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Abstract

The protozoan parasite]Jrypanosoma bruceilas an unusual genome,
consisting of an unusually large number of chromosomes. It is composed of 11
large diploid chromosomes and over 100 snhakkar chromosomesknown as
intermediate chromosomes and minichromosomd$iese smaller chromosomes
contain aportion of alibrary of genes required for antigenic variation and,
GKSNBT2NBEx SglLaazy 2F GKS K2adQa AYYdzy
chromosomes are separated with fidelity during mitosis, through interaction with
the mitotic spindle. Animal and fungal model organisms have been widely used to
study mitosis and the proteins involved. brucei however, belongs to a group of
organismsthat diverged from the animdungus lineage at or close to the
eukaryotic root. Mitosis in trypanosomes differs from that observed in model
organisms, including an apparent lack of conserw@drotubule motor proteins
that drive spindle functiomnd a rediced number of kinetochore#t is, therefore,

not well understood how trypanosomes segregate their genomes.

In this thesis, | will @sent the development of an RNiAterference based
library methodologyfor the investigation ofmicrotubule motor function This
system uses a combinatorial library thatcounts forinteractions, such as
redundancy which can occurbetween motors | demonstrate that motor
redundancycan occur in trypanosomedy knocking down flagellar kinesin
motors. The library approach f f 2648 F2NJ SELX 2N} GA2y 27
contribution to fitness andby combining the library with a negative selection
marker tag of individual chromosomesi KS Y 2rale? iNXeliromosome
segregationThe use of a negative selection marker aldoved for quantification
of chromosome loss, as | demonstrate by quantifying the losses caused by
depletion of the mitotic motor KINX2 and the kinetochore protein KKIRlalso
present the development of a cell line to be used in validating the resultiseof
library experimens. The production of a tag that uses KINLL3o label the mitotic
spindle, for later observations of spindle defects, is presented. Finally, | present
the development of a chromosome label that uses arrays of Lac operator repeats

and fluorescently labelled Lac repressor protein to tag DNA elements, to follow
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chromosome loss and nedlisjunction events after knockdown of KIN13and

KKIP1. I then use it toedhonstrate interactions between chromosomes and
1AYSU20K2NBa RdzZNAYy3a YAidz2ariad ¢KSasS RIEGE LINE
adFO1AYy3¢é Y2RSE F2NJ OKNRY2a2YS aASINBIFIGAZ2Y O
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1. Introduction

Accurate replication and segregation of genomes is esdefotiaall three
domains of life:Bacteria, Archaea and Eukarya. In all ey&tes, genome
segregation, called mitosis, is executed by the mitotic spindle, a complex,
macromolecular machine. The means by which the spindle separates
chromosomes are largely based on the depolymerisation and polymerisation of
microtubules. The mechams of mitosis have been extensively studied in
animal, yeast and plant model systems. These organisms, however, form a very
small fraction of the eukaryote domain as a whole. Some research has been
performed into a few more divergent organisms, reveakagtly differing mitotic
mechanisms and spindlé¢seviewed inDrechsler and McAinsh, 2012; Makarova
and Oliferenko, 2016)Given the differences in mitosis that are known to exist
among eukaryotes, model systems are unlikely to be representative of itodien
machinery employed by all eukaryotes or the last eukaryotic common ancestor
(LECA). An understanding of mitosis across eukaryotes would help in
understanding mitosis in LECA and how it evolved into the systems we see today.
In this thesis | describthe development of strategies for investigations into the
roles of molecula motors in the mitotic spindlen, the divergent eukaryote,

Trypanosoma brucei



1.1. Trypanosoma bruce
1.1.1. Anintroduction toTrypanosoma brucei

Trypanosoma brucés a flagellate, protozoan parasitié.is transmitted by
the tsetse fly (genuslossiné YR A& fAYAGSR -8aparad KS FfeQa
Africa. It is responsible for the fatal human African trypanosomiasis (HAT), or
sleeping sickness, and animal Afndaypanosomiasis (AAT), or nagana, a wasting
disease of livestocievre et al., 2008; Yaro et al., 201B)e species is comprised
of three sulspecies, T.b.gambiense T.b.rhodesienseand T.b.brucei Only
T.b. gambienseand T.b. rhodesienseare capable of infecting humans, due to
innate resistances to trypanolytic factors in the blood of humans and other
primates (Pays et al., 2006)The former causes the majority of cases of HAT,
particularly in West Africa, producing a less severe form of the disease, whereas
the latter causes a more acute, more severe form, mainly in East Afidsae et
al., 2008; WHO, 2012HAT causes substantial morbidity and mortality, its burden
estimated at 1.6 million disabili#gidjusted life years (DALYSYHO, 2012)AAT is
also a significant burden, rendering ~7 million%kofi land unsuitable for raising
livestock and causes annual agricultural production losses of over 4.5 billion US
dollars(Yaro et al., 2016)

T.bruceihas a life cycle that consists of a number of stages, allowing it to
adapt to its hosts, the key stages of which are shownrigurel. Briefly, he
mammalian host beomes infected bynetacyclic trypomastigote forni.brucei
when an infected tsetse fly takes a blood meal. The parasite differentiates into
long slender bloodstream form (BSF) trypomastigotes and begins multiplying
within blood vessels. They then differentiate into short stumpy BSF cells and
cease division, in pparation for tsetse fly colonisation. When a fly feeds, short
stumpy trypanosomes are ingested and transform into the procyclic form (PCF),
in the tsetse midgut, and begin dividing again. Eventually PCF cells leave the
YAR3Idzi | yR O2f 2 yWana @andil & Sepinlastigoe®© TRy thea |- f
transform into metacyclic trypomastigotes, stopping division, in preparation for

host infection, completing the life cyc{&myth, 1994; Vickerman, 1985)
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1.1.2. The evolutionary history of trypanosomes

T. brucei belongs to the aider Kinetoplastida, flagellate protozoa
characterised by an organelle known as the kinetoplast, a filamentous structure
containing mitochondrial DNAA phylogeny of this group is shown fingure 2.
T.brucei falls into the Trypanosomatida clade, which emerged from within

Eubodonida(Deschamps et al., 20113longside the other medically important

kinetoplastidsTrypanosoma cruzandLeishmania

o Jakobids
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Figure 2. Kinetoplastid evolutionary relationships based on ssu rRNA gene sequences
and protein phylogenies. From Simpson et al. (2006), based on the classification of
kinetoplastids by Moreira et al. (2004), with the placement of trypanosomatids as a sister
group to Eubodonida based on HSP phylogenies (Simpson et al.,, 2004; Simpson and
funi dent i frieldatke hedlopdeadctiid based
rRNA sequences (Lopez-Garcia et al., 2003). A black line represents a branch outside the
kinetoplastids; a red and blue line indicates unknown status; a circle represents a clade
with one or very few representatives; a triangle represents a clade with several
representatives; a question mark indicates an unstable clade position, based on conflicts

Roger, 2004). T h e

@ trypanosomatids

‘[ —smll Phytomonas

Monoxenous insect

| — ;
| trypanosomatids
—e

between ssu rRNA and HSP data.

< Trypanosoma cruzi clade

H3I0OMWOIDVTV< S

] Prokinetoplastina

Neobodonida

Parabodonida

— Eubodonida

Trypanosomatida

NI =D —TO~DI — XN ~0=

on

envi

I C



The kinetoplastids are highly divergent from traditional model eukaryotes.
Representations of the eukaryotic tree of life (sBegure3 for an example)
usually consist of five or six supergroups of organisms,Qpesthokonta,the
Amoebaoa, the Excavata, the SARStramenophiles, Alveolata and Rhizaria)
group, the Archaeplastida, andhe Hacrobia(containing theHaptophyta and
Cryptophytg (Burki, 2014; Keeling et aR005; Roger and Simpson, 200%he
kinetoplastids belong to Excavata, a diverse group of heterotrophic protists,
whereas the most common models for mitosis, animals and fungi, belong to
hLAaldK21{2ydFre 2KAES NBaSk NOKSNi#&eQis 0 A€ A
improving, the placing of the root of the tree, or LECA, remains unceBairki,
2014; Eme et al., 20143ome studies place the root at a divergence between the
G! y A1 Dpisihakéntagnd Amoebaoay 'y R (GKS a. A12ydaég o6
while others position it elsewhere. Most recent studies place the divergence of
excavates at or close to the eukaryoticotp meaning that they and the

ophisthokonts are highly divergent from one another.

Determining the age of eukaryotic groups is also difficult, because there is
no definitive root and the methodology and variables used to produce such
estimations can vastlglter the result. The divergence of the excavates can be
estimated to have occurred between ~1 and ~1.8 billion years ago, depending on
the criteria used, while the root of eukaryotes can be estimated to be between ~1
and ~1.9 billion years old. In allses, however, all eukaryotic groups appear less
than 300 million years after LECA, with Excavata regularly being the earliest
appearing group(Eme et al., 2014)Despite the uncertainty surrounding eéh
intricacies of the emergence of the excavates, it is clear that it occurred early in
eukaryote evolution. Kinetoplastids are, therefore, very different from organisms
most often used to study the mechanisms of mitosis, which are unlikely to be

representdive of mitosis in trypanosomes, or even eukaryotes as a whole.
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1.1.3. The microtubule cytoskeleton dirypanosoma brucei

Microtubules are a major constituent of the eukaryote cytoskeleton. In
models, they are often arranged in an array that is nucleated at a microtubule
organising centre (MTOC), and are involved in the transport of cargoes around
cells. Duing mitosis they form the mitotic spindle that separates replicated
OKNRY2a2YSa® aAONRGdzodz Sa I NB Kzahd 24 O8
I -tubulin. The tubulin dimers polymerise he#attail, to produce protofilaments,
13 of which laterally assod&to produce a mimtubule. The arrangement of
hifdzodzZf Ay LIEFNR&ESE (GKS YAONBYRTdk I (LI K
holdzo dzf Ay Sy RSY Ry R -tubuliincis. Té plusend displays a
LINPLISNI & (1y26y | & &R yowYdyderidayoa and tagt f A G &
RSLIRfEYSNRAALFIGAZ2Y I Y26y WhithedaNdBcioDhizse | y R
LI2f 8YSNRA&ASE 2NJ RSLRtE@YSNRASAE -tubwlin. RAOUG L
t 2f @YSNRAF GA2Y 200 gzREbulig K& Hound B GKRP. AftrS h
pof BYSNRA &I GA2Y S KeéRNRT & ad-#wuBkulindcEursioteStime ¢t | &
causing curvature of dimers, making microtubules more prone to catastrophe.
DNRGgAYI YAONR(Gdzo dzf Sa-DI (1IK & NB F ANKE Jeadf A & Uf 10
Ay ¢ Kdb@iKis GTP bound. Various proteins that bind to the microtubules
can regulate the likelihood of rescue and catastrophe events, in turn regulating
microtubule length(Alberts et al., 2008a; Desai amitchison, 1997; Etienne
Manneville, 2010; Kirschner and Mitchison, 1986a)

The elongate shape of the trypanosome cell is defined by two microtubule
structures, a subpellicular arrdly 2 NJ doD ahibl@tudules &and a flagellum
(Absalon et al., 2008b; Gull, 1999; Kohl and Gull, 1998; Robinson et al., 1995; Sun
et al., 2012; Sunter et al., 2015)ransverse sections of cells show that over 100
microtubules, of variable length, makg the corset. They are arranged helically
along the axis of the cell and regularly spaced, in such a way that all microtubule
plusends are directed towards the posterior of the cell, with the exception of a
microtubule quartet associated with flagellumtachment zone. Crosslinking
occurs between individual corset microtubules and between corset microtubules
FYR GKS LX I aYl YSY auddin/aBdicertaiO@aleins, suthlag y 2 F
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CAP15 and CAP17, may function to stabilise subpellicular microtubules
maintaining cell shapéGull, 1999; Kohl and Gull, 1998; Sherwin and Gull, 1989;
Vedrenne et al.,, 2002)The length of microtubules and crosslinks formed
between them can change, allowing for changes in cell shape. In cell division,
extension of subpeBular microtubules and their repositioning under the
membrane increases the size of the cell body as the cell divides. Insertion of new
microtubules between existing microtubules aids in further increasing cell volume
and results in semiconservative inftance of microtubules by the daughter cells
(Sherwin and Gull, 1989; Vaughan and Gull, 2008)

The flagellum is also important in determining the shape of trypanosome
cells; flagellar mutants regularly show morphological defects, lackingidh@al
elongate shapgAbsalon et al., 2008b; Bonhivers et al., 2008; Ralston and Hill,
2006) Trypanosomes have a single canonical eukaryote flagelkigurg 4).

NASFEtezr AlG A& fFNBSftE& YIRS dzlJ 2F |y |E2ySYS
configuration, a central pair of microtubules surrounded by nine midrote
doublets. Basal bodies function as MTOCs and anchor the flagellum in the cell
body. They are formed from a cylinder of nine microtubule triplets. Between the
basal body and axoneme lies a transition zone, in which the axonemal central
microtubule pairand the third microtubule of microtubule triplet of the basal
body terminate. The flagellum of. bruceiexits the cell body towards the
posterior of the cell, in the majority of life cycle stages, through a gap in the
subpellicular microtubule corset, wth corresponds with an invagination of the
plasma membrane known as the flagellar pocket (FP), the sole site of ando
exocytosis. In a lethanded spiral, the flagellum then runs along the cell body,
towards the anterior of the cell, defining the pesior-anterior axis. The plus
ends of axonemal microtubules are, therefore, at the anterior of the cell, while
the minusends are at the posterior, the opposite orientation of corset
microtubules (reviewed inLangousis and Hill, 2014Kinetoplastid flagella also
contain a structure known as the paraflagellar rod (PFR) that runs parallel to the
axoneme. The PFR is a trilaminar structure that is mostly made up of two

proteins, paraflagellar rod proteins 1 and 2 (PFR1 and 2), and chattao the



axoneme by electron dense filaments. The PFR physically supports the flagellum,
supplies ATP to the axoneme and interacts with the insect vector. It is also
important in flagellar motility and may function in flagellar signall{Maharana

et al., 2015; Portman and Gull, 2010he attachment of the flagellum to the cell
body is mediated by the flagellum attachment zone (FAZ). The FAZ consists of a
complex of filaments, junctional complexesd plaques that links the PFR to a
specialised FAZ filament and an associated microtubule quartet, within the cell
body, and is an important determinant of cell morpholo@@unter et al., 2015;
Sunter and Gull, 2015)
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The main role of flagella is in motility. In tryp@somes, this is driven by a
flagellar wave that moves from the anterior tip of the flagellum to the posterior
base (Walker, 1961) Recoil against the surrounding fluid moves the cell in the
opposite direction, towards the tip of the flagellum. Occasional reversal of the
direction of the wave causes the trypanosome cell to tun@aron et al., 2007;
Branche et al., 2006; Gadelha et al., 200it)e helical path the flagellum takes
around the cell body means that flagellar waves cause the cell to corkscrew,
hence theTrypanosomaname, which is derived from Greek and meabsrer
body£ This corkscrew motion is effective in propelling the cetbtlgh viscous
liquids, such as bloo(Heddergott et al., 2012)Flagellar motility is required for
movement through the insect vector and coniation of the life cycl¢Rotureau
et al.,, 2014) It is also hypothesised to aid in evasion of mammalian host
immunity, by driving the movement of immunoglobulin bound variant surface
glycoprotein (VSG), the major surface protein of BSF cells, into the FP for recycling
(Engstler et al., 2007} lagellar motility is essential for survigdIBSF cells, even

in culture (Branche etl., 2006; Broadhead et al., 2006; Ralston and Hill, 2006)

Motility mutants also suggest a role for the trypanosome flagellum in cell
division, as they show cytokinesis and septation defects. The flagellum and FAZ
are important in defining the shape dafividing cellsand the cleavage furrow
formed during cytokinesigRobinson et al., 1995; Sun et al., 2012; Sunter et al.,
2015) One of the earliest steps in trypanosome cell divisiathéssynthesis of a
new flagellum. During this process thewtloping flagellum follows the path of
the old flagellum in an example of structural inheritance, a process in which an
existing structure defines the assemblgf a new structurein progeny cells
(Moreira-Leite et al., 2001)When the new flagellummeaches a certain length,
cytokinesis begins at the tip of the flagellum and follows the cleavage furrow
formed between the two flagella of the daughter cglobinson et al., 1995The
formation of a new flagellum also drives division of other organelles. The
kinetoplast is attached to the basal body, via filaments, and as the new flagellum
forms, basal bodies move apart in a miearotile dependent process, separating

replicated kinetoplast§Ogbadoyi et al., 2003; Robinson and Gull, 199he
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majority of thisseparation occurs after the new flagellum has grown to a point
halfway along the old flagellum, where it stops. Further elongation of the new
flagellum still occurs at this point, which drives basal body and kinetoplast

separation(Absalon et al., 2007; Davidge et al., 2006; Robinson et al.,.1995)

The flagellum leaves the cell via an invagination of the surface membrane
known as the flagellar pocket (FP), which is the sole site of-eantb exocytosis
(reviewed inField and Carrington, 2009)he FP is believed to hide the invariant
receptor proteins from the humoral immune response. It is a complex and highly
organisel structure that shows very precise localisation in regards to organelles
and cytoskeleton elements, as revealed by electron micros¢bagomble et al.,
2009) This structure requires the presence of the flagellum and displays a

distorted shape when the flagellum is abs€Absalon et al., 2008a)
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1.1.4. The genome ofrypanosoma brucei

T. bruceis a diploid organism, with a genome of ~70Mb. This genome is
composed of 11 pairs of megabase chromosomes (MBCs), as well as ~5
intermediate chromosomes (ICs) and ~100 minichromosomes (KECsield et
al., 1999) The MBCs are-@Mb in size and are analogous to chrosomes in
other diploid organisms. They contain the housekeeping genes in their cores and
bloodstream expression sites (BESs) in their subtelomeres, the sites of VSG
transcription. The haploid MBC genome is ~26Mb in size and contains 9068
predicted genes including ~900 pseudogenes and ~1700 genes specific to
T.brucei (Berriman et al., 2005)The 206600kb ICs and 5050kb MCs are
aneuploid, as their population varies from cell to c&bth ICs and MCs exist to
carry a portion of the library of VSG genes used in antigenic variation, while ICs
also carry BESs and MCs are transcriptionally silent. The VSG genes are contained
in the subtelomeres of the chromosomes, while core regions istsf varying
numbers of repeats of a 177bp sequer(édsford et al., 2001; Ersfeld et al., 1999;
Wickstead et al., 2003)

Like most eukaryotes, the genes on MBCs are transcribed by the Pol Il RNA
polymerase. Unusually, however, multiple genes are transcribed into a single unit
of RNA, produag polycistronic RNA sequenc@mboden et al., 1987; Muhich
and Boothroyd, 1988)ChiPseq (Siegel et al., 2009nd RNAseq (Kolev et al.,
2010)data suggest there may be ~150 individual polycistrons transcribed from
the genome. Polycistrons are separated by strand switch regions (SSRs), which
contain sites of transcription initiation and terminan (Kolev et al., 2010)ISSRs
also coincide with origins of replication and interaction between the two
processes appears to occyfiengwe et al.,, 2012)The order of genes and
polycistrons is well conserved between trypanosomatids, despite divergence of
sequences. This synteny suggests that there is strong selective pressure against
breaking gene ordefElSayed et al., 2005; Ghedin et al., 2Q@#)ich may be due
to the polycistronic nature of transcription and the relatively few tremstion

start sites within the genome.
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Polycistrons are processed into functional messenger RNAs (mMRNAS) by
two, coupled processedrans-splicingof a capped 35bp spliced leader RNA
4S1jdzSy0S (2 GKS pQ dzyidNIyatlIiSROQNBEZMW2Y 0O ¢ wi
(LeBowitz et al., 1993; Palenchar and Bellafa®006) Polycistronic transcription
means there is very little transcriptional regulation, wiittle change inRNA
levels between life cycle stag€Biehl et al., 2002; Jensen et al., 2009; Siegel et
al., 2010; Veitch et al., 2010yhe majority of gene regulation in trypanosomes is
posti NI YAONRLIIA2Yy > gA0GK GKS 0Q ! ¢w RAOUGIFGAY:S
stagespecificity(Berberof et al., 1995; Boucher et al., 2002; Clayton, 2002; Furger
et al., 1997; Gale et al., 1994; Hetzal., 1997; Mao et al., 2009; Martin€alvillo
et al., 2010; Quijada et al., 2002; Vanhamme and Pays, 1995)

Transcription inT. bruceiis also unusual in its use of the Pol | RNA
polymerase.T.bruceiis the only known eukaryote that uses Pol Ittanscribe
ribosomal RNA (rRNA), like other eukaryotes, and some protein coding sequences
(Gunzl et al., 2003Pol | transcribes VSG, the surface protein of BSF cells used in
immune evasion, and procyclin, the fage protein of PCF cells. Procyclin is
transcribed from tandem arrays of two or three genes on chromosomes 6 and 10
(Liniger et al., 2001; Roditi et al., 1998)SG, on the other hand, is transcribed
from one of ~15 BESs situated in the subtelomeres of MBCs and ICs. Only one BES
is expressed at a time, whicis essential for antigenic variation and immune
evasion. Antigenic variation occurs through switching of the active BES or
recombination of a differing VSG sequence into the active(B&wed inHorn,

2014; Taylor and Rudenko, 200BESs are up to 60kb in length and contain a
VSG coding sequence and a group of expression site associated genes (ESAGS).
The numler and variety of ESAGs varies from BES to(B&8man et al., 2002;
HertzFowler et al., 2008; Johnson et al.,, 198W) metacyclic cells VSG is
transcribed monocistronically from a subtelomeric metacyclic expression site and

is the only example of monocistronic transcription of a protein coding sequence
and regulation of transcription iff.brucei(Ginger et al., 2002; Graham et al.,

1999, 1990)
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The activity of the eukaryote nucleus is known not be homogenously
distributed. Instead processes such as transcription and replication are
compartmentalised, allowing the functions of specific cg@ of nucleoplasm to
be specialisedFraser and Bickmore, 2007; Kosak and Groudine, 2004; Misteli,
2007) Labelling of trypanosome nuclei, through incorporatioh BrUTP or
BrdUTP, demonstrates that they also display compartmentalisation of
transcription (AmiguetVercher et al., 2004; Dossin and Schenkman, 2005;
Navarro and Gull, 200Bnd replication(Eliaset al., 2002; Ogbadoyi et al., 2000;
Woodward and Gull, 1990Yespectively, with specific regions of the nucleus

showing stronger labelling.

An important example of compartmentalisation in the nucleud obrucei
is the expression site body (ESB)I Ptanscription is usually restricted to the
nucleolus in eukaryotes and for most Pol | transcribed gen&slanuceiincluding
procyclin, this also the cagkandeira and Navarro, 2007Mhe ESB, however, is an
extranucleolar body in which Pdl transcription occurs and is the site of
transcription of the active BE&haves et al., 1998; Navarro and Gull, 20Uhg
monoallelic expression of VSG from a single active BES, has been hypothesised to
be dependent on the recruitment of the ESB, from which theciive BESs are
excluded (Navarro and Gull, 2001)The ESB recruits RNA transcription and
processing machinery, resulting in the high levels of expressiorS&, dnd its
architecture may be involved in maintaining the exclusivity of the active BES
(Pays, 2005)

Chromatin in the trypanosome nucleus does not pack as tightly as
chromatin in mammalian cell@elli, 2000)and the 30nm fibres that make up
heterochromatin are not formed (Hecker et al., 1994) Furthermore,
trypanosome chromosomes do not visibly condense during mitddiskerman
and Preston, 1970) It is unclear whether trypanosomes have true
heterochromatin and euchromatirdue to the high gene density of the genome,
and the lack of transcriptional regulation. Electron microscopy.obruceiand
cruzicells has, however, demonstrated that regions of the nucleus show variable
electron density(Elias et al., 2001; Ogbadoyi et al., 20@)Xectron dense regions,
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usually associated with heterochromatin, generally localise to the nuclear
periphery, but are excluded from locations proximal tactear pores. These
electrondense regions iM. bruceialso correspond with transcriptionally silent
regions, such as the MCs and the subtelomeres of MBGbadoyi et al., 2000)
Furthermore, nuclear DNA thatains less intensely with DAPI colocalises with
TFIIS transcription elongation facto(glzureau et al., 2008)though it is not

known for certain how DAPI staining corresponds to DNA packaging.

