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Summary

An intricate network of kinases and phosphatases safeguards the fidelity and timeliness of
chromosome segregation in eukaryotes. As the catalytic subunit of the chromosomal
passenger complex (CPC), the Aurora B kinase plays a pivotal role within this network by
destabilizing improper kinetochore-microtubule attachments and relaying the attachment
status to the spindle assembly checkpoint. Intriguingly, Aurora B is conserved even in
kinetoplastids, an evolutionarily divergent group of eukaryotes, who lack a canonical spindle
checkpoint, and whose kinetochores are composed of a unique set of structural and regulatory
proteins. It remains unknown how chromosome segregation and mitotic exit are controlled in
kinetoplastids, and whether the CPC contributes to these processes as in other eukaryotes. A
deeper understanding of the mitotic regulatory circuitry in kinetoplastids is bound to provide
evolutionary insights into fundamental principles of cell division in eukaryotes and can lead to
the discovery of druggable targets to combat infectious diseases caused by kinetoplastid
parasites (e.g. sleeping sickness, Chagas disease, and leishmaniasis).

In my DPhil work presented in this thesis, | studied the mechanism of recruitment of
the CPC to the kinetochore and the function of the Aurora B kinase in regulating chromosome
segregation in Trypanosoma brucei, the causative agent of African sleeping sickness. In the
first part of my thesis, | identify two kinetoplastid-specific kinesins, KIN-A and KIN-B, as bona
fide CPC proteins in T. brucei. | define an assembly pathway for the trypanosome CPC and
demonstrate that the KIN-A subunit controls localization of the CPC to kinetochores and to the
central spindle during mitosis. By combining ex vivo cross-linking of native protein complexes
with structural and cell biological approaches, | reveal that, unlike other eukaryotes that take
advantage of histone modifications for centromere recruitment of the CPC, trypanosomes rely
on kinetochore proteins to recruit the CPC. | further demonstrate that the kinesin motor activity
of KIN-A drives chromosome alignment in prometaphase and translocation of the CPC to the
central spindle upon anaphase onset. The data presented in this section is derived from a
recent publication entitled ‘Dynamic localization of the chromosomal passenger complex is
controlled by the orphan kinesin KIN-A in the kinetoplastid parasite Trypanosoma brucer
(https://doi.org/10.7554/eLife.93522.1), which is currently under revision at eLife.

In the second part of my thesis, | employ an analogue-sensitive approach to show that
inhibition of Aurora B activity causes defects in kinetochore-microtubule attachments and
arrests cells in metaphase, a phenotype that has not been reported in traditional model
eukaryotes. Aurora B phosphorylates several kinetoplastid kinetochore proteins in vitro,
including the recently identified Bub1/BubR1-like protein KKT14 (Ballmer et al. 2024, Open

Biology, in press). Depletion of KKT14 overrides the cell cycle arrest caused by Aurora B



inhibition, while overexpression of a non-phosphorylatable KKT14 construct delays anaphase
entry, indicating that the CPC and KKT14 are entangled in an unconventional circuitry
controlling mitotic progression and error-free chromosome segregation in trypanosomes.
Moreover, | demonstrate using a nanobody-based system that re-targeting the catalytic
module of the CPC to the outer kinetochore is sufficient to promote mitotic exit but causes
extensive chromosome mis-segregation in anaphase. Finally, | propose a revised description
of the unique architecture of the trypanosome kinetochore based on novel TEM data. A paper
arising from the data presented in this section is currently under revision at Journal of Cell
Biology under the title: ‘An unconventional regulatory circuitry controls anaphase onset and
error-free chromosome segregation in trypanosomes’ (doi: 10.1101/2024.01.20.576407).

The third section of this thesis comprises a brief characterization of the Bub1/BubR1-
like protein KKT14, showing that KKT14 interacts with the WD40 domain protein KKT15 and
promotes accurate chromosome segregation in anaphase. The data presented here are
included in a manuscript entitled ‘Kinetoplastid kinetochore proteins KKT14-KKT15 are
divergent Bub1/BubR1-Bub3 proteins’ (https://doi.org/10.1101/2024.01.04.574194), which
has recently been accepted for publication in Open Biology.

Finally, I present some preliminary data on the protein phosphatase PP1-1. We
recently found that PP1-1 localizes to kinetochores in trypanosomes, making it the second
kinetochore-resident phosphatase to have been identified in T. brucei (the other being KKIP7).
Unlike KKIP7, PP1-1 is essential for cell growth and error-free chromosome segregation.

In summary, the research presented in this thesis establishes the CPC as a master
regulator of mitosis in T. brucei and provides important insights into the largely unexplored

regulatory machinery governing cell division in kinetoplastids.
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1. Introduction

1.1 Basic principles of chromosome segregation

In eukaryotes, genetic material is packaged into chromosomes, which during cell division must
be faithfully replicated and distributed from mother to daughter cells. To ensure this, the
duplicated chromosome pairs (sister chromatids) that are held together by cohesin complexes
need to form stable end-on attachments with microtubules emanating from opposite spindle
poles, a process referred to as bi-orientation (Musacchio and Desai, 2017). The interaction of
sister chromatids with spindle microtubules is mediated by macromolecular protein complexes
known as kinetochores, which assemble onto specialized regions on the chromosomes called
centromeres and are under tight control by a complex regulatory circuitry. Defects in
centromere or kinetochore function can lead to aneuploidy and loss of genomic integrity,

resulting in various disease phenotypes (Holland and Cleveland, 2009).

1.1.1 Centromeres

Centromeres can be classified into different types based on their relative length, organization,
and positioning on chromosomes. Most species studied to date have ‘monocentric’ chromo-
somes, in which a centromere is assembled at a single genetic locus. Such centromeres can
be further classified into ‘point centromeres’ or ‘regional centromeres’. Point centromeres were
first discovered in the budding yeast Saccharomyces cerevisiae and consist of a precise
centromeric DNA sequence that is both necessary and sufficient for kinetochore assembly
(McGrew et al., 1986; Carbon and Clarke, 1984; Clarke and Carbon, 1983, 1980). Most model
organisms, however (including humans, Drosophila melanogaster, Arabidopsis thaliana and
the fission yeast Schizosaccharomyces pombe), possess regional centromeres that are
typically composed of a stretch of repetitive DNA, that by itself contributes to but is not
sufficient for centromere function (Polizzi and Clarke, 1991; Copenhaver et al., 1999; Sun et
al., 2003; Fukagawa and Earnshaw, 2014). A third type of centromere is found in some
nematodes (including the model organism Caenorhabditis elegans), as well as in some insect
and plant species, which assemble a diffuse centromere spanning the entire length of the
chromosome (Guerra et al., 2010). Such centromeres are referred to as ‘holocentromeres’,

and the corresponding chromosomes are said to be ‘holocentric’.

1.1.2 Kinetochore assembly
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In most studied eukaryotes, kinetochore assembly is scaffolded by a centromere-specific
histone H3 variant, CENP-A (Westhorpe and Straight, 2013; Maddox et al., 2012; Hori and
Fukagawa, 2012; Allshire and Karpen, 2008; Black and Cleveland, 2011), and is thus specified
epigenetically. A collection of ‘inner kinetochore’ protein complexes called the constitutive
centromere-associated network (CCAN) interacts with centromeric CENP-A chromatin and
provides a platform for recruitment of the ‘outer kinetochore’ (Cheeseman et al., 2006; Okada
et al., 2006; Izuta et al., 2006; Foltz et al., 2006), which captures spindle microtubules during
mitosis. A brief description of the composition of the inner and outer kinetochore in humans is
given below.

The human CCAN is composed of 16 proteins, which can be subdivided into five
modules or subcomplexes: CENP-C, CENP-LN, CENP-HIKM, CENP-OPQUR and CENP-
TWSX (Fig. 1.1, A and B). The CCAN is connected to the CENP-A nucleosome via CENP-C
and CENP-N (Falk et al., 2015; Kato et al., 2013; Carroll et al., 2010, 2009). Based on recent
cryo-EM data (Yatskevich et al., 2022; Pesenti et al., 2022), CENP-LN forms a channel,
flanked by CENP-OPQUR and CENP-HIKM lobes (Fig. 1.1B), through which centromeric DNA
is threaded through. CENP-C is a largely disordered protein, which interacts directly with the
CENP-A nucleosome, as well as with CENP-LN and CENP-HIKM (Klare et al., 2015;
Yatskevich et al., 2022; Pentakota et al., 2017; Pesenti et al., 2022; Przewloka et al., 2011).
The outer kinetochore is recruited through direct interaction with CENP-C and CENP-T
(Przewloka et al., 2011; Screpanti et al., 2011; Gascoigne et al., 2011; Malvezzi et al., 2013;
Nishino et al., 2013b).

A

O
m
z
T
T
Outer kinetochore
wu G|

Centromeric chromatin (CENP-A)
(2]
m
4
o
-

Figure 1.1 Organization of the human CCAN. (A) Schematic illustration of kinetochore
organisation including CCAN subcomplexes. (B) Surface model showing the structure of
the human CCAN. This figure was adapted from (Pesenti et al., 2022).
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With exception of CENP-C, the composition of the CCAN varies dramatically across
eukaryotes (van Hooff et al., 2017). For example, most of the CCAN components discussed
above are absent in the model eukaryotes D. melanogaster and C. elegans (McKinley and
Cheeseman, 2016). By contrast, key components of the outer kinetochore appear to be highly
conserved. The core of the outer kinetochore consists of the KNL1/Mis12 complex/Ndc80
complex (KMN) network (Musacchio and Desai, 2017) (Fig. 1.2). The Mis12 complex
(composed of Dsn1, Mis12, Nsl1, and Pmf1) connects the outer kinetochore with the CCAN
(Petrovic et al., 2016, 2010; Przewloka et al., 2011; Screpanti et al., 2011). The Mis12 and
Nsl1 subunits interact with Knl1 (Petrovic et al., 2014). Most of the Knl1 protein is composed
of a disordered region, which contains a binding site for the PP1 phosphatase and multiple
Met-Glu-Leu-Thr (MELT) motifs, which, upon phosphorylation by the Mps1 kinase, provide
a platform for recruitment of the spindle assembly checkpoint (SAC) proteins (discussed in
chapter 1.1.6) (Krenn et al., 2012; Ghongane et al., 2014; Lara-Gonzalez et al., 2021). Thus,
Knl1 acts as primary assembly hub for regulators that signal the attachment status of the
kinetochore. The primary receptor for microtubules within the KMN network is the Ndc80
complex, an elongated dumbbell-shaped heterotetramer comprising dimers of Ndc80:Nuf2,
and Spc24:Spc25 (Cheeseman and Desai, 2008; Ciferri et al., 2008; Musacchio and Desai,
2017; Cheeseman et al., 2006) (Fig. 1.2). At the centromere-facing end, Spc24-Spc25 form
Ring—WD40repeat-DEAD-box helicase (RWD) domains domains that anchor the Ndc80
complex to the kinetochore by interacting with the Mis12 complex and CENP-T (Nishino et al.,
2013a; Huisin’T Veld et al., 2016). At the other end, Ndc80 and Nuf2 form calponin homology
(CH) domains that directly interact with the microtubule protofilaments (Wei et al., 2007; Ciferri
et al., 2005, 2008; Cheeseman et al., 2006). Both Mis12 and Knl1 complexes contribute to
microtubule binding by synergistically increasing the microtubule-binding affinity of the Ndc80

complex (Cheeseman et al., 2006).

Figure 1.2. Organization of the human

KMN network. Schematic illustration of

NDC80
complex,

AT i ' coiled-coi (orange), Mis12 complex (green) and the

the KMN network, composed of the Knl1

(BWD . Ndc80 complex (grey). This figure was

adapted from (Pesenti et al., 2016).
MIS12

complex Knl1 C-terminal
domain (RWD
domain)

KMN network
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Upon association of the KMN network with spindle microtubules, additional protein
complexes may assemble at the kinetochore-microtubule (KT-MT) interface in some species
to further stabilize the interaction of the outer kinetochore with the spindle apparatus. In
metazoans, this role is taken up by the SKA complex (composed of Ska1, Ska2 and Ska3)
which binds to curved protofilaments, a distinct feature of growing and shrinking microtubule
tips (Abad et al., 2014; Jeyaprakash et al., 2012; Schmidt et al., 2012; Auckland et al., 2017).
In budding yeast, the unrelated Dam1 complex forms a ring around microtubules, which is
physically coupled to the Ndc80 complex (Jenni and Harrison, 2018; Miranda et al., 2005;
Ramey et al., 2011; Westermann et al., 2005; Li et al., 2002).

To ensure fidelity and timeliness of chromosome segregation, the KT-MT interface is
under a tight regulatory control by a complex circuitry of kinases and phosphatases. The key

principles of this regulatory network are discussed in the following chapters.

1.1.3 Regulation of chromosome segregation

To ensure genomic integrity, the sister chromatids need to position themselves on the mitotic
spindle in such a manner that they can be equally segregated from mother to daughter cell
after the cohesion holding them together is dissolved at the metaphase-anaphase transition.
In a process called ‘bi-orientation’, kinetochores establish stable end-on attachments with
microtubules emanating from opposite spindle poles. Such KT-MT attachments are also
referred to as ‘amphitelic’ attachments. In practice, kinetochores engage in a variety of
erroneous interactions with microtubules during (pro)metaphase prior to achieving proper bi-
orientation (Krenn and Musacchio, 2015) (Fig. 1.3, A and B). Such erroneous attachments can
be ‘monotelic’ (only one of two sister kinetochores bound to microtubules), ‘syntelic’ (both
sister kinetochores bound to microtubules from the same spindle pole), and/or ‘merotelic’
(single kinetochore bound to microtubules emanating from both spindle poles). Kinetochores
can also form ‘lateral’ attachments to the microtubule lattice before converting them into ‘end-
on’ attachments. In a kind of trial-and-error process referred to as ‘error correction’, a network
of kinases and phosphatases engage in a feedback mechanism that selectively destabilizes
erroneous KT-MT attachments. At the heart of this network is the Aurora B Ser/Thr kinase,
the catalytic subunit of the chromosomal passenger complex (CPC) (Honda et al., 2003;
Gassmann et al., 2004; Sampath et al., 2004; Kim et al., 1999; Nakajima et al., 2009) and

primary focus of this DPhil thesis.
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End-on Side-on (lateral) Amphitelic Syntelic Merotelic

O Kinetochore Centromere Kinetochore microtubule(s) @ Cohesin

Figure 1.3. KT-MT attachment states. (A) Kinetochores can form end-on attachments
with microtubules or bind along the sides of microtubules (lateral attachment). (B) End-on
attachments of each sister kinetochore to spindle microtubules emanating from opposite
spindle poles is called amphitelic, while the attachment of both sisters to microtubules from
the same pole is called syntelic. Merotelic attachments refer to KT-MT attachments, where
at least one of the sister kinetochores is attached to microtubules from both poles. This

figure was adapted from (McAinsh and Marston, 2022).

1.1.4 Composition and cellular localization of the chromosomal passenger complex

The Aurora B kinase undergoes dynamic localization changes throughout mitosis to enable
the spatially restricted phosphorylation of substrates involved in chromosome alignment,
chromosome bi-orientation, spindle assembly checkpoint (SAC) signalling and cytokinesis
(Carmena et al., 2012). In early mitosis, Aurora B is first detected on chromosome arms and
during prometaphase becomes enriched at centromeres, where it destabilizes incorrect
kinetochore-microtubule attachments (Krenn and Musacchio, 2015). Upon anaphase onset,
Aurora B translocates to the spindle midzone, and during cytokinesis associates with the
equatorial cortex to regulate cell abscission (Trivedi and Stukenberg, 2016; Cooke et al., 1987;
Adams et al., 2000).

The dynamic localization pattern of the Aurora B kinase is in part achieved through its
association with a scaffold comprised of inner centromere protein (INCENP), Borealin and
Survivin (Adams et al., 2001, 2000; Gassmann et al., 2004; Romano et al., 2003; Sampath et
al., 2004; Vader et al., 2006; Wheatley et al., 2001). Together, these proteins form a tetrameric
complex referred to as the chromosomal passenger complex (CPC). The CPC can be
partitioned into two functional modules: The ‘catalytic module’ and the ‘localization module’
(Fig. 1.4). The catalytic module is composed of Aurora B in complex with the IN-box at the
INCENP C-terminus, which is required for activation of the Aurora B kinase (Bishop and
Schumacher, 2002). Full activation of the kinase further requires the Aurora B-mediated

phosphorylation of the Thr-Ser-Ser (TSS) motif within the IN-box and auto-phosphorylation of
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Aurora B on Thr232 (T232) (Bishop and Schuniacher, 2002; Sessa et al., 2005). These
phosphorylation events likely occur in trans, which may explain why increases in the local
concentration of the CPC through various clustering mechanisms promote Aurora B activation
(Tseng et al., 2010; Kelly et al., 2007a). The localization module of the CPC comprises
Borealin, Survivin and the N-terminus of INCENP, which are connected to one another via a
three-helical bundle (Jeyaprakash et al., 2007, 2011; Klein et al., 2006). The two modules are
linked by the central region of INCENP, composed of an intrinsically disordered domain and a
single alpha helical (SAH) domain. INCENP harbours microtubule-binding domains within the
N-terminus and the central SAH domain, which play key roles for CPC localization and function
(Samejima et al., 2015; Kang et al., 2001; Noujaim et al., 2014; Cormier et al., 2013; Wheatley
et al., 2001; Nakajima et al., 2011; Fink et al., 2017; Wheelock et al., 2017; van der Horst et
al., 2015; Mackay et al., 1993).

INCENP Borealin

Localization module

Catalytic module

Figure 1.4 Organization of the CPC. Cartoon representation of the CPC, composed of
Aurora B (blue), INCENP (grey), Survivin (green) and Borealin (red). The localization
module (PDB ID 2QFA) (Jeyaprakash et al., 2007) and the catalytic module (PDB ID 2BFX)
(Sessa et al., 2005) of the CPC are linked by the central domain of INCENP. This figure

was adapted from (Krenn and Musacchio, 2015).

In vertebrates, recruitment of the CPC to centromeric chromatin depends on two
pathways, involving the Haspin and Bub1 kinases. Haspin phosphorylates histone H3 on Thr3
(H3T3ph), which is recognized by the baculovirus IAP repeat (BIR) domain of Survivin (Kelly
et al.,, 2010; Wang et al., 2010; Yamagishi et al., 2010). H3T3ph is initially found along the
entire length of chromosomes between sister chromatids but becomes enriched at the inner
centromere (the space between sister kinetochores) during late prophase. In contrast, the
kinetochore associated Bub1 kinase phosphorylates histone H2A on Thr120 (H2AT120ph)
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(Kawashima et al., 2010). H2AT120ph recruits Shugoshin-like proteins (Sgo1 and Sgo2),
which in turn are bound by Borealin (Tsukahara et al., 2010; Yamagishi et al., 2010). Recently,
Sgo1 has also been demonstrated to interact with the BIR domain of Survivin through an N-
terminal histone H3-like motif (Abad et al., 2022; Jeyaprakash et al., 2011). The interactions
of Borealin and Survivin with Sgo1 form the basis for a kinetochore-proximal pool of the CPC
which is distinct from the main inner centromere pool (Broad et al., 2020; Hadders et al., 2020;
Liang et al., 2020).

1.1.5 Error correction by the chromosomal passenger complex

The CPC concentrates at centromeres during early mitosis, where it releases improper KT-
MT attachments that lack tension by phosphorylating outer kinetochore proteins, thereby
reducing their affinity for microtubules (Musacchio and Desai, 2017). A classic example is the
phosphorylation of the disordered N-terminal tail of Ndc80, which neighbors its microtubule-
interacting CH domain. The N-terminal tail of Ndc80 has been proposed to act as a ‘rheostat’,
which, depending on the number of sites phosphorylated by Aurora B, can finetune the affinity
of the Ndc80 complex for spindle microtubules (Zaytsev et al., 2015; Ciferri et al., 2008). In
addition to Ndc80, Aurora B has also been shown to destabilize KT-MT attachments by
phosphorylating the Dam1 complex in S. cerevisiae and the SKA complex in higher eukaryotes
(Cheeseman et al., 2002; Chan et al., 2012).

The error correction process is thought to depend on the ability of the CPC to detect
inter- and intra-kinetochore tension, which is associated with stable KT-MT attachments.
Indeed, Akiyoshi et al. demonstrated that the application of tension on purified budding yeast
kinetochores using a laser trap is by itself sufficient to stabilize KT-MT attachments (Akiyoshi
et al., 2010). This parallels the classic experiments performed by Nicklas and colleagues, who
used microneedles to impose mechanical tension on meiotic chromosomes in grasshopper
spermatocytes (Nicklas and Ward, 1994; Nicklas and Koch, 1969; Ault and Nicklas, 1989).

Various models have been proposed to explain the tension-dependent stabilization of
KT-MT attachments in relation to CPC function and localization. One such model is the ‘spatial
separation’ model, which relies on a change in distance between outer kinetochore proteins
and the inner centromere, where the bulk of Aurora B is concentrated (Fig. 1.5, A and B). As
tension builds up across the inter-sister kinetochore axis, indicative of stably bi-oriented
kinetochores, the ability of centromeric Aurora B to reach its substrates is expected to slowly
decrease, allowing a progressive stabilization of the KT-MT interface (Liu et al., 2009; Tanaka
et al., 2002). The spatial separation model is in part derived from experiments using Forster
resonance energy transfer (FRET) sensors (Liu et al., 2009; Fuller et al., 2008). In these
experiments, intramolecular FRET between two fluorescent proteins depends on changes in

phosphorylation of a linker peptide harbouring an Aurora B substrate consensus motif. The
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FRET sensor shows constitutive, tension-independent phosphorylation by Aurora B when
targeted to the centromere-kinetochore interface through fusion with CENP-B, but tension-
sensitive phosphorylation when positioned further away from the main pool of the CPC at the
inner centromere (e.g. through fusion with a subunit of the Mis12 complex at the outer
kinetochore). Based on the rapid turnover times of the CPC at centromeres (12 < 1 min)
determined by photobleaching experiments (Ahonen et al., 2009; Beardmore et al., 2004), it
has been hypothesized that a population of CPC is released from the centromere, creating a
diffusion gradient of active Aurora B (Fig. 1.5A).

An alternative hypothesis for Aurora B function poses that the functionally relevant pool
of Aurora B resides not at the inner centromere but near or at kinetochores. This is supported
by the observation that the active form of Aurora B (monitored using an antibody recognizing
phosphorylated T232) is detectable at kinetochores rather than at centromeres (Posch et al.,
2010; Caldas et al., 2013; DeLuca et al., 2011; Santaguida and Musacchio, 2009). Indeed, an
inner centromeric pool of PP2A-B56 bound to Shugoshin-1 (Sgo1) has been shown to
counteract Aurora B T-loop phosphorylation (Meppelink et al., 2015a). Moreover, activation of
Aurora B requires the outer kinetochore component Knl1 (Caldas et al., 2013), further
emphasizing the importance of kinetochores rather than centromeres for CPC activity. How
the CPC is recruited to the kinetochores and by which mechanism this pool of Aurora B
generates the observed phosphorylation gradient within kinetochores warrants further
investigation. As alternative to the ‘diffusible gradient model’ (Fig. 1.5A), Santaguida and
Musacchio suggested that the central SAH domain of INCENP may act as a flexible ‘dog
leash’, allowing the Aurora B kinase to reach its substrates at the outer kinetochore during low
intra-kinetochore stretch conditions while being anchored to the base of the kinetochore by
means of the CPC localization module (Santaguida and Musacchio, 2009) (Fig. 1.5B). This
model is compatible with the sharp confines of Aurora B activity observed within the ~100 nm
length scale of the kinetochore. In agreement with the ‘dog leash’ model, truncation of the
SAH domain impairs the ability of Aurora B to phosphorylate Dsn1 (Mis12 complex) at the
outer kinetochore (Samejima et al., 2015).
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Figure 1.5 Models for Aurora B function. (A) ‘Diffusible gradient model’: Rapid turnover
of CPC'’s recruited to the inner centromere generates a gradient of CPC concentration and
substrate phosphorylation. Upon proper bi-orientation, Aurora B targets at the outer
kinetochore are spatially separated from the peak of this phosphorylation gradient in a
tension-dependent manner. (B) ‘Dog leash model’: The active pool of the CPC is tethered
at the kinetochore or the kinetochore-proximal chromatin via its localization module. The
central region of INCENP acts as a flexible ‘leash’, allowing the catalytic module to
phosphorylate its targets within a spatially restricted zone. Depending on intra-kinetochore
tension, outer kinetochore proteins will either lie within or outside of this phosphorylation

zone. This figure was adapted from (Krenn and Musacchio, 2015).

The classic spatial separation model has been challenged by the observations that the
inner centromere localization of Aurora B is dispensable for chromosome bi-orientation in
various model organisms (Hengeveld et al., 2017; Campbell and Desai, 2013; Yue et al.,
2008). For instance, in budding yeast, deletion of the N-terminal domain of the INCENP®"?

abrogates its association with the Survivin®"

subunit that targets the CPC to centromeres but
fully supports error-free chromosome segregation (Campbell and Desai, 2013). In light of
these findings, it was proposed that clustering of CPCs either on microtubules or chromatin is
sufficient to activate Aurora B, and that discrimination between improper and proper KT-MT
attachments is an intrinsic property of the kinetochore. So-called ‘substrate conformation’
models pose that kinetochore proteins undergo conformational changes when the kinetochore
comes under tension, such that they become insensitive to Aurora B-dependent
phosphorylation (de Regt et al., 2022; Campbell and Desai, 2013; Hengeveld et al., 2017;
Uchida et al., 2009). According to De Regt et al., intra-kinetochore tension may cause key
substrate residues to become sterically blocked or cause substrate peptides to stretch, thereby
preventing them from being threaded into the active site of the Aurora B kinase. Such models
will need to undergo further experimental testing in future studies.

In summary, the CPC recognizes and destabilizes erroneous KT-MT attachments,
thereby creating unattached kinetochores, which are granted another opportunity to form
amphitelic attachments. Importantly, unattached kinetochores also activate the spindle
assembly checkpoint (SAC), a feedback control system that delays the onset of anaphase
until all chromosomes have achieved proper bi-orientation (Foley and Kapoor, 2012;
Musacchio, 2015; Sacristan and Kops, 2015). The role of the CPC in signaling to the SAC is

discussed in the following section.
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1.1.6 Role of the chromosomal passenger complex in the spindle assembly

checkpoint

SAC components include the kinases Mps1 and Bub1, as well as BubR1 (Mad3), Bub3, Mad1,
Mad2, and Cdc20, which are widely conserved among eukaryotes (Kops et al., 2020). It is
thought that unattached kinetochores catalyze the production of a diffusible ‘wait anaphase’
signal, the mitotic checkpoint complex (MCC; composed of Mad2, Cdc20, BubR1 and Bub3),
which inhibits the anaphase-promoting complex/cyclosome (APC/C) (Herzog et al., 2009;
Izawa and Pines, 2015; Alfieri et al., 2016; Yamaguchi et al., 2016; Sudakin et al., 2001; Chao
et al., 2012). The APC/C is a multi-subunit E3 ubiquitin ligase that promotes anaphase onset
and sister chromatid separation by marking securin and cyclin B for proteasomal degradation,
thereby triggering sister chromatid separation and mitotic exit (Pines, 2011; Alfieri et al., 2017).

The mechanisms through which Aurora B regulates the SAC are interlinked with those
mediating error correction. Aurora B activity is needed for recruitment of the Mps1 kinase,
which acts upstream of the remaining SAC proteins. Mps1 localizes to kinetochores by binding
to the Ndc80 complex, whereby ‘naked’ Ndc80 complexes (e.g. unattached to microtubules)
are preferentially bound by Mps1 (Ji et al., 2015; Hiruma et al., 2015). The precise role of
Aurora B in the recruitment of Mps1 is not fully understood, but likely involves phosphorylation
of Ndc80 (Zhu et al., 2013; Ji et al., 2015). Mps1 activity triggers a cascade leading to MCC
production by phosphorylating multiple MELT motifs on Knl1 to control recruitment of
Bub1:Bub3 and BubR1:Bub3 subcomplexes, and subsequently of Mad1, Mad2 and CDC20
(London et al., 2012; Shepperd et al., 2012; Yamagishi et al., 2012). Both Bub1 and its paralog
BubR1 (Mad3 in yeast) harbour an ABBA maoaitif, that is required for interaction with CDC20
(Larsen et al., 2007; Diaz-Martinez et al., 2015; DiFiore et al., 2015; Tromer et al., 2016).
Interestingly, the kinase activity of Bub1 is largely dispensable for its spindle checkpoint
function (Sharp-Baker and Chen, 2001; Kawashima et al., 2010). However, through catalyzing
phosphorylation of H2AT120, which promotes CPC recruitment, Bub1 and the CPC are
engaged in a positive feedback loop at unattached kinetochores.

To enable rapid changes in phosphorylation status of kinetochore proteins, the activity
of kinetochore-resident kinases (e.g. Aurora B, Mps1, Bub1) is carefully balanced by the
activity of counteracting phosphatases. The protein phosphatases PP2A-B56 and PP1 are
recruited onto kinetochores via binding to BubR1 and Knl1, respectively, and silence the SAC
by dephosphorylating the MELT repeats on Knl1, thereby antagonizing Mps1 and CPC activity
(Lara-Gonzalez et al., 2021). Importantly, Aurora B-dependent phosphorylation of the
RV[S/T]F PP1-docking motif on Knl1 prevents kinetochore targeting of PP1 via Knl1 (Liu et
al., 2010; Rosenberg et al., 2011a).
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In summary, the timing of anaphase onset in metazoa and yeast is controlled by the
rate of MCC production, which depends on the phosphorylation status of the KMN network at
each kinetochore, governed by the local activity of Aurora B, the checkpoint kinase Mps1, and
antagonizing phosphatases. Upon anaphase onset, the CPC translocates to the central
spindle, where it continues to destabilize KT-MT attachments on lagging kinetochores (Sen et
al., 2021; Orr et al., 2021; Papini et al., 2021) and is degraded as cells enter G1 (Cooke et al.,
1987).

1.2 Chromosome segregation in kinetoplastids

Since key components of the CCAN (such as CENP-A and CENP-C), the KMN network and
the SAC are present in nearly all sequenced eukaryotes (Drinnenberg and Akiyoshi, 2017;
Meraldi et al., 2006; Tromer et al., 2019; van Hooff et al., 2017), it was long assumed that key
principles of chromosome segregation must be shared among eukaryotes. This paradigm was
challenged upon discovery of an entirely different set of kinetochore proteins along with the
absence CENP-A, CCAN, KMN network and bona fide SAC proteins in the kinetoplastid
lineage (Akiyoshi, 2020; Akiyoshi and Gull, 2014; Nerusheva and Akiyoshi, 2016; Nerusheva
et al., 2019; D’Archivio and Wickstead, 2017).

1.2.1 The kinetoplastid parasite Trypanosoma brucei

The kinetoplastid phylum is an evolutionary divergent group of both free-living and parasitic
flagellated protists (Kostygov et al., 2021). The name of this group originates from a
specialized organelle, the ‘kinetoplast’, a mitochondrial DNA cluster located at the base of the
flagellum. The parasitic Trypanosomatida (e.g. T. brucei, T. cruzi and Leishmania spp.) pose
a serious threat to public health and prosperity in the developing world (Stuart et al., 2008).
Collectively, these vector-borne diseases affect more than a billion people worldwide, with an
estimated 30'000 deaths occurring annually (WHO, 2017). Vaccine development against
kinetoplastids has proven challenging, owing to efficient immune-evasion mechanisms
employed by these parasites, and existing drug therapies are unsatisfactory due to poor
efficacy, difficulties in administration, prohibitively high costs, severe side effects, or increasing
drug resistance (Field et al., 2017; Zofou et al., 2014). Sadly, the development of new drugs
against these ‘diseases of the poor’ has been stagnant, largely due a lack of public interest
and economic incentive within the pharmaceutical industry (Mackey et al., 2014; Morens et
al., 2004). Especially target-based approaches have seen limited success (Rao et al., 2019),

highlighting the need for fundamental research into the molecular cell biology of kinetoplastids.
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T. brucei is the causative agent of African sleeping sickness in humans and nagana in
domestic animals. During its complex life cycle which involves many morphological and
metabolic changes, the parasite transitions between the blood stream of the mammalian host
and the alimentary tract and salivary glands of its insect vector, the tsetse fly. T. brucei has
emerged as an important model organism to study fundamental cell biological processes.
Several biological phenomena including antigenic variation (Cross, 1977), glycosyl-
phosphatidylinositol (GPI) anchoring of membrane proteins (Ferguson et al., 1988), RNA
editing (Blum et al., 1990), and trans-splicing (Sutton and Boothroyd, 1986) were initially
discovered in trypanosomes. The genome of T. brucei includes ~9000 protein-coding genes
and can be readily modified using reverse genetic approaches such as homologous
recombination and CRISPR-Cas9 technology (Beneke et al., 2017).

Since the 2014 discovery of unconventional kinetochore proteins in T. brucei (Akiyoshi
and Gull, 2014), the parasite has also caught the attention of the chromosome segregation
field. T. brucei possesses 11 homologous pairs of large chromosomes (called megabase
chromosomes, 1-6 Mb in size), which harbour regional centromeres (20-120 kb of typically
AT-rich repetitive sequences), and an additional ~100 smaller chromosomes (mini-
chromosomes, 50-150 kb; intermediate chromosomes, 200-700 kb), without canonical
centromeres (Obado et al., 2007; Ersfeld, 2011; Daniels et al., 2010; Akiyoshi and Gull, 2014).
Segregation of both megabase chromosomes and minichromosomes depends on a mitotic

spindle, which forms within the nucleus during a closed mitosis (Ogbadoyi et al., 2000).

1.2.2 The trypanosome kinetochore

A unique set of ~30 proteins called kinetoplastid kinetochore proteins (KKTs) and KKT-
interacting proteins (KKIPs) are present in T. brucei, and homologs thereof have also been
identified in other kinetoplastid species (Akiyoshi and Gull, 2014; Nerusheva and Akiyoshi,
2016; Nerusheva et al., 2019; D’Archivio and Wickstead, 2017). Six of these KKT proteins
(KKT2, KKT3, KKT4, KKT20, KKT22 and KKT23) localise to centromeres throughout the cell
cycle and are thought to form the foundation of the kinetoplastid kinetochore (Akiyoshi and
Gull, 2014; Nerusheva and Akiyoshi, 2016). KKT2 and KKT3 localize to centromeres using
unique zinc-binding central domains and have divergent polo boxes required for localization
of other kinetochore proteins (Marciano et al., 2019; Ishii et al., 2022). They also possess
kinase domains classified as unique among known eukaryotic kinase subfamilies (Parsons et
al., 2005; Akiyoshi and Gull, 2014). Of note, kinase domains are not present in constitutively
localized kinetochore proteins in other eukaryotes, highlighting these protein kinases as a
unique feature of kinetoplastid kinetochores. KKT2 and KKT3 are required for recruitment of

KKT4, the only known microtubule-binding kinetochore protein in T. brucei (Marciano et al.,
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2019; Llaurd et al., 2018). Another set of proteins including KKT1, KKT5, KKT6, KKT7, KKT16,
KKT17, KKT18, KKT24, KKT25, and KKIP1 is detectable at kinetochores from S phase until
the end of anaphase (Akiyoshi and Gull, 2014; Nerusheva et al., 2019). Such proteins may
play important roles for microtubule binding and/or recruitment of regulatory factors. Another
group of proteins comprising KKT8, KKT9, KKT10, KKT11, KKT12 and KKT19, localizes at
kinetochores from S phase until metaphase, suggesting that they may be involved in
regulating anaphase onset. Indeed, depletion or inhibition of the KKT10 and KKT19 kinases
(also known as CLK1 and CLK2, respectively), two functionally redundant paralogs with
identical cdc2-like kinase domains (Akiyoshi and Gull, 2014; Ishii and Akiyoshi, 2020; Parsons
et al., 2005), results in a prominent delay in the metaphase-anaphase transition (Ishii and
Akiyoshi, 2020; Saldivia et al., 2020). Two proteins, KKT14 and KKT15, are unique among
kinetoplastid kinetochore proteins in that they localize to kinetochore from G2 to anaphase
(Akiyoshi and Gull, 2014). KKT14 and KKT15 have recently been identified to be divergent
Bub1/BubR1 and Bub3 proteins, respectively, and are thought to play a crucial role in
regulating KT-MT attachments and/or timing of anaphase entry (Ballmer et al., 2024a).

Direct protein—protein interactions among KKT proteins have been demonstrated for
KKT16:KKT17:KKT18 (KKT16 complex), KKT8:KKT9:KKT11:KKT12 (KKT8 complex),
KKT7:KKT10, KKT2:KKT1, KKT1:KKT6, and KKT3:KKT22:KKT23 (Tromer et al., 2021; Ishii
and Akiyoshi, 2020; Ishii et al., 2022) (Ludzia et al., unpublished data). Furthermore, the
structure of several KKT protein domains have been solved using X-ray crystallography.
These include the C-terminal pseudokinase domain of KKT14 (Ballmer et al., 2024a), the
central domain and divergent polo-box domain of KKT2 (Marciano et al., 2021; Ishii et al.,
2022), the polo-box domain of KKT3 (Ishii et al., 2022), the coiled-coil and BRCT domains of
KKT4 (Ludzia et al., 2021), and the acetyltransferase domain of KKT23 (Ludzia et al.,
unpublished data).

i Figure 1.6 The trypanosome kinetochore. Electron
# Qf micrograph of the trypanosome kinetochore in metaphase,

_ : ‘ attached to spindle microtubules from opposite poles. Sister

m N i R kinetochores appear to be positioned in a ‘back-to-back’

configuration without any clear space (e.g. inner

centromere) inbetween. Adapted from (Ogbadoyi et al.,
2000; Tromer et al., 2021).
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Figure 1.7 Organization of the trypanosome kinetochore. (A) Representative 3D-SIM
fluorescence micrographs showing localization of indicated kinetochore proteins along the
inter-sister kinetochore axis (Hayashi and Akiyoshi, unpublished data). (B) Schematic
representation of the trypanosome kinetochore showing the localization of KKT and KKIP
proteins to the inner kinetochore, outer kinetochore, or kinetochore periphery. A

comparison with the human kinetochore is presented on the left.

