results indicate that the polyY tract is important 
for efficient trans-splicing and can affect nucleosome positioning. However, there need to be 
additional elements that are involved in the generation of NDRs at exon boundaries.  
 

 

Figure 5.4 Composition of polyY tract affects nucleosome positioning. 
Nucleosome occupancy was determined for the three cell lines described in Figure 5.3 by and aligned to 
the SAS of FLUC. The maps were generated from histone H3 MNase-ChIP-seq data processed with 
bowtie 1.1.1 and default NUCwave settings (Quintales et al., 2015). The location of the respective polyY 
tract is highlighted in grey.  

 
 
5.3 Concluding remarks 
 
While the data generated within this study provide evidence that well-defined NDRs are absent 
from TSRs, they show that the 5´UTR of each gene is preceded by an NDR. Given the 
organization of genes in T. brucei in PTUs, these findings point to a role of NDRs in RNA 
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processing rather than transcription initiation. Particularly, when investigating the nucleosome 
occupancy of genes yielding high, intermediate and low RNA levels it became apparent that 
the presence of NDRs correlates with the level of gene expression. The analysis of the DNA 
sequence around the location of NDRs revealed that NDRs coincide with polyY tracts that are 
crucial for efficient trans-splicing. Manipulation of the DNA sequence of the polyY tract showed 
that its composition affects nucleosome depletion but is not the sole contributor in NDR 
formation. Additionally, I was able to show that RNA pol II enrichment correlates with 
nucleosome occupancy supporting the hypothesis that nucleosomes within exons, that are 
generally highly occupied by nucleosomes, act as ‘speed bumps’ (Naftelberg et al., 2015). 
Taken together, these data highly suggest the chromatin structure as an important factor 
during post-transcriptional regulation of gene expression. 
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6.1 Transcription initiates at the 5´-end of TSRs 
 
Genome-wide studies performed in different eukaryotes revealed a strong association of 
constitutively expressed genes with dispersed promoters, which lack well-defined sequence 
motifs. T. brucei, an evolutionarily highly divergent eukaryote, lacks transcriptional regulation 
of RNA pol II-transcribed genes and promoter sequences have remained elusive. Thus, how 
RNA pol II-mediated transcription initiation is facilitated in this parasite remains a fundamental 
question. From studies in different eukaryotes it has been shown that transcription initiation 
sites can be identified by mapping primary transcripts and that RNA pol II-mediated 
transcription initiation sites are characterized by the enrichment of RNA pol II due to promoter 
proximal pausing. Additionally, it has been shown that specific PTMs and histone variants 
localize to sites of transcription initiation and that those are involved in establishing an open 
chromatin structure (see chapter 1.2 for references). In T. brucei, it has been shown that the 
5´-ends of PTUs (TSRs) are enriched in PTMs, histone variants H2A.Z and H2B.V and that 
primary transcripts originate from these locations (see chapter 1.4 for references). However, 
where RNA pol II-mediated transcription exactly initiates remained to be elaborated. 

The findings in this work demonstrate that RNA pol II-specific transcription initiates at 
the 5´-end of each PTU. Furthermore, they show that the chromatin structure is more open 
within TSRs compared to non-TSR regions. The co-localization of both, RNA pol II and primary 
transcripts, shows that RNA pol II-specific transcription initiation starts at the 5´-end of each 
TSR. The genome-wide localization of RNA pol II and primary transcripts not only enabled the 
localization of RNA pol II-mediated transcription initiation. It also allowed us to draw 
conclusions about the nature of transcription initiation in T. brucei. The enrichment of primary 
transcripts within regions of ~2 kb suggests that transcription initiates dispersedly within these 
regions. T. brucei lacks transcriptional control and thus all genes arranged in PTUs are 
constitutively transcribed. Thus, these results are in good agreement with findings in other 
organisms, in which transcription of constitutively expressed genes has been linked to 
dispersed promoters. In addition, the primary transcript data provide evidence that transcription 
initiation is directional. Furthermore, in other organisms it has been shown that RNA pol II 
enrichment is due to promoter-proximal pausing. In T. brucei, RNA pol II enrichment localizes 
100-200 bp downstream of transcription initiation, which is in good agreement with findings in 
other organisms and suggests that T. brucei utilizes similar mechanisms during transcription 
as metazoans. This is surprising, since the predominant usage of polycistronic transcription in 
T. brucei is more common to prokaryotic systems. Given its early branching from the 
eukaryotic lineage in evolution, T. brucei could utilize mechanisms similar to yeast. Yeast, 
however, lacks the mechanism of promoter proximal pausing (Adelman and Lis, 2012). The 
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compaction of the chromatin influences the accessibility of DNA to proteins and thus, 
transcriptional activity. The chromatin state can be influenced by e.g. the incorporation of 
histone variants into nucleosomes. H2A.Z-containing nucleosomes have been shown to be 
less stable. However, unlike other eukaryotes, in which only single nucleosomes flanking the 
transcription initiation site contain H2A.Z, H2A.Z-containing nucleosomes are enriched within 
TSRs that span regions of ~10 kb. Results obtained from this study demonstrate that TSRs 
are more accessible to MNase digest compared to the remnant genome. These findings 
suggest that chromatin within TSRs is less compact than the remnant genome and agree with 
the findings obtained in other eukaryotes. However, there are substantial differences regarding 
the size of open chromatin regions. While regions associated with open chromatin in yeast 
measure 159 bp in mean (Lee et al., 2013), the observed open chromatin regions at TSRs are 
~10 kb in size. Given that data in this work provide evidence that NDRs are absent from TSRs, 
the observed broad regions of open chromatin reflect the absence of transcriptional regulation. 

Taken together, the findings provide evidence for the conservation of the association 
between dispersed transcription initiation and constitutively expressed genes.  
 
 
6.2 RNA pol II transcription initiation is DNA sequence-mediated 
 
Dispersed transcription initiation has been shown to be associated with the lack of well-defined 
promoter sequences. In this work, I sought to elucidate whether transcription initiation at TSRs 
is DNA sequence-mediated and thus to shed light on the mechanism of RNA pol II-mediated 
transcription initiation in T. brucei.  

Results from this work demonstrate that transcription is DNA sequence-mediated and 
GT-rich promoter elements have been identified to drive directional transcription initiation. 
Initial findings here show that the DNA sequence within endogenous TSRs is sufficient to 
initiate transcription. This has been demonstrated for the DNA sequence of both, complete 
TSRs and fragments of those. Fragments derived from the 5´-end of TSRs yielded the highest 
transcriptional activity, which decreased towards the 3´-end. The results obtained in this study 
are the first demonstration showing that the DNA sequence stablely integrated into the genome 
mediates transcription initiation. The finding that all TSR fragments tested promote 
transcription initiation suggests the absence of well-defined promoter motifs and further 
supports the hypothesis that transcription is dispersedly initiated in T. brucei. The highest 
luciferase activity observed at the 5´-end of TSRs correlates with the results obtained from the 
sequencing of primary transcripts. A fragment in the center of TSR-A yielding again high 
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luciferase activity and co-localizing to a second peak of primary transcripts within the TSR 
reflects this correlation (Figure 4.1). 