Another unusual aspedf the genome ofT. bruceiis the kinetoplastThe
single mitochondrion present in all kinetoplastids contains this characteristic
structure, which contains the mitochondrial DNA, or kinetoplast DNA (KDNA),
which consists of a network interlocking DNA minicircles and maxicircles. In
T.brucej the kinetoplast is situated at the base of the flagellum, at the posterior
of the mitochondrion and cell. The basal body interacts with a modified region of
the mitochondrial membrane through filaments, forming a flagellar attachment
complex. This complex is in tubound to the kinetoplast by a series of filaments
referred to as the kinetdlagellar zone. kDNA separation occurs early on in cell
division; it is replicated at S phase and segregated during to G2 phase. As
previously mentioned the segregation of repliedt kDNA is driven by its
attachment to the flagellum. As a new flagellum is formed during G2 phase, the
basal bodies of the new and old flagella separate, pulling apart kDNA. The
kinetoplast and its replication are reviewed Jensen and Englun¢2012 and

Poveloneg2014)
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1.2. Mitosis in modd systems
1.2.1. Open and closed mitosis

In interphase vertebrate and yeast cells chromosomes are relatively
uncondensed, with regions of chromatin anchored at the nuclear envelope (NE).
The NE is highly organised structure, consisting of two concentric lipigebs|,
that separates the contents of the nucleus from the cytoplasBelectively
permeable nuclear pores within the NE, occupied by nuclear pore complexes
(NPCs), allow for regulated nuclear import and exgmeviewed inHetzer, 2010;
Hetzer et al., 2005)Many different proteins within the inner nuclear membrane
interad with chromatin and anchor it within the nuclear periphergviewed in
Simon and Wilson, 2011} his is important for the organisation of chromatin and
the resulting regulation of transcriptiorfreviewed in Deniaud and Bickmore,
2009; Steglich et al., 2013)As cells prepare to undergo mitosis, the
chromosomes detach from the NE and begin to condense, while the mitotic
spindle is assembled. Based the continuity of the NE, mitotic cells are either
categorised as undergoing open mitosis, such as in vertebrate cells, or closed
mitosis, which occurs in some yeast. These two categories are extreme examples,
however, and a number of examples of mitogestdetween themjn which the NE
remains, but is not continuous. These are referred to as smgran/closed or

partially open/closed mitosiéArnone et al., 2013; Heath, 1980)

In open mitosis in vertebrate cells, NE breakdown (NEBD) occurs during
the transition between prophase, in which chromatin condenses, and
prometaphase, when spindle assembly occursNE8D ignitiated, there is an
increase in the permeability of the NE and disassembly of NPCs ijeéinést et
al., 2003) This disassembly is completed within minutes and is accompanied by a
synchronised release of NPC compone(ultz et al., 2008)NEBD continues
with the depolymerisation of the nuclear lamina and the detachmenthef NE
from chromatin, followed by its removal, which is facilitated by dynein motor
proteins (Beaudouin et al., 2002; Gerace and Blobel, 19BE components are

then redistributed into the endoplasmic reticuluthu etal., 2009) These events
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are triggered by the phosphorylation of NE components by cyclin dependent
kinase 1 (Cdkl) complexed with cyclin A2, which regulates the transition between
G2 and M phase, or with cyclin B, which is also involved in the eadgstof
mitosis and inhibition of anaphag8uendia et al., 2001; Gong et al., 2007; Gong
and Ferrell, 2010)Phosphorylation by the Aurora A kinase can also initiate NEBD
(Hachet et al., 2007; Portier et al., 2007)

During closed mitoses in yeast the NE remains intact throughout cell
division. he mitotic spindle is assembled inside the nucleus and nucleated at
spindle pole bodies embedded in the NE. Spindle pole bodies are plaque
structures and the MTOCs of yeast spindles. During anaphase, as sister
chromatids are separated, the spindle elongatehanging the shape of the
nucleus, which eventually divides into two daughter nu¢i®azer et al., 2014)
Though it remains intact, remodelling the NE and changes in NE dynamics do
occur, which is required for the insertion of new spindle pole bodies, the influx of
proteins required by the mitotic machinery and expansion of the nuclear
envelope. These processes are regulated by Cdk andigelkinase (PLK) mitotic
kinases(Zhang and Oliferenko, 2013)Vhile yast appear to import proteins
required for mitosis through NPCs, some fungi that perform closed mitoses
partially disassemble NPCs, resulting in the equalisation of nucleoplasm and
cytoplasm and an influx of required proteir{&ist, 1969; Aist and Williams, 1972;
Robinow, 1969) In Aspergillus nidulanghe NIMA kinase interacts with NPC
proteins and phosphorylates them, resulting in their remo{aé Souza et al.,
2004; Osmani et al., 260 The expansion of the NE in yeast mitosis, during
anaphase, requires synthesis of phospholifigaitoh et al., 1996; Santé®sa et
al., 2005; Yam et al., 201N Sacchoromycescerevisiagphospholipidsynthesis
pathways are, therefore, regulated by Cdkl, via phosphorylation of Pahl (or
Smp?2), a lipin protein family membéBantosRosa et al., 2005)

As mentioned previously, both open and closed mitoses are extreme
examples of mitosis and a number of intermediaries exist. The fission yeast
Schizosaccharomycggonicus for example, carries out a largely closed mitosis,

with the membrane and NPCs remaining intact. During anaphase, however,
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breaks appear in the NE around the spindle equator. In another example, mitosis

in Plasmodiophora brassicaavolves a largely intact By with localised NEBD

occurring around centrosomes. In embryos @&enorhabditiselegans the NE

contains many perforations, but does not break down. Species of dinoflagellate

carry out mitosis with an intact membrane and the spindle is assembled outside

0KS ydzOt Sdza® {LAYRES YAONRUGdzodzZ S&a LJ aa
interact with chromosomes through the NE. These examples, reviewed in
Drechsler and McAiInsi{2012 and Makarova and Oliferenk¢2016) and

examples of open and closed mitoses demonstrate trerying strategies

employed by eukaryotes for mitosis, even by those that are relatively closely

related.
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1.2.2. The canonical mitotic spindle

The mitotic spindle is a complex, macromolecular machine that functions
to separate eukaryotic DNA. The overall sturet of the spindle in model
eukaryoes is well established, with the canonical spindle belonging to vertebrate
cells Figure5). It is mainly composed of microtubuleshose dynamic instability
allows their plusends to seek out chromosomes as the spindle forms. The
microtubules are nucleated at the centrosomes, the MTOCs of vertebrate cells,
which consist of pair of centrioles, structurally similar to basal bodied, @an
pericentriolar matrix, where nucleation takes place. An important constituent of
GKS LISNRA OSy (-8Hza tzF Ny X I 4 KA D KtdbdliBsNNowNdsy 3a8 2F Mo
I -tubulin ring complex {(-TURC) Spindle microtubules fall into two classes.
Interpolar microtubules form the body of the spindle and give it its structure.
Microtubules originating from opposite centrosomes are crosslinked into
antiparallel arrays in the spindle midzone. At metaphase, condensed
chromosomes lie at the metaphase plate, waister chromatids bound together
at centromeres by the ringlke cohesin complex. They attathmicrotubules via
multi-protein complexes known as kinetochores, which are assembled at the
OKNRY2a42YSaQ OSYGNRBYSNBad ¢KS YAONRGdzo dzZ Sa
kinetochore microtubules, the second class of microtubule. The actions of both
interpolar and kinetochore microtubules and proteins that act upon them are
responsible for the separation of sister chromatids at anaphase. A third class of
microtubule, astralmicrotubules, anchor the spindle at the cell cortex. They
emanate outwards from the centrosome and interact with the actin cytoskeleton
of the cell cortex via the dynactin protein compl@berts et al., 2008b; Petry,
2016; Walczak and Heald, 2008)
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Figure 5. A schematic of the canonical mitotic spindle at metaphase. Two centrosomes,
consisting of a centrioles and the pericentriolar matrix serve to nucleate spindle
microtubules. Astral microtubules emanate from the centrosome and anchor the spindle at
the cell cortex. Interpolar microtubules crosslink in the centre of the spindle, or the spindle
midzone, and give the spindle its structure. Kinetochores link kinetochores to the
centrosome through kinetochore microtubules. Adapted from Goodman and Zheng
(2006).

Spindle assembly largely occurs during prometaphase, but begins in
prophase with the duplication of the cammsome (Azimzadeh and Bornens, 2007,
Nigg and Stearns, 201TDuring S phase the two centrioles within the centrosome
are replicated and begin maturing, gathering additional pericentrigtaatrix
material, increasing their ability to nucleate microtubules. During prophase, the
centrosomes separate, a process driven by the formation of microtubules.
Continued spindle assembly then occurs through two pathways, a centrosome
dependent or indepedent pathway(Petry, 2016; Walczak and Heald, 2008)
the centrosome dependent pathways growing microtubules are nucleated at the
OSy i NP & 2-WUR@E and étherepicentriolar components, an activity that is
increased by phosphorylation by mitotic kinag@dbee et al., 2006; Dobbelaere
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et al., 2008; Khodjakov and Rieder, 1999; Piehl et al., 200w®se centrosomal
microtubules display a high degree of dynamic instability, but become stable
when attachedto a chromosome, which allows them to quickly sample the
volume of the cell for chromosoméBesai and Mitchison, 1997; Holy and Leibler,
1994; Kirschner and Mitchison, 1986a, 1986l a centrosoméndependent
mechanism, microtubules polymerise in the vicinity of chromosomes. These
microtubules are then aanged into an antiparallel array, which is then nucleated
at the minusend of the microtubules(McKim and Hawley, 1995)The
polymerisation of microtubules around chromosome is driven by a gradient of
RanGTP emanating from chromosoniBssso, 2002; Hetzer et al., 20@2)d the
chromosomal passenger complex (see belW)E. Kelly et al., 2007; Sampath et
al.,, 2004) which act to release spindle assemblycttas and stabilise

microtubules.

During spindle assembly, chromosomes attach to spindle microtubules
and move to the metaphase plate, in a process called congreskiodlassic
models, the kinetochores of sister chromatidscapture microtubules from
opposng spindle poles and track toward the metaphase platgulled by the
depolymerisation of microtubulegHayden et al 1990) As chromosomes
congress additional microtubules bind to the kinetochore, creating a bundle of
kinetochore microtubulegMcEwen et al., 1997)Eventually the chromosomes
congress to goint at which theforces acting orthe chromatidsbecome equal
and they no longer movéHayden et al., 1990)Ths process leads to oscillations
of chromosomes at the metaphase plate, as individual kinetochores move
towards their respective poles. Congression also involves the actions of
microtubule motor proteins that pull chromosometaterally attached to
microtubules to the metaphase plate, by acting on the kinetochore and
crosslinking chromosome arms and interpolar microtubyRarisic et al., 2014;
Brouhard and Hunt, 2005% KA & NXadzZ Ga Ay | LKSy2YSy2y Vi
S2SO00GA2y F2NDSZ¢ Ay 6KAOK GKS OKNRY2az2YS [N
poles(Rieder et al., 1986)
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Spindle assembly and function is partly regulated by the actions of the
Aurora knases, a small family séring;threonine protein kinaseé~u et al., 2007;
Vader and Lens, 2008yhe mammalian genome encodes three Aurora proteins,
AuroraA, -B and-C. The role of Auror& in mitosis remains largely unknown,
though it localises to the centrosomes. It is also known to bind to inner
centromere proteins and is required for successful meiosis and spermatogenesis
(Kimmins et al.,, 2007; Li et al., 2004; Sasai et al., 2004; Tang et al., 2006)
AuroraA largely localises to the centrase and is involved in centrosome
maturation and separation and centrosome nucleation actiyibe Luca et al.,
2006; Petretti et al.,, 2006; Zhao et al., 200%) is also involved in spindle
assemby, through an interaction with a protein complex that localises it to the
spindle(Koffa et al., 2006)and in mitotic entry(Hirota et al., 2003; Satinover et
al., 2006; Seki et al., 2008h\uroraB is activated upon bindg to the inner
centromere protein (INCENBessa et al., 2008d interacting with Tousletike
kinase 1 (TLK) (Han et al., 2005; §é et al., 1999)It is also known to form a
chromosomal passenger complex (CPC) withIMEENPSurvivin and Borealin
proteins (Vader et al., 2006 The CPC interacts with chromosomes during early
mitosis and moves to the spindle during anaphéSsarnshaw and Bernat, 1991)
Both chromosome condensatio(Giet and Glover, 20013nd sister chromatid
cohesion(Dai et al., 2006; Resnick et al., 20B&ye been linked to the actions of
AuroraB. It is involved in spindle assembly by inhibiting microtubule destabilising
proteins (Gadea and Ruderman, 2006; A. E. Kelly et al., 2007; Sampath et al.,
2004) Finally, it ensures correct attachment of chromosomes to kinetochore
microtubules, by functionig as part of the spindle assembly checkpoint, and is

involved in microtubule reorganisation during anaphase (discussed later).
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1.2.3. The kinetochore

Kinetochores are macromolecular complexes that link the centromeres of
chromosomes to the pluends of microtubules. In vertebrates, they consist of
over 100 components and provide the forces necessary for chromosome
alignment and tracking of microtubule endBased ontheir localisation and
function, kinetochore proteinscan be groupedinto three groups;inner
kinetochore proteins thatinteract with the centromere,outer kinetochore
proteins that connect the kinetochore to microtubules arebulatory proteins
that govern and monitor kinetochore activities. The structure of the kinetochore
is reviewed inCheeseman(2014) and in Cheeseman and Des#2008) and

represented inFigure6, but will be briefly discussed here.

The centromere is defined by a modified histone H3 variant referred to as
CENPA (centromere protein A), which forms specialised nostenes and acts as
a basis for kinetochore assembliiu et al., 2006; Palmer et al., 1991, 1987;
Régnier et al., 2005)16 inner kinetochore proteins associate with CENP
throughout the cell cycle forming the constiive centromereassociated
network (CCAN (Foltz et al., 2006; Obuse et al., 2004; Okada et al., 2006)
Recently it was demonstrated that seven subunits of the CCANCHi&MLN
subcomplex determined its selectivity for CEMP(Weir et al., 2016) During
mitosis outer kinetochore proteins are added to the CCAN in a rapid process that
takes less than 20 minuté&ascoigne and Cheeseman, 2018)the fully formed
vertebrate cell kinetochore, there are two pathways that connect chromatin and
microtubules. In the first, CENPbinds to CENR(Carroll et al., 2010; Kato et al.,
2013) and also interacts with the Misl2 compldGascoigne et al., 2011,
Przewloka et al., 2011; Screpanti et al., 20THe Mis12 complex interacts with
two further protein complexes, the KNL1 and Ndc80 complexes. The Ndc80
complex binds nerotubules and is the key microtubulénding component of
the kinetochore. Mis12, KNL1 and Ndc80 form the KMN network and much of the
outer kinetochore(Cheeseman et al., 2006, 2004; Obwt al., 2004; Petrovic et
al., 2010) In the second pathway, a complex of CENRV, -S and-X associates
with the DNA of the centromere. CENPalso interacts with Ndc80, linking
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chromatin and microtubulegGascoigne et al., 2011; Nishino et al., 20B&)th of
these pathways are required for proper attachment of chromosomes to
microtubules and both are regulated by Cdkl/cyclin B phosphorylation and the
exclusion of Ndc80 from the nucleusurthg interphase (Gascoigne and
Cheeseman, 2013Homologues of vertebrate kinetochore proteins also exist in
yeast, though they also use an additional complex of prateialled the Chbf3

complex(reviewed inBiggins, 2013)

Although Ndc80 does interaicwith microtubules it cannot mediate
microtubule tracking. In yeast cells, Ndc80 interacts with the Daml complex,
which forms a ring around microtubulé€sliranda et al., 2005; Westermann et al.,
2005) The curvature of microtubules involved in depolymerisation pushes the
Daml ring towards the microtubes minusend, causing the kinetochore to
follow the shrinking microtubulgGrishchuk et al., 2008; Lampert et al., 2010;
Tien et al., 2010)In metazoa, Daml is not present, but its role is fulfilled by the
Ska complex. The Ska complex allows the kinetochore to track microtubule ends,
but differs in its structee and likely its mechanism of actigpaum et al., 2009;
Gaitanos eal., 2009; Hanisch et al., 2006; Jeyaprakash et al., 2012; Raaijmakers
et al., 2009; Schmidt et al., 2012; Theis et al., 2009; Welburn et al.,.2009)
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Figure 6. Vertebrate kinetochore structure during interphase and mitosis. During mitosis
phosphorylation by Cdkl/cyclin B promotes outer kinetochore assembly upon the CCAN,
which is constitutively expressed. From Cheeseman (2014).
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1.2.4. Tension sensing at metaphase

Kinetochores are not selective about the microtubules theydbigsulting
in incorrect attachments that would result in uneven segregation of nuclear DNA.
Correct attachment, in which each sister chromatid is bound to kinetochore
microtubules from opposing spindle poles, is referred to as amphitely. Incorrect
attachments include monotely, in whicbnly a single kinetochore attaches to
spindle microtubules syntely where both kinetochores bind microtubules
emanating fom a single pole, and merotely, the binding o$iaglekinetochore
to microtubules emanating from lib spindlepoles(Mcintosh et al., 2012)n the
presence of amphitelic attachments the anaphase promoting complex (APC/C),
an E3 ubiquitin ligase, triggers the tsation from metaphase to anaphase. It
does this by tagging inhibitors of mitotic exit, such as cyclin B, and of sister
chromatid disjunction, such as securin, which inhibits the activities of separase,
an enzyme that hydrolyses the cohesin comgtexiewed inPines, 2011)When,
amphitelic attachmentsare absent, however, the APC/C is inhibited by the

spindle assembly checkpoint (SAC).

In the presence of incorrect attachments, the SAC produces a diffusible
inhibitor of the APC/C called the mitotic checkpoint complex (MCC) and also
promotes error corretion. Generation of the SAC signal begins with the kinase
MPS1, which associates with Ndc80, when activated by AdB@kemmler et al.,
2009; Nijenhuis et al., 20L.3MPS1 then recruits the SAC proteBigB1, BUBS,
MAD1, MALR2, andBUBR1MADZ2, BUB3, and BUBR1 form the MCC, with MAD1
and BUB1 mediating their assemb(urray, 2011; Vleugel et al., 2012he MCC
then inhibits the APC/C by preventing its activation by Cde&on and Nilsson,
2014) The SAC promotes error correction through regulation abfedB and its
substrates. BUB1 phosphorylates histone H2A, which produces a docking site for
Borrealin, pronoting a centromeridocalisation for Aurord (Watanabe, 2010)
BUBRL1 carries a docking site for the #B%&A protein phosphatase, localising it
to the outer kinetochore (Kruse et al.,, 2013; Suijkerbuijk et al.,, 2012)
Phosphorylation of proteins by AurcE serves to destabilise incorrect

kinetochoremicrotubule attachmentgAlushin et al., 2012; Knowlton et al., 2006;
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Umbreit et al., 2012) B56PP2A, which is in turn regulated by Pgtotein
phosphatase 1) (Grallert et al., 2015) on the other hand, stabilises
kinetochoremicrotubule attachments by dephosphorylating Aurddasubstrates
(Foley et al., 2011; Suijkerbuijk et al., 2012)is unclear how these effects are
balanced to promote correct attachment, though it has been suggested that

amphitely creates tension that stabilises &iachoremicrotubule attachments.

It is known that kinetochorenicrotubule attachments are stabilised by
tension and destabilised by a lack of tensi¢Nicklas and Ward, 1994)
Furthermore, only ambpitelic attachments can generate tension across
kinetochores, as result of each kinetochcggperiencing a poldirected force
The mechanism by which tension generates microtubule stability is unknown, but
a number have been proposed. It has been suggkster example, that
microtubule motors attached to kinetochores pull them towards the mirud
of microtubules, which generates tension. This tension forces the motors to stall,
leaving them in a transition state in which they are more stably attached to
microtubules(Mcintosh et al., 2002)A second proposal suggests that tension
across kinetochores physically prevents miabule filaments from bending and,
therefore, reduces the likelihood of catastropi{&rishchuk, 2009)Iin a third
suggested mechanisniigure?) tension separates ketochore components from
the influence of centromeric AurofB, allowing the stabilising effects of PP1 and
PP2AB56 phosphatases to dominaieampson and Cheeseman, 2011; Tanaka et
al., 2002) Regardless of the mechanism, the sliabtion of amphitelic
attachments causes them to persist meaning that over time all mitotic
chromosomes will eventually display amphitely. Once this state is reached the

SAC is silenced and the APC/C can proceed to initiate anaphase.
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Figure 7. Model of tension sensing by Aurora B kinase. On unattached (3) and incorrectly
attached chromosomes (2), a phosphorylation gradient is generated by Aurora B localised
at the centromere (red) and phosphorylates sites in the KMN network, which lies within the
gradient, destabilising attachment (C). Tension generated by correct attachment (1)
separates Aurora B substrates from the phosphorylation gradient, reducing
phosphorylation and allowing for recruitment of PP1 to the outer kinetochore, which
produces a counteractive dephosphorylation gradient (green) (B). In a model for
generation of the phosphorylation gradient (D), recruitment of Aurora B to inner
centromere proteins (INCENP) leads to activation of Aurora B by autophosphorylation.
This is followed by the release of Aurora B and its eventual inactivation, by
dephosphorylation, as it diffuses away from the centromere. From Lampson and
Cheeseman (2011).
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1.2.5. The separation of sister chromatids at anaphase

Anaphase consists of two phases. Anaphase A involves the
depolymerisation of kinetochore microtubules whipull sister chromatids apart
and towards the spindle poles. Anaphase B involves separation of spindle poles,
through extension of interpolar microtubules, further separating sister
chromatids. The relative length of time each phase takes and the antbet
contribute to the division of chromosomes varies from organism to organism

(Alberts et al., 2008b; Walczak and Heald, 2008)

Depolymerisation of kinetochore microtubules during anaphase A is
driven by depolymerising microtubule motors at their pkrsds, which
counteracts microtuble stabilising proteins, and at their minesds(Gorbsky et
al.,, 1988, 1987) The relative contributions of minusand plusend
depolymerisation can vary between organisms. In vertebrate cells, ~70% of
chromosome movement occurs through plesds depolymerisation and ~30%
through minusend depolymeisation (Mitchison and Salmon, 1992)In
Drosophila embryos and Xenopus egg extracts the reverse is true, with
depolymerisation of minuend being the major contributo(BrustMascher and
Scholey, 2002; Desai et al., 1998; Maddox et al., 2002)

During anaphase B the dynamics of interpolar microtubules change,
resulting in spindle elongation. This change relies on two mechanisms, the
inhibition of depolymerisation of microtubules and the sliding apart of
antiparallel microtubulegBrustMascher et al., 2015; Brusfascher and Scholey,

2011) InDrosophilecells, thePatroninprotein mediates the switch to elongation

by stabilising microtubule minesnds, antagonising depolymerising motors
(Wang et al., 2013)The action of motor proteins at the spindle midzone then
pushes apart growing antiparallel microtubules, elongatihg spindle(Brust
Mascher and Scholey, 20110 some systems, however, these motors act to
inhibit and regulate centrosome separation driven ¥y2 6 2 NE Q | O A2y a

microtubules(Collins et al., 2014; Saunders et al., 2007)
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1.3. Mitosis in Trypanosoma brucei
1.3.1. The mitotic spindle ifrypanosoma brucei

Trypanosomegarry outa closed mitosis, with the NE remaining intact
and the mitotic spindle assembled within the nucled8ckerman and Preston,
1970) Mitosis in T. brucei and the mitotic spindle Kigure 8) are unusual in
comparison to model systems. At metaphase the spindle microtubules are
arranged into a rhomboid shape, nucleated at the pdl@gbadoyi et al., 2000)
Despite this nucleation, the trypanosome spindle lacks clesible spindle pole
02RASa® CdzNBuknSdeds2nesSIacalise to spindle poles in the
trypanosome nucleus, instead localising to the nucledl8sott et &, 1997)
Observations of spindle by transmission electron microscopy, however, have
demonstrated a bilaminar structure in the NE in the proximity of nucleated
microtubules, which may serve as a pole bo@ydgadoyi et al.,, 2000)
Trypanosomes also lacks the astral microtubules that anchor the spindle to the
cell cortex in other organisms. As chromosomes divide during anaphase the
spindle rearranges into a lineacentral microtubule &ay with peripheral
microtubules. InLeishmaniathis consists of ~50 microtubules emanating from
opposing poles that overlap in an antiparallel array in the centre of the nucleus,
though it may also consist of individual continuous microtubilésefia, 1988)

I FGSNI GKS ALIAYRE SQa (NI yfeitd nudleatpn ak el 2 A G 2
poles becomes less clear, as it becomes bifurcated towards its (idgmdoyi et

al., 2000)