Based on the finding that some KKT proteins have similarities to components of
synaptonemal complexes (zipper-like structures that assemble between homologous
chromosomes and promote genetic exchange during meiosis) or the homologous
recombination machinery, it has been hypothesized that a kinetoplastid ancestor repurposed
parts of its meiotic machinery to assemble unique kinetochores (Tromer et al., 2021). Indeed,
like synaptonemal complexes, sister kinetochores are closely paired in trypanosomes
(Ogbadoyi et al., 2000), which stands in sharp contrast with canonical kinetochores that have
a significant space (~1 ym) in between sister kinetochores (called inner centromeres) (Bloom,
2014) (Fig. 1.6). Due to the proximity between sister kinetochores, most of YFP-tagged KKT
proteins appear as single dots (rather than pairs of dots) under conventional fluorescence
microscopes (Akiyoshi and Gull, 2014), while N-terminally YFP-tagged KKT24 and many KKIP
proteins appear as pairs of dots that are separated by ~340 nm in metaphase (Brusini et al.,
2021; Nerusheva et al., 2019). A recent study using 3D-SIM super-resolution microscopy has
revealed pairs of dots for KKT4, KKT14, and KKT15 that are separated by ~140 nm, while

other tested KKT proteins and Aurora BAYK

still appear as diffraction-limited spots (Hayashi
and Akiyoshi, unpublished data) (Fig. 1.7A). Thus, in addition to differences in temporal
dynamics of kinetochore localization, KKT and KKIP proteins may also be categorized into
‘inner’ and ‘outer’ structures based on their localization across the inter-sister kinetochore axis.
In traditional model eukaryotes, the term ‘outer kinetochore’ refers to the KMN network that
engages in end-on interactions with spindle micrutobules (Musacchio and Desai, 2017). In
trypanosomes, this term was previously used to refer to the KKIP1 protein based on weak
similarity of its coiled-coil regions to the outer kinetochore proteins Ndc80/Nuf2 (D’Archivio
and Wickstead, 2017; Brusini et al., 2021). However, AlphaFold-based structural predictions
do not support the possibility that KKIP1 is a divergent Ndc80/Nuf2 homologue, and currently
there is no evidence that KKIP1 has microtubule-binding activity. Instead, KKT4 remains the
only kinetochore protein that has been shown to bind microtubules and maintain load-bearing
end-on attachments to both growing and shrinking microtubule tips (Llauré et al., 2018). The
Akiyoshi lab therefore proposed recently that the term ‘outer kinetochore’ is used for KKT4,
KKT14 and KKT15 proteins, ‘kinetochore periphery’ for those (e.g. KKIP1, KKIP2, KKIP3,
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KKT24) whose N- or C-terminal ends are located farther away from KKT4, and ‘inner
kinetochore’ for those proteins that appear as single dots at the resolution of 3D-SIM (Ballmer
et al., 2024b) (Hayashi and Akiyoshi, unpublished data). The organization of KKT proteins into
‘inner kinetochore’, ‘outer kinetochore’ and ‘kinetochore periphery’ zones is summarized in
Fig. 1.7B.

1.2.3 Regulation of chromosome segregation in trypanosomes

Kinetoplastids possess the CDK/cyclin system, cohesin complex, separase, condensin
complex, a minimal APC/C, and proteasomes, indicating that the most basic cell-cycle
machinery is conserved (Akiyoshi and Gull, 2013). Despite the absence of canonical
kinetochore proteins, the Aurora B kinase, too, is conserved in kinetoplastids (Tu et al., 2006;
Li et al., 2008a). Whether Aurora B is involved in error correction and/or some form of mitotic
checkpoint signaling in trypanosomes is not understood.

Intriguingly, trypanosomes are unable to halt their cell cycle in response to spindle
defects and can undergo cytokinesis without any noticeable delay despite absence of nuclear
division (Robinson et al., 1995; Ploubidou et al., 1999; Hayashi and Akiyoshi, 2018). Moreover,
key components of the SAC appear to be absent, apart from a Mad2 homolog that localizes
near basal bodies (Akiyoshi, 2020) and a CDC20 homologue, which lacks a well-conserved
Mad2 interaction motif (Akiyoshi and Gull, 2013). These observations lead to the notion that
kinetoplastids do not possess a mitotic checkpoint or at least not a canonical SAC system.
Nevertheless, despite the large number of chromosomes in T. brucei, their mis-segregation
rate is very low (~1%, e.g. comparable to human cells, (Ishii and Akiyoshi, 2020; Santaguida
and Amon, 2015; Wickstead et al., 2003)), suggesting that trypanosomes do in fact possess
an efficient system for correcting improper KT-MT attachments. As described above, many
KKT proteins have kinase activity, and it is conceivable that these KKT kinases, together with
Aurora B and currently unknown phosphatases, constitute a non-canonical regulatory network
at the kinetochore in kinetoplastids. The molecular details of this regulatory circuitry remain to

be investigated.

1.2.4 The chromosomal passenger complex in trypanosomes

Early studies suggested that the Aurora B homolog AUK1 (Aurora BA") in T. brucei forms a
complex with chromosomal passenger complex proteins 1 and 2 (CPC1 and CPC2) and plays
a crucial role in mitosis and cytokinesis (Tu et al., 2006; Li et al., 2008a). CPC1 was later found
to be a divergent INCENP homolog (hereafter referred to as INCENP®"C") based on the

presence of a conserved C-terminal IN-box (Hu et al., 2014). However, INCENP“"°! |acks the
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central SAH domain and N-terminal residues, which in other eukaryotes interact with Survivin
and Borealin. In addition, two orphan kinesins, KIN-A and KIN-B, have been proposed to
transiently associate with Aurora BA%" during mitosis (Li et al., 2008a; Li, 2012). Knockdown
of Aurora BAY" INCENP"®!, CPC2, KIN-A or KIN-B prevents cells from completing nuclear
division (Tu et al., 2006; Li et al., 2008b; Ballmer and Akiyoshi, 2024a), suggesting that the
CPC functions as a key regulator of mitosis in T. brucei. Yet, in the absence of canonical
substrates, the molecular principles and mode of action of the trypanosome CPC remain
elusive.

Interestingly, although homologs of the ‘localization module’ proteins Survivin and
Borealin have not been identified in kinetoplastids (Komaki et al., 2022), the trypanosome CPC
displays a dynamic localization pattern similar to that of the metazoan CPC (Li et al., 2008a):

BAYKT INCENPCPC! and CPC2 localize to kinetochores in early mitosis and then

Aurora
translocate to the central spindle upon anaphase onset. From late anaphase onwards, an
additional population of CPC proteins is detectable at the tip of the new flagellum attachment
zone (FAZ), the point of cytokinesis initiation in T. brucei. It is presently not understood how
the CPC assembles in these evolutionarily divergent eukaryotes nor how its localization

dynamics are regulated during the cell cycle.

1.3 Aims of this thesis

Using procyclic (insect) form T. brucei as a model system, | aim to reveal the mechanism of
recruitment of the CPC to the kinetoplastid kinetochore as well as the function of the Aurora

BAY" kinase in regulating chromosome segregation in kinetoplastids.

29



2. Materials and Methods

2.1 Cloning

All primers, plasmids, bacmids, and synthetic DNA used in this study as well as their source
or construction details are described in Supplemental Tables S1 — S4 (Appendix). All

constructs have been sequence verified.

2.2 Trypanosome culture

All trypanosome cell lines used in this study were derived from T. brucei SmOxP927 procyclic
form cells (TREU 927/4 expressing T7 RNA polymerase and the tetracycline repressor to allow
inducible expression; Poon et al., 2012) or from PCF1339 procyclic form cells (TREU 927/4
expressing T7 RNA polymerase, tetracycline repressor and the Cas9 nuclease, Beneke et al.,
2017) and are described in Supplemental Table S4 (Appendix). Cells were grown at 28°C in
SDM-79 medium supplemented with 10% (vol/vol) heat-inactivated fetal calf serum, 7.5 pg/ml
hemin (Brun and Schoénenberger, 1979), and appropriate selection drugs. Cell growth was
monitored using a CASY cell counter (Roche). PCR products or plasmids linearized by Notl
were transfected into cells by electroporation (Biorad). Transfected cells were selected by the
addition of 30 pg/ml G418 (Sigma), 25 pg/ml hygromycin (Sigma), 5 pg/ml phleomycin
(Sigma), or 10 pg/ml blasticidin S (Insight biotechnology). To obtain endogenously tagged
clonal strains, transfected cells were selected by the addition of appropriate drugs and cloned
by dispensing dilutions into 96-well plates. Endogenous YFP tagging was performed using the
pENT5-Y vector (Kelly et al., 2007b) or a PCR-based method (Dean et al., 2015). Endogenous
tdTomato tagging was performed using pBA148 (Akiyoshi and Gull, 2014) and its derivatives.
All constructs for ectopic expression of GFP fusion proteins include a short nuclear localization
signal (NLS) (Marchetti et al., 2000). For doxycycline inducible expression of head-to-head
(pBA3-based) and hairpin (pBA310-based) RNAI constructs, GFP-NLS (pBA310-based) and
GFP-NLS-Lacl fusion proteins (pBA795-based), the linearized plasmids were integrated into
177-bp repeats on minichromosomes. Expression of GFP-NLS or GFP-NLS-Lacl fusions was
induced by the addition of 10 ng/mL doxycycline for 24 h. RNAi was induced by the addition
of 1 pg/ml doxycycline. LacO-Lacl tethering experiments were carried out as described
previously using the LacO array inserted at the rDNA locus (Landeira and Navarro, 2007; Ishii
and Akiyoshi, 2020).

2.3 Immunoprecipitation followed by mass spectrometry (IP-MS)
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For standard IPs, 400-ml cultures of asynchronously growing cells were grown to ~5 — 10
million cells/ml. Cells were pelleted by centrifugation (800 g, 10 min), washed once with PBS,
and extracted in PEME (100 mM Pipes-NaOH, pH 6.9, 2 mM EGTA, 1 mM MgSO,, and 0.1
mM EDTA) with 1% NP-40, protease inhibitors (10 pg/ml leupeptin, 10 ug/ml pepstatin, 10
pug/ml E-64, and 0.2 mM PMSF) and phosphatase inhibitors (1 mM sodium pyrophosphate, 2
mM Na-B-glycerophosphate, 0.1 mM NaszVOs4, 5 mM NaF, and 100 nM microcystin-LR) for 5
min at RT, followed by centrifugation at 1,800 g for 15 min. Samples were kept on ice from
this point on. The pelleted fraction containing kinetochore proteins was resuspended in
modified buffer H (BH0.15: 25 mM Hepes, pH 8.0, 2 mM MgCl,, 0.1 mM EDTA, pH 8.0, 0.5
mM EGTA, pH 8.0, 1% NP-40, 150 mM KCI, and 15% glycerol) with protease and
phosphatase inhibitors. Samples were sonicated to solubilize kinetochore proteins (12 s, three
times with 1-min intervals on ice). 12 pg of mouse monoclonal anti-GFP antibodies
(11814460001; Roche) preconjugated with 60 ul slurry of Protein-G magnetic beads (10004D;
Thermo Fisher Scientific) with dimethyl pimelimidate (Unnikrishnan et al., 2012) were
incubated with the extracts for 2.5 h with constant rotation, followed by four washes with
modified BHO.15 containing protease inhibitors, phosphatase inhibitors and 2 mM DTT. Beads
were further washed three times with pre-elution buffer (50 mM Tris- HCI, pH 8.3, 75 mM KClI,
and 1 mM EGTA). Bound proteins were eluted from the beads by agitation in 60 ul of elution
buffer (0.1% RapiGest [186001860; Waters] and 50 mM Tris-HCI, pH 8.3) for 25 min at RT.
Eluates were then incubated at 100°C for 5 min. Proteins were reduced with 5 mM DTT at
37°C for 30 min and alkylated with 10 mM iodoacetamide at 37°C for 30 min. The reaction
was quenched by adding 10 mM DTT at 37°C for 30 min, and 100 pl of 20 mM Tris-HCI (pH
8.3) was added. Proteins were digested overnight at 37°C with 0.2 pg trypsin (Promega).
Formic acid was then added to 2% and the samples were incubated at 37°C for 30 min to
cleave RapiGest, followed by centrifugation for 10 min. The supernatant was desalted over a
C18 column and analyzed by electrospray tandem mass spectrometry over a 60-min gradient
using Q-Exactive (Thermo Fisher Scientific) at the Advanced Proteomics Facility (University
of Oxford). For IP-MS of GFP-KKT14"™R YFP-KKT14 and YFP-KKT22, IP was conducted as
described above up to the elution step. Bound proteins were eluted from the beads by agitation
in 60 pl of elution buffer (50 mM Tris-HCI, 0.3% SDS, pH 8.3) for 25 min at RT. Reduction of
disulfide bridges in cysteine-containing proteins was performed with 10 mM DTT dissolved in
50 mM HEPES, pH 8.5 (56°C, 30 min). Reduced cysteines were alkylated with 20 mM 2-
chloroacetamide dissolved in 50 mM HEPES, pH 8.5 (room temperature, in the dark, 30 min).
Samples were prepared using the SP3 protocol (Hughes et al., 2019), and trypsin (Promega)
was added in the 1:50 enzyme to protein ratio for overnight digestion at 37°C. Next day,
peptide recovery was done by collecting supernatant on magnet and combining with second
elution of beads with 50 mM HEPES, pH 8.5. For a further sample clean up, an OASIS HLB
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MElution Plate (Waters) was used. The samples were dissolved in 10 pyL of reconstitution
buffer (96:4 water: acetonitrile, 1% formic acid and analyzed by LC-MS/MS using QExactive
(Thermo  Fisher) in the proteomics core facilty at EMBL Heidelberg
(https://www.embl.org/groups/proteomics/).

Peptides were identified by searching tandem mass spectrometry spectra against the
T. brucei protein database with MaxQuant (version 2.0.1) with carbamidomethyl cysteine set
as a fixed modification and oxidization (Met), phosphorylation (Ser, Thr, and Tyr), and
acetylation (Lys) set as variable modifications. Up to two missed cleavages were allowed. The
first peptide tolerance was set to 10 ppm. Results were filtered to remove contaminants and
reverse hits. Differential enrichment analysis of phosphopeptides was performed using the
DEP package in R (Zhang et al., 2018). Reverse hits and contaminants were removed, and
results were filtered for peptides that were identified in all replicates of at least one condition.
The data was background corrected and normalized by variance stabilizing transformation
(vsn). Missing values were imputed using the k-nearest neighbour approach (knn). Differential
enrichment analysis of YFP-KKT14 vs YFP-KKT22 was performed on iBAQ values using the
DEP package in R (Zhang et al., 2018). Reverse hits and contaminants were removed, and
results were filtered for proteins that were identified in all replicates of at least one condition.
The data was background corrected and normalized by variance stabilizing transformation
(vsn). Missing values were imputed using the k-nearest neighbor approach (knn). Potential
interactors were determined using t-tests, with threshold values set to Ifc = 2 and alpha = 0.05.
The volcano plot shown in Fig. 5.1 was constructed using the EnhancedVolcano package
(Blighe et al., 2023).

All raw mass spectrometry files and custom database files used in this study have been
deposited with the ProteomeXchange Consortium via the PRIDE partner repository (Deutsch
et al., 2020; Perez-Riverol et al., 2019) with the dataset identifiers PXD045987 and
PXD047806.

2.4 Ex vivo cross-linking of the native CPC and kinetochore complexes (IP-CLMS)

For cross-linking IP-MS experiments, cell cultures were scaled up to 1,600 mL. Cell cultures
were treated with 10 uM MG132 for 4 h to enrich for cells in metaphase. Cell lysis and
immunoprecipitation steps were carried out as described above. After four washes with
modified BH0.15 containing protease inhibitors, phosphatase inhibitors and 2 MM DTT, beads
were washed three times with 25 mM HEPES pH7.5, 150 mM NaCl. Proteins were then cross-
linked on beads with 0.4 mM BS? (bis(sulfosuccinimidyl)suberate) (Thermo Fisher Scientific)
for 30 min at RT with agitation, followed by three washes in 25 mM HEPES pH7.5, 150 mM

NaCl and a further three washes in 0.1 M ammonium bicarbonate. Samples were then
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incubated in 8 M urea dissolved in 0.1 M ammonium bicarbonate for 10 min at RT with
agitation. Proteins were reduced with 10 mM TCEP for 20 min and alkylated with 10 mM
iodoacetamide for 40 min at RT. Proteins were then then pre-digested with 0.4 ug LysC for 2
h at 37°C. The urea concentration in the sample was brought down to < 1 M by addition of 0.1
M ammonium bicarbonate before adding CaCl; (to 2 mM) and 0.7 pg of trypsin for overnight
digestion at 37°C. Formic acid was then added to 2% and the samples were frozen. The cross-
linked samples were further processed and analysed at the proteomics core facility at EMBL
Heidelberg. Digested peptides were concentrated and desalted using an OASIS HLB pElution
Plate (Waters) according to manufacturer instructions. Crosslinked peptides were enriched
using size exclusion chromatography (Leitner et al., 2012). In brief, desalted peptides were
reconstituted with SEC buffer (30% (v/v) ACN in 0.1% (v/v) TFA) and fractionated using a
Superdex Peptide PC 3.2/30 column (GE) on a 1200 Infinity HPLC system (Agilent) at a flow
rate of 0.05 ml/min. Fractions eluting between 50-70 pl were evaporated to dryness and
reconstituted in 30 ul 4% (v/v) ACN in 1% (v/v) FA. Collected fractions were analyzed by liquid
chromatography (LC)-coupled tandem mass spectrometry (MS/MS) using an UltiMate 3000
RSLC nano LC system (Dionex) fitted with a trapping cartridge (u-Precolumn C18 PepMap
100, 5um, 300 pm i.d. x 5 mm, 100 A) and an analytical column (nanoEase M/Z HSS T3
column 75 pym x 250 mm C18, 1.8 um, 100 A, Waters). Trapping was carried out with a
constant flow of trapping solvent (0.05% trifluoroacetic acid in water) at 30 uyl/min onto the
trapping column for 6 minutes. Subsequently, peptides were eluted and separated on the
analytical column using a gradient composed of Solvent A (3% DMSO, 0.1% formic acid in
water) and solvent B (3% DMSO, 0.1% formic acid in acetonitrile) with a constant flow of 0.3
pl/min. The outlet of the analytical column was coupled directly to an Orbitrap Fusion Lumos
(Thermo Scientific, SanJose) mass spectrometer using the nanoFlex source. The peptides
were introduced into the Orbitrap Fusion Lumos via a Pico-Tip Emitter 360 ym OD x 20 ym
ID; 10 um tip (CoAnn Technologies) and an applied spray voltage of 2.1 kV, instrument was
operated in positive mode. The capillary temperature was set at 275°C. Only charge states of
4-8 were included. The dynamic exclusion was set to 30 sec. and the intensity threshold was
5e*. Full mass scans were acquired for a mass range 350-1700 m/z in profile mode in the
orbitrap with resolution of 120000. The AGC target was set to Standard and the injection time
mode was set to Auto. The instrument was operated in data dependent acquisition (DDA)
mode with a cycle time of 3 sec between master scans and MSMS scans were acquired in the
Orbitrap with a resolution of 30000, with a fill time of up to 100 ms and a limitation of 2e° ions
(AGC target). A normalized collision energy of 32 was applied. MS2 data was acquired in
profile mode. RAW MS files were searched by the pLink2 software (Chen et al., 2019), with

carbamidomethyl cysteine set as a fixed and oxidization (Met) set as variable modifications.
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Up to two missed cleavages were allowed. Precursor tolerance was set to 10 ppm. Cross-

links were plotted using xiView (Graham et al., 2019).

2.5 Fluorescence microscopy

Cells were washed once with PBS, settled onto glass slides, and fixed with 4%
paraformaldehyde in PBS for 5 min as described previously (Nerusheva and Akiyoshi, 2016).
Cells were then permeabilized with 0.1% NP-40 in PBS for 5 min and embedded in mounting
media (1% wt/vol 1,4-diazabicyclo[2.2.2]octane, 90% glycerol, 50 mM sodium phosphate, pH
8.0) containing 100 ng/ml DAPI. Images were captured on a Zeiss Axioimager.Z2 microscope
(Zeiss) installed with ZEN using a Hamamatsu ORCA-Flash4.0 camera with 63% objective
lenses (1.40 NA). Typically, ~20 optical slices spaced 0.24 ym apart were collected. Images
were analyzed in ImageJ/Fiji (Schneider et al., 2012). The mean intensity of segmented
kinetochore foci for each cell was calculated as follows using a custom macro (Supplemental
File). First, metaphase cells were manually selected from the images. Then, nuclei regions
were segmented in 3D with a default threshold value in the ImageJ threshold tool at the focus
plane. Kinetochores were detected in the nuclei regions by the 3D object counter tool in
Imaged with the threshold determined by the default threshold value at the focus plane. Total
fluorescent signal intensity of the kinetochore protein in a nucleus was calculated by summing
up the intensity detected by 3D object counter, which was standardized using z-scores. For
analysis of kinetochore bi-orientation, images were captured on a DeltaVision OMX V3 or SR
housed in the Oxford Micron facility. Fluorescent images were captured with using 60x
objective lenses (1.42 NA) (typically 16—21 z sections at 0.25-ym steps) and deconvoluted
using softWoRXx. Bi-oriented kinetochores were scored manually by quantifying the number of
kinetochores (marked by YFP-Aurora BAYK") that were double positive for tdTomato-KKIP2.
Images shown in the figure are central slices. The distance between KKIP2 dots was
measured in Imaged using the ‘plot profile’ function across the inter-sister kinetochore axis

and measuring the distance between the two peaks.

2.6 Transmission electron microscopy (TEM)

Whole cells were fixed in 2% glutaraldehyde, 2% formaldehyde in PEME buffer (see above)
for 1 h at RT. Fixed samples were then centrifuged at 800 g for 10 min at RT and the pellet
was resuspended in PIPES buffer (0.1 M PIPES at pH 7.2). After several washes in PIPES
buffer (5 changes of fresh buffer, each followed by 5 min incubation at RT, rotating), a
quenching step (50 mM glycine in PIPES buffer for 15 min at RT, rotating), and a final wash

(10 min incubation at RT, rotating), samples were post-fixed with 1% osmium tetroxide and
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1.5 % potassium ferrocyanide in PIPES buffer for 1 h at 4°C. Samples were washed 5 times
with Milli-Q H20 and embedded in 4% LMP agarose. The agarose-embedded samples were
kept at 4°C for 15 min to allow the agarose to set and were then cut into small blocks, which
were then stained with 0.5% aqueous uranyl acetate at 4°C in the dark o/n. Following several
wash steps in H20, samples were dehydrated through an ethanol series and gradually
infiltrated with Agar low viscosity resin. The samples were then transferred into embedding
capsules, and the resin was polymerized at 60°C for 24 h. Ultrathin (90 nm) sections were
taken with a Diatome diamond knife on a Leica UC7 ultramicrotome and mounted onto 200
mesh copper grids, which were then post-stained in lead citrate for 5 min at RT. Grids were
imaged in a Tecnai FEI T12 transmission electron microscope (TEM) operated at 120 kV with
a Gatan Oneview digital camera. For detailed visualization of kinetochores and MTs, cells
were extracted in 1% NP-40 in PEME for 5 min at RT, and centrifuged at 1800 g for 15 min at
RT. The pellet was resuspended in fixing buffer containing 4% glutaraldehyde and 1% tannic

acid in PEME. All subsequent steps were performed as described above.

2.7 In silico structure and interaction predictions

Structures and interactions were predicted with AlphaFold2-Multimer-v2 (Evans et al., 2022;
Jumper et al., 2021) through ColabFold using MMseqs2 (UniRef+Environmental) and default
settings (Mirdita et al., 2022). Structural predictions of KIN-A/KIN-B, KIN-A310-862/KIN-B317-624
CPC1/CPC2/KIN-A%%/KIN-B 317-624, and KIN-A7%%-800/KKT9/KKT11 were performed using
ColabFold version 1.3.0 (AlphaFold-Multimer version 2), while those of
AUK1/CPC1/CPC2/KIN-A™%/KIN-B, KKT7"#"/KKT/KKT11/KKT8/KKT12, KKT/KKT11/-
KKT8/KKT12, KKT7'#'/KKT9/KKT11 and KKT14%':KKT15 were performed using
ColabFold version 1.5.3 (AlphaFold-Multimer version 2.3.1) using default settings, accessed
via https://colab.research.google.com/github/sokrypton/ColabFold/blob/v1.3.0/AlphaFold2.i-
pynb and https://colab.research.google.com/github/sokrypton/ColabFold/blob/v1.5.3/Alpha-
Fold2.ipynb. All structure figures were made using PyMOL version 2.5.2 (Schrédinger, LLC).
The following command was used to map pLDDT score onto the AF2 predicted structure

models: spectrum b, rainbow_rev, maximum=100, minimum=50.

2.8 Protein purification from E. coli and insect cells

Recombinant 6HIS-tagged KKT4 fragments (pBA1413: KKT4* ' pBA1065: KKT4''57343
pBA1641: KKT4%088 pBA1513: KKT4%364%) KKT14 fragments (pBA2704: KKT14%37
pBA2353: KKT14%%8%%) and CPC fragments (pBA2439: MBP-CPC2'#'?*0, pBA2458: MBP-
CPC2, pBA2519: KIN-A%3 pBA2513: KIN-B#3'S, pBA2574) were expressed in E.
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coli BL21(DE3) cells and purified and eluted from TALON beads as described previously
(Llaurd et al., 2018; Ishii and Akiyoshi, 2020). Recombinant 6HIS-KKT10 (pBA234: (Ishii and
Akiyoshi, 2020)), 6HIS-KKT16/17/18 (pBA202: (Tromer et al., 2021)) and 6HIS-KKT8/9/11/12
(pBA457: (Ishii and Akiyoshi, 2020)) and derivatives were expressed in Rosetta
2(DE3)pLys E. coli cells (Novagen) and purified using the same protocol. Briefly, cells were
grown in 2xTY media at 37°C to an ODsoo Of ~0.8, at which point protein expression was
induced by 0.1 mM IPTG, and then incubated overnight at 20°C. Cells were pelleted at 3,400
g at 4°C and pellets were resuspended in P500 buffer (50 mM sodium phosphate, pH 7.5, 500
mM NacCl, 5 mM imidazole and 10% glycerol) supplemented with protease inhibitors (20 pg/ml
leupeptin, 20 pg/ml pepstatin, 20 ug/ml E-64, 0.4 mM PMSF) and 1 mM TCEP, and were
sonicated on ice. Lysates were treated with benzonase nuclease (500 U/1 | culture) and spun
at 48,000 g at 4°C for 30 min. Supernatant was incubated with TALON beads (Takara
Clontech) for 1 h at 4°C, rotating. The beads were washed three times with lysis buffer and
proteins were then eluted with elution buffer (P500 buffer containing 250 mM imidazole with 1
mM TCEP). For microtubule co-sedimentation assays, 6HIS-KIN-A%*% and 6HIS-KIN-B*31
were buffer exchanged into BRB80 (80 mM Pipes-KOH, pH 6.9, 1 mM EGTA, and 1 mM
MgClz) with 100 mM KCI using a Zeba columns (Thermo Fisher) and flash-frozen in liquid
nitrogen for -80°C storage. Polyacrylamide gels were stained with SimplyBlue SafeStain
(Invitrogen).

pACEBac plasmids (Bieniossek et al., 2009) containing 3Flag-KKT3 (pBA315), 3Flag-
KKT2 (pBA314), KKT3 (pBA882), 3Flag-KKT6/1 (pBA819), SNAP-6HIS-3FLAG-KKT4
(pBA925), 3FLAG-KKT7  (pBA1531), 3Flag-KKT14  (pBA334), 3Flag-Aurora
BAYKT/INCENPCPC! (pBA1084) and 3Flag-Aurora BAYX! K8R/INCENPCFC! (pBA2396) were
transformed into DH10EmBacY cells to make bacmids, which were purified and used to
transfect Sf9 cells using Cellfectin Il transfection reagent (Thermo Fisher). Sf9 cells were
grown in Sf-900 Il SFM media (Thermo Fisher). Baculovirus was amplified through three
rounds of amplification. Recombinant proteins were expressed and purified from Sf9 cells
using a protocol described previously (Llauré et al., 2018). Protein concentration was

determined by protein assay (Bio-Rad).

2.9 Microtubule co-sedimentation assay

Microtubule co-sedimentation assays were performed as described previously (Ludzia et al.,
2021). Briefly, taxol-stabilised microtubules were prepared by mixing 2.5 ml of 100 uM porcine
tubulin (Cytoskeleton) resuspended in BRB80 with 1 mM GTP (Cytoskeleton), 1.25 pl BRB8O,
0.5 pl of 40 mM MgCl2, 0.5 yl of 10 mM GTP, and 0.25 pyl DMSO, and incubated for 20 min at

37C. 120 ml of pre-warmed BRB80 containing 12.5 pM Taxol (paclitaxel; Sigma) was added

36



to the sample to bring the microtubule concentration to ~2 pM. 20 pl of 6HIS-KIN-AZ3% or
6HIS-KIN-B#3'® (at final concentration of 4 uM) in BRB80 with 100 mM KCI were mixed with
20 pl of microtubules (final, 1 uM) and incubated for 45 min at room temperature. As a control,
I incubated 6HIS-KIN-AZ3% or 6HIS-KIN-B#3'® with BRB80 (with 12.5 uM Taxol). The samples
were spun at 20,000 g at room temperature for 10 min, and the supernatant was collected. To
the tubes containing pelleted fractions, | added 40 pl of chilled BRB80 with 5 mM CaCl, and
incubated on ice for 5 min to depolymerise microtubules. Following the incubation, samples
were boiled for 5 min before SDS-PAGE. Gels were stained with SimplyBlue Safe Stain

(Invitrogen). Co-sedimentation assays were performed at least twice with similar results.

2.10 Immunoblotting

Cells were harvested by centrifugation (800 g, 5 min) and washed with 1 ml PBS. The pellet
was resuspended in 1x LDS sample buffer (Thermo Fisher) with 0.1 M DTT. Denaturation of
proteins was performed for 5 min at 95°C. SDS-PAGE and immunoblots were performed by
standard methods using the following antibodies: rabbit polyclonal anti-GFP (TP401, 1:5000)
and mouse monoclonal TAT1 (anti-trypanosomal-alpha-tubulin, 1:5000, a kind gift from Keith
Gull) (Woods et al., 1989). Secondary antibodies used were: IRDye 680RD goat anti-mouse
(LI-COR, 926-68070) and IRDye 800CW goat anti-rabbit (LI-COR, 926-32211). Bands were
visualized on an ODYSSEY Fc Imaging System (LI-COR).

2.11 In vitro kinase assay

Recombinant kinetochore proteins mixed with active or kinase-dead 3Flag-Aurora
BAYKTINCENPCPC! complexes in kinase buffer (50 mM Tris-HCI pH 7.4, 1 mM DTT, 25 mM -
glycerophosphate, 5 mM MgClz, 5 uCi [**P]ATP, and 10 uM ATP) were incubated at 30°C for
30 min. The reaction was stopped by the addition of LDS sample buffer (Thermo Fisher). The
samples were run on an SDS-PAGE gel, which was stained with Coomassie Brilliant Blue R-
250 (Bio-Rad) and subsequently dried and used for autoradiography using a Phosphorimager
Screen. The signal was detected by an FLA 7000 scanner (GE Healthcare). The *?P signal
intensity for each protein was quantified in ImageJ/FIJI, normalized to the total protein amount
(estimated from measuring the intensity of Coomassie-stained bands). To correct for non-
Aurora BAY'-dependent phosphorylation, the normalized intensities from the kinase-dead
controls were subtracted from these values. Normalized and corrected signal intensities are
presented relative to Aurora BAYX!
To identify AUK1-dependent phosphorylation sites on KKT14 NTR, [*?P]ATP in the

kinase assay was replaced with non-labelled ATP. Gels were stained using SimplyBlue

auto-phosphorylation in Fig. 3F.
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(Invitrogen) and bands corresponding to the KKT14 NTR were cut out and subjected to in-gel
digestion with trypsin. Peptides were extracted from the gel pieces by sonication for 15
minutes, followed by centrifugation and supernatant collection. A solution of 50:50 water:
acetonitrile, 1% formic acid (2x the volume of the gel pieces) was added for a second
extraction and the samples were again sonicated for 15 minutes, centrifuged and the
supernatant pooled with the first extract. The pooled supernatants were processed using
speed vacuum centrifugation. The samples were dissolved in 10 pL of reconstitution buffer
(96:4 water: acetonitrile, 1% formic acid and analyzed by LC-MS/MS using an Orbitrap Fusion
Lumos mass spectrometer (Thermo) at the proteomics core facility at EMBL Heidelberg.
Peptides were identified by searching tandem mass spectrometry spectra against the T. brucei
protein database with MaxQuant as described above. Following S/T sites were mutated to A
or D/E in KKT14"N™® PD and PM constructs, respectively: S25, T104, S107, S113, T115,
S173/S174, T299/S300/S301/S302/S303, T332/T333, S347/T348.

2.12 Positional scanning peptide array analysis

AUK1 phosphorylation site specificity was analyzed using a positional scanning peptide array
consisting of 198 peptide mixtures with the general sequence Y-A-Xx-x-X-X-X-S/T-Xx-x-x-X-A-G-
K-K(biotin). For each mixture, eight of the “x” positions was a random mixture of 17 amino
acids (all natural amino acids except Ser, Thr and Cys), with the remaining one fixed as one
of the 20 unmodified amino acids, phosphothreonine, or phosphotyrosine. Peptides (50 M)
were arrayed in 1536-well plates in 2 pl of library buffer (50 mM HEPES, pH 7.4, 1 mM EGTA,
0.4 mM EDTA, 5 mM MgCl,, 2.5 mM B-glycerophosphate, 1 mM DTT, 0.1% Tween 20)
containing 0.1 mg/ml BSA, 0.67 uM PKI, and 50 uM [y-**P]JATP (10 pCi/mL). Reactions were
initiated by adding AUK1/CPC1 to 37.5 pg/mL, and plates were sealed and incubated at 30°C
for 2 hr. Aliquots were then transferred to SAM2 biotin capture membrane (Promega), which
was washed, dried, and exposed to a phosphor screen as described (Hutti et al., 2004).
Radiolabel incorporation was visualized on a Molecular Imager FX phosphorimager (Bio-Rad)
and quantified using QuantityOne Software (Bio-Rad version 11.0.5). Quantified data are the
average normalized data from two independent experiments. The sequence logo for Aurora
BAYX" was generated using the logomaker package in Python (Tareen and Kinney, 2020). The
height of every letter is the ratio of its value to the median value of that position. The serine
and threonine heights in position ‘O’ were set to the ratio between their favorability. For

improved readability, negative values were adjusted so that the sum does not exceed -10.

2.13 Multiple sequence alignment
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Protein sequences and accession numbers for Aurora BAYX!, INCENPC"¢! CPC2, KIN-A and
KIN-B used in this study were retrieved from the TriTryp database (Aslett et al., 2010), UniProt
(Bateman, 2019), or a published study (Butenko et al., 2020). Searches for homologous
proteins were done using BLAST in the TriTryp database (Aslett et al., 2010) or using
hmmsearch using manually prepared hmm profiles (HMMER version 3.0; Eddy, 1998). The
top hitin each organism was considered as a true ortholog only if the reciprocal BLAST search
returned the query protein as a top hitin T. brucei. Multiple sequence alignment was performed
with MAFFT (L-INS-i method, version 7) (Katoh et al., 2019) and visualised with the Clustalx

colouring scheme in Jalview (version 2.10) (Waterhouse et al., 2009).
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3. Dynamic localization of the chromosomal passenger
complex is controlled by the orphan kinesins KIN-A and

KIN-B in the kinetoplastid parasite Trypanosoma brucei

3.1 Introduction

The chromosomal passenger complex (CPC) is an important regulator of cell division, which
shows dynamic subcellular localization throughout mitosis, including kinetochores and the
spindle midzone. In traditional model eukaryotes such as yeasts and humans, the CPC
consists of the catalytic subunit Aurora B kinase, its activator INCENP, and the localization
module proteins Borealin and Survivin. Intriguingly, Aurora B and INCENP as well as their
localization pattern are conserved in kinetoplastids, an evolutionarily divergent group of
eukaryotes that possess a unique set of kinetochore proteins and lack homologs of Borealin
or Survivin. It is not understood how the kinetoplastid CPC assembles or how it is targeted to
its subcellular destinations during the cell cycle.

In this chapter, | employed biochemical, structural and cell biological approaches to investigate
how the Aurora B homologue AUK1 (hereafter referred to as Aurora BA(") is recruited to

kinetochores and to the central spindle in the kinetoplastid parasite T. brucei.

3.2 Results

3.2.1 KIN-A and KIN-B are bona fide CPC proteins in trypanosomes.

To identify additional interactors of the CPC in trypanosomes, | performed
immunoprecipitation followed by liquid chromatography tandem mass spectrometry (IP-MS)
of endogenously YFP-tagged Aurora BAY¢! (Fig. 3.2A). Besides Aurora®’®", INCENPF°" and
CPC2, | observed notable enrichment of two orphan kinesins, KIN-A and KIN-B (Wickstead
and Gull, 2006), as reported previously (Li et al., 2008a). Both KIN-A and KIN-B were also
highly enriched in immunoprecipitates of ectopically expressed GFP-INCENP®P", Vice versa,
IP-MS against GFP-tagged KIN-A and KIN-B identified Aurora BA¢", INCENP®P¢! and CPC2
as top hits (Fig. 3.1A).

| next assessed the localization dynamics of fluorescently tagged KIN-A and KIN-B
over the course of the cell cycle (Fig. 3.1, B — E). T. brucei possesses two DNA-containing
organelles, the nucleus (‘N’) and the kinetoplast (‘K’). The kinetoplast is an organelle found

uniquely in kinetoplastids, which contains the mitochondrial DNA and replicates and
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Figure 3.1. KIN-A and KIN-B are bona fide CPC proteins in T. brucei. (A) Clustered
heatmap showing enrichment (log2 intensity based absolute quantification (IBAQ)) of
mitotic proteins co-purifying with ectopically expressed GFP-INCENP"" GFP-KIN-A and
GFP-KIN-B. The heatmap was generated using the Python Seaborn library using WPGMA
clustering. Cell lines: BAP2190, BAP2286, BAP2288. Immunoprecipitation was performed
using anti-GFP antibodies. (B) Cartoon depicting the kinetoplast (K) / nucleus (N)
configuration throughout the cell cycle in procyclic T. brucei, with K* denoting an elongated
kinetoplast. The kinetoplast is an organelle found uniquely in kinetoplastids, which contains
the mitochondrial DNA and replicates and segregates prior to nuclear division. The KN
configuration serves as a cell cycle marker (Woodward and Gull, 1990; Siegel et al., 2008).
(C) to (E) Representative fluorescence micrographs showing the dynamic localization of
YFP-Aurora BAY"" (C), KIN-A-YFP (D) and GFP-KIN-B (E) over the course of the cell cycle.
Kinetochores are marked with tdTomato-KKT2. DNA was stained with DAPI. Cell lines:
BAP1515, BAP3066, BAP2288. Scale bars, 2 um. (F) Phylogenetic tree of kinetoplastids,
diplonemids and euglenids along with the presence (black dots) / absence (white dots)
patterns of CPC components. The phylogenetic tree of Euglenozoa is based on (Butenko
et al., 2020).

segregates prior to nuclear division. The ‘KN’ configuration serves as a good cell cycle marker
(Woodward and Gull, 1990; Siegel et al., 2008). To my surprise, KIN-A-YFP and GFP-KIN-B

BAUK!: Both kinesins

exhibited a CPC-like localization pattern identical to that of Aurora
localized to kinetochores from S phase to metaphase, and then translocated to the central
spindle in anaphase (Fig. 3.1, C — E). Moreover, like Aurora B!, a population of KIN-A and
KIN-B localized at the new FAZ tip from late anaphase onwards (Fig. 3.2, B and C). This was
unexpected, because KIN-A and KIN-B were previously reported to localize to the spindle but
not to kinetochores or the new FAZ tip (Li et al., 2008a). These data suggest that KIN-A and
KIN-B are bona fide CPC proteins in trypanosomes, associating with Aurora BAYK,
INCENP®PC" and CPC2 throughout the cell cycle.

