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Summary/Zusammenfassung

Summary

In eukaryotes, the enormously long DNA molecules need to be packaged together with histone proteins
into nucleosomes and further into compact chromatin structures to fit it into the nucleus. This nuclear
organisation interferes with all phases of transcription that require the polymerase to bind to DNA.
During transcription — the process in which the hereditary information stored in DNA is transferred to
many transportable RNA molecules - nucleosomes form a physical obstacle for polymerase progression.
Thus, transcription is usually accompanied by processes mediating nucleosome destabilisation,
including post-translational histone modifications (PTMs) or exchange of canonical histones by their
variant forms. To the best of our knowledge, acetylation of histones has the highest capability to induce
chromatin opening. The lysine maodification can destabilise histone-DNA interactions within a
nucleosome and can serve as a binding site for various chromatin remodelers that can modify the
nucleosome composition. For example, H4 acetylation can impede chromatin folding and can stimulate
the exchange of canonical H2A histone by its variant form H2A.Z at transcription start sites (TSSs) in
many eukaryotes, including humans. As histone H4, H2A.Z can be post-translationally acetylated and as
acetylated H4, acetylated H2A.Z is enriched at TSSs suggested to be critical for transcription. However,
thus far, it has been difficult to study the cause and consequence of H2A.Z acetylation.

Even though, genome-wide chromatin profiling studies such as ChlP-seq have already revealed the
genomic localisation of many histone PTMs and variant proteins, they can only be used to study
individual chromatin marks and not to identify all factors important for establishing a distinct chromatin
structure. This would require a comprehensive understanding of all marks associated to a specific
genomic locus. However, thus far, such analyses of locus-specific chromatin have only been successful
for repetitive regions, such as telomeres.

In my doctoral thesis, | used the unicellular parasite Trypanosoma brucei as a model system for
chromatin biology and took advantage of its chromatin landscape with TSSs comprising already 7% of
the total T. brucei genome (humans: 0.00000156%). Atypical for a eukaryote, the protein-coding genes
are arranged in long polycistronic transcription units (PTUs). Each PTU is controlled by its own ~10 kb-
wide TSS, that lies upstream of the PTU. As observed in other eukaryotes, TSSs are enriched with
nucleosomes containing acetylated histones and the histone variant H2A.Z. This is why | used T. brucei
to particularly investigate the TSS-specific chromatin structures and to identify factors involved in H2A.Z
deposition and transcription regulation in eukaryotes. To this end, | established an approach for locus-
specific chromatin isolation that would allow me to identify the TSSs- and non-TSS-specific chromatin
marks. Later, combining the approach with a method for quantifying lysine-specific histone acetylation
levels, | found H2A.Z and H4 acetylation enriched in TSSs-nucleosomes and mediated by the histone
acetyltransferases HAT1 and HAT2. Depletion of HAT2 reduced the levels of TSS-specific H4 acetylation,
affected targeted H2A.Z deposition and shifted the sites of transcription initiation. Whereas HAT1
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depletion had only a minor effect on H2A.Z deposition, it had a strong effect on H2A.Z acetylation and
transcription levels. My findings demonstrate a clear link between histone acetylation, H2A.Z deposition
and transcription initiation in the early diverged unicellular parasite T. brucei, which was thus far not
possible to determine in other eukaryotes. Overall, my study highlights the usefulness of T. brucei as a
model system for studying chromatin biology. My findings allow the conclusion that H2A.Z regardless
of its modification state defines sites of transcription initiation, whereas H2A.Z acetylation is essential
co-factor for transcription initiation. Altogether, my data suggest that TSS-specific chromatin
establishment is one of the earliest developed mechanism to control transcription initiation in

eukaryotes.
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Zusammenfassung

In Eukaryoten muss die genomische DNA zusammen mit Histonproteinen zu Nukleosomen und weiter
zu kompakten Chromatinstrukturen verpackt werden, damit sie in den Zellkern passt. Diese Organisation
behindert die Transkription bei jedem Schritt, bei dem die Polymerase an der DNA bindet. Wahrend der
Transkription — dem Prozess bei dem die in der DNA gespeicherte Erbinformation in viele transportable
RNA Molekiilen umgewandelt wird — stellen Nukleosomen ein physikalisches Hindernis fiir das
Vorankommen der Polymerase dar. Aus diesem Grund wird die Transkription Ublicherweise von
Prozessen begleitet, die fiir die Destabilisierung der Nukleosomen sorgen, wie zum Beispiel post-
translationale Modifizierung (PTM) der Histone oder der Austausch von kanonischen Histonproteinen
durch eine ihrer Varianten. Soweit bisher bekannt ist Histonacetylierung am besten dafiir geeignet, eine
offene Chromatinstruktur bereit zu stellen. Die Lysinmodifizierung kann Interaktionen zwischen der DNA
und den Histonen innerhalb eines Nukleosomes destabilisieren und als Andockstelle fiir einige
Proteinkomplexe sogenannte Chromatin-Modellierer fungieren, die die Zusammensetzung eines
Nukleosomes verandern kénnen. Zum Beispiel, kann Acetylierung am Histon H4 das ,Zusammenfalten®
des Chromatins erschweren und den Austausch von kanonischem H2A mit ihrer Variante H2A.Z an den
Transkriptiosinitiationsstellen (TSSen) in vielen eukaryotischen Organismen, Menschen eingeschlossen,
stimulieren. Wie Histon H4, kann auch H2A.Z post-translationell acetyliert werden und wie acetyliertes
H4, findet man auch acetyliertes H2A.Z vor allem an TSSen. Deswegen geht man davon aus, dass es
sehr wichtig fur die Transkriptioninitiierung ist. Allerdings war es bisher nicht mdglich, die Ursache und
Wirkung von H2A.Z Acetylierung genauer zu untersuchen.

Genom-weite Chromatinprofilstudien wie z.B. ChIP-Seq ermdglichen es die genomische Lokalisierung
von vielen Histon-Modifizierungen und -Varianten zu bestimmen. Dennoch reichen sie nicht dafiir aus
alle Faktoren, die fir die Bildung einer bestimmten Chromatinstruktur notwendig sind, gleichzeitig
herauszufinden. Das wiirde voraussetzen, dass man alle Merkmale der genomischen Stelle kennt. Bisher
waren Analysen von spezifischen Chromatinstellen nur erfolgreich, wenn das Chromatin von einer
repetitiven Region, wie z.B. Telomeren, stammt.

In meiner Doktorarbeit verwendete ich den einzelligen Parasiten Trypanosoma brucei als Modelsystem
fir Chromatinbiologie. Dabei machte ich mir dessen Chromatinorganisation zunutze, die eher untypisch
fir einen eukaryotische Organismus ist. TSSen machen hier ungefdhr 7% des gesamten Genoms aus
(Mensch: ~ 0.00000156%).  Protein-kodierende  Gene sind in langen  polycistronischen
Transkriptionseinheiten (PTE) angeordnet. Jede dieser Einheiten besitzt eine eigene TSS, die vor der
PTE liegt, und bis zu 10 kb lang sein kann. Jedoch, wie in anderen Eukaryoten, sind an den TSSen
Nukleosomen angereichert, die sich durch acetylierte Histone und den Einbau der Histonvariante H2A.Z
auszeichnen. Aus diesen Griinden verwendete ich T. brucei, um wahrend meiner Doktorarbeit die

Chromatinstrukturen, die TSSen auszeichnen, genauer zu untersuchen und die Faktoren, die bei der
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H2A.Z Positionierung und dadurch bei der Transkriptionsregulation in Eukaryoten eine Rolle spielen,
herauszufinden. Daflir etablierte ich zuerst eine Methode, mit der man Chromatin von einer bestimmten
genomischen Stelle isolieren kann und die es mir ermdglichen wiirde, die Merkmale von TSS-
spezifischen und -unspezifischen Chromatin zu identifizieren. Spéater konnte ich das entwickelte Protokoll
mit einer Methode zur Quantifizierung von Lysin-spezifischen Histonacetylierung kombinieren. Dadurch
konnte ich herausfinden, dass Nukleosomen an trypanosomischen TSSen stark acetyliertes H2A.Z und
H4 enthalten und dass fiir diese Modifizierungen die Histonacetyltransferasen HAT1 und HAT2
verantwortlich sind. Eine Reduzierung der HAT2-Levels fiihrte zu einer Reduzierung von H4 Acetylierung,
verschlechterte die gezielte H2A.Z Positionierung und fiihrte dazu, dass die Transkriptioninitiierung sich
verlagerte. Wohingegen eine Reduzierung von HAT1, die zwar nur einen kleinen Einfluss auf die H2A.Z
Positionierung hatte, eine sehr starke Verringerung von acetyliertem H2A.Z und der Transkriptionsrate
zur Folge hatte. Durch meine Ergebnisse konnte ich zeigen, dass in T. brucei, einem evolutionér
divergenten eukaryotischem Organismus, die Prozesse der Histonacetylierung, H2A.Z Positionierung
und Transkriptionsinitiierung sehr stark miteinander verbunden sind. Meine Arbeit ist des weiteren ein
Beweis dafir, dass T. brucei ein sehr wichtiger Modellorganismus fiir die Forschung an Chromatin ist.
Insgesamt erlauben meine Ergebnisse die Schlussfolgerung, dass H2A.Z, egal ob modifiziert oder nicht,
ein Herausstellungsmerkmal fiir TSSen ist, wihrend acetyliertes H2A.Z essentiell fir die
Transkriptionsinitiierung darstellt. Zusammengefasst, weisen die Daten meiner Doktorarbeit darauf hin,
dass die Etablierung von bestimmten Chromatinstrukturen an TSSen eines der friihesten entwickelten

Mechanismen zur Kontrolle der Transkriptionsinitiierung in Eukaryoten ist.
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Chapter 1: Introduction
Trypanosoma brucei — an attractive model organism

More than 300 million years ago, the salivarian trypanosomes —single-celled, protozoan parasites —
emerged for the first time including the subspecies T. brucei brucei (Haag et al., 1998). Decades of
research have proved T. brucei as a valuable model organism for many aspects of eukaryaotic cell biology
leading to discoveries such as Glycosylphosphatidylinositol(GPI)-mediated protein anchoring (Ferguson
et al., 1988), RNA-editing (Benne et al., 1986) and trans-splicing (De Lange et al., 1984; Parsons et al.,
1984).

One advantage of using T. brucei as a model organism is that the handling is rather simple. It can be
easily cultured in liquid medium and grown to high densities (up to 4 x 107 cells/ml). In addition, many
tools for genetic manipulation are available allowing gene knockouts, gene knockdowns using the
intrinsic RNA-interference machinery, epitope-tagging of endogenous genes and overexpression of
recombinant proteins. One recent breakthrough has been the adaptation of the CRISPR/Cas9-system
allowing resistance marker-free genome editing at nucleotide resolution in T. brucei (Beneke et al., 2017;
Rico et al., 2018; Vasquez et al., 2018).

For my PhD thesis, | decided to use T. brucei to study the most fascinating aspects of eukaryotic cell
biology: DNA accessibility and transcription. In eukaryotes, DNA is not a free molecule, but packaged
into a higher order structure, which makes it possible to fit the long range of DNA (2 m in Homo sapiens)
into the small nucleus (~10 uM diameter) (Kornberg, 1974; Guo, 2014). The DNA compaction interferes
with all DNA-templated processes including transcription (Venkatesh and Workman, 2015). While in
most eukaryotes, transcription is controlled by many complex and inter-dependent processes, it has
been assumed that in T. brucei transcription relies simply on the degree of DNA accessibility making T.

brucei an excellent model organism to unravel the basic requirements for transcription.

General overview

T. brucei belongs together with its close relatives Leishmania major and Trypanosoma cruzi to the class
of kinetoplastea (order: Trypanosomatida; family: Trypanosomatidae; genus: Trypanosoma). All three
cause medically and economically relevant diseases, which are in case of T. brucei nagana in cattle or
Human African Trypanosomiasis, better known as sleeping sickness. Thus, T. brucei parasites are also
known as African trypanosomes. It should be noted that | will refer to T. brucei as trypanosomes in this
document.

With exception of a few cases of asymptomatic patients or patients, who seem to have cleared the T.
brucei infection (Jamonneau et al., 2012; Sudarshi et al., 2014; Capewell et al., 2016), untreated sleeping

sickness is lethal. Since 2000, the monitored cases have reduced about 90% and in 2017, less than
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1500 cases have been diagnosed. However, 57 million people in 36 countries are still at continuous risk
of getting infected (Organization, 2018). Human African Trypanosomiasis occurs almost exclusively in
Sub-Saharan Africa and is spatially limited to the presence of its arthropod vector, the tsetse fly of the
Glossina species (Malvy and Chappuis, 2011). The species T. brucei includes three subspecies, T. brucei
gambiense (causes chronic HAT; central and western Africa), T. brucei rhodensiense (causes acute
HAT; southern and eastern Africa), and T. brucei brucei (animal trypanosomiasis; not infective for
human) (Barrett et al., 2003). Drugs for treatment of human sleeping slickness are still unsatisfactory
due to their high toxicity, low efficacy and high costs. The standard drugs, available on the market, are
Suramin, Pentamidine, Melarsoprol, Eflornithine, and Nifurtimox, which is applied as a combination
therapy with Eflornithine (Field et al., 2017).

Life cycle

Trypanosomes undergo a complex life cycle, which requires adaptation to different environments within
the bloodstream of the mammal host and within the insect host, both accompanied by changes in

morphology, energy pathway and surface proteins (Figure 1.1) (Vickerman, 1985).

Bloodstream of the mammal host Tsetse fly Surface protein:
37°C 27°C B VsG
I procyclin
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_ —_—
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Figure 1.1. The life cycle of Trypanosoma brucei.
The scheme shows the different developmental stages in the mammal host (left) and in the insect vector (right). The colour
of the parasite refers to the surface antigen, which is expressed in the life cycle stage. The kinetoplast and flagellar base
are posterior to the nucleus (black circle) in the trypomastigotes (dotted arrows), and anterior in the epimastigote parasite.
The illustration was modified from (Clayton, 2019).

Within the mammalian host, T. brucei lives extracellularly in the bloodstream as proliferative long-slender
bloodstream forms (BF) that multiply by binary fission (Matthews et al., 2004). Increasing trypanosome-
density elevates the levels of the stumpy inducing factor, which promotes trypanosome quorum sensing
by oligopeptide signalling and stimulates the differentiation from proliferating BFs to non-dividing short-
stumpy forms (Rojas et al., 2019). The tsetse fly takes up a mixture of long-slender and short-stumpy
parasites during its bloodmeal. While it was thought that only the short-stumpy form can proceed

successfully to the procyclic stage, the proliferating stage in the midgut of the tsetse fly, and the long-
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slender parasites die after uptake because of the proteolytic environment in the insects’ midgut
(Matthews et al., 2004), recent findings suggest that BFs are also able to infect the tsetse fly (Schuster
et al., 2019). The procyclics (PF) migrate from the midgut to the tsetse fly’s salivary gland, where they
differentiate into dividing epimastigotes and further into non-proliferating metacyclics. Metacyclics are
injected in the mammal host during the next blood meal of the vector, where they differentiate to BFs
(Vickerman, 1985).

In the bloodstream, T. brucei cells are under constant attack by the host’s immune system. Nevertheless,
trypanosomal infections can persist for years without successful eradication by the immune response
(MacGregor et al., 2012). The immune response targets the surface coat proteins of the BFs generating
specific IgM and IgG antibodies to neutralise the fluctuating parasites (Matthews et al., 2004; Malvy and
Chappuis, 2011). The surface of T. brucei is coated with a dense, homogenous layer of ~10 million
identical copies of one variant surface glycoprotein (VSG) (Fenn and Matthews, 2007) serving as a
protection barrier against the immune response (Donelson, 2003; Matthews et al., 2004). By changing
the surface coat through switching to another major VSG, trypanosomes can hide themselves from the
circulating antibodies until the immune system produces another set of antibodies (Donelson, 2003).
This process is known as antigenic variation and occurs stochastically and periodically leading to

oscillating parasitaemia (Figure 1.2) (reviewed in (MacGregor et al., 2012)).
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Figure 1.2. Antigenic variations causes oscillating parasitaemia.

Levels of parasitaemia are shown as the number of parasites per pl blood over a time period of around 80 days. The blood
was taken from a 26-year-old patient from Northumberland, UK, who was infected with trypanosomes in N. E. Rhodesia
(today Zambia) in September 1909. The concentration of parasites in the patient’s blood increases and decreases
periodically. Each wave of parasitaemia is a consequence of a switch in VSG expression, the major surface antigen of the
parasite in the mammalian host, progressively exhausting the host's immune system (MacGregor et al., 2012). lllustration
was redrawn from (Ross and Thomson, 1910) by T.N. Siegel.

VSGs are only transcribed if they are located in a telomere-adjacent polycistronic transcription unit
(PTU), called expression site (Horn, 2014). In the bloodstream form parasite, around 15 bloodstream

form expression sites (BESs) are present, but only one of them is transcriptionally active ensuring



Introduction

mutually exclusive VSG expression (Borst, 2002). The trypanosomal genome harbours more than 2,500
VSG and pseudo-VSG genes (Cross et al., 2014) mostly found in the subtelomeres of the megabase
chromosomes (Berriman et al., 2005) providing an extensive repertoire of surface proteins for

trypanosomes.

Genome organisation in Trypanosoma brucei

The genome of the most commonly used laboratory strain T. brucei Lister 427 isolate has a total size
of 42.25 Mb (Mdiller et al., 2018) consisting of 11 megabase chromosomes, stored in a nucleus with a
diamenter of ~2.5 uM (Ersfeld et al., 1999), and harbours ~9,000 protein-coding genes (Berriman et al.,
2005).
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Figure 1.3. The genome architecture of T. brucei.

In 2018, the genome of the major laboratory T. brucei strain was de novo assembled. The scheme shows only one of the
two homologues core region of each chromosome (chr.), whilst for the subtelomeric regions both heterozygous arms are
shown. Above each chromosome line the relative transcript levels are shown. Specific genomic regions are highlighted in a
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corresponding colour. Annotated centromeres, bloodstream- and metacyclic-form expression sites are assigned to the
corresponding chromosomes (Asterix). The illustration was taken from (Miiller et al., 2018).

The megabase chromosomes are compartmentalised into a transcriptionally active, homozygous core
(22.71 Mb; diploid) and a transcriptionally silent, heterozygous, subtelomeric region (19.64 Mb; haploid)
(Figure 1.3) (Mdiller et al., 2018). In addition, the nuclear genome contains around five intermediate
(200 to 900 kb in length) (Berriman et al., 2005; Hertz-Fowler et al., 2007) and ~100 mini-chromosomes
(50-150 kb in length) (Hertz-Fowler et al., 2007; Cross et al., 2014).

Unlike in other eukaryotes (excluding its kinetoplastid relatives) studied so far, the protein-coding genes
of trypanosomes are arranged, functionally unrelated, in long arrays called polycistronic transcription
units (PTUs) (Myler et al., 1999) (Figure 1.4). The genome of T. brucei contains ~200 PTUs, each
transcribed as polycistronic pre-mRNA molecule (Martinez-Calvillo et al., 2010). Within an individual
PTU, transcription occurs from the same strand, whereas two neighbouring PTUs can be transcribed
also in the opposing direction. Strand-switch regions, arrays of rRNA or tRNA gene clusters separate
two PTUs from each other. Within a strand-switch region, the transcription converges or diverges,
depending on the transcription direction of the two neighbouring PTUs. In contrast to higher eukaryotes
and yeast, transcription in trypanosomes is not initiated at a specific site, but instead within a broad
region upstream of each PTU (Wedel et al., 2017), termed a transcription start site (TSS). Downstream
of the last gene of the PTU, transcription terminates within a so-called transcription termination site
(TTS) (Siegel et al., 2011).

Figure 1.4. mRNA synthesis and maturation in T. brucei.

Schematic illustration of an exemplary RNAPII-transcribed PTU. Protein-coding genes are shown in black. Each gene
consists of the 5’'UTR (grey), CDS and 3°UTR (grey). Green arrows show the direction of transcription. Divergent TSSs are
strand-switch regions, whereas the direction of transcription initiating from a non-divergent TSSs follows the direction of
the preceding PTU. The genes within one PTU are transcribed polycistronically. RNA processing via trans-splicing separates
the polycistronic pre-mRNA into the individual mRNA molecules. During frans-splicing, the spliced leader (SL) mini-exon is
added to each 5°UTR, which also contains the cap-structure, and each 3°UTR is polyadenylated. After RNA-processing, the
monocistronic mMRNAs can be exported from the nucleus.

Thus far, there is very little understanding of how and why, in an organism that lacks transcriptional

control, transcription initiates only within defined regions. Previous findings let us assume that the
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degree of DNA packaging is important and transcription initiation is favoured by increased DNA

accessibility at specific sites (McAndrew et al., 1998).

Chromatin

Within a eukaryotic nucleus, the genomic material is organised into a complex structure composed of
DNA and proteins, called chromatin. Using light microscopy and basophil dyes, chromatin can be
visualised and appears as scaffold of threads (Bickis and von Bertalanffy, 1956). Based on findings made
in interphase nuclei, chromatin has been subdivided into two types according to its compaction level.
Heterochromatin does not change its condensation state throughout the cell cycle and stays compacted,
whereas euchromatin is completely decondensed during interphase. Heterochromatic regions are visible
as darker stains at the periphery of the nucleus surrounding the lighter stained euchromatin in the
nucleoplasm. Moreover, euchromatin is more susceptible to nuclease digestion (Weintraub and
Groudine, 1976; McGhee et al., 1981; Sabo et al., 2006), suggesting that less proteins are bound to
DNA within euchromatic regions compared to heterochromatin and thus easier accessible for proteins
involved in DNA-templated processes, such as transcription (Campos and Reinberg, 2009). Indeed,
TSSs and actively transcribed regions are enriched in euchromatin (Boyle et al., 2008; Shi et al., 2009),
whereas heterochromatin is rather gene-poor and forms at repetitive elements such as telomeres and
centromeric regions (Stralfors and Ekwall, 2011).

In contrast to other eukaryotes, trypanosomal chromatin cannot be simply classified into
transcriptionally active euchromatin and transcriptionally silent heterochromatin. Electron microscopy
of interphase nuclei showed areas in the nucleoplasm of different electron density and electron dense
material clusters at the nuclear periphery, however less pronounced than in other eukaryotes (Ogbadoyi
et al., 2000). Due to its distinct genome organisation and unregulated transcription, it has been
suggested that trypanosomes do not possess much functional heterochromatin compared to complex
eukaryotes. The only potential heterochromatic regions in T. brucei are the telomeres, subtelomeres
(excluding the active BES), and the transcriptionally silent mini-chromosomes (Ogbadoyi et al., 2000).
In general, trypanosomal chromatin seems to be more loosely packed than mammalian chromatin (Belli,

2000). In all eukaryotes, chromatin consists of repeating arrays of its fundamental unit: the nucleosome.

The nucleosome

The canonical nucleosome (Kornberg, 1974; Olins and Olins, 1974; Germond et al., 1976) consists of
147 base pairs of DNA wrapped 1.65 left-handed super-helical turns around a histone octamer
containing two copies of each canonical histone H2A, H2B, H3 and H4 (Felsenfeld, 1978; Luger et al.,
1997) (Figure 1.5 a). Canonical histones are exclusively expressed during S-phase from multiple gene
arrays, which lack intron sequences, and are incorporated into chromatin in a replication-dependent

manner (Buschbeck and Hake, 2017). Near the entry and exit site of the nucleosome, protecting the

10
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inter-nucleosomal DNA, sits the linker histone H1, which stabilises the nucleosome (Hergeth and
Schneider, 2015) and is required for higher-order chromatin architecture (Bednar et al., 1998).
Histones are small, basic proteins, which are evolutionary conserved. The four core histones share a
common C-terminal histone fold domain, consisting of three a-helices that enable the formation of
heterodimers between H2A with H2B and H3 with H4 (Venkatesh and Workman, 2015). Interaction
between the H3 a-helices connects two H3-H4 dimers forming the central tetramer of the nucleosome
(Luger et al., 1997). Further interactions of H2B with H4 bring two separate H2A-H2B-dimers to each
side of the tetramer and, in the presence of DNA, completes the assembly of a single nucleosome
(Kamakaka and Biggins, 2005) (Figure 1.5 b). As a result, removal of the H3-H4-tetramer requires
preceding displacement of H2A-H2B-dimers (Crick, 1968).

Figure 1.5. The canonical nucleosome.

a Crystal structure of the canonical nucleosome (Luger et al., 1997) downloaded from The Protein Data Bank rcsb.org
(Berman et al., 2000). b The schematic illustration shows the step-wise assembly of the canonical nucleosome. 146 bp DNA
wraps around a histone octamer consisting of two copies of two heterodimers H2A-H2B and H3-H4. The two H3-H4
heterodimers build the central tetramer. The interaction between H4 and H2B brings two separate H2A-H2B heterodimer to
each side of the nucleosome. The interaction of the histones with DNA completes the nucleosome assembly. The illustration
was adapted from (Luger and Richmond, 1998).

Within a nucleosome, the basic histone proteins have 14 contact points to the negatively charged DNA,
making the nucleosome one of the most stable protein-DNA complexes (Luger et al., 1997). However,
nucleosomes are not fixed components and regulation of nucleosomal composition accompanies all

cellular processes which require accessible DNA as template (Li et al., 2007).

Histones of 7. brucei are highly divergent

While mammal genomes contain only two major histone gene clusters (Marzluff and Duronio, 2002),
the core histone gene arrays of trypanosomes are found in distinct clusters on different chromosomes.
The histone H2A cluster is found on chromosome 7, H2B on chromosome 10, H3 on chromosome 1

and the cluster of H4 is located on chromosome 5 (Berriman et al., 2005). While histone proteins are
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usually among the most highly conserved proteins in eukaryotic evolution, the core histones of
trypanosomes are substantially divergent due to sequence differences of their N-terminal tails (Figure
1.6) (Thatcher and Gorovsky, 1994). The linker histone H1 of trypanosomatids is smaller compared to
other eukaryotic H1 proteins and lacks the globular domain. However, the C-terminal domain is almost
identical to other H1 proteins (Toro et al., 1993).

Nuclear run-on assays demonstrated that transcription rates of trypanosomal histone genes are not
coupled to DNA replication (Soto et al., 2000; Recinos et al., 2001). Nevertheless, similar to other
eukaryotes, the steady-state histone mRNA levels peak at S-phase through increased mRNA stability
(Ersfeld et al., 1999; Garcia-Salcedo et al., 1999). Interestingly, trypanosomal histone mRNAs are
polyadenylated at their 3’-end, whereas in other eukaryotes histone mRNAs contain a stem-loop

structure replacing the poly(A)-tail (Aslund et al., 1994; Marafién et al., 2000).

T. brucei

- T brucei

~ T. thermophilia

——— H.sapiens

L— D melanogaster

T. thermophilia

S. cerevisiae

[ H.sapiens

Y———  D. melanogaster

Figure 1.6. Phylogenetic analysis of the trypanosomal core histones.
The neighbouring-joining tree was generated using Clustal Omega with standard parameters (Sievers et al., 2011). The
histone H2A (Th927.7.2820), H2B (Th927.10.10460), H3 (Tb927.1.2470) and H4 (Tb927.5.4170) protein sequences of T.
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brucei were downloaded from TriTrypDB (Aslett et al., 2010). The histone H2A (sp|P35065|H2A1_TETTS), H2B
(sp|P08993|H2B1_TETTS), H3 (sp|P69150|H31_TETTH) and H4 (sp|P69152|H4_TETTS) protein sequences of T.
thermophilia were downloaded from UniProt (UniProt, 2019). The histone H2A (HTA1]YDR225W|SGDID:S000002633), H2B
(HTB1|YDR224C|SGDID:S000002632), H3 (HHT1]YBRO10W|SGDID:S000000214) and H4
(HHF1]YBROO09C|SGDID:S000000213) protein sequences of S. cerevisiae were downloaded from yeastgenome.org (Cherry
et al., 2012). The histone H2A (sp|P84051|H2A_DROME), H2B (sp|P02283|H2B_DROME), H3 (sp|P02299|H3_DROME) and
H4 (sp|P84040|H4_DROME) protein sequences of D. melanogaster were downloaded from UniProt (UniProt, 2019). The
histone H2A (tr|B2R5B3|B2R5B3_HUMAN), H2B (tr|B4DR52|B4DR52_HUMAN), H3 (tr|B4E380|B4E380_HUMAN) and H4
(sp|P62805|H4_HUMAN) protein sequences of H. sapiens were downloaded from UniProt (UniProt, 2019).

Nucleosomal rearrangements influence chromatin dynamics

The ‘primary’ chromatin structure is a concatenation of many nucleosomes looking like beads-on-a-
string and is the fundament of higher-order chromatin formation (Luger et al., 2012), which is required
for packaging entire eukaryotic genomes into single nuclei (Venkatesh and Workman, 2015). However,
to fully package the genome, to organise specific chromatin regions and, to regulate DNA accessibility
for proteins, nucleosomes need to be moved, ejected, incorporated or restructured. Thus, dynamic
modulation of the chromatin state is an interplay of tightly regulated processes changing nucleosomal
structure. From a basic view, all of these processes need to break the 14 DNA-histone contact points
within a nucleosome to be able to modify the extent of DNA-wrapping, the composition of the histone
octamer, or of both together (Zlatanova and Thakar, 2008).

The mechanisms which induce chromatin reorganisations are categorised into intrinsic or extrinsic
dynamics (Campos and Reinberg, 2009). Intrinsic dynamics refer to changes in intra-nucleosomal
components affecting nucleosome properties such as binding strength, mobility, size or conformation.
Extrinsic effects are associated with interactional changes of two different nucleosomes opening or
closing chromatin compaction. Many processes mediating chromatin reorganisation involve post-
translational modifications of histones and incorporation of so-called histone variants and require
specific chromatin modifying proteins, such as remodelling complexes or histone chaperones (B6nisch
and Hake, 2012).

Post-translational histone modifications

Almost every histone possesses more than 60 different residues, which can be subjected to covalent
post-transcriptional modifications (PTMs) (Kouzarides, 2007). These residues are found on the
carboxyl-domain within the nucleosomal core and on the flexible amino-terminal tail protruding outward
of the nucleosome (Fischle et al., 2003). The most prominent histone PTMs are arginine (R) methylation,
lysine (K) acetylation, mono- /di- /trimethylation, ubiquitination, ADP-ribosylation and sumoylation,
serine (S) and threonine (T) phosphorylation (Li et al., 2007) (Figure 1.7 a).

Deposition of distinct modifications to genomic regions is tightly regulated, especially during
transcription. Histone modifications, which are associated to active transcription, are referred to as
euchromatin modifications/marks and include for example histone lysine acetylation or H3K4
trimethylation (H3K4me3). Other modifications, such as H3K27me, are localised at transcriptionally

silent sites and are therefore referred to as heterochromatin modifications/marks (Li et al., 2007).
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Some histone PTMs, e.g. acetylation, can change the net charge of a nucleosome thereby changing
intra-nucleosomal (such as histone-histone and/ or histone-DNA) or inter-nucleosomal interactions. The
resulting alteration of the nucleosomal stability can in turn affect the chromatin composition (Kouzarides,
2007). For example, histone acetylation reduces the positive lysine charge and as a result the DNA-
histone interaction gets weaker (Bannister and Kouzarides, 2011) (Figure 1.7 b). The enzymes
mediating histone PTMs either act in a fairly non-selective manner or their catalytic activity is restricted
to particular sites resulting in a unique function of the deposited chromatin mark (Kouzarides, 2007), as
described for example for methylation and phosphorylation marks.

Besides directly inducing nucleosomal rearrangements, histone PTMs can serve as a binding platform
for various effector proteins (Figure 1.7 ¢), such as histone chaperones or chromatin remodelling
complexes. These proteins can contain characteristic domains, for example bromo- or chromo-domains,

for recognising lysine acetyl and methyl marks, respectively (Zhang et al., 2015).

Figure 1.7. Histone PTMs can modify the nucleosome structure.
a Cross-talk of post-translational modifications found on yeast and human canonical histones. PTMs can have positive
(arrowhead) and/or negative (flat head) effects on other histone modifications. lllustration was adapted from (Kouzarides,
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2007; Bannister and Kouzarides, 2011). b Histone modifications can induce changes to the architecture and stability of a
nucleosome. For example, lysine residues have a positive charge that can form salt bridges with the DNA, which is negatively
charge. This interaction can stabilise the histone-DNA bonds within a nucleosome. Acetylation makes lysine less positive
and results in reduced chemical forces between the DNA and the histone, thereby altering the nucleosomal stability.
Whereas, lysine methylation does not alter the charge of the amino acid but depending on how many methyl groups are
added to the lysine residue, can have steric implications on the histone-DNA interaction, that changes the nucleosomal
stability. lllustration was redrawn from (Tessarz and Kouzarides, 2014). ¢ Post-translational histone modifications serve as
binding site for various proteins. Particular protein domains can recognise to a corresponding histone modification.
lllustration was redrawn from (Bannister and Kouzarides, 2011).

Unconventional histone modifications in trypanosomes

As in other eukaryotes, histones are subjected to various post-translational modifications in
trypanosomes, for example acetylation, methylation and phosphorylation. Studies have revealed that
many of the evolutionary conserved PTMs are absent in T. brucei, but have found trypanosome specific
PTMs (Saha, 2020).

One of the most remarkable difference of histone PTMs between T. brucei and other eukaryotes is the
C-terminal acetylation of H2A, which has only been identified in trypanosomes (Janzen et al., 20063;
Mandava et al., 2007). The functionality of this PTM pattern is still not clear, but it might regulate the
level of DNA accessibility for various DNA-binding proteins. In complex eukaryotes, the most prominent
H2A modification occurs upon DNA damage and is known as yH2A. Serine phosphorylated H2A induces
DNA repair by marking the break sites (Rogakou et al., 1998). In trypanosomes, yH2A is phosphorylated
at threonine'® and enriches in vivo at DNA damage sites (Glover and Horn, 2012).

Histone H2B of T. brucei is one of the most divergent histones. For example, it lacks the highly
conserved lysine residue K120, which is monoubiquitinylated in various organisms and important for
methylation of H3K4 and H3K79 (Sun and Allis, 2002). Interestingly, homologues to H3K4me (Wright et
al., 2010) and H3K79me (Janzen et al., 2006a; Mandava et al., 2007; Wright et al., 2010) are found in
trypanosomes, suggesting that the deposition of these marks is uncoupled from H2B ubiquitination in
T. brucei. In bloodstream form parasites, H2B is acetylated to very low levels at K4, K12 and K16
(Mandava et al., 2007), which are absent in PF parasites (Janzen et al., 2006b) suggesting stage-specific
variation in PTM distribution. To the best of our knowledge, histone H3 possesses the highest number
and diversity of PTMs. For example, H3 carries at least 17 different kinds of PTMs on more than 30
different residues in humans (Xu et al.,, 2014) and many of them are important for transcriptional
activation. For example, high levels of H3K4 methylation are found at TSSs and active promoters in
humans (Kim et al., 2005) and also in trypanosomes (Wright et al., 2010). H3K76 methylation (the
homologue to H3K79 methylation in other eukaryotes) is one of the best characterised PTMs in
trypanosomes. In humans, H3K79 methylation is implicated in cell cycle regulation, DNA damage
response and transcription (Nguyen and Zhang, 2011). H3K79 is mainly mono- and dimethylated and
both marks are mediated by one DOT1 methyltransferase (Disruptor of Telomeric Silencing). In

trypanosomes, H3K76 can be mono-, di- and trimethylated and the marks are mediated by two different
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enzymes DOT1A and DOT1B (Janzen et al., 2006b). While DOT1A only mediates mono- and
dimethylation and is involved in replication initiation (Gassen et al., 2012) and cell cycle progression
(Frederiks et al., 2010), DOT1B can also mediate H3K76me3 (Janzen et al., 2006b), which is involved
in differentiation and antigenic variation (Figueiredo et al., 2008; Frederiks et al., 2010). Histone H4 is
the least divergent core histone in trypanosomes and has been shown to be acetylated at the N-terminal
residues H4K2, H4K4, H4K5 and H4K10 (Janzen et al., 2006a), similar to the H4-tail in other eukaryotes.

Incorporation of histone variants

While core histones belong to the slowest evolving proteins known (Kamakaka and Biggins, 2005), so-
called histone variants can exhibit sequence differences in histone tails, globular domains or in only a
few amino acid residues compared to their canonical counterparts (Li et al., 2007). Except of histone
H4 lineages, all canonical histones have numerous variant proteins in higher eukaryotes, e.g. humans
(Malik and Henikoff, 2003) (Figure 1.8).

Figure 1.8. The human core histones and their variants.

Schematic illustrations of the described histone variants of human canonical histones. In contrast to H2A, H2B and H3 that
have many different types of variant forms with different regulator function, H4 is rather invariant in most eukaryotes (Khare
et al., 2012).

In contrast to canonical histones, the variant proteins are single-copy genes, and their transcripts are
subjected to alternative splicing and polyadenylation (Biterge and Schneider, 2014). Histone variants are
expressed and deposited into chromatin independently of DNA synthesis throughout the whole cell cycle
(Kamakaka and Biggins, 2005). Specialised histone chaperones and other chromatin modifiers
incorporate histone variants into nucleosomes, where they substitute pre-existing histones. Thus, they
are often termed as “replacement” histones (Biterge and Schneider, 2014). Deposition of histone

variants into a nucleosome introduces structural changes through altered histone/DNA and/or
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histone/histone interaction. This can affect the nucleosomal stability and as a result the chromatin
compaction (Henikoff, 2008). Consequently, exchange of canonical histones by variant proteins is an
important way to modulate chromatin and adds another level of complexity to the regulation of DNA
accessibility.

The changes on chromatin mediated by histone variants mediate can be profound. For example, specific
histone H3 variants, so-called CenpAs or CenH3s, are the foundation of centromeric chromatin (Malik
and Henikoff, 2003) and are important to distinguish centromeric DNA from DNA on the chromosome

arms during cell division (Henikoff, 2008).

Histone variants in trypanosomes

Trypanosomes encode four histone variants H2A.Z, H2B.V, H3.V and H4.V, which are expressed from
single copy genes (Lowell and Cross, 2004; Lowell et al., 2005). Analyses of their genome-wide
distribution have shown that the histone variants are enriched at specific regulatory regions of RNAPII
transcription in T. brucei (Siegel et al., 2009b). At RNAPII TTSs, the histone variants H3.V and H4.V are
enriched (Siegel et al., 2009b). Additionally, H3.V is found at the transcriptionally silent telomeres (Lowell
and Cross, 2004) and subtelomeric regions (Siegel et al., 2009b). Neither H3.V nor H4.V are essential
for trypanosomal viability (Lowell and Cross, 2004; Siegel et al., 2009b). However, previous findings
suggest that H3.V functions as a regulator of RNAPII transcription termination. For example, removal of
H3.V affects transcription termination and increases expression of genes downstream of TSSs
(Reynolds et al., 2016). Additionally, H3.V, together with H4.V, is important for genome architecture,
maintaining the silent state of transcriptionally repressed BESs. For example, cells, where both histone
variants were deleted, showed higher DNA accessibility on silent BESs and expressed a new major
surface VSG compared to wild type cells (Miiller et al., 2018). The variant forms of H2A and H2B are
H2A.Z and H2B.V, respectively, and both are essential proteins for T. brucei (Lowell et al., 2005). H2A.Z
and H2B.V dimerise exclusively together (Lowell et al., 2005) and are enriched at TSSs (Siegel et al.,
2009b).

Though, ChIP-seq studies can reveal the genomic sites, where specific chromatin marks are
incorporated, to understand its biological function, it is important to know how a specific mark is targeted
to a specific genomic locus and which factors play a role for its targeted deposition. However, therefore,
all marks present on the chromatin isolated from a specific genomic locus would need to be determined.
Thus far, analyses of locus-specific chromatin to identify all chromatin marks present at specific genomic
site, including PTMs, histone variants, histone modifying enzymes and chromatin remodelling
complexes, have only been successfully performed on chromatin isolated from long repetitive regions

such as telomeric repeats (Déjardin and Kingston, 2009).
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Chromatin remodelling complexes

Generally, all chromatin dynamics require the activity of specialised ATP-dependent chromatin
remodelling complexes (Clapier et al., 2017). They are important to ensure proper nucleosome spacing
and density, to move or evict nucleosomes for DNA-accessibility, or to exchange canonical nucleosomes
by histone variants at specific genomic regions (Clapier and Cairns, 2009). Many known chromatin
remodelers have a SNF2-like domain their catalytic subunit and belong to the same class of RNA/DNA
helicase superfamily 2, which is subdivided into four groups differentiating in their phylogenetic
relationship (Flaus et al., 2006) and/or their functionalities: ISWI, CHD, SWI/SNF, INO80 (Becker and
Horz, 2002; Hargreaves and Crabtree, 2011; Becker and Workman, 2013; Narlikar et al., 2013;
Bartholomew, 2014). Most of the studies analysing chromatin remodeler activities were performed in
budding yeast and thus, the naming of the four classes is based on their function in yeast (Clapier et
al., 2017).

The ISWI and CHD subfamily of chromatin remodelers mainly function in nucleosome assembly and
organisation following replication (Gurard-Levin et al., 2014) or transcription. During both processes,
the chromatin structure has to be dissolved and afterwards re-assembled. For example, during
replication, nucleosomes are randomly deposited from the DNA upstream of the replication fork and
following replication, the chromatin composition is re-established on the old and new double stranded
DNA. At first, pre-nucleosomes are formed, which contain a complete histone octamer (Torigoe et al.,
2011; Fei et al., 2015), but only 80 bp DNA wrapped around it. After that, chromatin remodelers assist
to complete the formation of a full nucleosomes and establish the correct nucleosome spacing by their
ATP-dependent sliding activities (Varga-Weisz et al., 1997; Corona et al., 1999).

The SWI/SNF superfamily contains predominantly chromatin remodelers, which assist in achieving DNA
accessibility. For example, the RSC-complex exposes nucleosome DNA to generate a nucleosome
depleted region at promoters without removing the associated histones (Parnell et al., 2008; Hartley and
Madhani, 2009; Wippo et al., 2011). The remodelers have a striking binding pocket for one
mononucleosomes (Asturias et al., 2002; Smith et al., 2003a; Leschziner et al., 2005). Interestingly, it
has been shown that the remodelling activity of ISWI complexes is stimulated by nucleosomes
containing the histone variant H2A.Z, which might enable other proteins to bind to chromatin (Goldman
et al., 2010).

The INO8O family, defined by the two closely related ATPases Ino80 and Swr1, is known to edit the
nucleosome composition in a replication-independent manner. Such remodelers form specialised
chromatin regions by incorporating or evicting histone variant proteins (Morrison and Shen, 2009). An
editing-remodeler needs to stabilise the hexasome following the removal of a histone dimers, while it
incorporates the variant dimer. Thus, they need to be able to differentiate substrate and product

nucleosomes (Clapier et al., 2017). A very prominent member of the INO80-family is the SWR1 complex,
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which removes H2A-H2B dimers and incorporates H2A.Z-H2B dimers (Kobor et al., 2004; Mizuguchi et
al., 2004). SWR1 contains proteins that specifically recognise H2A-H2B dimers (Wu et al., 2005; Hong
et al., 2014). The replacement of H2A-H2B by H2A.Z-H2B occurs in a stepwise manner. That means
that one H2A/H2B dimer is exchanged at a time. This creates heterotypic, intermediate nucleosomes
containing H2A and H2A.Z (Luk et al., 2010). The stepwise replacement of H2A with H2A.Z by SWR1 is
unidirectional. The reverse process requires the INO80 complex (Shen et al., 2003; Jin et al., 2009;
Papamichos-Chronakis et al., 2011b). In contrast to the SWR1 complex (Ranjan et al., 2015), INO80 can
additionally slide the nucleosome along a DNA strand (Udugama et al., 2011).

For a long time, it has been thought that each of the subfamilies has specific enzymatic mechanisms to
modify the chromatin structure in its specific way (Clapier and Cairns, 2009). However, in a recent
review, another model has been proposed suggesting that all remodelers use ATP-dependent DNA-
translocation to change the chromatin structure. By associating with specialised proteins, such as TFs
or histone chaperones, the remodelers are able to establish a specific chromatin structure at a specific
genomic region. This model is termed “hourglass”-model and is based on the finding that all remodelers
act similar to DNA translocases and possess an ATPase domain as the driving “motor” (Clapier et al.,
2017). While different remodelers affect the nucleosome composition differently, they (i) are all more
affine to nucleosomes than to naked DNA, (ii) have a single catalytic subunit containing the ATPase
domain, (iii) associate with proteins regulating the ATPase subunit, and (iv) interact with other chromatin
modifying proteins (Clapier et al., 2017).

Chromatin remodelling complexes are often recruited by histone PTMs (Suganuma and Workman, 2011;
DesJarlais and Tummino, 2016) through PTM-reader proteins, for example bromodomain- (Hassan et
al., 2002) or chromodomain-containing proteins for acetylation or methylation, respectively. Moreover,
nucleosome-modifying proteins, such as HATs or histone chaperones, cooperate with remodelling
complexes (Pollard and Peterson, 1998). For example, SAGA and NuA4 function along with SWR1 to
promote gene activity (Mitra et al., 2006; Altaf et al., 2010; Cheng et al., 2015).