In T.brucej certain microtubules terminate in kinetochcfi&e structures,
which can be observed as electron dense plaques by electron microscopy
(Ogbadoyi et al., 2000; Schlimme et al., 1993; Solari, 1989%)sually, only eight
such plaques have been observed in trypanosome (®t&ari, 1995)which is far
too few for all trypanosome chromosomes, ~125 (~250 when replicated), to
associate with individually. Likewise, only 10 kinetochore plagues have been
observed inl. cruz(Solari, 1980and six inLeishmanigUrefa, 1986)
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Trypanosome chromosomedo not visibly condense duringitosis and,
therefore, no clear alignment of chromosomes at the metaphase plate ociturs.
is possible that arunusual histone H1A which bing to chromosomal DNA
between nucleosomes, may be partly responsible for (Bigri et al., 1995, 1993;
Galanti et al., 1998)The genome ofT.brucei does, however, code for a
homologue of the condensicompkx (Gluenz et al., 2008suggesting some form
of condensation does occur. The nuclear DNA.dfru@i also behaves curiously
during mitosis in that the nucleolus does not break down, as occurs in many
eukaryotes. Instead it remains intact and sits within the spindle, with spindle
microtubules both surrounding it and passing through it. Early in mitasis,
stretches from its usual spherical form to more {swaped form and eventually

splits to form the nucleoli of the two daughter cef@gbadoyi et al., 2000)
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Figure 8. A diagrammatic representation of the mitotic spindle at metaphase in T. brucei.
The spindle is assembled within the NE, which remains throughout mitosis. The nucleolus
also does not break down and sits within the spindle. Spindle microtubules form a
rhomboid shape and are nucleated at the spindle poles, though there are no obvious
spindle pole bodies. Some spindle microtubules link to kinetochores, of which there are
just eight, far fewer than the number of chromosomes, which do not visibly condense.
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Spndle assembly in trypanosomes appears to be regulated by Aurora
kinases, like other eukaryotes. An Aurdahomologue, TbAUK1, has been
identified in T.brucei Depletion of TbAUK1 in both BSF and PCF cells has
demonstrated its requirement for spindle asably(Li and Wang, 2006; Tu et al.,
2006) It forms a CPC with two unique proteinsCPC1 and TbhCR@hich have
little similarity known CPC pratins found inmodel eukaryotes(Li et al., 2008a,
2008b) Like the CPC in vertebrates, the trypanosome CPC localises to
chromosomes in the early stages of mitosis and transfers to the central spindle in
the later stagesKigure9). It also localises to the anterior end of the new FAZ
during the transition to cytokinesis and travels along the cleavage furrow as cells
divide (Li et al., 2009, 2008a) homologue of TEK TbTLK1, is also pregen T.
brucei It is required for spindle assembly and chromosome segregation and
interacts with TbAUK1, though it is unclear whether it is involved in the activation
of TbAUKXLi et al., 2007)The trypanosome CPC also interacts with two kiresin
like proteins, KIM\ and KINB, which are concentratedh the nucleus and are
required for TOAUK1 localisation, though their function remains unknfwret
al., 2008a, 2008b)

The role of TbBAUK1 in mitosis is unclear. There is no evidence for a SAC in
trypanosomes, in which TbAUK1 mighhétion, and perturbation of the spindle
does not prevent continued mitosis and cell divisi@kiyoshi and Gull, 2013;
Ploubidou et al.,, 1999) Trypanosomatl genomes do code for MAD2
homologues, which can be identified by a HORMA domain present in other MAD2
proteins (Aravind and Koonin, 1998The trypanosome MAD2, however, lacks a
Cdc20 binding domain and localises to the basal {ééyyoshi and Gull, 2013}
is, therefore, likely that TOMAD2 does not function as a SAC protein.
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DAPI TbAUK1-3HA Merged

Figure 9. The distribution of ThAUK1 at G2 phase. Images show the location of ThAUK1
labelled with a haemagglutinin tag at G2 phase (a), metaphase (b), early anaphase (c),
|l ate anaphase (d) and cytoki hietali (8008)e , f ). Scal e |
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1.3.2. Segregation of trypanosome chromosomes

Despite their great number and the small number of kinetochores,
chromosomes are separated with fidelity during mitosiess thari 0°* MClosses
occur per cell per generatiofwWickstead et al., 2003)t is likely that mechanisms
involved in trypanosome chromosome segregation differ from those observed in
Y2RSt aeéads Yarsteldland Gi(k$7)invastiyédted the division of
MBCs and MCs using fluorescemesitu hybridisation (FISH)MCs were labelled
with probes raised against the 177bp repeat sequences that form their core,
while a single MBC was labelled with probes raised ag&8sDNA which is
localised towards the end of chromosoméBerriman et al.,, 2005MC and MBC
segregation was dependent on the presence of spindle microtubules,
demonstrating that both chromosome classes interact with the spindle. During
interphase MC signal localised to the nucl@ariphery, while 5S rDNA probes
produced two foci at the centre of the nucleus. At metaphase MCs aligned at the
centre of the nucleus, localising closely with the spindle microtubules. Upon
anaphase and the rearrangement of spindle microtubules into therakarray,

MCs separated into two equally sized groups that migrated along the central
spindle to the spindle poles and remained there as the spindle elongated in the
later stages of anaphase. 5S rDNA signal displayed a different nuclear distribution
during mitosis. It localised to the nuclear periphery at metaphase and, during
anaphase, it was found closer to the centre of the spindle, lagging behind the
MCs. This apparent lagging of the MBC may in part have been due to the location

of 5S rDNA on chromome 8 and the relative lack of chromosome condensation.

Due to the close association of MCs with the central spindle and their
differing localisation to MBCs during mitosiSull et al.(1998) proposed the
lateral stacking model for MC segregati@tigure10). They suggested that MBCs
interacted with kinetochores, like canonical mitotic chromosomes, while MCs
interacted with the mitotic spindle in a very different way. Sister chromatids of
replicated MCs were proposed to imget with antiparallel microtubules in the
forming central spindle, with one chromatid interacting with a microtubule

emanating from one pole and the other interacting with a microtubule emanating
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from the other pole. This interaction would be mediated ojcrotubule motors
that would attach the sister chromatiddaterally, to the microtubules. These
motor proteins would then drive the separation of MCs, pulling them towards the
spindle poles ahead of the dividing MBCs. Apart from the differing localisatio
MCs and MBCs described Eysfeld and Gul{1997) there is, however little

evidence to support this model.

Ogbadoyi et al(2000)used FISH to track chromosome 1, by producing a
probe against the tubulin array, which is locateentrally on the chromosome
(Hall et al., 2003)The array produced two foci of signalinterphase cells. As
DNA beganto separate during anaphase, foci kepresent in the locations
proximal to the spindlepoles, but werealso located distally, separated by
relatively large distances. This is perhaps representative of a lack of chromosome
condensation. Populations of chromosomes were also localised, with FISH
performed against the 177bp repeat cores of M@sl @ahe telomeres of MBCs.
MCs showed a similar localisation to that describedEbsfeld and Gul{1997)

The telomeres of MBCs colocalised with MCs at interphase and during mitosis.
During anaphase, however, a number of telomeres did trail behind the main body
of dividing telomeres and MCs. These telomeres may have been tlobdbe

larger chromosomes and, again, may be indicative of a lack of chromosome

condensation.

As has been described above, trypanosomes separate their chromosomes
in processes similar to anaphase in other organisms, with chromosomes moving
to poles of thespindle (anaphase A), before the spindle elongates moving the
nuclear DNA further apart (anaphase B). In other eukaryotes anaphase is initiated
by the APC/C, which tags inhibitors of mitotic exit for degradation. The genome of
T. bruceiencodes homologuesf seven core components of the human APC/C,
Apcl, Apc2, Apcl0, Apcll, Cdcl6, CDC23, GR@2ar and Wang, 2005)hree
further components have also been identified and are known Ad%l a
homologue of human Ap¢4AP2 and AP8Bessat et al., 2013Homologues of
cyclin B (CYCB6), a key substrate of the APC/C, and Cdkl (CRK3), the enzyme it

interacts with to inhibit mitotic progression, are also present Tn brucei
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(Hammarton et al., 2003; Li and Wang, 2003; Tu and Wang, .280#jence
suggests that the tryparsmme APC/C ubiquitinates CYB&ssat et al., 2013)
Another substrate of the APC/C, securin, appears to be absent from the
trypanosome genome, though the separase enzyme it inhibits is préBegat

and Ersfeld, 2009)Proteins that form the cohesicomplex, which separase
hydrolyses, are preseniBessat and Eiald, 2009; Gluenz et al., 2008frour
further proteins interact with the APC/Bessat, 2014)hough their function is

unknown.
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Figure 10. The lateral stacking model for minichromosome segregation in T. brucei. MCs
(red) associate with the metaphase spindle (purple) laterally, while kinetochores (green)
mediate attachment of MBCs (yellow) to microtubules (A). Following metaphase, MCs
move quickly to the poles, as MBCs enter anaphase (B). MCs are hypothesised to interact
with spindle microtubules through the actions of putative minus-end directed motor
proteins (brown) (C). Cohesin-like proteins, which might associate with the chromatid pair,
are shown in blue. From Gull et al. (1998).
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1.3.3. The trypamsome kinetochore lacks many components present in model

systems

Theapproximatelyeight kinetochoreisible onthe trypanosome spindle
appear aselectrondense plaques in transmission electron micrographs. These
plaques are ~100 x 120nm in semed havea laminate substructureFgurel1).

The substructure at metaphaseonsists of two electromlense outer layers
(~50nm thick) separated from a thin electrdense midene by an electron
transparent intermediate zone. Up to four microtubules terminate in the outer
layers of the plagueand link them to the spindle poles. After the initiation of
anaphase, these pairs of kinetochores begin to separate altering the sutwstuc

of the plagues. This change involves the formation of a 10nm thick electron
dense region proximal to the spindle pole, separated from the rest of the plaque
by a 10nm electroftransparent region. The four kinetochore microtubules
associate with and teninate in this additional layer. As separation continues the
kinetochore pairs separate into individual kinetochores with a trilaminar
substructure. This substructure consists of the spindle pole proximal 10nm
electrondense region separated from the mawdy of the outer kinetochore by

a 50nm thick electrostransparent region. The four kinetochore microtubules
remain associated with the additional layer. The kinetochores move towards the
spindle poles as mitosis progresses in a fashion similar to anapghasd, during
this movement, they are located at the periphery of the nucleolus. After
migrating to the poles, the kinetochores remain in their proximity until the

culmination of mitosigOgbadoyi et al., 2000)
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Figure 11. Schematics of T. brucei kinetochore plaques. Shown are representations of the
plaques at metaphase (A) and the metaphase-anaphase transition, in which they become
elongated (B), both consisting of pairs of kinetochores, and a single kinetochore plaque at
anaphase (C). Shading represents the electron density, while black lines represent
microtubules. From Ogbadoyi et al. (2000).

The trypanosome kinetochore is likely to have a very differprotein
structure to those described in vertebrate and yeast cells. Trypanosomes have no
homologues of the majority of kinetochore proteins or kinetochore interacting
proteins that are present in both animals and fungigire12). Trypanosomes
even lack a homologue of CEMRMalik and Henikoff, 2003)despite MBCs
having well defined centromeres (see below). There are some exceptions to this
rule, however. As has been discussed presip, trypanosomes have an AureBa
homologue, TbAUKZ1, but they also have a gene coding for a homologue of Skplp,
which forms part of the yeast specific Cbf3 complex, and TOG, a protein that
modulates the microtubule binding behaviour of the Ndc80 comfBetriman et

al., 2005)
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Figure 12. Trypanosomes lack the majority of kinetochore proteins that are conserved
between humans and yeast. Complexes that make up the kinetochore are represented by
shapes, which are labelled with their constituent proteins. Words in red represent proteins
absent from trypanosomes, whereas those in blue are present. Courtesy of Bill Wickstead.

Studies have identified centromeres irypanosomes by measuring and
mapping topoisomerase |l activity, which acts as a marker of active centromeres.
This analysis has been performed Tin cruzi(Obado et al., 2007, 2005nd
T.brucei(Echeverry et al., 2012; Obado et al., 208/}l identified centromeres
consisting of regions of transposable elementsTInbrucei centromeres were
only identified on MBCs and topoisomerase Il activity was not present on ICs and
MCs. The centromeres of the MBCsTofbruceialso contained AT richepeat
sequences, which were absent from cruzicentromeres. Until recently it was
unknown what a lack of centromeres means for IC and MC segregation and their
interactions with the mitotic spindle and it was unknown if and where

kinetochores were assenfed in the centromeric regions of MBCs.

A few papers havbeen pulblished on work that hasought to identify the
core components of the trypanosome kinetochpher than the CP@\kiyoshi
and Gull(2014)identified 19 kinetochore components hbrucei the majority of
which were conserved across kinetoplastids and none of which displayed any
homology to onventional kinetochore proteins. The first protein identified,
kinetoplastid kinetochore protein 1 (KKT1), displayed a localisation consistent
with a kinetochore functionKigure13). 12 further proteins, KKT2 to 13, were

identified, through their interactions with KKT1. Another 6 proteins, KKT14 to 19,
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were then found, through their associations with KKT2 to 13. Additionally, KKT4
copurified with constituents of the trypanosome APC/C, suggesting
communication between the two. The 19 KKT proteins displayed differing
expression profiles over the course of the cell cyElgyrel4). It was speculated

that those proteins that were present until the end of anaphase, nark&ly'1, 2,

3, 4,5, 6,7, 14, 15, 16, 17, and, ¥8rmed the core kinetochore. Chieq
demonstrated that KKT2 and KKT3, which are constitutively expressed and more
likely to interact with centromeres, localised to previously defined centromeric
sequencegqEcheverry et al., 2012; Obado et al., 20G30)ggesting kinetochore
assembly doesndeed occur at the centromeres of MBCs. Sequences to which
KKT2 and KKT3 localised also included the 177bp repeat sequences that form the
core of MCs and ICs, suggesting these smaller chromosomes also interact with
kinetochores and that sharing of kinetamtes might occur between
chromosomes. Analysis of the sequences of the KKT2 and 3 suggested protein
kinase activity and demonstrated the presence of cysteine rich domains, in which
zinc finger motifs were present, and DNA binding motifs. This suggestthtss
proteins interact with centromeric DNA and modify other proteins, forming the
basis for kinetochore assembly. Depletion KIKT2, KKT7, KKT9, KKT11, KKT12,
andboth KKT10 an&KT1%esulted in the formation of cells with abnormal DNA
content and kinéochores that lagged during anaphase. Furthermore, analysis of
cells that had been depleted of KKT10 and KKT19 by FISH demonstrated lagging of
both MBCs and MCs. Based on affinity purification/mass spectrometry data and
localisation patterns the authors ggested potential subcomplexes that might be
formed by KKTs. The proposed subcomplexes wer&KIELKKT15 sutbmplex,

the KKTL&KKT17/KKT18 sutbmplex, andthe KKTEKKI 7-KKT8&KKTKKT1O
KKT1iKKT1XKKT19 subcomplex

Another KKT KKT20,was later identified byNerusheva and Akiyoshi
(2016) through its interaction with KKT4. y I f @ aAad 2F (GKS LINERI
demonstrated that it was similarto those ofboth KKT2 and,3particularly in a

Cysrich region though itwas much smaller and lackedshared kinase domain
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All three proteins were also shawto contain polo box domains, which were

involved in the localisation ohe proteins to the kinetochore.

More recently, a further set of kinetochore proteins, referred to as the
KKTinteracting proteins KKIPs were identified by 5 Q! NOKA @A 2 | YR
(2016) The first KKIP, KKIP1, was identified through the identification of
NdcB80/Nuf2like sequences in a number of eukaryotes, using hidden Markov
models.Fluorescat labelling of the protein demonstrated that it localised to the
kinetochore and colocalised with KKTetermination of therelative subpixel
positions of tagged proteinsndicated that KKIP1 functioned in the outer
kinetochore, providing further evideecthat it fulfils a Ndc90/Nuf2ke role.
Knockdown of KKIP1 caused significant a reduction population growth and caused
severe spindle and chromosome segregation defeEimally, identification of
proteins that could be copurified with KKIPAfter crosBnking, revealed
interaction between KKIP1 arad number ofKKTs, includingKT1, as well as six

further previously unidentified kinetochore proteins, which were named KKIP2
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Figure 13. The distribution of KKT1 through the trypanosome cell cycle. Images show the
location of YFP labelled KKT1 relative to kinetoplast (K) and nuclear DNA (N). Scale
bar=5¢ m. Rkiyostn and Gull (2014).

KKT8, KKT9, KKT10, KKT11, KKT12, KKT19

KKT14, KKT15

KKT1, KKT5, KKT6, KKT7 KKT16, KKT17, KKT18

KKT13

KKT2, KKT3 KKT4

G1 S G2 Metaphase Anaphase

Figure 14. Summary of KKT expression patterns over the course of the cell cycle. From
Akiyoshi and Gull (2014).
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1.4. Kinesin motors
1.4.1. The kinesin superfamily

The spatiotemporal organisation of molecules and organelles within
eukaryotic cdk is often the result of the cytoskeleton and the motor proteins
that act upon it. Motor proteins are ATPases that convert ATP into mechanical
work, allowing them to transport cargo along the cytoskeleton. The actions of

certain motor proteins can also gelate and remodel the cytoskeleton. There are

three superfamilies of motor proteifiVale, 2003)myosins, dyneins and kinesins
(Figurelb).

Tail
- cargo binding

- regulation
Heads

- ATP hydrolysis
- microtubule binding

Figure 15. Examples of motor protein superfamily members. Displayed are
representations of atomic resolution structures of myosin V (A), cyoplasmic dynein (B) and
kinesin-1, or conventional kinesin (C). Motor domains are shown in blue, mechanical
amplifiers in light blue, cargo interaction sites in purple and associated polypeptides in
green. Adapted from von Delius & Leigh (2011).
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Myosin proteins act on the actin cytoskeleton. Both dynein proteins and
kinesin proteins act on the microtubule cytoskeletons. They, therefore, perform a
number of roles in the mitotic spindle. The functions of dynein are not the focus
of work presented irthis thesis, so they will not be discussed here, but they are

reviewed inRoberts et al(2013)

The first kinesin discovered was identified in the axoplasm of squid giant
axons with a homologue found in bovine braifgale et al., 1985) The
identification of further homologues, in chick brgiBrady, 1985)sea urchin eggs
(Scholey et al., 1985Xenopusand Drosophila(Neighbors et al., 1988; Saxton et
al., 1988) followed. In later years more kinesins were identified, performing
differing roles on the microtubule cytoskeleton, resulting in the creation of the
kinesin superfamilyVale and Goldstein, 1990)hekinesin superfamily was then
phylogenetically classifieshto 14 standardisedfamilies (Lawrence et al., 2004)
known as kineski to-14 (Tablel). The kinesifl to-12 families generally display
plusend directed motility, while kinesii4 members are minuend directed.
Kinesinl3 proteins are not motile, moving alg microtubules by diffusion, and
act as microtubule depolymerising enzymes, a property also shared by kihesin

proteins.

Later analysis bwickstead & Gul2006)reclassified kinesins into another
14 families and identified two groups of kinesins specific to kinetoplastid
organisms. The kinesitil family was found to be unsupported, kinedinand
kinesin10 were mergednto one kinesird/10 family and the kinesii2 family
was split into two families, kinesib6 and kinesivl7. Work byWickstead et al.,
(201o) then identified three further familiesTable2), as well as 14 paralogue
groups, which included the two previously identified kinetoplasjcific
groups.Recent analysis split the kinesin superfamily into 18 famiiegsinl to
-11,-13 to-16, and-19 to-21 (Richard et al., 2016These families incluadkl3 of
the 14 standardised families and three of the families describeWipkstead et
al., (201). The kinesi¥r20 family contained kinesinom the chromista and
protozoa, while the kinesiR21l family was a pseudofamily consisting of orphan

kinesins fron fungi
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Kinesin Representative Structural
Family Members Features Functions
Kinesinl | KIF5, KHC, UNC116, Vesicle transportOrganelle
NKin, DdKIF3, DAKIF5 transport, mRNA transport
Kinesin2 | KIF3A/B, KIF17, Heterotrimericor | Vesicle transpottMelanosome
Krp85/95, Osm3, Flal( homodimeric transport, Intraflagellar transport
Kinesin3 | KIF1A/B, KIF13A, Monomeric Organelle transport
UNC104
Kinesind | KIF4, KIF21A/B, KLP3, Gterminal DNA | Chromosome movemenOrganelle
KLP1 binding region transport
Kinesins | KIF11, Eg5, BimC, Cin| Homotetrameric, | Spindle pole separatiqispindle
Kipl, Cut7, KLP61F | Bipolar bipolarity
Kinesin6 | KIF20 (MKLP2), KIF23 Central spindle assembly and
(MKLP1), Rab6Kinesin cytokinesisSpindle polarity
CHO1,
Kinesin7 | KIF10 (CENE), CENP Kinetochoremicrotubuleattachment
meta, CENRna, Kip2
Kinesin8 | KIF18, KIF19, KLP67A Microtubule depolymerisingNuclear
Kip3 migration, Mitochondrialtransport
Kinesin9 | KIF6, KIF9, KRP3, Unclear
CrKLP1
Kinesinl0 | KIF22, KIDNod Gterminal DNA | Chromosome movement
binding region
Kinesinll | KIF26A/BYAB8SMY1 | Divergent Signal transduction
catalytic core
Kinesinl2 | KIF12, KIF15 (HKLP2)| Grouped due to | Spinde pole organisationQrganelle
KLP54D, XkIp2 homologous tails | transport
Kinesinl3 | KIF2, MCAK, KCM1, | Central motor Microtubule depolymerising,
KLP10A, PfKinl Microtubule-kinetochore error
correction, Chromosome segregatio
Kinesinl4 | Subfamily A: KIFC1, | Gterminal motor | Spindle pole organisatig®rganelle

CHO2, Ncd, Kar3, Kat/
Subfamily B: KIFC2,
KIFC3, KLP&8 Jarge
number of plant

specific isoforms

transport

Table 1. Standardised kinesin family classification. Reproduced from both Miki et al.
(2005) and Verhey & Hammond (2009).
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Standardised Family

Kinesn Family Equivalent Representative Members
Kinesinl Kinesinl KIF5, KHC, UNC116, DdKIF3, DdKIF5
Kinesin2 Kinesin2 KIF3A/B, KIF17, Osm3, Flal0
Kinesin3 Kinesin3 KIF1A/B, KIF13A, UNC104
Kinesinb Kinesinb KIF11, Eg5, BimCin8, Kipl, Cut7, KLP61F
Kinesiné Kinesiné KIF20 (MKLP2), KIF23 (MKLP1)
Kinesin7 Kinesin7 KIF10 (CENP), CENiheta, CENRana
Kinesin8 Kinesin8 KIF18, KIF19, KLP67A, Kip3
Kinesin9 Kinesin9 KIF9, CrKLP1

Kinesin4/10 Kinesin4, KinesiAl0 | KIF4KIF21A/B, KLP3A, Nod
Kinesinl3 Kinesinl3 KIF2, MCAK, KCM1, KLP10A
Kinesinl4 Kinesinl4 Subfamily A: KIFC1, CHO2, Ncd, Kar3, KatA

Subfamily Ba large number of plarspecific isoforms
Other: Kinesirl4: KIFC2, KIFC3

Kinesinl5 Kinesinl2 KIF15HKLP2)
Kinesinl6 Kinesinl2 KIF12, KLP54D
Kinesinl7 - A number of protozoasspecific kinesins
Kinesinl8 - Kinesins present in a wide range of eukaryotes
Kinesinl9 - Kinesins present in protozoa, oomycetes and plants
Kinesin20 - Kinesins preserih protozoa, oomycetes and algae

Table 2. Kinesin family classification after reclassification by Wickstead et al., (2010b).
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Each kinesin motor contains one to four heavy chains and a number of
light chains, the presence of which varies between families. Kinesin heavy chains
consist ofa motor domain, which can be-tdrminal, Gterminal or central, a stalk
domain and a tail domain. Motor and stalk domains are connected by a short
neck linker Kinesin motility is generated by the motor domaind neck. Cycling
of the globularmotor domaiQa ! ¢t &G GS A asofls@ioaga@dh | 1§ SR g A (K
weak microtubule binding stateéCrevel et al., 1996and this association is
largely conserved between kinesinSTP cyclingauses conformational changes
Ay GKS ySOl R2YlI AyYverARKY Ré RNEQDBBRY AaYaK2H RI OG A
processive kinesingCross, 2016; Kaseda et al., 20D3) 2 NJ -and-NIKi2$ IRa S ¢
mechanism in noiprocessive kinesingCross and McAinsh, 2014; Welbur

2013)

The stalk domain contains a number of coiEgls that mediate
oligomerisation.Many kinesin superfamily members form dimers, though they
can also function as tetramers or monomers. Kindsifamily members, for
example, form tetramers, produng bipolar structures with two motor domains
at each end. This arrangement, mediated by specific regions in the stalk, allows
kinesin5 proteins to crosslink microtubules and slide them relative to one
another. (Acar et al., 2013; Kapitein et al., 2005; Kashlna et al§;18&inger et
al., 2011) Heterodimerisation also allows for regulation and alteration of
function. Kar3, a kinesih4 protein from S. cerevisigefor example, forms
hetrodimers with Cikl or Vikl, two accessory proteins that lack functional motor
R2YFAyas gKAOK | f GSNJ YI(Alibghain ef & ,2OA7TA &+ GAZ2Y |
Sproul et al., 2005)

The tail domain can regulate kinesins by autoinhibiti6inesinl has
been observed to take on a folded confirmation that corresponds with an inactive
state (Coy et al., 1999; Stock et al., 1999; Vale and Friedman, 1999; Verhey et al.,
1998) This property is also shared by kine2jn3 and-7 family membergEspeut
et al.,, 2008; Hammond et al., 2009; Imanishi et al., 2006; Okada et al.,. 1995)
thesefolded conformatiors the tail of thekinesin proteincomesinto contact with

the motor domain andinhibits its microtubue binding and ATPase functions.
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Kinesins can then be activated by phosphorylat{&speut et al., 2008)r by
cargo bindingBlasius et al., 2007)

