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Zusammenfassung

Polo-ahnliche Kinasen sind wichtige regulatorische Enzyme des eukaryotischen
Zellzyklus. Der Erreger der Afrikanischen Trypanosomiasis, Trypanosomabrucei,
besitzt nur eine einzige Polo-ahnliche-Kinase, genannt TbPLK. TbPLK ist
notwendig flir den Aufbau einer Reihe von Zytoskelettstrukturen, die mit dem
Flagellum assoziiert sind. Das Ziel dieser Arbeit war die Bestimmung der
molekularen Mechanismen durch die TbPLK die Biogenese dieser Strukturen
reguliert. Bisherige Studien basierten auf der Nutzung von RNA-Interferenz oder
Inhibitoren mit unbestimmter Spezifitat. Im Gegensatz dazu haben wir eine
analog-sensitive Strategie verwendet, die die selektive und akute Inaktivierung
von Kinasen ermoglichte. Dazu wurde eine funktionell stille Mutation in das
katalytische Zentrum der Kinase eingebaut. Ein abgeanderter Kinase-Inhibitor
kann dann das katalytisches Zentrum der modifizierten Kinase besetzen und
deren Aktivitat hemmen. Alle endogenen Kinasen der Zelle werden von diesem
modifizierten Inhibitor nicht beeintrachtigt. Die generierte analog-sensitive TbPLK
wird in vitro und in vivo jedoch von diesem modifizierten Kinase-Inhibitor
gehemmt. Normalerweise folgt TbPLK wahrend des Zellzyklus einem
charakteristischen Migrationsmuster. Nach der Inhibition verbleibt die analog-
sensitive  TbPLK aber im posterioren Ende der Zelle. In synchronisierten
Zellkulturen konnten wir zeigen, dass TbPLK flir die Biogenese des Bilobes,
einem Organell, das mit dem Flagellum assoziiert ist, und fur den Aufbau und die
Verlangerung der Flagellum-Attachment-Zone (FAZ), welche das Flagellum mit
der Zelloberflache verbindet, direkt erforderlich ist. AuRerdem konnten wir
demonstrieren, dass die TbPLK Aktivitdt fur die Rotation der duplizierten
Basalkorper bendétigt wird. Aufgrund all dieser beschriebenen Defekte kann die
Zytokinese nicht beendet werden. Durch die Nutzung mehrerer quantitativer
Proteomics-Methoden von jetzt an besteht die Mdglichkeit,neue TbPLK-Substrate

identifizieren zu kbnnen.
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Abstract

Polo-like kinases are known to regulate different cell cycle stages in eukaryotes. In
the protist parasite Trypanosoma brucei, the organism causing African
trypanosomiasis, the single PLK homolog TbPLK is necessary for the assembly of
a series of cytoskeletal structures associated with the flagellum. Since the
molecular mechanisms that regulate the biogenesis of these structures are
partially understood, this work set out to further investigate the different TbPLK
functions. Previous studies have relied on RNA interference or inhibitors of
undefined specificity, but here we used an analog sensitive approach to
selectively and acutely inhibit TbPLK. This strategy consists of introducing a
functionally silent mutation in the enzyme's catalytic pocket that makes it sensitive
to an enlarged inhibitor, while all other non-engineered kinases remain unaffected.
Although TbPLK is a highly motile kinase, inactive TbPLK cannot migrate
effectively and remains trapped in the posterior of the cell throughout the cell
cycle. Using synchronized cells, we showed the direct requirement of TbPLK
activity for the replication of the bilobe, an organelle of still unclear function, and
for the assembly and subsequent extension of the flagellum attachment zone,
which maintains the flagellum adhered to the cell surface. TbPLK is also
necessary for the rotation of the duplicated basal bodies, an event which positions
the new flagellum so that it can extend without colliding with the old flagellum. As
a consequence of all these unsuccessful events, cells develop defects in flagellar
attachment and cannot complete cytokinesis. The next stepinvolves the
application of quantitative proteomics methods aimed at identifying novel TbPLK

substrates.
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Preface

In eukaryotes, cell division takes place in a series of regulated events known as
the cell cycle. Chromosomes and organelles from a mother cell need to be
duplicated and segregated into two daughter cells in a coordinated fashion. A
complex network of regulatory proteins is involved in orchestrating this process.
The most common mechanism used to modulate protein function in signaling
pathways is phosphorylation by protein kinases. Among these, the Polo-like

kinase family plays important roles in mitotic control and cytokinesis.

In the first chapter of this thesis, | will introduce the structure and regulation of the
eukaryotic cell cycle and present a review of the literature regarding the Polo
family. | will then describe the protist parasite Trypanosoma brucei as a model
organism and its Polo-like kinase homologue (TbPLK). In contrast to other Polo-
like kinases, TbPLK is excluded from the nucleus and does not seem to be
involved in mitosis. Instead, it localizes to several cytoskeletal structures during
their duplication. By the end of the chapter, | will introduce an analogue-sensitive
approach that has been developed in order to achieve selective inhibition of

protein kinases.

The results obtained in my experimental work are summarized in chapter 2 and
chapter 3. Chapter 2 documents my studies aimed at understanding how acute
and selective TbPLK inhibition in Trypanosoma brucei compromises the assembly
of several cytoskeletal elements. Chapter 3 provides an overview of different mass
spectrometry-based methods we have recently started to work on for the

identification of novel TbPLK substrates.

My results are discussed in chapter 4. Finally, chapter 5 includes a description of

the materials and methods that were necessary for this work.
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Chapter 1. Introduction

1.1. The cell cycle

The cell cycle structure

Cellular reproduction is an essential process in all organisms. The duplication and
subsequent segregation of cellular components into two daughter cells must be
tightly regulated in order to ensure the fidelity of this process. To serve this
purpose, cells have developed a complex machinery of regulatory proteins. This
machinery controls the timing of the different cell cycle phases and includes
checkpoints that monitor the correct completion of specific events. Dysregulation
of the cell cycle is commonly associated with disease progression and linked to

several types of cancers(Collins et al., 1997) (Williams and Stoeber, 2012).

G2/M SAC

The eukaryotic
cell cycle

GO

Start

Figure 1 - Schematic representation of the main cell cycle phases
and the corresponding gaps.Three main checkpoints control the
right order between transitions: Start, G2/M and SAC.
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The eukaryotic cell cycle can be generally divided into two main phases: S and M,
and two gap interconnecting phases, G4 and G, (Figure 1). The S phase is known
as the synthetic phase, as it is during this period where the cellular components,
including the DNA, are duplicated. The M phase corresponds to the second part of
the cell cycle, when those duplicated components are divided into two daughter
cells. It includes both mitosis (nuclear division) and cytokinesis (cytoplasm
division). The two gap phases, G1 and G,, can be considered as preparatory
phases for entering S phase and M phase, respectively. During G4, cells typically
grow in size in response to different stimulating signals, such as growth factors. G,
also includes cell growth, specifically of those cytoplasmic components required
for moving the duplicated chromosomes apart. When a cell is not prepared to
divide or has reached a specific non-dividing state during development, it can
become arrested in a phase known as Gy, or quiescent, state. In this state, cell
division ceases transiently or permanently. Whether Gy is really a distinct phase or
just a delay in the cell cycle is still under debate (Mendelsohn, 1962)(Pardee,
1974)(Coller, 2007).

In order to preserve fidelity during cell division, it is essential to control the timing
of transitions between the different phases. The cell cycle checkpoints ensure that
certain requirements have been met before the cell proceeds to the next phase of
the cell cycle. The principles that govern these checkpoints and the consequences
of bypassing them have been studied and discussed for a long time (Hartwell and
Weinert, 1989)(Murray and Kirschner, 1989). Although multiple surveillance
mechanisms have been described so far, we can still highlight three major
checkpoints. First, the G1 to S checkpoint, also known as Start, is capable of
detecting DNA damage or insufficient cell growth and triggers an arrest or even
exit from the cell cycle. Second, The G2 to M checkpoint prevents cells from
entering mitosis in case of incomplete DNA replication. The third main transition is
the spindle assembly checkpoint (SAC). The mitotic spindle is an array of
microtubules whose function is to segregate chromosomes to the daughter cells. If
the spindle is not properly assembled, the separation of the duplicated

chromosomes can be blocked at this point.
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The fundamentals of the structure of the cell cycle and its main checkpoints have
been described so far. Many of these are conserved amongst eukaryotes. In
general, the cell cycle machinery has been highly conserved throughout evolution,

yet there are some unique adaptations in specific eukaryotes.

Experimental organisms in cell cycle research

Budding and fission yeasts have proven to be very productive model organisms in
cell cycle analysis because of their simplicity and ease of genetic manipulation.
Paul Nurse and others pioneered the work on both budding yeast S. cerevisiae
and fission yeast S. pombe(Forsburg and Nurse, 1991a)(Forsburg and Nurse,
1991b)(Nasmyth, 1996a)(Nasmyth, 1996b)(Mendenhall and Hodge, 1998).
Cyclins, an important family of proteins among the cell cycle regulators and cyclin-
dependent kinases (CDKs) have been extensively studied in yeast. Both S.
cerevisiae and S. pombe consist of a single cell and can proliferate as haploids,
which contain just one complete set of chromosomes instead of two copies. This
feature facilitates the introduction of gene mutations and deletions. Conditional
mutants that are sensitive to temperature or chemical compounds are also easy to
generate. In S. pombe, the cell cycle structure and checkpoints are similar to the
general eukaryotic ones described before. In S. cerevisiae, however, the G4 phase
can overlap with M phase and the existence of a proper G is not very well defined
(Kitamura et al., 2007). Mitotic entry is also not so strictly controlled as in other

model organisms.

Among multicellular organisms, the frog Xenopus laevis has been used as a
model for the understanding of embryonic division. Upon fertilization, Xenopus
eggs start a series of very quick cell divisions that lack the conventional cell cycle
gaps; the cells rapidly cycle between S and M phases with intervening cytokinetic
events. This leads to an egg being divided into many small cells, called a blastula.
The blastula will eventually become a tadpole after several morphogenetic
transformations. Interestingly, Xenopus was the first organism in which a cell cycle
clock or oscillator was identified (Hara et al., 1980)(Newport and Kirschner, 1984).
This is a biochemical system based on different feedback loops and involving
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cyclins and ubiquitin ligases, among others. The clock is independent of the cell
cycle checkpoint system and is able to keep the cell division going even in the
absence of certain cell cycle events. The original experiment involved the artificial
division of a Xenopus egg into two halves, with only one of the two containing the
nucleus. The non-nucleated part showed periodic waves of contraction with a
similar timing to the divisions happening in the nucleated half (Hara et al., 1980).
This shows that this autonomous oscillator in the cytoplasm operates without the

major cell-cycle events taking place in the nucleus.

The Drosophila melanogaster fruit fly is another well-understood system in cell
cycle genetics. Most efforts in the field have been oriented towards the links
between development and cell division (Edgar and Lehner, 1996)(Edgar and
Datar, 1996). In Drosophila development, the structure of the cell cycle varies
depending on the stage of embryogenesis. Fertilization is followed by a series of
quick cell divisions in the form of S-M cycles, without any gap phases. This is
similar to the process described before for Xenopus. However, in Drosophila, the
cytoplasm is not cleaved after each nuclear division, and therefore the duplicated
nuclei share a single cytoplasm. It is then later in development when these nuclei
eventually become compartmentalized. In such a way, one layer of cells termed
the blastoderm is formed. Gastrulation is the process that follows, which consists
of the generation of a more complex embryo containing several layers of cells. In
later gastrulation, the cell cycle becomes longer and the gap phases G1 and G2
are introduced. The embryo eventually becomes a larva and metamorphoses into
an adult fly. Apart from these special features, it is also remarkable that the first
Polo homologue, from the Polo family of mitotic kinases, was identified in
Drosophila(Sunkel and Glover, 1988).

Finally, mammalian cell systems have also been used to study the cell cycle. One
of the first challenges was to remove primary cells from tissues or tumors and
grow them in culture (Todaro et al., 1963)(Todaro and Green, 1963). The
differences in the physiological conditions between the tissue and the culture can
lead to senescence. It is however possible to immortalize a cell line, which
consists of introducing certain mutations that arrest the cell line at a given
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checkpoint. Another difficult challenge was the isolation of mutants from
mammalian cell cultures. Chinese hamster cell lines were commonly used in the
initial selection (Rosenstraus and Chasin, 1975). The identification and
characterization of cell-cycle mutants was even harder mainly because many of
them turned out to be lethal. Strategies to generate conditional mutants led to the
development of temperature-sensitive mutants (Basilico, 1978). In addition, it was
not trivial to choose the most interesting ones from the hundreds of cell-cycle
genes. Previous findings in yeast shed light into the discovery of many
mammalian cell-cycle genes. Xenopus was also used as a system to study the
expression and regulation of mammalian mitosis-promoting factors, as it was
possible to inject mammalian mitotic extracts into the frog's oocyte and follow its
maturation (Nelkin et al., 1980).

Yeast, Drosophila, Xenopus and mammalian cells have proven to be, as
described before, the most commonly used model organisms for cell cycle
analysis. The general structure of the cell cycle might vary depending on the
organism and the stage in development. The same is true for the different cell
cycle regulators. Some species might have more homologues of a given protein
than others. Or the same homologue might have specialized in slightly different

functions.

However, these conventional model organisms are closely related in the
evolutionary timeline. For this reason, it cannot be taken for granted that the
molecular mechanisms and regulators identified in these experimental models
would also apply for the rest of the eukaryotic kingdom. Whether these processes
are universal or not is a subject of current investigation. Comparative studies with
early-branched eukaryotes can therefore provide insight into how strongly
conserved the cell division machinery is.

The protist parasite Trypanosoma brucei (T. brucei) is one of the organisms
whose evolutionary distance from other commonly used model systems has
become valuable for studying the cell cycle. According to the current eukaryotic

phylogenetic tree, T. brucei belongs to Excavata. This group is distant in the
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evolutionary time scale from Opisthokonta, the group including conventional
eukaryotes (Walker et al., 2011). T. brucei is unicellular and belongs to the class
Kinetoplastida, which includes several flagellated eukaryotes. T. brucei is
genetically tractable and several molecular tools, such as epitope-tagging
(Schimanski et al., 2005), homologous recombination (Kelly et al., 2007), RNA
interference (Ng6 et al., 1998) and live-cell imaging (He et al., 2004 )are currently
available. T. brucei's genome has been sequenced. Its rapid doubling time,
approximately 9 hours, facilitates the generation of transfectants and large-scale
cultures. The cell cycle in T. brucei follows the G4-S-G,-M pattern described
before. However, the cell possesses two DNA-containing organelles: the nucleus
and the kinetoplast, the latter containing the mitochondrial DNA. The timing of
nuclear replication is different in each of these organelles. The kinetoplast
replicates and segregates first, while the nucleus is still in interphase (Woodward
and Gull, 1990). The cell cycle control machinery in T. brucei seems to be
divergent in several aspects. Some regulators are not present at all. And although
several orthologues are conserved, some of them appear to have developed
different functions. Interestingly, the spindle assembly checkpoint seems to be
missing, as spindle mutants are still able to complete cytokinesis (Ploubidou et al.,
1999)(Akiyoshi and Gull, 2013). If DNA replication is inhibited, cells are unable to
undergo mitosis but do proceed through cytokinesis, producing cytoplasts that
lack nuclei. These findings could suggest a cell cycle control mechanism with a
different type of checkpoints, which probably monitors the duplication of the cell's
elaborate cystokeleton instead of DNA replication. A more detailed description of

T. brucei is provided in section 1.3.

In this introduction, the focus will be on M-phase, which includes mitosis and
cytokinesis. Although a general description for conventional model organisms will
be provided, some specific features for T. brucei will be highlighted. The
progression through M-phase is mainly regulated by a key post-translational
modification: reversible protein phosphorylation. In the next pages, the different

phases in mitosis and the main families of mitotic kinases will be presented.
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Mitosis and its regulation through mitotic kinases

The primary aim of mitosis is to divide the duplicated chromosomes, also known
as sister chromatids, into the two daughter cells. After mitosis, cytokinesis
produces the two daughter cells. Both mitosis and cytokinesis are differently
organized depending on the organism. But generally, for mitosis every cell
requires the action of a mitotic spindle, an array of microtubules capable of moving
the chromosomes apart. Cytokinesis is also dependent on the action of the
spindle. In addition, the cell cortex and an actomyosin ring (composed of actin and

myosin) are often involved in cytokinesis.