Chromatin remodelling complexes in T. brucei

The release of the genomes of the three trypanosomatids in 2005 (EI-Sayed et al., 20053; Ivens et al.,
2005; Hertz-Fowler et al., 2007) opened the avenues to identify evolutionary conserved chromatin
factors in trypanosomes based on sequence analyses. T. brucei encodes six different histone
acetyltransferases (lvens et al., 2005; Kawahara et al., 2008), seven histone deacetylases, around 25
histone methyltransferases, four putative demethylases (lvens et al., 2005), five bromodomain proteins
(Ivens et al., 2005; Siegel et al., 2009b; Schulz et al., 2015) and one potential chromodomain protein
(Ivens et al., 2005). In contrast to bromo- or chromodomain proteins found in other eukaryotes,
trypanosomal reader proteins have only a single PTM-binding site (Figueiredo et al., 2009). Moreover,

T. brucei has 13 genes encoding for a potential SNF2-domain, the catalytic domain present in many
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chromatin remodelling complexes and two of them have been characterised: ThISWI and JBP2 (base J
binding protein) (DiPaolo et al., 2005).

Similar to other members of the ISWI family, TbISWI exhibits the typical SANT/SLIDE domain, which is
important for nucleosome sliding activity of the remodeler (Hota et al., 2013). ThISWI is involved in
silencing of VSG expression sites (Hughes et al., 2007). However, the remodelling activity of TbISWI
that accomplish the ES downregulation is still unclear. Using tandem-affinity purification, five interacting
partners of ThISWI have been identified, that do not show significant sequence similarity to the typical
ISWI-associated proteins. ChlP-seq analyses suggest that TbISWI and three of the interacting proteins
are enriched at TSSs (Stanne et al., 2011; Stanne et al., 2015). However, the function of the ISWI
complex for RNAPII transcription or if it is stimulated by H2A.Z has not been studied.

Interestingly, except of the SNF2-domain, JBP2 lacks any remarkable chromatin-binding motif, but
interacts with nuclear chromatin (DiPaolo et al., 2005). JBP2 is a thymidine hydroxylase that is
responsible for de novo synthesis of the trypanosome-specific DNA modification “base J”, which is a
hypermodified thymidine residue (Cliffe et al., 2009). Base J co-localises with H3.V at telomeres and
TTSs suggesting a role in transcription termination.

Next to putative chromatin remodelling proteins, T. brucei has a FACT complex composed of an
orthologue to the large subunit Spt16 (Denninger et al., 2010) and the histone chaperone Pob3
(Denninger and Rudenko, 2014). Depletion of Spt16 and Pob3 results in growth arrest and derepression
of silent VSG ESs, similar to depletion of TbISWI (Hughes et al., 2007), suggesting that some
nucleosome remodelling activity is required for successful ES silencing by maintaining a silent chromatin
state (Denninger and Rudenko, 2014). While studies in other eukaryotes have revealed that FACT

interacts with the histone variant H2A.Z, this interaction has not been investigated in T. brucei.

The role of the chromatin structure in RNAPII transcription

In all living organisms, the hereditary material is encoded in multiple genes (Crick, 1958). However, the
gene number itself does not define the complexity of an organism, more which genes are expressed in
which cell and to what extent. For example, the human genome contains roughly 20,000 annotated
protein-coded genes, but not all of them are expressed in each cell type (Velculescu et al., 1999).

Transcription, the initial part of gene expression, controls the ‘on and off’ status of a gene at the correct
time and place. An approximately 550 kDa enzyme complex (Cramer et al., 2000), termed RNA
polymerase, reads the DNA sequence of a gene and produces RNA, which is either protein-coding or
non-coding (Vannini and Cramer, 2012). DNA-dependent RNA polymerases are classified by the RNA
they produce, and RNA polymerase Il (RNAPII) generates messenger RNAs (mRNAs) from protein-
coding genes (RNAPI: ribosomal RNAs; RNAPIII: transfer RNAs) (Young, 1991), which are the basic

molecules for protein biosynthesis.
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Chromatin compaction interferes with all phases of RNAPII transcription that involve DNA-binding:
initiation, pausing and elongation (Chen et al., 2018). Nucleosomes constitute a physical barrier for
RNAPII progression (Bondarenko et al., 2006). Thus, transcription is accompanied by processes
mediating nucleosome destabilisation that enable the polymerase to overcome the nucleosomal obstacle
(Venkatesh and Workman, 2015) (Figure 1.9).

RNAPII transcription in eukaryotes

Generally, gene transcription by RNAPII starts with DNA binding of activator proteins adjacent to the
actual transcription start site (TSS) that leads to RNAPII recruitment and its positioning at the TSS. The
enzyme starts to synthesise a new mRNA molecule, thereby clearing the transcription start region and
passing into productive elongation. At the end of a gene, DNA-sequence mediated transcription

terminates, and the polymerase complex releases the complete transcript (Conaway et al., 2000).
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Figure 1.9. Chromatin remodelling accompanies transcription.

Chromatin modifiers associate to RNAPII during all steps of transcription that require DNA-binding of RNAPII. (1) Activator
proteins at the promoter recruit chromatin modifiers to make the promoter-DNA accessible for RNAPII. (2) RNAPII binds to
the promoter and (3) shortly after initiating transcription, the carboxyl-terminal domain (CTD) of RNAPII gets
hyperphosphorylated. (4) The phosphor marks of RNAPII recruit additional chromatin modifiers (5) for opening up the
chromatin during active elongation. These processes allow the transcription machinery to have constant access to the DNA
during progression. The illustration was modified from (Orphanides and Reinberg, 2000).

Transcriptional regulation is one of the most fundamental requirements for controlling cell identity,
growth, differentiation and development. For a long time, research has focused on transcription
initiation, where major regulatory steps take place for correct RNAPII recruitment and TSS recognition.
With disclosure of the RNAPII crystal structure (Cramer et al., 2000; Cramer et al., 2001), new,

unexpected insights into the molecular mechanism of RNAPII pausing/arrest and transcription elongation

22



Introduction

have been provided, which has permitted the study of the regulatory events leading to the transition

from initiation, RNAPII pausing to productive elongation (Jonkers and Lis, 2015).

Overview of the RNAPII complex

RNAPII is the core of the transcription machinery and consists of a ~600 kDA enzyme complex, which
includes 12 different subunits (Woychik et al., 1998) and is highly conserved from Saccharomyces
cerevisiae to H. sapiens. The catalytic site of RNAPII lies at the end of a deep cleft, which is formed
between the two largest subunits Rpb1 and Rpb2 and contains an essential Mg?* ion (Cramer et al.,
2000) (Figure 1.10).

Figure 1.10. Conserved topology of transcribing RNA polymerase II.

Simplified cut-away drawing of the transcribing eukaryotic RNAPII (silver) based on a crystallographic model. The direction
of transcription is indicated as a black arrow. The red strand is the nascent RNA molecule protruding out of the pore (yellow)
with the active site (pink). The transcribed DNA is blue (non-coding strand) and green (coding strand). lllustration was
adapted from (Cramer, 2004).

The cleft can harbour 8-9 base pairs of an RNA-DNA hybrid, maintaining the correct alignment of the
3'0H of the nascent RNA molecule to the metal ion, and ~20 nucleotides template DNA, which locate
downstream of the catalytic site (Cramer et al., 2001). The entry site of the DNA-binding cleft is encircled
by a pair of ‘jaws’, formed by parts of the subunits Rpb1, Rpb5 and Rpb9, that grip the entering DNA
template (Cramer et al., 2000). Near the active site, the amino-terminal regions of Rpb1 and Rpb6 and
the carboxyl-terminal part of Rpb2 form a clamp, referred to as ‘hinged’ domain (Fu et al., 1999), that
holds the DNA at the active site in place. Downstream of the catalytic site, 10-20 bp of the nascent
transcript are bound by potential grooves in the RNAPII complex (Rice et al., 1991), that stabilise the
elongation. Within a cell, RNAPII processes 25 nucleotides per second, a rate which could be achieved

only on naked DNA in in vitro studies (Orphanides and Reinberg, 2000).
The RNAPII complex of trypanosomes

Like other eukaryotes, trypanosomes employ three different RNA polymerases to transcribe their

nuclear genome. Interestingly, trypanosomal RNAPI can also synthesise messenger RNAs from VSGs

23



Introduction

and procylin genes that code for the major surface protein of PF parasites (Bitikofer et al., 1997), not
only rRNAs (Giinzl et al., 2003). Subtelomeric VSG expression sites are controlled by a RNAPI-specific
promoter (Hertz-Fowler et al., 2008), excluding RNAPII from these sites. Additionally, transcription of
the active expression site is compartmentalised into the ‘expression site body’ located adjacent to the
nucleolus, where most of the RNAPI-guided transcription takes place (Navarro and Gull, 2001). All other
protein-coding genes and small uracil-rich RNAs, which belong to the spliceosome complex and are
important for processing of the pre-mRNAs, are transcribed by RNAPII.

The RNAPII-complex consists of 12 subunits (RPB1-RPB12) (Srivastava et al., 2018). RPB1, RPB2,
RPB3, and RPB11 form the basic components of the enzyme complex and are homologues to subunits
of the eukaryotic core RNAPII complex (Das et al., 2006). In the trypanosomal genome, RPB1, the largest
subunit, is encoded by two non-allelic gene variants, termed polllA and pollIB, which differ in four amino
acids in the domain predicted for DNA-binding (Evers et al., 1989; Smith et al., 1989). Biochemical
studies of RPB9-pull outs have revealed that T. brucei contains the full set of general transcription
factors (GTFs), which are involved in transcription initiation in eukaryotes (Srivastava et al., 2018).

However, the protein sequences of the GTFs are extremely divergent from those of other eukaryotes.

Transcription initiation

In general, gene transcription by RNAPII starts with the assembly of the pre-initiation complex (PIC) that
consists of the GTFs — TFIIA, TFIIB, TFIID, TFIIE, TFIIF, TFIIH — and the coactivator complex Mediator as
stabilisator (Baptista et al., 2017; Hantsche and Cramer, 2017; Nogales et al., 2017). None of the known
eukaryotic RNA polymerase complexes can initiate transcription on its own. They need the proteins of
the PIC, which function in promoter recognition, polymerase recruitment, interaction with other
regulatory proteins, DNA unwinding and polymerase positioning to the correct transcription initiation
site (Griinberg and Hahn, 2013). PIC assembly starts with the formation of a closed complex (CC) by
TFIIA, TFIIB and TFIIH at the promoter site (Hantsche and Cramer, 2017). With some exceptions,
promoters are found upstream of each gene in eukaryotes and can extend ~35 bp upstream and/or
downstream of the transcription initiation site. Core promoters interact directly with transcription factors
and are characterised by specific DNA sequence elements, essential for recruitment of the transcription
machinery (Griinberg and Hahn, 2013). The best studied core promoter element is the TATA-box and
for a long time it has been suggested that TATA-promoter elements are largely invariant. However, it
has become increasingly clear that the majority of promoters do not contain the canonical TATA-element
(TATA-less promoters) (Smale and Kadonaga, 2003). TBP, previously classified as TATA-binding
protein, associates with TATA-containing or TATA-less core promoter elements. The transcription factor
TFIID, which consists of TBP and different TBP-associated factors (TAFs), functions in promoter

recognition and tethers TFIIA to the core promoters (Figure 1.11 a) (Sainsbury et al., 2015).
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Figure 1.11. Model of RNAPII complex during transcription initiation in eukaryotes.

a The model of the stepwise PIC-assembly is shown from the GTFs (various colours) and RNAPII (grey) on canonical
promoters. The TATA-binding proteins subunit (TBP) of TFIID binds to promoter DNA and induces DNA-bending. TFIIB and
TFIIA bind to both sites of TBP stabilising the TBP-DNA complex resulting in the upstream promoter complex. TFIIF-bound
RNAPII joins the complex and their binding initiate the formation of the core PIC. b Binding of TFIIE and TFIIH to the core
PIC completes PIC assembly (closed PIC) and in the presence of ATP, the DNA is opened up forming the transcription
bubble and the open PIC. ¢ In the presence of NTPs, the open PIC starts transcription and forms the initially transcribing
complex. The dissociation of the initiation factors and the binding of the elongation factors (blue) leads to the formation of
the elongation complex. The illustration was modified from (Sainsbury et al., 2015).

TFIIA, TFIIB and TBP assemble upstream of the promoter sequence and recruit TFlIIF-bound RNAPII,
thereby accomplishing the closed PIC (Figure 1.11 b) (Conaway et al., 2000). The DNA is tightly wrapped
around PIC through interaction with TFIIF, which inhibits RNAPII from subsequent promoter escape
(Conaway et al., 2000). Additionally, TFIIF assists RNAPII in TSS selection and prevents binding of RNAPII
from contacting not-promoter DNA (Sainsbury et al., 2015). Bound TFIIE recruits the helicase complex
TFIIH, which mediates the ATP-dependent formation of an open promoter complex (OC) (Figure 1.11
b) (Grinberg and Hahn, 2013), most likely by unwinding the DNA downstream of the promotor
(Conaway et al., 2000). TFIIF stimulates the synthesis of the first phosphodiester-bond (Sainsbury et
al., 2015) and the transition of the OC to the initially transcribing complex (Hantsche and Cramer, 2017).
After synthesising the first 10-15 nucleotides, RNAPII leaves the promoter and dissociates from its
initiation factors (Conaway et al., 2000), forming an early elongation complex (EC) (Figure 1.11 ¢). Until

the nascent transcript reaches a length of ~9 nucleotides, there is a constant competition between
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dissolution of EC and synthesis of the next phosphodiester bond. It is thought that TFIIF counteracts
transcriptional abortion during early elongation by stimulating nucleotide addition (Conaway et al., 2000).
Before escaping the promoter region, very early EC can also arrest, which is suppressed by TFIIE and

TFIIH, a process similar to open complex formation (Dvir, 2002).

PIC formation is absent from most TSSs in trypanosomes

The general features required for RNAPII transcription initiation are the general transcription factors for
PIC formation, a core promoter as a defined landing platform for the initiation complex and a chromatin
structure that guarantees an accessible promoter region. In trypanosomes, however, the RNAPII
machinery dispenses with most of these regulatory features to manage transcription initiation. Through
strand-specific nuclear run-on assays performed in L. major (Martinez-Calvillo et al., 2004), it could be
shown that RNAPII transcription starts at divergent strand-switch regions between two neighbouring
PTUs. Since 75% of T. brucei genes lie in the same genomic context as in L. major (El-Sayed et al.,
2005b), divergent strand-switch regions have been suggested to be TSSs in T. brucei as well. Later,
TSSs have been identified as sites of H2A.Z-enrichment (Siegel et al., 2009a) revealing additional TSSs
in non-strand-switch regions between two neighbouring PTUs that have the same direction of
transcription. TSSs can be up to 20 times larger as described for other eukaryotes (Kristiansson et al.,
2009). RNAPII concentrates at the 5’end of the TSS, spanning a ~2-kb region, in which transcription
initiates and transcription initiates from numerous sites within this ~2-kb region (Wedel et al., 2017).
Trypanosomal TSSs lack typical eukaryotic core promoter motifs (Kolev et al., 2010). They contain GT-
rich sequence elements at the coding strand which are capable of mediating transcription initiation and
directionality (Wedel et al., 2017). Only promoters of the spliced leader (SL) genes exhibit a canonical
promoter motif for RNAPII transcription (Gilinger and Bellofatto, 2001). The genome of trypanosomes
encodes for around 100 SL genes, arranged in tandem repeats on chromosome 9 (Roberts et al., 1996).
SL genes are the only known RNAPII-transcribed genes, which are transcribed monaocistronically in
trypanosomes, meaning each SL gene possesses its own promoter for transcription initiation. Analyses
of proteins associated with SL synthesis have revealed that a complete set of RNAPII transcription
factors is present in trypanosomes (Srivastava et al., 2018), including TBP-related factor 4 (Ruan et al.,
2004), TFIIH helicases (lvens et al., 2005; Lecordier et al., 2007; Lee et al., 2007; Lee et al., 2009),
SNAPc (Das and Bellofatto, 2003; Schimanski et al., 2004), TBP (Das et al., 2005), TFIIB (Palenchar et
al., 2006; Schimanski et al., 2006), TFIIE (Lee et al., 2009) and TFIIF (Srivastava et al., 2018). Most of
the genes encoding for trypanosomal GTFs are highly divergent (Srivastava et al., 2018). Consequently,
the RNAPII complex could only be identified using biochemical strategies not by homology search, with
the exception of the TBP-related factor 4 and the two TFIIH helicases. PIC formation has only been
experimentally associated to SL promoters and is still elusive for other TSSs (Martinez-Calvillo et al.,

2010). Thus, it has been assumed that for the majority of protein-coding genes, transcription initiation
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is probably not the major regulatory step to control gene expression in trypanosomes. Previous studies
have shown that RNAPII can initiate from sites lacking any promoter characteristics, as long as
transcription occurs nearby (McAndrew et al., 1998), suggesting that an ‘open’ chromatin is sufficient
for transcription initiation in trypanosomes. Using micrococcal nuclease (MNase) digestion, which
digests away DNA not protected by proteins, it has been observed that the DNA at TSSs is more prone

to digestion, revealing that TSSs are indeed more accessible for proteins (Wedel et al., 2017).

Transcription elongation and RNA processing

During early elongation, RNAPII can be actively retained at the 3’end of the promoter region and
concentrates ~30 to 60 bp downstream of the TSS (Jonkers and Lis, 2015), a regulatory step known as
promoter-proximal pausing. Paused RNAPII stays stably associated to the nascent transcript and, in
contrast to RNAPII that failed to leave the PIC or was blocked during early elongation, is competent to
resume to productive elongation without rescue and does not need to reinitiate transcription (Adelman
and Lis, 2012). Paused polymerase does not stay strictly in one position, but undergoes rounds of
backtracking, progression and pausing, while the transcription factor TFIIS modifies the nascent
transcript to keep the active site in place (Jonkers and Lis, 2015). To maintain promotor-proximal
pausing, factors, such as the negative elongation factor (N-ELF), DSIF and the PAF1-complex, are
necessary not only to prevent transcription termination directly after initiation, but also to antagonize
RNAPII from premature release before recruitment of other regulatory proteins. Phosphorylated Ser5 of
the carboxyl-terminal domain marks paused RNAPII and assists in recruiting and activating of capping
enzymes (Chen et al., 2018).

RNAPII pausing, rate-limiting for transcription (Conaway et al., 2000), keeps promoters and genes in an
active state and serves as a checkpoint for aberrant transcripts and for essential RNAPII modifications,
before elongation can take place (Jonkers and Lis, 2015).

The canonical splicing factor SRSF2, which binds to unprotected RNA protruding from paused RNAPII,
induces progression to productive elongation by activating the kinase P-TEFb. P-TEFb phosphorylates
Ser2 within the conserved heptapeptide motif YSPTSPS of the RNAPII carboxyl-terminal domain (CTD).
This phosphorylation step is accompanied by dephosphorylation of Ser5, and the negative regulators
NELF and DSIF (Jonkers and Lis, 2015; Chen et al., 2018). Two classes of elongation factors are known,
which are important for functional RNA synthesis: The Sl family, which can reactivate arrested RNAPII
by mediating the generation of a new 3'OH-end on the new RNA that is now correctly repositioned to
the catalytic site, and the elongation factors, which counteract RNAPII stalling (TFIIF, Elongin, ELL)
(Conaway et al., 2000). In the first few kilobases of a gene, elongation is not very efficient due to
reorganisation and modification events of the transcription machinery. This slow elongation rate is
important for coordination of elongation and co-transcriptional RNA processing (Jonkers and Lis, 2015)

that includes modifications of the pre-cursor mRNA (pre-mRNA) molecule, such as 5°-capping,
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removing of introns (non-coding regions) by cis-splicing and polyadenylation. RNA processing is
required to generate a mature mRNA molecule that is stable and can be translated into a protein.
Transcription of protein-coding genes terminates >500bp downstream of the poly(A)-signal and the
transcription machinery releases the DNA strand and the synthesised RNA molecule (Rosonina et al.,
2006).

For a long time, it has been believed that RNA synthesis and maturation are two independent processes.
However, the processes of elongation and splicing are spatially and temporally aligned. Accurate
coordination of both mechanisms is essential and results in efficient and accurate mRNA production
(reviewed in (Bentley, 2014)). The amount of time the nascent transcript is available for splicing depends
on the rate of transcription elongation (reviewed in (Carrillo Oesterreich et al., 2011)). Thus, perturbed
elongation kinetics can lead to defects co-transcriptional splicing (de la Mata et al., 2003; Howe et al.,
2003; Carrillo Oesterreich et al., 2010).

mRNA processing in trypanosomes

As mentioned earlier, transcription of protein-coding genes occurs polycistronically in trypanosomes. In
most eukaryotes transcription is monicistronic meaning that each gene has its own TSS, where
transcription initiates. Whereas, in polycistronic transcription one TSS regulates the transcription of
multiple genes. Mature monocistronic mRNAs are generated during co-transcriptional RNA processing
in trypanosomes, which includes a process called trans-splicing and 3 -polyadenylation. During trans-
splicing, a 39 nt-long ‘spliced leader’ miniexon that contains the 5"-cap is joined to the 5°'UTR of each
ORF within the primary transcript (Clayton, 2019). Trans-splicing combines two exons derived from
different RNA molecules, whereas cis-splicing, which is the process of RNA processing usually present
in eukaryotes, removes the intronic regions and joins the exon within a monocistronic pre-mRNA
molecule (reviewed in (Liang et al., 2003)). As cis-splicing, trans-splicing requires precise recognition
of the joining to be successful and includes a 5°-splice donor site (SDS) on the splice leader miniexon,
a 3'-splice acceptor site (SAS) next to the 5°end of the ORF and a polypyrimidine tract (poly(Y)-tract),
that precedes the SAS. The SAS is usually the first AG dinucleotide downstream of the poly(Y)-tract
(Siegel et al., 2005; Kolev et al., 2010).

While in most studied eukaryotes, the splicing complex has been shown to interact with the transcription
elongation machinery (Antosz et al., 2017) and the transcribed chromatin (Neves et al., 2017), such a
cross-talk between RNA synthesis and maturation machineries has not been described in trypanosomes.
Very little is known about the proteins and kinetics of transcription elongation in T. brucei. Nuclear run-
on analyses (Martinez-Calvillo et al., 2004) and mathematical modelling (Fadda et al., 2013) indicate that
RNAPII transcription elongation is constitutive in the kinetoplasts. Interestingly, RNAPI elongation at the
active BES seems to be regulated through selective recruitment of the elongation and RNA processing

machinery (Vanhamme et al., 2000). Usually, RNAPII transcription elongation is accompanied by
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phosphorylation and dephosphorylation of distinct serines in the CTD of RPB1. This modification switch
is required for regulating the transcription cycle (Hsin and Manley, 2012). The modified serines are part
of the structured heptapeptide motif YSPTSPS, that appears in 26-52 repeats within the CTD of most
eukaryotes. Interestingly, the CTD in trypanosomes does not contain this conserved motif but seems to
be phosphorylated during elongation (Chapman and Agabian, 1994). The trypanosomal CTD appears to
essential for RNA synthesis of protein-coding genes (Das and Bellofatto, 2009) and is suggested to

mediate the recognition of the genomic chromatin landscape (Das et al., 2017).

Nucleosome remodelling accompanies RNAPII transcription

To be able to handle environmental signals and meet cellular needs, the RNAPII transcription machinery
demands rapid access to genes. However, the recognition sites of the GTFs are usually buried into
chromatin. Nucleosome arrays are able to halt RNAPII progression and thus, RNAPII associates with
factors, which decrease nucleosome occupancy to increase DNA accessibility in its path (Malik et al.,
2017).

Transcription through chromatin does not directly imply a complete decomposition of the beads-on-a-
string formation. As consequence of the nucleosomal structure, the displacement of the H3/H4 tetramer
is rare during transcription, but loss or exchange of H2A/H2B dimers can occur rapidly and continuously
(Kireeva et al., 2002; Venkatesh and Workman, 2015). Generally, the removal of only one H2A/H2B
dimer is sufficient for transcription through a single nucleosome (Venkatesh and Workman, 2015).
However, highly transcribed genes require more histone exchange activities and, in this case, the H3/H4
tetramers are removed by the histone chaperone FACT (facilitates chromatin transcription) (Venkatesh
and Workman, 2015).

Overall, the nucleosome occupancy at promoters is lower than at coding regions. Nevertheless, before
PIC assembly can start, activator proteins need to bind to, and switch on, a cascade of coordinated
processes for chromatin decompaction at promoter regions (Li et al., 2007). Pre-deposited histone
acetylation, historically linked to active transcription, is suggested to destabilise nucleosomes within
promoter regions and to mediate their displacement by chromatin remodelers (Figure 1.12 a)
(Workman, 2006). Active promoters are almost completely devoid of nucleosomes. This chromatin
structure is characteristic for eukaryotic promoters and is known as a nucleosome-depleted region
(NDR) (Haberle and Stark, 2018). Nucleosomes flanking NDRs, known as +1 or —1 nucleosome, are
subjected to increased histone exchange, crucial for efficient promoter escape of the transcription
machinery and for transition to productive elongation (Figure 1.12 b) (Venkatesh and Workman, 2015).
In many organisms, like H. sapiens, Drosophila melanogaster or S. cerevisiae, the +1 and/or -1
nucleosomes are marked by the incorporation of the H2A histone variant H2A.Z (Albert et al., 2007;
Barski et al., 2007; Mavrich et al., 2008; Tirosh and Barkai, 2008). Organisms which show H2A.Z

deposition in both flanking nucleosomes, show bidirectional transcription initiation. Whereas in
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organism, such as D. melanogaster, where H2A.Z is incorporated only in +1 nucleosomes, transcription

initiates unidirectionally (Venkatesh and Workman, 2015).
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Figure 1.12. Nucleosome remodelling at yeast promoters.

a The RSC chromatin remodelling complex removes nucleosomes from the promotor to establish the nucleosome-depleted
region (NDR). Histone acetylation ensures that RSC maintains the NDR at the promoter. b While the histone chaperone HIRA
exchanges H3-H4 dimers by H3.3 dimers, the SWR1 chromatin remodelling complex replaces H2A-H2B with H2A.Z-H2B.
The activity of HIRA and SWR1 is NDR-dependent. The alterations of the nucleosomal composition at promoters reduces
the nucleosomal barrier and facilitates transcription elongation. The illustration was adapted from (Venkatesh and Workman,
2015).

Histone acetylation

Under all known PTMs, histone lysine acetylation has the highest capability to induce open chromatin
(Figure 1.13 a) (Bannister and Kouzarides, 2011). Histone acetyltransferases (HATSs) transfer an acetyl-
group to side chains of lysines neutralizing their positive charge (Figure 1.13 b) (Bloch and Borek, 1946;
Lipmann and Kaplan, 1946; Lipmann and Kaplan, 1947; Lipmann, 1954). In eukaryotes, HATs can be
classified into type-A and type-B acetyltransferases. Type-B acetyltransferases are mainly cytoplasmic
and acetylate free histones in the soluble pool. Type-A HATs are categorised into three subfamilies —
GNAT, p300/CBP and MYST - and are able to modify lysines on chromatin incorporated histones (Roth
et al., 2001). In yeast, the histone acetyltransferase NuA4 belonging to the MYST-proteins is responsible
for H4 acetylation at promoter sites in yeast (Allard et al., 1999).

Histone acetylation is reversible, and the acetyl-group can be removed by histone deacetylases (HDACs),
which are often involved in heterochromatin formation (Shahbazian and Grunstein, 2007). Particularly,
unacetylated H4 tails are required for chromatin folding. The basic residues of the lysines form hydrogen
bonds and salt bridges with the acidic patch of the H2A/H2B dimer that stabilise nucleosome interactions
and chromatin folding. Thus, hyperacetylation of the H4 N-terminus is thought to counteract chromatin
compaction (Annunziato et al., 1988; Tse et al., 1998; Dorigo et al., 2003; Siino et al., 2003; Shogren-
Knaak et al., 2006) and is involved in transcription activation by promoting the establishment of a more
open chromatin structure. For example, H4K16ac inhibits the formation of higher order chromatin
structures by reducing inter-nucleosomal interactions (Shogren-Knaak et al., 2006) and changes the
interplay of the H4 tail with chromatin modifying proteins (Zhang et al., 2016). Additionally, H4

acetylation is involved in the targeted deposition of H2A variants (Auger et al., 2008).
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Figure 1.13. Histone acetylation is associated to active transcription.
a A string of nucleosomes is shown with different acetylation patterns. Acetylated chromatin is mainly open and
transcriptionally active, because acetylated lysines leads to nucleosome destabilisation. Consequently, deacetylated
chromatin is more compacted and transcriptionally repressed. The stages can be changed dynamically. So-called “writer”
proteins can mediate lysine acetylation and “eraser” proteins can remove the modification. The illustration was adapted from
(Verdin and Ott, 2015). b Scheme of catalytic and kinetic mechanism for lysine acetylation. The histone acetyltransferase
GCN5 adds an acetyl group to a lysine on H3. GCN5 require the formation of a ternary complex (middle panel). The
illustration was modified from (Roth et al., 2001).

Role of histone acetylation for transcription

More than 50 years ago, D.M. Phillips identified the presence of histone acetylation and Vincent Allfrey
opened up the research field of its role in chromatin reorganisation and in transcription (Phillips, 1963;
Allfrey et al., 1964). Already in 1964, he postulated “dynamic and reversible mechanisms for activation
as well as repression of RNA synthesis”. It took another 30 years until his hypothesis was validated.
Following Allfrey’s observation that lysine acetylation reduces the barrier capability of histones for RNA
synthesis, it could be shown that hyperacetylated histones are preferentially found in euchromatin and
make DNA more susceptible to DNasel digestion (Allfrey et al., 1964; Sealy and Chalkley, 1978; Vidali
et al.,, 1978; Hebbes et al., 1988). However, the first direct link of histone acetylation and active
transcription was described later revealing that mutations of H4 lysines to unacetylatable versions alter
transcription in S. cerevisiae and global inhibition of mammalian HDACs causes increased gene

expression (Durrin et al., 1991; Yoshida et al., 1995) (Figure 1.14). The non-selective nature of histone
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acetyltransferases (Roth et al., 2001) suggested that the biological function of histone acetylation is

more likely a result of the accumulation of multiple acetyl marks at a specific site rather than a single

acetyl-mark (Dion et al., 2005).
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Acetylated lysines disrupt the electrostatic interactions between different nucleosomes, and between a
histone and the phosphate group of the DNA strand within a nucleosome, by reducing the positive lysine
charge (Bannister and Kouzarides, 2011; Verdin and Ott, 2015). As a result, an acetylated histone can
be easier displaced from a nucleosome (Zhao et al., 2005). Thus, it is not surprising that acetylated
histones have been mainly associated with sites of active transcription (Bannister and Kouzarides, 2011).
In S. cerevisiae, acetylated H3 and H4 are enriched at promoters and the levels of acetylation correlate
to the level of transcription (Pokholok et al., 2005). The histone acetyltransferases (HATs) Gen5 and

Esa1 are associated to promoters (Robert et al., 2004) and the SAGA complex interacts directly with an
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activator protein at the GAL1 promoter prior PIC assembly (Brown et al., 2001). Upon activation of the
PHO5 promoter, histones are hyperacetylated by SAGA and then displaced (Reinke and Hérz, 2003).
There, the induced histone loss is mediated by the remodelling activity of the SWI/SNF complex
(Workman, 2006), which is recruited to promoters by a transcriptional activator or by acetylated histones
(Steger and Workman, 1996).

During the passage of RNAPII over gene bodies, pre-acetylated histones need to be rapidly deposited
from the soluble pool into the transcribed chromatin for destabilizing nucleosomes in the path
(Venkatesh and Workman, 2015). Moreover, the elongator complex itself possesses an intrinsic HAT
activity and can acetylate histones in the path to guarantee rapid deposition and an RNAPII processing

rate of 25 nt per seconds (Figure 1.15) (Conaway et al., 2000; Orphanides and Reinberg, 2000).

FACT \(/

Figure 1.15. Histone acetylation is required for RNAPII progression.

The passage of RNAPII through chromatin requires displacement of nucleosome in the way of the transcription machinery.
The elongation complex is associated to HATs that acetylate nucleosomes in front of RNAPII. This leads to destabilisation
of the nucleosome and histones can be more easily displaced from the nucleosome. Through the activity of different histone
chaperones (e.g. FACT) including the displaced are redeposited into the chromatin behind the transcription machinery. The
displaced and reincorporated histones are hyperacetylated, which needs to be removed. Otherwise, the chromatin stays
open and is unprotected. Set2-mediated H3K36 methylation recruits Rpd3S deacetylase through binding of the
chromodomain Eaf3. Rpd3S removes the acetyl marks, which results in a stable nucleosome. The illustration was adapted
from (Li et al., 2007).

Targeting of HAT complexes is not only promoted by transcriptional activators, but also by distinct lysine
methyl marks, such as H3K4me or H3K36me. Interestingly, H3K4me is found mainly at the 5°end of
genes, whereas H3K36me is distributed throughout coding regions (Krogan et al., 2003b; Ng et al.,
2003). HAT complexes associate with chromodomain proteins - readers of lysine methylation. For
example, SAGA recognises H3K4me through the chromodomain protein and chromatin remodeler Chd1
(Pray-Grant et al., 2005).

33



Introduction

Reading histone acetylation

In addition to inducing chromatin unfolding, lysine acetylation also serves as a binding platform for
proteins that are involved in transcription activation. Chromatin remodelling complexes, such as Swi-
Snf or RSC, often contain bromodomains or interact with bromodomain proteins (BDFs) (Dhalluin et al.,
1999; Hassan et al., 2002; Bennett and Peterson, 2015) that recognise and bind acetylated lysines. The
Snf2 subunit of Swi-Snf has an intrinsic bromodomain that was shown to preferentially bind acetylated
lysines at H3. Swi-Snf has been shown to mobilise nucleosome arrays and thereby, histone acetylation
is required to stabilise the Swi-Snf/nucleosome binding. This process is known to be important for
transcription activation (Hassan et al., 2001). At the Pho promoter, chromatin remodelling was reduced
after removal of SAGA (Gregory et al., 1999). Moreover, established histone acetylation can maintain
and enhance its presence by re-inducing the binding of the HAT through an intrinsic bromodomain, as
described for Gen5 in S. cerevisiae or TAFII250 in H. sapiens (Jacobson et al., 2000; Owen et al., 2000).
Histone acetylation is also required for stimulating selective histone variant exchange. In D.
melanogaster, nucleosomal phosphor-H2Av is acetylated by dTip60 and replaced with an unmodified
H2Av (H2A.Z in other eukaryotes) at DNA lesions (Kusch et al., 2004). NuA4-mediated H4 acetylation
induces H2A.Z incorporation at promoter regions in S. cerevisiae forming a specific chromatin structure,
which facilitates transcription initiation. A similar process is present in humans (Auger et al., 2008; Altaf
et al., 2010).

Histone acetylation in trypanosomes

Trypanosomes encode six different histone acetyltransferases (Ivens et al., 2005; Kawahara et al., 2008),
seven histone deacetylases (lvens et al., 2005) and five bromodomain proteins (Ivens et al., 2005; Siegel
et al., 2009b; Schulz et al., 2015).

Out of the six putative HATs encoded in the T. brucei genome (lvens et al., 2005; Kawahara et al., 2008),
three also belong to the MYST-family, namely HAT1-3. All three HATSs localise in the nucleus and while
HAT1 and HAT2 are indispensable for growth (Kawahara et al., 2008), cells, in which both alleles of
HAT3 were removed, are viable (Siegel et al., 2008). A systematic target screen has revealed that HAT3
mediates only a single, but highly abundant, histone acetyl mark at H4K4 (EIBashir et al., 2015) in a cell
cycle-dependent manner (Siegel et al., 2008). Reduction of HAT1 levels compromises telomeric
silencing and HAT2 depletion reduces the levels of H4K10ac (Kawahara et al., 2008), which is a TSSs-
specific acetyl mark (Siegel et al., 2009b). No other target sites of HAT1 and HAT2 have thus far been
identified. Both enzymes contain a chromodomain in their N-terminal domains suggesting that methyl
marks might play a role in recruiting HAT1 and HAT2 to specific sites (Kawahara et al., 2008).
Interestingly, H4K10ac co-localises with H3K4me3 at TSSs (Wright et al., 2010). Thus, it might be
possible that H3K4 methylation at TSSs recruits HAT2, which modifies H4K10 at these sites. However,

thus far it has not been analysed if H3K4me3 is a prerequisite for H4K10ac in trypanosomes. Next to
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K4 and K10, H4 is acetylated at K2 and K5. Even though the primary sequence of trypanosomal histone
H4 diverges from those of other eukaryotes, it is also extensively acetylated at the N-terminal tail (Janzen
et al., 2006a; Mandava et al., 2007).

H2A.Z - a multiplayer in transcription regulation

H2A possesses the greatest variety of variant forms among the four core histones, which include H2A.Z,
H2A.X, H2A.Bbd, and macroH2A (Wu et al., 1982; Pehrson and Fried, 1992; Chadwick and Willard,
2001). H2A variants differ from their canonical counterparts in the sequence or length of the globular
domain or in the genomic distribution (Kamakaka and Biggins, 2005).

The histone variant H2A.Z is present in many eukaryotes and evolutionary highly conserved, being found
in organisms diverse as S. cerevisiae, D. melanogaster, H. sapiens and also in smaller eukaryotes, like
protozoan parasites (Zlatanova and Thakar, 2008). Despite being a histone variant, H2A.Z proteins are
even less divergent in the eukaryotic lineage than canonical H2A proteins (West and Bonner, 1980;
Thatcher and Gorovsky, 1994). H2A.Z has diverse biological functions and has been linked to, amongst
others, regulation of heterochromatin silencing, cell cycle progression, chromosome segregation and
gene expression (Allis et al., 1980; Stargell et al., 1993; Santisteban et al., 2000; Faast et al., 2001;
Meneghini et al., 2003; Krogan et al., 2004; Mizuguchi et al., 2004; Rangasamy et al., 2004; Ridgway et
al., 2004; Zhang et al., 2004; Swaminathan et al., 2005; Babiarz et al., 2006; Greaves et al., 2006; Deal
et al., 2007; Greaves et al., 2007).

Histone H2A variant H2A.Z

The histone variant H2A.Z evolved early and only once during eukaryotic evolution (Thatcher and
Gorovsky, 1994). It has only ~60% sequence identity to its canonical counterpart within one species,
but between different species the sequence identity of H2A.Z is usually strikingly high (~80%). However,
the H2A.Z proteins found in kinetoplasts do not share such a high sequence similarity to the H2A.Z
proteins of other eukaryotes, e.g. the eukaryotic parasite T. brucei shares around 55% sequence

similarity to the H2A.Z proteins of other eukaryotes (Lowell et al., 2005).
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Figure 1.16. Nucleosomes containing H2A.Z resemble canonical nucleosomes.

a Crystal structure of the canonical nucleosome (Luger et al., 1997) downloaded from The Protein Data Bank rcsb.org (Berman
et al., 2000). b Crystal structure of the H2A.Z-containing nucleosome (Suto et al., 2000) downloaded from The Protein Data
Bank rcsb.org (Berman et al., 2000). The structure of the H2A.Z-containing nucleosome is similar to the nucleosome containing
the major histone proteins. However, H2A.Z-containing nucleosomes have an altered surface with a metal ion. Moreover, the
interaction between the (H2A.Z-H2B) dimer and the (H3-H4) tetramer are slightly destabilised through position changes (Suto
et al., 2000).

The H2A.Z-containing nucleosome does not reflect the sequence difference between the variant and
core histone. Only the region of H2A and H2A.Z which is important for dimer interaction within a
nucleosome exhibits a subtle structural difference (Figure 1.16 a and b) (Luger et al., 1997; Suto et al.,

2000).

Figure 1.17. Scheme of H2A.Z enrichment sites in the yeast genome.

H2A.Z enrichment sites (grey lines) on chromosome 3 are shown with centromeric (CEN) and telomeric (Tel-L, Tel-R)
regions. While active genes are marked by H2A.Z acetylated on K14, unmodified H2A.Z is flanking the NDRs of inactive
promoters. Near telomeres, the H2A.Z enrichment sites are wider and K14 acetylation is depleted. There, H2A.Z is thought
to prevent heterochromatin spreading. The illustration was modified from (Guillemette and Gaudreau, 2006).
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In many organisms H2A.Z is essential for viability, for example in Mus musculus (Faast et al., 2001),
Tetrahymena thermophila (Liu et al., 1996), D. melanogaster (van Daal and Elgin, 1992; Clarkson et al.,
1999), Xenopus leavis (louzalen et al., 1996; Ridgway et al., 2004), and in T. brucei (Lowell et al., 2005).
In S. cerevisiae and Schizosaccharomyces pombe loss of H2A.Z is not lethal but causes a severe growth
defect (Carr et al., 1994; Jackson and Gorovsky, 2000).

In most eukaryotes, H2A.Z is a conserved feature of the TSS-chromatin structure and is implicated in
many transcriptional regulatory processes. In H. sapiens, H2A.Z is found at promoters upstream and
downstream of TSSs and its binding levels correlate with gene activity (Barski et al., 2007; Hardy et al.,
2009). In S. cerevisiae, H2A.Z (Hiz1) has been found at the 5°ends of active and inactive genes in
euchromatic regions and marks inactive promoters (Guillemette et al., 2005; Raisner et al., 2005). A
genome-wide map of H2A.Z (H2Av) in D. melanogaster has revealed that at least one H2A.Z-nucleosome
is localised within 1 kb of the TSSs of 85% of coding genes. Additionally, the levels of gene expression
correlate with the levels of the histone variant (Mavrich et al., 2008). H2A.Z at TSSs is subjected to a
high histone turnover and efficient eviction of H2A.Z is dependent on PIC formation (Tramantano et al.,
2016).

Despite its predominant localisation at TSSs, H2A.Z has also been shown at other genomic regions. In
S. cerevisiae, H2A.Z is also found at gene clusters adjacent to telomeres and prevents telomeric
silencing (Figure 1.17) (Meneghini et al., 2003; Babiarz et al., 2006).

In D. melanogaster, the localisation of H2A.Z is not restricted to transcriptionally active sites and is also
found at heterochromatic regions and at non-coding, euchromatic genes (Leach et al., 2000). In
mammals, H2A.Z is indeed absent from constitutive heterochromatin, but it is found on the inactive X-
chromosome and in facultative heterochromatin. However, the heterochromatic H2A.Z is
monoubiquitinylated (Sarcinella et al., 2007; Hardy et al., 2009). Furthermore, H2A.Z is recruited to gene
bodies as a consequence of transcription repression (Hardy et al., 2009; Lashgari et al., 2017) (Figure
1.18).
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Figure 1.18. H2A.Z and its role in gene activation.

Incorporation of H2A.Z is mediated by the SWR1-complex in yeast and leads to changes in the nucleosomal structure, which
are implicated in transcription. Unmodified H2A.Z is incorporated into the +1 and -1 nucleosomes flanking the NDR at
promoters and poises the genes for rapid transcription activation. Acetylation of H2A.Z facilitates nucleosome eviction for
the transcription machinery and is involved in transcription initiation. The illustration was modified from (Billon and Cote,
2013).

Role of acetylated H2A.Z and not acetylated HZ2A.Z

The complexity of the regulatory tasks that H2A.Z undertakes is, in part, a consequence of its diverse
acetylation status. However, in contrast to unmodified H2A.Z, H2A.Zac does not serve as an epigenetic
mark (Bruce et al., 2005).
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In S. cerevisiae, H2A.Z itself is not sufficient to prevent heterochromatin spreading. H2A.Z needs to be
acetylated by NuA4 following its incorporation and promotes further SAGA-mediated acetylation (Babiarz
et al., 2006). In Drosophila, H2Av, the homologue of H2A.Z and H2A.X, is phosphorylated at sites of
double strand breaks. As consequence, it is acetylated by dTip60 and can then be replaced by an
unmodified version to re-establish the chromatin structure at those sites(Kusch et al., 2004). Deletion
or mutation of H2A.Z to an unacetylable version results in chromosome entanglement and breakage
during anaphase, demonstrating that H2A.Zac is essential for anaphase chromosome architecture in S.
pombe (Kim et al., 2009).

The distinguishable functionalities of acetylated H2A.Z are caused by two modes of action, either
generating a charge patch or a site-specific histone code. If the overall charge of a region mediates the
regulatory function, mimicking lysine acetylation would not influence the cellular phenotype, but
modulating the charge would have the same effect as deletion of the complete histone, as demonstrated
for the highly basic histone H1 (Dou and Gorovsky, 2000). If a specific acetylation site defines the
regulatory function, modifying this specific lysine would already affect the cellular phenotype. A
mutagenesis screen in Tetrahymena, where H2A.Zac was mimicked or deleted, revealed that reducing
the positive charge of the N-terminal lysine mediates the essential role of H2A.Z (Ren and Gorovsky,
2001).