A bioinformatic search for homologs of CPC proteins within Euglenozoa revealed that
both KIN-A and KIN-B are present in trypanosomatids and bodonids, with KIN-A homologs
detectable even in prokinetoplastids (Fig. 3.1F) (Materials and Methods). CPC2, on the other
hand, was detectable only within trypanosomatids. Aurora BAY*" and INCENP®F°" are present
in kinetoplastids as well as in diplonemids and euglenids (sister groups of kinetoplastids).
Interestingly, homologs of Borealin, Survivin, KIN-A, or KIN-B were not detectable in

diplonemids or euglenids, raising the possibility that these organisms may also possess ‘non-
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canonical’ CPC proteins. | conclude that the KIN-A and KIN-B kinesins are highly conserved
within kinetoplastids, constituting integral components of the CPC in this evolutionary

divergent group of eukaryotes.
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Figure 3.2. KIN-A and KIN-B are bona fide CPC proteins in T. brucei. (A) Heatmap
showing enrichment (log2 intensity based absolute quantification (IBAQ)) of the top 30
proteins, excluding ribosomal proteins, co-purifying with YFP-Aurora BAY'. Cell line:
BAP73. Immunoprecipitation was performed using anti-GFP antibodies. (B) and (C)
Representative fluorescence micrographs showing the localization of tdTomato-Aurora
BAY" and KIN-A-YFP (B) and YFP-KIN-B (C) in late anaphase and telophase cells. Arrows
indicate the population of CPC proteins localized to the new FAZ tip. DNA was stained with
DAPI. Cell lines: BAP3067, BAP2528. Scale bars, 2 ym.

3.2.2 KIN-A and KIN-B promote kinetochore localization of the CPC.

To investigate which subunits of the CPC are responsible for its kinetochore targeting, |
performed a series of RNAIi experiments (Fig. 3.3, A — E). Because CPC2 is poorly conserved
among kinetoplastids (Fig. 3.1F) and depletion of CPC2 using two different hairpin RNAI
constructs (Supplemental Table S1, Appendix) was inefficient, | did not include CPC2 in these
experiments. As previously reported (Li et al., 2008a), depletion of Aurora BAY" INCENPCPC",
KIN-A or KIN-B resulted in a prominent growth defect (Fig. 3.4A) with cells arresting in G2/M
(2K1N) (Fig. 3.4B). Knockdown of Aurora BAY*" did not affect the kinetochore localization of
YFP-tagged INCENP®"®", KIN-A or KIN-B (Fig. 3.3, A and C — E). Knockdown of INCENP®"¢"
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caused delocalization of Aurora BAY" but not of KIN-A or KIN-B (Fig. 3.3, A and B, D and E).
In contrast, both Aurora BAY%! and INCENPP°" were delocalized upon depletion of KIN-A or
KIN-B (Figs. 3.3, A-C). RNAI against KIN-A disrupted KIN-B localization and vice versa (Fig.
3.3, A, D and E). Moreover, total protein levels of KIN-B were strongly affected by depletion of
KIN-A (Fig. 3.4C), suggesting that the interaction with KIN-A is required to stabilize KIN-B.
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Figure 3.3. Kinetochore localization of the CPC depends on KIN-A and KIN-B. (A)
Representative fluorescence micrographs showing the localization of YFP-tagged Aurora
BAUKT INCENPCPC! KIN-A and KIN-B in 2K1N cells upon RNAi-mediated knockdown of
indicated CPC subunits. Note that nuclear close-ups are shown here. CPC proteins were
not detected in the cytoplasm. RNAi was induced with 1 yg/mL doxycycline for 24 h (KIN-
B RNAI) or 16 h (all others). Cell lines: BAP3092, BAP2552, BAP2557, BAP3093,
BAP2906, BAP2900, BAP2904, BAP3094, BAP2899, BAP2893, BAP2897, BAP3095,
BAP3096, BAP2560, BAP2564, BAP3097. Scale bars, 2 ym. (B) to (E) Quantification of
2K1N cells that have kinetochore-like dots of YFP-tagged Aurora BAY¢" (B), INCENP®P®
(C), KIN-A (D) and KIN-B (E) upon RNAi-mediated depletion of indicated CPC components.
All graphs depict the means (bar) + SD of at least two replicates (shown as dots). A
minimum of 100 cells per replicate were quantified. *P < 0.05, **P <0.01, ***P < 0.001 (two-
sided, unpaired t-test). (F) to (H) Representative fluorescence micrographs showing the
localization of ectopically expressed GFP-KIN-A" (F), -KIN-AZ3% (G) and -KIN-A®10-862 (H),
Expression of GFP fusion proteins was induced with 10 ng/mL doxycycline for 24 h.
Kinetochores are marked with tdTomato-KKT2. Arrowheads indicate KIN-A" and KIN-A%%-
82 signals at kinetochores. KIN-AZ30°
lines: BAP2286, BAP2297, BAP2287. Scale bars, 2 um

is found at mitotic spindle during metaphase. Cell

| next ectopically expressed GFP-tagged truncations of KIN-A and KIN-B to assess
which domains promote their kinetochore targeting. Both KIN-A and KIN-B contain an N-
terminal kinesin motor domain followed by several predicted coiled-coil motifs (Li et al.,
2008a), albeit KIN-B is predicted to be an inactive motor (Wickstead and Gull, 2006). In
addition, KIN-A has a long, disordered C-terminal tail (see below). Unlike full-length KIN-B,
KIN-B%3'® (inactive motor domain) failed to enrich at kinetochores and was instead found in
the nucleolus (Fig. 3.4, D and E). KIN-A%*% (motor domain) was also primarily detected in the
nucleolus, although we observed additional spindle and weak kinetochore-like signal in some
metaphase cells (Fig. 3.3G). By contrast, both KIN-A3'%¢2 (coiled-coil domain + C-terminal
disordered tail) and KIN-B'"%?* (coiled-coil domain) clearly localized to kinetochores from S
phase to metaphase (Fig. 3.3H; Fig. 3.4F). Intriguingly, unlike endogenously YFP-tagged KIN-
A, ectopically expressed GFP fusions of both full-length KIN-A and KIN-A39%¢2 clearly
localized at kinetochores even in anaphase (Fig. 3.3, F and H). Weak anaphase kinetochore
signal was also detectable for KIN-B3'"%2* (Fig. 3.4F). GFP fusions of the central coiled-coil
domain or the C-terminal disordered tail of KIN-A did not localize to kinetochores (data not

shown). These results show that kinetochore localization of the CPC is mediated by KIN-A
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and KIN-B and requires both the central coiled-coil domain as well as the C-terminal
disordered tail of KIN-A.
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Figure 3.4. Depletion of CPC proteins causes growth defects and cell cycle arrest.
(A) Growth curves upon RNAi-mediated knockdown of indicated CPC subunits. Data are
presented as the mean = SD of at least three replicates. RNAi was induced with 1 ug/mL
doxycycline and cultures were diluted at day 2. CDS stands for coding sequence, UTR for
untranslated region. Cell lines: BAP941, BAP2250, BAP2251, BAP2557, BAP2558,
BAP3076. (B) Cell cycle profiles upon knockdown of indicated CPC subunits. RNAi was
induced with 1 pg/mL doxycycline and cells were fixed at 16h (for Aurora BAY
INCENP®PC" and KIN-A RNAI) or 24 h (CPC2 and KIN-B RNAI). All graphs depict the means
(bar) £ SD of at least two replicates. A minimum of 150 cells per replicate were quantified.
Cell lines: BAP3092, BAP2554, BAP2557, BAP3093. (C) Western Blot showing levels of
YFP-tagged KIN-A or KIN-B upon RNAi-mediated knockdown of KIN-B and KIN-A,
respectively. RNAi was induced with 1 ug/mL doxycycline for 16 h (KIN-A) or 24 h (KIN-B).
Proteins were detected using anti GFP-antibodies. Asterisk indicates unspecific band. Cell
lines: BAP3095, BAP2564. (D) to (F) Representative fluorescence micrographs showing
the localization of ectopically expressed GFP-KIN-B" (D), -KIN-B#3'® (E) and -KIN-B3'7-624
(F). Expression of GFP fusion proteins was induced with 10 ng/mL doxycycline for 24 h.
Kinetochores are marked with tdTomato-KKT2. Cell lines: BAP2288, BAP2289, BAP2290.

Scale bars, 2 ym.

3.2.3 Structural model of the trypanosome CPC

To gain structural insights into the trypanosome CPC, AlphaFold2 (AF2) (Jumper et al., 2021;
Mirdita et al., 2022) was used to predict the overall structure of the trypanosome CPC by
testing combinations of full-length Aurora BAYS", INCENP®F®', CPC2, KIN-A and KIN-B, and
truncations thereof (Fig. 3.5, A — D). AF2 confidently predicted parallel coiled coils between
KIN-A and KIN-B, with the main region of interaction contained within the central region of
KIN-A (residues ~310-550) and the C-terminal region of KIN-B (residues ~320-580). The C-
terminal tail (residues ~550-862) of KIN-A is predicted to be intrinsically disordered (pLDDT
scores <20, Fig. 3.5, A and B). The first ~55 residues of INCENP“"°", predicted to form two a-
helices (residues ~7—20 and ~36-55), interact with the coiled coils of KIN-A:KIN-B in close
proximity to the kinesin motors. A flexible central linker in INCENP®"" bridges the N-terminus
of INCENP®P®" and the catalytic module of the CPC (Aurora B*YX" + INCENP"°" IN-box).
Similarly to INCENP®P®! an N-terminal a-helical region in CPC2 (residues ~19-75) interacts
with the KIN-A:KIN-B coiled coils immediately downstream of the INCENP®"°" binding site.
Consistent with these predictions, GFP-tagged INCENPCP¢! 2147 or CPC2%'?° displayed

normal localization dynamics indistinguishable from the corresponding full-length constructs
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Figure 3.5. AlphaFold2 models of CPC subcomplexes and localization of CPC1 and
CPC2 truncations. (A) to (D) Cartoon representations coloured by protein (left) and pLDDT
(center), and PAE plots (right) of AlphaFold2 predictions for indicated CPC subcomplexes.
(E) to (J) Representative fluorescence micrographs showing the localization of ectopically
expressed GFP-INCENPCPC! (E), -INCENPCPCT 2147 (F) _INCENPCFC'2147(G), -CPC2" (H),
-CPC2%'% (1) and -CPC2'2"%° (J) in different cell cycle stages. Expression of GFP fusion
proteins was induced with 10 ng/mL doxycycline for 24 h. Kinetochores are marked with
tdTomato-KKT2. Cell lines: BAP2190, BAP2191, BAP2193, BAP2194, BAP2195,
BAP2196. Scale bars, 2 um.

(Fig. 3.5, E— F and H — I). In contrast, deletion of the N-terminal domains of INCENP“"°" or
CPC2 impaired kinetochore localization (Fig. 3.5, G and J). Together, these data suggest that
Aurora BAY"! forms a subcomplex with the C-terminus of INCENPCP®!, and that INCENPCPC!
and CPC2 interact with the coiled-coil domain of KIN-A:KIN-B via their N-terminal domains.
To validate these findings biochemically, | performed bis(sulfosuccinimidyl) suberate
(BS?) cross-linking of native CPC complexes isolated by immunoprecipitation of endogenously
tagged YFP-Aurora BAY' from cells arrested prior to anaphase, followed by mass
spectrometry analysis (IP-CLMS) (Fig. 3.6A). Indeed, my IP-CLMS data revealed high-score
crosslinks between the predicted coiled-coil domains of KIN-A and KIN-B, suggesting that the
two kinesins form a parallel heterodimer. As expected, Aurora BAY¢" formed contacts with the
C-terminal IN-box of INCENPCPC! consistent with these two proteins constituting the catalytic
module of the CPC. The N-terminal region of INCENP®"®" interacted mainly with KIN-B and
to a lesser degree with KIN-A, with most contacts confined to the N-terminal ends of the
predicted coiled-coil domains of the kinesins close to their motor domains. The N-terminus of
CPC2, on the other hand, formed crosslinks with the coiled-coil domain of KIN-A. We used
PyXLinkViewer (Schiffrin et al., 2020) to map the IP-CLMS data onto the assembled AF2
model of the trypanosome CPC (Fig. 3.6B). Using a Euclidian distance cut-off of 30 A, ~85%
of crosslinks were compatible with the model, providing confidence in the AF2 predictions.
The few crosslinks that violated the distance constraints mainly represent intra-protein
contacts between the INCENPCP®! N- and C-terminal domains or inter-protein contacts
between the INCENPCPC" C-terminal domain and the kinesin motor domain of KIN-A. The
central domain of INCENP“"“" is predicted to be unstructured (pLDDT scores <20, Fig. 3.5, C
— D) and may act as a flexible linker, permitting multiple orientations of the catalytic module
relative to the KIN-A:KIN-B scaffold (see Discussion). Taken together, these data indicate that
KIN-A and KIN-B interact via their coiled-coil domains, which serve as a scaffold for the

assembly of the remaining CPC subunits.
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Figure 3.6. Structural model of the trypanosome CPC. (A) Circular view of the BS®
crosslinks observed between the subunits of the trypanosome CPC, obtained from native
complexes isolated by immunoprecipitation of YFP-Aurora B*YX" (Cell line: BAP2198b).
pLink2 (Chen et al., 2019) was used to obtain crosslinks from mass spectrometry data.
xiView (Graham et al., 2019) was used for data visualization. Only crosslinks with a score
better than E= are shown. (B) Cartoon representation showing two orientations of the
trypanosome CPC, coloured by protein on the left (Aurora BAY": crimson, INCENPCPC!:
green, CPC2: cyan, KIN-A: magenta, and KIN-B: yellow) or according to their pLDDT
values on the right, assembled from AlphaFold2 predictions shown in Figure S3. The
pLDDT score is a per-residue estimate of the confidence in the AlphaFold prediction on a
scale from 0 —100. pLDDT > 70 indicates a reasonable accuracy of the model, while pLDDT
< 50 indicates a low accuracy and often reflects disordered regions of the protein (Jumper
et al., 2021). BS® crosslinks in (B) were mapped onto the model using PyXlinkViewer (blue
= distance constraints satisfied, red = distance constraints violated, Ca-Ca Euclidean
distance threshold = 30 A) (Schiffrin et al., 2020).
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3.2.4 The CPC is recruited to kinetochores through the KKT7 — KKT8 complex
pathway.

Core components of the Haspin-H3T3ph and Bub1-H2AT120ph-Sgo1 pathways that control
CPC recruitment to the centromere in other model eukaryotes are not found in kinetoplastids
(Berriman, 2005), and so far, no centromere-specific histone modifications and/or histone
variants have been uncovered in T. brucei. | reasoned that the centromere receptor(s) of the
trypanosome CPC may lie within the repertoire of unconventional kinetochore proteins present
in kinetoplastids. My IP-CLMS approach failed to detect crosslinks between CPC subunits and
other kinetochore components, possibly due to the transient nature of these interactions.
Nevertheless, several KKT proteins were commonly enriched in the immunoprecipitates of
Aurora BAY" INCENPCPC" KIN-A and KIN-B, the most abundant ones being KKT6, KKT7,
KKT8, KKT9, KKT10, KKT11 and KKT12 (Fig. 3.1A; Fig. 3.2A). KKT7 is detected at
kinetochores from S phase until the end of anaphase and recruits the KKT8 complex
(comprising KKT8, KKT9, KKT11 and KKT12) (Ishii and Akiyoshi, 2020; Akiyoshi and Gull,
2014). The KKT8 complex localizes at kinetochores from S phase and dissociates at the
metaphase-anaphase transition.

Using previously validated RNAi constructs (Akiyoshi and Gull, 2014; Marciano et al.,
2021; Llaurd et al., 2018), | found that knockdown of KKT7 or KKT9 resulted in dispersal of
YFP-Aurora BA¢! from kinetochores in ~70% of cells (Fig. 3.7, A — D). In contrast, depletion
of KKT1, KKT2, KKT3, KKT4, KKT6, KKT10/19, KKT14 and KKT16 had little or no effect on
YFP-Aurora BAY"" |ocalization (Fig. 3.8, A and B). KIN-A-YFP was also lost from kinetochores
upon RNAi-mediated depletion of KKT8 complex subunits (Fig. 3.8, C and D). We next tested
whether KKT7 or the KKT8 complex were able to recruit Aurora BAY to an ectopic locus using
the Lacl-LacO system (Landeira and Navarro, 2007). For these experiments, | expressed GFP
tagged KKT7%%%" or KKT8 fused to the Lac repressor (Lacl) in trypanosomes containing an
ectopic Lac operator (LacO) array stably integrated into rDNA repeats. KKT7 lies upstream of
the KKT8 complex (Ishii and Akiyoshi, 2020). Indeed, GFP-KKT7%?%'-Lacl recruited tdTomato-
KKT8, -KKT9 and -KKT12 (Fig. 3.8E). Expression of both GFP-KKT7%%'-Lacl and GFP-KKT8-
Lacl resulted in robust recruitment of tdTomato-Aurora BA%" to LacO foci in S phase (Fig. 3.7,
E and F). Intriguingly, we also noticed that, unlike endogenous KKT8 (which is not present in
anaphase), ectopically expressed GFP-KKT8-Lacl remained at kinetochores during anaphase
(Fig. 3.7F). This resulted in a fraction of tdTomato-Aurora BAY¢" being trapped at kinetochores
during anaphase instead of migrating to the central spindle (Fig. 3.7F). | observed a
comparable situation upon ectopic expression of GFP-KIN-A, which is retained on anaphase

BAUK1

kinetochores together with tdTomato-KKT8 (Fig. 3.8F). In contrast, Aurora was not

recruited to LacO foci marked by GFP- KKT7%%'-Lacl in anaphase (Fig. 3.7E).
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Figure 3.7. The CPC is recruited to kinetochores via the KKT7 — KKT8 complex pathway.
(A) Representative fluorescence micrographs showing the localization of YFP-Aurora BAYK!
upon RNAi-mediated knockdown of KKT7. RNAi was induced with 1 ug/mL doxycycline for 24
h. Cell line: BAP577. Scale bars, 2 ym. (B) Quantification of 2K1N cells that have kinetochore-
like dots of YFP-Aurora BAYK" upon knockdown of KKT7. All graphs depict the means (bar) +
SD of three replicates (shown as dots). A minimum of 50 cells per replicate were quantified.
***P <0.001 (two-sided, unpaired t-test). (C) Representative fluorescence micrographs showing
the localization of YFP-Aurora BAY" upon RNAi-mediated knockdown of KKT9. RNAi was
induced with 1 ug/mL doxycycline for 24 h. Kinetochores are marked with tdTomato-KKT2. Cell
line: BAP2276. Scale bars, 2 um. (D) Quantification of 2K1N cells that have kinetochore-like
dots of YFP-Aurora BAYK" upon knockdown of KKT9. All graphs depict the means (bar) + SD of
three replicates (shown as dots). A minimum of 50 cells per replicate were quantified. ***P <
0.001 (two-sided, unpaired t-test). (E) and (F) Representative micrographs of cells in S phase
and anaphase showing recruitment of tdTomato-Aurora B"YK! to LacO foci marked by
ectopically expressed GFP-KKT722%'-Lacl (E) or -KKT8-Lacl (F). The insets show the
magnification of the boxed region. Expression of Lacl fusion proteins was induced with 10
ng/mL doxycycline for 24 h. Arrowheads in (F) indicate anaphase kinetochore localization of
GFP-KKT8-Lacl and tdTomato-Aurora BAY!. Anaphase kinetochore localization of tdTomato-
Aurora BAUK!
lines: BAP1395, BAP2640. Scale bars, 2 um. Of note, Lacl fusions with INCENP®"C" KIN-A

and KIN-B constructs robustly localized to kinetochores like their endogenous counterparts and

was observed in 75% of anaphase cells expressing GFP-KKT8-Lacl (n = 28). Cell

failed to form distinct Lacl foci and could therefore not be used to assess ectopic recruitment of
KKT proteins. (G) AlphaFold2 model of the KKT7 — KKT8 complex, coloured by protein (KKT7'-
261 green, KKT8: blue, KKT12: pink, KKT9: cyan and KKT11: orange) (left) and by pLDDT
(center). BS? crosslinks in (H) were mapped onto the model using PyXlinkViewer (Schiffrin et
al., 2020) (blue = distance constraints satisfied, red = distance constraints violated, Ca-Ca
Euclidean distance threshold = 30 A). Right: Predicted Aligned Error (PAE) plot of model shown
on the left (rank_2). The colour indicates AlphaFold’s expected position error (blue = low, red =
high) at the residue on the x axis if the predicted and true structures were aligned on the residue
on the y axis (Jumper et al., 2021). (H) Circular view of the BS® crosslinks observed among
KKT7 and KKT8 complex subunits, obtained from native complexes isolated by
immunoprecipitation of YFP-tagged KKIP1 (Cell line: BAP710a). pLink2 (Chen et al., 2019) was
used to obtain crosslinks from mass spectrometry data and xiView (Graham et al., 2019) was
used for data visualization. Only crosslinks with a score better than E- are shown. (1) Indicated
combinations of 6HIS-tagged KKT8 (~46 kDa), KKT9 (~39 kDa), KKT11 (~29 kDa) and KKT12
(~23 kDa) were co-expressed in E. coli, followed by metal affinity chromatography and SDS-

PAGE. The asterisk indicates a common contaminant.
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3.2.5 KKT7 recruits the KKT8 complex via the KKT9:KKT11 subcomplex.

To gain further insight into the structure and assembly hierarchy within the KKT7 — KKT8
complex pathway, | performed CLMS on native complexes isolated by immunoprecipitation of
endogenously YFP-tagged kinetochore proteins and mapped the detected crosslinks onto
AF2 structure predictions (Fig. 3.7, G and H) (Materials & Methods). AF2 confidently predicted
coiled coils between KKT8 and KKT12 and between KKT9 and KKT11 (Figs. 3.7G; and 3.8,
G and H), suggesting that KKT8:KKT12 and KKT9:KKT11 each form distinct subcomplexes.
To validate these findings, | co-expressed combinations of 6HIS-KKT8, KKT9, KKT11 and
KKT12 in E. coli and performed metal affinity chromatography (Fig. 3.71). 6HIS-KKT8
efficiently pulled down KKT9, KKT11 and KKT12, as shown previously (Ishii and Akiyoshi,
2020). In the absence of KKT9, 6HIS-KKTS8 still pulled down KKT11 and KKT12. Removal of
either KKT9 or KKT11 did not impact formation of the KKT8:KKT12 subcomplex. In contrast,
6HIS-KKT8 could not be recovered without KKT12, indicating that KKT12 is required for
formation of the full KKT8 complex. These results support the idea that the KKT8 complex
consists of KKT8:KKT12 and KKT9:KKT11 subcomplexes. The two subcomplexes appear to
be connected to each other through interactions between the C-terminal end of the
KKT8:KKT12 coiled coils and the C-terminus of KKT11. Two alpha helices in KKT7%2¢
(residues ~149-181) are predicted to interact with KKT9:KKT11. Using a distance cut-off of
30 A, ~70% of crosslinks were compatible with the model (Fig. 3.7, G and H). Of the crosslinks
that failed to meet the distance criteria, ~90% involved unstructured regions within KKT7 or
the C-terminal tail of KKT8. Collectively, these results reveal that KKT7 recruits the KKT8
complex through interaction with the KKT9:KKT11 subcomplex.

| next examined the localization dependency of KKT8 complex components in cells.
Using RNAI constructs against individual subunits of the KKT8 complex (Ishii and Akiyoshi,
2020; Akiyoshi and Gull, 2014; Marciano et al., 2021), | assessed localization of endogenously
YFP-tagged KKT8, KKT9 and KKT12 (Fig. 3.8, | — L). We found that knockdown of any subunit
of the KKT8 complex affected protein levels and kinetochore localization of the other subunits,
indicating that presence of all subunits is required to stabilize the full complex. YFP-KKT9 was
least affected and was still detectable at kinetochores in ~50% of cells depleted of KKTS,
KKT11 or KKT12 (Fig. 3.8L). Thus, KKT9:KKT11 may lie upstream of KKT8:KKT12. Indeed,
the IP-CLMS data suggest that the KKT9:KKT11 subcomplex directly interacts with the N-
terminus of KKT7 (Fig. 3.7H). KKT7 also formed robust crosslinks with the KKT10/19 kinases
(data not shown), supporting our previous finding that KKT7 and KKT10 form a stable complex
(Ishii and Akiyoshi, 2020).

Together, these data indicate that the KKT7 — KKT8 complex pathway serves as the

main CPC recruitment arm in trypanosomes.
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3.2.6 The KIN-A C-terminal tail interacts with the KKT8 complex through a conserved

domain.

By IP-CLMS | failed to detect reliable crosslinks between the CPC and the KKT7 — KKT8
complex or, in fact, any kinetochore proteins. This suggests that the IP-CLMS approach,
although well-suited for characterizing stable protein complexes, may not be sensitive enough
to detect transient or lower affinity interactions. To overcome this, we used AF2 to probe for
potential interactions between the KKT8 and CPC (sub)complexes. AF2 did not predict
interactions between the KKT8 complex and INCENP"®", CPC2 or KIN-B (data not shown).
Intriguingly, AF2 predicted with high confidence interactions between KKT9:KKT11 and a
conserved region (residues ~722-741) within the KIN-A C-terminal tail, which | termed
conserved domain 1 (CD1) (Figs. 3.9, A and B; and 3.10A, Alignment S1 (Appendix)). This

interaction involves a triple helix formed of KIN-A CD1, KKT9 and KKT11 in a region close to
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Figure 3.8. Kinetochore localization of Aurora BA¢' and KIN-A depends on the KKT7
— KKT8 complex pathway. (A) Representative fluorescence micrographs showing the
localization of YFP-Aurora B"Y'" upon RNA-mediated knockdown of indicated KKT
proteins. RNAi was induced with 1 pg/mL doxycycline for 24 h. Cell lines: BAP3132,
BAP576, BAP2551, BAP2550, BAP3133, BAP1019, BAP2549, BAP2446. Scale bars, 2
um. (B) Quantification of 2K1N cells that have kinetochore-like dots of YFP-Aurora BAYX!
upon knockdown of indicated KKT proteins. A minimum of 40 cells per replicate were
examined. (C) Representative fluorescence micrographs showing the localization of KIN-
A-YFP upon RNA-mediated knockdown of KKT8 complex subunits. RNAi was induced with
1 pyg/mL doxycycline for 24 h. Cell lines: BAP2970, BAP2968, BAP2969, BAP2971. Scale
bars, 2 um. (D) Quantification of 2K1N cells that have kinetochore-like dots of KIN-A-YFP
upon knockdown of indicated KKT8 complex subunits. All graphs depict the means (bar) £
SD of at least two replicates (shown as dots). A minimum of 50 cells per replicate were
quantified. (E) Representative micrographs showing recruitment of tdTomato-tagged
KKT8, KKT9 and KKT12 to LacO foci marked by ectopically expressed GFP-KKT72%'-
Lacl. Expression of GFP fusion proteins was induced with 10 ng/mL doxycycline for 24 h.
Cell lines: BAP871, BAP873, BAP874. Scale bars, 2 um. (F) Representative fluorescence
micrograph of an anaphase cell showing localization of tdTomato-KKT8 and ectopically
expressed GFP-KIN-A. The insets show the magnification of the boxed region. Expression
of GFP-KIN-A was induced with 10 ng/mL doxycycline for 24 h. Cell line: BAP3080. Scale
bars, 2 ym. (G) and (H) Cartoon representations coloured by protein (left) and pLDDT
(center), and PAE plots (right) of AlphaFold2 predictions for indicated protein complexes.
(I) Representative fluorescence micrographs showing localization of YFP-tagged KKTS,
KKT12 and KKT9 upon RNAi-mediated knockdown of indicated KKT8 complex subunits.
RNAi was induced with 1 pyg/mL doxycycline for 24 h. Cell lines: BAP2954, BAP2952,
BAP2953, BAP2955, BAP2966, BAP2964, BAP2965, BAP2967, BAP2958, BAP2956,
BAP2957, BAP2959. Scale bars, 2 ym. (J) to (L) Quantification of 1K*1N and 2K1N cells
that have kinetochore-like dots of YFP-tagged KKT8 (J), KKT12 (K) and KKT9 (L) upon
knockdown of indicated KKT8 complex subunits. All graphs depict the means (bar) + SD of
at least three technical replicates (shown as dots) from one experiment. A minimum of 100

cells per replicate were quantified. **P < 0.01, ***P < 0.001 (two-sided, unpaired t-test).

the KKT7 binding site. pLDDT scores improved significantly for KIN-A CD1 in complex with
KKT9:KKT11 (>80) compared to KIN-A CD1 alone (~20) (Fig. 3.5, A and B), suggesting that
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CD1 forms a helical structure upon binding to KKT9:KKT11. Sequence alignment revealed the

presence of a second conserved domain (residues ~816—862) within the C-terminal tail of KIN-

A, hereafter referred to as CD2 (Fig. 3.9B; Alignment S1, Appendix). To assess the

contributions of CD1 and CD2 for kinetochore recruitment of KIN-A in vivo, | ectopically
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Figure 3.9. Two conserved domains within the C-terminal tail of KIN-A promote
kinetochore recruitment of the CPC. (A) Left: AlphaFold2 model of KKT9:KKT11 in
complex with KIN-A%%82 Cartoon representations are coloured by protein (KKT9: cyan,
KKT11: orange, KIN-A: magenta) (left) or according to their pLDDT values (blue = high
confidence, red = low confidence) (center). Right: Predicted Aligned Error (PAE) plot of
model (rank_1) predicted by AlphaFold2 (blue = high confidence, red = low confidence in
the relative positions of the domains to one another). CD1 of KIN-A was predicted to interact
with KKT9:KKT11 in all five AlphaFold2 models (rank_1 to rank_5). (B) Multiple sequence
alignment of KIN-A CD1 and CD2 showing conservation. (C) to (E) Representative
fluorescence micrographs showing the localization of tdTomato-Aurora BA%" and YFP-
tagged KIN-A"'(C), KIN-ACPT (717-743) (D) and KIN-A~CP2 (816-862) (F) RNAj was induced with
1 pg/mL doxycycline for 24 h to deplete the untagged KIN-A allele. Cell lines: BAP3067,
BAP3128, BAP3127. Scale bars, 2 um. (F) Stacked bar charts showing the percentage of
YFP-tagged KIN-A", KIN-A2“P" and KIN-AP2 on kinetochores, kinetochores + spindle and
spindle only in metaphase cells. Examples and schematic illustrations of the three
categories used for scoring are presented on the left. A minimum of 50 cells per condition
were quantified. (G) Stacked bar charts showing the percentage of tdTomato-Aurora BAYK!
on kinetochores, kinetochores + spindle and spindle only in metaphase cells upon rescue
with YFP-tagged KIN-A", KIN-A*°P or KIN-A2°P2, A minimum of 50 cells per condition were
quantified. (H) Growth curves for indicated cell lines and conditions. RNAi was induced with
1 yg/mL doxycycline for to deplete the untagged KIN-A allele in the knockdown conditions
and cultures were diluted at day 2. Cell lines: BAP3067, BAP3128, BAP3127.

expressed GFP fusions of the central coiled coils and C-terminal tail of KIN-A (residues ~310—
862) lacking either CD1, CD2, or both (Fig. 3.10, B — E). GFP-KIN-A%10-862 ACD2 ghowed a
moderate reduction in kinetochore localization in metaphase and was completely lost from
kinetochores in anaphase (Fig. 3.10, C and F). By contrast, GFP-KIN-A310-8624CD1 \y a5 |argely
dispersed in metaphase but reappeared at kinetochores in anaphase (Fig. 3.10, D and F).
GFP-KIN-A%"%"1® |acking both CD1 and CD2 failed to enrich at kinetochores both in metaphase
and anaphase (Fig. 3.10, E and F). These data suggest that CD1 and CD2 synergistically
promote kinetochore localization of KIN-A, with CD1 interacting with KKT9:KKT11 and CD2
possibly interacting with another receptor at the kinetochore.

| next tested the relevance of KIN-A CD1 and CD2 for CPC localization and function by
replacing one allele of KIN-A with C-terminally tagged wild-type or mutant constructs lacking
either CD1 or CD2 and performed RNAI against the 3'UTR of KIN-A to deplete the untagged
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Figure 3.10 (figure legend on following page)
allele. | was unable to obtain a rescue cell line lacking both CD1 and CD2 as the double-

mutant protein was not properly expressed. Wild-type KIN-A-YFP along with Aurora BAYX!

robustly localized to kinetochores from S phase until anaphase onset (Figs. 3.1, C and D; and
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Figure 3.10. CD1 and CD2 contribute synergistically to kinetochore localization of
KIN-A. (A) PAE (left) and pLDDT plots (right) of AlphaFold2 predictions rank1 to rank5 for
KIN-A%%8% in complex with KKT9 and KKT11. (B) to (E) Representative fluorescence
micrographs showing the localization of ectopically expressed GFP-KIN-A%1%%2 (B), -KIN-
A310-8624CD2 () gnd -KIN-B3'08624C01 (D) and -KIN-A%""""® (E). Expression of GFP fusion
proteins was induced with 10 ng/mL doxycycline for 24 h. Kinetochores are marked with
tdTomato-KKT2. Cell lines: BAP2287, BAP2948, BAP2949, BAP2947. Scale bars, 2 um.
(F) Quantification of metaphase (left) and anaphase (right) cells that have kinetochore-like
dots of indicated GFP fusion proteins. All graphs depict the means (bar) + SD of three
replicates (shown as dots). A minimum of 150 cells per replicate were quantified. ***P <
0.001 (two-sided, unpaired t-test). (G) Stacked bar charts showing the percentage of KIN-
A*PLYFP (left) or tdTomato-Aurora BAY (right) on kinetochores, kinetochores + spindle
and spindle in KIN-A2P" metaphase cells with and without KIN-A RNAi. A minimum of 70
cells per condition were quantified. Cell line: BAP3128. (H) Cell cycle profiles for the
indicated cell lines and conditions. RNAi was induced with 1 ug/mL doxycycline to deplete
the untagged KIN-A allele in the knockdown conditions and cells were fixed after 24 h. All
graphs depict the means (bar) £ SD of three replicates. A minimum of 500 cells per replicate
were quantified. Cell lines: BAP3067, BAP3127, BAP3128.

3.9C). KIN-A*°P.YFP was detectable at kinetochores in G2 but predominantly localized to the
mitotic spindle from (pro)metaphase onwards (Fig. 3.9, D and F), indicating that removal of
CD1 severely weakens the affinity of KIN-A for kinetochores and instead shifts the balance
towards microtubule binding. Interestingly, expression of KIN-A*“P'-YFP similarly affected the
localization of Aurora B! (Figs. 3.9, D and G; and 3.10G). We also detected partial spindle

BAY" in a small population (~25%) of metaphase cells expressing KIN-

localization of Aurora
A*°P2.YFP (Fig. 3.9, E — G). Central spindle localization of KIN-A in anaphase was unaffected
by deletion of either CD1 or CD2 (Fig. 3.9, D and E). Remarkably, despite a substantial loss
of Aurora BAY" from kinetochores in metaphase, ACD1 cells exhibited normal cell cycle
profiles (Fig. 3.10H) and showed only a modest decrease in proliferation rates (Fig. 3.9H).
This parallels the situation in budding yeast, in which error-free chromosome segregation can
be sustained even when inner centromere localization of Aurora B is largely abolished

(Campbell and Desai, 2013; Garcia-Rodriguez et al., 2019).