Protein phosphorylationand protein degradation are the two most prominent post-
translational modifications used to control mitosis. They are tightly related, in the
sense that protein kinases might phosphorylate certain substrates and target them
for degradation, and at the same time protein kinases can be degraded through
proteolysis at some point during the cell cycle. As an example, the mitotic kinase
Aurora B is able to phosphorylate p53, a tumor suppressor protein that negatively
regulates the cell cycle. This phosphorylation targets p53 for degradation in an
ubiquitin-dependent manner (Gully et al., 2012). The expression of Aurora B
throughout the cell cycle can also be controlled by degradation via the ubiquitin

pathway (Nguyen et al., 2005).

For the purpose of this thesis, the focus will be placed on the different families of
mitotic protein kinases. The German cell biologist Walther Flemming was one of
the pioneers in coining the term mitosis and describing the shape of sister
chromatids (1878). During the first half of the 20th century, live imaging allowed a
much better understanding of the molecular mechanisms governing mitosis.
Today, however, some aspects concerning spindle dynamics and regulatory

mechanisms are still not so well-understood.

A general model for mitosis in animal cells divides the cycle into several events
with distinctive names (Figure 2). During prophase, chromatin condenses into

chromosomes. The spindle position is defined by the prior migration of the
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duplicated centrosomes (microtubule organizing centers) to the cell poles. During
prometaphase, newly nucleated microtubules start to interact with the sister
chromatids by means of a structure called the kinetochore. During metaphase, the
sister chromatids align in the middle of the cell and are kept in this equatorial
position by opposing yet balanced forces. At this point, the spindle assembly
checkpoint (SAC) checks at the kinetochore that each chromosome is correctly
attached to its corresponding spindle. After entry into anaphase, loss of cohesion
leads to the separation of each sister chromatid, which gets pulled toward
opposite poles of the cell. During telophase, the nuclear envelope is reassembled
around the separated chromosomes, generating two distinct nuclei. Cytokinesis

completes the process by physically cleaving both daughter cells.

Q
Interphase
@ Centrosome
l o Kinetochore

Prophase @o
i Cytokinesis

~~ DNA

Metaphase

Anaphase — @ Telophase

Figure 2 - Schema containing the main phases in mitosis. DNA is displayed in blue, the kinetochore in red
and the centrosome (microtubule organizing center) in green. The interaction between DNA and microtubules
is highly dynamic.

In T. brucei, the nuclear envelope remains intact during mitosis (Vickerman and
Preston, 1970)and the mitotic spindle is assembled inside the nucleus. Fewer
spindle-specific components have been identified and not a single kinetochore

protein has been described so far (Berriman et al., 2005)(Akiyoshi and Gull,
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2013). Cytokinesis is not based on an actomyosin ring, but orchestrated by the

flagellum and the action of dynamic microtubules (Kohl et al., 2003).

Mitosis generally involves profound structural changes in the cytoskeleton,
chromatin and the nuclear envelope, many of which are mediated by the action
ofmicrotubules. Cell shape and polarization are some of the parameters under
control during this process in many eukaryotes. Several molecular motors
participate in the regulation of such dynamic rearrangements in the cell. Kinesins,
for instance, are involved in microtubule elongation, assembly and stabilization.
Kinesin-mediated processes are often controlled by protein kinases and its
counteracting protein phosphatases. Phosphorylation can rapidly and reversibly
regulate these events and their associated signaling pathways. For instance,
MkIp2 is a molecular motor belonging to the kinesin-6 family and is known to
participate in spindle assembly and dynamics (Cesario et al., 2006)(Vale et al.,
2009). This kinesin is present in the nucleus during interphase. Upon nuclear
envelope disassembly, the mitotic kinase CDK1 forms a complex with cyclin B,
CDK1-Cyclin B, and then phosphorylates Mklp2. This is actually an inhibitory
phosphorylation that prevents Mklp2 localization to the midzone and therefore the
formation of premature spindles. Prior to anaphase, CDK1-cyclin B complexes
become degraded. This leads to the dephosphorylation of Mklp2, which can then
localize to the spindle and eventually participate in cytokinesis (Himmer and
Mayer, 2009). The main mitotic families include: CDKs, the Aurora, the NIMA and
the PLK family.

The Cyclin-dependent kinases (CDKSs)

Cyclin-dependent kinases (CDKs) form a complex with a regulatory cyclin subunit
in order to become enzymatically active. In fact, CDK activation leads to several
structural changes in the active kinase site (De Bondt et al., 1993). CDKs are
considered the master regulators of cell cycle progression. Oscillations in the
levels of cyclins and cyclin-CDK complexes can be correlated to cell cycle states.
Cyclins can be divided in G1, G1/S, S or M cyclins depending on the cell cycle
phase at which they are expressed. A given CDK can modulate its function by
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binding different types of cyclins throughout the cell cycle. As cyclins are the
limiting reagent in the formation of such complexes, the regulation of cyclin
expression and degradation has a fundamental significance in cell cycle

progression (Morgan, 1997).

Full activation of CDKs also requires the phosphorylation of a residue close to the
active site by the CDK-activating kinases, CAKs (Fisher and Morgan, 1994). The
Wee1 kinase and the Cdc25 phosphatase act together as a circuit to control CDK
activity. Wee1 acts as a negative regulator (Russell and Nurse, 1987), whereas
Cdc25 can reactivate CDKs (Strausfeld et al., 1991). Specifically, Wee1 is able to
inactivate the cyclin-CDK complex by phosphorylating a conserved tyrosine
residue (Tyr15) present in most CDKs. Tyr15 is located at the ATP-binding site
and its phosphorylation is likely to compromise the binding to ATP phosphates.
CDKs can be reactivated by means of Tyr15 dephosphorylation by Cdc25.

Yeast has only one CDK homologue, Cdk1p. Xenopus and Drosophila have at
least two homologues, CDK1 and CDK2. In humans up to eleven classical
homologues have been identified, although some of them are poorly described.

The mammalian CDK1 homologue remains the most studied CDK.

CDK1 phosphorylates a variety of substrates, such as lamins, microtubule-binding
proteins and motor proteins, or even Golgi components (Lowe et al., 1998).
Lamins are structural components of the nuclear lamina. This structure becomes
disassembled and reassembled during mitosis by means of reversible
depolymerization. This process seems to be controlled partly by CDK1-mediated
phosphorylation (Gerace and Blobel, 1980)(Heald and McKeon, 1990)(Heald et
al., 1993). CDK1 regulates several aspects of microtubule dynamics in order to
prevent aberrant chromosome segregation (Chen et al., 2011). In addition, the
phosphorylation of several Golgi proteins has proved to be important for mitotic
Golgi rearrangement. For instance, CDK1 is able to phosphorylate the peripheral
Golgi component Nir2 and this promotes its release from the Golgi during mitosis.
Phosphorylated-Nir2 is able to later interact with PLK1 during cytokinesis at the
site of the cleavage furrow(Litvak et al., 2004).
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Mitotic entry is regulated by a gradual activation of cyclin-CDK1 complexes (Gavet
and Pines, 2010). CDK1 is also involved in promoting anaphase onset (Kramer et
al., 2000)and CDK1 degradation triggers mitotic exit and subsequent cytokinesis
(Noton and Diffley, 2000).For a long time, CDK2 was believed to be essential for
mitotic entry (van den Heuvel and Harlow, 1993). But it was later shown that it is
actually dispensable and CDK1 can take over CDK2's functions (Ortega et al.,
2003).

Generally speaking, we can consider that CDKs are the driving force in cell cycle
progression, whereas Aurora and Polo kinases have specialized in fidelity control.
CDKs, Auroras and PLKs do not act in an isolated manner. There is, in fact,
substantial evidence of different levels of crosstalk among their signaling
cascades. As an example, CDK1 can act as a priming kinase for PLK1 (Elia et al.,
2003)(Zhang et al., 2009). This is the case for Nedd1, a known PLK1 substrate.
CDK1 phosphorylates Nedd1 so that Nedd1 can bind PLK1 and release it from its
self-inhibitory state. Active PLK1 can afterwards phosphorylate Nedd1 at

additional phosphorylation sites.

The Aurora kinases

Aurora was initially identified in Drosophila and yeast (Giet and Prigent,
1999)(Bischoff and Plowman, 1999). As mutations in Aurora led to monopolar
spindles, the name "Aurora" was taken as a reference to the North Pole.
Unfortunately, the nomenclature adopted to describe Auroras has now turned out
to be quite confusing. For sake of simplicity, we can distinguish three main classes
of mammalian Auroras: Aurora A, Aurora B and Aurora C. Aurora C is rather
uncharacterized, it seems to be highly expressed in the testis and in some tumor
lines (Kimura et al., 1999). In yeast, there is only a single Aurora homologue,
which receives the name Ipl1p. Xenopus and Drosophila both have two
homologues with several different names, but they correspond essentially to
Aurora A and B.
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Aurora A and B present different subcellular localizations. Aurora A is normally
associated with centrosomes and the mitotic spindle throughout mitosis, whereas
Aurora B seems to be rather more restricted to the equatorial zone during
metaphase and anaphase, and later at the site of cytokinesis initiation. These
localization patters correlate with their attributed functions. Thus, Aurora A seems
to play a role in centrosome function and spindle assembly (Glover et al, 1995),
whereas Aurora B has been related to microtubule-kinetochore attachment,
spindle checkpoint and cytokinesis initiation (Murata-Hori et al., 2002)(Murata-Hori
and Wang, 2002)(Kallio et al., 2002).

There are not many substrates identified and characterized for Auroras. Histone
H3 and the motor protein Eg5 have been suggested as putative substrates.
Phosphorylation and mitotic degradation by proteolysis are the most common

ways to regulate Aurora activity.

Another significant example of interaction between the different families of mitotic
kinases is the fact that Aurora A is able to activate PLK1. The activation of PLK1
prior to mitotic entry requires that Aurora A phosphorylates PLK1 in Thr-210
(Macurek and Medema, 2008). This activation process is enhanced by the
presence of Bora, a cofactor for Aurora A. As it is also the case for PLKs, Auroras
are overexpressed in several types of tumors. Several Aurora inhibitors have

already been developed and are being tested at several clinical stages.

The NIMA-related kinases (NEKs)

NIMA (Never-in-mitosis A) kinase was originally identified in the fungus
Aspergillus nidulans(Oakley and Morris, 1983). All the NIMA-related kinases are
known today as the NEK family of kinases (NEKs). NEKs are probably the least
well-understood family of mitotic kinases. However, in recent years many
homologues have been identified in different eukaryotes, such as Drosophila,

mice and humans. In particular, humans express eleven NEK proteins.
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When NIMA was originally identified in Aspergillus, it was reported to be
necessary for mitotic entry (Osmani et al., 1991)and its degradation was required
for mitotic exit (Pu and Osmani, 1995). However, human NEKs do not seem to be
necessary for mitotic entry. The latest findings suggest that NEKs might have
specialized in regulating microtubule-dependent processes during the cell cycle
(Fry et al., 2012). NEK2, which is the closest NIMA-homologue in mammals,
seems to be involved in centrosome splitting and chromosome segregation (Fry et
al., 1995). Among the best-studied human homologues, NEK6, NEK7 and NEK9
act together in a concerted way and seem to have a role in spindle formation
(Yissachar et al., 2006)(Fry et al., 2012). NEK1, NEK4 and NEK8 have been
implicated in cilia assembly and stability (Otto et al., 2008)(Thiel et al.,
2011)(Coene et al., 2011). A general hypothesis is that those organisms that lack
cilia, such as Aspergillus, do not conserve NEKs with cilia-associated functions,
whereas ciliated organisms might contain more NEK homologues with a cilia-
related function (Fry et al., 2012). In coming years we will probably gain a better
understanding of the whole NEK family and their interactions with other mitotic
kinases. A more detailed description of the contribution of NEKs to genomic

stability will also increase the possibility of exploiting them as anti-cancer targets.

In T. brucei, the basic mitotic kinases seem to be conserved. The CDK/Cyclin
machinery is present (Hammarton et al., 2003)and participates in the G+4/S and the
G2/M transitions (Tu and Wang, 2004)(Tu and Wang, 2005)(Li, 2012). T. brucei
contains eleven CDKs (Parsons et al., 2005)and ten cyclins. There is an Aurora B-
like kinase (TbAUK1) involved in mitosis and cytokinesis(Tu et al., 2006). TbAUK1
forms part of a complex known as chromosomal passenger complex (CPC)
together with the CPC proteins TbCPC1 and TbCPC2 (Li et al., 2008a)(Li et al.,
2008b). The localization of this complex varies according to cell cycle progression.
It migrates from the chromosomes to the spindle during mitosis and localizes to
the cleavage furrow during mitosis. There is as well a NIMA homologue, known as
TbNRKC, which shares approximately 50% identity with both the humans NEK1
and NEK2 homologues. TbNRKC seems to be necessary for basal body

segregation (Pradel et al., 2006).
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The Polo-kinase family (PLKs)

Our final focus rests on the Polo-like kinase family (PLKs). All the experimental

work in this thesis is related to the single PLK homologue in the protistT. brucei.

The first PLK was identified in Drosophila and was named Polo (Sunkel and
Glover, 1988). PLKs turned out to be highly conserved throughout evolution and
several other homologues were identified afterwards. In mammals, there are five
PLK homologues (PLK1-5), with PLK5 having been described only recently
(Andrysik et al., 2010)(de Carcer et al., 2011). Yeast contains only one homologue
corresponding to PLK1, named Plo1p in S. pombe and Cdc5p in S. cerevisae. In
Drosophila, both PLK1 (Polo) and PLK4, also known as SAK, are present. In
Xenopus, five PLK homologues have also been characterized (de Carcer et al.,
2011).

PLKs share common structural features that are unique to the protein family. They
have a highly conserved kinase domain in the N-terminal region followed by a
carboxy-terminal Polo-box regulatory domain (Elia et al., 2003)(Yu et al., 2012).
This regulatory region, which actually consists of one or two polo-boxes, serves as
a docking site for several phosphorylated substrates and targets PLKs to specific

subcellular compartments (Barr et al., 2004).

Among mammalian PLKs, PLK2 seems to be present at the centrosomes and
involved in centriole duplication (Warnke et al., 2004)(Chang et al., 2010). PLK3 is
necessary for mitotic entry and promotes DNA replication(Zimmerman and
Erikson, 2007). PLK4 (also called SAK) is a key regulator of centriole replication
(Bettencourt-Dias et al., 2005)(Habedanck et al., 2005). The specific functions of

PLKS5 are not so well understood yet.

PLK1 and its orthologues Plo1p, Cdc5p and polo seem to have conserved mostly
the same functions. In T. brucei, there is a single homologue, TbPLK, which
strikingly is not involved in mitosis (Kumar and Wang, 2006)but has specialized in
several functions associated with cytoskeletal inheritance (Hammarton et al.,
2007a)(de Graffenried et al., 2008)(lkeda and de Graffenried, 2012). A more
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detailed description of the general PLK1 structure, regulation, and functions in
these model organisms will be provided in the next sections of this chapter. The
focus will eventually be TbPLK and the molecular mechanisms governing its

unusual functions.

1.2. Polo-like kinase 1 (PLK1)

PLK1 is an important regulator of mitosis and its functions are conserved in a
variety of organisms. PLK1, like all PLKs, presents a characteristic structure and
its activity is tightly regulated. How exactly this regulation takes place depends on
the organism, but generally, it is controlled by means of PLK transcript levels, PLK

phosphorylation by upstream kinases and PLK proteolytic degradation.

PLK1 has a conserved structure

PLK1 is a Ser/Thr kinase composed of two distinct domains. The kinase domain in
the N-terminus is the catalytic domain, whereas the polo-box domain (PBD) in the
C-terminus acts as a regulatory domain (Lowery et al., 2005). The kinase domain
is very conserved throughout all the PLK homologues and is similar to the Aurora
kinase domain. The PBD comprises two polo-boxes (PBs). A linker region and a
small polo-cap region (Pc) are responsible for connecting these two domains (Barr
et al., 2004). In the kinase domain, there is a conserved key Thr210 residue
located at the activation T-loop. Thr210 phosphorylation by Aurora A is essential
for PLK1 activation (Macurek et al., 2008).