In general, the H2A.Z-containing nucleosome resembles a canonical nucleosome (Suto et al., 2000),
however H2A.Zac changes the structure and causes the tail to dissociate, reducing DNA-histone
interactions and making the nucleosome more accessible for chromatin modifying proteins (Ren and
Gorovsky, 2001). H2A.Zac with its anti-silencing functions is probably more important for transcription
regulation than unmodified H2A.Z, as emphasised by many studies that associate acetylation of H2A.Z
to active transcription. In chickens, the hyperacetylated form of H2A.Z is present at the 5°end of active
genes but is absent at inactive genes (Bruce et al., 2005). In human prostate epithelial cells, the
acetylated form of H2A.Z is a key feature of promoters of highly expressed genes (Valdes-Mora et al.,
2012). The N-terminus of H2A.Z (Htz1) in yeast is acetylated at K3, K8, K10 and K14 and H2A.ZK14ac
is exclusively enriched at active promoters (Millar et al., 2006). There, H2A.Zac is probably important
for gene induction, as observed at the GAL7 promoter (Halley et al., 2010). Additionally, acetylation
prevents H2A.Z to be removed from promoter regions by the chromatin remodelling complex INO80
(Papamichos-Chronakis et al., 2011a).

H2A.Z deposition pathway

The histone variant H2A.Z is predominantly found at promoter regions and TSSs in many organisms
(Guillemette et al., 2005; Raisner et al., 2005; Barski et al., 2007; Mavrich et al., 2008; Hardy et al.,
2009).
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Figure 1.19. The SWR1-complexes exchanges H2A by H2A.Z at promoters in yeast.

Scheme of the processes underlying H2A.Z acetylation and deposition in yeast. The histone acetyltransferase complex NuA4
acetylation canonical H2A, H4 and H2A.Z. The acetyl marks on H2A and H4 recruit the chromatin remodeler SWR1 through
interaction with the bromodomain subunit BDF1. SWR1 exchanges in an ATP-dependent manner each H2A-H2B dimer with
an H2A.Z-H2B dimer step-by-step. Local NuA4-mediated H2A.Z acetylation at promoter sites is important for activation of
gene expression. The illustration was modified from (Billon and Cote, 2013).

The evolutionary highly conserved SWR1-complex (SWR1-c), which mediates the targeted H2A.Z
depositioning, was firstly described in S. cerevisiae (Krogan et al., 2003a; Mizuguchi et al., 2004). SWR1-
¢ consists of 14 subunits including the Snf2-ATPase SWR1-C, which is responsible for the recruitment

and incorporation of Htz1 (Kobor et al., 2004). The other 13 proteins are the non-essential proteins
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BDF1, Arp6, Yaf9, Swc2, Swc3, Sweb, Swcb, and Swc7 and the five essential proteins Rvb1, Rvb2, Arp4,
Swc4, and Act1. Some of these subunits are shared with other CRCs such as NuA4 and/or INO80
(reviewed in (Billon and Cote, 2013)). All three of these CRCs have been found to interact with H2A.Z
(Kobor et al., 2004; Babiarz et al., 2006; Papamichos-Chronakis et al., 2011a) suggesting a functional
link between these complexes. Homologues to the SWR1-c have been identified in H. sapiens with the
enzyme complex SRCAP (Johnston et al., 1999; Ruhl et al., 2006) and in Drosophila melanogaster with
the enzyme complex dTip60 (Kusch et al., 2004).

The SWR1-c evicts H2A and incorporates H2A.Z at specific genomic sites. It is believed that SWR1-c
binding is stimulated by a specific DNA sequence in the nucleosome-free region (Ranjan et al., 2013)
and that the binding is enhanced by NuA4-dependent acetylation of H4 and H2A (Altaf et al., 2010). The
bromodomain factor BDF1, which is a subunit of SWR1-c, recognises and binds to acetylated lysines at
H4 (Ladurner et al., 2003), is important for the site-specific incorporation of H2A.Z (Zhang et al., 2005;
Durant and Pugh, 2007). The ATPase domain of Swr1-C mediates the stepwise replacement of H2A by
H2A.Z in the nucleosomes flanking the NDR (Luk et al., 2010). The ATP-hydrolysis is only stimulated by
incorporated H2A/H2B dimer and not by DNA (Mizuguchi et al., 2004) (Figure 1.19). Conversely,
spreading of H2A.Z into gene bodies and/or mislocalisation of H2A.Z can be prevented by the FACT
complex, supported by the histone chaperone Spt6, (Jeronimo et al., 2015) or the chromatin remodelling

complex INO8O, that can recognise unacetylated H2A.Z (Venkatesh and Workman, 2015) (Figure 1.20).

Figure 1.20. Mislocalised H2A.Z can be removed by FACT and/or INO80.

Mislocalised H2A.Z across the coding regions can be removed by the histone chaperone FACT and/or by the chromatin
remodeler INO80. INO80 can only displace unmodified H2A.Z. Thus, to prevent removal of H2A.Z from the +1 and -1
nucleosome, H2A.Z acetylation ensures its retention at the promoter. The illustration was modified from (Venkatesh and
Workman, 2015).

H2A.Z assists in RNA synthesis and maturation

The first evidence demonstrating that H2A.Z plays a role in active transcription regulation stems from
research done in the protozoa Tetrahymena thermophilia, where H2A.Z is only found in the
transcriptionally active macronucleus (Allis et al., 1980). Additionally, it has been shown that its presence
correlates with gene activity in mammals (Bargaje et al., 2012) and in S. cerevisiae, H2A.Z is essential
for optimal transcription initiation of repressed genes (Zhang et al., 2005). Since H2A.Z is associated

with promoter regions and TSSs, initial studies mainly focused on its role in regulating transcription
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initiation. However, in the past years many studies revealed that H2A.Z is implicated in various steps of
the transcription process acting as a molecular caretaker for RNAPII (Subramanian et al., 2015).
During transcription initiation, H2A.Z marks the promoter sites for recruitment of transcription factors,
such as the TATA-binding protein, and maintains persistent gene expression (Wan et al., 2009; Li et al.,
2012). Additionally, genes with higher H2A.Z levels exhibit less RNAPII stalling and nucleosome
occupancy. The incorporation of H2A.Z modulates the nucleosomal barrier of the +1 nucleosome to
guarantee efficient RNAPII release from the pausing site, required for the transition to productive
elongation (Weber et al., 2014). Incorporation of H2A.Z at TSSs does not only affect transcription
initiation, elongation also requires H2A.Z-containing nucleosomes (Santisteban et al., 2011; Rudnizky et
al., 2016). H2A.Z assists in RNAPII passaging probably by promoting nucleosome remodelling, e.g., by
stimulating the activity of ISWI remodelers (Goldman et al., 2010), and elongation factor recruitment
(Malagon et al., 2004). Deletion of H2A.Z reduces the elongation rate of RNAPII to 24% over the 9.5 kb
GAL10p-VPS13 gene in yeast. In the absence of H2A.Z, the nucleosome occupancy increases over the
gene body. Additionally, the correct serine phosphorylation status of RNAPII and the assembly of the
elongator complex depend on H2A.Z (Santisteban et al., 2011). With the knowledge that pre-mRNA
splicing occurs co-transcriptionally, researchers started to question if H2A.Z (important for elongation
which is itself a pre-requisite for splicing) is also required for RNA maturation. Indeed, two independent
studies revealed that in S. pombe, H2A.Z occupancy promotes co-transcriptional splicing of suboptimal
introns that may otherwise be discarded via proofreading ATPase (Nissen et al., 2017). Whereas in S.
cerevisiae, H2A.Z aligns RNAPII progression and RNA processing by coordinating transcription
elongation with splicecosome assembly (Neves et al., 2017).

H2A.Z in trypanosomes

Even though, H2A.Z is one of the least divergent histones in T. brucei, it only has a sequence identity
of around 55% with other H2A.Z proteins and around 43% sequence identity with its canonical
counterpart in T. brucei. Trypanosomal H2A.Z has a long N-terminal stretch, which is not present in
other H2A.Z and dimerises exclusively with the H2B variant H2B.V (Lowell et al., 2005). This suggests
that heterotypic H2A.Z/H2A nucleosome, which have been detected in other organisms (Luk et al.,
2010), are absent in trypanosomes. Similar to trypanosomal H2A.Z, the N-terminus of H2B.V is longer
compared to canonical H2B.

H2A.Z/H2B.V-containing nucleosomes are less stable than canonical nucleosomes and are enriched at
TSSs (Siegel et al., 2009b). Thus, it is likely that the incorporation of H2A.Z and H2B.V results in a more
open chromatin structure at TSSs, which facilitates the binding of the RNAPII transcription machinery
for transcription initiation. While it has been shown that the GT-rich sequence elements at TSSs mediate
H2A.Z deposition (Wedel et al., 2017), the mechanisms behind H2A.Z deposition in T. brucei are still

elusive. Just recently, a novel SNF2 ATPase complex has been identified in T. brucei that has a potential
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role in depositioning H2A.Z to TSSs in T. brucei (Vellmer et al., 2021). However, it is not clear whether
the nucleosome-binding proteins that co-localise with H2A.Z at TSSs, including BDF1, BDF3, and BDF4
(Siegel et al., 2009b; Schulz et al., 2015) and the chromatin remodeler ISWI (Stanne et al., 2015), are
important for H2A.Z deposition or shown to interact with H2A.Z. Moreover, a comprehensive analysis
of PTMs on H2A.Z and H2B.V is missing.
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Goal of the study

In almost every situation of life, the understanding of the cause and consequence of something, requires
the knowledge of every single detail that is involved in it, generates it, influences it, is depend on it and
originates from it. These can be simple things, such driving a car, or more complicated things, such as
biological processes including transcription.
It is clear that the packaging of the DNA into chromatin affects transcription, because transcription
requires DNA-binding and chromatin influences the accessibility of the DNA. However, this organisation
is not only an obstacle for transcription, it also represents a very elegant way to regulate transcription.
By opening up the chromatin at a specific gene particularly at its promoter or TSS, transcription of that
gene can be switched on and by closing the chromatin at this site, it can be switched off. Transcription
is fundamental for every organism and thus, it is controlled very tightly by various processes to ensure
that it works fine. In line with this, transcription is usually accompanied by processes mediating
chromatin opening, to provide DNA-accessibility for the transcription machinery. Since it is thought that
transcription initiation is the most important regulatory step (Chen et al., 2018), it is not surprising that
the chromatin structure at promoters and TSSs is very well studied in many eukaryotes, including yeast
and humans. Chromatin at those sites is marked by acetylated histone H4 and the H2A variant H2A.Z.
Moreover, it seems to be the case, that H2A.Z at those sites is also acetylated. While many findings
showed that the TSS-specific chromatin marks are by themselves required for or involved in
transcription initiation, whether they are acting together has thus far been difficult to disentangle. In
higher eukaryotes and in yeast, the individual processes establishing TSS-specific chromatin structures
are complex and also interdependent. With this in my mind, | asked at the beginning of my PhD how is
TSS-chromatin established in T. brucei? Trypanosomes are unicellular, eukaryotic parasites that
branched early from the eukaryotic lineage during evolution and has a rather simple genome
organisation. Yet, the chromatin at TSSs is marked by acetylated histones and incorporated H2A.Z, as
in other eukaryotes. Thus, | used T. brucei as a model to study TSS-specific chromatin establishment
in eukaryotes and addressed following questions:

e What are the differences between TSS- and non-TSS-chromatin structures?

o Which factors are involved in establishing TSS-specific chromatin structures? In

particular, does histone acetylation play a role?
o Are these factors required for establishing TSS-specific chromatin important for
transcription regulation?

¢ And finally, how would these factors regulate transcription?
Answering these questions will not only shed on the role of TSS-specific chromatin in T. brucei but will
also help to understand the link between histone maodifications, histone variants and transcription

regulation in higher eukaryotes.
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Chapter 2: Material and Methods
Molecular biology strategies

Polymerase chain reaction

To amplify DNA fragments from genomic DNA (gDNA) extracted from T. brucei as template, in order to
integrate it into a plasmid backbone afterwards, a 50 ul polymerase chain reaction (PCR) was set up
containing 100 ng of gDNA, 0.2 mM of each dNTP (Thermo Scientific), 0.5 uM of the specific forward
and reverse primer (synthesised by Sigma Aldrich), 1 U of Phusion High-Fidelity (HF) DNA Polymerase
(Thermo Scientific), 1 x Phusion HF Buffer from a 5 x stock solution (Thermo Scientific) and filled up to
50 pl with milli-Q water. The cycling conditions were adjusted according to the melting temperature of
the primers and the amplicon length following the manufacturer’s instruction for the Phusion HF DNA
Polymerase: 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 remove the salts of the PCR buffers, the 50 ul PCR reaction was cleaned up using the
NucleoSpin® Gel and PCR Clean-up Kit (Macherey&Nagel). To analyse the amplification efficiency, 500
ng of the purified PCR reaction were run on a 1.5% agarose gel using the Tris-Acetic acid-EDTA (TAE)
buffer system. As size standards for the DNA fragments, 500 ng of the GeneRuler 1 kb or 100 bp DNA
ladder were used (Thermo Scientific). The PCR fragments were visualised using a Ultraviolet (UV)
iluminator after staining for 15 min in ethidium bromide (Roth) water bath. In case the PCR reaction
contained undesired DNA fragments, the whole PCR reaction was run on a 1.5% agarose gel using the
Tris-Acetic acid-EDTA (TAE) buffer system and the desired DNA fragment was cut out and purified using
the manufacturer’s instructions for DNA extraction from agarose gels of the NucleoSpin® Gel and PCR
Clean-up Kit (Macherey&Nagel). Nucleotide concentrations were determined using a NanoDrop
spectrometer (Thermo Scientific).

To amplify DNA fragments from plasmid DNA as template, in order to integrate it into a plasmid
backbone afterwards, a 50 ul polymerase chain reaction (PCR) was set up containing 100 ng of gDNA,
0.2 mM of each dNTP (Thermo Scientific), 0.5 uyM of the specific forward and reverse primer
(synthesised by Sigma Aldrich), 1 U of Phusion High-Fidelity DNA Polymerase (Thermo Scientific), 1 x
Phusion HF Buffer from a 5 x stock solution (Thermo Scientific) and filled up to 50 pl with milli-Q water.
The cycling conditions were adjusted according to the melting temperature of the primers and the
amplicon length following the manufacturer’s instruction for the Phusion High-Fidelity DNA Polymerase:
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
remove the salts from the PCR buffers, the 50 ul PCR reaction was cleaned up using the NucleoSpin®
Gel and PCR Clean-up Kit (Macherey&Nagel). To analyse the amplification efficiency, the complete PCR
reaction was run on a 1.5% agarose gel using the Tris-Acetic acid-EDTA (TAE) buffer system. As size
standards for the DNA fragments, 500 ng of the GeneRuler 1 kb or 100 bp DNA ladder were used
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(Thermo Scientific). The PCR fragments were visualised using a UV illuminator after staining for 15 min
in ethidium bromide (Roth) water bath. The DNA fragment of interest was cut out from the gel and
purified using the manufacturer’s instructions for DNA extraction from agarose gels of the NucleoSpin®
Gel and PCR Clean-up Kit (Macherey&Nagel) to remove the template plasmid DNA. Residual plasmid
DNA would complicate further cloning efforts. Nucleotide concentrations were determined using a
NanoDrop spectrometer (Thermo Scientific).

To test plasmids directly from bacterial colonies, for example after transformation (see below), a 20
reaction was set up containing 0.2 mM of each dNTP (Thermo Scientific), 0.5 uM of the specific forward
and reverse primer (synthesised by Sigma Aldrich), 10% DMSO, 1 U of DreamTaq DNA Polymerase
(Thermo Scientific), 1 x DreamTaq Buffer from a 10 x stock solution (Thermo Scientific) and filled up to
20 pl with milli-Q water. Per reaction one colony was picked and transferred to the PCR tube containing
the PCR reaction. Remaining bacteria on the tip were dotted on a LB-agar plate supplemented with 50
pg/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 following the manufacturer’s instruction
for the DreamTaqg DNA Polymerase Polymerase: 95 °C/5 min, 40 cycles (95 °C/3 min — X °C/30 sec -
72 °C/1 min/kb), 72 °C/5 min, 12 °C/hold. The complete PCR reaction was run on a 1.5% agarose gel
using the Tris-Acetic acid-EDTA (TAE) buffer system. As size standards for the DNA fragments, 500 ng
of the GeneRuler 1 kb or 100 bp DNA ladder were used (Thermo Scientific). The PCR fragments were
visualised using a UV illuminator after staining for 15 min in ethidium bromide (Roth) water bath.

To verify the integration of a transfected DNA construct into the target site within the T. brucei genome
so-called integration PCRs were performed using 2 pl of genomic DNA (see below) and DreamTaq DNA
Polymerase as described above. The cycling conditions were adjusted according to the melting
temperature of the primers and the amplicon length following the manufacturer’s instruction for the
DreamTaqg DNA Polymerase Polymerase: 95 °C/3 min, 40 cycles (95 °C/30 sec — X °C/30 sec — 72 °C/1
min/kb), 72 °C/5 min, 12 °C/hold. The complete PCR reaction was run on a 1.5% agarose gel using the
Tris-Acetic acid-EDTA (TAE) buffer system. As size standards for the DNA fragments, 500 ng of the
GeneRuler 1 kb or 100 bp DNA ladder were used (Thermo Scientific). The PCR fragments were

visualised using a UV illuminator after staining for 15 min in ethidium bromide (Roth) water bath.

Restriction digest

To prepare plasmid backbone and insert for ligation or InFusion reaction (see below), 2 pg of backbone
or insert DNA were digested in a 50 pl reaction containing the respective restriction enzyme/s (New
England Biolabs) according to the manufacturer’s instructions for the enzyme, 1 x NEB buffer as
recommended by the manufacturer and milli-Q water. The reaction was incubated for 1 h at the
temperature according to the manufacturer’s instructions for the enzyme. The backbone digest reaction

was run on a 1.5% agarose gel using the Tris-Acetic acid-EDTA (TAE) buffer system. As size standards

46



Material and Methods

for the DNA fragments, 500 ng of the GeneRuler 1 kb or 100 bp DNA ladder were used (Thermo
Scientific). The DNA fragments were visualised using a UV illuminator after staining for 15 min in
ethidium bromide (Roth) water bath. The DNA fragment of the backbone was cut out from the gel and
purified using the manufacturer’s instructions for DNA extraction from agarose gels of the NucleoSpin®
Gel and PCR Clean-up Kit (Macherey&Nagel). To remove the salt of the digestion buffer, the insert digest
reaction was purified using the NucleoSpin® Gel and PCR Clean-up Kit (Macherey&Nagel) according to
the manufacturer’s instruction. Nucleotide concentrations were determined using a NanoDrop
spectrometer (Thermo Scientific).

To linearise plasmids for transfection 50 ug of DNA were digested in a 100 pl reaction containing the
respective restriction enzyme/s (New England Biolabs) according to the manufacturer’s instructions for
the enzyme, 1 x NEB buffer as recommended by the manufacturer and milli-Q water. The reaction was
incubated for 3 h at the temperature according to the manufacturer’s instructions for the enzyme. To
remove the salt of the digestion buffer, the linearisation reaction was purified using the NucleoSpin®
Gel and PCR Clean-up Kit (Macherey&Nagel) according to the manufacturer’s instruction. Nucleotide
concentrations were determined using a NanoDrop spectrometer (Thermo Scientific). To analyse the
linearisation efficiency, 500 ng of the reaction were run on a 1.5% agarose gel using the Tris-Acetic
acid-EDTA (TAE) buffer system. As size standards for the DNA fragments, 500 ng of the GeneRuler 1 kb
or 100 bp DNA ladder were used (Thermo Scientific). The DNA fragments were visualised using a UV

iluminator after staining for 15 min in ethidium bromide (Roth) water bath.
Plasmid generation

Ligation and transformation

To ligate the insert DNA fragment and the backbone DNA fragment, a 20 pl ligation reaction was set up
containing 100 ng of the digested and purified backbone DNA, the corresponding amount of the digested
and purified insert DNA (500 ng*insert size [bp] * backbone size [bp™']), 1 U of T4 DNA Ligase (Thermo
Fisher), 1 x T4 DNA Ligase Buffer from a 10 x stock solution (Thermo Fisher) and filled up to 20 pl with
milli-Q water. The ligation reaction was performed for 1.5 h at RT. To transform the ligation reaction into
competent Top10 Escherichia coli K12 cells, 30 ul of gently thawed bacteria were transferred into a 1.5
ml reaction tube and 6 pl of the ligation reaction were added. The transformation reaction was reposed
on ice for 30 min and afterwards a heat shock was performed for 1 min at 42 °C. After 1 min incubation
on ice, 300 ul of SOC medium prewarmed to 37 °C was added to the transformation reaction and the
bacteria were allowed to recover for 1 hour at 37 °C under constant shaking at and 200 rpm. 20 pl of
the bacteria were spread on a LB-agar plate supplemented with 50 ug/ml ampicillin (final concentration).
The remaining bacteria were centrifuged at 700 x g or 1 min, the supernatant was removed by decanting,
the pellet was resuspended in the reflow and spread on a LB-agar plate supplemented with 50 pg/ml

ampicillin (final concentration). Both agar plates were incubated over night at 37 °C. Bacterial colonies
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were tested via colony PCR (see chapter 2.1.1) or used to set up a liquid culture in LB medium
supplemented with 50 pyg/ml Ampicillin (final concentration) to isolate plasmids using the NucleoSpin

Plasmid Kits according to the instructions of the manufacturer (Macherey&Nagel).

InFusion and transformation

For InFusion reactions using In-Fusion® HD Cloning Plus CE (Takara Clontech), 5 ul InFusion reaction
was set up containing 50 ng of the digested and purified backbone DNA, 25 ng of the purified insert
DNA, generated by PCR using oligonucleotides with overhangs complementary to the first 15 bp of each
end of the linearised backbone vector as primers designed according to the manufacturer’s instructions,
and 1 pl of InFusion HD Enzyme Premix and filled up with milli-Q water. The reaction was incubated for
15 min at 50 °C and placed on ice. Competent Stellar E. coli K12 cells were gently thawed on ice and
2.5 ul of InFusion reaction were added 50 pl of bacteria, which were transferred into a 15 ml reaction
before the transformation reaction was reposed on ice for 30 min and afterwards a heat shock was
performed for 45 sec at 42 °C. After 2 min incubation on ice, 500 pl of SOC medium were added and
the bacteria were allowed to recover for 1 hour at 37 °C and under constant shaking at 200 rpm. 20
of the bacteria were spread on a LB-agar plate supplemented with 50 pg/ml Ampicillin (final
concentration). The remaining bacteria were centrifuged at 3500 rpm for 1 min, the supernatant was
removed by decanting, the pellet was resuspended in the reflow and spread on a LB-agar plate
supplemented with 50 ug/ml Ampicillin (final concentration). Both agar plates were incubated over night
at 37 °C. Bacterial colonies were tested via colony PCR (see Polymerase chain reaction) or used to set
up a liquid culture in LB medium supplemented with 50 ug/ml Ampicillin (final concentration) to isolate
plasmids using the NucleoSpin Plasmid Kits according to the instructions of the manufacturer

(Macherey&Nagel).

Plasmid validation
The correctness of the generated plasmid constructs was analysed using Sanger sequencing. Therefore,
500 ng of plasmid DNA were mixed with 2.5 uM of specific primer. The volume was adjusted to 10 pl

using milli-Q water and sent to the provided sequencing service.

Cell culture-based methods

Trypanosoma brucei culture

T. brucei wild type and genetically modified strains derived from one of the following strains: Lister 427
bloodstream-form Mitat 1.2 (clone 221a) strain, the derivative “single marker” (SM) bloodstream form
strain expressing a T7 polymerase and a Tet repressor (Wirtz and Clayton, 1995) or from the derivative
‘2T1 strain expressing a Tet repressor and containing a puromycin-tagged ribosomal spacer as a landing
pad for the transfection construct (Alsford and Horn, 2008). The bloodstream form T. brucei strains

were cultivated in HMI-11 medium (HMI-9 medium (Hirumi and Hirumi, 1994) without serum-plus) at

48



Material and Methods

37 °C and 5% CO.. If required, the following drug concentrations (final) were used: 2 ug/ml G418, 5
pg/ml hygromycin, 0.1 ug/ml puromycin, 5 pg/ml blasticidin, 2.5 pg/ml phleomycin and 1 pg/ml
doxycycline. Growth rates were monitored over 96h and cell densities were determined every 24 h.
Transfections were performed using a Nucleofector (Amaxa), as described previously (Scahill et al.,
2008).

Isolation of genomic DNA

For integration PCRs (see Polymerase chain reaction), gDNA from T. brucei BF cells were obtained using
the Phusion Human Specimen Direct PCR Kit (Thermo Scientific). To do so, 1 x 10° cells grown to the
mid log-phase ~ 1.0 - 1-5 x 10° were harvested by centrifugation for 10 min at 1,500 x g and RT. The
supernatant was completely removed without disturbing the pellet and the cell pellet was resuspended
in 20 pl of dilution buffer and 0.5 ul DNA release additive. The reaction was mixed, incubated for 5 min
at RT and boiled for 2 min at 98 °C. Following centrifugation for 5 min at 2,000 x g and RT, the
supernatant was transferred into a new 1.5 ml reaction tube and 1 pl of the supernatant was used as
template for integration PCR.

To obtain pure gDNA from T. brucei BF cells, ~ 3 x 10° cells grown to the mid log-phase ~ 1.0 — 1.5 x
10° were harvested for 10 min at 1,500 x g and RT. The supernatant was removed by careful decanting
and the cell pellet was resuspended in the residual liquid. The cell suspension was transferred into a
1.5 ml reaction tube and centrifuged for 4 min at 2,500 x g and RT. The supernatant was completely
removed without disturbing the pellet and the cell pellet was resuspended in 500 ul DNAzol®
(Invitrogen). Cell lysis was performed for 5 min at RT. The gDNA was precipitated by adding 250 pl
100% ethanol and following centrifugation for 5 min at 16,000 x g and 4 °C, the supernatant was
completely removed without disturbing the pellet. The gDNA pellet was washed using 500 ul 70% EtOH
and centrifuged 5 min at 16,000 x g and 4 °C. The supernatant was completely removed without
disturbing the pellet. The gDNA pellet was immediately dissolved in 1 x TE-buffer (10 mM Tris-HCI, 1
mM EDTA pH 8). Nucleotide concentrations were determined using a NanoDrop spectrometer (Thermo
Scientific). Isolated gDNA was stored at 4 °C.

Preparation of cell lysates for protein detection

To prepare cell lysates for protein detection using western blot analyses, 2 x 10° T. brucei cells grown
to the mid log-phase ~ 1.0 — 1.5 x 10° were harvested for 10 min at 1,500 x g and RT. The supernatant
was removed by careful decanting, the cell pellet was resuspended in the reflow and the cell suspension
was transferred into a new 1.5 ml reaction tube. Following centrifugation for 5 min at 2,500 x g and RT,
the supernatant was completely removed without disturbing the cell pellet. The pellet was resuspended
in 1 ml 1x TDB buffer (5 mM KCI, 80 mM NaCl, 1 mM MgS0,*7H,0, 20 mM Na,HPQ., 2 mM
NaH,P04*2H,0, 20 mM glucose) and centrifuged for 5 min at 2,500 x g and RT. The supernatant was

completely removed without disturbing the cell pellet. The cell pellet was resuspended in 10 pl cell lysis
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buffer (1 ml 4x Laemmli sample buffer, 3 ml RIPA buffer, 8 ul 1 M DTT; Laemmli buffer: 40% glycerol,
0.02% bromphenol blue, 8% SDS, 250 mM Tris pH 6.5; RIPA buffer: 50 mM Tris-HCI pH 8.0, 150 mM
NaCl, 1% NP-40, 0.25% Na-Deoxycholate, 0.1% SDS) and incubated for 10 min at 100 °C to denature

the proteins. The cell lysates were stored at -80 °C.

Generation of T. brucei BF mutants

Knock down of HAT1 and HAT2

Generation of constructs for inducible knock down of HAT1 and HAT2

The constructs for inducible knock down of HAT1 and HAT2 originated from pRPais. (Alsford and Horn,
2008) designed for efficient and stable RNA interference (RNAi) by stem-loop RNAs. Oligos for
amplifying the targeting regions of HAT1 and HAT2 were ordered, as published previously (Kawahara et
al., 2008). The forward oligos were extended with the sequences of the restriction enzymes Apal and
Kpnl at their 5°ends and the reverse oligos were extended with the sequences of Xbal and BamHI at
their 3’ends. The HAT 1-targeting region was amplified with H1R5SL-
GATCGGGCCCGGTACCCCCTTTTCGGAACATGAAGA- and H1R3SL-
GATCTCTAGAGGATCCAGTGTGACGCAGTGACTT- from gDNA. The generated amplicon was digested
using Kpnl/BamHI to generate the sense targeting region and using Xbal/Apal to generate the antisense
targeting region. To generate, the sense targeting region was inserted into Kpnl/BamHI-digested pRPais.
and the antisense targeting region was inserted into the generated pRPais._ HAT1_sense digested with
Xbal/Apal. The construct pRPais._HAT2_KD was generated as described for pRPais._HAT1_KD but using
the HAT2-targeting region (amplified with H2R5SL- GATCGGGCCCGGTACCACTCACAGACTTGGGAGCA -
and H2R3SL- GATCTCTAGAGGATCCTCATGTCATGTGCCCACTTT - from gDNA). For transfection, 20 ug
of pRPais._HAT1_KD anord pRPais._HAT2_KD were linearised with Ascl.

Generation of HAT1 and HAT2 knock down cell lines

The cell lines allowing inducible knock down of HAT1 and HAT2 derived from the 2T1 cell line, in which
the knock down construct was integrated into a PUR-tagged rRNA locus for stable transfection efficiency
(Alsford et al., 2005; Alsford and Horn, 2008). To generate 2T1_HAT1_KD, the Ascl-linearised
pRPais._HAT1_KD was transfected into 2T1 cells using a Nucleofector (Amaxa), as described previously
(Scahill et al., 2008). The 2T1_HAT2_KD cell line was generated using Ascl-linearised pRPais._HAT2_KD.
Hygromycin and phleomycin were added to the culture medium to select for successful transfectants.
Successful integration of the knock down constructs was analysed by PCR
(CGCGTCTGCTGCTCCATACAAG and TCAAGCTCTAAATCGGGGGC) on gDNA purified from
2T1_HAT1_KD and 2T1_HAT2_KD cells, respectively. To phenotypically analyse the effect of HAT1 and
HAT2 knock down, respectively, growth rates of induced 2T1_HAT1_KD and 2T1_HAT2_KD cells were
monitored for 96h. Uninduced 2T1_HAT1_KD and 2T1_HAT2_KD cells served as control. To evaluate
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the knock down efficiencies, the transcript levels of HAT1 (CAGAACGCGGAAGGAGAGTT and
GCGAGAAGTACCACGTCTCC) and HAT2 (CCCACCACAGTGCGATACTT and TGCGTCGCTTAAAGGTGCTA)
were analysed at different time points of RNAi-induction by quantitative real-time PCR (see Quantitative

real-time PCR for testing RNAI efficiencies).
Knock down of different BDFs and chromatin modifiers

Generation of constructs for inducible knock down of different BDFs and chromatin modifiers

The constructs for inducible knock down of different chromatin modifiers (Table 2.3) originated from
pRPais. (Alsford and Horn, 2008) designed for efficient and stable RNA interference by stem-loop RNAs.
The RNAi-targeting regions of the chromatin modifiers were amplified from gDNA using a gene-specific
forward oligo containing an Apal/Kpnl-5"-extension and reverse oligo containing a Xbal/BamHI-5"-
extension (Table 2.1). The amplified targeting regions were digested using Kpnl/BamHI to generate the
sense targeting region and using Xbal/Apal to generate the antisense targeting region. To generate
pRPajis "target_gene”_KD (Table 2.3), the sense targeting region was inserted into pRPajs, digested
with  Kpnl/BamHI and the antisense targeting region was inserted into the generated
pRPais._ "target_gene”_sense, which was digested with Xbal/Apal. For transfection, 20 ug of

pRPais._"target_gene”_KD were linearised with Ascl.

Generation of knock down cell lines for inducible depletion of different BDFs and chromatin modifiers
The cell lines allowing inducible knock down of different chromatin modifiers derived from the 2T1 cell
line, in which the knock down construct was integrated into a PUR-tagged rRNA locus for stable
transfection efficiency (Alsford et al., 2005; Alsford and Horn, 2008). To generate 2T1_"target_gene”_KD
(Table 2.5)., the Ascl-linearised pRPais._"target_gene”_KD was transfected into 2T1 cells using a
Nucleofector (Amaxa), as described previously (Scahill et al., 2008). Hygromycin and phleomycin were
added to the culture medium to select for successful transfectants. To phenotypically analyse the effect
of the “target_gene” knock down, growth rates of induced 2T1_"target_gene” _KD cells were monitored
for 96h. Uninduced 2T1_“target_gene”_KD cells served as control. To evaluate the knock down
efficiencies, the transcript levels of “target_gene” were analysed at different time points of RNAi-
induction by quantitative real-time PCR, as described in Quantitative real-time PCR for testing RNAI

efficiencies (for gene specific oligos see Table 2.1).
Overexpression of different chromatin modifiers

Generation of constructs for overexpression of different chromatin modifiers

The constructs for inducible overexpression of different chromatin modifiers (Table 2.3) originated from
pRPaTag (Alsford and Horn, 2008). The coding region of the chromatin modifiers was amplified from
gDNA using a gene-specific forward oligo containing a Hindlll-5"-extension and reverse oligo containing

a BamHI-5"-extension (Table 2.1). The amplified targeting regions were digested using Hindlll/BamHI
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and integrated into Hindlll/BamHI-digested pRPaTag to generate pRPa_"target_gene”_OE (Table 2.3).

For transfection, 20 ug of pRPa_"target_gene”_OE were linearised with Ascl.

Generation of cell lines for inducible overexpression of different chromatin modifiers

The cell lines allowing inducible overexpression of different chromatin modifiers derived from the 2T1
cell line, in which the overexpression construct was integrated into a PUR-tagged rRNA locus for stable
transfection efficiency (Alsford et al., 2005; Alsford and Horn, 2008). To generate 2T1_"target_gene”_OE
(Table 2.3), the Ascl-linearised pRPa_"target_gene”_OE was transfected into 2T1 cells using a
Nucleofector (Amaxa), as described previously (Scahill et al., 2008). Hygromycin and phleomycin were
added to the culture medium to select for successful transfectants. To phenotypically analyse the effect
of the “target_gene” overexpression, growth rates of induced 2T1_“target_gene” _OE cells were
monitored for 96h. Uninduced 2T1_“target_gene”_OE cells served as control. To evaluate the
overexpression efficiencies, the transcript levels of “target_gene” were analysed at different time points
of overexpression by quantitative real-time PCR, as described in Quantitative real-time PCR for testing

RNAI efficiencies (for gene specific oligos see Table 2.1).
TY-tagging of RNAPII subunit RPB9

Generation of constructs for endogenous TY-tagging of both RPB9 alleles

The tagging construct pPOTv3-BSD-2xTY originated from pPOTv3 (a precursor from the pPOT-
constructs (Dean et al., 2015)). The YFP gene was exchanged by two succeeding, codon-optimised TY-
tags using the restriction sites Hindlll and Sacl. The first one contained the start codon. The codon-
optimised  TY-tag-fragment was generated by annealing of two oligonucleotides
(AGCTTATGGAGGTGCACACGAACCAGGACCCGCTGGACGCCGAGGTGCACACGAACCAGGACCCGCTGGAC
GGATCCGGATCAGGATCTGGATCAGGATCGGGTAGTGAGCT and
CACTACCCGATCCTGATCCAGATCCTGATCCGGATCCGTCAAGTGGATCTTGGTTAGTATGGACCTCGGCGTC
AAGTGGGTCCTGGTTAGTATGGACCTCCATA).

To generate the constructs allowing endogenous TY-tagging of both RPB9 alleles, the InFusion HD
Cloning Plus reagents were used (Takara) according to the manufacturer’s instructions. To generate the
construct pPOTv3-BSD-2xTY_RPB9 for N-terminal 2xTY-tagging of RPB9, the upstream region of RPB9
(amplified with CTATAGGGCGAATTGGGCCCTGTGTCAACCAACGGCGATA and
GCATTATACGCGGCCGCGGTGGTTTTATTCCACCTTAGCTTCG from gDNA) was integrated into the
Apal/Notl-digested pPOTv3-BSD-2xTY. The downstream region, homologous to the 5°end of RPB9 CDS
excluding the ATG (amplified with CAGGATCGGGTAGTGAGCTCGAGTCCACTTTGACGCAG and
GCTTTTTCATGCTAGCGTTCACGAAGCATGTGACTTC) was inserted using Sacl/Nhel-digested pPOTv3-
BSD-2xTY_RPB9_UR. To generate the construct pPOTv3-NEO-2xTY_RPB9 for N-terminal 2xTY-tagging
of RPB9, the resistance cassette BSD was exchanged by a NEO cassette (amplified with
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GCAACGAAGCTTGTTAACATGATTGAACAAGATGGATTGCAC and
TGGGCAGGATCCGGATCAGAAGAACTCGTCAAGAAGGC from pyrFE-NEO (Kim et al., 2013) ) using the
restriction sites MIul/Notl. For transfection, the tagging constructs pPOTv3-BSD-2xTY_RPB9 and
pPOTv3-NEO-2xTY_RPB9 were linearised using Apal/Nhel.

Generation of 2™"27'RBP9 cell lines

The cell lines containing 2™27YRBP9 derived from the 2T1 cell line (Alsford et al., 2005; Alsford and
Horn, 2008). For tagging of the first allele, Apal/Nhel-linearised pPOTv3-BSD-2xTY_RPB9 was
transfected into 2T1 cells using a Nucleofector (Amaxa), as described previously (Scahill et al., 2008).
Integration of the tagging construct was verified by PCR (TGCTAGCGCCTTATCACCAC and
CACAAGGTCCCCCAGTAAAA; GCATCTTCACTGGTGTCAATGTA and CAAAGGTAGGCGGTGGGG) on gDNA
purified from 2T1_>T*RBP9 cells. For tagging of the second allele, Apal/Nhel-linearised pPOTv3-NEO-
2xTY_RPB9 was transfected into 2T1_2T*RBP9 cells using a Nucleofector (Amaxa). Integration of the
tagging construct was verified by PCR (TGCTAGCGCCTTATCACCAC and AATATCACGGGTAGCCAACG;
TGAATGAACTGCAGGACGAG and CAAAGGTAGGCGGTGGGG) on gDNA purified from 2T1_2T/2TYRBPQ
cells. Successful Ty-tagging of both RPB9 alleles was further evaluated by western blot analysis. For
cultivation, the medium of the 2T1_>T/2TYRBP9 was supplemented with appropriate concentrations of
puromycin, phleomycin, blasticidin and neomycin.

Generation of 27">TYRBP9 cell lines allowing inducible depletion of HAT1 and HAT2
2T1_>T2TRBP9_HAT1_KD and 2T1_2™2WRBP9_HAT2_KD cells lines derived from the
2T1_>T2>TYRBPY. For transfection, the Ascl-linearised pRPais._HAT1_KD and pRPais._HAT2_KD were
used, respectively. 2T1_2™*RBP9_HAT1_KD and 2T1_2"*RBP9_HAT2_KD cells were cultivated adding
hygromycin, phleomycin, blasticidin and neomycin to the medium. Successful integration of the knock
down constructs was analysed by PCR (CGCGTCTGCTGCTCCATACAAG and
TCAAGCTCTAAATCGGGGGC) on gDNA  purified from  2T1_2™2TYRBP9_HAT1_KD  and
2T1_>T2>TYRBP9_HAT2_KD cells, respectively. To phenotypically analyse the effect of HAT1 and HAT2
knock down, respectively, growth rates of induced 2T1_*>™2™RBP9_HAT1_KD and
2T1_>T2TYRBP9_HAT2_KD cells were monitored for 96h. Uninduced 2T1_>T">™RBP9_HAT1_KD and
2T1_>W2YRBP9 HAT2 KD cells served as control. To evaluate the knock down efficiencies, the
transcript levels of HAT1 (CAGAACGCGGAAGGAGAGTT and GCGAGAAGTACCACGTCTCC) and HAT2
(CCCACCACAGTGCGATACTT and TGCGTCGCTTAAAGGTGCTA) were analysed at different time points of
RNAi-induction by quantitative real-time PCR (see Quantitative real-time PCR for testing RNAI

efficiencies).

Quantitative real-time PCR for testing RNAi efficiencies
RNAi-mediated knock down of the target transcripts was induced over 0 h and 48 h using 1 ug/ml

doxycycline in transgenic T. brucei cells. RNA was extracted from 5 x 107 cells from each time point
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using the Macherey-Nagel, NucleoSpin® RNA kit according to the manufacturer’s instruction and

copyDNA (cDNA) was synthesised using the M-MLV reverse transcriptase system (Thermo Fisher).

Quantitative real-time PCR on the cDNAs was performed using the iTaq system (Bio-Rad) according to

the manufacturer’s instructions. Therefore, gene-specific primers were chosen, that bind in the coding

sequence of the target gene, but not in the RNAi-target sequence (Table 2.1). The AACt-method

Methods (or-Livak-method) was applied that compares the expression of the target gene in the 48 h

time point to the 0 h time point.

Lists of materials used in this study

Table 2.1. List of oligos used in this study.
Underlined sequences indicate InFusion overhangs; abbreviations: KD — Knock down, OE — Overexpression, Lig — Ligation,
Inf — Infusion, RTR - RNAI targeting region, CDS — Coding sequence, qPCR — Quantitative real-time polymerase chain reaction,
Neo — Neomycin/G418, ALD - Aldolase, UTR - Untranslated region.

