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Abstract

Leishmaniasis is a vector-borne disease that is caused by several species of the obligate intra-
cellular protozoan parasite Leishmania. Leishmaniasis is a tropical and sub-tropical disease
affecting between (12 — 15) million people worldwide. An estimated 1.5 to 2 million new cases
occur and it causes 70,000 deaths per year. The flagellated protist Leishmania is one of the
model organisms to study flagellar assembly. Here, we used L. mexicana as a model to
investigate flagellar kinesin motor proteins. Kinesins are a large superfamily (KIFs). More than
15 kinesin families were classified by phylogenetic analysis (Wickstead et al., 2006). Kinesins
are motor proteins that convert the energy from ATP hydrolysis into mechanical work to drive
cargo along microtubules in a variety of cellular processes, organelle transport and cell
division. Disruption of the normal function of these proteins has been shown to lead to many
pathologies, including ciliopathy, neurodegenerative diseases and cancers. The current study
presents a comprehensive biochemical and cell biological analysis of three kinesins thought

to be associated with flagellum formation.

Initially the cloning, mapping, and expression of the novel kinesin LmxKin29 were achieved.
LmxKin29 is expressed in both the amastigote and promastigote life stages of L. mexicana.
LmxKin29 can be assigned to the “orphan” kinesin family. Prior to the beginning of this work,
the MAP kinase homologue LmxMPK3 was found to phosphorylate a peptide derived from
LmxKin29 encompassing serine 551 and serine 554 (Rosengqvist, 2011; Emmerson, 2014).
Here, a full-length GST-fusion protein of wild type LmxKin29 and five different mutants with
substitutions of the putative serine or threonine phosphorylation sites, by alanine or aspartate,
namely LmxKin29SA, LmxKin29SD, LmxKin29A2, LmxKin29A4 and LmxKin29554A were
analysed. Using these mutants, it was possible to narrow down the site that is phosphorylated
in activated His-LmxMPKS as serine 554. To assess the function of LmxKin29 in L. mexicana
single and double allele null mutants were generated. Morphological analysis of promastigotes

displayed no obvious phenotypic differences comparing the mutants with wild type cells.



Localisation studies using GFP-tagged LmxKin29 revealed that it is predominantly found in
between the nucleus and the flagellar pocket, while in dividing cells LmxKin29 was found at
the anterior and posterior ends of the cells. Hence, LmxKin29 might play a role in cytokinesis.
Female Balb/c mice infected with ALmxKin29-/- null mutant promastigotes did not show a
footpad lesion, whereas LmxKin29 add-back clones and single allele knockout clones caused
the disease similar to wild type parasites. It was confirmed by ELISA that the serum of mice
infected with L. mexicana wild type, single allele mutants and add-back mutants showed
increased levels of IgG1 and 1gG2a. However, the LmxKin29 null mutant scored very low
similar to the level of uninfected mice serving as a negative control. The inability to cause
lesions in the infected animal suggests that LmxKin29 is a potential drug target against
leishmaniasis. On the other hand the absence of an immune response against the LmxKin29

null mutant clearly rules out these mutant parasites as an attenuated live vaccine.

LmxOSM3.1 and LmxOSM3.2 were found to be homologous to flagellar kinesin-2 in
trypanosomatids (L. major and T. brucei). They also showed sequence similarity with kinesin-
2s of human kinesin KIF3A/B as well as with C. reinhardtii FLA8/FLA10 and C. elegans
kinesin-like protein kip-20klp11. LmxOSM3.1GFP localisation was identified along the
flagellum of L. mexicana promastigotes, while LmxOSM3.2RFP was localised at the tip of the
flagellum. Hence, both kinesins might be involved in flagellum formation. LmxOSM3.1 has
been identified previously as a substrate of LmxMPK3 and LmxMPK13. Kinase assays using
GST-LmxOSM3.2 with activated LmxMPK3 showed that this kinase cannot phosphorylate
LmxOSM3.2 in vitro. We can hypothesise that LmxOSM3.1 and LmxOSM3.2 are core IFT
motors that are involved in the assembly and maintenance of the flagellum, whereas

LmxOSM3.2 exhibit as an accessory motor that provides flagellum-specific functions.
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CHAPTER 1

General Introduction



1 Introduction

1.1 Leishmania and leishmaniasis

Leishmania are pathogenic, unicellular parasites belonging to the class Euglenozoa,
order (Kinetoplastida, family Trypanosomatidae) from the genus Leishmania.
Leishmania species are the causative agents of leishmaniasis, the second most
dangerous disease in tropical and sub-tropical countries. The parasites were first
discovered by the Scottish army physician Sir William Leishman. The Irish physician at
Madras University, Charles Donovan, independently discovered the parasite in the

spleens of patients in 1900 (Cox, 2002).

1.1.1 Taxonomy of Leishmania species

Leishmania have received much attention from the scientific community because of their
wealth of interesting cellular processes and zoonotic significance. Kinetoplastida are
named for the presence of the kinetoplast, consisting of the condensed DNA of the large
mitochondrium, which is closely associated with the basal body of the flagellum
(Mehlhorn, 2008 ). Kinetoplastida are divided into two suborders depending on the
number of flagella for each cell, the free-living biflagellate Bodonina and the
Trypanosomatina, which have only a single flagellum and are mostly parasitic. The
suborder Trypanosomatina includes the family Trypanosomatidae consisting of nine
different genera. While some of them use plants, insects or reptiles as their main hosts,
the genera Endotrypanum, Trypanosoma and Leishmania infect mammals (Mehlhorn,
2008 ; Stevens, 2008). Currently DNA sequence-based phylogenies have clearly
classified Leishmania parasites into three subgenera Leishmania, Viannia and the
Sauroleishmania (Figure 1.1). Human cutaneous leishmaniasis is caused by ,
Leishmania major in Africa and Asia, and Leishmania mexicana in Central and South
America. Many species in the subgenus Viannia, are restricted to Latin America for

example Leishmania braziliensis. Sauroleishmania species are the “lizard Leishmania”
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and they are non-pathogenic to humans. Leishmania tarentolae in particular has become

a popular model organism for that reason (Bates, 2007; Ready, 2014).

[ Genus Leishmania ’

Viannia ‘ Sauroleishmania
| (New world) (Old World )

L. braziliensis

; ’ FErer R L. peruviana
L. il bt L‘ amazonensis Lpanamensis
- tropica L. infantum : L. guyanensis

L. aethiopica

Old World [ ; I [ New World ] L. tarentolae
Mol Cutaneous CL) L. gymnodactyli

Figure 1.1 Leishmania genus.
Leishmania, Viannia and Sauroleishmania with a list of Leishmania species that cause different

clinical forms of leishmaniasis, adapted from (Bates, 2007).




1.2 Leishmaniasis

Leishmaniasis contains a wide variety of clinical manifestations depending on the
parasite species involved and the host immune status. It ranges from asymptomatic
simple cutaneous ulcers (CL) to huge damage of cutaneous and subcutaneous tissues
in the mucocutaneous forms (ML) and the invasion of the liver and other organs in the

visceral form (VL) (Cox, 2002; Duthie et al., 2012).

1.2.1 Human visceral leishmaniasis VL

Human visceral leishmaniasis known also as Kala-azar (Black fever) is the most
dangerous leishmaniasis and most likely causes death if left without treatment because
of the parasite involvement in damage of visceral organs such as the liver, spleen and
bone marrow of the host. VL caused by L. donovani is restricted to the (sub) tropics of
Asia and Africa while L. infantum (VL) occurs in the drier parts of Latin America as well
as in the Mediterranean basin region and the Middle East of the Old World (Figure 1.2

A) (Ready, 2014; Anfossi et al., 2018).

1.2.2 Cutaneous leishmaniasis

Cutaneous leishmaniasis presents with skin ulcers caused by L. tropica, L. major and L.
aethiopica in the Old World and L. mexicana in the New World. L. mexicana is found in
Central America and the Amazon Basin (Figure 1.2 B) (Table 1.1) (Duthie et al., 2012).
These species typically cause a localised lesion of the skin with small red papules, which
heal spontaneously within 3 months to a year (Nylen and Eidsmo, 2012; Wijnant et al.,
2018). Depending on the infecting Leishmania species, the lesions develop into
erythematous nodules and swollen ulcers. Satellite lesions sometimes develop in the
proximity edge to the primary lesion. Skin ulceration in leishmaniasis is related to an
extreme local inflammatory response towards infected macrophages and necrosis of the
dermis precedes the ulceration, which usually occurs a few weeks after lesion

development (Nylen and Eidsmo, 2012).
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1.2.3 Mucocutaneous leishmaniasis

Mucocutaneous leishmaniasis is an infection caused by L. braziliensis, found in South
American nations, like Brazil, Eastern Peru, Columbia and Venezuela. Some Leishmania
species cause both cutaneous and mucocutaneous disease the latter being chronic with
slow-healing lesions, which diffuse in the skin and mucosal tissues. Mucocutaneous
leishmaniasis leads to partial or total destruction of mucous membranes of the nose,
mouth and throat.

Geographic distribution of leishmaniasis is generally restricted to tropical and temperate
regions, which are the natural habitats of the sand fly and it is limited by the sand fly’s
susceptibility to cold climates. Females of two sand fly genera, Phlebotomus and
Lutzomyia, are of medical significance as they are the only vectors of Leishmania sp.
pathogenic for humans (Ramalho-Ortigao et al., 2010).

The sand flies tend to take blood from humans or animals only and a specific relationship
exists between sand flies and Leishmania such that, in nature, only certain species of
sand flies are able to transmit certain species of Leishmania. Leishmaniasis is becoming
more widespread throughout the world with the increase in international travel, migration,
overseas military exercises, and co-infection with human immunodeficiency virus (HIV)

(Who, 2016; Sukla et al., 2017).

1.3 Epidemiology of leishmaniasis

Leishmaniasis is endemic in the tropical and subtropical regions of Africa, Asia, the
Mediterranean, Southern Europe (Old World), and Central America (New World).
Approximately, 12 million people are currently infected, and a further 350 million are at

risk of obtaining leishmaniasis in around 100 countries (Sukla et al., 2017).

The World Health Organization (WHO) in 2015 reported 0.7-1.3 million cases of
cutaneous disease and 0.2-0.4 million cases of \visceral disease
(www.who.int/leishmaniasis/en/). An estimated 1,5-2million new cases and 70 000

deaths per year have occurred. In 2014, more than 90% of VL cases occurred in six
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countries (Figure 1.2A): Brazil, Ethiopia, India, Somalia, South Sudan and Sudan, and
caused high morbidity and mortality in affected communities. While most cases (70—
75%) of CL occur in ten countries (Figure 1.2B): Afghanistan, Algeria, Colombia, Brazil,
Iran, Syria, Ethiopia, North Sudan, Costa Rica, and Peru (Cantacessi et al., 2015; Who,
2016; Sukla et al., 2017). The epidemiology of cutaneous leishmaniasis in the region of
the Americas is complicated, with intra- and inter-specific variation in transmission
cycles, reservoir hosts, sand fly vectors, clinical symptoms and response to therapy, and
various circulating Leishmania species in the same geographical part. Almost 90% of
mucocutaneous leishmaniasis cases occur in the Bolivia, Brazil and Peru

(www.who.int/leishmaniasis/en/).


http://www.who.int/leishmaniasis/en/

o SR Notspphcatis

World Health
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Figure 1.2 Geographical distribution of leishmaniasis.
A, distribution of visceral leishmaniasis. B, distribution of cutaneous leishmaniasis, adapted from
(WHO 2015).



1.4 Leishmania life cycle

Leishmania have a digenetic life cycle alternating between a mammalian host and insect
vector (Figure 1.3). The parasites are usually transmitted between vertebrate hosts by
the bite of female phlebotomine sand flies of the genus Phlebotomus in the Old World
and Lutzomyia in the New World. Both genera belong to the family of Psychodidae (moth

fly) of the order Diptera (Duthie et al., 2012; Ready, 2014).

Leishmania parasites undergo a complex life cycle counting several morphological
variants, including two remarkable stages. The insect motile promastigote stage has a
spindle-shaped cell body, is 11-20 pm in length and 2 pum in diameter with a long
flagellum projecting from the flagellar pocket, and has a large central nucleus and
kinetoplast (Figure 1.4 A). The vertebrate stage are immotile small (3—5 pm), rounded
amastigotes which are intracellular parasites found in phagolysosomes of
macrophages or other phagocytes in the skin (Figure 1.4 B) (Erdmann and Scholz,

2006; Teixeira et al., 2013).

The life cycle starts when a female sand fly acquires parasites from an infected mammal
while taking a blood meal. The cutting action by the mouthparts of the sand fly produces
a small wound in the skin that releases skin macrophages and amastigotes into the blood
pool, which are subsequently taken up to end in the gut in the abdomen of the sand fly
(Lane and Crosskey, 1993; Kaye and Blackwell, 2008). The change in conditions of
moving from the mammalian host to the sand fly midgut (decrease in temperature,
increase in pH) induces differentiation of the parasite into motile promastigotes with a
flagellum beating at the anterior end. The amastigotes transform into first stage procyclic
promastigotes in the insect, which is a weakly motile replicative form (Bates and Rogers,
2004; Teixeira et al., 2013). After around 48—72 hours, the parasites begin to slow their
replication and differentiate into highly mobile, long nectomonad promastigotes. These
migrate and are released from the blood meal by the action of a parasite or sand fly
secretory chitinase, and then the nectomonads accumulate at the anterior end of the

midgut (Bates, 2007; Dostalova and Volf, 2012).
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They move towards the anterior midgut, later develop into short promastigote
nectomonads called leptomonads which enter another proliferative cycle some of them
attach to the microvilli of the midgut epithelium, until they reach the stomodeal valve
(cardia) that guards the junction between foregut and midgut. Eventually, some
leptomonads differentiate into the virulent metacyclic promastigotes (Figure 1.3), stop
dividing, leaving the midgut and migrate to the insect’'s mouthparts (Barbieri, 2006;
Bates, 2007; Muxel et al., 2017). At this stage the parasites also produce a substance
called the promastigote secretory gel (PSG), which plays a key role in transmission
(Rogers et al., 2002). In addition, specific changes occur in metacyclics that enable the
parasites to evade the immune system and survive inside the mammalian host, for
example the glycolipid, lipophosphoglycan (LPG) and the glycoprotein GP63 cover the
parasite’s surface. LPG mediates attachment of the parasites to the epithelium of the
insect’s gut (Kamhawi, 2006b). LPG and GP63 on the surface of procyclic promastigotes
prevent the parasites from lysis by factors in the sand fly’s gut. Moreover, LPG assists
the parasites to attached to the epithelium of the insect’s gut (Dostalova and Volf, 2012).
In the mammalian host, LPG acts as a virulence factor allowing safe passage of
metacyclic promastigotes through neutrophils. There is considerable diversity in LPG

structure among Leishmania spp (Kaye and Scott, 2011)
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Figure 1.3 The life cycle of Leishmania spp.
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Figure 1.4 Diagram showing the shape of Leishmania amazonensis promastigotes and
amastigotes. Adapted from (Teixeira et al., 2013).
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1.5 Leishmania genome organisation

The haploid genomes of Leishmania species are organised in 36 chromosomes (0.28
to 2.8 Mb) for the old World species L. donovani, L. infantum, L. major, L. tropica and L.
aethiopica, while there are 34 to 35 chromosomes with chromosomes 8 and 29 and 20
and 36 fused in the L. mexicana group and chromosomes 20 and 34 fused in the L.
braziliensis group for the New World species (lvens et al., 2005; Sterkers et al., 2012).
Gene order and sequence are highly conserved among the ~30 Leishmania species

(Ivens et al., 2005; Sterkers et al., 2012).

The analysis of the Leishmania genome at the single cell level using fluorescence in situ
hybridization (FISH) has confirmed that the genome organisation is a mosaic aneuploidy.
This genome plasticity of Leishmania has been considered as a distinct molecular
feature compared with other unicellular - or multicellular eukaryotes such as yeasts or

mammals (Sterkers et al., 2012).