Several substrates for PLK have been proposed so far, such as the phosphatase
Cdc25 (Nakajima et al., 2003) the kinase Wee1 (Sakchaisri et al.,
2004)(Watanabe et al., 2004 )the kinetochore protein Bub1(Qi et al., 2006)and the
Golgi protein GRASP65 (Lin et al., 2000).

A pocket in the PBD comprises the residues Trp-414, His-538 and Lys-540, which
constitute a phosphopeptide-binding motif. In this way, PLK is able to bind
proteins that have previously been phosphorylated (Elia et al., 2003). The



Ana Lozano Nunez

effectors of these priming phosphorylations are usually CDKs or other mitotic

kinases that precede PLK1 and target it to specific substrates.

Two models have been proposed in order to describe how the PBD might exert its
regulatory control over the kinase domain (Lowery et al., 2005). In the first model,
also called the processive model, when the PBD binds a certain protein, this one
becomes later phosphorylated on a different residue by the kinase domain of
PLK1. According to this model, PLK substrates should contain both kinase and
PBD- binding domains. An alternative distributive model suggests that the binding
of the PBD domain to a specific protein targets the kinase to a given cellular
localization with specific PLK substrates. In this model, the ligands for the PBD
and the substrates for PLK are therefore different. These two models do not
necessarily exclude each other and might vary depending on the substrates.

Interestingly, an inhibitory interaction between the kinase domain and the PBD
has also been described. The C-terminal domain is able to bind either the full-
length PLK or just its catalytic domain. The binding is destroyed if the Thr210
residue is mutated. The exact mechanisms for this interaction are not so well
understood, but it certainly reduces the levels of kinase activity and the binding to

phosphopeptides, as well as the phosphospecificity (Jang et al., 2002).

PLK1 regulation by transcription, phosphorylation and protein degradation

PLK1 is regulated at the transcriptional level in a variety of organisms. PLK levels
are higher at the time of mitotic entry (Uchiumi et al., 1997). During G1, PLK1
expression is repressed and p53 has been proposed as a negative transcriptional
regulator (Martin and Strebhardt, 2006).

As mentioned before, phosphorylation at the Thr210 residue within the T-loop
region by Aurora A is a conserved mechanism for PLK activation. Bora, an
activator of Aurora A, is required for this phosphorylation event. At the same time,
PLK regulates Aurora A by targeting Bora for degradation (Seki et al., 2008).
Reversibly, the protein phosphatase 1 (PP1) is capable of inactivating PLK by
dephosphorylating Thr210 (Yamashiro et al., 2008). But Thr210 is not the only
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residue involved in PLK regulation. Phosphorylation might also take place at sites
outside the T-loop, although they do not seem to be so well conserved. As an
example, phosphorylation at Ser49 by the PAK1 kinase enhances PLK1 activity at

the metaphase to anaphase transition (Maroto et al., 2008).

The third main mechanism for regulation is protein degradation. PLK1 can be
ubiquitinated and then targeted for degradation by the proteosome (Ferris et al.,
1998). In fact, PLK1 is a target of the Anaphase Promoting Complex (APC), a
ubiquitin ligase complex that is able to recognize a destruction box in the PLK
sequence (Lindon and Pines, 2004). PLK1 usually becomes degraded during G1

and at the end of mitosis.

PLK1 dysregulation is commonly associated with disease in humans. PLK1
overexpression is frequent in several types of tumors, such as melanomas or
gliomas, ovarian, prostatic and breast cancers. Very high PLK levels are usually
associated with the worst prognosis. Both the PLK1 kinase domain and the PBD
are interesting targets for drug development. The dihydropteridinone Bl 2536 is
one the strongest and most selective PLK1 inhibitors available (Steegmaier et al.,

2007)and it is being clinically tested at the moment.

PLK1 localization and functions

PLK1 localization normally depends on its interaction with microtubules and
microtubule-associated proteins (Figure 3). In mammals, PLK1 initially localizes to
the centrosomes during G2 and later moves to the centromeres in prophase and
to the kinetochores in metaphase. During anaphase and telophase, PLK1
migrates to the mitotic spindle. It also localizes to the midbody during
cytokinesis(Barr et al., 2004)(Archambault and Glover, 2009). In Drosophila and
yeast, there are some slight variations in these localization patterns, but in all
cases PLK1 localizes to the spindle poles and to the site of cytokinesis/cell fission
initiation. The centromere localization does not seem to be conserved in
Drosophila or yeast. The same is true for the kinetochores in yeast. The fact that

these mammalian localizations are not conserved in lower eukaryotes might imply
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that the PLK roles at these sites are not absolutely essential. For instance, PLK1
levels are normally high on unattached kinetochores, which would suggest that
PLK might be involved in the Spindle Assembly Checkpoint (SAC). In fact, PLK1
phosphorylates Bub1, a conserved SAC protein (Ahonen et al., 2005)(Marchetti
and Venkatachalam, 2010). However, PLK1 does not seem to be completely
essential for SAC activation, as SAC-driven mitotic arrest proceeds normally upon
PLK1 RNAI or inhibition (Elowe et al., 2007)(Petronczki et al., 2008).

PLK1 is required for entry into mitosis (Sumara et al., 2004)(van de Weerdt and
Medema, 2006). Although the CDK1-cyclin B complex is the strongest promoter of
mitotic entry, PLK1 has been described as part of the positive feedback that leads
to CDK1 activation. Specifically, PLK1 can phosphorylate the phosphatase Cdc25,
which in turn is able to activate CDK1. This function is highly conserved from

yeast to mammals.

PLK1 is also involved in promoting centrosome maturation both in humans and
Drosophila. The centrosomes are usually composed of a pair of centrioles and
some pericentriolar material (PCM), and act as a nucleating center for
microtubules. Specifically, PLK1 seems to be required for the recruitment of the y-
tubulin ring complex, which is necessary for the nucleation of microtubules at the

centrosomes (do Carmo Avides et al., 2001).

One of the most important moments during mitosis is the segregation of the sister
chromatids to the two daughter cells. PLK1 also participates in controlling this
crucial transition. The sister chromatids are bound together by means of cohesin-
complexes. PLK1 is involved in promoting the cleavage of SSC1, one sister-
chromatid cohesion protein (Losada et al., 2002)(Sumara et al., 2002). Mitotic exit
is triggered by the degradation of the CDK1-Cyclin B complex and this event
requires the action of the APC. PLK1 is able to activate the APC complex in
mammals (Golan et al., 2002)(Kraft et al., 2003).

Finally, PLK1 is required for cytokinesis and this is probably its most conserved
role, from yeast to humans. In mammals, PLK1 has been described to interact
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with RhoA, a GTPase involved in the assembly of the actomyosin ring during
cytokinesis (Burkard et al., 2007).

@ Centrosome

o Kinetochore Interphase Prophase
~~ DNA

PLK1

centrosome maturation

spindle assembly

Metaphase

Cytokinesis

cytokinesis

Telophase

anaphase regulation
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Figure 3 - Schematic representation of the main PLK1 functions at different cell cycle stages. The
centrosome is depicted in green, the kinetochore in red, DNA in blue and PLK in yellow. The functions
represented here mainly correspond to mammalian cells.

As described so far, PLK1 is an important regulator of mitosis and is involved in
several mitotic events. Some of its functions are highly conserved, although the
exact mechanisms might differ between species. The main functions associated to
PLK1 at the moment can be summarize as follows: mitotic entry, centrosome

assembly, sister chromatid separation, exit from mitosis and cell division.

In T. brucei, TOPLK does not localize to the nucleus at any time, which implies that
most of the previously described functions are not conserved. In addition, its
contribution to cytokinesis seems to be indirect. TbPLK has a dynamic and very
characteristic localization pattern during the cell cycle. It migrates from the
posterior to the anterior end of the cell by localizing to several cytoskeletal
structures. The next section will present T. brucei as a model organism in cell
biology and will offer a careful description of TbPLK, its localization and its
attributed functions.
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1.3. Polo-like kinase in Trypanosoma brucei (TbPLK)

Trypanosoma brucei as a pathogen: sleeping sickness

Trypanosoma brucei (T. brucei) is a unicellular protist parasite from the
kinetoplastids class. Kinetoplastids posses a distinctive organelle with a network
of circular DNA inside a single mitochondrion (Maslov et al., 2002).7T. brucei is
known for its clinical and veterinary relevance: it is the causative agent of African
trypanosomiasis. Colloquially, trypanosomiasis is referred to as sleeping sickness
in humans and naganain cattle (Cox, 2004). The parasite is transmitted between
hosts through the bite of the hematophagous tsete fly (Glossina genus), meaning
that its life cycle alternates between the mammalian bloodstream and the fly's
midgut (Marcello and Barry, 2007). Upon infection, the disease goes through
different clinical stages and can become fatal if the patient does not receive
treatment. In the first phases, trypanosomes multiply in the bloodstream and the
lymph, and the symptoms are those similar to an infection, including fever,
lymphadenopathy and hepatosplenomegaly (Bouteille et al., 2003)(Stich et al.,
2002). Later in disease progression, they are able to cross the blood-brain barrier
and induce severe neurological damage that leads to a permanent state of
behavioral changes, confusion and somnolence, which can eventually end up in
coma. Over the last century, major epidemics occurred in several African
countries but thanks to control measures the number of reported cases was highly
reduced by the 1960s. However, and mostly due to relaxation in these control
policies, the parasite is rebounding in several African countries. According to the
World Health Organization (www.who.int, stand June 2013), the number of people
at risk at the moment is around 70 million and the number of estimated cases is
approximately 30,000/year. Most of them have been reported in the Democratic
Republic of Congo, Sudan and Chad. The disease still has a big impact on human
health, agriculture and farming in the affected regions. The treatment for the
patients is different depending on the stage of infection, but it generally involves
the administration of highly toxic drugs (for instance, melarsoprol, an arsenic
compound) with severe side effects. To date, there has not been a successful

vaccine. Trypanosomiasis is often associated with the so-called neglected tropical
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diseases, those diseases that only affect poor rural areas and therefore attract

less attention from the international community.

T. brucei as a model organism

Three subspecies of T. brucei have been described: T.brucei brucei, T. brucei
gambiense, and T. brucei rhodesiense. Among those, T. b. brucei can infect cattle
but not humans (Hoare, 1966)(Cox, 2004). Human serum includes a subfraction of
high-density lipoprotein (HDL) containing the apolipoprotein L-1 (APOL1), which
has trypanocidal activity towards T. b. brucei but not towards the other two
subspecies, which apparently have become resistant (Hawking, 1973)(Raper et
al., 1996)(Vanhamme et al., 2003)(Pérez-Morga et al., 2005). A recent paper has
shown that this resistance might be mediated via a specific glycoprotein (TgsGP)
in T. brucei gambiense. This glycoprotein seems to stifften the trypanosome
lysosomal membrane and prevent APOL1 incorporation into the membrane, which
in non-resistance species leads to disturbance of the lysososmal physiology and

eventually cell bursting and death (Uzureau et al., 2013).

T. b. brucei is probably the most commonly used subspecies in biology research
due to the fact that it is unable to infect humans. The experimental work in this
thesis has been done exclusively in T. b. brucei. For simplicity purposes, it will be
referred to hereinafter only as T. brucei. The life cycle in T. brucei shuttles
between the tsetse fly and the mammalian host. This life cycle includes several
cell states, which differ in morphology and metabolic properties. The two most
characteristic states are the procyclic form (PCF), resident in the fly, and the
bloodstream form (BSF), which can be found in mammals. The PCF form has
been used for the totality of the work included in this thesis.As previously
mentioned, T. brucei has gained interest as a model organism in biology mostly
because of its medical importance and its evolutionary distance from conventional
model organisms. In addition, a sequenced genome (Berriman et al., 2005)and an
inheritable and inducible RNAI system facilitate its genetic manipulation (Lee and
Van der Ploeg, 1990)(Wirtz et al., 1999)(Wang et al., 2000).
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The cytoskeleton of T. brucei

The trypanosome cell differs greatly from a typical mammalian cell in shape,
morphology and organelle topology. In order to understand how cell division takes
place in this parasite, a careful understanding of its highly ordered cytoskeleton is
essential. The cell is highly polarized and presents a leaf-like shape with the
pointed part situated at the anterior pole (Figure 4). Strikingly, the cell does not
contain cytoplasmic microtubules, but a microtubule corset under the plasma
membrane that maintains the cellular architecture. The corset is tightly associated
with the cytoplasmic side of the plasma membrane. These microtubules are
nucleated at the anterior part of the cell and stretch towards the posterior end
(Hemphill et al., 1991a)(Hemphill et al., 1991b)(Robinson et al., 1995). At this end,
an invagination of the plasma membrane known as the flagellar pocket (FP) can
be found. Adjacent to the FP, the mature basal body nucleates the flagellum,
which emerges from the FP and extends towards the anterior pole of the cell,
remaining all the time adhered to the cell body (Henley et al., 1978)(Field and
Carrington, 2009)(Lacomble et al., 2009). The Flagellar Attachment Zone (FAZ) is
responsible for keeping the flagellum attached, meaning that the flagellum beating
leads to the movement of the entire cell. The FAZ is comprised of a proteinaceous
filament (EDF) and a set of four microtubules or microtubule quartet (MTQ)
(Vickerman, 1969). A probasal body can be found orthogonal to the mature one,
and the MTQ actually nucleates between both basal bodies, then goes around the
FP and runs parallel to the plasma membrane. Interestingly, the polarity of the
MTQ is opposite to the one corresponding to the corset(Sherwin and Gull, 1989a).
The new flagellum exits the flagellar pocket at the site of the flagellar pocket collar
(FPC), which maintains the FP structure (Gull, 2003)(Bonhivers et al., 2008).
Surprisingly, and despite the fact that T. brucei is characterized by a very active
membrane trafficking, all the exocytic and endocytic events in the cell are
restricted to the FP (Engstler et al.,, 2004). The cell typically presents a single
Golgi complex, which is situated close to the anterior part of the FP. An additional
cytoskeletal structure termed the bilobe is localized nearby. Several bilobe
components have been identified so far, including the centrins TbCentrin2 and
TbCentrin4, a type of small-calcium binding proteins, and the MORN-like repeat
protein TOMORN1 (Morriswood et al., 2009). A recently developed proximity-
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based biotynilation assay (Roux et al., 2012)also identified seven new bilobe
components when applied for the first time to T. brucei(Morriswood et al., 2013).
The bilobe has been proposed to be involved in Golgi duplication, although its
specific functions are still unclear (He et al., 2005)(Morriswood et al., 2009)(Zhou
et al., 2010)(Esson et al., 2012). T. brucei presents a two-unit genome, as the
DNA is organized in two organelles: the nucleus and the kinetoplast. The
kinetoplast contains a network of mitochondrial DNA (KkDNA). The basal body is
connected to the kinetoplast by means of a series of filaments that constitute the
tripartite attachment complex (TAC) (Ogbadoyi et al., 2003).

Flagellum FPC

Figure 4- Diagram of a T. brucei's cell including the main organelles. BB stands for Basal Body, FPC for
Flagellar Pocket Collar, K for Kinetoplast and FAZ for Flagellar Attachment Zone. The flagellum nucleates at
the posterior end of the cell and extends towards the anterior pole.