Oligo name  Lab internal name Purpose DNA sequence 5°-3°

0AK 1 1270_BDF1_pRPaiSL_F  BDF1 RTR GATCGGGCCCGGTACCAAGCTACCGGACTACCGGAT
OAK_Z 1271_BDF1_pRPaiSL_R  BDF1 RTR GATCTTCTAGAAGGATCCATTCCATTATGAGGCGGC
oAK_3 1272_BDF1_gPCR_F BDF1 gPCR  CGCGCTGGCTTTTCTTCTTT

OAK_4 1273_BDF1_gPCR_R BDF1 gPCR  TTTTCCACCCTCGCCTCTTC

oAK_5 842 _BDF2_KD_pRPa_F  BDF2 RTR GATCGGGCCCGGTACCTATCCCGTCTGTGGGATCTT
o AK_6 843_BDF2_KD_pRPa_R  BDF2 RTR GATCTCTAGAGGATCCAGGTCCTCCTTGTTCCGTTT
oAK_7 814_BDF2_OE_infF BDF2 CDS  TAAAATTCACAAGCTTGCAATGAGCAAGAACGAGCG
OAK_8 815_BDF2_OE_infR BDF2 CDS TAAATGGGCAGGATCCGTCGATACCAGTAGGCCGTG
oAK_9 939_qBDF2_F BDF2 gPCR  GCGGAGAAAGATGTGCCTCT

o AK_1O 940_qBDF2_R BDF2 gPCR  TCGCTGCTGTCTACATCGTC

OAK_11 918_BDF3_KDlig_F BDF3 RTR GATCGGGCCCGGTACCAACCTGTCGATGCACTGAGG
o AK_12 919_BDF3_KDlig_F BDF3 RTR GATCTCTAGAGGATCCCCGCTGCTAAGGATGAGTGT
OAK_13 816_BDF3_OE_infF BDF3 CDS  TAAAATTCACAAGCTTATGGTCCTCACAGGGGTCAA
OAK_'] 4 817_BDF3_OE_infR BDF3 CDS TAAATGGGCAGGATCCTCACTCCAACTGCCCGTTTG
OAK_'] 5 937_qBDF3_F BDF3 gPCR  CACTCAGCCATCCACTACCG

OAK_16 938_qBDF3_R BDF3 gPCR  GGCGCTCTCCTCTGCATAAA

OAK_17 1274_BDF4_pRPaiSL_F  BDF4 RTR GATCGGGCCCGGTACCCGACATTGTGTGGACAGGAC
0 AK_18 1275_BDF4_pRPaiSL_R  BDF4 RTR GATCTCTAGAGGATCCGGACGGACGTGTTTCAGTTT
OAK_19 1276_BDF4_qgPCR_F BDF4 gPCR  TACCTTTTGCACGGCGTTTG

OAK_ZO 1277_BDF4_gPCR_R BDF4 gPCR  CGCCACTTACACATCAGGGT

OAK_21 806_FACT_KD_ligF FACT RTR GATCGGGCCCGGTACCCGGTTGAAGTTGGACCCCTT
0 AK_22 807_FACT_KD_ligR FACT RTR GATCTCTAGAGGATCCGCTTGGGGCATTTCGTTCC
OAK_23 804_FACT_OE_infF FACT CDS TAAAATTCACAAGCTTTTACCCTTTCCGCATCTCGC

0 AK_2 4 805_FACT_OE_infR FACT CDS TAAATGGGCAGGATCCTTTCGTCCCCCTCGTTCTTG
OAK_25 808_gFACT_F FACT gPCR  TGCAGCGCGACTTTACTACA

0 AK_26 809_gFACT_R FACT gPCR  ATTGAGTACTGCCCAACCGG

OAK_27 1751_H1R5SL HAT1 RTR GATCGGGCCCGGTACCCCCTTTTCGGAACATGAAGA
OAK_28 1752_H1R3SL HAT1 RTR GATCTCTAGAGGATCCAGTGTGACGCAGTGACTT
OAK_29 812_HAT1_OE_infF HAT1 CDS  TAAAATTCACAAGCTTATGGTAATGTTTGAGGTGCGG
OAK_BO 813_HAT1_OE_infR HAT1CDS  TAAATGGGCAGGATCCTTATACTTTCTCAGCTCTACGCA
OAK_31 941_qHAT1_F HAT1 gPCR  CAGAACGCGGAAGGAGAGTT

0AK:32 942_gHAT1_R HAT1 gPCR  GCGAGAAGTACCACGTCTCC
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Oligo name  Lab internal name Purpose DNA sequence 5°-3°
0AK_33 1753_H2R5SL HAT2 RTR  GATCGGGCCCGGTACCACTCACAGACTTGGGAGCA
0AK_34 1754_H2R3SL HAT2 RTR  GATCTCTAGAGGATCCTCATGTCATGTGCCCACTTT
0AK_35 810_HAT2_OE_infF HAT2 CDS  TAAAATTCACAAGCTTCCACCGGCAACATAGCTGTA
0AK_36 811_HAT2_OE_infR HAT2 CDS  TAAATGGGCAGGATCCGAGGGACGACACATCAGCTC
0AK_37 475_qHAT2_F HAT2 gPCR  CCCACCACAGTGCGATACTT
0AK_38 476_qHAT2_R HAT2 gPCR  TGCGTCGCTTAAAGGTGCTA
0AK_39 800_ISWI_KD_ligfr ISWI RTR GATCGGGCCCGGTACCTGACAGCTGGTTTGACACGG
0AK_40 801_ISWI_KD_ligR ISWIRTR GATCTCTAGAGGATCCTTTGTGCCCCTCCTTTTCGT
0AK_41 798_ISWI_OE_infF ISWI CDS TAAAATTCACAAGCTTGGGTTGCCTTACTCCCACTT
0AK_42 799_ISWI_OE_infR ISWI CDS TAAATGGGCAGGATCCCTCACACACGTCCCCTTTGA
0AK_43 802_qISWI_F ISWI gPCR  GCTCGATGCGTGGCTTTAAG
0AK_44 803_qISWI_R ISWI gPCR  TTGGGTGCGTTAAAAGCAGC
0AK_45 1860_pPOT_neoF Neo CDS GCAACGAAGCTTGTTAACATGATTGAACAAGATGGATTGCAC
0AK_46 1861_pPOT_neoR Neo CDS TGGGCAGGATCCGGATCAGAAGAACTCGTCAAGAAGGC
1862_pPOT_3ALDF 3"ALD TCCGGATCCTGCCCATTTAG
0AK_47 UTR
1863_pPOT_3ALDR 3"ALD AGCTTGAGCAACGCGTGG
0AK_48 UTR
1864_pPOT_5ALDF 5 ALD AAAACCACCGCGGCCGCCGCGTTTCCTTACATATTTCT
0AK_49 UTR
1865_pPOT_5ALDR 5 ALD AACAAGCTTCGTTGCAGTTGA
0AK_50 UTR
1303_Ty1_tagCO_S 2xTY1-tag AGCTTATGGAGGTGCACACGAACCAGGACCCGCTGGACGCCGAGGT
CDS GCACACGAACCAGGACCCGCTGGACGGATCCGGATCAGGATCTGGA
0AK_51 TCAGGATCGGGTAGTGAGCT
1304_Ty1_tagCO_AS 2xTY1-tag CACTACCCGATCCTGATCCAGATCCTGATCCGGATCCGTCCAGCGGG
CDS TCCTGGTTCGTGTGCACCTCGGCGTCCAGCGGGTCCTGGTTCGTGTG
0AK_52 CACCTCCATA

Table 2.2. List of parental plasmids used in this study.

Abbreviations: Amp - ampicillin, KD — Knock down, OE — Overexpression, Hygro — Hygromycin, Blas - Blasticidin,
Neo — Neomycin/G418, UTR - Untranslated region.

Name Purpose Resistance in E.  Resistance in Reference
coli T. brucei
pPOTv3 Retrieve backbone for pPOTv3-BSD- Amp Blas (Dean et al., 2015)
2xTY
pPOTv3_TY- Retrieve backbone for pPOTv3-TY- Amp Blas (Wedel and Siegel,
RPB9_BSD RPB9_Neo 2017)
pyrFEKO-NEO Amplification of NEO resistance cassette  Amp Neo (Scahill et al., 2008)
pPOTv3_TY- Amplification of 3"UTR of Aldolase Amp Blas (Wedel and Siegel,
RPB9_BSD 2017)
pPOTv3_TY- Amplification of 5°UTR of Aldolase Amp Blas (Wedel and Siegel,
RPB9_BSD 2017)
pRPaist Retrieve backbone for Amp Hygro (Alsford and Horn,
pRPaiSL_"target_gene”_KD 2008)
pRPatyg Retrieve backbone for Amp Hygro (Alsford and Horn,
pRPa_"target_gene”_OE 2008)

Table 2.3. List of plasmids generated in this study.

Abbreviations: Amp - ampicillin, KD — Knock down, OE — Overexpression, Hygro — Hygromycin, Blas — Blasticidin,
Neo — Neomycin/G418, Puro — Puromycin, A - deletion, UTR - Untranslated region.
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Construct name Purpose Resistance in  Resistance = Reference
E. coli in T. brucei
Inserts RNAi-targeting construct for inducible Amp Hygro AJ Kraus
pRPaiSL_BDF1_KD knock down of BDF1 into a hygroAstart::Puro
tagged rRNA locus on chromosome 2
Inserts RNAi-targeting construct for inducible Amp Hygro AJ Kraus
pRPaiSL_BDF2_KD knock down of BDF2 into a hygroAstart::Puro
tagged rRNA locus on chromosome 2
Inserts construct for inducible overexpression of  Amp Hygro AJ Kraus
pRPa_BDF2_OE BDF2 into a hygroAstart::Puro tagged rRNA
locus on chromosome 2
Inserts RNAi-targeting construct for inducible Amp Hygro AJ Kraus
pRPaiSL_BDF3_KD knock down of BDF3 into a hygroAstart::Puro
tagged rRNA locus on chromosome 2
Inserts construct for inducible overexpression of  Amp Hygro AJ Kraus
pRPa_BDF3_OE BDF3 into a hygroAstart::Puro tagged rRNA
locus on chromosome 2
Inserts RNAi-targeting construct for inducible Amp Hygro AJ Kraus
pRPaiSL_BDF4_KD knock down of BDF4 into a hygroAstart::Puro
tagged rRNA locus on chromosome 2
Inserts RNAi-targeting construct for inducible Amp Hygro AJ Kraus
pRPaiSL_FACT_KD knock down of FACT into a hygroAstart::Puro
tagged rRNA locus on chromosome 2
Inserts construct for inducible overexpression of  Amp Hygro AJ Kraus
pRPa_FACT_OE FACT into a hygroAstart::Puro tagged rRNA locus
on chromosome 2
Inserts RNAi-targeting construct for inducible Amp Hygro (Kawahara et
. knock down of HAT1 into a hygroAstart::Puro al., 2008;
PP b tagged rRNA locus on chromosome 2 Kraus et al.,
2020)
Inserts construct for inducible overexpression of  Amp Hygro AJ Kraus
pRPa_HAT1_OE HAT1 into a hygroAstart::Puro tagged rRNA
locus on chromosome 2
Inserts RNAi-targeting construct for inducible Amp Hygro (Kawahara et
. knock down of HAT2 into a hygroAstart::Puro al., 2008;
pREESIL tagged rRNA locus on chromosome 2 Kraus et al.,
2020)
Inserts construct for inducible overexpression of  Amp Hygro AJ Kraus
pRPa_HAT2_OE HAT2 into a hygroAstart::Puro tagged rRNA
locus on chromosome 2
Inserts RNAi-targeting construct for inducible Amp Hygro AJ Kraus
pRPaiSL_ISWI_KD knock down of ISWI into a hygroAstart::Puro
tagged rRNA locus on chromosome 2
Inserts construct for inducible overexpression of  Amp Hygro AJ Kraus
pRPa_ISWI_OE ISWI into a hygroAstart::Puro tagged rRNA locus
on chromosome 2
DPOTV3-BSD-2XTY Er_]dogenous N-.terminal tagging of target gene Amp Blas AJ Kraus
with 2 x Ty1 epitope tag
Endogenous N-terminal tagging of RPB9 with Amp Neo Kraus et al.,
pPOTV3_TY-RPBI Neo XT§1 epitope tag 99 gozo)

Table 2.4. List of 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, T7TRNAP - T7 RNA polymerase, A - deletion, NEO - aminoglycoside phosphotransferase,
phosphotransferase,
BLE - phleomycin resistance gene, Neo/G418 — Neomycin, Blas - Blasticidin, Puro - Puromycin, Hygro — Hygromycin,
Phleo — phleomycin, Dox - Doxycyclin.

BSD - blasticidin S

deaminase,

PAC - puromycin

N-acetyltransferase,

HYG - hygromycin

Name Genotype Constructs Selection Reference

Wt BF Lister 427, MITat1.2, clone 221a - - (Cross, 1975)

SM BF Lister 427, MITat1.2, clone 221a, pHD328, Neo (Wirtz and Clayton,
TETR T7RNAP NEO pLew114hyg5° 1995)
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2T1 BF Lister 427, MITat1.2, clone 221a, pHD1313, Puro, Phleo (Alsford et al., 2005;
TetR::BLE::TUB, hygAstart::PAC::RRNA ph3E Alsford and Horn,
locus on chromosome 2 2008)
BFJEL43 SM, RRNA::Ty1-H2B.V BSD, pJEL92, pJEL74, Neo, Blas, (Lowell et al., 2005)
AH2B.V::PAC | AH2B.V::HYG pJEL75 Puro, Hygro,
Dox
BFpFK8 SM, RRNA::Ty1-H2A BLE pFK8 Neo, Phleo, (Lowell et al., 2005)
Dox
BFpFK3.4.5  SM; RRNA::Ty1-H2A.Z BLE, pFK3, pFK4, pFK5 Neo, Phleo, (Lowell et al., 2005)
AH2A.Z:PAC | AH2A.Z:HYG Puro, Hygro,
Dox

Table 2.5. List of transgenic cell lines generated in this study.

Abbreviations: KD - Knock down, OE - Overexpression NEO - aminoglycoside phosphotransferase, BSD - blasticidin S
deaminase, PAC - puromycin N-acetyltransferase, HYG - hygromycin phosphotransferase, BLE — phleomycin resistance gene,
Neo/G418 — Neomycin, Blas — Blasticidin, Puro — Puromycin, Hygro — Hygromycin, Phleo — phleomycin.

Name Genotype Constructs Selection Reference
2T1_BDF1_KD 2T1, HYG::RRNA::BDF1_KD DRPaiSL_BDF1_KD Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_BDF2_KD 2T1, HYG::RRNA::BDF2_KD DRPaiSL_BDF2_ KD Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_BDF2_OF 2T1, HYG::RRNA::BDF2_OE DRPa_BDF2 OE Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_BDF3_KD 2T1, HYG::RRNA::BDF3_KD DRPaiSL_BDF3_KD Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_BDF3_OE 2T1, HYG::RRNA::BDF3_OE DRPa_BDF3_OE Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_BDF4_KD 2T1, HYG::RRNA::BDF4_KD DRPaiSL_BDF4 KD Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_FACT KD 2T1, HYG::RRNA::FACT_KD DRPaiSL_FACT KD Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_FACT OE 2T1, HYG::RRNA::FACT_OE DRPa_FACT OF Hygro, AJ Kraus
on chromosome 2 Phleo
2T1, HYG::RRNA::HAT1_KD Hygro, (Kawahara et al.,
2T1_HAT1_KD on chromosome 2 pRPaiSL_HAT1_KD Phleo 2008; Kraus et al.,
2020)
2T1_HAT1_OE 2T1, HYG::RRNA::HAT1_OE DRPa_HAT1_OF Hygro, AJ Kraus
on chromosome 2 Phleo
2T1, HYG::RRNA::HAT2_KD Hygro, (Kawahara et al.,
2T1_HAT2_KD on chromosome 2 pRPaiSL_HAT2_KD Phleo 2008; Kraus et al.,
2020)
2T1_HAT2 OF 2T1, HYG::RRNA::HAT2_OE DRPa_HAT2 OF Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_ISWI_KD 2T1, HYG::RRNA::ISWI_KD DRPaiSL_ISWI_KD Hygro, AJ Kraus
on chromosome 2 Phleo
2T1_ISWI_OE 2T1, HYG::RRNA:: ISWI_OE DRPa_ISWI_OF Hygro, AJ Kraus
on chromosome 2 Phleo
2T1, pPOTv3_TY- Puro, (Kraus et al.,
2T{ 27V2XYRBPY NEO::2xTy1::RPB9 RPB9_Neo, Phleo, 2020)
- BSD::2xTy1::RPB9 pPOTv3_TY- Neo,
RPB9_BSD Blas
2T1_»TRXTYRBPY, Hygro, (Kraus et al.,
9T1_2™2YRBPY HATIKD HYG::RRNA::HAT1_KD DRPaiSL_HAT1_KD Phleo, 2020)
on chromosome 2 Neo,
Blas
2T1_2TRXYRBPY, Hygro, (Kraus et al.,
2T1_2IYREPY HAT2KD HYG::RRNA::HAT2_KD DRPaiSL_HAT2 KD Phleo, 2020)
on chromosome 2 Neo,
Blas
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Quantification of site-specific acetylation levels

Mononucleosome preparation for mass-spectrometry analyses

Mononucleosomes were purified using established protocols (Lowell et al., 2005). To do so, cells were
harvested at 4 °C and 1,800 x g for 10 min and washed using 40 ml of 1x TDB buffer (5 mM KCI, 80
mM NaCl, 1 mM MgS04*7H,0, 20 mM Na,HPO,, 2 mM NaH,P04*2H,0, 20 mM glucose). The cell pellet
was resuspended in 1 ml of permeabilisation buffer (100 mM KCI, 10 mM Tris 8.0, 25 mM EDTA 8.0, 1
mM DTT, 1.46 uM pepstatin A, 4.7 uM leupeptin, 1 mM PMSF and 1 mM TLCK, 50 mM sodium butyrate,
0.5 uM anarcadic acid) and centrifuged at 4 °C and 1,800 x g for 10 min. The cell pellet was resuspended
using 1 ml permeablisation buffer (see above). Digitonin was added to the cell suspension to a final
concentration of 40 uM (stock solution: Digitonin was dissolved to 4 mM in permeabilisation buffer) and
cell lysis was performed at RT for 15 min under gentle rotation. Following centrifugation, the pellet was
washed three times in 1 ml ice-cold isotonic buffer (100 mM KCI, 10 mM Tris 8.0, 10 mM CaCl2, 5%
Glycerol, 1 mM DTT, 1.46 uM pepstatin A, 4.7 yM leupeptin, 1 mM PMSF and 1 mM TLCK, 50 mM
sodium butyrate, 0.5 yM anarcadic acid) for removing residual traces of EDTA. The cell pellet was
resuspended in 1 ml isotonic buffer (see above) and mononucleosomes were generated by micrococcal
nuclease digestion (MNase; Sigma) using 2.5 U of MNase and incubation for 15 min at 25 °C in a heating
block. The reaction was stopped by adding 10 mM EDTA (pH 8.0) (final concentration). To the
mononucleosomes-containing solution, 200 mM NaCl (final concentration), 0.05% NP-40 (final
concentration) were added. The reaction was incubated for 5 min on ice. Afterwards, the suspension
was mixed by vortexing (five times, 10 sec on, 30 sec break on ice). Following incubation on ice for 5
min without mixing, the mononucleosomes-containing suspension was cleared from other proteins by
centrifugation at 4 °C and 11,000 x g for 10 min and the supernatant was transferred to a new 1.5 ml

reaction tube.

Purification of histones from mononucleosomes using acid extraction

To identify all histone PTMs, irrespectively of their genomic location, histones were isolated by acid
extraction from 1 x 10°cells per replicate. In total, three replicates were prepared per approach.

For the acid extraction of histones, 220 ul of 1 M H,SO, were added to 1 ml mononucleosome-containing
supernatant (see above) extracted from 2 x 10° bloodstream form trypanosomes according to a
previously published protocol for acid extraction (Shechter et al., 2007). Following an overnight
incubation at 4 °C on a rotation wheel, the acid-insoluble proteins were removed by centrifugation at 4
°C and 16,000 x g for 10 min. The supernatant containing the free, acid-soluble histones was transferred
into a new 1.5 ml reaction tube and the histones were concentrated using the StrataClean® resin (Agilent
Technologies) as described previously (Giinzl and Schimanski, 2009). Therefore, 20 ul StrataClean®

resin was added, and the suspension was incubated for 20 min at RT on a rotation wheel to allow binding
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of the histones to the resin. The resin was collected by centrifugation at RT and 16,000 x g for 1 min.
To release the histones, the resin was incubated in 60 pl 1 x NuPAGE® LDS Sample Buffer (Thermo
Fisher) supplemented with 50 mM DTT at 70 °C for 10 min and afterwards collected by centrifugation
at RT and 16,000 x g for 1 min. The supernatant containing the histones from 2 x 10° bloodstream form
trypanosomes was transferred to a new 1.5 ml reaction tube. To reduce histones for mass spectrometry

analysis, elution buffer was supplemented with 50 mM DTT (final concentration).

Locus-specific histone isolation

Non-TSS nucleosomes were purified from the cell line BFpFK8, which allows inducible overexpression
of TY-tagged H2A from an rDNA locus (Lowell et al., 2005). For each replicate, mononucleosomes were
isolated from 1 x 10° cells as described above. Immunoprecipitation of non-TSS nucleosomes was
performed by adding 50 pl Dynabeads Protein G (Invitrogen) coupled to 10 ug monoclonal, purified BB2
mouse antibody (Bastin et al., 1996) to 1 ml mononucleosome-containing supernatant (2 x 108 cells).
Following an overnight incubation at 4 °C on a rotation wheel, bound material was washed three times
with 1 ml 1 x PBS and eluted using 40 pl 1 x NuPAGE LDS Sample Buffer (Thermo Fisher) at 70 °C for
10 min. To reduce histones for mass spectrometry analysis, the elution buffer was supplemented to
contain 50 mM DTT (final concentration). The samples were frozen down in liquid nitrogen and stored
at -80 °C.

To identify PTMs enriched at TSSs, TSS-nucleosomes were purified from cell line BFJEL41 (Lowell et
al., 2005). In this cell line both endogenous H2A.Z alleles were deleted and an ectopic copy of TY1-
tagged H2A.Z was constantly overexpressed. For each replicate, mononucleosomes were isolated from
1 x 10° cells as described above. Immunoprecipitation of TSS-nucleosomes was performed by adding
50 ul Dynabeads Protein G (Invitrogen) irreversibly crosslinked using dimethyl pimelidate (see
Crosslinking of antibodies to Protein G beads) (Sigma-Aldrich) to 10 ug monoclonal, purified BB2 mouse
antibody (Bastin et al., 1996) to 1 ml mononucleosome-containing supernatant (2 x 108 cells). Following
an overnight incubation at 4 °C on a rotation wheel, bound material was washed three times with 1 ml
1 x PBS and eluted using 40 ul 1 x NuPAGE LDS Sample Buffer (Thermo Fisher) at 70°C for 10 min. To
reduce histones, the elution buffer was supplemented to contain 50 mM DTT (final concentration). If

necessary, the samples were frozen down in liquid nitrogen and stored at -80 °C.

Histone isolation for HAT1 and HAT2 target identification

To identify the target sites of HAT1 and HAT2, the 2T1_HAT1_KD and 2T1_HAT2_KD cell lines were
used allowing the inducible downregulation of HAT1 and HAT2 by RNAI. Following depletion of HAT1 or
HAT2 over a time period of 48 h, histones were isolated using the acid extraction of histones from
mononucleosomes protocol (see above) or an adapted locus-specific histone isolation protocol was
conducted. For immunoprecipitation of TSS-nucleosomes following depletion of HAT1 or HAT2,

mononucleosomes were isolated from 1 x 10° 2T1_HAT1_KD and 2T1_HAT2_KD cells, respectively, as
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described above. 100 pl Dynabeads® M-280 sheep anti-rabbit IgG (Invitrogen), which were irreversibly
crosslinked using dimethyl pimelidate (see Crosslinking of antibodies to Protein G beads) to 10 ug of a
custom-made H2A.Z rabbit antibody (Wedel et al., 2017) were added to 1 ml mononucleosome-
containing supernatant (2 x 108 cells). Following an overnight incubation at 4 °C on a rotation wheel,
bound material was washed three times with 1 x PBS and eluted using 1 x NuPAGE® LDS Sample
Buffer (Thermo Fisher) at 70 °C for 10 min. To reduce histones, elution buffer was supplemented with

50 mM DTT. If necessary, the samples can be frozen down in liquid nitrogen and stored at -80 °C.

Crosslinking of antibodies to Protein G beads

The required amount of Protein G beads was transferred to a 1.5 ml reaction tube and washed three
times with 200 ul PBS-T (1 x PBS + 0.02% Tween 20). The beads were resuspended in 200 pl PBS-T (1
x PBS + 0.02% Tween 20) containing 10 ug of the required antibody. The antibodies were coupled to
the beads for 2-4 h at RT on a rotation wheel. To remove the supernatant, the tube was placed on a
magnetic rack for 2 min to bind the beads to the tube wall. The beads were washed twice using 500 pl
PBS-T (1 x PBS + 0.02% Tween 20). Therefore, the reaction tube was removed from magnetic rack and
the beads were resuspended in the solution. To separate the beads from the supernatant, the reaction
tube was placed back onto the magnetic rack. The following washing steps were performed accordingly.
After washing with PBS-T (1 x PBS + 0.02% Tween 20), the beads were washed once in 500 pl 1 x PBS
and then twice using 500 pl 0.2 M sodium borate pH 9.0 (Stock solution: 1 M sodium borate pH 9; 1 M
boric acid and the pH was adjusted with NaOH). The beads were resuspended in 500 pl 0.2 M sodium
borate pH 9.0 containing freshly added dimethyl pimelimidate (Sigma) to a final concentration of 25 mM
(6.5 mg/ml). The antibodies were irreversibly crosslinked to the beads for 45 min at RT on a rotation
wheel. Afterwards, the beads were washed once in 500 pl 0.2 M sodium borate pH 9.0. The beads were
resuspended in 500 ul 0.2 M ethanolamine pH 8 (Sigma; Stock solution 1 M; pH adjusted with NaOH)
and incubated for 2 h at RT on a rotation wheel to block all the N-reactive groups. Afterwards, the beads
were washed twice in 1 x PBS. washed once with 500 pl 0.3 M NaOAc, washed once with 500 pl 0.2 M
sodium borate pH 9.0 and twice using 1 x PBS. Afterwards, the beads are resuspended in 200 pl PBS

and can be used for immunoprecipitation reactions or stored for 24 h at 4 °C.

Quantification of site-specific acetylation levels

In the section “Quantification of site-specific acetylation levels”, | aim to comprehensively describe the
experimental and computational methodologies required to determine the site-specific acetylation levels
on trypanosomal histones, including sample preparation for mass-spectrometry analysis, mass-
spectrometry analysis of histone PTMs, Data processing and Fragment lon Patchwork Quantification,
estimation of histone methylation levels, and identification of novel histone PTMs. The experimental and

computational work was performed by Dr. Rasha EIBashir, Dr. Jens Vanselow, Stephanie Lamer, Beate
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Vogt, and Dr. Andreas Schlosser in the laboratory of Dr. Andreas Schlosser at the Rudolf Virchow Center
for Integrative and Translational Bioimaging of the University Wiirzburg. The technological details, |
describe, were published in (EIBashir et al., 2015):

EIBashir R, Vanselow JT, Kraus A, Janzen CJ, Siegel NT, Schlosser A. (2015). Fragment lon Patchwork

Quantification for Measuring Site-Specific Acetylation Degrees. Anal Chem 87:9939-9945,

I include this section for reasons of completeness and coherence of my study. To avoid any mistakes

in the description, it closely resembles the original.

Sample preparation for mass-spectrometry analysis

Sample processing was performed, as described previously (EIBashir et al., 2015). Enriched and with
DTT reduced histones were alkylated using 4.8 ul of 1 M freshly prepared lodacetamide (final
concentration: 120 mM) for 20 min at room temperature without exposure to light. For size-separation
on NuPAGE Novex 4—12% Bis-Tris gels (Thermo Fisher) using the MOPS buffer system according to
manufacturer’s instructions, each replicate was separated over three lanes. As molecular weight
standard the Novex Sharp Prestained Protein Standard (Thermo Fisher) was used to monitor protein
migration. The gels were run at 200 V for around 15 min at room temperature until the 30 kDa ladder
had separated. Gels were washed three times for 5 min with water and stained for 45 min with Simply
Blue Safe Stain (Thermo Fisher). Following destaining of the gel in desalted water for 2 h, the histone-
containing gel regions were excised. Gel slices were chopped into small pieces and prepared for mass-
spectrometry analysis. For complete removal of the loading dye, the gel slices were destained using
400 pl destaining buffer (70% acetonitrile in 100 mM NH4HCO; (pH 8)), equilibrated in 400 pl fresh
equilibration buffer (100 mM ammonium bicarbonate), shrunk using 200 ul 100% acetonitrile for 2 min
on a vortexer plate until the gel pieces were white, and dried in a vacuum concentrator (Eppendorf). For
in-gel-acetylation, dried gel pieces were resuspended in a mixture of 10 pl of acetic anhydride-1,1'-*C?
and 50 pl of 1 M sodium acetate-1-"*C (pH 7) and incubated for 3.5 h at 25 °C on a shaker. To refresh
the reaction solutions, the supernatants were carefully removed by pipetting and fresh reaction solutions
were added. Incubations were continued for 3.5 h at 25 °C on a shaker. Supernatants were removed,
gel pieces were quenched in 100 pyl 500 mM ammonium bicarbonate and reactions were washed
applying three washing steps. For the first washing step, 250 yl 500 mM ammonium bicarbonate were
added to the quenched cell pieces and the reaction was incubated for 15 min at room temperature on
a vortexer plate. Afterwards, the washed gel slices were shrunk in 200 pl 100% acetonitrile for 2 min on
a vortexer plate until the gel pieces were white and dried in a vacuum concentrator (Eppendorf). For the
second and third washing step 250 pyl 250 mM and 100 mM ammonium bicarbonate were used,
respectively. The second and the third washing step were performed as the first washing step. The

washed and dried gel pieces were stored at 4 °C until mass-spectrometry analysis was performed.
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Mass-spectrometry analysis of histone PTMs

To analyse the extracted histones using mass-spectrometry, the washed and dried gel pieces were
resuspended in 200 pl 100 mM NH4HCO; (pH 8) containing 0.1 ug of a protease (elastase, thermolysin,
or papain). Per replicate, all the proteases were used. Proteolytic digests were performed overnight at
37 °C. L-Cysteine (5 mM) was added to papain digests in order to activate the protease. Peptides were
extracted from the gel slices with 100 ul 5% formic acid and transferred to LC vials. NanoLC-MS/MS
analyses were performed on an Orbitrap Fusion (Thermo Fisher) equipped with an EASY-Spray lon
Source and coupled to an EASY-nLC 1000 (Thermo Fisher). Peptides were loaded on a trapping column
(2 cm x 75 pm ID, PepMap C-18 3 pm particles, 100 A pore size) and separated on an EASY-spray
column (25 cm x 75 pm ID, PepMap C-18 2 um particles, 100 A pore size) with a 120 min linear gradient
from 3 to 30% acetonitrile and 0.1% formic acid. Both MS and MS/MS scans were acquired in the
Orbitrap analyser with a resolution of 60.000. HCD fragmentation with 35% normalised collision energy
was applied. A top speed data-dependent MS/MS method with a fixed cycle time of 3 sec was used.
Dynamic exclusion was applied with a repeat count of 3 and an exclusion duration of 45 sec. Minimum
signal threshold for precursor selection was set to 50.000, and the width of the precursor selection
window was set to 6 Da. Predictive AGC was used with a target value of 2 x10° for MS scans and 5 x
10*MS/MS scans. EASY-IC was used for internal calibration.

Data processing

Data processing was performed as described by EIBashir et al. (EIBashir et al., 2015). R scripts used
for the analysis and the software can be  downloaded from  github
[https://github.com/JTVanselow/Patchwork AcK Quant] and were deposited at Zenodo DOI
10.5281/zen0d0.3662776 [https://doi.org/10.5281/zenodo.3662776]. Each raw data file was processed

with Mascot Distiller 2.4 (Matrix Science) using two different types of parameter settings. One parameter
set (ID) generated peak lists for database searching with Mascot, the other parameter set (Quant)
generated peak lists for quantitative analysis. ID peak lists were searched with Mascot Server 2.4 against
a costume database, compiled from a T. brucei database downloaded from

https://tritrypdb.org/tritrypdb/. In addition to all histone sequences, the custom database contained the

top 300 of proteins identified in our histone samples. Acetylation with 15Cs-acetyl is a proxy for in vivo
unmodified lysines. Thus, all Ks were replaced by an O in all protein sequences of the database fasta
file. O was defined as a new amino acid with the chemical composition 15CC;H14N>0, (monoisotopic
mass 171.108883 Da). For N-terminal acetylation, J was defined as a new amino acid with the chemical
composition of 43Cs-acetyl (1sCCH;0, monoisotopic mass 43.01392 Da). J was added to all protein N-
termini of the database fasta file. The fasta file contains each protein sequence in two versions, one
starting with J and the other starting with JM. All variable protein N-terminal and lysine modifications

were defined relative to 13Cq-acetyl (see below). Database searching was performed for the following
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modifications: oxidation at M (0), light acetyl at O (13C—C), light acetyl at protein N-terminus (13C—1C),
monomethyl at O (CH:), monomethyl at protein N-terminus (CH), dimethyl at O (13C—+CH.0—1),
dimethyl at protein N-terminus (13C—1CH.0—1), trimethyl at O (1C—1C,H40—1), and trimethyl at protein
N-terminus (13C—1C,H40—1), taking into account that also monomethylated amino groups react with
acetic anhydride. In addition, carbamidomethyl at C (C,HsNO) was set as a fixed modification. Database
searches were performed excluding protease specificity (enzyme: none), 7 ppm mass tolerance for the
precursor, and 0.02 Da mass tolerance for fragment ions. The Mascot search results were exported as
XML file and the start and end positions of the peptides were included in the export file additional to the
standard parameters. Peptides, which have a score <15 (corresponding to average E-values of 0.05),

were removed.

Fragment ion patchwork quantification

To perform MS2-isotope pattern-based quantification, scripts programmed in R version 3.1.2 using
parallel processing when possible (doParallel) were executed. XML files containing Mascot
identifications and peak list files with complete isotope patterns of fragment ions (exported as mzData-
files from Mascot Distiller after processing with the Quant options, see above), were parsed and
combined. For each peptide, fragment ion masses were calculated with OrgMassSpecR, and fragment
ions with one, two, or three acetylation sites (incl. N-terminal) were kept for further analysis. Data from
the same experiment from different digests or technical replicates were combined. The site information
from the Mascot search was considered as reliable, if the delta score was higher than 10, and from the
peptides, which were clearly identified, a list of reliable modification sites was generated. These were
compared to the set of modifications of each isoform of peptides with delta scores <10. If the number
of ambiguous peptide-isoforms could be reduced to one by considering only reliable modifications, all
other ambiguous isoforms were eliminated, and the peptide was considered as “non-ambiguous”. In
case that none or more than one isoform could be explained by reliable modifications alone, all isoforms
were used for further analysis, but marked as “ambiguous” in the results table. In the first quantification
round, theoretical isotope patterns for fragment ions with a single acetylation site were calculated using
Rdisop, one heavy (13C1) acetylated and one light (natural) acetylated isotope pattern for each fragment.
The isotope purity of the heavy acetic anhydride (99.5% according to certificate of analysis) was
considered for the calculation of heavy isotope patterns. For each fragment ion, calculated theoretical
isotope patterns were combined to “heavy-to-light” proportions from 0% to 100% in 0.01% steps.
Resulting mixed isotope patterns were compared with the corresponding experimental isotope pattern.
For each mixing ratio, the deviation from the experimental pattern was calculated. A mixing ratio with a
minimum deviation from the experimental pattern was assumed as equal to the acetylation degree of
this site. To remove calculated isotope patterns, which are inferred by other fragment ions or are only

partial due to a low intensity, the Pearson correlation r between experimental and theoretical isotope
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pattern >0.99 and the maximum difference in the relative abundance of a single isotope peak <20 were
applied as quality criteria using additionally the -1 isotope peak of the isotope patterns. Since the
acetylation degree of particular sites can be influenced by other modifications in the same peptide, the
acetylation degree for each fragment ion covering a particular site was calculated using the peptide
context information about other modifications to group acetylation degrees during outlier removal and
averaging. Outliers (outside 1.5 x interquartile range, IQR) from the distribution of acetylation degrees
were removed. The median acetylation degrees for each site (and modification context) were used for
calculating the acetylation degree of fragment ions containing two acetylation sites. Here, heavy and
light isotope patterns were calculated with one of the acetylation sites treated as acetylated with the
median acetylation degree from the first quantification round. For comparing the mixed theoretical
isotope patterns with the experimental patterns, all peaks from the monoisotopic to the +4-isotope peak
were used to identify the best matching mixing ratio and the acetylation degree of this particular site.
The same quality criteria as described above were applied but using the -1 to the +4 peaks. Outliers
were removed as above. For each fragment ion containing two acetylation sites, an acetylation degree
for both sites is calculated, if a median value from the first round was available for both sites. The
analysis of fragment ions with three acetylation sites was performed accordingly, but the theoretical
isotope patterns were calculated using the median acetylation degrees of two of the three acetylation

sites determined in the second round.

Estimation of histone methylation levels

Methylation levels were estimated by spectra counting. To this end the number of spectra for each
modification type containing a specific modification site (e.g. dimethylated on K-4) were counted. The
following modification forms were considered: unmodified, monomethyl, dimethyl, trimethyl as
described before (EIBashir et al., 2015). Spectra counting does not consider the differences in ionisation
efficiencies between differentially modified peptides (e.g. mono- and dimethylated form of the same

peptide) and is thus less accurate than FIPQuant.

Identification of novel PTMs

Data from FIPQuant were analyzed for additional PTMs with PEAKS studio X (Bioinformatics Solutions
Inc., Canada). Raw data refinement was performed with the following settings: Merge Options: no
merge, Precursor Options: corrected, Charge Options: no correction, Filter Options: no filter, Process:
true, Default: true, Associate Chimera: yes. De novo sequencing and PEAKS database searching were
performed with Parent Mass Error Tolerance set to 8 ppm. Fragment Mass Error Tolerance was set to
0.02 Da, and Enzyme was set to none. The following variable modifications have been used: Oxidation
(M), Acetylation (K, protein N-terminal), Acetylation 1sC1 (K, protein N-terminal), combined Methylation
with Acetylation 1sC+ (K, protein N-terminal), Trimethylation (K, protein N-terminal), Dimethylation (K,

protein N-terminal), Phosphorylation (STY). Carbamidomethylation (C) was set as fixed modification. A
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maximum of 5 variable PTMs were allowed per peptide. A custom database with all T. brucei histone
sequences as well as common contaminants was used for database searching. Results were filtered to
0.5% PSM-FDR.

Next-generation-sequencing approaches

MNase-ChIP sequencing

MNase-ChIPs were performed using WT cells, the cell line BFpFK8, which is capable of inducible
overexpression TY-tagged H2A from an rDNA locus (Lowell et al., 2005), and using 2T1 cell lines, in
which HAT1 or HAT2 can be inducibly depleted, as previously described (Wedel and Siegel, 2017). In
brief, 2 x 10? cells were harvested at 1,400 x g and the cells were crosslinked in 1% formaldehyde
solution consisting of 40 ml fresh HMI-11 medium and 4 ml Formaldehyde (Sigma) for 20 min at RT
and regular mixing (every 5 min). The crosslink was stopped by adding 2.5 ml of 2 M glycine and the
crosslinked cells were centrifuged at 4 °C and 4,000 x g for 20 min. Afterwards, the pellet was washed
in 30 ml cold 1 x TDB-buffer and spun down at 4 °C and 4,000 x g for 20 min. The supernatant was
decanted, the cell pellet was dissolved in 1 ml of permeabilisation buffer (100 mM KCI, 10 mM Tris 8.0,
25 mM EDTA 8.0, 1.46 uM pepstatin A, 4.7 uM leupeptin, 1 mM PMSF and 1 mM TLCK), transferred to
a 1.5 ml DNA lowbind reaction tube and Digitonin was added to the cell suspension to a final
concentration of 200 yM (stock solution: Digitonin was dissolved to 4 mM in permeabilisation buffer
and heated to 98 °C for dissolution). Cell lysis was performed at RT for 15 min under gentle rotation
and afterwards, the cells were collected by centrifugation at 4 °C and 1,400 x g for 5 min. To remove
any traces of EDTA, the cell pellet was washed three times in ice-cold NP-S buffer (0.5 mM Spermidine,
0.075% (v/v) IGEPAL, 50 mM NaCl, 10 mM Tris-HCI pH 7.5, 5 mM MgCl,, 1 mM CaCl, 1.46 uM pepstatin
A, 4.7 uM leupeptin, 1 mM PMSF and 1 mM TLCK). The cell pellet was always dissolved by vortexing.
Following the last washing step, the cell pellet was dissolved in 400 pl ice-cold NP-S buffer and the
chromatin was fragmented by adding 1 U/ul MNase (Sigma-Aldrich) and incubating the mixture for 5
min at 25 °C in a heating block. The digestion was stopped by adding 8 ul of 0.5 M EDTA pH 8 (final
concentration: 10 mM).

To purify H2A.Z-associated DNA, immunoprecipitation was performed using Dynabeads® M-280 sheep
anti-rabbit 1gG (Invitrogen) coupled to 10 ug polyclonal affinity-purified H2A.Z rabbit antibody (Wedel et
al., 2017). To purify TY1-tagged H2A and TY1-tagged H2A.Z, immunoprecipitation was performed using
Dynabeads® Protein G (Invitrogen) coupled to 10 ug mono-clonal, purified BB2 mouse antibody (Bastin
et al., 1996). To purify H3-associated DNA, immunoprecipitation was performed using 100 pl
Dynabeads® M-280 sheep anti-rabbit IgG (Invitrogen) coupled to 33 pl of polyclonal H3 rabbit antiserum
(Gassen et al., 2012). Following overnight incubation at 4 °C in the presence of 0.05% SDS on a rotation

wheel, bound material was washed and eluted. DNA-protein cross-links were reversed at 65 °C for ~11
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h in the presence of 300 mM NaCl. ChIP-seq libraries were constructed using 35 ng of
immunoprecipitated or input DNA, as described previously (Wedel and Siegel, 2017), and library
concentrations were determined in duplicates using Qubit dsDNA HS Assay Kit (Invitrogen) for Qubit
2.0 Fluorometer (Invitrogen). ChIP-sequencing libraries were quantified using the KAPA Library
Quantification Kit (KAPA Biosystems) according to the manufacturer’s instruction and sequenced in

paired-end mode with 2 x 76 cycles using an lllumina® Miseq or an lllumina® NextSeq 500 platform.

RNAPII ChIP sequencing

RNAPII ChiPs were performed in 2T1 cell lines, in which both alleles of RPB9, a DNA-bound subunit of
the RNAPII complex in T. brucei were N-terminally TY1-tagged and, if required, allowed inducible RNAI-
mediated depletion of HAT1 or HAT2. Except for minor changes, the ChlPs were performed as described
previously (Wedel et al., 2017) and as explained above. In brief, 3 x 108 cells were harvested, crosslinked
in 1% formaldehyde and lysed using digitonin (200 uM final). After centrifugation, the pellet was
resuspended in 1000 ul NP-S buffer supplemented with 10 ul of 10% SDS solution (final concentration:
0.1% SDS) and sonicated using Covaris® S220 focused-ultrasonication (Peak Intensity: 150, intensity:
5, Duty Factor: 10, Counts Per Burst: 200, Time: 10 min). After centrifugation, the supernatant was used
for immunoprecipitation and 60 pl of the supernatant were separated as input. Immunoprecipitation of
fragmented TY1-RPB9-bound DNA was performed using 50 uyl Dynabeads® Protein G (Invitrogen),
coupled to 10 yg mono-clonal, purified BB2 mouse antibody (Bastin et al., 1996). Following overnight
incubation at 4 °C in presence of 300 mM NaCl on a rotation wheel, bound material was washed, and
eluted, and DNA-protein cross-links were reversed at 65 °C for ~11 h in the presence of 300 mM NaCl.
ChIP-seq libraries were constructed using ~5 ng of immunoprecipitated or 35 ng input DNA as described
previously (Wedel and Siegel, 2017), size-selected (150 bp — 350 bp) using a native PAGE gel system
and library concentrations were determined in duplicates using the Qubit dsDNA HS Assay Kit
(Invitrogen) for Qubit 2.0 Fluorometer (Invitrogen). ChIP-sequencing libraries were quantified using the
KAPA Library Quantification Kit (KAPA Biosystems/Roche) according to the manufacturer’s instruction

and sequenced in paired-end mode with 2 x 76 cycles using an lllumina® NextSeq 500 platform.

RNA sequencing

RNA sequencing was performed in triplicates for WT cells and 2T1 cells, in which HAT1 or HAT2 were
inducibly depleted over 48 h, as previously described (Kraus et al., 2019). In brief, total RNA was
extracted from 45 million cells, which were grown to a density up to 0.9 x 10° cells/ml, using the
NucleoSpin RNA kit (Macherey-Nagel). Therefore, the cell lysis buffer was supplemented with 3.8 pl 1
M RNAse-free dithiothreitol (Sigma-Aldrich) and 1 ul of 1:10 Ambion ERCC RNA Spike-In Mix (Thermo
Fisher). Depletion of ribosomal RNAs from 2 ug of total RNA was performed using hybridisation of
biotinylated oligos designed for efficient and specific depletion of trypanosomal rRNA and removal of

rRNA-oligo hybrids using streptavidin-coated paramagnetic beads (Kraus et al., 2019). Afterwards, cDNA
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was synthesised using the NEBNext Ultra Directional RNA Library Prep Kit for lllumina (New England
Biolabs) and strand specific RNA-seq libraries were generated as described (Kraus et al., 2019). Library
concentrations were determined in duplicates using Qubit dsDNA HS Assay Kit (Invitrogen, cat. no.
Q32854) for Qubit 2.0 Fluorometer (Invitrogen, cat. no. Q32866). Strand-specific RNA-sequencing
libraries were quantified using the KAPA Library Quantification Kit (KAPA Biosystems/Roche) according
to the manufacturer’s instruction and sequenced in paired-end mode on an lllumina NextSeq 500

sequencer 2 x 76 cycles.

Bioinformatic approaches to analyse sequencing data sets

Mapping, normalisation, and visualisation of ChIP sequencing data

Processing of ChIP sequencing data was performed as described previously (Wedel and Siegel, 2017).
In brief, adapter sequences were removed using Cutadapt (Martin, 2011) and the ChIP-sequencing
datasets were mapped to T. brucei Lister 427 genome version 9 (HGAP3_Tb427v9), which was
published by Miiller-Hiibner and Cosentino et al. (Miiller et al., 2018) using Bowtie 2 (Li et al., 2009).
The HGAP3_Th427v9 fasta file (HGAP3_Tbh427v9.fasta) and annotation file (HGAP3_Tb427v9.gff) can
be downloaded from Zenodo (https://doi.org/10.5281/zenodo.823671). Following SAM to BAM

conversion, the aligned reads were sorted and indexed using SAMtools version 1.8 (Li et al., 2009). The
number of reads was normalised to counts per billion mapped reads and coverage files were generated
in the wiggle format using COVERnant version 0.3.0 with the subcommand ratio, as previously described
(Wedel et al., 2017). For visualisation, regions of interests were extracted from the wiggle files and the
coverage was illustrated using GraphPad Prism version 7.0c.

The coverage for multiple regions was extracted and averaged using COVERnant extract. The resulting
average plots were visualised plotting the median without zeros of the output-matrices to the indicated

locations and illustrated using GraphPad Prism version 7.0c.

