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Abstract
Trypanosomes are ancient eukaryotic parasites with some unusual biological features. They
diverged from the eukaryotic lineage several hundred million years ago and developed some
unique mechanisms to regulate basic biological processes such as gene expression. The
majority of their genes is organized in large polycistronic units and regulation of individual
transcripts occurs mostly post-transcriptionally and not on the level of transcription initiation.
Thus, complex patterns of post-translational histone modifications (PTMs), which regulate
promoter activity in higher eukaryotic cells, are unlikely to exist in trypanosomes. Although
the epigenetic machinery seems to be rather simple, a variety of PTMs have been identified in
trypanosomes and only a few seem to be involved in transcription regulation. Together with
easy genetic manipulation, this qualifies trypanosomes as a perfect model organism to study
epigenetic mechanisms that are not associated with transcription regulation. Furthermore,
their evolutionary divergence can be exploited to investigate how PTMs and the
corresponding histone modifying enzymes develop new biological functions.
This thesis explored the methylation of histone H3 on lysine 76 (H3K76me) and its function
during DNA replication in Trypanosoma brucei. Imaging techniques as well as mass
spectrometry analyses revealed that H3K76 mono- and dimethylation (me1 and me2) were
strictly cell cycle-regulated and restricted to G2 phase and mitosis. The regulation and
function of H3K76me was thoroughly analyzed by genetic manipulation of the corresponding
histone methyltransferases DOT1A and DOT1B. Depletion of DOT1A by RNAi abolished
DNA replication, whereas over-expression of DOT1A and DOT1B caused continuous
replication of the nuclear DNA. Furthermore, chromatin immunoprecipitation was employed
to investigate the genome-wide distribution of H3K76me1 and -me2, which unraveled an
association to putative origins of replication.
In summary, this study suggests that H3K76 methylation regulates DNA replication in
T. brucei. This is a novel function for DOT1 methyltransferases, which might not be unique to
trypanosomes. Furthermore, putative replication origins were identified in T. brucei. These
findings provide the basis for future experimental approaches to understand how
trypanosomes developed this new regulatory system for DNA replication.
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1.1 Trypanosoma brucei as a model organism
Trypanosomatids are unicellular flagellates that diverged several hundred million years ago
from the main eukaryotic lineage (Fernandes et al., 1993; Stevens et al., 2001). All
representatives of this group live widely spread as mostly harmless parasites in various hosts
including insects, vertebrates and plants. However, some of the members such as Leishmania
major, Trypanosoma brucei and Trypanosoma cruzi are pathogenic and cause major diseases
in humans and livestock. T. brucei is responsible for the human sleeping sickness as well as
nagana disease in livestock, in sub-Saharan Africa. Their impact as pathogens creates great
interest to study these organisms in order to understand their cell biology and to find more
efficient treatment of the diseases. Trypanosomes have therefore been investigated intensively
for biomedical research purposes. These studies have allowed the discovery of unusual gene
regulation mechanisms.
For example, RNA-editing occurs to a great extent in the mitochondria of trypanosomes and
was first discovered in these organisms (Stuart et al., 2005). During this process, precursor
mRNA sequences are changed by insertion or deletion of uridine nucleotides. Guide RNAs
specify the editing mechanism. Another unusual feature of trypanosome biology is that genes
are transcribed genome-wide via polycistronic units (Fig 1; Martinez-Calvillo et al., 2010).
Complex promoter elements have not been described in trypanosomes and polycistronic units
are thought to be expressed in a constitutive manner. Consequently, regulation of gene
expression happens mainly post-transcriptionally. Only one RNA polymerase II (RNA Pol II)
promoter has been found, which regulates transcription of the spliced-leader array (Gilinger
and Bellofatto, 2001). Due to the polycistronic organization of genes, trypanosomes process
RNA transcripts in a fundamentally different way compared to most other eukaryotes. A 39nucleotide capped spliced-leader RNA is transferred to the 5´-end of mRNA by trans-splicing
(Clayton, 2002). In trypanosomes, cellular mechanisms often involve evolutionarily
conserved players, which adopted novel roles compared to other eukaryotes. One example is
RNA Pol I, which transcribes some protein-coding genes including the VSG (variant surface
glycoprotein) genes in trypanosomes (Gunzl et al., 2003).
Epigenetics in trypanosomes is a recent field of research. The function of chromatin structure
in transcription regulation is most likely less complex, because there is no need for differential
regulation of individual genes. Instead, epigenetic mechanisms are more likely involved in
2
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transcription-independent processes like DNA repair, segregation of chromosomes and DNA
replication in trypanosomes.
In this thesis, histone methylation on H3K76 (histone H3, lysine 76) is examined in T. brucei
and reveals some unexpected function in DNA replication regulation, which has not been
found in other eukaryotes so far. Exploring epigenetic regulation in T. brucei, which is an
early branched eukaryote, may contribute to the comprehension of essential mechanisms like
replication regulation in higher eukaryotes. In combination with a variety of tools for genetic
manipulations, T. brucei is a perfect model organism to study the function of chromatin and
histone modifications in transcription-independent processes.

Figure 1: Polycistronic transcription in trypanosomes. Most of the genes (orange or yellow boxes)
are arranged as convergent or divergent polycistronic units transcribed by RNA Pol II. Direction of
transcription is indicated with green arrows. The “strand-switch-region” is the region between two
neighboring units located on opposite strands, where transcription is initiated or terminated. Figure
modified from (Siegel et al., 2011).

1.1.1 Genome organization, antigenic variation and life cycle of T. brucei
Exploration of cellular mechanisms in T. brucei is greatly facilitated, because its genome is
completely sequenced (Berriman et al., 2005). The genome consists of 11 pairs of megabasesize chromosomes and additionally 1 to 5 intermediate-size chromosomes and over 100
minichromosomes of uncertain ploidy (Ersfeld et al., 1999). Gene deletion mutants can be
easily obtained using homologous recombination. Forward genetic approaches and high
throughput RNAi screens (Alsford et al., 2012) have been developed as well.
RNA Pol II-dependent transcription is constitutive and occurs via polycistronic units as
mentioned above. Transcription of two neighboring polycistronic units located on opposite
strands can be convergent or divergent (Fig 1). On the other hand, RNA Pol I-dependent
transcription is regulated and some of the Pol I-transcribed genes are expressed in a strictly
monoallelic fashion. The bloodstream form (BSF) of T. brucei (Fig 2A) is covered by a dense
3
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coat of a glycosylphosphatidylinositol (GPI)-anchored VSG (Cross, 1975). A VSG gene is
transcribed from a specialized subtelomeric locus called the expression site (ES; Hertz-Fowler
et al., 2008). About 20 of such ES exist in each cell, but only one is active at any given time
resulting in monoallelic expression of the VSG (Horn and McCulloch, 2010). The active ES is
localized to a specialized nuclear structure called the expression site body (ESB; Navarro and
Gull, 2001).
The parasite periodically changes its surface proteins to escape the host immune response, a
process known as antigenic variation (Rudenko et al., 1998). Switching of VSG expression
can happen first by homologous recombination of the VSG gene in the active ES with other
VSG genes (~1000 different VSG genes and pseudogenes are present in the genome), or
second by in situ switching, where another ES is activated and the previously active one is
silenced (Borst et al., 1998). By means of antigenic variation the parasites survives and
proliferates in the bloodstream of the mammalian host. However, in its complex life cycle
T. brucei alternates between its mammalian and its insect host, the tsetse fly of the genus
Glossina (Vickerman, 1985). When parasites reach a threshold density in the bloodstream of
the mammalian host, they differentiate to the cell cycle-arrested short stumpy form (Fig 2B),
which is the insect-preadapted quiescent stage, irreversibly committed to differentiation to the
procyclic form (PCF). They die within days, when they are not taken up by a tsetse fly during
its bloodmeal on an infected mammal. Upon transmission to the insect’s gut, the parasite
completes the differentiation into the proliferating PCF (Fig 2B). PCF adapt to the new
environment in the fly by changing their metabolism and by expressing another surface
protein, the procyclin (Roditi et al., 1989). After migration into the salivary glands, T. brucei
transforms into epimastigote forms, which are attached to the microvilli of the epithelial cells
by their flagella (not shown in the figure). Cells undergo genetic exchange in this
developmental stage as experiments with fluorescently labeled cells have revealed (Gibson et
al., 2008). The exact mechanism is still unclear, but expression of meiotic proteins could be
detected in this stage (Peacock et al., 2011) supporting the hypothesis that meiosis is
involved. Later in the life cycle T. brucei differentiates into the cell cycle-arrested metacyclic
form (Fig 2B), which is preadapted to the mammalian environment and expresses VSG. The
life cycle is completed with the transmission of the metacyclic form to the mammalian host
during another bloodmeal of the tsetse fly.
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Figure 2: Cell morphology and life cycle of T. brucei. (A) Cellular structure and organelles of
T. brucei. ER: Endoplasmatic Reticulum (Figure from Overath and Engstler, 2004) (B) Schematic view
of its life cycle. Trypanosomes shuttle between the tsetse fly and the mammalian host and proliferate in
the mid-gut of the insect or the bloodstream of the mammal. To adapt to the different environments,
parasites undergo transformation into quiescent forms before they differentiate upon transfer to the new
host (Figure from Pays et al., 2006).

1.1.2 Cell cycle regulation
The cell cycle of trypanosomes is like in other eukaryotes divided into G1, S, G2 and M
phase, followed by cytokinesis. In contrast to higher eukaryotes, each trypanosome cell
possesses a single mitochondrion, which divides synchronously with the nucleus. The
mitochondrial DNA, the kinetoplast (Fig 2A), is replicated in a distinct phase during the cell
cycle (Woodward and Gull, 1990). The S phase of the kinetoplast is initiated before onset of
nuclear DNA replication and its segregation precedes nuclear mitosis. Thus, the configuration
and morphology of nucleus and kinetoplast act as a cytological marker for the position of an
individual cell in the cell cycle (Fig 3).
Unlike higher eukaryotes, the nuclear envelope persists during all stages of the cell cycle in
trypanosomes, which is characteristic for a closed mitosis. Furthermore, chromosomes do not
condense into discrete visible interphase chromosomes during mitosis (Ogbadoyi et al., 2000;
Vickerman and Preston, 1970). Many orthologs of known cell cycle regulators like the cyclindependent kinases (CDKs) are found in trypanosomes, but key enzymes as well as some cell
cycle checkpoints are missing (Hammarton, 2007). For example, treatment of procyclic
trypanosomes with the anti-microtubuli agent rhizoxin results in cytokinesis in the absence of
5
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mitosis, suggesting the lack of a mitosis to cytokinesis checkpoint in PCF (Ploubidou et al.,
1999).

Figure 3: Phases of nucleus and kinetoplast during the cell cycle of T. brucei. Cell cycle duration of
PCF is 8.5 hours, but is extended to 12 hours depending on culture conditions. Kinetoplast replication
(SK) initiates before nuclear S phase and finishes earlier leading to kinetoplast segregation (D) before
the onset of nuclear mitosis. Phase A refers to “apportioning”, in which kinetoplasts move further apart.
Nucleus to kinetoplast configuration is shown below, which is used as marker for the cell cycle position
of individual cells. 1N1K: 1 nucleus, 1 kinetoplast; 1NeK: 1 nucleus, elongated kinetoplast; 1N2K: 1
nucleus, 2 kinetoplasts; 2N2K: 2 nuclei, 2 kinetoplasts. Figure modified from McKean, 2003).

1.2 DNA replication
1.2.1 Basic principles in eukaryotes
Replication of DNA has to be precisely coordinated to maintain stability and integrity of the
genome, before segregation to the daughter cell takes place. To enable DNA replication, the
pre-replicative complex (pre-RC) has to assemble at defined DNA sites, known as the origins
of replication (Fig 4). In Saccharomyces cerevisiae, these origins consist of 11 bp of a
conserved autonomously replicating sequence (ARS) and several less conserved elements
(Marahrens and Stillman, 1992). However in Schizosaccharomyces pombe, the origins of
replication are much larger and less defined but contain AT-stretches (Okuno et al., 1999). In
higher eukaryotes, the origins are not conserved and replication is initiated randomly without
sequence specificities (Cvetic and Walter, 2005). On the other hand, the components of the
pre-RC are conserved among eukaryotes and include the origin recognition complex (Orc1-6),
cell division cycle 6 (Cdc6), the replication factor Cdt1 and the mini-chromosome
maintenance proteins (Mcm2-7). The pre-RC is formed by ordered assembly of these different
replication factors and by its formation the origin is licensed for replication (Fig 4). After
6
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licensing, additional factors are recruited and full activation of the origin is achieved by
unwinding of DNA, formation of the replication fork and association of replicative DNA
polymerases. Licensing of origins and the loading of Mcm2-7 onto DNA is restricted to late
mitosis and G1 phase, which is important to coordinate DNA replication with the cell cycle
(Bell and Dutta, 2002).
Eukaryotic cells have developed multiple redundant mechanisms to prevent re-initiation of
replication from the same origin (Arias and Walter, 2007; Blow and Dutta, 2005). CDKs play
an important role in preventing re-replication by phosphorylation of ORC, Cdc6 and the
Mcms. For example, Cdc6 is degraded after phosphorylation in yeast cells leading to
inhibition of pre-RC re-assembly. Metazoans inhibit re-replication mainly by downregulation
of Cdt1 activity. Cdt1 is bound by an inhibitory protein called geminin, whose regulation is
cell cycle-dependent (geminin appears in S phase and accumulates until late M phase).
Inactivation of Cdt1 impairs the loading of Mcm proteins onto chromatin, thus preventing
licensing.

Figure 4: Assembly of pre-replicative complex proteins during origin licensing. (a) The origin
recognition complex (ORC) is recruited to replication origins. (b) Cdc6 and Cdt1 bind. (c) Multiple
Mcm2-7 protein hexamers are loaded onto the origin, which license the origin for replication. Figure
from Blow and Dutta, 2005).

1.2.2 The replication machinery in T. brucei and other trypanosomatids
Very little is known about nuclear replication in trypanosomatids. In T. cruzi an Orc1
homologue (Orc1/Cdc6) seems to be constitutively expressed and is associated with
chromatin throughout the cell cycle (Godoy et al., 2009). Replication sites, identified by
7
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incorporation of BrdU, are in the nuclear periphery at the beginning of S phase. Later in the
cell cycle, these sites are observed in the interior of the nucleus due to a chromosome
rearrangement as concluded by the authors (Elias et al., 2002). In accordance with peripheral
replication sites, the proliferating cell nuclear antigen of T. cruzi (TcPCNA) is constrained to
the nuclear periphery during S phase where it co-localizes in distinguishable foci with
TcOrc1/Cdc6 (Calderano et al., 2011). During all other phases of the cell cycle TcPCNA and
TcOrc1/Cdc6 are visible in a dispersed pattern throughout the nucleus.
In Leishmania donovani, PCNA can be detected primarily in the nucleus throughout the cell
cycle although expression levels and pattern seem to vary (Kumar et al., 2009). Maximum
expression is observed in G1 and S phase showing sub-nuclear foci, which suggests the
existence of replication factories as in higher eukaryotes. In G2/M phase and after mitosis a
more diffuse pattern of PCNA is detectable. Additionally, MCM4 has been characterized in L.
donovani, revealing nuclear localization throughout the cell cycle and a potential interaction
with PCNA in S phase cells (Minocha et al., 2011).
In T. brucei, PCNA is clearly detectable during S phase of the cell cycle but in contrast to
observations in T. cruzi and L. donovani, TbPCNA seems to be degraded when cells enter G2
phase (Kaufmann et al., 2012). Furthermore, replication sites are not restricted to the nuclear
periphery in T. brucei, as it is observed in T. cruzi. Altogether, these findings suggest that a
different mechanism of replication regulation may have evolved within the group of
trypanosomatids. Recently, Dang and colleagues characterized many components of the
regulatory complex at origins of replication in T. brucei including Cdc45, Mcm2-7, Sld5,
Psf1-3 and a novel Orc1-like protein, Orc1b (Dang and Li, 2011). Interestingly, Cdc45 is
exported out of the nucleus after DNA replication, whereas the other components are confined
to the nucleus throughout the cell cycle. This indicates a potential mechanism for preventing
re-replication in trypanosomes. Another group identified three novel Orc1/Cdc6 interacting
factors, one of these as putative orthologue of eukaryotic Orc4 (Tiengwe et al., 2012b). The
other two lack homology to known proteins in higher eukaryotes, suggesting a kinetoplastidspecific function.

1.3 Chromatin organization
1.3.1 Characteristics of chromatin and histone modifications
Eukaryotic DNA is packaged in the nucleus through its association with histone proteins. 147
bp of DNA are wrapped around a histone octamer, which is composed of one H3/H4 tetramer
8
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and two H2A/H2B dimers. This complex, the nucleosome, is the basic unit of DNA
packaging (Fig 5). The less conserved histone H1 protein binds to the DNA loop between two
neighboring nucleosomes. A striking feature of histone proteins is that they are subject to
reversible post-translational modifications (PTMs) such as acetylation, methylation,
phosphorylation, ubiquitination and sumoylation (Kouzarides, 2007).
Originally, chromatin has been categorized into euchromatin, which is decondensed in
interphase nuclei, and heterochromatin, the condensed form. Heitz classified chromatin with
the help of chromosomal stains of moss nuclei and proposed that heterochromatin reflects a
functionally inactive state of the genome, whereas euchromatin is a marker for active
transcription (Heitz, 1928; Passarge, 1979).
Today, this classification appears to be more complex because at least five distinct states of
chromatin have been identified by a unique combination of chromatin proteins and PTMs
(Filion et al., 2010). Binding sites of chromatin-associated proteins were detected with the
help of a DNA adenine methyltransferase (Dam) from bacteria. Dam was fused to chromatin
proteins and local methyltransferase activity was determined. A genome-wide location map of
53 chromatin proteins in Drosophila melanogaster was generated revealing the chromatin
composition along the genome. Five chromatin types, named BLACK, GREEN, BLUE, RED
and YELLOW, were defined by computational analysis (Filion et al., 2010). Interestingly,
BLACK chromatin is a type of repressive chromatin that covers more than half of the
genome, but seems to be devoid of HP1 association, a known heterochromatic protein
(Eissenberg et al., 1990), which can be found in GREEN chromatin. YELLOW and RED
regions contain active genes but differ in the trimethylation on lysine 36 of histone H3
(H3K36me3), which is specific for YELLOW chromatin. Developmental genes are more
often found in RED regions indicating specific roles in gene regulation for the different
chromatin states.
PTMs of histones generate binding platforms for regulatory factors or alter higher order
chromatin compaction by affecting the interaction between histones in adjacent nucleosomes
(cross-talk; Fischle et al., 2003). Acetylation, for example, neutralizes the positive charge of
lysines resulting in looser interaction between nucleosome and DNA (Hong et al., 1993). In
general, PTMs play crucial roles that are linked to gene expression (Kouzarides, 2007). The
“histone code hypothesis” proposes that different combinations of modifications establish
epigenetic information that can be propagated from one generation to the next (Strahl and
Allis, 2000). Histone-modifying enzymes set specific modifications to either one or more
histone residues. Lysine methyltransferases (KMTs) are more specific than acetyltransferases
9
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(Kouzarides, 2007) and often catalyze three levels of methylation: mono- di- and
trimethylation (me1, me2, me3). The KMTs can be divided into two classes: enzymes with a
conserved SET domain (Su(var)3-9, Enhancer of Zeste, Trithorax; Jenuwein et al., 1998) and
enzymes without SET domain such as Dot1. Lysine methylation is associated with either
activation or repression of transcription, depending on the modified residue. Lysine 9 of
histone H3 (H3K9) methylation, H3K27 methylation and H4K20me3 are associated with
transcriptional repression in mammals (Peters et al., 2003; Cao et al., 2002; Schotta et al.,
2004), whereas actively transcribed chromatin shows high level of H3K4me3, H3K79me3
(Schubeler, 2004) and H3K36me3 (Santos-Rosa et al., 2002; Schubeler, 2004; Krogan et al.,
2003b).

Figure 5: Chromatin structure. Nucleosomes are composed of 147 bp DNA wrapped around an
octamer of two H2A/H2B dimers and one H3/H4 tetramer. Histone H1 (light blue) interacts with the
linker DNA. Figure from Figueiredo et al., 2009.