3.2.7 CPC targeting to the central spindle in anaphase depends on KIN-A ATPase

activity.
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Finally, | asked how translocation of the CPC to the spindle midzone in anaphase is achieved

in trypanosomes. In mammalian cells, dephosphorylation of INCENP and the kinesin Mklp2

upon anaphase onset allows formation of a transient CPC-MkIp2 complex (Kitagawa et al.,
2014; Himmer and Mayer, 2009; Serena et al., 2020; Gruneberg et al., 2004). MKLP2 activity

then drives plus-directed movement of this complex along microtubules of the anaphase

spindle. | therefore speculated that anaphase translocation of the kinetoplastid CPC to the

central spindle may involve the kinesin motor domain of KIN-A. KIN-B is unlikely to be a

functional kinesin based on the absence of several well-conserved residues and motifs within
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Figure 3.11. KIN-A ATPase activity is required for central spindle localization of the
CPC in anaphase. (A) Multiple sequence alignment showing conservation of Switch Il
region in KIN-A and KIN-B, with key glycine residue (G210 in T. brucei) targeted for rigor
mutation highlighted in red. (B) Representative fluorescence micrographs showing the
localization of tdTomato-MAP103 (spindle marker) and YFP-tagged KIN-A" or KIN-A®2104
(rigor mutant). RNAi was induced with 1 yg/mL doxycycline for 24 h to deplete the untagged
KIN-A allele. Cell lines: BAP3068, BAP3071. Scale bars, 2 ym. (C) Quantification showing
the percentage of anaphase cells that have YFP-tagged KIN-A" or KIN-A®?'% |ocalized at
the central spindle. All graphs depict the means (bar) + SD of three replicates (shown as
dots). A minimum of 40 cells per replicate were quantified. ***P < 0.001 (two-sided,
unpaired t-test). (D) and (E) Representative fluorescence micrographs showing the
localization of tdTomato-Aurora BAY" and YFP-tagged KIN-A"! (D) or KIN-A®?'%* (E). RNAI
was induced with 1 ug/mL doxycycline for 24 h to deplete the untagged KIN-A allele. Cell
lines: BAP3067, BAP3070. Scale bars, 2 um. (F) Quantification showing the percentage of
anaphase cells that have tdTomato-Aurora BAY" localized at the central spindle upon
rescue with YFP-tagged KIN-A" or KIN-A®?'% Graphs for the KIN-A®%"° rescue conditions
(grey) depict the means (bar) + SD of three replicates (shown as dots). A minimum of 30
cells per replicate were quantified. (G) Growth curves for indicated cell lines and conditions.
RNAI was induced with 1 ug/mL doxycycline for to deplete the untagged KIN-A allele in the
knockdown conditions and cultures were diluted at day 2. Cell lines: BAP3064, BAP3065.
(H) Cell cycle profiles for the indicated cell lines and conditions. RNAi was induced with 1
pg/mL doxycycline to deplete the untagged KIN-A allele in the knockdown conditions and
cells were fixed after 24 h. All graphs depict the means (bar) = SD of at least two replicates.
A minimum of 300 cells per replicate were quantified. Cell lines: BAP3064, BAP3065. ***P
< 0.001 (two-sided, unpaired t-test).

the motor domain, which are fully present in KIN-A (Li et al., 2008a). These include the P-loop,
switch | and switch Il motifs, which form the nucleotide binding cleft, and many conserved
residues within the a4-L12 elements, which interact with tubulin (Alignment S2 (Appendix))
(Endow et al., 2010). Consistent with this, the motor domain of KIN-B, contrary to KIN-A, failed
to localize to the mitotic spindle when expressed ectopically (Fig. 3.4E) and did not co-
sediment with microtubules in our in vitro assay (Fig. 3.12A).

Ectopically expressed GFP-KIN-A and -KIN-A%3% partially localized to the mitotic
spindle but failed to concentrate at the midzone during anaphase (Fig. 3.4, F and G),

suggesting that N-terminal tagging of the KIN-A motor domain may interfere with its function.
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Figure 3.12. ATPase activity of KIN-A promotes kinetochore alignment at the
metaphase plate. (A) Microtubule co-sedimentation assay with 6HIS-KIN-AZ3% (left) and
6HIS-KIN-BZ3"® (right). S and P correspond to supernatant and pellet fractions,
respectively. Note that both constructs to some extent sedimented even in the absence of
microtubules. Hence, lack of microtubule binding for KIN-B may be due to the unstable
non-functional protein used in this study. (B) and (C) Representative fluorescence
micrographs showing localization of YFP-tagged KIN-A (B) and KIN-A®?' (rigor mutant)
(C) in G2 and metaphase. Kinetochores are marked with tdTomato-KKT2. Cell lines:
BAP3066, BAP3069. Scale bars, 2 um. (D) and (E) Upper: Representative fluorescence
micrographs showing localization of YFP-tagged KIN-A (D) and KIN-A®2'" (rigor mutant)
(E) in metaphase. The mitotic spindle is marked with tdTomato-MAP103. Bounding boxes
indicate area used for generation of intensity profiles in FIJI/Image J. Cell lines: BAP3068,
BAP3071. Scale bars, 2 um. Lower: Example of 1D intensity profiles and corresponding
heatmaps from the example cells shown above. (F) and (G) Kinetochore alignment profiles
for YFP-tagged KIN-A (F) and KIN-A®?'%4 (G). RNAi was induced with 1 ug/mL doxycycline
for 24 h to deplete the untagged KIN-A allele and cells were treated with 10 yM MG132 for
4 h prior to fixing to prevent anaphase entry (Hayashi and Akiyoshi, 2018). WPGMA
clustering was performed using the Python Seaborn library. Cell lines: BAP3064, BAP3065.

To address whether the ATPase activity of KIN-A is required for central spindle
localization of the CPC, | replaced one allele of KIN-A with a C-terminally YFP-tagged G210A
ATP hydrolysis-defective rigor mutant (Fig. 3.11A) (Rice et al., 1999) and used an RNAI
construct directed against the 3'UTR of KIN-A to deplete the untagged allele. The rigor
mutation did not affect recruitment of KIN-A to kinetochores (Fig. 3.12, B and C). However,
KIN-A®2"9“.YFP marked kinetochores were misaligned in ~50% of cells arrested in
metaphase, suggesting that ATPase activity of KIN-A promotes chromosome congression to
the metaphase plate (Fig. 3.12, D — G). In anaphase, the KIN-A rigor mutant failed to
concentrate at the central spindle and instead widely decorated the mitotic spindle, with
increased signal observed at spindle poles possibly due to poleward flux (Fig. 3.11, B and C).

-A®%'%A rigor mutant prevented Aurora BAY' from translocating to the

Expression of the KIN
central spindle and caused lagging chromosomes (Fig. 3.11, D — F). The KIN-A rigor mutation
also slowed cell proliferation even in the presence of wild-type protein and caused

accumulation of cells in anaphase (Fig. 3.11, G and H). | conclude that central spindle
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localization of the CPC depends on KIN-A motor activity and is required for proper

chromosome segregation.

3.3 Discussion

Here, | identified two orphan kinesins, KIN-A and KIN-B, as bona fide CPC proteins in
Trypanosoma brucei, the causative agent of African sleeping sickness. By employing
biochemical, structural, and cell biological approaches, | demonstrated that KIN-A and KIN-B
serve as the scaffold for the assembly of the remaining CPC subunits. Kinetochore localization
of the CPC depends on the KKT7 — KKT8 complex pathway, with the C-terminal unstructured
tail of KIN-A serving as a key interaction partner for the KKT8 complex. Although | provide
compelling evidence supporting the interaction of KIN-A with the KKT8 complex based on IP-
MS, AF2 modelling and targeted mutations in vivo, this interaction still needs to be validated
in vitro using recombinant proteins. In vitro interaction assays could also be used to address
the relevance of Aurora BAYK'- and/or CRK3-mediated phosphorylation of the KIN-A C-
terminal tail for its binding to the KKT8 complex (see main Discussion).

My data suggests that, unlike other eukaryotes that take advantage of histone modifications
for centromere recruitment, trypanosomes rely on kinetochore proteins to recruit the CPC onto
kinetochores. However, | cannot exclude that centromere-specific histone marks are present
in trypanosomes, which may be recognized by CPC proteins. Moreover, there may be
kinetochore proteins outside of the KKT7 — KKT8 complex pathway, which could serve as
binding partners for the CPC to synergistically promote robust targeting of the CPC to the
inner kinetochore. Future work should also address the importance of CPC subunits other
than KIN-A for kinetochore recruitment, in particular CPC2. For example, apart from its N-
terminus, which interacts with KIN-A:KIN-B, most of the CPC2 protein appears to be
disordered according to AF2. It is conceivable that CPC2 plays a role in the regulation of
Aurora BAY" activity, stability of the CPC and/or targeting to the kinetochore. | did not assess
these possibilities in my thesis, as | was unable to efficiently deplete CPC2 using RNAi and
CPC2 is poorly conserved in kinetoplastids. Instead, | decided to focus on KIN-A, mainly due
to its obvious importance for recruiting the CPC to kinetochores and the fact that KIN-A
possesses a kinesin motor domain, which was predicted to be functional. Indeed, | showed
that the ATPase activity of KIN-A promotes chromosome alignment in prometaphase and CPC
translocation to the central spindle upon anaphase onset. Whether or not KIN-A truly acts as
a motor protein and how it cooperates with KIN-B in controlling the localization dynamics of

the CPC in trypanosomes, will should be addressed in future research using in vitro systems.
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In summary, KIN-A constitutes a unique ‘two-in-one’ CPC localization module in
complex with KIN-B, which directs the CPC to kinetochores (from S phase until metaphase)
via its C-terminal tail, and to the central spindle (in anaphase) via its N-terminal kinesin motor
domain. My findings highlight the evolutionary diversity of CPC proteins and raise the
possibility that kinesins may have served as the original transport vehicles for Aurora B

kinases in early eukaryotes.
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4. An unconventional regulatory circuitry involving Aurora
B controls anaphase onset and error-free chromosome

segregation in trypanosomes

4.1 Introduction

Accurate chromosome segregation during mitosis requires that all chromosomes establish
stable bi-oriented attachments with the spindle apparatus. Kinetochores form the interface
between chromosomes and spindle microtubules and as such are under tight control by
complex regulatory circuitry. As part of the chromosomal passenger complex (CPC), the
Aurora B kinase plays a central role within this circuitry by destabilizing improper kinetochore-
microtubule attachments and relaying the attachment status to the spindle assembly
checkpoint, a feedback control system that delays the onset of anaphase by inhibiting the
anaphase-promoting complex/cyclosome. Intriguingly, Aurora B is conserved even in
kinetoplastids, an evolutionarily divergent group of eukaryotes, whose kinetochores are
composed of a unique set of structural and regulatory proteins. Kinetoplastids do not have a
canonical spindle checkpoint and it remains unclear how their kinetochores are regulated to
ensure the fidelity and timing of chromosome segregation.

In this chapter, | aimed to investigate the role of Aurora BAX! in regulating chromosome
segregation and cell cycle progression in T. brucei using cell biological and biochemical

approaches.

4.2 Results

4.2.1 Aurora BAY¢" controls the metaphase-anaphase transition in trypanosomes.

As reported previously (Jones et al., 2014; Tu et al., 2006; Ballmer and Akiyoshi, 2024a),

BAUK']

siRNA-mediated depletion of Aurora caused a pronounced cell cycle defect, with cells

arresting in G2/M phase after 16 h (Fig. 4.1, A and B). These cells exhibited elongated and

aberrantly shaped nuclei (Fig. 4.1C) that were positive for cyclin BSY¢® (

data not shown),
indicating that they were unable to progress into anaphase. The distance between the

segregated kinetoplasts (‘K’) can be used to estimate the progression of cytoplasmic/flagellar
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Figure 4.1 (figure legend on following page)
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Figure 4.1. Aurora BAY" activity is required for mitotic exit and spindle stability. (A)
Growth curves upon RNAi-mediated knockdown of Aurora BAY¢'. RNAi was induced with 1
pug/mL doxycycline and cultures were diluted at day 2. Data are presented as the mean +
SD of three replicates. Cell line: BAP941. (B) Cell cycle profile upon knockdown of Aurora
BAY". RNAi was induced with 1 ug/mL doxycycline and cells were fixed at 16 h. A minimum
of 350 cells per condition were quantified. (C) Quantification of the distance between
kinetoplasts in 2K1N cells upon depletion of Aurora BA’! for 16 h. A minimum of 50 cells
per condition were quantified. Cell line: BAP2129. *P < 0.05, **P < 0.01, ***P < 0.001
(Mann-Whitney U). (D) Growth curves upon treatment of Aurora BAY2" cells with 2 uM
1NM-PP1, 1NA-PP1 or 1MB-PP1. Data are presented as the mean + SD of three replicates.
Cell line: BAP2198. (E) Representative fluorescence micrographs showing cell cycle
distribution upon treatment of Aurora BAY%'#" cells with 10 yM MG132 or 2 uM 1NM-PP1
for 4 h. DNA was stained with DAPI. Red arrowheads indicate 2K1N cells. Cell line:
BAP2357. Scale bars, 10 um. (F) Cell cycle profile for indicated conditions as in (E). All
graphs depict the means (bar) £+ SD of three replicates (dots). A minimum of 500 cells per
replicate were quantified. *P < 0.05, **P < 0.01, ***P < 0.001 (two-sided, unpaired t-test).
(G) Representative fluorescence micrographs showing the localization of the spindle
marker tdTomato-MAP103 and YFP-Aurora BAY! upon treatment of Aurora BAY¢#1 cells
with 10 uM MG132, 2 yM 1NM-PP1 or 5 nM ansamitocin for 4 h. Cell line: BAP2281. Scale
bars, 2 yum. (H) Representative fluorescence micrographs showing an overview of Aurora
BAUKT-as? cells treated with DMSO (Control) or 2 uM 1NM-PP1 for 16 h. Examples of a 1KON
(zoid) and a 4K1N cell are labelled in red. Cell lines: BAP2924. Scale bars, 10 um. (1) Cell
cycle profile for indicated conditions as in (H). All graphs depict the means (bar) + SD of at
least two replicates (dots). A minimum of 200 cells per condition were quantified. *P < 0.05,
**P < 0.01, **P < 0.001 (two-sided, unpaired t-test). (J) Quantification of 2K1N Aurora
BAUK1-asT cells that possess a mitotic spindle upon treatment with DMSO or 2 uM 1NM-PP1
for 6 h and 16 h. A minimum of 50 cells per condition were quantified. (K) Upper: Schematic
describing experimental design. Aurora BAY'®1 cells were treated with 10 pM MG132 for
4 h to enrich for cells in metaphase, followed by a 1.5 h treatment with 5 nM ansamitocin
to depolymerize the mitotic spindle. Ansamitocin was then washed-out, and cells were
allowed to recover and re-form a spindle with or without 2 uM 1NM-PP1. Collection points
are indicated with black dots. Lower: Quantification of 2K1N Aurora BAYX' cells that
possess a mitotic spindle under indicated conditions. All graphs depict the means (bar)
SD of three replicates (dots). A minimum of 90 cells per replicate were quantified. *P <
0.05, **P = 0.01, ***P < 0.001 (two-sided, unpaired t-test). SD of three replicates. Cell line:

BAP941. (B) Cell cycle profile upon knockdown of Aurora BAY'.
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division cycle, which is uncoupled from nuclear division (‘N’) in T. brucei (Hayashi and
Akiyoshi, 2018; Ploubidou et al., 1999; Robinson et al., 1995). The average inter-kinetoplast
distance in 2K1N cells significantly increased upon knock-down of Aurora BAY¢" (Fig. 4.1C),

consistent with a delay in the metaphase-anaphase transition in the nucleus.
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BAUK1

Figure 4.2. Inhibition of Aurora using an analogue-sensitive approach arrests

BAUK1-as1 Ce”S

cells in metaphase. (A) Growth curves upon treatment of control and Aurora
with 2 yM 1NM-PP1 or an equal volume of DMSO. The control cell line is heterozygous for
the Aurora BAK%" gllele. Cultures were diluted at day 2. Data are presented as the mean
+ SD of three replicates. Cell lines: BAP2169, BAP2198. (B) Cartoon depicting the
kinetoplast (K) / nucleus (N) configuration throughout the cell cycle in procyclic T. brucei,
with K* denoting an elongated kinetoplast (adapted from (Ballmer and Akiyoshi, 2024a)).
The kinetoplast is an organelle found uniquely in kinetoplastids, which contains the
mitochondrial DNA. It replicates and segregates prior to nuclear division, so the KN
configuration serves as a cell cycle marker (Woodward and Gull, 1990; Siegel et al., 2008).
Aurora BAY%! |ocalizes to kinetochores from S phase until metaphase and translocates to
the central spindle in anaphase. (C) Cell cycle profile of Aurora BAUK!-2s!
treatment with 2 yM 1NM-PP1 or an equal volume of DMSO for 4 h. All graphs depict the

means (bar) £ SD of three replicates. A minimum of 450 cells per replicate were quantified.

cells upon

Cell line: BAP2281. (D) Representative fluorescence micrographs showing YFP-Aurora
BAUK1-asT cells expressing tdTomato-MAP103 (spindle marker) treated with 2 uM 1NM-PP1
or an equal volume of DMSO for 4 h. DNA was stained with DAPI. Red arrowheads indicate
2K1N cells. Cell line: BAP2281. Scale bars, 10 ym. (E) Quantification of 2K1N Aurora BAYK"-
a1 cells that possess a mitotic spindle (marked by tdTomato-MAP103) upon treatment with
10 M MG132, 2 yM 1NM-PP1 or 5 nM ansamitocin for 4 h. All graphs depict the means
(bar) = SD of at least two replicates (shown as dots). A minimum of 40 cells per replicate
were quantified. (F) Representative fluorescence micrographs showing the localization of
tdTomato-cyclin B¢ in Aurora BAYK"2s1 cells arrested in metaphase upon treatment with
2 yM 1NM-PP1 or 10 uM MG132 for 4 h. Scale bars, 2 pm. (G) Quantification of Aurora
BAUK1as1 2K1N cells that are positive for tdTomato-cyclin B°Y°® upon treatment with 2 uM
1NM-PP1 or 10 uM MG132 for 4 h. All graphs depict the means (bar) + SD of two replicates
(shown as dots). A minimum of 35 cells per replicate were quantified. *P < 0.05, **P < 0.01,
***P < 0.001 (two-sided, unpaired t-test).

To test whether the kinase activity of Aurora BA(! regulates entry into anaphase and
to implement a more rapid loss-of-function system, | generated cell lines harboring analogue-
sensitive Aurora BAK! alleles (Aurora BAYK'-#") (Bishop et al., 2000). Treatment of Aurora
BAUKT-as cells with 2 uM of ATP analogues (1NM-PP1, 1NA-PP1, or 1MB-PP1) resulted in a
prominent growth defect (Figs. 4.2A and 4.1D). Remarkably, after just 4 h of treatment with
1NM-PP1 (corresponding to half a cell cycle), 40% of cells were in a 2K1N state (Fig. 4.2, C
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and D), which is comparable to the cell cycle arrest observed upon treatment with the
proteasome inhibitor MG132 (Fig. 4.1, E and F) or expression of non-degradable cyclin B€Y<®
(Hayashi and Akiyoshi, 2018). Morphologically, these cells possessed elongated nuclei with a
mitotic spindle (marked by tdTomato-MAP103) and were positive for cyclin B¢Y“®, indicative of
a metaphase arrest (Figs. 4.2, D — G, and 4.1G). After 16 h (~ two cell cycles) of Aurora BAK!
inhibition, most cells had reached a 4K1N state (Fig. 4.1, H and ), consistent with two rounds
of kinetoplastid replication having occurred in the absence of nuclear division. Thus, inhibition
of Aurora B*Y" kinase activity using our analogue-sensitive system efficiently halts anaphase
entry within the first cell cycle. These results are consistent with a previous study showing cell
cycle arrest of T. brucei upon treatment with high doses of a small-molecule Aurora kinase
inhibitor (Li et al., 2009).

Even though spindle assembly was observed upon 4 h inhibition of Aurora BAY
activity, | noticed that the fraction of metaphase cells with an intact spindle progressively
declined upon prolonged 1NM-PP1 treatment (Fig. 4.1J). To test whether Aurora B"Y" is
required for spindle stability, | arrested cells in metaphase by MG132 treatment followed by a
brief pulse of ansamitocin to depolymerize the mitotic spindle, and then monitored spindle
reformation in the presence of INM-PP1 or MG132 as a control (Fig. 4.1K). We found that
spindle reformation was inefficient in 1NM-PP1 treated cells, suggesting that Aurora BAK!
activity is important for spindle assembly and/or stability. This could explain why the mitotic
spindle was previously reported to be lost in trypanosomes depleted for CPC components for

2 days (Li et al., 2008a). Together, these data show that Aurora BAYX

activity controls the
metaphase-to-anaphase transition in trypanosomes and is required for preserving the integrity

of the mitotic spindle.

4.2.2 Aurora BAY" activity is required for the establishment of stable KT-MT

attachments.

| next aimed to examine the bi-orientation status after inhibiting Aurora BAY¢

activity.
Kinetochore periphery proteins (e.g. KKIP2, KKIP3) appear as two dots in metaphase cells
even under a conventional microscope (Brusini et al., 2021). | therefore reasoned that they
may serve as a bi-orientation marker in trypanosomes. Indeed, the number of metaphase
kinetochores double positive for KKIP2 was significantly reduced when spindle microtubules
were disrupted or Aurora BAK! activity was inhibited for 4 h (Fig. 4.3, A and B). Similar defects
were observed even after 1 h inhibition of Aurora BAYX". Furthermore, the distance between
KKIP2 foci labelling bi-oriented kinetochores was markedly decreased in 1NM-PP1 treated

cells (Fig. 4.3C), indicative of reduced level of tension across the inter-sister kinetochore axis.
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Figure 4.3. Aurora BAY!

activity is required for the establishment of stable KT-MT
attachments. (A) Representative fluorescence micrographs showing the configuration of
tdTomato-KKIP2 (kinetochore periphery, magenta) and YFP-Aurora BAY' (inner
kinetochore, cyan) in Aurora BAYK!-as?
MM 1INM-PP1 or 10 yM MG132 (Control) for 4 h, with a schematic guide for each

configuration. Note that the kinetochore periphery component KKIP2 undergoes

cells arrested in metaphase upon treatment with 2

displacement upon bi-orientation and forms two foci across the inter-sister kinetochore axis
(‘double positive’). The insets show the magnification of the boxed region. Scale bars, 2
um. Cell line: BAP2312. (B) Quantification of bi-oriented kinetochores (as defined in (A)) in
Aurora BAUK1%5" cells in metaphase. Cells were treated with 2 uM 1NM-PP1, 10 uM MG132,
5 nM ansamitocin or DMSO for 4 h unless otherwise stated. *P < 0.05, **P < 0.01, ***P <
0.001 (two-sided, unpaired t-test). (C) Quantification of the distance between tdTomato-
KKIP2 foci at bi-oriented kinetochores in Aurora BAYK1-2s
treatment with DMSO (black), 10 uyM MG132 (grey) or 2 uM 1NM-PP1 (cyan) for 4 h. At
least 120 kinetochores (shown as dots) from three replicates were analysed per condition.
The median is indicated in red. *P < 0.05, **P < 0.01, ***P < 0.001 (Mann-Whitney U). (D)

and (E) Representative transmission electron micrographs showing bi-oriented (D) and

cells arrested in metaphase upon

improperly attached (E) kinetochores in Aurora BAYK'-s

treatment with 10 yM MG132 or 2 uM 1NM-PP1 for 4 h. Scale bars, 1 ym. White

arrowheads indicate the kinetochores shown in magnified insets (scale bars, 200 nm).

cells arrested in metaphase upon

Microtubules are marked in red in insets. Cell line: BAP2198. (F) Quantification of the
distance between d+, dz and ds at bi-oriented kinetochores in Aurora B2 cells arrested
in metaphase upon treatment with 10 uM MG132 (Control, black) or 2 uM 1NM-PP1 (cyan)
for 4 h. At least 20 kinetochores (shown as dots) from two replicates were analysed per
condition. The median is indicated in red. *P < 0.05, **P <0.01, ***P < 0.001 (Mann-Whitney
U).

These results show that Aurora B! activity is important for chromosome bi-orientation in
trypanosomes.

YFP-tagged Aurora BAY'# |ocalized at kinetochores in the presence of 1NM-PP1,
suggesting that its kinase activity is not essential for targeting the CPC at the centromeric

region (Fig. 4.3D). Moreover, Aurora BA

inhibition had only a moderate impact on the
recruitment of most KKT proteins (Fig. 4.4A). In general, inner kinetochore proteins showed a
modest increase in signal intensity at metaphase kinetochores, whereas outer kinetochore
and kinetochore periphery proteins were largely unaffected in 1NM-PP1-treated cells, except

for KKIP3 whose levels were significantly reduced.
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Figure 4.4. Aurora
kinetochore proteins. (A) Quantification of mean signal intensities presented as z-scores
of indicated inner and outer kinetochore and kinetochore periphery components in Aurora
BAUK1asT cells arrested in metaphase by treatment with 10 uM MG132 (Control) or 2 uM
1NM-PP1 for 4 h. Kinetochores were segmented in ImageJ/FIJI using a custom macro (See
Methods). At least 45 cells (shown as dots) were analysed per condition. The median is
indicated in red *P < 0.05, **P < 0.01, ***P < 0.001 (Mann-Whitney U). (B) Transmission
electron micrograph of an NP40-extracted sample fixed with a combination of
glutaraldehyde and tannic acid, which improves contrast of certain subcellular structures
such as microtubules (Ogbadoyi et al., 2000; Fujiwara and Linck, 1982). Kinetochore

peripheries are indicated with red arrowheads. Scale bar, 200 nm.

To gain further insights into the ultrastructure of kinetochores and the mode of KT-MT
attachments upon Aurora BAYK! inhibition, we performed transmission electron microscopy
(TEM) on glutaraldehyde-fixed samples. As described previously (Ogbadoyi et al., 2000),
metaphase kinetochores in T. brucei appear as electron-dense plaques that contain two ‘outer
layers’ (Fig. 4.3, D and F). Spindle microtubules appear to terminate in these outer layers,
therefore possibly representing the outer kinetochore in trypanosomes. In addition, another
electron-dense structure was detected distal to the outer kinetochore, which was particularly
visible in detergent-extracted samples fixed with a combination of glutaraldehyde and tannic
acid, which improves contrast of certain subcellular structures such as microtubules (Fig. 4.4B)
(Ogbadoyi et al., 2000; Fujiwara and Linck, 1982). Because the position of this structure
corresponds to that of the N-terminus of kinetochore periphery proteins, | propose to call it the
‘kinetochore periphery’ (Fig. 4.3F).

| detected at least one bi-oriented kinetochore in 27 out of 36 (75%) imaged metaphase
nuclei, defined by their elongated spindle-like shape, in the MG132 treatment condition. In
contrast, only 14 out of 39 (~36%) metaphase nuclei had clearly identifiable bi-oriented

kinetochores in 1NM-PP1-treated samples. Fig. 4.3E shows two examples of apparent KT-
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MT attachment defects upon inhibition of Aurora BAY'. Moreover, | found a moderate
reduction in the distance between the edges of outer layers (d2) and that between the
kinetochore peripheries (d3) (Fig. 4.3F) on bi-oriented kinetochores in Aurora BA’<'-inhibited
cells, suggesting that tension is indeed reduced across the inter-sister kinetochore axis. In
summary, | conclude that Aurora BA! activity is required for the establishment of stable bi-

oriented KT-MT attachments.

4.2.3 Profiling Aurora BAY" targets at the kinetoplastid kinetochore

| next aimed to identify CPC targets at the trypanosome kinetochore. Substrates of Aurora B

kinases in other eukaryotes typically conform to the consensus [RK]-[RK]-X-[ST] (where X is

any residue) (Meraldi et al., 2004). The substrate-recognition motif of T. brucei Aurora BAK!

was determined by performing a positional scanning peptide array analysis (Hutti et al., 2004)
using recombinant Aurora BA’! bound to its activator INCENP®"°! (Figs. 4.5, A— C, and 4.6A).

The consensus motif for trypanosome Aurora BAYK

closely matched that of its homologs in
other eukaryotes: Selectivity for basic residues N-terminal to the phosphorylation site (with a
particularly strong preference for Arg at the -2 position) and a preference for Ser over Thr as
the phosphorylation site residue. There also appears to be a unique, though modest,
preference for basic residues (Arg, Lys, His) at the +2 position, which has not been observed
in any of the human Aurora kinases (Johnson et al., 2023). Moreover, Aurora BA%" strongly
deselected peptides containing Pro at position +1.

| next performed in vitro kinase assays using active or kinase-dead (K58R, (Li and
Wang, 2006)) Aurora BAYK//INCENPPC! complexes on recombinant CPC or kinetochore

proteins as substrates (Figs. 4.5, D and E, and 4.6B). Among CPC components, we detected

BAUK'] PCPC1

strong auto-phosphorylation of Aurora and moderate phosphorylation of INCEN

and CPC2. Interestingly, the C-terminal unstructured tail of KIN-A, which directs kinetochore

targeting of the CPC in T. brucei (Ballmer and Akiyoshi, 2024a), was heavily phosphorylated

BAUK1

(Fig 4.6B), raising the possibility that Aurora activity may finetune the affinity of KIN-A

for its kinetochore receptor(s). The motor domain of KIN-A was weakly phosphorylated. By

contrast, the motor domain of KIN-B was not phosphorylated by Aurora BA¢",

Aurora BAYK!
inner kinetochore members KKT1, KKT7 and KKT8. KKT7 and KKT8 are components of the

KKT7-KKT8 complex, which serve as the main kinetochore receptor of the CPC in T. brucei

also phosphorylated various KKT proteins in vitro (Fig. 4.5, D — F), including the

(Ballmer and Akiyoshi, 2024a). The outer kinetochore protein KKT4, the only microtubule tip-
coupling protein so far identified at the kinetoplastid kinetochore (Llauré et al., 2018), was also
phosphorylated. Among the KKT4 fragments tested, KKT4''*3% was most strongly
phosphorylated by Aurora BAY" (Fig. 4.6C). The fact that KKT4"'%343 contains the microtubule-
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Figure 4.5. Profiling Aurora BAY! in vitro substrates. (A) Positional scanning peptide
array image of recombinant 3FLAG-Aurora BAYK'/INCENPCPC'. Darker spots indicate
preferred residues. The second run is shown in Figure S3. (B) Quantification of (A). Spot
intensities were normalized so that the average value within a position was equal to one.
The heatmap shows the log. transformed data (averaged from the two separate runs) with
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substrate motif logo. (D) and (E) Aurora BAY" in vitro kinase assay using the indicated
recombinant kinetochore proteins as substrates. The left panel (input) shows the
Coomassie Brilliant Blue staining. Substrates are marked with red dots. Phosphorylation
was detected by autoradiography. (F) Normalized *?P signal intensities for indicated

proteins relative to Aurora BA! auto-phosphorylation.
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-binding domain hints at a potential involvement of the CPC in modulating the interaction of
the outer kinetochore with microtubules. Intriguingly, the most robustly phosphorylated
kinetochore component was KKT14, an outer kinetochore protein of unknown function,

recently identified to be a distant homologue of the Bub1/BubR1 checkpoint components
(Ballmer et al., 2024a).
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Figure 4.6. In vitro phosphorylation of CPC and KKT4 fragments by Aurora BAY%', (A)
Positional scanning peptide array image of recombinant 3FLAG-Aurora BAY'/INCENP®P",
Darker spots indicate preferred residues. (B) and (C) Aurora BAY" in vitro kinase assay
using the indicated recombinant CPC (B) and KKT4 (C) constructs as substrates. The left
panel (input) shows the Coomassie Brilliant Blue staining. Substrates are marked with red
dots. Phosphorylation was detected by autoradiography.
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4.2.4 Phosphorylation of KKT14 by Aurora BA'¥! promotes anaphase entry.

| next tested the possibility that KKT14 is a key substrate of Aurora BAY! that controls the
metaphase-to-anaphase transition and/or chromosome segregation in trypanosomes.
Interestingly, KKT14 depletion partially rescued the cell cycle arrest caused by Aurora BAYK

inhibition, with some cells progressing into anaphase (Fig. 4.7, A and B). Nevertheless, these
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Figure 4.7. Phosphorylation of KKT14 by Aurora BAY%!

regulates anaphase entry. (A)
Representative fluorescence micrographs showing Aurora BAYX'21 cells treated with 2 uM
1NM-PP1 or an equal volume of DMSO for 4 h. RNAi-mediated knockdown of KKT14 was
induced with 1 pg/mL doxycycline for 20 h. DNA was stained with DAPI. Arrowheads
indicate 2K1N (red) and 2K2N (light blue) cells. Purple arrowhead indicates a 2K2N cell
that is negative for Aurora BA(', suggesting a re-entry into G1 despite failure to complete
nuclear division. Cell line: BAP2469. Scale bars, 10 um. (B) Cell cycle profile for indicated
conditions as in (A). All graphs depict the means (bar) + SD of three replicates. A minimum
of 300 cells per replicate were quantified. Cell line: BAP2469. (C) Aurora BA%" in vitro
kinase assay using the indicated recombinant KKT14 constructs as substrates. The left
panel (input) shows the Coomassie Brilliant Blue staining. Substrates are marked with red
dots. Phosphorylation was detected by autoradiography. (D) Schematic representation of
KKT14 showing NTR and C-terminal pseudokinase domain. NTR phosphorylation sites
detected by mass spectrometry are indicated by lines (grey: Non-consensus motif, orange:
RS/T or R(x)2-3S/T, red: R(x)S/T). Following sites were phosphorylated in vitro by 3FLAG-
Aurora BAYKINCENP®PC': S25, T104, S107, S113, T115, S173/S174, S302/S303, T333,
T348. (E) Quantification of phospho-sites detected in IP-MS analysis of GFP-KKT14NR
from Aurora BAYK'#1 cells treated 2 uM 1NM-PP1 or 10 uM MG132 as a control for 4 h (two
replicates each, rep #1 and #2). The heatmap shows the log2 fold change in the 1NM-PP1-
treated samples compared to the control, with positive values shown in red and negative
values shown in blue. Black dots indicate whether phospho-sites match the R(x)1-2S/T
consensus motif and whether they were detected in vitro. Cell line: BAP2505. (F) Western
blot showing protein levels of indicated GFP-KKT14"™R constructs (WT: Wild-type, PD:
Phosphodeficient, PM: Phosphomimetic), induced with 1 pg/mL doxycycline for 24 h.
Tubulin was used as a loading control. Cell lines: BAP2924, BAP2925, BAP2928. (G)
Representative fluorescence micrographs showing cell cycle distribution upon

4NR constructs, induced with 1 pg/mL doxycycline for 24

overexpression of indicated KKT1
h. TdTomato-KKT2 marks kinetochores and DNA was stained with DAPI. Arrowheads
indicate 2K1N (red) and 2K2N (light blue) cells. Cell lines: BAP2924, BAP2925, BAP2928.
Scale bars, 10 um. (H) Cell cycle profile for indicated conditions as in (G). All graphs depict
the means (bar) £ SD of three replicates. A minimum of 300 cells per replicate were
quantified. Cell lines: BAP2924, BAP2925, BAP2928. *P < 0.05, **P < 0.01, ***P < 0.001

(two-sided, unpaired t-test).

anaphase cells displayed lagging chromosomes, and some were negative for Aurora BAK!

(Fig. 4.7A), suggesting that they re-entered G1 despite being unable to complete mitosis.
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KKT14 consists of an N-terminal region (NTR) harboring an ABBA motif and a C-
terminal pseudokinase domain (Ballmer et al., 2024a). | found that Aurora B"YX" strongly
phosphorylated the NTR (KKT14%3%7) but not the pseudokinase domain (KKT14%%868%) jn vitro
(Fig. 4.7C). 7 out of 11 phospho-sites identified by mass spectrometry (MS) match the
consensus motif for Aurora BAY! (e.g. Arg in position -1, -2 or -3) (Fig. 4.7D). To test whether
these sites were also phosphorylated in vivo, | performed immunoprecipitation coupled to MS
analysis (IP-MS) of GFP-KKT14"™® in Aurora BA('*" cells treated with 1NM-PP1 or MG132
as a control. Many phospho-sites in the NTR were downregulated upon Aurora BAY" inhibition,
including three residues (T333, S25 and S113) which were also phosphorylated in vitro and

matched the consensus motif for Aurora BA%" (Fig. 4.7E).
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Figure 4.8. Ectopic expression of KKT14 constructs. (A) Representative fluorescence
micrographs showing localization of indicated GFP-KKT14N™® constructs (WT: Wild-type,
PD: Phosphodeficient, PM: Phophomimetic) and tdTomato-KKT2 (kinetochore marker).

Expression of fusion proteins was induced with 1 ug/mL doxycycline and cells were fixed
at 24 h. Cell lines: BAP2924, BAP2925, BAP2928. Scale bars, 2 um. (B) Cell cycle profiles
upon overexpression of GFP-KKT142%7 and GFP-KKT14%%%° Cell lines: BAP2386,
BAP2387. All graphs depict the means (bar) + SD of two replicates (dots). A minimum of
350 cells per replicate were quantified. *P < 0.05, **P < 0.01, ***P < 0.001 (two-sided,

unpaired t-test).

To examine the importance of the CPC-dependent phosphorylation of KKT14, |
overexpressed wild-type (WT), phosphodeficient (PD; S/T to A) or phosphomimetic (PM; S/T
to D/E) KKT14N™R constructs fused with GFP and monitored cell cycle distribution. All three

constructs were expressed at similar levels (Fig. 4.7F) and localized to kinetochores (Fig.
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4.8A). Intriguingly, overexpression of WT and PD constructs caused a significant increase in
2K1N cells (Fig. 4.7, G and H), and thus partially phenocopied Aurora BA! inhibition. In
contrast, expression of KKT14N™® PM or the C-terminal pseudokinase domain did not delay
anaphase onset (Figs. 4.7, G and H, and 4.8B). Taken together, these data suggest that
phosphorylation of the KKT14 NTR by the CPC modulates the timing of anaphase entry in

trypanosomes.

4.2.5 Localization of Aurora BAYX to the inner kinetochore is important for error-free

chromosome segregation.