The main role for the tail domain is in binding various substrates. These
adzoA0NrGSa @FNE o6& FrYAf& YR NBXZ (GKSN
function. They camnclude cargo, such as vesicles, organelles, protein complexes
or RNA, which kinesins transport around the cell. The roles kinesins perform in
intracellular transport are reviewed iRlirokawa et al(2009) The tail domains
can also interact with microtubuge proteins that direct the kinesins to certain
locations or even chromatin. These properties are important in the functions of

various kinesins in mitosis.
1.4.2. Kinesins perform a number of roles in mitosis
Microtubule motors are involved in spindle assembly

Kinesin and dynein motors play important roles in canonical mitotic
spindle at all stages of mitosiBigurel6). The separation of centrosomes early in
mitosis is dwen by kinesifb proteins, such as human KIF11. Kinésproteins
crosslink antiparallel microtubules emanating from centrosomes and the sliding
mechanism they generate pushes the centrosomes apart. The separation of
centrosomes by kinesif is aided by yhein motors that link microtubules to the
NE and to the actin cytoskeleton of the cell corfean Heesbeen et al., 2013)
The action of the immobile dynein on the microtubules functions to pull the
centrosomes apart. In the amoelaictyosteliumdiscoideum KIF9, a kinesit
protein, also anchors centrosomes to the [€o et al., 2012; Tikhonenko et al.,
2013)

Microtubule motors are important in the continued assembly of the
spindle and in chromosome congression, during prometaphase. The crosslinking
and sliding actions of kinesh continueto function in the developing spindle,
acting in selorganisation of microtubules into antiparallel arrays and crosslinking
of microtubules emanating from opposing poles. Kindsirproteins are,

therefore, important in the formation of a bipolar spind{8langy et al., 1995;
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Heck et al., 1993; Sawin et al., 199Zhe localisation of kinest proteins is
regulated by the Auror® kinase. Depletio of the C. elegan®AuroraB kinase,
AIR2, greatly reduces the levels of tmematodeQ & | -5, BMKiL Aagsociated
with meiotic or mitotic spindles(Bishop et al., 2005)Bidirectionality and
microtubule stabilising activities havbeen demonstrated in kinest proteins,
which may aid in their functions in the spindle. Cin8, a kinBsifrom
S.cerevisiag shows minuend directed motility when attached to a single
microtubule. When crosslinked to antiparallel microtubules it Gigp slow plus
end directed motility(Duselder et al., 2015; Gers@urwitz et al., 2011; Roostalu
et al., 2011; Thiede et al2012) This activity has been observed in, the
Schizosaccharomycgmmbe homologue, Cut7(Edamatsu, 2014)The second
kinesin5 from S. cerevisigeKipl, which functions in late anaphase, shows
bidirectionality and microtubule stabilisain activity (Fridman et al., 2013)Eg5
from Xenopusalso stabilises microtubules, increasing microtubule growth rate

and decreasing the likelihood of catastroptieghen and Hancock, 2015)

KIF15, &aumankinesinl2 (or kinesinl5), though not required for spindle
assembly, cooperates wit the kinesifb, KIF11lin the arrangement and
maintenance of spindle microtubules, even producing functional spindles when
KIF11 is partially inhibite(fanenbaum et al., 2009KIF15 forms a dimer, with a
tail domain capable of binding microtubules\cais a processive plend directed
kinesin. It can also form a tetramer, which is capable of switching from
microtubule to microtubule, allowing it to navigate microtubule networks. On
AYOUSNI OGAy3a gA0GK GKS YAONERI(dzoasifityis 832 OAl GSR
reduced and it functions to crosslink antiparallel microtubules and slide them
apart (Drechsler et al., 2014;t8gill and Ohi, 2013; Tanenbaum et al., 2009)
Kinesinl2 protein dimers are also present in rgtsu et al., 2010Q)sea urchins
(Rogers et al., 200@)nd XenopugBringmann et al., 2004; Wittmann et al., 1998)
where they show similar properties to KIF15. KIF15 also bundles parallel
microtubules, focussing their plkends, and shows microtubule stabilisation
properties. It is also possible that KIF15 specifically targets bundled parallel

microtubules(Drechsler and McAinsh, 2016; Sturgill et al., 2014; Sturgill and Ohi,
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2013) These behaviours allow KIF15 to function in the formation of stable

parallel microtubule bundles, such as kinetochore micbotle bundles.

Kinesinl4 proteins, including human KIFC1, or HSET, also form dimers

capable of crosslinking microtubgleKinesinl4 motors are minuend directed

and often nonprocessive. They bundle and stabilise microtubules, nucleating
them at the spiudlle pole (Karabay and Walker, 1999; Mountain et al., 1999;
Vanneste et al., 2009)t is aded by dynein proteins, in animal cells, which also
link nucleated microtubules to the MTOCSs, via binding to NYR&dulescu and
Cleveland, 2010KIp2, a kesinl14 fromS. pombeselectively traps and bundles
parallel microtubules and quickly dissociate from antiparallel microtub{Begsun

et al., 2009) This property allows Klp2 to organisacmtubules into parallel
arrays and nucleate them. This behaviour is also shared by a kibésin

Drosophilecells, NcdFink et al., 2009)
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Figure 16. Microtubule motors in the human mitotic spindle. From Cross & McAinsh

(2014).
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Motor antagonism is required to maintain the spindle

Establishment of bipolar spindles and their maintenance once formed
relieson a balance obutward and inward forcegeneratedby the motors that
act on spindle microtubulesWork in S. cerevisiaghas demonstrated the
importance of the antagonism of outward directed forces, generated by the
actions of dynein on astral mictotubules, by kineSimotors. Knockouts of
dynein and kinesi®d proteins display less severe chromosome segregation
defects than cells in which dynein has been knocked out and kiiess
overexpressedSaunders et al., 1995n a further examplegells in which bdt
kinesin5 proteins have been knocked out are not viable, but can be rescued by
knockout of kinesifl4 (Hoyt et al., 1993)suggesting restoration of the balance

between forces acting on the spindle

In human cellsin which dyneis generatean inward force by acting on
spindle microtubulesdepletion of dynein in cells with reduced kineSiractivity
allowed for bipolar spindle assembly. Bipolar spindles didfowoh, on the other
hand, if dynein was not deplete@anenbaum et al., 2008yan Heesbeen et al.
(2014)depleted dynein or KIF15 with or without KIF11 inhibitionjrteestigate
the balance of forces between these motors. In cells with established spindles,
bias towards an inwards directed force resulted in the formatdrmonopolar
spindles, while greater outward directed forces resulted in the establishment of
unstable spindles with reduced polar nucleatidrass of the activity of all three
motors, while preventing spindle assembly, did not affect established spindles
Chromosomes did not align correctly, however, due to a lack of tension on

kinetochores and cells did not successfully segregate their chromosomes.

Inhibition of, the Drosophilakinesin5, KLP61Fesults in the collapse of
already assembled bipolar spindles and the convergence of centros(Bhesp
et al., 1999) Inhibition of KLP61F in an Ncd (lsimel4) null background resulia
the assembly of bipolar spindles. These spindles are abnormalsdgregate
chromosomes. Alteration of the balance of forces in the spindlé3ro$ophilaby

overexpression of proteins does not significantly influence spindle length
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(Goshima et al., 2005At the right concentrations, however, KLP61F and Ncd
AYKAOAG 2slidhg activRyin Wirs (N&bt al., 2006)Such activity would
inhibit spindle poleseparation, thereby regulating spindle length. Modelling of
KLP61F and Ncd antagonism suggests that randomly positioned motors can
imperfectly restrict the relative movement of antiparallel microtubules and
thereby regulate spindle length. Varying the centration of motors alters the
control that they exert over spindle leng{iPeutsch and Lewis, 2015 balance

of forces is, therefore, required for sumlle assembly and maintenance in

Drosophilecells, but its role in length regulation is unclear.
Kinesins in chromosome congression

Mitotic kinesins are important in congression of chromosomes to the
metaphase plate. The congression of laterally attachedmosomes isnediated
by processive plugnd directed kineskY proteins, such as KIF10 (CEyPand
dyneins associated with the kinetochore. These motors transport the kinetochore
along microtubules, away from and towards the spindle pdl€apoor et al.,
2006; Sardar and Gilbert, 2012; Schaar et al., 1997; Wood et al., 1997; Yang et al.,
2007; Yardimci et al., 2008Aurora kinases and PP1 regulate chromosome
congression through regulation of CENPphosphorylated ENPE drives plus
end directed movement of chromosomes, while dephosphorylated CEEN&es
not show affinity for microtubuleg¢Kim et al., 2010)As discussed in section 1.2,
congression is also driven by kinetochore microtubules, when chromosomes are
biorientated, which generates oscillations ofetithromosomes. This behaviour
requires kinetochores to track and remain attached to microtubule elds.
Work on CENE suggests that it can track growing and shrinking microtubule
plusends. Binding of CENPto the microtubule lattice may also act ttakilise

kinetochore microtubule$Gudimchuk et al., 2013; Sardar and Gilbert, 2012)

Members of the kineswd and kinesirlO families (or the kinesh#/10
family), such as mammalian KIF4A and KIF22, respectively, also contribute to

chromosome congression. These pérsl directed kinesins are also known as

GOKNRY21AySaAyasze o0SOFdzaS 2F UGKSIRGN FoAfAde
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elements in their tail domains. While kinetochore motors transport laterally
attached chromosomes along kinetochore microtubules, chromokinesins move

chromosomes to the metaphase plate by transporting chromosomes along

interpolar microtubules, producd G KS & LJ2 f | NRicSe2 & @l 10g6y T 2 NJ

Vanneste et al., 2011Analysis of Nod, Brosophilakinesin10 (in the standard
classification), has shown how these kinesins contribute to congression. Nod is
not motile and links chromosomes to microtubule pkrsds, wheh it tracks,
pulling the chromosome arms towards the metaphase plate. This activity is
Ol dzZaSR o6& |y dzydzidz f I ¢t OeotsS GKI G
microtubules, particularly at plusnds (Cochra et al., 2009) There is no
evidence that chromokinesins designated as kindsimembers, such as KIF4A,
contribute to the polar ejectiorforce (Brouhard and Hunt, 2005; Wandke et al.,
2012) It may even act to oppose polar ejection forces by inhibiting microtubule
dynamics (Stumpff et &, 2012) Kinesi4 proteins may also have a role in
regulating chromosome condensation, as KIF4A interacts with condensin and its

depletion results in hypercondensation of chromosonfgszumdar et al., 2004)

The actions of kinetochore motors and chromokinesins cooperate in the
congression of chromosomes. Movement of chromosomes towards the spindle
poles, driven by dyneins at the kinetochores, countésathe activities of
chromokinesins, destabilising immature or incorrect kinetochaierotubule
attachments. Nearer the poles, CEMRecomes dominant over dynein and the
balance of forces changes, causing chromosomes to move to the metaphase plate
(Barisic et al., 2014)

Depolymerising kinesins in the spindle

The actions of depolymerising kinesins are also involved in congression.
This includes kinesi@ proteins, which are processive depolymerag@sostalu
and Surrey, 2013) The human kinest8, KIF18A, is required for chromosome
congression(Mayr et al., 2007)due to its inhibition of microtubule dynamics,
limiting the oscillations of chromosomes. Kine8inproteins depolymerise

mictotubules in a length dependentmnanner, which mayaid in keeping

57



chromosomes at the metaphase plgteu et al., 2010; Stumpff et al., 2012, 2008;
Varga et al., 2006)

Kinesinl3 depolymerases also contribute to congression and the correct
alignment of chromosomes, as well as regulating spindle length. Maisameells
have three kinesi13 proteins KIF2A, KIF2B and KIF2C, or MCAK. The actions of
kinesinl3 proteins at the minugnd of microtubules drive microtubule flux, a
translocation of tubulin dimers towards the minesd that regulates spindle
length anddrives the mechanism of anaphasg®@anem et al., 2005; Waters et
al., 1996) Anaphase A also involves the actions of ygind kinesirl3 (Gorbsky et
al., 1987; Maney et al., 1998plusend localised kinesi#i3 proteins destabilise
incorrect kinetochoremicrotubule connections, where they are regulated by
AuroraB kinases, and are, therefore, important in error correction and
chromosome congression. The absence of MCAK, for example, ledefetds in
chromosome congression and segregation defects, dueth® presence of
incorrect attachmentgAndrews et al., 2004; Bakhoum et al., 2009; K8nath et
al., 2004; Lan et al., 2004; Maney et al.989Wordeman et al., 2007)The
activities of plusend kinesinl3 proteins also influence oscillations in congression

(Jagaman et al., 2010; Wordeman et al., 2007)
Kinesins in anaphase and cytokinesis

The processes involved in separation of chromosomes at anaphase, which
involve the actions of kinesins. The shorteniafy kinetochore microtubules
during anaphase A involves their depolymerisation from their pluds and
minusends (Gorbsky et al., 1987; Mitchison and Salmon, 19®th of these
processes are driven by the actions of kinesthdepdymerases(Rogers et al.,
2004) The actions of kinesin proteins atthe kinetochore, as well as Dam/Ska
complexes, have been also been proposed to aid in its ability to track the
shrinking microtubulegMcintosh et al., 2012)The ebngation of the spindle in
anaphase B, further separating chromosomes, involves kifegroteins that
slide apart growing interpolar microtubulg®rustMascher et al., 2009; Brust

Mascher and Scholey, 2011; Straight et al., 1998)rk inC. elegangSaunders et

58



al., 2007)and mammalian cell¢Collins et al., 2014however, has shen that
kinesin5 proteins canact to limit spindle elongation, inhibiting centrosome

separation caused by dyneins acting on astral microtubules.

In late anaphase and cytokinesis, the central spindle forms between
dividing chromosomes and consists of bundiésantiparallel microtubules. It is
involved in defining the cleavage furrow in cytokinesis and limits spindle
elongation, antagonising pulling forces dyneins generate on astral microtubules.
The structure and size of the central spindle is determinedkihgsins. MKLP1
(KIF23 irFigurel6) kinesin6 proteinscomplex with the CYK protein to crosslink
antiparallel microtubules, producing and stabilising the microtebundles in
the central spindlgMatuliene and Kuriyama, 2002; Mishima et al., 2002; Somers
and Sait, 2003) The activity of MKLP1 requires phosphorylation by AuBra
which is translocated to the central spindle by MKLP2 (KIFZ06deins
(Gruneberg et al.,, 2004; Kitagawa et al., 2013; Neef et al., 2006
chromokinesin, KIF4A, also functions in the central spindle, where it limits the
length of central spindlenicrotubules, after activation by Aurofa(Bieling et al.,
2010; Hu et al., 2011; Nunes Bastos et al., 201&3alised activation of the KIF2A
depolymerase by AurorB also regulates central spindle microtubule length
(Uehara et al., 2013)

1.4.3. Kinesin motor interactions

Kinesins show many interactions with other motors, including cooperation
to complete tasks, functional redundancy and agaaism. Kinesin motors can
cooperate collectively, with other kinesin family members or with other
cytoskeletal motor superfamilies. Microtubule motors often work in teams to
collectively generate forcdreviewed in Mallik et al., 2013) The effects of
cooperation on force generation varies between kinesins. Thera iseak
relationship, for example, between processive kinekiprotein number and
force (Furuta et al., 2013and, therefore, velocityof and distance travelled by
cargo(Efremov et al., 2014)'he number of noiprocessive kinesii4 motors, on

the other hand, has a strong relationship with the force genergtadaruta et al.,
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2013) The lengthdependent regulaon of microtubule length by kinesi&
proteins is also believed to be a function of its collective acti(vgrga et al.,
2009, 2006) Longer microtubules are thought to accumulate larger numbers of
processive kines#8 proteins, resulting in greater levels of collective phunsl
depolymerisation. In a sitd@n contrary to this, catastrophe of microtubules has
an inverse relationship with the concentration of KIF15 mot@sechsler and

McAinsh, 2016)

Interactions between motor superfamilies are required for transport of
cargoes and for spindle assembly. Bport of cargoes involves coordination
between motors on the microtubule and actin cytoskeletdreviewed inBrown,
1999; Petrasek and Schwarzerovd, 200%he transport of cargo on the
microtubule network requires the actions of phesd directed kinesins and
minus-end directed dynein motoréMillecamps and Julien, 2013)n antagonistic
relationship exists between the two motors that is regulated by cells to achieve
anterograde or retrograde transport. Recruitment of kine&inmotors, for
example, reverses mintend directed transport by dynein®ezaul et al., 2016)
As discussed previously, cooperation between kingésiand dymein drives
centrosome separation. Later cooperation between kinésinl2 (15),-14 and
dynein motors is involved in spindle assembly and their antagonism maintains it.
Dynein also acts with kinesih and chromokinesins in the congression of

chromosomego the metaphase plate.

Interactions also occur between kinesin families or differing kinesins from
the same family. For example, two kine@nmotors cooperate in the
intraflagellar transport inC. elegansand show differing functions. The first,
kinesinll, transports intraflagellar transport particles through the base and
transition zone of cilia. On the axoneme the second kinesin, -QSfsékes over
and transports the cargo to the tips of the ci(idijalkovic et al., 2016; Prevo et
al., 2015) Mary further examples of interactions between kinesins occur in
mitosis and have been discussed above. These interactions involve cooperation

and antagonism to produce the spindle, regulation of spindle microtubule length
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by depolymerases, congression of dmmsomes and modification of spindle

microtubule dynamics in anaphase and cytokinesis.

Interactions between kinesins can result in functional redundancy upon
depletion or inactivation of an individual motor. An example of this is the partial
redundancy thatexists between KIF11 and KIRT®nenbaum et al., 2009The
two kinesin5 motors ofS. cerevisiaeCin8 and Kipl, show partial redundancy,
compensating for one another under certain conditigh®yt et al., 1992; Roof et
al., 1992; Saunders et al., 199Kjnesins involved in congression also show some
redundancy. Disruption of CENFPiIn mammalian cells prevents proper amphitelic
kinetochoremicrotubule attachment, but does not preventhmmosome
congression and initiation of anaphag®cEwen et al., 2001)Furthermore,
disruption of kinesirZ and chromokinesins has an additive effect on the severity
of chromosome alignment defects iBrosophila(Goshima and Vale, 2003)
Kinesin7 proteins are, therefore, not required for congression, likely through a
redundant relationship with chromokinesins. Drosophilacells, the complex
interactions between mitotic kinesins can alsooguce curious phenopes.
Knocklown of depolymerising kinesins, results in the spindle collapsitay an
monopolar spindle. Thkinesin5, KLP61F and, the kinedid, Ncd, however, can
then rearrange the microtubules into a functional monastral bipolar spindle, in
which one pte is nucleated at the collapsed centrosomes and the other

acentrosomalGoshima and Vale, 2003)
1.4.4. The phylogenetic distribution of kinesins

Number and variety of kinesins var greatly among eukaryotes
S.cerevisiaehas six kinesingrom five families (Hidebrandt and Hoyt, 2000)
while the human genome encodes 45 kinesitirokawa et al., 2009and
Arabidopsishas 61 kinesins(Lee and Liu, 2004; Reddy and Day, 200&¢ly
compensating for a lack of dymsi (Lawrence et al., 2001)Analysis of the
distribution of kinesins across eukaryotes has allowed for some insight to be
gained into the evolutionary history of kinesins and the likely kinesin repertoire of

LECA.
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As part of their kinesiphylogeny and reclassificatiowickstead and Gull
(2006) analysed the genomes of 19 eukaryotes, distributed throwghthe
eukaryotic groups. They showed that no kinesin family was found in every
analysed organism, though most kinesin families were distributed throughout
eukaryote groups. The newly defined kine&in family, however, was absent
from Unikonts. The mostoenmon kinesin families were kinesh kinesinl3 and
the kinesinl4A subfamily. A number of organisms also had genes encoding
orphan kinesins, perhaps compensating for a lack of certain families. The smallest
kinesin repertoire belonged to, the apicompéex Theileria annulatawhich had
two kinesins, belong to the kinesthand-13 families.Tetrahymena thermophile
a chromalveolate, had the largest repertoire, with 77 kinesins, of which 54 could
be grouped into families and 23 were ungrouped. The kingsipertoires
containing the most families were those belonging to humans, with 13, and
T.thermophile with 12. This analysis of kinesin distribution also revealed dhat
large number of lineagspecific lossesf families had occurred, includinbé loss

of the kinesin14 from the Apicomplexa.

Later work analysed the distribution &inesin families across the 1624
kinesins of 45 diverse eukaryoté®/ickstead et al., 2010bAs well as the 14
families identified previously, this work identified three additional families,
kinesinl18, -19 and-20. 14 additional paralogue groups were also identified, X1
X14, whichwere not deemed families due to small membership or they belonged
to a single eukaryote group. Subfamilies and X groups constituted a total of 51
paralogue groups. The fact that kinesins could be subdivided into 51 paralogue
groups, distributed across eulkate groups, suggested a complex evolutionary
diversification of kinesins. It is likely that the majority of these groups were
generated by gene duplication events and predated the emergence of the
eukaryotic groups. Mapping of paralogue groups to altéiigaevolutionary trees
suggested that LECA likely had a kinesin repertoire containing 11 kinesin families.
The kinesin families likely present in LECA were kirlesi -3, -4/10, -5, -8, -13,
-14,-17 and the kinesi®A and B subfamilies.
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1.4.5. Kinesins ifrypanosomes

T. bruceiencodes 47 kinesthke proteins in its genoméBerriman et al.,
2005) This includes one kinesin two kinesir2, one kinesir8, two kinesir9,
two kinesin4/10 (neither can be defined as kinesd), seven kinesii3, two
kinesinl4, two kinesinl5, three kinesifl6 and one kinesm7 (Wickstead and
Gull, 2006) TheT. bruceigenome also codes for two members of the additional
kinesin19 family defined byVickstead et al.(201() and 16 members of the X
paralogue groups, including 13 members of the kinetoplaspidcific X1 and X2
groups. Finally, 6 kinesins are ungrouped. Notable by their absence are the

kinesin-4, -5, -6, -7 and-8 families, which all perform important roles in mitosis.

Some work has been performed on the kinesing obrucei though little
on mitotic kinesins. Kinesins involved in the flagellum and subpellicular array have
received some attention. Like in otheukaryotes, the two kinesid proteinsof
T.brucej one kinesiA and one kinestdB, function in the flagellufDemonchy
et al., 2009) The kinesir®A localises to the axoneme of the flagellum and its
depletion results in some alteration of motility, but produces no structural
changes andloes not affect cell viability. The kinedB localises to the basal
body and axoneme and is essential for PFR assembly. Its depletion inhibits
population growth and cause abnormal flagellar morphology. One of the seven
kinesinl3 proteins expressed by. brucej KIN132, localises to the tip of the
flagellum, where it is believed to function in flagellar length con{@han and
Ersfeld, 2010; Wickstead et al., 2010d)eletion of the gene and its
overexpression have no significant effect on flagellar length, though knock outs
do have longer new flagella during cell divisigBhan and Ersfeld, 2010)
Overexpression of a homologue lreishmania majoresults in a significant
reduction in flagellar lengti{Blaineau et al., 2007)in addtition, an X1 group
kinesin, Th927.10.1539QFAZ7), has been localised to the FAZ, but its function is

unknown(Sunter et al., 2015)

Two kinesinproteins have been found to cooperate in regulation of the

subpellicular corset of microtubules, forming a complex to do so. They are known
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as KINC, a X1 group kinesin, and KINwhich is ungrouped, and localise to the
posterior of the subpellicular mictubule array and throughout it, respectively.
Knockdown of KINC or KIND in PCF cells results in a disorganised subpellicular
array(H. Hu et al., 2012; L. Hu et al., 2012; Wei et al., 2KIr&)cklown of either
kinesin in BSF cells, however, did notwjis the arrangement of the subpellicular
microtubules, but did result in the presence of multinucleated cells, suggesting
cytokinesis defects, with flagellar placement defects and enlargedWeéiset al.,
2013)

A small number of kinesins have been implicated in mitotiB. brucei As
previously discussed, two kinedikke proteins,KINA and KINB, function as part
of the CPC with TbAUK1 and CPC1 gihd & al., 2008a, 20080KINA belong to
the X9 paralogue group, while KB\is not a true kinesin, as it has a divergent and
non-functional motor domain (Wickstead et al., 2010b; Wickstead and Gull,
2006) Depletion of these proteins results in defects in the localisation of the CPC
and prevents spindle assembly, resulting in failed chromssegregation and
cytokinesis(Li et al., 2008a, 2008bKINC knockdown also results in cytokinesis
defects and prevents the trypanosome CPC from translocating from the central
spindle to the cleavage furrow, during cytokineg¢is Hu et al., 2012)This
suggests a late mitotic role for kBl One of the seven kinesli3 proteins
present inT. brucei KIN131, localises to the mitotic spindig&han et al., 2010;
Wickstead et al., 2010apepletion of KIN13 results in extended spindles and
chromosome segregatn defects, suggesting roles for KINIL3in spindle
microtubule length regulation and error correction, as well as spindle disassembly
defects. This suggests that this kinesin plays a similar role in mitosis to Kir¥esin
proteins form other organisms. Ax13 group kinesin, referred to has Kiné&sf}
localises in the proximity of nuclei and kinetoplasts and has been implicated in
nuclear and kinetoplast segregation though its function is unkn@mgelson et
al., 2011) Interestingly, Kinesif®* is farnesylated, a postanscriptional
modification that functions in the mediation of proteprotein or protein
membrane inteactionsé b 2 St f A | y R Orie @thdrJpubliSa¥ion has M H 0
studied a kinesii4 protein, TOKIFCDutoya et al., 2001)This protein doesot
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fall into the kinesirl4A subfamily(Wickstead and Gull, 20Q6)vhich contains
mitotic kinesins, however, and instead has been implicated in proper
acidocalcisome funon, calcium rich organelles that may function in

osmoregulation in trypanosomg®&ohloff et al., 2004)

Of the 47 kinesins iif. brucei few have been studied and the roles the
play remain largely unknown. The lack of important conserved mitotic kinesins in
the T. bruceiand the lack of knowledge regarding mitotic kinesinsTinbrucei
renders the mechanisms by which trypanosomes segregate their trypanosomes
mysterious. Alargescalescreen of trypanosome kinesins would greatly aid in
improving knowledge of their roles armbuld identify mitotic kinesins for further

investigation.
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1.5. Trypanosomatid genetic modification technology

Given their divergence from traditional model systems, study of
trypanosomatids should provide insight into variation in eukaryote biology.
Manipuldi A 2y 2F Iy 2NBAFIYyAayYyQa 3ISySiAaoda Aa
its biology. T. brucei has emerged as the most genetically tractable
trypanosomatid and is often used as a model of these organisms and of
kinetoplastids. The range of techniques gafale to modify the genetics of

T.bruceiand other trypanosomatids is described here.