Several unique organelles make this cell distinctive in comparison with
conventional mammalian cells. In addition, some processes during mitosis seem
to work differently. For instance, the nuclear envelope remains intact during
mitosis. But in common with other eukaryotes, T. brucei needs to coordinate a
series of events during its cell cycle. A clear fact is that cell motility, essential for
viability and important in the infection process, also plays a role in cell division
(Ralston et al., 2006)(Broadhead et al., 2006). As described before, most of the
organelles in T. brucei are related to the flagellum, which can be considered a key

player in the cell division process.
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The cell cycle in T. brucei

Most organelles in the cell are present in a single copy, which makes T. brucei a
simple model system to study organelle inheritance. The cell cycle lasts
approximately 9h. The duplication of the flagellum and its associated structures
occurs in a precise order and is highly regulated (Sherwin and Gull, 1989b).
However, this regulation seems to be achieved through some novel cell cycle
control checkpoints different from mammalian cells. The fact that T. brucei is able
to start cytokinesis without having completed mitosis, strongly suggests that some
of the conventional eukaryotic checkpoints are missing (Robinson et al.,
1995)(Ploubidou et al.,, 1999). The current hypothesis implies that the cell
monitors the status of the cytoskeleton division, instead of DNA replication. For
instance, it has been proposed that cytokinesis entry might be mediated by
controlling the status of kinetoplast division (Ploubidou et al., 1999). The following
analysis of T. brucei's cell cycle will be based on the duplication of the main
cytoskeletal structures. T. brucei's cell division begins with the assembly of a new
MtQ prior to the elongation and maturation of the probasal body (McKean,
2003)(Lacomble et al., 2010). The nucleation of the new flagellum is next, an
event that seems to be dependent on the recruitment of y-tubulin (McKean et al.,
2003). The basal bodies then duplicate, and the FP and FPC duplication follows.
This allows each flagellum to be contained in an individual FP (Gadelha et al.,
2009)(Ikeda and de Graffenried, 2012). The bilobe organelle duplicates shortly
after that, and when the new flagellum grows out of its corresponding FP, the EDF
(FAZ component) starts to assemble. Flagellum and FAZ growth are then coupled
to ensure flagellar adhesion. Both the EDF and the MtQ grow parallel to the
plasma membrane towards the anterior pole of the cell(Lacomble et al.,
2009)(lkeda and de Graffenried, 2012). During this elongation process, the basal
bodies segregate completely, the kinetoplast duplicates and nuclear replication
occurs. An additional element known as the flagellar connector (FC) is able to link
the old and the new flagellum, facilitating control over the new flagellum's position
(Moreira-Leite et al, 2001). The last step corresponds to cytokinesis, which is not
based on an actomyosin ring like the classical model in animal cells. The cleavage
site for furrow initiation seems to be determined by the position of the new

flagellum or the new FAZ, as flagellar mutants with very short new flagella present
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abnormal selection of the cleavage site (Kohl et al., 2003). There is currently no
evidence of the participation of actin, myosin or septin, common regulators of
cytokinesis in other organisms, in furrow ingression (Garcia-Salcedo et al.,
2004)(Hammarton et al., 2007b).

The biology governing this parasite's cell cycle is quite intriguing. Many regulators
and organelles have not yet been well characterized. For instance, there are
rather few FAZ components identified, FLA1 and FAZ1 are the most characterized
ones (Nozaki et al., 1996)(Vaughan et al., 2008). Little is known about the
functional relevance of the bilobe structure. The uncoupling of mitotic and
cytokinetic regulation is also not well understood. And the existence of unique
checkpoints, very different to the conventional mechanisms, could be exploited for

evolutionary studies as well as drug discovery.

Despite this divergence, several mitotic kinases have been conserved, some of
them adapting their function to specific needs in T. brucei. There is evidence that
CDKs are involved in progression through the cell cycle. For instance, CYC2 (a
G1 cyclin) depletion results in G1 arrest(Li and Wang, 2003)and a compromised
morphology originated by abnormal microtubule extension at the posterior pole of
the cell (Hammarton et al., 2004). The mitotic CDK1 homologue, CRK3, and its
corresponding mitotic cyclin CYC6 have been involved in the G2/M transition as
their knockdown resulted in mitotic arrest (Tu and Wang, 2004). TbAUK1
depletion leads to impaired mitotic spindle formation and cytokinesis failure (Tu et
al., 2006). NRKC, the NIMA-homologue in T. brucei, has also been implicated in
basal body separation (Pradel et al., 2006). And finally, TbPLK, is of special
interest because of its unusual localization and its specialization in flagellar

inheritance.



Ana Lozano Nunez

Flagellum FPC

B
BB duplication
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New Flagellum nucleates
FP and FPC duplication
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Bilobe duplication
New FAZ elongation starts

New FAZ elongation
Kinetoplast duplication

F

New FAZ elongation
Nuclear duplication

H

Figure 5 - The main events in T.brucei's cell cycle. The BB duplication is one of the earliest events,
followed by the duplication on the organelles present in the pocket area. The new FAZ assembles and extents
towards the posterior end of the cell. Cytokinesis gives rise to two daughter cells.
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TbPLK

TbPLK shares approximately 50% identity with mammalian PLKs in its catalytic
domain (Graham et al., 1998). The fact that TbPLK depletion produces cells that
are unable to undergo cytokinesis suggests a role in cell division. However,
whether this is a direct effect, or rather a consequence of the abnormal assembly
of other organelles has been debated. TbPLK's localization pattern during the cell
cycle starts at the MtQ and continues at the basal bodies. TbPLK depletion does
not however play a role in basal body duplication or maturation, only on their
segregation (lkeda and de Graffenried, 2012). This is in agreement with PLK1
function in mammals, whose depletion does not affect centrosome duplication but
separation(Lane and Nigg, 1997)(Tsou et al., 2009). Basal body segregation in T.
brucei is thought to be mediated by the new flagellum (Davidge et al., 2006)but
how exactly TbPLK might participate in this process in unknown. TbPLK later
localizes to the bilobe and to the FPC and is involved in the duplication of both
structures: its depletion causes defects in new bilobe assembly (de Graffenried et
al., 2008) and compromises the formation of a new FPC (lkeda and de
Graffenried, 2012).TbPLK is next observed on the tip of the growing new FAZ.
Interestingly, the kinase can be observed simultaneously at the posterior part of
the new bilobe. This suggests that the bilobe and the EDF part of the FAZ could
be elements of a continuous cytoskeletal structure (Esson et al., 2012) (Ikeda and
de Graffenried, 2012). TbPLK then migrates along the FAZ as long as this grows
and disappears shortly before the cleavage furrow starts (lkeda and de
Graffenried, 2012). TbPLK depletion compromises the assembly of the new FAZ,
which in turn leads to flagellar detachment (de Graffenried et al., 2008) (Ikeda and
de Graffenried 2012). As previously mentioned, the position of the new FAZ could
influence the site of cleavage furrow initiation prior to cytokinesis (Vaughan, 2010).
The kinase might also be necessary for the proper assembly of the new MtQ
(Ikeda and de Graffenried, 2012). As the MtQ is situated in the path that TbPLK
follows and PLK1 is often associated with microtubules (Peters et al., 2006)one
could hypothesize that the kinase benefits from the microtubule quartet for its
migration towards the anterior end (lkeda and de Graffenried, 2012). Finally,
TbPLK has also been related to the biogenesis of the Golgi apparatus, as kinase

depletion led to a heightened Golgi number (de Graffenried et al., 2008). However,
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how exactly these additional Golgi originate and how TbPLK could mediate this
process is still unknown.

Approximate Time (h)

PLK

00:00 cell cycle starts

03:00 TbPLK present on the basall bodies

04:00 TobPLK present on the duplicating bilobe

05:30 TbPLK on the tip of the new FAZ

06:30 TbPLK persists on the tip of the new FAZ
08:00 TbPLK disappears from the FAZ
09:00 cell cycle ends

Figure 6 - TbPLK dynamic positioning during cell division. The kinase localizes to dividing structures
during their duplication. Timing based on Ikeda and de Graffenried, 2012.
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Ikeda and de Graffenried (Ikeda and de Graffenried, 2012)have provided a careful
temporal analysis of PLK positioning during the cell cycle. In addition, there is
substantial evidence of a requirement for TbPLK in the duplication of several
cytoskeletal structures. However, the exact contribution of PLK to bilobe and FAZ
duplication has not been well described. TbPLK depletion defects in FAZ
assembly might just be a consequence of abnormal bilobe replication. And
whether the kinase is required for the whole FAZ elongation or just for its initiation
also needs to be clarified. In addition, Centrin2 is the only known TbPLK substrate
(de Graffenried et al., 2013). The identification of new TbPLK substrates and
interactors might facilitate the understanding of some TbPLK-mediated processes.
Some of these studies have lagged behind because of several experimental
concerns. TbPLK depletion by means of RNAI is a powerful technique, but poses
important drawbacks and limitations. As an alternative, small-molecule inhibition

provides some advantages that will be discussed in the next section.

1.4. Analogue-sensitive kinases for small-molecule inhibition

RNA interference and the identification of small-molecule inhibitors

RNA interference (RNAI) is probably one of the most important technologies
available in biology today. Being a natural cellular process, RNAi has been turned
into a powerful tool for loss-of-function studies in different systems. The
phenomenon was originally observed in the worm C. elegans, where double-
stranded RNA (dsRNA) led to sequence-specific gene silencing. They named this
phenomenon “RNA interference” (Timmons and Fire, 1998). Later, the efficiency
of a dsRNA mixture versus sense and antisense RNAs was tested and the finding
was that the mixture was a stronger silencer than the individual RNAs. In the
original studies in C. elegans, dsRNA or recombinant dsRNA was injected into the
worm's gonad or provided through the diet (Timmons and Fire, 1998) (Hannon,
2002). RNAi has now been described in a variety of organisms, including
trypanosomes (Ngoé et al., 1998). But using RNAI in other organisms was hard at
the beginning because the delivery of long dsRNA (>30 nt) into mammalian cells,

for instance, turned out to be unsuccessful. The introduction of long dsRNAs into
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different types of mammalian cultures led to non-specific gene silencing (Caplen
et al.,, 2002)(Knight and Bass, 2001). This was explained by the fact that long
dsRNA could actually interfere with enzymes forming part of the IFN defense
pathway (Leaman et al., 1998). Additional studies in other organisms showed that
RNAIi was actually initiated by short dsRNA oligonucleotides (21 nt), instead of
long dsRNAs The transfection of such short RNAs into mammalian cells was able
to bypass the previously observed non-specific effects (Elbashir et al., 2001).
These siRNAs are processed or "diced" from long dsRNAs by an enzyme known
as Dicer, a type of RNase lll nuclease (Bernstein et al., 2001). Current RNAI
technology makes use of the cell's natural system to effectively turn off a gene of
interest. At the moment, there are several strategies to induce RNAI, such as
synthetic molecules or vectors. In general, siRNAs can be designed to match any
gene. The siRNAs are able to degrade their corresponding target mRNAs in the
cell. Specifically, the antisense strand of a siRNA forms part of a complex
constituted by several proteins, the RNA-induced silencing complex, known as
RISC, which is able to identify the corresponding mRNA and cleave it specifically.
This cleaved mRNA is then targeted for degradation. This results in the depletion

of the corresponding protein.

RNAIi has been used to study the function of several mitotic kinases, including
trypanosomal TbAUK1 (Tu et al., 2006)and TbPLK (de Graffenried et al., 2008)
(lkeda and de Graffenried, 2012). As mitotic kinases have become one of the
most interesting classes of drug targets, there is a growing effort in the
development of specific kinase inhibitors. Some of these small drugs are currently
used in cancer therapies or clinical trials. A protein kinase catalyzes the transfer of
a phosphate group from ATP to a Ser/Thr/Tyr residue on its corresponding
substrate. Many kinase inhibitors developed so far are ATP-competitive and target
the kinase's ATP-binding site (Johnson et al., 1998)(Denessiouk et al., 1998). The
so-called Type 1 inhibitors usually recognize the active kinase confirmation,
whereas Type 2 inhibitors bind to the inactive kinase version (Zhang et al., 2009).
Covalent inhibitors rely on a covalent and irreversible binding to the kinase's active
site (Cohen et al., 2005). A fourth type of inhibition is the allosteric one; in this
case the inhibitor binds the kinase outside the active site. Despite the big number

49



of inhibitors discovered so far, the search for more potent and selective kinase
inhibitors attracts great interest in chemistry and biology. High-throughput
screening of compound libraries, cell-based assays and analogue-based
synthesis have been used in the field of drug discovery (von Ahsen and Bomer,
2005). These processes are often laborious and the main challenges when
developing an inhibitor are probably the specificity and achieving the ideal

physical and pharmacological properties.

RNA interference and small-molecule inhibition have been often used together to
study the function of a given protein. The phenotypes observed by using both
methods are complementary in some cases, while incongruent in others. For
instance, the small drug hesperadin is able to inactivate Aurora B (Hauf et al.,
2003), but the spindle checkpoint is still active upon nocodazole-induced
microtubule depolymerization. However, Aurora B depletion impedes the
activation of the spindle checkpoint in the same physiological conditions(Keen and
Taylor, 2004). This result could be explained by the fact that Aurora B belongs to
the chromosomal passenger complex (CPC). Aurora B RNAi removes the kinase
from the CPC and likely also destabilizes the whole complex. In contrast, a CPC
containing inactive Aurora B can probably still achieve some of its functions
(Ditchfield et al., 2003). All together, these findings highlight the importance of

understanding the differences in both methods when analyzing a phenotype.

Proof that an inhibitor is selective for a certain kinasethe use of a small-molecule
can provide certain advantages over RNAI. Drug administration is quick and direct
and can be reversible if the inhibitor is not covalent. As many small molecules can
rapidly go through the cell membrane, they can diffuse quickly once inside the cell.
Drugs can be dosed at multiple concentrations, meaning that the effects of partial
or total inhibition can be evaluated. In contrast, RNAI relies on protein turnover,
which takes much longer and can give rise to the upregulation or downregulation
of related kinases in a certain pathway. In addition, as illustrated before, protein

depletion can compromise the stability of related protein complexes.
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An analogue-sensitive approach for selective kinase inhibition

Unfortunately, obtaining a small molecule can require a very big screening effort
and ensuring that this molecule is specific is a big concern. Given that the binding
site for ATP is highly conserved in many kinases, small molecules might slot into
the active site of more than one protein (Cohen, 1999). In addition, non-specific
effects from the interaction of chemical groups with biomolecules can also occur.
The current drug design approaches make use of subtle binding and
conformational differences in the active site of the kinase in order to design more
specific inhibitors. Typically, the specificity can be evaluated by means of kinase
and binding assays. For instance, binding assays showed that VX-680, an Aurora
inhibitor, also binds to a BCR-ABL1 mutant that was previously resistant to the
available inhibitors at that time (Harrington et al., 2004) (Carter et al., 2005). BCR-
ABL1 is an oncogene implicated in leukemia. However, inhibitor screenings

against a big number of kinases are often laborious and require high costs.

A general chemical-genetics method has been devised to generate analogue-
sensitive mutant kinases (Bishop et al., 1998). This approach takes advantage of
the high conservation of the kinase ATP binding site. The kinase active site
becomes engineered by introducing a silent mutation at the gatekeeper residue.
This is normally a large and hydrophobic residue contacting the N6 group of ATP.
By mutating the gatekeeper to glycine or alanine, a novel and unique 'pocket’ is
created at the kinase active site. The derivatization of a known ATP-kinase
inhibitor with a bulkier substituent allows the drug to dock into the pocket, but not
into any other wild-type kinase. In this way, a complementary inhibitor-kinase duo
is designed. As the mutant kinase and the wild-type kinase have the same
function in the cell, the inhibition should affect the associated pathways to the
same extent a selective inhibitor would do. When generating an analogue-
sensitive cell line, a proper strategy has to be adopted to ensure that the mutant
kinase is the only version present in the cell. This is a rapid methodology to study
the roles of individual kinases without a big concern about unspecific effects. One
of the first analogue-sensitive kinases was v-Src, from the Src-family of protein
tyrosine kinases (Bishop et al., 1998) (Bishop and Shokat, 1999). The aminoacid
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lle338 in the catalytic pocket was mutated to Gly. The core structure of a
previously reported Src-inhibitor was pyrazolo[3,4-d]pyrimidine (Hanke et al.,
1996). From this original inhibitor, different analogues were synthesized and
screened against the wild-type and mutant Src kinase. Finally, the most potent
analogue-inhibitor was selected. Since then, the analogue-sensitive strategy has
been applied to many different kinases with successful results. However, for a
subset of kinases, introducing the gatekeeper mutation results in a big loss in
catalytic activity and function, which suggests that the mutation is not well
tolerated. To rescue the activity in such kinases, several second-site suppressor
mutations in the kinase domain were identified by using a bacterial genetic screen
in an aminoglycoside kinase. These results illuminated the beta sheet region in
the N-terminal kinase subdomain. From this starting point, Zhang and colleagues
did a sequence alignment according to structure for several protein kinases in this
specific region. This approach led to the identification of the corresponding

compensatory mutations in different types of kinases (Zhang et al., 2005).