The prevailing model explaining how Aurora B recognizes and corrects improper KT-MT
attachments relies on proximity between outer kinetochore proteins and centromeric pools of
Aurora B, which become spatially separated as tension builds up across the inter-sister
kinetochore axis in properly bi-oriented kinetochores (Liu et al., 2009; Tanaka et al., 2002).
However, this spatial separation model has been challenged by the observations that the inner
centromere localization of Aurora B is dispensable for chromosome bi-orientation in various
model organisms (Hengeveld et al., 2017; Campbell and Desai, 2013; Yue et al., 2008). A
revised spatial separation model posits that localization of Aurora B at centromeres or inner
kinetochores is required for bi-orientation (Fischbéck-Halwachs et al., 2019; Garcia-Rodriguez
et al., 2019). Trypanosome kinetochores offer an interesting opportunity to test this model
because trypanosomes intrinsically lack inner centromeres (Tromer et al., 2021) and their CPC
localizes primarily via inner kinetochore proteins (Ballmer and Akiyoshi, 2024a). To test the
importance of its spatial regulation in trypanosomes, | established a nanobody-based assay
to target Aurora B to the inner or outer kinetochore (Fig. 4.9, A and B). | fused the catalytic
module of the CPC (Aurora BAY' + INCENPCPC! 148263) tq tdTomato and a nanobody
recognizing GFP or YFP (VhhGFP4, (Ishii and Akiyoshi, 2022; Saerens et al., 2005)) (CPC®'-
tdTomato-vhhGFP4) (Fig. 4.9B), enabling the fusion protein to be tethered to YFP-tagged
inner (KKT3, KKT9) or outer (KKT4, KK14) kinetochore components. Importantly, CPC®
tdTomato-VhhGFP4 itself is not expected to localize at inner kinetochores because it lacks
the N-terminal domain of INCENPC®! that binds the KIN-A:KIN-B scaffold (Ballmer and
Akiyoshi, 2024a). Indeed CPC®"-tdTomato-VhhGFP4 failed to localize at kinetochores in the
absence of YFP-tagged kinetochore proteins (Fig. 4.9C). In contrast, CPC®-tdTomato-
VhhGFP4 co-localized with YFP-tagged inner or outer KKT proteins (Fig. 4.9, D — G). By
incorporating this system into our Aurora BAK5" hackground cell lines, | selectively inhibited
the endogenous kinase, ensuring that the only active Aurora BAY" molecule derived from the
fusion protein (Fig. 4.9B). Following induction of the fusion constructs, we treated cells with

1NM-PP1 or DMSO for 4 h and scored cell cycle distribution and lagging kinetochores in
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Figure 4.9 (Figure legend on following page)

anaphase (Fig. 4.9B). As expected, untethered CPC*-tdTomato-VhhGFP4 failed to rescue
the effects of Aurora BAY" inhibition (Fig. 4.9H), while tethering the fusion protein to the inner
kinetochore proteins KKT3 or KKT9 (a key interaction partner of the CPC (Ballmer and
Akiyoshi, 2024a)) did (Fig. 4.9H). Intriguingly, targeting CPC®-tdTomato-VhhGFP4 to the

outer kinetochore components KKT4 or KKT14 partially restored cell cycle progression but
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Figure 4.9. Nanobody-based targeting Aurora BA’%! to the inner or outer kinetochore.
(A) Schematic illustration of the trypanosome kinetochore, indicating proteins localizing to
the inner or outer kinetochore. (B) Top: Schematic illustration of CPC®'-tdTomato-
VhhGFP4. Aurora BA% " is fused to the C-terminal domain of INCENPP®", which binds to
Aurora BA(' and contains the IN-box required for full Aurora BAYK! activity, but lacks the
regions required to interact with endogenous KIN-A:KIN-B at the inner kinetochore (Ballmer
and Akiyoshi, 2024a). The fusion construct also contains a nuclear localization signal (NLS)
between tdTomato and VhhGFP4. Bottom: Schematic of Aurora B*Y' targeting
experiment. Expression of CPC**-tdTomato-VhhGFP4 was induced for 16 h using 7.5 nM
doxycycline in cell lines harboring YFP-tagged inner (KKT3, KKT9) or outer (KKT4, KKT14)
kinetochore proteins, followed by addition of either DMSO (Control) or 2 yM 1NM-PP1 for
4 h to inhibit the endogenous Aurora BA(! kinase. Cells were then fixed and cell cycle
distribution and lagging kinetochores were scored. (C) Fluorescence micrographs showing
diffuse nuclear localization of CPC®'-tdTomato-VhhGFP4 induced with 7.5 nM doxycycline
in a cell line lacking YFP-tagged kinetochore proteins. Cell line: BAP2671. Scale bars, 2
um. (D) to (G) Representative fluorescence micrographs showing the co-localization of
CPC*®-tdTomato-vhhGFP4 with YFP-tagged KKT3 (D), KKT9 (E), KKT4 (F) and KKT14
(G). The localization dynamics of the YFP-tagged kinetochore proteins (marked in cyan) in
metaphase and anaphase are schematically depicted on top. Cell lines: BAP2673,
BAP2990, BAP2991, BAP2992. Scale bars, 2 um. (H) Cell cycle profiles for indicated
treatment regimes. ‘Control’ cells were treated with DMSO for 4 h. ‘Negative’ control
corresponds to a cell line that does not express any YFP-tagged protein (as shown in (C)).
All graphs depict the means (bar) £ SD of at least two replicates. A minimum of 500 cells
per replicate were quantified. (I) Quantification of lagging kinetochores in 2K2N cells under
indicated treatment regimes. ‘Control’ cells were treated with DMSO for 4 h. Note that
lagging kinetochores could not be assessed in the cell line expressing YFP-KKT9, because
KKT9 is not present at kinetochores in anaphase. All graphs depict the means (bar) £ SD
of at least two replicates (dots). A minimum of 35 cells per replicate were quantified. *P <
0.05, **P = 0.01, ***P < 0.001 (two-sided, unpaired t-test).

resulted in a massive increase of lagging chromosomes in anaphase (Fig. 4.9, H and I). This
is unlikely to be an artifact of impairing KT-MT attachments due to steric hindrance (e.g. by
physically blocking access of MTs to binding sites at the kinetochore), because tethering of
CPC*-tdTomato-VhhGFP4 to these outer kinetochore proteins without inhibiting the
endogenous Aurora B"YY" did not affect cell cycle progression and sustained error-free

chromosome segregation (Fig. 4.9, H and 1). | conclude that shifting Aurora BA! activity
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towards the outer kinetochore is deleterious for proper KT-MT attachments. In contrast,
localized CPC activities from either the inner or outer kinetochores are sufficient to promote

entry into anaphase.

4.3 Discussion

Here, | showed in Trypanosoma brucei, the kinetoplastid parasite that causes African sleeping
sickness, that inhibition of Aurora B using an analogue-sensitive approach arrests cells in
metaphase, with a reduction in properly bi-oriented kinetochores. Aurora B phosphorylates
several kinetochore proteins in vitro, including the N-terminal region of the divergent Bub1-like
protein KKT14.

KKT14 contains a putative ABBA motif in its N-terminal region, which in other
eukaryotes has been shown to interact with CDC20 (see main Introduction). However, | have
been unable to purify recombinant T. brucei CDC20 protein to test whether it binds KKT14 in
an ABBA-dependent manner. When | overexpressed KKT14"R with the ABBA motif mutated
to ‘AAAAAA’ (ABBA 6A mutant, data not shown), | found that the mutant had the same effect
on cell cycle progression as the wild-type control, suggesting that the delay is not dependent
on the functional ABBA motif at least in this assay (I cannot exclude the possibility that the
mutant KKT14 protein still binds CDC20 via different motifs). | failed to derive an ABBA 6A
line targeting the endogenous locus, which could indicate that this motif is essential for cell
division. Additional tools (both in vivo and in vitro) will have to be established to study the
functional importance of this motif. Given that my preliminary results were negative, and
currently do not have any robust data connecting Aurora BA’¢! activity to CDC20-binding
through the KKT14 ABBA motif, | did not include any experiments characterizing the function
of the ABBA maotif in this thesis.

Intriguingly, depletion of KKT14 partially overrides the cell cycle arrest caused by
Aurora B inhibition, while overexpression of a non-phosphorylatable KKT14 protein results in
a prominent delay in the metaphase-to-anaphase transition. This suggests that CPC-
dependent phosphorylation of KKT14 plays a key role in regulating the timing of anaphase
onset. However, when Aurora B*Y
phosphomimetic (PM) KKT14, unlike phosphodeficient (PD) KKT14, does not noticeably affect

cell cycle progression (although it causes lagging kinetochores in anaphase) and induction of

activity is not inhibited, overexpression of

KKT14 PM only partially rescues the cell cycle defect caused by Aurora BA%" inhibition. The
absence of a full rescue upon depletion of KKT 14 or expression of the phosphomimetic mutant

suggests that Aurora BAY" phosphorylates additional kinetochore proteins to promote error-
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free entry into anaphase and/or that continued activity of Aurora BAX"! at the anaphase central
spindle is required for completion of nuclear division.

Finally, | demonstrated using a nanobody-based system that re-targeting the catalytic
module of the CPC to the outer kinetochore is sufficient to promote mitotic exit but causes
massive chromosome mis-segregation in anaphase. However, it is unclear whether the
observed increase in lagging kinetochores upon tethering CPC®-tdTomato-VhhGFP4 to
KKT14 or KKT4 is truly a result of Aurora BAK! activity at the outer kinetochore or simply due
to the fusion protein impairing MT-binding activity of the outer kinetochore. However, the fact
that lagging kinetochores are only observed when we simultaneously inhibit the endogenous
Aurora BAY" kinase, suggests that this phenotype is caused by shifting the bulk of Aurora
BAYKT activity away from the inner kinetochore to the outer kinetochore. | could address this
issue more accurately by employing a catalytically inactive Aurora BAK",

In summary, my results indicate that the CPC and KKT14 are involved in an
unconventional pathway controlling mitotic exit and error-free chromosome segregation in

trypanosomes.
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5. Functional characterization of the Bub1/BubR1-like
protein KKT14

5.1 Introduction

Available evidence suggests that T. brucei lacks components of the spindle checkpoint and is
unable to delay cell cycle progression in response to spindle defects. It therefore remains
poorly understood how kinetoplastids regulate cell cycle progression and ensure the fidelity of
chromosome segregation. In a recent study, the Akiyoshi lab reported a crystal structure of
the C-terminal domain of KKT14 from the kinetoplastid Apiculatamorpha spiralis (subclass
Prokinetoplastina) and demonstrated that it is a pseudokinase (Ballmer et al., 2024a). Its
structure bears high similarity to the kinase domain of Bub1, a key component of the spindle
checkpoint in other eukaryotes. In addition, KKT14 in T. brucei (and other trypanosomatids)
harbours a putative ABBA motif, a CDC20 interaction motif that is present in Bub1 and its
paralog BubR1. By contrast, KKT14 orthologues lack several other motifs present in Bub1 or
BubR1, including the Gle2-binding sequence (GLEBS) and the kinetochore attachment
regulatory domain (KARD) motifs, which are required for interaction with the WD40 domain
protein Bub3 or the PP2A-B56 phosphatase, respectively (Xu et al., 2013; Varadkar et al.,
2017; Vallardi et al., 2019; Hertz et al., 2016; Wang et al., 2001; Taylor et al., 1998). It therefore
remains unclear whether KKT14 functions as a Bub1/BubR1-like protein in regulating error-
free chromosome segregation in trypanosomes. Here, | performed IP-MS to identify potential
interaction partners of KKT14 and RNAi-mediated depletion to functionally characterize
KKT14.

5.2 Results

5.2.1 KKT14 interacts with KKT15.

KKT14 and KKT15 localize to kinetochores from G2 to anaphase (Akiyoshi and Gull, 2014),
a localization pattern which differs from the rest of transiently-localized kinetoplastid
kinetochore proteins that start to localize at kinetochores already from S phase onwards.
Moreover, both KKT14 and KKT15 localize to the outer kinetochore rather than the inner
kinetochore, where most KKT proteins reside (Hayashi and Akiyoshi, unpublished
observations). This suggests that KKT14 and KKT15 may directly interact with each other. To
test this possibility, | performed IP-MS against YFP-tagged KKT14 and identified KKT15 as
top hit (Fig. 5.1A). Vice versa, KKT14 was highly enriched in the immunoprecipitate of YFP-
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Figure 5.1. KKT14 is predicted to interact with KKT15. (A) A volcano plot showing
relative enrichment and significance values between the immunoprecipitates of YFP-
KKT14 and YFP-KKT22 (n = 4 each). The kinetochore protein KT22, which mainly co-
purifies with KKT23 and KKT3 (Nerusheva et al., 2019), was used as a comparison. Cell
lines: BAP2373, BAP2945. (B) AlphaFold2 predictions of the KKT14%7'%°-KKT15 complex
in cartoon representation. (C) The Predicted Aligned Error (PAE) plots for the rank 1 model
for KKT14-KKT15, predicting interactions via the N-terminal part of KKT14. (D) Predicted
local distance difference test (pLDDT) plots for KKT14-KKT15 (left) and KKT14 (right).
Figure adapted from (Ballmer et al., 2024a).

KKT15 (data not shown). Despite the absence of the GLEBS motif, which is required for the
binding of the N-terminus of Bub1/BubR1 to Bub3 (Primorac et al., 2013; Larsen et al., 2007)
AlphaFold2 predicted an interaction between the N-terminal region of KKT14 and KKT15 (Fig.
5.1, B - D). The region of KKT14 predicted to interact with KKT15 is highly conserved among
trypanosomatids (residues ~2—111 in T. brucei) (data not shown). Interestingly, the confidence
score (predicted local distance difference test: pLDDT) for this region improved for KKT14 in

complex with KKT15, compared to KKT14 by itself, implying that this region of KKT14 is likely
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to form a secondary structure (a-helices) upon interacting with KKT15. These results strongly
support the notion that KKT14 and KKT15 are divergent Bub1/BubR1 and Bub3 proteins,
albeit they might have adopted a distinct interaction mode.
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Figure 5.2 (figure legend on following page)
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Figure 5.2. KKT14 is essential for accurate chromosome segregation in
trypanosomes. (A) Growth curve upon RNAi-mediated knockdown of KKT15 using an
RNAI construct against its 3' UTR. Data are presented as the mean £ SD of three replicates.
RNAi was induced with 1 yg/mL doxycycline and cultures were diluted at day 2. Cell line:
BAP2533. (B) and (C) Validation of KKT15 knockdown. RNAi was induced with 1 pg/mL
doxycycline and cultures were diluted at day 2. K and N stand for the kinetoplast and
nucleus, respectively. Cell line: BAP2535. At least 130 cells per condition were quantified.
(D) Representative fluorescence micrographs showing the localization of YFP-KKT14 upon
RNAi-mediated knockdown of KKT15 in G2/M (2K1N) and anaphase (2K2N) cells. RNAI
was induced with 1 ug/mL doxycycline for 24 h. Cell line: BAP2533. (E) Quantification of
2K1N and 2K2N that have kinetochore-like dots of YFP-KKT14 upon RNAi-mediated
depletion of KKT15. All graphs depict the means (bar) + SD of three replicates (shown as
dots). (F) Representative fluorescence micrographs showing the localization of YFP-
KKT15 upon RNAi-mediated knockdown of KKT14 in 2K1N and 2K2N cells. RNAi was
induced with 1 ug/mL doxycycline for 24 h. Cell line: BAP2534. (G) Quantification of 2K1N
and 2K2N that have kinetochore-like dots of YFP-KKT15 upon RNAi-mediated depletion of
KKT14. All graphs depict the means (bar) £ SD of three replicates (shown as dots). A
minimum of 50 cells per replicate were quantified in each condition. (H) Growth curve upon
RNAi-mediated knockdown of KKT14. Data are presented as the mean = SD of three
replicates. RNAi was induced with 1 ug/mL doxycycline and cultures were diluted at day 2.
Cell line: BAP2534. (1) Cell cycle profile upon knockdown of KKT14. RNAi was induced with
1 ug/mL doxycycline and cells were fixed at 8 h or 16 h. All graphs depict the means (bar)
+ SD of at three replicates. A minimum of 700 cells per replicate were quantified. Cell line:
BAP680. (J) Representative fluorescence micrographs showing lagging kinetochores
(marked by tdTomato-KKT2) in anaphase cells upon KKT14 knockdown at 8 and 16 h post-
induction. RNAi was induced with 1 pg/mL doxycycline. Cell line: BAP680. (K)
Quantification of lagging kinetochores in anaphase cells upon KKT14 knockdown. All
graphs depict the means (bar) £ SD of three replicates (shown as dots). A minimum of 50
cells per replicate were quantified in each condition. * P < 0.05, ** P < 0.01, *** P < 0.001

(two-sided, unpaired t-test). Figure adapted from (Ballmer et al., 2024a).

5.2.2 KKT14 and KKT15 are required for accurate chromosome segregation.

I next performed an RNAi-mediated knockdown of KKT14 and KKT15 to assess their function
for chromosome segregation. The RNAi construct for KKT14 is previously described
(Marciano et al., 2021), while that for KKT15 was established here (Fig. 5.2, A — C). | found
that kinetochore localization of KKT14 and KKT15 is mutually co-dependent (Fig. 5.2, D — G),
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further supporting the idea that they form a complex. Although KKT 14 depletion caused severe
growth defects (Fig. 5.2H) (Marciand et al., 2021), there was no obvious change in cell cycle
profile at 8 or 16 hr after induction of KKT14 RNAI, apart from a moderate increase in
anaphase cells (Fig. 5.2l). In contrast, | observed lagging kinetochores in almost all anaphase
cells even at 8 hr post-induction (Fig. 5.2, J and K). These results demonstrate that KKT14 is

essential for accurate chromosome segregation and cell growth.

5.3 Discussion

IP-MS combined with AlphaFold2 predictions suggest that the N-terminal region of
Bub1/BubR1-like protein KKT14 interacts with KKT15, whose WD40 repeat beta-propeller is
phylogenetically closely related to Bub3 (Ballmer et al., 2024a). These findings indicate that
KKT14 and KKT15 are divergent orthologs of Bub1/BubR1 and Bubg3, respectively. KKT14
and KKT15 display identical localization dynamics (e.g. at kinetochores from G2 onwards) and
are co-dependent in their recruitment to kinetochores. Together, these findings strongly
suggest that KKT14 and KKT15 are direct binding partners, although this remains to be
validated in vitro using recombinant proteins.

Depletion of KKT14 causes lagging chromosomes in anaphase. As discussed in the previous
chapter, KKT14 appears to be a key target of the Aurora BAY" kinase involved in regulating
the metaphase-anaphase onset in trypanosomes. A thorough investigation of this protein
using both in vivo and in vitro approaches (see main Discussion) is bound to provide important

insights into the mechanisms controlling anaphase onset in kinetoplastids.
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6. The protein phosphatase PP1-1 regulates chromosome

segregation in Trypanosoma brucei

6.1 Introduction

A dynamic interplay between kinase and phosphatase activities at kinetochores underlies
chromosome segregation in eukaryotes. Aurora B-dependent phosphorylation of outer
kinetochore substrates destabilizes improper kinetochore-microtubule attachments, thus
‘resetting’ the kinetochore to provide a new opportunity for bi-orientation. Once this has
occurred, outer kinetochore components need to be rapidly dephosphorylated to stabilize
correct attachments. Aurora B and the other kinases involved in error correction and the
spindle assembly checkpoint (e.g. Mps1, Bub1) are in an antagonistic relationship with protein
phosphatases, most notably those of the protein phosphatase 1 (PP1) and 2A (PP2A-B56)
families, which are responsible for most of the Ser/Thr dephosphorylation in eukaryotic cells
(Brautigan and Shenolikar, 2018; Heroes et al., 2013). Phosphatase activity of PP1 and PP2A
proteins is thought to be relatively promiscuous in vitro (Ingebritsen and Cohen, 1983).
However, specificity is achieved by localizing the phosphatases in close proximity to their
substrates through interaction with short linear motifs (SLiMs) on partner proteins. Well-
characterized SLiMs for PP1, for instance, are the RVxF and SILK motifs, both of which are
present within the outer kinetochore protein Knl1 (Espeut et al., 2012; Hendrickx et al., 2009;
Rosenberg et al., 2011b; Liu et al., 2010). By contrast, distinct B56 regulatory subunits localize
the PP2A holoenzyme to the inner centromere and the kinetochore through interaction with
Sgo1/2 and the KARD domain of BubR1, respectively (Meppelink et al., 2015b; Liu et al.,
2013; Tanno et al., 2010; Kitajima et al., 2006; Suijkerbuijk et al., 2012). Interestingly, PP1
and PP2A-B56-binding motifs are themselves phosphorylated, with opposite phospho-
dependencies (e.g. inhibitive for PP1 and enhancing for PP2A recruitment) allowing
differential signalling between these phosphatases despite overlapping localizations and
substrates (Smith et al., 2019).

Little is known about the role of phosphatases in regulating chromosome segregation
in kinetoplastids. The TriTryp phosphatome identified a large number (>50; compared to only
39 in humans) of Ser/Thr phosphatases in trypanosomatids, including clearly identifiable PP1
and PP2A clades (Brenchley et al., 2007). Simultaneous knockdown of 7 PP1s or the PP2A
catalytic subunit in procyclic form T. brucei caused proliferation defects, and, in the case of
the PP1s, a moderate increase in G2/M cells (Li et al., 2006). By contrast, treatment of

trypanosomes with okadaic acid (OA), a well characterized inhibitor of PP1 and PP2A
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activities, had no effect on nuclear division but prevented kinetoplast replication and
cytokinesis, yielding multinucleate cells with a single kinetoplast (Li et al., 2006; Das et al.,
1994). Thus, it is likely that other OA-sensitive Ser/Thr phosphatases are present T. brucei.
So far, the only phosphatase that has been shown to localize at the kinetochore in
trypanosomes is the kinetoplastid-specific Ser/Thr phosphatase KKIP7 (D’Archivio and
Wickstead, 2017). KKIP7 is present only on metaphase kinetochores, suggesting that it may
play a key role in opposing Aurora BAY
kinetochore (KKT2, KKT3, KKT10, KKT19 and CRK3) to stabilize KT-MT attachments and

ensure fidelity of chromosome segregation. However, RNAi-mediated depletion of KKIP7 had

or the other five kinases at the trypanosome

no effect on cell growth (unpublished observations). Thus, other kinetochore-resident
phosphatases may be present in trypanosomes, which perhaps perform redundant functions.
In this chapter, my aim was to characterize the localization dynamics of PP1-1 and test its

functional relevance by performing RNAi experiments.

6.2 Results

6.2.1 PP1-1 localizes at kinetochores from late interphase until anaphase.

A BLAST search of PP1¢°" from S. cerevisiae against T. brucei proteins identified PP1-1
(Th927.11.8090) as top hit. Indeed, mNG-tagged PP1-1 forms kinetochore-like punctae within
the nucleus according to the TrypTag database (Billington et al., 2023). To test the possibility
that that PP1-1 localizes at the kinetochore, | assessed the co-localization of YFP-tagged PP1-
1 with tdTomato-KKT2, a constitutive component of the inner kinetochore (Fig. 6.1). Both YFP-
PP1-1 and PP1-1-YFP localized to basal bodies in the cytoplasm and formed foci within the
nucleus throughout the cell cycle. These nuclear foci clearly co-localized with tdTomato-KKT2
from G2 phase onwards until anaphase. In addition, PP1-1 showed spindle-like localization in
some metaphase cells. Over the course of anaphase, PP1-1 was progressively lost from
kinetochores and no longer overlapped with KKT2 in G1 cells. In summary, these data indicate

that PP1-1 localizes to kinetochores in T. brucei.

6.2.2 Kinetochore localization of PP1-1 partially depends on KKT7.

KKT7 harbours a conserved RSVTF motif within its N-terminus (Akiyoshi and Gull, 2014), as
well as a SILK motif in some kinetoplastid species (Fig. 6.2A). Indeed, AlphaFold2 confidently
predicted an interaction between KKT7 and PP1-1, which involves the RSVTF motif (data not

shown). To assess whether KKT7 is responsible for kinetochore recruitment of PP1-1, |
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depleted KKT7 using a previously validated shRNA construct directed against the 5UTR of
KKT7 (Ishii and Akiyoshi, 2020) and assessed the co-localization of YFP-PP1-1 or PP1-1-YFP
with tdTomato-KKT2. Although, PP1-1 localization was clearly affected, kinetochore
enrichment was nonetheless observable in ~60% of 2K1N (G2/M phase) cells (Fig. 6.2, B —

D). Thus, additional PP1-1 receptors are likely present at the kinetoplastid kinetochore.

6.2.3 Depletion of PP1-1 causes chromosome mis-segregation.

To assess the function of PP1-1, | first tested two shRNA constructs directed against the 5’ or
the 3° UTR of PP1-1. Both constructs caused an ~80% reduction of PP1-1 protein levels 24 h
post induction (Fig. 6.3, A — D). Knockdown of PP1-1 resulted in a prominent growth defect
without a major change in cell cycle distribution (Fig. 6.3, E — H). Importantly, ~50% of
anaphase cells displayed lagging kinetochores (Fig. 6.3, | — L), suggesting that PP1-1
regulates KT-MT attachments.

So far, the outer kinetochore protein KKT4 remains the only component of the
kinetoplastid kinetochore, which has been shown to bind end-on to spindle microtubules and
maintain load-bearing attachments to both growing and shrinking microtubule tips (Llauré et
al., 2018). KKT4 is phosphorylated in vitro by KKT10/19 and Aurora B"Y" kinases (Ishii and
Akiyoshi, 2020; Ballmer et al., 2024b). In analogy to the tension-dependent phosphorylation
of Ndc80 in traditional model eukaryotes, the microtubule-binding affinity of KKT4 may thus
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Figure 6.2. Kinetochore recruitment of PP1-1 depends on KKT7. (A) Multiple sequence
alignment of KKT7 orthologs in kinetoplastids. The RSVTF and SILK motifs may act as
SLiMs for PP1-1 docking. (B) Representative fluorescence micrographs showing the
localization of YFP-PP1-1 upon RNAi-mediated knockdown of KKT7. Kinetochores are
marked with tdTomato-KKT2. RNAi was induced with 1 ug/mL doxycycline for 20 h. Cell
line: BAP2688. (C) and (D) Quantification of 2K1N cells that have clearly detectable YFP-
PP1-1 (C) and PP1-1-YFP (D) signal at kinetochores. At least 60 cells were quantified in
each condition. Cell lines: BAP2688, BAP2689.

be subject to phospho-dependent regulation. In support of this notion, | detected an
electrophoretic mobility shift of 3FLAG-tagged KKT4 by Western blot in cells depleted for PP1-
1 (Fig. 6.4A). By contrast, the band corresponding to phosphorylated PP1-1 was almost
entirely lost upon knockdown of the KKT10 and KKT19 kinases (Fig. 6.4A). These data
suggest that PP1-1 antagonizes KKT10/19 activity in regulating KKT4.

Intriguingly, 3FLAG-KKT4 was hyper-phosphorylated in cells depleted for the
Bub1/BubR1-like protein KKT14 (Fig. 6.4A), indicating that KKT14 may be involved
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recruiting PP1-1. Indeed, PP1-1 localization at the metaphase plate was lost in ~50% of
metaphase cells depleted for KKT14 (Fig. 6.4, B — C). Whether KKT14 contributes directly or

indirectly to the recruitment of PP1-1 or other phosphatases will be addressed in future

studies.
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Figure 6.3 (figure legend on following page)

6.3 Discussion
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Here, | showed that PP1-1 localizes to kinetochores from G2 until anaphase. Kinetochore

localization of PP1-1 is in part dependent on KKT7, which contains a conserved PP1 binding

motif. However, it is likely that other PP1-1 receptors are present at the kinetochore since

disruption of PP1-1 recruitment to kinetochores was incomplete upon KKT7 RNA..
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Figure 6.3. PP1-1 promotes error-free chromosome segregation in trypanosomes.
(A) Representative fluorescence micrographs showing PP1-1-YFP in control and
knockdown conditions. RNAi against the 5° UTR of PP1-1 was induced with 1 pug/mL
doxycycline for 24 h. Cell line: BAP2912. (B) Quantification of PP1-1-YFP levels in the
nucleus in control and knockdown conditions as in (A). A minimum of 50 cells per replicate
were quantified in each condition. (C) Representative fluorescence micrographs showing
YFP-PP1-1 in control and knockdown conditions. RNAi against the 3' UTR of PP1-1 was
induced with 1 ug/mL doxycycline for 24 h. Cell line: BAP2911. (D) Quantification of YFP-
PP1-1 levels in the nucleus in control and knockdown conditions as in (C). A minimum of
50 cells per replicate were quantified in each condition. (E) Growth curve upon RNAI-
mediated knockdown of PP1-1 using an shRNA construct against its 5 UTR. Data are
presented as the mean + SD of three replicates. RNAi was induced with 1 pg/mL
doxycycline and cultures were diluted at day 2. Cell line: BAP2914. (F) Cell cycle profile
upon knockdown of PP1-1 using an shRNA construct against its 5° UTR. RNAi was induced
with 1 yg/mL doxycycline and cells were fixed at 24 h. All graphs depict the means (bar) +
SD of at three replicates. A minimum of 400 cells per replicate were quantified. (G) Growth
curve upon RNAi-mediated knockdown of PP1-1 using an shRNA construct against its 3’
UTR. Data are presented as the mean + SD of three replicates. RNAi was induced with 1
pg/mL doxycycline and cultures were diluted at day 2. Cell line: BAP2915. (H) Cell cycle
profile upon knockdown of PP1-1 using an shRNA construct against its 3' UTR. RNAi was
induced with 1 pg/mL doxycycline and cells were fixed at 24 h. All graphs depict the means
(bar) £ SD of at three replicates. A minimum of 400 cells per replicate were quantified. (I)
Representative fluorescence micrographs showing lagging kinetochores (marked by
tdTomato-KKT2) in anaphase cells upon PP1-1 knockdown using an shRNA construct
against its 5 UTR. RNAi was induced with 1 pg/mL doxycycline for 24 h. Cell line:
BAP2914. (J) Quantification of lagging kinetochores in anaphase cells upon PP1-1
knockdown as described in (l). All graphs depict the means (bar) + SD of three replicates
(shown as dots). A minimum of 25 cells per replicate were quantified in each condition. (K)
Representative fluorescence micrographs showing lagging kinetochores (marked by
tdTomato-KKT2) in anaphase cells upon PP1-1 knockdown using an shRNA construct
against its 3 UTR. RNAi was induced with 1 pg/mL doxycycline for 24 h. Cell line:
BAP2915. (J) Quantification of lagging kinetochores in anaphase cells upon PP1-1
knockdown as in (K). All graphs depict the means (bar) £ SD of three replicates (shown as
dots). A minimum of 35 cells per replicate were quantified in each condition. * P < 0.05, **
P <0.01, *** P <0.001 (two-sided, unpaired t-test).
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Depletion of PP1-1 caused a slow growth phenotype and extensive mis-segregation
of chromosomes in anaphase. Moreover, loss of PP1-1 resulted in hyper-phosphorylation of
the outer kinetochore protein KKT4, the primary microtubule-binding protein of the
kinetoplastid kinetochore, and a key target of the KKT10/19 and Aurora BAYX" kinases. Thus,
phospho-dependent regulation of microtubule-interacting outer kinetochore components may

be a conserved mechanism controlling faithful chromosome segregation in eukaryotes.
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Figure 6.4. PP1-1 dephosphorylates KKT4. (A) Western blot of 3FLAG-KKT4 under
indicated treatment and RNAIi conditions. Asterisks mark bands corresponding to
phosphorylated and dephosphorylated KKT4. Cell lines: BAP3050, BAP3051, BAP3052.
(B) Representative fluorescence micrographs showing the localization of YFP-PP1-1 in
metaphase upon RNAi-mediated knockdown of KKT14. RNAi was induced with 1 pg/mL
doxycycline for 24 h. Cell line: BAP3077. (C) Quantification of metaphase cells that have
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clearly detectable YFP-PP1-1 foci at the metaphase plate. At least 200 cells were quantified
in each condition. Cell lines: BAP3077.
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7. Discussion

How is the CPC targeted to kinetochores and the central spindle in T. brucei?

Whereas astonishing diversity in kinetochore composition is seen among eukaryotes (Tromer
et al., 2019; Hooff et al., 2017; Komaki et al., 2022), the proteins of the regulatory circuitry
underlying chromosome segregation, such as the APC/C, SAC and CPC, are more widely
conserved. Homologs of the CPC proteins Aurora B kinase and its associated partner INCENP
have been detected in almost all sequenced eukaryotes, including kinetoplastids. The
dynamic localization pattern exhibited by the CPC (e.g. transferring from centromeres to the
central spindle upon metaphase-anaphase transition) is likewise highly conserved across
eukaryotes but appears to be achieved through a variety of different mechanisms. For
instance, while CPC recruitment to the centromeres in higher eukaryotes is governed by two
histone phosphorylation marks (Haspin-mediated H3T3ph and Bub1-mediated H2AT120ph),
budding yeasts employ a combination of histone modifications (Bub1-mediated H2AT121ph)
and kinetochore proteins as CPC receptors. For example, Borealin®"
Sgo1 but also interacts with the CBF3 complex through Ndc10 (Yoon and Carbon, 1999; Cho
and Harrison, 2011). Furthermore, INCENP®""5/Aurora B interact with the Ctf19 subunit of
the COMA complex at kinetochores (Fischbéck-Halwachs et al., 2019). The proteins that form

not only recognizes

the localization module of the CPC in different species appear to mirror the diversity in
centromeric CPC receptors. In fact, many phyla lack Borealin or Survivin homologs (Komaki
et al.,, 2022). Komaki et al. recently identified two functionally redundant CPC proteins in
Arabidopsis, Borealin Related Interactor 1 and 2 (BORI1 and 2), which engage in a triple helix
bundle with INCENP and Borealin using a conserved helical domain but employ an FHA
domain instead of a BIR domain to read H3T3ph (Komaki et al., 2022).

During my DPhil, | have identified KIN-A and KIN-B as components of the CPC in
trypanosomes and delineated a novel pathway for centromeric recruitment of the CPC in this
evolutionary divergent group of eukaryotes. In agreement with this work, an early study on the
CPC in T. brucei found that KIN-A and KIN-B co-purified with Aurora BAY', INCENP®F°" and
CPC2 based on a pull-down of an Aurora B*YK'-PTP fusion protein followed by mass
spectrometry analysis (Li et al., 2008a). However, HA-tagged KIN-A and KIN-B were not
detected at kinetochores (from late interphase until metaphase) nor at the new FAZ tip (from
late anaphase), and hence were not interpreted as CPC proteins. Contrary to this report, my
data clearly show that KIN-A and KIN-B are constitutive components of the CPC in T. brucei.
First, YFP-tagged KIN-A and KIN-B co-localize with Aurora BAK', INCENPP°" and CPC2
throughout the cell cycle. Second, KIN-A and KIN-B are readily detected within native CPC

complexes isolated by immunoprecipitation of CPC subunits from cells arrested prior to
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anaphase and form robust crosslinks with the other CPC subunits. Finally, YFP-Aurora B¢’
and INCENPCPC.YFP are crucially dependent on KIN-A and KIN-B for localizing both to
metaphase kinetochores and to the anaphase central spindle. Thus, the KIN-A:KIN-B
subcomplex constitutes the localization module of the trypanosome CPC.

Biochemical, cell biological and in silico modelling approaches indicate that the
kinesins KIN-A and KIN-B form coiled coils between their central and C-terminal domains,

PCPCT and CPC2 assemble via

respectively, which then serve as a scaffold onto which INCEN
their N-terminal a-helical domains. The catalytic module of the trypanosomes CPC, consisting
of Aurora BAY"! bound to the C-terminal IN-box of INCENP®®!  is connected to the KIN-A:KIN-
B scaffold through a flexible linker in INCENP®"®!. While the on-beads cross-linking of native
CPCs suggests that the catalytic module is positioned in close proximity to the kinesin heads,
this may not necessarily be true in vivo. For example, the catalytic module may exist in both
‘locked’ and ‘open’ conformations with regard to its association with the kinesin motor
domains. | speculate that the interaction of the KIN-A motor domain with microtubules from
prometaphase onwards may cause the catalytic module to disengage from its kinesin head-
associated state (Fig. 7.1). In analogy to the SAH domain of INCENP in other model
eukaryotes which has been proposed to function as a dog leash (Samejima et al., 2015;
Santaguida and Musacchio, 2009), the INCENPCFC flexible linker in trypanosomes (~100
amino acids long) may then permit Aurora B*Y! to roam across a larger but nevertheless
spatially constrained target area to phosphorylate its substrates while still being anchored to
the kinetochore via the KIN-A:KIN-B subcomplex, which can interact both with kinetochore
components and spindle microtubules. Importantly, this mechanism would allow the CPC to
act as an intrinsic ‘sensor’ of KT-MT attachments. Such models dealing with alternative
conformations of the CPC in various cellular context will require further testing in the future.

| propose that multiple weak interactions of the KIN-A C-terminal unstructured tail with
kinetochore components act in synergy to stabilize the CPC at kinetochores. Critically, these
interactions need to be of transient and reversible nature to permit the dynamic release of the
CPC upon anaphase onset. Three mechanisms are likely to play a role in this context (Fig.
7.1). First, removal of the KKT8 complex (the ‘CD1 receptor’) at the metaphase-anaphase
transition effectively eliminates one of the key CPC-kinetochore interfaces. Secondly, the
affinity of the KIN-A C-terminal tail for its binding partners at the kinetochore may be further
finetuned through reversible post-translational modifications. In support of this, the KIN-A C-
terminal tail harbours many putative CRK3 sites (10 sites matching the minimal S/T-P
consensus motif for CDKs) and is also heavily phosphorylated by Aurora BA’ in vitro (Ballmer
etal., 2024b). Finally, | speculate that the interaction of KIN-A motor domain with microtubules,
coupled to the force generating ATP hydrolysis and possibly plus-end directed motion,

eventually outcompetes the weakened interactions of the CPC with the kinetochore and
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facilitates the extraction of the CPC from chromosomes onto spindle microtubules during
anaphase. Indeed, deletion of the KIN-A motor domain or impairment of its motor function
through N-terminal GFP tagging causes the CPC to be trapped at kinetochores in anaphase.
Central spindle localization is additionally dependent on the ATPase activity of the KIN-A
motor domain as illustrated by the KIN-A rigor mutant.

It remains to be investigated whether KIN-A truly functions as a plus-end directed
motor. The role of the KIN-B in this context is equally unclear. Because KIN-B does not
possess a functional kinesin motor domain, | deem it unlikely that the KIN-A:KIN-B
heterodimer moves hand-over-hand along microtubules as do conventional (kinesin-1 family)
kinesins. Rather, the KIN-A motor domain may function as a single-headed unit and drive
processive plus-end directed motion using a mechanism similar to the kinesin-3 family kinesin
KIF1A (Okada and Hirokawa, 1999). Formation of transient complexes between the CPC and
kinesins or other microtubule plus-end tracking proteins upon anaphase onset appears to be
a common theme underlying the central spindle translocation of the CPC. For instance, the
CPC interacts with MKLP2 or Bim1%8" in human and yeast cells, respectively (Gruneberg et
al., 2004; Zimniak et al., 2012). Thus, deeper understanding of the CPC regulation in
trypanosomes is bound to provide evolutionary insights into fundamental principles of
chromosome segregation in eukaryotes and can lead to the discovery of druggable targets to
combat kinetoplastid diseases (Saldivia et al., 2020).

What is the role of Aurora BAYK!

in regulating chromosome segregation in T. brucei?