Mosaic aneuploidy in Leishmania species means that a chromosome might be present
in different ploidy states either monosomic, disomic or trisomic. In addition, the genomic
content of Leishmania is fundamentally heterogeneous. Mosaic aneuploidy increases
the level of genomic variability of the cells. Secondly, mosaic aneuploidy probably
supports the parasite’s ability to adapt to environmental changes and also supports
antibiotic resistance mechanism (Papadopoulou B et al., 2003; Sterkers et al., 2012;

Coughlan et al., 2018).

In 2015, Fiebig and co-workers have carried out the first transcriptome evidence-based
annotation of gene models for the L. mexicana genome. They provided a comparative
analysis of gene expression between promastigote and amastigote forms using lllumina
sequencing of poly-A selected RNA. Genome analysis revealed that the L. mexicana
genome comprises 9,169 protein-coding genes including 936 new protein-coding genes
that have not been previously described. They showed that 3,832 genes are differentially
expressed between promastigotes and intracellular amastigotes. In amastigotes, a

significant percentage of genes that are related to the function of the motile flagellum
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were downregulated. In contrast, those genes that were upregulated involved cell
surface proteins, transporters, peptidases and several undefined genes, counting 293 of
the 936 novel genes. They found that the tetraploid chromosome 30 is enriched for genes
that are upregulated in amastigotes providing first evidence of a link between entire

chromosome doubling and parasite adaptation to the vertebrate host (Fiebig et al., 2015).

Genomes sequenced of L. major and L. infantum revealed that the ~8,000 protein-coding
genes lack introns and are organised in relatively large polycistronic units called
directional gene clusters (DGCs) (Smith et al., 2007). Mature mRNA coding for each
gene is formed by 5'-trans-splicing coupled to 3'-polyadenylation. Gene expression is not
primarily regulated at the level of transcription, but instead post-transcriptionally at the
levels of MRNA stability and translation (lvens et al., 2005; Haile and Papadopoulou,
2007; Coughlan et al., 2018). Nearly one third of the Leishmania protein-coding genes
are clustered into families of related genes. Whereas smaller families have most likely
developed by tandem gene duplication, genes of larger families have various loci
containing single genes and/or tandem arrays and often represent Leishmania-specific
genes. Genes of highly expressed proteins such as a- and B-tubulins, flagellar proteins,
heat shock proteins (HSPs) are often organised in direct tandem repeats, which most
likely serves as a mechanism to increase the abundance of the primary transcripts
(Brandau et al., 1995; Ramirez et al., 2012). In addition to the genomic DNA that is
located in the nucleus, Leishmania possess extra genomic DNA, the kinetoplast DNA
(kDNA) which is located in the single, large mitochondrion of the parasite and makes up
10 to 15% of the total cellular DNA. The kDNA involves several thousand circular, non-
supercoiled DNA molecules, which are organised to generate a highly condensed planar

network (Lukes et al., 2005).
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1.6  Structure and function of the eukaryotic flagellum

Flagella are specialised cellular appendages, which project from the outer surface of
many protozoa and mammalian cells. However, some other eukaryotic cells like yeast
and higher plants are devoid of this apparatus (Parsons et al., 2005; Merchant and Et-
Al, 2007). Flagella show the same construction as cilia, however, they are much longer.
The flagella’s length is ranging from a few pm to more than 2 mm like in insect sperm
flagella (Lodish et al., 2013). Flagella/cilia functions are different depending on the type
of cell. Some cilia are for motility, while others are for sensory reception and signalling
(Broadhead et al., 2006; Mizuno et al., 2012). The motile forms are capable to propel
cells through a liquid environment like in Leishmania, Chlamydomonas, and
Trypanosoma (Mizuno et al., 2012). Ciliated epithelial tissue in mammals use the
coordinated beating of many cilia to move liquid and mucous over the cells (Lodish et
al., 2013). Non-motile cilia are used to sense a wide range of stimuli in sensory
organelles. For instance, the cilia in the photoreceptor cells in nervous tissue in humans
which are highly modified cilia that can sense visible light, in addition the olfactory cilia,
which are highly sensitive for a range of odour molecules found in odorant olfactory
sensory neuron receptors (Broadhead et al., 2006). Flagella can also be involved in other
functions, such as cell adhesion, division and morphogenesis in trypanosomatids (Paula

et al., 2013).

1.6.1 9+2 and 9+0 arrangement of microtubules (MTs) in eukaryotic

flagella

Internal structures of flagella remained indistinguishable to researchers until advances
in electron microscopy in the middle of the 20™ century. Then, a large number of studies
provided significant insight into the fundamental construction and function of these
organelles (King and Pazour, 2009; Mizuno et al., 2012). Structural studies of cilia using
conventional transmission electron microscopy allowing the construction of two-

dimensional (2D) illustrations of cilia that helped to understand how their components
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contribute to flagellar function and work together to produce the coordinated ciliary beat
(Mizuno et al., 2012). Manton and Clarke achieved the first structural study of flagella in
1952 analysing flagella of Sphagnum sperm, by using metal shadowing whole-mounted,
frayed axonemes and later by thin sections. The structure of motile axonemes has been
defined as nine parallel doublet MTs arranged radially around a central pair of singlet
MTs (9+2) that are surrounded by an extension of the cell membrane. In 1958 Sotelo
and Trujillo-Cenoz described the non-motile primary cilia 9+0 pattern in chicken neural
epithelium (Fisch & Dupuis-Williams, 2011). Later extensive electron microscopy
provided more detail to describe the difference between motile and immotile cilia. Cilia
or flagella have three distinct regions: the basal body, the transition zone; and the
axoneme. The basal body has triplet MTs (9+0). The transition zone shows doublet MTs
without central MTs (9+0) (Figure 1.5) (Fisch and Dupuis-Williams, 2011; Mizuno et al.,
2012). The (9+2) structure of the axoneme MTs is held together by three sets of protein
crosslinks. Periodic bridges, like rungs on a ladder, connect the two central singlet
microtubules to each other. A second set of linkers is composed of the protein nexin,
which joins adjacent outer doublet microtubules to each other. Radial spokes project
from each tubule (A) of the outer doublet toward the central pair. The major motor protein
present in cilia and flagella is axonemal dynein, a large, multi-subunit protein related to
cytoplasmic dynein. Two rows of dynein motors are attached along the length of each
outer (A) tubule of the outer doublet microtubules; they are called the inner arm and outer
arm dyneins (Figure 1.5). Dynein motors interact with the adjacent doublet MTs
(Lechtreck, 2013). According to Nonaka’s comparative review in 1998 the motility is
associated with the presence of dynein arms and not with a central MT pair (Nonaka,

1998).

HYDIN was discovered in C. reinhardtii and mice as a central pair (CP) protein essential
for flagellar locomotion. It may be involved in the CP radial spoke control pathway that
regulates dynein arm activity (Lechtreck and Witman, 2007). The mutations of the HYDIN

gene in humans can cause autosomal recessive primary ciliary dyskinesia-5, a disorder
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characterised by the accumulation of cerebrospinal fluid within the ventricles of the

human brain (Olbrich et al., 2012).
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Figure 1.5 Structure of cilia in a eukaryotic cell.

(a) Cross section of axoneme regions, nine doublet microtubules each composed of an A and a
B sub-fibre surround the central microtubule pair, radial spokes project from outer doublets
towards the centre; outer-arm dynein and inner arm dynein project from the microtubules. (b)
Cross section; basal body triplet MTs (9+0) with absent pair microtubules in the centre, radial fibre
project from outer triple microtubules, adapted from
(https:/ireleasingthetruth.wordpress.com/2013/03/28/the-amazing-cilium).
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1.6.2 Microtubule (MT) structure

The combination of high resolution three-dimensional (3D) techniques and cryo-electron
microscopy (cryo-EM) was very successful in producing high-quality maps for the
molecular structure of MTs (Nogales et al., 1999; Cole et al., 1998). Initially, MTs were
thought to be stiff tubes and have the same structure in the cytoplasm for all kinds of
eukaryotic cells extending up to 20 um in length. Recently, using (cryo-EM) the kinesin-
13 motor protein was found to be responsible for polymerisation and depolymerisation

of microtubules in eukaryotic cells (Benoit et al., 2018).

Microtubules can exist as single, double and triple arrangements depending on the
specific localisation and the type of the flagellum (Lechtreck et al., 2013). The doublet
MTs are composed of an A microtubule and a B microtubule. The A microtubule contains
13 proto-filaments, while the B microtubule has 10 proto-filaments. Each of the proto-
filaments is composed of repeated units of (a, §) tubulin dimers, longitudinally arranged
in a head-to-tail fashion in the same orientation. Additionally, A and B tubules are
stabilised by their connection with the radial spoke. GTP that is bound to the a-tubulin
monomer is not hydrolysed and nonexchangeable, while the GTP bound to the B
monomer can be hydrolysed to GDP, which in turn is replaceable with free GTP. Both
tubulins have a very similar and highly conserved amino acid sequence (Lodish et al.,
2013). The end of MTs where B-tubulin monomers are exposed is known as the (+) end,
while the end at which a subunits are exposed is the (-) end. All MTs in cilia and flagella
have the same polarity: the (+) ends are located at the distal tip. The outer doublet
microtubules of the axonemes A and B tubules are continuous with the triplet
microtubules of the basal body in motile cilia and flagella of metazoans and
Kinetoplastida (Lechtreck et al., 2013). For this reason, the basal body is considered as
the template and skeleton of the cilia/flagella axoneme MTs (Fisch and Dupuis-Williams,

2011).
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1.6.3 Flagella transition zone (TZ2)

The transition zone is the middle region of cilia that connects between the axonemal
doublet MTs and the basal body triplet MTs (Figurel.5) (Harvey Lodish 2013). The
transition zone is a complex structure. It contains different conserved components such
as the transitional fibres, Y-linkers and terminal and basal plates. However, its

appearance often differs between species (Fisch and Dupuis-Williams, 2011).

The TZ precedes the axoneme looking from the cell body to the flagellum tip. y-tubulin
has been localised to the TZ in C. reinhardtii (Fisch & Dupuis-Williams 2011). y -tubulin
knock-down in T. brucei results in the loss of the central tubules (CP) from newly
assembled flagella, suggesting that y-tubulin near the transition zone is involved in CP

assembly (Mckean et al., 2003).

In C. reinhardtii and in ciliates the CP is twisted and probably rotates within the
axonemal cylinder during flagellar beating, whereas in metazoans and Trypanosoma
the CP. has a fixed position and is mostly stably connected to the outer doublets by

specific radial spokes (Mitchell, 2004; Lechtreck et al., 2013).

A unigue feature of the flagellum in trypanosomatids is the presence of the paraflagellar
rod (PFR), a large lattice like structure which runs alongside the axoneme from the
flagellar pocket to the flagellar tip. The PFR has been extensively studied since its first
identification by Keith Vickerman in 1962 (Vickerman, 1962; Portman and Gull, 2010).
More than 40 proteins associated with the PFR have been identified using biochemical,
bioinformatic and immunological techniques. It has been recognised that the nature of
these components provides increasing evidence for a role of the PFR in metabolic,

regulatory and signalling functions (Portman and Gull, 2010)

17



1.6.4 The canonical intraflagellar transport (IFT) motors

Construction of cilia and flagella relies on an evolutionary conserved process called
intraflagellar transport (IFT), a bi-directional movement of multiprotein complexes
between the membrane and the axoneme microtubules which was first discovered by
Joel Rosenbaum and co-workers at Yale University, during their study of C. reinhardtii
flagella using Differential Interference Contrast microscopy (DIC) (Johnson and
Rosenbaum, 1993). They observed particles moving at a constant speed of about 2.5
um/s towards the tip of the flagella (anterograde movement) between the outer doublet
MTs and the flagellar membrane. On the other side of the flagellum, they found similar
particles returning at a speed of approximately 4 um/s to the basal body (retrograde

movement) (Lodish et al., 2013).

Intraflagellar transport (IFT) is a conserved mechanism for transport processes of
macromolecules in mature and nascent motile and immotile flagella, however a
significant proportion is also found at the basal body of the cilia (Absalon et al., 2008).
However, these proteins are absent in yeasts and plants lacking cilia (Harvey Lodish
2013). In humans it has been demonstrated that any modifications in motor protein or
IFT protein-encoding genes can cause disturbed cilia biogenesis consequently causing
a malformation as observed in the Bardet-Biedl syndrome (Rosenbaum et al., 2002;

Wang et al., 2009).

IFT proteins consist of two complexes, A and B with around 20 different proteins with
masses between 20-172 kDa being moved along the flagella targeting the tip driven by
heterotrimeric Kinesin-2 and back to the base of the flagellum by cytoplasmic dynein.
Complex B IFT is involved in anterograde IFT, whereas complex A is important for
retrograde IFT (Figure 1.6) (Kozminski et al., 1993; Rosenbaum et al., 2002; Baker et
al., 2003; Liang et al., 2014).In agreement with this model, inhibition of IFT blocks the

construction of cilia in unicellular and multicellular organisms, including C. elegans
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(Signor et al., 1999; Morfini et al., 2002), trypanosomes (Kohl et al., 2003) and mammals

(Nonaka, 1998, Pazour, 2002).

Most of the IFT genes were found to encode proteins with sequence motifs/repeats
associated with protein-protein interactions of the tryptophan-aspartic acid (WD)-40,
tetratricopeptide repeat (TPR) type (Cole, 2003). Qin and colleagues (2004) have
confirmed that IFT complexes A and B can be immuno-precipitated and immuno-
depleted from flagellar extracts using a polyclonal antibody to the complex B polypeptide
IFT72/74 suggesting that the majority of IFT complexes A and B are bound to each other

during anterograde and retrograde IFT in the flagellum (Figure 1.6) (Qin et al., 2004)

IFT-A contains six proteins (IFT144, IFT140, IFT139, IFT122, IFT121, and IFT43),

whereas, IFT-B has fourteen proteins (IFT20, IFT22, IFT25, IFT27, IFT46, IFT52, IFT54,

IFT57, IFT70, IFT74/IFT72, IFT80, IFT81, IFT88, and IFT172). IFT81 and IFT74/72 form
a tetrameric complex and interact with IFT88, IFT52, IFT46, and IFT27 to form the core
of complex B (Hou et al., 2004) (Figure 1.7). The available evidence suggests that the
third integral component of the IFT particles is BB Some, a component that can function
as an IFT regulator, as a core IFT component, or as a cargo adaptor in ways that are

apparently cell type-specific (Prevo et al., 2017).

Several lines of evidence suggest that the conserved process of IFT is important for
assembly, maintenance, and normal function of flagella and cilia. During the flagellum
construction, kinesin Il transports IFT-A and IFT-B complexes, the inactive IFT dynein
motor and the axonemal precursors from the base to the tip of the flagellum. IFT
complexes serve as an adaptor between cargo and kinesin Il (Signor et al., 1999; Hao
et al., 2011; Blisnick et al., 2014). At the tip of the flagellum, axonemal components are
delivered for assembly whereas IFT trains are altered and returned to the base of the
flagellum by the active dynein motor (Pedersen et al., 2006; Hao et al., 2011). Mutation
in the genes encoding IFT motor subunits or IFT-particle proteins in Chlamydomonas
produced non-motile cells that either have short flagella or no flagella (Fort et al., 2016).

Pedersen et al. (2006B) described the heterotrimeric kinesin-Il in Chlamydomonas,
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which contains two motor subunits, FLA10 and FLA8, and a non-motor subunit called
Kinesin-Associated Protein (KAP) (Figure 1.6). They found that a null mutant in the gene
coding FLA10 fails to assemble flagella, indicating that heterotrimeric kinesin-2 is
essential for flagellar assembly (Pedersen et al., 2006). Moreover, cilia contain multiple

kinesins beside the heterotrimeric kinesin-2 (Fox et al., 1994).