1.5.1. Established selection markers wused for experimentation in

trypanosomatids

There are a number of drug resistance markers that can be used in
trypanosomes, which has alled for the development of various genetic
techniques. Markers used ih. bruceiare summarised imTable3. Four positive
selection markers can be used in modificasoof T. brucei T. cruziand
Leishmaniathe neomycin EQ (Cruz and Beverley, 1990; Kelly et 2992; ten
Asbroek et al., 1990hygromycinKIYG (Cruz et al., 1991; Lee and van der Ploeg,
1991; Otsu et al., 1995pleomycin BLE (Freedman and Beverley, 1993; Jefferies
et al., 1993; Taylor et al., 20119nd puromycinRUR (Freedman and Beverley,
1993; Lorenz et al., 1998; Taylor et al., 20d4d¢ction markers. Nourseothricin
(SAY (Joshi et al., 1995; Ruepp et al., 198@)J blasticidin S (BS[Brooks et al.,

2000)resistance markers can alse bised inT. bruceandLeishmania

Unlike the previously described markers, Herpes Simplex Virus Thymidine
Kinase (HSVK) is a negative selection marker. When expressed, it induces
sensitivity to acyclovir, a nucleoside analogue, and its derivatived) ssc
ganciclovir. These analogues are phosphorylated by-HSVproducing the
monophosphate form, and is subsequently phosphorylated by cellular kinases, to
produce the triphosphate form, whicimhibits DNA polymerases améuses the
cessation of chain etmgation. TheHSVTK gene has been used to generate

ganciclovir sensitivity in mammaligMansour et al., 1988nd plant(Czaké and
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Marton, 1994)model systems and in, the trypanosomatids, brucei(Valdés et
al., 1996)and LeishmanigLeBowitz et al., 1992)

In T. brucei the URA3(or PYR&) gene can also been used as a both a
positive and negative selection mark@cabhill et al., 2008but it differs from the
previous markers in that it naturally occurs in the genoridkA3codes for
orotidine 5-phosphate decarboxylas¢ODCase), an enzyme involved in the
pyrimidine ribonucleotide synthesmathway. Cellgarryingthe gene are sensitive
to fluoroorotic acid(FOA), which produces a toxic metabolite when processed by
ODCase. FOcan, therefore, be used to select for replacemenU&A3 Mutants
containing knockouts of bottJRA3and FUR1 which codes for an enzyme
involved in an alternative pyrimidine ribonucleotide synthesis pathway, require
uracil for growth. IncludingRA3In genetic modification of these cells allows for
selection of modified cells via absence of uracil. These techniques were
developed for use in yeast cellBronk, 2002and have since been modified for
use in bacterigGalvao and de Lorenzo, 200&xperiments iff. bruceihave used
replacement ofURA3by a cassette containing a fusion la¥ Gand HSVTKand
selection by FOA or ganciclovir to measure rates of gene convefision and

Cross, 2010; Povelones et al., 2012)
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Selection Marker Selection Drug| Drug Target Mode Of Concentations
Resistance >3 Yt
BSF PCF
Neomycin G418 Ribosoms Enzymatic 1-3 15
phosphotransferaséNEQ inactivation
Hygromycin Hygromycin Ribosome Enzymatic 4-5 2550
phosphotransferase translocation inactivation
(HYG
Bleomycin resistance Phleomycin DNA Sequestration| 1-2.5 2.5
protein (BLE) (creates breaks
Puromycin Puromycin Ribosomes Enzymatic 0.1 1
acetyltransferase (PUR inactivation
Streptothricin Nourseothricin| Ribosomes Enzymatic 25 100
acetyltransferas€SAY) inactivation
Blasticidin S deaminase | BlasticidinS Ribosomes Enzymatic 5 10
(BSD inactivation
Herpes simplex virus Ganciclovir DNA - 5-30 | 2.525
thymidine kinase (HSVK (inhibits
¢ negative selection replication)
URA3 (PYR®) ¢ negative | Fluoroorotic Pyrimidine - 6
or positive selection acid (FOA) ribonucleotide
synthesis

Table 3. Selection markers available for use in T. brucei.
and Cross (2008) with information from Valdés et al. (1996).
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1.5.2. The use of episomal constructs for genetic manipulation

Early transformation efforts in trypanosomatids resulted in transient
expression of genes from extrachromosomal, episomal sequences. Transient
expression of the bacterial chloramphenicol acetyltransferase gene in a number
of Leishmaniaspecies was achieved by generating a construct containing the
gene flanked by sequences dead from h-tubulin coding sequencesand
introducing it into cells by electroporation(Laban and Wirth, 1989)
Electroporation of episomal vectors was also used to transiently express
chloramphenicol acetyltransferase and a procyclin proteinTin bruceiand
showed that promoters were required to drive their expstoon(Chyton et al.,
1990; Rudenko et al., 1990; Zomerdijk et al., 1990ansient expression of
chloramphenicol acetyltransferase from an episome was soon after achieved in

T.cruzi(Lu and Buck, 1991)

The first stable transformations of trypanosomatids utilised episomes in
Leishmania by introducing plasmids encodingEOflanked by sequences from
the dihydrofolate reductasehymidylate synthase(dhfr-ts) coding sequence
(Kapler et al., 1998 Ndubulin genegLaban et al., 1990 hese plasmids were
replicatedin multiple extrachromosomal copies, frequently forming large circular
episomescontaining headto-tail repeats.Later research showed that defined
leishmanialorigins of replicatiorwere not requred for maintenance of episomes,
episomal gene transcriptiodid not requirethe presence of definegoromoters
(Curotto de Lafaille et al., 1992and that plasmids could bdransiently
maintained as episomes while lacking sequences derived ft@mishmania
(Papadopoulou et al., 1994%table transformation of. cruziwas achieved by
introducing a plasmid containinlgEOflanked by sequences from upstream and
downstream of genes coding for GAPDH. This resulted in cells that carried large
episomes, containing tandem repeats of the plasmid sequéKedly et al., 1992)
The generation of stable, singt®py episomes was later achievedTinbruceby
introducing plasmids, referred to as pF13, cataining theNEOand a procyclin
coding sequence with a procyclin promoter and downstream region. These

plasmids were replicated and maintained in PCF cells. A variantlgsT ird which
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the procyclin downstream sequences was replaced by a sequence from
downstream of the aldolase coding sequence was replicated in BSF cells, but was

unstable(Patnaik et al., 1993)

The main use of episomes has been in thenptementation of gene
knockouts, but they can also be used to determine the minimum requirements
for maintenance of DNA elements, as has been described above. In a further
example, Espnal et al. (2007) identified a 10bp sequence, from the GPEET
promoter, that allowed them to produce a stable episome in PCF cells. Episomes
have also been adapted to form artificial chromosomes. The production of stable
artificial chromosomes inT. bruei essentially inglved the linearization of
pT1311 and the addition of telomeric sequenc@se et al., 1995; Patnaik et al.,
1996) An artificial chromosome has also been producedeishmania majoby
generating and linearising a plasmid containlBOfollowed by the sequence
downstream ofdhfr-ts and telomeric sequencewith 30kb of random genomic
DNA(Casagrande et al., 2005)he production of this chromosome also allowed
the researchers to identify a sequence that increased its stability. Another
artificial chromosome has also been produced $table protein expression in
Leishmania tarentolag(Kushnir et al., 2011)While episomes and artificial
chromosomes have their uses, better methods, involving direct ifivadion of

genomes, exist for inheritable expression of genes.
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1.5.3. Direct modification of trypanosomatid genomes

Methods for modification or disruption of trypanosomatid genomes are
important tools to investigate their biology. The introduction of transpus can
be performed to randomly disrupt trypanosomatid genomé®viewed in
Damasceno et al., 201@nd specific regions can be modified as well. In 1990,
Cruz and Beverlegemonstrated homologous gene targetinglinmajor showing
that dhfr-ts could be stably replaced bMEQ by introducing a linear construct
containing the selection marker flanked by sequences from upstream and
downstream of the target gene. At the same tinten Asbroek et al(1990)
demonstrated insertion oNEOQOinto the tubulin array in PCH. bruceiusing a
similar method. These methods take advantage of homologous recombination,
which is used by cells to repair double strand breaks that often occur during DNA
replication. In dividing cells, linearised constructs camtaj endogenous
sequence, introduced by electroporation, are treated as broken DNA strands and
incorporated into the targeted region of the genome. Homologous gene targeting
was later shown to be effective in BSFbrucei(Carruthes et al., 1993and in
T.cruzi(Hariharan et al., 1993; Otsu et al., 1998halysis of recombination in
T.bruceihas demonstrated that the length of the homologowegions and the
number of mismatches they contain both influence the efficiency of

recombination(Barnes and McCulloch, 2007; Bell and McCulloch, 2003)

In the previous examples, homologous gene targeting was used to replace
genes, knocking them out, but it can also be used for endogenous locus tagging
(S. Kelly et al., 2007Yhis involves introducingonstructs that are designed in
such a way that a sequence coding #ofluorescent protein or epitope tag is
inserted adjacent to the target protein coding sequence, so that a labelled
protein is produced at endogenous levels. This allows for localisafipnoteins
in cells for their purification. Use of such techniques is an important step in
RSGSNX¥AYAYI | LINRPGSAYQa FdzyOQlAzy | yR

standard technique.
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In an adaptation of homologous gene targeting techniques, a gene
knodout system using the Cre recombinase and loxP DNA sequences has also
been developed inT. brucei(Kim et al.,, 2013; Scahill et al., 20080 that
selection markers can be reused. In this system the targeted gene loci are
replaced by a cassettes containing a positive selection marker HBETK
flanked by loxP sequences. The Cre recombinase is then expressed in these cells,
which reconbines loxP sites, deleting the selection markers. Recombination can
then be selected for with ganciclovir. This system relies on inducible expression of

the Cre recombinase so that it can be expressed at the correct time.
1.5.4. Tetracycline inducible systems

The development of stable homologues gene replacement permitted the
later development of inducible expression systems, allowing for controlled
expression of proteins. The first of these systems was developé&d limuceiby
Wirtz and Claytorf1995)for mutational analysis of genes and expression of toxic
gene products. A sequence coding for the Tet repressor fiémcoli was
introduced at the tubulin locus and the expressed protein used to control a
procyclin promoter in close proximity to a Tet operator. Tetracycline could then
be used to activate the promoter. Later work demonstrated that integration of
genes, under the control of a T7 promoter, and the coding sequence for T7 RNA
polymerase resulted irprotein expression at levels greater than endogenous
proteins. The T7 promoter could also be regulated by the Tet operator and Tet
repressor (Wirtz et al., 1998)Modification of this system resulted in tighter
regulation of the promoter and less variability between clor(®girtz et al.,
1999) Further modification streamlined it, so that T7 RNA polymerase and the
Tet repressor were expressed from a single const(@con et al., 2012)The
ribosomal DNA (rDNA) promoter has also been adapted for use in tetracycline
inducible gene expressiqAlsford et al., 2005)I'7 and rDNA promoters haadso
been used in inducible expression systemd @sshmania(Kushnir et al., 2005;
Yan et al., 2001; Yao et al., 20@Ad inT. cruz{Taylor and Kelly, 2006)
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1.5.5. RNA interference

RNA interference (RNAI) was first describedRme et al.(1998) who
demonstrated downregulation of genexpression upon introduction of dsRNA
into cells. Before this discovery regulatory antisense RNAs were known to exist in
C. eleganssuggesting noncoding RNAs may be involved in gene regu(bteret
al., 1993; Wightman et al., 1993There are three known pathways in which
model animal cells use RNA to regulate gene expression, based on three types of
RNA molecd; microRNA (miRNA), small interfering RNA (siRNA) and Piwi
interacting RNA (piRNAdeviewed inlpsaro and Joshu&or, 2015; Wilson and
Doudna, 2013) piRNAs are involved in transcriptional gene silencing, whereas
miRNAs and siRNAs molecules are involved intpasscriptional gee silencing
(PTGS). Experimental RNAI takes advantage of siRNA based PTGS mechanisms, to
silence protein expression. In this pathway, the Dicer protein cleaves dsRNA into
~20bp fragments, to produce siRNA molecules. Single strands of siRNA then
interact with the Argonaute protein to form &NAinduced silencing complex
(RISC)RNA sequences guide the RISC to a complementary mRNA sequence,
which it cleaves. siRNAs can also interact with the -RNéced initiation of
transcriptional gene silencing (RITS) ebtewm, directing it complementary
genomic DNA sequences, where it induces modification of histones, resulting in

downregulated transcriptiorfVerdel et al., 2004; Volpe and Martienssen, 2011)

RNAI is a useful tool for depleting target proteins and is advantageous
over gene knockouts, because it ignores ploidy by targeting transcripts and it can
be induced or timed, so that functions of essential proteins can be investigated.
RNAIi does not completely deplete proteins, however, unlike double knockouts.
Early attempts atexperimental RNAI involved introducing dsRNA into cells or
integration of constructs into genomes that transcribed dsRSAarp, 1999)
These approaches did, however, produce cytotoxic effects in mammalian cells
(Hunter et al., 1975)These effects were avoided by the later development of
synthetic siRNA sequences, which could be used to produce strong and specific
knockdown of proteingElbashir et al., 20015IRNAs are introduced into cells by

transfection with eletroporation, viruses or lipids, resulting in transient effects.
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To overcome the issue of transience short hairpin RNA (shRNA), which can be
expressed from integrated constructs, was developg@tummelkamp et al.,
2002; Paddison et al., 2008hRNAs are short RNA sequences that form hairpins
that act like siRNAs.

RNAI became established Th bruceiafter it was discovered that dsSRNA
could mediate proteirknockdown(Ngo et al., 1998)Afterwards constructs were
generated that produced dsRNA from two opposing inducible promoters,
allowing for heritable and inducible RN@ilibu et al., 208; Bastin et al., 2000;
LaCount et al., 2000; Shi et al., 2000; Wang et al., 200ty heado-head
approach and another, involving the production of dsRNA by transcription of
hairpin  RNA sequences, have become the established methodology for
experimental RNAI inT. brucei(Tschudi et al., 2003Hairpins are often used to
increase RNAI efficiency, although there is no direct evidence that this is the case
in T. brucei It has been demonstrateith yeast, however, that hairpin constructs
can have a stronger knockdown effect than hdaehead constructs

(Drinnenberg et al., 2009)

T. bruceiis the only pathogenic trypanosome in which RNAi is a
well-established practice, which contributes greatly to its increased tractability
over other trypanosomes. Strains ©f cruzare unresponsive to dsRNRaRocha
et al., 2004)and both dsRNA and siRNA have no effecL. omajorand donovani
(Robinson and Beverley, 2003) system for generation of dsRNA using inducible
T7 promoters has, however, been shown to knockdown proteifigypanosoma
congolenseanother African trypanosoménoue et al., 2002)More recent work
has shown that, althougheishmara tarentolag mexicana major and donovani
lack RNAI pathwaydeishmaniabraziliensisand other members of th&/iannia
subgenus (e.g.L.guyanensis and L.panamensiy do have functional RNAI
pathways (Lye et al., 2010)Successful systems for production of dsRNA and
knockdown of proteins have since been demonstrated.ibraziliensigAtayde et
al., 2012)
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1.5.6. Recent advances in CRISPR technologies in trypanosomes

In recent years the use oflustered regularly interspaced short
palindromic repeats (CRISPRNA sequences and Cas (CRISPR associated)
proteins has emerged as a genome ewjttechnologyand been applied in some
species of trypanosomatidCRISPR/Cas systems are used by prokaryotes as
adaptable immune mechanisms to defend themselves from foreign nucleic acids,
such as viruses and plasmids. Similarly to RNAI, Cas proteimggigedtong RNA
precursors that are processed into ~40 nucleotide CRISPR RNA (crRNA) sequences
and guide the protein to target nucleic acids, which it clearesviewed in
Fineran and Charpentier, 2012; Wiedenheft et al., 2012)

In 2012, it was demonstrated that engineered guide RNA (gRNA)
sequences, consisting of modified crRNA, could direct the Cas9 protein from
Streptococcus pyogenés sequences of interesh vitro, creating double strand
breaks, and, therefore, had potential agaageted genome editing toqlinek et
al., 2012) Cas9 has since been adapted for targetmfiggndogenous genes and
for inducible genome editing in a wide range of organigiosreview, seeSander
and Joung, 2014)Work in human cells also showed that an inactivated Cas9
protein tagged with a fluorescent protein could be used to fluorescently label

DNA element¢Chen et al., 2013)

CRISPR/Cas systems have also begun to be employed amdsgme
cells. The first example of CRISPR/Cas in trypanosomes inVoleadz{Peng et
al.,, 2015) Cas9 was expressed from coding sequences integrated into the
genome and gRNA sequences later introduced into cells. Later work integrated
Cas9 and gRNA coding sequences into the genaneder et al., 2015Around
the same ime CRISPR/Cas was also shown to be an effective genome editing tool
in L. donavan{Zhang and Matlashewski, 201®)RISPR/Cas has yet to see use in
T. brucei as RNAi can be used for inducible modification, unlikecruziand
Leishmania One can foresee a use for the system, however, as a tool for
inducible knockout olunexpressedepeat regions, suclkeentromeric repeator

the 177bp repeats oMCs and ICsasthis cannot be achieved using RNAI
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1.5.7. Genome wide genetic modification

Development of RNAI ifi. bruceiasa research tool allowed for the later
development of genomavide screens and systematic studies of gene function.
These studies are only possible ih. brucej as experimental RNAI is
well-established in this organism. The first such study was performeddryis et
al. (2002) who performed a genomwide RNAI screen to identify genes involved
in glycosylation of mcyclin proteinsor their expressionAn RNAI library was
produced by sonicating genomic DNA and introducing the resulting fragments
into a headto-head RNAI constructs. These plasmids were transfected into PCF
trypanosome cells generating enough clonespgroduce ~5x coverage of the
genome. Selection of cells lacking glycosylated surfaces, after induction of RNAI,
identified a cell line in which a hexokinase gene had been silenced, showing that

glycolysis is necessary for the glycosylation of procyctiasel proteins.

Later,Subramaniam et a(2006)used a RNAI library approach in the first
systematic analysis of gene function. 210 of D& NR Y2 a4 2YS mMQa ocd¢p 3ISySa
knocked down and cells tested for a variety of phenotypes. Knockdown of over
30% of these genes produced a phenotype. RNAI against ~12% of genes was
lethal, while an additional 11% produced nlmthal growth defects. The work
also demonstrated that essential genes showed no clustering and that they were

not widely evolutionarily conserved.

Further genomewide RNAIi screens were performed ychumann
Burkard et al(2011)and Baker et al(2011) to identify the mechanisms of action
of trypanocidal drugsSchumann Burkard et a2011)performed RNAI using a
genomewide library and selected for cells resistant tmelarsoprol or
eflornithine. Thisled to the identification of an adenosinéransporter, TbAT1,
which is known to be involved in melarsoprol uptaled an amino acid
transporter, AAT6H whose knock down resulted in resistance to eflornithine.
Baker et al.(2011) performed similar analyses to research the mechanisms of

action of nifurtimox and fornithine. They also identified AAT6 silencing in
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eflornithine resistant cells and found that cells resistant to nifurtimox silenced the

nitroreductase enzyme.

The development of next generation sequencing (NGS) techniques has
opened up new avenues of research in trypanosomes. For example, NGS can be
used for sequeaing and analysis of transcriptomes using RNA sequencing
(RNAseq) (reviewed inKukurba and Montgomery, 2015; Wang et al., 2009)
RNAseq has been used in a number of analyses of trypanosome transcriptomes,
including comparisons of transcriptomes between life cycle stdgegewed in
Mani et al., 2012; Siegel et al., 201NGS has also been used in analysis of
variance in genetics between isolatdfor example Downing et al., 2011;

Goodhead et al., 2013)

In 2011, a paper @bcribing a techniguefor genomewide analysis of
individual gene contributions to fitnessalled RNAI target sequencing (f88q)
was publishedAlsford et al.2011) This technique applied NGS to gencmigle
RNAI screensLike previous studies, a RNAI library, containing ~7,500 of the
~10,000 genes in th&.bruceigenome,was produced by inserting fragments of
genomic DNA into RNAI constructs and then ina#igg constructs intol. brucei
cells. The resulting population was used in what was essentially a competition
assay. This approach involved splitting the population and inducing RNAI or
leaving cells uninduced. Genomic DNA was then extracted from indacdd
uninduced populations and PCR performed to amplify the genomic fragments
within RNAI constructs, which were then sequenced with NGS technology. Reads
produced by this sequencing were mapped to the genome and the change in the
of number of reads per gen between uninduced and induced cells, used to
determine the influence of individual genes ditness. A reduction in reads
representing a certain gena induced cellsfor example, would suggest that
RNAI against that gene had reducedll growth. Sigficant changes in read
number were then used to determine which genes had important roles in
trypanosome survival. RiSeq was performed in both PCF and BSF cells and in
cells differentiating from BSF to PCF. This approach demonstrated that many

genes wereimportant for cell survival, including genes coding for proteins
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involved in transcription, translation and pesanscriptional regulation and
proteins important in flagellar function. It also highlighted genes important to
differentiation, including thee coding for flagellar proteins, glycolytic proteins

and proteins involved inarboxylic acid metabolism and phosphorylation

A later adaptation of R{beq was used to investigate the contribution of
genes to trypanocidal drug sensitivifplsford et al., 2012)In this study cells
were treated with the drugs eflorthine, suramin, nifurtimox, penatamidine or
melarsoprol, after RNAiI had been induced. Genomic fragments within RNAI
constructs carried by surviving cells were then sequencedNBSand the
resulting reads mapped to the genome. This analysis showed thatA0XkT6 had
been knocked down in eflornithine resistant cells and that knockdown of a

number of genes could lead to resistance to the other drugs.