Some examples of successfully engineered kinases are Aurora in yeast (Koch et
al, 2012), CDPK1 in Toxoplasma gondii (Lourido et al., 2010) (Lourido et al.,
2013), Protein kinase C in zebrafish (Cibrian Uhalte et al., 2012) or CDK2 in
human cells (Horiuchi et al., 2012). In addition, the analogue-sensitive strategy
has also been achieved in Cdcbp, the yeast PLK homologue (Snead et al., 2007)
and in human PLK1. In the latter, the results brought novel findings about the role
of PLK1 in RhoA-mediated cytokinesis (Burkard et al., 2007). Interestingly, recent
work has shown that analogue-sensitive PLK1 is resistant to conventional PLK1
inhibitors such as BI-2536. The reason for this seems to be the second-site
suppresor mutation, which sterically impedes the binding of BI-2536 to the

catalytic pocket (Burkard et al., 2012).

Trypanosome drug discovery often tries to exploit the unusual biochemical
pathways present in trypanosomes. A chemoproteomics-based strategy has been
recently developed to interrogate the parasite's kinome (Urbaniak et al., 2012a)
(Urbaniak et al., 2012b). Nevertheless, a specific inhibitor against TbPLK is not
available at the moment. Li and colleagues have reported that the mammalian
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PLK1 inhibitor GW843682X is able to inhibit TbPLK in vitro and leads to aberrant
cytokinesis in vivo (Li et al., 2010) although its specificity has not been so
extensively characterized. However, in our hands, neither GW843682X nor the
other well-known PLK1 inhibitor BI2536 had a significant impact on T. brucei's

viability when used at the concentration of 10 uM (unpublished data).

nnn
e

Figure 7 - Fundamental principles of the analogue-
sensitive strategy for protein kinases. WT represents wild-
type, as stands for analogue-sensitive, In is a general
inhibitor and PP1 a modified inhibitor.

1.5. Aims of this thesis

The main aim of this work is to achieve a better understanding of the different
TbPLK functions during T. brucei's cell division, specifically, at the basal bodies,
the bilobe and the FAZ. For this purpose, we set out to generate for the first time
in trypanosomes a cell line expressing only an analogue-sensitive version of
TbPLK (TbPLK®), in which we could inhibit the enzyme acutely and specifically
with a corresponding engineered drug. Our second aim pursues the achievement
of a highly synchronous T.brucei's cell culture in which the different TbPLK
functions can be investigated with a temporal control. Finally, we expect to
combine these strategies with the proteomics methods SILAC and iTRAQ with the
objective of identifying novel PLK substrates and with BiolD for the search of

potential interactors.
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Chapter 2. Published results

2.1. Prologue

Our results have been compiled in the following publication:

Lozano-Nufez, A., Ikeda, K.N., Sauer, T., and de Graffenried, C.L. (2013). An
analogue-sensitive approach identifies basal body rotation and flagellum

attachment zone elongation as key functions of PLK in Trypanosoma brucei. Mol.
Biol. Cell 24, 1321-1333.

This work reports the first application of the protein kinase analogue-sensitive
strategy in kinetoplastids. Acute and specific inhibition was combined with a
synchronous cell culture growth. Synchronization was achieved by means of
centrifugal elutriation, following a recently published protocol specific for
trypanosomes (Archer et al., 2011). Centrifugal elutriation allows the isolation of
cells by means of their sedimentation rate, which depends on their size and
density. A population of cells is exposed to the balance of two opposing forces:
the centrifugal force and the counterflow force from the buffer. The smaller the
cells, the earliest they can be washed out from the elutriation chamber. A gradual
increase in the buffer flow rate allows the isolation of larger cells. Elutriation has
been used for a long time and it is a well-established procedure, for instance, in
yeast biology. Archer and colleagues (Archer et al., 2011) improved the separation
protocol when applied to trypanosomes. In order to increase the overall yield, they
developed a double-cut elutriation procedure. In the first step, and by using a fixed
flow rate, they isolated a fraction of big cells and set them in culture for a short
time, with the purpose of letting them divide. These cells were afterwards
elutriated again by using a lower flow rate, which yielded a population of highly
pure small cells. This culture was in the G1 phase and proceeded very

synchronously through the cell cycle over time.
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Our key findings are the following:

TbPLK is necessary for the rotation of the basal bodies after their duplication, and

this is required for proper positioning of the new flagellum.

TbPLK is not only required for the initiation of a new FAZ, but also for its

elongation to achieve a proper length.

Our results illuminate our current understanding into how T. brucei duplicates and

partitions its cytoskeleton and attribute additional functions to TbPLK.

Contributions:

C.L.D and A.L.N conceived and designed the experiments. K.N.l and T.S provided
valuable help with the planning and execution of the elutriation experiment. A.L.N
performed the experiments with the help of C.LD, who contributed in cell line
generation and Western Blotting, and K.N.l, who was responsible for electron
microscopy. The data was analyzed by A.LN. C.LD and A.L.N interpreted the data
and wrote the manuscript. A.L.N designed and made all the figures, except for

Figure 6, which was made by K.N.I.
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ABSTRACT Polo-like kinases are important regulators of cell division, playing diverse roles in
mitosis and cytoskeletal inheritance. In the parasite Trypanosoma brucei, the single PLK ho-
mologue TbPLK is necessary for the assembly of a series of essential organelles that position
and adhere the flagellum to the cell surface. Previous work relied on RNA interference or in-
hibitors of undefined specificity to inhibit TbPLK, both of which have significant experimental
limitations. Here we use an analogue-sensitive approach to selectively and acutely inhibit
ThPLK. T. brucei cells expressing only analogue-sensitive TbPLK (TbPLK**) grow normally, but
upon treatment with inhibitor develop defects in flagellar attachment and cytokinesis. TbPLK
cannot migrate effectively when inhibited and remains trapped in the posterior of the cell
throughout the cell eyele. Using synchronized cells, we show that active TbPLK is a direct re-
quirement for the assembly and extension of the flagellum attachment zone, which adheres
the flagellum to the cell surface, and for the rotation of the duplicated basal bodies, which
positions the new flagellum so that it can extend without impinging on the old flagellum. This
approach should be applicable to the many kinases found in the T. brucei genome that lack
an ascribed function.
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INTRODUCTION

Trypanosoma brucei causes severe illnesses in humans and animals
that create substantial health and economic problems in sub-Saharan
Africa. The few viable treatments for trypanosomiasis are extremely
toxic, and parasite resistance to available drugs is a worsening
problem (Bouteille et al., 2003). T brucei is an obligate extracellular

This article was published online ahead of print in MBoC in Press (hitp/fwwa
.molbioleell.org/egifdei/10.1091/mbe.E12-12-0846) on February 27, 2013.
Address correspondence to: Christopher L. de Graffenried (Christopher
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Abbreviations used: BB, basal body; CDK1, cyclin-dependent kinase 1; CDK2,
cyclin-dependent kinase 2; DMSO, dimethyl sulfoxide; EM, electron micrascopy;
FAZ, flagellum attachment zone; FPC, flagellar pocket collar; HU, hydrexyures;
MtQ, microtubule quartet; PLK, Polo-like kinase; RNAI, RNA interference; snFAZ,
short new flagellum attachment zone; TbPLK, Trypanosoma brucei Polo-like
kinase; TbPLK®, analogue-sensitive Trypanosoma brucei Polo-lke kinase.

© 2013 Lozane-NGRez et al. This article is distributed by The American Society for
Cell Biology under license from the author(s). Twa manths after publication itis avail-
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Creative Commons License (http/creativecommens.org/licenses/by-ne-sa/3.0).
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parasite that confines all of its exocytosis and endocytosis to a single
compartment in the posterior of the cell ({Gull, 2003; Field and
Carrington, 2009). This compartment, known as the flagellar pocket,
alsa contains the trypanosome’ single flagellum, which is nucleated
by the basal body docked at the base of the pocket (Lacomble et al.,
2009). The flagellum traverses the pocket and then passes through
the top of the compartment, which is cinched tightly against the
flagellum. The top of the pocket is marked by two cytoskeletal
structures—the flagellar pocket collar (FPC) and the bilobe—which
encircle the flagellum and may be responsible for ensuring the tight
cannection between the plasmamembrane and flagellum, which de-
lineates the pocket as a distinct membrane compartment (Bonhivers
et al., 2008; Gadelha et al., 2009; Esson et al., 2012).

Once outside the cell, the flagellum is adhered to the cell surface
and extends toward the anterior of the cell. The attachment of the
flagellum is mediated by a structure found within the cell body
known as the flagellum attachment zone (FAZ). The FAZ comprises
an electron-dense filament and a unique set of four microtubules
termed the quartet (MtQ). The filament links together a series of
junctions that contact the flagellar membrane, which keep the

Supplemental Material can be found at

http:/wrw.molbiolcell.orgleontentisuppl/2013/02/25)mbe . E12-12-0846. DC Lhtml
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flagellum firmly attached to the cell body (Vickerman, 1969;
Gull, 1999). The MtQ nucleates next to the basal body, wraps around
the flagellar pocket, and then extends beside the FAZ filament
along the whole length of the cell body (Lacomble et al, 2009).
Depletion of biloke, FPC, or FAZ companents causes defects in fla-
gellar attachment and in cytokinesis, usually leading to growth ar
rest (LaCount et al., 2002; Selvapandivan et al, 2007; Bonhivers
et al., 2008; Shi et al., 2008; Vaughan et al., 2008).

The genome sequence of T. brucei shows that the parasite has
undergone substantial selection by its environment. The trypano-
some cytoskeleton has reduced the role of the acto-myosin network
to the point that actin appears to be dispensable in one life stage
of the parasite, whereas the role of tubulin has been enhanced
(Garcia-Salcedo et al, 2004; Berriman et al., 2005). T. brucei
possesses a large complement of protein kinases, comprising
almost 2% of its genome (Parsons et al., 2005). The kinome inclucles
members of most eukaryotic kinase families, along with many
unique kinases that may be important for the unique features of the
trypanosome life cycle and for pathogenicity.

Among the T. brucei kinases that have been studied is the sin-
gle Polo-like kinase homologue ThPLK (Kumar and Wang, 2004;
Hammarton et al., 2007; de Graffenried et al., 2008). In mammalian
cells the four PLK hemologues play important roles in mitosis, cen-
tricle biogenesis, and the DNA damage response (Archambault
and Glover, 2009). The function of ToPLK has been specialized to-
ward the inheritance of the flagellum, which is duplicated during
cell division (lkeda and de Graffenried, 2012). TbPLK is expressed
early in the cell cycle, initially localizing to the new MtQ as it nucle-
ates. The kinase is then found on the basal body as it duplicates
and forms a new flagellum, which then rotates around the old fla-
gellum to assume a position in the posterior of the cell (Lacomble
et al., 2010). This rotation event also coincides with the formation
of a new flagellar pocket {Gadelha et al, 2009). ToPLK then
migrates to the bilobe as the structure duplicates. After biloke du-
plication, TLPLK localizes to the tip of the new FAZ as it extends
toward the anterior of the csll, disappearing just before cytokinesis
(lkeda and de Graffenried, 2012). Depletion of TePLK causes de-
fects in bilobe, FPC, and FAZ duplication (de Graffenried et al.,
2008; lkeda and de Graffenried, 2012). Basal body duplication
does oceur, but the replicated structures cannot separate.

Small-melecule inhibitors have played an essential role in eluci-
dating the function of important mitotic kinases such as CDK1 and
PLK1. These molecules, which are usually modeled after the univer-
sal phosphate donor ATP (Peters ot al., 2006; Vassilev et al., 2006;
Lénart et al., 2007), rapidly block the activity of kinases within cells
and allow the consequences of this acute inhikition to be assessed.
Unfortunately, the utility of many inhibitors is limited by their lack of
specificity. Early kinase inhibitors used ATP as a starting point for
inhibitor design because its binding site is highly conserved, but this
made it difficult to develop drugs that targeted a single kinase
(Cohen, 1999). The large number of kinase crystal structures has al-
lowed subtle differences in the ATP-binding site and conformaticnal
effects to be exploited to generate specific inhikitors, but this pro-
cess is synthetically laborious and requires extensive screening to
ensure that the compounds are tuly specific (Tong et al., 1997; Gray
et al., 1998; Schindler et al., 2000). The advent of RNA interference
(RNAD provided a new method for inhibition by depleting the kinase
of interest, which frequently can be done without targeting related
proteins. However, inhibition by RNAi requires protein tumover,
which takes much longer than small-molecule inhibition and may be
more prone to the up-regulation of other kinases that compensate
for the loss of activity (Weiss et al., 2007). Kinase depletion may alsa
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lead to additional phenotypes if the protein is part of a complex or
has other functions.

Considering its importance in cell division, a specific inhibitor of
ThPLK would be extremely useful to study the acute effects of ki-
nase inhibition. An inhibitor of mammalian PLK1 has kbeen shown to
inhibit TePLK in vitro and causes cytokinesis defects in vivo, but the
specificity of this drug is not well established (Li et al., 2010). Para-
site-specific inhibitors are under development (Urbaniak et al,
2012), but it is unlikely that inhibitors against the many different ki-
nases present in T. brucei will be available in the near future. The
ability to clearly identify the function of individual kinases would alse
facilitate the discovery of potential drug targets.

A general method for kinase inhibition has been established that
takes advantage of the conservation within the ATP-binding site
(Bishop et al., 1998, 2000; Garske et al., 2011). A conserved large
hydrophobic residue (known as the gatekeeper) that contacts the
N6 group of ATP is mutated to alanine or glycine, generating a
novel pocket within the active site. A potent but nonspecific
ATP-competitive kinase inhibitor is then modified with a bulky suk-
stituent that docks into this additional pocket, which renders the
modified compound incapable of inhibiting kinases that lack the
accommodating mutation. When introduced into cells the mutated,
termed analogue-sensitive, kinase should be the only kinase whose
activity is blocked by addition of the modified inhibitor. The specific-
ity of the modified inhibitor can be further tested by adding it to
wild-type cells, which should not show any response. By generating
orthogonal kinase-inhibitor pairs, it is now possible to use modified
inhibitors to acutely inhibit many different protein kinases with lim-
ited concerns about off-target effects.

In this work we generated procyclic T. brucei cells that exclusively
express the analogue-sensitive variant of TbPLK (TbPLK®). Using
acute inhibition and cell cycle synchronization achieved by elutria-
tion, we were able to dissect key roles played by TbPLK in new FAZ
formation and basal body rotation during cell division. QOur results
show the utility of the analogue-sensitive method in T. brucei, which
will allow the acute and specific inhibition of many of the kinases
present in the parasite without the burden of identifying new
inhibitors.

RESULTS

The PLK family belongs to a small sukset of kinases that lose the
bulk of their activity upon mutation of the gatekeeper residue within
the ATP-binding site that is necessary for the analogue-sensitive
strategy. A second site suppressor screen identified a compensatory
mutation that restores sufficient activity to PLK to suppert growth
(Zhang et al.,, 2005). We were able to identify both the gatekeeper
residue (L118) and the second site suppressor (C57) in TbPLK due to
the high degree of conservation with other PLK family members
within the kinase domain (Burkard et al., 2007). We generated a
TbPLK® mutant by mutating L118 to glycine and C57 to valine.
Recombinant baculoviruses containing the hexahistidine-tagged
wild-type and TbPLK* sequences were generated and used to in-
fect insect cells to produce the proteins. Affinity-purified kinases
were tested for their sensitivity to the bulky purine analogue 3MB-
PP1, which was previously used to inhibit PLK1* (Burkard et al.,
2007). TbCentrin2, a small calcium-binding protein phosphorylated
by TPLK in vitre, was expressed in Escherichia coli and used as a
substrate (de Graffenried et al,, 2008; Yu et al, 2012). Wild-type
TbPLK was not inhibited by 3MB-PP 1 within the concentration range
tested (50 nM te 10 pM), whereas TPLK™ showed an |1Cgq value of
~250 nM (Supplemental Figure S$1). ToPLK® was less active than the
wild-type kinase, requiring a longer exposure. This result shows that
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FIGURE 1: Incorporation of analogue-sensitive mutations into TbPLK in procyclic cells.

(A) A schematic of the TbPLK loci and the strategy used to introduce analogue-sensitive
mutations. Primers flanking the positions of the C57V (black) and L11G (red) mutations were
used to amplify an 811-base pair fragment of the TbPLK gene. If the L11G mutant is present, a
unique Awrll restriction site is present in the fragment. (B) PCR using the primers described in A
from genomic DNA isolated from cells expressing only Ty1-TbPLK®, YFP-TbPLK™, and wild-type
cells. The fragment was digested with Avrll to test for incorpoeration of the analogue-sensitive
mutations. The fragment and the product of the Awrll digest for each isolated genomic DNA
were run on an agarose gel. Only the fragments isolated from the TbPLK* cell lines were
sensitive to Avrll, showing that the mutations were present. (C) Cell lysates from Ty1-ThPLK,
YFP-TbPLK®, and wild-type cells were fractionated by SDS-PAGE, transferred to nitrocellulose,
and incubated with an antibody against TbPLK and tubulin as a loading control. (D) Wild-type
and ThPLK® cells were treated with different concentrations of 3MB-PP1 or a vehicle control,
and their growth was monitored with a cell counter for 12 h. Error bars, SD of three biological

replicates.