The retrograde IFT motor complex, cytoplasmic dynein 1 b (cDyneinlb), contains a
heavy chain (HC) DHC1b and a light intermediate chain (LIC) D1bLIC. The dhclb
mutant in Chlamydomonas reduced DHC1b, expression indicating that D1bLIC is

essential for stabilising dynein 1b flagella (Figure 1.7).

In addition, the mutant possesses variable length flagella because there is a large
aggregation of IFT-particle proteins, indicative of a defect in retrograde IFT. Inactivation
of the dynein light chain 8 (LC8) subunit causes the same phenotype, but LC8 does not

appear to be an integral part of the cDyneinlb complex (Hou et al., 2004).

The mechanism controlling the rearrangement of IFT complexes at the ciliary tip and
base cannot be easily examined by conventional microscopy because multiple trains
coexist in these turnaround regions (Fort et al.,, 2016). It had been suggested that
flagellar length and maintenance is regulated by IFT complex train transport (Stephens,
1997; Marshall and Rosenbaum, 2001; Song and Dentler, 2001). However, using
electron microscopy, immunofluorescence and live video microscopy it was found that in
T. brucei IFT is required for construction of flagella, but is not essential for the

maintenance of flagella length (Fort et al., 2016).

Recently, IFT trains and motor proteins were studied using a new method called
PhotoGate microscopy to image the tips of flagella in Chlamydomonas and to follow
individual IFT trains (Chien et al., 2017). Initially, Chien and colleagues labelled most of
the IFT complexes with a fluorescent marker, and then they were ‘photo-bleached’ by
moving a laser from the tip of the cilium to the base leaving only a few selected

fluorescent complexes. They measured the time of the IFT trains stop at the flagellar tip
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to be three seconds when they undergo rearrangement, one second for separation and
being mixed with other ones to form new trains, and then another two seconds before
returning back to the flagellar base. Chien et al.(2017) followed the movement of dynein-
1b which participates in the formation of new trains with IFT protein complex A and B.
Kinesin-Il rests at the tip some evidence proved that kinesin-Il does not return with other
IFT protein complexes and both motor proteins depart independently of each other

(Chien et al., 2017).

This view is supported by a related research article published by (Kumar and King, 2017)
in which the researchers suggested that, when a cilium is short, it requires a short time
for kinesin-Il to return back to the base, however when the length of the cilium increases,
it takes longer for kinesin-II to diffuse back, and its availability to influence new IFT trains
is decreased, as is the growth rate of the cilium. Currently it has been observed in C.
reinhardtii, by using the quantitative imaging studies combination with the mathematically
modelling and depending on the geometrical structure of the flagellum, that anterograde
kinesin movement along the flagellum from the base to the tip possibly representing that
cells contain some mechanism for measuring flagellar length. The rate at which IFT train
powered by kinesin motors are recruited to begin transport into the flagellum is
correlating negatively with the flagellar length, indicating presence of some kind of
communication between the base and the tip and consistently, with other signalling

elements can mediated in flagellum elongation (Hendel et al., 2018).

Moreover, IFT seems to be involved in signal transduction. Actually, 93 signal
transduction proteins could be identified in purified flagella of C. reinhardtii, which include
21 protein kinases (Pazour et al., 2005; Sloboda, 2005). IFT loading and unloading may
be regulated by protein phosphorylation at the ciliary tip. Kinesin-Il is inactivated, and
IFT particles of IFT entry disassociated of IFT particles are regulate by phosphorylation
on the conserved S663 by a calcium-dependent kinase in Chlamydomonas (Liang et al.,

2014).
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Figure 1.7 Subunit composition of IFT motors and IFT trains/particles

Subunit composition of IFT motors and IFT trains/particles.

A, Detailed description of IFT particles; B, Description of motors involved in IFT and their subunits
in different organisms based on a recent review, adapted from (Prevo et al., 2017).
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1.6.5 Kinesin motor proteins

Kinesin superfamily proteins (KIFs) are motor proteins that move cargoes through the
cytoplasm using microtubules. Kinesins transport vesicles (Golgi-derived vesicles),
organelles (mitochondria, peroxisomes, and lysosomes), and cytosolic components for
instance mMRNAS, proteins, lipids, elements of the cytoskeleton like the intermediate
filaments, or virus particles and membrane-associated complexes like intraflagellar
transport particles (Mandelkow and Mandelkow, 2002; Lawrence et al., 2004; Hirokawa
et al., 2009). KIFs typically use scaffold proteins and adapter proteins to distinguish and
bind to cargo or they can sometimes bind to their cargo directly. However, there is
redundancy in some cases (Hirokawa and Tanaka, 2015). Intracellular transport is
essential and highly regulated for morphogenesis and functioning of the cell (Seog et al.,
2004). Kinesins also play an important role in cell division by regulating the mitotic
spindle filament formation polymerising and depolymerising spindle microtubules,
attachment and movement of chromosomes, antiparallel spindle movements during
mitosis and meiosis (Mandelkow and Mandelkow, 2002; Marx et al.,, 2009).
Bioengineering can be applied to motor proteins recruiting kinesins for entirely new tasks
as parts of nanomachines allowing to improve and to control movement speed, direction,

and photosensitivity (Abraham et al., 2018).

1.6.5.1 Kinesin classification

The kinesins are considered as the largest group of conserved motors compared with
other motor proteins (dyneins and myosins), because they are found in all eukaryotes
(Miki et al., 2001; Wickstead et al., 2006). Vale and his colleagues characterised the first
kinesin in 1985 from squid giant axons, as a novel plus end-directed microtubule motor
protein with an ATPase activity, which is distinct from the minus-directed cytoplasmic
dynein motor (Vale et al. 1985). After about 10 years, the first kinesin structures were
determined using X-ray crystallography for Kinesin-1 from humans and rat (Sablin et al.,

1996; Kozielski et al., 1997). In the early 1990s, it became apparent that a superfamily
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of kinesin motors existed with different motor-flanking regions and distinctive functions
(Vale and Goldstein, 1990). Later, the number of kinesin structures added to the Protein
Data Bank (PDB) had increased significantly. In 2004, Lawrence et al. published a
standardised kinesin nomenclature, defining 14 families (kinesin-1-14), as well as some
‘orphan’ kinesins that could not be put in any of the 14 families (Lawrence et al., 2004).
In 2006 Wickstead et al. reported a holistic kinesin phylogeny following an increase in
genome database sets and functional genomics (Wickstead et al., 2006). The kinesin
superfamily of motor proteins is now subdivided into 17 families, some of the ungrouped
kinesins have been categorised, three new kinesin families were added, and two
previously identified families were combined. The specific existence of some families in
a subset of species capable to form cilia and flagella indicates shared biological functions

in relation to these structures (Wickstead et al., 2006).

The kinetoplastids’ genome sequences have also shown the presence of a large number
of kinesin motor proteins (41 kinesin proteins in T. brucei). The same large humbers of
kinesins are also found in other protozoa possessing exposed microtubule structures,

such as ciliates and diatoms (Wickstead et al., 2006; Chan and Ersfeld, 2010).

1.6.5.2 Structure of kinesins

Conventional kinesin-1 (KIF5) was the first kinesin identified as a tetramer consisting of
an N-terminal homodimer of two heavy chains (KHC) forming the motor domain (MD;
also termed the kinesin “head”). The second part is the stalk, the central a-helical region
of the heavy chains that allows dimer formation through a coiled-coil interaction. The
third part is the C-terminal “Tail” which contains two identical light chains (KLC)
interacting with the heavy chains and controls the activity of the complex and connects
it to the cargo (Figure 1.8 A) (Mandelkow and Mandelkow, 2002). The coiled colil is
interrupted by a few hinge regions that give flexibility to the otherwise stiff stalk domain.
However, the neck is less conserved than the motor, and this domain regulates the

activity of the motor region (Wickstead et al., 2006).
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Each head has two separate binding sites, one for the microtubule and the other for ATP.
The two motor domains can ‘walk’ along a microtubule in a hand-over-hand fashion,
alternately hydrolysing ATP. The ATP binding and hydrolysis in addition to ADP release
changes the conformation of the microtubule-binding domains and the angle of the neck
linker with respect to the head; this results in the motion allowing the kinesin movement
(Mandelkow and Mandelkow, 2002; Marx et al., 2009 ). Several structural elements in
the head, including a central beta-sheet domain and the Switch | and Il domains have
been implicated as mediating the interactions between the two binding sites and the neck
domain (Song et al., 2001; Mandelkow and Mandelkow, 2002; Marx et al., 2009 ). The
neck-linker domain is essential for kinesin motion, because a longer or shorter neck
linker affects the communication and consequently the synchronisation between the
motor domains. The elongating of the neck linker impact on both motor heads to bind
with ADP and consequently causes reduction in the kinesin movement rate (Yildiz et al.,

2008; Shastry and Hancock, 2010; Gilbert et al., 2018).

The kinesin motor domain of ~340 amino acids that are highly conserved among all
eukaryotic organisms. The kinesin MD is much smaller than that in myosin motor proteins
(-850 amino acids) and dynein (1,000 amino acids) and is the smallest known molecular
motor. The motor consists primarily of a single a/f arrowhead-shaped domain with
dimensions of 70 x 45 x 45 A that has structural similarity to the core of the catalytic

domain of the actin-based motor myosin (Sablin et al., 1996).

In the inactive kinesin the stalk can bend in a hairpin fashion so that the tail interacts
with the motor and inactivates its function (Marx et al., 2009 ). Unlike the motor domain,
the tail domains of most kinesins are highly divergent (Mandelkow and Mandelkow, 2002;
Marx et al.,, 2009 ; Welburn, 2013). The light chains have tetra-tricopeptide repeat
protein-interaction motifs (TPRs), which can be involved in connecters or cargo
receptors, linking kinesin to the cargo to be transported (Mandelkow and Mandelkow,
2002). The motor domain is often found at the N-terminus of the protein, although it may
be positioned at any location along the primary sequence, e.g. in the middle of the
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sequence forming an M-type kinesin or at the C-terminus like in Kinesin-14C-type
kinesins (Miki et al., 2001; Welburn, 2013). To date all N-type kinesins, which constitutes
Kinesin-1 to Kinesin-12 families, move towards the plus end of the microtubule, while all
C-type kinesins, composed of Kinesin-14A and Kinesin-14B families, move towards the
minus end. Only the Kinesin-13 family are of the M-type and when bound to microtubules

these motors promote depolymerisation (Miki et al., 2001; Welburn, 2013).

The typical Kinesin-2 motor possesses a heterotrimeric complex comprised of two
different but complementary motor proteins associated with a third protein (Marx et al.,
2009 ). Kinesin-5 (BimC “bipolar’kinesin, Eg5) motors are homotetramers that may be
considered as an antiparallel assembly of two dimeric motors. During cell division, Eg5
interacts with the mitotic spindle by binding two adjacent microtubules of antiparallel
orientation and makes them slide along each other (Kapitein et al., 2005). A unique
structure is KIF1A (Kinesin-3), which is monomeric and employs a helper domain (K-

loop) that prevents diffusion from the microtubule surface (Marx et al., 2009 ).
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Figure 1.8 Structures of Kinesins.

A, Kinesin-1 is tetrameric and consists of a motor domain(head) homodimer of two heavy chains
(KHC) interacting with two light chains (KLC). The tail associates with the non-motor domain cargo
adaptor protein KAP3. B, the Kinesin-2 complex is comprised of KIF3 (A,B,C) different motor
proteins with two structures, a heterotrimeric Kinesin 1l complex comprised of two different motor
proteins either KIF3A/KIF3B/KAP or KIF3A/KIF3C/cargo adaptor protein .C, OSM3 consists of
two identical chains (2y) not associated with KAP3.

1.6.5.3 Kinesins of the flagellum

Kinesins play a critical role in the maintenance and the function of cilia and flagella being
involved in the intraflagellar transport of proteins from the base of the cilia to their tips
(Brown et al., 1999; Demonchy et al., 2009). Motor proteins move along the flagellar
microtubules and have to be organised with only one motor active each time, kinesin-2
for the anterograde transport to the tip and cytoplasmic dynein for the retrograde

transport back to the basal body (Hao and Scholey, 2009).
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According to the functional and phylogenetic studies, three kinesin families are involved
in flagellum assembly, Kinesin-2, Kinesin-9, and Kinesin-13. In addition, four other
families have members that display flagellar function, Kinesin-3, Kinesin-14, Kinesin-16
and Kinesin-17 families (Wickstead et al., 2006). Kinesin 2 and 13 are involved in
flagellum formation by regulation of the intraflagellar transport (IFT) and microtubule
depolymerisation (Scholey, 2008; Scholey, 2013). Flagellar kinesins possess a
conserved motor domain, the ATP and microtubule binding domains, as well as variable
regions. Moreover some flagger kinesins, conserved in ciliated or flagellated organisms,

do not all have an exclusive flagellar localisation (Marande and Kohl, 2011).

1.6.5.3.1 Kinesin-2

Kinesin-2 (KIF3) was initially identified biochemically in sea urchin eggs and later the
purified protein was shown to support microtubule plus end-directed transport in vitro
(Cole et al., 1993). Several studies localised Kinesin-2 members in the flagella and the
basal body regions, which agrees with IFT transport in different organisms ranging from
vertebrates to protists (Marszalek and Goldstein, 2000; Snow et al., 2004; Marande and
Kohl, 2011; Verhey et al., 2011). Phylogenetic analysis suggested two types of kinesin-
2 motors both motors are involved in the IFT complex, but one functions as a heterotrimer

and the other as a homodimer.

1.6.5.3.2 Heterotrimeric Kinesin-2

Kinesin-2 was first identified as a heterotrimeric, anterograde, microtubule-dependent
motor protein consisting of two diverse motor polypeptide-related subunits (kinesin-2a,
kinesin-23) and a non-motor accessory protein which has been identified in diverse
organisms including algae, nematodes, insects, and vertebrates (Table 1.1) (Scholey,
2013; Gilbert et al., 2018). For instance, the active Kinesin-2 in C. reinhardtii is a
heterotrimeric complex, composed of three proteins FLA10, FLA8 and FLA3 (kinesin-
associated protein non-motile protein KAP) (Cole et al., 1993; Cole et al., 1998). The

temperature-sensitive mutant flal0 was unable to construct and maintain its flagella at
29



the restrictive temperature (Huang et al., 1977). FLALO, the first kinesin -2 has been
shown to be coordinate with IFT complex and localised at the basal bodies, of the on the
flagellum (Brown et al., 1999; Scholey, 2008; Verhey et al., 2011; Fort et al., 2016). FLA
10 shows 47% similarity with FLA 8. KAP, FLA3, was shown to be required for
localisation of FLA10 to the flagellum and for effective transport in the flagellum (Figure

1.7) (Miller et al., 2005).

There are four kinesin-2 protein complexes in mammals: KIF3A, KIF3B, KIF3C, and
KIF17. The heterotrimeric kinesin-2 complex KIF3A associates with either KIF3B or
KIF3C in addition to the KAP protein to form the heterotrimeric KIF3A, /KIF3B/KAP3 and
KIF3AC/KAP3 motors (Figure 1.8 B) (Muresan et al.,, 1998). KIF3B does not form
heterodimers with KIF3C (Davidovic et al., 2007; Gilbert et al., 2018). Furthermore,
various studies showed that heterodimerisation was more frequent than homodimer
formation (Muresan et al., 1998; Davidovic et al., 2007; Chana et al., 2008). Although
there is evidence for a homodimer of KIF3C in neurons (Guzik-Lendrum et al., 2017).
Furthermore, there is no evidence that the mammalian KIF3AC associated with KAP and
the sequence match of KIF3C at the putative KAP-binding region of KIF3AB is absent,
also that a typical KIF3AC adaptor for cargo linkage has not yet been identified (Verhey

et al., 2011; Gilbert et al., 2018).

The cargo transported by the heterotrimeric KIF3A/KIF3B KAP, is bound by the armadillo
repeats (a 42-45 amino acids repeat involved in protein—protein interaction) of KAP
(Yamazaki et al., 1996). Kinesin-2 (KIF3B) has been implicated in axonal transport and
flagella assembly (Mandelkow and Mandelkow, 2002; Baker et al., 2003). According to
some phylogenetic analyses FLA8 and FLA10 of Chlamydomonas are more closely
related to the animal KIF3C than to KIF3A or KIF3B, although they form a heterotrimeric

with the FLA3 KAP subunit (Table 1.1) (Marande and Kohl, 2011; Scholey, 2013).