However, the ability of specific DNA sequence elements to initiate transcription is 
dependent on the genomic location. Insertion of a TSR sequence between two divergent TSRs 
resulted in transcriptional activity, whereas insertion of the same construct into a region 
enriched in H3.V led to no activity. The insertion of GT-rich promoter elements resulted in the 
same site-specific effects. In addition, insertion of an rRNA promoter between two divergent 
TSRs yielded lower transcriptional activity compared to its insertion into an rRNA array. These 
findings may be explained by the nuclear architecture of the T. brucei genome. Several 
previous studies revealed a clustering of specific RNA pol I, RNA pol II and RNA pol III subunits 
in distinct loci within the nucleus of T. brucei (Navarro and Gull, 2001; Uzureau et al., 2008; 
Alsford and Horn, 2011). Most strikingly, these analyses showed that RNA pol I is restricted to 
the nucleolus and the expression site body, where the variant surface antigens are transcribed 
(Navarro and Gull, 2001). Another study reported that RNA pol I-driven transcriptional activity 
is 20-fold higher compared to those of RNA pol II (Wirtz and Clayton, 1995; Biebinger et al., 
1996). This may explain the differences in rRNA promoter-driven transcriptional activity when 
a rRNA promoter is inserted into a non-RNA pol I environment namely outside of the nucleolus. 
Thus, the target site-specific differences in RNA pol I-driven luciferase activity are in good 
agreement with the nuclear organization. 

The findings in this dissertation demonstrate that GT-rich promoter elements are 
capable to drive directional transcription initiation. The results here show that the coding strand 
of TSRs is enriched in GT-rich 10mers and that these are able to promote transcription 
initiation. The number of identified 10mers is the highest at the 5´-end of TSRs and decreases 
towards the 3´-end. In concordance, DNA fragments derived from the 5´-end of TSRs yielded 
the highest luciferase activity. Both findings reflect experimentally the results obtained from 
the primary transcriptome data and thus further support that transcription is initiated at the 5´-
end of TSRs. Moreover, these correlations underline the importance of the identified GT-rich 
elements for transcription initiation. For several organisms it has been shown that sequences 
composed of alternating purine-pyrimidine sequences have the potential to adopt a Z-DNA 
structure (Herbert et al., 1999; Rich and Zhang, 2003). In Z-DNA, the alternating pyrimidines 
and purines are oriented in anti- and syn-conformation, respectively, resulting in a zigzag-
shaped sugar-phosphate backbone (Figure 6.1; Wang et al., 1979). In B-DNA, they exclusively 
have an anti-conformation. Z-DNA conformation mostly occurs in d(GC)n repeats, followed by 
d(TG)n repeats and d(TA)n repeats (Wang and Vasquez, 2007). The energetically unfavorable 
Z-DNA conformation is stabilized by negative supercoiling (Rahmouni and Wells, 1989). In 
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eukaryotes, the DNA is generally negatively supercoiled, and the energy is absorbed by 
nucleosome formation to prevent a torsional strain (Ausio et al., 1987). During transcription, 
RNA polymerase does not rotate on the opened DNA strand resulting in positive supercoiling 
in front and negative supercoiling behind the progressing polymerase. Thus, active 
transcription facilitates Z-DNA formation at permissive regions (Liu and Wang, 1987).  
 

 

Figure 6.1 The structure of Z-DNA. 
(A) van der Waals models of Z-DNA and B-DNA. For Z-DNA, two views are shown. The view on the right 
represents the double helix shown on the left rotated about 30°. The respective sugar-phosphate backbone 
is highlighted with a bold line. Modified from (Wang et al., 1979). (B) Structures of syn- and anti-guanosine 
nucleoside conformations. 

 
 
On the single-gene level Z-DNA has been shown to increase the expression level of the 
investigated genes (Wittig et al., 1992; Liu et al., 2001; Wong et al., 2007; Maruyama et al., 
2013). In a genome-wide study in human cells the Z-DNA binding protein Zaa has been 
demonstrated to bind in promoter regions containing sequences with the highest potential to 
form Z-DNA. In addition, those regions were found to co-localize with RNA pol II enrichment 
and histone marks associated with active transcription (Shin et al., 2016). In yeast, Z-DNA has 
been demonstrated to block nucleosome formation creating an open chromatin state around 
the TATA-box (Wong et al., 2007). The in this study identified GT-rich promoter elements are 
composed of GT-rich 10mers found to be enriched on the coding strand of TSRs. Among the 
most enriched are sequences of alternating Gs and Ts (Appendix Table 7.2). Thus, these 
sequences can potentially adopt a Z-DNA conformation and the findings in this study 
demonstrate that they promote transcription initiation and are depleted of nucleosomes. So 
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far, there is no evidence for the presence of Z-DNA in T. brucei. Upon isolation, kinetoplastid 
DNA has been shown to have the potential to adopt Z-DNA structure (Liu et al., 2006). To 
investigate whether Z-DNA structures are present in the T. brucei genome, prediction tools like 
Z-hunt and Z-catcher (Schroth et al., 1992; Li et al., 2009b) could be used to find potential Z-
DNA forming sequences and IF experiments using polyclonal (Lafer et al., 1981) and 
monoclonal (Möller et al., 1982) antibodies could be performed. 

Data of this study rise evidence that GT-rich elements provide directionality to 
transcription initiation. The findings demonstrate that the insertion of the reverse complement 
sequence of the GT-rich promoter element yields a strongly reduced luciferase activity. 
Additional experiments in which the GT-rich promoter element and its reverse complement 
sequence, resp., are flanked by RLUC and FLUC could be performed to further support this 
hypothesis. In this study RLUC has been used to normalize for cell number. Thus, in the setting 
described above ectopically expressed lacZ may be used for this application. 
 In T. brucei it has been suggested that nearby active transcription may influence the 
transcription level (McAndrew et al., 1998). Since the resistance gene within the targeting 
construct is transcribed divergently by a T7 promoter located adjacent to the GT-rich promoter 
element additional experiments were performed to exclude this possibility. To this end, two 
tetracycline operators (TetO) have been inserted between the T7 promoter and the rRNA 
promoter or the GT-rich promoter element, resp. (construct pCW24v4 and derivatives). Since 
all experiments have been performed in the SM background, a cell line that expresses the T7 
polymerase and the tetracycline repressor (TetR), putative transcriptional activity from the T7 
promoter towards the tested promoter would be blocked by the binding of TetR to TetO. The 
analysis of these cell lines revealed no influence of the transcriptional activity of T7 on the 
transcription level driven by the GT-rich promoter element (Figure 4.8).  

Taken together, these findings suggest that the link between a lack of well-defined 
sequence elements and a lack of transcriptional regulation may be highly conserved in 
evolution. 
 