1.3.2 Chromatin in T. brucei
T. brucei possesses four canonical histones (H2A, H2B, H3 and H4), which are highly
divergent from other organisms (Alsford and Horn, 2004; Sullivan et al., 2006). This is
unusual, because histones are some of the most conserved proteins in eukaryotes.
Additionally, H1 linker histones and four histone variants (H2AZ, H2BV, H3V and H4V)
exist in T. brucei. The histone variants H2AZ and H2BV dimerize (Lowell et al., 2005) and
10
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are enriched at RNA polymerase II transcription start sites (TSS; Siegel et al., 2009)
indicating a function in transcription initiation. The histone variant H3V is enriched at
telomeric repeats (Lowell and Cross, 2004) and transcription termination sites (TTS), together
with the variant H4V (Siegel et al., 2009). H2AZ and H2BV are essential for viability,
whereas H3V and H4V are not (Lowell and Cross, 2004; Lowell et al., 2005; Siegel et al.,
2009). Hence, transcription of polycistronic units appears to be regulated by incorporation of
histone variants suggesting that chromatin structure plays an important role in T. brucei.
The set of histone PTMs is smaller in T. brucei, some well conserved modifications are absent
and some are trypanosome-specific. Significant progress has been made in mapping
methylation and acetylation of trypanosomatid histones (da Cunha et al., 2006; Janzen et al.,
2006a; Mandava et al., 2007). Using Edman degradation and mass spectrometry several
unusual PTMs could be found: The N-termini of H2A, H2B and H4 show methylated alanines
and the C-terminus of H2A displays hyperacetylation of unknown function. 4 probable
trypanosome-specific modifications have been detected on H2B: methylation of A1 (alanine
residue 1) and acetylation of K4, K12 and K16. The modifications of histone H3´ N-terminal
tail, mostly involved in transcriptional regulation in humans, are absent in T. brucei, except
for H3K4me3, H3K23ac (homologous to H3K27) and H3K32me3 (homologous to H3K36),
but the function of these histone modifications in trypanosomes is unknown. H3K76
methylation is homologous to K79 methylation in other organisms and the subject of this
thesis. Histone H4 exhibits acetylation and methylation of K2, acetylation of K4 by histone
acetyltransferase 3 (HAT3) and K10 by HAT2. H4K10 is an essential modification and shows
enrichment at probable RNA polymerase II TSS, together with the histone variants H2AZ and
H2BV. H4K14ac (homologous to the euchromatin marker H4K16ac in mammals) and
H4K18me3 (homologous to H4K20me3, which is involved in heterochromatin formation in
humans) have been found in trypanosomes, but have not been characterized so far.
The responsible enzymes are also sparsely represented in trypanosomes owing to the small set
of histone modifications. 5 lysine acetyltransferases (KATs) and 7 histone deacetylases
(HDACS) have been detected in T. brucei (Ingram and Horn, 2002; Kawahara et al., 2008;
Siegel et al., 2008b), 3 of them are Sir2-related histone deacetylases (Alsford et al., 2007;
Garcia-Salcedo et al., 2003). About 20 lysine methyltransferases containing a SET domain are
annotated in the T. brucei genome, but none of them has yet been characterized. In contrast,
the two Dot1 like proteins are well characterized (Janzen et al., 2006b) and subject of this
thesis. Putative demethylases of the Jumonji family have been annotated as well in T. brucei
but not yet characterized. Arginine methylation has not been detected so far in trypanosomes,
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although 5 candidates of arginine methyltransferases are present in the genome (Pelletier et
al., 2005). In addition to these modifying enzymes, two chromatin remodeling enzymes are
characterized in T. brucei: ISWI, which is involved in ES silencing (Hughes et al., 2007), and
JBP2 (base J binding protein 2), which binds chromatin via the SWI2/SNF2 domain and
hydroxylates thymidine residues (base J synthesis) at specific sites in BSF (DiPaolo et al.,
2005).
In summary, trypanosomes exhibit a smaller repertoire of histone modifications and
chromatin associated enzymes compared to higher eukaryotes. The histone code is probably
less complicated. This fact may help to discover the function and evolution of the histone
code. Only few PTMs of histones seem to regulate Pol II-dependent transcription as Pol II
transcribes constitutively via polycistronic units. Therefore, T. brucei may serve as a useful
model organism to study PTMs that are not associated with Pol II transcription but regulate
other evolutionarily conserved processes, such as DNA replication.

1.4 The DOT1 histone methyltransferase
DOT1 (disruptor of telomeric silencing; also KMT4) was discovered in a genetic screen for
genes whose over-expression disrupt telomeric silencing (Singer et al., 1998). The enzyme
Dot1 is evolutionarily conserved and catalyzes the methylation of H3K79. This histone
residue is located in the loop between the first and second alpha helix in the globular domain
of the H3 core, where it is exposed on the surface of the nucleosome (Luger et al., 1997). The
yeast Dot1 and its human homolog DOT1L are responsible for me1, me2 and me3 of H3K79
in a distributive manner (Frederiks et al., 2008; Min et al., 2003) suggesting redundant roles
of the three methylation states (Frederiks et al., 2008). However, other studies indicated that
there are different distributions and functions of H3K79me2 and H3K79me3 (Ooga et al.,
2008; Schulze et al., 2009).
DOT1L methylates H3K79 only in a nucleosomal context (Feng et al., 2002) suggesting the
existence of a cross-talk between histones or histone modifications. Indeed, H3K79
methylation requires Rad6/Bre1-dependent ubiquitination of histone H2B on lysine 123
(H2BK123ub) in yeast (Briggs et al., 2002; Ng et al., 2002). The inhibition of H2B
ubiquitination by deletion of Rad6 as well as mutation of H2BK123 prevents methylation of
H3K79 (Briggs et al., 2002). DOT1L methylation activity is robustly stimulated by
ubiquitination of H2BK120 (human homolog to H2BK123 in yeast) as detected by in vitro
constitution of nucleosomes (McGinty et al., 2008). In addition, an acidic patch located in the
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C-terminal region of Dot1 was shown to interact with a stretch of basic residues in the histone
H4 tail (Fingerman et al., 2007). This interaction is required for H3K79me2 and H3K79me3
in vivo reflecting another trans-histone regulatory mechanism.
Studies of enzymatic activity and regulation of Dot1 in many organisms revealed roles in
different biological processes like transcription, cell cycle regulation and DNA damage
response (reviewed in Nguyen and Zhang, 2011).
H3K79 methylation is correlated with active transcription
Over-expression and deletion of Dot1 in yeast disrupt silencing at telomere-proximal reporter
genes (van Leeuwen et al., 2002). Silent information regulator (Sir) proteins are required for
telomeric silencing and their association to chromatin is prevented by H3K79 methylation.
Hypermethylation of H3K79 by Dot1 over-expression reduces Sir binding globally, which
abolishes silencing at telomeres. If H3K79 is hypomethylated after deletion of Dot1, Sir
proteins disperse along the chromosome leading to reduced levels of Sir proteins at telomeres,
which causes the disruption of telomeric silencing as well. Thus, methylated H3K79 seems to
be a marker for euchromatic regions.
H3K79 methylation is associated with transcription in other studies as well. The genome-wide
distribution of this modification was analyzed in different organisms. In Drosophila, ChIPchip (Chromatin immunoprecipitation coupled with gene expression microarrays) revealed a
correlation between H3K79me2 and active gene transcription (Schubeler, 2004). In line with
these findings, Steger and colleagues revealed that H3K79 methylation is linked to gene
transcription in mouse (Steger et al., 2008). In human cells, ChIP-seq (Chromatin
immunoprecipitation coupled with deep sequencing) experiments indicated that H3K79
methylation is enriched at transcribed genes (Wang et al., 2008). Furthermore, H3K79
methylation is enriched on H3.3, a histone variant found at transcriptional active loci in
Drosophila and mammals (Hake et al., 2006; McKittrick et al., 2004).
DOT1L was also purified in RNA polymerase II-associated transcription elongation
complexes (Bitoun et al., 2007; Krogan et al., 2003a; Mohan et al., 2010; Mueller et al.,
2007). A multi-subunit complex associated with Dot1 (called DotCom) was isolated and
comprised the transcription factors AF9, AF10, AF17, ENL plus members of the Wnt
pathway (Mohan et al., 2010). Knockdown of ENL reduces H3K79me2 and inhibits global
transcriptional elongation activity (Mueller et al., 2007). Over-expression of several DotCom
members increases H3K79 methylation levels and transcription elongation (Bitoun et al.,
2007). Therefore, a role for DOT1L in transcriptional elongation is suggested.
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The first direct evidence that DOT1L is able to activate gene transcription comes from studies
of leukemia, caused by chromosomal rearrangements.
Role of DOT1L in cancer and embryogenesis
Translocation of the MLL (mixed-lineage leukemia) gene, which codes for a H3K4
methyltransferase, results in the expression of oncogenic fusion proteins and is a common
cause of acute leukemia. The MLL methyltransferase normally activates Hox genes, important
during embryogenesis and hematopoiesis. In leukemic cells, the N-terminus of MLL without
its methyltransferase domain is fused to more than 50 interaction partners leading to
constitutive activation of Hox genes (Krivtsov and Armstrong, 2007). Several studies
identified MLL fusion partners as interaction partners of DOT1L. AF10, ENL (Okada et al.,
2005), AF4 (Bitoun et al., 2007) and AF9 (Zhang et al., 2006) are some examples. The
interaction between DOT1L and the MLL fusion partners causes mistargeting of DOT1L and
aberrant H3K79 methylation at Hox genes, which leads to constitutive transcriptional
activation and leukemogenesis (Chang et al., 2010; Krivtsov et al., 2008; Mueller et al.,
2009).
Another important role of DOT1L was demonstrated in embryogenesis of higher eukaryotes.
In Drosophila, grappa (an ortholog of DOT1) seems to be important in parasegmentation,
similar to polycomb and trithorax genes (Shanower et al., 2005). Grappa is also involved in
Wnt-signaling, which is essential for the wing morphogenesis of the fly (Mohan et al., 2010).
In mice, DOT1L plays an important role in organogenesis of the cardiovascular system during
the development since DOT1L knockout embryos die by day 10.5 (Jones et al., 2008).
Function of H3K79 methylation in DNA repair and meiotic checkpoint control
A breakthrough in understanding the function of H3K79 methylation was the discovery of the
first protein that interacts with this modification. The human protein 53BP1 binds to
methylated H3K79, an essential interaction for the recruitment of 53BP1 to DNA doublestrand breaks (DSBs; Huyen et al., 2004). The same association was detected in yeast, where
Rad9, the ortholog of 53BP1, interacts with methylated H3K79 (Wysocki et al., 2005). Dot1
mutants loose G1- and S phase checkpoint control and progress through the cell cycle even
after ionizing radiation-induced DNA damage (Wysocki et al., 2005). Furthermore,
interaction between methylated H3K79 and Rad9 inhibits the accumulation of single-stranded
DNA (ssDNA) at DSBs and at uncapped telomeres. This controls the mechanism of resection
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by homologous recombination during DNA repair (Lazzaro et al., 2008). In addition, Dot1
and Rad9 promote DSB-induced loading of cohesion onto chromatin (Conde et al., 2009).
Besides its function in DNA repair, Dot1 plays a role in meiotic checkpoint control in yeast.
The pachytene checkpoint prevents premature nuclear division in case of defective
chromosome synapsis and thereby ensures proper chromosome segregation. Yeast mutants,
defective in meiotic recombination, arrest at this checkpoint but fail to arrest in the absence of
Dot1 resulting in unviable meiotic products (San-Segundo and Roeder, 2000). A
mislocalization of the nucleolar proteins Pch2 and Sir2, which are important for the pachytene
checkpoint, is observed in Dot1-depleted cells (San-Segundo and Roeder, 2000).
Cell cycle regulation of H3K79
H3K79 methylation levels fluctuate within the cell cycle in yeast and human cells suggesting
a potential role in cell cycle regulation. In yeast, H3K79me2 level is low in G1 and S phases
and increases in G2 and M phases (Schulze et al., 2009; Zhou et al., 2006). However, cell
cycle-dependent appearance is different in HeLa cells. Here, H3K79me2 level is high in G1
and shows the lowest level in G2, before it increases again in M phase (Feng et al., 2002).
A direct link of this histone modification to cell cycle-dependent gene regulation was found
by discovering that H3K79me2 is enriched at genes, which are specifically expressed in G1
(Schulze et al., 2009). Paradoxically, levels of H3K79me2 increase when these genes are
inactive, during G2/M phases. The establishment of H3K79me2 requires the Swi4/Swi6
complex that regulates genes involved in the G1/S-transition. Additionally, this study
challenges the functional redundancy of the three different methylation states of H3K79
suggested by Frederiks and colleagues (Frederiks et al., 2008). ChIP-chip analysis revealed
that H3K79me2 and H3K79me3 reside in different regions of the genome and show mutually
exclusive patterns. H3K79me3 but not H3K76me2 colocalizes with H2BK123ub (Schulze et
al., 2009). Hence, pattern of H2B123ub may control the genome-wide establishment of
H3K79me2 versus -me3.
Although H3K79me2 is enriched at cell-cycle regulated genes, it does not seem to be essential
for cell cycle regulation and a distinct function could not been shown in yeast. Recently, a
function of H3K79 in cell proliferation was detected in lung cancer cells (Kim et al., 2011).
DOT1L depletion leads to multi-nucleation, abnormal mitotic spindle formation and finally an
irreversible G1 arrest in these cancer cells.
De Vos and colleagues introduced a novel aspect about the dynamic behaviour of H3K79
methylation in yeast (De Vos et al., 2011). The pattern of H3K79 is affected by Dot1 activity,
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but also by histone dilution during replication. Slowly growing cells accumulate more methyl
groups on H3K79 indicating that cell-cycle length influences the average methylation pattern
(De Vos et al., 2011). A model was suggested in which H3K79 methylation functions as a
timer and couples cell-cycle length to a biological response through quantitative changes in
chromatin modifications.
In summary, there are some hints that H3K79 methylation might influence cell cycledependent gene regulation or cell cycle progression but the specific function in these
processes remains unclear.

1.4.1 DOT1A and DOT1B
Trypanosoma brucei possesses two Dot1 homologs, DOT1A and DOT1B (Janzen et al.,
2006b), which probably arose from gene duplication. DOT1A is essential for viability and
catalyzes H3K76me1 and -me2 (homologous to H3K79 in other organisms). DOT1B is not
essential and exclusively mediates H3K76me3. In addition, DOT1B is also capable of adding
the lower H3K76-methylation states. In vitro assays showed that unmodified recombinant
nucleosomes become successively methylated by DOT1B independent of DOT1A activity
(Gülcin Dindar, personal communication). Furthermore, expression of DOT1B in a yeast
mutant lacking endogenous Dot1 enzyme leads to H3K79me2 and -me3 in the absence of
DOT1A (Frederiks et al., 2010). These in vivo data from a heterologous system indicate that
DOT1A and DOT1B methylate independently from each other.
The function of the different H3K76 methylation states is largely unclear. However, initial
analyses of H3K76me3 have revealed some functional hints. H3K76me3 is required for
differentiation from BSF to PCF (Janzen et al., 2006a). Differentiation of trypanosomes can
be triggered in vitro by lowering of temperature from 37°C to 27°C and addition of citrate or
cis-aconitate (Brun and Schonenberger, 1981; Engstler and Boshart, 2004). ∆DOT1B cells
suffer growth arrest and die several days after induction of the differentiation process (Janzen
et al., 2006b). In addition, ES silencing is impaired in cells lacking DOT1B and H3K76me3
(Figueiredo et al., 2008). VSG mRNAs originated from the silent ESs are ~10fold more
abundant in ∆DOT1B mutants and the ES switching process is delayed resulting in cells
expressing simultaneously two different VSGs on their surface (Figueiredo et al., 2008). In
summary, DOT1B seems to have a role in monoallelic VSG expression and differentiation in
trypanosomes (Stockdale et al., 2008).
The function of DOT1A is even less explored, although this enzyme harbors interesting
characteristics and is essential for the parasite. H3K76me2 is regulated in a cell cycle16
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dependent manner and can be detected mainly during mitosis and cytokinesis (Janzen et al.,
2006b). Depletion of DOT1A by RNAi causes a cell cycle phenotype, which is characterized
by the emergence of cells with reduced DNA content (Janzen et al., 2006b). The origin of this
cell population is completely unknown. The data suggest a role for DOT1A and H3K76me2
in mitotic cell cycle regulation. However, many questions are open and need to be answered.

1.5 Aim of this thesis
Various experiments described in the literature indicate that H3K79 methylation is involved
in transcriptional regulation, DNA repair, control of accurate chromosome segregation and
possibly cell cycle regulation. However, the specific function of H3K79 methylation in these
processes in yeast or other organisms is still not well understood and phenotypes after genetic
manipulation of Dot1 are often difficult to decipher. For example, neither over-expression nor
deletion of Dot1 in yeast causes any cell cycle-related phenotype, although a function in cell
cycle-dependent transcription regulation has been suggested (Schulze et al., 2009).
Remarkably, trypanosomes develop a clear cell cycle-related phenotype after depletion of
DOT1A, resulting in cells with half of the DNA content of a diploid cell and subsequent
lethality (Janzen et al., 2006b). Furthermore, H3K76me2 is only detectable in mitotic and
cytokinetic cells (Janzen et al., 2006b). Therefore, the function of H3K76 methylation in cell
cycle progression, and the cell cycle-dependent regulation of this epigenetic mark were
explored in detail in this thesis.
In order to understand the role of H3K76 methylation, the occurrence of H3K76me1 in the
course of the cell cycle as well as the nuclear localization of all H3K76 methylation states
were addressed. The regulation of the DOT1 enzymes during the cell cycle was analyzed with
the help of a luciferase reporter system. To directly test their function, DOT1A and DOT1B
were genetically manipulated by RNA interference and tetracycline-inducible over-expression
systems. First, DOT1A was depleted and the observed cell cycle defect was characterized
thoroughly to unravel the source of the cells with decreased DNA content, and second, overexpression systems of DOT1A and DOT1B were established in T. brucei to explore potential
reciprocal phenotypes. Finally, a genome-wide study by chromatin immunoprecipitation was
performed to find associations of H3K76me1 and -me2 to DNA sequences or genomic
domains in order to understand the role of H3K76 methylation in a chromosomal context in T.
brucei.
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2.1 Materials
2.1.1 Escherichia coli
E. coli SURE

e14-(McrA-) ∆(mcrCB-hsdSMR-mrr) 171 endA1 supE44 thi-1 gyrA96
relA1 lac recB recJ sbcC umuC::Tn5 (Kanr) uvrC [F´ proAB lacIq
Z∆M15 Tn10 (Tetr)] (Stratagene, Amsterdam)

E. coli XL10-Gold

endA1 glnV44 recA1 thi-1 gyrA96 relA1 lac Hte ∆(mcrA)183 ∆(mcrCBhsdSMR-mrr)173 tetR F'[proAB lacIqZ∆M15 Tn10(TetR Amy CmR)]
(Stratagene, Amsterdam)

2.1.2 Trypanosoma brucei brucei
2.1.2.1 Wild-type strains
T. brucei MITat 1.2 (Molteno Institute Trypanozoon antigen type 1.2) Stock 427, clone 221,
monomorphic bloodstream form (BSF), G. Cross, New York (USA;
Cross, 1975)
The origin of strain Lister 427 is unclear. For detailed information see
pedigree of G. Cross
(http://tryps.rockefeller.edu/DocumentsGlobal/lineage_Lister427.pdf).

