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Summary

Summary

African trypanosomes are the causative agents of fatal diseases in humans and livestock.
Trypanosomes show a complex lifecycle and shuttle between the transmitting vector, the tset-
se (Glossina spec.), and the mammalian host. As a result of this the parasite undergoes tre-
mendous changes in morphology and metabolism to adapt to the different living environments.
The two best-studied lifecycle stages are the procyclic forms (PCF) that live in the tsetse fly
and the proliferative bloodstream form (BSF) that resides in the mammalian blood. The most
conspicuous weapon that trypanosomes use to evade the host immune attack is a dense layer
of a single protein type, the variant surface glycoprotein (VSG), which shields the entire cell
surface. Immune evasion required high rates of surface membrane turnover and surface coat
recycling.

Trypanosomes show highly polarised cell architecture with all major eukaryotic organelles (en-
doplasmic reticulum, Golgi apparatus, endosomal apparatus, lysosome, mitochondrion and
peroxisome-like glycosomes) generally present in single copy. Furthermore, trypanosomes
possess a single flagellum, which is important not only for cellular motility but also for cell divi-
sion. How the duplication of all these cellular components is coordinated in order to progresss
through the cell division cycle is poorly understood.

We used trypanosomes as a model organism due to the relative simplicity and the polarised
nature of their cell architecture and determined the duplication of all their compartments. This
was only possible due to a new synchronisation approach developed during this project.

In the first part of the thesis a precise temporal map of the cell division cycle of the BSF
T. brucei cell division cycle was generated. By the use of well-described morphological mark-
ers (K/N status, new flagellum outgrowth and DNA synthesis) the position of individual cells
was determined with high temporal resolution; this allowed us for the first time to synchronise
a cell population in silico without affecting the naturally asynchronous growth.

In the second part of the thesis we used this tool to follow duplication events of the major or-
ganelles during progression through the cell division cycle. We precisely determined the time
points of organelle duplication and found that it is ordered in trypanosomes. Furthermore we
found that BSF T. brucei cells do not grow continuously, cell size start to increase rapidly, dur-
ing a short period of time, late in the cell division cycle. We speculate that the initiation of cell
volume increase is temporally separated from the formation of all secretory organelles in order
to ensure maintenance of the protective coat, which must remain intact at all times in order for

BSF trypanosomes to be able to evade the host immune response.
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Zusammenfassung

Afrikanische Trypanosomen sind Erreger fataler Krankheiten sowohl bei Menschen also auch
bei Nutztieren. Trypanosomen weisen einen komplexen Lebenszyklus auf und wechseln hierbei
zwischen ihrem Ubertréager, der Tsetse Fliege (Glossina spec.) und ihrem Saugerwirt. Hieraus
resultierend, erlebt der Parasit dramatische Verdnderungen der Zellmorphologie und des Zell-
metabolismus um sich an die jeweiligen Lebensrdume anzupassen. Die zwei am besten unter-
suchten Lebensstadien sind die Prozyklische Form (PCF), welche in der Tsetse Fliege vor-
kommt und die Blutstrom Form, welche im S&ugerwirt zirkuliert. BSF Trypanosomen leben
extrazelluldr im S&ugerblut und sind hier kontinuierlich der Immunabwehr des Wirtes ausge-
setzt. Durch einen dichten Proteinmantel eines einzigen Proteintyps, dem variablen Oberfla-
chenglykoproteins (VSG) ummantelt der Parasit seine Zelloberflache und schiitzt so invariable
Proteine vor der Erkennung durch das Immunsystem. Um diesen VSG Mantel aufrecht zu er-
halten werden enorm hohe Raten an Oberflachen-membran- und VSG- Recycling bendtigt.
Trypanosomen weisen eine hoch polarisierte Zellarchitektur auf und die wichtigen Organellen
(Endoplasmatisches Retikulum, Golgi Apparat, Endosomaler Apparat, Lysosome, Mitochondri-
um und Glykosomen) sind generell in einfacher Kopie vorhanden. Weiterhin besitzen Trypano-
somen ein einzenes Flagellum welches sowohl fir die Bewegung als auch die Zellteilung des
Parasiten von groBer Bedeutung ist. All diese Bestandteile missen wahrend des Zellzyklus
verdoppelt werden um zwei lebensfihige Tochterzellen zu generieren. Uber die Koordinierung
und die Mechanismen der Organellenteilung ist kaum etwas bekannt. Wir nutzen den einfachen
Zellaufbau und die polarisierte Zellarchitektur von Trypanosomen um die Verdopplung der zel-
luldren Bestandteile zu untersuchen. Dies war jedoch nur durch einen neuen Synchronisie-
rungsansatz mdglich der im Rahmen dieser Arbeit entwickelt und etabliert wurde.

Im ersten Teil der Arbeit wurde eine zeitlich hoch aufgeléste Kartierung des Zellzyklus vorge-
nommen. Wir nutzen morphologisch gut beschriebene Marker um die Position einzelner Zellen
im Zellzyklus zeitlich sehr genau zu bestimmen, somit kann eine in silico Synchronisierung
durchgefiihrt werde ohne das natirliche Verhalten der Zellpopulation zu beeinflussen.

Im zweiten Teil der Arbeit wurde mittels dieser zeitlichen Zellzykluskarte der Teilungszeitpunkt
aller wichtigen Organellen bestimmt. Hierbei fanden wir heraus, dass die Teilung der Zellorga-
nellen in einer definierten Reihenfolge stattfindet. Weiterhin konnten wir zeigen, dass Trypano-
somen nicht kontinuierlich wachsen, die Zelle wéchst in einer relativ kurzen Phase, spat im
Zellzyklus. Wir vermuten, dass die Teilung der sekretorischen Organellen und das Zellwachs-
tums zeitlich voneinander getrennt sind um so den schiitzenden Proteinmantel, der flr das

Uberleben im Blut unabdingbar ist, aufrecht zu erhalten.
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Introduction

2.0 Introduction

The cell surface of eukaryotes is a complex mixture of an indefinite number of proteins present
in unknown quantities. Understanding how this cell surface homeostasis is controlled, main-
tained and fine-tuned is poorly understood. In principle, cells have to ensure that proteins are
moved to the cell surface, during the process of secretion. Sorting of proteins for secretion is a
crucial step for eukaryotes. Proteins destined for secretion run through several modification
steps and controls within the endoplasmic reticulum and the Golgi apparatus. Then these pro-
teins are packed into membrane vesicles and released by fusion with the cell membrane. De-
ciphering details of protein progression is difficult because most eukaryotes show redundant
secretory pathways. There are multiple exocytic routes for protein delivery to the cell surface.
Furthermore, the mechanism of organelle duplication and biogenesis of most cellular orga-
nelles remains unknown. A number of aspects of trypanosome biology appear to be more orig-
inally compared to current model eukaryotes like Arabidopsis thaliana, yeast, Drosophila mela-
nogaster, Caenorhabditis elegans, the zebrafish Danio rerio or mice. Trypanosomes, which
diverged earlier in eukaryotic evolution (Dacks et al., 2008), may provide a more native view on
eukaryotic cell biology. In trypanosomes, the secretory organelles are present in single copy
this seems to be the basic organelle configuration. This simplifies analysis of the biosynthetic
and endocytic pathway and gives us hints how other eukaryotes developed and adapted dur-
ing evolution. Furthermore, trypanosomes rely on efficient protein secretion to survive in the
bloodstream of their mammalian host. The most conspicuous weapon that trypanosomes use
to evade the host immune attack is a dense layer of a single protein type, the variant surface
glycoprotein (VSG), which shields the entire cell surface. Maintaining the integrity of this VSG
coat is essential for survival of the parasite in the mammalian bloodstream. During cell growth
and duplication of the whole cellular compartments this protective VSG coat has to be main-
tained. This makes an effective cell division mechanism, in which VSG trafficking is never
compromised, indispensable. For these reasons, the trypanosome is an ideal model for study-
ing organelle duplication and membrane homeostasis.

Acquiring information on the temporal events in the T. brucei cell division cycle is difficult be-
cause a trypanosome population cannot be synchronised efficiently. Hydroxyurea (HU) in-
duced cell-cycle arrest has been applied (Forsythe et al., 2009), but it is questionable whether
a block-release approach for cell cycle synchronisation does not influence the analysis of cell
cycle regulated events. Furthermore, it is questionable whether populations that are not syn-
chronised in nature should be treated with harsh chemicals to enforce synchronised growth.
The limitations in the temporal analysis of events can be bypassed by determining the exact

cell cycle position of individual cells within an asynchronously growing culture.
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2.1 Trypanosoma brucei as a model organism

2.2 Trypanosome cell architecture

Trypanosoma brucei features eminently polarised cell architecture. A network of highly ordered
subpellicular microtubules underlies the entire pellicular cell membrane with the exception of
the flagellar pocket (Angelopoulus, 1970). The cytoskeleton defines the cell shape, as the mi-
crotubules are connected to the plasma membrane (Hemphill et al., 1991), and grow in a semi-
conservative manner (Sherwin and Gull, 1988) which maintains cytoskeleton integrity during
the cell division cycle. The flagellar pocket marks the posterior side of the cell and accounts for
5% of the total cell membrane area and is the only place of endo- and exocytosis (Griinfelder
et al., 2002). Trypanosomes possess a single flagellum that is maintained throughout the cell
division cycle and is essential for survival of the parasite (Kohl et al., 2003; Broadhead et al.,
2006). The single flagellum emerges from the flagellar pocket and is attached to the cell body
by the flagellum attachment zone (FAZ) (Taylor and Godfrey, 1969). The FAZ consists of a FAZ
filament and four specialized microtubules named the microtubule quartet (MtQ) (Sherwin and
Gull, 1989). Theses specialized microtubules show inverted polarity compared to the rest of the
microtubule corset (Robinson et al., 1995). The procyclic form (PCF), present in the tsetse fly
midgut and the bloodstream form (BSF), the proliferating stage in the mammalian host are the

best-studied forms of T. brucei and differ in morphological as well as physiological aspects.

Flagellar Pocket Golgi Nucleus ER Flagellum

Kinetoplast Endosomes Lysosome Mitochondrion VSG coat

Figure 1. Schematic drawing of a bloodstream form trypanosome cell Trypanosomes are highly
polarised cells. Most organelles are present in single copy and are located in the posterior between the
kinetoplast and the nucleus. The ER and the mitochondrion span the whole cell. Modified from (Overath
and Engstler, 2004)

The long slender bloodstream form of T. brucei is a spindle shaped cell of approximately
18 pm length and 3 pm width. The single flagellum is laterally attached to the cell body length
with a free distal tip at the anterior cell pole. In PCF trypanosomes the flagellar pocket, the
origin of the flagellum, is located further to the anterior end than in the bloodstream form (Rob-

inson et al., 1995). In PCF trypanosomes the new growing flagellum is attached to the mature

7
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flagellum by a structure called the flagellar connector (Moreira-Leite et al., 2001), this structure
is not present in the bloodstream form. Recently Sue Vaughan and colleagues described an
invagination in the cell plasma membrane of BSF trypanosomes, named the groove, that
seems to have a similar function to the flagellar connector of PCFs (Hughes et al., 2013). The
duplication of the kinetoplast, basal body and flagellum is well described and seems to be
strictly controlled for PCF trypanosomes. First the basal body is duplicated, movement of the
duplicated basal bodies then leads to segregation of the kinetoplasts (Robinson and Gull,
1991). The basal body further orchestrates cell morphology and is the nucleation site for the
new flagellum (Lacomble et al., 2010). The increase in inter basal body distance as well as cell
body length occur at a similar rate; it was suggested that these processes are controlled by

similar mechanisms (Robinson et al., 1995).

2.3 The classic description of the cell division cycle

In principle, the cell division cycle describes the events that take place leading to duplication
and division of a cell. In prokaryotes such as bacteria cells divide by binary fission, in eukary-
otes the cell division cycle can be divided into different periods. During interphase, consisting
of G1-, S- and G2-phase, cells grow and prepare for mitosis. In G1-phase cells increase in
size, control mechanisms ensure that the DNA is ready for replication, followed by S-phase as
the DNA gets replicated. During G2-phase the cell continues to grow, control mechanisms en-
sure that the cell is ready for mitosis, when cell growth stops and the nucleus divides. Cytoki-
nesis divides the cytoplasm, organelles and cell membrane and in most eukaryotes occurs
simultaneously with mitosis. This is why mitosis and cytokinesis are often used synonymously,
but mitosis is diverse in eukaryotes (De Souza and Osmani, 2007). In animals the nuclear enve-
lope breaks down during mitosis leading to an open mitosis whereas fungi show a closed mi-
tosis (De Souza and Osmani, 2007). Trypanosomes show a closed mitosis. The events leading
to cell division in trypanosomes have been describes for the procyclic form by Woodward and
colleagues (Woodward and Gull, 1990). In trypanosomes mitosis and cytokinesis are uncou-
pled. Trypanosomes show a post mitosis phase for both the kinetoplast and the nucleus fol-
lowed by cytokinesis (Woodward and Gull, 1990). Trypanosomes lack several classic cell divi-
sion cycle checkpoints. To date no mitosis checkpoint has been identified. Incomplete mitosis
and cytokinesis often lead to multinucleate cells with different nhumbers in kinetoplasts and
nuclei (Ploubidou et al., 1999). Conversely defects in cytokinesis lead to multinucleated cells
that further proceed through mitosis (Das et al., 1994; Sheader et al., 2005; Hu et al., 2012).
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2.4 Cell cycle regulation

Trypanosomes show some differences in cell cycle regulation compared to other eukaryotes,
as there are orthologoues of conserved eukaryotic cell cycle regulators, which have diverged in
function or are absent in Trypanosoma brucei (Hammarton, 2007). In most eukaryotes cyclins
(CYC) and cyclin-dependent kinases (Cdk) are key players in cell cycle regulation. Cyclins and
Cdks work as heterodimeric protein kinases with cyclins acting as the regulatory subunit, in-
creasing and decreasing in concentration during the cell cycle and CdKs working as the cata-
lytic subunit associating with several different cyclins. Depending on the associated cyclin,
these complexes can phosphorylate different proteins, required for activation of genes involved
in cell cycle progression (Nigg, 1995). In trypanosomes several homologues of cyclins and cy-
clin-dependent kinases are present; termed cyclins and cdc2-related kinases, respectively
(Mottram and Smith, 1995). 11 cyclins and 12 cdc2-related kinases (CRK) have been described
in trypanosomes. CYC2 and CRK1 are involved in G1/S-phase transition (Tu et al., 2005;
Gourguechon et al., 2007). G2/M-phase transition is controlled by CYC2, CRK3 and CYC6 in
PCF Trypanosoma brucei (Van Hellemond et al., 2000; Hammarton et al., 2003; Gourguechon
et al., 2007). Furthermore Wang and colleagues showed that cyclin 10 and 11 as well as CRKs
7 to 12 are not essential in PCFs (Gourguechon and Wang, 2009). Knockdown of CRK9 leads
to accumulation of PCFs in G2/M showing one kinetoplast, one nucleus but two basal bodies.
The two basal bodies do not separate in these cells, as inter basal body distance is reduced
compared to control cells. Gourguechon and colleagues emphasize the importance of correct
basal body segregation for progression through the cell division cycle (Gourguechon and
Wang, 2009).
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2.5 Cell cycle synchronisation

Cell cycle synchronisation is a process, by which cells at different stages of the cell division
cycle are selected or brought to a transient halt at the same phase of the cell division cycle.
This can be achieved by two different strategies, either by physical fractionation or by a chemi-
cal blocking approach. Cell synchronisation by physical fractionation is based on differences in
physical properties of cells, such as cell size or their affinity to antibodies. Centrifugal separa-
tion can be used to sort cell populations by size whereas fluorescence-activated cell sorting
(FACS) is used to distinguish between cells based on differences in size or fluorescence emis-
sion; here single cells pass through a light beam and are sorted based on their specific proper-
ties. Chemical blocking approaches are based on blocking a metabolic reaction e.g. DNA syn-
thesis or organelle separation. Likewise, starvation can lead to accumulation of cells at G1-
phase or cell synchrony is achieved by restoring nutritional supply. The ciliated protozoan, Tet-
rahymena was the first cell that showed synchronised division in suspension culture (Zeuthen,
1971), which led to the first insights into the existence of mechanisms that control the cell cy-
cle. Common methods for mammalian cell cycle synchronisation are based on chemical block-
ing of DNA replication, synthesis or mitotic spindle formation due to treatment with colchicine
or hydroxyurea (Taylor, 1965; Adams and Lindsay, 1967; Romsdahl, 1968). Cell cycle synchro-
nisation of T. brucei is a major challenge since most synchronisation attempts failed either due
to toxicity issues (Forsythe et al., 2009). Mitosis inhibition does not arrest trypanosomes, as
mitosis seems to be uncoupled from cell division cycle progression, leading to anucleate cells
termed zoids (Ploubidou et al., 1999). Chowdhury and colleagues were able to demonstrate a
high degree of synchronisation of PCF T. brucei using hydroxyurea (Chowdhury et al., 2008)
and Hammarton and colleagues adapted this hydroxyurea based approach for cell cycle syn-
chronisation of bloodstream form T. brucei (Forsythe et al., 2009). Treating BSF T. brucei with
10 ug ml™ for 6 hours led to enrichment of cells in S-phase. After hydroxyurea (HU) removal
cells proceeded synchronously only through one round of the cell cycle. This synchronisation
approach was rather inaccurate, since enrichment of cells in S-phase does not reflect a specif-
ic timepoint. This explains how synchronous cell growth was lost within a short period of time.
All in all, sufficiently synchronised cell growth to study cell cycle events in BSF T. brucei is not
achievable so far. Furthermore, it is questionable whether the behaviour of cells, forced to syn-
chronised growth, reflects their behaviour in the natural population. Treatment with harsh
chemicals such as hydroxyurea may interfere with fine-tuned, cell division cycle dependent

mechanisms, even hours after removal.
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2.6 Models for organelle biogenesis

Several different models for maintaining and duplicating organelles and cellular compartments
have been discussed in the literature. One way an organelle can be built is by de novo biogen-
esis, where the blueprint needed to build a new organelle is stored in the genome and the cell
can hence produce a new organelle independent of a pre-existing one. A second mechanism
of organellogenesis is by growth and fission, here the old organelle grows and divides by fis-
sion to produce two organelles out of one. A further mechanism combines both principles.
Here the basic infrastructure of the organelle is built de novo and then this premature new or-
ganelle maturates to develop to a functional organelle by importing enzymes and components
from the pre-existing mature organelles. This means that the new organelle cannot develop
into a functional organelle without a pre-existing one that serves as a template. Figure 2 illus-

trates the different models for organelle biogenesis (taken from Lowe and Barr, 2007).

o -0
O-00-00
o> 0o ~00

Figure 2. Schematic of organelle duplication models. Modified from (Lowe and Barr, 2007).

de novo formation o @)

Growth / fission

Templated assembly Q)

To maintain organelle inheritance cells must ensure, that each daughter contains at least one
copy after cell division. Loew suggests that a single copy organelle has to be actively segre-
gated to ensure that each cell retains one functional organelle. Active segregation has been
described for the PCF T. brucei Golgi apparatus, here the single Golgi apparatus is always
linked to the basal body, this link assigns each Golgi to a basal body after duplication and thus
to the two daughter cells, respectively (He et al., 2004). Lowe suggests that for multi-copy or-
ganelles, stochastic partitioning seems to be efficient to maintain organelle inheritance. This
mechanism is used for the mammalian endoplasmic reticulum, mitochondrion and Golgi appa-
ratus, due to the fact that mammalian cells host a large number of dispersed organelles in the
cytoplasm. Due to a cytokinetic mechanism, that divides the mother cell into two equally sized
daughter cells the organelles are partitioned by chance. The same can be seen for the plasma
membrane where stochastic partitioning devides the surface of the mother cell (Warren and
Wickner, 1996). An ordered mechanism for multi copy organelles has been described for the

S. cerevisiae mitochondrion, where the dividing organelle forms a filamentous network and the

11
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tip invades into the bud. The inheritance of this organelle is regulated by spatial distribution
and attachment of the organelles to cellular architecture structures and is further temporally

linked to the cell division cycle (Warren and Wickner, 1996).

2.7 Eukaryotic organelles

The endoplasmic reticulum

The nucleus is a characteristic organelle for eukaryotes enclosed by two membranes, the inner
and the outer nuclear membrane. The inner layer surrounds the nucleus and the outer layer is
part of the endoplasmic reticulum (ER). The ER appears to be an extensive network of sheets
and tubules, interconnected and spanning through the whole cell. By means of the structure
one can distinguish between two types of ER, the rough and the smooth ER. The rough ER is
studded with ribosomes and is located around the nuclear envelope, where the mRNA, for pro-
teins destined for secretion is translated into the ER lumen and further processed. The smooth
ER is free of ribosomes and functions in several metabolic processes such as lipid and steroid
synthesis. Secretory proteins are translated into the ER lumen, where proteins are sorted,
modified and further transported to the cytoplasm or the Golgi apparatus. Proteins that fulfil
functions in the ER lumen are retained in the ER by a retention motif composed of the four
amino acids KDEL (lysine, aspartic acid, glutamic acid, leucine) at the C-terminus of the protein
(Pelham, 1989). This retention motif is conserved in eukaryotes but can differ between different
species as in trypanosomes, where the ER retention signal is composed of the amino acids
MDDL (methionine, aspartic acid, aspartic acid, leucine) (Bangs et al., 1993). Secretory pro-
teins leave the ER in COPII vesicles, which transport the cargo to the cis-side of the Golgi ap-
paratus (anterograde transport). The retrograde transport returns proteins of the molecular
transport machinery, as well as incorrectly routed components via COP | vesicles from the cis-
side of the Golgi apparatus back to the ER. In trypanosomes the transport of cargo between
the ER and the Golgi occurs exclusively at the so-called endoplasmic reticulum exit-site
(ERES). It is a characteristic feature of trypanosomes that parts of the smooth ER are attached
to four specialized subpellicular microtubules, which mark the flagellum attachment zone
(Vaughan et al., 2008).

12
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The Golgi apparatus

The Golgi apparatus is a polarised organelle consisting of flattened cisternae. In the Golgi ap-
paratus modifications, sorting and packaging of proteins for secretion takes place. Proteins
that exit the ER enter the Golgi from the so-called cis-side and are processed moving towards
the trans-side of the Golgi. How cargo is transported through the Golgi is debated. The two
favoured hypotheses are the vesicular transport and the cisternal maturation model. The vesic-
ular transport model describes the Golgi as a stable organelle with cisternae separated from
each other in cis to trans direction, with membrane bound vesicles that shuttle cargo between
different cisternae (Glick and Malhotra, 1998; Glick and Luini, 2011). In the cisternal maturation
model, COPII vesicles from the ERES fuse and form the first cis-cisterna of the Golgi stack,
which maturates and finally forms secretory vesicles (Glick, 2000; Glick and Luini, 2011). The
function of the Golgi is highly conserved, whereas the structure and number vary from species
to species. Mammalian cells can contain hundreds of Golgi in the perinuclear region (Mo-
gelsvang et al., 2004) whereas in plant cells Golgi stacks are spread independently in the cyto-
plasm, each associated with an ERES (daSilva et al., 2004). In yeast we find a new situation,
here the Golgi is not stacked but instead has dispersed cisternae and tubular networks (Lowe
and Barr, 2007). In contrast to most eukaryotes, several protozoon parasites such as Toxo-
plasma gondii, Leishmania and trypanosomes possess only a single Golgi apparatus. The di-
versity in Golgi number and location in different eukaryotes has led to several proposed mech-
anisms for Golgi duplication. In mammalian as well as plant cells it has been suggested that
the Golgi is duplicated by binary fission after elongation of the old Golgi structure (Langhans et
al., 2007). In yeast the duplication of the Golgi apparatus is linked to the ER, as it is formed de
novo at the ERES (Rossanese et al., 1999; Bevis et al., 2002; Losev et al., 2006). In the obligate
intracellular parasite Toxoplasma gondii the Golgi is a single copy organelle that grows by ex-
tension and is split by medial fission (Pelletier et al., 2002). The PCF of Trypanosoma brucei,
which also harbours a single Golgi apparatus, differs in the duplication mechanism, as the new
Golgi apparatus is built de novo, but in addition receives material from the old Golgi apparatus
(He et al., 2004).