Many aspects of the biology of kinetoplastids remain mysterious.
Genomewide and systematic RNAI screens haweved to be revolutionary tools
for probing the biology of many eukaryotes, including trypanosomes, and can be
adapted for different purposes. Elaborating and applying such RNAI screens to
the investigation of chromosome segregation in trypanosomes shguddtly aid

in deciphering the process.
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2. Aims

Mitosis in animal and yeast model organisms is relatively well understood,
as are the roles kinesin motor proteins perform in the process, but they represent
a small proportion of the eukaryote domaif.ryparosoma bruceiis highly
divergent from these models and comparatively little is known about how they
carry out mitosis. It is known, however, that they perform a mitosis that differs
from the canonical process and lack a number of key mitotic kinesinsodk w
presented in this thesis, | aimed to develop a number of methods, elaborating on
previously established techniques, that could be used to investigate trypanosome

mitosis, focussing on the mitotic functions of kinesins.
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3. Materials and Methods

3.1. Combinatorial library production
3.1.1. Microtubule motor coding sequence PCR

In order to produce DNA for use in the library, PCR was performed.
Primers were designed to individually amplify 47 kinesin and 3 cytoplasmic
dynein heavy chain coding sequences fronEDB27 genomic DNA (Electronic
Appendi @ LF | Y2G2NNa O2RAy3 aSljdzsSyOS 41 a 3INE
designedto produce 2.5 to 3kb fromthe® Sy RX 20 KSNBAAS (KS gK2f S
was amplified. The amount of DNA produced was determined by

spectrophotomery.
3.1.2. Plasmid library production

400ng of each kinesin and dynein coding sequence was mixed in a final
solution of 700ul of 1x SSC (150mM NaGmii5sodium citratepH7.0. The mix
was sonicated with a Sonopuls HD2070 ultrasonic homogeniser (Bandelin
Electranics) to fragment the DNA, using 30% intensity for 50% of the 5 min pulse
time. Isopropanol precipitation was used to concentrate the sonicated DNA,
which was then size selected by gel extraction for fragments between 200 and
300bp in size. 3ug of the seled fragments was engolished and
phosphorylated using a NEBNext End Repair Module (NEB). This was followed by
bluntSY R fA3IlIGA2Y 2F fAY{SNA® t NAYSNE 6SNB |yy
(TCCTAGGTGCTCGGATTADA AATGTAATCCGAGCACCTAGGA (K S a{ FA
@S O0G 2 NB (i AGSTAGXGTCENECTEGAATCGTAACCGTTCGGCCAGTGAGGCCT
and AGGCCTCACTGGCCTGCAGCCAAGGTATGGAGAAGGGAGRG 1 KS aGa{ FA f 2y
f AY1{SNE ACGACGT&ACCACTCTGACGGCCAGTGAGGCCT and
AGGCCTCACTGGCCGTCAGAGTGGTCACGTLGIZ5pAA of the Sfi long
linker or 1@pmol of the Sfi vectorette linker with 25pmol of the Avrll linker were
ligated onto 750ng of library fragments, with 6 units of ligase, at 4°C overnight.
The product of this ligation was then size selected to remove any linkers not

attached to the ~250bfragments.
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Library fragments were amplified by PCR. Those fragments with Sfi long
linkers only, which would go on to form a library of single fragreent 2 NJ a a A y 3 f
library, were amplified with a primer complementary to the region within their
linkers CAATACCTTGGCTGCAGfagments with both Sfi vectorette linkers and
I ONLL fAY1SNRZ 6KAOK g2dA R 3I2 2y (2 T2
library, were amplified using a vectorette PCR methodology, to ensure fragments
carried two different linkersPCR was performed using a primer complementary
to a site in the Awvrll linker TGTAATCCGAGCACCTAGa&#n another
(CTTCTCGAATCGTAACQGdomplementary to the region produced from an
incompatible region in the Sfi vectorette linker, after amplification bg first
primer. Amplified doubles library product was cut with Avrll, ligated aC1ér 2

hours and size selected again.

Both singles library fragments and doubles library fragments were then
cut with Sfil. 100ng of doubles library fragments was ligatéol 400ng of Sfil cut
P2TZM T T 1 I ¢ K A fsiSglesviiorary fEagm2sEwas ligated into400ng of
pP2TIMT T4 @ ¢ KSa$S LJ I & MA7RMcksiRadTefFab, ROOINER ¥ LIH ¢ 1
restriction endonuclease sites present metmultiple cloning site. Ligations were
performed for 6 hours at 15°@nd inactivated at 3 for 15 minHalf of the
ligations werethen made up to 28l and desalted against 1% agarose/50mM
glucose The recovered DNA was transfected into 100> high-competency (1-
3x10%fu/>g) b 9 . mH icolicells (NEB) by electroporation witm @&porator
(Eppendorf) using a 20kV crh voltage gradient.After recovery cells were
transferred to200ml LB and plasmids purified usinglégpeed Plasmid Midi Kit
(Qiage), after overnight growth

3.1.3. Plasmid library analysis

To sequence fragments within the plasmid library by next generation
sequencing, fragments were amplified from the singles and doubles libraries
using primersCCGGCCGCTCTAGAAZIBACCTCGAGGTCGACGGTAIng of
plasmid template was amplified in 10 cycles of PCR using a 55°C annealing

temperature. A second PCR reaction was the performed to add sequencing
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adapters to the amplified fragments. PCR was again performed for 10 cycles but
with a 62°C annealing tgmerature. The sequences of primers used for the singles
library were AATGATACGGCGACCACCGAGATCCBGACTGCTCTAGAACTAGG
and CAAGCAGAAGACGGCATACGAGATATGIERATCGATAAGCTTGGCCTGTGA
while the sequences of those used for the doubles library were
AATGATACGGOBPACCGAGATCTAMIBEACTAGTGGATCCGGCCAGTaA
CAAGCAGAAGACGGCATACGAGATTR@EBAST CGATAAGCTTGGCCTEAGA
products of these reactions were mixed 9:1, doubles to singles, and sent for

sequencing.

Library fragments were sequenced using a MiSeq sequenaemifith),
using version 3 chemistry and producing 75bp paired end reads. Primers were
CCGGCCGCTCTAGAACTABGAGAACTAGTGGATCCGGCCAGTGHRGBE
forward reads, anlCGGTATCGATAAGCTTGGCCTGTGAGCreverse reads.
Index reads were produced withiCCTGRAGGCCAAGCTTATCGATACCG.

The first two bases of reads returned by next generation sequencing
which were from plasmidswere trimmed off and a quality trim was then
performed using Sicklév1.33, paireeend mode with minimum trimmed length
of 20 bases and quality threshold of 20 [pe 20 -I 20]; Joshi and Fass, 2011)
Unpaired reads were mapped to kinesin adgnein coding sequences using
Bowtie 2(Langmead and Salzberg, 2018)custom script was then used to-re
SaldloftAakK fAYy1aANaSARySISYy (IKSKVRAI aNB® aSG 2F (K
(every 50" pair) was extracted for analysis R(R Core Team, 2016R and the
gplots library(Warnes et al., 2016yere used to producéistograms of fragment
length, representations of the mapping of fragments to genes and heat maps of

frequency of gene combinations in the library.
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3.2. Production of plamids

Unless otherwise stated, all ligations described here were cloned into

XL21BlueE. colicells by heashock. These cells were then grown atG7
3.2.1. For the knockdown of kinesid proteins by RNAI

Primers were designed to amplify a ~250bp sequence fiokiS 0 Q Sy R
the KIN2A(Tb11.02.040p or KIN2B(Th927.5.209P coding sequences, addiqpgQ

end BamHI and Hindlll restriction endoiu§ 1 &S &aAGS& FyR | 0Q
(TTTGGATCCAAGCTTCGAATCACGTGRITTCTAGA CCTCTTCGAGTGCTGTC
and TTTGGATCCAAGKIGAGGTCGCCAAGAC and

CTCTAGACGCCTTGACTTCCT(&EEpectively).KIN2 fragments were amplified

from genomic DNA of the TREU927 strain. Constructs for knock down of
individual kinesins by RNA interference (RNAI) were produced by digesting the
kinesin2fragme/ 14 ¢6AGK -0l L YR I AYRLLL® ¢KSe@
plasmid, which had been cut with Spel and HindilK S LJH ¢ T i LI | a YA
modified form of p2T{Alibu et al., 2005)containing two Sfil sites in itaultiple

Ot 2yAy3a aAiSd ¢ KA-XLDbBLANE R HzpRNRB JpI&EBidls. LIH ¢ T |
Constructs for knockdown of both KIN2 proteins were produced by digesting the
KIN2Afragment with Xbal and BamHI and tiéN2Bfragment with Xbal and

Hindlll. A threeway ligation was then performed to insert the fragments into
LHETI 3 RAISAGSR 6AGK . | YI L-KIN2)R plasmiid/ RL L L =
Constructs for production of hairpin RNA sequences were produced in two ways.

In the first, KIN2Bfragments were cut with Xbal dnBamHI or Xbal and HindlIl.

The two differently cut fragments were then threeay ligated intoBamHI and

| AYRLLL Odzii LI ¢ #INZB/B.OIA theD deBohd] SrimersH were ]
designed that would amplify thEIN2AF N> 3YSy G FyR F RRolQ pQ |
Xhol site (CCCAAGBRTACGAGCTCCTCAAGACA and
CCCCCTCGRIECTCTTCGAGTGC I GThese KIN2A fragments were then
RAISAGSR gA0GK - K2L | YR | AKNRA, itsélf dipegtéd ¢ S NB
GAOK - K2L FYR | KIWRNALLY F2NXAY3I LHCTI
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3.2.2. For the knockdan of other proteins

A plasmid desigree for the knockdown of the KKiteracting protein 1
(KKIP1), p2FI77Y YLt mX gl & 200GFAYSR FTNBY {AY2Yy 5QI
knockdown of the kinesin KINM ¢ & LINP RdZOSR FTNRBY LHCTI & t/ w

using primers d@ A 3y SR G2 F YL ATFTE | nomolLl] FNIIYSy
KINI31O2 RAYy 3 &a4SljdzSy OS> 4KAtES [RRAy3a {FAL &ariasSa
sequence (ATGGCCAGTGAGGCBGCACGAGCAGTA and

ATGGCCAGTGAGBGCACGAGCTCATGAQA t / w LINP RdzOG FyR LHMeETi |
cutg AGK {FAL IYyR f ARMIBISR G2 LINRPRdzOS LHM¢TI

3.2.3. For integration oHSVYTKchromosome labels

PMGT7-HSVTKblast and pMONAHS/TKblast were obtained from
{ AY2Yy 5 (Thebpkasmidd ehebde chimera consisting diSVTKand the
blasticidin resistancemarker B8SID, which is targeted to the 177bp repeat
sequencespMGrDNAHS/TKblastvas modified to split the HSVKBSD chimera,
by inserting aPFR (paraflagellar rod protein Rintergenic sequence. Targeting
sequences were also changed so that the cardtwould be directed to to
bloodstream expression site 1 (BES1) or to replace the S8 variant surface
glycoprotein (VSG) coding sequence. The S8 VSG targeting sequence was
extracted from pS8\eoB (see sectio8.2.6.) by digesting with EcoRI and Kpnl
and lgating it into EcoRI and Kpnl cpMGT7-HSVTKbackbone, generating
pS8HSVTK. TheFR intergenic sequence was amplified from pHG (courtesy
of Dr Catarina Gadelha, University of Nottingham), using primers
CCCGGATCCGCTGCGCTTAAATGNRE CCEBAGCTTGGTBTGATGCTTThe
pMGrDNAHSVTHKlast plasmid was also amplified by PCR, with primers adding a
| AYRLLL aAUGBSHIgRIKSEAPOQI SYRYATFE . FYIL &raasS I
HSWTK coding sequence (CCCAAGTGLCCTTTGTCTCAAGAAGAAACIC
TTTGGATCCTIBERTAGCTCCCCCA)Clhe two PCR products were digested with
BamHI and Hindlland ligated, producing pS$3HSVTHFR. To generatéhe
PBESHSVTKPFR plasmid, pS8SVTKHFR and pBH$e0B (see section.36.)
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were digested with Nhel and Sall to remove targetsgpuences. The BES1

targeting sequence was then ligated into the backbone fromidS8THFR.
3.2.4. For the creation of a KINIBGFP mitotic spindle tag

To produce a plasmid foabelling of KIN131 with green fluorescent
protein (GFR)the hygromycin resistarcmarker HYG was removed from the
PENGO9 plasmid(Wickstead et al.,, 2010a)lt was then replaced with a
nourseothricin resistance markeBA7Y, to produce pEnGO9¥CR was used to
produce the plasmid backbone withouHYGand addingNcol and Mfel sites
(CATCCATGGTABRMGATGCCGACC and CATCAATTGCACTAGAGCTTATTTTATGG
respectively. SATwas amplified from pAG2%Goldstein and McCusker, 1999)
using primers that also added EcoRlI and Ncol sites
(TAGGATTCATGGGTACCACTCTTGACEATCCATGGTTAGGGGCAGGGCATG).
The two PCR products were digested with the relevant restriction endonucleases

and the two products were ligated.
3.2.5. For the production of fluorescently labelled Lacl

To produce Lac repressor protein ¢Dafusion proteins, a construct
containing a Lacl coding sequence and targeting sequences for replacement of
PURiIn the SmOx cells was synthesised (Integrated DNA Technologies) in a pUC57
backbone.lt also contained a number of planned restriction enddease sites,
for further plasmid synthesisF{gure17). The construct was moved to pSPRO
(Daniels et al., 2012)by cuttingboth plasmids with EcoRI and Sacl and ligating
the Lacl sequence inthe pSPR®ackbone
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EcoRI Sall Xbal Sacl
Notl BamHlI | Spel EcoRV Notl

T7 Pol Lacl Tet?
Targeting Targeting
ATG

Figure 17. Diagram of synthesised Lacl construct. Features are labelled underneath, while
restriction endonuclease sites are labelled above. Not to scale.

Genes encoding the fluorescent proteins mStrawberry ayellow
fluorescent protein (YFP were extracted from pEnG@®SH and pEnGQ-H,
respectively, by digesting with Xhol and Xlaald size selecting & relevant
fragments.pSPR@.acl was cut with Sall and Speid the fluorescent proteins
were ligated into the backbone, to create the plasmids pSP&®EMSt and
pSPR@.actYFP, which were cloned into GM1BIcolicells, to avoid methytzon

of Xbal sitegsee below).

To produce a sequence containing tkKEN131 intergenic region and3SD
pPENG09 and pEnGOB plasmids were cut with Sacl and Ttel.backbone
fragment from pEnG09 and the fragment containiB§Dfrom pEnGOB were
ligated, creating pEnG09B. pEH)¥B was cut with Xbal and $tand the
pSPR@.acimStand pSPRQactYFP plasmidsere cut with Xbal and EcoRWhe
fragment containingBSDand the KIN131 intergenic region, from pEnG09B, and
the pSPRQacimStrawberry and pSPR@&c{YFP backbones wereydited The
KIN131 intergenic region wasised so that Lacl proteins would be expressed at a
level similar to KIN23. The resulting plasmids were calledagkmStBla and
pLactYFPBla.
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La protein NLS

For insertion of the La protein nuclear localisatigignal (NLS),
FYLIE AFAOFGAZ2Y g1 & LISNF2NYSR dzaAy3 LINARYS
SYR 2F (KS Tfdz2NBaoOSyd LINRGSAYy O2RAYy3 &
PFR intergenic sequence (GACTCGRAGFAGTGTGAGCAAGGGCGAGHBAG
CGAAGCTTGATGCTTTATTGCTTTCTCTTAAATITTG plLackmStBla and
pLaclYFPBla. To generate the NLS, two primers were designed that generated a
NLS sequence with Hindlll and Spel compatible ends when annealed
(AGCTATGCGTGGTCACAAGCGCTCTUSTGAG and
CTAGTCTCACGAEACTTGTGACCACBL ALackmStBla and pLaeYFPBla
PCR product was then cut with Hindlll and Spel and ligated with the NLS
sequence, generating thelackmStBlalLa and pLaeYFPBlalLa plasmids.

Alternatveo Q | ¢ w

¢2 FfOGSN) GKS o0Q TwRyd NéphacimStBia8SIFS aNS 3 A 2 v
pLaciYFPBIaNLS plasmids, they were digested with Xbal and partially digested
with Sacl, due to the presence of two Sacl sites. HRRlintergenic sequence
was cut from the pEnG22 plasmid and tK&~9Aintergenic sequene was cut
from the pEnGO1 plasmid, using a Xbal and Sacl digest. The products of these
digests were ligated, producing titackmStBlaLaPFR1pLaclYFPBlaLaPFR1
pLackmStBlaLaKIF9Aand pLacly FPBlaLaKIF9Aplasmids.

Alternative NLS

The NLS ipLaclYFPBlaLa was altered by digesting the plasmid with
Hindlll and Spel and inserting the simian vacuolating virus 40 (SV40) NLS,
generated by annealing the primers AGCTTATGCCAAAAAAGAAGAGAAAGGTC
and CTAGTGACCTTTCTCTTCTTTTTAGIBEAILS was changeda sequence
coding for the La protein NLS followed by the TY epitope and YFP by extracting
the sequence frompENTSHENLSTY FPRPA2Ser2Daniels et al., 2012vith
Hindlll and Kal and inserting it into the pLa¥IFPBlaLa backbone.
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sfGFFLacl

To produce plasmids encoding Laetekninally labelled with superfolder
GFP (sfGFP), a coding sequence was cutp@i@HhsfG(courtesy of Dr Catarina
Gadelha, University oNottingham) with Xhol and Xbal and ligated into a
pSPRA.acl backbone that had been cut with Sall and Spel, generating
pSPRA.acisfGFP. Next, the sfGERcl coding sequence was removed from
pSPRA.acisfGFP by digesting it with Spel and Xbal and ligatetd i
plLackmStBlaLa or pLaciLaT¥YFPzBla cut with Spel and Xbal, producing
pLaciLasfGFFBla and pLaclLaTYsfGFFBIla respectively. Plasmids were also
created that coded for proteins in which sfGFP and Lacl were separated by a
short linker consistig of five serine residues. PCR was performed on-p8&3G
GSYLIX FGS dzaAAy3d LINAYSNARA RS&aA3IYySR G2 3ASYSNI
- K2L &aAadsS IFyrR | 0Q aK2NI fAY]1SN &SljdzsSyoO¢
(CCCTCGAGACTAGTATGCGTAAAGHAd CCTCTAGAAGAACTAGABETA
GGTTCCTTTGTACAGTTCATUOUGAPCR product was used as above to produce
the pLaclLasfGFP-Blaand pLaciLaT¥sfGFP-Blaplasmids.

3.2.6. For the integration of a LacO chromosome tag

A plasmid used for insertion of Lac evptor (LacO) repeats into a
minichranosome (MC)was built in a number of stage&irst, the p2T777
plasmid (Wickstead et al., 2002)as cut with Apal and setlosed, producing
pl77Ble. The bleomycin resistance markeéBL was removed from pl7ZBle
and replaced with the neomycin resistance markeMdHQ. PCR was usetb
produce linear plasmid, withoutBLE adding Xbal and BamHI sits
(CATCTAGACCGACGCCGACCAACA and
CAGBTCCGGTGATATAGCTTATTTTATGREMEOgene was then taken from
pSPR5, using PCR with prmethat added a BamHland Xbal sites
(CAGGATCCATGCGCGAAATCGTCT and CATCTAGATCAGAAGAACTCGTCAAGAAG).
Both products were digested with BamHI axidal restriction endonucleases and

ligated to produce pl7Neo.
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To produce a plasmid that targeted the S8 VS@, tdrgeting sequence

was amplified from pGad®8, with primers that amplified the sequence in two

Kt @SaT § p Q TN IYSyids g AGK {1
(AAAGAGCTBICAACAGCATATCTAAAGGGCA and
AGCGGCCGGTATTTCAATATAGCOGCC F YR | 0Q FNI AYSyidiz ¢
sites (AGCGGCCGGTCACACAGACAGGC and

TTGGTAGGCTTGAGTTTGTGTTACAGGBGese targeting fragments were
digested with the relevant enzymes, ptReo was cut with Sacl and Kpnl and a

three-way ligation was performed.

The aim was to insert LacO repeats by digesting p6& pBESIeo with
Kpnl and Sphl. An extra Sphl site exists ilftB&sequence, however. To remove
this site, PCR was performed to alter a CGC codon to CGT (both of which code for
arginine), in position 601-603 of NEO (primer sequences were
GTATGCCCGACGGCG@GAG GCGCCTTGAGCCIGe resulting PCR product

was bluntend ligated to produce the pS8eoB plasmid.

BESL1 targeting sequences were generated by amplifying a sequence from
the pBESH2 plasmid (coudsy of Dr Catarina Gadelha, University of
b2G0AY3IKFYO® ! LAY (g2 FNIIAYSylda 6SNB L
YR | 0Q g AGK b2dlL YR Y LY L aras
CCCGAGCTRTGTTTTGTGTATTATTTAGGT and
AAGCGGCCBBAAGCATCCGAAATEd AAGCGGCCIAGATGAGGACATCAA
and TTTGGTAGBTATGCACGTCGAEspectively). After digestion, these
fragments were ligated into a backbone produced by digestingN&#8B with
Sacl and Kpnl. This generated the pBESB plasmid.

256x LacOrepeat sequencavascut from pAFSS (Straight et al., 1996ga
kind gift from Professor Tomo Tanaka, University of Dundesg Kpnl and Sghl
and the resulting $0kb fragment wassize selected. LacO repeats were ligated
into pBESNeoB and pS8leoB backbones, which themselves had been cut with

Kpnl and Sphl. The product of this ligation was cloned into SEBIc®Iiby
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electroporation withan Eporator (Eppendorf), using 17kV émnd growing cells

at 30°C. This resultedelgeneration of the pBESacO and pSBacO plasmids.
3.2.7. For the generation of fluorescently labelled kinetochore protein

Plasmids designed for the -tdrminal labelling of, the kinetochore
proteins, KKT1 (kinetoplastid kinetochore protein 1) and KKIP1 wittamigerry,
PENNMSG2P06HYg and pEnNYmMStP14Hyg, were obtained from Simon
5Q! NOKAGA2 YR WSYYATFTSNI alO52y I fR® | FdzZNIKS!
LOYDbY{Gt MnAYyGdTbS2> 41 & 200INEGHGERINTMNRY {AY2Yy &
plasmid was then replaced withthe HYG gene. pEnNYmStP14Hyg and
pPENNmMStP14int7Neo were cut with BamHI and Nhel, to provideHtti€gene
and plasmid backbone, and the required fragments size selected. These

fragments were ligated, producilgEnNmStP14int7Hyg.
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3.3. Celllines

All bloodstream form (BSF) cell lines were derived from the SmOxB427 cell
line (Poon et al., 2012)These cellsvere culturedin thymidinefree HMI-9
supplemened with 15% foetal bovine serurgHirumi and Hirumi, 198%t 37°C
with 5% C@ All procyclic form (PCF) cell lines were derived from the SmOxP427
cell line(Poon et al.,, 2012)They were cultured fsDM79 supplemented with
10% foetal bovinserum(Brun and Schonenberger, 19%3)28°C.

To createBSFcef £ f A yoBNoflinearised @lasmids wasransfected
into 25x10 0Sf £ & NI & dza LISBSR KGifRer (A0yhM MaP@/Nd:HPQ o
pH7.3, 5mM KCI, 0.15mM Cg@&0mM HEPES pH7.&chumann Burkard et al.,
2011)dza Ay 3 |y ! Yl ElFIn bdzOt S2-80% Orardfokmants [ 2 y' 1 |

were selected for, after cells had recovered for 8 hours, \thité relevant drug

To createPCFcell lines,6> =bf Notl linearisal plasmid was transfected
into 3x10 OStf a> NB&adzaLISYRSR AY nnnzfimMt9. m o
EDTA, 1ImM KRG, 4mM KHPQ, 150Mm glucoselOmM HEPES pH7.4), by
capacitance discharge electroporationsing an Eporator(Eppendorf) at
4.25kVcntt. Again, transformants werselected for, after cells had recovered for
8 hours, with the relevant drug. Alternatively, plasmids were transfected into

3x10 cells, as described for BSF cells.

Cell lines, plasmids and drug selentused and the cell line generated are
shown inTable4. Exceptions are th&mOxB42HSVTKBSR,7up cell ling which
gl a 20G0GFAY SR FNERY infrdducioy of BMEIDNAHSKT@IASE = | Y R

into SmOxP427, which did not produce clones.
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Selection

Plasmid Background Cell Line Resulting Cell Line (>gmlYdrug)
LIH ¢-KIN2A SmOxB427 SmMOxB42KIN2ARNAI 2.5 phl
t H ¢-KIN2B SmOxB427 SmOxB42KIN2BRNAI 2.5phl
LJH ¢-KIN2A/B SmOxB427 SmMOxB42KIN2A/BRNAI 2.5 phl
LIH ¢-KIN2A/A SmOxB427 SmMOxB42KIN2A/ARNAI 2.5phl
LJH ¢-KIN2B/B SmOxB427 SmOxB42KIN2B/BRNAI 2.5/phl
Obtained from Simon SmOxB427 SmOXB42HSVYTKBSDR770p 5/bla
5Q! NOKA ¢
LJH ¢-KIN131 SmOxB427 SMOXB42HSVYTKBSR77bp 5/bla 2.5phl
HSVWTKBSDR70p KIN131 RNAI
pMGT7-HSVTKblast SmOxP427 No clones produced 10/bla
pMGrDNAHSVTKblas| SmOxP427 SMOXP42AHSVTKBSR776p 10/bla
pPBESHSVTHFR SmOxP427 SMOXP42HSVYTKses1 10/bla
pS8HSVTKFR SmOxP427 SmMOXP42HAHSVT Kssvsc 10/bla
p2T#177-KKIP1 SmOxP427 SMOxXP42AHSVTKeesiHSY | 10/bla 2.5phl
HSVTkeest HSVTKssvsc TksavscKKIPRNAI
LJH ¢-KIN131 SmOxP427 SMOXP42HSVTKsesfHSY | 10/bla 2.5phl
HSWTKees{ HSVTKssvsc TksavscKIN131 RNAI
pPENGO09S SmOxP427 SmOxP42KIN131-GFP 100/ nour
pLacimStBla SmOxP427 mStLacl 10/bla
pLactYFPBla SmOxP427 Y-Lacl 10/bla
pLacimStBlalLa SmOxP427 LamStLacl 10/bla
pLaciYFPBlaLa SmOxP427 LaY-Lacl 10/bla
pLacimStBlaLaPFR1 SmOxP427 LamStLaclPFR1 10/bla
pLaciYFPBlaLaPFR1 SmOxP427 LaY-LaclPFR1 10/bla
pLacimStBlaLaKIF9A SmOxP427 LamStLaclKIF9A 10/bla
pLactYFPBlaLaKIF9A SmOxP427 LaY-LaclKIF9A 10/bla
pLacltYFPBIaSV40 SmOxP427 SV Y-Lacl 10/bla
pLaciLaT¥YFPZBla SmOxP427 LaT¥Yz-Lacl 10/bla
pLaciLasfGFFBla SmOxP427 LasfGLacl 10/bla
pLaciLasfGFPiBla SmOxP427 LasfGlink-Lacl 10/bla
pLaciLaTY-sfGFFBla SmOxP427 LaTY¥sfGLacl 10/bla
pLaciLaTY¥sfGFPiBla SmOxP427 LaTY¥sfGlink-Lacl 10/bla
pBES.acO LaTY¥sfGlink-Lacl LaT¥sfGlink-Lacl Lacgs: | 10/bla 159G4
pS8LacO LaT¥sfGlink-Lacl LaTY¥sfGlink-Lacl Lac&vsc | 10/bla 159G4
pBES.acO LaT¥Yz-Lacl LaT¥Y:-Lacl Lac&ks: 10/bla 15 G4
pS8LacO LaT¥Yz-Lacl LaT¥Yz2-Lacl Lac&vsc 10/bla 15G4
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PENNMSG2P06HYg LaTY¥sfGlink-Lacl LaTY¥sfGlink-Lacl 10/bla 15G4
LacQesiLacGsvsa Lac@esiLacGsvscmStKKT1

PENNYmMStP14Hyg LaT¥sfGlink-Lacl LaT¥sfGlink-Lacl 10/bla 15G4
LacQesiLacGavsc LacQesiLacGsvsemSt KKIP1 50/hyg

PENNmMStP14int7Hyg  LaTY:sfGlink-Lacl LaTY¥sfGlink-Lacl 10/bla 15G4
LacQesiLacGsvsa Lac@esiLacGsvsemSt KKIP5 50/hyg

p2T+177-KKIP1 LaTY¥sfGlink-Lacl LaTY¥sfGlink-Lacl 10/bla 15G4
LacQesiLacQsvsc LacQesiLacGavsemStKKT1 50/hyg
mStKKT1 KKIPRNAI 2.5phl

Table 4. Generation of cell lines used in experimentation. Shown are plasmids, the cells
they were introduced into and the cell line produced. The concentration of drugs used to
select for successful integration are also shown; phl = phleomycin, bla = blasticidin S,
nour = nourseothricin, G4 = G418, hyg = hygromycin.