T. brucei AnTat 1.1 (Antwerp Trypanozoon antigen type 1.1) Clone of EATRO 1125 from
E. Pays (Brussels, Belgium) and P. Overath (Tübingen)
(Geigy et al., 1975)
2.1.2.2 Transgenic strains
Genotypes of cell lines have been named according to the nomenclature of Clayton et al.
(Clayton et al., 1998). All transgenic lines used in this project are listed in table 1.
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Table 1: Transgenic cell lines. Abbreviations: (TETR) tetracycline repressor, (T7RNAP) T7 RNA
polymerase, (NEO) aminoglycoside phosphotransferase gene, (BLE) bleomycin resistance gene, (HPH)
hygromycin phosphotransferase gene, (BLAS) blasticidin deaminase gene, (PUR) puromycin N-acetyltransferase gene, (RDNA) ribosomal DNA, (Ti) tetracycline inducible

name
made by
genotype
clone / pool
constructs
selection markers
note

29-13
(Wirtz et al., 1999)
TETR T7RNAP NEO HPH
clone
pLew29, pLew13
G418 [15 µg/ml], hygromycin [25 µg/ml]
PCF

name
made by
genotype
clone / pool
constructs
selection markers
note

MITat1.2_sm
(Wirtz et al., 1999)
TETR T7RNAP NEO
clone
pHD328, pLew114hyg5′
G418 [2 µg/ml]
BSF

name
made by
genotype
clone / pool
constructs
selection markers
note

29-13_DOT1B-TY
A. Gassen
TETR T7RNAP NEO HPH RDNA::DOT1B-TY Ti BLE
pool
pLew29, pLew13, pLew100_DOT1B-TY (CJ40)
G418 [15 µg/ml], hygromycin [25 µg/ml], bleomycin [2,5 µg/ml]
PCF

name
made by
genotype
clone / pool
constructs
selection markers
note

∆DOT1B
(Janzen et al., 2006b)
∆dot1b::NEO / ∆dot1b::HPH
clone
PCR products
G418 [15 µg/ml], hygromycin [25 µg/ml]
PCF

name
made by
genotype
clone / pool
constructs
selection markers
note

∆DOT1B_DOT1B-Luciferase
A. Gassen
∆dot1b::NEO / ∆dot1b::HPH tubulin::DOT1B-Luciferase PUR
pool
CJ44_DOT1B-Luciferase_PUR
puromycin [1 µg/ml]
PCF
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name
made by
genotype
clone / pool
constructs
selection markers
note

∆DOT1B_DOT1B-Luciferase
A. Gassen
∆dot1b::NEO / ∆dot1b::HPH tubulin::DOT1B-Luciferase BLAS
pool
CJ44_DOT1B-Luciferase_BLAS
blasticidin [10 µg/ml]
PCF

name
made by
genotype
clone / pool
constructs
selection markers
note

29-13_DOT1A-RNAi_pHD615
A. Gassen
TETR T7RNAP NEO HPH tubulin::DOT1A-RNAiTi PUR
pool
pLew29, pLew13, pHD615_DOT1A
G418 [15 µg/ml], hygromycin [25 µg/ml], puromycin [1 µg/ml]
PCF

name
made by
genotype
clone / pool
constructs
selection markers
note

MITat1.2_sm_DOT1A-RNAi_p2T7
A. Gassen
TETR T7RNAP NEO RDNA::DOT1A-RNAiTi HPH
clone
pHD328, pLew114hyg5′, p2T7-DOT1A (CJ38)
G418 [2 µg/ml], hygromycin [2,5 µg/ml]
BSF

name
made by
genotype
clone / pool
constructs
selection markers
note

MITat1.2_sm_DOT1A-RNAi_pHD615
A. Gassen
TETR T7RNAP NEO RDNA::DOT1A-RNAiTi PUR
clone
pHD328, pLew114hyg5′, pHD615_DOT1A
G418 [2 µg/ml], puromycin [0,1 µg/ml]
BSF

name
made by
genotype
clone / pool
constructs
selection markers
note

ANTat1.1_DOT1A-Luciferase
A. Gassen
DOT1A::DOT1A-Luciferase BLE
pool
PCR product; in situ tagging (Oberholzer et al., 2006)
bleomycin [2,5 µg/ml]
PCF

name
made by
genotype
clone / pool
constructs
selection markers
note

29-13_DOT1A-TY
A. Gassen
TETR T7RNAP NEO HPH RDNA::DOT1A-TYTi BLE
pool
pLew29, pLew13, pLew100V5_DOT1A-TY
G418 [15 µg/ml], hygromycin [25 µg/ml], blasticidin [10 µg/ml]
PCF
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name
made by
genotype
clone / pool
constructs
selection markers
note

29-13_PCNA-TY
(Kaufmann et al., 2012)
TETR T7RNAP NEO HPH pcna::pcna-TY PUR
pool
pLew29, pLew13, PCR product, in situ tagging (Oberholzer et
al., 2006)
G418 [15 µg/ml], hygromycin [25 µg/ml], puromycin [1 µg/ml]
PCF

2.1.3 Plasmids
Complete sequences of all constructs are available on the attached DVD as GCK files.
Table 2: Description and construction of plasmids used in this thesis.
name
made by
short description

pLew100_DOT1B-TY (CJ40)
Christian Janzen
inducible over-expression of DOT1B-TY from rDNA spacer gene locus

construction
digest for transfection
selection marker

The ORF of DOT1B was amplified from genomic DNA. The TY-epitope was
introduced by PCR. Insert was cloned via BamHI / HindIII.
NotI
bleomycin

name
made by
short description

pLew100_v5b1d_DOT1A-TY
A. Gassen
inducible over-expression of DOT1A-TY from rDNA spacer gene locus

digest for transfection
selection marker

The ORF of DOT1A was amplified from genomic DNA using primers AG51 and
AG52. The TY-epitope was introduced by PCR. Insert was cloned via BamHI and
HindIII.
NotI
bleomycin

name
made by
short description
construction
digest for transfection
selection marker

pHD309_CJ44_BSD
Christian Janzen
constitutive expression vector, contains GFP under control of DOT1B-UTRs
unpublished
NotI
blasticidin

name
made by

pHD309_CJ44_DOT1B-Luciferase
A. Gassen

short description

constitutive transcription of fusion gene DOT1B-Luciferase with DOT1B-UTRs from
tubulin gene locus

construction

construction
digest for transfection
selection marker

The ORF of DOT1B was amplified from genomic DNA using primers AG62 and
AG63. The ORF of Luciferase was amplified from the plasmid pLew82. Insert was
cloned via SpeI and BamHI by three component ligation reaction.
NotI
puromycin or blasticidin
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name
made by

pHD615_DOT1A
A. Gassen

short description

inducible DOT1A-RNAi hairpin vector (integration in rDNA spacer locus); RNAi
directed against 460 bp of the DOT1A-ORF

digest for transfection
selection marker

Sense and antisense fragments for RNAi hairpin were amplified from gDNA with
primers MK3S, MK5S; MK3AS and MK5AS. Insert was cloned via HindIII, XhoI
and BamHI including a three component ligation reaction.
NotI
puromycin

name
made by

p2T7_DOT1A (CJ38)
Christian Janzen

short description

inducible DOT1A-RNAi vector (integration in rDNA spacer locus); transcription of
DOT1A from two opposing T7 promotors

construction

The ORF of DOT1A was amplified from gDNA with primers CJ84 and CJ85. Insert
was cloned via HindIII and BamHI.
NotI
hygromycin

construction

digest for transfection
selection marker

2.1.4 Primer
All oligonucleotides were synthesized by Sigma-Aldrich.
Table 3: Primer used in this thesis. Restriction sites are underlined and enzymes are mentioned.

name
AG 51
AG 52

AG 56

AG 57

sequence
CGA ATT CCC CAA GCT TTA TGG AAG TCC ATA
CTA ACC AGG ACC CAC TTG ACC CTG GAT TGC
TAA TAT CCC G

application

CGA ATT CCA GGA TCC CGT TCA TCT CCG TCG
GTG AAT G
CAG GAG TGC AGC GTG GAA TGG TGT ACG AGG
GAT GGC CCT TTT TTC ATT CAC CGA CGG AGA
CCG GGA CCG ATG GAA GAC GCC AAA AAC
ATA
ACT TGA TAA GTT GAA TAG CTG AAG TGA GCT
ATC CAA AAA GAT ATA TGT CAG ACG TGT GGT
AAT ACT GCA TAG ATA ACA AAC

amplification of DOT1A, EcoRI and
BamHI restriction sites

amplification of TY-DOT1A, EcoRI and
HindIII restriction sites

in situ tagging DOT1A-Luciferase

in situ tagging DOT1A-Luciferase

AG 60

CCG GGA TCC ATG GAA GAC GCC AAA

amplification Luciferase gene, BamHI
restriction site

AG 61

CCG ACT AGT TTA CAA TTT GGA CTT TCC

amplification Luciferase gene, SpeI
restriction site

AG 62

GAC TAG TAT GGA AGT CCA TAC TAA CCA GGA amplification TY-DOT1B, SpeI
CCC ACT TGA CGA CGC ACG TGT TCA TCG TAG restriction site

AG 63
AG 66
AG 69
AG 70

CCG GGA TCC CGG TCC CGG CGA TCG CTT GAT
GTA AAG ATA A
CCA CTT GAT AAG TTG AAT AGC
CTT ATT GTT TTT CTG ATG TCA T
AGG AGA TAC ACA ATG GAT AC

amplification TY-DOT1B, BamHI
restriction site
integration check from 3´UTR-DOT1A
integration check from 5´UTR-DOT1A
integration check from 3´UTR-DOT1A
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CJ 84

CCC AAG CTT TAT GGA AGT CCA TAC TAA CCA
GGA CCC ACT TGA CCC TGG ATT GCT AAT ATC
CCG

amplification of DOT1A, HindIII
restriction site

CJ 85

AGG ATC CCG TTC ATC TCC GTC GGT GAA TG

amplification of DOT1A, BamHI
restriction site

CJ 116

AGA GCC ACG GAT AGT AGA GG

amplification of the tubulin gene locus
(alpha + beta tubulin)

CJ 117

TCC GCG TCT AGT ATT GCT CC

amplification of the tubulin gene locus
(alpha + beta tubulin)

MK 3S

GGG TAA GCT TGG AGC TGG GAC ACC TCA

amplification of sense fragment of
DOT1A, HindIII restriction site

MK 5S

AAG ACT CGA GCT CAA GTT CCG GTC TGA

amplification of sense fragment of
DOT1A, XhoI restriction site

MK 5AS

GGG TGG ATC CGG AGC TGG GAC ACC TCA

amplification of antisense fragment of
DOT1A, BamHI restriction site

MK 3AS

ATC CCT CGA GAT CTT TGT CAT ATC GGA

amplification of antisense fragment of
DOT1A, XhoI restriction site

2.1.5 Antibodies
Table 4: Primary and secondary antibodies used in this thesis. Antibodies were diluted for western
analysis or immunofluorescence analysis (IFA) as indicated below.
name

source

type

origin

western

IFA

anti-H3K76me1

rabbit

polyclonal

peptide (VSGAQK[Me1]EGLRFC)
antibody, affinity purified

1:500

1:500

anti-H3K76me2

rabbit

polyclonal

peptide (VSGAQK[Me2]EGLRFC)
antibody, affinity purified
(Janzen et al., 2006b)

1:2000

1:2000

anti-H3K76me3

rabbit

polyclonal

peptide (VSGAQK[Me3]EGLRFC)
antibody, affinity purified
(Janzen et al., 2006b)

1:4000

1:2000

anti-H3

rabbit

polyclonal

recombinant full length protein from
T. brucei (Pineda)

1:100,000 1:50,000

anti-H3

guineapig

polyclonal

recombinant full length protein from
T. brucei (Pineda)

1:5000

anti-H4

rabbit

polyclonal

peptide (AKGKKSGEAC) antibody,
1:2000
affintiy purified (Siegel et al., 2008b)

1:2000

anti-tubulin (Tat1)

mouse

anti-TY (BB2)

mouse

anti-PFR A/C

mouse

anti-BrdU

mouse

primary antibodies

gift from Keith Gull (Woods et al.,
1989)
gift from Keith Gull (Bastin et al.,
monoclonal
1996)
gift from Keith Gull (Woods et al.,
monoclonal
1989)
monoclonal Caltag, clone JU-4
monoclonal

1:1000

1:1000

1:1000

1:1000

1:2000
1:1000
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secondary antibodies
Alexa Fluor 488 antiguinea pig IgG

goat

polyclonal

Invitrogen

1:2000

Alexa Fluor 488 antirabbit IgG

goat

polyclonal

Invitrogen

1:2000

Alexa Fluor 594 antimouse IgG

goat

polyclonal

Invitrogen

1:2000

Alexa Fluor 488 antimouse IgG

goat

polyclonal

Invitrogen

1:2000

Alexa Fluor 594 antirabbit IgG

goat

polyclonal

Invitrogen

1:2000

Alexa Fluor 680 antirabbit lgG

goat

polyclonal

Invitrogen

1:5000

IRdye 800 anti-mouse
IgG

goat

polyclonal

Invitrogen

1:20,000

IRdye 680 LT antirabbit IgG

goat

polyclonal

Invitrogen

1:50,000

2.1.6 Enzymes
Calf intestinal alkaline phosphatase (CIP)

NEB, Frankfurt

Phusion DNA polymerase

NEB, Frankfurt

Restriction endonucleases

NEB, Frankfurt

T4 DNA ligase

NEB, Frankfurt

Taq DNA polymerase

NEB, Frankfurt

2.1.7 Chemicals
Acids and bases

Roth, Karlsruhe; AppliChem, Darmstadt

Acrylamide

Roth, Karlsruhe

Agarose

Biozym, Hess.Oldendorf

Amino acids

AppliChem, Darmstadt; Sigma,
Taufkirchen

BrdU (5-bromo-2’deoxyuridine)

Sigma, Taufkirchen

BSA

AppliChem, Darmstadt

DAPI (4,6-diamidino-2-phenylindole)

Sigma, Taufkirchen

Dialyzed FCS

PAA, Pasching

D-Luciferin

PJK, Kleinblittersdorf

dNTPs

Roche, Mannheim

Dynabeads coupled to sheep anti-rabbit IgG

Invitrogen, Karlsruhe
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EdU (5-ethynyl-2’-deoxyuridine)

Invitrogen, Karlsruhe

Ethidium bromide

Roth, Karlsruhe

ExtrAvidin-Cy3

Sigma, Taufkirchen

Immersion Oil N=1.520

Applied Precision, Issaquah (USA)

Immersion Oil Immersol 518N

Thermo Scientic, Dreieich

Media additives

AppliChem, Darmstadt; Invitrogen,
Karlsruhe; Sigma, Taufkirchen

Organic solvents

Roth, Karlsruhe; AppliChem, Darmstadt;
Merck, Darmstadt

Pepstatin A

Serva, Heidelberg

Propidium iodide

Sigma, Taufkirchen

Standard and fine chemicals

AppliChem, Darmstadt; Merck,
Darmstadt; Roche, Mannheim; Roth,
Karlsruhe; Sigma, Taufkirchen

Size standards (DNA, Protein)

NEB, Frankfurt

Vectashield

Vector laboratories, Burlingame (USA)

Vybrant DyeCycle Orange stain

Invitrogen, Karlsruhe

2.1.8 Antibiotics
Ampicillin (10 mg/ml in H2O)

Boehringer, Mannheim

Blasticidin (10 mg/ml in H2O)

Merck, Darmstadt

Hygromycin (10 mg/ml in H2O)

Calbiochem, Darmstadt

Neomycin , G418 (10 mg/ml in H2O)

Sigma, Taufkirchen

Phleomycin (10 mg/ml in H2O)

Cayla, Toulouse, France

Puromycin (10 mg/ml in H2O)

Sigma, Taufkirchen

Tetracycline (10 mg/ml in EtOH)

Sigma, Taufkirchen

2.1.9 Kits
BigDye Terminator Mix v3.1

Applied Biosystems, Darmstadt

Biotin-Nick Translation Mix

Roche, Mannheim

Click-iTTM EdU Alexa Fluor 594 Imaging Kit

Invitrogen, Karlsruhe

GenomePlex Amplification Kit

Sigma, Taufkirchen

Human T Cell Nucleofector Kit

Lonza, Köln
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NucleoBond PC100 & 500

Macherey&Nagel, Düren

NucleoSpin Extract II

Macherey&Nagel, Düren

NucleoSpin Plasmid

Macherey&Nagel, Düren

NucleoSpin Tissue

Macherey&Nagel, Düren

QIAquick PCR Purification Kit

Qiagen, Hilden

2.1.10 Media and buffers
All media were prepared using ddH2O and were filtrated for sterilization (pore size: 0.22 µm).
FCS was heat-inactivated for 1h at 56°C before use.
HMI9

(Hirumi and Hirumi, 1989) modified by (Vassella and Boshart,
1996): Iscove’s modified medium powder for 1 l; 3.024 g
NaHCO3; 136 mg hypoxanthine; 28.2 mg bathocuproine
sulfonate; 0.2 mM β-mercaptoethanol; 39 mg thymidine;
100,000 U penicillin; 100 mg streptomycin; 182 mg cysteine;
10% (v/v) FCS

SDM79

SDM79 basic medium (Brun and Schonenberger, 1979),
modified by G. Cross (SDM79 JRH57453,
http://tryps.rockefeller.edu/trypsru2_culture_media_compositions.html),

complemented with 7.5 mg/l hemin; 10 mM glycerol; 100,000
U/l penicillin; 100 mg/l streptomycin; 26 mM NaHCO3 and 10%
FCS
Conditioned SDM79

AnTat 1.1 PCF culture of 1-2x107 cells/ml was centrifuged (10
min; 900 g; 4 °C) and the supernatant was sterile filtrated.

Freezing medium

HMI9 or SDM79 containing 10-25% (v/v) FCS and 10%
glycerol

Cytomix

10 mM K2HPO4/KH2PO4 pH 7.6; 25 mM HEPES; 2 mM
EGTA; 120 mM KCl; 150 µM CaCl2; 5 mM MgCl2; 0.5% (w/v)
glucose; 1 mM hypoxanthine; 100 µg/ml BSA

CASYton

135.7 mM NaCl; 1.3 mM EDTA-diNa; 5.36 mM KCl; 1.37 mM
Na2HPO4; 5.44 mM NaH2PO4; 7.14 mM NaF

PBS

10 mM Na2HPO4; 1.8 mM KH2PO4; 140 mM NaCl; 2.7 mM
KCl; pH 7.4
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LB medium

10 g tryptone; 5 g yeast extract; 10 g NaCl; pH 7

LB agar plates

LB medium of 16 g/l agar

TAE

40 mM Tris-HCl pH 8; 40 mM NaOAc; 1 mM EDTA

TE-buffer

10 mM Tris-HCl pH 7.6; 1 mM EDTA

DNA loading dye (6x)

0.4% (w/v) Orange G; 15% (w/v) Ficoll 400

Separating gel buffer

1.5 M Tris-HCl pH 8.8; 0.4% (w/v) SDS

Stacking gel buffer

0.5 M Tris-HCl pH 6.8; 0.4% (w/v) SDS

Anode buffer

300 mM Tris pH 10.4; 20% (v/v) methanol

Cathode buffer

25 mM Tris pH 7.6; 20% (v/v) methanol; 40 mM ε-amino
caproic acid

Laemmli running buffer

25 mM Tris-base pH 8.8; 0.1% (w/v) SDS; 0.192 M glycine

Laemmli loading dye (6x)

350 mM Tris-HCl pH 6.8; 0.28% (w/v) SDS; 10% (v/v)
glycerol; 0.6 M DTT; 0.012% (w/v) bromphenol blue; 0.6%
(w/v) β-mercaptoethanol

Coomassie stain

10% acetic acid; 0.006% CBB G250

Destain solution

50% methanol; 10% acetic acid

ChIP buffers
Formaldehyde solution

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

Lysis buffer 1

50 mM HEPES-KOH, pH 7.5; 140 mM NaCl; 1 mM EDTA;
10% glycerol; 0.5% NP-40; 0.25% Triton X-100; 1 mM PMSF;
1 mM TLCK; 1 µg/µl Leupeptin; 1 µg/µl Pepstatin

Lysis buffer 2

10 mM Tris-HCl, pH 8; 200 mM NaCl; 1 mM EDTA; 0.5 mM
EGTA; 1 mM PMSF; 1 mM TLCK; 1 µg/µl Leupeptin; 1 µg/µl
Pepstatin

Lysis buffer 3

10 mM Tris-HCl, pH 8; 100 mM NaCl; 1 mM EDTA; 0.5 mM
EGTA; 0.1% Na-deoxycholate; 0.5% N-lauroylsarcosine; 1 mM
PMSF; 1 mM TLCK; 1 µg/µl Leupeptin; 1 µg/µl Pepstatin

Wash buffer (RIPA)

50 mM HEPES-KOH, pKa 7.55; 500 mM LiCl; 1 mM EDTA;
1.0% NP-40; 0.7% Na-deoxycholate

Elution buffer

50 mM Tris-HCl, pH 8; 10 mM EDTA, 1% SDS
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FISH solutions
SSC (20x)

3 M NaCl; 0.3 M NaCitrate; pH 7.0

SSPE (20x)

3 M NaCl; 0.2 M NaH2PO4xH2O; 0.2 M Na2EDTA; pH 7.4

Hybridization buffer

50% formamide; 10% dextran sulfate, 2x SSPE

Luciferase assay buffers
Lysis buffer

250 mM Tris-HCl, pH 7.8; 1 mM EDTA; 0.2% Saponin; 1 mM
DTT; store at -20°C

Reaction buffer

20 mM Tris-HCl, pH 7.8; 5 mM MgCl2; 0.1 mM EDTA; 33.3
mM DTT; 270 µM Coenzym A; 470 µM D-Luciferin; 530 µM
rATP, pH 7.0; store at -80°C