Mapping, normalisation, and visualisation of RNA sequencing data

RNA-seq data sets were mapped, processed, and analysed similar to as described previously (Kraus et
al., 2019). In short, adapter sequences were removed using Cutadapt (Martin, 2011) and the RNA-seq
datasets were mapped to a hybrid genome, which contains the T. brucei Lister 427 genome version 9
(HGAP3_Tb427v9; from Zenodo https://doi.org/10.5281/zen0od0.823671) and the sequences of the 92

ERCC spike-in transcripts, using BWA-mem (Li et al., 2009). Following SAM to BAM conversion, the
aligned reads were sorted and indexed using SAMtools version 1.8 (Li et al., 2009). Thereby, unmapped,
PCR or optical duplicate, not primary aligned and supplementary aligned reads were removed from the
alignment files using the SAM flag 3332 (Li et al., 2009).

Using BAM files, reads per T. brucei CDS were counted with the HGAP3_Tbh427v9.gff as annotation file
and the reads per ERCC transcripts were counted with ERCC92.gff using the GenomicAlignments
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package (Lawrence et al., 2013) in R (Team). Differential gene expression analysis was conducted using
the DESeq2 package (Love et al., 2014) from R/Bioconductor normalising the counts per T. brucei gene
to the ERCC spike-in counts and comparing the normalised gene counts of HAT1 KD 48h or HAT2 KD
48 h to wild type. The fold changes (log,) were determined and considered as differentially expressed
if the adjusted P value (calculated based on Wald test and adjusted for multiple testing using the
procedure of Benjamini and Hochberg) was below 0.1 (Benjamini et al., 2001). To analyse the depletion
efficiency for HAT1 and HATZ2, the CDS information of HAT1 and HAT2 in the annotation file was split
into the RNAI target, the upstream target and the downstream target region.

Additionally, the number of reads was normalised to reciprocal ERCC factors, calculated using
the ERCC factors from the DESeq2 analysis, to generate coverage files in the wiggle format using
COVERnant version 0.3.0 with the subcommand ratio including the additional parameters -
factor_numerator and —factor_denominator. For visualisation, regions of interests were extracted from
the wiggle files and the coverage was illustrated using GraphPad Prism version 7.0c. Meta-plots were
generated by plotting the median without zeros of the output-matrices to the indicated locations and

illustrated using GraphPad Prism version 7.0c.

Meta-plot generation for binning PTUs

To be able to average the sequencing coverage data for multiple polycistronic transcription units with
different length, COVERnant's subcommand extract was extended by the optional
argument --meta_plots, which calculates the coverage as a fraction relative to the length
(https://github.com/bgbrink/COVERnNant).

List of antibodies used in this study

Table 2.6. List of antibodies used in this study

Antibody Information Reference

H2A.Z primary; polyclonal rabbit antibody raised Wedel et al., 2017
against trypanosomal H2A.Z; purified from
serum

H3 primary; polyclonal rabbit antibody raised Gassen et al., 2012
against trypanosomal H3; serum

BB2 primary; monoclonal mouse antibody for Bastin et al., 1996

detecting the TY1-tag; purified from

hybridoma cells
Anti-mouse IgG Sheep secondary; polyclonal sheep antibody VWR
Polyclonal Antibody (HRP raised against mouse IgG; purified from
(Horseradish Peroxidase)) serum and coupled to HRP
Anti-rabbit IgG Donkey secondary; polyclonal donkey antibody VWR
Polyclonal Antibody (HRP raised against rabbit IgG; purified from
(Horseradish Peroxidase)) serum and coupled to HRP
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List of bioinformatic software used in this study

Table 2.7. List of bioinformatic software used in this study

Software

Reference

Bowtie 2 (version 2.2.9)

(Langmead and Salzberg, 2012); Fast gapped-read alignment with Bowtie 2.
Nat Methods 9(4):357-9. (2012)

BWA-mem (version 0.7.16)

(Li and Durbin, 2010); Fast and accurate short read alignment with Burrows-
Wheeler transform. Bioinformatics 25(14):1754-60. (2009)

COVERnant v0.3.0

(Wedel et al., 2017); https://github.com/konrad/COVERnant

cutadapt (version 1.15)

(Martin, 2011); Cutadapt Removes Adapter Sequences from High-Throughput
Sequencing Reads. EMBnet.journal 17, 10-12. (2011)

GraphPad Prism version 7.0c

http://www.graphpad.com

IGV browser (version 2.4.10)

(Robinson et al., 2011); http://software.broadinstitute.org/software/igv

ImageJ

(Schneider et al., 2012); NIH Image to ImageJ: 25 years of image analysis.
Nature methods 9(7): 671-675. (2012)

Python (version 3.6)

(van Rossum and de Boer, 1991); Interactively Testing Remote Servers Using
the Python Programming Language. CWI Quarterly 4(4):283-303. (1991)

R (version 3.5.0)

(Team); A language and environment for statistical computing. R Foundation
for Statistical Computing. https://www.R-project.org/ (2018)

R package GenomicFeatures

(Lawrence et al., 2013); Software for computing and annotating genomic
ranges. PLoS Comput Biol 9, €1003118 . (2013).

R package DESeq?2 (version 1.20.0)

(Love et al., 2014); Moderated estimation of fold change and dispersion for
RNA-seq data with DESeq2. Genome Biol 15, 550 (2014)

R package RColorBrewer

(Neuwirth, 2014); Package ‘RColorBrewer’.
https://cran.rstudio.com/web/packages/RColorBrewer/RColorBrewer.pdf. (2014)

R package gplots

(Warnes et al., 2016); Package ‘gplots’. https://cran.r-
project.org/web/packages/gplots/gplots.pdf. (2016)

SAMtools (version 1.8)

(Li et al., 2009); The Sequence Alignment/Map format and SAMtools.
Bioinformatics 25(16):2078-9. (2009)
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Information about sequencing data discussed in this study

Table 2.8: Information about discussed sequencing data.

Material and Methods

The sequencing data discussed in this study and generated for the publication by Kraus et al. have been deposited in the Gene
Expression Omnibus (GEQO) and are through the accession number GSE145812. The source of external sequencing data is
accessible over the corresponding reference. Unpublished sequencing data discussed in this study are administered by Prof.
T. N. Siegel and are available upon request. Information about their processing is listed in Table 2.9.

Sequencing
Reference Fastq name Type of llumina Seq Read Seq
seq sequencer | mode | length reads
! NS263_WT_ChIP_H2AZ_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS263_WT_ChIP_H2AZ_R2.fq.bz2 ChlPseq | 500 end bp 3015378
! NS276_2T1_HAT2_KD_ChIP_0h_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS276_2T1_HAT2_KD_ChIP_0h_1_R2.fq.gz ChlPseq | 500 end bp 3380265
! NS277_2T1_HAT2_KD_ChIP_24h_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS277_2T1_HAT2_KD_ChIP_24h_1_R2.fq.gz ChlPseq | 500 end bp 3357305
! NS278_2T1_HAT2_KD_ChIP_48h_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS278_2T1_HAT2_KD_ChIP_48h_1_R2.fq.gz ChlPseq | 500 end bp 3453220
! NS283_HAT2_KD_2T1_ChIP_0h_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS283_HAT2_KD_2T1_ChIP_0h_2_R2.fq.gz ChlPseq | 500 end bp 2619228
! NS284_HAT2_KD_2T1_ChIP_24h_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS284_HAT2_KD_2T1_ChIP_24h_2_R2.fq.gz ChlPseq | 500 end bp 2695096
! NS285_HAT2_KD_2T1_ChIP_48h_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS285_HAT2_KD_2T1_ChIP_48h_2_R2.fq.gz ChlPseq | 500 end bp 2276000
! NS286_HAT2_KD_2T1_ChIP_72h_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS286_HAT2_KD_2T1_ChIP_72h_1_R2.fq.gz ChlPseq | 500 end bp 1080736
! NS287_HAT2_KD_2T1_ChIP_72h_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS287_HAT2_KD_2T1_ChIP_72h_2_R2.fq.gz ChlPseq | 500 end bp 7344525
1 NS291_HAT2_KD_2T1_Input_Oh_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS291_HAT2_KD_2T1_Input_0h_2_R2.fq.gz ChlPseq | 500 end bp 2788620
1 NS292_HAT2_KD_2T1_Input_24h_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS292_HAT2_KD_2T1_Input_24h_2_R2.fq.gz ChlPseq | 500 end bp 2709181
1 NS293_HAT2_KD_2T1_Input_48h_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS293_HAT2_KD_2T1_Input_48h_2_R2.fq.gz ChlPseq | 500 end bp 3004490
1 NS294_HAT2_KD_2T1_Input_72h_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS294 _HAT2_KD_2T1_Input_72h_1_R2.fq.gz ChlPseq | 500 end bp 2816922
1 NS295_HAT2_KD_2T1_Input_72h_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS295_HAT2_KD_2T1_Input_72h_2_R2.fq.gz ChlPseq | 500 end bp 2084397
1 NS476_2T1_HAT1_KD_24h_Input_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS476_2T1_HAT1_KD_24h_Input_1_R2.fq.gz ChlPseq | 500 end bp 7211097
1 NS477_2T1_HAT1_KD_48h_Input_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS477_2T1_HAT1_KD_48h_Input_1_R2.fq.gz ChlPseq | 500 end bp 6611792
! NS484_2T1_HAT1_KD_0h_ChIP_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS484_2T1_HAT1_KD_0h_ChIP_1_R2.fq.gz ChlPseq | 500 end bp 8091270
! NS485_2T1_HAT1_KD_24h_ChIP_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS485_2T1_HAT1_KD_24h_ChIP_1_R2.fq.gz ChlPseq | 500 end bp 8246854
! NS486_2T1_HAT1_KD_48h_ChIP_1_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS486_2T1_HAT1_KD_48h_ChIP_1_R2.fq.gz ChlPseq | 500 end bp 11620011
1 NS487_2T1_HAT1_KD_Oh_Input_1_R1.fg.gz; H2A.Z NextSeq paired- | 2x76
NS487_2T1_HAT1_KD_Oh_Input_1_R2.fq.gz ChlPseq | 500 end bp 10018772
! NS491_2T1_HAT1_KD_0Oh_ChIP_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS491_2T1_HAT1_KD_0h_ChIP_2_R2.fq.gz ChlPseq | 500 end bp 3980805
! NS492_2T1_HAT1_KD_24h_ChIP_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS492_2T1_HAT1_KD_24h_ChIP_2_R2.fq.gz ChlPseq | 500 end bp 4484259
! NS493_2T1_HAT1_KD_48h_ChIP_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS493_2T1_HAT1_KD_48h_ChIP_2_R2.fq.gz ChlPseq | 500 end bp 12761757
1 NS494_2T1_HAT1_KD_Oh_Input_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS494_2T1_HAT1_KD_Oh_Input_2_R2.fq.gz ChlPseq | 500 end bp 5350241
1 NS495_2T1_HAT1_KD_24h_Input_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS495_2T1_HAT1_KD_24h_Input_2_R2.fq.gz ChlPseq | 500 end bp 5922089
1 NS496_2T1_HAT1_KD_48h_Input_2_R1.fq.gz; H2A.Z NextSeq paired- | 2x76
NS496_2T1_HAT1_KD_48h_Input_2_R2.fq.gz ChlPseq | 500 end bp 5596528
! NS531_HAT1KD_0h_H2AZ_ChIP_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS531_HAT1KD_Oh_H2AZ_ChIP_3_R2.fq.bz2 ChlPseq | 500 end bp 2967118
! NS532_HAT1KD_0h_H2AZ_ChIP_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS532_HAT1KD_Oh_H2AZ_ChIP_4 R2.fq.bz2 ChlPseq | 500 end bp 3597753
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Sequencing
Reference Fastq name Type of llumina Seq Read Seq
seq sequencer | mode | length reads
! NS533_HAT1KD_48h_H2AZ_ChIP_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS533_HAT1KD_48h_H2AZ_ChIP_3_R2.fq.bz2 ChlPseq | 500 end bp 3738898
! NS534_HAT1KD_48h_H2AZ_ChIP_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS534_HAT1KD_48h_H2AZ_ChIP_4_R2.fq.bz2 ChlPseq | 500 end bp 3015430
1 NS535_HAT1KD_Oh_H2AZ_Input_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS535_HAT1KD_0h_H2AZ_Input_3_R2.fq.bz2 ChlPseq | 500 end bp 3587464
1 NS536_HAT1KD_Oh_H2AZ_Input_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS536_HAT1KD_0h_H2AZ_Input_4_R2.fq.bz2 ChlPseq | 500 end bp 3176148
1 NS537_HAT1KD_48h_H2AZ_Input_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS537_HAT1KD_48h_H2AZ_Input_3_R2.fq.bz2 ChlPseq | 500 end bp 3429705
1 NS538_HAT1KD_48h_H2AZ_Input_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS538_HAT1KD_48h_H2AZ_Input_4_R2.fq.bz2 ChlPseq | 500 end bp 2808329
! NS539_HAT2KD_0h_H2AZ_ChIP_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS539_HAT2KD_0h_H2AZ_ChIP_3_R2.fq.bz2 ChlPseq | 500 end bp 2060120
! NS540_HAT2KD_0h_H2AZ_ChIP_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS540_HAT2KD_Oh_H2AZ_ChIP_4 R2.fq.bz2 ChlPseq | 500 end bp 3065918
! NS541_HAT2KD_48h_H2AZ_ChIP_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS541_HAT2KD_48h_H2AZ_ChIP_3_R2.fq.bz2 ChlPseq | 500 end bp 3308527
! NS542_HAT2KD_48h_H2AZ_ChIP_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS542_HAT2KD_48h_H2AZ_ChIP_4_R2.fq.bz2 ChlPseq | 500 end bp 3561204
1 NS543_HAT2KD_0h_H2AZ_Input_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS543_HAT2KD_0h_H2AZ_Input_3_R2.fq.bz2 ChlPseq | 500 end bp 2884766
1 NS544_HAT2KD_Oh_H2AZ_Input_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS544_HAT2KD_Oh_H2AZ_Input_4_R2.fq.bz2 ChlPseq | 500 end bp 2783881
1 NS545_HAT2KD_48h_H2AZ_Input_3_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS545_HAT2KD_48h_H2AZ_Input_3_R2.fq.bz2 ChlPseq | 500 end bp 2961602
1 NS546_HAT2KD_48h_H2AZ_Input_4_R1.fq.bz2; H2A.Z NextSeq paired- | 2x76
NS546_HAT2KD_48h_H2AZ_Input_4_R2.fq.bz2 ChlPseq | 500 end bp 2643620
1 NS470_BF_2T1_TyRPB9_ChIP_1_R1.fq.gz; RPB9 NextSeq paired- | 2x76
NS470_BF_2T1_TyRPB9_ChIP_1_R2.fq.gz ChlPseq | 500 end bp 13626619
1 NS471_BF_2T1_TyRPB9_Input_1_R1.fq.gz; RPB9 NextSeq paired- | 2x76
NS471_BF_2T1_TyRPB9_Input_1_R2.fq.gz ChlPseq | 500 end bp 12737249
1 NS474_BF_2T1_TyRPB9_ChIP_2_R1.fq.gz; RPB9 NextSeq paired- | 2x76
NS474_BF_2T1_TyRPB9_ChIP_2_R2.fq.gz ChlPseq | 500 end bp 12737249
1 NS475_BF_2T1_TyRPB9_Input_2_R1.fq.gz; RPB9 NextSeq paired- | 2x76
NS475_BF_2T1_TyRPB9_Input_2_R2.fq.gz ChlPseq | 500 end bp 11622367
1 NS512_HAT1_KD_TyRPB9_0h_Input_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS512_HAT1_KD_TyRPB9_0h_Input_1_R2.fq.bz2 ChlPseq | 500 end bp 6396887
1 NS513_HAT1_KD_TyRPB9_24h_Input_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS513_HAT1_KD_TyRPB9_24h_Input_1_R2.fq.bz2 ChlPseq | 500 end bp 8439618
1 NS514_HAT1_KD_TyRPB9_48h_Input_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS514_HAT1_KD_TyRPB9_48h_Input_1_R2.fq.bz2 ChlPseq | 500 end bp 8144610
1 NS515_HAT2_KD_TyRPB9_0h_Input_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS515_HAT2_KD_TyRPB9_0h_Input_1_R2.fq.bz2 ChlPseq | 500 end bp 7919934
1 NS516_HAT2_KD_TyRPB9_24h_Input_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS516_HAT2_KD_TyRPB9_24h_Input_1_R2.fq.bz2 ChlPseq | 500 end bp 7887257
1 NS517_HAT2_KD_TyRPB9_48h_Input_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS517_HAT2_KD_TyRPB9_48h_Input_1_R2.fq.bz2 ChlPseq | 500 end bp 4348814
! NS518_HAT1_KD_TyRPB9_0h_ChIP_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS518_HAT1_KD_TyRPB9_0h_ChIP_1_R2.fq.bz2 ChlPseq | 500 end bp 9739561
! NS519_HAT1_KD_TyRPB9_24h_ChIP_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS519_HAT1_KD_TyRPB9_24h_ChIP_1_R2.fq.bz2 ChlPseq | 500 end bp 9440267
! NS520_HAT1_KD_TyRPB9_48h_ChIP_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS520_HAT1_KD_TyRPB9_48h_ChIP_1_R2.fq.bz2 ChlPseq | 500 end bp 8647732
! NS521_HAT2_KD_TyRPB9_0h_ChIP_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS521_HAT2_KD_TyRPB9_0h_ChIP_1_R2.fq.bz2 ChlPseq | 500 end bp 11248028
! NS522_HAT2_KD_TyRPB9_24h_ChIP_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS522_HAT2_KD_TyRPB9_24h_ChIP_1_R2.fq.bz2 ChlPseq | 500 end bp 9259488
! NS523_HAT2_KD_TyRPB9_48h_ChIP_1_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS523_HAT2_KD_TyRPB9_48h_ChIP_1_R2.fq.hz2 ChlPseq | 500 end bp 7396188
! NS567_2T1_TyRPB9_HAT1KD_Oh_ChIP_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS567_2T1_TyRPB9_HAT1KD_0h_ChIP_2_R2.fq.bz2 ChlPseq | 500 end bp 4848659
! NS568_2T1_TyRPB9_HAT1KD_24h_ChIP_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS568_2T1_TyRPB9_HAT1KD_24h_ChIP_2_R2.fq.hz2 ChlPseq | 500 end bp 1494552
! NS569_2T1_TyRPB9_HAT1KD_48h_ChIP_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS569_2T1_TyRPB9_HAT1KD_48h_ChIP_2_R2.fq.hz2 ChlPseq | 500 end bp 3314592
1 NS570_2T1_TyRPB9_HAT1KD_0Oh_Input_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS570_2T1_TyRPB9_HAT1KD_Oh_Input_2_R2.fq.bz2 ChlPseq | 500 end bp 2378211
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1 NS571_2T1_TyRPB9_HAT1KD_24h_Input_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS571_2T1_TyRPB9_HAT1KD_24h_Input_2_R2.fq.bz2 ChlPseq | 500 end bp 2024278
1 NS572_2T1_TyRPB9_HAT1KD_48h_Input_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS572_2T1_TyRPB9_HAT1KD_48h_Input_2_R2.fq.bz2 ChlPseq | 500 end bp 2469782
! NS573_2T1_TyRPB9_HAT2KD_0h_ChIP_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS573_2T1_TyRPB9_HAT2KD_0Oh_ChIP_2_R2.fq.bz2 ChlPseq | 500 end bp 3295209
! NS574_2T1_TyRPB9_HAT2KD_24h_ChIP_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS574_2T1_TyRPB9_HAT2KD_24h_ChIP_2_R2.fq.hz2 ChlPseq | 500 end bp 3306559
! NS575_2T1_TyRPB9_HAT2KD_48h_ChIP_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS575_2T1_TyRPB9_HAT2KD_48h_ChIP_2_R2.fq.hz2 ChlPseq | 500 end bp 8180258
1 NS578_2T1_TyRPB9_HAT2KD_Oh_Input_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS578_2T1_TyRPB9_HAT2KD_0h_Input_2_R2.fq.bz2 ChlPseq | 500 end bp 2331259
1 NS579_2T1_TyRPB9_HAT2KD_24h_Input_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS579_2T1_TyRPB9_HAT2KD_24h_Input_2_R2.fq.bz2 ChlPseq | 500 end bp 3043255
1 NS580_2T1_TyRPB9_HAT2KD_48h_Input_2_R1.fq.bz2; RPB9 NextSeq paired- | 2x76
NS580_2T1_TyRPB9_HAT2KD_48h_Input_2_R2.fq.bz2 ChlPseq | 500 end bp 3042335
1 NS320_ssRNAd_WT1_R1.fq.bz2; NextSeq paired- | 2x76
NS320_ssRNAd_WT1_R2.fq.bz2 RNAseq 500 end bp 16976623
1 NS350_ssRNAd_WT2_R1.fq.bz2; NextSeq paired- | 2x76
NS350_ssRNAd_WT2_R2.fq.bz2 RNAseq 500 end bp 18535853
1 NS351_ssRNAd_WT3_R1.fq.bz2; NextSeq paired- | 2x76
NS351_ssRNAd_WT3_R2.fq.bz2 RNAseq 500 end bp 25632003
1 NS352_ssRNAd_HAT2KD2T1_48h_1_R1.fq.bz2; NextSeq paired- | 2x76
NS352_ssRNAd_HAT2KD2T1_48h_1_R2.fq.bz2 RNAseq 500 end bp 21049801
1 NS353_ssRNAd_HAT2KD2T1_48h_2_R1.fq.bz2; NextSeq paired- | 2x76
NS353_ssRNAd_HAT2KD2T1_48h_2_R2.fq.bz2 RNAseq 500 end bp 20642909
1 NS354_ssRNAd_HAT2KD2T1_48h_3_R1.fq.bz2; NextSeq paired- | 2x76
NS354_ssRNAd_HAT2KD2T1_48h_3 R2.fq.bz2 RNAseq 500 end bp 23392972
1 NS524_ssRNAseq_HAT1KD2T1_48h_1_R1.fq.bz2; NextSeq paired- | 2x76
NS524_ssRNAseq HAT1KD2T1_48h_1_R2.fq.bz2 RNAseq 500 end bp 21549125
1 NS525_ssRNAseq_HAT1KD2T1_48h_2_R1.fq.bz2; NextSeq paired- | 2x76
NS525_ssRNAseq HAT1KD2T1_48h_2_R2.fq.bz2 RNAseq 500 end bp 20683939
1 NS526_ssRNAseq_HAT1KD2T1_48h_3_R1.fq.bz2; NextSeq paired- | 2x76
NS526_ssRNAseq HAT1KD2T1_48h_3_R2.fq.bz2 RNAseq 500 end bp 18908839
2 H2A.Z
Lowell2005_TyH2AZ_32bp_fastq.txt ChlPseq Solexa 32 bp 5809554
1 NS563_SM_TyH2A_ChIP_1_R1.fq.bz2; H2A NextSeq paired- | 2x76
NS563_SM_TyH2A_ChIP_1_R2.fq.bz2 ChlPseq | 500 end bp 3867340
1 NS564_SM_TyH2A_ChIP_2_R1.fq.bz2; H2A NextSeq paired- | 2x76
NS564_SM_TyH2A_ChIP_2_R2.fq.bz2 ChlPseq | 500 end bp 2877590
1 NS565_SM_TyH2A_Input_1_R1.fq.bz2; H2A NextSeq paired- | 2x76
NS565_SM_TyH2A Input_1_R2.fq.bz2 ChlPseq | 500 end bp 3189383
1 NS566_SM_TyH2A_Input_2_R1.fq.bz2; H2A NextSeq paired- | 2x76
NS566_SM_TyH2A Input_2_R2.fq.bz2 ChlPseq | 500 end bp 1159079
L1500085-BDF1_KD_0h_R1.fq.gz; L1500085- H2A NextSeq paired- | 2x76
BDF1_KD_0h_R1.fq.gz ChlPseq | 500 end bp 4520515
L1500087-BDF1_KD_48h_R1.fq.gz; L1500087- H2A.Z NextSeq paired- | 2x76
BDF1_KD_48h_R1.fq.gz ChlPseq | 500 end bp 4970377
L1700062_S7_BDF2_KD_2T1_IP_0Oh_#2_R1_001.fastq.gz; H2A.Z NextSeq paired- | 2x76
L1700062_S7_BDF2_KD_2T1_IP_0h_#2_R2_001.fastq.gz ChlPseq | 500 end bp 2416451
L1700064_S9_BDF2_KD_2T1_IP_48h_#2_R1_001.fastq.gz; H2A.Z NextSeq paired- | 2x76
L1700064_S9_BDF2_KD_2T1_IP_48h_#2_R2_001.fastq.gz ChlPseq | 500 end bp 2650846
L1700066_S11_BDF3KD_2T1_IP_0Oh_#2_R1_001.fastq.gz; H2A.Z NextSeq paired- | 2x76
L1700066_S11_BDF3KD_2T1_IP_0h_#2_R2_001.fastq.gz ChlPseq | 500 end bp 2368563
L1700068_S13_BDF3KD_2T1_IP_48h_#2_R1_001.fastq.gz; H2A.Z NextSeq paired- | 2x76
L1700068_S13_BDF3KD_2T1_IP_48h_#2_R2_001.fastq.gz ChlPseq | 500 end bp 2954172
L1500088-BDF4_KD_0h_R1.fq.gz; L1500088- H2A.Z NextSeq paired- | 2x76
BDF4_KD_0h_R2.fq.gz ChlPseq | 500 end bp 4467325
L1500090-BDF4_KD_48h_R1.fq.gz; L1500090- H2A.Z NextSeq paired- | 2x76
BDF4_KD_48h_R2.fq.gz ChlPseq | 500 end bp 5264138
H2A.Z NextSeq paired- | 2x76
HAT1_OE_0_R1.fq.gz; HAT1_OE_0_R2.fq.gz ChlPseq | 500 end bp 3195731
ID-003919-NS137_HAT1_OE_IP_48h_R1.fq.gz; ID-003919- H2A.Z NextSeq paired- | 2x76
NS137_HAT1_OE_IP_48h_R2.fq.gz ChlPseq | 500 end bp 1360428
ID-003532-NS107_HAT2_OE_IP_0_h_R1.fq.bz2; ID-003532- H2A.Z NextSeq paired- | 2x76
NS107_HAT2_OE_IP_0_h_R2.fq.bz2 ChlPseq | 500 end bp 1079814
ID-003910-NS128_HAT2_OE_IP_48h_pool_R1.fq.bz2; ID- H2A.Z NextSeq paired- | 2x76
003910-NS128_HAT2_OE_IP_48h_pool_R2.fq.bz2 ChlPseq | 500 end bp
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ID-003534-NS109_BDF2_OE_IP_0_h_R1.fq.bz2; ID-003534- H2A.Z NextSeq paired- | 2x76
NS109_BDF2_OE_IP_0_h_R2.fq.bz2 ChlPseq | 500 end bp 1224225
ID-003535-NS110_BDF2_OE_IP_48_h_R1.fq.bz2; ID-003535- | H2A.Z NextSeq paired- | 2x76
NS110_BDF2_OE_IP_48_h_R2.fq.bz2 ChlPseq | 500 end bp 1138566
ID-003537-NS112_BDF3_OE_IP_0_h_R1.fq.bz2; ID-003537- H2A.Z NextSeq paired- | 2x76
NS112_BDF3_OE_IP_0_h_R2.fq.bz2 ChlPseq | 500 end bp 1035139
ID-003539-NS114_BDF3_OE_IP_48_h_R1.fq.bz2; ID-003539- | H2A.Z NextSeq paired- | 2x76
NS114_BDF3_OE_IP_48_h_R2.fq.bz2 ChlPseq | 500 end bp 1164467
ID-003540-NS115_FACT_KD_IP_0_h_R1.fq.bz2; ID-003540- H2A.Z NextSeq paired- | 2x76
NS115_FACT_KD_IP_0_h_R2.fq.bz2 ChlPseq | 500 end bp 1040682
ID-003541-NS116_FACT_KD_IP_48_h_R1.fq.bz2; ID-003541- | H2A.Z NextSeq paired- | 2x76
NS116_FACT_KD_IP_48_h_R2.fq.bz2 ChlPseq | 500 end bp 1337861
ID-003542-NS117_ISWI_KD_IP_0_h_R1.fq.bz2; ID-003542- H2A.Z NextSeq paired- | 2x76
NS117_ISWI_KD_IP_0_h_R2.fq.bz2 ChlPseq | 500 end bp 1191899
ID-003543-NS118_ISWI_KD_IP_48_h_R1.fq.bz2; ID-003543- H2A.Z NextSeq paired- | 2x76
NS118_ISWI_KD_IP_48_h_R2.fq.bz2 ChlPseq | 500 end bp 954958
L1700058_S3_WT_I-BET151_IP_Oh_#2_R1_001.fastq.gz; H2A.Z NextSeq paired- | 2x76
L1700058_S3_WT_I-BET151_IP_Oh_#2_R2_001.fastq.gz ChlPseq | 500 end bp 2615755
L1700060_S5_WT_I-BET151_IP_48h_#2_R1_001.fastq.gz; H2A.Z NextSeq paired- | 2x76
L1700060_S5_WT_I-BET151_IP_48h_#2_R2_001.fastq.gz ChlPseq | 500 end bp 2637565
3 L1800150_H3_V_Ty_MNase_ChIP_1_R1.fq.gz; H3.V NextSeq paired- | 2x76
L1800150_H3_V_Ty MNase_ChIP_1_R2.fq.gz ChlPseq | 500 end bp 2840144
3 L1800151_H3_V_Ty_MNase_Input_1_R1.fq.gz; H3.V NextSeq paired- | 2x76
L1800151_H3_V_Ty_MNase_Input_1_R2.fq.gz ChiIPseq | 500 end bp 4176616
3 Mueller2018_ATACseq_Wt_20_R1.fastq.gz; NextSeq paired- | 2x76
Mueller2018_ATACseq_Wt_20_R2.fastq.gz ATACseq | 500 end bp 13590213

! (Kraus et al., 2020); 2 (Lowell et al., 2005); 3 (Mdller et al., 2018)

Information about the processing of the sequencing data discussed in this study

Table 2.9: Information about processing of the discussed sequencing data.
The computational data analysis was implemented as a Unix shell script in a Slurm Workload Manager environment (Yoo et al.,
2003). Workflows and custom-made scripts to reproduce the sequencing data are deposited at Zenodo (DOI
10.5281/zen0d0.3662776 [https://doi.org/10.5281/zen0od0.3662776]).

Sequencing
Figure Description Mappin Read Reference Wig file Averag | Statistic
g alignment genome WS SsS e 3
softwar s WS SS
e
Figure
41 a,c;
Figure
514d;
;lgu(;e . denominator
Figure WT_ChIP_H2AZ Bowtie2 99.08% HGAP3_Tb427v | - ws ‘5001 ss | ws 501 median
612 b local 9 1001; ws 1 ss 101
-1a,b; ss 1

Figure
6.2 c;
Figure
6.3 a,b,
cd
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS276_2T1_HAT2_KD_ChIP_0Oh_1 local 97.95% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS277_2T1_HAT2_KD_ChIP_24h_1 local 98.39% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS278_2T1_HAT2_KD_ChIP_48h_1 local 98.62% 9 ws 1ss1 ss 101
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g alignment genome WS SsS e 3
softwar s WS SS
e
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS283_HAT2_KD_2T1_ChIP_0h_2 local 97.67% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS284_HAT2_KD_2T1_ChIP_24h_2 local 96.62% 9 ws 1ss1 ss 101
Figure numerator - median
52d ws 5001 ss
Bowtie2 HGAP3_Tb427v | 1001; ws 1 ws 501
NS285_HAT2_KD_2T1_ChIP_48h_2 local 95.92% 9 ss 1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS286_HAT2_KD_2T1_ChIP_72h_1 local 96.91% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS287_HAT2_KD_2T1_ChIP_72h_2 local 97.61% 9 ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS291_HAT2_KD_2T1_Input_0h_2 local 93.45% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS292_HAT2_KD_2T1_Input_24h_2 local 96.05% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS293_HAT2_KD_2T1_Input_48h_2 local 94.67% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS294_HAT2_KD_2T1_Input_72h_1 local 95.57% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS295_HAT2_KD_2T1_Input_72h_2 local 91.39% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS476_2T1_HAT1_KD_24h_Input_1 local 97.38% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS477_2T1_HAT1_KD_48h_Input_1 local 96.91% 9 -ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS484_2T1_HAT1_KD_0h_ChIP_1 local 97.65% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS485_2T1_HAT1_KD_24h_ChIP_1 local 97.97% 9 ws 1ss1 ss 101
Figure numerator - median
51d ws 5001 ss
Bowtie2 HGAP3_Tb427v | 1001; ws 1 ws 501
NS486_2T1_HAT1_KD_48h_ChIP_1 local 97.97% 9 ss 1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS487_2T1_HAT1_KD_Oh_Input_1 local 97.73% 9 -ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS491_2T1_HAT1_KD_0h_ChIP_2 local 97.99% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS492_2T1_HAT1_KD_24h_ChlIP_2 local 99.10% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS493_2T1_HAT1_KD_48h_ChlIP_2 local 97.75% 9 ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS494_2T1_HAT1_KD_0h_Input_2 local 96.52% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS495_2T1_HAT1_KD_24h_Input_2 local 96.69% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS496_2T1_HAT1_KD_48h_Input_2 local 97.81% 9 -ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS531_HAT1KD_0Oh_H2AZ_ChIP_3 local 98.04% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS532_HAT1KD_Oh_H2AZ_ChIP_4 local 98.24% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS533_HAT1KD_48h_H2AZ_ChIP_3 local 98.14% 9 ws 1ss1 ss 101
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Figure Description Mappin Read Reference Wig file Averag | Statistic
g alignment genome WS SsS e 3
softwar s WS SS
e
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5a NS534_HAT1KD_48h_H2AZ_ChIP_4 local 97.86% 9 ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS535_HAT1KD_0h_H2AZ_Input_3 local 97.15% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS536_HAT1KD_0h_H2AZ_Input_4 local 97.31% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS537_HAT1KD_48h_H2AZ_Input_3 local 97.86% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS538_HAT1KD_48h_H2AZ_Input_4 local 96.60% 9 -ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS539_HAT2KD_0h_H2AZ_ChIP_3 local 95.11% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS540_HAT2KD_Oh_H2AZ_ChIP_4 local 95.45% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS541_HAT2KD_48h_H2AZ_ChIP_3 local 98.65% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
5b NS542_HAT2KD_48h_H2AZ_ChIP_4 local 98.50% 9 ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS543_HAT2KD_0h_H2AZ_Input_3 local 94.38% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS544_HAT2KD_0h_H2AZ_Input_4 local 95.24% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS545_HAT2KD_48h_H2AZ_Input_3 local 97.52% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS546_HAT2KD_48h_H2AZ_Input_4 local 95.74% 9 -ws 1ss1 ss 101
Figure
6.1 a;
(Fsigzlurfe Bowtie2 HGAP3_Tha27y | [ali0-Ws 1 501
=& | NS470_BF_2T1_TyRPB9_ChIP_1 owtie2 | o5 489 SR P ws median
Figure local 9 ss 101
. (numerator)
6.3 a;
Figure
6.4 a
Figure
6.1 a;
Figure ratio - ws 1
623 | \oa71 BF_2T1_TyRPB9_Input_1 Bowtie2 | g5 gy, | HOAPS_ToAZ7v | ss1 WS 50T edian
Figure local 9 (denominato | ss 101
6.3 a; r)
Figure
6.4 a
- ratio - ws 1 median
Bowtie2 HGAP3_Tb427v | ss 1 ws 501
NS474_BF_2T1_TyRPB9_ChIP_2 local 94.08% 9 (numerator) ss 101
- ratio - ws 1 median
ss 1
Bowtie2 HGAP3_Tb427v | (denominato | ws 501
NS475_BF_2T1_TyRPB9_Input_2 local 94.25% 9 r ss 101
Appendi ratio - ws 1 median
x figure ss 1
9b Bowtie2 HGAP3_Tb427v | (denominato | ws 501
NS512_HAT1_KD_TyRPB9_0h_Input_1 local 97.72% 9 r ss 101
Appendi ratio - ws 1 median
x figure ss 1
9b Bowtie2 HGAP3_Tb427v | (denominato | ws 501
NS513_HAT1_KD_TyRPB9_24h_Input_1 | local 97.68% 9 r) ss 101
Figure ratio - ws 1 median
6.1 a; ss 1
Figure Bowtie2 HGAP3_Tb427v | (denominato | ws 501
6.2a NS514_HAT1_KD_TyRPB9_48h_Input_1 | local 96.54% 9 r ss 101
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Figure Description Mappin Read Reference Wig file Averag | Statistic
g alignment genome WS SsS e 3
softwar s WS SS
e
Appendi ratio - ws 1 median
x figure ss 1
9a Bowtie2 HGAP3_Tb427v | (denominato | ws 501
NS515_HAT2_KD_TyRPB9_0Oh_Input_1 local 97.70% 9 r ss 101
Appendi ratio - ws 1 median
x figure ss 1
9a Bowtie2 HGAP3_Tb427v | (denominato | ws 501
NS516_HAT2_KD_TyRPB9_24h_Input_1 | local 98.03% 9 r ss 101
Figure ratio - ws 1
613 | NS517_HAT2_KD_TyRPB9_4sh_Input_1 | BOWUe2 | g7 409, | HOAPS.TDA2TV jiss 1 WS 801 edian
Figure local 9 (denominato | ss 101
6.2 a r)
Appendi ratio - ws 1 median
x figure Bowtie2 HGAP3_Tb427v | ss 1 ws 501
9b NS518_HAT1_KD_TyRPB9_0h_ChIP_1 local 95.54% 9 (numerator) | ss 101
Appendi ratio - ws 1 median
x figure Bowtie2 HGAP3_Tb427v | ss 1 ws 501
9b NS519_HAT1_KD_TyRPB9_24h_ChIP_1 local 97.55% 9 (numerator) | ss 101
Figurfe . ratio - ws 1
633 | \s520_ HAT1_KD_TyRPB9_4sh_ChiP_1 | BOWUe2 | 3700, | HGAPS.TbAZIV | (g WS 01 edian
Figure local 9 ss 101
(numerator)
6.4a
Appendi ratio - ws 1 median
x figure Bowtie2 HGAP3_Tb427v | ss 1 ws 501
9a NS521_HAT2_KD_TyRPB9_0h_ChlIP_1 local 90.78% 9 (numerator) ss 101
Appendi ratio - ws 1 median
x figure Bowtie2 HGAP3_Tb427v | ss 1 ws 501
9a NS522_HAT2_KD_TyRPB9_24h_ChIP_1 local 97.02% 9 (numerator) | ss 101
(Fsigaurfe Bowtie2 HGAP3_Tbdz7y | [0 -Ws T 501
% | NS523 HAT2_KD_TyRPB9_48h_ChIP_1 | ~on'® | 91.75% -V ss 1 ws median
Figure local 9 ss 101
(numerator)
6.4a
Appendi ratio - ws 1 median
x figure | NS567_2T1_TyRPB9_HAT1KD_Oh_ChIP | Bowtie2 HGAP3_Th427v | ss 1 ws 501
9b 2 local 12.33% 9 (numerator) ss 101
Appendi ratio - ws 1 median
x figure | NS568_2T1_TyRPB9_HAT1KD_24h_Chl | Bowtie2 HGAP3_Th427v | ss 1 ws 501
9b P_2 local 12.32% 9 (numerator) ss 101
Appendi ratio - ws 1 median
x figure | NS569_2T1_TyRPB9_HAT1KD_48h_Chl | Bowtie2 HGAP3_Th427v | ss 1 ws 501
9b P_2 local 6.83% 9 (numerator) ss 101
Appendi ratio - ws 1 median
x figure ss 1
9b NS570_2T1_TyRPB9_HAT1KD_Oh_Input | Bowtie2 HGAP3_Tb427v | (denominato | ws 501
2 local 85.80% 9 r) ss 101
Appendi ratio - ws 1 median
x figure ss 1
9b NS571_2T1_TyRPB9_HAT1KD_24h_Inp Bowtie2 HGAP3_Tb427v | (denominato | ws 501
ut_2 local 83.29% 9 r) ss 101
Appendi ratio - ws 1 median
x figure ss 1
9b NS572_2T1_TyRPB9_HAT1KD_48h_Inp Bowtie2 HGAP3_Tb427v | (denominato | ws 501
ut_2 local 87.63% 9 r) ss 101
Appendi ratio - ws 1 median
x figure | NS573_2T1_TyRPB9_HAT2KD_Oh_ChIP | Bowtie2 HGAP3_Th427v | ss 1 ws 501
9a 2 local 15.08% 9 (numerator) ss 101
Appendi ratio - ws 1 median
x figure | NS574_2T1_TyRPB9_HAT2KD_24h_Chl | Bowtie2 HGAP3_Th427v | ss 1 ws 501
9a P_2 local 8.75% 9 (numerator) ss 101
Appendi ratio - ws 1 median
x figure | NS575_2T1_TyRPB9_HAT2KD_48h_Chl | Bowtie2 HGAP3_Th427v | ss 1 ws 501
9a P_2 local 7.88% 9 (numerator) ss 101
Appendi ratio - ws 1 median
x figure ss 1
9a NS578_2T1_TyRPB9_HAT2KD_Oh_Input | Bowtie2 HGAP3_Tb427v | (denominato | ws 501
2 local 84.82% 9 r) ss 101
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Figure Description Mappin Read Reference Wig file Averag | Statistic
g alignment genome WS SsS e 3
softwar s WS SS
e
Appendi ratio - ws 1 median
x figure ss 1
9a NS579_2T1_TyRPB9_HAT2KD_24h_Inp Bowtie2 HGAP3_Th427v | (denominato | ws 501
ut_2 local 86.00% 9 r) ss 101
Appendi ratio - ws 1 median
x figure ss 1
9a NS580_2T1_TyRPB9_HAT2KD_48h_Inp Bowtie2 HGAP3_Tbh427v | (denominato | ws 501
ut_2 local 91.39% 9 r) ss 101
Figure
6.1b;
Figure
6.2b; BWA HGAP3_Tb427v | denominator | ws 501
Figure NS320_ssRNAd_WT1 98.56% - median
mem 9 -ws 1ss1 ss 101
6.3 b, c,
d;
Figure
6.4a,c
Figure
6.1b;
Figure
6.2b; BWA HGAP3_Tb427v | denominator | ws 501
Figure NS350_ssRNAd_WT2 99.55% - median
mem 9 -ws 1ss1 ss 101
6.3 b, c,
d;
Figure
6.4a,c
Figure
6.1b;
Figure
6.2b; BWA HGAP3_Tb427v | denominator | ws 501
Figure NS351_ssRNAd_WT3 99.35% - median
mem 9 -ws 1ss1 ss 101
6.3 b, c,
d;
Figure
6.4a,c
Figure
6.3b, ¢, BWA HGAP3_Tb427v | numerator ws 501
d; NS352_ssRNAd_HAT2KD2T1_48h_1 99.15% - . median
; mem 9 ws 1ss1 ss 101
Figure
6.4a,c
Figure
6.3b,c, BWA HGAP3_Tb427v | numerator - ws 501
d; NS353_ssRNAd_HAT2KD2T1_48h_2 99.27% - median
; mem 9 ws 1ss1 ss 101
Figure
6.4a,c
Figure
6.3b,c, BWA HGAP3_Tb427v | numerator - ws 501
d; NS354_ssRNAd_HAT2KD2T1_48h_3 99.16% - median
; mem 9 ws 1ss1 ss 101
Figure
6.4a,c
Figure
610 | \s524 ssRNAseq_HAT1KD2T1 dgh_1 | BWA | o789, | HBAPSTDA27V | numerator - ws 801 1o
Figure mem 9 ws 1ss1 ss 101
6.2b
Figure
610 | Ns525_ssRNAseq HATTKD2T1 48h_2 | DWA 98.22% | HOAPS_Tb427v | numerator- | ws 801\ o
Figure mem 9 ws 1ss1 ss 101
6.2b
Figure
610 | \s526_ssRNAseq HATTKD2T1 48h_3 | DWA 98.779% | HOAPS_Tb427v | numerator- | ws 801\ oy
Figure mem 9 ws 1ss1 ss 101
6.2b
Bowtie2 numerator -
Figure 1| o well2005_TyH2AZ local g7.15% | HOAPSTDAZIV 1 o001 ss
41¢ solexa- 9
1001
quals,
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Figure Description Mappin Read Reference Wig file Averag | Statistic
g alignment genome WS SsS e 3
softwar s WS SS
e
int-
quals
Figure numerator - median
41a ws 5001 ss
Bowtie2 HGAP3_Tb427v | 1001; ws 1 ws 501
NS563_SM_TyH2A_ChIP_1 local 98.15% 9 ss 1 ss 101
- Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
NS564_SM_TyH2A _ChIP_2 local 98.08% 9 ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS565_SM_TyH2A_Input_1 local 96.89% 9 -ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | denominator | ws 501 | median
NS566_SM_TyH2A_Input_2 local 94.65% 9 -ws 1ss1 ss 101
Figure Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54a L1500085-BDF1_KD_0h local 98.33% 9 ws 1ss1 ss 101
Figure Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54a L1500087-BDF1_KD_48h local 97.64% 9 ws 1ss1 ss 101
Figure Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54b L1700062_S7_BDF2_KD_2T1_IP_Oh local 93.98% 9 ws 1ss1 ss 101
Figure L1700064_S9_BDF2_KD_2T1_IP_48h_# | Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54b 2 local 97.60% 9 ws 1ss1 ss 101
Figure Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54c¢ L1700066_S11_BDF3KD_2T1_IP_Oh_#2 | local 98.20% 9 ws 1ss1 ss 101
Figure L1700068_S13_BDF3KD_2T1_IP_48h_# | Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54c 2 local 92.20% 9 ws 1ss1 ss 101
Figure Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54d L1500088-BDF4_KD_0h local 98.11% 9 ws 1ss1 ss 101
Figure Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
54d L1500090-BDF4_KD_48h local 96.96% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8e HAT1_OE_Oh local 97.99% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8e ID-003919-NS137_HAT1_OE_IP_48h local 97.27% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8f ID-003532-NS107_HAT2_OE_IP_0_h local 97.19% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8f ID-003910-NS128_HAT2_OE_IP_48h local 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8¢ ID-003534-NS109_BDF2_OE_IP_0_h local 97.98% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8¢ ID-003535-NS110_BDF2_OE_IP_48_h local 95.06% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8h ID-003537-NS112_BDF3_OE_IP_0_h local 93.77% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8h ID-003539-NS114_BDF3_OE_IP_48_h local 95.49% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8¢ ID-003540-NS115_FACT_KD_IP_0_h local 97.55% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8¢ ID-003541-NS116_FACT_KD_IP_48_h local 75.06% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8d ID-003542-NS117_ISWI_KD_IP_0_h local 97.73% 9 ws 1ss1 ss 101
Appendi median
x figure Bowtie2 HGAP3_Tb427v | numerator - ws 501
8d ID-003543-NS118_ISWI_KD_IP_48_h local 96.92% 9 ws 1ss1 ss 101
- Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
L1700058_S3_WT_I-BET151_IP_Oh_#2 local 97.67% 9 ws 1ss1 ss 101
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Figure Description Mappin Read Reference Wig file Averag | Statistic
g alignment genome WS SsS e 3
softwar s WS SS
e
Bowtie2 HGAP3_Tb427v | numerator - ws 501 | median
L1700060_S5_WT_|-BET151_IP_48h_#2 | local 98.54% 9 ws 1ss1 ss 101
Figure ratio - ws 1 median
6.1a,b Bowtie2 HGAP3_Th427v | ss 1 ws 501
L1800150_H3_V_Ty_MNase_ChIP_1 local 96.77% 9 (numerator) ss 101
Figure ratio - ws 1 median
6.1a,b ss 1
Bowtie2 HGAP3_Tb427v | (denominato | ws 501
L1800151_H3_V_Ty_MNase_Input_1 local 88.18% 9 r) ss 101
Figure BWA HGAP3_Tb427v | numerator - ws 501 | median
6.3 ¢ Mueller2018_ATACseq_Wt_20 mem 100% 9 ws 1ss1 ss 101
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Extraction of chromatin-associated proteins

The protocol for extraction of chromatin-associated proteins was kindly provided by Joana Faria (David
Horn Lab; School of Life Science; University of Dundee). Analysis of chromatin-associated proteins was
performed for 2T1 or 2T1_2T2>TRPBY cells and 2T1 or 2T1_2T>TRPBY cells, in which HAT1 or HAT2
were depleted over a time period of 48 h. For each sample 4 million cells were harvested at 4 °C and
1.500 x g for 10 min and washed in 1 ml of 1 x TDB (5 mM KCI, 80 mM NaCl, 1 mM MgS04, 20 mM
Na,HPQO4, 2 mM NaH,P0., 20 mM glucose pH 7.4) at 4°C and 1.500x g for 10 min. The resulting cell
pellet was resuspended in 20 pl freshly prepared CSK-buffer (100 mM NaCl, 0.1% Triton X-100, 300
mM Sucrose, 1 mM MgCl,, 1 mM EGTA, 10 mM PIPES (pH 6.8; with NaOH) supplemented with 1 mM
Pepstatin A, 5 mM Leupeptin, 100 mM PMSF and 100 mM TLCK) and incubated on ice for 10 min. To
separate the soluble (cytosol + nucleosoluble) from the insoluble (chromatin + nuclear matrix) fraction,
cell suspension was centrifuged at 2.550 x g and 4 °C for 5 min. The supernatant containing the soluble
fraction was separated and the pellet was washed using 20 ul CSK-buffer at 2.550 x g and 4 °C for 5
min. The supernatant from the washing step was separated from the pellet, which contains the insoluble
fraction. To 23 pl soluble fraction 7 ul 4 x sample buffer (4 x Laemmli buffer supplemented with 2.5%
R-mercaptoethanol, 1 mM pepstatin A, 5 mM leupeptin, 100 mM PMSF and 100 mM TLCK) were added
and the pellet containing the insoluble fraction was resuspended in 30 pl 1 x sample buffer. Proteins
were reduced and denatured at 90 °C for 10 min. The samples were shock-frozen in liquid nitrogen and
stored at -80 °C. The insoluble and soluble fraction of 2 million cells were analysed by western blot
similarly as described before (Siegel et al., 2008). As control, a total protein extract from 2 million cells
from 2T1 or 2T1_>™2>TYRPBY cells and 2T1 or 2T1_>T>TRPBYIcells, in which HAT1 or HAT2 were

depleted over a time period of 48 h, was used.