The endosomal system

Endo- and exocytosis are fundamental processes in eukaryotes for the exchange of compo-
nents with the environment. In most eukaryotes the endosomal system, subdivided into early,
late and recycling endosomes, is the major sorting machinery. In mammalian cells and yeast
endo- and exocytosis are performed via various mechanisms, with internalisation performed
via clathrin-coated vesicles (CCV), non-coated vesicles, phagosomes, caveola and macropi-

nosomes. In trypanosomes endocytosis is performed exclusively via clathrin coated vesicles
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(Allen et al., 2003), whereas exocytosis is performed via Rab11 positive carriers (Grinfelder,
2003). A distinctive feature of trypanosomes is that both endo- and exocytosis take place at
the flagellar pocket only, an invagination comprising approximately 5% of the cell surface area
(Griinfelder et al., 2002; Engstler et al., 2004; Overath and Engstler, 2004). Trypanosoma brucei
is an established model organism for endo- and exocytotic processes and is characterised by

extremely high turnover rates compared to other organisms (Overath and Engstler, 2004).

The lysosome

Lysosomes are organelles, which contain a subset of enzymes and proteins for protein degra-
dation and are responsible for the final degradation of endocytosed and recycled material. Ly-
sosomes maintain cellular homeostasis due to their involvement in secretion and degradation,
plasma membrane repair and energy metabolism related to health and diseases of cells (Ap-
pelqvist et al., 2013; Settembre et al., 2013). The lysosome maintains a highly acidic environ-
ment where various numbers of enzymes are only active at a pH of about 5 or less. It has been
suggested, that lysosomal enzymes are synthesized in the ER and are released from the Golgi
in vesicles maturating to final lysosomes by fusion with acidic vesicles derived from endo-
somes, but detailed mechanisms of lysosome biogenesis and duplication are still unknown.
Immunofluorescence analysis has suggested that Trypanosoma brucei possesses a single ly-
sosome and thus is well suited as a model organism to study lysosome biogenesis and inher-

itance.

Glycosomes

Glycosomes are specialised organelles found exclusively in kinetoplastida. They were first dis-
covered in Trypanosoma brucei and classified to belong to the family of peroxisomes (Op-
perdoes and Borst, 1977). In contrast to other eukaryotes, trypanosomes compartmentalize
glycolysis. This compartmentalization is essential, as mislocalisation of glycolytic enzymes into
the cytosol of trypanosomes is lethal, causing the accumulation of hexose-phosphatase in the
cytoplasm (Bakker et al., 1997; Blattner et al., 1998). The biogenesis of peroxisomes is not fully
understood and different duplication models have been described in different organisms
(Hettema and Motley, 2009). In dividing S. cerevisiae the number of peroxisomes doubles due
to fission prior to every cell division and peroxisomes are distributed between mother and
daughter cell (Hoepfner et al., 2001). In contrast to the situation in yeast, mammalian cells
show both de novo formation and multiplication of peroxisomes by fission. It is not known
whether peroxisomes can be made de novo in yeast (Kim et al., 2006). It is further thought that
peroxisomes mature from pre-existing membrane vesicles as peroxins transport matrix pro-

teins into the lumen of precursor peroxisomes (Purdue and Lazarow, 2001). Peroxisome mem-
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brane assembly and maintenance requires three peroxins, Pex3, 16 and 19 (Distel et al., 1996).
Peroxin 11 has a direct role in peroxisome division as knockdown leads to elongated and clus-

tered peroxisomes (Li and Gould, 2002).

2.8 Organelle inheritance

Different organisms have evolved different strategies to maintain organelle number and size, as
well as cell size. The inheritance strategy adopted by an organelle varies from organelle to or-
ganelle and cell type to cell type (Warren and Wickner, 1996). Despite these variations, orga-
nelle and membrane homeostasis has to be controlled and regulated during the cell division
cycle to maintain the cellular infrastructure. Up to date there is little known on how cells fulfil
these tasks and stay functional. Organelles that have their own DNA, i.e. chloroplasts and the
mitochondrion are maintained over several generations in eukaryotes. It also seems obvious to
maintain the endoplasmic reticulum, as these membranes cannot be synthesized de novo. In
principle the mode for organelle inheritance depends on the number of organelles present. A
single copy organelle has to be segregated actively prior to cell division in order to be main-
tained. For multi-copy organelles it was suggested, that stochastic partitioning mechanism
could explain organelle inheritance (Lowe and Barr, 2007). Still how the size and number of
organelles in a cell is controlled and maintained is not understood. To date, the only organisms
were a controlled cell elongation is described is Schizosaccharomyces pombe. A spatial gradi-
ent of protein kinases is thought to coordinate cell size and elongation as well as mitotic entry
into fission (Moseley et al., 2009). Still for most eukaryotes is is not known how cell size is con-

trolled or maintained.
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2.9 The VSG and antigenic variation

The surface of Trypanosoma brucei is covered with a monolayer of the variant surface glyco-
protein (VSG), acting as a physical barrier to the host immune response (Cross, 1975). The ge-
nome of trypanosomes encodes for many different VSGs. Although the primary structure of
different VSGs is highly divergent, the tertiary structure appears to be well conserved (Blum et
al., 1993; Jones et al., 2008). VSGs are GPI anchored (Ferguson et al., 1988), which allows dif-
fusion on the cell surface. VSGs diffuse within the cell membrane with an average velocity of
approximately 0.02 — 0.03 um?/s (Hartel, 2013). This high mobility could also play a role in VSG
trafficking and recycling (Overath and Engstler, 2004). Trypanosomes express approximately
5 x 10° VSG dimers on their surface (Jackson et al., 1985). Due to recycling the VSG coat is
exchanged every 12.5 minutes (Engstler et al., 2004). The VSG trafficking takes place exclu-
sively at the flagellar pocket. It is a fascinating question how trypanosomes achieve these high
rates of protein trafficking. The variability of the VSG surface coat is achieved by antigenic var-
iation (Borst et al., 1996), this adaptability as well as the mobility and density of the VSG coat
are essential for parasite survival. T. brucei expresses only a single VSG at any given time and
the surface coat changes by stochastic switching to a new VSG (Turner and Barry, 1989; Barry
and McCulloch, 2001). The host immune response identifies each VSG as an antigen and
mounts an attack every time. A new subpopulation expressing a new distinct VSG will evade

this immune response and will cause a new ‘parasitic wave’ (Ross and Thomson, 1910).
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Figure 3. Basis for trypanosome pathogenicity. (A) Shows the VSG coat (Coat) in a transverse section
taken from glutaraldehyde fixed T. b. rhodesiense. Scale bars = 0.1 ym. Taken from (Vickerman, 1969).
(B) Shows the periodical progression of a T. b. gambiense infection. Taken from (Ross and Thomson,
1910).

16



Introduction

2.10 VSG trafficking and recycling

In order to maintain the VSG surface coat trypanosomes have perfected protein trafficking and
recycling. It has been shown that T. brucei performs endosomal membrane trafficking at a very
high rate and a lower level of complexity than in mammalian cells (Overath and Engstler, 2004).
First, endo- and exocytosis are restricted to the flagellar pocket. Second, endo- and exocyto-
sis are performed by non-redundant pathways. Endocytosis occurs exclusively via a clathrin-
dependent mechanism (Allen et al., 2003), while Rab11 positive vesicles are responsible for
exocytosis (Griinfelder, 2003). Third, the endomembrane system is compactly located in the
posterior part of the cell.

In the ER the VSGs undergo posttranslational modifications, like the addition of oligosaccha-
rides and attachment of the GPI anchor. The modified VSG is transported via COPII vesicles to
the cis-Golgi, where further modifications, such as glycosylation occur. How the VSG is finally
transported to the flagellar pocket is still debated. At least three different routes are described
for the VSGs delivery to the flagellar pocket. Besides direct transport via vesicle budding from
the Golgi, VSGs can be transported to the flagellar pocket via clathrin coated vesicles (CCV)
and late endosomes or non-clathrin coated vesicles, so called recycling endosomes (Griinfeld-
er, 2003). To maintain the high surface coat density, the concentration of VSGs is increased
between the different membrane compartments by 50-fold (Griinfelder et al., 2002). VSGs are
internalized at the flagellar pocket via CCV, which move towards the nucleus, where the VSGs
enter Rab5 positive early endosomes (EE). From early endosomes the VSG directly enters
Rab11 positive recycling endosomes (RE) or Rab7 positive late endosomes (LE). To date it is
not known how recycled membranes are delivered from LE to the lysosome. Afterwards the
recycled VSGs are transported to the flagellar pocket via Rab11 positive recycling endosomes

and Rab11 positive exocytic carriers.

FP ¢
\‘CCV|—>EE \l \‘
v_\ LE —> L

RAB7 p67

) VSG +fluid phase
% ——) fluid phase only
Figure 4. lllustration of the posterior part of the Trypanosoma brucei cell. (A) Shows structures
present in the posterior part of a trypanosome. (B) lllustrates the passage of VSG and fluid phase cargo
through endosomal structures. AX, axoneme; BB, basal body; CCV |, class | clathrin coated vesicles;
CCV I, class Il clathrin coated vesicles; EE, early endosomes; ER, endoplasmic reticulum; EXC, exo-
cytic carrier; FAZ, flagellar attachment zone; FL, flagellum; FP, flagellar pocket; G, Golgi apparatus; K,
kinetoplast; L, lysosome; LE, late endosomes; Mt, mitochondrion; N, nucleus; PFR, paraflagellar rod;
PMT, pellicular microtubule; RE, recycling endosomes; SC, surface coat; VSG, variant surface glyco-
protein. Modified from (Overath and Engstler, 2004)
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2.11 Diversity of African trypanosome species

In sub-Saharan Africa, several different trypanosome species are the causative agent of fatal
diseases in diverse animal species. Trypanosoma brucei rhodesiense and T. b. gambiense
cause human sleeping sickness, whereas T. vivax, T. congolense and T. b. brucei cause naga-
na in domestic animals. By this trypanosomes have a major impact on public health as well as
local agriculture and economy. Most research was focused on Trypanosoma brucei brucei, as
this species was easily accessible to state of the art forward and backward genetics. This is in
part due to the fact, that no reproducible experimental methods are currently available to main-
tain different stages of T. vivax and T. congolense in laboratory conditions. Only few procedures
conducting in vitro cultivation of T. vivax and T. congolense are available (Trager, 1975; Hirumi
and Hirumi, 1991; Otigbuo and Oyerinde, 1993), still long-term cultivation of these species is a
difficult task. In the 1990 appropriate protocols were developed to maintain axenic cultures of
T. b. brucei, T. congolense and T. vivax, by this T. b. brucei and T. congolense were genetically
manipulated successfully (D'Archivio et al., 2011). Constitutive protein expression in T. vivax
has been established about 15 years later (D'Archivio et al., 2011), however detailed analysis of

fundamental processes in these species was unattended for years.
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Results

Functional cell division is a prerequisite in eukaryotes to ensure segregation of all essential cell
components. Trypanosomes have become a convenient model organism for investigating fun-
damental questions in cell biology (Overath and Engstler, 2004) as they display a highly polar-
ised cell architecture and most of its organelles are present in single copy which simplifies the
analysis of the cell division cycle. Since forward genetics became a routine method to investi-
gate Trypanosoma brucei cell biology, many cell cycle phenotypes have been described
(Mufioz-Jordan and Cross, 2001; Sheader et al., 2005; Chanez et al., 2006). Unfortunately, ob-
taining detailed information on the temporal events in the T. brucei cell division cycle has been
difficult because of the apparent disadvantage that a proliferating trypanosome population can-
not be synchronised efficiently. In order to circumvent this limitation we opted for an in silico
synchronisation approach. Therefore, we developed a new approach by an unbiased screen
using morphological well-described structures that change during cell division cycle progression.
On the basis of a high significant number of cells we synchronised a natural growing trypano-
some population based on these morphological markers.

The first step of this project was the identification of markers that would allow the positioning of
a randomly picked cell from a growing culture within the cell division cycle, which in effect syn-
chronised the cell population in silico. Afterwards the duplication events of the major organelles,
such as the endoplasmic reticulum, the endoplasmic reticulum exit site, the Golgi apparatus, the
endosomal apparatus, the lysosome, the glycosomes and the mitochondrion were analysed and
pinpointed with high temporal resolution. Central to the analysis was the question whether these
organelles are segregated or built de novo. Furthermore, we were interested in the chronology
of organelle duplication. Is the duplication of the organelles precisely timed or temporally un-
coupled from the cell division cycle? For this we used immunofluorescence analysis as well as
high-speed live cell microscopy to investigate the dynamics of organelle duplication during the

cell division cycle.

20



Results

3.1 The cell division cycle of T. brucei can be timed precisely

Gathering information on the temporal events in the T. brucei cell division cycle was difficult
because of the apparent disadvantage that a constantly proliferating trypanosome population
cannot be synchronised efficiently. Besides technical problems in establishing long-term syn-
chronously growing cultures we doubt the soundness of chemical approaches for analysis of
such populations, as they are not synchronised in nature. The following characteristic and well-
described events occurring in the cell division cycle were taken into account (1) duplication of
the kinetoplast and nucleus, (2) the outgrowth rate of the daughter flagellum and (3) DNA syn-
thesis. These data were correlated with the aim of creating a comprehensive temporal map to
allow the determination of the exact cell cycle position of individual cells.

In T. brucei, the order and mode of kinetoplast and nucleus division are well described and
allowed us to split the cell division cycle into rough sections (Woodward and Gull, 1990; Siegel
et al., 2008). A trypanosome cell in G1/S-phase has a single kinetoplast (K) and a single nucle-
us (N) and is termed 1K1N. During S-phase, the kinetoplast segregates first, leading to a 2K1N
cell. As segregation of the kinetoplast is well understood and described (Robinson and Gull,
1991; Hammarton et al., 2007; Gluenz et al., 2011), we further distinguished cells with a early
dividing (v-shape; 1K") and late dividing (bone-shaped; 1K®) kinetoplast (Figure 5A). In trypano-
somes mitosis and cytokinesis are uncoupled, leading to a bi-nuclear 2K2N cell after mitosis,
which is separated by scissiparity during cytokinesis (Woodward and Gull, 1990).

We first determined the percentage of cells in each section of the cell division cycle, based on
the kinetoplast and nucleus content (Figure 5B). In an exponentially growing population of BSF

trypanosomes, 72% of the cells displayed one kinetoplast. These could be further divided into

50
A 1“ B 43%
K B
N
e - g
Tt 304
] 24%
K'Yy @
2 20+ 15%
8 10 7.5%
- (]
50/0 5%

1KIN 1KYIN 1K51N 2K1IN 2K2N Cyto

0
K Q"
4. K v
. YK Ky ¢ K

Figure 5. Cell division cycle stages based on kinetoplast and nucleus status. (A) Cells were stained
with the inpermeable sulfo-NHS-AMCA dye, which binds to primary amines and hence labelees the cell
surface; DNA was counterstained with DAPI. Arrows indicate the kinetoplasts at different stages in the
cell division cycle. Early dividing (1KY1N) and late dividing (1KB1N) kinetoplasts are indicated (Jung,
2009). Scale bar = 4 ym. (B) Percentage of each cell cycle stage in the population based on kinetoplast
and nucleus content as determined by DAPI labelling (n=2500).
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43% of 1K1N cells prior to kinetoplast duplication, 24% cells with a kinetoplast during S-phase
(1KY1N) and 5% cells with a dividing kinetoplast (1KB1N). About 26% of the cells in the popula-
tion contained two separated kinetoplasts within 15% displaying one and 11% two nuclei. Late
in the cell division cycle, cells performed cytokinesis (Cyto) a stage, which was represented by
3.5% of the cells. For a more precise classification of the cell division cycle we considered fla-
gellum outgrowth as a further morphological marker.

It was reported, that the mature flagellum is a structure, which remains constant in length dur-
ing the cell division cycle while the new flagellum grows, which hence, can be used as a timer
(Tyler et al., 2001). The new daughter flagellum originates at the posterior cell pole within the
flagellar pocket, immediately adjacent to the origin of the old flagellum (Kohl et al., 1999; Mo-
reira-Leite et al., 2001; Hughes et al., 2013). The new flagellum is assembled at its tip and
grows at a constant rate towards the anterior cell pole (Tyler et al., 2001). In cells displaying
two flagella, we compared the length of the new, growing flagellum with the constant length of
the mature flagellum (Figure 6). This ratio was termed New Flagellum Ratio (NFR) and encom-
passed values between 0 and 1. Cells displaying only one mature flagellum had an NFR of 0;
the others were equally divided into 10 groups, each covering 10% of new flagellum out-
growth. Finally, cells with a value of 1 had two flagella, the mature and the new fully-grown

flagellum.

New Flagellum Ratio

length of new flagellum

length of old flagellum

Figure 6. Determination of the New Flagellum Ratio. Deconvolved 3D-stacks of surface stained cells
were analysed with the Imaris software package. The upper panel shows AMCA and DAPI stained cells.
The Imaged edges algorithm was used for better visualisation of the cell and flagellum surface. The
lengths of the new (white line) and mature (black line) flagellum were determined and the NFR ratio cal-
culated. Modelled cells with different NFR are depicted in the lower panel. Scale bar represents = 5 pm
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If specific events, defining morphologically distinguishable cell types, are temporally ordered in
an asynchronously growing culture, the timing of these events can be calculated from the pro-
portion of cells representing each cell type. The duration of each event could be calculated by
a method described by Williams (1971) if the following parameters were defined: (1) the time to
accomplish the cell division cycle, (2) the proportion of cells in a particular cell division cycle

step and (3) the order of these cell cycle steps.

In (1 - %y)
—In(2)

x=t
The equation contained t as the population doubling time, y as the cumulative proportion of
cells representing a particular stage in the cell division cycle and x, the duration of the pres-
ence of a particular stage during the cell division cycle (Wheeler et al., 2011).
For the kinetoplast and nucleus as well as for the NFR, the Williams algorithm was used to cal-
culate the duration of each morphological event (Woodward and Gull, 1990), with 5.9 hours as
population doubling time (f). The time-period for each NFR group varied only slightly between
0.29 and 0.33 hours (Table 1A); thus confirming the constant growth of the new flagellum (Tyler
et al., 2001). In Table 1B the duration of each stage based on the K/N status was calculated.
The 1K1N stage showed the longest duration with 2.6 hours compared to the cytokinesis

event, which was the shortest with 0.15 hours.

Table 1. Duration of morphological events based on NFR and K/N status. (A) Shows the time the
new flagellum took to grow 10% in length (n = 500 in total). (B) Shows the duration of each cell cycle
stage based on kinetoplast and nucleus content (n = 2500 in total).

A proportion of ) ) . B proportion of i ) .
NFR cell cycle time/hours time[h:m] stage cell cycle time/hours time[h:m]
10 0.10 0.32 0:19
1K1N 0.43 2.60 2:36
20 0.10 0.31 0:19
30 0.10 0.32 0:19 1KVIN 0.24 1.40 1:24
40 0.10 0.33 0:20
50 0.10 0.33 0:20 1KB1N 0.05 0.30 0:18
60 0.10 0.32 0:19 2K1IN 0.15 0.90 0:54
70 0.10 0.33 0:20
80 0.11 0.34 0:20 2K2N 0.075 0.45 0:27
90 0.09 0.31 0:19
100 0.10 0.29 0:18 Cyto 0.035 0.15 0:25
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A first step towards the generation of the temporal map was to correlate the data obtained for
new to old flagellum length ratio with distinct kinetoplast and nucleus conformations (Figure 7).
The new to old flagellum ratios spanned from 0 to 0.5 (NFR=10 - 50) for 1KY1N cells, 0.36 to
0.5 (NFR=40 - 50) for 1K®1N, 0.5 to 0.77 (NFR=50 - 80) for 2K1N and 0.75 and 1 (NFR=80 —
100) in 2K2N cells. We precisely matched an NFR value to a K/N status comparing the 25"
and 75" percentile corresponding to the boxes in Figure 7. The 25" and 75™ percentile ranged
from 0.07 to 0.35 for 1KY1N cells, 0.45 to 0.5 for 1K®1N, 0.55 to 0.65 for 2K1N and 0.75 to 0.85
for 2K2N cells. These values served as an internal control comparing the K/N status with the
NFR.

- T

New Flagellum Ratio (new / old)
[3)]
o
1

|
1KYIN 1KB1N 2K1N 2K2N
Figure 7. Cells with different kinetoplast and nucleus conformation show a characteristic range
of NFR. The conformation of kinetoplast and nucleus was determined and plotted against the corre-
sponding NFR value (n =500 in total). The red line indicates the medium flagellum length for each
stage. The box refers to the range defined by the 25™ and 75" percentile; whiskers indicate the mini-
mum and maximum NFR values.

In the next step, the classical description of the eukaryotic cell cycle based on G1, S-phase,
G2 and mitosis, was used as an additional marker to refine the temporal cell cycle map. We
used the incorporation of EdU (5-ethynyl-2°-deoxyuridine) into newly synthesized DNA to de-
termine the duration of the kinetoplast and nucleus S-phase. Gull and colleagues showed, that
for the trypanosome cell cycle, besides G2-phase, additional cytological post S-phase events
have to be considered (Woodward and Gull, 1990). We have to consider, that the cell is bi-
nuclear after mitosis and has two kinetoplasts before the period of cell cleavage takes place.
Taken together, 5 stages for both the kinetoplast (G1, Sk, G2, My and Py) and the nucleus (G1,
Sy, G2, My and P,) had to be considered. Figure 8A shows the proportion of cells with either a
single, dividing or post division kinetoplast and nucleus (n=600). 68% of cells showed a single
kinetoplast compared to 82% with a single nucleus, this showed, that kinetoplasts segregate
first leading to 2K1N cells which after mitosis led to the pre-cytokinesis 2K2N stage. The per-
centage of dividing organelles was similar, as we found 5% of dividing kinetoplasts and 6% of

mitotic nuclei.
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Figure 8. EdU incorporation into newly synthesized DNA was used for cell cycle analysis. (A) For
both the kinetoplast and the nucleus the number of organelles in division was determined by counting
DAPI stained cells for either a single organelle, dividing organelle and duplicated organelle. (B) Shows
the percentage of labelled kinetoplasts and nuclei in dependance of the time period in which the cells
were incubated in the presence of EAU (n=1200). (C) EdU incorporation (left panel) into the kinetoplasts
(arrowheads) and the nuclei. Cells were counterstained with DAPI (right panels). Scale bar =5 pm. (D)
Duration of the different cell cycle stages calculated based on the methods by Stanners and Till (Stan-
ners and Till, 1959).

To define the start and duration of S-phase for kinetoplast and nucleus we used the labelled
cell methodology of Till and Stanners (Stanners and Till, 1959) for which the post S-phase
stages had to be determined. M and P were already known from the DAPI analysis (Figure 8A),
whereas the duration of G2 was calculated by EdU incorporation into both the kinetoplast and
nucleus. We cultivated 1390 BSF trypanosomes in the presence of 300 uM EdU and took
samples every 30 minutes during the first 3 hours and then every hour at 4 and 5 hours. The
number of cells with dividing and EdU labelled kinetoplasts and nuclei was determined for
each sample (Figure 8B). Figure 8C shows images of representative cells after incubation in the
presence of EAU for different time periods. The lower panel depicts cells from an early sample
taken after 2 hours, here the cell on the right hand side incorporated EdU into the kinetoplast
and the nucleus while the cell on the left hand side did not incorporate EdU, suggesting, that
this cell had not yet entered S-phase. The upper panel shows a 2K1N cell at a late sampling
time point in which both kinetoplasts and the nucleus showed incorporated EdU. While at an
early time point only a small proportion of cells showed labelling of the kinetoplast and nucleus
all cells were EdU positive after 4 hours of incubation (Figure 8B). The time passed until 50% of
dividing organelles had incorporated EdU, was taken as the average duration of the G2-phase

(Stanners and Till, 1959). This period corresponded to 1.18 hours for the kinetoplast and
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1.64 hours for the nucleus (Figure 8D). The duration of the post S-phase for the kinetoplast and
the nucleus, as well as the population doubling time allowed us to calculate the duration of the
S-phase (Stanners and Till, 1959).