2.1.11 Equipment
Amaxa Nucleofector II

Lonza, Köln

Bioruptor

Diagenode, Lüttich, Belgium

CASY I Cell Analyzer (model TTC)

Schärfe System, Reutlingen

Centrifuges

Sorvall RC5C (GSA, SS34)

Thermo Scientific, Dreieich

Heraeus Varifuge 3.0R

Thermo Scientific, Dreieich

Heraeus Varifuge 3.2RS

Thermo Scientific, Dreieich

Rotixa/KS

Hettich, Tuttlingen

2K15 (rotor 12145)

Sigma, Deisenhofen

5417R

Eppendorf, Hamburg

Ultra centrifuge (rotor TLA-45)

Beckman Instruments, München

Electro Cell Manipulator 630

BTX, San Diego, USA

FACSAriaII

Becton Dickinson, New Jersey, USA

FACSCalibur Dual Laser Flow Cytometer

Becton Dickinson, New Jersey, USA

Geldoc 2000

Bio-Rad, München

Gene Amp PCR System 2400

Perkin Elmer, Weiterstadt

Incubators

Forma Scientific 3121

Thermo Scientific, Dreieich

Heraeus BB6060

Thermo Scientific, Dreieich

Heraeus Cytoperm 8088

Thermo Scientific, Dreieich

Thermo Heracell 240

Thermo Scientific, Dreieich

Lumat LB 9501

Berthold, Pforzheim

MALDI-LTQ-Orbitrap

Thermo Scientific, Dreieich
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Microscopes IM35, Axiovert, Axiophot2

Zeiss, Jena

DeltaVision (IX71 Olympus)

Applied Precisions, Issaquah, USA

DeltaVision OMX v3

Applied Precision, Issaquah, USA

MyCycler

Bio-Rad, München

Nano Drop-1000

Peqlab, Erlangen

Neubauer counting chamber (0.1 mm)

Brand Gläser, Wertheim

Odyssey IR Systems

LI-COR, Bad Homburg

Consumable Supplies
8-strips (0.2 ml)

VWR International, Darmstadt

Cell culture flasks

Greiner bio-one, Solingen

Cover slips (round, 12 mm)

VWR International, Darmstadt

Cover slips (square, 17 mm)

Roth, Karlsruhe

Electroporation cuvettes (EC)

BTX, Heidelberg; Lonza, Köln

Immobilion PVDF- Membrane

Millipore, Schwalbach

Microtiter plates

Greiner bio-one, Solingen

Multiwell culture plates

Greiner bio-one, Solingen

PCR/sequencing tubes (0.2 ml)

Bio-Rad, München

Petri dishes

Greiner bio-one, Solingen

Polypropylen tubes (15 and 50 ml)

Greiner bio-one, Solingen

Reaction tubes

Sarstedt, Nürnberg

Sterile filter 0.2 µM

Millipore, Schwalbach

Whatman filter paper

Schleicher und Schuell, Dassel

2.1.12 Software
4peaks

Mekentosj, Amsterdam, Netherlands

Adobe Illustrator CS3

Adobe Systems, San Jose, USA

Adobe Photoshop CS5

Adobe Systems, San Jose, USA

Bioconductor

http://www.bioconductor.org

BLAST

http://ncbi.nlm.nih.gov/

CellQuest 3.3

Becton Dickinson, New Jersey, USA

ClustalX 2.0

Conway Institute, Dublin, Ireland

EndNote X4

Thomson Reuters, Carlsbad, USA

FACSDiva 6.0

Becton Dickinson, New Jersey, USA
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FlowJo 8.8.6

Tree Star, Oregon, USA

Gene Construction Kit 2.5

Texto, New Hampshire, USA

GeneDB

http://www.genedb.org/

ImageJ 1.42k

http://rsb.info.nih.gov/ij/

Integrated Genome Browser

http://bioviz.org/igb/download.shtml

Odyssey 2.1

Li-COR, Bad Homburg

Proteome Discoverer

Thermo Scientific, Dreieich

R

http://www.r-project.org

softWoRxTM 3.7.1

AppliedPrecision, Issaquah, USA

TriTryp

http://tritrypdb.org/tritrypdb/

Xcalibur

Thermo Scientific, Dreieich

2.2 Methods
2.2.1 Cultivation of BSF
Monomorphic BSF trypanosomes were cultivated in HMI9 medium at 37°C and 5% CO2
under constant selection with appropriate drug(s). To ensure logarithmic growth, cells were
counted regularly with a Neubauer-improved counting chamber and diluted if necessary. Cell
densities never exceeded 1x106 cells per ml.
To freeze established transgenic cell lines, 5x106 cells were harvested and resuspended in 1 ml
of cold freezing medium per stabilate and transferred to cryotubes. Cells were slowly cooled
down to -80°C with a Stratacooler and transferred to -152°C for long time storage.

2.2.2 Transfection of BSF
BSF were transfected using the AMAXA Nucleofector II with the program X-001. 10 µg of
plasmid DNA were linearized and precipitated by isopropanol. 1-2x107 cells were
resuspended in 100 µl of Nucleofector solution, mixed with the DNA, electroporated and
immediately added to 50 ml HMI9 medium. To get clonal cell populations, 50 ml were split
onto two 24-well-plates. Adequate antibiotics were added 6-8 hours post transfection for
selection.

30

2 Materials and methods

2.2.3 Cultivation of PCF
PCF trypanosomes were cultivated in vitro in SDM79 at 27°C under constant selection with
appropriate drug(s). To ensure logarithmic growth cells were counted regularly with the
CASY Cell Analyzer and were diluted if necessary. Cell densities never fell below 1x106 cells
per ml or exceeded 2x107 cells per ml.
To freeze established transgenic cell lines, 5x107 cells were harvested and resuspended in 1 ml
of cold freezing medium per stabilate and transferred to cryotubes. Cells were slowly cooled
down to -80°C with a Stratacooler and transferred to -152°C for long time storage.

2.2.4 Transfection of PCF
PCF were transfected using the Electro Cell Manipulator (BTX) with the settings: 1.2 kV,
25 µF and 186 Ω. 2x107 cells were washed with cytomix, resuspended in 400 µl of 4°C cold
cytomix, mixed with 10 µg linearized plasmid DNA and electroporated. Afterwards cells
were added to 11 ml prewarmed 30% conditioned SDM79. 5 ml of cell culture were kept
undiluted, while the rest of the cells were diluted 1:2, 1:4, 1:8 and 1:16 onto a 24-well-plate to
get clonal populations. Antibiotics were added 12 to 18 hours later for selection.

2.2.5 In situ tagging of genes in T. brucei
In T. brucei, in situ tagging is greatly facilitated by high frequency of homologous
recombination of tagging constructs into target genes. The PCR based method can be used to
introduce C-terminal tags to proteins (Oberholzer et al., 2006; Shen et al., 2001). With this
method the original 3´UTR of the target gene is replaced by another UTR introduced by the
tagging construct. In this thesis C-terminal tagging of DOT1A with Luciferase was performed
by such PCR-mediated approach. The Luciferase tag and the phleomycin resistance gene were
amplified from pLew82 using primers containing homologous sequences to the target side at
their end. The forward primer carried the last 60 bp of the DOT1A open reading frame without
stop codon as target sequence and 20 nucleotides of the beginning of the Luciferase gene. The
reverse primer contained 60 bp of the 3´UTR of DOT1A for targeting and 20 nucleotides of
the pLew82 backbone binding to the UTR downstream of the phleomycin resistance gene.
The construct was amplified and transfected in T. brucei and correct integration was
confirmed by PCR of genomic DNA isolated from the transgenic clone. Homologous
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recombination resulted in expression of a DOT1A-Luciferase fusion protein from the
endogenous DOT1A gene locus.

2.2.6 RNAi systems in T. brucei
Two different systems were used for downregulation of DOT1A by RNA interference:
1. The tetracycline inducible system with two opposing T7 promoters leading to
transcription from two sites by T7 polymerase and therefore production of sense and
antisense RNA, which induce the RNAi (Alibu et al., 2005). The vector is stably
integrated into the RDNA spacer locus.
2. The tetracycline inducible hairpin system based on the vector pHD615_PAC (derivate
of pHD615 with puromycin resistance gene (Biebinger et al., 1997)). The vector is
stably integrated into the RDNA spacer locus. RNAi was induced with 1 µg/ml
tetracycline, which led to a derepression of the tetracycline repressor and transcription
of the hairpin fragment by RNA polymerase I.

2.2.7 Over-expression in T. brucei
For ectopic expression of DOT1A and DOT1B, ORFs were amplified from genomic DNA
introducing a C-terminal TY-epitope and were cloned into the vector pLew100v5, an
improved version of the original pLew100 vector (Wirtz et al., 1999). The construct was
stably integrated into the RDNA spacer region and allowed inducible expression from a RDNA
promoter with reduced leakiness. Introduction of two tetracycline operators and two T7
terminators improved this vector. Over-expression of DOT1A or DOT1B was induced by
adding 1 µg/ml tetracycline to the medium.

2.2.8 Immunofluorescence analysis
2.2.8.1 Silanized cover slips
Cover slips were washed in 2 N HCl for 5 min, rinsed with dH20 and washed with acetone.
For silanization they were treated with 2% 3-aminopropyltriethoxysilane in acetone for 2 min,
washed in dH2O and dried.
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2.2.8.2 Indirect immunofluorescence analysis (IFA)
1x107 cells were harvested (BSF: 1400 g; 10 min; 37°C or PCF: 900 g; 10 min; 27°C) in 1 ml
of medium (HMI9 or SDM79) and fixed in 2% (w/v) formaldehyde for 5 min at RT following
two wash steps with PBS and resuspension in 300 µl of PBS. 50 µl of resuspension were
spread onto aminopropyltriethoxysilane-coated cover slips and cells were allowed to settle
down for 10 minutes before washing with PBS twice. Trypanosomes were permeabilized for
5 min in 0.2% NP-40 / PBS. Two washing steps with PBS followed and the immobilized cells
were blocked in 1% (w/v) BSA in PBS for 10 min before labeling with the primary antibody
diluted in PBS for 1h at RT. After two washes with PBS cells were incubated with the
secondary antibody diluted in PBS for 1 h at RT in the dark. The cellular DNA was stained
with 1 µg/ml 4,6-diamidino-2-phenylindole (DAPI) in PBS for 5 min at RT. The cover slips
were washed three times with PBS and once with dH2O and embedded in Vectashield antifade medium.
2.2.8.3 DNA labeling and detection
5-Ethynyl-2-deoxyuridine (EdU) and/or 5-bromo-2-deoxyuridine (BrdU) were added to cell
cultures at concentrations of 300 µM and 200 µM, respectively. Additionally, 100 µM of 2deoxycytidine was supplemented. For double labeling experiments, cells were incubated for
two hours with EdU, washed twice with medium to remove EdU and were cultivated in
medium without any additive for 3 more hours before adding BrdU for 2 hours. Cells were
fixed in 1% formaldehyde and allowed to settle on glass cover slips. After permeabilization
with 0.5% Triton-X-100 in PBS DNA was denatured with 2 M HCl for 30 min and samples
were neutralized with 0.1 M sodium borate. Detection of EdU was performed as described in
the manufacturer’s protocol (Click-iT EdU Imaging Kit, Invitrogen). BrdU was detected with
a monoclonal anti-BrdU antibody followed by incubation with an Alexa 488 antibody.
RNAi was induced for 12 hours before adding BrdU to cells for further 7 hours. Cells were
fixed for flow cytometry analysis and sorted according to their DNA content. Sorted cells
were allowed to settle on glass cover slips, DNA was denatured and detection of BrdU was
performed as described above.
2.2.8.4 Fluorescence in situ hybridization (FISH)
The α/β-tubulin gene cluster on chromosome 1 was used as a marker for polyploidy of large
chromosomes in T. brucei. The probe was prepared by amplification of the tubulin gene locus
using primers CJ116/ CJ117 and labeling of the product with the help of the Biotin-nick
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Translation Mix (Roche Diagnostics). The resulting average probe length was approximately
150 bp.
FISH procedures were carried out as described (Ersfeld and Gull, 1997). In brief, 5x106 PCF
were fixed in 3.6% formaldehyde for 15 min at RT, washed twice in PBS and allowed to
settle on silanized coverslips for 30 min at RT before permeabilization with 0.1% NP-40/PBS
for 5 min. Biotin-labeled probe was coprecipitated with herring sperm DNA (0.2 mg/ml) and
yeast tRNA (0.2 mg/ml) in hybridization mix. Final hybridization was carried out, after
denaturation at 95°C for 5 min, at 37°C for 16 hours in water saturated environment.
Washing was done in 50% formamide, 2x SSC for 30 min at 37°C, 10 min in 2x SSC at 50°C,
60 min in 0.2x SSC at 50°C and 10 min in 4x SSC at RT. Cells were incubated with a
streptavidin-Cy3 conjugate (Sigma) in 1% BSA/PBS for 1 hour at RT to detect the
biotinylated probe.
2.2.8.5 Microscopic analysis
Samples were examined on the Axioplan2 microscope with a 63-fold magnification objective
lens (Ph3 Plan Apochromat 63x/1.40) and immersion oil Immersol 518N from Zeiss.
A DeltaVision image restoration system (IX71 Olympus microscope) was used to acquire
images. Vertical stacks (0.2 µm steps) were captured using an objective lens with 60-fold
magnification (PlanApo N 60x (Olympus)) and immersion oil with a refractive index of
1.520. Deconvolution and pseudo-coloring were performed using softWoRx, ImageJ and
Adobe Photoshop software.
Super-resolution imaging with three-dimensional structured illumination microscopy was
performed with a DeltaVision OMX v3 (Applied Precision) equipped with a 100x/1.40 NA
PlanApo

oil

immersion

objective

(Olympus),

Cascade

II:512

EMCCD

cameras

(Photometrics) and 405, 488 and 593 nm diode lasers. Samples were illuminated by coherent
scrambled laser light directed through a movable optical grating (Dobbie et al., 2011). Image
stacks with 15 images per plane (5 phases, 3 angles) and a z-distance of 125 nm were
acquired and subjected to a computational reconstruction (softWoRx, Applied Precision).

2.2.9 Flow cytometry
2.2.9.1 Cell cycle analysis
2x107 cells were centrifuged (1400 g; 10 min; 4°C) and washed once with ice cold PBS. Cells
were then resuspended in 1 ml PBS and fixed by adding 2.5 ml ice cold 100% ethanol
dropwise. The fixed cells were stored at 4°C for at least 1 hour. The samples were washed
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once with PBS and resuspended in 950 µl PBS / 2 mM EDTA. 1 µl RNaseA (10 µg/µl) and
10 µl propidium iodide (1µg/µl) were added, followed by incubation for 30 min at 37°C. The
samples were stored at 4°C in the dark until analysis with a FACSCalibur by measuring
emission of the dye in the FL-2 channel. The software CellQuest 3.3 and FlowJo 8.8.6 were
used for data analysis.
2.2.9.2 Cell cycle based sorting
To obtain populations of different cell cycle phases, cells were sorted according to their DNA
content. 1x107 PCF cells were resuspended in 1 ml of PBS/EDTA and stained with 1 µl
vybrant orange (final concentration: 5 µM) for 5 min at RT. Analysis and sorting were done
with FACSAriaII and the software FACSDiva 6.0 (Becton Dickinson) using the following
settings: Flow rate of 3; 70 µm nozzle; filter 585 ± 42 nm. 5x106 cells per cell cycle phase
were sorted into a 15 ml Falcon tube with 500 µl of SDM79 medium. Post sort analyses
confirmed the quality of sorting. Data were analyzed with the software FlowJo 8.8.6.
2.2.9.3 Luciferase assay
Luciferase activity was determined by measuring light emission resulting from the turnover of
luciferin to oxyluciferin. Coenzyme A (included in the reaction buffer) binds oxyluciferin and
prevents inhibition of the luciferase by oxyluciferin (Airth et al., 1958). 1x106 cells were
harvested (900g; 10 min; RT) and washed with PBS. The pellet was resuspended in 40 µl of
lysis buffer and cells were permeabilized by the freeze-thaw-method: Suspension was first
frozen in liquid nitrogen and immediately thawed almost completely in a 37°C water bath.
This procedure was repeated three times. Afterwards the sample was centrifuged (20,000g;
1 min; 4°C) and stored on ice. 90 µl of reaction buffer were put into a reaction tube and
incubated 1 min at RT. 10 µl of cell lysate were added and incubated for exactly 110 sec
before luciferase activity was measured for 10 sec with a luminometer.

2.2.10 Mass spectrometry analysis
Histones were separated by 15% SDS-PAGE, stained with Coomassie blue and excised from
the gel. Isolated bands were diced into smaller pieces, destained, chemically modified as
described (Jasencakova et al., 2010) and digested with trypsin. The resulting peptides were
desalted and analyzed by liquid chromatography-MS/MS. All fragment ion spectra were
recorded in the linear quadrupole ion trap (LTQ) part of the instrument. Spectra were
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analyzed with the Xcalibur and Proteome Discoverer software packages and ion
chromatogram areas under verified peaks were quantified.

2.2.11 Chromatin immunoprecipitation
Chromatin immunoprecipitation was applied as published by Siegel et al. using magnetic
beads coupled to anti-rabbit IgG antibodies (Siegel et al., 2009). 100 µl beads were washed
with 1 ml of block solution and resuspended in block solution adding 10 µg of the primary
antibody. After over night incubation at 4°C beads were washed and resuspended in 100 µl of
block solution. 1x108 PCF cells were fixed in 40 ml of SDM79 with 4 ml formaldehyde
solution for 20 min at RT. 2.5 ml of 2 M glycine were added and cells were centrifuged (4000
g; 20 min; 4°C). Supernatant was discarded and cells were lysed for 10 min in 10 ml of lysis
buffer 1 at 4°C before they were centrifuged again. Pellet was resuspended in 10 ml of lysis
buffer 2, transferred to a 15 ml falcon tube and rocked for 10 min at RT. Another
centrifugation step followed, the supernatant was discarded and the pellet was resuspended in
2 ml of lysis buffer 3. Cell lysates were sonicated for 10 cycles of 30 sec on/off intervals each,
setting “high”. Afterwards 220 µl 10% Triton X-100 were added, the samples were split into
two 1 ml aliquots and centrifuged (16,100 g; 10 min; 4°C) to pellet the debris. 50 µl of “input
sample” and 100 µl of “size sample” were taken for later analysis. The total volume of the rest
of the sample was brought to 3 ml with lysis buffer 3 containing 1% Triton X-100 and was
split between two 2 ml microcentrifuge tubes. 50 µl of previous prepared beads and 150 mM
NaCl were added to each tube. Samples were incubated over night on rotator at 4°C. The next
day IP samples were washed seven times in 1 ml RIPA buffer. Another washing step with
50mM NaCl in TE buffer followed and residual buffer was removed completely. Material was
eluted in 200 µl elution buffer at 65°C for 30 min and mixing every 2-5 min. After
centrifugation (16,100 g; 1 min; RT) supernatant was transferred to a new tube. To reverse
crosslinking, samples were incubated for 12 to 15 hours at 65°C. Afterwards 8 µl of RNaseA
(10 mg/ml) were added and incubated at 37°C for 2 hours followed by incubation with 4 µl
Proteinase K (20 mg/ml) at 55°C for 2 hours. DNA of samples was purified using a Quiagen
PCR purification kit.
DNA was amplified using the whole genome amplification kit from Sigma (20 cycles of
amplification). 8 µg of each DNA sample including input was sent to Roche NimbleGen for
hybridization on a microarray.
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2.2.12 Microarray / Data analysis
The ChIP on chip service from Roche NimbleGen (Madison, USA) was used including the
generation of a custom designed array (format 3x720K: 3 identical arrays per glass slide with
720,000 probes per array) containing all sequences of the 11 megabase-size chromosomes of
T. brucei (strain 927, version 4). Probe length was 50-75 nucleotides. NimbleGen performs
ChIP-chip experiments with a two-color protocol by co-hybridizing control and input samples
to the same array. Data were analyzed with the help of a bioinformatics specialist (Dr. Manuel
Arteaga).
Raw data from the NimbleGen microarrays (.pair format) were read and analyzed using R
(http://www.r-project.org) and Bioconductor (http://www.bioconductor.org). All functions
were used with default parameters unless stated otherwise. The raw probe signals were
transformed into log2-values and then adjusted with scale normalization as described
previously (Yang et al., 2002). Enriched (Cy5) and input (Cy3) normalized log2-signals were
converted into enrichment ratios (log2(Cy5/Cy3)), individually for each biological replicate.
The replicate ratios were averaged to obtain a single estimate for each histone modification
(H3, H3K76me1 and H3K76me2).
To examine the differences between the H3K76me1/me2 and H3 log2-ratios, the log2enrichments were scaled (so that the set of log2-enrichments have mean=0 and standard
deviation=1) to allow for an appropriate comparison. Then the H3K76me1/me2 data were
further normalized with H3, by subtracting the log2-ratios. Finally, a moving average (degree
3) was used to smooth all data series to minimize the effect of probes with outlier log2-ratios.
Genomic features were extracted from the TriTryp database (http://tritrypdb.org).