Western blot analysis for target protein detection

To evaluate successful protein tagging or to compare protein amounts from different conditions, western
blot analysis was conducted using an established protocol (Siegel et al., 2008). Therefore, protein
samples were loaded on a 15% SDS-PAGE gel and separated using the Mini-PROTEAN® Tetra Vertical
Electrophoresis Cell (Bio-Rad) according to the manufacturer’s instructions. For protein transfer the Mini
Trans-Blot® Electrophoretic Transfer Cell system (Bio-Rad) was used according to the manufacturer’s
instructions. The membranes were stained for 5 min at room temperature under constant shaking in
Amidoblack staining solution (0.5% amido black in 10% acetic acid) to evaluate the protein transfer.
Following destaining in destaining solution (24% isopronaol and 10% acetic acid) for 5 min at room
temperature under constant shaking, the membranes were blocked for 1 h in PBS-T (1 x PBS + 0.1%
Tween 20) containing 3% BSA. Afterwards the membranes were hybridised with the primary antibody.

For detection of H3, the membranes were incubated overnight at 4 °C under constant rotation in 1%
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milk solved in 1 x PBS-Tween20 (0.1%) supplemented with the polyclonal H3 rabbit antiserum
(1:20,000) (Gassen et al., 2012). For detection of H2A.Z, the membranes were incubated overnight at 4
°C under constant rotation in 1% milk solved in 1 x PBS-Tween20 (0.1%) supplemented with the
polyclonal, affinity-purified H2A.Z rabbit antibody (1:750; stock concentration 1.6 ug/ul) (Wedel et al.,
2017). For detection of TY-RPB9, the membranes were incubated overnight at 4°C under constant
rotation in 1% milk solved in 1 x PBS-Tween20 (0.1%) supplemented with the monoclonal, affinity-
purified BB2 mouse antibody (1:750; stock concentration 1 ug/ul) (Bastin et al., 1996). The secondary
antibodies Sheep Anti-Mouse IgG Polyclonal Antibody Horseradish Peroxidase (VWR) or Donkey Anti-
Rabbit 1gG Polyclonal Antibody Horseradish Peroxidase (VWR) were diluted to 1:10,000 in 1% milk
solved in 1 x PBS-Tween20 (0.1%). The membranes were incubated in the secondary antibody solution
for 1.5 h at room temperature under constant rotation. For signal detection, the Immobilon Western

HRP Substrate (Merck) was applied according to the manufacturer’s instruction.

Quantification of protein amounts

Quantification of protein amounts from western blots was performed as described by Hossein
Davarinejad (Quantifications of Western Blots with ImageJ;
http://www.yorku.cal/yisheng/Internal/Protocols/ImageJ.pdf). Imaged (Schneider et al., 2012) was
downloaded from https://imagej.nih.gov/ij/download.html. Western blot quantification was performed
under the measurement criteria “Grey Mean Value”. Thereby, the signal of H3 was used as loading
control. In Image, the individual regions of interests (ROI) of H2A.Z, TY1-RPB9 and H3 were selected
using the rectangle tool. The H3 signal and background were measured of each lane using the H3 ROI.
The H2A.Z signal and background of each lane using the H2A.Z ROI and the TY1-RPB9 signal and
background for each lane using the TY1-RPB9 ROI. The inverted value was calculated for each protein
and background value by subtracting the measured value from 255. For calculating the net protein value,
the inverted background value was subtracted from the inverted protein value. For relative quantification,
the ratio of the net H2A.Z value or net TY1-RPB9 value over the net H3 value (loading control) was
calculated. The H2A.Z/H3 ratios from the 48 h HAT1- or HAT2-depleted chromatin fractions were
compared to the H2A.Z/H3 ratio from O h HAT1- or HAT2-depleted chromatin fractions. The TY1-
RPB9/H3 ratios from the from the 48 h HAT1- or HAT2-depleted chromatin fractions were compared to
the TY1-RPB9/H3 ratio 0 h HAT1- or HAT2-depleted chromatin fractions.
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Chapter 3: Genome-wide acetylation pattern in Trypanosoma brucei
Summary

Previous studies have shown that trypanosomal core histones are acetylated and methylated at various
sites (Janzen et al., 2006a; Mandava et al., 2007). However, due to technical limitations, these analyses
could not cover the full-length protein sequence of the four core histones. Additionally, the PTM-patterns
of the four histone variants have not been studied. Thus, | performed a global PTM-analysis of histones,
isolated from whole cell extracts of T. brucei wild type cells, applying a standard acid extraction protocol
(Shechter et al., 2007). While other nuclear proteins precipitate in acidic environments, histones are
acid-soluble due to their highly basic character (Luger et al., 1997). Given the apparent link of histone
acetylation and H2A.Z deposition, | was mainly interested in identifying histone acetylation marks and
thus, | applied the previously published mass-spectrometry based method for quantification of lysine-
specific acetylation degrees (EIBashir et al., 2015).

This strategy allowed me to identify 157 different histone modifications in T. brucei BFs combining the
results of different histone isolation approaches and only counting PTMs present in at least three
independent experiments. While previous studies mostly detected N-terminal modifications, | could
generate a comprehensive dataset of histone modifications covering the protein sequence of all core

histones and their variant forms.

Introduction

Post-translational modifications of histones are an important means to regulate chromatin compaction
and influence many biological processes that require DNA as template (Kouzarides, 2007). Each histone
contains more than 60 residues that can be modified. Histone PTMs, such as acetylation or
phosphorylation, can directly alter the nucleosomal architecture and/or function as binding platforms for
other chromatin modifying proteins, such as remodeler, chaperones and transcriptional regulators.
Interestingly, many proteins that mediate specific histone modifications also contain domains for
recognising them and this can further enhance the chromatin modification state (Zhang et al., 2015).
Even though trypanosomal histone proteins are highly divergent (Thatcher and Gorovsky, 1994; Alsford
and Horn, 2004), various evolutionary conserved PTMs have been identified. For example, the N-
terminal tail of H4 is extensively acetylated in T. brucei as observed in other organisms and H3K76, the
trypanosomal homologue to H3K79 of other eukaryotes, can be mono-, di- and trimethylated as well.
These marks have been found to be implicated in replication initiation (Gassen et al., 2012), cell cycle
progression and differentiation (Frederiks et al., 2010) similar to H3K79 methyl marks.

The genome of trypanosomes encodes many ‘writers’ and ‘readers’ for histone PTMs including six

different histone acetyltransferases (lvens et al., 2005; Kawahara et al., 2008), seven histone
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deacetylases, around 25 histone methyltransferases and four putative demethylases (Ivens et al., 2005;
Figueiredo et al., 2009), five bromodomain proteins (lvens et al., 2005; Siegel et al., 2009b; Schulz et
al., 2015) and one potential chromodomain (lvens et al., 2005). It is likely that most of them play a
regulatory role in trypanosomes, given the importance of histone PTMs for many fundamental biological
processes and epigenetic inheritance in other organisms. However, to be able to study their
physiological function in T. brucei, it is essential to know which histone PTMs are present and how they
are distributed along the genome.

In this chapter, | describe how | generated a comprehensive dataset of histone PTMs presentin T. brucei
combining different histone isolation strategies with Fragment lon Patchwork Quantification (FIPQuant),
a mass-spectrometry approach for quantification of site-specific lysine acetylation degrees and

identification of lysine-specific methylation patterns.

Results

Fragment ion patchwork quantification

To utilise a eukaryotic genome that is packaged into chromatin as template, regulating chromatin
opening by histone acetylation is fundamental for the gene expression machinery. Programming events
of histone acetylation accompany the development of specific gene expression patterns, that
characterise healthy or diseased cells for example (Fischle et al., 2003). Traditionally, modification-
specific antibodies were used in chromatin immunoprecipitation analyses to study the appearance or
disappearance of acetyl marks under different signalling conditions (Kouzarides, 2007). However, such
studies strongly depend on the target-specificity of the antibody. Even though, modification-specific
antibodies are typically raised to bind exclusively to one acetyl mark, in many studies, it could be
observed that they can recognise multiply acetylated peptides or are unable to differentiate combinatorial
motifs (Fuchs et al., 2011; Rothbart et al., 2012). Moreover, antibody-based detection strategies cannot
obtain a comprehensive picture of all acetyl marks characterizing a specific signalling condition.

Thus, mass-spectrometry (MS) based detection of lysine acetylation is usually the approach of choice
to circumvent such issues. Many MS-based techniques, such as SILAC (Bonenfant et al., 2007) or label-
free quantification (Lee et al., 2008; Lundby et al., 2012), have been developed, which allow the relative
quantification of acetylation sites. While these methods only measure the acetylation fold-change
between different sample, site-specific degrees of lysine acetylation cannot be accurately determined.
The acetylation degree of a specific lysine is simply determined by comparing the fraction of acetylated

peptides with the fraction of unacetylated peptides.
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Figure 3.1. FIPQuant allows quantification of lysine-specific acetylation degrees.

a Outline of Fragment lon Patchwork Quantification (FIPQuant) methodology. Following histone purification, unmodified
lysines were in-gel-"*C-acetylated and digested in multiple fragments using low-specificity proteases. The isotope pattern
of each fragment was determined by mass-spectrometry analysis and the site-specific degree of lysine acetylation was
quantified using FIPQuant. b Evaluation of mononucleosome preparation. Agarose-gel of DNA extracted from the
nucleosome-containing supernatant shows that mononucleosomes were enriched. Since over-digestion had to be avoided,
a minor fraction of di-nucleosomes needs to be detectable. ¢ Mononucleosome preparation and acid-extraction allow
extraction of all histones. Coomassie-gel of whole histone extract shows the purification of all canonical histones. The minor
fraction of histone variants is not visible due to the gel-resolution.

However, this is challenging because proteolytic cleavage and ionisation efficiencies of acetylated and
non-acetylated peptides are different with the consequence that they cannot be directly compared
anymore.

However, peptides can be modified in vitro by chemical acetylation of unmodified and monomethylated
lysines yielding in physicochemical properties similar to naturally acetylated peptides (Smith et al.,
2003b; Smith, 2005; Hersman et al., 2012; Fiedler et al., 2013; Baeza et al., 2015). Recently, Ds;-acetyl
derivatisation using deuterated acetic anhydride has been successfully applied in combination with a
targeted MS-approach to determine site-specific acetylation of histones following depletion of different
HATs and HDACs (Feller et al., 2015). However, adding a deuterated mass tag causes also a retention
time shift during liquid chromatography (LC) thereby biasing the MS-analysis. To overcome this
problem, the authors introduced a LC-MS-correction factor calculated from measurements of synthetic
peptides containing different combinatorial motifs of histone acetyl- and methyl marks, which were
previously identified (Feller et al., 2015). While this strategy is very useful for analysing known PTM
motifs under different conditions, it still harbours the risk to miss unknown PTMs or PTM patterns for
which no synthetic peptides were integrated.

Thus, | applied FIPQuant for determination of site-specific levels of lysine acetylation to analyse histone
PTMs of trypanosomes in an unbiased manner. This strategy is based on converting all unmodified
amino groups to acetyl-amino groups with a mass tag (*C,) using stable, isotope-labelled acetic
anhydride for chemical acetyl derivatisation on the protein level (EIBashir et al., 2015). Thereby, the
physicochemical properties stay similar between the naturally acetylated and the in vitro acetylated
peptide and consequently, the proteolytic cleavage and ionisation efficiencies during the LC-MS-
workflow stay comparable.

For FIPQuant (Figure 3.1 a), intact histones are modified by in-gel-*C;-acetyl-derivatisation using acetic
anhydride-1,1-"*C, changing all initially unmodified/monomethylated to “heavy-acetylated” lysines. To
obtain complete coverage of histone protein sequences, low-specificity proteases, such as elastase,
papain and thermolysin, are used for proteolytic cleavage yielding in higher numbers of different
peptides compared to sequence-specific proteases, such as trypsin. For calculation of lysine-specific
acetylation levels, peptides with up to three lysines were considered. During the first MS-step, the full
isotope pattern of an acetylated peptide is determined. The full isotope pattern is a mixture of isotope

patterns derived from different isotopologues containing naturally or heavy acetylated lysines. FIPQuant
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is performed during the second MS-step consisting of three succeeding rounds of quantification. During
the first quantification round, experimentally determined isotope patterns from fragmented ions with a
single acetylation site are compared to a mixture of corresponding, theoretically determined isotope
patterns. The theoretical isotope patterns are calculated from one ‘heavy-acetyl’ and one natural-acetyl
fragment ion covering ~10,000 different heavy-to-natural proportions. The site-specific acetylation
degree is calculated by determining the fractions of ‘heavy’ and natural acetyl marks in total number of
acetylated fragment ions. The median acetylation degree determined in the first quantification round is
then used to obtain the theoretical isotope patterns of fragment ions with two acetylation sites and to
calculate the acetylation degree of fragment ions using the experimentally determined isotope patterns
with two acetylation sites. In case both acetylation sites could be quantified in the first round, the second
quantification round is also performed for both sites. To analyse fragment ions with three acetylation
sites correspondingly to the second quantification round, the theoretical isotope patterns were
calculated using for two of the three acetylation sites the median degrees obtained in the second round.
During FIPQuant, a large number of fragment ions derived from numerous, overlapping peptides are
analysed, resulting in a robust and highly accurate quantification of a site-specific lysine acetylation
degree. In addition, site-specific methylation marks can be semi-quantitatively determined using peptide
counting. To identify PTMs, such as phosphorylation, the data from the FIPQuant analysis was further
examined using the peptide identification software PEAKS studio X (Zhang et al., 2012).

To generate a comprehensive list of acetylation and methylation marks present on histones of T. brucei,
| isolated mononucleosomes from BF T. brucei wild type (WT) cells (Figure 3.1 b), extracted the histone
proteins from the mononucleosome-containing supernatant using a standard acid extraction protocol
(Figure 3.1 c¢) (Shechter et al., 2007) and performed FIPQuant analysis. To identify the PTMs of the
histone variants H2A.Z and H2B.V, | applied an immunoprecipitation-based histone isolation method,
which will be described in the following chapter (see Characterisation of TSS-chromatin modifications),
because the coverage of H2A.Z and H2B.V was too low in the whole histone isolates (see Appendix

figure 1).
Post-translational modifications of H2A and its variant H2A.Z

The core histone H2A

While the histone-fold domain of the T. brucei H2A protein shares sequence similarity to other H2A
sequences, the sequences of the N-terminal tail and the C-terminal domain are extremely different
suggesting that homologues histone H2A PTMs were absent (Figure 3.2 a). Indeed, the C-terminus of
H2A was highly acetylated in T. brucei, as previously identified (Janzen et al., 2006a; Mandava et al.,
2007). Such an acetylation pattern has not been described in other eukaryotes, except for T. cruzi, a

close relative of T. brucei (de Jesus et al., 2016; Picchi et al., 2017). In most eukaryotes, the C-terminus
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of H2A is marked by ubiquitination of K119, which is important for the DNA damage response (Khare et
al., 2012) but not characterised by acetyl- and methyl marks (Zhao and Garcia, 2015).

In addition to already described acetyl and methyl marks of H2A in T. brucei wild type cells, | detected
various undescribed methyl marks (Figure 3.2 b), such as the monomethylation marks of K8 and K9
and the trimethyllation marks of K4, K68, and K115 using FIPQuant. Moreover, combining the results
from different histone isolation strategies and only counting PTMs present in at least three experiments,
| identified additional methyl marks including A1me2 (N-terminal a-amino group), K12me3, K75me1
and various methyl marks at the C-terminal lysines of H2A in addition to the acetyl marks (Figure 3.2c).
Open PTM search using PEAKS confirmed that H2A was phosphorylated at T2 (Urbaniak et al., 2013),
and revealed an additional phosphorylation at S132.

Taken together, combining FIPQuant, peptide counting and PEAKS analysis, | could confirm 11 of the
12 known H2A PTMs missing the low-abundant acetyl mark on K4 (1%; (Mandava et al., 2007)) and
identify 13 previously undescribed PTMs.

The histone variant H2A.Z

In most eukaryotes, histone H2A possess the highest number of histone variants. For example, thus
far, 19 different H2A variants are described in H. sapiens (Khare et al., 2012). In T. brucei, however,
only H2A.Z is present, which is the most abundant H2A variant present in a majority of eukaryotes. In
T. brucei, H2A.Z shared only ~40% sequence identity with canonical H2A (Figure 3.2 d). Both proteins
differed in the length of the N-terminal tail, which was 40 aa longer in H2A.Z, and the sequences of the
histone-fold and C-terminal domains. Sequence alignments revealed, that H2A.Z in T. brucei shares a
higher sequence similarity to H2A.Z proteins (~55%) than to its canonical counterpart ((Lowell et al.,
2005) and Figure 3.2 e). Similar to canonical H2A, trypanosomal H2A.Z differed to other H2A.Z proteins
mainly in the N-terminal tail that was around 50 aa longer than for example the human H2A.Z. As all
histones, H2A.Z can be post-translationally modified and the function of different H2A.Z PTMs has
already been studied in S. cerevisiae, H. sapiens and T. thermophila (Giaimo et al., 2019).

Using FIPQuant, | could identify that also T. brucei H2A.Z was marked by various post-translational
modifications. The two lysines (K31 and K35) of the N-terminal tail and the seven adjacent lysines (K43,
K45, K47, K49, K51, K55, K59) were extensively acetylated from (40-90%). Additionally, the N-terminal
serine was acetylated to ~5% (Figure 3.2 f). A similar acetylation pattern of H2A.Z has also been
described in T. cruzi. Four lysines (K43, K49, K51, and K55) might have homologues in other eukaryotes
and these lysines have been shown to be acetylated. For example, K49ac of T. brucei might be a
homologue to K8ac in S. cerevisiae (Keogh et al., 2006) and K10ac in T. thermophila (Ren and Gorovsky,
2001).
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Figure 3.2. The variant H2A.Z contains many N-terminal acetyl marks in contrast to canonical H2A.

a H2A of T. brucei contains a conserved histone-fold domain. Alignment of H2A protein sequences from T. brucei, T.
thermophila, S. cerevisiae, H. sapiens and D. melanogaster shows that the histone-fold domains share many conserved
residues (dark blue) and residues with similar properties (light blue). In contrast, the N-terminal and C-terminal domain of
trypanosomal H2A only shares little sequence identity with the other H2A proteins. The alignment was conducted with
Clustal Omega using standard parameters (Sievers et al., 2011). b Trypanosomes’ H2A carries many different N-terminal
methyl marks. Lysine-specific acetylation degrees (blue) are shown for core histone H2A and were determined by FIPQuant
using whole histone extracts of WT cells (upper panel). The plotted acetylation degrees represent the median values of the
quantified fragment numbers, calculated for each replicate. The black bar indicates the mean calculated from the median
values. The fractions of mono- (yellow), di- (orange) and trimethylated (red) peptides identified in each replicate are plotted.
The black bar indicates the average fraction of mono-, di- and trimethylated peptides (lower panel). ¢ Summary of all
acetylation, methylation and phosphorylation marks present on trypanosomal H2A detected in this study. d H2A.Z contains
a long N-terminal domain in contrast to H2A in T. brucei. The alignment of the histone variant H2A.Z and its canonical
counterpart H2A shows that the N-terminus of H2A.Z is 40 aa longer than the N-terminus of H2A. The histone-fold and the
C-terminal domains share many residues with similar properties (light blue) and some fully conserved residues (dark blue).
The alignment was conducted with Clustal Omega using standard parameters (Sievers et al., 2011). e H2A.Z of T. brucei
contains a conserved histone-fold domain. Alignment of H2A.Z protein sequences from T. brucei, S. cerevisiae, T.
thermophila, H. sapiens and D. melanogaster shows that the histone-fold domains share many conserved residues (dark
blue) and residues with similar properties (light blue). In contrast to the other H2A.Z proteins, trypanosomes’ H2A.Z contains
a long N-terminal stretch. The alignment was conducted with Clustal Omega using standard parameters (Sievers et al.,
2011). f The N-terminus of trypanosomes’ H2A.Z is hyperacetylated. Lysine-specific acetylation degrees are shown for
histone variant H2A.Z (blue) and were determined by FIPQuant using immunoprecipitation of TSS-nucleosomes (upper
panel). The plotted acetylation degrees represent the median values of the quantified fragment numbers, calculated for each
replicate. The black bar indicates the mean calculated from the median values. The fractions of mono- (yellow), di- (orange)
and trimethylated (red) peptides identified in each replicate are plotted. The black bar indicates the average fraction of mono-
, di- and trimethylated peptides (lower panel). g Summary of all acetylation, methylation and phosphorylation marks present
on trypanosomal H2A.Z detected in this study.

K55ac might be a homologue to K7ac in H. sapiens and K16ac in T. termophila (Ren and Gorovsky,
2001). Interestingly, K55ac might also be a homologue to K14ac in S. cerevisiae, which is exclusively
enriched at active promoters (Keogh et al., 2006). Moreover, the C-terminal lysines of H2A.Z were also
acetylated. Such an acetylation pattern is also present on T. cruzi H2A.Z. Next to the acetylation marks,
| also could detect various mono-, di- and trimethyl marks. Most lysines were modified either by
acetylation or monomethylation. However, K49 harboured all three methylation states next the
acetylation mark and K51 was acetylated, mono- or trimethylated. Combining the results from different
histone isolation strategies and only counting PTMs present in at least three experiments, | identified
16 acetyl marks, 6 mono-, 1 di- and 1 trimethyl marks present on H2A.Z. Using PEAKs analysis, | could
detect that T3 is phosphorylated (Figure 3.2 g).

My results showed that H2A.Z was extensively acetylated in T. brucei and some of these marks might
have direct homologues in other eukaryotes. Since H2A.Zac might be more important for transcription
than unmodified H2A.Z, | decided to study the role of H2A.Zac in T. brucei. The corresponding results
are described in chapter five (Role of histone acetylation for TSS-specific chromatin) and six (Chromatin

composition at TSSs plays a critical role for transcription).
Post-translational modifications of H2B and its variant H2B.V

The core histone H2B
Similar to H2A, trypanosomal H2B had the highest sequence identity to H2B proteins of other organisms

in its histone-fold domain (Figure 3.3 a). The N-terminal tail and C-terminal domain were different.
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However, in contrast to H2A, the H2B protein of T. brucei was rather short compared to other H2B
proteins and consisted of only 112 aa. In contrast, H2B of S. cerevisiae is 131 aa long and in H. sapiens
H2B consist of 167 aa. Generally, H2B is not frequently post-translationally modified in eukaryotes. The
most prominent PTMs of H2B is ubiquitination at a C-terminal lysine, which is important for
transcriptional activation (Weake and Workman, 2008). H2B ubiquitination has not been identified in T.
brucei. While others showed that H2B can be acetylated at K4, K12 and K16 to minor levels (~1%)
(Janzen et al., 2006a; Mandava et al., 2007), | could only detect acetylation at the N-terminal A1 to 25%.
Moreover, A1 was mono- or dimethylated, as described previously (Janzen et al., 2006a; Mandava et
al., 2007) (Figure 3.3 b). Combining the results from different histone isolation strategies and only
counting PTMs present in at least three experiments, various previously undescribed H2B methyl marks
could be identified (Figure 3.3 c).

Taken together, | could observe that H2B was modified rather by methylation than by acetylation marks.
Thus far, no homologous lysine methyl marks were found in T. cruzi or higher eukaryotes suggesting
that the lysine methyl marks of H2B are T. brucei-specific. But, in both T. brucei and T. cruzi, H2B carried
a phosphorylation mark at T2 (Figure 3.3 ¢ and (Urbaniak et al., 2013; Picchi et al., 2017)).

The histone variant H2B.V

Similar to H2A.Z, H2B.V had a long N-terminal stretch compared to canonical H2B in T. brucei and both
histones shared only ~36% sequence identity (Figure 3.3 d). H2B.V dimerises exclusively with H2A.Z
and heterodimers with H2A have not been detected in T. brucei (Lowell et al., 2005). Consequently,
H2B.V has been found enriched at TSSs (Siegel et al., 2009b). In general, H2B proteins are rather
invariant compared to H2A and H3 (Talbert and Henikoff, 2010). For example, in H. sapiens, only 11
H2B variants with unknown function have been identified (Albig et al., 1999; Bonenfant et al., 2006).
Interestingly, the Apicomplexan parasite Plasmodium falciparum contains the H2B variant H2B.Z, which
dimerises as well with H2A.Z and is enriched at promoters (Hoeijmakers et al., 2013) similar to
H2A.Z/H2B.V-nucleosomes in trypanosomes. Alignment of T. brucei H2B.V to the human H2B variant
H2BA and H2B.Z of P. falciparum showed that H2B.V shared only ~36% sequence identity with them
(Figure 3.3 e) but ~96% sequence identity with H2B.V from T. cruzi suggesting that the type of H2B.V
protein is trypanosome-specific.

In contrast to variants of H2A, very little is known about histone H2B variants and even less is known
about their post-translational modifications. Using, FIPQuant, | could detect that H2B.V is extensively
acetylated at its N-terminal (Figure 3.3 f) and some of these marks are found in T. cruzi, too (Picchi et
al., 2017). However, in T. cruzi the N-terminal P1 is not modified, which is the case for H2B.V of T.
brucei. There, P1 was found to be mono- or dimethylated. Overall, combining the results of different
histone isolation strategies and only counting PTMs found in at least three experiments, six acetyl-, four

monomethyl and four dimethyl marks were detected on H2B.V in T. brucei (Figure 3.3 g).
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Figure 3.3. Trypanosomes’ H2B.V and H2B are not extensively modified.

a H2B of T. brucei contains many conserved protein residues. Alignment of H2B protein sequences from T. brucei, T.
thermophila, S. cerevisiae, H. sapiens and D. melanogaster shows that the N-terminal, the histone-fold and the C-terminal
domains share many conserved residues (dark blue) and residues with similar properties (light blue). The alignment was
conducted with Clustal Omega using standard parameters (Sievers et al., 2011). b Trypanosomes’ H2B is acetylated and
methylated at its N-terminal a-amino group. Lysine-specific acetylation degrees (blue) are shown for core histone H2B and
were determined by FIPQuant using whole histone extracts of WT cells (upper panel). The plotted acetylation degrees
represent the median values of the quantified fragment numbers, calculated for each replicate. The black bar indicates the
mean calculated from the median values. The fractions of mono- (yellow), di- (orange) and trimethylated (red) peptides
identified in each replicate are plotted. The black bar indicates the average fraction of mono-, di- and trimethylated peptides
(lower panel). ¢ Summary of all acetylation, methylation and phosphorylation marks present on trypanosomal H2B detected
in this study. d H2B.V shares many residues with canonical H2B in T. brucei. The alignment of the histone variant H2B.V
and its canonical counterpart H2B shows that the N-terminus of H2B.V is 19 aa longer than the N-terminus of H2B. The
histone-fold and the C-terminal domains share many residues with similar properties (light blue) and some fully conserved
residues (dark blue). The alignment was conducted with Clustal Omega using standard parameters (Sievers et al., 2011). e
H2B.V of T. brucei contains a conserved C-terminal domain. Alignment of H2B.V protein sequences from T. brucei, H.
sapiens and P. falciparim shows that the histone-fold domains share many conserved residues (dark blue) and residues
with similar properties (light blue). The alignment was conducted with Clustal Omega using standard parameters (Sievers
et al., 2011). f The N-terminus of trypanosomes’ H2B.V carries many acetyl marks. Lysine-specific acetylation degrees are
shown for histone variant H2B.V (blue) and were determined by FIPQuant using immunoprecipitation of TSS-nucleosomes
(upper panel). The plotted acetylation degrees represent the median values of the quantified fragment numbers, calculated
for each replicate. The black bar indicates the mean calculated from the median values. The fractions of mono- (yellow), di-
(orange) and trimethylated (red) peptides identified in each replicate are plotted. The black bar indicates the average fraction
of mono-, di- and trimethylated peptides (lower panel). g Summary of all acetylation, methylation and phosphorylation marks
present on trypanosomal H2B.V detected in this study.

Taken together, my data revealed that H2B.V, similar to H2A.Z, was hyperacetylated at its N-terminus.

Overall, H2B.V was not marked by many different PTMs, as observed already for canonical H2B.
Post-translational modifications of H3 and its variant H3.V

The histone H3

Histone H3 belongs to the core component of a canonical nucleosome and its protein sequence has
been highly conserved during evolution. Among different model organisms, including yeast, mouse,
fruit fly and humans, H3 proteins are 80% - 90% identical (Figure 3.4 a). In contrast, the H3 protein of
T. brucei shares only ~55% sequence identity with them. Of all core histones, H3 harbours the maximum
number of post-translational modifications in eukaryotes (Zhao and Garcia, 2015) and they were
reported to be involved in many different biological processes, such as transcription activation,
chromosome condensation or heterochromatin formation.

Acetylation and methylation of H3 are frequent and well characterised in many eukaryotes (Kouzarides,
2007). It has not been possible to determine the modification status of H3 in T. brucei since its
N-terminus had been blocked for Edman-degradation and MS-based sequencing of trypsin-digested H3
did not cover the complete peptide sequence (Janzen et al., 2006a; Mandava et al., 2007). Using
FIPQuant, | could identify that T. brucei H3 was barely acetylated, which is untypical for a eukaryote.
Analysing whole histone extracts from wild type cells, | found only the N-terminal S1 of H3 to be
acetylated (~5%) (Figure 3.4 b). Combining the results of different histone isolation strategies and only
counting PTMs found in at least three experiments, | observed that each lysine of H3 was marked by at

least one modification (Figure 3.4 c). Nevertheless, only one lysine acetyl mark on K23 could be
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detected on H3 of T. brucei. Otherwise, lysines of H3 were marked by methylation. K17, K19, K32 and
K119 were only monomethylated, whereas K16 and K61 harboured also dimethyl marks and K23 was
di- or trimethylated. All three methylation states were found on K4, K10, K11, K20. H3K4, H3K23, H3K76
and H3K119 were identified as direct homologues to lysines in other eukaryotes, where their function
has already been extensively studied. For example, in H. sapiens, H3K4me1-3 and H3K23ac are involved
in transcriptional activation (Ng et al., 2003; Zhao and Garcia, 2015). Since in T. brucei nucleosomes at
TSSs are enriched with H3K4me3 (Wright et al., 2010), this mark has been associated to active
transcription, too. However, nothing is known about the genomic distribution and the role of H3K23ac
in T. brucei.

Taken together, | was able to analyse for the first time the modification status of all lysines of H3 and
could determine that in 7. brucei the major H3 was only acetylated on K23, which is also present in

other eukaryotes. However, H3 was marked by various mono-, di- and trimethyl marks in T. brucei.

The histone variant H3.V

Like H2A, H3 has usually a high number of variant proteins. They can differ from their canonical
counterpart only in a few amino acids or in the complete protein sequence. For example, the H3 variant
CenpA that marks centromeric chromatin (Malik and Henikoff, 2003), is 35 aa longer than canonical H3
but the variant H3.3 found at promoters, enhancers and gene bodies and associated to active
transcription (Mito et al., 2005; Jin et al., 2009) differs only in five amino acids that do not alter the
nucleosomal structure (Tachiwana et al., 2011). In contrast to other eukaryotes, T. brucei has only one
H3.V, which shares only 45% sequence identity with H3 and has a remarkably different N-terminal tail
compared to the major H3 (Figure 3.4 d and (Lowell and Cross, 2004)). While H3.V is to ~60% identical
to CenpA, ChIP-seq data could not relate H3.V to centromeric regions (Mdiller et al., 2018). H3.V is not
homologue to other eukaryotic H3 variants and shares only ~61% sequence identity to T. cruzi H3.V.
Since in T. brucei H3.V is mainly found at subtelomeric regions (Lowell and Cross, 2004; Miiller et al.,
2018) and its knock out causes derepression of silent VSG expression sites (Miller et al., 2018), it is
likely that it diverged away from other H3.V proteins during evolution to take over this specific role.
FIPQuant analysis revealed that in a whole histone extracts from wild type cells H3.V, similar to major
H3, did not harbour any acetyl marks (Figure 3.4 e). Peptide counting showed that H3.V was methylated
at K14 (mono-, di- and trimethylation) and at K82 (mono- and trimethylation). By taking into account all
experiments | performed for this study and only considering PTMs present in at least three experiments,
three additional lysine methyl marks could be identified at K4 and K82 (Figure 3.4 f). The N-terminal A1
was not modified on H3.V from wild type histone extracts but acetylated, mono- and dimethylated on
H3.V from other histone isolation procedures.

My data showed that, in T. brucei, H3.V harboured only a few PTMs.
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Figure 3.4. Trypanosomes’ H3.V is a highly divergent histone protein.

a H3 of T. brucei contains many conserved protein residues. Alignment of H3 protein sequences from T. brucei, T.
thermophila, S. cerevisiae, H. sapiens and D. melanogaster shows that the N-terminal, the histone-fold and the C-terminal
domains share many conserved residues (dark blue and blue) and residues with similar properties (light blue). The alignment
was conducted with Clustal Omega using standard parameters (Sievers et al., 2011). b Trypanosomes’ H3 does not carry
acetyl marks. Lysine-specific acetylation degrees (blue) are shown for core histone H3 and were determined by FIPQuant
using whole histone extracts of WT cells (upper panel). The plotted acetylation degrees represent the median values of the
quantified fragment numbers, calculated for each replicate. The black bar indicates the mean calculated from the median
values. The fractions of mono- (yellow), di- (orange) and trimethylated (red) peptides identified in each replicate are plotted.
The black bar indicates the average fraction of mono-, di- and trimethylated peptides (lower panel). ¢ Summary of all
acetylation, methylation and phosphorylation marks present on trypanosomal H3 detected in this study. d H3.V shares many
residues with canonical H3 in T. brucei. The alignment of the histone variant H3.V and its canonical counterpart H3 shows
that the N-terminus of H3.V exhibit little sequence identities. The histone-fold and the C-terminal domains share many
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identical residues (dark blue) and residues with similar properties (light blue). The alignment was conducted with Clustal
Omega using standard parameters (Sievers et al., 2011). e H3.V only contains few PTMs. Lysine-specific acetylation degrees
are shown for histone variant H3.V (blue) and were determined by FIPQuant using whole histone extracts of WT cells (upper
panel). The plotted acetylation degrees represent the median values of the quantified fragment numbers, calculated for each
replicate. The black bar indicates the mean calculated from the median values. The fractions of mono- (yellow), di- (orange)
and trimethylated (red) peptides identified in each replicate are plotted. The black bar indicates the average fraction of mono-
, di- and trimethylated peptides (lower panel). f Summary of all acetylation, methylation and phosphorylation marks present
on trypanosomal H3.V detected in this study.

Post-translational modifications of H4 and its variant H4V

The histone H4

Acetylation of H4 is involved in many different processes and is associated to active transcription, for
example it restricts chromatin folding to a higher-order structure and leaves loosely packed and easily
accessible chromatin (Dorigo et al., 2003). Moreover, H4 acetylation is important for transcription
initiation by recruiting different transcription factors or mediating chromatin remodeling (Shia et al.,
2006; Altaf et al., 2010; Draker et al., 2012). Among all core histones in T. brucei, H4 has the highest
homology to other H4 proteins and shares around ~58% sequence identity (Figure 3.5 a). Additionally,
the N-terminal tail of H4 is also extensively modified in T. brucei. H4 is acetylated at K2, K4, K5 and K10,
with K2ac being the most abundant marks (~80%) (Janzen et al., 2006a; Mandava et al., 2007; EIBashir
et al., 2015). The N-terminal A1 and K2 are monomethylated and all three methylation states are present
on K17 and K18. Using FIPQuant, | could confirm the previously identified H4 PTMs and, moreover, |
identified that A1 was acetylated and K14 can be mono-, di- and tri methylated (Figure 3.5 b and EIBashir
et al., 2015).

Interestingly, adding the information from other experiments, H4 was also mono-, di- and trimethylated
at A1, K2, K4, K5 and K10 and K57 and K77 were monomethylated (Figure 3.5 ¢). These marks were
not present on H4 in whole histone extracts from wild type cells suggesting they might be localised at
specific genomic regions, similar to H4K10ac, which is enriched at TSSs (Siegel et al., 2009b). H4 of T.
brucei is ~97% identical to H4 of T. cruzi and most of the PTMs identified on H4 are also present in T.
cruzi (da Cunha et al., 2006; Picchi et al., 2017) suggesting that they might be involved in general

regulatory processes.

The histone variant H4.V

Thus far, only a few H4 variants have been identified. The H4G protein in humans (Long et al., 2019)
and the H4 variant H4.V in T. brucei (Berriman et al., 2005) and T. cruzi (Ivens et al., 2005). In T. brucei,
H4.V is almost identical to major H4 (~85%) (Siegel et al., 2009b). H4 and H4.V differed only in 15 aa,
which were distributed throughout the whole protein sequence (Figure 3.5 d). In addition to the high
sequence similarity, H4 and H4.V shared also a similar modification pattern (Figure 3.5 e-f). The major
acetyl mark was found at H4.VK4, similar to H4 (Figure 3.5 e). Furthermore, K2 was monomethylated

and all three methylation states were found on K14, K17 and K18. However, K93 of H4.V carried a
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monomethyl mark, which was not present on canonical H4. Interestingly, while the N-terminal A1 of H4

was highly modified, A1 of H4.V was only monomethylated (Figure 3.5 f). Overall, H4.V carried less

PTMs than its canonical counterpart.

Figure 3.5. Trypanosomes’ H4 contains many conserved residues.

a H4 of T. brucei contains many conserved protein residues. Alignment of H4 protein sequences from T. brucei, T.
thermophila, S. cerevisiae, H. sapiens and D. melanogaster shows that the N-terminal, the histone-fold and the C-terminal
domains share many conserved residues (dark blue and blue) and residues with similar properties (light blue). The alignment
was conducted with Clustal Omega using standard parameters (Sievers et al., 2011). b The N-terminus of H4 contains many
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conserved acetyl marks. Lysine-specific acetylation degrees (blue) are shown for core histone H4 and were determined by
FIPQuant using whole histone extracts of WT cells (upper panel). The plotted acetylation degrees represent the median
values of the quantified fragment numbers, calculated for each replicate. The black bar indicates the mean calculated from
the median values. The fractions of mono- (yellow), di- (orange) and trimethylated (red) peptides identified in each replicate
are plotted. The black bar indicates the average fraction of mono-, di- and trimethylated peptides (lower panel). ¢ Summary
of all acetylation, methylation and phosphorylation marks present on trypanosomal H4 detected in this study. d H4.V differs
only in 15 aa from canonical H4 in T. brucei. The alignment of the histone variant H4.V and its canonical counterpart H4
shows that their protein sequences share many identical residues (dark blue and blue) and residues with similar properties
(light blue). The alignment was conducted with Clustal Omega using standard parameters (Sievers et al., 2011). e H4.V is
highly acetylated at K4 similar to canonical H4. Lysine-specific acetylation degrees are shown for histone variant H4.V (blue)
and were determined by FIPQuant using whole histone extracts of WT cells (upper panel). The plotted acetylation degrees
represent the median values of the quantified fragment numbers, calculated for each replicate. The black bar indicates the
mean calculated from the median values. The fractions of mono- (yellow), di- (orange) and trimethylated (red) peptides
identified in each replicate are plotted. The black bar indicates the average fraction of mono-, di- and trimethylated peptides
(lower panel). f Summary of all acetylation, methylation and phosphorylation marks present on trypanosomal H4.V detected
in this study.

Conclusion

Previous studies have already revealed that histones in trypanosomes are highly modified (Janzen et
al., 2006a; Mandava et al., 2007; EIBashir et al., 2015). In this chapter, | presented a comprehensive list
of PTMs (acetylation, methylation, phosphorylation) present on trypanosomal histones covering for the
first time the protein sequence of all four canonical histones and histone variants.