 
6.3 GT-rich promoter elements contribute to targeted H2A.Z deposition 
 
It has been long known that the histone variant H2A.Z is enriched within regions of ~10 kb at 
the 5´-end of PTUs (Siegel et al., 2009). The mechanism contributing to this rather special 
organization of H2A.Z-containing nucleosomes however, remained elusive to date. Factors 
homologue to the key players involved in H2A.Z deposition in yeast have been identified in 
T. brucei. Some have been shown to co-localize with H2A.Z, such as the bromodomain-
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containing factor BDF3 (Siegel et al., 2009), the PTMs H3K4me3 and H4K10ac (Siegel et al., 
2009; Wright et al., 2010). In addition, homologues of histone acetyltransferases (Kawahara 
et al., 2008; Siegel et al., 2008), several histone methyltransferases (Figueiredo et al., 2009) 
and several BDFs (Siegel et al., 2009) have been identified. Thus, it is hypothesized, that 
T. brucei utilizes a similar mechanism for H2A.Z deposition. Previous studies performed in 
yeast demonstrated that an insertion of a 22 bp sequence from the SNT1 promoter in the 
center of an inactive gene is sufficient to induce formation of an NDR flanked by two H2A.Z-
containing nucleosomes (Raisner et al., 2005). 

Indeed, the findings in this study demonstrate that also in T. brucei the targeted H2A.Z 
deposition is DNA sequence-mediated. GT-rich promoter elements capable to initiate 
transcription were shown to promote the incorporation of H2A.Z to the site of insertion. 
However, the amount of newly incorporated H2A.Z was lower compared to endogenous H2A.Z 
levels. These findings could be explained by three different hypotheses: i) The GT-rich element 
contains a DNA sequence motif that serves as binding site for proteins involved in shaping the 
chromatin structure, ii) H2A.Z deposition is stimulated by transcription initiation and its 
associated factors or iii) the GT-rich element establishes a certain chromatin structure 
promoting H2A.Z deposition. Regarding the first hypothesis, the 22 bp sequence inserted in 
yeast contained a Reb1 binding site and an adjacent poly(dA:dT)7 tract. Both have been shown 
to act redundantly to establish an NDR and H2A.Z deposition (Raisner et al., 2005). The Reb1 
binding motif has been shown to be even more conserved among species than the TATA-box 
(Elemento and Tavazoie, 2005) and is essential for NDR formation in a subset of yeast 
promoters (Hartley and Madhani, 2009). The here tested sequences are rich in Gs and 
stretches of Ts, as well. However, so far neither Reb1 homologues have been reported for 
T. brucei, nor it is likely that the synthetic generated GT-rich elements incidentally contain 
binding motifs. In the experimental setting devised in this work, it is not possible to draw 
conclusions whether transcription initiation stimulates H2A.Z deposition (second hypothesis). 
However, findings in yeast provide evidence, that H2A.Z deposition does not require active 
transcription (Raisner et al., 2005). High-resolution nucleosome mapping of the insertion site 
of the short GT-rich promoter element indicate that the GT-rich sequence is depleted of 
nucleosomes (Figure 5.4). A reason for this depletion may be that the promoter element 
contains sequences that are unfavored by nucleosome formation at a high density, namely 
intrinsically rigid and repetitive GT-rich sequences and stretches of Ts. Indeed, findings in 
yeast suggest that NDR establishment is necessary for H2A.Z deposition (Hartley and 
Madhani, 2009). Thus, the results presented in this work are in line with the third hypothesis. 
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The low overall nucleosome occupancy in this region may explain why the H2A.Z levels at GT-
rich regions did not reach those of endogenous TSRs.  

Taken together, in this study specific DNA sequences have been identified that affect 
local chromatin structure.  
 
 
6.4 NDRs regulate gene expression post-transcriptionally and are affected by the 

DNA sequence 
 
In contrast to the conservation of mechanistic details during RNA pol II transcription initiation 
in T. brucei discussed above, the findings in this study revealed significant differences 
concerning the chromatin structure at transcription initiation sites. While in other eukaryotes 
promoter regions and splice motifs are depleted of nucleosomes, results from this work 
demonstrate that only the latter are depleted in T. brucei. This suggests that NDRs are 
associated with mRNA maturation rather than transcription initiation. Given the capability of 
NDRs to regulate DNA accessibility, the absence of NDRs at TSRs may reflect the lack of 
transcriptional regulation in T. brucei. Thus, they highlight the importance of post-
transcriptional mechanisms of gene regulation, such as trans-splicing. Genome-wide 
nucleosome occupancy maps revealed an increase of nucleosome occupancy across exons 
compared to introns (Schwartz et al., 2009). Splicing occurs co-transcriptionally. Hence, it has 
been proposed that positioned nucleosomes at the 5´-end of exons may function as ‘speed 
bumps’ to slow down RNA pol II elongation and thereby promote the inclusion of exons 
(Schwartz and Ast, 2010). This model proposes, that exon selection is influenced by the 
presence or absence of nucleosomes, which thereby affect alternative splicing. The outcome 
of several studies where SASs have been mapped genome-wide in T. brucei suggest that 
T. brucei also utilizes alternative splicing. It was shown that the major SAS of many genes 
differs between life cycle stages yielding transcripts with different 5´UTRs (Kolev et al., 2010; 
Nilsson et al., 2010; Siegel et al., 2010). Thus, in the absence of transcriptional regulation, 
alternative trans-splicing has been proposed as a mechanism to regulate gene expression.  

The data in this work revealed a strong increase in nucleosome occupancy at the 5´-
end of exons. The correlation between nucleosome occupancy and RNA pol II distribution 
proposes that the increase in nucleosome occupancy may act as a barrier and slows RNA 
pol II elongation, which results in the observed increase in RNA pol II levels. The decrease in 
RNA pol II elongation speed may increase co-transcriptional trans-splicing efficiency and affect 
the choice of SASs. Thus, changes in nucleosome positioning between life cycle stages may 
contribute to the observed life-cycle specific SAS preferences. Within the scope of this 



6. Discussion 

 114 

dissertation MNase-ChIP-seq experiments have been performed in the procyclic form of 
T. brucei, but have not been analyzed, yet. Thorough analysis of these data may contribute to 
confirm this hypothesis.  

The DNA sequence affects trans-splicing and nucleosome occupancy at polyY tracts. 
PolyY tracts are of central importance on both, the DNA level and the RNA level. On the one 
hand, given their homopolymeric nature, these sequences are rigid and thereby unfavored 
during nucleosome formation resulting in decreased nucleosome occupancy. On the other 
hand, they serve as binding sites for U2AF65, an important spliceosome subunit. Based on 
the analysis of nucleosome occupancy in several organisms it has been suggested, that the 
reason for the observed differences in chromatin structure at exon/intron boundaries lies within 
the DNA sequence itself. Thus, splicing signals that were previously been thought to act only 
on the RNA level, may also affect processes on the DNA level, such as the chromatin structure 
of introns and exons (Schwartz et al., 2009). The in this study observed differences in 
nucleosome occupancy and gene expression due to distinct compositions of polyY tracts 
support the above-mentioned hypothesis. However, the polyY tract yielding the strongest 
depletion induced less gene expression than the endogenous polyY tract. A reason may be a 
disruption of the U2AF65 binding motif in order to extend the homopolymeric sequence. As 
expected, no gene expression could be detected in the absence of a polyY tract. However, on 
the chromatin level, an NDR could still be observed. Hence, additional factors such as 
chromatin remodelers and sequence motifs within the downstream 5´UTR may be either 
additionally or redundantly involved in shaping the nucleosomal landscape around exon/intron 
boundaries.  