2.2.13 Standard DNA methods
2.2.13.1 Transformation of chemical competent bacteria
Chemical competent bacteria were thawed on ice 15 min prior to transformation. Plasmid
DNA or 10 µl DNA from a ligation reaction were added to 100 µl of competent bacteria and
incubated for 30 min on ice followed by a heat shock at 42°C for 90 sec. The cells were
incubated on ice for 2 min, resuspended in 900 µl LB medium and incubated on a shaker at
37°C for 30 min. The bacteria were plated onto LB-agar plates containing ampicillin for
selection and incubated over night at 37°C.
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3.2.13.2 Isolation of DNA
Plasmid DNA from E. coli was isolated using the NucleoSpin Plasmid or the NucleoBond
PC100 kit (Macherey&Nagel) following the instructions of the manufacturer.
Genomic DNA from trypanosomes was isolated using the NucleoSpin Tissue kit (Macherey
&Nagel).
3.2.13.3 Amplification of DNA fragments
PCRs were performed in 50 µl reaction mixtures with Phusion polymerase and the following
parameters (depending on the primer): 98°C/5 min - [98°C/10 sec - X°C/15 sec - 72°C/X sec]
30x - 72°C/5 min. Colony PCRs and other control PCRs were carried out in 20 µl reaction
mixture using Taq polymerase with the following parameters (depending on the primer):
95°C/2 min - [95°C/15 sec - X°C/15 s - 72°C/X sec] 30x - 72°C/5 min.
3.2.13.4 Separation and isolation of DNA fragments
DNA fragments were separated on agarose gels (1% agarose, 1µg/ml ethidium bromide) in
TAE buffer with 10 V/cm2. Samples were mixed before with 6x DNA loading dye. Sizes of
DNA fragments were determined by comparison with DNA size markers. DNA was
visualized with the Geldoc 2000.
DNA was extracted from agarose gels with the NucleoSpin Extract II kit (Macherey&Nagel)
according to the instructions of the manufacturer.
3.2.13.5 Precipitation of DNA with isopropanol
1 volume of isopropanol and 1/10 volume of 3 M sodium acetate (pH 5.2) were mixed with
the DNA sample. Centrifugation (20,000 g; 15 min; 4°C) and two washing steps with 70%
ethanol followed (20,000 g; 10 min; RT). The pellet was dried in a laminar flow hood and
resuspended in sterile dH2O.
3.2.13.6 Restriction digest and ligation of DNA
DNA was digested with restriction endonucleases according to the instructions of the
manufacturer. Ligation was performed in a final volume of 20 µl for 2 hours at RT according
to the instructions of the manufacturer.
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3.2.13.7 Determination of DNA concentration and DNA sequencing
DNA concentrations were determined with the NanoDrop by measuring the absorption at 260
nm and 280 nm. DNA was sequenced by the sequencing service of the LMU Department
Biology I. The reaction volume of 10 µl included 200 ng plasmid, 3.2 pmol primer, BigDye
TerminatorV3.1 mix and BigDyeV3.1 5x sequencing buffer. Cycling conditions were 96°C/1
min - [96°C/10 sec - 50°C/15 sec - 60°C/4 min] x 35 - 12°C/∞.

2.2.14 Standard protein methods
2.2.14.1 Preparation of protein lysates
Cells were centrifuged (1400 g; 10 min; 4°C) and washed with PBS. The pellet was
resuspended in 1x Laemmli buffer in a cell concentration of 2x106 cells per 10 µl. Samples
were heated at 95°C for 10 min and sonicated for 30 sec prior to SDS-PAGE.
2.2.14.2 SDS-PAGE
Proteins were separated by one dimensional discontinuous gel electrophoresis (Laemmli,
1970). 10% or 15% SDS-gels were made following the instructions in Current Protocols in
Molecular Biology (Gallagher, 2001). Proteins were separated with 20 mA per gel in
Laemmli running buffer.
2.2.14.3 Western blot analysis
Proteins were transferred electrophoretically from SDS gels to polyvinylidene fluoride
(PVDF) membranes with the semi-dry technique (Kyhse-Andersen, 1984). Gels were blotted
with 0.8 mA/cm2 for 70 min at RT. The membrane was blocked with 5% dried milk in PBS or
3% BSA in PBS dependent on the used antibody. Primary antibodies were diluted in 5 ml of
PBS / 0.1% Tween-20 and incubated for 1 hour at RT. 3 washing steps with PBS / 0.2%
Tween-20 followed before the membrane was incubated with the appropriate secondary
antibodies diluted in 5 ml of PBS / 0.1% Tween-20 for 1 hour at RT. Finally, the membrane
was washed again 3 times. The antigens were visualized with the Odyssey Infrared scanner
(LI-COR) and quantification of signal intensities was performed with the Odyssey 2.1.12
software.
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3.1 Changes of the H3K76 methylation pattern during cell cycle
It was previously reported that H3K76me2 is mainly associated with mitosis and cytokinesis,
while H3K76me3 is detectable throughout the cell cycle (Janzen et al., 2006b). In order to
complete the picture of the H3K76 methylation pattern during the cell cycle, an antibody
specific for H3K76me1 was first to be generated; the specificity of the anti-H3K76me1
antibody was confirmed by peptide competition assays (Niklas Schandry, bachelor thesis).
A potential cell cycle-dependent regulation of H3K76me1, similar to that of H3K76me2, was
analyzed by indirect immunofluorescence (IF). To determine the phase of the parasite in the
cell cycle, the nuclear (N) and the mitochondrial genome (kinetoplast, K) were stained with
DAPI. Replication and segregation of the kinetoplasts precede those of the nuclei; therefore,
they can be used as markers to determine the phase of an individual cell in the cell cycle
(Siegel et al., 2008a; Woodward and Gull, 1990). H3K76me1 was detected in cells of the
G2/M phase and in cytokinetic cells, whereas cells of the G1- and S- phase did not display
H3K76me1 (Fig 6A). 55% of cells being in the G2/M phase and ~40% of cytokinetic cells
showed H3K76me1 (Fig 6D). In comparison, H3K76me2 was detected in only 20% of G2/M
phase cells and in up to 100% of post-mitotic cells (Figs 6B and 6D), whereas H3K76me3
appeared not to be cell cycle-regulated (Figs 6C and 6D). Thus, H3K76me1 and -me2 were
both detected in G2/M phase and cytokinetic cells, but H3K76me1 seemed to precede
H3K76me2. Furthermore, replicating cells seemed to be devoid of H3K76me1 and
H3K76me2. To test whether H3K76me1 and replication are mutually exclusive, a cell cycle
marker for the S phase was used. Since the S phase is not defined precisely by the nuclear and
kinetoplast configuration, the proliferating cell nuclear antigen (PCNA) served as marker for
replication foci (Fig 7A). Distinguishable foci of TY-tagged PCNA were detected in >90% of
cells with an elongated kinetoplast (Fig 7B, 1NeK, S phase), and in 20% of cells with one
nucleus and one kinetoplast (Fig 7B, 1N1K, G1/S phase). Importantly, all PCNA-positive
cells were negative for H3K76me1 and -me2.
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Figure 6: Cell cycle-dependent H3K76 methylation in PCF of T. brucei. Indirect IFA using
antibodies specific for (A) H3K76me1, (B) H3K76me2, (C) H3K76me3 (red) and alpha-tubulin (green)
to visualize the shape of cells. DNA (blue) was stained with DAPI. Cells were assigned to different cell
cycle phases based on nucleus/kinetoplast configuration as indicated. Scale bars represent 3 µm. (D)
Quantification of different cell cycle-dependent methylation states. Three independent experiments
were analyzed.
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Figure 7: H3K76me1 is absent in S phase cells and precedes H3K76me2. (A) Indirect IFA of PCF in
different cell cycle phases expressing PCNA-TY (green) and H3K76me1 (red). DNA was stained with
DAPI. Scale bar represents 2 µm. (B) Quantification of cell cycle-dependent expression of PCNA-TY
and H3K76me1. Three independent experiments were analyzed.

In summary, H3K76me1 is restricted to the G2/M phase and cytokinesis similar to
H3K76me2. However, H3K76me1 precedes H3K76me2, but does not coincide with
expression of PCNA. Thus, replication and H3K76me1/me2 exclude each other.
First, the data suggest that methylation of H3K76 occurs sequentially starting with
monomethylation followed by dimethylation. Second, de novo H3K76 methylation of
histones, which are incorporated into the chromatin fiber during the S phase, starts probably
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in the G2 phase. It is difficult to determine the time point when H3K76 becomes
trimethylated, because H3K76me3 is detectable throughout the cell cycle (Fig 6C).
Indirect IFA can be misleading due to interfering factors that might mask binding sites for
antibodies. Putative cell cycle-regulated binding proteins of methylated H3K76 might be
responsible for the observed H3K76 methylation pattern.
To exclude this possibility, H3K76me2 was analyzed in lysates of cells from different cell
cycle phases by Western blot analysis. Suitable methods to synchronize trypanosomes during
the cell cycle are not available. Although nucleotide depletion with hydroxyurea arrests the
cells in the S phase, and removal of this agent leads to cell cycle progression (Chowdhury et
al., 2008), the cell population starts to grow asynchronously few hours after release. Hence,
generation of a homogenous G1-population by chemical synchronization is not possible.
Therefore, sorting of cells based on DNA content was applied (Siegel et al., 2008a). Cells
were stained with the fluorescent dye vybrant orange and 2 x 106 cells of G1-, S- and G2/Mpopulations were sorted. Purity of different cell populations was controlled by post sort
analyses confirming that homogenous populations were obtained for G1 and S phase cells
(Fig 8A). The cell cycle profile of G2/M phase sorted cells displayed an additional peak (Fig
8A, right panel) representing a low percentage of G1 phase cells. This was probably evoked
by cell-doublets characteristic for late cytokinesis and therefore assigned to the G2/M
population due to their double DNA content. Conceivably, such cell-doublets were separated
during the sorting process and appeared afterwards as G1 cells.
Sorted cells were lysed and total protein extracts were analyzed by Western blot using
antibodies specific for H3K76me2 and H3 as loading control (Fig 8B). Weak signals of
H3K76me2 were detected in G1 and S phase cells, however G2/M phase cells showed a
three-fold stronger signal for H3K76me2 (Fig 8B, right panel). In lysates of the total
population, the H3K76me2 signal was slightly stronger than in G1 phase cells reflecting that
only ~30% of cells of the total population are in G2/M phase. Additionally, indirect IFA of
sorted populations was performed. H3K76me2 was mainly detected in cells during mitosis
and cytokinesis (Fig 8C) in agreement with the Western blot analysis.
Hence, Western blot analysis confirmed cell cycle-regulated appearance of H3K76me2 which
peaks in G2/M phase.
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Figure 8: H3K76me2 signals in cells of different cell cycle phases after sorting. (A) Cell cycle
profiles of cells before and after sorting. Cells of different cell cycle phases (G1, S and G2/M) were
sorted according to DNA content. (B) Western blot analysis of cell lysates of total population and sorted
G1, S, G2/M cells with antibodies specific for H3K76me2 and H3 as a control. Quantification of
H3K76me2 level is shown in the right graph. (C) Indirect IFA of a cytokinetic cell after cell sorting.
H3K76me2 was detected as expected.

The data of indirect IFA and Western blot experiments suggest the following model of
regulation of H3K76 methylation (Fig 9): H3K76 is methylated in a cell cycle-dependent
manner by the histone methyltransferases DOT1A and DOT1B (Fig 9). The DOT1 enzymes
can only methylate histones in a nucleosomal context (Feng et al., 2002; Janzen et al.,
2006b); therefore, newly incorporated histones are not methylated at H3K76 during S phase
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but become monomethylated during G2 phase and successively further methylated during
mitosis.

Figure 9: Model of cell cycle-dependent H3K76 methylation. Newly incorporated histones are not
methylated during the S phase at H3K76, but become successively methylated by DOT1A and DOT1B
starting in G2 phase. DOT1B is solely responsible for H3K76me3 which is present throughout the cell
cycle. The temporal presence of unmodified H3K76 is hypothesized.

To date, the underlying kinetic of H3K76 methylation as well as the enzymatic activities of
DOT1A and DOT1B have not been explored. In order to obtain first insights, the relative
levels of all H3K76 methylation states (me1, me2 and me3) were quantified by mass
spectrometry. Therewith, also the presence of unmethylated H3K76 was to be proven.
Histone H3 of whole cell lysates was separated by gel electrophoresis and excised from
Coomassie-stained gels. Isolated bands were trypsin-digested and subjected to mass
spectrometry (Fig 10A). 63% of H3K76 displayed trimethylation, 31% showed no
methylation and only very small amounts of H3K76 were mono- or dimethylated (2 and 4%,
respectively) (Fig 10A). These small percentages of H3K76me1 and -me2 were surprising as
most of G2/M and cytokinetic cells showed strong signals in indirect IFA. However, the
strength of immunofluorescence signals depends on antibody affinity, and signals derived
from different antibodies cannot be directly compared. According to the mass spectrometry
results, only small areas of the genome seemed to be enriched with H3K76me1 and -me2.
To quantify methylation levels during the cell cycle, cells of all cell cycle phases were
analyzed individually. Cells were sorted according to their DNA content, and populations of
G1, S and G2/M phase were processed and analyzed as described before. In G1 cells,
H3K76me1/me2 signals were either absent or fairly weak (1.4% H3K76me2; Fig 10B); most
of H3K76 was trimethylated (95%). In S phase cells, 50% of H3K76 was trimethylated and
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50% was unmethylated probably reflecting the proportion of new histones in S phase cells.
G2/M phase cells showed 4% H3K76me1 and -me2, 60% H3K76me3 and 30% unmethylated
H3K76 (Fig 10B). Values of unmethylated H3K76 and H3K76me3 of G2/M populations
varied strongly due to technical problems of unknown character. The two evaluable
experiments generated values of 52% and 12% for unmethylated H3K76, or 37% and 82% for
H3K76me3, respectively. The mean value is illustrated in Figure 10B. Further experiments
are necessary to clarify these strong deviations. Despite of this, values for H3K76me1 and
H3K76me2 were reproducibly low and corroborated the observation in total cell lysates. An
asynchronous cell culture was composed of 55-60% G1 phase cells, 10-15% S phase cells and
~30% G2/M phase cells. Thus, data from cells of individual cell cycle phases were consistent
with that obtained from total populations with only minor variation.
Importantly, these data support the hypothesis that incorporated H3 is unmodified at K76
during S phase. Only a small percentage of new H3K76 becomes methylated in G2/M phase.
Most of it remains unmethylated to the end of mitosis, but seems to become rapidly
trimethylated at the beginning of the G1 phase. This suggests a strong up-regulation of
DOT1B at the end of mitosis or beginning of G1 phase. H3K76 was completely methylated in
the G1 phase before the methylated histones were diluted out again during replication in the
following cell cycle.
The surprisingly low percentage of H3K76me1 and H3K76me2 raised the question whether
these methylation states show a distinct distribution in the nucleus. High-resolution
microscopy was applied to analyze the nuclear localization of H3K76me1 and H3K76me2 in
detail.
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Figure 10: Mass spectrometry analysis of different H3K76 methylation states. (A) Histone H3 of
total cell lysates (n=8) was separated by SDS gel electrophoresis and examined for H3K76 methylation.
Mean value and standard deviation are shown. (B) Same analysis was done with cells of different cell
cycle phases obtained by DNA content-based cell sorting. Mean values, and if applicable standard
deviations of three (G1 and S phase) or two (G2/M phase) independent experiments are shown.

3.2 Nuclear localization of H3K76me1 and H3K76me2
The recent development of super resolution light microscopy methods (Schermelleh et al.,
2010) enables detailed analysis of cellular structures and distribution of different molecules in
the cell. Thus, immunofluorescence studies can help to understand the functional context of
cellular components.
Microscopic analysis of H3K76me1 and -me2 detected signals in a punctuated pattern
throughout the nucleus except the nucleolus (Fig 11A). The nucleolus contains only minor
amounts of DNA, and this compartment is devoid of histones. Signals of H3K76me1/me2
overlapped with those of H3 as expected, but most H3 signals showed no colocalization with
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the H3K76 methylation signals (Fig 11A). There was no striking difference in nuclear
distribution pattern between the H3K76me1 and -me2 (Fig 11A). Direct colocalization studies
were not applicable, because the antibodies of H3K76me1 and -me2 were both generated in
rabbits. As H3K76me1 and -me2 are expressed in G2 phase and mitosis, cells of both cell
cycle phases were analyzed. However, the localization pattern did not change visibly, neither
for H3K76me1 nor H3K76me2 during these cell cycle phases (data not shown). Figure 11A
illustrates a post-mitotic cell showing H3K76me1 and a cell in G2 phase showing
H3K76me2. The distribution of tagged PCNA-TY was explored as control for the localization
of a nuclear protein, which was described as replication marker in trypanosomes (Kaufmann
et al., 2012). PCNA-TY showed similar punctuated signals, which are distributed equally in
the nucleus (Fig 11B).
In summary, high-resolution microscopy revealed that localization of H3K76me1 and -me2
was not restricted to specific compartments in the nucleus. The localization pattern of both
methylation states looked quite similar and did not change between G2 phase and mitosis.
Thus, the function of H3K76 methylation is not associated with distinct nuclear compartments
and remains to be explored. A random genomic association of H3K76me1 and -me2 is
conceivable, but cannot be analyzed microscopically. This issue was investigated by another
approach (chromatin immunoprecipitation) described later in this thesis.
Analysis of nuclear localization failed to unravel functional details about H3K76 methylation.
However, the striking cell cycle-dependent appearance of H3K76 methylation point to a role
in cell cycle regulation. Therefore, further analyses applying biochemical mutants focussed on
the establishment of this cell cycle-regulated pattern and its function during the cell cycle. The
pattern of H3K76 methylation might be established by cell cycle-dependent expression of the
respective enzymes, DOT1A and DOT1B.
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Figure 11: Nuclear localization of H3K76 methylation and PCNA. High-resolution microscopy of PCF
stained with antibodies specific for (A) H3K76me1 (upper panel) or H3K76me2 (lower panel) in red or (B)
the TY-epitope to detect TbPCNA-TY (green). Histone H3 was detected simultaneously with antibodies
raised in a guinea pig (A, green) or rabbit (B, red). DNA was stained with DAPI (blue). Scale bars represent
2 µm.

3.3 Regulation of the histone methyltransferases DOT1A and DOT1B
Both DOT1A and DOT1B bring about methylation of H3K76. DOT1A catalyzes H3K76me1
and -me2 as opposed to DOT1B which additionally mediates H3K76me3 (Janzen et al.,
2006b), as shown with reconstituted nucleosomes in vitro (Gülcin Dindar, personal
communication) and in a heterologous expression system in yeast (Frederiks et al., 2010).
A potential cell cycle-dependent regulation of the DOT1 enzymes was investigated by
analysis of their RNA levels. This study did not reveal any significant regulation of the DOT1
RNA levels (Ferdinand Bucerius, personal communication). Approaches to address the
regulation of the DOT1 protein levels failed because specific antibodies against the enzymes
could not be raised, and endogenously tagged DOT1B was not detectable by IFA or Western
blot analysis. To overcome technical obstacles, a cell line was generated which expresses a
fusion protein of DOT1A or DOT1B with luciferase. Enzymatic activity of luciferase was
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measured by detection of bioluminescence which is generated in an oxidative reaction with
luciferin and ATP. This approach is highly sensitive and thereby allowed indirect analysis of
DOT1A and DOT1B expression. The luciferase gene was introduced by in situ tagging of
DOT1A or DOT1B generating a fusion gene located in the endogenous genomic loci of
DOT1A or DOT1B (Fig 12A). The endogenous 3´UTRs were replaced by plasmid delivered
3´UTRs. The strategy succeeded to correctly fuse the luciferase gene to DOT1A in a procyclic
cell line, which was confirmed by PCR analysis (Fig 12B). Cells were sorted according to
their DNA content, and a luciferase assay was performed with the same cell number from
each cell cycle phase. Luciferase activity could be measured in cells indicating expression of
the DOT1A-luciferase fusion protein (Fig 12C, total population). Only a moderate difference
in luciferase activity was observed between cells of different cell cycle phases (Fig 12C).
Luciferase activity of G1 and S phase cells showed similar values, whereas luciferase was
1.4-fold more active in G2/M cells, which could be due to the duplication of nuclei and
cellular material during mitosis. The data suggests that luciferase and therefore DOT1A
expression does not change significantly during cell cycle progression.
In order to test if the tagged allele of DOT1A was functional, it was tried to delete the
remaining wild-type allele, but this was not successfully. However, deletion of one DOT1A
allele in wild-type cells also failed indicating essentiality of both alleles. Therefore, the
DOT1A-luciferase allele was likely to be active and normally regulated. H3K76me1 and
H3K76me2 levels were regulated normally as analyzed by Western blot and indirect IFA
(data not shown), further supporting that the tagged DOT1A was functional.
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Figure 12: Regulation of DOT1A-luciferase expression during the cell cycle. (A) Schematic
representation of the tagged DOT1A allele indicating primers (black arrows) used for integration
control. The integrated construct contains the luciferase gene and the gene for phleomycin resistance
(Phleo). (B) Integration control PCR using different primer combinations. (C) Luciferase assay of wildtype and sorted DOT1A-luciferase populations. DOT1A-luciferase activity showed no significant
difference between cells of different cell cycle phases. Mean values of two independent experiments are
shown.