Combining FIPQuant, peptide counting and PEAKS analysis, | could confirm most of the previously
detected PTMs, except for some low-abundant marks at H2A, H2B and H3. Moreover, | identified in total
157 PTMs, of which 126 PTMs have not been reported before in T. brucei, including prominent methyl

marks on the N-terminal tail of H3.
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Chapter 4: Characterisation of TSS-chromatin modifications
Summary

While genome-wide chromatin profiling approaches, such as ChlP-seq, have thus far been the method
of choice to analyse the genomic enrichment sites of a chromatin marks, including histone acetyl marks,
they require the knowledge of the existence of the mark as a pre-requisite. Thus, they do not allow to
comprehensively characterise the chromatin structure of a specific genomic site in a completely
unbiased manner. Understanding of how a specific chromatin structure is established at a specific
genomic site would be possible if using the reverse approach were possible, e. g. the identification of
all chromatin marks associated with a specific genomic locus. Thus far, such locus-specific chromatin
analyses have been successfully performed only for chromatin from long repetitive regions, such as
telomeric repeats (Wierer and Mann, 2016).

To be able to characterise the TSS-specific chromatin in T. brucei and to identify the differences between
TSS- and non-TSS-chromatin, | firstly established an approach that allowed enrichment of locus-specific
chromatin. Therefore, | could take advantage of the mutually exclusive distribution of H2A.Z (TSS-
nucleosomes) and H2A (non-TSS-nucleosomes), that allowed me to isolate TSS-chromatin and non-
TSS chromatin in an almost completely unbiased manner. Combining the approach with FIPQuant
analysis, | could observe that TSS-nucleosomes were highly acetylated in contrast to non-TSS-
nucleosomes. At TSSs, the N-terminal lysines of H4 were hyperacetylated, in contrast to non-TSSs H4.
Only the prominent acetyl mark at H4K4 was present at both sites. Moreover, the histone variants H2A.Z
and H2B.V were extensively acetylated at their N-terminus. The modification pattern of H2A.Z and H2B.V

are described and discussed in the previous chapter.

Introduction

Using genome-wide chromatin profiling approaches, such as ChlIP-seq, the genomic distribution of
various chromatin marks, including histone PTMs, histone variants and chromatin modifiers, has already
been identified (Li et al., 2007). For example, in all studied eukaryotes, TSSs are marked by acetylated
histones and by deposition of the histone variant H2A.Z (Haberle and Stark, 2018; Giaimo et al., 2019),
which probably mediate a more open chromatin structure to facilitate the binding of the transcription
machinery. However, ChIP-seq studies rely on knowledge whether a chromatin mark exists and the
availability of antibody to detect it. Furthermore, the understanding of how distinct marks are deposited
to various sites, and of the proteins which are involved, requires to know all chromatin features of a
specific genomic site. Even though, locus-specific chromatin analyses could provide a comprehensive
picture of the enriched chromatin marks, they were only successfully applied to analyse repetitive

sequences such as telomeric regions (Wierer and Mann, 2016).
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Despite their divergence from other eukaryotes, trypanosomes possess an extensively acetylated H4
tail and a histone H2A variant at TSSs (Siegel et al., 2009b). Since commercially available antibodies
cannot be used for genome-wide chromatin profiling in trypanosomes, H4K10ac and H3K4me3 are until
now the only histone PTMs which have been confirmed to be enriched at TSSs.

To be able to analyse the functional link between histone acetylation, H2A.Z deposition and transcription
initiation in a eukaryotic organism, | needed to identify the TSS-specific chromatin marks first. In this
chapter, | describe the method | applied to enrich TSS-specific chromatin and how the locus-specific
chromatin isolation was a pre-requisite to identify 58 PTMs that are specific for TSS-chromatin in T.

brucei.

Results

Establishment of TSS-specific chromatin immunoprecipitation

While heterotypic nucleosomes containing H2A.Z together with canonical H2A have been found, for
example in yeast (Luk et al., 2010), previous studies have showed that in T. brucei H2A.Z does not co-
immunoprecipitate with H2A (Lowell et al., 2005) and that H2A.Z is 300-fold enriched at TSSs over other
genomic sites (Siegel et al., 2009b). Both observations point to very low levels or even to an absence
of heterotypic nucleosomes in trypanosomes.

To validate the previous findings, | analysed the genome-wide distribution of TY1-tagged H2A and
repeated the ChIP-seq analysis of H2A.Z. In doing so, | could observe that H2A was strongly depleted
at TSSs in contrast to H2A.Z suggesting that the genomic distribution of the histone and its variant is to
a large extent mutually exclusive (Figure 4.1 a). To test if the genomic distribution pattern of H2A.Z and
H2A would allow enrichment of either TSS-nucleosomes, those containing H2A.Z, and non-TSS
nucleosomes, those containing H2A, | isolated either H2A.Z-containing or TY1-tagged H2A-containing
nucleosomes from the cell line that allows overexpression of TY1-tagged H2A and analysed the co-
immunoprecipitated histone by western blotting. No H2A.Z co-immunoprecipitated with TY1-tagged
H2A, as reported before (Lowell et al., 2005), and no H2A signal could be detected following H2A.Z co-
immunoprecipitation (Figure 4.1 b). Altogether, the findings described above suggest that H2A and its
variant do not co-localise or co-exist in the same nucleosome in T. brucei that should allow to isolate

specifically TSS-nucleosomes and non-TSS-nucleosomes.
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Figure 4.1. H2A.Z replaces H2A in nucleosomes at transcription start sites.

a TSSs are depleted of H2A-containing nucleosomes. MNase-ChIP-seq data of the histone variant H2A.Z (black) and of the
overexpressed and TY-tagged canonical histone H2A (grey) are shown across a representative region on chromosome 10
(upper panel) and averaged across divergent (n=81) and non-divergent (n=49) TSSs (lower panel). b Western blot of
proteins co-immunoprecipitated with H2A.Z (left lane) or TY1-H2A (right lane). Mononucleosomes were extracted from a
cell line, which allows the inducible overexpression of ectopic TY1-H2A and were immunoprecipitated using either a custom-
made antibody against untagged H2A.Z (n=1) or the BB2 antibody recognising TY1-tagged H2A (n=1). Immunoprecipitated
material was then examined by western blotting for the presence of TY1-H2A or untagged H2A.Z along with histone H3 as
loading control. ¢ The N-terminal TY-tag does not affect the nucleosomal composition. MNase-ChIP-seq data of untagged
histone variant H2A.Z (black) from wild type cells (WT) and of the overexpressed and TY-tagged histone variant H2A.Z (teal)
are shown across a representative region on chromosome 10 (left panel). Lysine-specific acetylation degrees are shown of
H2B.V from TSS-nucleosomes enriched by immunoprecipitation of untagged H2A.Z (black; n=1) and overexpressed and
TY-tagged H2A.Z (teal; n=6). The acetylation degrees of K17, K59, K65, K96, K129 could not be determined for TSS-
nucleosomes enriched by immunoprecipitation of untagged H2A.Z.
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For the experiments described above, | used a previously generated cell line expressing only exogenous
TY1-tagged H2A.Z from an rDNA locus. To confirm that overexpression of a TY1-tagged histone did not
influence its genomic localisation, | compared ChIP-seq analyses of TSS-nucleosomes isolated from T.
brucei BF wild type cells using a polyclonal antibody (Wedel et al., 2017) detecting untagged H2A.Z or
from cells overexpressing TY1-tagged H2A.Z using an antibody that recognises the TY1-tag (Bastin et
al., 1996). | could observe that neither the TY1-tag nor overexpression did affect the genomic localisation
of H2A.Z. Moreover, | obtained identical PTM patterns of H2B.V analysing Co-IPs of TY1-tagged or
untagged H2A.Z by FIPQuant (Figure 4.1 c).

Since H2B.V dimerises exclusively with H2A.Z in trypanosomes, the findings of the ChIP-seq and
FIPQuant analysis confirmed that overexpression of TY1-taggged H2A.Z did not affect the genomic
distribution nor the PTM pattern of TSS-nucleosomes. Since H2A exists in an array of multiple genes
on chromosome 7 (Berriman et al., 2005), | used a previously published cell line overexpressing a TY-
tagged H2A from a random rRNA locus in addition to endogenous, untagged H2A (Lowell et al., 2005)
to enrich for non-TSS-nucleosomes. To verify that isolation of TY1-tagged H2A-nucleosomes allows to
recover the histones, | analysed the proteins co-immunoprecipitated with TY1-tagged H2A on a
denaturing SDS page and observed robust co-immunoprecipitation of H2B, H3 and H4 (Figure 4.2 a).
Therefore, | extracted uncrosslinked mononucleosomes from both cell lines and immunoprecipitated
either non-TSS- or TSS-nucleosomes using an antibody against the TY-tag (Figure 4.2 a). Despite the
presence of untagged H2A, IP of non-TSS-nucleosome pulling on TY-H2A co-immunoprecipitated
successfully H2B, H3 and H4 (Figure 4.2 b), whereas IP of TSS-nucleosomes pulling on TY-H2A.Z
reconstituted H2B.V, H3 and H4 (Figure 4.2 b).

The observed findings strongly indicated that taking advantage of the mutually exclusive distribution of
H2A and its histone variant H2A.Z, would allow me to specifically enrich TSS-nucleosomes and non-

TSS-nucleosomes and thus, to perform locus-specific chromatin isolation from a non-repetitive region.
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Figure 4.2. Locus-specific chromatin isolation allows for specific enrichment of TSS- or non-TSS-nucleosomes.

a Chromatin organisation of T. brucei. By taking advantage of the mutually exclusive distribution of H2A.Z and H2A,
nucleosomes from TSSs and non-TSSs, respectively, can be specifically isolated. b Immunoprecipitation of TY-H2A.Z and
TY-H2A allow co-purification of all other histones of TSS- and non-TSS-nucleosomes, respectively. Coomassie gel of
enriched TSS-nucleosomes shows the co-immunoprecipitation of H2B.V, H3 and H4 with TY-H2A.Z (left panel). Coomassie
gel of enriched non-TSS-nucleosomes shows the co-immunoprecipitation of H2B, H3 and H4 with TY-H2A.
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Lysine modifications at transcription start regions

Using ChIP-seq analyses, it has already been shown that H3K4me3 (Wright et al., 2010) and H4K10ac
are enriched at TSSs in T. brucei (Siegel et al., 2009b). While | could already observe that the TSS-
specific histone variants are extensively acetylated (see Genome-wide acetylation pattern in
Trypanosoma brucei), combining my approach to enrich specifically for TSS-nucleosomes or non-TSS-
nucleosomes with FIPQuant analysis should allow me to detect site-specific differences in the PTM
patterns of H3 and H4 as well.

In doing so, | confirmed the previously described PTMs H3K4me3 (Wright et al., 2010) and H4K10ac
(Siegel et al., 2009b) to be enriched at TSSs. These findings validated my approach, additionally. Overall,
| could identify 58 different histone PTMs that were specific for TSSs and observed that both H3 and
H4 exhibited a different modification pattern in TSS-nucleosomes than in non-TSS-nucleosomes. Since
the PTM analysis of wild type histone extracts has already suggested that H3 acetyl marks are relatively
rare in T. brucei, in contrast to other eukaryotes, it was not surprising that H3 was not extensively
acetylated in TSS- nor non-TSS-nucleosomes as well. H3K23 was acetylated to ~5% at TSSs and notably
was the only lysine acetyl mark found on H3 in this study (Figure 4.3 a). Comparison of the methylation
pattern revealed that at TSSs H3K4 could also be dimethylated. In addition, dimethyl and trimethyl marks
on H3K10 and H3K11 were enriched at TSSs. In contrast, monomethylation of H3K16 and H3K19 and
acetylation of the N-terminal S1 (~7%) were only found at non-TSS-nucleosomes (Figure 4.3 a).
Analysing the site-specific PTM pattern of H4, | could assign the previously identified H4 acetyl marks
at K2 and K5 (Janzen et al., 2006a; Mandava et al., 2007; EIBashir et al., 2015) to be TSS-specific as
H4K10ac (Siegel et al., 2009b). At TSSs, H4K2 was acetylated to ~70%, H4K5 to ~40% and H4K10ac to
90% (Figure 4.3 b). Only the high abundant H4K4 acetyl-mark (~80%) was found on both TSS- and
non-TSS-nucleosomes. While TSS- and non-TSS-nucleosomes showed particularly distinctive
differences in acetylation, the differences in methyl marks were relatively modest. | detected the methyl
marks at A1, K2, K5, K10, K14, K17 and K18 on H4 of TSS- and non-TSS-nucleosomes. Only H4K4me1
and H4K10me3 were non-TSS-specific, whereas H4K2me1 was exclusive found in TSS-nucleosomes
(Figure 4.3 b).

In summary, combining locus-specific chromatin isolation and FIPQuant, | could dissect the PTM
patterns of TSS-nucleosomes and non-TSS-nucleosomes. My findings clearly demonstrated that the N-

terminus of H4 is extensively acetylated and that this acetylation pattern is TSS-specific in T. brucei.
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Figure 4.3. TSS-nucleosomes are enriched with specific acetyl- and methyl marks.

a H3K23 is specifically acetylated at TSSs. The PTM-patterns of H3 from non-TSS- (left panel) and TSS-nucleosomes (right
panel) are shown. The plotted acetylation degrees represent the median values of the quantified fragment numbers,
calculated for each replicate. The black bar indicates the mean calculated from the median values. The fractions of mono-
(yellow), di- (orange) and trimethylated (red) peptides identified in each replicate are plotted. The black bar indicates the
average fraction of mono-, di- and trimethylated peptides (middle panels). The lower panels show the summaries of locus-
specific histone modifications H3. b The N-terminal acetyl marks are TSS-specific. The PTM-patterns of H4 from non-TSS-
(left panel) and TSS-nucleosomes (right panel) are shown. The plotted acetylation degrees represent the median values of
the quantified fragment numbers, calculated for each replicate. The black bar indicates the mean calculated from the median
values. The fractions of mono- (yellow), di- (orange) and trimethylated (red) peptides identified in each replicate are plotted.
The black bar indicates the average fraction of mono-, di- and trimethylated peptides (middle panels). The lower panels
show the summaries of locus-specific histone modifications of H4.

105



Results

Conclusions

Thus far, ChIP-seq analysis is the method of choice to identify the genomic localisation of a specific
chromatin mark. However, to fully understand the biological role of specific mark and/or the protein it
associates with, it is important to determine all PTMs in a specific nucleosomal context or isolated from
a specific genomic locus.

In this chapter, | described a strategy combining locus-specific chromatin isolation with FIPQuant, which
allowed me to identify TSS-specific and non-TSS-specific PTMs in T. brucei. Overall, TSS-nucleosomes
were marked extensively by histone acetylation. However, while the histone variants H2A.Z and H2B.V
and the canonical histone H4 were hyperacetylated at TSSs, mostly at their N-terminal tail, H3 was only
acetylated at a single. Notably, H3K23ac at TSSs was the only H3 acetyl mark found in this study. But,
H3 was marked by site-specific methylation patterns. Taken together, | identified 58 TSS-specific histone
PTMS and demonstrated that also in an early diverged eukaryote, that lacks any regulation of RNAPII

transcription initiation, histone acetylation dominates sites of transcription initiation.
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Chapter 5: Role of histone acetylation for TSS-specific chromatin
Summary

Acetylation of H4 and H2A.Z represents a conserved feature of TSSs in many eukaryotes (Haberle and
Stark, 2018; Giaimo et al., 2019). It has been shown that at TSSs, H4 acetylation stimulates targeted
H2A.Z deposition and that acetylated H2A.Z destabilises the nucleosome to facilitate transcription
(Venkatesh and Workman, 2015). Moreover, acetylation of H2A.Z can stimulate its own deposition
(Keogh et al., 2006). Most complexes that mediate the exchange the H2A/H2B-dimer with an
H2A.Z/ H2B-dimer (Krogan et al., 2003a; Kobor et al., 2004; Mizuguchi et al., 2004) are functionally
associated to histone acetyltransferase complexes and/or contain a bromodomain factor (BDF)
(Johnston et al., 1999; Kusch et al., 2004; Ruhl et al., 2006). Most histone acetyltransferases that are
linked to H2A.Z deposition belong to the MYST-family of acetyltransferases (Roth et al., 2001).

Three MYST-homologues are encoded by the T. brucei genome, HAT1, HAT2 and HAT3 (lvens et al.,
2005). A systematic target screen revealed the non-essential HAT3 to mediate exclusively H4K4ac
(EIBashir et al., 2015), the only H4 acetyl mark not found enriched at TSSs.

Using FIPQuant and different next-generation sequencing analysis, | identified that HAT1 and HAT2 were
required for establishing the TSS-specific chromatin composition. While HAT1 was responsible for
acetylating the histone variants H2A.Z and H2B.V, and was not required for H2A.Z deposition, HAT2
acetylated H4 at TSSs and depletion of HAT2 resulted in reduced H2A.Z levels at TSSs. In addition, |

observed that three BDFs were involved in the targeted H2A.Z deposition in T. brucei.

Introduction

Histone acetylation is a key regulator in inducing chromatin rearrangements (Struhl, 1998). It mediates
nucleosome destabilisation by decreasing the DNA-histone interaction within a nucleosome and by
inducing histone variant incorporation. Many chromatin remodelling complexes mediating H2A.Z
deposition contain a bromodomain protein, that can bind to acetylated lysines (Bannister and
Kouzarides, 2011). Moreover, histone acetyltransferase complexes are often associated to such
chromatin remodelling complexes. In all eukaryotic organisms, acetylation of H4 and H2A.Z is found at
TSSs and fundamental for transcription initiation (Haberle and Stark, 2018; Giaimo et al., 2019). H4
acetylation plays an additional role during the targeted deposition of H2A.Z. It serves as a binding
platform for the chromatin remodelling complexes that exchange H2A with H2A.Z. The interaction of the
bromodomain-containing protein stabilises the binding of the remodelling complex to these genomic
sites (Brownell and Allis, 1996) demonstrating an intrinsic link between H2A.Z incorporation and histone

acetylation.
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In S. cerevisiae, Esa1, the catalytic component of the NuA4 histone acetyltransferase complex, mediates
acetylation of H4 (Allard et al., 1999) as well as H2A.Z acetylation (Keogh et al., 2006). Similarly, the
TIP60 acetyltransferase complex of p400 in H. sapiens acetylates both H4 and H2A.Z (Kimura and
Horikoshi, 1998; Giaimo et al., 2019). Thus, the cause and consequence of H2A.Z acetylation could not
be uncovered because of these interdependent processes.

NuA4 and TIP60, belong to the MYST-family of histone acetyltransferases. The genome of T. brucei
encodes for three MYST-homologues, HAT1, HAT2 and HAT3 (Ivens et al., 2005). HAT3 is a non-
essential protein and using a systematic target screen it has been shown that HAT3 acetylates
exclusively H4K4 (EIBashir et al., 2015). Whereas HAT1 and HAT2 are essential for parasite growth. No
such screen has been performed for HAT1 and HAT2 and, except HAT2-mediated TSS-specific H4K10ac,
their targets sites are not known (Kawahara et al., 2008).

In this chapter | describe how | identified that HAT1 and HAT2 are important for establishing the TSS-
specific chromatin structure in T. brucei. Therefore, | analysed the target sites of HAT1 and HAT2 using
FIPQuant analysis and studied the effect of depleting HAT1 and HAT2 on targeted H2A.Z deposition in
T. brucei by ChIP-seq. Since the intrinsic link of histone acetylation and H2A.Z deposition is established
by BDF recruitment, | investigated whether different BDFs were involved in H2A.Z deposition as well.
For these analyses, | generated cell lines for efficient and inducible depletion of HAT1, HAT2 or BDF1-4
transcripts based on RNA interference. The used RNAi system allows conditional overexpression of
intramolecular stem-loop double-stranded RNA that mediate the degradation of the target transcripts
(Durand-Dubief et al., 2003). Analyses to determine depletion efficiency and growth rate following RNAi-
mediated depletion of HAT1, HAT2 or BDF1-4 transcripts over a time period of 48 h were conducted in
replicates (see Appendix figure 3 and Appendix figure 4 ). There, the results gained from knock down

or overexpression analyses of different chromatin modifiers can be found (see Appendix figure 8).

Results

HAT1 acetylates specifically the TSS-specific histone variants H2A.Z and H2B.V

To identify the acetylation sites of HAT1, | depleted HAT1 in T. brucei using RNAi over a time period of
48 h, isolated histones from mononucleosomes by acid extraction or by immunoprecipitation of TSS-
nucleosomes and analysed the acetylome changes by FIPQuant.

Following HAT 1-depletion, | observed that in histone extracts the levels of the TSS-specific H4 acetyl
marks on K5 and K10 were not affected compared to wild type levels. Whereas the levels of H4K2ac
were reduced, also a TSS-specific acetyl mark (Figure 5.1 a). A similar pattern could be detected for
H4 immunoprecipitated with TSS-nucleosomes (Figure 5.1 b). While HAT1-depletion did not affect TSS-
specific H4 acetylation, | could observe a clearly distinct pattern for the TSS-specific histone variants
H2A.Z and H2B.V.
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Figure 5.1. HAT1 acetylates the TSS-specific histone variants H2A.Z and H2B.V.

a HAT1 depletion reduces H4K2 acetylation in whole histone extracts. Lysine-specific acetylation degrees for histone H4 for
wild type cells (WT) and after depletion of HAT1. H4 acetyl marks were quantified by FIPQuant using histones extracted
from WT cells (black) and from 2T1 cells, which were depleted of HAT1 for 24 h (dark purple) or 48 h (purple; n=3). The
plotted acetylation degrees represent the median values of the quantified fragment numbers, calculated for each replicate.
The black bar indicates the mean calculated from the median values. b HAT1 depletion does not affect acetyl marks of H4
co-immunoprecipitated with TSS-nucleosomes. Lysine-specific acetylation degrees for histone H4 at TSS-nucleosomes are
shown for wild type cells (WT) and after depletion of HAT1. H4 acetyl marks were quantified using histones from
immunoprecipitated TSS-nucleosomes of WT cells (black; n>7) and 2T1 cells, depleted for HAT1 for 48 h (purple; n=>3).
The plotted acetylation degrees represent the median values of the quantified fragment numbers, calculated for each
replicate. The black bar indicates the mean calculated from the median values. ¢ Acetylation of H2A.Z and H2B.V is mediated
by HAT1. H2A.Z and H2B.V acetyl marks were quantified using histones from immunoprecipitated TSS-nucleosomes of WT
cells (black) and 2T1 cells, depleted for HAT1 for 48 h (purple). The plotted acetylation degrees represent the median values
of the quantified fragment numbers, calculated for each replicate. The black bar indicates the mean calculated from the
median values. d HAT1 depletion does not affect H2A.Z deposition. MNase-ChIP-seq data of histone variant H2A.Z before
(black) and after HAT1 depletion over a time period of 48 h (purple) are shown across a representative region on
chromosome 10 (left panel) and averaged across divergent (n=81) and non-divergent (n=49) TSSs (right panel).
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The N-terminal acetyl marks of both histone variants were remarkably reduced following HAT1 depletion
(Figure 5.1 ¢) demonstrating that H2A.Z and H2B.V acetylation is mediated by HAT1. Since it has been
shown that H2A.Z deposition can be stimulated by intrinsic acetyl marks, | performed MNase-ChIP-seq
analyses to determine the genome-wide H2A.Z distribution following 0 h (n=4), 24 h (n=2) and 48 h
(n=4) of RNAi-mediated HAT1-depletion. Compared to wild type, H2A.Z deposition was not extremely
affected in HAT1-depleted cells (Figure 5.1 d and Appendix figure 5 a). While some replicates showed
a decrease of the H2A.Z peak height to 80% compared to wild type or after 0 h HAT1-depletion, the
width of the H2A.Z peak was identical compared to wild type.

Altogether, | could demonstrate that the histone acetyltransferase HAT1 mediated H2A.Z and H2B.V
acetylation in T. brucei. Moreover, HAT1 depletion had only a mild effect on H2A.Z deposition revealing

that H2A.Z acetylation might not be involved in its deposition in T. brucei.

HAT2 is a key player for H2A.Z depositioning

Analysing TSS-specific acetylation, targeted H2A.Z deposition and the total amount of chromatin-bound
H2A.Z following HAT2-depletion revealed a clearly distinct pattern for HAT2 compared to HAT1.
FIPQuant analyses of whole histone extracts generated following HAT2-depletion over a time period of
48 h revealed that the levels of all three TSS-specific H4 acetyl marks (K2, K5 and K10) decreased
drastically (Figure 5.2 a). Whereas FIPQuant analysis of H4 co-immunoprecipitated with H2A.Z revealed
that following 48 h of HAT2-depletion H4 incorporated at TSSs was marked by similar levels of H4K2
and H4K10 acetylation than wild type (Figure 5.2 b). Moreover, H2A.Z and H2B.V acetyl marks were
not affected by HAT2-depletion (Figure 5.2 ¢). The observation that H2A.Z-containing nucleosomes
were marked by high levels of TSS-specific H4 acetylation even if HAT2 was depleted but in whole
histone extracts TSS-specific H4 acetyl marks were reduced might already point to an intrinsic link of

H4 acetylation and H2A.Z deposition in T. brucei.
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Figure 5.2. HAT2-mediated H4 acetylation is important for H2A.Z deposition.

a TSS-specific H4 acetylation decrease following HAT2 depletion. Lysine-specific acetylation degrees for histone H4 for wild
type cells (WT) and after depletion of HAT2. H4 acetyl marks were quantified by FIPQuant using histones extracted from
WT cells (black) and from 2T1 cells, which were depleted of HAT2 for 24 h (rose; n=3) or 48 h (magenta; n=3). The plotted
acetylation degrees represent the median values of the quantified fragment numbers, calculated for each replicate. The
black bar indicates the mean calculated from the median values. b H4 acetyl marks co-purified with H2A.Z are still present
after HAT2 depletion. Lysine-specific acetylation degrees for histone H4 at TSS-nucleosomes are shown for wild type cells
(WT) and after depletion of HAT2. H4 acetyl marks were quantified using histones from immunoprecipitated TSS-
nucleosomes of WT cells (black; n>7) and 2T1 cells, depleted for HAT2 for 48 h (magenta; n>2). The plotted acetylation
degrees represent the median values of the quantified fragment numbers, calculated for each replicate. The black bar
indicates the mean calculated from the median values. ¢ HAT2 depletion does not affect H2A.Z and H2B.V acetylation. H2A.Z
and H2B.V acetyl marks were quantified using histones from immunoprecipitated TSS-nucleosomes of WT cells (black) and
2T1 cells, depleted for HAT2 for 48 h (magenta). The plotted acetylation degrees represent the median values of the
quantified fragment numbers, calculated for each replicate. The black bar indicates the mean calculated from the median
values. d H2A.Z deposition changes after HAT2 depletion. MNase-ChlP-seq data of histone variant H2A.Z before (black) and
after HAT2 depletion over a time period of 48 h (magenta) are shown across a representative region on chromosome 10
(left panel) and averaged across divergent (n=81) and non-divergent (n=49) TSSs (right panel).

Thus, | sought to investigate this link in more detail and performed MNase-ChIP-seq analyses of the
genomic H2A.Z distribution after 0 h (n=4), 24 h (n=2), 48 h (n=4) and 72 h (n=2) of RNAi-mediated
HAT2-depletion. In doing so, | observed that following reduction of HAT2 levels H2A.Z incorporation at

TSSs was impaired (Figure 5.2 d and Appendix figure 5 b). Compared to wild type, the peak width

111



Results

decreased to ~50% and the peak height was reduced fivefold. While the replicates differed in the time
scale of the effect, they all showed reduced levels of deposited H2A.Z latest after 48 h of HAT2. These
findings suggested a clear link between TSS-specific H4 acetylation and H2A.Z deposition in T. brucei.
Even though, standard ChIP-seq analysis can reveal whether a distinct chromatin mark is there or not,
it cannot be used to yield information about the absolute amount of deposited protein. Thus, from my
ChlIP-seq analyses, | could not conclude whether the change of the H2A.Z levels at TSSs following HAT2-
depletion was caused by less H2A.Z incorporated at TSSs or more H2A.Z incorporated at non-TSSs
(Figure 5.3 a).

To differentiate these two possibilities, | quantified the fraction of chromatin-bound H2A.Z following
depletion of HAT2 over a time period of 48 h by western blot using H3 levels as reference. In case H2A.Z
levels at TSSs were reduced because of a loss of H2A.Z deposition, the fraction of chromatin-bound
H2A.Z should also decrease. Whereas increased H2A.Z deposition to non-TSSs should not alter the
fraction of chromatin-bound H2A.Z. Moreover, | analysed the total H2A.Z levels after 48 h of HAT2
depletion to exclude that the described effect was caused by reduced H2A.Z synthesis. In doing so, |
observed that following 48 h of HAT2-depletion the levels of chromatin-bound H2A.Z decreased to 30.5%
(Figure 5.3 b and Appendix figure 6). Whereas the total H2A.Z levels were not affected (Figure 5.3 ¢
and Appendix figure 7) demonstrating that the change of the H2A.Z levels at TSSs following HAT2-
depletion was caused by less H2A.Z incorporated at TSSs.

In summary, | discovered that TSS-specific H4 acetylation was mediated by HAT2 in T. brucei. Moreover,
| showed that HAT2-mediated acetylation of H4 at TSSs is required for the targeted H2A.Z incorporation
revealing a clear, functional link of H4 acetylation and H2A.Z deposition similar to observations in other

eukaryotes.
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Figure 5.3. HAT2 depletion reduces H2A.Z incorporation at TSSs.

a Using H2A.Z-ChIP-Seq analysis, it is not possible to determine the absolute amount of chromatin-bound H2A.Z. Low H2A.Z
signals results in similar sequencing output as high H2A.Z signals. b Western blot of chromatin-associated proteins extracted
from 2 x 106 2T1 cells, which were depleted of HAT2 (n=3) for a time period of 48 h. Loaded are the insoluble fractions,
containing chromatin-bound and nuclear matrix material. The H2A.Z percentages for each replicate were calculated by
comparing the H2A.Z/H3 ratio after 48 h HAT2-depletion to the H2A.Z/H3 ratio of 0 h HAT2-depletion, which was set to
100%. H2A.Z/H3 were calculated by quantifying the H2A.Z and H3 signal over the background for each lane signal using
ImageJ. ¢ Western blot of whole cell extracts extracted from 2 x 108 from 2T1 cells, which were depleted of HAT2 (n=3) for
a time period of 48 h. The H2A.Z percentages for each replicate were calculated by comparing the H2A.Z/H3 ratio after 48
h HAT2-depletion to the H2A.Z/H3 ratio of 0 h HAT2-depletion, which was set to 100%. H2A.Z/H3 were calculated by
quantifying the H2A.Z and H3 signal over the background for each lane signal using ImageJ.
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Bromodomain-containing proteins mediate proper H2A.Z incorporation

Histone acetylation plays key role for chromatin remodelling during gene activation. Nearly, all known
transcriptional co-activators have either an intrinsic HAT activity (Struhl, 1998) or contain a
bromodomain, which are conserved, ~110 amino-acid modules within proteins (Haynes et al., 1992)
that bind specifically to acetylated lysines (Jeanmougin et al., 1997; Ornaghi et al., 1999). For example,
the human TFIID contains a subunit, which has a double bromodomain recognising acetylated H4
(Jacobson et al., 2000). In yeast, the histone acetyltransferase Gen5 possesses a bromodomain binding
to H3 and H4 acetyl marks (Ornaghi et al., 1999), which is required for stabilizing the binding of the
SWI/SNF chromatin remodelers and SAGA-complexes at promoters (Hassan et al., 2002). SWR-1, a
SWI/SNF chromatin remodelling complex, essential for H2A.Z deposition (Mizuguchi et al., 2004) is
composed of many different functional subunits including BDF1 (Kobor et al., 2004), which has been
shown to bind acetylated lysines of H3 and H4 (Ladurner et al., 2003). While NuA4-mediated acetylation
of H4 mediates SWR-1 chromatin remodelling, BDF1 is essential for transferring the stimulatory signal
of NuA4 acetylation (Altaf et al., 2010).

In T. brucei, six bromodomain-containing proteins are encoded ranging from 220-660 amino acids
(Siegel et al., 2009b). ChIP-seq assays analysing the genomic distribution of BDF1-4 revealed that three
of them BDF1, BDF3 and BDF4 are enriched at TSSs (Siegel et al., 2009b; Schulz et al., 2015) and are
essential for the parasite (Appendix figure 4). Moreover, it has been shown that the HAT2-enzyme
complex, which is required for H2A.Z deposition, contains BDF3 (Vellmer et al., 2021). In contrast, BDF2
is not found at TSSs, and its genomic localisation is still elusive. BDF2 is not essential but is important
for maintaining the BF stage integrity and immune evasion (Schulz et al., 2015).

To identify if BDFs are involved in the targeted H2A.Z deposition in T. brucei, | analysed the genomic
localisation of H2A.Z following depletion of BDF1, BDF2, BDF3 or BDF4 using ChIP-seq and observed
that all BDFs enriched at TSSs were implicated in H2A.Z deposition (Figure 5.4 and Appendix figure 8).
Whereas reduction of BDF2 that is not found TSSs over a time period of 48 h did not affect H2A.Z
distribution (Figure 5.4 b). After 48 h of BDF1 depletion, the H2A.Z peak width increased from ~10 kb
to ~15 kb (Figure 5.4 a). Following BDF4 depletion over 48 h, the H2A.Z peak width increased to ~20
kb (Figure 5.4 d) and to even ~30 kb after 48 h depletion of BDF3 (Figure 5.4 ¢). These findings revealed
that following BDF1, BDF2 and BDF3 depletion H2A.Z was not anymore exclusively incorporated at TSSs.
While depletion of all three BDFs led to a widening of the H2A.Z peak, the extend differed among them.
Even though, the strongest effect was observed after BDF3 depletion, depletion of either BDF1 or BDF4
caused already a widening of the H2A.Z peak.
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Figure 5.4. TSS-specific BDFs mediate targeted H2A.Z deposition.

a H2A.Z-containing regions change after BDF1 depletion. MNase-ChIP-seq data following 0 h (black) and 48 h (green) BDF1
depletion are averaged across divergent (n=81; left panel) and non-divergent (n=49; right panel) TSSs (right panel). b BDF2
depletion does not affect H2A.Z deposition. MNase-ChlP-seq data following 0 h (black) and 48 h (light green) BDF2 depletion
are averaged across divergent (n=81; left panel) and non-divergent (n=49; right panel) TSSs (right panel). ¢ Depletion of
BDF3 leads to spreading of H2A.Z into PTUs. MNase-ChIP-seq data following 0 h (black) and 48 h (turquoise) BDF3 depletion
are averaged across divergent (n=81; left panel) and non-divergent (n=49; right panel) TSSs (right panel). d Depletion of
BDF4 widens the H2A.Z-containing regions. MNase-ChIP-seq data following O h (black) and 48 h (petrol) BDF4 depletion
are averaged across divergent (n=81; left panel) and non-divergent (n=49; right panel) TSSs (right panel).

Taken together, my data revealed a clear link between BDF1, BDF3 and BDF4 and targeted H2A.Z
deposition in T. brucei. Since all three BDFs were implicated in H2A.Z deposition, it might be that they

act synergistically to ensure precise H2A.Z incorporation at TSSs.

Conclusions

Histone acetylation and H2A.Z incorporation are conserved characteristics of TSS-chromatin and critical
for transcription initiation in almost all organisms (Haberle and Stark, 2018). The enzyme complexes
acetylating histones and mediating H2A.Z deposition have already been identified in S. cerevisiae, D.
melanogaster and H. sapiens revealing a highly conserved mechanism for establishing TSS-chromatin
(Johnston et al., 1999; Krogan et al., 2003a; Kobor et al., 2004; Kusch et al., 2004; Mizuguchi et al.,
2004; Ruhl et al., 2006).

Histone acetylation is a pre-requisite for targeted H2A.Z deposition because it stimulates recruitment of
the responsible chromatin remodeler by interaction with a bromodomain-containing protein (Shia et al.,
2006; Altaf et al., 2010).

It has already been shown that in T. brucei TSSs are enriched with acetylated histones, BDFs and H2A.Z
(Siegel et al., 2009b). However, a direct link between this chromatin marks, as described for other
eukaryotes, was still elusive. In this chapter, | described three major findings. Firstly, | identified that
both MYST-family homologues HAT1 and HAT2 mediated TSS-specific histone acetylation, but at
different target histones. HAT1 was responsible for hyperacetylation of H2A.Z and H2B.V, whereas HAT?2
mediated TSS-specific H4 acetylation. Acetylation marks on the other histones were not affected (see
Appendix figure 2). My second finding was that HAT2 depletion reduced H2A.Z levels at TSSs
suggesting that the TSS-specific acetyl marks at H4 might be involved in targeted H2A.Z deposition.
Whereas, HAT1 depletion had only a minor effect on H2A.Z deposition. Since H4K2 acetylation was
affected after HAT1 depletion and HAT2 depletion, it might be that the slight decrease of H2A.Z
deposition observed after HAT1 depletion was a consequence of the loss of H4K2ac. Thirdly, | could
identify that the incorporation of H2A.Z in T. brucei involved bromodomain-containing proteins.

Taken together, my data revealed a clear link between histone acetylation and targeted H2A.Z deposition
in T. brucei, as described for other eukaryotes, and confirmed that the establishment of TSS-chromatin

is highly conserved in eukaryotes.
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Chapter 6: Chromatin composition at TSSs plays a critical role for
transcription

Summary

Unlike in other eukaryotes studied so far, the process of RNAPII transcription is not regulated at the
level of transcription initiation in T. brucei and differential gene expression is caused by post-
transcriptional processing of transcripts (Clayton, 2002; Clayton, 2019). Given the lack of canonical
promoter sequences at TSSs, it has been suggested that acetylated histones and the histone variant
H2A.Z mediate an open chromatin structure at TSSs to facilitate RNAPII binding and transcription
initiation in trypanosomes (Siegel et al., 2009b; Wedel et al., 2017).

In many eukaryotes, H2A.Z is a conserved feature of the TSS-chromatin structure and is implicated in
many transcriptional processes with sometimes contradictive roles. While this is true for unmodified
H2A.Z, acetylated H2A.Z is clearly linked to active transcription (Giaimo et al., 2019). In many eukaryotes,
including S. cerevisiae and H. sapiens, the enzyme complexes that acetylate H2A.Z, also mediate H4
acetylation (Kimura and Horikoshi, 1998; Allard et al., 1999; Keogh et al., 2006; Giaimo et al., 2019), a
fundamental prerequisite for H2A.Z deposition (Altaf et al., 2010; Giaimo et al., 2019). Thus, studies of
the cause and consequence of H2A.Z acetylation at TSSs are complicated in these organisms and the
understanding whether the deposition or the acetylation of H2A.Z is important for transcriptional
regulation is very little.

| identified that in T. brucei H4 and H2A.Z were acetylated by two different enzymes, HAT2 and HAT1,
at TSSs. Since only HAT2-mediated H4 acetylation was required for targeted H2A.Z deposition and
HAT1-mediated H2A.Z acetylation not, | anticipated that the processes of H2A.Z deposition and
acetylation are functionally independent in T. brucei.

Combining different ChIP-seq approaches, RNA-seq and western blot analysis of chromatin-bound
RNAPII-levels following HAT1 or HAT2 depletion, | was able to disentangle the role of H2A.Z acetylation
and deposition. Even though a loss of H2A.Z deposition at TSSs deposition mediated by HAT2-depletion
changed the sites of transcription initiation and reduced RNAPII occupancy throughout the PTUs, the
genome-wide transcript levels were not affected. In contrast, decreasing H2A.Z acetylation through
HAT1 depletion did not affect the sites of transcription initiation, but led to a drastic reduction of genome-

wide RNAPII occupancy and transcription.

Introduction

Thus far, H2A.Z is the only histone variant found in almost all studied eukaryotes and has been shown
to be involved in many different biological processes, such as DNA repair, chromosome segregation

and transcription (Giaimo et al., 2019). While H2A.Z is predominantly localised at TSSs and plays an
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important regulatory role for transcription initiation, it has also been found at genomic regions which
are associated to silent transcription (Guillemette and Gaudreau, 2006; Marques et al., 2010). These
contradicting findings have made it difficult to clearly associate the histone variant to active transcription
(Zlatanova and Thakar, 2008).

As all histones, H2A.Z can be post-translationally modified and acetylated H2A.Z has been exclusively
associated to sites of active transcription in contrast to unmodified H2A.Z. For example, in chicken,
hyperacetylated H2A.Z marks active genes (Bruce et al., 2005). In S. cerevisiae, H2A.Z is found at the
5’-end of active and inactive genes (Raisner et al., 2005). But H2A.ZK14ac is specifically enriched at
promoters of active genes (Keogh et al., 2006) and only unmodified H2A.Z is found at inactive promoters
(Guillemette et al., 2005). A similar pattern has been described at active promoters in human cells,
where H2A.Zac is enriched and unmodified H2A.Z depleted (Valdes-Mora et al., 2012).

Overall, these findings suggest that acetylation of H2A.Z is more important for transcription initiation
than unmodified H2A.Z in eukaryotes. However, studying the role of H2A.Zac is difficult in these
organisms because the histone acetyltransferase acetylated H2A.Z is also important for stimulating its
deposition. For example, in yeast, H2A.Z acetylation is mediated by NuA4 (Allard et al., 1999; Keogh et
al., 2006). However, NuA4 also acetylates H4 at TSSs, which is required to target the chromatin
remodeler SWR1 to these sites that then exchanges H2A with H2A.Z (Krogan et al., 2003a; Kobor et al.,
2004; Mizuguchi et al., 2004). Similarly, in humans, the TIP60 complex acetylates both H4 and H2A.Z
(Kimura and Horikoshi, 1998; Giaimo et al., 2019).

In the previous chapter, | demonstrated that in T. brucei, the histone acetyltransferase HAT1 and HAT2,
both important for TSS-specific acetylation of H2A.Z and H4, respectively, are functionally independent.
This allowed me to separately analyse the role of H2A.Z deposition and acetylation for transcription
initiation in a eukaryotic organism. In this chapter, | describe how | could unravel the functional link
between histone acetylation, H2A.Z deposition and transcription initiation in an organism that lacks

defined sites of transcription initiation.

Results

H2A.Z acetylation is required for transcription initiation

To understand the role of H2A.Z acetylation for transcription initiation in eukaryotes, | analysed the effect
of HAT1 depletion, which mediates H2A.Z acetylation in T. brucei, on the genome-wide RNAPII
distribution by ChiP-seq. Therefore, | generated a 2T1 cell line, which expressed only TY1-tagged RPB9,
a DNA-binding subunit of the RNAPII complex (Devaux et al., 2006) and integrated afterwards the

construct allowing inducible, RNAi-mediated degradation of HAT1 transcripts.
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Figure 6.1. Reduction of H2A.Z acetylation strongly reduces RNAPII transcription.

a HAT1 depletion strongly reduces levels of transcription initiation. ChIP-seq data of RNAPII before (black) and after HAT1
depletion over a time period of 48 h (purple) are averaged across divergent (n=81) TSSs (left panel). Strand-specific RNA-
seq data before (black) and after HAT1 depletion over a time period of 48 h (purple) are averaged across divergent (n=81)
TSSs (+strand: middle panel; -strand: right panel). To illustrate the width of the TSSs, MNase-ChIP-seq data of H2A.Z is
shown in grey. b RNAPII-enrichment is still present at TTSs after HAT1 depletion. ChiP-seq data of RNAPII before (black)
and after HAT1 depletion over a time period of 48 h (purple) are averaged across convergent (n=41) TTSs (left panel).
Strand-specific RNA-seq data before (black) and after HAT1 depletion over a time period of 48 h (purple) are averaged
across convergent (n=41) TTSs (+strand: middle panel; -strand: right panel). To illustrate the width of the TTSs, MNase-
ChlP-seq data of H3.V is shown in grey. ¢ Western blot of chromatin-associated proteins extracted from 2 x 10° 2T1 cells,
which were depleted of HAT1 (n=3) for a time period of 48 h. Loaded are the insoluble fractions, containing chromatin-
bound and nuclear matrix material. The TY1-RPB9 percentages for each replicate were calculated by comparing the TY1-
RPB9 /H3 ratio after 48 h HAT1-depletion to the TY1-RPB9 /H3 ratio of 0 h HAT1-depletion, which was set to 100%. TY1-
RPB9 /H3 were calculated by quantifying the H2A.Z and H3 signal over the background for each lane signal using ImageJ.