TbPLK tolerates the gatekeeper and second-site suppressor muta-
tions and is sensitive to 3MB-PP1. Of importance, the wild-type ki-
nase was not inhibited by the drug.

Once the in vitro activity and 3MB-PP1 sensitivity of TbPLK>
were established, we made a procyclic T. brucei cell line that exclu-
sively expressed the mutant kinase. Modifying the endogenous Tb-
PLK loci using homologous recombination was necessary because
the kinase is mitotically regulated, and constitutive overexpression
can cause premature cytokinesis (Kumar and Wang, 2006). We gen-
erated a cell line in which one TbPLK allele was replaced with a
puromycin resistance gene and the second one with a construct
containing both analogue-sensitive mutations and a blasticidin
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mutations in the TbPLK* allele were well tol-
erated (Figure 1D). The growth of wild-type
cells was not affected by the drug at any
concentration tested. The intermediate cell
line lacking one TbPLK allele that was used
to construct the ThPLK® cell line was also
insensitive to the drug at all concentrations
{Supplemental Figure $2). The growth of the
ThPLK? cells was strongly inhibited at 1 and
5 pM, with a clear growth defect appearing
6 h after the addition of drug. At this point
the cells ceased to divide for the duration of
the experiment. This result shows that TbPL-
K#* cells treated with at least 1 uM 3MB-PP1
do not undergo cytokinesis within the first
cell cycle. ThPLK* cells treated with 500 nM drug grew at ~50% the
rate of control cells.

The cell cycle phenotypes produced by TbPLK* inhibition were
identified to determine whether they were similar to previously pub-
lished results using other methods for inhibiting or depleting TbPLK.
Early in the cell cycle trypanosomes contain one nucleus and one
kinetoplast (1IN1K). The kinetoplast duplicates before the nucleus
{IN2K); subsequent nuclear division results in a 2N2K cell, which
then undergoes cytokinesis. An exponentially growing culture con-
tains ~80% TN1K cells; the remaining 20% of the culture is near
evenly split between TN2K and 2N2K cells. TbPLK activity has been
depleted from cells using RNAi and inhibited using a drug that
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inhibits human PLKT (Kumar and Wang, 2006; Hammarton et al,,
2007; de Graffenried etal., 2008; Li etal., 2010). Cells lacking TePLK
activity have fewer TNTK cells, an increased number of 2N2K cells,
and aberranit 2N 1K cells where the nucleus has duplicated prior to
the kinetoplast.

These 2N1K cells are a hallmark of TbPLK inhibition and atise due
to a lack of segregation of the duplicated basal bodies (keda and de
Graffenried, 2012). To compare these results with ThPLK inhibition,
we treated TPLICE cells with 3MB-PP1 or vehidle control for 9 h and
then fixed and stained them with 47 6-diamidine-2phenylindole
(DAP) to assess their DNA state. Vehicle control-treated ThPLK
cells had a DNA distribution identical to that of wild-type cells (Figure
24). Cells treated with 3MB-PP1 showed asignificant change in DNA
state, with the TNTK population dropping to only 30% of total. The
nurnber of TN2K cells decreased slightly, whereas the rumber of
2N2ZK cells doubled. ZN1K cells also agpeared, comprising »>20% of
the population. These results show that TbPLK® inhibition has a very
similar effect on the cell cycle as depletion of the kinase by RNAI

The cell cycle defects cbserved upon ThPLK depletion are
caused by difficulties in assembling and separating cytoskeletal ele-
ments that are necessary for kinetoplast segregation and cytokinesis
(lkeda and de Graffenried, 2012). In ThPLK-depleted cells the basal
baodies are able to undergo the normal maturation and duplication
cycle, producing a new flagellum, but the replicated structures are
not able to separate. The bilobe structure and the FAZ, which are
invelved in positioning and adhering the flagellum to the cell sur
face, do not duplicate, generating a new flagellum that is detached
from the cell body. In TEPLK® cells treated with 3MB-PP1 for 9 h,
cells at all cell cycle stages showed an increase in detached new
flagella compared with vehicle control-treated sampples (Figure 2B).
In 2N cells, more than half of the population had detached new fla-
gella. The small number of detached flagella present in the vehicle
control samples is most likely due to a fixation artifact, as detached
flagella were never cbserved in live cells in this sample.

T test whether bilokse duplication was perturbed, TBPLK® cells
were treated with 3MB-PP1 or vehicle control for @ h, fixed, and then
stained for the bilobe and basal body marker ThCentrind (Figure 2C;
Selvapandiyan et al, 2007; Shi et al, 2008). In wild-type cells the
bilobe duplizates at the TN1K state (Figure 2C, b, amowhead). The
first evidence of duplication is the elongation of the kilobe to 2.2 im
or lenger This elongated structure then is separated into two dis-
tinct bilobes, which are moved further apart as the cell goes through
the 1N2K and 2N2K states (Figure 2C, ¢, arrowhead). In vehicle con-
trol-treated cells, ~18% of INTK cells contained either ¢longated or
duplicated bilolses, whereas all 2N2K cells contained two bilobes
{Figure 2E). In 3MB-PP1-treated cells, there was no evidence of
elongated {»2.2 pm} or duplicated bilobes in TNTK cells (Figure 2E).
Greaterthan 50% of 2N2K cells had only one biloke (Figure 2, E and
C, d and ¢}, whereas all the aberrant 2N1K cells had a single bilcbe
(Figure 2, £ and C, fi. As noted previously, the 2MB-PP1-treated
cells frequently had detached flagella (Figure 2C, df, arrows).

Considering the extent of new flagellum detachment and the de-
fects in biloke assembly, it was lkely that FAZ assembly was also im-
peded by the absence of ThPLK activity. To evaluate the new FAZ, we
treated TOPLK® cells with 3MB-PP1 or vehicle control for @ h and then
fixed and stained them with an antibody against FAZ1, a FAZ compa-
nent {Figure 2D; Kohl et al., 1999; Vaughan et af., 2008). In vehicle
control-treated cells new FAZ assembly begins in TN1K cells and
continues through the TN2K and 2N2K stages, reaching completion
just before aytokinesis (Figure 2D, b and ¢, open arreowheads). In ve-
hicle control-treated cells, FAZ duplication proceeds as in wild-type
cells, with ~10% of TN1K cells containing two FAZ, whereas all 1N2K
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and 2N2K cells had tweo FAZ (Figure 2F). In 3MB-PP1-treated cells the
number of 1N1K cells with twe FAZ decreased (Figure 2, D, d, and F).
In the 2N2K population, 23% had only a single FAZ, whereas 10%
contained a short new FAZ (snFAZ), <5 pm, which is the shortest-
length new FAZ that was observed in wild-type 2N2K cells (Figure 2,
D, &, and F). We hypothesize either that cells with snFAZ prematursly
aborted the assembly of the new FAZ or that the assembly process
was somehow delayed. FAZ defects were very evident in 2N1K colls,
with 90% of these cells containing only a single FAZ (Figure 2, D, 1,
and F). Cells that lacked a new FAZ or had an snFAZ almost always
had detached new flagella (Figure 2D, d-f, arrows).

To further confirm that the defects observed in drug-treated
ToPLK colls were specific, we treated wild-type cells with 3MB-PP1
or a vehicle control for 9 h and evaluated their DNA state and ability
to assemble a new bilobe and FAZ Wild-type cells treated with
diug or the vehicle control had nearly identical distributions of
INTK, TN2K, and 2N2K states and lacked any cells with aberrant
DNA content, such as 2N1K (Supplemental Figure 53A). Wild-type
cells were able to duplicate their bilobe and FAZ in the presence of
3MB-PP1, showing that the drug only has an effect on cells carrying
the TLPLK® allele (Supplemental Figure 53, B and C).

Inhibition of ToPLK® is phenotypically similar to depletion of
TPLK by RNAI. Both methods produce cells that contain aberrant
DMNA states, detached flagella, and defects in bilobe and FAZ dupli-
cation. The onset of the phenotype appears to be more rapid and
severe when the ThPLK®® system is used, which is expected because
the small molecule can directly inhibit the kinase, whereas RNAJ re-
lies on protein wmover for its effects. One important difference is
that small-molecule inhibition leaves its target intact, allowing
changes in the localization pattern of the enzyme to be established.
Because ThPLIC is highly motile and PLK homologues rely on their
activity to generate some of their own binding sites, identifving
what happens to the kinase upon inhibition may provide some in-
sight into how ThPLK localizes to different positions within the cell
(Neef et al., 2003).

ToPLK® was localized in 3MB-PP1- and vehicle-control-treated
cells to determine whetherinhibition of the kinase affected its local-
ization. THPLK® cells were treated for ¢ h with 3MB-PP1 or vehicle
control, then fixed and labeled with antibodies against TbFLK and
either ThCentring or FAZ1 antlbody to mark the kilobe or FAZ, re-
spectively. In control cells, ToPLK was first present on a stiucture
next ta the kinetoplast, which corresponds to the new MEQ (Figure
3, A, a, and B, a; arrowheads; lkeda and de Graffenried, 2012). The
kinase then moved to the basal body and biloke (Figure 3, A, b, and
B, b; arrowheads), followed by accumulation on the tip of the new
FAZ (Figure 3, A, c and d, and B, ¢ and d; arrowheads). The location
of the kinase in 3MB-PPl-treated and vehicle control cells was
quantitated and placed in two categories: 1) ToPLK localization to
the M, basal kody, and kbilebe (pocket region), and 2) TePLK pres-
ence on the new FAZ. Sixty percent of cells expressed ToPLKin both
conditions, arguing that inhibition does not lead to changes in ki-
nase expression {data not shown). In vehicle control-treated cells,
80% of IN1K cells expressing ToPLK had labeling in the pocket re-
gion, whereas in 20% the kinase had already migrated onto the
growing tip of the new FAZ (Figure 3C). In ZNZK cells, all cells ex-
pressing TPLK® had labeling exclusively on the FAZ. In the 3MB-
PPl-treated samples 1MN1K cells showed slightly elevated levels of
pocket region localization. There was a striking change in localiza-
tion in 2N2K cells. The kinase, which localized exclusively to the FAZ
in untreated cells, was now found within the pocket region >80% of
the time {Figure 3, A, e-h, and B, e-h, amowheads, and C). 2N2K
cells with pocket region ToPLK* frequently had defects in biloke
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ared FAT d:;;lu:.amn_ along with detached new fagella Figure 3, A, Bacause ThPLEK= p-lalfs mul:lplﬂ robes at differsnt tirms points
a=f, and B, a<F armows), In 2N1E calls TEPLE® was found axclusisaly and locations durng cell division, a call cycle synchronization ap-
in the Fmrkmrcgm {Figure 3, A, g=h, and B, g=h; armows). proach would allow a much mone precise assignment of kinase
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furction, The abiity to couple the rapid inhibition afforded by the
ThPLE™ system with cell synchronization would allov us to dissect
the rales of the kinase at specific points of the cell cyele. Synchro-
nization technigues for rypanosames have been established that
rely on either reatment with hydroxyurea HU) o cell starvation
(Gake and Parsons, 1993: Chm‘#"lur:.- ot al., 2008). Treatrment with
HU produces a symichromcas mpul.'u ticn of cells on the TN TEAAMZK
boundan which proceads thrcaigh the call cycka upan wiashout
Howsayer, the point of synchronization 15 after many of the crtscal
avanis that rejiine TEPLE, sich as biloks :Iu| lication and the ini-
tiation of the new FAZ Cell starvation can be used to }mlurn
synchronized cells at an earsar peaint in ther coll cycle n:nrnef,rnmrl-
ing to nasclear Gy, bt tha calls take 10 b to progress into 5 phase,
suggesting that the cells may be in a quiescent Gi-like state dus
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e starvation (Ui et al., 20000, This makes it uncertain whether any
phenotypes ientified using this method are due o conventional
cell eyele progresdion.

A promising double-cut elutnation strategy has been de-
soribed that synchronizes cells at & very eardy point in the call
cyche, -.1||r.'“\.'.'mr_1 all wibasguent events 1o be monitonsd (Archer
at al,, 2011} Elutniaticon discraminates betwesn calls based on
thexir size and density, which comelates. wall with thew cell cycla
stage (Banfaby, 2008), In the double-cut Pwmqal, the largest
calls isolated during alutriation are put back mito cultues for 1.5k
Figure 44} Bacause the largest cells ae most bkely ones that
are about to undergs cytokinesis, this incubation tme pﬂ,}i:u{ei
a large number of cells that hawe juest finished dividing. This pop-
ulation of recently divided cells is then solated by a second
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FIGURE 4: Double-cut elutriation of TbPLK?* cells produces synchronous cultures. (A) The protocol for double-cut
elutriation. An asynchronous culture is elutriated, selecting for the largest cells, which are set in culture for 1.5 h so that
they can undergo division. The population is elutriated again, and the smallest cells, which have just finished dividing,
are selected and used for further experiments. (B) A simplified view of the cell cycle in T. brucei, highlighting bilobe
duplication (t = 3.5 h) and new FAZ elongation (t = 5.5 h). The cell cycle completes with cytokinesis at 9 h. (C) TbPLK®
cells were synchronized by double-cut elutriation, and then 3MB-PP1 or vehicle control was added to the cells at
different points in the cell cycle. Addition of drug just after elutriation (t = 0) totally blocked cell division, whereas
addition at t=3.5 caused a 50% block. Addition at t=5.5 had essentially no effect on division. Error bars, SD of three

biological replicates.

round of elutriation, this time selecting for the smallest cells in
the culture.

We used the double-cut elutriation protocol to synchronize
ThPLK® cells. Elutriated cells were fixed and stained at different
time points with propidium iodide to monitor DNA synthesis (Sup-
plemental Figure $4). Cells fixed just after the elutriation procedure
(t = 0 h) showed a substantial increase in G cells, very few cells in
S phase, and a suppressed G population compared with an asyn-
chronous culture. At t = 3 h, the population shifted into S phase,
followed by most of the cells progressing to G, at t =5 h. The cells
began to return to G4 at t =7 h, indicating that cytokinesis was be-
ginning. The cells then started another round of division, shifting
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into S phase at t = 10 h. Labeling elutriated cells with DAPI and
ThPLK antibodies to look at individual cells by fluorescence micros-
copy showed that the culture was 99% TN1K cells at t = 0 h, with
only 10% of the population expressing ThPLK, compared with 60%
of the 1NTK population in an asynchrenous culture (data not shown).
By following the ThPLK expression profile of the synchronized cells
over time, we showed that all the cells in our synchronized cultures
were within a 2.5-h portion of the cell cycle (data not shown).

Once the efficacy of the double-cut elutriation strategy in the
TbPLK* background had been established, we synchronized cells
and treated them with 3MB-PP1 or vehicle control at specific points
of the cell cycle. Cells were treated at four points in the cell cycle:
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Cells harvested att=7.5h

3MB-PP1 Abnormal Bilobe FAZ
added at t(h) DNA states? duplication?  duplication?
0 Yes Impaired Impaired
3.5 No Normal Partial
5.5 No Normal Normal

Cells synchronized by ¢lutriation were treated with 3MB-PP1 after 0, 3.5, or5 h
in culture. The cells were then fixed and stained with DAPI to evaluate their
DMNA state, along with antibedies against the FAZ or bilebe to assess the status
of these structures.

Summary of the DNA, bilobe, and FAZ states of
synchronized cells upon treatment with 3MB-PP1 at different cell cycle
stages.

immediately after completing the elutriation (t = 0 h), just before
TbPLK expression (t = 1.5 h), at the point when TbPLK is on the bi-
lobe and the structure begins to duplicate (t= 3.5 h), and when Th-
PLK is present on the new FAZ (t= 5.5 h; Figure 4B). These points
were chosen based on previous work that established the timing of
these cell cycle events and the position of TbPLK (lkeda and de
Graffenried, 2012). Elutriated TbPLK® cells treated with vehicle con-
trol began to divide after 7 h in culture and completed a full round
of division within 10 h (Figure 4C, control). Treatment with drug at
t=0 or 1.5 h caused total growth arrest {(only t = 0 h is shown),
whereas treatment at t= 3.5 h caused a 50% decline in growth. Cells
treated at t= 5.5 h showed little or no growth defects compared
with vehicle control within the time frame of the experiment.