An analogues strategy failed to generate a DOT1B-luciferase expressing cell line, and another
approach was chosen. A DOT1B-luciferase fusion protein was ectopically introduced into a
cell line lacking wild-type DOT1B alleles (∆DOT1B), which are not essential for survival.
The fusion gene was flanked by endogenous DOT1B-UTRs. In the ∆DOT1B strain,
H3K76me3 is absent, whereas H3K76me1 and H3K76me2 levels are increased (Fig 13A;
Janzen et al., 2006b). If DOT1B fused to luciferase is functional, regulation of H3K76
methylation should be restored.
Western blot analysis revealed a restored H3K76me3 level in the strain expressing the fusion
protein (Fig 13A, left panel) similar to a rescue-cell line expressing DOT1B ectopically
without luciferase tag (Fig 13A, left panel). Interestingly, H3K76me1 and -me2 were
decreased 3-fold and 1.3-fold, respectively, in comparison to the ∆DOT1B cell line, but were
still more abundant than in wild-type cells (Fig 13A, right panel). In agreement, indirect IFA
demonstrated a higher percentage of H3K76me1/me2 positive cells of each cell cycle phase in
DOT1B-luciferase expressing cells (Fig 13B). 45% of 1N2K, 100% of 2N2K and 12% of
1N1K cells showed H3K76me1 in the DOT1B-luciferase line, whereas in wild-type cells 50%
of 1N2K and 50% of 2N2K cells were positive for H3K76me1 (Fig 13B, left panel). When
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DOT1B was absent, H3K76me1 was expressed in 75% of 1N2K, 100% of 2N2K, 70% of
1N1K and 25% of 1NeK cells. H3K76me2 was present in each ∆DOT1B cell independent of
the cell cycle phase (Fig 13B, right panel). The number of cells displaying H3K76me2 was
significantly reduced in DOT1B-luciferase cells and was nearly restored to wild-type levels in
most cell cycle phases (Fig 13B, right panel). However, 60% of 1N1K DOT1B-luciferase
cells were H3K76me2 positive. In summary, DOT1B-luciferase seemed to establish an
intermediate pattern of H3K76 methylation level, which approximated the wild-type situation.
These data suggest that DOT1B fused to luciferase is capable to catalyze H3K76 methylation,
although the enzymatic activity is impaired. Luciferase activity of the DOT1B-luciferase
fusion protein did not change dramatically in cells of different cell cycle phases, except a
slight increase in S phase cells (Fig 13C) suggesting that the fusion protein was not regulated.
Neither the DOT1A- nor the DOT1B-luciferase fusion proteins showed cell cycle-regulated
expression. Hence, methyltransferase activity seems not to be regulated by expression level,
but might be modulated by other factors, such as co-regulators or post-translational
modifications of the DOT1 enzymes.
To test whether the cell cycle-regulated H3K76 methylation pattern is important for cell cycle
progression, manipulation of H3K76 methylation was the next step in my study. Since H3K76
methylation is probably solely dependent on the DOT1 enzymes, mutation of the enzymes
most likely impacts the methylation pattern. Previously it was shown, that deletion of DOT1B
leads to loss of H3K76me3, but is not essential for cell cycle progression (Janzen et al.,
2006b). However, depletion of DOT1A by RNAi indicated severe cell cycle phenotypes
(Janzen et al., 2006b).
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Figure 13: Characterization of the DOT1B-luciferase cell line. (A) Representative Western blot
analysis of H3K76 methylation levels in different cell lines. PFR was used for normalization (right
panel). Mean values and standard deviation of three independent experiments are shown. (B)
Quantification of cell number positive for H3K76me1 (left) or H3K76me2 (right) of indirect IFA.
Different cell cycle phases were distinguished by DAPI staining (1N1K, 1NeK, 1N2K and 2N2K).
Mean value and standard deviation of three independent experiments are shown. (C) Luciferase assay of
the total population and different cell cycle phases of DOT1B-luciferase cells obtained by DNA
content-based cell sorting. Mean value of two (whole population) or three (G1, S and G2/M)
independent experiments and, where appropriate, standard deviations are shown.

3.4 Depletion of DOT1A by RNAi
DOT1A is an essential enzyme in trypansosomes in contrast to DOT1B. In BSF, downregulation of DOT1A by RNAi creates a cell population that contains half of the DNA content
of a diploid wild-type cell, which is an exceptional observation in trypanosomes.
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In these experiments, RNAi was based on a construct carrying the whole ORF of DOT1A,
which was transcribed from two opposing T7-Polymerase promoters resulting in sense and
antisense RNA. To establish another independent system in BSF and additionally in PCF, a
new RNAi construct was introduced, which contained sense and antisense sequences of the
DOT1A ORF building a hairpin when transcribed. In this case, RNAi targets only 460 bp of
the DOT1A ORF.
To test whether down-regulation of DOT1A with the new construct causes the same
phenotype as in previous experiments both life cycle stages of T. brucei were investigated.
Depletion of DOT1A was lethal in both life cycle stages in accordance to previous
experiments. Cell growth of PCF ceased completely 48 hours post induction (data not shown).
As expected, a decrease in H3K76me1 (just shown for BSF) and H3K76me2 could be
detected after induction (Fig 14A). Interestingly, the H3K76me3 level did not show any
significant change suggesting that depletion of DOT1A had no detectable influence on
H3K76me3.
The previously observed cell cycle phenotype in BSF could be reproduced with the new
RNAi construct. 30% of cells showed 1n DNA content 24 hours after induction (Fig 14B,
right panel). RNAi directed against GFP sequences was performed in a GFP-expressing cell
line as a control. Knockdown of GFP caused no cell cycle-related phenotypes (Figure S1 in
appendix).
PCF cells displayed a different cell cycle phenotype. About 15% of cells contained half of the
DNA content of a wild-type cell 48 hours after induction (Fig 14B, left panel, 1n).
Simultaneously, cells with DNA content below 1n increased to 30% of the total population 48
hours post induction (Fig 14B, left panel, arrow). These cells contain no nucleus, but one
kinetoplast, and are called “zoids” (Robinson et al., 1995). Zoid formation is characteristic for
cell cycle mutants in PCF. They can undergo cytokinesis without previous karyokinesis
generating enucleated cells, because a checkpoint is lacking (Ploubidou et al., 1999).
In summary, down-regulation of DOT1A with an alternative construct reproduced the cell
cycle phenotype observed in BSF before. In addition, a similar, but not identical phenotype
was detected in PCF indicating that DOT1A has a similar function in both life cycle stages of
trypanosomes.
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Figure 14: Depletion of DOT1A by RNAi causes similar cell cycle phenotypes in BSF and PCF. (A)
Western blot analyses of PCF (left) and BSF (right) cells after induction of DOT1A RNAi. H3K76me1
(just shown for BSF) and H3K76me2 signals decreased after induction, whereas H3K76me3 level
remained unchanged. H4 (PCF) or PFR (BSF) was used as loading control. (B) Flow cytometry
analyses based on DNA staining with PI revealed cell cycle phenotypes in both PCF (left) and BSF
(right). In PCF emergence of cells with 1n DNA content was observed as in BSF; additional high
amounts of enucleated cells were generated in PCF.

3.5 Replication phenotype by DOT1A-RNAi
The appearance of cells with half DNA content was remarkable and posed one question:
Where do these cells originate from? In principle there are two possibilities: first, cells can
become haploid by the second cell division during meiosis, a process not described in
trypanosomes, yet. Second, cells could loose half of the DNA by karyokinesis and cell
division without previous replication of their DNA, which is usually prevented by a
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checkpoint in other eukaryotes. In trypanosomes, artificially blocked replication by
aphidicolin prevents mitosis, but not cytokinesis (Ploubidou et al., 1999). Because checkpoint
control in trypanosomes is different compared to higher eukaryotes, detailed analysis is
required to explain cell cycle-related phenotypes in trypanosomes. A defect in replication
might be the source of the observed aberrant cells after depletion of DOT1A and is the subject
of further analyses.
The nucleus and kinetoplast configuration during the cell cycle was analyzed in detail by
DAPI staining. After induction of DOT1A-RNAi, nucleus/kinetoplast configurations (1N1K,
1NeK, 1N2K and 2N2K) were determined and compared to those of non-induced cells. 68%
of cells showed 1N1K, 12% 1NeK, 12% 1N2K and 8% 2N2K configuration before induction
of RNAi (Fig 15). No significant differences were detected after down-regulation of DOT1A,
except a slight increase in 1N2K cells up to 20% 24 hours post induction (Fig 15). The mainly
unchanged nucleus to kinetoplast configuration 24 hours after DOT1A depletion was in
contrast to the severe cell cycle phenotype visible at this time point. The data indicated that
there is no cell cycle arrest after DOT1A-RNAi induction, although the DNA content of cells
is reduced as detected by flow cytometry analysis (Fig 14B). This suggests that cells progress
through S phase without replicating their nuclear DNA ending in 1N1K cells with half of the
DNA content of a normal G1 phase cell. According to this, the observed 1N2K cells probably
have a non-replicated genome but nevertheless pass through karyokinesis. The slight increase
in the 1N2K population after DOT1A-RNAi induction might indicate a delay in the process of
this unusual karyokinesis.

Figure 15: Cell cycle analysis of DOT1A depleted cells (BSF) based on DAPI staining. Distribution
of different nucleus/ kinetoplast configurations was determined in non-induced, 15 hours and 24 hours
induced cell populations. Mean values and standard deviations of three independent experiments are
shown.
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To unravel whether replication is indeed affected by depletion of DOT1A, 5-bromo-2deoxyuridine (BrdU)-labeling of newly synthesized DNA was applied. After induction of
DOT1A-RNAi, a population with 1n DNA content was detectable by PI staining followed by
flow cytometry analysis as expected (Fig 16A, lower panel). 12 hours post induction, cells
were labeled with BrdU for 7 hours, and the emerging 1n population was sorted for indirect
IFA with a BrdU-specific antibody (Fig 16A, lower panel, bracket). Surprisingly, none of
these cells showed BrdU-incorporation suggesting that these cells progressed through mitosis
and cytokinesis without previous DNA replication. As a control, non-induced cells with 2n
DNA content (G1 phase cells) were sorted and analyzed (Fig 16A, upper panel, bracket).
Almost 100% of this population showed BrdU incorporation. These data suggest that
depletion of DOT1A abolishes replication completely but does not prevent karyokinesis,
which then leads to cells with a 1n DNA content. Karyokinesis without preceding replication
has not been described before in trypanosomes and will be the subject of further analysis.
In addition, 19 hours after induction cells with 2n DNA content were sorted and analyzed as
described above (Fig 16B, bracket). Cells with 2n DNA content are usually in the G1 phase
and show 1N1K configuration (Fig 16A, upper panel). However, after DOT1A depletion, the
2n population consisted mostly of 1N2K cells with an irregular nucleus, and the majority
showed no BrdU incorporation (Fig 16B). In some cells, DNA replication seemed to be not
completely blocked without affecting the severe cell cycle phenotype of the total population.
These unusual G1 phase cells further support the hypothesis of a defect in replication, which
surprisingly does not lead to a cell cycle arrest.
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Figure 16: RNAi-mediated depletion of DOT1A inhibits replication. (A) Flow cytometry analysis
of propidium iodide stained non-induced BSF cells (upper left panel) and cells 19 hours post induction
of DOT1A-RNAi (lower left panel). Non-induced cells with a DNA content of 2n and DOT1Adepleted cells with a DNA content of 1n (both indicated by a red bracket) were sorted, and
incorporation of BrdU (green) was analyzed (right panels). Cells were incubated with BrdU for 7 hours
before fixation. DNA was stained with DAPI (blue). Scale bar, 2 µm. (B) Same analysis as in (A) of
DOT1A-depleted cells with a DNA content of 2n.

In DOT1A depleted cells, H3K76me1 and -me2 is reduced and seems to be important for
replication regulation. Thus, I addressed the question whether disturbance of the H3K76
methylation pattern by over-expressing DOT1A might cause a reciprocal phenotype and leads
to increased initiation of replication.
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3.6 DOT1A over-expression disturbs accurate H3K76 methylation levels and
causes cell cycle defects
To analyze the effects of DOT1A over-expression on cell cycle progression, an inducible T7
RNA polymerase-driven expression system was used (Wirtz et al., 1999). A peptide-tagged
DOT1A-TY fusion protein was expressed, as a specific antibody for trypanosome DOT1A is
not available. In contrast to yeast, DOT1A over-expression was lethal in T. brucei. Within 24
hours post induction, growth of the population ceased almost completely (Fig 17A). To
monitor cell cycle profiles, tetracycline-induced cells were stained with PI and analyzed by
flow cytometry (Fig 17B). Cell cycle profiles of non-induced cells were indistinguishable
from those of wild-type cells with approximately 45% of the cells in G1 phase, 11% in S
phase and about 28% in G2/M phase. However, after induction, two additional populations
could be detected: enucleated cells (so called "zoids", Fig 17B, lower panel, arrow) and a
population with an apparent aneuploid DNA content (Fig 17B, > 4n). Emergence of
enucleated cells has been observed after DOT1A depletion as well. Cytokinesis without
karyokinesis resulted in one daughter cell without nucleus and the other with a nucleus of 4n
DNA content. 16 h post induction of DOT1A over-expression, 7% of zoids were detected,
and aneuploid cells increased dramatically to almost 50% of the population while the G1
phase population decreased.
The numbers of nuclei and kinetoplasts per cell were determined up to 16 hours post
induction (Fig 17C). In agreement with the flow cytometry analysis, a decrease of 1N1K cells
(G1 or S phase) could be detected (from 55% to 20%). Simultaneously, the percentage of
1N2K (G2 phase) cells increased up to 50%, while the proportion of 1NeK cells (S phase) did
not change significantly. 2N2K cells (post mitotic) decreased and were not detectable 16
hours post induction. At this time point, 5% of enucleated zoids were observed in accordance
with the flow cytometry data. Strikingly, none of the cells showed multiple nuclei or
kinetoplasts. This strongly supports the hypothesis that karyokinesis is inhibited and the DNA
content increases constantly in individual nuclei leading to the generation of cells with
aneuploid nuclei.
To evaluate the effect of DOT1A over-expression on H3K76 methylation levels, quantitative
Western blot analysis was performed using antibodies specific for H3K76me1, -me2 or -me3
(Fig 17D). Surprisingly, H3K76me1 and H3K76me2 levels of total cell lysates remained
unchanged 24 hours post induction and did not increase, although over-expression of
DOT1A-TY could be detected (Fig 17D, upper panel). The level of H3K76me3 did not
increase, too.
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Figure 17: DOT1A over-expression causes a cell cycle defect and alters H3K76 methylation
pattern. (A) Cumulative growth curves of WT, non-induced and induced DOT1A over-expressing cell
lines (PCF). (B) Flow cytometry analysis of PI stained DOT1A over-expressing cells. Relative amount
of DNA content is indicated. The population of enucleated cells ("zoids") is marked by an arrow. (C)
Quantitative analysis of number of nuclei (N) and kinetoplasts (K) in WT and DOT1A over-expressing
cells. Mean values of three independent experiments are presented with standard deviation (100 cells
were analyzed each). (D) Western blot analysis of DOT1A-TY expression and different H3K76
methylation states in DOT1A over-expressing cells. Histone H3 was used as loading control.

To analyze the temporal appearance of the H3K76 methylation pattern after DOT1A overexpression, individual cells were analyzed by indirect IFA. In wild-type populations, about
2% of 1N1K cells, 20% of 1N2K cells and 95% of 2N2K cells showed H3K76me2 (Fig 18A).
8 hours after induction of DOT1A over-expression, 70% of 1NeK cells were positive for
H3K76me2 which was in striking contrast to 1NeK cells of wild-type populations never
displaying H3K76me2 signals (Fig 18B). The proportion of 1N2K cells positive for
H3K76me2 increased up to 80% 8 hours post induction (Fig 18A). On the other hand, only
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50% of the 2N2K cells were H3K76me2 positive 4 hours post induction. At later time points,
the amount of 2N2K cells was very low and could not be analyzed. These results revealed that
H3K76me2 was detectable earlier in the cell cycle after DOT1A over-expression and shifted
into S phase. However, H3K76me2 disappeared earlier in the cell cycle as well (probably by
becoming trimethylated). In the post mitotic phase only 50% of 2N2K cells were positive for
H3K76me2, in contrast to wild-type cells, where H3K76me2 was detectable in nearly every
2N2K cell and additionally in 2% of 1N1K cells, which have probably just completed
cytokinesis.
In summary, the temporal occurrence of H3K76me2 was shifted during the cell cycle by
DOT1A over-expression, although the overall H3K76me2 level of total cell populations was
not increased as detected by Western blot analysis (Fig 17D). In accordance to the premature
H3K76me2 pattern, H3K76me1 also occurred earlier in the cell cycle in induced cells as a
precursor of H3K76me2 (Fig 18C and D). The abnormal H3K76 methylation pattern could be
the source for the observed cell cycle phenotype, which is examined in more detail below.

Figure 18: H3K76 methylation pattern after DOT1A over-expression in individual cells during
the cell cycle. (A) Percentage of cells in different cell cycle phases positive for H3K76me2. Cell cycle
stages were distinguished by DAPI staining. Mean values of three independent experiments are
presented with standard deviation (n > 70 for each cell cycle phase). 2N2K cells were analyzed only for
wild-type and induced cells 4 hours post induction due to the reduced amount of 2N2K cells after longer
induction periods. (B) Example of a DOT1A over-expressing S phase cell (lower panel) showing
H3K76me2 prematurely in contrast to a wild-type S phase cell (upper panel). (C), (D) Analogue
analyses as shown in (A) and (B) for H3K76me1.
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3.7 Over-expression of a DOT1A-mutant attenuates lethal cell cycle phenotype
To demonstrate that the development of the cell cycle phenotype is dependent on
methyltransferase activity of DOT1A, a catalytic mutant of DOT1A (DOT1A-G138R) was
over-expressed. The central glycine of the conserved GxGxG motif which is essential for
catalytic activity of Dot1 enzymes in other organisms (Cheng et al., 2005; Cheng and Zhang,
2007) was mutated to arginine (Frederiks et al., 2010). The DOT1A mutant showed only
residual activity on trypanosomal nucleosomes in vitro (G. Dindar, personal communication).
Although expression levels of the DOT1A mutant were comparable to over-expressed wildtype DOT1A (Fig19A), only minor changes of cell cycle profiles were detected at later time
points after induction of ectopic expression (Fig 19B).

Figure 19: Over-expression of a DOT1A-G138R mutant. (A) Western blot analysis of DOT1AG138R mutant (left panel) and wild-type DOT1A over-expression (right panel). Histone H3 was used as
loading control. (B) Flow cytometry analysis of PI-stained DOT1A-G138R mutant (left panel) and
wild-type DOT1A over-expressing cells (right panel). Relative amount of DNA content is indicated.