Several lines of evidence suggested that kinesin-II is involved in ciliogenesis in a wide
variety of organisms. For instance inhibition of kinesin-2 by injection of anti-kinesin-2

antibodies into the blastula-stage of sea urchin embryos partly obstructed assembly of
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cilia (Rosenbaum et al., 1999). The nematode Caenorhabditis elegans has two
candidates of kinesin-2 motors, a homodimer and a heterotrimer involved in sensory
cilium trafficking. The latter contains a kinesin-like protein 11 (KLP11) and kinesin-like
protein 20 (KLP20) which heterodimerise to comprise a molecular motor with two distinct
N-terminal catalytic motor domains (Table 1.1). A third protein, termed kinesin-
associated protein 1 (KAP1), is thought to provide the physical link between the C-

terminus of the kinesin motor protein and the IFT particle (Brunnbauer et al., 2010).
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Table 1.1 Biochemistry of kinesin-2 motors (Scholey, 2013).

Kinesin-2 Chlamydomonas Caenorhabditis | Vertebrate
o/ B /k
elegans

a a FLA10 KLP20 KIF3A
B B FLAS KLP11 KIF3B/3C
K k(KAP) FLA3 KAP3A/3B
Stoichiometry 1:1:0.8 1:1.2:0.9 1:1:0.7
(a:B:K)
MW (kDa) 270 226-287 350
Motility 0.4 (+) 0.5(+)
Kinesin-2y
Y OSM3 KIF17
Stoichiometry 2y 2y
MW (kDa) 140 215
Motility (um/s) 0.9 (+) 1.0(+)

Table 1.2 Kinesin-2 motors transport IFT particles as cargo in an anterograde movement
along the cilium, adapted from (Scholey, 2008)

IFT motor | Pure motor | Motor in cilium | IFT particles | Assembly of
activity speed rate | speedrate m/s | speed rate
m/s m/s

Kinesin-II 0.4 0.5 0.5 Middle segment

OSM3 11 1.3 1.2 Full-length
cilium/distal
segment

Kinesin-Il and | 0.7 0.7 0.7 Middle segment
(redundant)

OSM3
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1.6.5.3.3 Homodimeric Kinesin-2

The kinesin-2 homodimer OSM3 has been identified in C. elegans and plays an
important role in the construction and maintenance of the immotile sensory cilia. The
kinesin-2 homodimer OSM3 was identified in the OSM3 mutant (osmotic avoidance) of
the nematode C. elegans (Marande and Kohl, 2011). The homodimeric kinesin-2 OSM3
in fact exists as a dimeric kinesin-2y complex (Figure1.8 C), distinct from the
heterotrimeric kinesin-2 motor (Figurel.8 B) (Marszalek and Goldstein, 2000). Function
of homolog OSM3 has been identified as a fast, high preformance motors and
implementation in multiple cell types including neurons (Table 1.1) (Verhey et al., 2011;
Scholey, 2013; Gilbert et al., 2018). C. elegans possesses only immotile sensory cilia.
which have an unusual structure with three segments: the proximal and middle segment
consisting of nine doublet microtubules and the distal segment, where the B microtubule
is missing and therefore it consists of nine singlet microtubules (White et al., 1986).
Biochemical fractionation and localisation analysis suggested that in the middle
segments, two different kinesin-2 motor complexes are involved in anterograde
transport, heterotrimeric kinesin Il, encoded by kip-11, klp-20, and kap-1, as well as the
homodimeric OSM3 (Table 1.1). Both kinesins have been suggested to cooperate in
assembling the proximal and middle segment, while OSM3 alone is required for
elongation of singlet microtubules in the distal segment of the sensory cilium (Snow et

al., 2004; Burghoorn et al., 2007; Verhey et al., 2011).

The molecular analysis of a C. elegans extract has shown that OSM3 in fact exists as a
dimeric kinesin-2y complex (Figure 1.8 C), which is different from the heterotrimeric
kinesin-1l motor (Figure 1.8 B) (Signor et al., 1999; Scholey, 2013). The speed of
movement was identified for these two kinesins and other IFT components by using live
imaging (Tablel.2) (Scholey, 2008). Kinesin-Il alone moves at 0.5 pm/s, and OSM3
alone moves at 1.3 um/s, whereas both motor complexes together move at 0.7 um/s.
The in vivo rates were also found in vitro using purified kinesin-Il and OSM3 motors (Pan

et al., 2006; Scholey, 2008; Scholey, 2013). In vivo transport speed rates of motor
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proteins can be tested in vitro using purified kinesin-lIl and OSM3 motors (Pan et al.,

2006).

C. elegans mutants, OSM3 and Che3, have defects in a subunit of the heterotrimeric
kinesin-1l and in the cytoplasmic dynein, respectively. Resulting cilia lack the ability to
sense osmotic gradients and chemoattractants. Many of these mutants were found to
have defective sensory cilia in the neurons that are exposed to the external environment
(Rosenbaum et al., 1999; Burghoorn et al., 2007). However, it remains unclear how
kinesin-1l is specific for the transport in the cilia’s middle segments whereas OSM3 is
allowed to enter the distal segments and what the functional significance is. Differences
in the activities of the two kinesins contribute to the morphological and functional

variances between the cilia for different neurons (Evans et al., 2006).

Two Kinesin-2 motors, heterotrimeric kinesin-Il  (KIF3A/KIF3B/KAP-3) and the
homodimeric KIF17, the homolog of OSM3 in photoreceptor cilia, have been found in
vertebrates (Table 1.1) (Marszalek and Goldstein, 2000; Miki et al., 2001; Jenkins et al.,
2006; Insinna et al., 2008; Zhao et al., 2012). The heterotrimeric kinesin complex plays
a clear role in IFT and ciliogenesis, in contrast, the role of KIF17 is still controversial
(Scholey, 2003; Hirokawa et al., 2009; Scholey, 2013). According to (Zhao et al., 2012)
loss-of-function mutations in zebrafish KIF17 caused only slight changes in the distal
microtubule singlets of olfactory cilia, whereas the gross phenotype of the photoreceptors
seemed entirely normal. However, KIF17 was suggested to have a main function in
dendritic transport (Hirokawa et al., 2009). It has been found that KIF17 transports NMDA
(N-methyl-D-aspartate) receptor-containing vesicles along microtubules and hence
KIF17 is considered as a neuron-specific molecular motor in neuronal dendrites (Setou
et al., 2000). Several studies tried to find out whether KIF17 is important for the transport
of other ciliary proteins or if this motor functions primarily at the distal segment in
mammals, like the OSM3 kinesin homodimer in C. elegans. Endogenous cyclic-
nucleotide target channels (CNG) and KIF17 are part of a complex in the rat olfactory
epithelium and KIF17 is an “accessory” IFT motor whose cilia-specific functions can
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cooperate with KIF3A motor and IFT particles on olfactory sensory neurons cilia (Jenkins
et al., 2006). The majority of olfactory CNG channels are localised to the distal segments
of frog olfactory cilia that might be an evidence to determine that KIF17 functions
primarily on singlet microtubules at the distal segments (Flannery et al., 2006). According
to (Insinna et al., 2008) KIF17 is essential for photoreceptor OS development, it has been
suggested that KIF17 plays a cell type-specific role in vertebrate ciliogenesis in zebrafish

(Insinna et al., 2008).

In protists, the homodimeric kinesin has not yet been described. Moreover, in many of
these unicellular eukaryotes, it is not clear how kinesin-2 motors function (as homo- or
heterodimer, or as trimers). In Trypanosoma kinesin TbKin2a (Th927.5.2090) and
TbKin2b (Th927.11.13920) were both found to be involved in flagellum elongation.
TbKin2a is involved in cell division, cytokinesis and maotility, and TbKin2a silencing
caused inhibition of proliferation and motility. However, silencing of TbKin2b did not show
any effect on proliferation. TbKin2a was localised in the flagellum and co-localised with

IFT components near the basal body (Douglas et al., 2018).

1.6.5.3.4 Non-flagellar localisation for Kinesin-2 proteins

Kinesin-2 members are usually in the flagellum and the basal body region corresponding
with their function in IFT. Other localisations have been identified that suggest additional
functions (Miller et al., 2005). In Chlamydomonas FLA10 is located not only in the
flagellum and basal body but also near the centrioles and the mitotic spindle of dividing
cells indicating a function in mitotic spindle assembly. In fact, mutants for both flal0 and
fla8 display an increased frequency of chromosome loss compared to the wild type

(Miller et al., 2005).
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1.6.5.3.5 Other flagellar kinesins

1.6.5.3.5.1 Kinesin-13

The kinesin-13 family was first described in neuronal axons as M-type kinesins with an
internal motor domain (Maney et al., 1998). This subfamily is nhamed also the mitotic-
centromeric associated—kinesin (MCAK). Hence, it is involved in microtubule
depolymerisation during mitosis, which distinguishes this family from the other kinesins
that use ATP hydrolysis to transport cargoes along microtubules (Maney et al., 1998;

Yoow and Ersfeld, 2010; Gluenz et al., 2010; Wang et al., 2017).

Phylogenetic analyses revealed that animals and Choanoflagellates possess two
kinesin-13 subfamilies, designated as MCAK and KIF24 subfamilies (Miki et al., 2001;
Wickstead et al., 2006). In yeast two kinesins, Kinesin-8 (Kip3p) and Kinesin-14 (Kar3p)
are known to have two activities: a depolymerising activity of microtubules at the plus- or
minus-end, respectively, and ATP-dependent motility along microtubules (Chan et al.,
2010). In humans, three Kinesin-13 members have been identified (KIF2A, KIF2B and
KIF2C). KIF2C is also known as MCAK (mitotic centromere associated kinesin). All three
human Kinesin-13 have been reported to have mitotic functions in addition to their role

in regulating axon elongation (Homma et al., 2018).

The Kinesin-13 proteins have been investigated in four protists: L. major, Giardia lamblia,
C. reinhardtii and T. brucei. C. reinhardtii has a single Kinesin-13 family named
CrKinesin-13, which was detected and localised in the cell body with a higher
concentration in the basal body area and not in the flagella. This site alters during
disassembly of the flagella. CrKinesin-13 is found along the length of the flagella and at
their tips. CrKinesin-13 moves and controls flagellum length by microtubule
polymerisation and de-polymerisation and not by using the IFT machinery. In addition
flagellar assembly and disassembly is highly affected by CrKinesin-13 deletion (Piao et
al., 2009). In L. major, five kinesin-13 family members that belong to the KIF24 subfamily

have been identified in the genome, two of them LmjKIN13-1 and LmjKIN13-2 have been
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characterised. LmjKIN13-1 has an ‘MCAK-like’ function with its cell cycle-dependent
expression and nuclear localisation specifically at the spindle and spindle poles
(Marande and Kohl, 2011). Kinesin-13 (MCAK/KIF2) members exhibit a MT-
depolymerising activity responsible for their function in mitosis and their localisation.
Overexpression of LmjKIN13-2 led to shortened flagella, and knockdown produced long
flagella indicating a role in flagellar disassembly (Blaineau et al., 2007). Five Kinesin-13
members have been shown in T. brucei. TbKIF13-1 is a nuclear protein, TbKIF13-2 and
TbKIF13-4 display a flagellar localisation, TbKIF13-3 and TbKIF13-5 are in the cytoplasm
(Chan and Ersfeld, 2010). TbKIF13-2 functional analysis in homology proved that the
overexpression of TbKIF13-2 reduces flagellum length slightly, while the deletion by
RNAI provided different results might be because of the alternations of flagellar length
regulation by the IFT system (Chan et al., 2010; Chan and Ersfeld, 2010). In G. lamblia,
kinesin-13 has been found at different sites, it is present at the tips of all eight flagella,
the median body (a semi-organised microtubule array), and in the mitotic spindle.
Functional analysis using overexpression of the kinesin caused the cell line to display
considerably longer flagella than wild type cells (>270%), and it showed mitotic defects

(Hoeng et al., 2008).

1.6.5.3.5.2 Kinesin 9

Kinesin-9 protein is characterised as N-type kinesin via its motor domain located at the
amino-terminus with a conserved specific neck linker sequence. The kinesin-9 kinesin
members are exclusively presentin ciliated cells (Bernstein et al., 1994; Miki et al., 2001).
The Kinesin-9 family consists of two subfamilies, KIFOA and KIF9B. The KIF9A family
includes CrKLP1 and human KIF9, whereas the KIF9B family includes the KIF6 human
protein (Demonchy et al., 2009). The first Kinesin-9 member was found in C. reinhardtii
(CrKLP1), subsequently it was found in both metazoa and protists. CrKLP1 was localised
in flagella and in the cell body. Immunoelectron microscopy with anti-CrKLP1 antiserum
in CrKLP1 mutants showed either missing of the entire central pair microtubules or one

single microtubule C1 remaining indicating that in CrKLP1 the position of kinesin 9 is at
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the C2 central microtubule of the axoneme. Its resistance to detergent extraction
indicates that CrKLP1 does not move along microtubules (Bernstein et al., 1994;
Yokoyama et al., 2004). Yokohama and coworkers demonstrated that CrKLP1 is a
phosphoprotein able to bind to microtubules and because of its position on CP helps to
interact with doublet-associated radial spokes. Moreover, it was found that depletion by
RNAI led to slow swimming as a result of a reduction in the ciliary beat frequency (from
60 to 36 Hz) or to a complete loss of swimming motility because of ciliary silencing
(Yokoyama et al., 2004). A second member of the kinesin-9 family, TbKIF9B, was
defined in parallel with TbKIF9A (Demonchy et al., 2009). It contained conseved motor
domain with some specific insertions, that producing protein (1041 amino acids for
TbKIF9B, versus 700-900 amino acids for other kinesin-9). TbKIF9A and TbKIF9B are
found both in the flagellum and in the basal body region, similar to the kinesin-2 proteins
and contribute in IFT transport. In comparison with IFT proteins, this protein remained
firmly attached to the flagellar skeleton after removing the membrane (Demonchy et al.,

2009).

1.6.5.4 Kinesin family with likely flagellar functions

The two phylogenetic studies by (Wickstead et al., 2006; Wickstead et al., 2010) reported
that flagellar kinesin motor domains possess two other families, kinesin-16 and -17,
which are found solely in ciliated/flagellated cells. Only one kinesin named human KIF12
has been demonstrated in the Kinesin-16 family (Mrug et al., 2005; Mrug et al., 2015).
The KIF12 motor domain is localised in the N-terminal part of the protein. In humans
KIF12 is expressed in ciliated cells and its expression is controlled by the transcription
factor hepatocyte nuclear factor-1 (HNF1R). The inhibition of this transcription factor
causes polycystic kidney disease. Mrug and co-workers (2005) suggested that KIF12
could be involved in a ciliary disorder namely the autosomal recessive polycystic kidney

disease in the mouse (Mrug et al., 2005; Mrug et al., 2015).
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1.6.5.5 Flagellar kinesins in ‘non-flagellar’ families

Two kinesins belonging to non-flagellar kinesin families play a significant role in the
construction and functioning of cilia and flagella. Kinesins KLP6 in the kinesin-3 family
and kinesin-like calmodulin binding protein KCBP in the kinesin-14 family (Scholey,
2008; Hirokawa et al., 2009; Marande and Kohl, 2011). KLP6 was first identified in the
cilium of sensory neurons of C. elegans as a member, which is responsible to transport
organelles (Miki et al., 2005). Its motor domain is positioned at the amino-terminus,
whereas the carboxy-terminal end of the protein is the signal for flagellar localisation
(Hirokawa et al., 2009). KLP6 was first identified in the cilium of sensory neurons of C.
elegans. KLP-6 may act sequentially in cilia formation. KLP6 is required for the correct
localisation of the sensory ciliary membrane protein polycystin-2 (Receptor-ion channel
complex) which is located in primary cilia. A KLP6 mutant does not change the sensory
cilia structure but has effects on cilia function (Peden and Barr, 2005). According to
Huang and co-workers the KLP6 orthologue is not present in C. reinhardtii, and the
polycystin-2 protein was localised in the membrane of the cell body or in the flagellum
axonemal fraction (Huang et al., 2007). They showed also that a portion of the protein
pool moves in the flagellum without being associated with the IFT complex. In addition,
IFT mutants cause shortened flagella and polycystin-2 accumulates at the tip of the
flagella. They thought that it might be the polycystin-2 that moved along the flagellum,
but is unable to return to the cell body and it might be that another kinesin instead of

KLP6 can transport polycystin-2 in the flagella (Huang et al., 2007).