From yeast to humans, Aurora kinases impart fidelity to cell division by regulating various
processes including kinetochore assembly, chromosome bi-orientation, and SAC signaling
(Krenn and Musacchio, 2015). The results presented in this thesis include the first in-depth

analysis of the role of Aurora BAYX'

in regulating chromosome segregation in kinetoplastids, a
group of flagellated protists proposed to be among the earliest branching eukaryotes (Allen et
al., 2008; Cavalier-Smith, 2010; Akiyoshi and Gull, 2013). Like in other eukaryotes,
kinetochores fail to form proper bi-oriented attachments upon Aurora BAY! inhibition. In vitro,
Aurora BAY" strongly phosphorylated the MT-binding domain of KKT4, and MT co-
sedimentation assays using a phosphomimetic KKT4 mutant found reduced affinity for MTs
(data not shown). This suggests that the trypanosome CPC may be involved in an error
correction process analogous to that described in other eukaryotes. Consistent with this
notion, artificial targeting of Aurora B"YX" to the inner kinetochore (but not to outer inner
kinetochore) allowed proper chromosome segregation in anaphase. Thus, the overall
mechanistic principles of error correction, e.g. tension-dependent regulation of ‘outer’ MT-
binding proteins that are spatially separated from a main ‘inner’ pool of the CPC, may be

evolutionary conserved.
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Figure 7.1 (figure legend on following page)

Remarkably, inhibition of Aurora B*Y'in T. brucei arrests cells in metaphase, a
phenotype that has not been reported in traditional model eukaryotes (Biggins and Murray,
2001; Hauf et al., 2003). My data indicates that the divergent Bub1-homologue KKT14 is a
main target of Aurora BAY"". The KKT14 NTR contains an ABBA motif (a conserved CDC20-
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Figure 7.1. Model for CPC localization and function in trypanosomes. (A) KIN-A
(magenta) and KIN-B (yellow) interact via their coiled-coil domains and form a scaffold for
the assembly of CPC2 (cyan) and the catalytic module of the CPC, composed of Aurora
BAYX" (red) and INCENP®P°" (green). During interphase, the catalytic module is positioned
close to the kinesin head domains of KIN-A and KIN-B. CPC recruitment to the inner
kinetochore is mediated through multiple weak interactions between the C-terminal
unstructured tail of KIN-A (magenta), containing CD1 and CD2, with the coiled-coil domain
of KKT9:KKT11 (dark blue:light blue) and possibly the N-terminus of KKT7 (blue). The
KKT8 complex, comprising KKT9:KKT11 and KKT8:KKT12 (dark grey:light grey)
subcomplexes, is connected to the other kinetochore proteins through KKT7. Additional
kinetochore targeting domains of the CPC may reside within the C-terminus of KIN-B and/or
CPC2. | propose that the KIN-A:KIN-B subcomplex represents the main localization module
of the trypanosome CPC. As illustrated in (B), the affinity of the KIN-A C-terminal tail for its
receptor(s) at the kinetochore may be further modulated through phosphorylation by the
CDK1 homologue CRK3 and the Aurora BAY" kinase itself (Ballmer et al., 2024b).
Interaction of the N-terminal motor domain of KIN-A with spindle microtubules (MTs) from
prometaphase onwards causes the catalytic module to disengage from its kinesin head-
associated state. The ~100 amino acid long flexible linker within INCENP“"°" would then
permit Aurora BAY" to phosphorylate its substrates within a larger but nevertheless spatially
constrained target area while still being anchored to the kinetochore via KIN-A:KIN-B. The
motor domain of KIN-A could thus act as built-in sensor for KT-MT attachments. (C) |
propose that the trypanosome CPC is recruited to kinetochores via the KKT7-KKT8
complex pathway (dashed arrow) and that motor activity of KIN-A promotes congression of
kinetochores to the metaphase plate during early mitosis. The KKT8 complex dissociates
from kinetochores at the metaphase-to-anaphase transition and is possibly degraded in an
APC/C-dependent manner. Elimination of the KKT8 complex, the primary kinetochore
receptor of the CPC, coupled to MT binding and motor activity of the KIN-A motor domain
strips the CPC off kinetochores and facilitates its translocation to the central spindle in

anaphase.

interaction motif) (Ballmer et al., 2024a), suggesting that this domain might be involved in
regulating APC/C activity. Although direct binding to CDC20 and/or APC/C subunits remains
to be demonstrated, | speculate that the KKT14 NTR in its unphosphorylated state might
prevent premature APC/C activation by sequestering CDC20 or certain subunits of the APC/C,
and that this inhibition could be relieved by Aurora BAY" activity. Alternatively, the NTR in its

phosphorylated state may act as a scaffold that promotes APC/C-CDC20 interaction and its
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subsequent activation. A third possibility is that kinetoplastids evolved an APC/C- or CDC20-
independent mechanism to regulate the metaphase-anaphase transition.

Apart from KKT14, Aurora BAY(! also phosphorylated several CPC subunits in vitro,
including its activator INCENP®"°" and the C-terminal tail of KIN-A, which plays a key role in
targeting the CPC to kinetochores by interacting with the KKT8 complex at the inner
kinetochore. | speculate that Aurora BA’<'-dependent phosphorylation of KIN-A may modulate

its kinetochore-binding affinity. Importantly, inhibition of Aurora BAY’

using my analogue
sensitive approach did not impair kinetochore localization of the CPC. Rather, phosphorylation
of the KIN-A C-terminal tail could serve to weaken the association of KIN-A with its kinetochore
receptors and facilitate the release of the CPC from kinetochores onto spindle microtubules
upon metaphase-anaphase transition. An intriguing possibility is that the interaction of the KIN-
A motor domain with microtubules in (pro)metaphase, coupled to the establishment of proper
kinetochore-microtubule attachments, may trigger conformational changes within the CPC
(such as tension-dependent stretch of the KIN-A C-terminus) and/or full activation of Aurora
BAYX1 thereby allowing temporally and spatially regulated phosphorylation of the KIN-A C-
terminal tail. Whether timely release of KIN-A from kinetochores may be a prerequisite for
mitotic exit in addition to KKT14 phosphorylation will require further experimental testing in the
future.

In addition to the outer kinetochore proteins KKT4 and KKT14, Aurora BAY" also
phosphorylated several inner kinetochore components in vitro, including KKT1, KKT7 and
KKT8. All these proteins, apart from KKT14, are also substrates of the two functionally
redundant KKT10/19 kinases (also called CLK1/2) (Ishii and Akiyoshi, 2020). Interestingly,
KKT10 and KKT19 localize to the inner kinetochore by binding to the N-terminus of KKT7,
which in conjuncture with the KKT8 complex also serves as the main recruitment arm for the
trypanosome CPC (Ishii and Akiyoshi, 2020; Ballmer and Akiyoshi, 2024a). Moreover, co-
depletion of KKT10/19 causes a delay in the metaphase-anaphase progression and lagging
kinetochores in anaphase, raising the possibility that these kinases may be involved in some
form of error correction process and/or form part of the regulatory circuitry controlling
anaphase onset. Contrary to Aurora BAYX", however, KKT10/19 phosphorylate the C-terminal
domain of KKT4 rather than its MT-binding domain (Ishi and Akiyoshi 2020), and the mitotic
spindle appears to be hyper-stabilized rather than destabilized in these mutants (unpublished
observations). Thus, it is conceivable that KKT10/19 and Aurora B*YX" may play opposing
roles for spindle stability, despite their close spatial association.

Re-targeting the CPC from kinetochores onto the mitotic spindle in metaphase was still
able to support entry into anaphase (Ballmer and Akiyoshi, 2024b). This was also the case
upon tethering of a CPC®'-tdTomato-VhhGFP4 fusion protein to the outer kinetochore while

BAUK1-as1

inhibiting endogenous Aurora , Which localizes at the inner kinetochore. Together,
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Figure 7.1. Model for CPC- and KKT14-dependent regulation of metaphase-anaphase
transition. Phosphorylation of the KKT14 NTR by Aurora BAY"" promotes activation of the
APC/C. Hence, timing of anaphase onset is determined by the ration of phosphorylated vs.
unphosphorylated KKT14.

these results imply that the ability of Aurora BAY¥" to trigger mitotic exit is not strictly dependent
on its recruitment to the inner kinetochore and hence may not be spatially regulated. Rather,
the trypanosome CPC may sense conformational changes when the kinetochore comes under
tension upon forming stable, bi-oriented attachments to the spindle, which would allow
conditional phosphorylation of substrates (such as KKT14) involved in the metaphase-
anaphase transition. Identification and functional characterization of additional CPC
substrates at kinetochores/centromeres will be key to understanding how anaphase onset is
controlled in kinetoplastids.

Inhibition of Aurora BAX! also causes a spindle instability phenotype: In Aurora BAYX'-
1 cells treated with 1INM-PP1 the mitotic spindle begins to deteriorate rapidly after >4 h of
treatment, fails to reform upon wash-out of the microtubule depolymerizing agent ansamitocin,
and spindles are on average shorter compared to those observed in untreated or MG132-
treated cells in metaphase (data not shown). How the trypanosome CPC controls spindle
formation and/or stability remains unknown. It is possible that the apparent instability of the

spindle results from a destabilization of KT-MT attachments in the absence of Aurora BAYX!

activity at kinetochores. Another possibility is that Aurora BAY

regulates the activity of
microtubule depolymerases at the kinetochore, similarly to the CPC-dependent
phosphorylation of MCAK observed in other eukaryotes. Across model eukaryotes, various
defects in spindle formation (such as reduction in spindle MTs, defects in centrosome
separation/spindle bi-polarity etc.) have also been reported upon loss-of-function of Aurora A,
which localizes to the spindle poles (reviewed in (Magnaghi-Jaulin et al., 2019)) However,

trypanosomes lack such an ‘Aurora A-like’ Aurora kinase. Thus, it is conceivable that Aurora
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BAYX" integrates both Aurora B- and Aurora A-like functionalities, including regulation of spindle

stability.

My results indicate that Aurora BAY"' may regulate three key processes at the
kinetochore: The stability of KT-MT attachments at each kinetochore, the stability of the mitotic
spindle and the entry into anaphase. Thus, the CPC acts as a master regulator of chromosome
segregation in T. brucei. | envisage that the CPC may be involved in various pathways at the
kinetoplastid kinetochore. Disentangling the contributions of Aurora B! to chromosome
segregation in kinetoplastids and exploring its regulatory crosstalk with the other kinetochore-
localized kinases (KKT10/19, KKT2, KKT3, CDKCR¥) will prove to be a challenging task but is
bound to provide important insights into the evolution of the mitotic circuitry governing

eukaryotic cell division.
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8. Concluding remarks

Kinetoplastid diseases continue to affect the poorest in society and as our planet warms and
globalization advances, the insect vectors responsible for transmission will inevitably roam
beyond current habitats, expanding the burden of disease. Research into the molecular cell
biology of kinetoplastids is a crucial step in the development of new antiparasitics, which are
urgently needed to improve global health and prosperity. | aim to contribute to this cause by
revealing key regulatory principles behind kinetoplastid kinetochores using cell biological,
biochemical, and structural approaches. During my DPAhil in the Akiyoshi lab, | was able to
show that two orphan kinesins, KIN-A and KIN-B, are constitutive components of the CPC in
trypanosomes and are primarily responsible for targeting the CPC to kinetochores and the
central spindle. | further demonstrated that the activity of the Aurora B kinase, the catalytic
subunit of the CPC, acts as the main switch controlling metaphase-to-anaphase transition and
that Aurora B is involved in an unconventional regulatory circuitry with KKT14, a recently
identified Bub1/BubR1-like protein. Further work will be aimed at dissecting the molecular

details of this novel regulatory pathway.
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10. Appendix

Supplemental Table S1. List of plasmids used in this work.

|Plasmid/bacmid name [Description S ey Source or how the plasmid/bacmid was made
for trypanosomes

pEnTS5-Y (pBA1) Endogenous YFP tagging, hygromycin Hygromycin Kelly etal. (2007)

pBA3 Inducible expi ion of RNAI (head to head), integrate at 177bp - Wickstead et al. (2002)

pBA7 TY-YFP-AUK1, endogenous locus Hygromycin AUK1 5'UTR and CDS fragments were ampfiified from genomic DNA using BA33/BA34 and
BA35/BA36 and cloned into pBA1 using Xbal/BamHI|

pBA56 AUK1 RNAI (head to head), integrate at 177bp Phleomycin AUK1 (166-578bp of CDS) amplified from genomic DNA using BA244/BA245 and cloned into
pBA3 cut with Spel/Hindlll

pBAG67 TY-YFP-KKT2, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA68 TY-YFP-KKT8, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA70 TY-YFP-KKT3, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA73 TY-YFP-KKT9, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA74 TY-YFP-KKT10, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA77 TY-YFP-KKT12, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA82 KKT2 RNAI (head to head), integrate at 177bp Phleomycin Akiyoshi and Gull (2014)

pBA87 KKT7 RNAI (head to head), integrate at 177bp Phleomycin Akiyoshi and Gull (2014)

pBA88 KKT9 RNAI (head to head), integrate at 177bp Phleomycin Akiyoshi and Gull (2014)

pBA89 KKT10/19 RNAI (head to head), integrate at 177bp Phleomycin Akiyoshi and Gull (2014)

pBA96 TY-YFP-KKT16, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA97 TY-YFP-KKT14, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA99 TY-YFP-KKT15, endogenous locus Hygromycin Akiyoshi and Gull (2014)

pBA148 ous tdTomato tagging, icidin icidin Akiyoshi and Gull (2014)

pBA162 TY-tdTomato-KKT1, endogenous locus Blasticidin Marciano etal. (2021)

pBA164 TY-tdTomato-KKT2, endogenous locus icidin Nerusheva and Akiyoshi (2016)

pBA202 B6HIS-KKT16, KKT17, KKT18, polycistronic expression in bacteria - Tromer etal. (2021)

pBA214 TY-tdTomato-AUK1, endogenous locus Blasticidin AUK1 5'UTR and CDS fragment was cut from pBA7 using Xbal/BamHI and subcloned into
pBA148

pBA215 TY-tdTomato-MAP103, er ous locus ) Llauro etal. (2018)

pBA218 TY-tdTomato-KKT14, endogenous locus Blasticidin KKT14 5'UTR and CDS fragment was cut from pBA97 using Xbal/BamHI and subcloned into
pBA148

pBA234 B6HIS-KKT10, expression in bacteria - Ishii and Akiyoshi (2020)

pBA310 Inducible expression vector, integrate at 177bp Phleomycin Nerusheva and Akiyoshi (2016)

pBA314 3FLAG-KKT2, expression in insect cells - Ishii etal. (2022)

pBA315 3FLAG-KKT3, expression in insect cells - Ishii et al. (2022)

pBA334 3FLAG-KKT14, expression in insect cells - 3FLAG-KKT14 was amplified from genomic DNA using BA745/BA746, cloned into pBA305
using EcoRI/Pstl

pBA457 Codon optimized 6HIS-KKT8 KKT9 KKT11 KKT12 polycistronic expression in |- Ishii and Akiyoshi (2020)

bacteria

pBA732 Codon optimized 6HIS-KKT8 KKT9 KKT11 polycistronic expression in bacteria |- pBA457 was cut with Aflll/BspEl followed by Klenow fill in, purification from an agarose gel and
self-ligated to remove KKT12

pBA795 Inducible GFP-NLS-Lacl ion vector, integrate at 177bp ) Ishii and Akiyoshi (2020)

pBA802 TY-tdTomato-KKT3, endogenous locus Blasticidin KKT3 5'UTR and CDS fragment was cut from pBA70 using Xbal/BamHI and subcloned into
pBA148

pBA819 3FLAG-KKT6, KKT1, expression in insect cells - Ishii etal. (2022)

pBA861 KKT1 RNAI (hairpin) Phleomycin Marciano etal. (2021)

pBA864 KKT6 RNAI (hairpin) Phleomycin Marciano etal. (2021)

pBA869 KKT14 RNAI (hairpin), integrate at 177bp Phleomycin Marciano etal. (2021)

pBA882 KKT3, expression in insect cells - KKT3 was amplified from genomic DNA using BA1374/BA689, cloned into pBA306 using
Xmal/Nhel

pBA891 Inducible GFP-NLS-KKT7(2-261)-Lacl expression, integrate at 177bp Blasticidin Ishii and Akiyoshi (2020)

pBA892 Endogenous tdTomato tagging, hygromycin Hygromycin Ishii and Akiyoshi (2020)

pBA925 SNAP-6HIS-3FLAG-KKT4, expression in insect cells - Llauro etal. (2018)

pBA928 TY-YFP-KKIP1, endogenous locus Hygromycin Llauro etal. (2018)

pBA1065 6HIS-KKT4 (115-343), expression in bacteria - Llauro etal. (2018)

pBA1084 3FLAG-AUK1 CPC1, expression in insect cells - 3FLAG-AUK1 CPC1 fragment was cut from pBA938 (BAG41) using I-Ceul/BstXl and
subcloned into pACEBac2 (pBA306)

pBA1090 TY-tdTomato-KKIP1, endogenous locus Blasticidin KKIP1 5'UTR and CDS fragment was cut from pBA928 using Xbal/BamHI and subcloned into
pBA148

pBA1093 TY-tdTomato-KKT8, endogenous locus Hygromycin KKT8 5'UTR and CDS fragment was cut from pBA68 using Xbal/BamHI and subcloned into
pBA892

pBA1095 TY-tdTomato-KKT9, endogenous locus Hygromycin KKT9 5'UTR and CDS fragment was cut from pBA73 using Xbal/BamHI and subcloned into
pBA892

pBA1098 TY-tdTomato-KKT12, endogenous locus Hygromycin KKT12 5'UTR and CDS fragment was cut from pBA77 using Xbal/BamHI and subcloned into
pBA892

pBA1194 pPOTV7 (eYFP, Blast), vector for PCR only tagging (POT) of target genes in T. |Blasticidin Dean etal. (2015)

brucei

pBA1200 KKT11 RNAI (hairpin), integrate at 177bp Phleomycin Ishii and Akiyoshi (2020)

pBA1201 KKT16 RNAI (hairpin), integrate at 177bp Phleomycin BAG62 was cut with Hindlll/BamHI and subcloned into pBA310

pBA1226 TY-YFP-KKIP2, endogenous locus Hygromycin Nerusheva and Akiyoshi (2019)

pBA1227 TY-YFP-KKIP3, endogenous locus Hygromycin Nerusheva and Akiyoshi (2019)

pBA1316 KKT8 3'UTR RNAI (hairpin), integrate at 177bp Phleomycin Marciano etal. (2021)

pBA1317 KKT12 3'UTR RNAI (hairpin), integrate at 177bp Phleomycin BAG80 was cut with F il and subcloned into pBA310

pBA1354 Inducible GFP-NLS-KKT9-Lacl expression, integrate at 177bp Blasticidin KKT9 CDS was amplified from genomic DNA using BA1870/BA1871 and cloned into pBA795
cut with Pacl/Ascl

pBA1372 TY-tdTomato-KKT10, endogenous locus Blasticidin KKT10 5'UTR and CDS fragment was cut from pBA74 using Xbal/BamHI and subcloned into
pBA148

pBA1373 TY-tdTomato-KKT19, endogenous locus in Ishii and Akiyoshi (2020)

pBA1398 KKT4 3'UTR RNAi (hairpin), integrate at 177bp Phleomycin Llauro etal. (2018)

pBA1413 B6HIS-KKT4 (2—114), expression in bacteria - Llauro etal. (2018)

pBA1419 TY-tdTomato-KKT7, endogenous locus ) Ishii and Akiyoshi (2020)

pBA1420 TY-tdTomato-KKT8, endogenous locus 1 Ishii and Akiyoshi (2020)

pBA1452 3FLAG-KKT4, endogenous locus ) Ishii and Akiyoshi (2020)

pBA1513 6HIS-KKT4 (463-645), expression in bacteria - Llauro etal. (2018)

pBA1522 TY-tdTomato-AUK1, endogenous locus Hygromycin KKT12 5'UTR and CDS fragment was cut from pBA7 using Xbal/BamHI and subcloned into
pBA892

pBA1531 3FLAG-KKT7, expression in insect cells - 3FLAG-KKT7 was amplified from genomic DNA using BA2024/BA2028, cloned into pBA306
using Xmal/Nhel

pBA1641 B6HIS-KKT4 (300-488), expression in bacteria - Llauro etal. (2018)

pBA1711 KKT3 3'UTR RNAi (hairpin), integrate at 177bp Phleomycin Marciano etal. (2021)

pBA1713 KKT15 3UTR RNAi Phleomycin KKT15 3'UTR fragment (329-836 bp) amplified from genomic DNA using BA555/BA556 and
cloned into pBA3 cut with Spel/Hindlll
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pBA2156 TY-tdTomato-KKT16, endogenous locus Blasticidin KKT16 5'UTR and CDS fragment was cut from pBA96 using Xbal/BamHI and subcloned into
pBA148
pBA2158 pJ1339 (1173+Cas9), for CRISPR-Cas9 gene editing Puromycin Beneke etal. (2017)
pBA2335 Codon optimized 6HIS-CPC1 AUK1 CPC2, polycistronic expression in bacteria |- BAG146 subcloned into pST44/pBA155 using Xbal/Mlul
pBA2342 B6HIS-CPC1, expression in bacteria - CPC1 was amplified from genomic DNA using BA3175/BA3176 and cloned into pRSFDuet-1
cut with BamHI/EcoRI
pBA2343 6HIS-CPC2, expression in bacteria - CPC2 was amplified from genomic DNA using BA3177/BA3178 and cloned into pRSFDuet-1
cut with BamHI/EcoRI
pBA2345 TY-YFP-AUK1, endogenous locus Hygromycin IAUK1 CDS (500bp fragment) amplified using BA33/BA3196 and cloned into pBA7 cut with
Notl/Xbal
pBA2346 Inducible GFP-NLS-CPC1 expression, integrate at 177bp Phleomycin CPC1 CDS was amplified from genomic DNA using BA3201/BA3204 and cloned into pBA310
using Ascl/Pacl
pBA2347 Inducible GFP-NLS-CPC2 expression, integrate at 177bp Phleomycin CPC2 CDS was amplified from genomic DNA using BA3205/BA3208 and cloned into pBA310
using Ascl/Pacl
pBA2349 Inducible GFP-NLS-CPC1 (2-147) expression, integrate at 177bp Phleomycin CPC1 (2-147) was amplified from genomic DNA using BA3201/BA3202 and cloned into
pBA310 using Ascl/Pacl
pBA2350 Inducible GFP-NLS-CPC1 (148-263) expression, integrate at 177bp Phleomycin CPC1 (148-263) was amplified from genomic DNA using BA3203/BA3204 and cloned into
pBA310 using Ascl/Pacl
pBA2351 Inducible GFP-NLS-CPC2 (2-120) expression, integrate at 177bp Phleomycin CPC2 (2-120) was amplified from genomic DNA using BA3205/BA3206 and cloned into
pBA310 using Ascl/Pacl
pBA2352 Inducible GFP-NLS-CPC2 (121-250) expression, integrate at 177bp Phleomycin CPC2 (121-250) was amplified from genomic DNA using BA3207/BA3208 and cloned into
pBA310 using Ascl/Pacl
pBA2353 B6HIS-KKT14 (358-685), expression in bacteria - KKT14 (358-685) was amplified from genomic DNA using BA3182/BA3183 and cloned into
pRSFDuet-1 cut with BamHI/EcoR|
pBA2358 TY-YFP-AUK1as (M106G), locus Hygromycin Made by site-directed is of pBA2345 using BA3199/BA3200
pBA2373 TY-YFP-AUK1, locus G418 pBA2358 was cut with Xbal/BamHI and subcloned into pBA191
pBA2396 3FLAG-AUK1 (K58R) CPC1, expression in insect cells - Mutagenesis of AUK1 K58R introduced into pBA1084 using BA3240/BA3241
pBA2412 MBP-6HIS-CPC1, expression in bacteria - MBP-6HIS was amplified from pBA1016 using BA3284/BA3285 and cloned into pBA2342 cut
with Ncol/BamHI
pBA2439 MBP-6HIS-CPC2 (1-120), expression in bacteria - CPC2 (1-120) was amplified from pBA2343 using BA3320/BA3321 and cloned into pBA2412
cut with BamHI/EcoRI
pBA2454 TY-AUK1as (M106G), locus Hygromycin pBA2358 cut with Spel and Xbal (to remove YFP) and self-ligated
pBA2455 TY-AUK1as (M106G), locus G418 pBA2373 cut with Spel and Xbal (to remove YFP) and self-ligated
pBA2458 MBP-6HIS-CPC2, expression in bacteria - CPC2 was amplified from pBA2335 using BA3177/BA3178 and cloned into pBA2412 cut with
BamHI/EcoRI
pBA2487 CPC1 5'UTR RNAiI (hairpin), integrate at 177bp Phleomycin BAG157 was cut with | il and into pBA310
pBA2488 CPC1 3'UTR RNAI (hairpin), integrate at 177bp Phleomycin BAG158 was cut with Hindlll/BamHI and subcloned into pBA310
pBA2489 CPC2 5'UTR RNAI (hairpin), integrate at 177bp Phleomycin BAG159 was cut with il and into pBA310
pBA2490 CPC2 3'UTR RNAI (hairpin), integrate at 177bp Phleomycin BAG160 was cut with | il and into pBA310
pBA2509 Inducible GFP-NLS-KIN-B expression, integrate at 177bp Phleomycin KIN-B CDS was amplified from genomic DNA using BA3413/BA3416 and cloned into pBA310
using Ascl/Pacl
pBA2510 Inducible GFP-NLS-KIN-B (2-316) expression, integrate at 177bp Phleomycin KIN-B (2-316) was amplified from genomic DNA using BA3413/BA3414 and cloned into
pBA310 using Ascl/Pacl
pBA2511 Inducible GFP-NLS-KIN-B (317-624) expression, integrate at 177bp Phleomycin KIN-B (317-624) was amplified from genomic DNA using BA3415/BA3416 and cloned into
pBA310 using Ascl/Pacl
pBA2513 6HIS-KIN-B (2-316) expression in bacteria - KIN-B (2-316) was amplified from genomic DNA using BA3421/BA3422 and cloned into
pRSFDuet-1 cut with BamHI/EcoRI
pBA2515 Inducible GFP-NLS-KIN-A expression, integrate at 177bp Phleomycin KIN-A CDS was amplified from genomic DNA using BA3431/BA3432 and BA3433/BA3412
and cloned into pBA310 using Ascl/Pacl
pBA2516 Inducible GFP-NLS-KIN-A (2-309) expression, integrate at 177bp Phleomycin KIN-A (2-309) was amplified from genomic DNA using BA3409/BA3410 and cloned into
pBA310 using Ascl/Pacl
pBA2517 Inducible GFP-NLS-KIN-A (310-862) expression, integrate at 177bp Phleomycin KIN-A (310-862) was amplified from genomic DNA using BA3411/BA3412 and cloned into
pBA310 using Ascl/Pacl
pBA2519 6HIS-KIN-A (2-309) expression in bacteria - KIN-A (2-309) was amplified from genomic DNA using BA3417/BA3418 and cloned into
pRSFDuet-1 cut with BamHI/EcoRI
pBA2555 KIN-A 5'UTR RNAI (hairpin), integrate at 177bp Phleomycin BAG164 was cut with | 1l and into pBA310
pBA2556 KIN-A 3'UTR RNAi (hairpin), integrate at 177bp Phleomycin BAG165 was cut with | il and into pBA310
pBA2567 TY-tdTomato-KKIP2, endogenous locus Blasticidin KKIP2 5'UTR and CDS fragments were amplified from pBA1226 using BA3465/BA3466 and
cloned into pBA148 using Xbal, BamHI
pBA2568 TY-tdTomato-KKIP3, endogenous locus Blasticidin KKIP3 5'UTR and CDS fragments were amplified from pBA1227 using BA3467/BA3468 and
cloned into pBA148 using Xbal, BamHI
pBA2574 B6HIS-KIN-A (545-836), expression in bacteria - KIN-A (545-836) was amplified from genomic DNA using BA3486/BA3484 and cloned into
pRSFDuet-1 cut with BamHI/EcoR|
pBA2663 Inducible GFP-NLS-KKT14(2-357) expression, integrate at 177bp Phleomycin Ballmer etal. (2024)
pBA2664 Inducible GFP-NLS-KKT14(358-685) expression, integrate at 177bp Phleomycin Ballmer et al. (2024)
pBA2704 B6HIS-KKT14 (2-357), expression in bacteria - KKT14 (2-357) was amplified from genomic DNA using BA3613/BA3614 and cloned into
pRSFDuet-1 cut with BamHI/EcoR|
pBA2707 Inducible GFP-NLS-KKT8-Lacl expression, integrate at 177bp Blasticidin KKT8 CDS was amplified from pBA457 using BA3644/BA3645 and cloned into pBA795 cut
with Pacl/Ascl
pBA2721 Codon optimized 6HIS-KKT8 KKT11 KKT12 polycistronic expression in - pBA457 was cut with EcoRIHindlll followed by Klenow fill in, purification from an agarose gel
bacteria and self-ligated to remove KKT9
pBA2722 Codon optimized 6HIS-KKT8 KKT9 KKT12 polycistronic expression in bacteria |- pBA457 was cut with Sacl/Kpnl followed by Klenow fill in, purification from an agarose gel and
self-ligated to remove KKT11
pBA2768 KKT14(2-357), S/T to A mutations corresponding to AUK1 in vitro phosphosites |- BAG189
pBA2769 KKT14(2-357), S/T to D/E mutations corresponding to AUK1 in vitro - BAG190
phosphosites
pBA2782 CPC1(148-263)-AUK1-tdTomato-NLS-VhhGFP4 - BAG192
pBA2791 Inducible GFP-NLS-KKT14(2-357) PD expression, integrate at 177bp Phleomycin Pt ient (PD) KKT14(2-357) amplified from pBA2768 (BAG189) using
BA3817/BA3820 and cloned into pBA310 using Pacl, Ascl
pBA2792 Inducible GFP-NLS-KKT14(2-357) PM expression, integrate at 177bp Phleomycin Phosphomimetic (PM) KKT14(2-357) amplified from pBA2769 (BAG190) using
BA3817/BA3820 and cloned into pBA310 using Pacl, Ascl
pBA2795 Inducible CPC1(148-263)-AUK1-tdTomato-NLS-VhhGFP4, integrate at 177bp |Phleomycin CPC1(148-263)-AUK1-tdTomato-NLS-VhhGFP4 was amplified from pBA2782 (BAG192)
using BA3891/BA3892 and cloned into pBA310 using Hindlll/BamHI
pBA2800 TY-YFP-PP1-1, endogenous locus Hygromycin Targeting sequence was amplified with BA3878/BA3879 from BAG195 and cloned into pBA1
using Xbal and BamH|
pBA2804 PP1-1-YFP-TY, endogenous locus Hygromycin Targeting sequence was amplified with BA33880/BA3881 from BAG196 and cloned into pBA1
using Xbal and BamHI
pBA2863 PP1-1 5'UTR (hairpin), integrate at 177bp Phleomycin Targeting from BAG193 was subcloned into pBA310 using Hindlll and BamHI
pBA2864 PP1-1 3'UTR (hairpin), integrate at 177bp Phleomycin Targeting sequence from BAG194 was subcloned into pBA310 using Hindlll and BamHI
pBA2937 Inducible GFP-NLS-KIN-A (310-716) expression, integrate at 177bp Phleomycin KIN-A (310-716) was amplified from genomic DNA using BA4011/BA4013 and cloned into
PpBA310 using Ascl/Pacl
pBA2938 Inducible GFP-NLS-KIN-A (310-815) expression, integrate at 177bp Phleomycin KIN-A (310-815) was amplified from genomic DNA using BA4011/BA4014 and cloned into
pBA310 using Ascl/Pacl
pBA2939 Inducible GFP-NLS-KIN-A (310-862, A717-743) expression, integrate at 177bp |Phleomycin KIN-A (310-716) and (744-862) were amplified from genomic DNA using BA4011/BA4015 and
BA4016/BA4017 and cloned into pBA310 using Ascl/Pacl
pBA2940 KIN-A-YFP-TY, endogenous locus Hygromycin KIN-A 3'UTR and CDS fragments were ampflified from genomic DNA using BA4018/BA4019
and BA4020/BA4021 and cloned into pBA1 using Hindlll, Spel
pBA2986 KIN-A(G210A)-TY-YFP, endogenous locus Hygromycin Made by site-directed is of pBA2940 using BA4095/BA4096
PBA3091 KIN-B RNAI (head to head), integrate at 177bp Phleomycin KIN-B (1342-1741bp of CDS) amplified from genomic DNA using BA4181/BA4182 and cloned
into pBA3 cut with Spel/Hindlll
pBA3154 KIN-A(A816-862)-YFP, endogenous locus Hygromycin Deletion introduced into pBA2940 by PCR using BA4202/BA4203
pBA3155 KIN-A(A717-743)-YFP, locus Hygromycin Deletion introduced into pBA2940 by PCR using BA4204/BA4205
pRK793 (pBA1016) MBP-6HIS-TEV-6R - Tropea etal. (2009)
pMig96 (pBA152) 256LacO, integrate at DNA Phleomycin Landeira and Navarro (2007)
pENT6-Y (pBA191) Endogenous YFP tagging, G418 G418 kind gift from Dehua Lai
pPOTV7 (pBA1919) pPOTV7 (eYFP, Hygromycin) vector for PCR only tagging (POT) of target genes | Hygromycin Dean etal. (2015)
in Trypanosoma brucei.
p2T7-177 (pBA3) Inducible RNAI vector, integrate at 177 bp Phleomycin Wickstead et al. (2002)
pACEBac1 (pBA305) Baculovirus transfer vector, acceptor vector in the MultiBac system - Bieniossek et al. (2008), purchased from Geneva Biotech
PACEBac2 (pBA306) Baculovirus transfer vector, acceptor vector in the MultiBac system - Bieniossek et al. (2008), purchased from Geneva Biotech
pRSFDuet-1 For expression of one or two target proteins in bacteria (kanamycin) - Novagen, catalog number 71341-3
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Supplemental Table S2. List of primers used in this work.