Taken together, these lines of evidence demonstrate an impact of nucleosome 
occupancy on RNA maturation in a the highly divergent eukaryotic parasite. The results in this 
study highlight nucleosome positioning as an additional level of gene expression regulation in 
T. brucei and support the conservation of a link between chromatin structure and regulation of 
gene expression among eukaryotes.  
 
 
6.5 Conclusion 
 
Trypanosomatids distinguish themselves from other eukaryotes by their lack of transcriptional 
regulation, the organization of genes in long PTUs and the apparent absence of promoter 
motifs. This suggests that trypanosomatids utilize fundamentally distinct mechanisms to 
regulate gene expression. The findings in this dissertation demonstrate that specific DNA 
sequence elements can drive directional transcription and affect local chromatin structure. 
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Furthermore, the data here establish a link between chromatin structure and RNA maturation. 
Along these lines, these findings suggest that regardless its evolutionary divergence, T. brucei 
utilizes several of the mechanisms found in other eukaryotes to regulate its gene expression. 
This implies, that many of the strategies are highly conserved in evolution.  
 Simultaneously, the findings accentuate the divergence between T. brucei and the 
majority of eukaryotic organisms in terms of nucleosome occupancy at transcription initiation 
sites. The observed differences may reflect the lack of RNA pol II transcription regulation in 
T. brucei and may support its dependency on post-transcriptional mechanisms of gene 
expression. Furthermore, these findings open new perspectives on our understanding of 
mechanistic requirements during transcription initiation in eukaryotes. 
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7.1 Appendix Figures 

 
Appendix Figure 7.1 Generation of αH2A.Z and αH2B.V. 
(A) Amino acid sequence of H2A.Z (Tb427.07.6360) and H2B.V (Tb427tmp.02.5250). Acetylated lysines 
were determined previously (Johannes Thürich, unpublished) and are shown in cyan. The sequence of the 
peptide used for immunization is shown in pink. (B) Timeline of the immunization protocol. ID, intradermal; 
CFA, Complete Freund´s adjuvant; SC, subcutaneous; IFA, Incomplete Freund´s adjuvant. (C) Western 
blot analysis of the first test bleed of αH2A.Z #1 on cell lysates of SM Ty1-H2A.Z H2A.Z-/- (left panel), the 
third test bleed of αH2A.Z #3 and purified αH2A.Z #1 on cell lysates of Wt (middle panel) and the third test 
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H2B.V 15.8 kDa
PPTKGGKRPL PLGGKGKGKR PPGQTTKSSS 30 
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bleed of αH2B.V #1-3 on cell lysates of BFJEL43 (right panel). Sera were diluted 1:1,000. BB2 (diluted 
1:1000) is used as size control for Ty1-H2A.Z and Ty1-H2B.V, respectively. (D) Evaluation of different 
elution strategies (high salt, low pH, high pH) for αH2A.Z #1 via western blot on cell lysates of SM Ty1-
H2A.Z H2A.Z-. Elution fractions were diluted 1:250. The antiserum control is shown as loading control. (E) 
Western blot analysis of purified αH2A.Z #1 (final bleed, upper panels) and αH2B.V #2 (final bleed, lower 
panels). In total, 10 ml of each antiserum were affinity purified during two rounds of 5 ml each (flowthrough 
I and II). Several dilutions of the purified antibodies were tested (left panels). The amido black stained 
nitrocellulose is shown as loading control (right panels). (F) Representative fluorescence microscopy using 
αH2A.Z #1 75 d 1:500. Scale bar, 7.5 µm.  

 
 

 
Appendix Figure 7.2 Nucleosome depletion correlates with the level of gene expression. 
Average nucleosome occupancy (black) and RPB9 enrichment (cyan) plotted relative to the ATG of the 
25 % of genes yielding the highest RNA levels (upper left panel, n = 2,753), the 25 % of genes yielding 
intermediate RNA levels (upper middle panel, n = 2,753) and the 25 % of genes yielding the lowest RNA 
levels (upper right panel, n = 2,753). RNA levels were determined previously (Vasquez et al., 2014). The 
number of polyT tracts composed of 10mers of Ts (Hamming distance = 1) within the regions analyzed in 
the upper panels was counted and plotted relative to the ATG (lower panels). The polyT enrichment is 
highlighted in grey. 
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7.2 Appendix Tables 
 

Appendix Table 7.1 List of RNA pol II transcription initiation sites. 
Regions were manually chosen based on clear RPB9 and short primary transcript enrichment over 
background. Coordinates were chosen based on short primary transcript enrichment. 