1
S = Eln[L +e*@]—(z+1)

The equation is composed of the following parameters: a is In 2/T, z is the sum of G2+M+P, T
is the generation time, t is the duration of the EdU labelling period and L represents the propor-
tion of cells exhibiting a labelled organelle. Figure 8D shows the duration of each stage, calcu-
lated as described by Gull and colleagues (Woodward and Gull, 1990). The G1-phase for the
kinetoplast was 0.05 hours shorter and overlapped with nuclear G1-phase. After 0.81 hours
kinetoplast S-phase was accomplished and G2-phase commenced, while nuclear S-phase
took 1.20 hours to complete. After 3.37 hours in the cell division cycle, cells were in G2-phase
for both the kinetoplast and the nucleus. At 5.2 hours in the cell division cycle, nuclear mitosis
led to a bi-kinetoplast and bi-nuclear 2K2N cell for further 0.45 hours until cytokinesis initiated.

We summarised the order of events creating a temporal map (Figure 9) by combining the data
obtained from the aforementioned analyses. This allowed the determination of the position of
single cells in the cell division cycle with high temporal resolution (20 minutes for cells with an
NFR from 10 - 100).

KIN status 1K1IN 1KVIN 1KB1N 2K1N 2K2N |C
NFR 0 10 20 30 40 50 60 70 80 90 100
EdU (K) G1 Sy G2 M, P,
EdU (N) G1 S, G2 M, P,
| . N
0 1 2 3 4 5 6
time/h

Figure 9. Temporal map of the T. brucei cell division cycle with respect to K/N status, NFR and
DNA synthesis. Temporal map of the data obtained by (1) K/N status, (2) outgrowth of the daughter
flagellum (New Flagellum Ratio) and (3) DNA synthesis (EdU analysis). For the kinetoplast and nucleus
status (1) as well as for NFR (2) the Williams algorithm was used to calculate the duration of each mor-
phological event. About 43% of cells displayed a single flagellum and represent an NFR of 0. Cells rep-
resenting 2 flagella (57% of cells in a constant growing culture) were sequentially divided into 10 groups,
each of 10% new flagellum growth. Here the NFR represents values from 10 (0 - 10% new flagellum
growth) to 100 (90 — 100% new flagellum growth). The description of the eukaryotic cell cycle based on
G1, S-Phase, G2 and mitosis was performed according to Gull and colleagues (Woodward and Gull,
1990) taking into account 5 stages for both the kinetoplast (G1, Sk, G2, M and Py) and the nucleus (G1,
Sw, G2, My and Py). For cells, that showed an NFR from 10 — 100 the cell cycle position could be deter-
mined with an accuracy of 20 minutes. The grey bar shows the timeline through one cell division cycle in
hours (population doubling time = 5.9 hours).
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3.2 The dynamics of cell morphology hints towards a two-phase cell division cycle

The dynamics of cell morphology was investigated during the cell division cycle by following
the increase in cell elongation and cell volume. As a marker for cell elongation the distance of
the segregating kinetoplasts was measured dependent on the NFR. In order to determine the
cell volume, cells were surface-stained with both sulfo-NHS-AMCA and sulfo-NHS-
Rhodamine. Sulfo-NHS-dyes were used for labelling proteins, which have primary amines. The
AMCA staining was well suited for visualising the trypanosome outline where structures such
as the flagellar pocket or the flagellum showed a strong fluorescence signal. However, this
staining was disadvantageous for rendering the whole cell surface area. Fortunately, staining
the cell surface with rhodamine led to concolourously stained cells, where structures such as
the flagellum or flagellar pocket were not enhanced.

We first investigated the dynamics of cell elongation and it became apparent, that the distance
between the kinetoplasts showed a two-stage relation over the cell division cycle (Figure 10A).
The kinetoplasts showed a steady state distance up to an NFR of 60 (4.6 h in the cell division
cycle), this period included S-phase, G2 and M for the kinetoplast. During the 1K®1N stage,
the kinetoplast distance was varying between 0.5 to 1 pm. Starting at an NFR of 70, kineto-
plast-to-kinetoplast distance increased and the distance between the nuclei became measura-
ble. At an NFR of 80 to 100 both the kinetoplasts and the nuclei separated, to a maximum dis-
tance of 3.5 ym and 4.5 to 5 pm, respectively (Figure 10A,B). In order to answer the question
when the cells are elongating, we compared the separation of the kinetoplasts with the cell
length that was measured from the anterior pole to both, the posterior pole and to the old fla-
gellar pocket. The distance between the anterior pole and the old flagellar pocket remained at
a constant distance of 14 pm during the cell division cycle. Interestingly, the distance of the
kinetoplasts increased at the same time as the distance between the cell poles, which grew
from around 14 pm to 18 pm. Taken together, this indicates that cell elongation was concomi-
tant with kinetoplast separation. The cell volume was assessed with the aid of surface-stained
cells and revealed a marked increase in cells with an NFR between 80 and 90 (Figure 10C).
Cells displaying an NFR lower than 80 showed a mean cell volume of 73.3 + 16.2 pm®, show-
ing, that for a 5-hour interval of the cell division cycle, the cell volume stayed constant. Kineto-
plast distance increase began about 20 minutes earlier at an NFR of 60. In cells with an NFR
larger than 80, the cell volume increased to 105.1 + 22.9 ym?® which remained unchanged until

the initiation of cytokinesis.
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Figure 10. Cell growth is not constant; it is a two-phase process. Cell morphology traits such as
kinetoplast (A) and nucleus distance (B) as well as cell volume (C), were followed during the cell division
cycle. The distance (um) of both the kinetoplasts (A) and nuclei (B) were measured and plotted against
the corresponding NFR. Kinetoplast distance compared to NFR showed a two-step relation. Both kinet-
oplasts and nuclei repositioned after mitosis. (C) Mean cell volumes + SD (um?®) for different NFR-groups
were determined to follow the increase in cell volume during cell division cycle progression (n = 168 cells
in total). An ANOVA test was performed with the values of NFR 80 versus 90 and proved to be signifi-
cant with a p-value of <0.001 (indicated with an asterisk).

The exact cell volumes determined for individual NFR groups are depicted in Table 2. The in-
crease proved to be significant from NFR 80 to NFR 90, suggesting, that the cell volume in-
creased rapidly in the cell division cycle. The mean cell volumes determined for cells with an
NFR of 100 did not amount to twice the mean volume of a 1K1N cell only if the maximum val-
ues were considered. Therefore, we conclude, that in most cells the bulk of cell volume in-
crease occured during cytokinesis. In summary, we suggest, that the cell division cycle shows
two-phase dynamics regarding cell morphology. We are aware that investigations concerning
cytoskeleton formation have not been performed yet. Therefore we plan to correlate these find-
ings with dynamics of microtubule cytoskeleton dependent on our precise temporal cell divi-

sion cycle map.

Table 2. Cell volume variations for different NFR groups.

NFR 10 20 30 40 50 60 70 80 920 100

Mean coivoume / UM® | 66.7 709 72.4 742 763 765 746 747 1042 107.4

SD 124 157 148 174 150 208 148 194 2238 25.6
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3.3 VSG diffusion is constant during the cell division cycle

Trypanosomes have to maintain VSG coat functionality in order to be able to evade the host
immune system at all times. As stated in the last chapter, cell volume increases in a very short
period of time in the cell division cycle and thus we questioned whether VSG mobility is main-
tained during growth and elongation of the cell body. In order to determine the diffusion coeffi-
cient for VSGs on the surface we conducted FRAP analysis (Fluorescence Recovery After Pho-
tobleaching) on with sulfo-NHS-Atto488 surface-labelled and immobilised cells (according to
Hartel 2013). Up to 10 frames were recorded (Pre-bleach) before fluorescently labelled proteins
were irreversibly photo-bleached by a laser impulse in a region of interest (ROI) (Figure 11A,
arrowhead). The recovery of fluorescence intensity within the bleached area was monitored
over time until fluorescence was saturated in the ROI (Recovery). The z-projection of the time-
lapse movie showed, that cells were completely immobilised during the experiment (Figure
11A). According to the fluorescence recovery rate in the bleached area the Diffusion coefficient
(D) and mobile fraction (MF) were calculated from the diffusion equation. The diffusion coeffi-
cient for cells early in the cell division cycle with an NFR of 0-60 (Phase 1 / steady state cell
morphology) was determined as 0.029 pm?s™'+0.01. This was consistent with diffusion coeffi-
cients assessed for different types of VSGs on living trypanosome cells in the 1K1N stage (Har-
tel, 2013). The diffusion coefficient determined for cells in Phase 2 (NFR 90 - 100) was
0.026 um?s”'+0.01. The mobile fraction was determined to be 79%=+6 for cells in both phases.
A t-test showed no significant differences for diffusion coefficients and mobile fractions for
Phase 1 compared to Phase 2 cells, which indicated that the fraction of mobile VSGs on the

cell surface was constant for cells early and late in the cell division cycle.

Pre-bleach Bleach
A re-bleac eac B Diffusion Coefficient / um?s-! Mobile Fraction / %
0.05 - 100 -
0.04 -
90
0.03 -
Recovery Z-projection 80 -
0.02 -
- 0.01 - 70 1
0.00 T T 60 T T
Phase 1 Phase 2 Phase 1 Phase 2

Figure 11. VSG surface coat mobility is constant during the T. brucei cell division cycle. FRAP
analysis was performed in order to determine the diffusion coefficient and the mobile fraction of fluores-
cently labelled surface VSGs. (A) Shows representative images of an immobilised, surface-labelled cell
during the course of a FRAP experiment. An arrowhead indicates the photo-bleached area (Bleach).
Corresponding Z-projections of time-lapse movies show, that cells were immobile during data aquisi-
tion. (B) Shows the diffusion coefficient and mobile fraction (mean + SD) of surface VSG for cells early in
the cell division cycle (Phase 1, NFR 0 - 60) compared to cells late in the cell division cycle (Phase 2,
NFR 90 - 100) (n = 56 cells in total). Scale bar = 5 pm

29



Results

3.4 VSG mRNA abundance doubles during S-phase early in the cell division cycle

We showed, that VSG mobility on the trypanosome surface is constant during the cell division
cycle; even during progression from Phase 1 to Phase 2 the VSG coat dynamics was main-
tained. This suggests, that protein expression is quickly adapted during cell volume increase
and we therefore aimed at investigating if and when the expression of the active VSG, the ma-
jor component of the cell surface, is changed during the cell division cycle. The QuantiGene®
ViewRNA ISH Cell assay (Affymetrix) was used to detect the amount of VSG mRNA on single
cell level, thus allowing us to monitor variations in mMRNA amount during progression through

the cell division cycle.
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Figure 12. Variation in mRNA amounts during the cell division cycle. The QuantiGene® ViewRNA
ISH Cell assay was used to follow changes in mRNA levels during the cell division cycle. (A) Shows im-
ages of representative cells in different cell division cycle stages with respect to MITat1.2 mRNA (yel-
low). As a control the total mRNA (probe against the MiniExon), RPL7a anti-sense (positive control) and
RPL7a sense probe (negative control) are shown in green. DNA was counterstained with DAPI (grey). (B)
Shows the fluorescence intensity signals for TK1N, 2K1N and 2K2N cells with respect to total mRNA
and Rbp7a mRNA levels. (C) Shows fluorescence intensity signals in 1K1N, 2K1N and 2K2N cells for
MiITat1.2 mRNA levels from three independent experiments. Black dots depict the individually measured
values. Red lines indicate the mean fluorescence intensity per cell (RFU) and SD. A t-test was performed
and significant differences between stages are indicated with * = P<0.0001. (n = 445 cells in total). Scale
bars =5 pm

The cell division cycle position of individual cells was determined by DAPI staining alone (Fig-
ure 12A) as the use of detergent during the course of the experiment did not allow for a further
increase in the temporal resolution by determining the NFR. The BSF cells assayed with the

MiTat 1.2 probe showed a strong fluorescence signal, distributed in the whole cell body. In
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PCF MiTat 1.2 mRNA could not be detected, which served as a negative control for the
MITat1.2 probe. A double Cy3 labelled probe (RNAfish probe SKA48), directed against the
Miniexon region was used to quantify the total mMRNA amount. As further controls, mRNA lev-
els of a gene expressed from another genomic context were quantified, RPL7a sense and anti-
sense probes directed against the mRNA of the ribosomal binding protein RPL7a (accession
number Tb427.08.1340) were generated by Susanne Kramer. The mean fluorescence intensity
was set to 150 RFU (relative fluorescence units) for 1K1N cells and the levels detected in the
other cell cycle stages calculated accordingly (Figure 12B,C). The mRNA amount increased
significantly from 1K1N to 2K1N for both, total and RPL7a mRNA, of about 75% to 2614 + 616
RFU and 50% to 2257 + 319 RFU, respectively (Figure 12B). During progression from 2K1N to
2K2N no significant increase in mRNA levels was observed. The MITat 7.2 mRNA levels from
three independent experiments were quantified during the cell cycle progression, where the
mean fluorescence intensity for 1TK1N was 1500 RFU compared to around 2700 and 2900 for
2K1N and 2K2N cells, respectively (Figure 12C). The exact values for three independent exper-
iments are summarised in Table 3. 2K1N cells showed an increase of fluorescence intensity by
a factor of 2, thus indicating, that the amount of MIT7.2 mRNA in 2K1N cells was doubled
compared to 1K1N cells. The quantification of MITat1.2 mRNA levels revealed, that about 25%
of 1K1N cells displayed values beyond the mean + SD value for 1K1N cells. These cells
showed fluorescence intensities similar to 2K1N and 2K2N cells. This fact suggests, that the
amount of MITat 1.2 mRNA increased in late 1K1N. This trend was not observed in the case of
total mMRNA and RPL7a mRNA quantification. In summary, the amount of mRNA followed a
two-stage fashion with a shift that occurred early, starting at 2.5 hours into the cell division
cycle. TKYIN and 1K®1N were not considered due to problems correlating cells to a definite
cell cycle stage.

Table 3. Fluorescence quantification of single cell mRNA levels. Mean fluorescence values for differ-
ent cell division cycle stages are shown + SD for total mRNA (MiniExon), RPL7a mRNA and MITat1.2
probe (replicates are indicated with numbers).

1K1N 2K1N 2K2N
MiniExon RFU Average 1500 2614 2858
SD 318 616 569
RPL7a RFU Average 1500 2257 2375
SD 300 319 364
MITat1.2 (1)  RFUAverage 1500 2857 3149
SD 748 849 721
MITat 1.2 (2)  RFUAverage 1500 2791 2853
SD 399 976 489
MITat 1.2 (3)  RFUAverage 1500 2699 2724
SD 503 423 754
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3.6 Visualisation of major T. brucei organelles

We now aimed at investigating the duplication of the major BSF trypanosome organelles with
respect to our temporal map of the cell division cycle created by the in silico synchronisation
approach. In this chapter the cloning of different organelle markers is described e.g. for the
endoplasmatic reticulum exit site (ERES), the endoplasmic reticulum (ER), the flagellum and the
glycosomes. Furthermore, we established protocols to stain the endosomal compartment, the

lysosomes and the cell membrane by commercially available fluorescent dyes.

3.6.1 Visualisation tool for the endoplasmic reticulum

The endoplasmic reticulum was visualised by combining the GFP sequence with an ER import
sequence derived from EP1 and an ER retention sequence. The ER import sequence fused to
GFP was amplified by PCR using the 17_ERimp_GFP_u and the 18_ERrGFP_| oligonucleotides
from the pLewLS.GFP.GPI vector obtained from Christopher Batram (Batram, 2013). The
18_ERrGFP_I oligonucleotide added the MDDL ER retention signal to the C-terminus, as de-
scribed by Jay Bangs (Bangs et al., 1993). The obtained 940 bp fragment was cleaned up and
digested with Hindlll and BamHI over night. For expression in T. brucei the pL82AOP(puro)
vector was used, digested with Hindlll and BamHI and the resulting 4800 bp fragments was
purified by gel extraction. The digested 940 bp fragment was integrated in the pL82AOP(puro)
vector and after verification by sequencing, the pL82AOP(puro)LS::GFP::MDDL vector was

linearised with Notl and transfected into BSF 1390 cells.

3.6.2 Fluorescence tagging of the endoplasmic reticulum exit-site

He and colleagues showed, that TbSec13p is a marker for the ER exit-site (ERES) in PCF (He
et al.,, 2004). For visualisation of the ERES in BSF T. brucei we obtained the ThSec13p
(Tb427.10.14180) sequence from the TriTrypDB website (http://tritrypdb.org) (Aslett et al.,
2010) and amplified the gene, from genomic DNA taken from 1390 cells, via PCR, using the
26_Hindlll_Sec13p and the 27_Sall_Sec13L oligonucleotides. The resulting 1100 bp fragment
was purified and digested over night with Hindlll and Sall. The red fluorescent protein cherry
was amplified from the p2705 plasmid obtained from Susanne Kramer via PCR using the
23_Cherry_Xho_Bam_| and the 24_Cherry_Sall_u oligonucleotides. The resulting 788 bp frag-
ment was purified and digested over night with BamHI and Sall. For ectopic expression in
T. brucei the T7-driven pL82AOP(puro) vector was used and digested with Hindlll and BamHI
and the resulting 4800 bp fragment was isolated by gel extraction. Both digested PCR frag-
ments were purified by gel extraction and ligated with the 4800 bp pL82AOP(puro) fragment.

Correct integration was analysed by restriction digest and verified by sequencing. The resulting
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pL82AOP(puro)TbSec13p::GFP vector was linearised with Notl and transfected into BSF 1390
cells. Six days after transfection clones were isolated and assayed for red fluorescence by mi-

Croscopy.

3.6.3 Cloning of a flagellum marker

Staining of the flagellum was difficult during live cell microscopy, because most fluorescent
dyes were phototoxic and caused fast cell death after fluorescence illumination. In order to
visualise the flagellum in living cells we aimed at fusing GFP to a protein, that was shown to
localise in the trypanosome flagellum without disturbing motility or growth. Luginbuehl and
colleagues showed, that the N-terminus of a phosphodiesterase TbrPDEB1 is sufficient for
targeting proteins to the flagellum (Luginbuehl et al., 2010). The DNA sequence corresponding
to the N-terminal 70 amino acids of TbrPDEB1 (TB09.160.3590) was amplified from genomic
DNA by PCR using the 21_PDEB1_u_Hindlll and 19_PDEB1_212r oligonucleotides. The ob-
tained 650 bp fragment was purified and digested with Hindlll and Sall over night. GFP was
amplified by PCR with the 20_GFP_u_Sall and 22_GFP_XhoBam oligonucleotides from the
pL82AOP(puro)ThbSec13p::GFP vector. The 750 bp PCR product was purified and digested
with Sall and BamHI. Both PCR products were inserted into the pL82AOP(phleo) vector, after
digestion with Hindlll and BamHI. After sequencing the pL82AOP(phleo)PDEBI::GFP vector

was linearised with Notl and transfected into BSF 1390 trypanosomes.

}nF
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PDEBI::GFP

PDEBI::GFP

Figure 13. The T. brucei flagellum can be visualised in fixed and living cells. (A) Shows images of
fixed cells expressing the PDEB1::GFP flagellum marker. The GFP is localised to the whole axonem
also inside the flagellar pocket. (B) Shows 3D stacks of immobilized live cells. Scale bars = 5 pm
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In the following the N-terminal 70 amino acids of TbrPDEB1 are referred to as PDEBI. The
PDEB1::GFP localised exclusively to the flagellum as shown by Luginbuehl et al. This marker
enabled the automation of NFR determination for high cell quantities, in contrast to the whole
surface staining obtained by the sulfo-NHS-dyes coupled to different fluorescent molecules
(AMCA, Atto488 or Rhodamine). Furthermore, this marker was well suited for live cell analysis
with respect to cell cycle progression, due to the ability to determine the position of living cells

in the cell division cycle as precisely as for fixed cells.

3.6.4 Fluorescence tagging of the glycosomes

Sampathkumar and colleagues identified the peroxisomal targeting signal PTS1, which is rec-
ognized by Peroxin 5 (TbPex5) in T. brucei and leads to the translocation of proteins across the
glycosomal membrane (Sampathkumar et al., 2008). In order to visualise the glycosomes we
fused the DNA sequence corresponding to the PTS1 (SKL) to the C-terminus of GFP and in
parallel to cherry. GFP was amplified with the 10_CFP_u_Hindlll and the 16_SKL_BamHI oligo-
nucleotides from the pL82AOP(puro) TbSec13p::GFP vector whereas mCherry was amplified
with the 28_Cherry_Hindlll and the 29_Cherry_SKL oligonucleotides from the p2705 vector
obtained from Susanne Kramer. The obtained 750 bp (GFP) and 790 bp (Cherry) fragments
were purified and digested with Hindlll and BamHI over night. The PCR products were inserted
into the pL82AOP(phleo) vector, that was digested with Hindlll and BamHI. After sequencing
the vectors were linearised with Notl and transfected into BSF 1390 trypanosomes.

In PCF the glycosomes have been visualised with other marker proteins before. Michels and
colleagues showed, that an internal sequence targets T. brucei Triosephosphat Isomerase to
glycosomes (Galland et al., 2010). This sequence was added to the N-terminus of GFP by
PCR. We amplified GFP using the 05_TPI_Hindlll and the 04_GFP_BamHI_L oligonucleotides.
The obtained 800 bp fragment was purified and digested with Hindlll and BamHI over night.
For expression in T. brucei the pL82AOP(puro) vector and the pRib(puro) vector were used and
digested with Hindlll and BamHI. The digested 800 bp fragment was integrated into the
pL82AOP(puro) and into the pRib(puro) vector. The pL82AOP(puro) vector was linearised with
Notl and the pRib(puro) vector was linearised with Bgl/ll prior to transfection. Figure 14 shows a
cell expressing the GFP::PTS1 and TPI::GFP markers. GFP::PTS1 localised to the glycosomes
as had been shown by immunofluorescence using glycosome specific antibodies (3.8.6). The
TPI::GFP marker localised to the mitochondrion, not to the glycosomes (Figure 14B). Both ki-
netoplasts colocalised with green fluorescence indicating localisation in the mitochondrion. In
addition a further glycosome marker protein GAT126 (Igoillo-Esteve et al., 2011) was generat-

ed, this marker, however, also localised to the mitochondrion in the BSF.
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Figure 14. Potential glycosomal marker proteins show different localisation. (A) Shows images of
fixed cells expressing the GFP::PTS1 glycosome marker. The GFP localises into the glycosomes. The
Imaged edges algorithm was used for better visualisation of the cell surface and flagellum. (B) Shows
images of fixed cells expressing the TPI::GFP glycosome marker. GFP does not localise into glyco-
somes. GFP localises into the mitochondrion. Scale bars = 5 pm

3.6.5 Verification of the generated GFP markers by Western analysis

We performed western analysis to show, that the GFP in the trypanosome reporter cell lines
was fused to the corresponding marker proteins (Figure 15). For western analysis protein sam-
ples were taken from exponentially growing cultures and the equivalent of 2x10° cells was
loaded per lane. The L13D6 antibody (Kohl et al., 1999) against PFR (1:20) was used as a load-
ing control and a monoclonal antibody against GFP (1:2000; generated in mouse; Roche; Cat.
1181 4460 001) was used to detect GFP. 1390 BSF trypanosomes, not expressing any GFP,
were used as a negative control, and a 1390 cell line expressing cytosolic GFP (C. Batram)
served as a positive control (PK). In the latter, the signal derived from cytosolic GFP was found
at a molecular weight of approximately 27 kDa. The GFP detected in the reporter cell lines cor-
responded to the expected protein size of the marker proteins (Figure 15, white asterisks).