The elutriated ThPLK= cells were treated with 3MB-PP1 or ve-
hicle control at t=0, 1.5, 3.5, or 55 h and then harvested at t =
7.5 h to ensure that most of the cells had not undergone cytokine-
sis. The cells were then fixed and stained with DAPI and antibodies
against bilobe and FAZ markers. Treatment with drug at t =0 or
1.5h led to decreased numbers of TN2K cells and the appearance
of ZN1K cells, but adding the drug at later points had little effect
on DNA state (Supplemental Figure S5A). We chose to concen-
trate on 2N cells for bilobe and FAZ analysis to be certain that we
were analyzing cells that had not divided since the drug had been
added. The duplication of the bilobe was impaired by the addition
of 3MB-PP1 at t=0 or 1.5 h, leading to 2N cells with a single bi-
loke (Supplemental Figure S5B). Treatment at later time points
had no effect on bilobe duplication. FAZ duplication was com-
pletely blocked by 3MB-PP1 treatment at t = 0 or 1.5 h, whereas
treatment at t = 5.5 h had no effect (Supplemental Figure S5C).
Treatment at 3.5 h produced an intermediate phenotype, where
40% of 2N cells had either a single FAZ or an snFAZ. A summary of
the effects of TbPLK® inhibition at different time points on DNA
content, bilobe, and FAZ is presented in Table 1. We chose to
study the t= 3.5 h time point to establish the precise bilobe and
FAZ phenctype in more detail.

Considering the close spatial association of the bilobe and FAZ
and how the structures duplicate within a narrow time window, it has
been difficult to say with certainty whether one requires the otherfor
assembly (Esson et al, 2012; lkeda and de Graffenried, 2012). If
bilobe duplication is necessary for new FAZ assembly, then the
absence of new FAZ in cells lacking ToPLK activity could ke due to
defects in bilobe duplication. To address this issue, we treated
ThPLK= cells with 3MB-PP1 or a vehicle control 3.5 h after synchro-
nization, then harvested them at 7.5 h and fixed and stained them
with TbCentrind or FAZ1 antibodies (Figure 5A). Cells treated with
3MB-PP1 were able to assemble new bilobes but frequently had
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detached flagella, suggesting a FAZ defect (Figure 5B, d-f; arrow-
heads depict new bilobes, arrows show detached flagella; Figure
5D). Forty percent of 2N cells had either no new FAZ or an snFAZ
(Figure 5C, d-f, empty arrowheads, and E). This result shows that
TEPLK activity is directly necessary for FAZ elongation. We mea-
sured the length of the new FAZ in 2N cells in vehicle control- and
drug-treated samples to further establish the FAZ phenotype. In ve-
hicle controktreated samples, new FAZ length ranged from 5 to
>11 pm, with amedlian length of 10.1 pm (Figure 5F). There were ne
FAZ <5 pm. In 3MB-PP1-treated samples, cells with aberrant snFAZ
of <5 pm were observed, but the median length of the new FAZ also
dropped to 7.1 um. TbPLK activity is not only necessary for the ini-
tiation of a new FAZ, but it also is required for the structure to reach
its full length.

Having shown that cell synchronization along with TPLK? inhi-
bition allows us to study cell cycle events with high temporal resolu-
tion, we deciced to revisit the function of TePLK in the duplication
and inheritance of the basal body. Recent work shows that the
newly assembled basal body, which nucleates the new flagellum,
rotates around the old flagellum in a counterclockwise motion be-
fore the new flagellum emerges from the flagellar pocket (Lacomble
et al, 2010). This rotation may facilitate the production of a new
flagellar pocket and situates the new flagellum in the posterior of
the cell, where it can extend properly. This rotation occurs early in
the cell eycle when ToPLK is still in the pocket region; if this process
does not oceur, it could lead to basal body segregation defects due
to steric clashes between the assembled organelles.

To test for defects in basal body rotation, we synchronized
TbPLK® cells, treated them with 3MB-PP1 or vehicle control at t =
0 h, and then harvested them at t=4 h (Figure 6A). This endpoint
was chosen because almost all cells should have undergone rotation
by this time. The cells were placed on grids, and whole-mount cy-
toskeletons were prepared by extraction with detergent, followed
by labeling with aurothioglucose for negative-stain electron micros-
copy (Héag etal., 2010). Atearly points in the cell cycle, the probasal
body is found on the anterior side of the mature basal body. When
the probasal body matures, it docks with the flagellar pocket mem-
brane and nucleates a new flagellum, which contacts the old flagel-
lum (Figure éB). Before the new flagellum emerges from the flagel-
lar pocket, the new basal body rotates in a counterclockwise
direction around the old flagellum, assuming a position in the pos-
terior of the cell (Figure 6B). In vehicle control-treated cells the new
basal body was positioned on the pasterior side of the old basal
body in 90% of cells, indicating that rotation had occurred (Figure 6,
C, a—b, and F). If basal body rotation failed to occur, the new basal
bodly would remain on the anterior sicde of the old basal body (Figure
6D). In 3MB-PP1-treated cells the new flagellum was frequently de-
tached from the cell body, indicating a defect in new FAZ formation
(Figure 6E, a—k). The new basal body had not rotated in 70% of the
cells (Figure 6, E, ab, and F). The flagella appeared to cross one
another at the point where they emerged from the flagellar pocket.
Additional images of 3MB-PP1-treated cells where basal body rota-
tion has been inhibited are shown in Supplemental Figure S6.

DISCUSSION

TbPLK tolerates the analogue-sensitive mutations and responds to
the modified inhikitor 3MB-PP1 in vitro and in vivo. TbPLK* cells
responded to 3MB-PF1 treatment while treatment of wild-type cells
with drug had no effect on growth. This clearly shows that the phe-
notypes observed in the TbPLK* cell line upon drug treatment are
due to inhibition of TEPLK*. The recombinant analogue-sensitive
kinase was not as active as wild-type TbPLK. However, the activity of
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reatment.
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FHIURE 5: Treatment of synchronized TOPLK™ colls with IMB-FP1 at t = 3.5 h produces cells
that duplicate the bilobe but heve new FAZ defects. (&) TOFLK* cells were synchronized and
treated with 3ME-PP1 or wehicke control at t= 3.5, followed bey fixation at ¢ = 7.5. (B) Cells
treated as in A wene [abeled with anti-ToCentrind antibody (Billobe+B8; red) and DAP] [DNA;
lbhue). Cells that had resched the 2N state after treatment with IMB-PP1 at t = 3.5 were able to
duplicate their bilobe (srowheads, d—ﬂhrtfrwpun{l‘y hed detached thnla [arrows) (C) Cells
treated as in A wene labeled with anti-FAZY antibady (FAZ; red) and DAP1 (DNA; blue). Gells that
had reached the 2N state after trestment with 3MEB-PP1 at t= 3.5 frequently had FAZ that were
too short (d-f; empty arrowsheads) snd had detached ﬂagﬂllu [arrows). (D) Ouantification of the
bilobe stote of the M cells in B. (E] Quantification of the FAZ state of the 2N cells in C

{F) Quantification of nenw FAZ length in 2N cells in C. Cells treated with 3MB-PP1 at &= 3.5 have
shorter neve FAZ than cells trested with vehicke contrel, Scale bare, § pm. Error bars, 50 of three
bialogical replicates. For O and E, 80 2N cells were counted per condition. **p < 001, For F

50 calls vare courted por condition, A Student’s teit was performed te compane the means of

tha twa distribations, giving p < 0,05,

the senaitized kinase was sufficsent 1o support nearwild-type growth
in procyclic cells, even at dightly lkower expresson bevels, Previous
work showed that a human PLED inhibitor Blocks the activity of
TEPLE in vitro and causes defects in cytokinests in vivo, but the spec-
ificity of tha inhebstor in thypancsomes was not established (L et al,
ZCL Thee drsg inkibits cther human kinases such as Aurcra and
COK2 in vitro with 1Cey vahses that fall within the concentration range
used for in vive expariments with trypancsomes {5 uM), raising the
possibility that the trypancsome homologues of thess kinases vwere
also aflected and contributed to the observed phenctypes
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trappeed within the flagellar pocket region.
FLEs are frequently mecruited by upstream
kinases such as Cdkl that generate phos-
phosites mecognized by the polo-box do-
main of PLK (Pretsingar ot al, 2005 Crasta
et al, 2008). The upstream kinases that con-
trol ThFLK localization may continue 1o gen-
erate binding sites for ThPLE within the
pocket region even though its activity is
blodked. Migration of ThPLK may requine
the kinase to generate its own binding sites
on the FAZ, which would explain its nakility
te bocalize to this struchure upon nhibsiten.
PLE1 creates a subset of its own binding
sites durng anaphase [Neef et al, 2007).
Previous work showed that kinase-dead ver
sions of TEPLE, the we of which i dll-abgﬂus te the inhibition strat-
egy used here, remain associated with the FAZ (Sun and Wang,
2010; Y et al, 2013, Howewver, the kinase-dead TEPLE was cvene-
pressed using a very strong promaten, which can lead 1o mislecalza-
tion of the protein, It 5 ale possible that te kinase-dead mutants
preduce a diferent phenctype from small-molecule inhidition, per
haps allowing the new FAZ to form to some axtent

Combinng analogue-sensitive inhibition with call smchroniza-
tion established the precise role of TOPLK at diferent points of the
coll cychr. Prowious work with ThPLE RMA on asynchronous oultures
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w were able to dhow that inhibition at early
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_
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had litthe or no effect on growth, which seg-
gasts that early phosphorglation events that
trigger cytoskelatal duplication are essential
avents in the T brucei cell cycle.

Using synchroncus cells, we shoved that
TePLE™ inhibition lad directly to FAZ de-
fects. Previous work suggested that FAZ as-
sembly mq.lim: THPLE, bt this result relied
on RN in asynchronouws cells lleda and de
Graffenried, 2012}, This limitation meant
that although THPLE deplation led to cells

A ndased

FIGURE &: Treatment of synchronized TEPLE™ calls with 3MB-FP1 ot 1= 0 b blocks ratation of
the duplicated basal bady, (A) TRPLE™ culls were synchrenized and treated with 3MB-PP1 or
vihily cantrel 8 1= 0 and thae cellactod at ¢ = 4 and proceised for ragathe-atain hectron
mazrencepy. (Bl A schamatic of the pregression of baual bedy retation. The old basal Bady

{2 B8} anvd flagellum are shawn in geeen, and the new basal bedy Mew BB and flagellum are
shewn in red. Tha new basal body retates arcund the old Basal body bafere the rew fagellum
amarges frem the fagellr padet. (C)A TN coll frem & vehick control-trented (Contrall sampla.
Thar s gl i present in the pestaricr of the call having retated frem the anterior sde
of tha old flagallum during its maturation process. () A schematic of the aberrant case in

which basal bady ratation does not scour. (E) In tha IME-PP-treated coll, the now flagelim

s detached from the coll bady and has not rotated sround the old fagellum (s, b

{F) Cuantification of the data in B. Scale bar size is noted in the individual images. Emror bars, 5D
of threw biological replicates with between 55 and 65 cells counted per condition. **p < 0.01.

was hampered by the fact that ThPLE plays many different roles in
cell division, and loss of activity at different points in the cell cycle
most likely has different ovtcomes. Cells that are affected by ThFLE
depletion early in the experiment may change their appearance
aver time due 1o the progression of cell cycle events that are not
governed by ThPLE, such as karyokiness, Using synchronous cells,
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with FAZ debects, these cells almost abyvays
had defects in bilobe duplcation or basal
body segregation. Because depletion of bi-
kbe and basal body components blocks
formation of the new FAZ, it seemed possi-
b that the FAZ defects in ThPLK RNAG cells
could be secondary effects (Sehapandiyan
el al, 2007 Shi et al, 2008). By uung
yynicheonous cells and aoute inhibation, we
can inhibit TEPLE activity at the point when
FAT duplication ocows but after bilobe
duphcaton, This allows us 1o clearly shew
that FAZ duplication and extension rely on
ThPLE activity and are not st blocked due
to bilobe defects, Inhibiticon of ThPLE abo
shortened the coverall length of the new FAZ,
Considering that teatment of cells with
drug at t = 3.5 h had a partial effect on
grossth, it ks Bloely that some of the shorter
mewe FAZ were still functional, This result
argues that TEPLE is imeolved in FAZ saten-
sion late in the oell oycle but that once
the new FAZ elongates beyond a critical
length, which is at ksast 5 pm, cytokinesis
can proceed,

Inhibition of ThPLE* sardy in the cell oy
che leads to defects in basal body rotation.
The rotation of the new basal body resobes
a series of steric clashes between the new
flagellum and My that would arse if it re-
maired on the anterior side of the old basal
lbody and may allow the new llagellar pocket
to farm by pulling membrane along the old
Mrcy, which delineates the new podet
(Gadelha et al, 2009; Lacomble et al, 2010
TEPLE i present on the basal bodbes aarly
in the cell cycle, just before bilobe duplica-
tion, which is consistent with the timing af
the rotation {keds and de Graffended,
22 The forces responsible for basal body
rotation, which includes. movement of the
vy Mt aned probasal body, are not known, PLET plays an impor
tanit Fole in centricle separation in mammalkan cells by acting on the
kinesin EgS Lo Guellec et al, 1991; Hagan and Yanagida, 1992;
Smith et a@l, 2017} It s possible that the rotation & mediated by a
related kKinesn. 1§ is imp-:srhnt o note that the basal bodias in try-
panosomas contact the Hagellar pocket membrane and are linked
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to the kinetoplast, which puts additional censtraints on their move-
ment (Robinson and Gull, 1991; Lacomble et al., 2009). Basal body
rotation usually occurs before emergence of the new flagellum and
may be essential for the formation of a new flagellar pocket
(Lacomble et al., 2010). In cells that have not managed to undergo
rotation, the new flagellum may emerge from the same flagellar
pocket collar, as is the case with ToPLK RNAI cells (lkeda and de
Graffenried, 2012). It appears likely that once the two flagella ars
threaded through the same FPC, the cell will not be able to gener
ate a new pocket and the two flagella may be confined within the
same membrane compartment, making their separation unlikely.

To our knowledge, our medification of ToPLK is the first time that
the analogue-sensitive method has been used in the kinetoplasticls.
Kinases comprise approximately 2% of the sequenced kinetoplastid
genomes, which argues that protein phosphaorylation plays important
and diverse roles in these organisms (Parsons et af., 2005). In novel
kinases in which the gatekeeper residue can be easily icentified and
its mutation tolerated, the analogue-sensitive approach should pro-
vide a viable alternative to depletion by RNAI. Many of the kineto-
plastid kinases are members of kinase families that are amenable to
the analogue-sensitive strategy, such as the CDKs and MAPKs (Naula
et al., 2005; Parsons et al., 2005; Morand et al., 2012). It is lkely that
many of these kinases could be studied using this method, allowing
acute inhibition without concerns for off-target effects.

MATERIALS AND METHODS
Cell culture
All experiments were performed in the procyclic T brucei brucei 427
strain. Cells were cultured at 27°C in SDM-7? medium supple-
mented with 7.5 pg/ml hemin and 20% heat-inactivated fetal calf
serum (Sigma-Aldrich, St. Louis, MO). Cell growth was monitored
using a particle counter {Z2 Coulter Counter; Beckmann Coulter,
Brea, CA).

Sf9 and High Five insect cells were cultured according to the
manufacturer’s instructions (Growth and Maintenance of Insect Cell
Lines; Invitrogen, Carlsbad CA).

TbPLK inhibitor

3MB-PP1 was originally obtained from Kevan Shokat (University of
California, San Francisco, San Francisco, CA) and later purchased
from Calbiochem (La Jolla, CA).

Antibodies

The anti-FAZ1 (L3B2) was provided by Keith Gull (University of
Oxford, Oxford, United Kingdom). The mouse anti-TbCentrind mono-
clonal and rabbit anti-TPLK polyclonal antiboclies were reported pre-
viously (de Graffenried et al., 2008; lkeda and de Graffenried, 2012).
The rat monadonal anti-TEPLK will be described in a subsequent
publication (de Graffenried and Warren, unpublished data).