 
chromosome start coordinate end coordinate strand 
Tb427_01_v4 283488 285578 coding (+) 
Tb427_01_v4 525915 528005 coding (+) 
Tb427_01_v4 654567 656134 noncoding (-) 
Tb427_01_v4 655375 656894 coding (+) 
Tb427_01_v4 763590 765348 noncoding (-) 
Tb427_01_v4 765063 766155 coding (+) 
Tb427_01_v4 813539 814917 coding (+) 
Tb427_01_v4 1001122 1002309 noncoding (-) 
Tb427_02_v4 310446 311556 noncoding (-) 
Tb427_02_v4 311052 312262 coding (+) 
Tb427_02_v4 513589 514901 noncoding (-) 
Tb427_02_v4 515154 516213 coding (+) 
Tb427_02_v4 900082 900990 noncoding (-) 
Tb427_02_v4 902708 904574 coding (+) 
Tb427_02_v4 1027702 1029821 coding (+) 
Tb427_03_v4 138226 139444 noncoding (-) 
Tb427_03_v4 139039 140404 coding (+) 
Tb427_03_v4 203533 204788 noncoding (-) 
Tb427_03_v4 204456 206635 coding (+) 
Tb427_03_v4 587251 588062 noncoding (-) 
Tb427_03_v4 1374695 1376024 coding (+) 
Tb427_03_v4 1611691 1612761 coding (+) 
Tb427_04_v4 316754 317684 noncoding (-) 
Tb427_04_v4 536669 538158 noncoding (-) 
Tb427_04_v4 948794 950004 noncoding (-) 
Tb427_04_v4 968980 970613 noncoding (-) 
Tb427_04_v4 1394537 1396135 noncoding (-) 
Tb427_05_v4 318852 321032 coding (+) 
Tb427_05_v4 500545 502483 coding (+) 
Tb427_05_v4 681753 682721 noncoding (-) 
Tb427_05_v4 919594 920966 noncoding (-) 
Tb427_05_v4 920563 922743 coding (+) 
Tb427_05_v4 1099914 1101771 noncoding (-) 
Tb427_05_v4 1100641 1102983 coding (+) 
Tb427_05_v4 1333232 1334927 noncoding (-) 
Tb427_06_v4 477838 479971 noncoding (-) 
Tb427_06_v4 687675 689193 noncoding (-) 
Tb427_06_v4 688796 690350 coding (+) 
Tb427_06_v4 1279437 1280846 noncoding (-) 
Tb427_06_v4 1283921 1285511 coding (+) 
Tb427_07_v4 29445 30496 noncoding (-) 
Tb427_07_v4 32338 34572 coding (+) 
Tb427_07_v4 229887 231026 noncoding (-) 
Tb427_07_v4 233876 235453 coding (+) 
Tb427_07_v4 349286 351082 coding (+) 
Tb427_07_v4 712036 713482 noncoding (-) 
Tb427_07_v4 715674 717032 coding (+) 
Tb427_07_v4 1014605 1016270 noncoding (-) 
Tb427_07_v4 1018550 1020039 coding (+) 
Tb427_07_v4 1239900 1241126 noncoding (-) 
Tb427_07_v4 1312265 1313185 noncoding (-) 
Tb427_07_v4 1314895 1317173 coding (+) 
Tb427_07_v4 1748259 1749222 coding (+) 
Tb427_07_v4 1905134 1906316 noncoding (-) 
Tb427_07_v4 1906361 1907675 coding (+) 
Tb427_07_v4 1925428 1926918 noncoding (-) 
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chromosome start coordinate end coordinate strand 
Tb427_07_v4 2143974 2145989 noncoding (-) 
Tb427_07_v4 2161506 2162206 coding (+) 
Tb427_08_v4 445264 446094 coding (+) 
Tb427_08_v4 624090 625197 noncoding (-) 
Tb427_08_v4 624894 626195 coding (+) 
Tb427_08_v4 876026 877881 noncoding (-) 
Tb427_08_v4 876830 878408 coding (+) 
Tb427_08_v4 1399543 1400927 noncoding (-) 
Tb427_08_v4 1443787 1445919 noncoding (-) 
Tb427_08_v4 1449550 1450712 coding (+) 
Tb427_08_v4 1609457 1611285 noncoding (-) 
Tb427_08_v4 1739942 1741658 coding (+) 
Tb427_08_v4 1997891 1998527 coding (+) 
Tb427_08_v4 2241988 2243178 coding (+) 
Tb427_09_v4 637298 638253 noncoding (-) 
Tb427_09_v4 640302 640813 coding (+) 
Tb427_09_v4 695435 697106 coding (+) 
Tb427_09_v4 831744 833553 noncoding (-) 
Tb427_09_v4 833144 834338 coding (+) 
Tb427_09_v4 1236301 1237153 noncoding (-) 
Tb427_09_v4 1381657 1383431 noncoding (-) 
Tb427_09_v4 1516906 1518646 noncoding (-) 
Tb427_09_v4 1719955 1721320 noncoding (-) 
Tb427_09_v4 1723778 1724972 coding (+) 
Tb427_09_v4 2466498 2468272 noncoding (-) 
Tb427_09_v4 2467283 2468852 coding (+) 
Tb427_10_v5 327642 330012 noncoding (-) 
Tb427_10_v5 447781 449630 noncoding (-) 
Tb427_10_v5 635099 636301 coding (+) 
Tb427_10_v5 1103371 1105221 coding (+) 
Tb427_10_v5 1231241 1232860 noncoding (-) 
Tb427_10_v5 1628037 1629609 noncoding (-) 
Tb427_10_v5 1634514 1635808 coding (+) 
Tb427_10_v5 1887018 1888543 noncoding (-) 
Tb427_10_v5 1923010 1926340 noncoding (-) 
Tb427_10_v5 2059809 2060825 noncoding (-) 
Tb427_10_v5 2064111 2065544 coding (+) 
Tb427_10_v5 2643554 2644988 noncoding (-) 
Tb427_10_v5 2754632 2755973 noncoding (-) 
Tb427_10_v5 2758056 2759767 coding (+) 
Tb427_10_v5 3168176 3169794 coding (+) 
Tb427_10_v5 3312052 3313809 noncoding (-) 
Tb427_10_v5 3421417 3422758 noncoding (-) 
Tb427_10_v5 3620487 3621781 noncoding (-) 
Tb427_10_v5 3623170 3625066 coding (+) 
Tb427_10_v5 3946453 3948025 coding (+) 
Tb427_11_01_v4 181839 182366 coding (+) 
Tb427_11_01_v4 542318 543900 noncoding (-) 
Tb427_11_01_v4 545429 546955 coding (+) 
Tb427_11_01_v4 890328 891882 noncoding (-) 
Tb427_11_01_v4 898826 899936 noncoding (-) 
Tb427_11_01_v4 900437 901381 coding (+) 
Tb427_11_01_v4 1264918 1266056 noncoding (-) 
Tb427_11_01_v4 1267168 1267750 coding (+) 
Tb427_11_01_v4 1874030 1875556 noncoding (-) 
Tb427_11_01_v4 2001652 2002595 noncoding (-) 
Tb427_11_01_v4 2002346 2003123 coding (+) 
Tb427_11_01_v4 2188570 2189652 noncoding (-) 
Tb427_11_01_v4 2192625 2193291 coding (+) 
Tb427_11_01_v4 2598986 2600485 noncoding (-) 
Tb427_11_01_v4 2603180 2604401 coding (+) 
Tb427_11_01_v4 2994848 2996124 noncoding (-) 
Tb427_11_01_v4 3154716 3156714 coding (+) 
Tb427_11_01_v4 3450120 3450758 noncoding (-) 
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chromosome start coordinate end coordinate strand 
Tb427_11_01_v4 3594156 3595822 noncoding (-) 
Tb427_11_01_v4 3595517 3596627 coding (+) 
Tb427_11_01_v4 4025459 4026375 noncoding (-) 
Tb427_11_01_v4 4482898 4484897 noncoding (-) 
Tb427_11_01_v4 4484287 4485508 coding (+) 

 
 

Appendix Table 7.2 List of 10mers enriched to at least 6-fold on coding strand compared to the 
noncoding strand across TSRs. 
To identify 10mers enriched on the coding strand compared to the noncoding strand across TSRs, the 
sequence of each TSR (n = 199) was divided in 5 equally-spaced regions. For each region the number of 
different 10mers was determined for the coding (blue) and noncoding strand (orange). This list contains only 
10mers enriched at least 6-fold on the coding compared to the noncoding strand. 