1.6.5.5.1.1 Kinesin-like calmodulin binding protein KCBP in the kinesin-14 family

Kinesin-like calmodulin binding protein is defined by the presence of distinctive domains
such as a myosin tail homology domain and a calmodulin-binding domain responsible
for the Ca?*/calmodulin regulation of ATPase activity (Dymek et al., 2006). It also has a
carboxy-terminal motor domain, thus KCBP acts as a minus end-directed motor on

microtubules (Marande and Kohl, 2011). In plants, this protein has been implicated in
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morphogenesis and in cell division (Narasimhulu and Reddy, 1998; Vos et al., 2000). A
KCBP protein homolog was identified in C. reinhardtii, which shows variation in position
correlated to its function during the cell cycle. It was shown that CrKCBP plays a role in
flagellar assembly and functions in cell division (Dymek et al., 2006). Since kinesin-14
motors are minus end-directed, this protein could function in retrograde IFT or other
mechansims of ciliary membrane-associated motility or it could transfer components of
the IFT machinery along cytoplasmic microtubules to the base of the cilium before
entering the cilium (Scholey, 2008). CrKCBP and cytoplasmic dynein would have
redundant functions in IFT. However, it is possible that two minus end-directed motors

are required during rapid flagellar resorption (Dymek et al., 2006).
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Table 1.3 Overview of kinesins with flagellar function reviewed in this thesis.

Ce, Caenorhabditis elegans; Cr, Chlamydomonas reinhardtii; Gl, Giardia lamblia;

IFT,

intraflagellar transport; KCBP, Kinesin calmodulin-binding protein; KIF, Kinesin superfamily and
Th, Trypanosoma brucei; MTOC, microtubule organisation centre.

kinesin Family organism Localisation and Ref.
function
Kinesin-Il KIF3A, Kinesin-2 Human, Flagella, basal body, (Zhao et al.,
KIF3B, KIF3C Mouse, Sea anterograde motor of 2012)
urchin, the IFT, heterotrimeric
C. elegans
FLA8, FLA10 Kinesin-2 C. reinhardtii | Flagella, basal body, (Cole et al.,
anterograde motor of 1998)
the IFT, heterotrimeric
KIF17 Kinesin-2 Invertebrate Flagella, basal body, (Zhao et al.,
anterograde motor of 2012)
the IFT, heterotrimeric
OSM3 Kinesin-2 C. elegans Flagella distal segment, | (Miki et al.,
anterograde motor of 2001)
the IFT as homodimer
TbKin2a Kinesin-2 Trypanosoma | Flagellum and basal (Douglas et
body /IFT transport al., 2018)
contributed flagellar
build TbKin2b, cell
division
TbKin2b Kinesin-2 Trypanosoma | Flagellum and basal (Douglas et
body /IFT transport al., 2018)
contributed flagellar
build and cell division
CrkLP1 Kinesin-9 C. reinhardtii | Flagella/ motility via the | (Bernstein
activation of the dynein | et al., 1994)
TbKIF9A Kinesin-9 Trypanosoma | arms (Demonchy
et al., 2009)
CrKinesin-13 Kinesin-13 C. reinhardtii | Flagella microtubule- (Piao et al.,
depolymerising, 2009)
flagellum length control
GIKinesin-13 Kinesin-13 Giardia Flagella, medium body/ | (Dawson et
lamblia microtubule al., 2007)
depolymerising,
flagellum length control,
and mitotic spindle
LmKin13-1 Kinesin-13 L. major Nucleus, spindle and (Blaineau et
spindle pole/ mitosis al., 2007;
LmKin13-2 Kinesin-13 L. major Flagella/ flagellum Dubessay
length control et al., 2005)
CeKLP6 Kinesin-3 C. elegans Flagella/ polycystin-2 (Huang et
localisation and al., 2007)
sensory function
CrKCBP Kinesin-14 C. reinhardtii | Flagella, basal body, (Dymek et
MTOCs and cytoplasm/ | al., 2006)
cell division, flagellum
assembly and function
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1.6.6 Signal transduction in eukaryotic cells

In eukaryotes, adaptation to environmental changes is usually started by extracellular
signals that regulate the transcription of specific genes (Parsons and Ruben, 2001;
Hunter, 2007). In multicellular organisms homeostasis, growth and response to
pathogens are induced by activation of the highly-conserved cell surface receptors for
signalling molecules like hormones or interferons which induce a cell response activating
the modulation of the activities and interactions of other proteins which can trigger
specific gene expression in the nucleus. While in unicellular organisms, for instance
Leishmania, differentiation is regulated by unique signalling events. However, generally,
trypanosomatids lack classes of signalling molecules found in other organisms
(Dhanasekaran and Premkumar, 1998; Hancock, 2005). Protein kinases are likely
candidates for regulators, because Leishmania parasites represent stage-specific

changes in protein phosphorylation (Sinha and Sundaram, 2016).

1.6.6.1 Protein phosphorylation and protein kinases (PKs)

Protein kinases (PKs) are a large class of enzymes which carry out phosphorylation
reactions by transferring the gamma phosphate (PO,) of ATP to the R hydroxyl group of
various amino acids (Serine/Threonine/Tyrosine). A reaction that can be reversed by the
corresponding phosphatases (Fabbro et al., 2015). In human more than one third of
protein phosphorylation occurs on serine (86.4%), followed by 11.8% on threonine while
there are only of tyrosine residues phosphorylated (Roskoski, 2012; Nishi et al., 2014).
Protein kinases act as regulatory molecules along with their antagonists the protein
phosphatases, establishing complex networks of equally activating and inactivated
molecules in all eukaryotic cells. Reversible phosphorylation can change the protein
properties, like conformation, enzymatic activity, stability, binding properties, protein-
protein interactions, subcellular localisation, and their tendency for degradation by
proteases (Johnson and Lapadat, 2002; Miranda-Saavedra and Barton, 2007; Ardito et

al., 2017). Protein kinases perform two types of interactions to identify their physiological
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substrates in cells. Initially, recognition of the consensus phosphorylation sequence in
the protein substrate by the active site of the protein kinase. Secondly, by the distal
interactions between kinase and motif or domain located distant from the active site of
the kinase (Ubersax and Ferrell, 2007; Cheng et al., 2011; Ardito et al., 2017). Most PKs
contain a catalytic domain, which can bind and phosphorylate target proteins, and a
regulatory region. Many PKs are autophosphorylated or may be phosphorylated by other
kinases. Protein kinase genes comprise approximately 1.5 -2.5% of eukaryotic genomes,
owing to their significant roles in cellular regulation, several major cellular processes like
proliferation, differentiation, metabolism, gene expression, protein synthesis, signal
transduction, and aging (Cheng et al., 2011; Parsons et al., 2005; Ardito et al., 2017).
They are classified into two superfamilies, conventional protein kinases (ePK), possess
a conserved catalytic domain, and the atypical protein kinases (aPKs) which lack
sequence identity to the ePK catalytic domain (Andrade et al., 2011). In addition a protein
kinase is classified according to their substrate recognition sites into two main classes,
serine/threonine kinases, tyrosine kinases and dual specificity kinases, which
phosphorylate serine, threonine, and tyrosine. The latter group is only composed of
MAPKKSs (MAP kinase kinases) and LAMMER kinases (Shin and Manley, 2004; Fabbro
et al., 2015; Miller and Turk, 2018). ePKs have been otherwise classified into eight
groups depending on three factors: similarity of their catalytic domains, the presence of
accessory domains, and their types of regulation. According to KinBase a database
resource of kinases, ePK have been subclassified into eight families: AGC (cAMP-
dependent protein  kinase/protein  kinase  G/protein kinase C), CAMK
(Calcium/Calmodulin regulated kinases), CK1 (Casein Kinase I), CMGC (Cyclin-
dependent kinases include (mitogen-activated protein kinases (MAPKS), glycogen
synthase kinases (GSKs), and CDK-like kinases (CLKs), RGC (Receptor Guanylate
Cyclases), STE (MAP Kinase cascade kinases), TK (Protein Tyrosine Kinase) and TKL
(Tyrosine Kinase-like kinase)(Natarajan and F., 2004; Miranda-Saavedra and Barton,
2007; Fabbro et al., 2015; Ardito et al., 2017). While, atypical protein kinases aPKs are

a small set of protein kinases Alpha, PIKK (phosphatidyl inositol 3' kinase-related
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kinases), PDHK and RIO (Ardito et al., 2017). MAP kinase structure is highly conserved
and composed of two domains flanking the catalytic cleft where ATP (or GTP) and the
substrate can bind. The structure of protein kinase kinase 1 (MEK1) (Figure 1.9) is
shown with ATP and an inhibitor bound simultaneously. Protein kinases have a
conserved protein fold with an amino-terminal domain that primarily comprises five beta-
strands (B1- B5), one alpha-helix (aC), and a larger carboxy-terminal domain that is
mostly alpha-helical and is responsible for binding of substrate and transferring the y-
phosphoryl group of ATP (or GTP) to a hydroxyl group in the substrate (Sebolt-Leopold

and English, 2006).

(‘
C-helix
< .-
N-terminal ) Activation
lobe / loop
P-loop

| Catalytic
loop

C-terminal
lobe

Figure 1.9 3-dimensional structure of the mitogen-activated protein kinase kinase MEK1
with bound ATP and PD318088.

Protein kinases form a conserved protein fold with an amino-terminal domain that mainly contains
B-strands (blue arrow), and a carboxy-terminal domain that is mainly a-helical. The ATP-binding
and protein substrate-binding sites of protein kinases reside at the interface of these two domains
(Sebolt-Leopold and English, 2006).

1.6.6.2 Mitogen-activated protein kinases

Mitogen-activated protein kinases (MAPKSs) a family of conserved protein kinases in all
eukaryotic organisms from unicellular to multicellular organisms including humans, with

the single exception of Encephalitozoon cuniculi (Miranda-Saavedra and Barton, 2007).
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MAPKs regulate various cellular activities ranging from gene expression, mitosis,
movement, metabolism, differentiation, survival, immune responses, adaptation, stress-
response and programmed cell death (Johnson and Lapadat, 2002; Taylor et al., 2012).
MAPKKSs are stimulated by dual phosphorylation of serine and threonine residues within
the activation loop. MAPKKs display high specifity to recognise MAPK but are regulated
by several MAPKKKs MAPKs are activated by dual phosphorylation of conserved
threonine and tyrosine residues within the activation loop domain symbolised T-X-Y
(Threonine-any amino acid- Tyrosine) and phosphorylate targets on serine and threonine
residues within a PXT/SP motif (X can depend on the MAPK) (Chen et al., 2001; Brumlik
et al.,, 2011). Fourteen MAP kinase genes have been known in the human genome,
which related to seven different MAP kinase signaling pathways (Coulombe and
Meloche, 2007). MAPKs are controlled by highly conserved regulatory cascades
involving sequential phosphorylation and a three kinase pathway. The cascade consists
of a MAP kinase kinase kinase (MKKK) which phosphorylates and activates a MAPK
kinase kinase (MKK), which then activates a specific MAPK by phosphorylation on Thr
and Tyr residues within the conserved motif located in the activation loop of the kinase
(Johnson and Lapadat, 2002; Qi and Elion, 2005; Whitmarsh, 2007).

Once activated, MAPKs phosphorylate a wide variety of proteins including MAPK-
activated protein kinases and transcription factors, eventually causing gene expression.
MAPK signaling can similarly have additional epigenetic effects by affecting histone
alteration (Johnson and Lapadat, 2002; Brumlik et al., 2011). In mammals, at least four
distinct classes of MAP kinases have been identified; extracellular signal-related kinase
ERK (ERK1 and ERK2) c-Jun amino-terminal kinases JNK (JNK1, JNK2, JNK3), stress-
activated protein kinases p38/SAPKs (a, B, y, 6) and ERK5 (Whitmarsh, 2007; Morrison,
2012). Signalling cascades involving the ERKs are mainly associated with proliferation
and differentiation, whereas JNK and p38 play main roles in stress and immune
responses, respectively (Morrison, 2012). Another of specific proteins termed complexes
scaffold proteins members of a signalling pathway interact and/ or bind with, kinase and

its substrates help to gathering them into complexes (Coulombe and Meloche, 2007).
45



Individual MAP kinases share a number of common structural and regulatory features,
and also have unique characteristics. MAPKs bind directly to substrates, however, in
some cases they both interact through adaptors or scaffolds, which act as platforms
(Ubersax and Ferrell, 2007). The pathway is regulated by kinase-kinase and kinase-
substrate interactions, co-localisation of kinases by scaffold proteins, and inhibition of
cross-talk/output by the MAPKs themselves (Qi and Elion, 2005; Miller and Turk, 2018).
Scaffolds can also causing conformational changes in substrates that promote
phosphorylation (Miller and Turk, 2018).

Yao and Seger (2009) reported that signaling complexes of MAPK module components
can differ according their location. Active MAPKs frequently translocate from the
cytoplasm to the nucleus to phosphorylate nuclear targets, and MAPKKs can move in
and out of the nucleus carrying the MAPK as a passenger and docking them in the
cytoplasm. In order to perform their functions, the MAPKs modulate the activities of
hundreds of substrates. The subcellular localisation of MAPKs may vary according to the
stimulated or regulated functions and the substrates localisation. MAPKs localisations
were found in cellular organelles such as mitochondria, Golgi, ER, and in particular the
nucleus (Yao and Seger, 2009). The appropriate regulation of MAP kinase signal
transduction pathways is important to eukaryotic cells. Accordingly, any defect of these
cascades is ultimately responsible for diseases such as cancer, diabetes, autoimmune
diseases, and developmental abnormalities. Many of these physiological and
pathological functions are referred to MAPK-dependent transcription of various

regulatory genes (Plotnikov et al., 2011).

1.6.6.3 Signal transduction in kinetoplastids

Protein kinases are key regulatory molecules in Kinetoplastids (Wiese et al., 2003).
Compared to mammals the activation mechanism of trypanosomatid signalling cascades
is not well understood. Parsons and colleagues reported a comparative analysis of the

kinomes in three pathogenic trypanosomatids Leishmania major, Trypanosoma brucei
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and Trypanosoma cruzi that the total of PKs are 199, 176 and 190 respectively, most of
them are orthologues across the three species. This is approximately 30% of the number
of human kinases and double that of the malaria parasite (Parsons et al., 2005). The
researchers also found that the different groups of ePKs are significantly different when
compared to humans. First, the trypanosomatids lack receptor-linked tyrosine and
tyrosine kinase-like kinases. However, life stage-specific tyrosine phosphorylation has
been found in Leishmania and related kinetoplastids (Cayla et al., 2014) and protein
kinases homologous to dual-specificity kinases have been identified as well (Wiese et
al., 2003; Wiese et al., 2003; Bengs et al., 2005; Kuhn and Wiese, 2005). Generally
trypanosomatids have a large number of these kinases, 45 in L. major compared to 61
in humans (Parsons et al., 2005). Owing to the significant difference between the gene
expression system of trypanosomatids and humans which is performed in the absence
of transcription factors, so the polycistronic transcription of mRNA in trypanosomatids
suggest that regulation of signalling cascades is carried out at a post-transcriptional level
occurring at the mRNA stage (Wiese et al., 2003). In Leishmania typical activators like
cell surface receptors and substrates such as RNA polymerase Il transcription factors

are missing (Wiese, 2007).