Western analysis revealed, that no further GFP band was detected in the reporter cell lines.
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Figure 15. Western analysis of organelle marker reporter proteins. PFR (red) detected by the mono-
clonal antibody L13D6 was used as a protein loading control. For the detection of GFP proteins, the
1390 cells expressing cytosolic GFP were used as positive controls (PK) and 1390 BSF trypanosomes
as a negative control. Asterisks indicate the expected signals for the reporter cell lines
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3.6.6 The cellular organelles

We visualised most trypanosomal structures including the flagellum, the endoplasmic reticu-
lum, the Golgi apparatus, the endosomal compartment, the lysosome, the mitochondrion and
the glycosomes (Figure 16). Markers for the flagellum, the endoplasmic reticulum (Figure 16A),
the glycosomes (Figure 16F) and the ERES were generated during this work; other markers
were available from former lab members or other laboratories. We obtained a plasmid contain-
ing a putative GIlcNAc transferase (GntB) fused with YFP, found to be a Golgi marker by Ho
and colleagues (Ho et al., 2006) (Figure 16B). In the BSF EP1 localised to the endosomal com-
partment, as has been shown by colocalisation analysis using the TOMBAP antibody (Engstler
et al., 2005) (Figure 16C). P67::GFP was used as a marker protein for the lysosome, Bangs and
colleagues showed, that the LAMP like protein p67 localised to the lysosomal membrane (Al-
exander et al., 2002), this marker was modified by Mark Giinzel for use in BSF (Glinzel, 2010).
The p67::GFP was integrated into a pTsarib(blas) expression vector and transfected into 1390
BSF trypanosomes (Figure 16D). Mark Giinzel also generated a marker for the mitochondrion
by fusion of GFP to a mitochondrial leader sequence ligated with the pl61 expression vector,
this marker was transfected into 1390 BSF trypanosomes (Figure 16E). An overview of the

available organelle markers is shown in Figure 16.
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Secretory apparatus Other organelles

Figure 16. Visualisation of different BSF T. brucei cell organelles by fluorescent reporter proteins.
Shown are images of surface-stained (blue), fixed cells expressing different organelle markers (green).
They are divided into secretory organelles (A-D) and others (E-F). (A) Shows the LS::GFP::MDDL marker
for the endoplasmic reticulum. (B) Shows the GniB::YFP Golgi marker cell line. (C) Shows the EP1::GFP
endosome marker. (D) Shows the p67::GFP lysosome marker. (E) Shows GFP targeted to the mitochon-
drion. (F) Shows the GFP fused to the peroxisomal targeting signal 1 (PTS1) .

3.6.7 Fluorescence dyes for the staining of different trypanosomal compartments

Several commercially available fluorescence dyes were well suited for visualisation of cellular
structures in trypanosomes, such as the mitochondrion, the endosomal compartment, the ly-
sosome or the cell membrane. Especially for live cell microscopy the dyes were useful to cir-
cumvent problems due to bleaching and low signal intensities. In organisms, that are not ac-
cessible to genetic manipulation e.g. wild type cells or different trypanosome strains such as
Trypanosoma vivax or Trypanosoma congolense, this approach was useful in order to visualise
organelles or cell compartments. The MitoTracker Red CMXRos (Molecular probes) was used
at a final concentration of 100 nM in HMI-9 medium wherein cells were incubated for
30 minutes at 37°C in the incubator in order to visualise the mitochondrion. Cells were washed
once in TDB and prepared for live microscopy or fixed in formaldehyde (Figure 17A). The cell
membrane was visualised with the FM 4-64 FX dye obtained from the company Molecular

probes (Figure 17B), by adding the fluorescent dye to the cultivation medium. In order to stain
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the endosomal compartment, cells were incubated in the presence of fluorescently labelled
dextran at a final concentration of 0.1 mg/ml at 37°C for 30 minutes thus allowing its internali-
sation via fluid phase uptake. After incubation the fluorescent signal was detected in the flagel-
lar pocket, the early, late and recycling endosomes, exocytic carriers, clathrin vesicles and the
lysosome (according to Engstler et al., 2004). If only the lysosome was to be stained, cells
were washed in TDB or HMI-9 after the incubation period, to prevent further uptake of dextran
and incubated for an additional 10 to 15 minutes at 37°C. This allowed the fluorescence signal
to accumulate in the lysosome (Figure 17C).

Mitotracker B FM 4-64 FX C

S

Figure 17. Commercially available fluorescence dyes to visualise structures in T. brucei. Shown
are images of fixed cells stained with commercially available fluorescence dyes (yellow), namely the
MitoTracker Red CMXRos to visualise the mitochondrion (A), the FM 4-64 FX dye in order to stain lipid
membranes (B) and the Alexa564 conjugated Dextran to mark the lysosome (C). In (C) the cells were
counterstained with DAPI (white). Scale bars =5 pm
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3.7 Duplication of the T. brucei organelles

We precisely timed the cell division cycle of BSF trypanosomes with high temporal resolution

and provided markers to visualise the major organelles in Trypanosoma brucei. With the aid of

these tools we followed the duplication events of organelles with respect to the temporal posi-

tion in the cell division cycle.

Questions to be addressed were:

(A) Can we provide hints for the mode of organelle formation in trypanosomes?

(B) Can we correlate the formation of organelles with the cell division cycle?

(C) Can we define an order of organelle formation?

(D) Are organelle formation events controlled by cell cycle checkpoints?

(E) Lastly, is the orchestration of organelle formation related to VSG coat maintenance?
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3.7.1 Formation of a new ER takes place by continuous growth and late segregation

The endoplasmic reticulum has been well analysed, in the host laboratory, concerning the
structure and location in the trypanosome cell body. Electron tomography showed the endo-
plasmic reticulum to be a flat, lobate, perforated and continuous membrane system (Karo,
2008). We investigated whether this network was maintained during the cell division cycle or
whether it dissolves and is rebuilt during duplication. The ER was visualised using the
LS::GFP::MDDL reporter cell line generated in the course of this project. In general the ER al-
ways spanned through the cell body from the posterior pole at the flagellar pocket to the ante-
rior tip of the cell (Figure 18). In fixed 1K1N cells a branch of the ER was always located at the
side adjacent of the attached flagellum (Figure 18A). In 1K1N two different situations were
found, on the one hand cells, which contained one single branch, spanning through the cell
body, and on the other hand cells, that showed an additional slim branch (Figure 18A). The
additional branch was always located on the opposite of the flagellum and did not reach to the
poles of the old branch. However, both branches were connected with each other in the poste-
rior and anterior part of the cell as well as with the nuclear envelope as identified by manual
tracing of 3D stacks (Figure 18A). In 2K1N cells the ER kept the same morphology in the ante-
rior cell part, whereas ER complexity increased in the posterior cell part, as further branching
and interconnections were detected (Figure 18B,C). Both ER branches showed small intercon-
nected structures, that increased in number, leading to two ER branches in 2K2N cells, which
followed the new and old flagellum, respectively (Figure 18C). We identified sheet-like patches
in the ER close to the nuclear envelope, that were found in fixed but not in living cells. We con-
cluded, that these structures were artefacts due to fixation and conducted live cell microscopy
of immobilized cells to reconstruct ER morphology from 3D stacks (87 slices; 0.07 um step
size). Cells were harvested and mixed with gelatine as described for the FRAP experiments
and cooled at 4°C prior to microscopy. The microscope stage was adjusted to 21°C in order to
maintain the immobilization during data acquisition, afterwards cells were warmed to 37°C, in

order to confirm viability.
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LS::GFP::MDDL

old ERB4

Figure 18. Visualisation of the endoplasmic reticulum in fixed cells. Shown are images of fixed cells
at different stages of the cell division cycle expressing the LS::GFP::MDDL ER marker (green). Cells were
surface-stained with AMCA to detect the flagellum (blue). The flagellum is indicated with F, the old and
new flagellum with oF and nF. Shown are single slices of a 3D stack to visualise the ER branches (ERB)
and the nuclear envelope (NE). The endoplasmic reticulum was manually traced using the Amira soft-
ware package. In (C) the old ER is shown in yellow and the new ER in red. The ImageJ edges algorithm
was used for better visualisation of the cell surface and flagellum. Scale bar = 5 pm

Figure 19 illustrates ER morphology in immobilized living cells during cell division cycle pro-
gression. In 1K1N cells the morphology of the ER did not differ compared to fixed cells (Figure
19A), as the ER spanned through the cell body from the posterior pole at the flagellar pocket to
the anterior tip of the cell. In 1K1N cells the ER was always located at the cell side where the
flagellum is attached. This main ER branch showed multiple small extensions and was contig-
uous with the nuclear envelope enclosing the nucleus (Figure 19A). During cell cycle progres-
sion the complexity of the ER structure constantly increased as the extensions formed multiple
interconnections. In 2K1N cells a network providing a second ER branch was identified in the
posterior of the cell (Figure 19B), which we suggest is built by continuous growth and connec-
tion of the ER extensions. Later in the 2K2N phase the enlarged ER network was also identified

in the anterior cell pole (Figure 19C).
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LS::GFP::MDDL

Figure 19. Visualisation of the endoplasmic reticulum in living cells. Shown are z-projections of de-
convolved 3D stacks of immobilized cells at different stages of the cell division cycle expressing the
LS::GFP::MDDL ER marker (green). DNA such as kinetoplast (K) and nucleus (N) was visualised with
DAPI. The ER was manually traced using the Amira software package and is depicted as a model
(white). The complexity of the ER increases with progression through the cell division cycle. Scale
bar=5pum

To simplify the identification of the two major ER branches both structures were modelled sep-
arately and overlaid with the ERES (Figure 20). In living cells we were not able to localise the
ER in parallel with the two flagella, due to phototoxic effects of AMCA staining during micro-

scopic observations, nevertheless, the data obtained from fixed cells support this observation.

DAPI/ GFP

Figure 20. Visualisation of the old and new ER branch in a 2K2N cell. Shown is a z-projection of a
deconvolved 3D stack of an immobilized cell expressing the LS::GFP::MDDL ER marker (green). DNA
was visualised with DAPI (white). The ER was manually traced using the Amira software package and is
shown as a model (red). For better visualisation, the new and old ER branches are depicted in separate
images (yellow). Scale bar = 5 pm.
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We investigated the extending structures of the ER in the posterior cell part in TK1N and 2K1N
cells in more detail, as we hypothesised, that these might be starting points for further inter-
connections of the ER. An array of images taken from 1K1N cells supported the suggestion of
ER branching (Figure 21). Several 1K1N cells displayed only a single ER branch in the posterior
part of the cell (Figure 21A, arrowhead), others showed up to two invaginations, one at the ma-
jor ER branch and another one at the nuclear envelope (Figure 21B, asterisk). In Figure 21C a
larger extension, that could be observed in 1K1N cells is shown. The number and location of
these different extensions varied, but most cells showed at least invaginations at the nuclear
envelope and on the main ER branch. In 2K1N cells a triangular structure was generally identi-
fied, that was composed of the major ER branch (arrowhead), the new ER branch (asterisk) and
the nuclear envelope, shown enlarged in the inset of Figure 21D. Later in the cell division cycle,
in 2K2N cells, the ER showed varying numbers of interconnections also in the anterior part of
the cell (Figure 19C).
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Figure 21. The posterior ER branch interconnects in 1K1N cells. Shown are z-projections of decon-
volved 3D stacks of immobilized cells in stages 1K1N and 2K1N, expressing the LS::GFP::MDDL ER
marker (green). The area posterior to the nuclear envelope (NE) is enlarged in the insets. The ER was
manually traced using the Amira software package (red). Arrowheads point to the major ER branch, as-
terisks indicate new ER structures identified in the posterior part of the cell. Scale bar = 5 pm

We suggest, that the ER starts to expand in late 1K1N and/or early 2K1N where two ER
branches are established, formed through ER extensions. In 2K2N the complex ER network
was interconnected and remained as such in later stages, suggesting that the ER only gets

separated during cytokinesis, resulting in two distinct ER structures after cell division.
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3.7.2 Appearance of an early new Golgi indicates increase in secretory capacity

The duplication of the Golgi apparatus has been well described in PCF trypanosomes (He et
al., 2004). We investigated whether Golgi duplication differs in the bloodstream form. To visual-
ise the Golgi apparatus we used the Golgi marker GntB::YFP, generated by Warren and col-
leagues, that was modified for expression in BSF trypanosomes (Giinzel, 2010). Cells in the
1K1N stage showed at least one Golgi structure (Figure 22, filled arrowheads) between the
nucleus and the kinetoplast in the posterior part of the cell (27 %), while 65% showed an addi-
tional Golgi close to the nuclear envelope (G") (Figure 22B) and about 8% more than two Golgi
structures. A new Golgi structure appeared more posterior to the main, mature Golgi at an NFR
of 20 and grew during the period of kinetoplast duplication (Figure 22, bottom panels). We did
not identify a new Golgi structure at an NFR smaller than 20; but missing earlier structures due
to the small size of the new growing Golgi could not be excluded. The distance between the
old and new Golgi remained constant during a long period of time and increased only late in
the cell division cycle. The appearance of a new Golgi structure and the duplication event in
1K1N1G compared to 1K1N2G cells followed the same pattern, only differing in the total num-

ber of Golgi structures (n=100) (Figure 22, bottom panel).

1G1Gerow

1G1Goov 2G1Gorov

Figure 22. A new Golgi is built de novo in BSF trypanosomes. Shown are representative images of
fixed cells at different stages of the cell division cycle expressing the GntB::YFP Golgi marker (yellow).
(A) Shows the de novo Golgi appearance for cells with one Golgi (1K1N1G), (B) for cells with two Golgi
(1K1N2G). The mature Golgi is indicated by filled arrowheads (»), the new growing Golgi is indicated by
open arrowheads (>>) and GN marks the additional Golgi, located at the nucleus. The cell surface was
visualised with AMCA and DNA was counterstained with DAPI. The ImagedJ edges algorithm was used
for better visualisation of the cell surface and the flagellum. Scale bars = 5 um.
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We investigated the location of the newly growing Golgi compared to the mature Golgi and
measured their distance in relation to cell division cycle progression determined by the NFR
(Figure 23). The new, growing Golgi appeared at an NFR of 20 (3.3 hours into the cell division
cycle) and remained at a mean distance of 1 uym up to an NFR of 60, indicating that the new
Golgi was in constant proximity to the mature Golgi for 1 hour and 20 minutes. Late in the cell
division cycle the Golgi distance increased up to a maximum distance of 3.8 ym. Figure 23B
shows the two situations, in the upper panel Golgi separation had not started, so the new Golgi
was about 1 ym away from the mature Golgi, in contrast to the lower panel where the Golgi
started to separate and showed a distance of 2.5 ym at an NFR of 70 (Figure 23B). The relation
of Golgi distance and NFR was the same for 1IK1IN1G and 1K1N2G cells.

We showed, that the new Golgi appeared de novo in BSF trypanosomes at an NFR of 20 and
kept a constant distance to the old Golgi in phase 1 (NFR 0-60) and separated in phase 2 (NFR
70-100) of the cell division cycle. This early appearance of a new Golgi indicates, that the se-

cretory capacity is potentially increased early in the cell division cycle.

4.5 4
4.0 4
e ©
g- 3.5 -
~ 3.0 1
8 L] ° °
c 2.5 ...
3 °
°
% 2.0 ° b \... 'Y
S 1.5 . °
[<] L4 o 0%
S 1.0 ee % %o o
°
0.5 1 o o L4
o'o 1 1 1 1 1 1 1

1 1 1
0 10 20 30 40 50 60 70 80 90 100
NFR

Figure 23. The new Golgi shows a constant distance to the mature Golgi in phase 1 and separates
in phase 2 of the cell division cycle. (A) Shows the Golgi distance between the growing and mature
Golgi, plotted against the NFR (total n = 42). (B) Images of fixed cells expressing the GntB::YFP Golgi
marker (yellow) at different stages of the cell division cycle with a cell prior to Golgi separation (upper
panel) and a cell during Golgi separation (lower panel). The surface was visualised with AMCA and DNA
was counterstained with DAPI. The ImagedJ edges algorithm was used for better visualisation of the cell
surface and flagellum. The new (nF, white) and old flagella (oF, black) were manually traced using the
Amira software package for the determination of the NFR. The mature Golgi is indicated by filled arrow-
heads (»), the newly growing Golgi is indicated by open arrowheads (>) and GN marks the additional
Golgi, located at the nucleus. Scale bars = 5 ym.
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3.7.3 Early appearance of new ER exit-site indicates doubling of ER performance

We showed, that the endoplasmic reticulum network remained connected during the progres-
sion through the cell division cycle; therefore we aimed at investigating when the ER exit-site
(ERES) is duplicated and where it is located on the ER complex. Furthermore, we aimed at elu-
cidating whether the new ERES appeared with the same kinetics observed for the new Golgi.
The ERES was visualised using the TbSec13p marker protein (Accession number Tb
427.10.14180) involved in COPII vesicle formation in T. brucei. Reported by He, this marker
accumulated in the inter-ERES-Golgi space, highlighting the ERES (He et al., 2004). Electron
microscopy images of 1K1N cells were screened for the inter-ERES-Golgi space and showed,
that the ERES was always associated with a Golgi structure (Figure 24A). Fluorescence mi-
croscopy of fixed 1K1N cells revealed, that the mature ERES was located in the posterior part
of the cell, always between nucleus and kinetoplast (Figure 24B,C). Early in the cell cycle, in
several 1K1N cells but almost in all cells with an NFR of at least 10, a new TbSec13p positive
structure was identified posterior to the mature ERES (Figure 24B,C open arrowhead) increas-
ing in size during progression through the cell division cycle Figure 24B,C bottom panel). In
1K1N cells we found variations in ERES numbers with 18% of 1K1N cells displaying one ERES
located between the nucleus and the kinetoplast, 71% had an additional ERES", located close
to the nucleus, and 11% showed three to five ERES (n = 86). Similar ratios were true for 2K2N

cells, with 29% displaying two compared to 71% with four ERES structures. In both cases the

1ERES19v 3ERES19v

Figure 24. A new ERES appears de novo early in the cell division cycle. (A) Electron microscopy
image of the ER exit-site (yellow) in close proximity to the Golgi (red). Scale bar = 100 nm. (B-C) Shown
are representative images of fixed cells, counterstained with DAPI to determine the different cell division
cycle stages, expressing the TbSec13::GFP ERES marker (yellow). (B) Shows de novo ERES appearance
in TK1IN1ERES cells. (C) Shows de novo ERES appearance in 1TK1N2ERES cells. Arrowheads (») indi-
cate the mature ERES; the newly ERES is indicated by open arrowheads (>). Scale bars = 5 ym.
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We immobilized living cells and acquired 3D stacks in order to reconstruct the ER morphology
and to identify the location of the ERES on the ER. Parallel labelling of ERES (cherry) and ER
(GFP) revealed, that all ERES are located on the ER network; the mature ERES (Figure 25A),
the additional ERES located close to the nuclear envelope (Figure 25B) as well as the newly
growing ERES (Figure 26). The mature ERES was always located on the main ER branch in the
posterior part of the cell, whereas the additional ERES" was located either on the main ER
branch or on the part of the ER that was spanning the nucleus (Figure 26). This localisation
pattern of the mature and nuclear ERES was similar to the localisation of the Golgi structures

and thus reinforced the observation of the associated appearance of ERES with the Golgi.
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Figure 25. 1K1N cells possessing either one or two ER exit-sites. Immobilised 1K1N cells expressing
both the TbSec13p::cherry ERES marker (red) and the LS::GFP::MDDL ER marker (green). DAPI visual-
ised the kinetoplast and nucleus (blue). The cells in the 1K1N stage showed either (A) on mature or (B)
two ERES, the mature and the nuclear one. The endoplasmic reticulum in each cell was manually traced
using the Amira software package and is shown as a model (yellow) colocalised with the ERES marker in
red. Arrowheads indicate the ER exit sites. Scale bars = 5 pm.
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By tracing the new and old ER branch, we were able to assign one ERES to each ER branch
(Figure 26). Following cytokinesis this cell would have given rise to two cells, each representing
a 1K1N1ERES cell, where the mature ERES would have been located between the nucleus and
the kinetoplast. Cells with an additional ERES close to the nucleus, the 2K2N4ERES cells,
would have resulted in TK1N2ERES cells, each with a mature ERES and additional nuclear
ERES. This led to the conclusion that duplication of the ERES showed similar kinetics com-
pared to the Golgi duplication in BSF T. brucei. We propose, that two ER branches are estab-
lished, each containing one or two ERES in proximity to a corresponding Golgi. Even in late
2K2N the ER network was connected, resulting in two distinct ER structures after cell division,
either with one or two ERES. However, the early appearance of a new ERES and new Golgi

indicates, that ER performance is increased early in the cell division cycle.

DAPI/ GFP TbSec13p::cherry
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Figure 26. 2K2N cell displaying two ER exit-sites. An immobilised 2K2N cell expressing the
TbSec13p::cherry ERES marker (red) and the LS::GFP::MDDL ER marker (green) is shown. DAPI (white)
visualises the kinetoplasts (K) and nuclei (N). The new and old ER branches were manually traced using
the Amira software package and the position of the corresponding ERES (red) is marked by arrowheads.
Scale bar =5 pm.
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3.7.4 De novo formation of a new endosomal apparatus

In trypanosomes endo- and exocytosis are limited to only 5% of the cell surface area, the fla-
gellar pocket (Engstler et al., 2004). Previous work showed, that endosomal membrane traffick-
ing occurs at a very high rate and a lower level of complexity than in mammalian cells (Overath
and Engstler, 2004). We investigated how the endosomal capacity is increased during the cell
division cycle in order to maintain the high rates of membrane recycling by endo- and exocyto-
sis. Trypanosomes perform endocytosis exclusively via clathrin-coated vesicles (Allen et al.,
20083), this allowed to estimate the relative endocytosis capacity by determining the amount of
clathrin protein. We quantified the amount of clathrin in cells expressing a YFP::CLC (clathrin
light chain) marker protein (Heddergott, 2006). 1K1N and 2K1N cells showed a similar mean
fluorescence intensity, 458.3 + 18.3 RFU (relative fluorescence units) for 1K1N and 530 + 28.4
RFU for 2K1N cells (Figure 27A). During mitosis in 2K1Nm cells, the signal increased to 955.4 +
68.8 RFU reaching 968.3 + 61.6 RFU in the 2K2N stage. The increase proved to be significant
from 2K1N to 2K1Nm, suggesting, that the amount of clathrin rose rapidly in the cell division
cycle within 40 minutes. In 2K1N cells clathrin was mainly localised in the area between the
nucleus and the old flagellar pocket (Figure 27B), however, it was also detectable at the new
flagellar pocket (Figure 27E). Proceeding in the cell division cycle, at the onset of mitosis in
2K1Nm cells, clathrin was detectable at both flagellar pockets and a second endosomal com-
partment developed between the old and new flagellar pocket (Figure 27C). In 2K2N cells, two
clathrin labelled compartments were detected, both spanning from the flagellar pocket to the
nucleus, new and old respectively (Figure 27D-E).

Since the amount of clathrin was only doubled after the onset of mitosis, we suggest, that en-
docytic activity was shared between both flagellar pockets in the 2K1N stage. This implicates
that flagellar pocket activity was independent of the appearance of the new endosomal com-

partment.
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Figure 27. The amount of clathrin doubles during nuclear mitosis. To visualise the duplication of the
endosomal compartment the fluorescence intensity of YFP fused to the clathrin light chain (CLC) was
quantified for different cell cycle stages and compared. (A) Shows the fluorescence intensity signal for
1K1N, 2K1N, 2K1Nm (mitotic nucleus) and 2K2N cells. The individually measured values are shown as
black dots. Red labels indicate the relative fluorescence intensity per cell (RFU) + SD (n =170). An
ANOVA test was performed and significant comparisons between different stages are indicated with
*=P < 0.0001. (B-D) Shows the distribution of CLC in different cell division cycle stages. Arrowheads
indicate the new (nFP) and old flagellar pocket (oFP). The surface was visualised with AMCA and DNA
was counterstained with DAPI (white). The ImageJ edges algorithm was used for better visualisation of
the cell surface and flagellum. Scale bar = 5 ym. (E) The insets show the new flagellar pockets in 2K1N
and 2K2N cells. As indicated by arrows endocytosis takes place at the new flagellar pocket for both,
2K1N and 2K2N cells.