 
 coding strand region noncoding strand region 

10mer 1 2 3 4 5 1 2 3 4 5 
GGGGGGGGGG 132 7 27 19 18 17 12 3 8 1 
GTGTGTGTGG 18 2 4 4 2 1 1 0 1 0 
TTTTTTGTTT 18 18 17 6 10 2 2 0 2 3 
GGTGTGTGTG 15 0 2 1 2 0 0 0 1 0 
CGGGGGGGGG 13 0 3 4 2 1 2 0 1 0 
TATTTTTTTT 13 15 9 16 9 2 4 5 8 3 
TTTTTTAAAT 13 11 7 3 3 2 4 2 4 2 
TTTTTTTGTT 13 11 17 8 12 2 2 2 3 3 
TTTTTTTTGC 13 21 12 10 8 2 6 5 4 2 
TTTTTTTTGG 13 6 7 7 2 2 0 2 1 4 
GTTTTTTGTT 13 9 3 0 1 0 1 0 2 1 
TGTGTGTGGG 12 0 3 3 0 1 1 0 0 1 
TTTTATTTTT 12 11 13 11 7 2 4 3 2 1 
TTTTTGTTTT 12 13 19 13 3 2 3 2 5 2 
GTGTGTGGGG 11 0 3 3 0 1 0 1 0 0 
TGTGTTTGTG 11 6 1 4 2 1 0 1 1 0 
TTTGTGTGTG 11 2 2 4 2 1 0 2 1 0 
TGTTTTTTGT 11 10 3 3 2 0 2 2 2 0 
CGTGTGTGTG 10 3 5 4 2 1 0 0 0 2 
GGGGGGGGGC 10 2 3 0 4 1 4 0 1 0 
TTTGTTTTGT 10 5 6 3 7 1 2 1 0 0 
TTTGTTTTTG 10 7 4 4 8 1 1 3 4 0 
TTCCCCCTTT 10 3 4 3 7 0 1 2 4 1 
GTGTGTGTGC 9 3 2 1 3 1 0 1 1 2 
GTGTGTTTGT 9 3 1 2 1 1 1 1 1 0 
TATGTGTGTG 9 5 4 1 1 1 0 3 0 0 
TGCGTGCGTG 9 0 2 2 1 1 1 0 0 1 
TTTATTTTTT 9 14 12 11 11 1 2 3 3 1 
TTTGTTTGTT 9 3 3 3 5 1 1 2 1 1 
TTTTGTTTTT 9 9 10 7 4 1 0 4 6 2 
GTGCGTGCGT 9 0 2 1 1 0 2 1 0 1 
GTTTGTTTGT 9 2 1 1 1 0 2 0 1 0 
TGTATGTGTG 9 4 3 3 2 0 2 2 1 0 
TGTGTGTGTT 9 1 2 2 3 0 0 1 1 0 
ATGTTTTTTT 8 4 7 4 5 1 2 2 0 0 
CCCCCTCCCC 8 3 3 1 1 1 1 1 4 6 
CCTTTTCTTT 8 4 5 3 0 1 5 3 2 2 
GCGTGTGTGT 8 3 4 1 3 1 1 0 0 1 
GGGGGGAAAC 8 0 1 0 1 0 1 2 0 0 
GGTTGTTGTT 8 5 1 3 3 0 1 0 0 0 
GTTTGTGTGT 8 2 3 1 0 0 0 1 0 0 
TCATTTTTTT 8 10 8 2 4 0 2 5 1 0 
TCGTTTTTTT 8 5 8 6 0 0 2 0 1 0 
TGCGTGTGTG 8 2 7 2 3 0 1 0 0 1 
TGGTGTGTGT 8 2 2 2 0 0 0 2 1 0 
TGTTTGTGTG 8 5 3 4 3 0 1 1 1 0 
TTGCTTTTTT 8 5 4 4 2 0 1 1 4 2 
TTTTTGTTTC 8 7 2 4 6 0 1 1 3 1 
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 coding strand region noncoding strand region 
10mer 1 2 3 4 5 1 2 3 4 5 

AATGTTTTTT 7 5 1 3 1 1 1 2 1 0 
ATGTGTGTGT 7 4 4 2 4 1 1 2 2 1 
ATTTTATTTT 7 5 3 4 5 1 2 4 3 4 
CCCTTTTCTT 7 2 2 4 3 1 1 1 2 0 
CGAAGAAAAT 7 1 2 2 1 1 1 1 0 2 
CGGTGGTGTT 7 0 2 1 0 1 0 0 1 1 
GGGGGGGGAG 7 1 4 4 4 1 1 1 0 1 
GTCTTTTTTT 7 2 1 1 3 1 2 0 1 3 
GTGGGTGCGG 7 0 1 0 2 1 0 0 0 0 
TCTTTCTCCC 7 0 1 0 0 1 2 2 1 0 
TGTTGCTGCT 7 1 2 3 0 1 1 0 1 0 
TGTTTTTGTT 7 3 7 11 3 1 0 2 2 3 
TGTTTTTTCT 7 2 5 3 7 1 2 0 1 0 
TTGTTTTTTC 7 4 2 5 5 1 1 0 1 1 
TTTCCCCCTT 7 4 4 2 6 1 2 3 6 0 
TTTGTCATTT 7 1 2 2 1 1 1 1 3 1 
TTTGTTGAAA 7 0 2 0 0 1 0 0 2 0 
TTTTTTTGGG 7 1 5 2 1 1 0 0 0 1 
AGGGGGAGAG 7 0 0 0 0 0 0 1 0 1 
GGTGGGTGGT 7 0 0 0 0 0 0 0 1 0 
GTGCGTGTGT 7 2 3 3 1 0 3 0 0 0 
GTGTGTGGAG 7 0 1 2 0 0 0 1 1 0 
GTGTTTGTGG 7 0 1 1 1 0 0 0 0 0 
GTTTTTTTGT 7 4 5 3 1 0 1 3 0 0 
TCTTTGTTTT 7 5 4 3 7 0 1 0 1 0 
TGCTTTTTTC 7 1 1 2 1 0 0 0 1 0 
TGTGTATGTG 7 3 4 4 3 0 1 1 1 0 
TGTGTGTTTG 7 4 0 2 1 0 0 4 0 0 
TGTTCGTTTT 7 3 2 1 0 0 0 1 0 1 
TTATTTTTGT 7 8 3 4 3 0 1 2 0 2 
TTCCTTTTTG 7 2 2 1 2 0 2 0 0 3 
TTCGTTTTTT 7 5 6 7 0 0 2 0 1 0 
TTGTTTTGTT 7 6 6 1 5 0 5 0 1 0 
TTTCGTTTTT 7 5 3 4 0 0 1 2 1 1 
AAAAAAGGAG 6 1 2 2 0 1 2 1 0 1 
AAAAAGAAAG 6 2 5 3 2 1 5 7 7 6 
ACCGCTGCTG 6 2 1 2 0 1 0 1 0 1 
CGGTGGAGGC 6 0 0 0 1 1 0 0 0 0 
GAAGAAAATT 6 3 1 1 0 1 1 1 2 2 
GCTGCTGCTT 6 1 2 0 3 1 1 0 0 0 
GGTGCTGCTG 6 0 2 2 2 1 2 0 0 0 
GTATATATTT 6 5 4 5 0 1 1 0 3 2 
GTGGGTGGTG 6 0 2 0 1 1 0 0 1 0 
TCCCCCTTTC 6 1 0 2 2 1 0 0 3 1 
TGGGCACGTG 6 0 0 0 0 1 0 1 1 0 
TGGGTGGTGG 6 2 2 1 1 1 0 0 0 0 
TGTGTGGGGG 6 0 1 2 1 1 0 0 0 0 
TGTGTTTTTT 6 4 6 2 0 1 0 0 0 1 
TTCATTTTTT 6 8 3 3 4 1 3 5 2 1 
TTGTGTGTGT 6 1 1 4 1 1 0 1 1 0 
TTGTGTGTTT 6 4 1 1 1 1 0 2 2 0 
TTGTTTTTTT 6 4 9 6 6 1 4 3 5 1 
TTTCTTTCTT 6 6 5 7 3 1 2 1 3 2 
TTTTCTATTT 6 4 2 2 2 1 3 0 0 0 
TTTTCTGAGG 6 0 0 1 0 1 1 0 0 0 
TTTTTTGTCA 6 4 6 2 0 1 1 0 0 0 
TTTTTTTCTA 6 4 6 2 6 1 2 3 0 1 
TTTTTTTTTN 6 3 0 3 3 1 2 1 1 0 
CAGTGGAAAA 6 1 0 3 2 0 2 0 2 1 
CATTGTTTGT 6 1 2 0 1 0 0 1 0 0 
GAAGCGGTGG 6 0 1 0 0 0 0 0 0 0 
GAGGGGGAGA 6 1 0 1 0 0 0 1 0 0 
GGAAACTCTC 6 0 0 0 0 0 0 1 1 0 
GGCTGATGGC 6 0 1 0 1 0 0 0 0 0 
GGGCGTGGGG 6 0 0 0 0 0 0 0 0 1 
GGGGGGGGCT 6 2 1 0 2 0 0 0 2 0 
GGGTGTTGTG 6 0 0 1 1 0 0 1 0 0 
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 coding strand region noncoding strand region 
10mer 1 2 3 4 5 1 2 3 4 5 