1.6.6.4 Mitogen-activated protein kinases in kinetoplastids

Leishmania MAP kinases play an important role when the parasite passes through its
digenetic life cycle, and adapts to the environmental stresses in the different hosts
(Wiese, 2007). Leishmania MAP kinases possess the conserved structure of human
MAP kinases; with a large kinase domain, which is divided into twelve kinase
subdomains. MAP kinases can phosphorylate transcription factors, directly influencing
the expression of certain genes, or they phosphorylate other soluble kinases or structural
proteins of the cell. The Leishmania genome encodes all three levels of the MAP kinase
cascades (Wiese, 2007; Brumlik et al., 2011). First, MAP kinases, phosphorylate

threonine and tyrosine residue of the TXY motif in the activation lip region. These can
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activate MKKK, which phosphorylates and activates its substrate MKK. MKKs are dual
specificity kinases that activate their substrates. Finally, MAP kinases can phosphorylate
transcription factors, which inducing the expression of certain genes(Erdmann and
Scholz, 2006; Wiese, 2007; Brumlik et al., 2011). Genome sequence analysis in L. major
identified 15 MAPK with two partial MAPK genes (LmjF03.0210 and LmjF13.07800)
lacking the coding region for the complete MAPK signature sequence. The 15 MAP
kinase homologues occurring in L. major have also been identified in L. mexicana, L.
infantum, and L. braziliensis (Wiese, 2007). Each of the 15 unique Leishmania MAPKs
has the typical MAPK activation loop. MAPKs possess carboxy-terminal
extensions,some of them over 1000 amino acids long (as for LmaMPK8).This region may
be similar to the analogous region of human ERK5 or ERK8, each of which keeps a C-
terminal transactivation domain and nuclear localisation signal. LmaMPK®6, 7, and 8 are
expected to contain nuclear localisation signals within their carboxy-terminal extensions,
making them even more closely be similar to human ERK5 andERKS, as well as T. gondii
TgMAPK2(Brumlik et al., 2011; Parsons et al., 2005). To date several studies have
investigated different MAPKs and demonstrated their key role in trypanosomatids (Wiese
et al., 2003; Ellis et al., 2004; Parsons et al., 2005; Kuhn and Wiese, 2005; Cayla et al.,
2014). It has been shown that Leishmania MAP kinases are required for, intracellular
survival, viability and flagellar assembly. The first MAPK recognised in L. mexicana was
LmxMPK1, which was found to be encoded on the intergenic region between two SAP
(secreted acid phosphatase) genes (Wiese, 1998) and is the homologue of Kfrl in T.
brucei (Domenicali Pfister et al., 2006).

A function of several L. mexicana MAPKs is in flagellar assembly as has already been
described by our laboratory. The MAP kinase kinase homologue LmxMKK has been
identified, and found to be involved in the regulation of flagellar assembly and cell size.
LmxMKK is solely produced in the promastigote stage and might be regulated by
phosphorylation. Single allele deletion obtained motile flagella with one fifth or less of the
wild type flagellum length and absence of the paraflagellar rod, a structure present

alongside the axoneme in kinetoplastids flagella (Wiese et al., 2003). MAP kinase
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homologue LmxMPK3 was identified in L. mexicana promastigotes to have a similar
expression pattern as LmxMKK being absent in amastigotes, up-regulated during the
differentiation to promastigotes, and expressed in promastigotes. LmxMPK3 null mutants
like the LmxMKK knockouts reduced the flagellum Ilength dramatically, and
overexpression of LmxMPK3 in the deletion background restores flagellum normal
length. LmxMKK was identified to be directly involved in the phosphorylation of
LmxMPK3 in vivo. Deletion mutants of LmxMPK9, LmxMPK13, or LmxMPK14 generated
in promastigotes, produced elongated flagella, and overexpressing of these MAPKs
caused short flagella (Bengs et al.,, 2005; Wang et al., 2005; Brumlik et al., 2011).
LmxMPK13 is the homologue of LF4 in C. reinhardtii, which was identified to regulate

flagellar length (Berman et al., 2003).

1.6.6.5 Regulation of kinesin cargo—motor complexes by phosphorylation

The regulatory mechanism underlying the activation/inactivation of kinesin-Il, the
interaction between kinesin-Il and IFT particles and the regulation of cargo-motor
complexes of the IFT machinery entry rate remains not well understood. Disassociated
kinesins might be inactivated by autoinhibition mechanisms (Dietrich et al., 2008;
Hammond et al., 2009). Recent studies have suggested regulatory mechanisms of the
kinesin delivery of cargos, regulation by protein kinase phosphorylation, regulation by
Ca?* signalling and finally regulation by Rab GTPase (Hirokawa et al., 2009).

Kinesins are considered as phosphoproteins, and therefore phosphorylation of kinesin
should play a key role in regulating the bidirectional movement on the microtubules
(Sato-Yoshitake et al., 1992; Hirokawa et al., 2009). Kinesin phosphorylation might
control the interaction of motors with their cargos and modulate the binding to
microtubules (Hirokawa et al., 2009). Several lines of evidence suggest that
phosphorylation is essential in kinesin activity (Table 1.4).The first protein kinase that
was identified was the C. reinhardtii MAP kinase FL4 which showed a high similarity in

amino acid sequence with the mouse protein MAPkinase MOK (420 mouse amino acids
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and of 419 human. LF4 is localised to the flagella and is involved in the regulation of
flagellar length. Null mutants of the LF4 gene are unable to regulate the length of their
flagella. The complementation of the LF4 gene is able to rescue the long-flagella
phenotype (Berman et al., 2003).

Analysis of flagellar phosphoproteins from C. reinhardtii conducted by Boesger and co-
workers in 2009 revealed the presence of several kinases and protein phosphatases in
the flagellum by using immobilised metal affinity chromatography to enrich
phosphopeptides from purified flagella and examinination by mass spectrometry. 141
phosphorylated peptides were identified, belonging to 32 flagellar proteins. In addition,
126 in vivo phosphorylation sites were determined. The flagellar phosphoproteins
analysis in C. reinhardtii that fllagella include motor proteins, kinases, proteins with
protein interaction domains, and proteins of unknown function and frequent accumulating
of phosphorylation sites representing a definite reversible protein phosphorylation in the
flagellum (Boesger et al., 2009). Four long-flagella genes (LF1, LF2, LF3, and LF4) were
described in C. reinhardtii (Tam et al., 2013). LF1p, LF2p, and LF3p proteins were found
together in complexes called length regulatory complexes (LRC) responsible for the
length of the flagella in Chlamydomonas. LF5 has been identified which encodes a
protein kinase homologous to the protein kinase CDKL5 in humans. Mutations in this
kinase cause a severe form of juvenile epilepsy (Kalscheuer et al., 2003). The LF5
protein is localised in the proximal segment of the flagella. This localisation changed to
the distal tip of the flagella or along the flagellar length when the LRC LF1, LF2, and LF3
genes were mutated (Tam et al., 2013). Additionally, LF2, a homologue of a cell cycle-
dependent kinase (CDK), seems to interact with both LF1p and LF3p in the cytoplasm.
LF2 was suggested to be the catalytic subunit of a regulatory kinase complex that
controls flagellar length and flagellar construction. The null mutant of LF2 displays
unequal length of flagella with accumulation of IFT particles at the flagellar tip (Tam et
al., 2007).

Mammalian intestinal cell kinase (ICK), which is a MAP kinase orthologue of

Chlamydomonas LF4 kinase, has been localised at tip of cilia and was found to
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phosphorylate KIF3A at residue 674 in cultured cells. Inhibition of this KIF3A
phosphorylation affected ciliary formation. ICK is essential for proper cilia formation. ICK
kinase regulates anterograde IFT and is involved in the association of KIF3A with IFT-B
of IFT complex. Deletion of ICK caused the accumulation of IFT-A, IFT-B and BBsome
components at the ciliary tips. In contrast, overexpression of ICK prompted the
accumulation of IFT-B, but not IFT-A or BBsome components at ciliary tips (Chaya et al.,
2014). Liang and colleagues reported that in Chlamydomonas calcium-dependent
protein kinase CrCDPK1 is localised at the basal body and at proximal part of flagella in
normal cells (Liang et al., 2014). They also identified that CrCDPK1 can phosphorylate
the kinesin-1l motor subunit FLA8, a homologue of KIF3B on the conserved serine 663.
This phosphorylation regulates the IFT entry and loading/unloading and turnaround of
IFT particles at the cilia tip (Liang et al., 2014). In 2002 Morfini and colleagues have
demonstrated a function for glycogen synthase kinase 3 (GSK3) in vivo and in vitro in
mammalian neurons. They found that GSK3 substrates could interact with kinesin light
chains (KLCs) in vivo. In addition, they identified that GSK3 excessively and dramatically
inhibits anterograde, but not retrograde movement of the kinesin, in the fast axonal
transport of membrane-bound organelles (MBOSs) in neurons. Inhibition of GSK3 activity
resulted in reduction of kinesin binding with its cargoes (Morfini et al., 2002). Burghoorn
and his co woarker in (2007) demonstrated that DYF-5 regulate kinesin-1l and OSM3
function in sensory cilia. They found that mutant dyf-5 clones lost their function and
cannot properly aligned into the amphid channel and in general the animals are
elongated.However, some cilia do enter the amphid channel, but the distal ends of these
cilia illustrate accumulation of proteins. In further observations, the researchers also
found that six IFT proteins accumulate in the cilia of dyf-5 mutants. In addition, using
genetic analyses and live imaging to measure the motility of IFT proteins, they found that
DYF-5 is essential to restrict kinesin-Il to the cilia middle segments. Interestingly, they
proved that DYF-5 plays a role in the undocking of kinesin Il from IFT particles and in the
docking of OSM3 onto IFT particles (Burghoorn et al., 2007). Recently, Peishan Yi and

others (2018) identified another kinase dyf-18 that plays an
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important role in stabilising the interaction between IFT particles and OSM3-kinesin
contributing to DYF-5 and they suggested also that DYF-5 and DYF-18 act in the same
pathway to promote handover between kinesin-Il and OSM3 in sensory cilia (Yi et al.,
2017).

In trypanosomes it has been hypothyesised that the flagellum participates in host-
parasite signalling (Fort et al., 2016). Independent proteomic analyses of the flagellum
surface and matrix fractions in T. brucei exposed a wide range of proteins were including
a high percentage of a predicted signalling peptide in the flagellum surface proteome
(38%) versus the genome (24%). In addition, epitope-tagging and immunofluorescence
microscopy to determine the subcellular location demonstrated that protein kinase
regulatory subunit(RSU) binds to cyclic nucleotide which has been found in the flagellum
matrix. In addition, RNAI studies of the RSU gene has shown inhibition of motility of
bloodstream-form cells. These findings support the localisation of RSU in the flagellum
matrix, and provides evidence of RSU contribution to flagellum movement (Oberholzer
etal., 2011).

In mammals the Ca?/calmodulin dependent protein kinase CaMKIl can
activate/phosphorylate serine 1029 in the C-terminal tail domain of KIF17 (Guillaud et
al., 2007) to bind the scaffolding protein Mintl to transport the NMDA receptor subunit

2B (NR2B) in neurons which is important in learning and in memory (Wong et al., 2002).
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Table 1.4 Overview of kinases regulating flagellar kinesin function reviewed in this

thesis.
MAPSs kinase organism Kinesin Function | Ref
LF4 a homologue Chlamydomon | Kinesin-II Negativel | (Berman et
of MAK kinase in as reinhardtii y al., 2003;
mouse, regulates | Ludington et
LmxMPK?9 in ciliary al., 2013)
L. mexicana length
LF2 a homologue Chlamydomon | Flagella Regulatio | (Tam et al.,
of cell cycle- as reinhardtii kinesin n of IFT, 2007; Tam et
dependent kinase flagellum | al., 2013)
(CDK) length
LF5 (homology to Chlamydomon | Flagella Regulatio | (Tam et al.,
the protein kinase | as reinhardtii kinesin n of 2013)
CDKLS5 in human) flagella
length
DYF-5 C. elegans Kinesin- IFT (Burghoorn
11,OSM3 protein et al., 2007,
and transport, | Yietal.,
regulation | 2017)
DYF-8 of flagella
assembly
ICK orthologue of Mouse Kinesin-2 Regulate | (Chayaetal.,
Chlamydomonas s ciliary 2014)
LF4 transport.
IFT,
regulates
ciliary
length
GSK3 Human Kinesin axonal (Morfini et al.,
transport | 2002)
CaMKIl Mouse, human | KIF17 Activated/ | (Guillaud et
KIF17 al., 2007)
release of
transport
ed cargo
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1.6.7 Ciliopathies

Flagella have important roles in both motility and sensory transduction. Dysfunction in
the highly conserved structure of cilia or flagella is linked to a variety of human diseases
collectively known as ciliopathies (Marshall, 2008; Mandelkow and Mandelkow, 2002;
Tobin and Beales, 2009).

Several studies shed light on the vital role of motor proteins kinesins motors and cilia-
dependent diseases such as deficiency of cargo transport or defective/mutant kinesins
which seem to easily hinder human health (Mandelkow and Mandelkow, 2002). For
instance, a number of proteins that are encoded by genes in primary cilia in renal tubular
epithelia such as KIF3A kinesin-2 have been identified to be associated with the most
common genetic disease, polycystic kidney disease (PKD) that causes renal failure in
humans. Inactivation of KIF3A in primary cilia of mutant mice has an effect on the
maintenance of lumen-forming epithelia during differentiation in embryos (Lin et al.,
2003). Another example of ciliopathies are primary ciliary dyskinesia (PCD) diseases
such as Kartagener's syndrome and loss of right/left asymmetry (Afzelius, 2004). This
disease has been demonstrated in mice previously (Nonaka, 1998). The researcher
found that the inactivated gene encoding kinesin -2 (KIF3B) is linked to the randomisation
of left-right asymmetry. As these cilia are responsible for the proper left-right
asymmetrical development of the heart and other organs during embryogenesis, the
KIF3B mutations can have costly consequences (Nonaka, 1998).

Recently, dyskinesia PCD is clinically characterised in a new category of ciliopathy
disaese as a group of different diseases like chronic upper and lower respiratory tract
disease, left-right laterality defects, and infertility caused by flagellar dysfunction. Genetic
testing has become a progressively convenient diagnostic method to investigate PCD-
associated genes, which encode proteins essential for ciliary structure and function
(Afzelius, 2004; Ferkol and Leigh, 2018). Defects in cilia assembly have been studied for

sperm motility in mice as the possible causes of infertility (Zhang et al., 2006).
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Two main distinctive criteria have been suggested for ciliopathies. Initially, cilia defects
cause multiple human diseases with quite often partially overlapping symptoms
(Afzelius, 2004). For example, the patients with Bardet-Biedl suffering from obesity,
retinal degeneration, and cystic kidneys, whereas oral-facial-digital syndrome patients
suffer from polydactyly and cystic kidneys. Nevertheless, both kind of diseases result
from defects in genes whose protein products localise to the ciliary basal body (Marshall,
2008; Mandelkow and Mandelkow, 2002). A number of questions have been raised why
not all ciliary defects cause the same set of symptoms. Because the specific structure
and genomic of cilia as complex organelles with variable ultrastructure that must
assemble and function in different tissue types. Therefore, malformation in cilia causes
multiple human diseases with often partially overlapping sets of symptoms. Moreever,
cilia-related genes lead to distinct diseases. Several theories on the origin of this concept
have been proposed. First some ciliary genes may have additional cilia-unrelated gene
functions. Also some mutations may affect the ciliogenesis of only a subset of all cilia in
the body, ultimately genetic defects may affect different ultrastructural modules of cilia
and, thus, only influence a subset of ciliary functions (Marshall, 2008).