Primer name sequence 5'-3'

BA33 GATCGATCTCTAGAGGAGCAGGTAGGTCAACTGAGGTCGGGCG

BA34 GATCGATCGCGGCCGCTGTTAAAAGCGATCTCAATT

BA244 GATCGATCACTAGTCGCTGAAAAGGTTGTCCATT

BA245 ACTGACTGAAGCTTTGGAAAATACTCTGGCGTCC

BA555 GATCGATC ACTAGT CAAAGCTGCTGTGCTCTCAC

BA556 ACTGACTG AAGCTT ATGCAAATCCCAGTACCTCG

BA689 GCTAGCTTACACGCCACCGTAGAGCA

BA745 GAATTCATGGATTACAAGGATGACGACGATAAGGATTACAAGGATGACGACGATAA GGATTACAAGGATGACGACGATAAG GAAGAAGTCAATGCGTATT
BA746 ATGCATGCCTGCAGCTAACGAGGAAATCGGAGCG

BA1374 CCCGGGATGATTGGCACAGTAGAACAAA

BA1821 GTAATGGAGTTTGTGAGGTGCTTGATGAGGAAAAATTCCCCCTTTCGGAGGAACTCAACCAGATGCTCTACGGTGGCGTGGGTTCTGGTAGTGGTTCC
BA1822 GAAATGCGACAGCAGACGGAAACGGAAAAAAAAATAAAAAAAAAGAGAGGGCTATCTGTAATTCTTTACGTACATCACTTCCAATTTGAGAGACCTGTGC
BA1870 GATCTTAATTAAGTCCTCGGTTCTTACGCGGTC

BA1871 GATCGGCGCGCCCCGATGTTCGTGGAGTCTCGAA

BA2024 CCCGGGATGGATTACAAGGATGACGACGATAAGGATTACAAGGATGACGACGATAAGGATTACAAGGATGACGACGATAAGAGCGGATATGGCGAATCTA
BA2028 GCTAGCTCACCGCGTTCTCCCCCCAA

BA2129 TTGCCAATTCCACATTCGTGCATTTGGTGTTCCTCCTTTTTAACTAGACACATCACACCCCAGGCAACAGCCTAAAAAGAGTATAATGCAGACCTGCTGC
BA2130 GCGGCCTCCAAATTTTCCCGTGTACTATAAGGGGACATATCTCGCCTTTCGTGCCGTGAGGAAAAGCTGGAGCCTACCATACTACCCGATCCTGATCC
BA2504 GAAATGGGAGCTCGAACGATCAGGACGTAGTCGTAGTTTCGTCAGGAGATGAGTTGTTACGTTTCGCTATAAGTCGTGATGGTTCTGGTAGTGGTTCC
BA2564 GGAGGAAAGCAGCTGATCATATATAATCACGCACAAGCAGCAGTTTCCTCGCTCCAACCGTACCATACGCACACAAACCGCCAATTTGAGAGACCTGTGC
BA3175 GTATTTTCAGGGATCCATGAGCAACCCTTGGAAC

BA3176 CGCCGAGCTCGAATTCTCACCTTTGAATCAAGTTTG

BA3177 GTATTTTCAGGGATCCATGCAGTGGAAGAAAGATG

BA3178 CGCCGAGCTCGAATTCTTAGAAATGCAGAGGTAAAC

BA3182 CGCCGAGCTCGAATTCTTAACGAGGAAATCGGAGC

BA3183 GTATTTTCAGGGATCCCAGGCATATGGTCTGCAGAG

BA3196 GATCGATC GCGGCCGCCAGTTTGATGTTATTGTTGTG

BA3199 CTCATTGGGGAGCCATGCAGCAACGGCATGCTTTAC

BA3200 TGGCTCCCCAATGAGATAAATATCAGTTTCGTC

BA3201 CGGGATATCCATATGTTAATTAGCAACCCTTGGAACGCAAAG

BA3202 ATCCGTTTAAACTGATCAGGTCATTCTGGTGGGGCCATGCT

BA3203 CGGGATATCCATATGTTAATTCATATAAGGAAGCGCATTG

BA3204 ATCCGTTTAAACTGATCAGGTCACCTTTGAATCAAGTTTGAAC

BA3205 CGGGATATCCATATGTTAATTCAGTGGAAGAAAGATGACTTATTCG

BA3206 ATCCGTTTAAACTGATCAGGTTATGCATTTAAACGCCCGCTTG

BA3207 CGGGATATCCATATGTTAATTTTTAGCAACACAACTTCG

BA3208 ATCCGTTTAAACTGATCAGGTTAGAAATGCAGAGGTAAACTTTC

BA3240 GCGCTCTGAGGCGTCTGTCCATCAAGAAGCTCGCTG

BA3241 GACGCCTCAGAGCGCACACGAAGTTGCAGTCCTTC

BA3284 ACTTTAATAAGGAGATATACATGAAAACTGAAGAAGGTAAAC

BA3285 CGTTCCAAGGGTTGCTCATGGATCCATGATGATGATGATGATGATG

BA3320 TCATCATCATCATCATCATGGATCCATGCAGTGGAAAAAAGA TGACCTG

BA3321 CTGCAGGCGCGCCGAGCTCGAATTCTTATGCATTCAGACGAC CGCTTG

BA3409 CGCGGGATATCCATATGTTAATTAGTATTGAGGTTCATGTACGCATT CGACC

BA3410 GGATCCGTTTAAACTGATCAGGTCAGAGTACCATAACCGGATC

BA3411 CGCGGGATATCCATATGTTAATTAACATGCCACCGCTTTTCGC

BA3412 GGATCCGTTTAAACTGATCAGGTCAACGACGGCGGGAGCG

BA3413 CGCGGGATATCCATATGTTAATTGAGCAAACCAGCAAACCC

BA3414 GGATCCGTTTAAACTGATCAGGCTACCGACTAATGGTCTCAGC

BA3415 CGCGGGATATCCATATGTTAATTATTCATCAGGTTCTTATGTTAGTACAC

BA3416 GGATCCGTTTAAACTGATCAGGCTACACAGCGGAGTACCG

BA3417 CTGGAAAACCTGTATTTTCAGGGATCCAGTATTGAGGTTCATGTACGCATTCG ACC

BA3418 ACCTGCAGGCGCGCCGAGCTCGAATTCTTAGAGTACCATAACCGGATC

BA3421 CTGGAAAACCTGTATTTTCAGGGATCCGAGCAAACCAGCAAACCC

BA3422 ACCTGCAGGCGCGCCGAGCTCGAATTCTTACCGACTAATGGTCTCAGC

BA3431 CGCGGGATATCCATATGTTAATTAGTATTGAGGTTCATGTAC

BA3432 GCGGCGGCACTCAATCTCATCCTCAATTTGAC

BA3433 GGATGAGATTGAGTGCCGCCGCAACAAGG

BA3465 GGCATGGACGAGCTGTACAAGTCTAGAGGAGCAGGTCCGAATTCG

BA3466 GAAAAGCCAACTAAATGGGCAGGATCCCTCAAGCACGTAACGGATC

BA3467 GGCATGGACGAGCTGTACAAGTCTAGAGGAGCAGGTGCTGGTGCG

BA3468 GAAAAGCCAACTAAATGGGCAGGATCCCTCGTGGCCGATCGAATTAATGTTTTC

BA3475 GACAAAGTAAGCAGGTGGAAGAGCAAGATTTTTTTCGCTTAAATATACGGGGTGCCACAGGAGCAGGGCCGGGCACTGTTGTATAATGCAGACCTGCTGC
BA3476 AGGTCGCGCTTGATCAACTCTCTCGTCTCCTCCAACTTGCCAGCGCAACTCGAAAAGGACCGCGTAAGAACCGAGGACATACTACCCGATCCTGATCCAG
BA3484 CTGCAGGCGCGCCGAGCTCGAATTCTTACTCGACGTTAGGTCGTGTG

BA3486 GGAAAACCTGTATTTTCAGGGATCCGATCTGCCGAATGTACAAGCGG

BA3613 ACCTGTATTTTCAGGGATCCGAAGAAGTCAATGCGTATTCACCC

BA3614 GCGCCGAGCTCGAATTCCTAAGTAGGTATAGTGACGGGATGATGA

BA3644 cgggatatccatatgttaattaagCGTGCAAGCACCCCTCCGCT

BA3645 tcaccatggatcccccaaggegegccccAACTGCCGGAACTACCAGCT

BA3817 CGGGATATCCATATGTTAATTAAGGAAGAAGTCAATGCGTATTCACC

BA3820 ATCCGTTTAAACTGATCAGGCGCGCCCTAAGTAGGTATAGTGACGGGATGATGAAC

BA3878 GCATGGACGAGCTGTACAAG TCTAGA GGAGCAGGTTCTGTA

BA3879 GAAAAGCCAACTAAATGGGCA GGATCC TATGCTCCGGGAGC

BA3880 CGAAAACAGAAACTCAACTGCAACG AAGCTT ATTGGAAGGAGCAG

BA3881 AGCTCCTCGCCCTTGCTCAC ACTAGT ACCTGCTCCCTGAA

BA3891 ACACCAAAAAGTAAAATTCACAACAACGTTACCATGGAAC

BA3892 GAAAGACACTTAAGCGCAGCGGTTCTAGAAGGGATCCGTC

BA3927 ATTTCTGTGTACCTTTGCATCACAGTCTTTTCGTTTTCGTGTCATTTTGTGTGCGGAAGGGAGTGGGTCGAAGGCTGAAGGTATAATGCAGACCTGCTGC
BA3927 ATTTCTGTGTACCTTTGCATCACAGTCTTTTCGTTTTCGTGTCATTTTGTGTGCGGAAGGGAGTGGGTCGAAGGCTGAAGGTATAATGCAGACCTGCTGC
BA3928 AGCAATGACATGCGCCTGATGTAAGTCCTGTCAAACCCGTAGTAGGCCTTGTAGGGTGAATACGCATTGACTTCTTCCATACTACCCGATCCTGATCCAG
BA3928 AGCAATGACATGCGCCTGATGTAAGTCCTGTCAAACCCGTAGTAGGCCTTGTAGGGTGAATACGCATTGACTTCTTCCATACTACCCGATCCTGATCCAG
BA4011 CGCGGGATATCCATATGTTAATTAACATGCCACCGCTTTTC

BA4013 GGATCCGTTTAAACTGATCAGGTTATGAGGCGCTACGTTTGGG

BA4014 GGATCCGTTTAAACTGATCAGGTTATTCCTGTATCTTCGCGTTATTAC

BA4015 CGTCCCAAAGCTGAGGCGCTACGTTTGGG

BA4016 GTAGCGCCTCAGCTTTGGGACGTAATGTTCCGAGTG

BA4017 GGATCCGTTTAAACTGATCAGGTCAACGACGGCGGGAGCG

BA4018 CAGAAACTCAACTGCAACGAAGCTTTTTCGTTCACGTTGTGAAG

BA4019 CTGCGGCCGCCCTTAACACGTCTAAGGAAG

BA4020 CGTGTTAAGGGCGGCCGCAGTATTGAGGTTCATGTACGCATTCGACCAAACGC

BA4021 GCTCCTCGCCCTTGCTCACACTAGTTCCTGCTCCACGACGGCGGGAGCGGCT

BA4095 CTTGCCGCCTCTGAATCCGCATCTCGTGCAAACAC

BA4096 TTCAGAGGCGGCAAGATCCACTAAGTTGATTGTACTC

BA4181 GTGGCGGCCGGCCGCTCTAGAACTAGTACTCAGAAGGTGACACAG

BA4182 CTCGAGGTCGACGGTATCGATAAGCTTTTAAGATACGTCCCCGAAG

BA4202 TAATAACGCGAAGATACAGGAAGGAGCAGGAACTAGTGTG

BA4203 TTCCTGTATCTTCGCGTTATTAC

BA4204 GGGTCCCAAACGTAGCGCCTCAGCTTTGGGACGTAATGTTCC

BA4205 TGAGGCGCTACGTTTGGG
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Supplemental Table S3. List of DNA synthesis products used in this work.

name

|sequence 53"

BAG7

TcT) \TAATTTTGTTTAACTTT/ \TACATATGGGCAGCAGCCATCATCATCATCATCACGGAGGTGATAGCTTTGCCAGCTATAATACCCGTAATCAGGTTCGTCGTCGTGCAGCAAGCGTTACCGCACGT/ TCCGAGCCTGGCACGT/ \GATG
AGCATTAGCCAGCAGCCTCGTC TCGTGATCTGTGGGAACGTGC TGTTT) CCCAGTGTGTTCGTCGTGTTCAGTGTCGTCTGAAAGAAAGCCTGAGTAGCATGAATTWCTGCGTGAACTGGCAAGTTATTATACCCGTACC(X)ACCGCTGATTAATGGTTTTCCGTTTT
GTGTTAGCCTGAGCTATGCAACCTTTCTGTTTCATATGCAGATGCCGCATGTTTGC GATATTCAGCGWATGCACAGCTGMTGCAACCGCCAWGATAWATTCCAGATACCCAGCGTAGC AACATOCGTITGTTCGTAATGTTATIC TTTTGGTCTGAGCAGCCCGAGT GG
CACATTATGTTGT mAGccTGcTGGcAGTTACCCTGGTTGAACATGGTGTTGWCCGGWGATAMWAACC GTGG TGCGCGAAC 7T/ \TCGTGCACTGACCCTGA GAAGAAGTTGAT
CGCGAAGAACAGGTTGAAGTTCTGATGAATGTGATTCGTAGCAGTCCGCGTCGTATGCATGTTGAGCAGATTGTTGCATGTTATGAACGTCTGAAACGTGCAGCACCGTGTATTAGK GT. GCCTGTCAAT!’CGCCTGACCAGCGTHTFCTGACCCTGCGTAGCCCGAWCGTAAAGAAT
TTGTTGAAAGT!’TTCTGTACCCGAGCCTGTGTAGCGAAGATGTTAAAGATACCCTGAATCAGCCTGCCGTGCGTATGCATCTGTATCGCAAACTGCTGCGTCTGTGTACA\.L TTGTGCAATCATCCAGCCGTTTCTGGATGATGTTACCGAAGGTAGCCTGGAA|
|ATTGTGAGCCTGGTTAAATGTCTGATGCCTCATGCAGCATATTTTGTTGCAACCCTGACCCTGGATACCCGTCTGCAGGCAGAAGTTCTGGCAGGTATTGTTGTTAGTCTGGTTGGTAS C/ l,uu:TTATGAA \TGAATAGTCCGGTTGCACGTGCCGTTGAAY AACCGTTTATAGCAT
|CTGTTTCTGC TGTAGCATTAGCAGC CCT( TTGCAAATCCGAGCGTTATGAAAA( cTs TTAC CTTTGAAAAATTTC T "‘CTGTAATAL:LLI(:L:\ A

AGCTGCTGTGT TG TCTGCAT \TGTTTGTGAAGCGATTGACATTATTCTGCAGCATAACTGGAATATTGGTAGCA GCAC CAA
GGGTCGTGTTCTGGTTACCATTACCGAATGTGC TCACH GCAGTTCATCTGCTGCTGTTTCACATTTWGCACATGCAGGTCCGCACCGTAAAGAACTGTATCTGGAAATCGAACCGTATATTCGTAGTACCCTGGTG
\GTGC CGTGCATTTGGTGTT GTGCAAGCCTGCTGACACTGCATGCAAAACTGGWAWCTGCTGGGCAATGCAGWGATCGTAGCCATGTTGATGCACTGCTGCAGGCA TGA \GATTCATAGCAATCATGATGCCCTGGTTCTGTGGTATCTC
TecTscmcGmGTGGTGGTAGCAATGTTGATCTGCTGCcGAccGcAcc AACTATTGTGT \TTGTGCACCGACC’ CGATAACGCACAGCTGCTGCTGAAAATTATCCATCGTGCACACTATTTTAGTCCGCAGATGCGCAAACTGGWGGWGTTGTGTTTGTAAA
CTGATCCAGGACTH’AATATGCAGGCCGATAACMTATTACCGCACTGCTGTCACCGTFTGGTAGCGWCCGGTGAGCCTMAWCACTGGWGAATATGCACTGCCGGWGGTGCAAATAGCACCTFVTGGAGCTYTHTCTGCGCCAGATGAAAACCAGCGCACCGGCACGTACAGCACTGCTGGCcAGCTﬂ'GTTA
AAAGCGTGACCCGTCGTTTTAGCGTTGCATCACCGGTT) TACC STTTGCAGT GTTCGTCGTTGTCCGCCTCTGGCACGTGTTGTGCTGCATC TGGGT TTTGTTTCTC
mum TACCAGCCTGCAGATGGTTATGGTTATTTTTCGTCGT uL,uTTGGTGCAGATGWGCCGAAGWGGTGCCGAAACCCGTCAGGATGCACATCATFVTGGTGAAGCAGWAGCAAAGCAGTGCAAGAAAT TACAGGTTOBTCTATTAACGATATAGCAC CTGAATTCGTBATGAGMCBTTTT TTTT
\.\buLzAAACGTACC TTTGTTGT \TAGCCTGGATAAC GCAGGCGTTAGCG!
TTAGCTATTC C T TTFWGATGATCTGACCATGAGCCACGGTGATH’TGATGCAGWCCGGCACCGATTCCTCTGCATCTGCAGCGTCGTAATGAACAGAAA WGAAGWACACTGACACGTCGTCCGEATGCCAATACCACCTVTAGCAGCCAGCTGCAGGATAC
CGTTACCAGCAGCGCAGATAGCC TGCCTCCGGCATT CATTCTGAC
\TTCAGACC/ 7AAAceTArrAATccsscucuecccsAATsGTcAGcmAGcAATGTGscAGCAAGcAccrrcccGGAAGCAGWCTGGWGAAAGCAA AAACGT!T' CAGCACCG|
CIATTGGTGATATTGGTGCCAATTCAACCTGGCATGAAATGAGCGTTTTTAGCGAAGGTGATGAAGAACCGATTGATGATACCACCGTTCCTCCGC TGCAGGGTACAAATAGCGCAAATTGTGTTACCGTTCCGAGCGCACTGGCACTGCAGTTTTTTGCAACCTATC
cscc TG GmGTcArr \TGGTGAA TGCACGTCGTCAGGWCTGGCAACCGAAGGTGAACGTCGCGGTGATCTGGCAGTWATGGTFWGA\ TGGCACCGCCAGTC) GCATAA\ TGGT ccscAGcz:GrrscAccGcATGcAGcAAWCTGCCGGTGGTGGWGAAGGTC

GCAAAC TAGC) AATATGGTTAA
CTGGTTACATATTCTCCGCAGCCGGAACAGGGaCAGAATGGTGGTCATCACGATGATGCAAAACAG GCTATGAAAATCGTGGTGCGACCACCACCCTGCTGCCGCAGCAAGAAACCAGTGCAGCACTGCGTGAGCTGGAAGCC TGCTGGGTCATA TCAGTT/ T

GCAAC GCAATGTTTCC! TCCGCGTTTTTTTGT CACCCTGGAACTGC \TGGTGTTAGCAGTCTGAC CGTGT ATTATGGGTGC/ TGTTGATG
GTGAAGWGGTAATA TGTC 5CACCTCCGGTCCCGGAATA \TTCCCTGGAAATCGTTTAATAATGTACAAGATCCAGATCT

BAG14

TTTCAATGTCTCACCAG TCGTGACCGCGTGCGT CGC GCGCCCCCGCAGCTCACTCTCCATGCCACGTGAATTGTCCTACACACCCGCCATATCTICCATTCCTTCGAGCCTGCACACACCGTTTATICAAAAGTGCTACGTTCAGGGGGACAATTCCACT|

GAGGGTCAGCAGCAGCAGCAGCAGCA \TCACATGACTGTCGTATTTC \TAACATGCAACTGACAACAACAAGTTTGCTC TTGGTCGA GTC/ TGTGCGCCTTG STATCGTCGAAACAAATGACGGATGGTGACTGGGAGC

CGTTGCOCARAGAGGTOGOGC TATGAGTCACTICTCGCAGCACCCCAAG TAATTGCTGCC! TTTTGCGTA' TGTGCGA TGCATGACATTATTAAC) TGGTCTCGAAGTGCCAGAAATTTT TGCACTCATTGATA

CAATCGCTTTTCTGCACGCC \GTAAACGGCTCTAG \CGCACGTAGAACGAGCATTAGAAATCGAAGTTCAAGGACTGCCGAGGAGAAGCACTACATTACGAAAACGCTGTACTGCGCGATCTTGTTTTAGTTTTTTTGGCCTGTAGCC GAAAATCGA
AAC TGCC GTCGGATCCga

BAG1S

|9aACTAGTGGAGCAGGTATTGGCACAGTAGAACAAATATTGTAC! \TTGCCTTCTCGTGATTCATCTC TTTATCCC \CGCATTGGACAAGGTTCTTTTGGCACCGTTTACAGAGCCTCTTGTGATC \TCCGAGATTGGCATT
ACAACAGGAAAGGTTACACGGCTCAAGCAGGAAC T TGCAC: TCCTGCTGCCACGGTTTTTATTTGGTGCAT TCATGGC TGTGTTTCCCACACACACTACATGACTICCTTCTGTCAMGTGTCTAACAGAT
AGTTGTTCGTT( CATGAACAACATTGCATCCACAGGGATGTTAAACTTCAGAATTTTGTCTTCGATTTGGATGGCggecgcATTCACATCAATAAACAATTGTGTTCACTGCCACACGCAC
GAAAGAAAAAAGAAGGAACAAT/ TCATTGGTAAATTTCCTTTCCTTTCCTTTGTTGTTGTTACATIGTTTTTGGTTACTCTCCTTTTTTCCCCCTCTTGTTCTTTATTTATTAATTATATATTACCAGTAAAGCG \TAGTACACTTGCATTTTT Coa

BAG41

|ATGCATGCATGCTAAC \GTTTAAACGTACC! TGCCGCCCCGACGTTGGCTGCGAGCCCTGGGCCTTCACCCGAACTTGGGGGT GCGGGCGTATTGGTC AGAGTG
CCAGCCCTGGGACCGAACCCCGCGWTATGAACAAACGACCCAACACCCGTGCGTFWAWCTGTCWH‘FAWGCCGTCATAGCGCGGGTTCCTTCCGGTATTGTCTCCTTCGTGWTCAGTTAGCCTCCCCCATCTCCCGGTACCGCATGCTATGCATCAGCTGCTAGCTTAACGCTGGATCAGGWGGMCGGM
TTGT GATCTCTTCTT CGCGCCAGTC \CGCAGAGC CTCGACAGCCTIGGGRTACTTAGCGAAGATGGTGTG TCCTCGGGGTT

GTCGGGGTCCACACGCTCTTGAGCAGCCACACGCTTAGTGGTCAGGTTAGCCACACGGGAACGGGAGTTGGACWCAGAGCGGAG T ACTCGATACGCTTGC GAACCWGACCAGCAGCAGCGTCGCCAGCGGTCAGAGGCAGGGAAGGA

GTCCAGG! GCAGGTAGCACCACCCTGGTTGCCGGTACGCTGCATGGAGCTGGAACCCT GGTTGTTGATGT
AGCGTTAGCGGGACCGWACGCACGTAAGCGAACAGCACCWGGTGGACTGCTCGTAWCCWCAGGT GACA AGCATGGACACGchTchccrrcTcGTAcTGAcGGAACAGCAsrrccTcGAccAGcTrAGcsrrccAGGGGrrGGAcAchcGGGTGATcA
AGTCTTCGTCGAGTGATTGT/ TTTACAGTATAGTATTTTAATTAATAT/ \TGATTTG TCTTATTTAACTAT/ TGTGTTGGGTTGAATT/ TTTAAACGTACCCGTAGTGGC
TTGGCTGCGAGCCCTGGGCCTTCACCCGAACWGU:(:(:\ \TTGGTCCCAA ACA \CCGAACCCCGCGTTTATGAACAAACGACCCAAS |ummummmnuwuw T GCG
CGGGTTCCT TGTCTCCTTCCGTGTTTCAGTTAGCCTCCCCCATCTCC! TGCTATGCATCAGCTGCTAGCTTAGTTTTCCTT AGCGTC! TTGCC TGCAGGTTGTTGGGC TTCAGC TGAC
CACCCTGTGCAGAGCCAGACGACGGGAACCGTCACGCAGCAGCAGGTTAGCGATCAGGTCCWAGCCTCGGAGGGGATGT!TTCGGGGA CTTGAAGTGC/ TCTTGCAGATC TTCCC TGCCCACGAGCA CCAGGCACCA

GTAAGCCTGACGACCCACGATCTC, GCAGGAGGTCTTGCGACGGTTGTC/ GCTCCAGCCGAAATCGGCCAACTTGATGTTGTTGTTGTGGTCCAGCAGGATGTTCTCGGGCTTGATGTC TGGTG
CAGGTACAGCAGAGCCTCAGCCAGTTC \CGAGC, ACTTCACACGGTTCAGC GCATGCCGTTC STTCCATGATC T/ \GCAGGTACTTGTGACGGGTGTTGAAAGCGATCTC

AAGTCAGCGAGCTTCTTGATGGACAGACGCTTCAGAGCGCACACGAAGTTGCAGTCCTTCACGGAAGCCAGGTGCACGTCGCCGTAGTTGCCACCACCCAGCTTGTGCAGCAGCTC SCTTCCACTTGGACT ACGA

I TGAAGTCCTCGACCACACGGCCCACTTCGGTAGAACGGCCGCTGCCCGCGCTGCCCTTATCGTCGTCATCCTTGTAATCCTTATCGTCGTCATCCTTGTAATCCTTATCGTCGTCATCCTTGTAATCC TCAAGTCTTCH \TTGTAAATAAAATGTAATTTACAGTATAGTATTTTAATTAATA
TACAAATGATTTGATAATAATTCTTATTTAACTAT/ TGTGTTGGGTTGAATTAAAGGTCC CTAGGGTATACCCATCTAATTGGGATCGATCGATC

BAG62

GATCGATCGATCAAGCTTATTAGGAAGCCAAATCGCTGCCGCACTTC TGTTCAGCGCTCGTTAGH L,L:TTAATAGTACGTTGGACGTCATTACGACGGATGTCCGGAACACACTCACGGAGCAGCATTGTGAAATGGAGGAACGGGTCAATAGAT
I TGATGAAAAT GG GCGA( \GTGGACACATGG ATCTGATT( CAGCAACAACTGCTGTGGGAATTACTACAA AAAGAATGGAAGAGTTACGCACAA
AGAGGCGAGTATGC/ CCTCA'!TTCYAAGTACGGTCAGGTGTCGTAGCACTGCATTGAAWCGAWGCCATTCTCCGAGTGTHTAGCGTGACGGCCGCAGGGGTCCCATAAACAGCTGCATACTCGCCTCTGCTTH’TGTAWCTCTCCAGCAACATTGTGC
GTAACTCTTCCATTCTTTGCTCCTGCCGCTTTAACATCTCCTTCTICCTCTCTIGGGCGCGTTTCTCCACGTCTTGTAGTAATTCCCACAGCAGTTGTTGCTGGCTCTCCACCGCACAGACGGAATCAGATGCCTTCTTTTGCCATGTGTCCACTGCTGTCGCAAAATCACCTGCCATTTTCATCAATCTATTGACCCGTT
CCTCCATTTCACAATGCTGC CGTCGTAATGACGTCCAACGTACTATTAACGTGGCTAACGAGCGCTGAACAGCCCTCCTCCACGTCTCTTTTTCTCTICCTGCTACCTTCCTCAAGTGCGGCAGCGATTTGGCTTCCTAATGGATCCGATCGATCGATC

BAGTT

Qabcga!cga\cAAGCWCTAGAGWACCGTAGACTAGATATATATAWHTWCTGGAAAGGCCGCCCTGAAATATATGCACATACATATGTATGTGTGTGTAGGGATMTCTGTGAGCTCCCCWTCACTAWCCTCACGCACAGAAGGMCAAACTTCTGTGGTTCATTGTGTAGACATTWATGTAATTGCGGGCWGTGCT
AGCTTCCCTGTCCTCCTGAACGCGAGACCACACACGTATATAT GTTCTTGACACCGGTTCCGA GGTTATGCCCGCAGTACCC GTATCAGGGTTAACACAGCG
GCGCTGAGGACGAGGAAAGTGAGCAGGATTGCGATCGCGACGACATATGTGGGAWCTGGGCAAgcCGTGAGGTATTCTTTAAACGACACC . T

BAGS0

GATCGATCGATCAAGCTT/ TG TGATGGCTGGTTAAACK CT/ T/ TAGATCAGCGCGAGAACCGCGAATTCACACATTCTCCCACCACTGAGTCCCACT|
TGTGGAGA |CCTTCCCCTCCCTCGGCTGTGG|'|‘ACTGCTCTGGGCWCTTACTTGCGTAACGCTFWGCTTCTTCACTHGTGTAAGGCCCCGGTAGGTAGATCGTAAAGGCGGACCCTCATWCTAAGTACGGTCAGGTGTCGTAGCACTGCAW
GAATTCGATTGCCATTCTCCGAGTGTTTTAGCGTGACGGCCGC: \TAAACGATCTACCT TTAC/ AAAAGCGTTACGC/ CCAGAGC, AGCC! CCTTCCCTTCCCTCTGTTGCTTACCTTTAATACACTCTCA
TCTCCAC T \TGTGTGAATTCGCGGTTCTCGCGCTGATCT/ TGTTCCACCCTTTTCACCCATTCTAATACTGTCTCTTCGATTTCCTCGTCATACTTCTAGGCGTTAGTCGTTTAACCAGCCATCATCGCCATTTTTCTICTTTTTGATATCTTGACTTCTCTGGATCCGATCGATC
GATC

BAG146

GATCGATCGATCTCTAGAAATAAT’H‘TGT’WAACTWAAGAAGGAGATATACATATGCATCA\ cC/ TCCH AAAACTGGTTGAAGAACTGCTGTTTCGCCAGTATGAAAAAGGTGAAGATGTTAGCATGCTGCTG

GAGCACCAAAGTGCTGTTTGCCTATGWCGTAATGGTCCGGCAAATGCACTGACACCGCAGAATAT’ T TATGTATGGTC AGTATGCAGCGTACCGGTAATCAAGGTGGTG!
CTGTGCAACCACCTCAAGCAGCAGCGC CCA TGCAGCGTCATCCGCGTGGTC \CCGAGCCTGCCGCTGAC GC/ TGGC wu,TGAACATAWCGTAAACGnrreAATeeccTecAAcce
WCCGACCAATAGCGCACTGAAAAGCAATAGCCGTAGCCGTGWGCAAATCTGACCACCAAACGTGTTGCAGCACAAGMCGTGWGATCCTGATCTGAWTWATGCAGMCCCGGAAGMTTACCGCTGCACACCAT!TWGCCAAATATCCGAAAGCAGWGAAAGCATTGCAGCACTGCGTGGTGGTAGCGGTG
|ATTGGCGTGAAGATACCTTTACCGAAGAAGAAGAGATTCTGTATAAACGCGAACTGCGTTAT. Gcc \GCCAGTGTGGTTTTTTTCGTAGCAATCTGATTCAGCGCTAATAATGTACAAGATCCAGATC TTGTAAAACGACGGCCAGTGAATTCAATAATTTTGTTTAACTTTAAGAAGGAGATATACATAT
GCGTAGCACCGMGWGGTCGTGWGWGAAGATTWAWGWCTGCCTCCGACACCGAMAG \TTTTGAACTGCTGCAT/ f \TTATGGTGATGTTCATCTGGCAAGCGTTAAAGATTGCAATTTTGTTTGTGCACTGAAACGCCTGAGCATCAAAAAACTGGCAGATTT
CGATATTGCAACCCAGCTGCGTCGTGAAATTGAAATTC ArrrAAcAccceT::AcAAATATcTGcTGcGTAccTATacArArrrcTTcGA GAAAC TGGAACCGTGTAGCAATGGTATGCTGTATACCGAACTGAATCGTGTGAAATGTTTTGCACCGCCTACCGCAGCACGTTATGTTGCACA|
GCTGGCAGAAGCACTGCTGTATCTGCATCAGCATCATATTCTGCATCGTGATAWAAGCCGGMAACATTCTGCTGGATCACAACAACAACAWAAACTGGCCGACWTGGTTGGAGCGWCATGACCCGGATAATCGTCGTAAAACCAGCTGTGGTACACCGGAATATH'TCCGCCTGMAWGTTGGTCGTCAGGCA
ITATGAT TGGGTATTTTTTGTTATGAGCTGCTGGTTGGTAAAACCCCGTTTGT CGATCAGATTTG TTTAAGATCCCTGAAAATATCCCGAGCGAAGCCAAGGATCTGATTGCCAATCTGCTGCTGCGTGATGGTAGCCGTCGTCT
GGcAcTGcAccGTGWGTrAATcATcAGTrrc* TGAAATATTA \TAATCTGCAGCCTCCGACC! \GAACCGACCG \TTAATAATGTACAAGATCCAAGCTTCGCCAGGGTTTTCCCAGTCGAGCTCAATAATTTTGTTTAACTTTAAGAAGGA
GATATACAT/ CTGTTT TCGTACACCGGGTGAACTGTTTGGTCATCGTAATAAACTGAACTTCATCCTGCAGAAGCGCTTTTTTATCGCACCGGATATGGTTGAA CTGAATCGTC AGTTTAATCGTTGCTATGCCAAACTGGTT|
ATGCAGGCAGWGCCAAMTFAACAATACCACACGTAGCCAGCTGAAAGWCGTGTT TGCAGCTGATTC AAAGATACCGGTGCAAA TGAATGCATTTAGCMTACAACCAGCGGTCAGCAGCG
TTATT \GCGGTGGTGTT TGTTATGCCGATTGATCCGGCAGAACGTGATTGTCTGTATGCAACC
AAACCACCATGTTT AGCGCACTGCGTAGCGCAACCCGTC TG ‘TCAT!TTGCAACCCCTCCGGTFVTTAAAGGTTWGAACGTACCCTGGAACTGACACCGGCAGATAGCCCGACCGAAAGCCTGCCGCTGCAWTWAATAATGTACAAGATCCGGTACCAGCGGATAA
CAATTTCACATCCGGATGTAAAACGACGGCCAGTGATCCTTAAGGCTAGGGCCCGAACGGATCC! TGGCTAGCGATT

BAG157

GATCGATCGATCAAGCTTGGCTTGCAATTGCTC/ \TTTAAGTAGTTTGTATACGTGTCGTTGTTGCTTTCTTTTTTAAAGATCCATGAAAGGC GGACCCTCATTTCTAAGTACGGTCAGGTGTCGTAGCACTGCATTGAATTCGATTGCCATTCTCCGAGTGTTT
TAGOGTOAC GO0 COOAGGORTCCOATACATGGATC T TTAAMAAGAMGCARCAACACACGTATACARACTACTTARATACCTCTACCTTTTTTCTAGGTGATT TTGAGCAATTG TC

BAG158

GATCGATCGATCAAGCTTTGATACCCAGTGACAAAAGTGTACTTTGTTCAAATTTTGTATTTTTAGATGGTTTTGAAGAAGTTTTGTGGCGCCTTTGCTCTTTCAAAGAGCGCAGY TTTACTCTCACTTCCCCTTGTCTTTCTITCTICAACTTATTCGCTCTCTTTCTCCGTTGCTGACCGGACCACTCATATAACAA
GGGTGACTGCAACTACTGGAGCGGTTCCGTGTGATGAGTATCGGCGTCAGGCGTGATCATTTGTAAAGGCGGACCCTCATTTCTAAGTACGGTCAGGTGTCGTAGCACTGCATTGAATTCGATTGCCATTCTCCGAGTGTTTTAGCGTGACGGCCGCAGGGGTCCCATAAACAAATGATCACGCCTGACGCCGATACT
CATCACACGGAACCGCTCCAGTAGTTGCAGTCACCCTTGT TCAGC/ GAATAAGTTG CGATCTGCGCTCTTTGAAAGAGCAAAGGCGCCACAAAACTTCTTCAAAACCATCTAAAAATACAAAATTTGAACAAA
GTACACTTTTGTCACTGGGTATCAGGATCCGATCGATCGATC

BAG159

GATCGATCGATCAAGCTFTCTTHTTCTHTTAAGCTGCTWCTAAAAGCTCCCAAAATAAAT’WACGAAGACACCTGCCATTCATAACAAAACAAACAAACAAACT" T T \GACAA TCCACTGAAGCGCTGTACGGAAAAAAGAATAAGGA
CAACTCAAAAGGTGCTGAGTGTCGTTCAACTTTCTTCAGTTGTAAAACCGTGGCGGCATTTTCTTTTTTTCTTTA AAAC) TTATAAATTTATCCAGAAGGGTTAAACTGAC TCTC T/
GAT CCTCATTTCTAAGT/ \GCACTGCATTGAATTCGATT LLATTCTCCGAGTGT’HTAGCGTGACGGCCGCAGGGGTCCCATAATCCACAATCCTTCGCTTA(,|Hu\ TTTTCCCAC) TTTAGTTTCCGCTCCCCCTGTCAGTTTAA

CCCTTCTGGATAAATTTATAAGTATCAGTTCTTTGTTTGCTTTTCCCAACGACTTTACAAGTTTCCTACACCACT/ CACGGTTTTACAAC STTGAACGACACTCAGCACCTTTTGAGTTGTCCTTATTCTTTTTTCCGTACAGCGCTTCAGTGGAGATTTCTTTTCAGTTGT|
CTTTGTTCCCCTTGCGAGCACTICCTAAAAACCCTGTTAGAAGTTTGTTTGTTTGTTTTGTTATGAATGGCAGGTGTCTTCGTAAATTTATTTTGGGAGCTTTTAGAAAAGCAGC TTAAAAAGAAAAAAGAGGATCCGATCGATCGATC

BAG160

GATCGATCGATCAAGCTTGTAGGAAGTGACTGTCTTTCTTGATTTTTTTTT TATTWCAGGGAAACATCGTCACGTGTGCTCTTAGTTTTGCATAAGCGTGAATATATGCAGAC TTTGTCTC ATCTATGTACGCAGTTATACGGCGTGOCTAMGTAAMATATTATATATATATGCGT
|ATACGTTGTACTTTTATTTGGAGATAACCGATCCGTTACAGTCGTCTTCGTCTGTCCATTATTTTTTT ATAATGTTGTATTGTCACTGATTTTATTTCGTCAS ATGCAACTACCAAACGAGGTTTTGTT

GGAcccTc/m'rc GTAGC CTGCATTGAATTCGATTGCCATTCTCCGAGTGT!’TTAGCGTGACGGCCGCAGGGGTCCCATAACTTTCCTTTCCCCCTTCCCTCACTACATATTTCCTCTCATTTCCTCCCTGAACCCCAACAAAACCTCGTTTGGTAGTTGCA
| TGCGCTCCCTGTGACGAAATAAAATCAGTGACAATACAACATTATGATACATCACTTC TGTAACGGATCGGTTATCTCCAAATAAAAGTACAACGTATACGCATATATATATAATATTTTACTTAGCCACGCCGTATAACTGCGTACATAGATGGACGAGAGACA
|AATGTTCATGTGCCCACCTCTGTCTGCATATATTCACGCTTATGC TGTTTCCC AGTCACTTCCTACGGATCCGATCGATCGATC

BAG164

GATCGATCGATCAAGCTTTTCCAAGGGAGTTCTGTCGGGGGCGTACGTCTGTTTGTTTTGTGTTTGATTGAGAGGAAGGGATAAACGTGCAGAAGCCAGAAAAAC) AAAAC/ AAC) CAGTTTGCTC GTTACGCACTCGAAA
I TTGACCCCGCTTCCCACTAAGCGTGGTTGTAAAAGGAAACAGGTGTTTTATACACAAACTGTACTTTCTACTTT ATC ACCC AAGATAAGGGGACTAAA TGTTGT TGTATTCCACAGAAATTGGTAA
GAGTCATTAACATTTACGCGCGCGAAGCAACAGTCTTTTCTCCTTTGGTTCGCGGATAGTCAAGCACCGGAAGCAGAAGCAAAGAGCAGTCGAGAAGCATAGGGGAAAGGCGGACCCTCATTTCTAAGTACGGTCAGGTGTCGTAGCACTGCATTGAATTCGATTGCCATTCTCCGAGTGTTTTAGCGTGACGGCCGC
AGGGGTCCC TTCTCGACTGCTCTTTGCTTCTGCTTCCGGTGCTTGACTATC \CCAAAGGA TGCTTCGCGCGCGTAAATGTTAATGACTCTTACCAATTTCTGTGGAATACAACCTCGCACCTCCTTACCACCAACAACAGTTCTACTTTTTATTTAGTCCCCTTATCTTGTC

CTC! CGTTCCGATGCTTACACGTT AGTT ACCTGTTTCCTTTTACAACCACGCTTAGTGGGAAGCGGGGTCAATTTCGAGTGCGTAACGCCTCCTCAGAGCAAACTGGAGCTCCTTTGTTCGCTCCGCCTCTGTTTTGC TTTTTCACCCCTTGATCT|
TTCTTACTTGTTTTTCTGGCTTCTGCACGTTTATCCCTTCCTCTCAATCAAACAC: GTACGCCCCC ceT CGATCGATCGATC

BAG165

GATCGATCGATCAAGCTTTTTCGTTCACGTTGTGAAGTCATGTGAAGGTTTTGCATTGTTGTTTTCCTTTCTGCAGTATITATCGCCCCGACACCTGCTTGTTTTCTTTTTTTTTTTTGTA TGCGCGTCTCTTTACAGTACTATTGCGTGTTAGCGCAGTTGTACTGGTGCAACTAC
CGTGTATCl’rTAGAAAGGCGGACCCTCAT’H‘CTAAGTACGGTCAGGTGTCGTAGCACTGCATTGAATTCGATTGCCATTCTCCGAGTGTTTTAGCGTGACGGCC&CAGGGGTCCCATAACTAAAGATACACGGTAGTTGCACCAGTACAAC1GCGCTAACACGCAATAGTACTGTAAAGAGACGCGCAGTATCCCCTC
CTACAAATACACGCACATAC/ AAGC \TAAATACTG TTCACATGACTTCACAACGTGAACGAAAGGATCCGATCGATCGATC

BAG170

|AAAGCCTTTCTGGCACTGCCTCGTGGTGAAGAACAGCGTATGCGTTTTGTTGATGAATTTCTGAGCGGTGCATGGGTTCGTTTTTATAGC TTTACCACCGATGATGTTGTGGCCATGTATTATTCACTGCAGCCTGGTCGTTATGGTGCATTTTTCGCAACCGAACAAGGTGTTGGCACCGCAGTTGTTGATGTTCATAGC
AAACTGGTTCTGTATGTTCCGTGC) \TAGCATGAATCGTATTCA TGTTCTGACCTATTTTGAAGAAGATGTTCAGCTGC TGAATATCAGTGATGCACAGAAAGTTCTGGGTAGCGTTCTGACCGGTATTATGAATTTTGTTCAAGAAATTGCACGCCAGCGTGGCGAAGGTCTGCCTCC
GCCTGCAGTTCATGCAGCCTATCTGCACGAACGTGATAARACCGCAGTTCCGAGCAATACCAAATTTGCCTATGTTCGTAAAGTTTTTCCGGAT TTGTTCTGTTTCGTCTGAGCAATC TATTTGTAATGTGCTGATG TCGTTGGCAGAGCGATCGTCAGAATAATGTTG
GTCAGCGTTATTATGTTCTGGCAGATGGTACAGCAGAACCGTTTACCGTTGATCATACCGGCATTCTGTTTGAAGTTGATCAGGTTGTGCGTAATAACTTTCGTCGCTAA