3.4. Southern blotting

Integration of the HSWTK coding sequence and LacO repeats into MCs
was confirmed by Southern bldeulsed field gel electrophoresis (PFGE) was used
to separate MCs froomegabase chromosomes and intermediate chromosames
Low melting point agarose plugs 83%) were produced at a cell concentration of
4x1C cells mtt, as describeth Wickstead et al(2004) These plugs were inserted
into wells in a 1% agarose gel (SeaKem Gold) for PFGE. PFGE was run for 142
hoursusing an includedangle of 120°, 2 cm! and a linear switch rapof 1842
min, in TB(0.1)E (90mM Tierate, 0.2nM EDTA pH 8.2) at 12°C. After PFGE had
been completed thegelwas stained withl>g ml* ethidium bromide for 20 min

and imaged.

DNA was transferred from the b a positively charged nylon membrane
(Boehringer Mannheim)after UV nicking (240nm, 80mJ émusing capillary
transfer for 48 hours with buffer consisting of 1.5M NaCl and 0.4M NaOH. After
transfer the membrane was neutralised with 0.5M TH€l pH. The DNA was
then U\fcrosslinked tadhe membrane (240 nm, 120 mJ &n

Fluoresceifabeled probes were produced from thelSVTK coding

sequenceor from the pT1045 plasmidqcourtesy of Professor Tomo Tanaka
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University of Dundeeusing random primed DNA labelling. 100 ng of template,
2uM random heptamer primers, 1QM dNTP mix, 5 units Klenow and 1x
NEBuffer 2 (New England Biolabs) were used thedreaction run at 37°C for

1 hour. The membrane was prehybrsgid for 1 hourat 60°Cwith hybridisation
buffer (/50mM NaCl75mM sodium citrate pH7.0, 5% Dextran sulph&i@o liquid
block [Amersham])5ul of denatured probes wasicubated with the membrane
at 60°C overnight irbml hybridisation buffer. After hybridisation, stringency
washes were performed, which consisted of two washes fonib in 1x SS@ith
0.1% w/v SDS at 82, followed by two washes for 15 min in ¥.8S®ith 0.1%
w/v SDS at 6Z.The membrane was then blocked with 10% blocking solution
(Roche) inBuffer A (0.3M NacClI0.1M TrisHCI pH7.0), washetbur times for
10min with Buffer A and incubated with antiuoresceirAP Fab fragments
(Roche), diluted 1:5,000 in Buffer A, for duh Another set of washes was
performed and CDtar (Invitrogen) was applied to the menabie, which was

then exposed to film.
3.5. Analysis of LacO repeat integration
3.5.1. Diagnostic PCR

Confirmation that LacO repeats had been integrated into the correct
location was provided by diagnostic PCRamers were designed to amplify a
region of the integratd construct or a regionrmging the construct and aarea
of the genome downstream of the target sequence
GTTGGCCGATTCATTAAT®@AGsed as a forward primer in all reactions, while
GTGCCTCCAGCTTGA@S used as the reverse primer in confirmation of
replacement of the S8 VSG an€CCTGTGAAAAGTACTAAAGAABGC
confirmation of integration in BES1. The sequences of reverse primers used to
amplify the S8 VSG and BESL1 targeting constructs G&E@TGTGTTGCCGAAGC
and CAACATTCCTCCCCACGpectively.
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3.5.2. G418 sensivity analysis

To determine whether subpopulations tfe LaTY¥sfGlink-Lacl Lacgks:
and LaTY¥sfGlink-Lacl Lac&wvsccell lines that lacked LacO construetdsted a
test of G418 sensitivity was performed. Cells were diluted and plated on 96 well
plates, without drug pressure, so that each cell was predicted to contain, on
average, one cell. After ten days the numbers of positive wells were counted.
Celswerergll § SRX gAGK Dnwmy RNarAgrowNGré vehlBE 0 mp
with dilutions performed when necessary. The number of positive wells were
then counteda second timeThe number of positive wells was used to estimate
the number of independent clones based the Poisson distributioriEstimations
produced from pates with ~4@90 positive wellshave relative errors oM 5%
(estimated from 18 simulations of plating at densities of 0.0Q0 cells per well),
and the plate containing wells closest to this ravgas used to estimate counts

of clones.
3.6. Western blotting

RNAIi knockdown of KINABwas confirmed by Western blot, following
induction for 48 hours with 3g mi* tetracycline. Reducing SDS polyacrylamide
electrophoresis (SDBAGE) was used to separate trgpaome proteins. Cells
were harvested by centrifugation and resuspended in boiling Laemmli buffer (2%
w/v SDS, 0.4M -Phercaptoethanol, 10% glycerol, 50mM THEI pH7.2), to
produce whole cell lysates. Lysates from 4.&xddlls were separated in a20%
polyacrylamide TGX gel (BRad) in buffer consisting of 25mM Tris, 250mM
glycine and 0.1% w/v SDS.

Proteins were electrophoretically transferred to a nitrocellulose
membrane (Boehringer Mannheim) for 16 hours with a 1.6V!cwltage
gradient in 25mM Tris192mM glycine, 0.02% w/v SDS and 10% methanol. The
membrane was blocked with% w/v milk powder in TBS (20mM TridHCl pH7.5,
150mM NaCl, 0.1% Tweez0) for 1 hour. It was then incubated with affinity
purified rabbit anttKIN131 polyclonal antibodiesWickstead et a). 2010a)
diluted 1:2,000 in 1%w/v milk in TBS, for 1 hour.1x 1 min and & 10 min
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washes with TB$ wereperformed and the membrane was incubated with goat
anti-rabbit IgG peroxidase conjugate (Sigma) secondary antibodies, diluted
1:10,000 in 1%w/v milk in TBST. Another set of washes was then performéch
produce an imageWestern LightningeCL (PerkinElmer) was added to the

membrane and it was exposed to film.

Expression of KINIBGFP was also confirmed by Western blot as
described above, but usij a200ng mtt mix of monoclonal antibodies 7.1 and
13.1 (Roche), raised against G&RJ goat anttmouse IgG peroxidase conjuga
(Sigma) secondary antibodie§his was followed by application of rabbit
anti-KIN131 polyclonal antibodieand goat anti-rabbit IgG peroxidase conjugat

(Sigma) secondary antibodies.

Expression of mStrawberry protein conjugated Lacl was confirmed by
blotting with 200ng mf 1C51 monoclonal antibody (Abcam), raised against
mCherry,and rabbit antimouse IgG peroxidase conjugaf€igma) secondary
antibodies. The membrane was washed again and incubated with 200hg ml
anti-GFP antibodies, as above. A blot performed with IC51 was also used to
confirm  expression  of mStrawberryKKT1, mStrawbers¢(KIP1  or
mStrawberryKKIP5.

3.7. Growth andysis

The influence of knockdown of proteins by RNAi on BSF population
growth was determined by performing counts of cells in induced and uninduced
populations, with cells diluted to 2@ells mt every 24 hours. Cells were counted
using a Neubauer haemgiometer. The influence of protein knockdown on PCF
cells was also determined by performing counts of cells, with cells diluted®o 10
cells mi every 72 hours. Counts of cells were also used to determine effect of 0,
50, 100 or 50@>g mIt ganciclovir(or penciclovir) on growth of PCF cells, in which

HSVTKhad been introduced.
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3.8. Microscopy
3.8.1. Attachment and mounting of samples

For analysis ofboth BSF and PCF cells by microscopy, slides were
prepared. ~%1C° cells were harvested from lgghase cultures by centrifugation,
washed with PBS three times and left to adhere to slides. PCF cells were adhered
to glass slides, while BSF cells were adhered to derivatised sBtidss were
derivatised by applying a sdlon of 5% glutaraldehyde and 0.1M NaHQO
silanecoated StarFrost® Adhesive slides (Knittejmples werdixed with 2%
formaldehydein PBSor 5 min and permeabilised witimethanolat 520°C. Cells
GSNBE (GKSyYy Y2dzyid SR A yper glidd, ontdigirp2@0Agyiid Y SRA
DAPI, 1% 1,4diazabicyclf2.2.2Joctan 90% glycerol and 50mM
NahkPQ/Na:HPQ (pH3.0).

For cytoskeleton preparations, cells were adhered to slidexbase. They
were then treated with 1% Nonidet P40 (Roche) in PMEG buffer (40mM-RIPES
pH6.9, 2mM MgS® 5mM EGTA, 200mM glucose) for 5 min. Finally, they were

washed with PBS and mounted.
3.8.2. Immunofluorescence

So that flagella could bebsewed, immunofluorescence microscopy was
performed. Slides were prepared from BSF cells as described above. After cells
were fixed and permeabilised, slides were rehydrated and empty aldehyde
groups were blocked in 0.1% w/v glycine in PBS for 5 min. Tissue supernatant
containing the L13D6 monoclonal antibo(Kohl et al., 1999)which recognises
PRF1 an@, was diluted 1:50 in PBS and applied. Slides were washed four times
for 10 min in PBS andhedamine (TRIT&@pnjugated AffiniPure goat anthouse
IgG (Jackson ImmunoResearch Laboratosespndary antibodies applied 1:200
in PBS. Additional washes wdlreen performed and cells mounted as described

above.
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3.8.3. Imaging

Images of cells were captured from slides, using a 100x oil immersion
202SO0AGS YR tK2(02YSGNROa /22f{ylLI Iv OIYS
(Qlmaging) Images were then processed using Ima@Schneider et al., 2012)

Where images were used for comparison, they were processed equally.
3.9. K-N Counts

The effect of RNAI against KIN2 proteins on the cell cycle was ascertained
by pef 2 NY Ay 308y 1a¢ 2y OStfta dGKIG KFER 0SSy AYyF
hours. The knockdown of KKIP1 was also confirmed by these counts after RNAI
was induced for 48 hours. Slides were prepared as described above. The numbers
of kinetoplasts and nuclei imdividual cells was counted under a 63x or 100x oil
immersion objective. During analysis of cells in which RNAi had been performed
F3AFAYyadGd YLbuH LINPGSAyas (GKS ydzYoSNI 2F OSftf a

cells) was also ascertained.
3.10. Minichromosome I®s assay

To test for MC loss, following RNAI induction for 48 hours, cells were
plated 10, 100 or 1000 cells per well on 96 wdht@s, in the presence of
m n nml3ganciclovir. After a week, for BSF cells, or 10 days, for PCF cells, the
number of positve wells was counted, each positive well representing a cell (or
cells) that had lost a MOhe number of positive wells was used to estimate the
number of ind@endent clones as described in532. The number of clones, as
well as counts of cells performduefore and after RNAI induction, were used to
calculate the number of MC loss events that had occurred per cell per generation,

during RNAI.
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3.11. Analysis of the distribution of fluorescent foci
3.11.1.Counts of Lacl/LacO foci

To find the most ideaLacO/Lacl celine for further analysis, a line in
which just one chromosome was labelled (no duplication events had occurred)
and in which all tagged chromosomes were visible, the number of foci per cell
was counted under a 100x oil immersion objective and a Retiga RL/ 5 OF Y S NI
(Qlmaging). The most suitable clones of-T¥sfGlink-Lacl Lacgs: and

LaT¥sfGlink-Lacl Lac&vscwere then take forward for further analysis.

To determine the effects of RNAi on the distribution of Lacl foci and,
therefore, chromosomesslides were produced after cells had been induced for
0, 24, 48, 72 and 96 hours. As a control;TasfGlink-Lacl Lacgs: and
LaT¥sfGlink-Lacl Lac&vsc cells were grown without drug pressurelhe
number of cells lacking foci or the number integde cells with two foci was
countedas aboveand calculated as a percentage of the total cells. The number of
mitotic cells, in which foci were asymmetrically distributed, suggesting

nondisjunction events had occurred, was also determined.
3.11.2 Kinetochorechromosome distance measurements

To determine the distance between the labelled chromosomes and
kinetochore labels, large numbers of images ofTl¥afGlink-Lacl Lacg}siand
LaTY¥sfGlink-Lacl Lac&vsc  cells expressm mStrawbernKKT1,
mStrawberryKKIP1lor mStrawberryKKIP5 were produced. Using ImageJ, the
distance between the centre of chromosome and kinetochore foci (brightest
pixel) in cells at different cell cycle stages was manually measured as pixels, which
gl a GKSy 02y @SN S Rtagés2analysedwere [G3, m&igphase, O& Of
early anaphase (DAPI stained nuclear DNA continuous), late anaphase (DAPI

stained nuclear DNA separated) and cytokinesis.
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4. A combinatorial library for assessment of motor function in

Trypanosoma brucei

4.1. Redundancy ofrypanosomal motor proteins

4.1.1. Individual molecular motors do not significantly contribute to the fithess

of trypanosomes in higthroughput screens

As has been discussed in section 1.5.5., RNA interference (RNAI) is a well
established technique iMrypanosora bruceifor depletion of target proteins.
RNAI has been used extensively to investigate the function of individual proteins
and more recently has been used for hifinoughput investigations. In 2011, a
paper describing a technique known as RNAI targefusacing (RFBeq) was
published by the Horn labAlsford et al., 2011)RITSeq was developed so that
the impact of individual knockdown of proteins on trypanosofitness could be
investigated on a genomeide scale. The concept of RFEq is based on the use
of an inducible RNAI library. Briefly, a library of DNA fragments is introduced into
RNAI plasmids, which are then transfected ifitobruceicells, to prodice a cell
line carrying an RNAI library. The population produced is split and either RNAI
induced by the addition of tetracycline or the cells left uninduced. Genomic DNA
is extracted from induced and uninduced populations, PCR is performed to
amplify the genomic fragments within RNAI constructs, which are then
sequenced using next generation sequencing technology. The reads produced can
be mapped to the library or the whole genome and the number of reads present,
for individual fragments or genes, compdrdetween induced and uninduced
populations. A reduction in reads suggests RNAi against a certain gene has
reduced cell growth. Significant changes in read numbers between induced and
uninduced can then be used to infer what proteins might have importalgsrin
trypanosome survival. The data produced by such scalable technologies has been

of great interest to a number of fields within trypanosome biology.

Data produced in the original REeq experiment were replotted and data
points representing kinesincoding DNA sequences (CDSs), as defined by
Wickstead & Gull2006)and Wickstead et al(2010b) labelled Figurel8). These
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data show that knockdown of very few kinesin proteins, significantly reduced cell
growth in these experimentsSome kinesins known to produce a significant
growth phenotype when knocked down also did not produce a fsogmit
phenotype in this RFBeq experimen{Table5). Such kinesins include KIN13
(Chan et al., 2010; Wickstead et al., 2010)KIND (H. Hu et al., 2012; Wei et
al., 2013) Kinesif@*(Engelson et al., 201Bnd TbKIM (Li, Lee, et al. 2004.i,
Umeyama, et al. 20080nly TbKIMNC caused a significant decrease in growth in
RITSeq and is also known to produce a growth phenotype when knocked down
individually (L. Hu et al., 2012)These discrepancies may be due, in part, to the
size of the RFBeq data set. The RBeq experiment was performed using
fragmentsmapping to ~7,500 of the ~10,000 genes and hypothetical genes in the
T. bruceigenome. Performing muHaypothesis tests on such large data sets
means more stringent conditions for significance are required for individual
changes. In addition to these efits, kinesins in general may not be found to be
significant due to their interactions with other kinesin proteins, whickrev
discussed in Chaptdr. Redundancy, in particular, would reduce the likelihood of
kinesins displaying significance in 8Hg. Rproducing RIFSeq in a manner that

is more sensitive and can also detect redundancy may bring more insight into the

importance of kinesins in trypanosome biology.
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Figure 18. Plots of data from RIT-Seq (Alsford et al., 2011) with kinesins labelled. The
number of reads for each gene in induced cells is plotted against the number of reads in
uninduced cells (NI-reads). Data points representing kinesins are coloured red. Dark
green data points signify a significant difference as defined by the original RIT-Seq study,
whereas light green and orange points represent recalculated significances of p<0.05 and

p<0.01, respectively.
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RITSeq Data

BSF 6 days PCF

LogFold g- LogFold - Growth Phenotype

Kinesin GeneD | Synonym | Change| value | Change| value After Previous KD?
Th927.1.1350 -0.654 | 0.840 | -0.196 | 0.423
Th927.3.2020 -0.841 | 0.672 | 0.004 | -0.084
Th927.3.2040 0.316 | 0.319 | 0.272 | -0.167
Th927.3.3390 -1.724 | 0.542 | -1.493 | 0.377
Th927.3.3400 -1.042 | 0.414 | -0.751 | 0.087
Th927.3.4960 1.125 | -0.211| -0.347 | 0.445
Th927.4.2730 0.390 | 0.091 | 0.405 | -0.425

Th927.4.3910 | KIN134a | -0.836 | 0.627 | -2.092 | 0.855
Th927.5.2090 KIN2B -2.293 | 0.987 | -0.291 | 0.572

Th927.5.2410 -1.364 | 0.935| -0.944 | 0.815
Th927.6.1770 -2.693 | 0.944 | -0.050 | 0.007
Th927.6.2880 -0.445 | 0.731 | -1.134 | 0.821
Th927.6.4390 0.261 | 0.285| 0.010 | 0.007
Th927.7.3000 0.779 | 0.381| -0.003 | 0.502
Th927.7.3830 0.152 | 0.313 | -1.461 | 0.797
Th927.7.4110 1135 | -0.322| -0.085 | 0.093
Th927.7.4830 1.724 | -0.771| -0.579 | 0.146
Th927.7.5650 1527 | -0.717| -0.392 | -0.101

Th927.7.6290 | TbKIF9A| 0.282 |-0.034| -1.561 | 0.588 NO(Deg"ggg)hyeta"'
Th927.7.7120 0.648 | -0.188| -0.518 | 0.145

Th927.7.7260 | TbKIF9B| -0.762 | 0.469 | -1.387 | 0.551| 'eDemonchyetal,

2009)
Th927.8.2630 | TbKINC | -5.260 | 0.997 | -3.974 | 0.998 | Yes(L.Hu etal., 2012)
Th927.8.4840 1.227 |-0.300| -0.100 | 0.241
Th927.8.4950 0.592 | 0.011| 0.120 | -0.149
Th927.8.6830 0.039 | 0.841| 0.015 | 0.585
Th927.8.8350 | KIN134b | 0.801 |-0.329| -0.287 |-0.082
Th927.9.15470 -0.057 | 0.706 | -0.030 | 0.349

Yes(Chan et al., 2010;

Th927.9.3650 | KIN131 -0.144 | 0.449 | 0.674 | -0.591 Wickstead et al., 20104

Th927.9.9870 | KIN136 1473 | -0.676| -3.051 | 0.876

Tb927.10.1110 0.600 | 0.632| 0.072 | 0577
Tb927.10.1244q Kinesiff*X| 0.256 | -0.077| -1.192 | 0.368 YeS(Enzgoel'sl‘)’” el
Th927.10.1249( 1.111 | -0.414| 0.133 |-0.246
Th927.10.1457C 11583 | 0.960 | 0095 | 0.211

Th927.10.1489C TbKIFC1| -2.821 | 0.908 | -0.041 | -0.129
Th927.10.1539¢ FAZ7 -1.952 | 0.739 | -0.644 | 0.152
Th927.10.1540( 0.698 | 0.423| 0.877 |-0.485

Th927.10.890 0.646 | 0.642 | -0.896 | 0.965

TH927.11.1076 TbKIND | 1.025 | -0.403| 0.008 | -0.276| 'eH-Huetal, 2012

Wei et al., 2013)

Th927.11.1218C 1.161 | -0.297| 0.164 | -0.067
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Th927.11.1392(
Th927.11.2490

Th927.11.2880

Th927.11.3280
Th927.11.4660
Th927.11.5300
Th927.11.6400
Th927.11.9110

KIN2A

TbKINA

KIN135
KIN132
KIN133

-1.184
-2.628

-2.772

-0.568
0.832
0.213
-0.033
0.233

0.792
0.989

0.906

0.415
-0.281
0.358
0.104
0.148

0.021
-0.058

1.104

-0.636
-2.661
0.055
-5.466
-1.341

-0.047
0.359

-0.852

0.194
0.889
0.012
0.967
0.667

Yeg(Li, Lee, et al. 2008
Li, Umeyama, et al.
2008)

Table 5. RIT-Seq data associated with putative

previous attempts at RNAI is also shown.
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4.1.2. Kinesin2 motors are essential for flagellar function in model organisms

Kinesin2 family proteins are important for the production and
maintenance of cilia and flagella in multicellular anodicellular eukaryotes.
Kinesin2s are plusend directed kinesins, which play an important role in
intraflagellar transport (IFT), as well as having roles in vesicle and melanosome
transport (Verhey and Hammond, 2009; Wordeman, 201KinesiR2 members
perform the anterograde transport of IFT particles, while cytoplasmic dyneins
perform the retrograde(Hao and Scholey, 2009)hey are, therefore, required
for the transport of ciliary or flagellar components. Kinegiproteins are known
to be essentialdr IFT and the production of axonemesdaenorhabditis elegans
Drosophila zebrafishXenopusmice andChlamydomonas reinhard{iMorga and
Bastin, 2013; Scholey, 2013h C. reinhardtii a common model for IFT studies,
raising temperature ensitive mutants ofFLA1Q which codes for a kinesih
motor, above permissive temperatures halts IFT, preventing assembly of new
flagella and maintenance of existing flag€lGole et al., 1998; Huang et al., 1977;
Kozminski et al., 1995; Walther et al., 1994)

The flagellum ofT. bruceiis essential for its suna¥ in its bloodstream
form (BSF) stag@ranche et al., 2006; Broadhead et al., 2006; Ralston and Hill,
2006) Cell shape and the cleavage furrow during cytokinesis are defined by the
flagellum (Robinson et al., 1995; Sun et al., 2012; Sunter et al., 200%s)
flagellum is also important in hogtarasite interaction, cell surface recycling and
in the movement of nutrients into the flagellar pocket, the sole site of eraiw
exocytosiqfor reviews sed.angousis & Hill 2014; Morga & Bastin 2018jthout
IFT and the proteins involved BStrypanosomes are unable to survive.
Knockdown of a number of conventional IFT proteins preserik.itrucei for
example, produced substantial growth defects and abolished synthesis of new
flagella in dividing cells, resulting in the production of rowlls, lacking the

normal trypanosome cell structur@bsalon et al., 2008b)

T. bruceihas two kinesir2s encoded in its genom@Vickstead and @l,

2006) KIN2A Th92711.13920 and KIN2BT{p927.5.209)) and both have been
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localised to the flagellum (Bill Wickstead, personal communication). Due to the
role these proteins perform in IFT in model systems and the importance of IFT to
trypanosomesurvival, one would expect knockdown of either to significantly
reduce growth rates. Only KIN2B had a significant impact on growth i8eRlT
after recalculation of significance, and only in BSF cells. A number of possibilities
exist that might explain tis discrepancy. Firstly, the expected essentiality just
might not exist. Secondly, the sensitivity issues with-$dd, as previously
discussed, may impact the calculated significance of the effecinesik2 on
fitness. Finally, some redundancy mightstxetween the two kinesh2 proteins,
preventing them from appearing as significant in-B€Q. This is an example of
the type of redundancy that would be interesting to assess, if a method to do so

were available.
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4.1.3. Knockdown of both kinesi2 motors isrequired to generate a growth

phenotype inTrypanosoma brucei

To establish whether redundancy exists between the two kin2sin
proteins inT. brucei three RNAI plasmids were produced. These plasmids were
designed so that double stranded RNA (dsRNA) wdeldproduced from a
qupnolLl TN IYSy KIN2ASr KINKBSoding QequenCes, ad well as
the two fragments in combination. These plasmids were transfected into
SmOxB427 cell@Poon et al.,, 2012and three clones from each transfection
selected. RNAi was induced for 96 hours in these clones, or cells left uninduced,
andthe number of cells counted every 24 hours. The cumulative cell number was
then calculated from the resulting cell count&iqure19). RNAI against individual
KIN2A ad KIN2B proteins had no significant effect on cell number (p=0.93 and
0.99, respectively; 4 test). The significance of the effect of KIN2B knockdown
differs from that observed in the RBeq experiment. This discrepancy may have
been caused by variatiliin the efficiency of RNAI, based on the sequences used
as templates for dsRNA production. When both kingsproteins were knocked
down there was a significant reduction in population growth (p=0.0025;t&st).
These data show that there is interamti between the two kinesi2 genes in
T.brucei It should be noted that it is not known how well each individual RNAI
worked in these cells, since the endogenous protein was not tagged and we do
not have antibodies raised against the proteins in questemno Western blot
was performed. It is, therefore, unknown if or how well the proteins were
knocked down in cells. The reproducibility across clones, however, suggests the

results are not an artefact of different knockdown efficiencies.
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Figure 19. RNAI against KIN2A and KIN2B individually does not affect growth rates, but
knockdown of both causes limited population decline. RNAi was induced against KIN2A,
KIN2B or a combination of the two for 96 hours. Cells were counted using a
haemocytometer every 24 hours and the cumulative cell number calculated.
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4.1.4. TheKIN2A/Bknockdown phenotype is not the result of a gross change to

the cell cycle

In order to determine whether the cell growth phenotype was due to
SFFSOla 2y HDKO20Hfia OGNS LEWF2NYSR 2V
cells. KN counts involve counting the number of kinetoplasts and nuclei in
trypanosome cells after stainingith DAPI. Cells that have yet to undergo division
KIgS 2yS (AySidz2Liftrad yR 2yS ydzOf Sdza |y
Kinetoplast DNA is replicated early in nuclear S phase and is segregated during S
YR DH LIKFaSs>s ONBSI G Aigeiplagts ahohdné nucebd. Ata & A (
anaphase nuclear DNA is separated, producing two nuclei in what are then
NEFSNNBR {2 (Hainmadbr, 200B; sVoodvEatd faid Gull, 199%n
overview of this is presented Iigure20. KN counts can be utilised to establish
the approximate stage of the cell cydells are in and can, therefore, be used to
RSGSNX¥AYS K2g¢g GNBFGYSyda FFFSOG | LI Lid:

cycle.