As EP1 fused to GFP colocalises with endocytosed surface-biotinylated VSG in BSF cells it
was used as a marker for the recycling compartment (Engstler and Boshart, 2004). This marker
allowed the modelling of the volume and the area of the recycling compartment in different cell
division cycle stages (Figure 28A). 1K1N cells showed a volume of 3.04 + 0.12 pm?® and an area
of 14.99 + 0.38 ym? (Figure 28B). In comparison, EP1::GFP was localised in two equal com-
partments in 2K2N cells (Figure 28A), covering a volume of 6.6 + 0.66 pm?® and an area of 30.03
+ 2.15 pm? (Figure 28B).
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Figure 28. Volume and area of the EP1::GFP covered recycling compartment doubles during mito-
sis. (A) Shows representative images of fixed cells expressing the EP1::GFP marker (red) at different
stages of the cell division cycle. The surface was stained with AMCA (grey). Arrowheads indicate the
new (nFP) and old flagellar pocket (oFP). The ImageJ edges algorithm was used for better visualisation
of the cell surface and flagellum. The surface of the recycling compartment was modelled using the
Amira software package and is shown in red. Scale bar = 5 um. (B) The volumes and areas of the endo-
somal compartment were determined from the surface models obtained from the EP1::GFP fluores-
cence signal. Individually measured values are shown as black dots. Red labels indicate the mean val-
ues of the volume (left graph) and area (right graph) for 1K1N and 2K2N cells, respectively. A t-test was
performed and significant comparisons between different stages are indicated with * = P < 0.0001

A t-test showed significant increase between 1K1N and 2K2N cells for both, the volume and
the area of the endosomal compartment. We separated the two compartments in 2K2N cells
into two groups based on the localisation, the first compartment between the nucleus and the
old flagellar pocket and the second compartment between the new nucleus and the new fla-
gellar pocket, and determined the volume and area separately. The volume determined for
each endosomal compartment matched the volumes determined for a single endosomal com-
partment in 1K1N cells (3.36 ym® and 3.59 pm® compared to 3.04 pm?®). Compared to the quan-
tification of clathrin, the secretory capacity increased late in the cell division cycle during mito-
sis.

The data revealed, that the endocytosis and recycling capacity was doubled during the pro-
gression from 2K1N to 2K2N, at around 5.3 hours in the cell division cycle, by the appearance
of a new endosomal and recycling compartment, located in the area between the new nucleus
and new flagellar pocket. Consistent with the YFP::CLC fluorescence both flagellar pockets

performed endo- and exocytosis.
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3.7.5 Formation of a new lysosome late in the cell division cycle

Trypanosomes remove host-derived antibodies from their cell surface via hydrodynamic flow-
mediated antibody clearance (Engstler et al., 2007). The Ig-VSG complexes are internalized
and the immunoglobulins (Ig) are degraded in the lysosome. This indicates the importance of
the lysosome for the parasites protection against complement-mediated immune destruction
by the mammalian host (Engstler et al., 2007). We investigated when and how the single lyso-
some gets duplicated during the cell division cycle. The lysosome was visualised by immuno-
fluorescence analysis using the monoclonal mAB280 antibody, directed against the LAMP like
protein p67, obtained from Bangs and colleagues (Alexander et al., 2002).

In 1K1N cells the lysosome showed a spherical shape and was located in the posterior, adja-
cent to the nucleus (Figure 29). An elongated extension (Ex) was identified at the mature lyso-
some with different orientations in 1KY1N and 1K®1N during kinetoplast duplication (Figure 29).
This extension was either directed towards the posterior cell part, close to the new flagellar
pocket or anterior towards the nucleus. Rare images could be captured from 2K1N cells where
we identified two spherical lysosomes, that were connected, this might suggest, that a new
lysosome could be built at the tip of one of these extensions in 2K1N cells in close proximity to
the old flagellar pocket (Figure 29, right-hand panels). In 2K2N two separate lysosomes were

detected in most of the cells analysed (Diplomarbeit J. Jung, 2009).

Figure 29. The lysosome forms an extension early in the cell division cycle. Immunofluorescence
against the LAMP like protein p67 using the monoclonal mAB280 antibody (red) on fixed cells, (Alexan-
der et al., 2002) at different stages of the cell division cycle (IF performed by M.Engstler). DNA was
counterstained with DAPI (white). Arrowheads indicate the lysosome (L) or the lysosome extension (Ex).
Images suggest, that the new lysosome (new L) grew at an extension built at the mature lysosome
(old L). Scale bar =5 pm
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We further aimed at investigating the segregation of the lysosome using the p67::GFP express-
ing marker cell line derived by Mark Guinzel. Unfortunately the fluorescence signal of p67::GFP
was not sufficient for live cell microscopy. Furthermore the p67::GFP marker protein showed
background fluorescence in the cytoplasm and in the ER. To monitor lysosome dynamics in
single living cells, fluorescently labelled dextran was left to accumulate in the lysosome. Trypa-
nosomes internalize dextran via fluid phase uptake and transport it to the lysosome (Engstler et
al., 2004), allowing the endosomal compartment and/or lysosome to be labelled in this way.
Fluorescently labelled dextran was added to the cells, which were incubated for 30 minutes at
37°C, to allow uptake into the endosomal compartment. After washing and further incubation
at 37°C the dextran accumulated in the lysosome. Movies, taken at 200 fps from immobilised
living cells, revealed, that tubular structures extending from the lysosome were highly flexible.
Up to three tubular extensions were identified simultaneously (Figure 30) and the tubule tip
showed bending of up to 90 degrees. Furthermore the tubules appeared and disappeared at
different sites of the lysosome indicating, that the lysosome tubules are highly dynamic struc-
tures. None of these highly flexible structures showed similar length compared to the extension
identified by IF, still these structures might be the origin of those observed by IF. We have no
prove on how the lysosome is duplicated, still we propose that the new lysosome might grow
at the tip of an extension built by the old lysosome. Tubular structures extending from the ma-
ture lysosome are highly flexible and dynamic and could explain how lysosomal membranes
are separated from the lysosome and are recycled by a structure known as the retromer com-
plex. This needs further investigations e.g. by colocalisation analysis of the lysosome with
marker proteins for the retromer complex. Super resolution microscopy could reveal the ap-
pearance of a new lysosome either by de novo formation or at the tip of an extension formed

by the mature lysosome.
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Figure 30. The lysosome shows highly flexible tubular extensions. Cells were incubated with fluo-
rescently labelled dextran to visualise the lysosome and immobilised for high-speed video microscopy.
Shown are representative frames of the high-speed time-lapse movie taken from the same cell (DIC
image) at 200 fps. The inset shows the lysosome and arrowheads point at the tubules extending from
the lysosome. Up to three tubular structures were detected in parallel. Scale bar = 5 pm.
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3.7.6 Duplication of the glycosomes

Trypanosomes have compartmentalized the process of glycolysis into membrane-surrounded
organelles that are related to peroxisomes. These so-called glycosomes and their correct du-
plication is important due to the fact, that glycolysis is the main ATP-generating source for BSF
trypanosomes (Hart et al., 1984). We investigated how and when glycosomes are duplicated, in
order to answer the question how the cells generate the energy levels necessary for the enor-
mous changes occurring during the cell division cycle. In order to visualise glycosomes, we
used the peroxisomal targeting signal 1 (PTS1) fused to GFP as Michels and colleagues
showed that the PTS1 was sufficient for the translocation of proteins into glycosomes by
Peroxin 5 (Sampathkumar et al., 2008). First, we investigated if the fusion protein covers the
whole population of glycosomes or if the protein composition of glycosomes varies in terms of
enzyme subpopulations. Immunofluorescence analysis against different glycolytic enzymes in
the background of the PTS1::GFP marker cell line was performed. Aldolase (ALD), Hexokinase
(HXK) as well as Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) showed complete col-
ocalisation with the PTS1::GFP marker and therefore we conclude that there are no subpopu-

lations of glycosomes and all glycosomes share equal content (Figure 31).

Figure 31. The PTS1::GFP marker colocalises with glycolytic enzymes of the glycosomes. Immu-
nofluorescence images of surface stained (AMCA), fixed cells expressing the PTS1::GFP glycosome
marker. Antibodies used were directed against (A) Aldolase (ALD), (B) Hexokinase (HXK) and (C) Glycer-
aldehyde 3-phosphate dehydrogenase (GAPDH). PTS1::GFP fluorescence colocalised with the three
glycolytic enzymes, indicating equal enzyme composition in the different glycosomes. Scale
bar =5 pm.
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We further investigated when glycosomes duplicate in the cell division cycle. Therefore, we
counted the number of glycosomes per cell in each cell division cycle stage and realised that
glycosomes continuously increase in number during the cell division cycle (Figure 32). The
number of glycosomes was counted during progression through the cell division cycle. A com-
parable number of 33.6 + 1.2 glycosomes per cell in 1K1N cells and 34.2 + 2.5 in 1KY1N cells
was maintained until kinetoplast duplication. A t-test showed no significant difference in glyco-
some number for 1K1N cells compared to 1KY1N. During further progression through the cell
division cycle the glycosome number increased up to 47.3 + 1.1 in 2K1N and 64.2 = 2.8 in
2K2N cells. The differences in glycosome numbers for 1KY1N, 2K1N and 2K2N proved to be
significant by t-test. This suggested a continuous increase in glycosome number during pro-
gression through the cell division cycle. In Figure 32B the localisation of glycosomes in cells at
different cell cycle stages is shown. Glycosomes were located in the whole cell from the ante-
rior to the posterior cell pole and for all cell division cycle stages elongated glycosomes were
identified. In z-projections of the fluorescent glycosomes marker glycosomes seemed to be
randomly distributed in the cytoplasm (Figure 32B,C). The elongated structures could indicate
glycosomes during division; still the resolution of light microscopy cannot prove this hypothe-
sis. Therefore high-resolution light microscopy could reveal, whether these elongated struc-
tures show glycosomes in close proximity or during division. Unfortunately to date we could

not identify dividing glycosomes by EM.
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Figure 32. Glycosome division occurs continuously during the cell division cycle. (A) Amount of
glycosomes counted for different cell division cycle stages (n= 66 in total). (B) Fixed cells expressing the
PTS1::GFP glycosome marker at different stages of the cell division cycle. Glycosomes are distributed in
the whole cell from the posterior to the anterior pole. The surface was visualised with AMCA and DNA
was counterstained with DAPI. The Imaged edges algorithm was used for better visualisation of the cell
surface and flagellum. Scale bar = 5 pym. (C) Detailed view of cells at different cell division cycle stages.
The arrowheads show clustered and elongated glycosomal structures indicating glycosomes in division.
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It has been suggested that peroxisomes could be attached to the ER membrane (Agrawal and
Subramani, 2013) and therefore we analysed glycosome movement using high-speed micros-
copy. The chain-like array of glycosomes suggested that they are ordered and could be locat-
ed close to the ER, hence, also following the structure of the flagellum.

Cells expressing the PTS1::GFP marker were surface labelled with sulfo-NHS-Atto488 to visu-
alise glycosomes and cell surface in parallel. Movies taken at 200 frames per second allowed
the investigation of the movement of the glycosomes in the cell body (Figure 33). The cell di-
ameter was marked in representative frames of the high-speed time-lapse movie along which
the fluorescence intensity profile was extracted (Figure 33B). In principle, the profile plot dis-
plays a two-dimensional graph of the intensities of pixels along a line drawn through the cell.
The peak in the plot displaying the maximum fluorescence intensity (Figure 33B, red line) indi-
cated the position of the glycosomes in the cell (Figure 33A, red arrowheads). The position of
the flagellum was indicated with a green spot in the fluorescence intensity plot (Figure 33B). As
the distance between glycosomes and flagellum was always around 0.5 ym we hypothesised a
coordinated movement of the glycosomes with the flagellum but the reason for the chain-like
assembly of glycosomes still remains unclear. On ultrastructural level we could not identify
glycosomes attachment to any cellular structure. Therefore, coordinated movement of glyco-
somes and the flagellum could be a passive effect due to the crowded environment in the cy-

toplasm.
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Figure 33. Glycosomes move in a recurrent fashion with the flagellum. (A) Representative frames
from high-speed movies (200 fps) taken of surface labelled cells (Atto488 dye) expressing the
PTS1::GFP glycosome marker. The dashed line was drawn alongside the cell diameter immediately be-
fore the nucleus and determined the region from which the fluorescence intensity profile plot (B) was
generated. The red arrows indicate the intensity maxima determined from the profile plot. Red bars indi-
cate fluorescence intensity maxima and green dots mark the position of the flagellum. Scale bar = 5 pm.
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3.7.7 The mitochondrion grows continuously and segregates during cytokinesis

We further investigated the mitochondrion, which is a single copy organelle and, as in the case
for the ER, spans through the whole cell body. In contrast to the ER, the mitochondrion is not
essential for energy metabolism in the BSF. Previous work performed by Tyler and colleagues
suggested that the mitochondrion segregates prior to cytokinesis using a rather rough time-
scale (Tyler et al., 2001). Observations in our lab indicated that the mitochondrion was still
connected during cytokinesis and we therefore aimed at investigating mitochondrion duplica-
tion in regard to the detailed cell division cycle time map. In 1K1N cells the mitochondrion ap-
peared as a tubule spanning through the whole cell, always located opposite of the flagellum
(Figure 34). At the posterior end of the mitochondrion, a bulge containing the kinetoplast that
increased in size was identified during kinetoplast duplication. During cell division cycle pro-
gression, the mitochondrial tube expanded and showed multiple extensions (Figure 34). In
2K2N cells both kinetoplasts located in the same tubular structure, this is why we concluded

that the two tubules did not represent two mitochondria prior to separation.

1K1N 1KY1IN 1KB1N 2K1N 2K2Neay 2K2N'ate

Figure 34. The mitochondrion stays connected until late 2K2N stage. Shown are representative im-
ages of fixed cells expressing the MLS::GFP mitochondrion marker (green) at different stages of the cell
division cycle. During progression through the cell cycle the mitochondrion structure becomes more and
more complex and shows variable interconnections. (A) DAPI and AMCA staining (white). The ImageJ
edges algorithm was used for better visualisation of the cell surface and flagellum. (B) MLS::GFP mito-
chondrion marker staining. Arrowheads point to the location of the kinetoplasts. Scale bar = 5 pm.
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We conducted live cell microscopy in order to follow mitochondrion separation and partitioning
in the dividing cell, where the dynamics of the mitochondrion enabled us to detect whether the
tubules were connected or separated. Trypanosomes expressing the MLS::GFP mitochondrion
marker were immobilised and the temperature was adjusted to allow moderate movement of
the cells to follow organelle dynamics. Mitochondrion morphology was the same compared to
fixed cells, with 1TK1N cells showing a single tubule spanning through the cell body. Two tu-
bules with interconnections were detected in 2K2N cells and as observed in fixed 2K2N cells,
the mitochondrion network showed interconnections during initiation of the cleavage furrow
(Figure 35). During the furrowing process, one mitochondrion tubule was located in each
daughter cell while still being connected at the very posterior end up to the final abscission
(Figure 35B).

We noticed that besides tubular morphology of the mitochondrion in 1K1N cells, some cells
also showed structured mitochondria with extensions. We suggested that after cell cleavage
and thus mitochondrion separation, the extensions remained and were retracted during 1K1N.
These data indicate that the mitochondrion is separated with the furrowing process during cy-

tokinesis.

1K1N 2K1N 2K2N Cytokinesis
B no visible furrow| in abscission

Figure 35. Live cell microscopy revealed that the mitochondrion is connected up to the very end of
cytokinesis. During furrowing each cell contains a mitochondrion tubule connected at the posterior cell
pole. Open arrowheads indicate cleavage furrows while filled arrowheads indicate the position of the
kinetoplasts in the mitochondrion. For live cell microscopy trypanosomes were mounted in 5% gelatine
and the climate chamber was adjusted to a temperature range between 24°C and 30°C to allow cell
motility and the cytokinesis process was recorded. During microscopy the excitation was switched from
DIC to eGFP. Scale bars =5 um.
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3.8 In silico synchronisation as a tool for drug screening

Identifying temporal and spatial effects of a potential drug is challenging. At first glance it
seems impossible to temporally resolve drug effects in an asynchronously growing culture. The
group of Prof. Holzgrabe synthesised a library of quinolone-type molecules inspired by recent
reports, which showed anti-trypanosomal activity using quinolones such as ciprofloxacin
(1999; Keiser and Burri, 2001; Nenortas et al., 2003). The quinolone-type molecules were then
tested in our laboratory for anti-trypanosomal activity and cytotoxicity, following which two
compounds were chosen to be assayed with our in silico synchronisation approach. The ef-
fects of compounds 19 and 29 (Hiltensperger et al., 2012) on different organelles were tested
and showed no alteration of the endoplasmic reticulum, Golgi apparatus, endosomal com-
partment and lysosome. However, after incubation with compound 19 (0.54 + 0.04 yM) and
compound 29 (0.023 + 0.004 uM), the morphology of the mitochondrion was changed and
sheet-like patches could be observed (Hiltensperger et al., 2012). We then performed a cell
cycle analysis with the MLS::GFP marker cell line treated with compound 19 and 29 for
42 hours to investigate whether cells accumulated in a specific cell division cycle stage (Figure
36). Both untreated and DMSO (1%) treated cells showed a typical distribution of cell division
cycle stages based on their K/N status. Cells treated with ciprofloxacin were compared to con-

trol cells and all showed a 1K1N to 1K*91N ratio of 2:1.
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Figure 36. Quinolone-like molecules 19 and 29 lead to aberrant kinetoplast segregation. Cell cycle
analysis of the T. brucei MLS::GFP mitochondrion marker cell line before and after treatment for 42 h
with either DMSO, Ciprofloxacin, Compound 19 and 29 (n = 300 each condition). The figure insets show
representative cells stained with DAPI, the upper image shows cells from the DMSO control, whereas
the lower figure (comp) depicts an example of two cells displaying a segregation defect in their kineto-
plasts (Hiltensperger et al., 2012).

Treatment with compound 19 and 29 led to a shift in the ratio of 1TK1N to 1K**¢1N cells, from
2:1 for control cells, to 3:2 and 1:1, respectively (Figure 36). Changes in kinetoplast morpholo-

gy were also caused by the treatment with compounds 19 and 29 leading to elongated kineto-
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plasts and indicating a defect in their segregation (Figure 36, insets). Other cell division cycle
stages were unaffected after treatment with DMSO, ciprofloxacin or compound 19 and 29, all
showed a morphologically normal nucleus and kinetoplast. It has been shown that ciprofloxa-
cin targets the mitochondrial topoisomerase Il, hence we wanted to investigate the possibility
that compound 19 and 29 target the trypanosomal topoisomerase Il, TbTopoll,.. We used an
inducible RNA-interference (RNAI) approach to knock down TbTopoll,,;in BSF trypanosomes in
order to compare the phenotypes. The efficiency of TbTopoll,, silencing was verified by North-
ern blot, which proved that the mRNA is absent at 24 hours after tetracycline induction (Figure
37A). Furthermore, the proliferation rate was investigated in non-induced versus induced cells,
which showed that cell growth decreased at 96 hours after induction and cells started to die
(Figure 37A). Then, cells were stained with DAPI at different time points in the course of the
RNAi experiment to investigate the morphology of DNA-containing structures. Starting from
48 hours after induction, a continuous loss of KDNA could be detected, leading to a majority of
dyskinetoplastid cells by 72 hours. After 120 hours no cell with kDNA could be found. The
phenotype after TbTopoll,; knock-down was consistent with previous work performed in the
PCF form (Wang and Englund, 2001; Lindsay et al., 2008). Comparing the phenotype after
RNAIi against TbTopoll,;with the one resulting from treatment with compound 19 and 29 we
can conclude that the two processes are independent.

Taken together, we could show that our marker cell lines could be used to investigate the tar-
get location of potential drugs or agents and used to pinpoint changes in the cell division cycle

using the developed in silico synchronisation approach.
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Figure 37. Knockdown of mitochondrial T. brucei topoisomerase Il. (A) Knockdown of TbTopoll in
BSF T. brucei affects cell growth beginning at 72 h after induction of RNAIi with tetracycline (Tet). Three
independent clones were analysed, and average cell numbers are shown in the growth curves with their
standard deviation. The inset shows the Northern blot results of one clone to confirm knockdown of
topoisomerase Il (Topoll) using a tubulin probe as loading control. (B) Images illustrating the shrinkage
of the kinetoplast after RNAi induction. At 0 h and 24 h, kinetoplasts are clearly visible, while KDNA loss
in DAPI stained cells is first detected after 48 h of induction. By 72 h post induction, the majority of
induced cells are dyskinetoplastid (Hiltensperger et al., 2012).
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3.9 Evolution of cell division cycle dynamics in different trypanosome species

We established the flagellum as a precise timer of the BSF Trypanosoma brucei cell division
cycle and described the duplication of the cellular compartments with high temporal resolution.
The next step is to apply this knowledge in order to decipher similarities and differences in dif-
ferent trypanosome species. Most freshly isolated trypanosome species are delicate to handle
and are not amenable to genetic manipulation; for this reason new non-invasive protocols had
to be developed. In collaboration with Dan Masigas group at the International Centre of Insect
Physiology and Ecology (ICIPE) in Nairobi we applied the knowledge gained from in vitro BSF
T. brucei cultures, to trypanosomes isolated in the field as well as on other animal infective
strains obtained from mouse infections. About 5 ml blood was collected from the jugular vein
of infected cattle and parasites were purified by centrifugation (200xg, 5 min). We surface
stained T. brucei, T. evansi, T. vivax and T. congolense and visualised the cell surface and the
flagellum (Figure 38). The MitoTracker Red CMXRos (Molecular probes), the FM 4-64 FX dye
(Molecular probes) and fluorescently labelled dextran allowed us to stain the mitochondrion,
the endosomal compartment as well as the lysosome in previously uncharacterized trypano-
somes freshly isolated from infected animals. This work builds a solid basis for investigating
different trypanosome species in order to reveal evolutionary conserved mechanisms or spe-

cies-specific differences in organelle maintenance during the cell division cycle.
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Figure 38. Surface staining allows flagellum tracing in different trypanosome species. The surface
of different trypanosome species was visualised with AMCA (white) and the deconvolved 3D stacks are
shown as z-projections. The Imaged edges algorithm was used for better visualisation of the cell surface
and flagellum. The flagellum was manually traced (yellow) using the Amira software package allowing the
determination of the NFR for different trypanosome species (flagella traced by Tim Kriiger). Scale
bars =5 pm.
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3.10 Conclusion

During this work we established a non-invasive in silico synchronisation approach to determine
the cell division cycle position of single cells in asynchronously growing cultures with high
temporal accuracy. We divided the cell division cycle into 11 stages based on K/N status and
outgrowth rate of the new flagellum. In addition, we generated fluorescent marker cell lines for
all major trypanosomal organelles and followed their duplication events with respect to the
position in the cell division cycle. As a proof of principle we showed that this approach is well
suited for pinpointing the effect of potential drug targets (Hiltensperger et al., 2012).

This work answered the following questions:

(A) Can we provide hints for the mode of organelle formation in trypanosomes?

We clearly could give hints on how major organelles are duplicated in BSF trypanosomes. The
architecture of organelles, sensitive to fixation, such as the ER and the lysosome was de-
scribed in detail by live cell 3D microscopy of immobilised cells and motile cells.

(B) Can we correlate the formation of organelles with the cell division cycle?

(C) Can we define an order of organelle formation?