ThPLK? cell line construction

A knockout construct comprising the puromycin resistance gene
flanked by 500 base pairs of TbPLK 5 and 3" untranslated regions
(UTRs) was transfected into 427 cells, which were cloned and put
under puromycin  selection.  Puromycin-resistant clones were
screened by PCR to assure proper targeting of the puromycin cas-
sette. One positive clone was chosen and transfected with an en-
dogenous tagging construct that appends either Tyl or YFP to the
N-terminus of proteins under blasticidin resistance (Morriswood
etal., 2009). This construct was directed against the TbPLK genomic
loci using 500 base pairs of the TbPLK 5" UTR and first 456 base
pairs of the open reading frame. The portion of the open reading
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frame used for targeting contained the two point mutations (L118G
and C57V) necessary to produce ToPLK®. The sequence around the
L118G mutation included silent mutations that introduced an Avwrll
restriction  site (nt  341-TTTATATCCTAGGTGAGAAGTGCAG-nt
366). After transfection, cells were cloned and selected with puro-
mycin and blasticidin. Genomic DNA was isolated from doubly
resistant clones, and PCR was performed to amplify an ~800-base
pair fragment of ToPLK using the primers 5-TTCCGTTGCG-
GAAGGATGCTCG-3 and 5-TGTAGAAGAGTGTGGTAGGTGCTG
TCGTCG-3". This fragment contains both mutation sites. The PCR
product was subjected to digestion with Avrll to determine whether
koth mutations were present. The fragment was then submitted for
DNA sequencing.

Western blotting

Cells were washed once in phosphate-buffered saline (PBS) and
then lysed directly in SDS-PAGE loading buffer. Then 3 x 10¢ cell
equivalents were loaded per sample and fractionated by $DS—
PAGE. Proteins were then transferred to nitrocellulose and probed
with rat anti-ToPLK, followed by horseradish peroxidase—labeled
secondary antibodies. Enhanced chemiluminescence and film were
used for detection.

In vitre TbPLK? expression

The gatekeeper mutation {L118G) and the compensatory mutation
(C57V) were introduced into N-terminal hexahistidine-tagged
TbPLK (de Graffenried and Warren, unpublished data) using the
QuikChange Site-Directed Mutagenesis Kit (Stratagene, Santa
Clara, CA) according te the manufacturers instructions. This con-
struct was cloned into pFastBac HT, and recombinant baculovirus
was generated using the Bac-to-Bac Expression System (Invitrogen).
Sf9 cells were transfected with the baculovirus DNA to produce vi-
rus, which was then used to infect additional $f? cells to produce
high-titer virus. The obtained high-titer virus was then used to infect
High Five cells, which were then grown for 60 h before lysis in lysis
buffer (20 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
pH 7.4, 1% Triton X-100, 1% glycsrol, 300 mM NaCl, and 15 mM
imidazole). The recombinant TPLK was purified using TALON
metal affinity resin (Clontech, Mountain View, CA) according to the
manufacturer’s conditions.

Kinase assays

The kinase assay protocol was adapted from a previously published
protocol (Hammarton et af., 2007). Purified ToPLK or TbPLK* were
mixed with 10 pg of recombinant TbCentrin2 and different concen-
trations of 3MB-PP1 or vehicle control (DMSQO) in kinase assay buffer
(50 mM 3-{N-morpholinojpropanesulfonic acid, pH 7.2, 20 mM
MgClo, 10 mM ethylene glycol tetraacetic acid, and 2 mM dithio-
threitol). ATP. 20 pM, containing 0.5 pCi of [y-*2PJATP was then
added to the reactions, which were then incubated for 30 min at
30°C. SDS-PAGE loading buffer was then added, followed by boil-
ing. Thirty percent of each reaction was fractionated using SDS-
PAGE, then stained with GelCode (ThermoScientific, Waltham , MA)
to visualize proteins. The gel was dried under vacuum and exposed
to a phasphorimaging plate, followed by visualization with a Ty-
phoon scanner (GE Healthcare, Piscataway, NJ). The resultant image
file was quantified in ImageJ (National Institutes of Health, Bethesda,
MD; 1.47h) using the “plot lanes” tool.

Statistics
Al quantifications were generated from three biological repli-
cates. For comparisons of groups where the outcome variable is
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categorical the chi-squared test was used. For comparisons with
data that fit a normal distribution, the Student’s t test (two tailed,
equal variance, unpaired) was used. The p value and number of
cells counted are given in the figure legends.

Immunofluorescence microscopy

Cells were taken from culture and washed once with PBS andl then
adhered onto coverslips before fixation in —20°C methanol for
15 min. Samples were rehydrated with PBS and blocked overight
at 4°C in 3% bovine serum albumin in PBS.

Primary antibody incubations (anti-FAZ1, diluted 1:200; anti-
TbCentrind, 1:400; rabbit anti-TkPLK, 1:200) were done in block-
ing buffer for 1 h at room temperature. Coverslips were then
washed with PBS, blocked for 20 min, and incubated with the ap-
propriate Alexa dye-conjugated secondary antibodies (Invitrogen)
for 1 h at room temperature. Cells were then washed three times
in PBS and mounted using DAPl Flucromount G (Southern
Biotech, Birmingham, AL).

Images were acquired using an inverted microscope (Axio
Observer Z1; Carl Zeiss Microlmaging, Jena, Germany) equipped
with a PCO 1600 camera. Image processing was done using ImageJ
and Photoshop (Adobe, San Jose, CA). For each condition and time
point, 300 cells were analyzed in asynchronous cultures and 100 in
synchronous ones.

Bilobe and FAZ length measurements
Bilobe and FAZ length measurements were done using the Free-
hand Line and Measure teols in ImageJ.

Electron microscopy
Negative-stain electron microscopy was performed as described
previously (Hédg et al., 2010; lkecla and de Graffenried, 2012).

Double-cut elutriation

Cells were cultured in MEM (Life Technologies, Carlsbad, CA)
supplemented with MEM nonessential amino acids (Life Tech-
nologies) and with 20% heat-inactivated fetal calf serum.
Approximately 4 x 10° cells were collected for double-cut elu-
triation, which was performed as previously described (Archer
etal., 2011), except for the interval between the first and second
cuts, which was extended to 90 min. Synchronous cells were set
back in culture in supplemented MEM, and growth was moni-
tored for the next 10 h.

Flow cytometry analysis

Approximately 2 x 10° cells were harvested by centrifugation,
washed once with PBS, and fixed by dropwise addition of ice-cold
70% ethanol/30% PBS while vortexing. Cells were kept at 4°C over-
night, then collected by centrifugation and resuspended in 500 pl of
PBS containing RNase A (10 pg/ml) and propidium iodide (10 pg/mly
and incubated at 37°C for 30 min. Cells were analyzed using a
FACSCalibur cytometer (BD Biosciences, San Diego, CA).
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Ana Lozano Nunez

Chapter 3. Unpublished results

3.1. Prologue

The following section includes my contribution to several ongoing projects. This
work was initiated at the University of Vienna and will be continued at Brown
University, Providence, USA, where Ass. Prof. de Graffenried has recently

established a new research group.

The previously published work (Lozano-Nunez et al., 2013) complemented and
expanded our current understanding of TbPLK-mediated cytoskeletal replication in
T. brucei. At the moment, the calcium binding protein Centrin2 has been identified
as TbPLK substrate in vitro and in vivo(de Graffenried et al., 2013). Centrin2
localizes to the bilobe during its replication, and it is also present at the basal
bodies and the FAZ. The residue S54 in the N-terminal domain is of special
importance because it needs to be phosphorylated during bilobe duplication.
Dephosphorylation of S54 seems to be required for triggering the end of bilobe

duplication and proceeding through the cell cycle.

As additional TbPLK substrates have not been identified yet, we adopted several
screening approaches independent from each other but based on proteomics. The
advent of proteomics allows nowadays the interrogation of different kind of
systems with high throughput analysis. | actively contributed in the sample

preparation.

Our hope with these screenings is to obtain an initial list of candidate proteins,

which will later be analyzed by means of extensive functional studies.
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3.2. SILAC and iTRAQ

SILAC - Stable Isotopic Labeling of Aminoacids in Cell Culture

SILAC is a strategy based on the labeling of proteins for Mass Spectrometry (MS)
proteomics methods(Ong et al., 2002). It is normally used to compare two cell
populations exposed to different conditions or where a protein becomes depleted
or inhibited, for instance. The label just consists of a different version of a specific
amino acid. It gets incorporated into one of two cell populations by growing these
cells in a media supplemented with this analogue. The natural form is usually
called "light" and the analogue "heavy" because it contains a different stable
isotope of a given atom. For instance: 12C vs. 13C or 14N vs. 15N. After several
rounds of cell division, the population containing the heavy amino acid is able to
replace all the light versions (up to 100%) by means of protein synthesis. The two
cell populations are almost chemically identical but can be easily distinguished by
MS because of their different m/z ratio. One of the main advantages of SILAC is
that the two samples can be mixed and processed together, which ensures that

the operating conditions are the same.

SILAC has been already successfully implemented in Trypanosomes (Urbaniak et
al., 2012b)(Gunasekera et al., 2012). In our case, we want to compare the overall
changes in the phosphoproteome of two asynchronousTbPLK?® cell populations,
one used as a control sample and the other onetreated with 3MB-PP1, TbPLK
inhibitor, for a short period (2h).This experiment requires a big number of starting
cells and a laborious data analysis and quantification. We have performed several
independent experiments and the data is currently under analysis at the MS

facility.
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Figure 8 - Workflow for our SILAC experimental setup.
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iTRAQ - Isobaric Tags for Relative and Absolute Quantification

As it was the case for SILAC, iTRAQ also allows the comparison of two cell
conditions: control and drug treated cells, for instance. iTRAQ is as well based on
the different labeling of two cell populations, but this time the label is done in a
completely different way by using the corresponding iTRAQ reagents (Ross et al.,
2004). There are different types, but they all consist of a group named reporter
and a balance group that is able to react with peptides via their primary amines.
The mass of the reporters and balancers is different for each reagent, but
importantly, they are designed in such a way that the final mass of the peptide is
always the same, independently of the reporter and balance combination used.
One of the positive features of iTRAQ is that you do not need to work with cell
cultures. It is a method one could apply directly after cell lysis. In addition, the
procedure allows multisampling, as one can use several iTRAQ reagents in a

single MS experiment.

The whole peptide mixture is analyzed by LC-MS/MS. The peptide identity is
obtained from the fragmentation pattern of the different peptides. The quantity is

analyzed by looking at the abundance of the different reporters.

In our setting, we have used again the TbPLK®°cell line, but this time a
synchronous cell culture after elutriation. The starting material is lower than for
SILAC, but it requires the collection and pooling together of 1N1K cells from three
elutriations. One of the two conditions is treated with 3MB-PP1 for 2 hours. For the
initial experiments, we chose a time interval around bilobe duplication, but the
timeframe can be selected according to the specific needs. We have performed
several independent experiments and the data is also under analysis at the MS

facility.
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Chapter 4. Discussion

In this thesis, we have investigated PLK in T. brucei by modifying TbPLK to
become sensitive to 3MB-PP1, a modified kinase inhibitor. Our approach has the
fundamental advantage that we can verify the specificity of this inhibitor to TbPLK
by using the wild-type version as a negative control. Our work highlights the
importance of small molecule inhibitors for exploring protein kinase signaling
pathways. We demonstrate here that the analogue-sensitive approach can also be
implemented in Kinetoplastids. We believe that this approach could also be
applied to other kinases in T. brucei’s genome of yet unknown function. The
method could potentially also be extended to other kinetoplastid parasites.
However, we are aware that for our study we had the benefit of a high level of
conservation in the PLK sequence. For other not so well-conserved kinases, the
approach would also probably involve additional screenings for the identification of

second-site suppressor mutations.

Our results confirmed previous RNAI studies and we gained insight into TbPLK
function in basal body, bilobe, flagellar attachment and cytokinesis functions. We
used a synchronized cell population that allowed us to inhibit TOPLK in narrow
windows of T.bruceri's cell cycle. We found that the enzyme is necessary for the
duplication of both the bilobe and the FAZ structures, and also for the rotation of
the basal bodies. This rotation in T. brucei is necessary for the new flagellum to be
able to grow without colliding with the old one. We hypothesize whether this
rotation might also be necessary in other types of highly polarized cells, such as

worm embryos, also for reasons related to space constraints.

TbPLK inhibition at different cell cycle points can completely block the new FAZ
assembly or shorten its total length, depending on the time at which the inhibitor is
added. How exactly FAZ lengths contributes to the overall cell length is not so well
studied, but if a minimum cell length is not achieved, the new cell is not viable. Our

studies did not show any direct effect of TbPLK on cytokinesis, suggesting that
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failure to divide might probably be an effect of a defective cytoskeleton and rather

not a specific failure in abscission.

Work done by us and others has shown that TbPLK is a highly motile kinase
which localizes to different cytoskeletal structures during their duplication. Our
contribution here added the observation that inactive TbPLK remains in the pocket
region and is not able to migrate from the posterior to the anterior end of the cell
along the FAZ.

In the next years, one of the priorities in the field will probably be the identification
of TbPLK substrates and interactors. If we manage to find, for instance, kinesins
or motor proteins that interact with TbPLK or become phosphorylated, we will be
able to explain the molecular mechanisms that make this such a motile kinase.
Along these lines, we have initiated quantitative proteomics screenings based on
SILAC and iTRAQ methods that will hopefully provide us with a comprehensive list
of candidate proteins. We have as well started to work with the BiolD technology,
a proximity-dependent biotin identification method that has been recently
implemented in T. brucei by members of our Laboratory. By using TbPLK as a
probe, we will probably be able to identify neighbors and interacting partners,
which might as well be substrates. BiolD will also be used in the next years for
other proteins in T.brucei that localize to structures with rather few identified

components.

This thesis has implemented the analogue-sensitive strategy in T.brucei and the
technology has a high potential to be used in the next years in a variety of
settings. Some applications could include: further interrogation of TbPLK’s
functions, exploration of other protein kinase pathways, uncharacterized
organelles or cytoskeletal rearrangements during cell differentiation.
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Chapter 5. Materials and Methods

For methods corresponding to the results in Chapter 2, please refer to the

publication:

Lozano-Nufez, A., Ikeda, K.N., Sauer, T., and de Graffenried, C.L. (2013). An
analogue-sensitive approach identifies basal body rotation and flagellum

attachment zone elongation as key functions of PLK in Trypanosoma brucei. Mol.
Biol. Cell 24, 1321-1333.

Additional methods corresponding to Chapter 3:

Preparation of SILAC medium

Light and heavy SILAC mediawereprepared with SDM-79 depleted of Arg andLys,
20% dialyzed serum and other media supplements. Arg, Lys, *Arg and *Lys were

added later to each medium.

Preparation of Lysis Buffer for SILAC and iTRAQ

The Lysis Buffer is a RIPA buffer containing 0.3 M urea and phosphatase

inhibitors.

Sample preparation for SILAC

The total number of cells required was 1.24 x 10° at a concentration of 5x10°
cells/mL. The amount of protein expected for this cell density was 8mg. Some
days prior to the experiment, two cell cultures from the same line were established
in light and heavy SILAC medium respectively, and passaged at low density to

promote the adjustment to the new medium conditions. After at least six
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generations, the cultures were scaled up with the aim of achieving the desired

concentration for sample collection.

Once this cell number was achieved, the light culture was treated with 3MB-PP1
(5 uM) for 2 hours. The heavy culture was treated with a vehicle control. After
incubation, both cultures were mixed together, washed twice with SILAC medium
and finally resuspended in 660 pL Lysis Buffer. The lysate was vortexed
vigorously and kept on ice for 30 minutes. The sample was handed in to the MS

facility. A small aliquote was kept to perform a protein concentration assay.
Sample preparation for iTRAQ

The cell culture was synchronized in early 1N1K via centrifugal elutriation. 3MB-
PP1 (5 uM) was added to the culture at t=1.5 h and incubated for 2 hours. Cells
were then pelleted and snap-frozen in liquid nitrogen. Different pools of cells from
several elutriations were frozen down and then pooled together. The total number
of cells required per condition was 18 x 10’, which corresponds to 1 mg of protein.
After combination of the different fractions, proceed with the lysis as indicated for
SILAC.
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