Regarding the critical role of kinesins in physiological processes in mammals, including
the regulation of higher brain functions such as learning and memory, brain and
relationships with certain diseases that implicate for human different nervous system
diseases reported so far. It has been found that mutation in KIF17 affects multiple phases
of the mice memory and behaviour. They clarified that KIF17 cargo is responsible to
transport N-methyl-D-aspartate (NMDA) receptor subunit 2B (NR2B) in neurons and
Ca?*/calmodulin-dependent protein kinase IIA phosphorylates the tail domain of KIF17
on serine 1029 and controls NR2B transport by changing the KIF17-cargo association in
vitro. Transgenic mice expressing KIF17 with dephosphomimetic S1029A (TgA) and
phosphomimetic S1029D (TgD) mutations, effect on NR2A/2B levels. Finally, the
researchers proposed that phosphorylation of KIF17 and regulation of the NMDA
receptor transport is critical for learning and memory in vivo (Yin et al., 2011; Hirokawa

and Tanaka, 2015). The gene encoding KIF17 was shown to be a candidate gene for
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Schizophrenia because it is involved in the glutamatergic synapse between neurons

(Hirokawa and Tanaka, 2015).

Additionally, kinesins can be targets for cancer treatment because they participate in
mitosis (Mandelkow and Mandelkow, 2002). Numerous studies have shown Kinesin
family member KIF20A may play a significant role in the development and progression
of cancer. However, the clinical value of KIF20A in nasopharyngeal carcinoma (NPC) is

unknown (Liu et al., 2017).

Project aims

The overall aim of this work was to characterise the in vitro and in vivo function of three
putative flagellar kinesins LmxKin29 (LmxM.29.0350), LmxOSM3.2 (LmxM.17.0800),
and LmxOSM3.1 (LmxM.31.0680) in L. mexicana.

. Recombinant expression and purification of LmxKin29 and its putative
phosphorylation site mutants to identify and confirm phosphorylation by L.
mexicana mitogen-activated protein kinase LmxMPK3 and to identify the
specific phosphorylation site.

. Generation of L. mexicana null mutants for LmxKin29 and morphological
analyses of the resulting phenotype.

. Localisation of LmxKin29 using green fluorescent protein (GFP)-tagged

LmxKin29 in null mutant promastigotes.

. Functional analysis of LmxKin29 in vivo.
. Characterisation of LmxOSM3.1 and LmxOSM3.2
. Determination of the subcellular localisation of LmxOSM3.2 and LmxOSM3.1

using different fluorescent proteins for tagging.

. Biochemical analysis of LmxOSM3.2.
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Materials and Methods
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2 Materials and Methods

21 Materials

2.1.1 Laboratory Equipment

Equipment Origin

Bioruptor® Sonication System Diagenode Inc. USA

Centrifuge 5424
Centrifuge 5415R Eppendorf, Hamburg, Germany

Digital MDs camera Hamamatsu Photonics Hertfordshire, UK

Hamamatsu Photonics K.K.

C11440-36V

HERMLE Z 400 K Hermle Labortechnik, Wehingen Germany
Electrophoresis equipment Biometra, Géttingen, Germany

Minigel (Twin) Tank Consort, Turnhout, Belgium

Power supply: Consort E734 Amersham Biosciences, Freiburg,

Power supply: Gene Power Germany

Supply GPS 200/400
Epifluorescence Microscope Woburn, Massachusetts, U.S.A.
Nikon Eclipse E600

Heat block
Thermomixer comfort Eppendorf, Cambridge, UK
Haemocytometer (0.2 mm, 0.0025 mm?2)

Microscopes Axiovert 25
Microscopes Axiostar plus

Carl Zeiss, Jena, Germany

Nikon Eclipse E600 Nikon Instruments, Derby, UK
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pH Meter
Digital-pH-Meter CG 820

Shaking incubators
Innova 4230/4400
Safety cabinet HERA safe HS15
(Heraeus)

Sonicator

Branson Sonifier 250

Transfer tank

Gene Amp PCR System 9700

Nanodrop2000c

Neubauer chamber (0.1 mm, 0.0025
mm?)

Vortex

IKA-VIBRO-FIX VF2

UV trans illuminators

VWR Genosmart

High Performance UV
Transilluminator

Softmax Molecular Device.

Water bath GFL 1083
Mg w LAUDA M3
XCell SureLock™ E10001 Blot Module

X-OMAT machine (KODAK M35-M X-
OMAT processor).

Schott, Hofheim am Taunus, Germany

Hannah instruments, UK
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New Brunswick Scientific, Edison, NJ, USA

Kendro Laboratory Products, Hanau

Branson, Danbury, CT, USA

Invitrogen. The Gel on the XCell SureLock®
system

PE Applied Biosystems, Weiterstadt,
Germany

Thermo Scientific, city, UK

VWR International, Darmstadt, Germany

IKA Labortechnik, Staufen, Germany

VWR International, Lutterworth, UK
UVP, Cambridge, UK

Molecular Devices Corporation, California.
USA

GFL, Burgwedel, Germany

Heidolph Electro, Kehlheim, Germany
Invitrogen™, Carlsbad, USA

TND equipment, Stockton-on-Tees, UK



2.1.2 Chemical

Chemical

[y-*2P]-ATP

Acetic acid

Acrylamide 30% (w/v)
/Bis-acrylamide 0.8% (w/v)
Agar-Agar

Agarose (electrophoresis grade)
Ammonium persulfate (APS)
Ampicillin

Calcium chloride

Carbenicillin

Chloroform

Chelating sepharose fast flow
Complete EDTA-free protease
inhibitor tablets

Coomassie Brilliant Blue G250
dNTP mix

Dimethyl sulfoxide (DMSO)
DTT

EDTA disodium dihydrate
Ethanol

Ethidium bromide

Fetal calf serum (FCS)

Formaldehyde 37% (Formaline)
Glutathione, reduced
Glutathione Sepharose 4B
Glycerol

Glycine

Hydrochloric acid

Hydrogen peroxide 30%
Hygromycin B

Imidazole
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Company

Hartmann
Braunschweig, Germany

Carl Roth, Karlsruhe, Germany
VWR, Lutterworth, UK

Techmate Ltd, Milton Keyes, UK
Techmate Ltd, Milton Keyes, UK
VWR, Lutterworth, UK
Sigma-Aldrich, Steinheim, Germany
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Steinheim, Germany
Carl Roth, Karlsruhe

GE Healthcare, Little Chalfont, UK
Roche Diagnostics, Burgess Hill, UK

Techmate Ltd, Milton Keyes, UK
Bioline, UK

Carl Roth, Karlsruhe

Biomol, Hamburg, Germany
Sigma-Aldrich, Steinheim, Germany
Techmate Ltd, Milton, UK
Sigma-Aldrich, Steinheim, Germany
Gibco BRL, Eggenstein/

PAN Biotech, Aidenbach/
Sigma-Aldrich, Steinheim

Carl Roth, Karlsruhe

Sigma-Aldrich, Steinheim, Germany
GE Healthcare, UK

Techmate Ltd, Milton Keyes, UK
Techmate Ltd, Milton Keyes, UK
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Steinheim, Germany
Merck Biosciences, Schwalbach
Techmate Ltd, Milton Keyes, UK

Analytics GmbH,



Isopropyl-beta-D-thiogalactoside (IPTG)

Isopropanol

Isoamyl alcohol

Kanamycin sulphate

Lithium chloride

Methanol

MOPS

Milk powder
Paraformaldehyde

Phleomycin (Bleocin)

Phenol

Potassium acetate

Puromycin

Potassium chloride

Reduced Glutathione

Sodium chloride

Sodium dihydrogen phosphate
Sodium dodecyl sulphate (SDS)
Sodium hydroxide
TEMEDN,N,N’,N"-Tetramethylethylenediamine
Tetracycline

Triton X-100

Trizma

Xylenecyanol

61

Sigma-Aldrich, Steinheim, Germany

Techmate Ltd, Milton Keyes, UK
Carl Roth, Karlsruhe

VWR, Lutterworth, UK
Sigma-Aldrich, Steinheim

Carl Roth, Karlsruhe, Germany
Sigma-Aldrich, Gillingham, UK

Carl Roth, Karlsruhe

Sigma-Aldrich, Steinheim

Merck Biosciences, Schwalbach
Carl Roth, Karlsruhe

Techmate Ltd, Milton Keyes, UK
Merck, Darmstadt, Germany
Sigma-Aldrich, Gillingham, UK
Sigma-Aldrich, Gillingham, UK
Sigma-Aldrich, Gillingham, UK
Merck, Darmstadt, Germany
Fischer Scientific, Loughborough, UK
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Steinheim, Germany
Sigma-Aldrich, Steinheim, Germany
Techmate Ltd, Milton Keyes, UK
Sigma-Aldrich, Gillingham, UK
Sigma-Aldrich, Steinheim



2.1.3 Buffers and Stock solutions

Buffer Name

Agarose gel loading buffer (10x)

Blocking solution for immunoblots

Blotting buffer for ELISA

Complete EDTA-free protease inhibitor mi

Coomassie R250 destaining solution

Coomassie R250 staining solution

Cryo medium for Leishmania

DAPI stock solution

Fixing solution for Leishmania

Gel drying solution

GST elution buffer

Hemin stock solution

His-purification binding buffer
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Preparation

0.1 M EDTA pH 8.0

0.1% (w/v) bromophenol blue
0.1% (w/v) xylenecyanol

0.5x TBE

50% (v/v) glycerol

5% (w/v) milk powder

20 mM Tris-HCI pH 7.5

in PBST

2.5% (w/v) skimmed milk powder
0.05% (v/v) Tween 20

in 1x PBS

1 tablet complete EDTA-free (Roche)
in 15 mL PBS

30% (v/v) methanol

10% (v/v) acetic acid

60% DDH20

0.1% (w/v) Coomassie Brilliant
Blue R250

40% (v/v) methanol

10% (v/v) acetic acid

Filtered through fluted filter
90% (v/v) iIFCS

10% (v/v) DMSO

160 pg/ml in methanol

3.7% (w/v) formaldehyde

in 1x PBS

20% (v/v) ethanol

10% (v/v) glycerol

10 mM reduced glutathione in 50 mM

Tris/HCI pH8.0 (Buffer needs to be freshly

prepared)

2.5 mg/mL

in 50 mM NaOH

50 mM Tris-HCI pH 8.0



1 M NaCl
10% (v/v) glycerol
20 mM imidazole
50 mM Tris-HCI pH 8.0
His-purification elution buffer 300 mM NacCl
10% (v/v) glycerol
500 mM imidazole
1 mM PMSF

His-purification washing buffer 50 mM Tris-HCI pH 8.0
1 M NaCl
10% (v/v) glycerol
10 mM imidazole

PBS (10x) pH 7.4 1.37 M NaCl
27 mM KCI
101 mM NaxHPO4
18 mM KH2PO4
poly-Lysine 0.1 % (w/v) in 1x PBS

1xPBST 0.05%(v/v) Tween 20
100mL 1x PBS
900mL PBS (10x)pH 7.4

MPK3 Kinase Buffer (10x) 0.5 M MOPS pH 7.2
1 M NaCl
100 mM MgCl:

DNA loading buffer (10x) 0.5x TBE

0.1 M EDTA pH 8.0

0.1% (w/v) bromophenol blue

0.1% (w/v) xylenecyanol

50% (v/v) glycerol
Leishmania lysis buffer for immunoblotting 1x TBS

0.1%SDS

Roche protease inhibitor EDTA-free 1

tablet of inhibitors

10 mM o-Phenanthroline

50 mM DTT

1 x loading buffer for SDS-PAGE
Mowiol/DABCO 2.4 g Mowiol
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0.2 M Tris-HCI pH 8.5
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Promastigote wash buffer for freezing cell

pellets: Buffer 1

Promastigote lysis buffer: Buffer 2

RF1

RF2

RIPA lysis buffer

SDS-PAGE electrophoresis buffer

SDS-PAGE sample buffer

SDS-PAGE resolving gel buffer
(4x)

SDS-PAGE stacking gel buffer
(4x)
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6 mL ddH20

21 mM HEPES pH7.5

137 mM NacCl

5 mM KCI (stock 1 M)

21 mM HEPES pH7.5

137 mM NacCl

5 mM KCI

10 mM o-Phenanthroline

Roche protease inhibitor EDTA-freel
tablet of inhibitors

100 mM RbCI

50 mM MnCI2

10 mM CacCl2

30 mM potassium acetate

15% (v/v) glycerol

adjusted to pH 5.8, filter-sterilised
10 mM RbCI

75 mM CaCl2

10 mM MOPS

15% (v/v) glycerol

adjusted to pH 6.8, filter-sterilised
25mM Tris*HCI pH 7.6,150mM NacCl, 1%
NP-40,

1% sodium deoxycholate,

0.1% SDS

0.25 M Tris base

1.92 M glycine

1% (w/v) SDS

pH ~8.3 (do not adjust!)

62.5 mM Tris-HCI pH6.8

20% (v/v) glycerol

2% (w/v) SDS

0.001% (w/v) bromophenol blue
200 mM DTT

0.5 M Tris base

0.4% (w/v) SDS

Adjusted to pH 6.8

0.5 M Tris base

0.4% (w/v) SDS

adjusted to pH 6.8



Substrate Buffer TMP 0.1 mg/mL

9 mL phosphatecitrate buffer,

pH 5.0

2 mL of fresh 30%

hydrogen peroxide
TBE (5x) 0.45 M Tris base

0.45 M boric acid

10 mM EDTA pH 8.0
TE 10 mM Tris-HCI pH 8.0

0.1 mM EDTA pH 8.0
TBS (10x) 200 mM Tris-HCI pH 7.5

1.37 M NacCl
TELT 50 mM Tris-HCI pH 8.0

62.5 mM EDTA pH 8.0

2.5 M LiCl

4% (v/v) Triton X-100
TENS 10 mM Tris-HCI pH 8.0

1 mM EDTA pH 8.0

10 mM NaOH

0.5% (w/v) SDS
Transfer buffer for immunoblotting 25 mM Tris base

150 mM glycine

10% (v/v) methanol
Stop solution 10% H2SO04

ddH20
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21.4 Media

Media

Cryo medium for Leishmania

LB medium

LB agar with ampicillin or carbenicillin

LB agar with dual antibiotics

Ampicillin, Kanamycin

SDM medium complete

Preparation

90% (v/v) iIFCS

10% (v/v) DMSO

10 g tryptone

5 g yeast extract

10 g NaCl

Dissolved in 1000 mL ddH20
Autoclaved for sterilisation

If required, antibiotics were added
after LB medium, had cooled to reach 50°C
15 g agar-agar

In 1000 mL LB medium

autoclaved for sterilisation

antibiotic was added

(Carbenicillin100 pg/ mL,

after LB agar, had cooled to reach 50°C
15 gram agar-agar in LB medium 1000
mL

autoclaved for sterilisation

100 pg/mL Ampicillin,

50 pg/mL Kanamycin

were added after LB agar had cooled
to reach 50°C)

10% (v/v) iFCS

1% (v/v) penstrep

7.5 yg/mL hemin in SDM
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2.1.5 Plastic and glassware

Name

Gel drying frames
Petri dish

Plastic consumables

X-ray films

Conical Flask (Erlenmeyer Flasks)
Measurement cylinders,
10mL,100mL,1000mL,2000mL

Immobilon-P PVDF membrane

for immunoblots

Neubauer counting chambers
96 well ELISA plate

2.1.6 Leishmania strains

Origin

Sigma-Aldrich, Gillingham, UK
Greiner Bio-One (Solingen) and Nunc
(Langenselbold)

Eppendorf, Cambridge, UK

Sarstedt, Leicester, UK

Greiner Bio-One, Solingen, Germany
Nunc, Langenselbold, Germany
VWR International, Lutterworth, UK
C & L GmbH, Gréafelfing, Germany
ThermFisher , UK

Fisherbrand UK

Millipore (Schwalbach)

VWR International, Darmstadt, Germany

Greiner Bio-One GmbH, Frickenhausen,

Germany

Leishmania mexicana (MNYC/BZ/M379, clone 2)
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2.1.7 Bacteria strains

Strain name Genotype Origin
BL21(DE3) B F dcmomp ThsdS (rs m s ) gal A Wiese
[pAPlaclQ] (DE3)[pAPlaclQ]

Dam-Methylation : araC14, leuB6(Am), fhuA13, lacY1, tsx-

negative GM2929 78, 9gInX44(AS), galk2(Oc), galT22, A-,
mcrAO, dcm-6, hisG4(Oc), rfbC1,
rpsL136(strR), dam-13::Tn9,xylA5, mtl-1,
recF143, thiEl, mcrB9999, hsdR2

DH5a F2huAA(argF-lacZ)U169phoA Thermo Fisher thi-
9InV44@80A(lacZ)M15yrArecA1enddA1 hsdR17Scientific

2.1.8 Mouse strain

8 to 12 weeks old, female Balb/c mice bred in-house and supplied by the University of

Strathclyde colony.