GGTGATGGCT 6 0 0 0 1 0 0 0 0 0 
GGTGTTGTTT 6 1 3 0 2 0 0 1 0 1 
GTATGTGTGT 6 4 4 4 1 0 2 3 1 0 
GTGATGGCTG 6 0 0 1 0 0 0 0 0 0 
GTGTGTGGCG 6 0 0 0 1 0 1 0 0 1 
GTGTGTGGTG 6 0 2 3 1 0 1 0 0 0 
GTGTTGTTTT 6 2 6 1 1 0 3 2 1 1 
GTGTTTGTGT 6 3 1 4 2 0 0 2 0 0 
GTTGTTGTGG 6 0 0 1 1 0 0 0 0 0 
GTTTTATTTT 6 5 2 4 1 0 1 1 2 2 
TAGCATCTCA 6 0 0 1 1 0 0 0 0 0 
TCGGCTGCGG 6 0 0 1 0 0 1 0 0 0 
TGATTGTTTG 6 0 2 0 0 0 0 0 0 0 
TGGAAAAGGA 6 0 1 1 2 0 1 1 0 0 
TGGGGCGTGG 6 0 0 0 0 0 0 0 0 0 
TGGTGGTTGC 6 1 0 1 0 0 0 0 0 0 
TGTGTGTATG 6 2 2 1 0 0 1 1 1 1 
TGTGTGTGAA 6 2 1 1 1 0 0 0 1 0 
TGTGTGTGGA 6 2 3 2 0 0 0 0 0 0 
TGTTATTTGT 6 2 1 0 1 0 1 0 2 0 
TGTTGTGGTT 6 0 1 1 1 0 0 1 0 0 
TGTTTGCTTT 6 3 2 1 1 0 1 0 1 2 
TGTTTTGTCT 6 1 3 0 1 0 0 0 0 0 
TGTTTTGTTT 6 5 6 3 5 0 3 0 2 1 
TTATTTTATT 6 6 4 3 1 0 0 1 0 1 
TTCGCCCTTT 6 1 0 1 0 0 1 0 0 0 
TTGTATGTGT 6 2 1 0 1 0 0 1 0 0 
TTGTTGTGGT 6 0 0 1 2 0 0 1 0 0 
TTGTTTGTTG 6 2 2 1 1 0 0 2 1 0 
TTTATTTTTG 6 3 7 6 2 0 1 1 1 2 
TTTCGGTGCT 6 1 1 1 0 0 2 0 0 1 
TTTCTCCCTT 6 3 4 2 4 0 2 1 0 2 
TTTGCTTTTT 6 4 6 6 2 0 0 2 2 2 
TTTGGGGGGG 6 1 6 3 1 0 1 1 1 1 
TTTGTATGTG 6 1 1 0 1 0 0 1 1 1 
TTTGTGTGTT 6 6 3 1 0 0 0 0 2 0 
TTTGTTTCCT 6 2 3 3 3 0 1 0 3 2 
TTTGTTTTCC 6 2 6 2 4 0 1 1 1 3 
TTTTGCCACT 6 0 2 2 0 0 1 0 0 1 
TTTTGGGGGG 6 2 5 4 2 0 0 0 1 1 
TTTTTTTATT 6 7 9 4 7 0 0 6 1 1 
TTTTTTTGAT 6 3 8 3 1 0 0 1 1 0 
TTTTTTTGCA 6 6 6 3 1 0 1 2 1 1 
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Appendix Table 7.3 Information about sequencing data discussed in this study. 
The data have been deposited in NCBI's Gene Expression Omnibus (Edgar et al., 2002) and are accessible through GEO Series accession number GSE98061 
(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE98061). Information about their processing is listed in Appendix Table 7.4. 

 

 
  

description fastq name internal library 
name type of seq sequencer sequencing 

mode readlength [bp] sequenced reads

H2A.Z ChIP Wt_H2AZ_ChIP_R1.fq.bz2; Wt_H2AZ_ChIP_R2.fq.bz2 NS092 ChIP-Seq Illumina HiSeq 2500 paired-end 2x100 19307030
TY-RPB9 ChIP TY-RPB9_input_R1.fq.gz; TY-RPB9_input_R2.fq.gz; TY-RPB9_ChIP_R1.fq.gz; TY-RPB9_ChIP_R2.fq.gz NS299; NS300 ChIP-Seq Illumina NextSeq paired-end 2x76 2000698; 2389665
small 3P-RNA 3P-RNA_+PP_R1.fq.bz2; 3P-RNA_-PP_R1.fq.bz2 NS279; NS280 RNA-Seq Illumina NextSeq paired-end 2x76 19023800; 15803268
GT_210_nt_8dpt GT_210_nt_input_8dpt_R1.fq.bz2; GT_210_nt_input_8dpt_R2.fq.bz2; GT_210_nt_ChIP_8dpt_R1.fq.bz2; GT_210_nt_ChIP_8dpt_R2.fq.bz2 NS341; NS342 ChIP-Seq Illumina NextSeq paired-end 2x76 4389183; 4822644
GT_210_nt_21dpt GT_210_nt_input_21dpt_R1.fq.bz2; GT_210_nt_input_21dpt_R2.fq.bz2; GT_210_nt_ChIP_21dpt_R1.fq.bz2; GT_210_nt_ChIP_21dpt_R2.fq.bz2 NS230; NS231 ChIP-Seq Illumina NextSeq paired-end 2x76 3590078; 3766157
GT_416_nt_8dpt GT_416_nt_input_8dpt_R1.fq.bz2; GT_416_nt_input_8dpt_R2.fq.bz2; GT_416_nt_ChIP_8dpt_R1.fq.bz2; GT_416_nt_ChIP_8dpt_R2.fq.bz2 NS345; NS346 ChIP-Seq Illumina NextSeq paired-end 2x76 5468941; 5380736
GT_416_nt_97dpt GT_416_nt_input_97dpt_R1.fq.bz2; GT_416_nt_input_97dpt_R2.fq.bz2; GT_416_nt_ChIP_97dpt_R1.fq.bz2; GT_416_nt_ChIP_97dpt_R2.fq.bz2 NS248; NS249 ChIP-Seq Illumina NextSeq paired-end 2x76 11750987; 2475432
H3 nucleosome positioning H3_ChIP-seq_R1.fq.gz; H3_ChIP-seq_R2.fq.gz NS031 ChIP-Seq Illumina HiSeq 2500 paired-end 2x100 12615738
H3 ChIP endog. polyY H3_ChIP_GT_210_nt_R1.fq.gz; H3_ChIP_GT_210_nt_R2.fq.gz NS273 ChIP-Seq Illumina NextSeq paired-end 2x76 23187157
H3 ChIP strong polyY H3_ChIP_strongPolyY_R1.fq.gz; H3_ChIP_strongPolyY_R2.fq.gz NS274 ChIP-Seq Illumina NextSeq paired-end 2x76 27659287
H3 ChIP no polyY H3_ChIP_noPolyY_R1.fq.gz; H3_ChIP_noPolyY_R2.fq.gz NS275 ChIP-Seq Illumina NextSeq paired-end 2x76 27946008
H3.V Siegel et al., 2009 N/A ChIP-Seq Siegel et al., 2009 single-end 36 6812684
mRNA Seq Vasquez et al., 2014 NS025 RNA-Seq Illumina HiSeq 2500 single-end 2x100 20213835