The spartio-temporal correlation of organelle formation was described in detail. We proved,
that all organelles analysed are duplicated at a specific time point during the cell division cycle.
We identified two cell division cycle phases based on cell morphology dynamics. In the steady
state cell morphology phase (Phase I), organelles of the secretory apparatus are duplicated
while cell morphology remains constant. In phase Il, the new secretory organelles are function-
al and cell morphology dynamics, such as cell volume increase and cell elongation is initiated.
(D) Are organelle formation events controlled by cell cycle checkpoints?

(E) Lastly, is the orchestration of organelle formation related to VSG coat maintenance?

We found that cell growth and formation of secretory organelles is temporally separated and
we speculate that this orchestration ensures a functional VSG coat during cell growth and cell
division cycle progression. This dependency on a functional VSG coat could serve as an im-

portant cell cycle checkpoint.
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Discussion

4.1 In silico synchronisation of the BSF T. brucei cell division cycle

During this work we performed a detailed analysis of the BSF Trypanosoma brucei cell division
cycle. This detailed analysis was only possible due to an efficient synchronisation approach
that was developed and established during this project. Well-described events occurring dur-
ing the cell division cycle were taken into account in order to generate a precise temporal map
of the cell division cycle. This data allowed us to determine the position of individual cells in a
population with high accuracy whilst not affecting their natural growth. So far timing of the
T. brucei cell division cycle has been difficult due to the lack of availability of efficient cell syn-
chronisation tools. For most eukaryotes harsh chemical treatment has been used to force syn-
chronous growth. Hydroxyurea (HU) induced cell cycle arrest has been applied in the PCF of
T. brucei (Brun, 1980; Chowdhury et al., 2008) and this was further adapted for use in the BSF
by Hammarton and colleagues and is the only successful approach published that conduces
cell synchrony in T. brucei. Even so, there are limitations in establishing long-term synchro-
nously growing cultures. Englund and colleagues showed that 0.2 mM hydroxyurea was suffi-
cient to arrest PCF trypanosomes near the end of S-phase (Chowdhury et al., 2008). The hy-
droxyurea concentration sufficient for arresting PCF trypanosomes was one order of magni-
tude lower compared to other kinetoplasts (Galanti et al., 1994; Mutomba and Wang, 1996;
Soto et al., 2000; Zick et al., 2005). 0.1 mM hydroxyurea could not arrest PCF trypanosomes
and 0.25 mM hydroxyurea was toxic (Mutomba and Wang, 1996). After hydroxyurea removal,
growth resumed to normal after 6 hours but synchrony was gradually lost after 20 hours.
Hammarton and colleagues obtained similar results for BSF T. brucei, as 0.1 yg ml™ led to an
S-phase block, which was released after HU removal, still synchronous growth could not be
achieved as cell synchrony was gradually lost within 2 hours after HU removal (Forsythe et al.,
2009). Taken together HU induced synchronisation approaches can be used for enrichment of
cell division cycle stages but does not result in cell division cycle synchronisation of living cul-
tures. Furthermore it is questionable whether this approach might affect cell division cycle reg-
ulated events as it was shown that HU treatment in PCF did not affect kinetoplast replication
but inhibited the repair of minicircle gaps in the kinetoplast, which could lead to accumulation
of defects in the mitochondrial genome (Chowdhury et al., 2008). Even though cell synchrony
was achieved for a short time, we aimed for a non-invasive cell cycle synchronisation ap-
proach. In the green algae chlamydomonas a non-invasive synchronisation approach has been
adapted to achieve synchronous growth by circadian dark/light adaption (Rooney et al., 1971;
Lemaire et al., 1999) but this non-invasive approach is not suited for most eukaryotes. The
question remains of how a cell population can be synchronised without harsh treatment there-

fore remains.
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Barford and Hall established an approach to estimate the duration of different stages in the cell
division cycle, provided the position of the stage in the cell cycle was known, the generation
time was constant and the culture was truly asynchronous (Barford and Hall, 1976). Due to the
age distribution in asynchronous cultures the estimation of the duration of a particular phase
will not be accurate unless the position of this phase has been determined. There is always a
greater probability for a cell to be less progressed in the cell division cycle (Barford and Hall,
1976). To overcome this bias the frequency of cells at different positions in the cell division
cycle can be estimated for an ideal, exponentially growing culture by the equation: y = 2(4=%);
where (y) is the relative frequency of cells at a particular stage of the cell cycle (x). This bias
was considered in the calculations of Williams (Woodward and Gull, 1990) and was used by
Gull and colleagues to estimate the duration of kinetoplast and nucleus duplication in PCF
T. brucei (Woodward and Gull, 1990). Sherwin and Gull precisely determined the order of
events leading to kinetoplast and nucleus duplication, and used this to roughly time the cell
division cycle of PCF T. brucei. During this project it was shown that for the BSF the events for
duplication of the kinetoplast and nucleus follow similar kinetics concerning DNA synthesis
phase for both, the kinetoplast and the nucleus. The duration of S-phase was slightly faster in
the BSF with 0.81 hours in BSF compared to 0.99 hours in PCF for the kinetoplast and
1.20 hours in BSF compared to 1.51 hours in PCF for the nucleus (compare (Woodward and
Gull, 1990)). In contrast the actual segregation of the duplicated organelles was about twice as
fast in BSFs than in the PCFs lasting 0.25 hours and 0.26 hours in BSF compared to
0.72 hours and 0.69 hours in PCF for the kinetoplast and nucleus, respectively. Differences in
living environment could account for faster organelle segregation in the BSF, due to increased
cellular motility at 37°C compared to 27°C for PCF trypanosomes. This is consistent with our
idea that physical forces due to cell motility support segregation and separation processes in
trypanosomes. For the BSF of T. brucei cell motility is essential, not only in vivo, but also in
vitro (Broadhead et al., 2006), thus emphasising motility as an important factor. This leads to
the conclusion that life cycle stage specific differences could arise from different living envi-
ronments. This is why it is important to conduct experiments on different trypanosome species
and their life cycle stages in order to investigate common features and specific differences due

to adaption to the environment and evolution.
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4.2 Duplication events of major organelles can be pinpointed precisely

One important question to answer was, if organelle duplication is temporally controlled or oc-
curs randomly during the cell division cycle. Furthermore we investigated whether organelles
duplicate in a specific order, this could indicate new cell cycle checkpoints. Especially for sin-
gle copy organelles active segregation and organelle separation appeared to be necessary to
maintain organelle integrity during cell multiplication. Trypanosomes have been introduced as a
model system for analysing basic principles of eukaryotic cell biology; e.g. flagellum biogene-
sis, Golgi duplication and membrane recycling (Engstler et al., 2004; He et al., 2004; Morgan et
al., 2005; Morga and Bastin, 2013) but tools for precise timing of the T. brucei cell division cy-
cle were not yet available. Due to our precise temporal map of the cell division cycle we could
perform a detailed analysis of the BSF T. brucei cell division cycle with respect to duplication
of all major organelles with high temporal resolution. We generated cell lines expressing GFP,
YFP or mCherry tagged versions of marker proteins in order to localise and follow duplication
events of the ERES, Golgi, ER, endosomal apparatus, lysosome, glycosomes and the mito-
chondrion.

By the use of our in silico synchronisation approach we divided the cell division cycle into 11
stages (NFR 0 - 100). In stage 1 (1K1N), the cells showed a single flagellum with an NFR of O.
Cells with an NFR of 10, proceeded through S-phase for kinetoplast and nucleus, later, at an
NFR of 20, kDNA synthesis was completed while the nucleus S-phase was still in progress. At
the end of the 1K1N stage, coinciding with the ER network beginning to increase, the new
ERES appeared; therefore the ER was found to be the first of the secretory organelles to start
duplication. With a delay of over 30 minutes a new Golgi appeared in close proximity to the
new ERES. It was shown for PCF that the new Golgi was built de novo from the new ERES but
also received material from the old Golgi that stayed in close proximity (He et al., 2004). The
delayed onset of new Golgi appearance in BSF supports a similar mechanism in both life cycle
stages where the new ERES is built first and following which a new Golgi is established. It was
reported that duplication of the ERES appeared to be different in PCF compared to BSF
(Bangs, 2011). Due to our detailed temporal map we could correlate the findings for PCF (He et
al., 2004) and BSF (Bangs, 2011) and suggest that PCF and BSF share a similar duplication
mechanism for the ERES and Golgi. It was indicated that the duplication of the ERES is not
tightly coupled to the cell division cycle in BSF trypanosomes, due to the fact that the growing
Golgi and bilobe structures are spatially apart in the BSF (Bangs, 2011). The bilobe is a cyto-
skeletal structure that was proposed to mediate biogenesis of the Golgi in PCF (He et al.,
2005), however, the function of the bilobe is still unclear (Esson et al., 2012). We suggest that

despite the localisation and function of the bilobe, the association of the new ERES and Golgi
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with the ER could be sufficient for correct distribution of these organelles during cell division
(Bangs, 2011). We argue that the role of the bilobe in ERES duplication remains unclear and
that the ER to FAZ association may play an important role in ERES duplication and mainte-
nance during cell division.

Bangs suggested that typical 1K1N cells showed 2 ERES and that a lack of tight coupling of
ERES duplication with cell cycle progression could account for all less prevalent ERES copy
numbers (Bangs, 2011). We propose the concept that a core Golgi is maintained and addition-
al Golgi appear during cell division cycle progression, this has been suggested previously for
PCF (Yelinek et al., 2009). We found that the time point when a new Golgi appeared was simi-
lar, independent of the number of Golgi structures found in 1K1N cells (1K1N1G or 1K1N2G).
We clearly find cells where a new structure appeared at an accurately defined moment in
1K1N1G as well as 1TK1N2G cells. By this we conclude that 2G are not mandatory for BSF
1K1N cells, still the majority of cells presented 2 Golgi indicating that this was the favoured
configuration. The number of 1K1N cells that showed less than two ERES and Golgi corre-
sponded with the number of 1TK1N1ERES cells determined by Bangs (Bangs, 2011). The se-
cond ERES and Golgi in 1TK1N cells were located close to the nucleus and were termed ERESM
and GM (N = location at nucleus), respectively. We did not find a new growing Golgi close to the
GN. We suggest that as mentioned by He et al., these additional structures are not part of the
core duplication complex. We assume that this structure correspondes to the late Golgi de-
scribed in PCF (Yelinek et al., 2009). How this additional Golgi is duplicated and distributed
remains unclear. Therefore, we will conduct Correlative Light Electron Microscopy (CLEM) in
order to further investigate this additional Golgi structure.

Parallel labelling of both the ERES and the ER indicated that irrespective of the number of
ERES and Golgi, theses organelles were always associated with the ER network. In 1K1N the
ER started to grow and the complexity of ER morphology increased during cell division cycle
progression, until finally the ER was separated during cytokinesis. Although the structure and
maintenance of the ER has been investigated in many organisms trypanosomes may provide a
suitable new model to study ER duplication. In trypanosomes the ER is associated with the
flagellum by a distinct cytoskeletal structure called FAZ (flagellum attachment zone). When the
new flagellum grows in parallel a new FAZ is assembled from the posterior pole of the cell
close to the flagellar pocket (Sunter et al., 2015). Due to this association of the ER with the
FAZ, we could use colocalization of these structures to distinguish which part of the growing
ER will develop to the new and old ER, even before ER separation was completed. We plan to
use FRAP to investigate how these ER branches communicate and how exchange of compo-
nents is managed. How spatial organisation of ER morphology and localisation is performed is

under investigation in other model organisms. In the early 1990s immunofluorescence based
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investigations revealed the ER structure in S. cerevisiae and in recent years molecular markers
were identified that recruit and organise the ER throughout cell division (Preuss et al., 1991;
Fehrenbacher et al., 2002; 2003; Wolf et al., 2012). These findings indicated that in yeast the
ER is a highly dynamic membrane system that interacts with cytoskeletal structures; these in-
teractions assist recruitment of the organelle during budding (Fehrenbacher et al., 2003; West
et al.,, 2011). In C. elegans a similar connection was identified, where the actin cytoskeleton
facilitated the dispersal of the ER during mitosis (Rolls et al., 2002; Poteryaev et al., 2005). We
suggest that the association of the T. brucei ER with the FAZ shows a trypanosome specific
mechanism of linking the ER to the cytoskeleton in order to ensure correct portioning during
cell division. Despite the late separation of the ER, the early appearance of a new ERES and
Golgi indicated that the performance of the ER was increased early on in the cell division cycle
in the 2K1N stage. We conclude that the complex ER membrane system grows throughout the
cell division cycle, is assigned to the new growing FAZ and finally separates by fission during

the cytokinesis stage.

Duplication of the endosomal compartment occurred late in the cell division cycle. Appearance
of a new endosomal compartment was observed about 5.2 hours into the cell division cycle
during mitosis and following ERES and Golgi duplication. Doubling of the amount of clathrin
(endocytosis) and EP1::GFP (recycling compartment in BSF) indicated that the capacity of the
endosomal and recycling compartment was duplicated. The endosomal compartment was
localised in the area between the nucleus and the old flagellar pocket. During transition from
the 2K1N to 2K2N stage, a new endosomal and recycling compartment, located in the area
between the new nucleus and new flagellar pocket, appeared. The localisation of theses com-
partments suggests that the new endosomal compartment is built de novo rather than by fis-
sion. The flagellar pocket, the only place for endo- and exocytosis in trypanosomes (Engstler et
al., 2004), divides during transition from 1K1N to 2K1N; this event took place before duplica-
tion of the endosomal compartment. The question remained whether both flagellar pockets
performed endo- and exocytosis at the same rates; this would indicate increased membrane
turnover performance along with flagellar pocket duplication, as these processes can be found
on both FPs. It seems that the high rates of membrane turnover (Engstler et al., 2004) remain
constant for 5.2 hours of the cell division cycle and are finally doubled during 2K1N to 2K2N
transition. By this we could exclude that each endosomal compartment is strictly associated
with a definite flagellar pocket. The ultrastructure of the endomembrane system in BSF trypa-
nosomes was described in detail and showed how complex the endosomal compartment is
(O. Karo, unpublished), these data could now be correlated with the precise temporal map of

the cell division cycle in order to investigate de novo formation of a new endosomal compart-
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ment with high temporal and spatial resolution. Therefore we will use different Rab antibodies
to characterise the appearance of new endosomal components more precisely.

In order to complete duplication of the secretory and recycling organelles biogenesis of the
new lysosome was investigated. To date little is known about lysosome biogenesis, though
recently potential regulators of autophagosome to endolysosome fusion have been identified
(Diao et al., 2015). It remains unknown whether new lysosomes emerge from pre-existing or
maturate from precursor organelles. Our findings revealed highly flexible and dynamic tubular
structures extending from the mature lysosome. These structures could explain how lysosomal
membrane is separated from the lysosome either to develop a new lysosome by fission or to
detach parts of the membrane from the lysosome for recycling by the retromer complex. The
retromer is a complex of proteins that has been shown to be important in recycling of recep-
tors that mediate transport of hydrolases to the lysosome (Pfeffer, 2001; Seaman, 2005). In
trypanosomes conserved subunits of the retromer complex were identified and immunofluo-
rescence analysis revealed its role in endosomal targeting (Koumandou et al., 2011), compara-
tive immunofluorescence analysis might reveal a potential connection of the extending struc-
tures of the lysosome with the retromer complex.

The organelles of the secretory apparatus start to duplicate in an early stage of the cell division
cycle, thus we asked when the glycosomes, the organelle that compartmentalises glycolysis,
the main energy source of BSF, are duplicated in order to supply sufficient amounts of ATP for
these energy consuming processes. We found that the number of glycosomes in 1K1N cells
was constant (33.6 + 1.2 glycosomes per 1K1N cell); this number was similar in 1KYIN cells
(34.2 + 2.5 glycosomes per 1KYIN cell) suggesting that glycosome duplication has not been
initiated. During a 3 h period, between the 1KYIN and 2K2N stage glycosome numbers in-
creased to 47.3 = 1.1 in 2K1N and 64.2 + 2.8 in 2K2N cells. We suggest that glycosome num-
bers are controlled in 1K1N cells and duplication is initiated in 1KY1N until twice the number of
glycosomes is present in 2K2N cells. Glycosomes are related to peroxisomes that are wide-
spread between various species. In the literature two main mechanisms have been described
for peroxisomes duplication, either de novo formation or growth and subsequent fission
(Purdue and Lazarow, 2001; Hettema and Motley, 2009). In the 1980s, it was reported that pe-
roxisome membrane proteins (peroxins) were synthesised on free ribosomes and then targeted
to pre-existing peroxisomes, this supported the growth and fission model, where pre-existing
peroxisomes grow and divide (Lazarow and Fujiki, 1985; Imanaka et al., 1987). In recent years
several peroxins (PEX) have been identified and described in S. cerevisiae (Stein et al., 2002;
Nair et al., 2004). It has been reported that the S. cerevisiae Pex11p was involved in peroxi-
some division (Erdmann and Blobel, 1995); reduced expression of the T. brucei homologue

TbPEX11 resulted in trypanosomes with fewer, but larger, organelles (Lorenz et al., 1998). The-
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se reports indicate that glycosomes divide by elongation and fission in trypanosomes, this
agrees with our findings, that elongated glycosomes were identified in every cell division cycle
stage. In other organisms association of peroxisomes with the ER has been described (Ma et
al.,, 2011; Agrawal and Subramani, 2013), these associations could explain the movement of
glycosomes observed during high-speed microscopy. Theses findings are preliminary and
need further investigation in order to determine what ensures correct distribution of glyco-
somes during cell division in trypanosomes.

The last major organelle analysed was the mitochondrion. Even so the mitochondrion is silent
referring to metabolic function in the BSF, it still undergoes massive structural changes. Com-
munication and membrane exchange between the mitochondrion and the ER is a discussed
topic in eukaryotic cell biology as it is thought to be important for mitochondrial activity and
cell homeostasis (Tatsuta et al., 2014). In yeast an ER-mitochondrion tethering complex has
been identified (Kornmann et al., 2009) and in silico work indicates similar functions are con-
served in metazoans (Kornmann et al., 2009). Our observation, that mitochondrion shape was
reduced with a simultaneous increase of ER complexity in 1K1N cells, could arise from mem-
brane traffic and exchange between these two organelles that in BSF have close proximity at
the flagellar pocket. This is purely speculative; none of the tethering complex factors have
been identified in T. brucei, yet. Structurally the mitochondrion was located always on the op-
posite of the ER; we suggest that this may support confining the compartment for each daugh-
ter cell and assist orchestration of correct organelle distribution. By this the ER and mitochon-
drion could assist the correct distribution of all cellular compartments during cell division. In
conclusion we pinpointed the duplication event of all major organelles in BSF T. brucei, these

discoveries will form a solid basis for further investigations.
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4.3 Cell growth is separated from formation of new secretory organelles

Having in hand our precise temporal map and the exact time point of organelle duplication
events we could now compare these data in order to discover interesting links between orga-
nelle duplication and morphological changes during the cell division cycle. We found that the
cell division cycle could be divided into two phases, in the first phase, at an NFR from 0 - 60,
cell volume and morphology stayed constant, in the second phase, at an NFR of 80 — 100, cell
volume increased rapidly and cell elongation as well as kinetoplast and nucleus separation
took place. Secretory organelle duplication (ER, ERES, Golgi, endosomal apparatus and lyso-
some) was completed during phase 1 of the cell division cycle similar to transition from phase
1 to 2. Organelles that did not participate in secretory function (glycosomes, mitochondrion)
completed duplication later in the cell division cycle. Glycosomes increased in number
throughout the cell division cycle from 1K1N to 2K2N and mitochondrion growth was complet-
ed during cytokinesis. We are aware that we only focused on volume increase by investigating
the cell membrane; in future we want to correlate cell volume increase with the growth of the
microtubule cytoskeleton. However in contrast to immunofluorescence-based analysis of cyto-
skeleton formation, the use of cell membrane staining was best suited for live cell analysis.

The BSF of T. brucei is dependent on the protective VSG surface coat that shields the cell
membrane from the host immune attack (Cross, 1975). Taking into account that the rates of
membrane turnover found in trypanosomes were extremely high compared to other eukaryotes
(Engstler et al., 2004), we can speculate that the temporal separation of cell volume increase
and the completion of secretory organelle duplication could serve as a mechanism to ensure
VSG coat maintenance (high membrane turnover) during cell growth. For a parasite such as
T. brucei it may provide an evolutionary advantage to have no spare secretory capacity. At the
moment this is purely speculative, as we first of all need to understand how the exact temporal
order for organelle duplication is defined and maintained. Interestingly, the PCF, that is not
dependent on a protective VSG coat, showed significant cell volume increase earlier in the cell
division cycle, from 1K1N to 2K1N transition (Rotureau et al., 2011), compared to 2K1N to
2K2N transition in BSF. Unfortunately, the exact order of organelle duplication and therefore
completion of the secretory apparatus in PCF remains unknown. Golgi duplication has been
well described in PCF (Ho et al., 2006); these data suggest that duplication of the Golgi is
completed during the 2K1N stage, thus following the onset of cell volume increase. This leads
to the hypothesis that separation of secretory organelle duplication and cell growth could be a
unique feature of the BSF of T. brucei. In BSF the dependence on a functional VSG coat could
orchestrate cell volume increase and secretory organelle formation. In trypanosomes the strict

spatial organisation of organelle positioning could orchestrate correct organelle distribution
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during cell division. It has been reported that due to the connection of the basal body with cy-
toskeletal structures this organelle orchestrates flagellar pocket separation in PCF (Lacomble
et al., 2010) and therefore is an important factor to ensure correct cell division cycle progres-
sion. For secretory organelles it had been speculated that plasma membrane and organelles
itself regulate their size and function (Sealey-Cardona et al., 2014). It has been shown that
TbSec16, the trypanosome homologue of Sec16, that is part of the COPII vesicle formation
complex, can regulate Golgi size and flux through the secretory pathway. In other systems
Sec16 can be regulated by phosphorylation or cargo load (Farhan et al., 2008; Zacharogianni
et al., 2011), these findings could reveal regulatory control mechanisms for correct organelle
size and duplication. Therefore the dependence on functional membrane turnover and VSG
coat maintenance could serve as a further important factor orchestrating cellular organisation

and cell division in the BSF of T. brucei.

4.4 Does VSG coat dynamics orchestrate the BSF cell division cycle?

We speculated that the separation of secretory organelle formation and cell volume increase
could be caused by dependence on a functional VSG surface coat. We now correlated the
dynamics of secretory organelle formation, cell volume increase and VSG mRNA synthesis in
order to strengthen the hypothesis of VSG coat maintenance as a factor orchestrating cellular
functions. Therefore we investigated when the amount of VSG mRNA is increased during cell
division cycle progression as to date no single cell mMRNA quantification has been performed
and no information on VSG mRNA amount in different cell division cycle stages was available.
We showed that the amount of mMRNA increased early in the cell division cycle during progres-
sion from the 1K1N to the 2K1N stage during S-phase of the nucleus. VSG expression site
transcription is mediated by RNA polymerase | in a discrete nuclear site named the expression
site body (ESB) (Navarro and Gull, 2001) and this ESB remains associated with the active ES
during cell division cycle progression (Landeira et al., 2009). The separation of the sister chro-
matid containing the actively transcribed expression site is delayed compared to the remaining
chromatid; leading to separation of ESB associated chromatids during mitosis (Landeira et al.,
2009), whereas the other chromatids are separated during S-phase/G2. Nevertheless all mMRNA
analysed increased in the same time, during 1K1N to 2K1N transition, unfortunately no 1KY1N
and 1KB1N cells could be taken into account, due to the harsh permeabilisation conditions
during the assay. We conclude that variations in mRNA amount follow the same kinetics inde-
pendent of ESB association. It was hypothesised that the ESB limited the amount of VSG
mRNA transcripts and by this is the limiting factor for VSG transcription. Our data suggest that

as soon as S-phase is completed and two transcription templates are available, the amount of
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mMRNA is increased. This suggests the number of chromatids, copy number of VSG templates,
would limit the amount of actively transcribed VSG mRNA.