62

3 Results

3.8 DOT1A over-expression causes continuous replication of nuclear DNA
The FACS profile of DOT1A over-expressing cells did not reveal a sharp peak for the
aneuploid cell population; therefore, it is unlikely that the DNA content of these cells was
accurately doubled in an additional round of replication. The broad profile rather suggests
continuous replication of DNA without proper chromosome segregation and karyokinesis. To
test this hypothesis, a protocol was established that allows the detection of DNA synthesis at
distinct time points of the cell cycle by incorporation of differently labeled nucleotides. First,
newly synthesized DNA was labeled with 5-ethynyl-2-deoxyuridine (EdU) 7 hours post
induction for 2 hours. Subsequently, EdU was removed from the cell culture supernatant, cells
were incubated for 3 hours without any additive to ensure that all labeled cells exit S phase
(which required about 2.5 hours in our laboratory strain), and DNA was labeled again with 5bromo-2-deoxyuridine (BrdU) for 2 hours. Afterwards, cells were analyzed by fluorescence
microscopy (Fig 20). In a wild-type population, cells could be labeled with either EdU or
BrdU but never with both (Fig 20A). The distribution of the incorporated BrdU and EdU was
different possibly caused by differences in the mobility of an antibody (BrdU-labeling)
compared to a small molecule (EdU-labeling).
Individual DOT1A over-expressing cells were clearly labeled with EdU and BrdU, indicating
that replication continued for a long time period, although cellular markers suggested that the
cells were not in S phase anymore (Fig 20B, 1N2K cell).
In summary, these data support the hypothesis that DOT1A over-expression causes
continuous replication, which generates nuclei with increasing DNA content and prevents
chromosome segregation and karyokinesis.
To characterize the aneuploid cells in more detail, fluorescence in situ hybridization (FISH)
was performed with a probe specific for the tubulin gene array (Fig 21). Cells of G1, G2
phase and cytokinetic cells used as control showed distinguishable signals for the tubulin gene
locus as expected (Fig 21A). 2 signals were detectable in most G1 phase cells, and G2 phase
cells showed either 2 or 4 signals. The lower panel of Figure 21A shows 4 distinguishable
signals representing segregated chromosomes in a cell that completed karyokinesis. In
contrast, cells of aneuploid populations contained enlarged nuclei with several clearly
distinguishable signals 16 hours post induction of wild-type DOT1A over-expression (Fig
21B) which suggests multiple re-initiation events of the same locus within one S phase.
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Figure 20: DOT1A over-expression causes continuous replication of nuclear DNA. Incorporation
analysis of EdU and BrdU in replicated DNA during S phase of (A) wild-type and (B) DOT1A overexpressing cells (14 h post induction). Top panels show a schematic representation of the experimental
design. One cell cycle is displayed. Labeled cells are shown as colored ovals. Bottom panels show IFA
of labeled trypanosomes. Detection of EdU (red) is based on a “click reaction”; BrdU (green) was
detected by an antibody. DNA was stained with DAPI. Scale bars, 2 µm.
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Figure 21: DOT1A over-expression causes re-initiation of replication. Fluorescence in situ
hybridization analysis of (A) wild-type and (B) DOT1A over-expressing cells. A probe specific for the
tubulin gene array (red) was used for hybridization. DNA was stained with DAPI. Aneuploid nuclei
showed several distinguishable signals of the tubulin locus. Scale bars, 2 µm.

The data obtained so far suggest that the H3K76me1 and -me2 pattern has to be regulated
carefully for proper replication regulation in trypanosomes. If DOT1A is depleted, and
therefore the levels of H3K76me1 and H3K76me2 decrease, replication is impaired which
produces cells with reduced DNA content. In contrast, DOT1A over-expression causes the
reciprocal phenotype. H3K76me1 and H3K76me2 appear prematurely in S phase, and
replication occurrs on a continuous basis generating cells with increased DNA content, which
are not capable to process through karyokinesis. The role of H3K76me3 remains elusive,
particularly because loss of H3K76me3 by DOT1B deletion does not cause any cell cycle65
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related phenotype (Janzen et al., 2006b). Nevertheless, DOT1B-dependent methylation was
considered as well, because DOT1B is also able to mediate H3K76me1 and -me2 (Frederiks
et al., 2010). Therefore, DOT1B over-expression might also lead to premature H3K76
methylation and affect replication in a similar way to DOT1A over-expression.

3.9 The role of DOT1B in cell cycle control
H3K76me1 and -me2 is increased in DOT1B deleted cells, possibly because the conversion to
H3K76me3 does not take place. As a consequence, H3K76me2 becomes detectable
throughout the cell cycle (Janzen et al., 2006b). Interestingly, ∆DOT1B cells do not show any
cell cycle-related phenotype.
To test if DOT1B over-expression leads to premature H3K76 methylation and affects
replication as well, an analogue inducible system was used as for DOT1A over-expression
which introduces a peptide-tagged TY-DOT1B fusion product (Wirtz et al., 1999). Induction
of DOT1B over-expression was lethal, similar to DOT1A over-expression. Growth of the
population ceased almost completely within 48 hours (Fig 22A). In contrast to DOT1A overexpression, H3K76 methylation ratios changed by DOT1B over-expression as detected by
quantitative Western blot analysis using antibodies specific for the different methylation states
(Fig 22B). H3K76me1 and H3K76me2 levels decreased to ~35% of wild-type levels 24 h post
induction, which correlated with the onset of the growth phenotype (Fig 22B, lower panel).
H3K76me3 did not increase dramatically which reflects that most of H3K76 is trimethylated
already in an asynchronously growing population as previously revealed by mass
spectrometry (Fig 10).
Next, cell cycle profiles were analyzed to find a potential phenotype. Indeed, cell cycle
profiles looked very similar to that of DOT1A over-expressing cells including the emergence
of enucleated cells (Fig 22C, lower panel, arrow) and a population with aneuploid DNA
content (Fig 22C, > 4n). 24 h post induction, an increase of aneuploid cells to almost 40% of
the population was detected while the G1 phase population decreased dramatically.
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Figure 22: DOT1B over-expression generates aneuploid cells. (A) Cumulative growth curves of WT,
non-induced and induced DOT1B over-expressing cell lines. Mean values of three independent
experiments are presented with standard deviation (B) Quantitative Western blot analysis of different
H3K76 methylation states in DOT1B over-expressing PCF cells. PFR was used for normalization. One
of three representative blots is shown (top panel). Quantification of three independent experiments is
shown below. WT methylation levels were set to one. (C) Flow cytometry analysis of PI-stained
DOT1B over-expressing cells. Relative amount of DNA content is indicated. The population of
enucleated cells (“zoids“) is marked by an arrow.

The generation of zoids (18%, 24 h post induction) could be observed directly by indirect IFA
using antibodies against H3K76me2 and α-tubulin (Fig 23A). Induced cells showed no signals
for H3K76me2, but progressed through cytokinesis without previous karyokinesis. This
produced up to 45% of zoids detected by DAPI staining 3 days post induction of DOT1B
over-expression (Fig 23B). Although the 2n peak (G1 phase cells) in the FACS profile
dropped dramatically after 24 hours, only a faint decrease of 1N1K could be detected. The
number of 1N2K cells remained stable as well (Fig 23B) suggesting that most of these
observed 1N1K and 1N2K cells had an unusually high DNA content. Furthermore, a decrease
of 2N2K cells was detectable. This strongly supports the hypothesis that the parasite's cell
cycle progression continues although karyokinesis is inhibited, and the DNA content
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increases constantly in individual nuclei leading to the generation of cells with aneuploid
nuclei.

Figure 23: DOT1B over-expressing cells progress through cytokinesis without preceding
karyokinesis. (A) Indirect IFA of WT and DOT1B over-expressing cells using antibodies for
H3K76me2 and α-tubulin to visualize the shape of cells. DNA was stained with DAPI. (B)
Quantitative analysis of number of nuclei (N) and kinetoplasts (K) in WT and DOT1B over-expressing
cells. Mean values of three independent experiments are presented with standard deviation (100 cells
were analyzed each).

3.10 DOT1B over-expression causes continuous replication of nuclear DNA
To test whether DOT1B over-expression results in continuous replication as well, cells were
doubly labeled with EdU and BrdU. As previously shown, cells of the wild-type population
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could be labeled with either EdU or BrdU but not with both (Fig 24A). Individual DOT1B
over-expressing cells were clearly double-labeled with EdU and BrdU, indicating that
replication continued (Fig 24B) which had been previously observed for DOT1A overexpression.

Figure 24: DOT1B over-expression causes continuous replication of nuclear DNA. Incorporation
analysis of EdU and BrdU in newly replicated DNA of (A) WT and (B) DOT1B over-expressing cells
(20 h post induction). Top panels show a schematic representation of the experimental design. One cell
cycle is displayed as a bar. Labeled cells are shown as colored dots. Bottom panels show IFA of labeled
trypanosomes. Detection of EdU (red) is based on a “click reaction”; BrdU (green) was detected by an
antibody. DNA was stained with DAPI. Scale bars, 2 µm.
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In comparison, the phenotypes of DOT1A and DOT1B over-expressing cells looked quite
similar despite of some minor differences. In DOT1B over-expressing cells, more zoids were
produced and the 1N2K population remained stable, while this population increased after
DOT1A over-expression. This suggests that the majority of cells is arrested in 1N2K
configuration after DOT1A over-expression, probably due to the ongoing replication and
failure in karyokinesis. This is not observed in DOT1B over-expressing cells which seem to
progress through the cell cycle despite ongoing replication. Direct comparison of both
genetically manipulated systems is not possible, because expression levels of the DOT1
proteins might vary, and therefore slightly different phenotypes can be generated with respect
to time point post induction and severity of the phenotype.

3.11 Titration of tetracycline as inductor for DOT1B over-expression
To test whether phenotypes vary with different amounts of expressed DOT1B, increasing
tetracycline concentrations were used for induction. Cell cycle profiles were analyzed 24
hours post induction. Indeed, the severity of the phenotype was dependent on tetracycline
concentration: with low tetracycline concentrations (1-10 ng/ml tetracycline), cell growth was
not affected, and cell cycle profiles were indistinguishable from non-induced cells 24 hours
post induction (Fig 25). With 100 ng/ml tetracycline, cells showed impaired growth and a cell
cycle phenotype consisting of zoids and aneuploid cells (Fig 25, lower panel). Higher
tetracycline concentration (1 µg/ml) resulted in a higher percentage of zoid formation and
more aneuploid cells with continuing increased DNA content. The data showed that the
phenotype varied in severity in a dose-dependent manner of tetracycline.
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Figure 25: Flow cytometry analyses of DOT1B over-expressing cells using different tetracycline
concentrations. The effect of tetracycline (Tet) was analyzed 24 hours after induction. Analysis was
based on PI staining.

3.12 Comparison between DOT1A and DOT1B over-expression
In summary, the data revealed that DOT1A as well as DOT1B over-expression caused
continuous replication, which generated nuclei with increasing DNA content. Importantly,
over-expression of the enzymes had different effects on H3K76 methylation pattern: DOT1A
over-expression resulted in premature emergence of H3K76me1 and H3K76me2 in the cell
cycle. Both modifications were detected in S phase in DOT1A over-expressing cells in
contrast to wild-type cells, where they were visible in G2 and M phase cells. The time
window of H3K76me1 and H3K76me2 expression during the cell cycle was not extended by
DOT1A over-expression. This is in contrast to DOT1B over-expression which led to
decreasing amounts of H3K76me1 and H3K76me2. Probably, incorporated unmodified
histones were prematurely mono- and dimethylated by DOT1B, similar to the situation in
DOT1A over-expressing cells. However, the premature emergence of H3K76me1 and -me2
could not been shown in DOT1B over-expressing cells, probably because the conversion to
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H3K76me3 followed immediately. The emergence of H3K76me1/me2 might become very
transiently with induction time of DOT1B over-expression, which could be a reason for the
decreased levels of H3K76me1 and -me2. Western blot analysis did not detect changes in the
H3K76me3 level upon DOT1A and DOT1B over-expression, probably because most of
H3K76 is already trimethylated in wild-type cells (Fig 10). According to the model,
unmodified H3K76 levels should be decreased upon DOT1A and DOT1B over-expression
which was analyzed by mass spectrometry analysis for DOT1B over-expressing cells (Fig
26). Indeed, the amount of unmethylated H3K76 decreased 3-fold 24 hours after DOT1B
over-expression and simultaneously, a similar fold increase was detected for H3K76me3 (Fig
26).

Figure 26: Mass spectrometry analysis comparing H3K76 methylation states in wild-type and
DOT1B-OE cells. Histone H3 separated from total cell lysates of wild-type or 24 hours DOT1B overexpressing cells was examined for H3K76 methylation. Mean values and standard deviations of at least
three independent experiments are shown.

In summary, depletion of DOT1A as well as over-expression of both DOT1 enzymes led to
severe replication defects in a reciprocal manner. After DOT1A depletion, replication was not
initiated, whereas continuous replication could be detected after over-expression of DOT1A
and also DOT1B. These data suggest that de novo H3K76-methylation of newly incorporated
histones has to be regulated coordinately to ensure accurate replication initiation in T. brucei.
How does H3K76 methylation mediate replication control? One explanation is that H3K76
methylation may mark the loci in the genome where replication is initiated. These origins of
replication are not well defined in most eukaryotes and have not been described in
trypanosomes, yet. To find such potential association of H3K76me1 and -me2 with
distinguishable domains or specific DNA sequences, a genome-wide analysis by chromatin
immunoprecipitation was performed.
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3.13 Genome-wide distribution of H3K76 mono- and dimethylation
Chromatin was immunoprecipitated with specific antibodies for H3K76me1 and -me2, and
purified DNA was hybridized on a custom-made microarray to identify genomic regions
enriched in H3K76 methylation. An antibody specific for H3 was used in parallel. The array
covered all 11 megabase-size chromosomes of T. brucei (strain 927, version 4) with 720K
probes of 50-75 nucleotides length each. To reduce the number of poor-performing probes, a
frequency filter was applied which removed probes containing 15mers that were very
common in the sequence. Usually probes with 15mer frequencies greater than 100 were
eliminated, and more than 10 matches between a probe and the genome were normally not
allowed for final probe selection. In this case, coverage in repetitive regions was requested
and the selection criteria were relaxed by allowing up to 400 matches between a probe and the
genome, and the permitted 15mer frequency were increased to 300 (probes with 15mer
frequencies this high will have a much higher signal than the other probes, increasing the
dynamic range of signals on the array). With these modifications in the array design, it was
possible to cover most of the repetitive regions which are normally not considered.
The raw probe signals were transformed into log2-values. Immunoprecipitated (Cy5) and
input (Cy3) normalized log2-signals were converted into enrichment ratios (log2 [Cy5/Cy3])
individually for each biological triplicate. The replicate ratios were averaged to obtain a single
estimate for each histone modification (H3, H3K76me1 and H3K76me2).
No obvious difference could be detected between mean log2 ChIP signals of H3K76
methylation and H3 (Fig 27 and Fig S2 in appendix). However, some genomic regions
showed a striking depletion of H3 and H3K76me1/me2. These regions contained well-defined
Pol II transcription start sites (TSS). TSS in combination with transcription termination sites
(TTS) border the large polycistronic transcription units, which are characteristic for the
trypanosomal genome. TSS and TTS are associated with nucleosomes consisting of histone
variants and enrichment in specific post-translational histone modifications (Siegel et al.,
2009). For example, H4K10 acetylation and the histone variants H2AZ and H2BV are highly
enriched at TSS, whereas the variants H3V and H4V are mainly found at TTS. Furthermore,
partial nucleosome depletion is characteristic for TSS (Stanne and Rudenko, 2010).
Importantly, H3 as well as H3K76me1/me2 depletion by a factor of 16 was clearly
reproduced at TSS (Fig 27 and Fig S2 in appendix) indicating that immunoprecipitation with
the different antibodies operated well.
Log2 ratios of H3 were subtracted from those of the modified histones to correct for the
differences in nucleosomal density,
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Fig 27: Distribution of H3K76me1, -me2 and histone H3. The genomic distribution of H3K76me1
(black), H3K76me2 (red) and H3 (green) is displayed for representative regions of chromosome 10.
Orange boxes represent ORFs and orange arrows indicate the direction of transcription. See Figure S2
in appendix for data of complete chromosome 10 (on enclosed DVD).

Genome-wide analysis could not reveal any sequence-specific association of H3K76
methylation. However, after normalization with H3-data, enrichment of H3K76me1 and
H3K76me2 was detected in functional domains, mainly coinciding with TTS (Fig 28 and Fig
S3 for all chromosomes). A peak profile was defined to quantify H3K76me1/me2 enrichment
with following criteria:
1. ≥ 4-fold enrichment
2. ≥ 5 adjacent probes display the threshold value
3. ≥ 5 kb peak width
On chromosome 10, 24 peaks were found with at least 5-fold increase of H3K76me1, and 28
peaks of at least 4-fold H3K76me2- enrichment matched the defined profile (Fig 29). The
average peak profiles of H3K76me1 and H3K76me2 looked similar with a mean peak width
of about 7.4 kb (Fig 29). H3K76me1 seemed to be more enriched with a mean log2 value of
2.4 (means 5.76-fold enrichment) than H3K76me2 with a mean log2 value of 2 (means 4-fold
enrichment).
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Fig 28: Distribution of H3K76me1 and -me2 normalized to H3 distribution. Representative parts of
chromosome 10 illustrate the distribution of H3K76me1 (black), H3K76me2 (red) and H3 (green).
Orange boxes represent ORFs and orange arrows indicate the direction of transcription. Positions of
H3K67me1 and -me2 enrichment (log2 > 2) are marked by black arrows. For data of all chromosomes
see Figure S3 in appendix (on enclosed DVD).
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Fig 29: Mean shapes of H3K76me1 and H3K76me2 enrichment at selected regions on
chromosome 10. Peak profiles were created by averaging the H3K76me1/me2 log2-ratios of 24 peaks
for H3K76me1 or 28 peaks for H3K76me2 in a ±15 kb neighborhood centered at the middle position of
each enriched zone. Calculation was done with a window size of 500 bp and sliding the window in steps
of 100 bp. The average log2-ratios at each step were obtained with a 5% trimmed mean to avoid the
effects of outliers.

A closer view revealed that 6 out of 24 H3K76me1-peaks were located within convergent
TTS (Fig 30A), and 8 were found at internal TTS/TSS (Fig 30C). Most of the divergent TSS,
except for 4, were not enriched in H3K76me1 (Fig 30A and D), whereas 6 areas of
enrichment did not correlate with transcription initiation or termination. An accurate
annotation list of internal TTS was not available, and the genomic locations of these sites
were estimated using genome plots (http://tritrypdb.org). Therefore, genomic location of
peaks was compared with location of the TTS/TSS ± 5kb. It was not possible to distinguish
between internal TSS and internal TTS because they are located close to each other.
28 peaks with at least 4-fold H3K76me2 enrichment could be identified. 10 of these peaks
were located at convergent TTS (Fig 30A), and 5 were found at internal TTS/TSS (Fig 30C).
2 divergent TSS were enriched in H3K76me2 (Fig 30A and D), and 11 peaks did not show a
correlation with TTS or TSS on chromosome 10.
Overall, 75% of H3K76me1- and 60% of H3K76me2-peaks matched with TSS or TTS. 60%
or even 100% of the convergent TTS on chromosome 10 were enriched in H3K76me1 or
H3K76me2, respectively. 80% or 50% of the internal TTS/TSS sites showed association with
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H3K76me1 or H3K76me2, respectively. Less percent of divergent TSS correlated with
H3K76me1 and -me2 enrichment (36% and 18%, respectively) on chromosome 10.
In summary, ChIP results revealed a link for H3K76me1 and -me2 with functional genomic
domains, particularly with the TTS. An influence of H3K76 methylation on transcriptional
regulation was not observed in trypanosomes and is therefore unlikely. Instead, manipulation
of H3K76 methylation led to distinct replication phenotypes as described above in this thesis.
Recently, origins of replication were identified in Trypanosoma brucei and were associated
with some TSS and TTS (Tiengwe et al., 2012a). Therefore, H3K76 methylation could
characterize origins of replication, and accurate timing of de novo H3K76 methylation might
be the critical mark for proper replication regulation.
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Fig 30: Enrichment of H3K76me1 and -me2 at transcription termination sites. Distribution of
H3K76me1 (black) and H3K76me2 (red) are normalized to H3-distribution (green). Orange boxes
represent ORFs and orange arrows indicate the direction of transcription. Displayed are examples for
chromosome 10 of (A) a convergent transcription termination site (TTS) followed by a divergent
transcription start site (TSS), (B) an internal part of a polycistronic unit, (C) an internal TSS/TTS and
(D) a divergent TSS. Enrichment (log2 > 2) of H3K76me1/me2 was detected in TTS (marked by black
arrows).
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4 Discussion
4.1 Function of H3K76 methylation during replication
Several conclusions can be drawn based on my results: DOT1A and DOT1B are responsible
for a cell cycle-dependent H3K76 methylation pattern, whereby newly incorporated histones
become successively methylated, which is detectable after the onset of G2 phase. Only a low
percentage (up to 4%) of all H3K76 is mono- and dimethylated. The rest of H3K76 remains
unmodified or is converted to trimethylated H3K76. A direct link of H3K76 methylation
states to replication control is apparent, because manipulation of the H3K76 methylation
pattern leads to different replication phenotypes in several mutants. The lower methylation
states seem to act as important cell cycle markers, whereas loss of H3K76me3 in a ∆DOT1B
cell line does not affect replication or cell cycle regulation. How can a histone modification be
involved in replication regulation? Interestingly, such an association has already been
described. H4K20 methylation by the histone methyltransferase PR-Set7 is directly linked to
replication control in mammalian cells (Wu and Rice, 2011).