BAG189

ARG TCARTGC G TATICACCC TACAA GG CTAC TAC GO TTTGACAGGACTTACATCAGGCGCATGGCATIGC TCGATTA CACCTC TTGCGATGCCAGAC! TCACTTCACGAG! TGTAGTGTTTCGTTC
CCAGTTTCC TGT TACCAAATAATCGAGTC CGAACTCC N‘PMACGCTGCTGTGCGTCTCGCTGCGGGTGCTGGTGWAGTAATGAGAGAAACCACGCWCTGTGACCCGCCCAGTGGGCCAC
AGGACCACG/ GGAC CGACCAACACCATATGTCAACTTGCCCCCAATGAATGACACAGAAAGTAACTTTGAGGTGTCTGCATCAACTCAGCGGTTTGCCGCATTGGTCGCCCCATCGGAGTCGTACACGCTAACACS GTTCCGATGT

cAATrrrccAcTrAcccTGATAGGAGAGcGAATccATGcsTGAAccccTrrccATGsTcAGAAGGTGWsTcGGGCAGccscGGcAAcAAccAcGGsATcAArrAcTm'rrCMTCAGAGGTGATATCAGATGGTCGTcATchGcsrrrccAGTGcTGcTcTcTAcTGGTsAAGATcWGGGcAsTcGchGAGAAc
TGCG! CTTTGGAGTGGCAAGGT C \CGCCAAAACGTCT
cGGAGTrrchGcGGCAAAGCAGCTrr‘rcccAcccAAsTGcGGAccGAcGcchAGGcchTGTTcATcAchcGTcAcTATAccTAcnsg

BAG190

GAAGAAGTCAATGCGTA'H‘CACCCTACAAGGCCTACTACGGGTWGACAGGACWACATCAGGCGCATGGACITGCTCGMTA CACCTC TTGCGATGCCAGAC! C) TCACTTCACGAGACCCCAATGTAGTGTTTCGTTC
CCAGTTTCC TGT GAMCGATGCTGTGCGTCTCGCT TTAGT/ CACGCTTCTGTGACC

AGGACCACG/ GGAC CGACCAACACCATATGTCAACTTGCCCCCAATGAATGACACAGAAAGYAACITTGAGGTGTCTGCATCAACTCAGCGGTWGA TGGTCGCCCCATCGGAGTCGTAC GGTTCCGATGTCT
CAATTTTCCACTTACCCTGATAGGAGAGCGAATCCATGCGTGAACCCCTTTCCATGGTCAGAAC T \CAACCACGGGATCAATTAC ATrrCMTCAGAGGTGATATCAGATGGTCGTCATTCCGCsrrrccAGTscTGcTcTcTAcTGGTsAAGATcWGGGcAGTCGTCCGAGAAC
CAAACGAGCCAATTAGCCTCGGCGGCGCCACCTCTGCGAAGCAGCACAGCGTCTCCTTTGGAGTGGE: CH GATGATGACGTGCTCCACGCCAAAACGTCTCCTGAATGTCCTGCGGATGGGTCCGCATCGCAACGCGCAGGAGAGGGGTTGTC|
GGAGTTTCGCGAGGAAAAGCAGCTTTTCCCACCCAAGTGCGGACCGACGCCGCAGGACGAAGTTCATCATCCCGTCACTATACCTACTIag
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BAG192

ACAAGCTTACCATGGAACATATAAGGAAGCGCATTGAGTGGCCCGCCACTGTGCCCACCAACTCCGCGTTAAAAAGC \GCCGCT GAATTTAACCAC) GGATCTCATATTTATGC) TGCCGCTTCATA( TITGCT
|AAGTATCCCA AATCCATT GGTGATT TTTTAC) TCCTTTACAAGCGCGAGCTGCGTTACAGTCACATGGGACCAAGTCAATGTGGTTTCTTCCGTTCAAACTTGATTCAAAGGGGATCAGGATCTGGATCAGGATCGGGTAGT
AGGTCAACTGAGGTCGGGCGTGTTGTGGAGGATWTATTGTACTCCCTCCGACACCCAAGTCCAAGTGGAAGWGYCTGAWTCGAGCWWGCACAAACTIGGCGGCGGCAATTAC CTCGCCT TTGCAATTTTGTTTGCGCGCTGAAAAGGTTGTCCATTAAAAAACTTGCGGATT
\TTGCGACGCAACTCCGTCGTGAAATT GCTTTTAACACGCGTCACAAGTACCTGCTGCGAACCTATGCATACTTCTTTGA( cGAAAcTGATArrrATcTcArrATGGAGCCATGCAGCAACGGCATGCWACACGGAACTCAACCGAGTGAAATGCWGCGccAccGAcAGcAGcccsrrAcsTGG
CTCAGCTCGCTGAAGCCCTCCTCTACTTGCATCAACATCACATCCYCCACCGCGACATTAAGCCGGAGAATATH’TACTAGATCACAACAATAACATC TTTCGGTTGGTCAGTCC/ \CCGTCGCAAGACATCTTGCGGK TATTTTCCACCAGAAATTGTGGGACGAC
TACGAGTGCTGACCTTTGGT ATCTTCTGTTATGAGCTTCTCGTTGGTAAAACACCGTTTGTT GGAAAGGATACAGACcAAATcTGcAAGAAcArrcArrccATGcAcrrcAAAATAccGGAGAATATACCGTCAGAAGCGAAGGACcTcATcGcGAAcrrscrrcTGcGTGATGGGTCACG
GAGGCTTGCACTTCACCGTGTCGTGAATCACCAGTTCCTTCTCAAGTATTATTATCTCH \TTTACAACCTCCC: TCAGGATC AAAGAGTTCATGC
TCCATGAACGGCCACGAGTTCGAG GCGAGGGCGA T/ A cAA TGCCCTTC GTTCA AGCACCCC

CG ILLLLA: TTAC) TCCCCGAGGGCTTC! \TGAACTTCGAGGAC CGTGACCCAGGACTCCTCCC GGCACL, uu CCCCC

CTCCACCH /A8 GAGATCOACCAGGOCC TOAAGC TOANGGACGG0GECCACTACCTETGAGTTCANGACCATCTACATGGCOMGA ACCAAGCTGGACATCACCTCCCACA
ACGAGGACTACACCATC ACCTGT CCGGCAGCGGCAGCTCCGGCACCGCC\ CT AACATGGCCGTCATC TTCATGCGCTTCAAGGTGCGCATGGAGGGCTCCATGAACGGCCACGAGT
CGAGATCGAGGGCGAGGGCGAGGGCCGCCCCTACGAGGGCACCCAGACCGCCAAGC \GTTCATGTACGGCTCC TTCCCCGAGGGCT|
\GGACTCCTCCC TGATC GGCACCAACTTCCCCCC TGGGAGGCCTCC TGTACCCCCGCC
GCGTGCTGAAGGGCGAGATCCACCAGGCCCTGAAGCTGAAGGACGGCGGCCACTACCTGGTGGAGTTCAAGACCATCTACATGGCCAAGM CAAC CTACT \CCAAGCTGGACATCACCTCCCACAACGAGGACTACACCATCGTGGAACAGTACGAGCGCTCCGAGGG
CCGCCACCACCTGTTCCTGTAC! T TCTGGATC; \GGACAC; GTGAAC/ TGTCC TGGTGGCGCTTTGGTGCAGC TCTGCGTTTGTC TTC
TGGcTrcccAGTGAAccGcTATrccATGchTGGTATCGCCAGGCchAGGcAAAGAun, \TCGTAGCTCCTATG TCC! GTTTCACCAT ATC AGCTTGAAACCTGAAGAT
TTCGAGTATTGGGGCCAAGGCACCCAGGTCACCGTCTCCAGCTAATGAS TTCTAGAA

BAG193

GATCGATCGATCAAGCTTACACAAGGCT/ TATTAGCAAGGGGC TTGTCGCTGCATTGAGGGTTGK
GTGTTAGGGGACCAGAGGAAGGTGAAGGGTTCCWCGCWCGGAGTAAATACATWGTAA TGAT/ TGAAACAACGGAGGCGGACGAACGAGAAGCAAATTGGATAGGTTTAAGTAGTTGTTGTACC STTCAAAAACAAAAT/ T

TACATATACAAGTTC TTGGCGCTCC GGCGGACCCTCMTTCTAAGYACGGTCAGGTGTCGTAGCACTGCATTGAAWCGAWGCCATTCTCCGAGTGITV_ TGACGGCCGCAGGGGTCCC! CGC
TATATATAGGAACWGTATATGTATGCGcGTrcT‘rchcchcchcTcTcGT‘rcTATrchccTcccrrcrrccrrcAchcTATrr‘rGrrrrrsAAcccGccGTcrrTcGGTAcAAcAAcTAchAAAccTAchAArrchWcTcGTrcGchGccchGTercAscﬁAcchsAcGGTrATcAcccmrrAc
TTCTTTTCTACTCTCCCCTCCTTTTTTCCCCCCTGCAACCCTCAATGCAGCGACAAGCCTACACACCTAGCAGTTTGGATCTTTCTTTCCCTCGCCCCT CTTTTCTCACTTCTTTCTT

|AAATGTATTTACTCCGAAGCGAAGGAA(
ACCGCGGGWGGGCCTCCTGGWAGCCTTGTGTGGATCCGATCGATCGATC

BAG194

GATCGATCGATCAAGCTTTTGGCAGCGGTAAGGATGAGGAGATGCTATTGCAACTGGCTACTGCAAAGCGCATAACTGGTGTGGTTGCCGGGGTGGGTGCATGTTAAAGCAACAGCAAAACAACAACAAC, GCATGCCCTTCTTTATGTGACAGCGGTAAC) TTAT |
GGCTGCAGGCACGAATGTGCCGCATCACGACGCTTGACGAGTGCT AGTGCGGATC, \TCATCTTCTGTTAGTT/ AAGGT) TATGT/ STTCACATTTAC/

TGGTCATGAGAGCAGC GGACCCTCATTTCTAAGTACGGTCAGGTGTCGTAGCACTGCATTGAATTCGATTGCCATTCTCCGAGTGTTTTAGCGTGACGGCCGCAGGGGTCCCATAACTCGCTGCTCTCATGACCAACACCACCCATTATTTTCTGCCTCCATGTAAATGTGAACCC
ACTCGATTACATATTTTCTGCATTTACCTTGATCTTATTC TITTTTTTT TAACTAACAGA ACATGCCTCTTCTTGAT \CTGCACCCTTCC) TC, GGCACATTCGTGCCT CCACTCCTTATAATCTCTCCTCTGTTACCGCTG
I TCACATAAAGAAGGGCATGCGATCCTCTCACCACCTTGTTGTTGTTGTTTTGCTGTTGCTITAACATGCACCCACCCCGGCAACCACACCAGTTATGCGCTTTGCAGTAGCCAGTTGCAATAGCATCTCCTCATCCTTACCGCTGCCAAGGATCCGATCGATCGATC

BAG195

GATCGATCGATC: AGGTTC TGCCATTATCGACAAGCTTCTCGAAGTTCGTCTGTCAAAGCCAGGAAAGCAGGTGAGCCTGTCTGAAAACGATGTTAAAAACCTTGTCATGCGAAGTCGTGAGATCCTTCTTTCACAACCAGCATTGC TCGAACTTGAAGCCCCTATTAAAATATGTGG|
GGACATCCACGGGCAGTACTACGATTTGATTCGTCTATTTGACAACGGTGGTTTTCCACCTTCCGCCAACTATCTTTTCCTCGGGGATTACGTAGACCGTGGCAAGCAGGGACTGGAGACGATTTGTCTTGTCCTCGCGTTTAAGGTGAAGTTCCCCGAGAACTTTTTTATATTACGTGGTAATCACGAATGCGCCAGCA|
| TCAACCGCATCTACGGTTTTTTTGACGAATGCAAGAGGCGCTACAACATTCGGCTGTGGAAGGTGTTCACCGACACTTTCAACTGCCTTCCCGTTGCGTGCATTATTGACGATAAGATTTTCTGCTGT TTTCCCCTGACCTGCAGTCAATGGAGCAAATTAAAAAGATTGAACGCCCATGCGACGTTGC
| TGACACGGGACTCATATGCGATTTACTCTGGTCGGATCCGGAGGAGGGTCTCTCAGGCTGGGGCGAGAACGATCGTGGTGTGTCCTACACGTTTGGCCAAGATATCGTAGCGAAGTTTCTTAGCAGGCACGACTTTGATTTC TATCAGTTTTTCGCTACGCGGCA
GCTGATAACAATATTCTCGGCGCCCAACTATTGCAACGAGT!‘TGACAACAGCGGTGCAGTAATGTCTGTAGATGCGGACCTTCTGTGCTCCTTCCAAATCCTTAAGCCATCCGTAAAGAAGCCCAAGTACT’H‘C TICGCTTC ATTTGT) GCT
GAAACAACGGAGGCGGACGAACGAGAAGCAAATTGGATAGGTTTAAGTAGTTGTTGTACCGAAAG GCGCATACATATACAAGTTCCTAT/

GATCC GATCGATCGATC

\TATAAACCTTTG T

BAG196

GATCGATCGATCAAGCTTAT \TGCTACGCCCTCACT \GCCTCTGTTGGCAGC TATTGCAACTGGCTACTGCAAAGCGCATAAC TGTTAAAGCAACAGCAAAACAACAACAACAAGGTGGTGAGAGGATC

TCTT AGCGGTAAC/ TTA \GGCACGA/ cGGCC \TTATCGACAAGCTTCTCGAAGT \TGTTAAAAACCTTGTCATGCGAAGTCGTGAGAT
CCTTCTTTCACAACCAGCATTGCTCGAACTTGAAGCCCCTAT \CTACGATTTGATTCGTCTATTTGACAACGGTGGTTTTCCACCTTCCGCCAACTATCTTTTCCTCGGGGATTACGTAGACCGTGGCAAGCAGGGACTGGAGACGATTTGTCTTGTCCTCGCGTTTAAGG|
I TGAAGTTCCCCGAGAACTTTTTTATATTAC ACGAATGCGCCAGCAT! TCT/ TTTTT GACGAATGCAAGAGGCGCTACAACATTCGGCTGTGGAAGGTGTTCACCGACACTTTCAACTGCCTTCCCGTTGCGTGCATTATTGACGAYAAGAT!’TTCTGCTGTCACGGCGGGCTWCCCCT
GACCTGCAGTCAATGGAGCAANTMAMGAWGAACGCCCATGCGACG G TCATATGCGATT TCTCAGGCTC GATCGTGGTGTGTCCTACACGTTTGGCCAAGATATCGTAGCGAA AGCAGGCAC

CTGAC TTTAC TCCH GG \GTTTCTT/ CACGACTTTG
GTGCGTGCG TTT vCGCTACGCGGCAGCTGATAACAATATTCTN‘FF \TTGCAACGAGTTT GGYGCAGTAATGTCTGTAGATGCGGACCTTCTGTGCTCCTTCCAAATCCTTAAGCCATCCGTAAAGAAGCCCAAGTACTWCAGGGAGCAGGT
ACTAGTGATCGATCGATO
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Supplemental Table S4. List of cell lines used in this work.

Cellname |Description strain :I::(_::';;::‘Zr:rnzlse:z:d inlpCRS Source
smoxpg | TREU 927/4 procyclic cells ng 7 RNA and the i i Poon etal. (2012)
repressor to allow inducible expression
BAP73 TY-YFP-AUK1 SmOXP9 PBA7 this study
BAP122  |TY-YFP-KKT2 SmOxP9 |pBAG7 Akiyoshi and Gull (2014
BAP123 _ |TY-YFP-KKT8 SmOXP9 PBAGS Akiyoshi and Gull (2014)
BAP127 _ |TY-YFP-KKT9 SmOXP9 PBA73 Akiyoshi and Gull (2014)
BAP131 _ |TY-YFP-KKT12 SmOxP9 pBA77 Akiyoshi and Gull (2014)
BAP163 _ |TY-YFP-KKT14 SmOXP9 pBA97 Akiyoshi and Gull (2014)
BAP165 _ |TY-YFP-KKT15 SmOxP9 [pBA9Y Akiyoshi and Gull (2014)
BAP308 _ |TY-tdTomato-KKT2 SmOxP9 PBA164 Nerusheva and Akiyoshi (2016)
BAP347 _ [LacO atrDNA SmOxXP9 PBA152 Ishii and Akiyoshi (2020)
BAP576 _ |TY-YFP-AUK1, KKT2 RNAi BAP73 pBA7, pBAB2 this study
BAP577 _ [TY-YFP-AUK1, KKT7 RNAi BAP73 PBA7, pBA87 this study
BAP664 |LacO, GFP-NLS-KKT7(2-261)-Lacl BAP347 pBA152, pBAB91 Ishii and Akiyoshi (2020)
BAP680 _|TY-YFP-KKT2, KKT14 CDS RNAI BAP122 pBA869 Marciano etal. (2021)
BAP708 | YFP-KKIP1 SmOXP9 pBA928 this study
BAP710 _ |TY-YFP-KKIP1 SmOXP9 pBA928 Llauro etal. (2018)
BAP781 | YFP-KKIP1, TY-tdTomato-KKT2 BAP708 pBA928, pBA164 this study
BAP871__|LacO, TY-tdTomato-KKT8, GFP-NLS-KKT7(2-261)-Lacl BAP664 pBA152, pBA891, pBA1093 this study
BAP873 |LacO, TY-tdTomato-KKT9, GFP-NLS-KKT7(2-261)-Lacl BAP664 pBA152, pBA891, pBA1095 this study
BAP874 _|LacO, TY-tdTomato-KKT12, GFP-NLS-KKT7(2-261)-Lacl BAP664 pBA152, pBA891, pBA1098 this study
BAP941 _|TY-YFP-KKT2, AUK1 RNAI BAP122 pBA56, pBA67 this study
BAP1019 |TY-YFP-AUK1, KKT10/19 RNAi BAP73 PBA7, pBAB9 this study
BAP1044 [TY-tdTomato-AUK1 SmOxP9 pBA214 this study
BAP1395 _|LacO, TY-tdTomato-AUK1, GFP-NLS-KKT7(2-261)-Lacl BAP664 pBA152, pBAB91, pBA1522 this study
BAP1515 _|TY-YFP-AUK1, TY-tdTomato-KKT2 BAP73 PBA7, pBA164 this study
BAP1955_|PCF1339 SmOxP9 pJ1339 (pBA2158) Beneke etal. (2017)
BAP1965 _|LacO, TY-tdTomato-AUK1 BAP347 pBA152, pBA1522 this study
BAP2129 | YFP-KKIP1, TY-tdTomato-KKT2, AUKT RNAi BAP781 pBAS56, pBA928, pBA164 this study
BAP2169 _[TY-YFP-AUK1as (M106G) (heterozygous) SmOXP9 pBA2358 this study
BAP2190 | TY-tdTomato-KKT2, GFP-NLS-CPC1 BAP308 pBA164, pBA2346 this study
BAP2191 _[TY-tdTomato-KKT2, GFP-NLS-CPC2 BAP308 pBA164, pBA2347 this study
BAP2193 |TY-tdTomato-KKT2, GFP-NLS-CPC1 (2-147) BAP308 |pBA164, pBA2349 this study
BAP2194 | TY-tdTomato-KKT2, GFP-NLS-CPC1 (148-263) BAP308 pBA164, pBA2350 this study
BAP2195 |TY-tdTomato-KKT2, GFP-NLS-CPC2 (2-120) BAP308 pBA164, pBA2351 this study
BAP2196 | TY-tdTomato-KKT2, GFP-NLS-CPC2 (121-250) BAP308 pBA164, pBA2352 this study
BAP2198 | TY-YFP-AUK1as (M106G) ) BAP2169 pBA2358, pBA2373 this study
BAP2250 _|CPC15'UTR RNAI SmOXP9 pBA2487 this study
BAP2251 |CPC13'UTR RNA SmOXP9 pBA2488 this study
BAP2252 |CPC2 5'UTR RNAI SmOxP9 pBA2489 this study
BAP2253 _|CPC2 3'UTR RNAI SmOxP9 pBA2490 this study
BAP2276 _|TY-YFP-AUK1, TY-tdTomato-KKT2, KKT9 RNAi BAP1515 pBA7, pBA164, pBA8S this study
BAP2281 _|TY-YFP-AUK1as (M106G) ). TY-tdTomato-MAP103 BAP2198 pBA2358, pBA2373, pBA215 this study
BAP2286 | TY-tdTomato-KKT2, GFP-NLS-KIN-A BAP308 pBA2515, pBA164 this study
BAP2287 | TY-tdTomato-KKT2, GFP-NLS-KIN-A (310-862) BAP308 pBA2517, pBA164 this study
BAP2288 | TY-tdTomato-KKT2, GFP-NLS-KIN-B BAP308 pBA2509, pBA164 this study
BAP2289 _[TY-tdTomato-KKT2, GFP-NLS-KIN-B (2-316) BAP308 pBA2510, pBA164 this study
BAP2290  |TY-tdTomato-KKT2, GFP-NLS-KIN-B (317-624) BAP308 pBA2511, pBA164 this study
BAP2297 _[TY-tdTomato-KKT2, GFP-NLS-KIN-A (2-309) BAP308 pBA2516, pBA164 this study
BAP2312__|TY-YFP-AUK1as (M106G) (homozygous), TY-tdTomato-KKIP2 BAP2198 pBA2358, pBA2373, pBA2567 this study
BAP2313 | TY-YFP-AUK1as (M106G) (homozygous), TY-td Tomato-KKIP3 BAP2198 pBA2358, pBA2373, pBA2568 this study
BAP2339 _|TY-AUK1as (M106G) (homozygous) SmOxP9 |pBA2454, pBA2455 this study
BAP2357 _|TY-AUK1as (M106G) TY-tdTomato-KKIP1 BAP2339 pBA2454, pBA2455, pBA1090 this study
BAP2360 | TY-AUK1as (M106G) TY-tdTomato-KKT1 BAP2339 pBA2454, pBA2455, pBA162 this study
BAP2361 | TY-AUK1as (M106G) TY-tdTomato-KKT2 BAP2339 pBA2454, pBA2455, pBA164 this study
BAP2362__|TY-AUK1as (M106G) TY-tdTomato-KKT14 BAP2339 pBA2454, pBA2455, pBA218 this study
BAP2363 | TY-AUK1as (M106G) (homozygous), TY-tdTomato-KKT3 BAP2339 pBA2454, pBA2455, pBAB02 this study
BAP2364 _|TY-AUK1as (M106G) TY-tdTomato-KKT7 BAP2339 pBA2454, pBA2455, pBA1419 this study
BAP2365 |TY-AUK1as (M106G), TY-tdTomato-KKT8 BAP2339 pBA2454, pBA2455, pBA1420 this study
BAP2365 | TY-AUK1as (M106G) TY-tdTomato-KKT8 BAP2339 pBA2454, pBA2455, pBA1420 this study
BAP2366__ | TY-AUK1as (M106G) (homozygous), TY-tdTomato-KKT16 BAP2339 pBA2454, pBA2455, pBA2156 this study
BAP2369 _[TY-YFP-AUK1, TY-tdTomato-KKT16 BAP73 pBA7, pBA2156 this study
BAP2371 | TY-AUK1as (M106G) (homozygous), TY-tdTomato-KKT10 BAP2339 pBA2454, pBA2455, pBA1372 this study
BAP2372 _|TY-AUK1as (M106G) TY-tdTomato-KKT19 BAP2339 pBA2454, pBA2455, pBA1373 this study
BAP2373 | TY-AUK1as (M106G), YFP-KKT22 BAP2339 pPOT tagging BA3927, BA3928, pBA1194 this study
BAP2386 | GFP-NLS-KKT14(2-357) SmOXP9 pBA2663 this study
BAP2387 | GFP-NLS-KKT14(358-685) SmOXP9 pBA2664 this study
BAP2442 [TY-YFP-AUK1as (M106G) ). 3FLAG-KKT4 BAP2198 pBA2358, pBA2373, pBA1452 this study
BAP2446  |TY-YFP-AUK1, TY-tdTomato-KKT16, KKT16 RNAi BAP2369 PBA7, pBA2156, pBA1201 this study
BAP2469 | TY-YFP-AUK1as (M106G) (homozygous), KKT14 RNAi BAP2198 pBA2358, pBA2373, pBAB69 this study
BAP2504 | TY-AUK1as (M106G) KKT4-YFP BAP2339 pBA2454, pBA2455 BA2504/BA2564, pBA1194 this study
BAP2505 | TY-AUK1as (M106G) (homozygous), GFP-NLS-KKT14(2-357) BAP2339 pBA2358, pBA2373, pBA2663 this study
BAP2528 |YFP-KIN-B (homozygous) BAP1955 pBA1919 with BA3749/BA3750, this study
BA3751
BAP2533 | TY-YFP-KKT14, KKT15 3UTR RNAI BAP163 PBA1713 this study
BAP2534 | TY-YFP-KKT15, KKT14 CDS RNAi BAP165 pBA869 this study
BAP2535 | TY-YFP-KKT15, KKT15 3'UTR RNAI BAP165 PBA1713 this study
BAP2549 | TY-YFP-AUK1, KKT14 RNAI BAP73 pBA7, pBA869 this study
BAP2550 _[TY-YFP-AUK1, KKT4 3UTR RNAi BAP73 PBA7, pBA1398 this study
BAP2551 _|TY-YFP-AUK1, KKT3 3UTR RNAi BAP73 pBA7 pBA1711 this study
BAP2552 _|TY-YFP-AUK1, CPC1 5'UTR RNAI BAP73 PBA7, pBA2487 this study
BAP2553 | TY-YFP-AUK1, CPC1 3'UTR RNAi BAP73 pBA7, pBA2488 this study
BAP2554 _|TY-YFP-AUK1, CPC2 5'UTR RNAi BAP73 pBA7, pBA2489 this study
BAP2555 | TY-YFP-AUK1, CPC2 3'UTR RNAi BAP73 PBA7, pBA2490 this study
BAP2557 | TY-YFP-AUK1, KIN-A 5UTR RNAi BAP73 PBA7, pBA2555 this study
BAP2558 | TY-YFP-AUK1, KIN-A 3UTR RNAI BAP73 BA7, pBA2556 this study
BAP2559 _|YFP-KIN-B, CPC1 5'UTR RNAi BAP2528 pBA2487 this study
BAP2560 _|YFP-KIN-B, CPC13'UTR RNAi BAP2528 pBA2488 this study
BAP2561 | YFP-KIN-B, CPC2 5UTR RNAi BAP2528 pBA2489 this study
BAP2562 | YFP-KIN-B, CPC2 3UTR RNAI BAP2528 PBA2490 this study
BAP2564 |YFP-KIN-B, KIN-A 5'UTR RNAi BAP2528 pBA2555 this study

140



BAP2565 | YFP-KIN-B, KIN-A 3'UTR RNA BAP2528 pBA2556 this study
BAP2640 _[LacO, TY-tdTomato-AUK1, GFP-NLS-KKT8-Lacl BAP1965 pBA152, pBA1522, pBA2707 this study
BAP2642 |KIN-A-YFP (homozygous) BAP1955 PBA1919 with BA3786/BA3787, this study
BA3792
BAP2643 |CPC1-YFP (homozygous) BAP1955 PBA1919 with BA3788/BA3789, this study
BA3793
BAP2645 _|TY-YFP-PP1-1 SmOxP9 pBA2800 this study
BAP2646__|PP1-1-YFP-TY SmOXP9 pBA2804 this study
BAP2647 | TY-YFP-PP1-1, tdTomato-KKT2 BAP308 pBA164, pBA2800 this study
BAP2648 _|PP1-1-YFP-TY, tdTomato-KKT2 BAP308 pBA164, pBA2804 this study
BAP2671 |TY-AUK1as (M106G) (homozygous), CPC1(148-263)-AUK1-tdTomato-NLS-  |BAP2339 pBA2454, pBA2455, pBA2795 this study
VhhGFP4
BAP2673 |TY-AUK1as (M106G) (homozygous), KKT4-YFP, CPC1(148-263)-AUK1- BAP2504 pBA2454, pBA2455, pBA2795 BA2504/BA2564, pBA1194 this study
tdTomato-NLS-VhhGFP4
BAP2688 | TY-YFP-PP1-1, tdTomato-KKT2, KKT7 5'UTR RNAI BAP2647 pBA164, pBA2800, pBA1554 this study
BAP2689  |PP1-1-YFP-TY, tdTomato-KKT2, KKT7 5'UTR RNAi BAP2648 PBA164, pBA2804, pBA1554 this study
BAP2893 _|KIN-A-YFP, CPC1 5UTR RNAI BAP2642 pBA2487 this study
BAP2894 _|KIN-A-YFP, CPC13UTR RNAI BAP2642 pBA2488 this study
BAP2895 _|KIN-A-YFP, CPC2 5UTR RNAi BAP2642 pBA2489 this study
BAP2896 _|KIN-A-YFP, CPC2 3UTR RNAi BAP2642 pBA2490 this study
BAP2897 _|KIN-A-YFP, KIN-A 5'UTR RNAI BAP2642 pBA2555 this study
BAP2899 _|KIN-A-YFP, AUKT RNAi BAP2642 PBA56 this study
BAP2900 _|CPC1-YFP, CPC1 5'UTR RNAi BAP2643 pBA2487 this study
BAP2902 _[CPC1-YFP, CPC2 5'UTR RNAI BAP2643 pBA2489 this study
BAP2903__|CPC1-YFP, CPC2 3'UTR RNAi BAP2643 pBA2490 this study
BAP2904 _[CPC1-YFP, KIN-A 5UTR RNAi BAP2643 pBA2555 this study
BAP2905 _|CPC1-YFP, KIN-A 3UTR RNAi BAP2643 pBA2556 this study
BAP2906 _|CPC1-YFP, AUK1 RNAi BAP2643 PBA56 this study
BAP2911  |TY-YFP-PP1-1, PP1-1 3'UTR RNAi BAP2645 pBA2800, pBA2864 this study
BAP2912 _|PP1-1-YFP-TY, PP1-1 5UTR RNAI BAP2646 pBA2804, pBA2863 this study
BAP2914  |TY-tdTomato-KKT2, PP1-1 5'UTR RNAi BAP308 pBA164, pBA2863 this study
BAP2915 | TY-tdTomato-KKT2, PP1-1 3UTR RNAI BAP308 pBA164, pBA2864 this study
BAP2924 |TY-AUKTas (M106G) (homozygous), TY-tdTomato-KKT2, GFP-NLS-KKT14(2-  |BAP2361 pBA2454, pBA2455, pBA164, this study
357) PD pBA2791
BAP2925 |TY-AUK1as (M106G) (homozygous), TY-tdTomato-KKT2, GFP-NLS-KKT14(2-  |BAP2361 pBA2454, pBA2455, pBA164, this study
357) PM pBA2792
BAP2928 |TY-AUK1as (M106G) (homozygous), TY-tdTomato-KKT2, GFP-NLS-KKT14(2-  |BAP2361 pBA2454, pBA2455, pBA164, this study
357) pBA2663
BAP2943 _|TY-AUK1as (M106G) KKT3-YFP BAP2339 pBA2454, pBA2455 BA1821/BA1822, pBA1194 this study
BAP2944 _|TY-AUK1as (M106G) (homozygous), YFP-KKT9 BAP2339 pBA2454, pBA2455 BA3475/BA3476, pBA1194 this study
BAP2945 _|TY-AUK1as (M106G) YFP-KKT14 BAP2339 pBA2454, pBA2455 BA3927/BA3928, pBA1194 this study
BAP2945 | TY-AUK1as (M106G), YFP-KKT14 BAP2339 pPOT tagging BA2129, BA2130, pBA1194 this study
BAP2947 | TY-tdTomato-KKT2, GFP-NLS-KIN-A (310-716) BAP308 pBA164, pBA2937 this study
BAP2948  |TY-tdTomato-KKT2, GFP-NLS-KIN-A (310-815) BAP308 pBA164, pBA2938 this study
BAP2949 [ TY-tdTomato-KKT2, GFP-NLS-KIN-A (310-862, A717-743) BAP308 pBA164, pBA2939 this study
BAP2952  |TY-YFP-KKT8, KKT9 RNAI BAP123 pBAG8, pBA88 this study
BAP2953 |TY-YFP-KKT8, KKT11 RNAI BAP123 pBAGS, pBA1200 this study
BAP2954  |TY-YFP-KKT8, KKT8 3'UTR RNAi BAP123 pBAG8, pBA1316 this study
BAP2955 | TY-YFP-KKT8, KKT12 3UTR RNAi BAP123 pBA68, pBA1317 this study
BAP2956 | TY-YFP-KKT9, KKT9 RNAi BAP127 pBA73, pBASS this study
BAP2957 _|TY-YFP-KKT9, KKT11 RNAI BAP127 PBA73, pBA1200 this study
BAP2958 | TY-YFP-KKT9, KKT8 3'UTR RNAI BAP127 PBA73, pBA1316 this study
BAP2959 [ TY-YFP-KKT9, KKT12 3'UTR RNAi BAP127 pBAT73, pBA1317 this study
BAP2964 | TY-YFP-KKT12, KKT9 RNAi BAP131 pBA77, pBA8S this study
BAP2965 | TY-YFP-KKT12, KKT11 RNAi BAP131 pBA77, pBA1200 this study
BAP2966 | TY-YFP-KKT12, KKT8 3'UTR RNAi BAP131 pBA77, pBA1316 this study
BAP2967 [ TY-YFP-KKT12, KKT12 3UTR RNAi BAP131 pBA77, pBA1317 this study
BAP2968__|KIN-A-YFP, KKT9 RNAi BAP2642 pBA8S this study
BAP2969 _|KIN-A-YFP, KKT11 RNAi BAP2642 pBA1200 this study
BAP2970 _|KIN-A-YFP, KKT8 3'UTR RNAI BAP2642 PBA1316 this study
BAP2971 KIN-A-YFP, KKT12 3'UTR RNAi BAP2642 pBA1317 this study
BAP2990 |TY-AUK1as (M106G) (homozygous), KKT3-YFP, CPC1(148-263)-AUK1- BAP2943 pBA2454, pBA2455, pBA2795 BA1821/BA1822, pBA1194 this study
tdTomato-NLS-VhhGFP4
BAP2991 |TY-AUK1as (M106G) (homozygous), YFP-KKT9, CPC1(148-263)-AUK1- BAP2944 pBA2454, pBA2455, pBA2795 BA3475/BA3476, pBA1194 this study
tdTomato-NLS-VhhGFP4
BAP2992 |TY-AUK1as (M106G) (homozygous), YFP-KKT14, CPC1(148-263)-AUK1- BAP2945 pBA2454, pBA2455, pBA2795 BA3927/BA3928, pBA1194 this study
tdTomato-NLS-VhhGFP4
BAP3037 _|KIN-A-YFP-TY SmOXP9 pBA2940 this study
BAP3038__|KIN-A(G210A)-YFP-TY SmOXP9 pBA2986 this study
BAP3047 BAP2442 pBA2358, pBA2373, pBA1452, this study
TY-YFP-AUK1as (M106G) (homozygous), 3FLAG-KKT4, PP1-1 5'UTR RNAi PBA2863
BAP3048 BAP2442 pBA2358, pBA2373, pBA1452, this study
TY-YFP-AUK1as (M106G) (homozygous), 3FLAG-KKT4, KKT10/19 RNA PBA89
BAP3049 BAP2442 pBA2358, pBA2373, pBA1452, this study
TY-YFP-AUK1as (M106G) (homozygous), 3FLAG-KKT4, KKT14 CDS RNAi PBAB69
BAP3064 _|KIN-A-YFP-TY, KIN-A 3UTR RNAi BAP3037 pBA2940, pBA2556 this study
BAP3065__|KIN-A(G210A)-YFP-TY, KIN-A 3'UTR RNAi BAP3038 pBA2986, pBA2556 this study
BAP3066__|KIN-A-YFP-TY, TY-tdTomato-KKT2, KIN-A 3'UTR RNAi BAP3064 pBA2940, pBA2556, pBA164 this study
BAP3067 _|KIN-A-YFP-TY, TY-tdTomato-AUK1, KIN-A 3'UTR RNAi BAP3064 'p_BAZQAO, pBA2556, pBA214 this study
BAP3068 _|KIN-A-YFP-TY, TY-tdTomato-MAP103, KIN-A 3'UTR RNAi BAP3064 pBA2940, pBA2556, pBA215 this study
BAP3069 _|KIN-A(G210A)-YFP-TY, TY-tdTomato-KKT2, KIN-A 3UTR RNAI BAP3065 pBA2986, pBA2556, pBA164 this study
BAP3070__|KIN-A(G210A)-YFP-TY, TY-tdTomato-AUK1, KIN-A 3UTR RNAi BAP3065 BA2986, pBA2556, pBA214 this study
BAP3071__|KIN-A(G210A)-YFP-TY, TY-tdTomato-MAP103, KIN-A 3UTR RNAI BAP3065 pBA2986, pBA2556, pBA215 this study
BAP3072 _|LacO, TY-tdTomato-AUK1, GFP-NLS-KKT9-Lacl BAP1965 BA152, pBA1522, pBA1354 this study
BAP3076 _|KIN-B RNAI SmOXP9 pBA3091 this study
BAP3077 | TY-YFP-PP1-1, KKT14 CDS RNAi BAP2645 pBA2800, pBA869 this study
BA2454, pBA2455, pBA1420, v
BAP30B0 |1y AUK1as (M106G), TY-tdTomato-KKT8, GFP-NLS-KIN-A BAP2365 EBA2515 ’ i this study
BAP3092 _|TY-YFP-AUK1, AUK1 RNAi BAP73 pBA7, pBA56 this study
BAP3093 _|TY-YFP-AUK1, KIN-B RNAi BAP73 PBA7, pBA3091 this study
BAP3094 _|CPC1-YFP, KIN-B RNAi BAP2643 pBA3091 this study
BAP3095 _|KIN-A-YFP, KIN-B RNAi BAP2642 pBA3091 this study
BAP3096 | YFP-KIN-B, AUKT RNAi BAP2528 PBAS56 this study
BAP3097 | YFP-KIN-B, KIN-B RNAi BAP2528 pBA3091 this study
BAP3117 | TY-tdTomato-AUK1, KIN-A(A816-862)-YFP BAP1044 pBA214, pBA3154 this study
BAP3118 | TY-tdTomato-AUKT, KIN-A(A717-743)-YFP BAP1044 pBA214, pBA3155 this study
BAP3127 | TY-tdTomato-AUK, KIN-A(A816-862)-YFP, KIN-A 3' UTR RNAi BAP3117 pBA214, pBA3154, pBA2556 this study
BAP3128 |TY-tdTomato-AUKT, KIN-A(A717-743)-YFP, KIN-A 3' UTR RNAI BAP3118 pBA214, pBA3155, pBA2556 this study
BAP3132 | TY-YFP-AUK1, KKT1 RNAi BAP73 PBA7, pBA861 this study
BAP3133  |TY-YFP-AUK1, KKT6 RNAi BAP73 pBA7, pBA864 this study
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Alignment S1. Multiple sequence alignment of KIN-A.
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Alignment S2. Multiple sequence alignment of KIN-A and KIN-B from different

kinetoplastids

human Kinesin-1, human Mkip2, and yeast Kip9.
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