sequencing
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Appendix Table 7.4 Information about the processing of the sequencing data discussed in this study. 
The computational data analysis was implemented as a Unix shell script, which together with further programs generated for this study are available at 
https://doi.org/10.5281/zenodo.438156 (DOI:10.5281/zenodo.438156). The processing of aligned reads was performed using a custom-made pipeline, COVERnant 
version 0.3.0, which is available for download at GitHub (https://github.com/konrad/COVERnant). To investigate nucleosome positioning reads were aligned using bowtie 
version 1.1.1 and processing was performed using the nucwave pipeline (Quintales et al., 2015). 

 

  

figure description mapping software mapping parameters read alignments reference genome wig file ws ss average file ws ss statistics
3.1C H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
3.1C H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 1 ss 1 ws 101 ss 101 median
3.1C TY-RPB9 ChIP bowtie2 version 2.1.0 local 89,73% Tb427v24 ws 101 ss 25 - -
3.2B H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
3.2B H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 1 ss 1 ws 101 ss 101 median
3.2B small 3P-RNA bowtie2 version 2.1.0 R1.fq only, local 46.51%; 51.76% Tb427v24 ws 1001 ss 25, ratio, forward/reverse - -
3.2B small 3P-RNA bowtie2 version 2.1.0 R1.fq only, local 46.51%; 51.76% Tb427v24 ws 1001 ss 25, ratio, forward/reverse ws 101 ss 101 median
3.5A H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
3.5A H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, 137-157 25,18% Tb427v24 ws 11 ss 11 - -
3.5A H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, 100-130 26,78% Tb427v24 ws 11 ss 11 - -
3.5A H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, >175 16,29% Tb427v24 ws 11 ss 11 - -
3.5B H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 1 ss 1 ws 101 ss 101 mean
3.5B H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, 137-157 25,18% Tb427v24 ws 1 ss 1 ws 11 ss 11 mean
3.5B H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, 100-130 26,78% Tb427v24 ws 1 ss 1 ws 11 ss 11 mean
3.5B H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, >175 16,29% Tb427v24 ws 1 ss 1 ws 11 ss 11 mean
4.1 H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
4.1 small 3P-RNA bowtie2 version 2.1.0 R1.fq only, local 46.51%; 51.76% Tb427v24 ws 1001 ss 25, ratio, forward/reverse - -
4.2 H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
4.2 H3.V bowtie2 version 2.1.0 local 38,74% Tb427v24 ws 501 ss 501 - -
4.2 mRNA Seq bowtie2 version 2.1.0 local 47,14% Tb427v24 ws 101 ss 101 - -
4.3A/B/C H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
4.3A/B/C H3.V bowtie2 version 2.1.0 local 38,74% Tb427v24 ws 501 ss 501 - -
4.3A/B/C mRNA Seq bowtie2 version 2.1.0 local 47,14% Tb427v24 ws 101 ss 101 - -
4.4 H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
4.4 small 3P-RNA bowtie2 version 2.1.0 R1.fq only, local 46.51%; 51.76% Tb427v24 ws 1001 ss 25, ratio, forward/reverse - -
4.5A H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 1 ss 1 ws 101 ss 101 median
4.7 H2A.Z ChIP bowtie2 version 2.1.0 local 93,28% Tb427v24 ws 101 ss 101 - -
4.8A GT_210_nt_8dpt bowtie2 version 2.1.0 local 99.62%; 99.21% Tb427v24_GT_210_nt_8dpt ws 1 ss 1, ratio - -
4.8A GT_210_nt_21dpt bowtie2 version 2.1.0 local 82.34%; 91.82% Tb427v24_GT_210_nt_21dpt ws 1 ss 1, ratio - -
4.8A GT_416_nt_8dpt bowtie2 version 2.1.0 local 99.65%; 99.59% Tb427v24_GT_416_nt_8dpt ws 1 ss 1, ratio - -
4.8A GT_416_nt_97dpt bowtie2 version 2.1.0 local 75.19%; 94.17% Tb427v24_GT_416_nt_97dpt ws 1 ss 1, ratio - -
5.1B H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, 137-157 25,18% Tb927v24 ws 1 ss 1 ws 101 ss 25 median
5.2 H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, 137-157 25,18% Tb927v24 ws 1 ss 1 ws 101 ss 25 median
5.2 TY-RPB9 ChIP bowtie2 version 2.1.0 local 78.95%; 89.73% Tb927v24 ws 1 ss 1, ratio ws 101 ss 25 median
5.4 H3 ChIP endog. polyY bowtie version 1.1.1 --suppress 1,6,7,8 --fr -m 1 -v 2 37,37% Tb427v24 nucwave default - -
5.4 H3 ChIP strong polyY bowtie version 1.1.1 --suppress 1,6,7,8 --fr -m 1 -v 2 33,07% Tb427v24 nucwave default - -
5.4 H3 ChIP no polyY bowtie version 1.1.1 --suppress 1,6,7,8 --fr -m 1 -v 2 35,82% Tb427v24 nucwave default - -
7.2 H3 nucleosome positioning bowtie2 version 2.1.0 local, no-mixed, no-discordant, unique, 137-157 25,18% Tb927v24 ws 1 ss 1 ws 101 ss 25 median
7.2 TY-RPB9 ChIP bowtie2 version 2.1.0 local 78.95%; 89.73% Tb927v24 ws 1 ss 1, ratio ws 101 ss 25 median

mapping of sequenced reads processing of aligned reads
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