4.1.1 Histone methylation is involved in replication regulation in mammals
Similar to H3K76 methylation, both H4K20me1 and the PR-Set7 protein level oscillate
during the cell cycle, with their highest abundance in late G2 phase (Rice, 2002). Expression
of a degradation-resistant PR-Set7 mutant or forced over-expression of wild-type PR-Set7
result in DNA re-replication in G2 phase-arrested cells (Tardat et al., 2010). Coincidentally,
H4K20me1 appears prematurely at several origins during S phase. Furthermore, targeting of
PR-Set7 to a non-origin locus in the genome increases H4K20me1 at this site and causes
recruitment of several pre-RC protein complexes like ORC and MCM. Absence of PR-Set7
and H4K20me1 results in improper DNA replication (Tardat et al., 2007), due to a reduction
of chromatin-bound pre-RC proteins. These data strongly suggest that H4K20me1 functions
in replication licensing in mammals. Kuo and colleagues showed that ORC1 directly interacts
with H4K20me2 through its bromo-adjacent-homology (BAH) domain in higher eukaryotes
(Kuo et al., 2012). In addition, they found that H4K20me2 is also enriched at replication
origins.
Could H3K76 methylation execute similar function in trypanosomes as H4K20me1/me2 in
higher eukaryotes? Several observations support this hypothesis. First, the phenotypes
generated by over-expression of PR-Set7 resemble those of DOT1A (DOT1B) over79
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expression, which are characterized by re-replication of DNA in both cases. Second,
knockdown of DOT1A leads to severe replication defects, potentially similar to defects by
PR-Set7 knockdown, which results in a reduction of pre-RC components loading (Tardat et
al., 2010). Although alternative targets of the DOT1 methyltransferases cannot be completely
excluded, the data obtained so far suggest that H3K76 methylation is involved in replication
in T. brucei. An indirect effect on H4K18 methylation (the homologous residue to
mammalian H4K20 in trypanosomes) can be excluded, because H4K18 methylation levels do
not change after manipulation of DOT1A expression (Fig S4 in appendix).
In summary, H3K76 methylation could have a similar function in replication in T. brucei as
H4K20 methylation in mammals.

4.1.2 Model of replication regulation in T. brucei
In eukaryotes, the "licensing model" of replication control suggests three consecutive steps:
(1) the pre-RC complex assembles at origins during late mitosis and G1 phase, (2) the ability
to license new replication origins is down-regulated before entry into S phase, by downregulation of ORC, Cdc6 and Cdt1, which are required for loading but not for continued
association of MCM on DNA, and (3) initiation of replication displaces the Mcm complex
from origins, which necessitates re-establishment of licensing by binding of Orc and Mcm
complexes during the next cell cycle. The proper timing of origin licensing is critical to
prevent re-replication or multiple uncoordinated rounds of DNA synthesis per cell cycle
(Arias and Walter, 2007). The regulation of licensing involves carefully coordinated
interactions of CDKs and licensing factors like Cdt1 (Blow and Dutta, 2005).
There is clear evidence that the cell cycle is also regulated by cyclins and CDKs in
trypanosomes (Hammarton, 2007), but the mechanisms of replication regulation are
completely unknown. Database searches suggest that Cdt1 homologues are absent in
T. brucei, but Orc1/Cdc6 homologues and other proteins of the replication complex have been
identified recently (Godoy et al., 2009; Dang et al., 2011). Neither expression and
localization, nor chromatin binding of Orc1 appear to be the mechanism of replication
regulation in T. brucei (Godoy et al., 2009).
H3K76me1 and -me2 might function in licensing of replication origins in trypanosomes. The
following model suggests that H3K76 methylation creates a chromatin environment
advantageous for DNA binding of the pre-RC complex. H3K76 methylation is only possible
in a nucleosomal context (Janzen et al., 2006b). Hence, unmodified histones are incorporated
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into chromatin followed by accumulative H3K76me1 in G2 phase and H3K76me2 in mitosis.
This is also the time point when the pre-RC complex assembles in all other eukaryotes.
H3K76me1 and -me2 are not detectable during S phase, where formation of the pre-RC
complex is inhibited in eukaryotes and probably also in trypanosomes.
The timing of H3K76 methylation is important for replication progression, as abnormal
appearance in the DOT1A mutants leads to replication defects (Fig 31). Down-regulation of
DOT1A reduces H3K76me1 and H3K76me2 to a nearly undetectable level (Fig 31B), which
hypothetically impairs pre-RC binding to origins of replication during mitosis. Therefore
replication cannot take place in the following S phase. In DOT1A over-expressing mutants,
histones are methylated prematurely during S phase (Fig 31C), leading potentially to pre-RC
complex re-formation at origins and repetitive rounds of DNA replication during the same S
phase. DOT1B over-expression causes DNA re-replication similar to DOT1A overexpression, which suggests that H3K76 is methylated prematurely as well. However, the
lower methylation states are not detectable in DOT1B over-expressing cells, indicating that
H3K76me1 and -me2 might occur transiently due to high turnover to trimethylated H3K76.
This transient state might suffice to mark chromatin as replication competent and to stimulate
the replication process.
In wild-type cells, H3K76 is fully trimethylated by DOT1B shortly after cytokinesis (Fig
31A), which erases H3K76me1 and -me2 marks. Thus, pre-RC formation is terminated. The
conversion to H3K76me3 is not essential for the regulation of replication, because replication
is not affected in ∆DOT1B cells (Janzen et al., 2006b). Although H3K76me2 appears cell
cycle-independent in these cells, replication is controlled normally. H3K76me1 also increases
in these cells, but remains cell cycle-regulated and is undetectable in S phase (data not
shown). This hints to H3K76me1 as critical factor for replication regulation in trypanosomes.
In summary, the data suggest that H3K76 methylation is involved in the activation of origin
licensing in trypanosomes. If this is true, an association of H3K76 methylation with origins of
replication is expected.
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Figure 31: Model of H3K76 methylation during the cell cycle. Percentages of different H3K76
methylation states are indicated during the course of the cell cycle based on mass spectrometry and
immunofluorescence data. The appearance of H3K76me1 and -me2 in wild-type cells (A) is
manipulated after down-regulation of DOT1A by RNAi (B) and over-expression of DOT1A (C),
causing severe replication defects.

4.2 Origins of replication
The analysis of direct association between H3K76 methylation and origins of replication was
not possible, because origins had not been identified in trypanosomes until the end of my PhD
thesis. Just recently, a first publication described the identification of origins in T. brucei
(Tiengwe et al., 2012a).
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In S. cerevisiae, DNA replication origins are specified by a consensus sequence, the
autonomously replicating sequence (ARS; Stinchcomb et al., 1979), whereas in S. pombe
such consensus sequences are lacking and origins consist of AT-rich islands (Segurado et al.,
2003). In metazoans, functional replication origins do not show defined DNA consensus
sequences and more potential origins are present than are actually bound by replicationinitiating proteins. For example, about 30,000 origins per cell cycle are active in human cells.
Thus, the involvement of chromatin factors in the selection of these origins is required
(Cayrou et al., 2010). Histone acetyltransferase complexes provide an environment favorable
for the association of Mcm complexes to chromatin. For example, the mammalian HBO1
(histone acetyltransferase binding to ORC1) is responsible for H4K5, K8 and K12 acetylation
and seems to be required for pre-RC formation at origins (Burke et al., 2001; Iizuka and
Stillman, 1999).
Attempts to find replication origins in T. brucei have just been initiated and quite recently,
origins could be detected through mapping of Orc1/Cdc6 binding sites by ChIP-chip analysis
(Tiengwe et al., 2012a). To establish whether these binding sites correspond with active
replication origins, a technique called marker frequency analysis sequencing (MFAseq) was
employed, which compares the copy number of marker sequences in replicating (early to mid
S phase) and non-replicating cells (G2 phase). Tiengwe and colleagues revealed an
association of Orc1/Cdc6 binding with transcription start or termination sites (TSS and TTS,
respectively). About 70% of divergent TSS, 96% of internal TSS/TTS sites and 40% of
convergent TTS showed evidence for Orc1/Cdc6 binding. The MFAseq analysis identified a
total of 42 active origins (late-firing origins are not represented), which are always located at
the boundaries of transcription, in accordance with Orc1/Cdc6 binding. 19 of the identified
origins are found at divergent TSS, 3 are associated with convergent TTS and the rest
correlate to internal TSS/TTS (Tiengwe et al., 2012a). In summary, origins of replication
seem to be located at the boundaries of transcription units and do not show any specific
consensus sequence in T. brucei.
An association of replication origins with transcription has been discovered in human cells
before. In HeLa cells, origins consist of GC-rich regions mostly overlapping with
transcriptional regulatory elements localized around TSS (Cadoret et al., 2008; Karnani et al.,
2010). The chromatin structure characterizes origins of replication in different organisms. For
example, H3K4me2 and -me3 are enriched at origins in HeLa cells or Arabidopsis thaliana
(Costas et al., 2011; Karnani et al., 2010).
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In my thesis, the genome-wide localization of H3K76 methylation was explored by ChIP-chip
analysis and also revealed a link to the boundaries of transcription units, mainly to TTS. 60%
of convergent TTS and 80% of the internal TSS/TTS on chromosome 10 showed an
association with H3K76me1. In addition, 100% of convergent TTS and 50% of the internal
TSS/TTS correlated to H3K76me2. Only 36% and 18% of divergent TSS were enriched for
H3K76me1 or H3K76me2, respectively. Taking Orc1/Cdc6 localization data into
consideration, an association of H3K76me1 and -me2 with origins of replication is likely.
Orc1/Cdc6 seems to bind preferentially at TSS and to a lesser extend to the TTS (Tiengwe et
al., 2012a). However, MFAseq analysis demonstrated clearly that TTS (convergent as well as
internal) and active replication origins correlate in T. brucei (Tiengwe et al., 2012a). These
data suggest that H3K76me1 and -me2 mark replication origins, predominantly at TTS.
Whether this epigenetic feature is essential for the function of each individual origin remains
to be analyzed in further experiments.
In summary, H3K76 is highly mono- and dimethylated at TTS at the end of polycistronic
units, which could potentially favor assembly of pre-RC complexes during the origin
licensing in trypanosomes. To fully unravel the mechanism of replication regulation by
H3K76 methylation, the spatial and temporal context of its appearance needs to be
investigated in more detail.

4.3 Novel function of H3K76 methylation in trypanosomes?
H3K76 methylation seems to have a different function in trypanosomes from the structurally
homologous H3K79 methylation in other eukaryotes. H3K79 methylation has been studied in
many organisms and is important in various biological processes such as transcriptional
regulation or DNA repair (see introduction). A direct link to replication regulation has not
been described so far. My thesis` data suggest such a function in T. brucei, although the
mechanism of replication regulation by H3K76 methylation is still unclear. Two possibilities
are conceivable: First, a direct interaction of H3K76me1 or -me2 with components of the preRC complex as it was shown for H4K20me2 and ORC1 (Kuo et al., 2012) or second, a more
general effect, which generates an open chromatin structure accessible for binding of
replication complexes, similar to the function of H4K10 acetylation, which is responsible for
the open chromatin state at TSS.
How is the distinct localization of H3K76me1 and -me2 at the transcription boundaries
established? One explanation is that the methylation activities of DOT1A and/or DOT1B may
be specifically targeted to origins of replication. Interaction partners of DOT1A and DOT1B
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have not been found in trypanosomes yet, but DOT1L was purified from a protein complex
(DotCom), which is composed of different transcription factors in human cells (Mohan et al.,
2010). During leukemogenesis, human DOT1L is targeted to specific loci by interaction with
MLL (mixed-lineage leukemia) fusion partners and activates gene transcription (Chang et al.,
2010; Krivtsov et al., 2008; Mueller et al., 2009). Thus, trypanosomal DOT1A and/or
DOT1B may also be targeted to specific genomic loci through the interaction with other
factors, perhaps inside a protein complex.
In addition to the spatial context, the timing of H3K76 methylation during the cell cycle
seems to be absolutely essential for proper replication control, as phenotypes of DOT1
mutants have demonstrated. In yeast, H3K79 methylation reflects cell cycle length on a global
level. H3K79 of new and old histones is progressively methylated during the cell cycle by
Dot1, which works in a distributive manner (De Vos et al., 2011). The methylation degree is
also affected by histone dilution during replication. Therefore the overall degree of H3K79
methylation is dynamic and depends on the residence time of histones within the chromatin.
De Vos and colleagues suggested that the accumulation of H3K79 methylation on ageing
histones functions as a timer mechanism for the cell. This enables coupling of cell cycle
length to changes in chromatin modification and finally can affect gene regulation. A timer
function might exist for H3K76 in trypanosomes as well, where the appearance of H3K76me1
and -me2 during distinct cell cycle phases is necessary for proper cell cycle regulation, and
where the progressive methylation in specific periods of the cell cycle resembles the situation
in yeast.
In summary, the results of my thesis indicate a novel role for H3K76 methylation in
replication regulation, which might be specific for trypanosomes. This is one example where a
conserved process has been adapted to fulfill a different purpose in trypanosomes, compared
to other eukaryotes. Detailed mechanistic analysis of replication regulation in trypanosomes is
necessary to fully unravel the function of H3K76 methylation in this process. Such a function
of H3K76 methylation might exist also in other protozoan parasites or even in higher
eukaryotes as a redundant pathway for replication regulation.

4.4 Outlook
The underlying mechanism of replication regulation by H3K76 methylation is still unclear
and needs to be explored. Pre-RC assembly could be analyzed in the different DOT1 mutants
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with the help of co-immunoprecipitation assays of different replication proteins, which have
been characterized recently in trypanosomes (Dang and Li, 2011). Peptide pulldowns could be
useful to identify binding partners of the different H3K76 methylation states. However, the
nucleosomal context of a modification is often necessary to establish specific interaction
(Altaf et al., 2007). Therefore, peptide pulldown experiments lacking the nucleosomal context
often fail (Frederiks et al., 2011). Purified nucleosomes from trypanosome cells are mostly
trimethylated on H3K76 or show a mixture of different H3K76 methylation states. To
improve analysis of pulldown assays, differently H3K76-methylated nucleosomes could be
reconstituted in vitro. This method involves the expression of recombinant histones from
trypanosomes, following purification and in vitro assembly of nucleosomes by adding DNA
(Luger et al., 1999).
H3K76 methylation may participate in cross-talk to other PTMs or other parts of the
nucleosome. For example, enhanced H3K79 methylation has been already correlated to
ubiquitination of H2B on lysine 123 in yeast or lysine 120 in humans (Sun and Allis, 2002;
McGinty et al., 2008). H2B ubiquitination directly stimulates H3K79 methylation in humans.
This was analyzed in vitro with chemically modified H2B, which was ubiquitinated sitespecifically (McGinty et al., 2008). Thus, with newly developed chemical methods, in vitro
systems including reconstituted nucleosomes could also help to find other PTMs that
influence H3K76 methylation.
How is the cell cycle-regulated pattern of H3K76 methylation established? How is
H3K76me2 restricted to mitosis and cytokinesis during the cell cycle? In order to answer
these questions, it is also important to unravel the structural basis for the different enzymatic
activities of DOT1A and DOT1B. In vitro methylation assays with reconstituted nucleosomes
as substrates can help to study the activity and specificity of recombinant DOT1 proteins.
Methyltransferases can work either via a processive or a distributive kinetic mechanism to
generate different methylation states. Processive enzymes do not dissociate from their
substrate and perform consecutive rounds of methylation independent of preceding
methylation states. Distributive enzymes dissociate from their substrate after each round of
methylation and, therefore, the introduction of higher methylation states depends on the
preceding lower state. Both a distributive and a processive mechanism of methylation had
been proposed based on crystal structures of yeast and human Dot1 enzymes (Min et al.,
2003; Sawada et al., 2004). Later, the yeast Dot1 was shown to work distributively in vivo
(Frederiks et al., 2008). In trypanosomes, initial in vitro experiments indicated that DOT1A
and DOT1B are distributive like in yeast (Gülcin Dindar, personal communication). However,
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the very low amounts of H3K76me1 and H3K76me2 (2 and 4%, respectively) in comparison
to the highly abundant H3K76me3 (63%) raise the question if DOT1B may work processively
in trypanosomes, unlike in yeast. Unmodified H3K76 is rapidly converted to H3K76me3 after
G2/M phase, without detectable levels of H3K76me1 and -me2, which also favors the
hypothesis of a processive mechanism for DOT1B. In addition, this implies a massive upregulation of DOT1B protein level or its activity after mitosis. A potential regulation of the
enzymes was analyzed in my thesis by luciferase fusion proteins and enzymatic activity
measurements of luciferase in different cell cycle stages. Both enzymes, DOT1A and DOT1B,
seem not to be cell cycle-regulated. However, not the proteins themselves but their
methylation activity could be regulated through post-translational modification or interactions
with other proteins. This should be subject of further analyses.
Interaction partners of DOT1A and DOT1B are unknown but it would be very interesting to
identify a complex associated with these methyltransferases, as it was already shown for
DOT1 enzymes in other eukaryotes (Mohan et al., 2010). Interaction studies could also clarify
whether there are potential alternative substrates of the DOT1 enzymes in trypanosomes.
Indeed, some histone methyltransferases catalyze methylation of several histone residues or
even of non-histone substrates (Huang and Berger, 2008). For example, the enzyme Set1 is
responsible for methylation of H3K4, but also methylates the kinetochore protein Dam1 in
S. cerevisiae and thereby influences chromosome segregation (Zhang et al., 2005).
Manipulation of the DOT1 enzymes causes enormous replication phenotypes, which do not
prevent cell cycle progression in trypanosomes. Here are also still open questions to be
answered. For example, both DOT1A and DOT1B over-expression cause continuous
replication, potentially due to premature de novo methylation during S phase. Premature
H3K76 methylation was shown in DOT1A over-expressing cells, but could not be detected in
DOT1B over-expressing cells. Probably the lower methylation states appear only transiently,
but can induce continuous replication before being rapidly converted to the trimethylated
state. This should be studied in more detail.
The phenotype of DOT1A depletion raises some interesting questions as well: Inhibition of
replication does not result in cell cycle arrest, but cells go through cytokinesis distributing
half of their DNA content to each of the daughter cell. Is checkpoint control disrupted in these
cells? Are these cells haploid? Is a specific mechanism, like meiosis, triggered accidentally?
Studying these questions in further experiments will help to decipher the complete mechanism
of H3K76 methylation by the DOT1 enzymes in T. brucei.
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Fig S1: DOT1A-RNAi causes a specific cell cycle phenotype. Flow cytometry analysis of propidium
iodide-stained cells transfected with a DOT1A-RNAi hairpin construct (left panels) or a GFP-RNAi
construct as negative control (right panels). Cell cycle profiles of non-induced, 12 hours and 24 hours
induced cells are shown. GFP-RNAi was transfected into a cell line expressing GFP to control the
RNAi. GFP fluorescence was decreased post induction as monitored by FACS (data not shown).

Figures S2 and S3 can be found on enclosed DVD. Based on ChIP-chip results, distribution
patterns of H3K76me1, -me2 and H3 are shown for chromosome 10 and genome-wide,
respectively.

Fig S4: H4K18 methylation levels after manipulation of DOT1A expression. Mass spectrometry
analysis of different methylation states of the peptide H4 16-21 in non-induced versus 16 hours induced
cells. Histone H4 of whole cell lysates from DOT1A-RNAi and DOT1A over-expressing cells was
separated by SDS gel electrophoresis and examined for H4 16-21 methylation.
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Contents of enclosed DVD
•

Figures S2 and S3 (.pdf)

•

Gene Construction Kit (GCK) files of plasmids generated during this thesis (.gck)

•

Inventory of cell lines and oligonucleotides (.xls)

•

PhD thesis (.pdf)

•

Figures of this thesis (.ai)
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