Similar to previous findings (Wedel et al., 2017), | found RNAPII to be strongly enriched at the 5"-end
of TSSs in wild type cells. Moreover, transcription termination was accompanied by RNAPII accumulation
in T. brucei demonstrated by the enrichment of RNAPII at TTSs in wild type cells (Figure 6.1 a and
Appendix figure 9 b). Even though, this pattern of RNAPII enrichment did not change much upon
depletion of HAT1 over a time period of 48 h, | observed a strong, 2-fold decrease in the total transcript

levels following HAT1 depletion at TSSs and TTSs (Figure 6.1 b). Thus, | analysed the levels of
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chromatin-bound RNAPII after 48 h HAT1 depletion and observed that they only comprised 8% of the
levels after Oh HAT1 depletion (Figure 6.1 ¢ and Appendix figure 10). These findings prompted me to
analyse whether the RNAPII occupancy across the PTUs was affected by HAT1 depletion and indeed,
the RNAPII levels at the 5°-end of PTUs were higher than at the 3"-end after 48 h of HAT1 depletion
(Figure 6.2 a). To complete my findings, | analysed the RNA transcript levels across the PTUs, which
were also remarkably reduced (Figure 6.2 b). To be able to compare absolute transcript levels among
different experiments, | added a set of 92 synthetic transcripts (ERCC) of known concentrations as

spike-ins to my samples before extracting total RNA for the RNA-seq analyses.
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Figure 6.2. Reduction of H2A.Z acetylation increases nucleosomal barrier at TSSs.

a Genome-wide RNAPII-mediated transcript levels are strongly affected following HAT1 depletion. Outline of chromatin
organisation in T. brucei (Upper panel). Nucleosomes containing H2A.Z and H2B.V characterise TSSs (rose) and at TTSs
H3 and H4 are replaced by H3.V and H4.V in nucleosomes (orange). ChlP-seq data of RNAPII before (black) and after HAT1
depletion over a time period of 48 h (purple) are averaged across non-divergent (n=49) TSSs and across regions between
TSSs and TTSs on the +strand (n=109; middle panel). b Strand-specific RNA-seq data before (black) and after HAT1
depletion over a time period of 48 h (purple) are averaged are averaged across non-divergent (n=49) TSSs and across
regions between TSSs and TTSs on the +strand (n=109; lower panel). ¢ Nucleosome occupancy at TSSs increases after
HAT1 depletion. MNase-ChIP-seq data of canonical H3 are averaged across divergent (n=81; left panel) and non-divergent
(n=49; right panel) TSSs. To illustrate the width of the TSSs, MNase-ChIP-seq data of H2A.Z is shown in grey.

Together, my results revealed that transcription was impaired following the reduction of H2A.Z
acetylation levels. Since H2A.Z acetylation is known to destabilise the nucleosomal core particle in
synergy with acetylated core histones (Ishibashi et al., 2009) and is important to modulate the charge
patch of H2A.Z's N-terminal tail (Ren and Gorovsky, 2001), it is possible that H2A.Z acetylation affects
the DNA-H2A.Z interaction within the nucleosome in T. brucei. Previously, it has been shown, that the
DNA at TSSs is more accessible in T. brucei (Wedel et al., 2017). Since modulation of the nucleosomal
stability is known to directly affect DNA accessibility (Fenley et al., 2018), | analysed whether reduced
H2A.Z acetylation would affect the DNA accessibility at TSSs in T. brucei. Therefore, | evaluated the
nucleosome occupancy following HAT1 depletion over a time period of 48 h using an already published
H3-ChIP-seq protocol (Wedel et al., 2017) and observed that the nucleosome occupancy was higher
than in wild type (Figure 6.2 c). Since the degree of nucleosome occupancy can be used as a marker
for DNA accessibility, my results suggested that reduction of H2A.Z acetylation made the DNA less
accessible at TSSs.

Taken together, my data revealed a link between H2A.Z acetylation and transcription initiation. | found
that reducing acetylated H2A.Z at TSSs had tremendous effect on the RNA transcript levels and on the
levels of chromatin-bound RNAPII. Even though, my findings are somewhat preliminary, they suggest

DNA accessibility at TSSs is decreased following a reduction of H2A.Z acetylation levels at TSSs.

H2A.Z serves as a landing pat for RNA polymerase Il

Given the apparent absence of the core features of transcription initiation, such as RNAPII promoter
motifs and PIC assembly, at TSSs in T. brucei, it was hypothesised that a reduced chromatin compaction
at TSSs is sufficient for RNAPII transcription initiation. The reduced chromatin compaction could be
established by specifically deposited histone acetyl marks and incorporated histone variants (McAndrew
et al., 1998; Siegel et al., 2009b; Wedel et al., 2017). While my finding that H2A.Z acetylation facilitates
transcription initiation by reducing the nucleosome barrier at TSSs shows that this is indeed the case,
the role of H2A.Z deposition remains unclear. It might be that H2A.Z pre-defines the sites for RNAPII

recruitment as suggested before (Adam et al., 2001; Neves et al., 2017; Nissen et al., 2017).
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Figure 6.3. Loss of H2A.Z deposition shifts transcription initiation.

a ChIP-seq data of RNAPII before (black) and after HAT2 depletion over a time period of 48 h (magenta) are averaged across
divergent (n=81) TSSs (left panel). b Strand-specific RNA-seq data before (black) and after HAT2 depletion over a time
period of 48 h (magenta) are averaged across divergent (n=81) TSSs (+strand: middle panel; -strand: right panel). To
illustrate the width of the TSSs, MNase-ChIP-seq data of H2A.Z is shown in grey. ¢ The ATAC-seq data (green) and MNase-
ChIP-seq data of H2A.Z (grey) are derive from wild type (WT) cells and are averaged across divergent TSSs (n=37; upper
panel). The ATAC-seq (Midiller et al., 2018) and MNase-ChIP-seq data are normalised to the total number of reads plotted
as counts per billion reads [CpB]. RNA-seq data showing transcripts derived from the +strand or the -strand before (black)
and after 48 h HAT2 depletion (magenta) are averaged across divergent TSSs (n=37; lower panel). The data are normalised
to a spike-in control to account for differences in total RNA levels per cell after HAT2 depletion and plotted as counts per
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billion reads [CpB]. d HAT2 depletion causes antisense transcription at TSSs. Strand-specific RNA-seq data (-strand: upper
panel; +strand: lower panel) before (black) and after HAT2 depletion over a time period of 48 h (magenta) are shown across
representative TSSs on chromosome 7 (left panel) and chromosome 11 (right panel). To illustrate the width of the TSSs,
MNase-ChlP-seq data of H2A.Z is shown in grey.

Thus, a change in the H2A.Z distribution might affect the genome-wide RNAPII distribution. Given the

ability to influence H2A.Z deposition by reducing TSS-specific H4 acetylation, | investigated the link
between H2A.Z deposition and RNAPII recruitment in T. brucei following HAT2 depletion.

Therefore, | generated a 2T1 cell line that expressed only TY1-tagged RPB9 and allowed inducible, RNA-
mediated degradation of HAT2 transcripts and determined the genome-wide enrichment of RNAPII by
ChlIP-seq analysis following 48 h of HAT2 depletion. Compared to wild-type conditions, | observed a
marked upstream shift of the RNAPII peaks at TSSs following HAT2 depletion. Moreover, the RNAPII
peaks increased in width (Figure 6.3 a and Appendix figure 9 a). In line with this observation, RNA-seq
analysis revealed an upstream shift of transcription initiation to the same extend as the RNAPII peaks
(Figure 6.3 b). To understand the preference of RNAPII to bind to TSS-adjacent sites, | analysed a
previously published ATAC-seq dataset (Miiller et al., 2018) from T. brucei BF wild-type cells and
investigated the TSS-chromatin for its transposase accessibility. Interestingly, | observed that the DNA
regions upstream of the canonical TSSs enriched with H2A.Z were more accessible then the DNA at the
TSSs itself. Thus, reduced H2A.Z deposition at TSSs shifted transcription initiation to sites of increased
DNA accessibility (Figure 6.3 c).

While T. brucei is suggested to live without any regulation of transcription initiation, defined sites of
transcription initiation and termination may be essential to avoid downregulation of essential genes by
the highly efficient RNAi-pathway of T. brucei. Given the upstream shift of transcription initiation and the
read-through of transcription at termination sites after HAT2 depletion over 48 h, | analysed if antisense
transcripts of essential genes were produced. Indeed, | detected antisense transcripts for essential
genes with ORFs in the regions upstream of TSSs (Figure 6.3 d). However, while the change of H2A.Z
deposition had a strong effect on transcription initiation, RNAPII distribution and increased antisense
transcription at TSSs, the genome-wide RNA transcript levels across PTUs were only slightly reduced
following 48 h of HAT2 depletion (Figure 6.4 a). In other eukaryotes, the processes of RNAPII
transcription initiation are tightly regulated not only to ensure functional RNAPII progression but also to
align the processes of transcription to the ones of RNA processing (Carrillo Oesterreich et al., 2011).
Thus, | wondered whether the changes of transcription after HAT2 depletion had an effect on RNA
maturation in trypanosomes. Therefore, | compared the quantity of frans-splicing events in wild type
cells and following 48 h of HAT2 depletion. Since my total RNA-seq datasets were generated from rRNA-
depleted and not from poly(A)-enriched RNA that only includes transcript of mRNAs, | could use them
as input to perform a preliminary analysis of trans-splicing through in silico enrichment of transcripts
associated to the splice leader mini-exon (Figure 6.4 b). In doing so, | observed that trans-splicing was

shifted to sites far more upstream from the first gene of the PTU following HAT2 depletion compared

123



Results

to wild type (Figure 6.4 c), in line with the upstream shift of the RNAPII peaks and transcription initiation
sites. Moreover, across PTUs, | could detect less trans-splicing events than found in wild type (Figure
6.4 d).

Altogether, my observations supported my hypothesis that H2A.Z deposition is important for RNAPII
recruitment, since loss of H2A.Z shifted the sites of transcription initiation. The shift of transcription
initiation might be deleterious for T. brucei because it caused synthesis of antisense RNA, which can be
used by the RNAi-machinery to downregulate expression of essential genes. Moreover, it is possible

that correct transcription initiation is required for the processes of frans-splicing in T. brucei.

Figure 6.4. TSS-chromatin is critical for coordinating RNA synthesis and processing.

a Outline of genome organisation in T. brucei (Upper panel). RNAPII-transcribed genes are organised in long polycistronic
transcription units (PTUs). The first gene of a PTU is represented in a light blue box and the residual genes in a dark blue
box. Nucleosomes containing H2A.Z and H2B.V characterise TSSs (rose) and at TTSs H3 and H4 are replaced by H3.V and
H4.V in nucleosomes (orange). ChiP-seq data of RNAPII before (black) and after HAT2 depletion over a time period of 48 h
(magenta) are averaged across 5°'UTRs of all residual genes (n=8798; left panel). MNase-ChIP-seq data of canonical H3
before (black) and after HAT2 depletion over a time period of 48 h (magenta) are averaged across 5°UTRs of all residual
genes (n=8798; middle panel). RNA-seq data before (black) and after HAT2 depletion over a time period of 48 h (magenta)
are averaged across 5'UTRs of all residual genes (n=8798; right panel). b Workflow of in silico filtering of transcripts
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associated to the spliced-leader mini-exon. Each mRNA contains the 39 nt-mini-exon of the spliced-leader (SL). By filtering
the raw reads of RNA-seq datasets using the spliced-leader sequences as query, mRNAs can be enriched in silico over
unprocessed or degraded RNAs. ¢ Trans-splicing shifts together with transcription initiation following HAT2 depletion. RNA-
seq data (grey) and SL-associated transcripts (black) before HAT2 depletion are shown across a representative region on
chromosome 4 (left panel). RNA-seq data (rose) and SL-associated transcripts (magenta) after 48 h HAT2 depletion are
shown across a representative region on chromosome 4 (right panel). The light blue box represents the first gene of the
downstream PTU. d Trans-splicing events are reduced across PTUs following HAT2 depletion. SL-associated transcripts
before (black) and after 48 h (magenta) HAT2 depletion are averaged across 5°UTRs of all residual genes (n=8798). The
grey box represents the average length of a 5°UTR and the dark blue box represent the ORF.

Conclusions

For a long time, it has been suggested that acetylated H2A.Z is more important for active transcription
than unmodified H2A.Z by mediating nucleosome destabilisation and DNA accessibility for the
transcription machinery. Thus far, it has been difficult to study in vivo the role of H2A.Z acetylation and
deposition for transcription, since in many cases, the enzymes acetylating H2A.Z are also responsible
for H4 acetylation, which is a pre-requisite for H2A.Z deposition.

Since | found thatin T. brucei, the H4 and H2A.Z are acetylated by different enzymes at TSSs and H2A.Z
deposition relies H4 but not on H2A.Z acetylation, | could disentangle the roles of H2A.Z acetylation and
deposition for transcription, to my knowledge for the first time in a eukaryotic organism.

My data clearly show that H2A.Z acetylation and deposition was critical for transcription in T. brucei.
Regardless of its modification state, H2A.Z was required for defining the correct initiation sites for the
transcription machinery. However, unacetylated H2A.Z can perturb transcription initiation probably by
increasing the nucleosomal barrier for RNAPII, whereas shifted transcription initiation sites do not affect
initiation per se but affect other regulatory pathways. Overall, | could reveal that integrity of TSS-
chromatin is critical for efficient gene expression even in an organism that lives without transcriptional

control.
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Chapter 7: Discussion

In almost all organisms that contain histones, acetylation of histone H4 and the H2A variant H2A.Z are
present at TSSs of RNAPII and critical for efficient transcription initiation (Haberle and Stark, 2018).
However, the understanding of the cause and consequence of H2A.Z acetylation for transcription is
limited, because the enzyme complexes acetylating H2A.Z can be also responsible for TSS-specific H4-
acetylation, an essential premise for H2A.Z deposition.

Taking advantage of the unusual genome organisation, the lack of transcriptional regulation and the
manageable number of histone-modifying proteins in T. brucei, | was able to disentangle the processes
of H2A.Z acetylation and deposition demonstrating, for the first time, a comprehensive link between

H2A.Z acetylation, deposition and transcription regulation in a eukaryotic organism.

Histones are extensively modified in T. brucei

By combining different histone enrichment strategies with mass-spectrometry approaches for
quantitative and qualitative protein PTM analyses, | was able to generate an updated catalogue of
trypanosomal histone PTMs containing 157 different histone PTMs present in T. brucei BF parasites
including acetylation, methylation and phosphorylation. While previous datasets have been incomplete
mostly due to technical limitations, the approaches used in this study covered the protein sequences of
all trypanosomal histone proteins including canonical H3 and the four histone variants. Moreover,
combining FIPQuant analysis and peptide counting and a newly established approach for locus-specific
chromatin isolation, | could identify a large number of TSS-specific acetylation and methylation marks.
Interestingly, | identified many marks associated to transcriptional activation, whereas | could only detect
a few possible silencing PTMs e.g., monomethylated H4K57. This mark could be a potential homologue
to methylated H4K59 in S. cerevisiae that functions in silent chromatin formation (Zhang et al., 2003).
The low number of silencing histone PTMs could be a consequence of the trypanosome-specific histone
variants H3.V and H4.V that are enriched at transcriptionally silent chromatin sites (Lowell and Cross,
2004; Siegel et al., 2009b; Miiller et al., 2018). In line with that, | observed no remarkable acetylation
marks on H3.V and H4.V. It might be a possibility that while higher eukaryotes possess many histone
PTMs associated to repressed transcription on the canonical histones H3 and H4, T. brucei just
expresses to specific histone variants.

While it was not surprising, that H3.V was lacking histone acetylation — an important regulator of active
transcription —, | had expected a higher number of methyl marks present on H3.V. This suggests that
H3.V itself is sufficient for mediating regulatory functions without the need of further modification.
Nevertheless, it would be interesting, if some marks, for example H3.VK14me and H3.VK82me, are

enriched at specific genomic sites. Since H3.V marks very important regulatory regions, such as TTSs,
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subtelomeres and silent BESs (Lowell and Cross, 2004; Siegel et al., 2009b; Mdiller et al., 2018), it could
be that the modification pattern of H3.V differs among those sites.

Here, | described for the first time the acetylation and methylation pattern of a eukaryotic H4 variant.
Similar to H3.V, H4.V is associated to transcriptionally silent chromatin and colocalises with H3.V at
TTSs and to a lesser extend also at subtelomeres (Siegel et al., 2009b; Miiller et al., 2018). Thus, it was
not surprising that H4.V did not contain many acetyl marks as well.

Despite the large number of PTMs, some previously reported marks, including the N-terminal acetyl
marks on H2B (K4, K12 and K16), were not detected. However, out of the 157 PTMs, 126 have not been
described before, including many methyl marks of H3 and the N-terminal hyperacetylation of H2A.Z and
H2B.V.

In comparison to mammals, where more than 400 different histone modifications have identified up to
date just on the canonical histones (Huang et al., 2014; Sidoli et al., 2019), the total number of PTMs
present on all four core histones and histone variants in T. brucei was rather small. However, the total
number was surprisingly high given the small number of histone-modifying enzymes (lvens et al., 2005;
Figueiredo et al., 2009) and the lack of RNAPII transcription regulation (Clayton, 2002).

In T. brucei, TSSs do not possess a defined site of RNAPII transcription initiation comparable to canonical
promoters and transcription can initiate at several sites within a rather wide region (~2 kb) at the 5°end
of TSSs (Wedel et al., 2017). While RNAPII transcription is usually precisely regulated in eukaryotes, in
T. brucei RNAPII transcription lacks any regulation and initiates at similar rates at each TSS (Clayton,
2002). It has been assumed that a wider and more open chromatin structure at TSSs compared to the
rest of genome would facilitate RNAPII binding (Siegel et al., 2009b; Wedel et al., 2017). One third of
the identified PTMs, mainly acetyl marks, were enriched at TSSs and, assuming that many of them serve
as binding sites, they probably recruit other proteins to TSSs. These properties indicate that it is
important for the parasite that transcription initiation occurs at defined regions highlighted by different
PTMs and the histone variants H2A.Z and H2B.V.

Across all eukaryotes, histone H3 contains the largest number of modification sites including many
conserved acetyl marks, which are important for transcriptional activation (Li et al., 2007). Thus, it was
quite unexpected that in T. brucei almost not H3 acetylation was detected except for the low abundant
(~5%) H3K23 acetyl-mark at TSSs. Previous attempts to analyse the PTM pattern of H3 in T. brucei
failed, because the N-terminus was blocked for Edman-sequencing, indicating that H3 is highly modified
(Janzen et al., 2006a; Mandava et al., 2007). Indeed, | could identify all lysines of H3 as methylation
sites. Interestingly, the genome of T. brucei encodes for 25 histone methyltransferases and four
demethylases (Ivens et al., 2005), which comprise together the largest group of all putative chromatin
modifiers in the parasite. This suggests that histone methylation is involved in defining different

chromatin structures. Since it has been shown that the genome of T. brucei is compartmentalised in
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regions differing in the degree of chromatin compaction (Miiller et al., 2018), it would be worth to
analyse if some of the described methyl marks are responsible for establishing the nuclear architecture.
While the histones of T. brucei are quite divergent compared to those from more complex eukaryotes,
they share a high sequence similarity (~90%) to histones of T. cruzi, another member of the
trypanosomatidae family (Aslett et al., 2010). However, most of the identified PTMs were not detected
in T. cruzi suggesting that they either might have a T. brucei-specific role or have not yet been identified.
For example, the phosphorylated S130 has not been detected in T. cruzi. Serine-phosphorylated H2A
(yH2A) is a hallmark of the DNA damage response in many eukaryotes (Rogakou et al., 1998). However,
it has been shown that in T. brucei, sites of DNA damage are enriched with H2A phosphorylated at Thr'3°
(Glover and Horn, 2012). Nevertheless, it could be that Ser'*-phosphorylation is also involved in the
DNA damage signalling pathway.

Other marks, such as the C-terminal acetyl marks of H2A, could be identified in both trypanosome
species, but have no obvious homologues in other eukaryotes (Zhao and Garcia, 2015).

The trypanosomal genome organisation and gene expression pattern results in genomic regions marked
by identical chromatin structures. For example, ChlP-seq data have suggested that the 200 TSSs of T.
brucei have similar levels of H2A.Z, H2B.V and histone acetylation (Siegel et al., 2009b). Using the
parasite as a model system for chromatin biology, it should be possible to shed light on many
fundamental processes that involve chromatin reorganisation and in their evolutionary development.
Thus, the comprehensive histone PTM dataset of T. brucei generated in this study provides valuable
information to the eukaryotic chromatin biology.

Moreover, studies of the parasite-specific modifications regarding their genomic distribution and their
associated proteins should increase the understanding of chromatin-related processes in T. brucei, such
as derepression of a VSG expression site. It should be noted here, that for analysing the stage-specific
role of histone PTMs, it is important to complete my dataset with a comprehensive PTM list found on

T. brucei PF histones.

The process of H2A.Z deposition is highly conserved in eukaryotes

While the process of targeted H2A.Z deposition has been extensively studied in many model organisms,
such as S. cerevisiae, D. melanogaster and H. sapiens, very little is known about the mechanism in T.
brucei. The lessons learned from my data let conclude that H2A.Z depositioning relies on the similar
mechanisms to other eukaryotes with some exceptions. While in many organisms, H4 as well as H2A.Z
acetylation can stimulate H2A.Z deposition, | only could observe a defect in H2A.Z depositioning after
loss of H4 acetylation. H2A.Z acetylation seems to be not involved. Moreover, in other organisms, HAT-
complexes can mediate both H2A.Z and H4 acetylation. Whereas in T. brucei, | could identify that two

HATs are required. HAT1 was responsible for H2A.Z acetylation and HAT2 for H4 acetylation. Both HATs
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belong to the MYST-family similar to the HATs involved in H2A.Z depositioning in other eukaryotes
suggesting that the mechanisms mediating H4 and H2A.Z acetylation have also been highly conserved
during eukaryotic evolution, not only the link between H4 acetylation and targeted H2A.Z deposition. In
To my opinion, this could mean that incorporation of H2A.Z into a specific chromatin region is one of
the most relevant processes in eukaryotic cell biology, otherwise | would expect more mechanistic
variations.

That H4 acetylation stimulates H2A.Z deposition would not work efficiently without bromodomain factors
- the reader proteins of acetyl marks.

Consequently, to obtain a comprehensive understanding of the H2A.Z deposition process, | analysed
the role of BDFs for H2A.Z deposition in T. brucei. It was not surprising that only the TSSs-enriched
BDFs — BDF1, BDF3 and BDF4 - had a large effect on the H2A.Z incorporation pattern resulting in wider
H2A.Z-containing peaks at TSSs that spread into the 5°end of the PTUs. However, the extent of reduction
in H2A.Z levels was less compared to the levels after HAT2 depletion. H2A.Z was still enriched at TSSs
following BDF1, BDF3 or BDF4 depletion suggesting that they are not key players in the targeted H2A.Z
deposition process in T. brucei. Does that mean that BDFs are not as relevant as anticipated? | actually
don’t think so. Because of my findings, | hypothesise that BDF1, BDF3 and BDF4 are synergistically
implicated in H2A.Z depositioning. Thus, depletion of only one out of the three would not lead to too
detrimental effects because the other two can compensate the loss.

Even though depleting BDF1, BDF3 as well as BDF4 resulted in similar patterns, the extent of effect
varied among them with the strongest effect following BDF3 depletion. Since BDF3 has been shown to
be part of the HAT2-enzyme complex (Vellmer et al., 2021) and HAT2-mediated H4 acetylation is a pre-
requisite of H2A.Z deposition, it is possible that BDF3 is mainly involved in targeting HAT2 to the TSSs
or to prevent HAT2 from binding outside of the TSSs. This could mean that BDF1 and BDF4 are more
important for targeting H2A.Z to TSSs by recognising H4 acetylation.

To confirm this, the H2A.Z deposition following co-depletion of BDF1 and BDF4 could be analysed by
ChIP. In general, it would be interesting to uncover the processes underlying the interaction of the BDFs
with TSS-nucleosomes. Therefore, the acetyl-sites critical for BDF-binding could be identified using
peptide competition assays with acetylated H4 or acetylated H2A.Z peptides as bait, as described
previously (Draker et al., 2012). It might be possible that BDF1 and BDF4 recognise acetylated H4 to
induce H2A.Z deposition, whereas H2A.Z acetylation may be important for BDF3-recruitment. For
example, in H. sapiens, H2A.Z acetylation engages BDF-binding at the nucleosome (Draker et al., 2012).
Despite the growing knowledge of proteins involved in H2A.Z deposition in T. brucei, the mechanistic
processes behind H2A.Z deposition remain unclear. So far, no homologue to the catalytically active
ATPase domain of SWR-1 has been identified in T. brucei. Since the histone chaperone FACT has been

shown to be important for removing wrongly incorporated H2A.Z, for example from gene bodies
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(Jeronimo et al., 2015), and that H2A.Z-containing nucleosomes stimulate the activity of ISWI
remodelers (Goldman et al., 2010), | had analysed the trypanosomal homologues of FACT and ISWI for
their role in H2A.Z depositioning (Appendix figure 8 ¢ and d). However, due to the high lethality caused
by FACT or ISWI depletion, the results gained from this analysis were not reproducible. Thus, | did not
continue with analysing their role in H2A.Z dispositioning.

To screen for factors mediating H2A.Z deposition in T. brucei, | would suggest co-immunoprecipitation
experiments isolating proteins associated to TSSs. Since H2A.Z-containing nucleosomes are unstable
(Siegel et al., 2009b), | would not use H2A.Z as bait for such analyses. It is likely that TSS-nucleosomes
fall apart during the experiment leading to dissociation of the bound proteins. Furthermore, interaction
between the chromatin remodelling complex and H2A.Z might be transient. | rather recommend
analysing proteins bound to HAT1, HAT2, BDF1, BDF3 and BDF4, respectively, because they are all
required for H2A.Z deposition and acetylation in T. brucei. Moreover, to reveal whether FACT and ISWI
homologue play a role in H2A.Z incorporation, | would suggest to perform H2A.Z-ChIP-experiments at

earlier time points than applied in this study, for example after 6 h and 12 h of depletion.

H2A.Z - a guardian of RNAPII transcription

Given the absence of precise sites of RNAPII transcription initiation at TSSs and identical transcription
initiation rates among all PTUs (Wedel et al., 2017), it has been anticipated that RNAPII-mediated
transcription is not regulated in T. brucei (Clayton, 2002) and that RNAPII transcription initiation occurs
due to a higher DNA-accessibility at TSSs compared to other genomic sites (Wedel et al., 2017).

While my work does not provide sufficient data to prove the opposite, it revealed that the role of TSS-
specific chromatin composition goes beyond facilitating DNA-binding of RNAPII. H2A.Z acetylated or not
acetylated defines the sites of transcription initiation for correct RNAPII binding probably functioning as
an epigenetic marker of TSSs, as described other eukaryotes. Whereas H2A.Z acetylation was important
for the transcription process itself allowing efficient RNAPII initiation. It seems plausible that reducing
H2A.Z acetylation levels increase the nucleosomal barrier at TSSs. Consequently, bound RNAPII
becomes stuck at those sites and transcription cannot initiate efficiently.

In general, acetylated H2A.Z makes the nucleosome better accessible for chromatin modifying proteins
(Ren and Gorovsky, 2001). While a nucleosome containing unmodified H2A.Z resembles a canonical
nucleosome (Suto et al., 2000), H2A.Z acetylation changes the nucleosomal structure leading to
dissociation of the tail, thereby reducing DNA-histone interactions. In many eukaryotes including S.
cerevisiae (Millar et al., 2006), G. gallus (Bruce et al., 2005), T. thermophila (Ren and Gorovsky, 2001)
and also T. brucei (Lowell et al., 2005), the first half of the H2A.Z protein contains a stretch of multiple
lysines, which can form an “acidic patch” because of the natural, positive charge of lysine. Regarding

the composition of a nucleosome, the acidic patch of unmodified H2A.Z could increase the molecular
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forces of the histone-DNA-interaction stabilizing the nucleosomal core particle. For example, in T.
thermophilia reducing of the acidic patch of H2A.Z is essential for the organism’s viability (Ren and
Gorovsky, 2001), similar to what | describe in this study.

It is also possible that specific acetyl marks of H2A.Z are important for the regulatory function in T.
brucei. To analyse, if in T. brucei acetylated H2A.Z functions by generating a charge patch or if specific
acetyl marks are important for transcription regulation, mutagenesis screens can be performed
mimicking or removing lysine acetylation (Dou and Gorovsky, 2000). If an acetyl marks mediates a site-
specific histone code, mimicking lysine acetylation would still influence the cellular phenotype. In case
the overall charge is important, modulation of all acetylation sites to unacetylable amino acids would
have similar effects than HAT1 depletion. Based on different studies measuring higher levels of
acetylated than unmodified H2A.Z at active promoters (Bruce et al., 2005; Millar et al., 2006; Valdes-
Mora et al., 2012), it has been hypothesised that H2A.Z acetylation has anti-silencing functions required
for active transcription. Consequently, H2A.Z acetylation can be more critical for an organism than
unmodified H2A.Z. Overall, this is in line with what | also observed. Thus, my findings confirm a clear
link between H2A.Z acetylation and active transcription in an early diverged eukaryote indicating that the
role of H2A.Z acetylation has been highly conserved during evolution.

H2A.Z acetylation and deposition are essential for transcription in T. brucei since interfering with both
processes is lethal for the parasite. However, my data clearly showed that the role of H2A.Z deposition
goes beyond bringing H2A.Z to TSSs, so that it can be acetylated. Incorporating H2A.Z at TSSs seems
to be a relevant prerequisite for correct RNAPII recruitment. Even though, mislocalised RNAPII might
not change the transcription process itself, since the overall transcript levels were not strongly affected,
it results in harmful side effects. This suggests that even in a parasite that lacks any regulatory control
of transcription defined sites of transcription - sites marked by H2A.Z incorporation and histone
acetylation - are required. A shift of transcription initiation led to antisense transcription of some
essential genes, which are located at the 5°end of TSSs. Given the presence of a highly efficient RNAi-
pathway in T. brucei, it is very likely that the antisense transcripts trigger silencing of the corresponding
genes.

RNA interference is an important pathway for targeted mRNA degradation. RNAI is induced by gene-
specific, double-stranded RNA (dsRNA), which are processed by the two ribonucleases Dicer and
Argonaute protein (Ago). Dicer generates small RNAs (sRNAs), which loaded into Ago guide the RNA-
induced silencing complex (RISC) to the corresponding mRNA. The small RNAs anneal to the transcripts
and RISC cleaves across the formed duplex. Two classes of small, non-coding RNAs are involved in the
RNAi-pathway, the small interfering RNAs (SiRNAs) processed from long dsRNAs and micro RNAs

(miRNAs), which derive from regions of the mRNA transcript that form short hairpin structures on
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themselves. Antisense transcription generates complementary RNA, which bind to the corresponding
sense transcript forming RNA duplexes that can be fed into the RNAi-pathway.

The genome of T. brucei encodes for a single Ago7 homologue and two Dicer homologues, the nuclear
DCL2 and the cytoplasmic DCL1. While the nuclear Dicer is mainly involved in silencing transcripts
synthesised from retrotransposon hotspots or repeat region, the role of the cytoplasmic DCL1 is less
clear, since deletion of DCL 1 does not shut down the endogenous RNAi-response. In contrast, ablation
of Ago1 completely disables RNAi (Shi et al., 2004).

Thus, if the antisense transcripts observed after HAT2 depletion induce RNAi-mediated degradation of
essential genes, silencing of the RNAi-pathway of T. brucei, for example by deletion of Ago7, should
recover the growth phenotype of HAT2-depleted cells. However, the HAT2 depletion approach applied
in this study includes overexpression of intramolecular, stem-loop dsRNA and requires an intact RNAi-
machinery to degrade HAT2-specific transcripts. To overcome this problem, a cell line can be generated,
in which one allele of HAT2 and one allele of Ago? were deleted and the second allele of both genes
can be removed in a conditional manner. Moreover, the previously established toolkit for CRISPR/Cas9-
mediated genome editing in T. brucei (Rico et al., 2018) can be used for conditional silencing of HAT2
and Ago1. Using the CRISPR/Cas9 approach would allow to remove both alleles of HAT2 and Ago7 in a
single step. Overall, both approaches can reveal whether the shift of transcription initiation following
HAT2 depletion triggers degradation of essential genes and confirm that the growth phenotype following
HAT2 depletion is a consequence of the increased antisense transcription at TSSs.

Moreover, it might be that the changes in transcription start site selection perturb many downstream
processes of transcription. Even though, my findings are preliminary, they suggest that trans-splicing
is not fully functional after loss of H2A.Z deposition. Interestingly, previous studies propose a role of
H2A.Z in co-transcriptional splicing (Neves et al., 2017). For example, H2A.Z is important for
spliceosome assembly and promotes splicing of weak introns in S. cerevisiae (Neves et al., 2017; Nissen
et al., 2017).

During trans-splicing, the mRNA cap-structure supplied by the spliced leader mini exon is added to the
5’splice site at the 5°'UTR of each gene (Clayton, 2019). Since the spliced leader synthesis is RNAPII-
dependent (Gilinger and Bellofatto, 2001), it is likely that the trans-spliceosome assembly may be
coupled to RNAPII. So far, based on the finding that RNAPI- and RNAPII-synthesised transcripts are
processed with the similar efficiencies, it has been suggested that trans-splicing and RNAPII
transcription are uncoupled processes in T. brucei (Stewart et al., 2010). However, my findings, even
though they are preliminary, suggest actually the opposite. Thus, more experiments are required to
unravel whether the processes of RNAPII transcription and trans-splicing are coupled or not and whether
H2A.Z plays a role in aligning them to each other, as shown in yeast (Neves et al., 2017; Nissen et al.,

2017). To determine the impact of reduced H2A.Z levels on trans-splicing, the efficiency of the
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spliceosome assembly can be assessed by analysing the enrichment sites of different components of
the spliceosome. Moreover, splice leader trapping (SLT (Nilsson et al., 2010)) can be used to analyse
the frans-splicing efficiency after HAT2 depletion. Thereby, the RNA should be spiked with external
control RNAs. However, the ERCC spike-ins should be avoided, because the second strand synthesis of
SLT is based on a spliced-leader specific oligo.

In this regard, it is important to investigate the role of H2A.Z for RNAPII pausing and transcription
elongation in T. brucei. It seems plausible that changing transcription initiation has consequences on all
processes relying on efficient RNAPII progression. Moreover, H2A.Z associates to elongation factors
(Santisteban et al., 2011).

To determine the rate of RNAPII progression in dependency of H2A.Z deposition at TSSs, | would
suggest to measure the levels of nascent transcripts in a cell line, which expresses a reporter gene,
such as the firefly luciferase, under control of the spliced leader promoter and allows inducible RNAI
against HAT2. By taking advantage of the spliced leader promoter, it should be possible to obtain high
transcript levels of the reporter gene.

Overall, my findings clearly reveal that the TSS-chromatin structure is essential for efficient RNAPII
progression. While it has been suggested that an open chromatin structure is sufficient for transcription
initiation in T. brucei, the drastic effects on RNA synthesis and processing observed after changing the
composition of TSS-nucleosomes indicate that transcription by RNAPII is more complex than previously

assumed.

Conclusion

The chromatin structure is one of the most important means for transcriptional regulation in all
eukaryotic organisms. Local and global changes of the chromatin structure influence the DNA
accessibility resulting in more compacted and less accessible or more open and well accessible genomic
sites. The experiments | performed during my PhD revealed that in eukaryotes transcription initiation is
strongly dependent on a specific chromatin structure at TSSs not only to mediate DNA accessibility for
the transcription machinery but also to ensure precise coordination of RNA synthesis and maturation.
While the chromatin structure at TSSs is highly conserved throughout the eukaryotic lineage, complex
and interdependent regulatory processes have restricted further studies of its regulatory role. Thus, my
findings also approve the early diverged unicellular parasite T. brucei as a valuable model system for
studying eukaryotic chromatin biology and let hypothesise that TSS-specific chromatin represents one
of the earliest developed regulator of transcription initiation.

Whilst | disentangled the role of H2A.Z deposition and acetylation for gene expression, it would be
interesting to know if they are important for the genome architecture in T. brucei. Since transcription is

not regulated and is always on, it is likely that the TSS-specific chromatin structure is involved in
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positioning the TSSs within the nucleus to generate genomic compartments easily accessible for the

transcription machinery.
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Appendix

Chapter 9: Appendix
Appendix figures

Appendix figure 1. FIPQuant analysis of H2A.Z and H2B.V purified from wild type histone extracts.

a Protein sequence of H2A.Z is not fully covered following histone extraction from wild type cells. Lysine-specific acetylation
degrees are shown for histone variant H2A.Z (blue) and were determined by FIPQuant using histones isolated by acid
extraction from wild type (WT) cells. The acetylation percentages [%] represent the averages of the median values from
each of the independent experiments (n = 3) determined by FIPQuant. Error bars indicate standard deviations. Lysine
positions that could not be detected are labelled in red. b Quantification of lysine acetyl marks on H2B.V following histone
extraction from wild type cells. Lysine-specific acetylation degrees are shown for histone variant H2B.V (blue) and were
determined by FIPQuant using histones isolated by acid extraction from wild type (WT) cells. The acetylation percentages
[%] represent the averages of the median values from each of the independent experiments (n = 3) determined by FIPQuant.
Error bars indicate standard deviations.
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Appendix figure 2. Only TSS-specific histone acetylation is affected by HAT1 and HAT2 depletion.

Lysine-specific acetylation levels for histone H2A, H2B, H3, H3.V and H4.V are shown for wild type (WT; n=3) cells and after
depletion of HAT1 (purple; n=3) and HAT2 (rose; n=3). Acetyl marks were quantified by FIPQuant using histones extracted
from WT cells (black) and from 2T1 cells, which were depleted of HAT1 (purple) or HAT2 (rose) for 48 h. The plotted
acetylation percentages represent the average percentages of the quantified fragment numbers, calculated for each replicate.
The black bars indicate the average percentages calculated from the median values.

Appendix figure 3. Growth phenotypes observed following depletion of different chromatin modifiers.

a Growth analyses of 2T1 cells, induced for HAT1 depletion (+dox; purple; n=3) or not induced (-dox; black; n=3), are shown
over a time period of 72 h. Cells were diluted to 0.15 x 10° cells per ml every 24 h. Plotted are the averages of the cell
concentrations measured for each replicate (n=3). Error bars indicate standard deviations. b Growth analyses of 2T1 cells,
induced for HAT2 depletion (+dox; rose; n=3) or not induced (-dox; black; n=3), are shown over a time period of 72 h. Cells
were diluted to 0.15 x 10° cells per ml every 24 h. Plotted are the averages of the cell concentrations measured for each
replicate (n=3). Error bars indicate standard deviations. ¢ Growth analysis of wild type cells (black; n=3) is shown over a
time period of 48 h. The cell density at 0 h was 0.15 x 10° cells per ml and was measured every 24 h. Plotted are the
averages of the cell concentrations measured for each replicate (n=3). Error bars indicate standard deviations. d Growth
analysis 2T1 cells, induced for BDF2 depletion (+dox; grey; n=3) or not induced (-dox; black; n=3), are shown over a time
period of 48 h. The cell density at 0 h was 0.15 x 106 cells per ml and was measured every 24 h. Plotted are the averages
of the cell concentrations measured for each replicate (n=3). Error bars indicate standard deviations. e Growth analysis 2T1
cells, induced for BDF3 depletion (+dox; grey; n=3) or not induced (-dox; black; n=3), are shown over a time period of 48
h. The cell density at 0 h was 0.15 x 10° cells per ml and was measured every 24 h. Plotted are the averages of the cell
concentrations measured for each replicate (n=3). Error bars indicate standard deviations. f Growth analysis 2T1 cells,
induced for FACT depletion (+dox; grey; n=3) or not induced (-dox; black; n=3), are shown over a time period of 48 h. The
cell density at 0 h was 0.15 x 10¢ cells per ml and was measured every 24 h. Plotted are the averages of the cell
concentrations measured for each replicate (n=3). Error bars indicate standard deviations. g Growth analysis 2T1 cells,
induced for ISWI depletion (+dox; grey; n=3) or not induced (-dox; black; n=3), are shown over a time period of 48 h. The
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cell density at 0 h was 0.15 x 10° cells per ml and was measured every 24 h. Plotted are the averages of the cell
concentrations measured for each replicate (n=3). Error bars indicate standard deviations.

Appendix figure 4. Fold change in expression of different chromatin modifiers before and after RNAi-mediated depletion.
Shown are the fold change in transcription of different chromatin modifiers before (0 h) and after RNAi-mediated depletion
(48 h). The fold change in expression were determined using quantitative real-time PCR (see Quantitative real-time PCR for
testing RNAI efficiencies) and calculated using the AACt-method Methods (or-Livak-method) that compares the expression
of the target gene in the 48 h time point to the 0 h time point. Fold change in expression of a HAT1 KD Oh (black) and HAT1
KD 48 h (purple). b HAT2 KD 0Oh (black) and HAT2 KD 48 h (rose). ¢ FACT KD 0Oh (black) and FACT KD 48 h (grey). d ISWI
KD Oh (black) and ISWI KD 48 h (grey). e BDF1 KD 0Oh (black) and BDF1 KD 48 h (grey). f BDF2 KD Oh (black) and BDF2
KD 48 h (grey). g BDF3 KD Oh (black) and BDF3 KD 48 h (grey). h BDF4 KD 0Oh (black) and BDF4 KD 48 h (grey).
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Appendix figure 5. H2A.Z-enrichment at TSSs following depletion of HAT1 and HAT2.

a MNase-ChlP-seq datasets of histone variant H2A.Z after 0 h (black; n=4), 24 h (green; n=2), and 48 h (purple; n=4) HAT1
depletion are averaged across divergent (n=37) and non-divergent (n=49) TSSs. The ChIP-seq data are normalized to the
total number of reads and plotted as counts per billion reads [CpB]. b MNase-ChIP-seq datasets of histone variant H2A.Z
after 0 h (black; n=4), 24 h (light rose; n=2), 48 h (magenta; n=4), and 72 h (rose; n=2) HAT2 depletion are averaged across

divergent (n=37) and non-divergent (n=49) TSSs. The ChIP-seq data are normalized to the total number of reads and plotted
as counts per billion reads [CpB].
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Appendix figure 6. Levels of chromatin-bound H2A.Z decrease following HAT2 depletion.

Western blot of chromatin-associated proteins extracted from 2 x 108 2T1 cells, which were depleted of HAT2 (n=3) for a time period of
48 h. Loaded are the insoluble fractions, containing chromatin-bound and nuclear matrix material. The H2A.Z percentages for each
replicate were calculated by comparing the H2A.Z/H3 ratio after 48 h HAT2-depletion to the H2A.Z/H3 ratio of 0 h HAT2-depletion, which
was set to 100%. H2A.Z/H3 were calculated by quantifying the H2A.Z and H3 signal over the background for each lane signal using
ImageJ. Exposure time: 1 sec (left) and 10 sec (right).

Appendix figure 7. Total protein levels of H2A.Z are not affected by HAT2 depletion.

a and b Western blot of whole cell extracts extracted from 2 x 108 from 2T1 cells, which were depleted of HAT2 (n=3) for a time period
of 48 h. The H2A.Z percentages for each replicate were calculated by comparing the H2A.Z/H3 ratio after 48 h HAT2-depletion to the
H2A.Z/H3 ratio of 0 h HAT2-depletion, which was set to 100%. H2A.Z/H3 were calculated by quantifying the H2A.Z and H3 signal over
the background for each lane signal using ImageJ. Exposure time: 2 sec (a) and 10 sec (b). ¢ and d Western blot of whole cell extracts
extracted from 2 x 108 from 2T1 cells, which were depleted of HAT2 (n=3) for a time period of 48 h using an antibody that recognises
H2A.Z. Exposure time: 2 sec (c) and 10 sec (d).
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Appendix figure 8. H2A.Z-enrichment at TSSs following depletion or overexpression of different chromatin-modifying
proteins.

MNase-ChlP-seq datasets of histone variant H2A.Z after 0 h (black; n=1) and 48 h (grey; n=1) depletion or overexpression
(OE) of different chromatin modifying proteins are averaged across divergent (n=37) TSSs. The ChIP-seq data are
normalized to the total number of reads and plotted as counts per billion reads [CpB]. a BDF2 KD (replicate) b BDF3 KD
(replicate) ¢ FACT KD d ISWI KD e HAT1 OE f HAT2 OE g BDF2 OE h BDF3 OE.
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Appendix figure 9. RNAPIl-enrichment at TSSs following depletion of HAT1 and HAT2.

a ChIP-seq data of RNAPII after 0 h (black), 24 h (rose), and 48 h (magenta) of HAT2 depletion are averaged across divergent (n=81)
TSSs. right: replicate 1; left: replicate 2. b ChIP-seq data of RNAPII after 0 h (black), 24 h (light purple), and 48 h (purple) of HAT1
depletion are averaged across divergent (n=81) TSSs. right: replicate 1; left: replicate 2. b
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Appendix figure 10. Depletion of HAT1 drastically reduces the levels of chromatin-bound RNAPII.

aand b Western blot of chromatin-associated proteins extracted from 2 x 10® 2T1 cells, which were depleted of HAT1 (n=3)
for a time period of 48 h. Loaded are the insoluble fractions, containing chromatin-bound and nuclear matrix material. The
TY1-RPB9 percentages for each replicate were calculated by comparing the TY1-RPB9 /H3 ratio after 48 h HAT1-depletion
to the TY1-RPB9 /H3 ratio of 0 h HAT1-depletion, which was set to 100%. TY1-RPB9 /H3 were calculated by quantifying the
H2A.Z and H3 signal over the background for each lane signal using ImagedJ. Exposure time: 6 sec (a) and 10 sec (b). ¢
Western blot of chromatin-associated RNAPII. Chromatin-bound proteins were extracted from 2 x 108 2T1 cells, which were
depleted of HAT1 (n=3) for a time period of 48 h. Loaded are the insoluble fractions, containing chromatin-bound and
nuclear matrix material.
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