Cells were induced for 0, 8, 16 or 24 hours and assayed-fonmber
(Figure 21). Knockdown of kinesi@ proteins individually and in combination
resulted in time dependent increases in the number of cells with numbers of
kinetoplasts and nuclei greater than the normal content (>2K2N). 24 hdurs o
KIN2B knockdown significantly increased the number of >2K2N cells in all three
clones (p=0.037).012and 0.027; Zest). Knockdown of KIN2A resulted in more
significant increases in >2K2N cells (p<0.001 for all three clortesf)Zas did
knockdown ofboth KIN2A and KIN2B in combination (p<0.001 for all three
clones; Aest). These >2K2N cells were cells that had experienced a cytokinesis
failure and then initiated division again. These cytokinesis failures could have
influenced population growth, conbuting to the growth phenotype observed
previously. The increases in aberrant cells were not significantly different
between KIN2A and KIN2A/Bnockdown (p=Q2; paired t-test), however,
suggesting that this phenotype was not the root cause of the grgwidnotype

that occurred when both kinesiB proteins were knocked down.
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1K1N

2K1N

Figure 20. Division of kinetoplasts and nuclei can be used to determine cell cycle stage.
Cells not undergoing division have one kinetoplast and one nucleus (1K1N). Early in S
phase kinetplast DNA replicated and it is later divided during G2 phase, creating 2K1N
cells. As nuclear DNA is separated at anaphase two nuclei are formed and cells are then
described as 2K2N. Adapted from Jones et al. (2014).
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Figure 21. Knockdown of kinesin-2 proteins does not greatly impact the cell cycle. RNAI
against KIN2A, KIN2B or KIN2A and B was induced for 0, 8, 16 and 24 hours. Cells were
attached to derivatised slides and stained with DAPI. Using fluorescence microscopy, the
number of kinetoplasts and nuclei per cell was then counted.
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While KN counts were being performed on populations which both
kinesin2 proteins had been knocked down | also observed the presence of
GNRdzyR¢ OSftad ¢KSasS oOStta tFO0O1SR I
resembling phenotypes of IFT protein knockdogkbsalon et al., 2008b)To
determine whether the numbers of these cells increased in a {il®gendent
manner, they were also counted and percentages calculalgdufe 22). The
number of round ells increased in a timdependent manner over the 24 hour
period. All three clones displayed significant increases in these cells after 24
hours (p= 0.0019, 0.0016 and <0.004e&). Microscopy showed that round cells
do indeed lack normal trypanosomeomphology and appeared to have small or
absent flagellaKigure23). The flagellar pocket of these cells also appears to
greatly increase in size, suggesting a defecendocytosis. Furthermore, round
cells were only produced when both kineglnmotors were knocked down,

further demonstrating interaction between the two proteins.
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Figure 22. Rdundo cel | s fKiN2ArandaBhaeerknotkedtdbwn. RNAI against
KIN2A, KIN2B or KIN2A/B was induced for O, 8, 16 and 24 hours. Cells were attached to
derivatised slides and stained with DAPI. Using fluorescence microscopy, the number of
round cells was counted and percentages calculated. For single kinesin-2 knockdowns
only one representative clone is shown.
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Figure 23. Microscopy of representative cells after induction of RNAi against kinesin-2s.
RNAi was induced against, KIN2A, KIN2B and KIN2A/B for 24 or 48 hours. Cells were
attached to derivatised slides and stained with DAPI. Images of representative cells were
then produced.

4.1.5. KIN2A/Bknockdown prevents normal flagellum synthesis

Round cells appeared to lack flagella when viewed under a microscope.
Furthernore, rounding itself suggests failure of flagellum synthesis, as the
flagellum has an important role in determining cell shape in trypanosomes. To
determine whether round cells were producing flagella, cells were analysed by
immunofluorescence with an amidy recognising the PFR1 and 2 (paraflagellar
rod protein 1 and 2) proteins. PFR1 and 2 are a major component of the
paraflagellar rod, a structure found in kinetoplastid flagella that interacts with the
axoneme and is essential for flagellar functi@astin et al., 1998; Deflorin et al.,
1994; Gadelha et al., 2004)he paraflagellar rod is synthesised in concert with
the axoneme(Bastin et al., 1999)so staining of the rod is a good proxy for
staining of the whole flagellum. Staining of normal cells produced signal that
extended along the length of the flagellumRigure24A). Signal from round cells
(Figure24B) suggested that these cells had very small flagella, or lacked flagella
altogether. | also obmved dividing cells, in which only one flagellum was
observed Figure 24C), indicating that synthesis of a new flagellum had not
occurred. These results show th&hockdown of both KIN2A and KIN2B in
combination prevents synthesis of new flagella. This is expected due to the role
of kinesin2 proteins in IFT, the phenotypes observed having been caused by

defects in this process.
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Figure 24. Round cells (B) do not form full length flagella as seen in normal cells (A). Lack
of synthesis of new flagella can also be observed in dividing cells (C). Cells were induced
for RNAI against KIN2A/B for 24h and attached to derivatised slides. Cells were stained
with the L13D6 antibody and a TRITC labelled anti-mouse secondary and DAPI.
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4.1.6. Summary

In previous genomavide RNAI experiments knockdown of kinesins was
not found to have a significant impact on cell growthTinbrucei Many of these
kinesins, hwever, have been shown to be important for cell survival in
trypanosomes or in model systems in other studies. These discrepancies could be
explained by interactions that occur between kinesins, particularly redundancy.
By knocking down kinesid proteinsin T. bruceindividually or in combination, |
have demonstrated the role these kinesins perform in IFT and that redundancy
exists between the two. Adverse phenotypes were only observed when both
kinesin2 proteins were knocked down in combination, promiglievidence of this
redundancy. It is likely that similar interactions occur between other
trypanosomal kinesins and these interactions will, therefore, need to be

accounted for when producing an RNAI library for future experimentation.
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4.2. Generation of conbinatorial libraries

4.2.1. A method for generating libraries of random pairwise combinations for

use in RNA interference

| have shown that redundancy exists among kinesin proteins iorucei
and that this can affect the growth phenotypes observed after RNAsCFeen
kinesins by RNAI, it would be useful if this redundancy could be accounted for. A
solution to this issue would be the production of RNAI libraries containing

pairwise combinations of kinesin CDSs.

| designed a strategy for the production of a page combinatorial RNAI
library Figure25). The CDSs of all 47 kinesin or kindigim proteins are produced
by PCR and equal masses of PCR product are mixed. Xhie sonicated to
produce random ~200bp fragments. Due to having been mixed in equal mass, all
kinesin sequences are expected to be represented by an equal number of
fragments. The fragments are emdpaired to produce blurends and two
RA T T SNB Yy lsequéances yaddetlE One linker contains a restriction
endonuclease site for the purposes of linking fragments, to produce the pairwise
combinations. These combinations are expected to contain random combinations
of fragments in random orientations, due todtbluntend ligation of linkers. The
second linker contains a second endonuclease site, so that linked fragments can

be inserted into an RNAI plasmid, producing the plasmid library.

Though fragments will require two different linkers, in order to be both
linked and inserted into plasmids, it is likely that significant proportions of the
library will have a single linker at both ends, due to the use of blunt end ligation.
The strategy for producing the library will, therefore, include an additional
vectorette PCR step, before fragments are linked. Using this approach, in
combination with size selection, it is possible to amplify fragments with two
different linkers, by PCR, so that the library can be modified to exclusively include
fragments that carry bothikkers Figure26). This methodology, involves the use
of a linker that includes an incompatible region and an endonuclease site (linker

B) and a linker without thisegion and a second endonuclease site (linker A). In
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the first step of PCRF{gure26B), DNA strands can only be produced by primers
that bind to linker A. This creadea region complementary to the incompatible
region in linker B that a second primer binds to, to produce a second strand
(Figure26C). Until the first stage of PGRe second primer is incapable of binding

to anything and dsDNA is not produced. This strategy is not perfect, however. It is
possible for PCR product to be produced from template that carries linker A at
both ends, because both ends will bind the firstinpger. To overcome thjs
linker A and linker B can be ligated to library fragments in a 1:4 ratio, to reduce

the number of fragments with two copies of linker A to ~5% of fragments.

It would be helpful to produce combinations of greater than two, to
accountfor interactions that might occur between greater numbers of kinesins.
Such combinations are unfortunately unfeasible due to the limited read lengths
produced by next generation sequencing. It is likely that in combinations of three
sequences, for exampléhe central fragments would be left unsequenced, as the
reads would not extend from the barcoded regions outside the fragments to the

centre of the combined fragments.
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Figure 25. Library assembly schematic (not to scale). CDSs (1) are sheared into 200bp
fragments by sonication (2). Ends are repaired
ligated onto the fragments (4). Linkers are digested with a restriction endonuclease,
recognising a site on one linker (5), and fragments ligated together (6). After the digestion

with another enzyme (7), the sequence combinations can be inserted into an RNAi vector
(8), containing two promoters, for dsRNA production.
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Figure 26. A vectorette PCR strategy for production of library fragments with the desired
linkers. A fragment carries two different linkers (A), and linker A and linker B, which carries
an incompatible region. When primer A anneals to the linker A in the first round of PCR
(B), it produces a strand with a region compatible to the incompatible region in linker B.
Primer B can only bind to this new region (C) and, therefore, amplification occurs when
both linkers are present.
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4.2.2. Producing the kinesin contmtorial library

| aimed to produce a library that would contain the CDSs of all 47 kinesin
or kinesinlike proteins inT. bruceias well as the three cytoplasmic dynein heavy
chains. Dyneins were included to act as a control and in order to discount them
from roles in mitosis. In order to produce CDSs for use in the library, PCR was
performed. Primers were designed that would amplify sequences ffoirucei
TREU927 genomic DNA€ctronicAppendiy. If a sequence was greater than 3kb,
primers were desiged to produce 2.5 to 3kb, otherwise the whole sequence was
amplified Eigure 27). The amount of DNA produced was determined by
spectrophotometry, so that an equal mases$ all sequences could be mixed for

random library production.

The PCR product, described above, was sonicated to create fragments of
~200bp Figure28A). Fragmentsvere repaired with Klenow and linkers attached
by blunt end ligation. The first linker contained the incompatible region and an
Sfil site, while the second did not and contained an Avrll site. Avrll was chosen
due to its absence in kinesin sequences, whifd was chosen due to its non
palindromic cut sites, preventing saliosing. The linkers were also nron
phosphorylated to prevent them from ligating to each other. Sfll linkers, Avrll
linkers and fragments were ligated in a 20:4:1 ratio. The DNA was gkén
extracted to remove any linkers that had not ligated and to remove any
fragments that had been ligated to each oth&igure28B). Sfil linkers were also
ligated alone so that a single fragment library could be added to the
combinatorial library, to ensure full coverage of every single fragment and to
provide a comparison for knockdown results later on. Vectorette PCR was then
performed to specifically amplify fggments with the correct linkers attached.
Fragments with Sfil and Avrll linkers were digested with Avrll and ligated to link
TN} AYSyida FyR FT2NY GR2dzof S¢ FTNFYIYSylhao
then size selectedrfgure28/ 0 | YR Odzi ¢A 0K {FAL® a{Ay3
iNop2TZMT T4 | YR G R2 dedtft 1S984® K/SIRS Lowbt!TA LI | ay

tetracycline inducible T7 promoters for production of dsRNA sutelgrate into
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YAYAOKNR Y2 aRWwRBad BKNEYyad 2F (GKS LIFAYAR RATFTFSN
cloning sites.

A 2 s oA

Ligation of either siz& St SOGSR AGR2dzof S¢ 2NJ aaAy3at Sé
p2T7177 derivatives produced libraries consisting of an estimated 1.%6x10
independent clones 1.5x%0dndependent clones, respectively. This provided a
coverage of every possible combination of motor of ~12,000x and coverage of
individual motors of ~3,000%. To confirm fragment insertion test digests were
performed on plasmidsHigure28D). A digest was designed using Notl, Xhol and
902wL>X (KIFG ¢2dAZ R RNRL) 2dzi GKS TN 3IYSyidhaz I a
HTOLI 2F 0Q LIX I réb¥ d4eBn as d~750bpdik-A,@Ebp kahd on the
gel. When Auvrll is added to the doubles test digest, the band drops by ~200bp,
suggesting a double fragment has been cut in half. These digests, therefore,
confirmed that single and double libraries had beewnduced by the described
methodology and that these libraries contained the correct number and size of

fragment.
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Figure 27. Production of kinesin and dynein heavy chain CDSs. Touchdown PCR was
used to produce kinesin and cytoplasmic dynein heavy chain CDSs, or 2,500 to 3,000bp

of a CDS if it exceeded 3,000bp. PCR product was run on agarose gels to confirm.
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Figure 28. Library production. Kinesin and dynein CDSs were sonicated to fragment them
and a 200-300bp band gel extracted (A). Fragments were repaired with Klenow and
Al i nker 0 s e-gnd égatedeosto them YB). DNA was extracted to remove linkers
that had ligated to themselves and fragments with more than two linkers. Vectorette PCR
was performed to produce a library with the correct linkers. Fragments with Avrll linkers
were disgested with Avrll and ligated to produce doubles (C). Single and double
fragments were then ligated into RNAIi plasmids. Test digests were then performed on
plasmids to confirm fragment insertion (D).

4.2.3. The parkinesin library contains all possible pairwise combinations

To test the effectiveness of the library strategy and overall coverage,
microtubule motor CDS fragments from the plasmid library were sequenced.
Fragmentsg SNE I YLX AFASR FTNRBY (KS GR2dzf Sat¢
LINA YSNB GKIFIG I RRSR LffdzYAyl |RFEFLIGSNASD® &
mixed 9:1 and sent for sequencing by lllumina MiSeq (75bp paired end reads).

~23.2x16 read pairs were returned, of which ~22.9%Iassed quality control.
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89% of the reads could be uniquely mapped to TREU927 kinesin and dynein CDSs

(4% mapped to more than one CDS and 7% remained unmapped).

To confirm that libraries were made up of the desi fragment size of
unannollE Fylfeara 2F GKS aArai sa 2F AyaSNI TN
performed Eigure 29). Paired reads were mapped to the genome ahe
distance between the reads calculated. Reads that were separated by less than
500bp and were orientated so that forward and reverse reads faced each other
were identified as single fragments and the distance between them plotted.
Insert size ranged beteen 60 and 320bp and followed a bshaped distribution.
The most common fragment size was 1B8Dbp. This is slightly smaller than the
expected fragment size of 200bp, showing the difficulties in extracting DNA of
specific size, but is still suitableNd dza S Ay wb! A®d { Ay OS (KS d&aRZ2dz
produced from these fragments, it is expected that the distribution of fragment

sizes in these plasmids follows a similar profile.

Reads were mapped to kinesin and dynein genes, to determine how they
were distributed and whether there were any biases for particular regions of
genes Figure30). There is some variation in how well represented regions of
individual genesare, but good coverage overall. This variation may have been
caused by skewed amplification of AT and GC rich regions that can occur in PCR.
As lllumina sequencing technologies are based on PCR they can be influenced by
this. It is also possible that thiariation was caused by how easily regions were
sheared. For the majority of genes there is an overrepresentation of reads at the
beginning (in the forward orientation) and end (in the reverse orientation) of the
sequence. These spikes in frequency ar@eeked of the methd used to
generate the libraryWhen linear DNA, such as kinesin coding sequence amplified
by PCRis fragmented by sonication, sequences towards the ends will always be
adjacent to an end after fragmentationThere is a greater chancéat these
sequences will be cloned and be present withinwgsEaring reads and they will,

therefore, be overrepresented.
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Next, mapping of forward and reverse reads was compared. All possible
combinations of kinesins and dyneins were present in the librAsyexpected
from the 9:1 ratio of input DNA (expected to give ~1:5 ratio between any one
combination and single fragmentfigure31 RSY2y a4 N> 6Sa GKI G da
F2dzy R Y2NB 2F0GSy GKFYy Fyeé O2YO0AYylGAz2y ®
as combinations of the same kinesin, as the analysis did not differentiate
between the two. Considering only pairs for which the forward and reverse read
mapped to different kieshs (Figure32) shows there is some variation in the
number of reads for individual combinations. Some combinations are
represented by as little as ~15x fewer readlsan the most abundant
combinations. Although the least well represented combinations appear in small
numbers, they suggest a minimum library coverage of-2a% exists, within the

small portion of the library that was analysed (<2%).

A small number of aabinations in the library correspond to a very high
number of reads, suggesting they are highly overrepresented in the library.
Combinations of Th927.3.3990 and Tbh927.3.3400, both of which are kinesins
specific to trypanosomatidgWickstead and Gull, 20Q6are apparently very
2OSNNBLINBASY(iSRd ¢KA&a OFly o6S8S SELXIFAYSR
The CDSs of Tb927.3.3990 or Th927.3.3400 align very closeltharedore, a
FNI AYSyYyd 2F SAGKSNI /5{ Ay (KS aaiay3dfSacs
of the two, resulting in this apparent overrepresentation. This also explains the
levels of Tb927.4.3910 and Th927.8.8350 combinations, which are
overrepresened to a lesser extent. These sequences code for kildland
KIN134b, respectively, and align well, causing a similar issue with read

assignment.
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Figure 29. Library fragment size analysis. Read data was used to determine the sizes of
single CDS fragments throughout the library.
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Figure 30. Examples of fragment distribution analysis. 40,000 randomly selected read
pairs were mapped to kinesin and dynein CDSs and the numbers of reads corresponding
to a specific region of a CDS plotted. Bars representing 10bp of a gene are mapped to
representations of that gene, the height of the bar representing the number of reads that
map to that region. The colour of the bar represents the direction of the read, with blue
representing forward reads and red representing reverse reads.
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Figure 31. Library coverage analysis. For 40,000 randomly selected read pairs the
number of reads representing combinations of fragments and single fragments was
determined. The number of reads was used to produce a heat-map of all possible
combinations, with blue representing fewer reads produced and white representing a
greater number of reads.
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Figure 32. Doubles coverage analysis. The number of reads representing combinations of
fragments only was determined. The number of reads was used to produce a heat-map of
all possible combinations, with blue representing fewer reads produced and white
representing a greater number of reads.
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4.2.4. Cells expressing hairpin RNA sequences do not phenocopy individual

kinesin knockdown

The strategy for generation of the combinatorial library, presented here,
produces random combinations of fragments in varying orientations. This creates
the possibilitythat combinations might be generated that contain the same
fragment in the reverse orientation,e. hairpins. Hairpin constructs, which form
dsRNA by intramolecular folding, are believed to be more effective for
knockdown of the targeted mRNA than hetshead constructs, although there
is little experimental data that directly address this. RNAI constructs that produce
RNA hairpins when transcribed have been used for RNAI in model systems in the
past(Agrawal et al., 2003)put this practice has since been largely superseded by
the introduction of siRNAs by various delivery systems. Similar hairpin producing

constucts have also been usedinbrucei(Kalidas et al., 2011; Shi et al., 2000)

In order to investigate the effects of RNA hairpins on kinesin RNAI in
T.brucej two more kinesif2 RNAI plasmids were produced. They contained a
pairwise combination of the KIN2A or KIN2B fragment, used previously,
orientated so that a hairpin would be formed when transcribed. These constructs
were transfected into SmOxB427 cells and three clones selected. In the case of
KIN2A however, only one survived. Knocking down KIN2B using a hairpin
significantly limited cell growth (p=0.009;-XKtest), althoughcells began to
recover after 72 hoursHigure33)
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Figure 33. Knockdown of individual kinesin-2s using RNA hairpins temporarily limits cell
growth. RNAIi was induced against KIN2A and KIN2B, using hairpin constructs, for 96
hours and cells counted every 24 hours. These counts were then used to calculate
cumulative cell number. Examples of previous results are included for comparison.
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4.2.5. Hairpins have a greater effect on the trypanosome cell cycle

To determine the effect of hairpin RNAi on the trypanosome cell cycle,
K-N counts were performedThese counts are presented Figure34 and a
breakdown of these counts, as bubble plotsFigure35. InFigure34, an increase
in the number of 2K2N and >2K2N cells can be observed dkiMaB/BRNAI.
Over time hese >2K2N cells contain increasing numbers of kinetoplasts and
nuclei Eigure 35). An increase in 2K2N cells suggests cells have properly
segregated replicated kineptast and nuclear DNA, but have stalled at
cytokinesis. Increases in cells with even greater numbers of kinetoplasts or nuclei
suggests further attempts at division in stalled cells. Furthermore, no rounding of
cells was observed duringIN2B/BRNAI (data not shown). The growth defect
ensuing from KIN2B/B knockdown is, therefore, the result of a very different

phenotype to that produced by KIN2A/B knockdown.
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Figure 34. RNAI against single kinesin-2s using hairpins causes cytokinesis defects. RNAI
using KIN2A/A and KIN2B/B template was induced for 0, 8, 16 and 24 hours. Cells were
attached to derivatised slides and stained with DAPI. Using fluorescence microscopy, the
number of kinetoplasts and nuclei per cell was then counted.

134



Number of nuclei Number of nuclei Number of nuclei

Number of nucle

6
5
4
3

6_

4
3
24

SmOxB427 Parental

n=259

g .o

n=260

Undefined
>2K2N

2 3 4 5 6
Number of kinetoplasts

% of cells

KIN2A RNAi Clone 3

n=258

Undefined
>2K2N

n=271

n=307

Undefined
>2K2N

n=289

L

)
Undefined
>2K2N

01 2 3 4 5 6
Number of kinetoplasts

KIN2B RNAi Clone 3
Oh

n=261

Undefined
>2K2N

8h

n=268

16h

]

n=272

24h

n=287

Undefined
>2K2N

01 2 3 4 5 6
Number of kinetoplasts

135



Figure 35. KIN2B/B RNAI increases the number of kinetoplasts and nuclei in cells in a
time-dependent manner. KN count data was replotted as bubble plots, to demonstrate the
distribution of kinetoplasts and nuclei within the cell population and its change during
RNAI. The size of the bubble represents the number of cells with a particular number of
kinetoplasts and nuclei, which are plotted on the x- and y-axes, respectively.
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