Correlation of these temporal data with the appearance of a new ERES and Golgi suggest, that
the increase in mMRNA amount is immediately processed due to increased capacity of the ER
early in the cell division cycle at an NFR of 20 (appearance of new Golgi). Still the increase in
cell volume and completion of the new secretory apparatus starts about 2 hours later at an
NFR of 80 in the 2K2N stage. This led to two possible fates of the VSG mRNA, either the
mRNA is stored until cell growth is initiated, but so far VSG storage granules in the BSF have
not been identified, or the mMRNA is processed immediately after transcription. VSG mRNA in
single cells showed a similar localisation as the ER, suggesting that the VSG mRNA is pro-
cessed directly. Bangs and colleagues showed by pulse chase labelling that after synthesis on
membrane-bound ribosomes the halflife for VSG modifications, (a) removal of the N-terminal
signal sequence, (b) addition of oligosaccharides and (c) addition of the GPI anchor is
15 minutes (Bangs et al., 1986). We have no information on the exact number of ribosomes
available for translation of VSG mRNA, still processing of around 5 x 10° VSG dimers has to be
completed before cell growth is initiated. These data postulate that VSGs ready for transport to
the cell surface have to be stored within the cell; which structure accomplishes this storage
remains unclear.

FRAP experiments revealed that the VSG dynamics are constant during cell cycle progression,
allowing us to conclude that the density of surface VSGs is not changed. Furthermore, this
implies that with increasing amount of VSG the quantities of lipid membrane have to be in-
creased in parallel. Trypanosomes use an alternative pathway of fatty acid synthesis compared
to most other eukaryotes. By the enzymology of the elongase (ELO) pathway fatty acids are
synthesized. This pathway seems to be well suited for trypanosomes. The modular ELO sys-
tem allows synthesis of different fatty acid products dependent on the trypanosome environ-
ment. It is speculated that the ELO can be upregulated when the parasite enters the cerebro-
spinal fluids, where fatty acid concentrations are much lower compared to the blood (Lee et al.,
2007). We think that this variability also allows the modulation of fatty acid synthesis in differ-
ent cell division cycle stages. By this the parasite could increase fatty acid synthesis depend-
ent on the requirements during cell division cycle progression; when more lipid membranes are
needed during e.g. organelle formation and cell growth.

In summary our data strengthen the hypothesis that the dependence on a functional VSG coat
orchestrates cellular functions in order to maintain VSG coat functionality, by the separation of

secretory organelle formation and cell volume increase.
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4.5 Linear order of events in the T. brucei cell division cycle allows non-invasive in silico

synchronisation of a parasite cell population

Due to the precise temporal map developed during this project we pinpointed the duplication
events of all major organelles. We showed that the duplication of the major organelles is or-
dered, displayed by the consecutive construction of a new secretory apparatus. Correlation of
the duplication events of the secretory organelles and the dynamics of cell morphology led to
the hypothesis that the dependence of BSF trypanosomes on maintaining their protective VSG
coat could be orchestrating these cellular processes. This temporal and spatial information
allowed us to screen for potential drugs affecting the order of events. Since we precisely de-
termined when and where organelle formation takes place we can identify by which chemical
components organelle formation is impaired. This increases the temporal resolution of our cell
division cycle map, because we can take into account the order and timing of organelle for-
mation. Furthermore, this allows us to compare organelle formation and cell division cycle pro-
gression between different life cycle stages as well as different trypanosome species. The non-
invasive staining protocols developed during this project allowed us to visualise cell morpholo-
gy in different trypanosome species such as T. evansi, T. vivax and T. concolense, which will
allow us to generate the same temporal map for these species and identify conserved motifs
and differences.
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Figure 39. Temporal map of the BSF T. brucei cell division cycle. Temporal map of the data obtained
by K/N status, outgrowth of the daughter flagellum (NFR) was correlated with the duplication events for
the major organelles in BSF T. brucei. For each organelle a specific time point was identified when the
duplication was initiated or took place, these events are indicated by (X) for the ERES, Golgi, endosomal
apparatus, lysosome, mitochondrion and ER. The steady state phase, in which cell volume remained
constant and the phase of cell volume increase (Phase ll) are indicated by a light and dark grey box,
respectively. In Phase | a new secretory apparatus was built. The grey bar shows the timeline through
one cell division cycle in hours (PDT=5.9 hours).
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5 Material and Methods



5.1 Materials

5.1.1 Oligonucleotides

Table 4. Oligonucleotides used during this work

Material and Methods

Name Sequence (5’ > 37) Source
01_EcVGFP GATATCATGGTGAGCAAGGGCGAG MWG
02 BclG126 TGATCAGTTATCTAGATCCGGTGG MWG
03_GFP_Sphl_U GCCARAGCGCATGCTGAGCAAGGG MWG
04_GFP_BamHI_L GACCCTGGATCCAATTACTTGTACAGCTC MWG
05_TPI_Hindlll AGCTTATGGCTGTTGTTGTGCTCACACAGATCGCTGCTATTGCTA  MWG
06_TPI_Sphl CCCGCTTTGGCCCAGTCAGCCTTCTTCAGTTTCTTAGCAATAGCA  MWG
10_CFP.U.Hindlll TTGAAGCTTAATGGTGAGCAAGGGCGAG MWG
11_PIP39Hindlll AGTCAAGCTTAATGGTGAGGACGACACG MWG
12_PIP39Sphl AAGCATGCGGCTTTAGGGAAGTCTTGAAGGAG MWG
13_GFP_ERr Bam L ACAGGATCCAATTACAGATCGTCCATCTTGTACAGC MWG
16_SKL_BamHI CAGGATCCAATTATAACTTGGACTTGTACAGC MWG
17_ERimp_GFP_u GTACAAGCTTAGAATTCAATGGCACCTC MWG
18_ERrGFP | ACAGGATCCAATTACAGATCGTCCATCTTGTACAGCTCGTCCA MWG
19 PDEB1 212r CGGTCGACAGTTGATTCTCGCTTCCTC Sigma
20 _GFP_u_Sali CTAATCCGTCGACAATGGTGAGCAAGGGCGAG Sigma
21 _PDEB1_u_Hindlll TAATCCAAGCTTATGTTCATGAACA Sigma
22 GFP_XhoBam GACCCTGGATCCCTCGAGAATTACTTGTACAGCTC Sigma
23_Cherry_Xho_Bam_|  GACCCTGGATCCCTCGAGATTTATGCGGTACCAG Sigma
24_Cherry_Sall_u CTAATCCGTCGACAATCCGGTGGCGGAATGGC Sigma
25 GFP_u_Sali CTAATCCGTCGACTAATGGTGAGCAAGGGCGAG Sigma
26_Hindlll_Sec13P TAATCCAAGCTTATGCTTCATTCAACTAG Sigma
27 Sall_Sec13L ATGTCGACAGTGAACCCGCTG Sigma
28_Cherry_Hindlll CGATCAAGCTTAATCCGGTGGCGGAATGGC Sigma
29_Cherry_SKL GACCTCGGATCCATTTATTATAACTTGGATGCGGTAC Sigma
30 _TbRab11_Sall GCATGGTCGACGACAGCACCCGCCAC Sigma
31 _TbRab11_Hindlll GCTACAGTAAGCTTATGGAAGACATGAACC Sigma
32 Rab11_Sall_u CTAATCCGTCGACTAATGGAAGACATGAAC Sigma
33 Rab11_XhoBam | GACCCTGGATCCCTCGAGAATTAACAGCACCCGCC Sigma
34 _GFP_Sall_| GCATGGTCGACGCTTGTACAGCTCGTCC Sigma
42_Cherry_Nhel_| GATGCTAGCTTTATGCGGTACCAG Sigma
43 _Ald3UTRNhe u CGTGCTAGCTGCCCATTTAGTTGG Sigma
44 Act5UTRHind_| TGCAAGCTTGCTTATTTTATGG Sigma
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5.1.2 Kits
Table 5 Kits used during this work

Basic Parasite Kit 2

Click-iT EAU Alexa Fluor 488 Imaging Kit
NucleoSpin Gel and PCR clean-up Kit
Plasmid Midi Kit

Plasmid Mini Kit

QIAEX Il Gel Extraktion Kit

5.1.3 Enzymes

Lonza

Life Technologies

Macherey-Nagel
Qiagen
Qiagen
Qiagen

Material and Methods

All enzymes used were ordered from Thermo scientific. Special orders by other manufacturers

are referred in the text.

5.1.4 Antibodies

Table 6. Antibodies used during this work

Primary antibodies for immunofluorescence

anti-p67 (mAB280)
anti-Bip
anti-GAPDH (Do403)
anti-HXK (Do408)
anti-ALD (Do423)
anti-BrdU

Mouse, monoclonal 1:500
Rabbit, polyclonal 1:500
Rabbit, polyclonal 1:1500
Rabbit, polyclonal 1:2000
Rabbit, polyclonal 1:1500

Mouse, monoclonal 1:1500

Secondary antibodies for immunofluorescence

anti-Mouse IgG Alexa488-conjugate
anti-Rabbit IgG Alexa488-conjugate
anti-Rabbit IgG Alexab594-conjugate

Primary antibodies for Western Blot

anti-PFR L13D6

Goat, polyclonal 1:2000
Goat, polyclonal 1:2000
Goat, polyclonal 1:2000

Mouse, monoclonal 1:20

(Alexander et al., 2002)

J. Bangs, Madison, USA

P. Michels, Brussels, Belgium
P. Michels, Brussels, Belgium
P. Michels, Brussels, Belgium
Sigma Aldrich

Life Technologies
Life Technologies

Life Technologies

(Kohl et al., 1999)

anti-GFP (Cat.No. 11814460001) Mouse, monoclonal 1:2000 Roche
Secondary antibodies for Western Blot
anti-mouse IgG IRDye680LT Goat, polyclonal 1:20.000 LI-COR Bioscience

(Lot# C20927-05)



Material and Methods

5.1.5 Buffers and solutions

DNA analysis

TAE buffer
40 mM Tris-HCL, 40 mM Acetic acid, pH 8.0, 1 mM EDTA

DNA loading dye (10x)
0.1 M EDTA, pH 8.0, 0.05% Bromophenol blue, 0.05% Xylencyanol, 40% Saccharose

DNA size markers

GeneRuler DNA ladder mix ready-to-use (100-10.000) (Thermo scientific)

RNA analysis

Denhardts solution (50x)
1% Ficoll 400, 1% Polyvinylpyrrolidone, 1% BSA

RNA buffer (50x)
0.5 M NaH,PO,, pH 6.9

SSC (20x)
3 M NaCl, 0.3 M Tri-sodium citrate, pH 7.0

Northern blot hybridization solution
5xSSC, 5xDEN, 0.1% SDS, 0.1% Tetra-sodium pyrophosphate, 0.01% heparine

Northern blot wash solution
0.1% SDS, 0.1xSSC

Glyoxal solution
75.4% (v/v) DMSO, 21.5% (v/v) Glyoxal (deionized), 15 mM NaH,PO,, pH 6.9

RNA fish hybridization solution
2% BSA, 5xDenhardt, 4xSSC, 5% Dextran sulfate, 35% deionized formamide, 0.5 mg/ml yeast
tRNA, 40 U/ml Ribolock

RNA fish permeabilization solution
0.5% Saponin, 2% BSA in ddH,O
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Protein analysis

2x Ldmmli sample buffer
120 mM Tris-HCI, pH 6.8, 4% SDS, 20% (v/v) Glycerol, 2% (v/v) B-mercaptoethanol

Ladmmli running buffer

25 mM Tris-Base, 192 mM Gilycerol, 0.1% SDS

Stacking gel
1 ml Acrylamid solution (30%; 37.5:1 Acrylamide:Bisacrylamide), 1.8 ml stacking gel buffer
(0.5 M Tris-HCI, pH 6.8, 0.4% SDS), 4.5 ml H,0, 37 yl 10% APS, 7 yl TEMED

Running gel (12.5%)
2 ml Acrylamid solution, 1.5 ml running gel buffer (1.5 M Tris-HCI, pH 6.8, 0.4% SDS), 2.5 ml
H,O, 20 yl 10% APS, 5 MI TEMED

Western blot cathode buffer
0.25 M Tris, pH 7.6, 20% methanol, ddH,O

Western blot anode buffer
0.3 M Tris, pH 10.4, 20% methanol, 40 mM e-Aminocapron acid, ddH,O

5.1.6 Chemicals

Chemicals used were ordered from AppliChem (Darmstadt, Germany).

5.1.7 Cultivation media

LB medium for E. coli
10 g tryptone, 5 g yeast extract, 5 g NaCl. Add 11 ddH,0, pH 7.0. 100 pg/ml ampicillin was
added for selection of transformed bacteria. For agar plates 17 g agar was added to 11 LB

medium.

HMI-9 medium for BSF T. brucei (according to Hirumi and Hirumi, 1989)

For 11 medium: 17.66 g Iscove’s modified Dulbecco’s Medium (IMDM), 3.024 g NaHCOQO;,
136 mg Hypoxanthin, 82.2 mg Bathocuproinsulfonat, 14 pl B-mercaptoethanol, 39 mg thymi-
dine, 100.000 U penicillin, 100 mg streptomycin, 182 mg cysteine, 10% (v/v) fetal calf serum
(Sigma Aldrich)
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5.1.8 Devices and Equipment

Table 7. Devices used during this work

AMAXA Nucleofector Il
DMI6000 wide-field microscope
Eclipse TS100 microscope
FACScalibur Flow Cytometer
iMIC

Infinite M200 Plate Reader

Odyssey Infrared Scanner

Table 8. Cameras used during this work

PCO Sensicam ge
PCO edge
Leica DFC 365 FX

(6.45 um pixelsize)
(6.50 um pixelsize)
(6.45 um pixelsize)

5.1.9 Software

Table 9. Software used during this work

4Peaks

Amira

CLC Main Workbench 6
Fiji

Huygens Essential
iControl

ImageJ64

Imaris Pro

LA Aquisition

Leica Application suite AF
Odyssey

Papers

Prism 5

Zeiss ZEN

Material and Methods

Lonza

Leica

Nikon

BD Bioscience

FEI Munich GmbH formerly TILL Photonics GmbH
Tecan

LI-COR Biosystems

PCO, Kelheim
PCO, Kelheim

Leica, Wetzlar

Macentos;j

Visage Imaging

CLC bio
rsbweb.nih.gov/ij/
Scientific Volume Imaging
Tecan

rsbweb.nih.gov/ij/
Bitplane

FEI Munich GmbH formerly TILL Photonics GmbH
Leica

LI-COR Biosystems
Macentos;j

GraphPad Software

Zeiss
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5.1.10 Plasmids
All expression vectors used express constitutively.

Table 10. Expression vectors used during this work. BLE, Phleomycin resistance; ES, Expres-
sion Site; NEO, Neomycin resistance; PUR, Puromycin resistance

Vector Name Source Genomic locus  Res
pKD4 pKD4 (Mufioz-Jordan et al., 1996) 221 ES NEO
pLew82AOP(phleo) pL82AOP (Best et al., 2005) rBRNA spacer BLE
pLew82AOP(puro) pL82AOP (Best et al., 2005) rBRNA spacer PUR
p2675 p2675 M. Carrington In situ tagging PUR
pTsarib(puro) pRib M. Giinzel rDNA promotor  PUR
p2T7-177 p2T7 (Wickstead et al., 2002) 177bp-region BLE
pLew61 pL61 M. Giinzel rBRNA spacer BLE

5.1.11 Trypanosomes

Trypanosome species and strains

In the Nairobi facility the following trypanosome species were used:

T. congolense IL 1180 (originally isolated from a lion in the Serengeti National Park, Tanzania
(Geigy and Kauffmann, 1973), T. congolense IL 3000 and T. congolense KETRI 3827; T. vivax IL
1392 and T. vivax IL 2136; T. b. brucei IL Tat 1.4; T. evansi KETRI 4009 and T. evansi KETRI
2479 (type b). T. congolense IL 1180, T. congolense IL 3000, T. vivax IL 1392, T. vivax IL 2136
and T. b. brucei IL Tat1.4 were obtained from the trypanosome bank at the International Live-
stock Research Institute (ILRI, Nairobi, Kenya), while T. congolense KETRI 3827, T. evansi
KETRI 2479 and T. evansi KETRI 4009 were obtained from Kenya Agricultural and Livestock
Research Organization- Biotechnology Research Institute (KALRO-BRI, Kikuyu, Kenya) trypa-

nosome bank.
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Ethical statement

Permit to conduct the experiments at KALRO-BRI and ICIPE were granted and approved by
the Kenya Veterinary Board and the KALRO-BRI Institute Animal Care and Usage Committee
(IACUC, Ref: C/TR/4/325/125). Experiments were reviewed and carried out in conformity with

the local and international standards of animal care and welfare.

Transgenic lines

In the Wurzburg facility the following trypanosome species were used:

MiITat1.2 bloodstream form 13-90 (referred to as 1390 in the text)

This cell line is based on MITat 1.2 wt and constitutively expresses the T7 RNA polymerase
and the tetracycline repressor (Wirtz et al., 1999), which allows for expression of T7 promotor
driven genes in inducible vectors upon induction with 1 ug/ml tetracycline. Cells were selected

with 5 pg/ml hygromycin and 2.5 pl/ml neomycin (G-418).

Organelle markers

Table 11. Cloned organelle markers. B, Blasticidine; CCV, Clathrin coated vesicles; CL, Cell
line; ER, endoplasmic reticulum; EA, Endosomal Apparatus; G, G-418 (Neomycin); H, Hygro-
mycin; P, Puromycin; Phl, Phleomycin, Selection given in pg/ml.

Name Organelle Vector Source CL Selection
117tVSG ER pRib(b) M. Gunzel 1390 5H,25G,3B
LS::GFP::MDDL ER pL82AOP(p) J. Jung 1390 5H,25G,03P
GntB::YFP Golgi pRib(p) G.Warren 1390 5H,25G,03P
EP1::GFP EA pKD4 M. Gunzel 1390 5H,30G
YFP::CLC ccv p2675(p) N. Heddergott 1390 5H,2.5G,0.3P
p67::GFP lysosome pRib(b) M. Giinzel 1390 5H,25G,0.3B
MLS::GFP mitochondrion pL61 M. Glnzel 1390 5H,2.5G, 2.5Phl
PDEBI::GFP flagellum pL82AOP(phl)  J. Jung 1390 5H,2.5G, 2.5 Phl
PTS1::GFP glycosomes pL82AOP(phl)  J. Jung 1390 5H,2.5G, 2.5Phl
Sec13::GFP ER exit-site pL82AOP(phl)  J. Jung 1390 5H,2.5G, 2.5Phl
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5.2 Methods

5.2.1 Working with T. brucei

In vitro cultivation of T. brucei
T. brucei bloodstream form strains were cultured in HMI-9 medium at 37°C in a humidified en-
vironment containing 5% CO,. Cell densities were regularly determined by counting in a

Neubauer chamber and kept below 1x10° cells/ml by dilution with fresh pre-warmed medium.

Freezing and thawing of trypanosomes

For long-term storage approximately 4x10° cells were harvested by centrifugation (1400x g,
4°C, 10min), resuspended in 500 pyl HMI-9 medium and mixed with 500 pl 2x freezing medium
(20% glycerol in HMI-9). Stabilates were thawed quickly in a 37°C water bath and washed
once with 10 ml of HMI-9 medium. After centrifugation (1400x g, 4°C, 10min) the supernatant
was aspirated and cells were taken up in 10 ml fresh pre-warmed HMI-9 medium. After cultiva-
tion for 45 - 60 minutes the cell density was determined and cells were diluted. Antibiotic se-

lection was added if required.

Quick’n’easy “Kipp-Schiitt” dilution

For quick and easy cell dilutions discard the volume of a T-25 flask (1-5x10° cells/ml) and refill
the flask with 10 ml of fresh pre-warmed HMI-9. This dilution is adequate for the next day.
Quick and easy dilutions over the weekend work by repeating the dilution steps a second time.
Due to the high price of HMI-9 medium use PBS for the first dilution step. Not recommended

for growth curves.

Transfection

For stable transfection of BSF trypanosomes the AMAXA Nucleofector Il (Program X-001) and
the Basic Parasite Solution 2 was used. For electroporation, 3x10’ cells were harvested by
centrifugation (1400x g, 37°C, 10min) and resuspended in 100 pl nucleofector solution. 10 pg
of linearised DNA in 10 pl sterile ddH,O was mixed with 100pl cell suspension and transferred
to an electroporation cuvette. After transfection, cells were transferred to 30 ml of pre-warmed
HMI-9 medium. Serial dilutions were plated onto 24-well plates. After 6-8 hours (approximately

the population doubling time) cultures were supplemented with the final antibiotic selection.

EdU labeling
EdU stock solution was prepared in sterile ddH,O (10 mM) and stored at 4°C. Cells were incu-

bated in the presence of 300 uM EdU (5-ethynyl-2’-deoxyuridine) and samples were taken
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every hour. Control cells were incubated with the same volume ddH,O. Cells were fixed with
2% formaldehyde in 0.2 M HEPES for 1 hour at RT washed once and resuspended in PBS.
Permeabilization was performed with 0.1% Triton-X100/PBS for 10 minutes. EdU incorporation
was visualised using the Click-iT EdU Alexa Fluor 488 Imaging kit (Molecular probes). EdU re-
action cocktail was prepared just prior to use by mixing the Click-iT reaction buffer with

CuSQ,, the Alexa fluor 488 azide and reaction buffer additive.

1X Click-iT reaction buffer 430 pl
CuSO, 20 pl
Alexa fluor 488 azide 1.2 ul
Reaction buffer additive 50 pl
Volume 500 pl

Cells were incubated for 30 minutes at room temperature protected from light. DNA was coun-
terstained with DAPI (4’, 6-diamidino-2-phenylindole) 0.5 ug/ml.

5.2.2 Working with E coli

E. coli strains

E. coli TG1 recO
Genotyp: K12 A (lac-proAB) supE thi hsd D5/F’ tra D36 proA*B* lacl® Lac Z AM15 recO::Tn5

E. coli Top10
Genotyp: mcrA, A(mrr-hsdRMS-mcrBC), Phi80/acZ(del)M15, AlacX74, deoR, recA1, araD139,
A(ara-leu)7697, galU, galK, rspL(SmR), endA1, nupG

Chemical competent bacteria

LB medium was inoculated with the appropriate E. coli strain and incubated overnight at 37°C.
1 ml of the overnight culture was added to 100 ml fresh LB medium and incubated until the
absorbance at 600 nm was between 0.3 and 0.4. Cells were harvested by centrifugation
(900x g, 4°C, 10min) resuspended in 2.5 ml TSS (LB medium with 10% PEG 3350, 5% DMSO,

50 mM MgCl,) and aliquots were frozen in liquid nitrogen. Bacteria were stored at -80°C.
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Transformation of chemical competent E. coli
Cells were thawed on ice mixed with 10 pl ligation mix and incubated on ice for 30 minutes.
The cells were heat shocked at 42°C for 50 seconds and plated on LB ampicilin agar plates

and incubated overnight at 37°C.

Isolation of plasmid DNA from E. coli

Small amounts of DNA for analytical digests were extracted from 1 ml of an overnight culture
using a standard alkaline lysis protocol. Higher quantities of plasmid DNA were isolated with
QIAGEN Plasmid mini- or midi-kits following the manufactures’ instructions. The concentration
of nucleic acid in the eluted solution was determined with the Tecan Infinite M200 Plate reader

by measuring the absorbance at 260 nm.

5.2.3 Working with DNA

DNA Gel electrophoresis
DNA fragments were separated by agarose gel electrophoresis (0.8% agarose in TAE buffer for
fragments up to 300 bp and 1.5% agarose in TAE buffer for fragments below 300 bp). Agarose
gels were incubated in an ethidium bromide water bath (3 pg/ml) and DNA was visualised by
UV-light (312 - 350 nm).

Extraction of DNA from Agarose gels

After DNA Gel electrophoresis fragment of interest was excised from agarose gels and isolated
using the QIAEX Il gel extraction kit following the manufacturer’s instructions. DNA was eluted
in Elution buffer (5 mM Tris HCI, pH 8.5).

DNA modification
In order to prevent religation blunt ended vectors and those opened with one enzyme were
incubated with 1 unit of calf intestine alkaline phosphatase (CIAP) for 30 minutes at 37°C. CIAP

treated fragments were gel extracted or isopropanol-precipitated prior to ligation.
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Isopropanol precipitation of DNA

Precipitation was performed by adding 0.1 volume of 3 M sodium acetate, pH 7.0 and
1 volume of isopropanol and centrifugation for 20 minutes at 20.000x g at 4°C. The sediment
was washed twice with 70% ice-cold ethanol (20.000x g, 4°C, 10min). The dried DNA was dis-
solved in elution buffer (5 mM Tris HCI, pH 8.5). For subsequent transfection of T. brucei the
ethanol was decanted under sterile conditions and the dried DNA was dissolved in filter-
sterilized ddH,0.

PCR

Amplification of DNA fragments was performed using the Phusion High-Fidelity DNA Polymer-
ase (Thermo scientific) 10 pmol of oligonucleotides and 10 ng of plasmid DNA or 1 pg of ge-
nomic DNA was used as template. DNA fragments were cleaned up using the NucleoSpin Gel

and PCR clean-up Kit (Macherey-Nageland sequenced by GATC Biotech (Konstanz, Germany).

Digestion of PCR fragments

PCR fragments were digested prior ligation if required. Therefore fragments were cleaned up
using the NucleoSpin Gel and PCR clean-up Kit (Macherey-Nagel) and eluted in 20 pl elution
buffer (5 mM Tris HCI, pH 8.5). Digestion was performed over night at 37°C. Tubes were sealed

with Parafilm (Bemis, Neenah, USA) to avoid vaporization.
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5.2.4 Working with RNA

Single Cell mRNA quantification

In order to visualise the mRNA in individual trypanosome cells Susanne Kramer adapted the
original protocol. A 1000 nt fragment of the gene of interest was chosen and a corresponding
probe mix was generated by Affymetrix assay (Affymetrix, Santa Clara, USA). The probe con-
sisted of a mixture of up to 100 oligonucleotides each covering a 20 nt fragment of the target
mMRNA thereby leading to a highly amplified as a 1000 nt mRNA fragment could be hybridized
with up to 50 oligonucleotides in parallel. A further advantage of the QuantiGene® ViewRNA
ISH Cell assay was the high signal-to-background ratio by the intrinsic stepwise signal amplifi-
cation. For the detection of the VSG MITat 1.2 mRNA a 1000 nt fragment ranging from nt 213
to 1289 of the MITat 1.2 open reading frame (Accession number X56762) was used. The probe
mix obtained 40 oligonucleotides covering the MITat 1.2 mRNA.

BSF trypanosomes were harvested by centrifugation (1400x g, 4°C, 10min), washed two times
in ice-cold TDB and fixed in 4% formaldehyde for 30 minutes at room temperature on a rotary
table. Afterwards cells were washed in PBS and resuspended at a concentration of 4x10’
cells/ml in PBS. PCF trypanosomes were harvested by centrifugation (1400x g, 10min) and
fixed in 4% formaldehyde for 30 minutes at room temperature on a rotary table. Cells were
washed in 13 ml PBS and resuspended in 1 ml PBS. Cells were settled on Superfrost® Plus
slides (Thermo scientific). Fixed BSF cells were applied on Poly-L-lysine slides (Thermo scien-
tific) and allowed to settle for 60 minutes (100 pl per circle). During the procedure the pap pen
gets destroyed, therefore only one probe can be used on one slide. Cells were washed once in
PBS (coplin jar) and the residual PBS was removed using a tissue. The detergent solution QC
was applied to the cells (100 yl per circle) for 5 minutes at room temperature. Cells were
washed twice in PBS (coplin jar). Afterwards 100ul of protease solution (diluted 1:2000 in PBS)
was added to each circle for 10 minutes at room temperature. Then slides were washed three
times in 40 ml PBS (coplin jar). The RNA probes were diluted in probe set dilutent (1:100) in
RNAse free eppendorf tubes and prewarmed to 40°C. Probes were set on the slides (100 pl
per circle) and incubated for 3 hours at 40°C in a humid chamber in the oven. Afterwards cell
were washed three times in 20 ml washing buffer (250ml wash buffer: 0.75 ml component 1,
1.25 ml component 2, 248 ml ddH,0) for 2 minutes each. Afterwards slides were incubated
with PreAmplifier Mix solution (806.4 yl Amplifier Dilutent QF, 33.2 yl PreAmplifier Mix) for
30 minutes at 40°C in a humid chamber (80 pl per circle) and washed three times in 20 ml of
washing buffer. Then slides were incubated (80 ul per circle) with Amplifier Mix solution
(806.4 pl Amplifier Dilutent QF, 33.2 ul Amplifier Mix) for 30 minutes at 40°C in a humid cham-

ber and washed three times in 20 ml of washing buffer. Then cells were incubated with the
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Label Probe mix (806.4 pl Label Probe dilutent QF, 33.2 Label Probe mix) for 30 minutes at
40°C in a humid chamber protected from light. After three washes in 20 ml washing buffer
DAPI solution was added (1:100 in PBS) for 1 minute at room temperature and slides were ad-
ditionally washed in PBS (coplin jar). Cells were embedded with Prolong Gold antifade (15 pl

per circle) and covered with a cover slip.

Sample Target Signal .
Preparation Hybridization Amplification

= W ) TYPE 1 Target Pre Amplifier L 7 Fluorescent Probes
Y7, ¢ specific probe set ZZ Mix |_ Type 4
oA Type 1
\17 TYPE 4 Target Amplifier Mix Type 4
ZZ ' '
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¢ @ LP4-488 .
¢ Label Probe Mix @ | o, 55, * -

e\ = o, / =)

Settle on glass slide mRNA1 T

Visualize using
fluorescence
microscopy

Wi
:

ZZ
ﬁ

Figure 40. Schematic of QuantiGene ViewRNA ISH Cell assay. Label probes were detected with the
corresponding filter sets (EX: LP4-488 = 488 nm, LP1-550 = 550 nm). (Schematic modified from Affy-
metrix, Santa Clara, USA).

RNA-FISH

BSF trypanosomes were harvested by centrifugation (1400x g, 4°C, 10min), washed once in
HMI-9 without serum and fixed in 4% formaldehyde for 30 minutes at room temperature on a
rotary table. Afterwards cells were washed in 12 ml PBS and resuspended in 1 ml PBS. For
mRNA detection cells were applied on Poly-L-lysine slides (Thermo scientific) and allowed to
settle for 60 minutes (3 circles per slide with a PAP pen, Kisker, Steinfurt). After washing in
25 mM NH,CI for 10 minutes cells were permeabilized with 0.5% saponin/ 2%BSA for
60 minutes. Prehybridization was performed with Hybridization solution (2%BSA, 5x Denhart,
4x SSC, 5%Dextran sulphate, 35%deionized formamide, 0.5 mg/ml yeast tRNA, 40 U/ml Ri-
bolock, H,0) for 2 hours. Oligonucleotides were diluted 1:100 in Hybridization solution and ap-
plied on the cells (over night, room temperature, humid and dark chamber). Slides were
washed once in 4x SSC + 35% formamide and then washed once in 4x SSC, 2x SSC and
PBS. For DNA staining a 1:1000 DAPI dilution (5mg/ml stock) was applied on the slides for

10 minutes. Cover slips were mounted with 80% glycerol in PBS.
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RNA isolation

1x10® cells were harvested by centrifugation (1400x g, 4°C, 10min), washed once in HMI-9
without FCS. Supernatant was removed the sediment was resuspended in a residual volume
and immediately frozen in liquid nitrogen. Samples were stored at -80°C until extraction was
performed. RNA was extracted using the RNeasy Mini kit (QIAGEN). Samples were thawed and
resuspended in 600 pl RLT buffer with 6 pl B-mercaptoethanol and mixed with 600 pl 70% eth-
anol. Lysate was applied to a column and centrifuged for 30 seconds at 8.000x g. The Column
was washed with 350 yl RWE and two times with 500 pyl PRE buffer. RNA was eluted in 2x
30 pl ddH,O (RNAse free). RNA samples were stored at -80°C.

RNA Gel electrophoresis

For RNA Gel electrophoresis 3 pug of RNA in 4 pl ddH,O were mixed with 7.2 pl glyoxal solution
and denatured for 45 minutes at 50°C. Samples were separated in a horizontal RNA gel (1.4 g
Ambion Agarose-LE in 98 ml ddH,0O and mixed with 2 ml 50xRNA buffer). 1XRNA buffer was

used as running buffer and RNA fragments were separated at 10 V/cm for 90 minutes.

Northern Blot

RNA was transferred to nitrocellulose membranes (Hybond-N, Amersham) by capillary blot.
Transfer was performed with 20xSSC over night. UV cross-link was performed for 1 hour at
80°C (1200x100 pJd/cm?).

DIG labeled Northern probes
DIG labeled DNA probes were generated for topoisomerase |l and « -tubulin as described be-
fore (Hiltensperger et al., 2012). Hybridization was carried out at 50°C overnight. DNA probe

detection was performed using the chemiluminescence reagent CSPD (Roche).

Table 12. Oligonucleotides for Northern blot analysis

Name Sequence (5’ > 37)

Topoisomerase Il upper gcggaggcacacaagtat
Topoisomerase Il lower acgaggaaaactagaata
a-tubulin upper cacttctatttatttatc
a-tubulin lower gtcatcatggaggcgggce
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5.2.5 Working with proteins

Protein isolation
Trypanosomes were harvested by centrifugation (1400x g, 4°C, 10min), washed once in ice-
cold TDB and resuspended in 1x Ldmmli sample buffer to a concentration of 2x10° cells/pl.

Samples were heated at 98°C for 5 min and stored at -20°C.

Discontinuously SDS electrophoresis
Proteins were separated using a 12.5% separation gel. For Western Blot analysis 2x10° cells
(recommended for low abundant genes) were applied per lane. The voltage was set to 100 V

until the samples entered the separation gel afterwards the voltage was raised up to 130 V.

Western Blot

After SDS electrophoresis proteins were transferred to a PVDF membrane (55 mA per gel for
1 h). Assemble semidry blotting sandwich from bottom to top: 2 sheets of Whatman paper
(Anode buffer), PVDF membrane, SDS gel, 2 sheets of Whatman paper (Cathode buffer). Af-
terwards the membrane was blocked in 5% (w/v) milk in PBS over night at 4°C. The membrane
was incubated with the primary antibody diluted in 0.1% Tween in PBS for 1 hour at room
temperature and washed 3x 10 minutes in 0.1% Tween in PBS. Afterwards the membrane was
incubated with the secondary antibody diluted in 0.02% SDS/ 0.1% Tween in PBS for 1 hour
at room temperature protected from light. Membrane was washed 3x 10 minutes in 0.2%
Tween in PBS and dried between Whatman papers. The dried membrane was analysed with

the Odyssey Infrared Scanner.

5.2.6 Preparing trypanosomes for microscopy

Immobilisation of trypanosomes

For live cell microscopy 107 trypanosomes were concentrated in a minimal volume of 20 pl
trypanosome dilution buffer (TDB; 5 mM KCI, 80 mM NaCl, 1 mM MgS04, 20 mM Na2HPO4,
2 mM NaH2PO4, 20 mM glucose [pH 7.4]). 3 pl of cell suspension was mixed with 5 pl of
10% (w/v) type-A gelatin in TDB (from porcine skin; Sigma-Aldrich) and pipetted between two
cover slips. The coverslips were mounted in a temperature controlled sample holder (Hartel,
2013). The analyses were done at 20 °C. After data acquisition, stage temperature was adjust-
ed to 37 °C to verify viability. Alternatively cells were mounted on microscope slides and
cooled down in the incubation system with an DMI6000 wide-field microscope (Leica Mi-

crosystems, Mannheim, Germany, software version LAS 3.1.0)

91



Material and Methods

Chemical fixation of T. brucei

2x107 cells were harvested by centrifugation (1400x g, 4°C, 10min), washed once with ice cold
TDB, resuspended in 500 yl TDB and carefully mixed with one volume of formaldehyde. Cells
were inverted a few times and after fixation washed once to remove the fixative. Cells were
stored in at least 500 pl PBS at 4°C. Fixative and fixation time varied dependent on the struc-

ture of interest.

Surface staining

2x107 cells were harvested by centrifugation (1400x g, 4°C, 10min), washed three times with
ice cold TDB, resuspended in 100 pl TDB and incubated for 15 minutes with the Sulfo-NHS-
Fluorescence dye on ice and protected from light. After incubation cells were washed twice
with 1 ml ice cold TDB and fixed.

Table 13. Sulfo-NHS-dyes used for surface staining. EX, Excitation wavelength; EM, Emission wave-
length

Sulfo-NHS-dye Source Concentration Fluorescence properties
sulfo-NHS-AMCA Thermo Fisher 1 mM Ex: 375 nm / Em: 420 nm
sulfo-NHS-Atto488 Atto-Tec 100 uM Ex: 488 nm/ Em: 530 nm
sulfo-NHS-Rhodamine  Thermo Fisher 100 uM Ex: 560nm/ Em: 600nm

Organelle staining with fluorescent dyes
Commercial available dyes were used to visualise trypanosome compartments e.g. mitochon-
drion, plasma membrane, endosomes or lysosome. The staining procedures are described in

the results section; Vizualisation of T. brucei organelles.

Table 14. Organelle staining with fluorescent dyes

Fluorescence dye Source Concentration  Target

MitoTracker Red CMXRos Molecular Probes 100 nM mitochondrion

FM 4-64FX Molecular Probes 6 mM lipid membrane

Dextran Alexa546 (10,000 Mw) Molecular Probes 0.1 mg/ml endosomal compartment
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3D Fluorescence microscopy.

Images were recorded with a fully automated wide field fluorescence microscope iMIC (FEI
Munich GmbH formerly TILL Photonics GmbH, Germany), controlled by the Live acquisition
software (FEI Munich GmbH formerly TILL Photonics GmbH, Germany) and equipped with
100x (NA 1.4) and 60x (1.45 NA) objectives (Olympus). Images were recorded with the sen-

sicam.ge CCD cameras (Sensicam, pixel size 64,5 nm, PCO, Kelheim).

High-Speed Live Cell Microscopy.

Live cell microscopy was performed with an inverted fully automated DMI6000 wide-field mi-
croscope (Leica Microsystems, Mannheim, Germany, software version LAS 3.1.0) equipped
with an incubation system. For high-speed microscopy the sCMOS pco.edge (PCO) was used
at frame-rates of 200 —400 fps (pco.edge, pixel size 65 nm, PCO, Kelheim). For medium speed
live cell microscopy the Leica DFC 365 FX (DFC 365 FX, pixel size 64.5 nm, Leica, Wetzlar)

was used at frame-rates of 10 to 30 fps.

Fluorescence recovery after photobleaching (FRAP)

FRAP analysis was performed using the iMIC microscope (FEI Munich GmbH formerly TILL
Photonics GmbH, Germany), 473 nm and 561 nm laser and a 60x Olympus objective (NA 1.45).
Data acquisition was performed using the Live Acquisition software (FEI Munich GmbH former-
ly TILL Photonics GmbH, Germany) and Offline Analysis (FEI Munich GmbH formerly TILL Pho-
tonics GmbH, Germany). Trypanosomes were surface labelled cells with sulfo-NHS-Atto488
and immobilized with gelatine. The ROI was set to cover the whole cell diameter in the area
where the nucleus was located. Data acquisition was performed at 21°C. The procedure for
FRAP analysis with immobilised trypanosomes was established by Andreas Hartel (Hartel,
2013).

DAPI staining
For staining of DNA a 5 mg/ml stock solution (in ddH,0) was used and diluted 1:10.000 directly
before microscopy. For live cells DAPI was diluted 1:1.000 and incubated for 15 minutes prior

to microscopy.
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5.2.7 Immunofluorescence

In the tube

2x107 cells were harvested by centrifugation, washed once with ice cold TDB, resuspended in
0.5 ml TDB and carefully mixed with one volume of formaldehyde. Formaldehyde concentra-
tion and fixation time varied dependent on the antibodies used. Cells were washed in PBS and
sediment resuspended in PBS. Washing steps were performed in a picofuge minicentrifuge
(Labnet) for 90 seconds. Antibodies were diluted in 0.1% BSA in PBS and washing steps per-
formed with 1% BSA in PBS. After blocking for 30 minutes in 1% BSA in PBS incubation with

primary and secondary antibodies varied between 30 and 60 minutes.

On the slide

4x10° BSF trypanosomes were harvested by centrifugation (1400x g, 4°C, 10min), washed
once in TDB and fixed in 4% formaldehyde for 30 minutes at room temperature. Afterwards
cells were washed in 12 ml PBS and resuspended in 120 pyl PBS. A PAP pen (Kisker) was used
to draw circles on Poly-L-lysine slides (Thermo scientific) and 1x10° cells were applied and
allowed to settle for 1 hour. All further incubation steps were performed in a humid chamber.
Slides were washed in PBS and 100 mM Tris HCI for 10 minutes. If required permeabilization
was performed. Slides were blocked with 1%BSA in PBS for 1 hour. Afterwards the primary
antibody (diluted in 0.1% BSA in PBS) was applied for 1 hour. Slides were washed three times
in PBS and secondary antibody (diluted in 0.1% BSA in PBS) was applied and incubated for
30 minutes protected from light. After three washed in PBS DAPI was added and incubated for
5-10 minutes. Slides were washed once in PBS and cover slips were mounted with 80% glyc-
erol in PBS.

Table 15. Fixation conditions for immunofluorescence. FA, formaldehyde; RT, room temperature;

Antibody Fixation Permeabilization Immunofluorescence

anti-p67 (mAB280) 2% FA 1h/RT none Tube

anti-p67 (mAB280) 1% FA 30 min/RT  0.05% Digitonin 10 min  Slide

anti-Bip 4% FA 1h/RT 0.1% NP-40 10 min Slide
anti-GAPDH (Do403) 4% FA 10 min/RT  0.2% NP40 5 min Slide
anti-HXK (Do408) 4% FA 10 min/RT ~ 0.2% NP40 5 min Slide
anti-ALD (Do423) 4% FA 10 min/RT  0.2% NP40 5 min Slide
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5.2.8 Image processing and analysis.

Measurement of distances in 3D was performed with the Imaris® Pro 7.6.5 Measurement Pro
package and the Amira software package (version 5.5.0, Visage Imaging, Berlin, Germany). The
image parameters, such as pixel size and z-step size, were changed in the image properties.
To measure the length of a structure (e.g. flagellum length), it has to be extracted from the rest
of the image by manually tracing the structure with a line (2D) or polygon (3D). To visualise vol-
umes, the image was rendered with the surface tool. Unless otherwise specified all images
displayed in the results chapters are maximum intensity projections from digitally deconvolved
3D image data sets. Pseudocoloring and maximum intensity projections were done using Im-

aged software (version 1.46 for Mac OS X, National Institutes of Health).

Cell volume modelling

Cells were double stained with both fluorescent dyes and fixed in 2% formaldehyde and
0.05% glutaraldehyde for 1 hour. 3D stacks were generated with 100 slices and 200 nm step
size and deconvolved using the Huygens software package with >80 iterations. Deconvolved
ics-files were opened with the Imaris software package and flagellum lengths were measured,
afterwards volume rendering was performed with the surface tool in the surpass mode and a
new surface model was generated in the software options. Load parameters were set to de-
fault and the rhodamine stack was chosen as source channel. The absolute Intensity was used
as Threshold parameter and Surface area details were set to 2 ym. Maximum and minimum
threshold were set automatically to avoid any bias and surface details like volume and area

were extracted from the Statistics options of the rendered surface areas.

3D-modelling.

For 3D modelling of fixed cells, xyz-stacks were acquired in 100 nm steps. The cells were fixed
in a final concentration of 4% w/v formaldehyde and 0.05% v/v glutaraldehyde in 0.1 M HEPES
buffer. Duration and temperature for fixation were chosen dependent on the structure of inter-
est. The stacks were deconvolved using Huygens Essential software (version 3.7.0, SVI, Hilver-
sum, Netherlands). 3D maximum intensity projections were generated from these stacks and
false-coloured in Imaged software (version 1.46 for Mac OS X, National Institutes of Health).

Animations of 3D-models and annotated Videos were produced with Amira, Imaged or Imaris.

95



Material and Methods

Cell fluorescence quantification

For quantification of fluorescence 16-bit undeconvolved raw data tiff stacks were opened with
Imaged. With the Z-project tool and the Sum Slices option the stacks were reduced to one
single slide. First the background was calculated. Therefore three regions that have no fluores-
cence were selected using a rectangle tool, the cells of interest were selected as well. The Set
measurement options were set to AREA, INTEGRATED DENSITY and MEAN GREY VALUE.
Total cell fluorescence was calculated (RFU = Relative Fluorescence Units; Int. Den. = Inte-

grated Density; BG = background).

Cell fluorescence (RFU) = Int.Den. (cell) — Area (cell) x Mean gray value (BG)
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1390
1KBIN
1KY1N
ALD
AMCA
bit
blas
bp
BSA
BSF
CIAP
CLC
CLEM
CO,

DAPI
ddH,O
DMSO
EA
EDTA
EdU
EE
EP1
ER
ERB
ERES
ESB
etal.
EX

EM
FAZ
FCS
FP

Abbreviations List

= MITat 1.2 bloodstream form 13-90

= cell with kinetoplast in bone conformation
= cell with kinetoplast in v-shape conformation
= aldolase

= 7-Amino-4-methylcoumarin-3-acetat

= basic unit of information storage — binary digit
= blasticidin

= base pair

= bovine serum albumin

= bloodstream form

= calf intestine alkaline phosphatase

= clathrin light chain

= correlative light electron microscopy

= carbon dioxide

= diffusion coefficient

= 4,6-Diamidino-2-phenylindole

= bidest water

= Dimethyl sulfoxide

= endosomal apparatus

= ethylenediaminetetraacetic acid

= 5-ethynyl-2"-deoxyuridine

= early endosomes

= PCF specific surface GPIl-anchored glycoprotein
= endoplasmic reticulum

= ER branch

= endoplasmic reticulum exit-site

= Expression Site Body

= et alteri ; and others

= excitation

= emission

= flagellum attachment zone

= fetal calf serum

= flagellar pocket

Abbreviations List
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FRAP = fluorescence recovery after photobleaching
FPS = frames per second

g = acceleration due to gravity

g = gram

GAPDH = Glyceraldehyde 3-phosphate dehydrogenase
GFP = green fluorescent protein

GntB = GIcNAc-Transferase

GPI = glycosylphosphatidylinositol

h = hours

HEPES = 4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid
HMI-9 = culture medium for bloodstream form trypanosomes
HU = hydroxyurea

hyg = hygromycin

HXK = hexokinase

Ig = immunoglobulin

IgG = immunoglobulin G

ims = Imaris file format

J = joule

kDNA = kinetoplast DNA

kb = kilo base pair

I = litre

LE = late endosomes

M = molarity

MF = mobile fraction

mg = milligram

min = minute

MITat = Molteno Institute Trypanozoon antigen type
ml = millilitre

MLS = mitochondrial leader sequence

mRNA = messenger RNA

ms = milliseconds

neo =G-418

nm = nanometre

nt = nucleotide

oD = optical density

PBS = phosphate buffered saline
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PCF
PCR
PDT
PFA
phle
PTSA
pur
RE
RFU
RNAI
ROI
rpm

sec

T7 RNAP

TDB
tet
uv
V
VSG
wt

YFP

H9
°C

= procyclic form

= polymerase chain reaction
= population doubling time

= paraformaldehyde

= phleomycin

= peroxisome targeting signal 1
= puromycin

= recycling endosomes

= relative fluorescence unit

= RNA-interference

= region of interest

= rounds per minute

= seconds

= T7 RNA polymerase

= trypanosome dilution buffer
= tetracycline

= ultra violet

= volt

= variant surface glycoprotein
= wild type

= yellow fluorescent protein

= microlitre

= microgram

= degrees celcius
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