2.1.9 Molecular kits

Name of Kit Origin

Genomic purification Kit Qiagen ,UK

Human T Cell Nucleofector Kit Amaxa Biosystems, Gaithersburg, USA
M&N Nucleo Bond Xtra Midi Kit Macherey & Nagel, Diren, Germany
QIAquick Gel Extraction Kit Macherey & Nagel, Diren, Germany
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2.1.10 DNA and protein molecular weight markers

Markers Origin
1 kb DNA Ladder New England Biolabs, Hitchin, UK
100 bp DNA Ladder New England Biolabs, Hitchin, UK

Prestained Protein Marker, Broad Range = New England Biolabs, Hitchin, UK

2.1.11 Enzymes

Enzyme Origin

UK Roche Diagnostics, UK

Expand High Fidelity PCR System Roche Diagnostics, UK

Klenow enzyme New England Biolabs, Hitchin, UK
RNase A (bovine pancreas) New England Biolabs, Hitchin, UK
T4 DNA ligase Roche Diagnostics, UK
Restriction enzymes New England Biolabs, Hitchin, UK

Shrimp alkaline phosphatase (rSAP) New England Biolabs, Hitchin, UK

2.1.12 The following oligonucleotides were synthesised by Invitrogen live

Technologies.

Description Nucleotide sequence

Blasticidin. 5-GCCTCTAGAGATGGCCAAGCCTTTGTCTCA-3’
for

Blasticidin. 5-ATCGCGACGATACAAGTAGG-3

rev

Kin29up.for 5-GATATCCGCGCACCCATAGCCACATGTGTGCATCTCTCC-3
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Kin29up.rev 5-CTCGAGATCTCCTAGGCCATGGCGATGAAGTGAGACGACAAGCAA-3
Kin29ds.for 5-CCTAGGGCTAGCTTGTTCGGACACTGCGATATGCCGGACC-3’
Kin29ds.rev 5-CTCGAGATATCACCACAACGTGACTCGCAGATGGTCATGG-3
Kin29WT .for 5-GGCAGTCGCGTAGTACTGGC-3

Phleoint.rev 5-AACTCGACCGCTCCGGCGACG-3’

Blaint.rev 5-ATCGCGACGATACAAGTCAGG-3

Kin29WT.rev | 5-GCCTGACTTGCGGGTCACGG-3’

2.1.13 DNA vectors and plasmid constructs

Plasmid Source
pGEX-KGSPKin29SA Unpublished Wiese
pGEX-KGSPKin29SD Unpublished Wiese
pGEX-KG6SPPHKIin29 Unpublished Wiese
pGEM®-T Easy Vectors Promega, Southampton, UK
pJCIMKP3sMKK Unpublished Wiese
pBluescript SKII (+) Stratagene
pBHNKIin29I Unpublished Wiese
pBK29upBlads Unpublished Wiese
pBSKBSDRFPCIitrinSv40 BIOMATIK
pGXA2BLA-ATA Unpublished Wiese
PNUSRFPHYG Unpublished Wiese
pTHGFPKin29 Unpublished Wiese
pTH6cGFPnN Dubessay et al., 2005
pTHKIiN29LTGFP Unpublished Wiese
pUC57Kin29C4A BIOMATIK
pUC570SM32 BIOMATIK
pBSAPC3nsKin29A2 BIOMATIK
pUC57Kin29S554ACEP BIOMATIK
pX14polNcolPAC Unpublished Wiese

Plasmid constructs generated throughout the project are listed in the appendix including
plasmid maps which were drawn using SnapGene and Clone Manager 9 (Sci-Ed

Software).
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2.1.14 Gel preparation

Gel name

SDS-PAGE 14 %

Agarose gel 0.8%

Preparation

12.25 mL ddHz20

8.75 mL Resolving buffer 4x

14 mL 30% Acrylamide/Bisacrylamide Solution

17.5 pl TEMED

105 pl 10% APS

0.8g agarose

100 mL 0.5x TBE buffer

7 pl Ethidium Bromide 10mg/mL

2.1.15 Primary antibodies for imunoblot study

Antigen / Name Host

Anti-GFP  antibody = Mouse
HRP

Anti-RFP  antibody = Mouse
(HRP)

GFP (D5.1) XP® Rabbit

Dilution
for Western blot
1:1,000

1:5,000

1:1,000

2.1.16 Secondary antibodies for immunoblot study

Antigen / Name Host

Mouse IgG (HRP

conjugated)Rabbit

Dilution for Source

Western

Source

Miltenyi-Biotec
GmbH, Germany

Abcam-
Cambridge
Science- UK

Cell signalling

1:1,000 Cell signalling
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2.1.17 Secondary antibodies For ELISA

Antigen / Name Host

Mouse IgG1 Goat

(HRP-conjugated)

Mouse 1gG2a Goat

(HRP-conjugated)

Dilution for Source
Western / IF

1:2,500 Cell signalling
1:5,000 Cell signalling
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2.2 Methods

2.2.1 Cell biology methods

2.2.2 Culturing of E. coli

2.2.2.1 Culturing on medium plates

100-200 L of (transformed) bacterial cells were plated on LB agar plates containing the
required antibiotics (100 pg/mL carbenicillin, 50 ug/mL kanamycin) with a plastic

spreader. The plates with the bacteria were incubated upside down at 37°C overnight.

2.2.2.2 Culturing in liquid medium

One single colony was used to inoculate the required volume of LB medium by using a
sterile inoculating plastic loop. Appropriate antibiotics (100 ug/mL ampicillin, 50 pg/mL
kanamycin) were added. The cultures were grown in a shaking incubator (225 rpm) at

37°C overnight.

2.2.2.3 Preparation of glycerol stocks

500uL of the bacterial culture was added to the same volume of 100% glycerol in a
sterile Cryo tube. After mixing, the tube was incubated on ice for 10 min and

subsequently stored at -70°C.

2.2.2.4 Preparation of competent bacteria (Hanahan, 1983).

A disposable streak-loop was used to plate cells from the glycerol stock of the required
genotype onto an LB agar plate, containing the required antibiotic. For [pAPlaclQ]
kanamycin (50 pg/mL) was used. While DH5adoes not have any endogenous resistance
s0 no antibiotics were included. The plate was incubated at 37°C overnight and a single
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colony was picked and used to inoculate a 3 mL LB culture containing antibiotics if
required. After overnight shaking in an incubator at 37°C 500 pL of culture were
transferred to 100 mL of fresh LB medium containing the appropriate antibiotic the culture
was grown until the optical density reached 0.2 at a wave length of 550 nm (ODssp). The
culture was placed on ice for 15 min, divided into two 50 mL tubes and centrifuged at
4,500 x g at 4°C for 15 min. Sedimented cells were resuspended carefully in 16 mL RF1
buffer, pooled and incubated on ice for 90 min. The cells were sedimented under the
same conditions as before, carefully resuspended in 8 mL RF2 buffer and incubated on
ice for 15min. The competent cells were distributed in 200 yL volumes into 1.5 mL tubes,

quick-frozen in liquid nitrogen and stored at -80°C.

2.2.3 Culturing of Leishmania

2.2.3.1 Culturing of L. mexicana promastigotes

Promastigotes were grown in complete SDM medium (Brun and Schénenberger, 1979)
at 27°C. Antibiotics were added, if required, at the following concentrations: Blasticidin
(5 ug/mL), bleocin (phleomycin) (5 pg/mL), hygromycin B (20 ug/mL) and puromycin (40
MM). A fresh culture was inoculated every 4-6 days diluting the old culture 1:1,000 into
10 mL fresh medium. The standard culture method for L. mexicana was in 10 mL SDM

medium (complete) in a 25 cm? non-vented tissue culture flask.

2.2.3.2 Preparation of Leishmania stabilities

A log-phase Leishmania culture was centrifuged at 2,500 x g at 4°C for 15 min. The cell
pellet was resuspended in 1.5 mL of ice-cold cryo medium (DMSO: FCS=1:9) and
divided into three pre-chilled cryo tubes. The tubes were placed in the gas phase of liquid
nitrogen for 24 h for gradual temperature decrease and were then submerged into liquid

nitrogen for long term storage. Additionally, in order to test the quality of the stabilate one
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of the tubes was defrosted in a 37°C water bath and immediately used to inoculate 10

mL of SDM-79.

2.2.3.3 Leishmania cell counting

A sample of a Leishmania culture was prepared at an appropriate dilution with fixing
solution and 10 uL was loaded onto a Neubauer chamber (0.1 mm, 0.0025 mm?) for cell
counting using a light microscope at 40x magnification. The whole area was counted in

order to calculate the cell density using the following formula:

Number of cells/mL = number of counted cells x dilution factor x 104.

2.2.3.4 lIsolation of L. mexicana from mouse footpads

The severed footpads were sterilised with 70% ethanol, cut into pieces and transferred
into 10 mL of ice-cold PBS. The tissues were dissociated with a sharp surgical scalpel
to release amastigotes. The resulting debris was collected in PBS in a sterile petri dish.
The suspension was transferred to a sterile centrifugation tube and the cell debris was
removed by centrifugation for 10 min at 150 x g and 4°C. The supernatant was again
centrifuged at 1,500 x g at 4 °C for 10 min to sediment amastigotes, which were
subsequently resuspended in 10 mL ice-cold PBS and cultured in 10 mL SDM medium

(complete) for promastigote.

2.2.3.5 Fluorescence microscopy on L.mexicana promastigotes

2.2.3.5.1 Fluorescence microscopy with fixed cells of L. mexicana

Log-phase Leishmania culture were centrifuged at 5,600 x g for 2 min, cells were washed
with 1 mL ice-cold 1 x PBS and subsequently resuspended in 300 uL ice-cold 1 x PBS.
Meanwhile, a 10-well microscope slide was coated with 20 pL poly-L-lysine ( 0.1 mg/mL
poly-Lysine in 1 x PBS) per well for 15 min. Incubation steps always took place at room

temperature in a petri dish with damp tissue paper at the bottom to prevent drying. Wells
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were washed twice with 50 uL 1 x PBS, then 20 pL cell suspension was added to each
well and the slide was left until dry at room temperature and 20 yL 100 % ice-cold
methanol were added to each well. Fixation was allowed to proceed for 15 min at -20 °C.
The wells were washed twice with 50 yL 1 x PBS before, adding 20 of nucleus DNA
staining DAPI in a 1:100 dilution. Then an incubation was performed in the dark for 30
min. Cells were subsequently washed three times with 50 yL 1 x PBS. The cells were
finally embedded in Mowiol/ DABCO on the slide and it covered with a cover slip without
trapping air-bubbles. Cells were viewed with fluorescence microscope, and fluorescence

images were captured.

2.2.3.5.2 Fluorescence microscopy with live cell imaging

2.2.3.5.2.1 Cooling slide preparation

50-500 pL of a log-phase Leishmania culture were centrifuged at 5,600 x g for 2 min,
cells were washed with 1 mL ice-cold 1 x PBS and subsequently resuspended in 200
ML ice-cold 1 x PBS. The tube was placed on ice for one hour. 4 uL of the live parasite

suspension was examined using fluorescence microscopy.

2.2.3.5.2.2 Green fluorescent protein (GFP) and red fluorescent protein (RFP)

Live cells were prepared for microscopy as described above. GFP fluorescence was
observed with the FITC filter (A=540 nm) and pictures were typically taken with an
exposure time of 100 — 200 ms, depending on the intensity of the protein. RFP
fluorescence was observed with the Rhodamine filter (A=580 nm), and a similar exposure

time was used.

2.2.3.6 Microscopy techniques and flagellar length determination

Light microscopic examination is a simple technique to determine flagellar length. 50 pL
— 100 pL of log- phase Leishmania promastigote culture were centrifuged at 5,600 x g

for 2 min, the supernatant was removed and the pellet resuspended in 50 pL fixation
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solution. 4 uL of the suspension was used on a slide and it covered with a cover slip
without trapping air bubbles. Cells were examined under light microscope with
magnification (40x1000), 5-15 fields view were captured by GXCAM camera, and
GXCapture Software was used. Flagellar lengths were measured for 200 cells of each
clone, from the cell surface to the flagellar tip exactly tracing the flagellum by using the
freehand tool of the Image J software Version 1.51p. The free hand line, drawn along
the flagellum, measured flagella’s length. Cell length for this analysis is defined as the
maximum distance corresponding to the separating line extensions between distal cell
tips, and the widest area of the cell was measured by dragging the line between the two

lateral ends.

2.2.3.7 Preparation of Leishmania lysates for immunoblot analysis

4 x 108 late log-phase promastigote cells were pelleted by centrifugation for 15 min at
2,500 x g at 4°C. The supernatant was discarded and the cells were resuspended in 10
mL buffer 1 followed by centrifugation under the same conditions as before. Then the
pellet was resuspended in 1 mL buffer 2 followed by centrifugation 5,600 x g for 20 s.
The buffer was removed completely, the cell pellet shap frozen in liquid nitrogen and
stored at -80°C. For immediate use the cell pellet was resuspended in 100-200 pL
Leishmania lysis buffer, incubated at 95°C for 10 min for protein denaturation and chilled

on ice for 5 min.

2.2.3.8 Protocol for Leishmania lysates using RIPA buffer

5x106 late log-phase promastigote cells were sedimented by centrifugation at 2500 x g
for 15 minutes. The supernatant was discarded and the cells were washed twice in cold
PBS and centrifuged at 2500 x g for 15 minutes. 500 pl RIPA buffer for 40 mg (~5 x 108
of cells) of wet pellet was used for resuspension of the cells by pipetting. The cell
suspension was sonicated on ice using the Bioruptor Next Gen for 20 cycles (30 seconds

pulse, 30 seconds rest). The mixture was centrifuged at ~14,000 x g for 15 minutes to
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pellet the cell debris. Finally, the supernatant was transferred to a new tube for further

analysis.

2.2.4 Mouse infection studies

All footpad infection studies were conducted with female 8-12 weeks old BALB/c mice
(20-25 g). Leishmania promastigotes from a culture in late log-phase (3-4 x 107 cells/mL)
were harvested by centrifugation at 5,600 x g for 20 s, washed with ice-cold PBS and
resuspended in1x PBS to a final density of 3.3 x 108 cells/mL. Each mouse was infected
into the left hind footpad with 30 uL of the Leishmania cell suspension, equalling 1x107
cells. Studies were carried out in accordance with local ethical approval and had United
Kingdom Home Office approval. Blood was collected from the tail vein of each mouse
over the course of the experiment and samples were incubated overnight or for room
temperature so that the blood clotted. The resulting serum was collected after

centrifugation of samples at 13,000 x g in a bench top centrifuge.

2.2.4.1 Footpad measurement

Both hind feet were measured weekly with the help of a calliper gauge to monitor lesion

development.

2.2.4.2 Enzyme-linked immunosorbent assay (ELISA)

2.2.4.3 Preparation of soluble L. mexicana antigen

A crude promastigote parasite extract was prepared using a freeze-thaw protocol.
Stationary phase promastigote Leishmania 20 mL (2 x 10 mL) of culture was sedimented
by centrifugation (3,000 x g for 10 min, 4°C) in 50 mL tube. The supernatant was
discarded and the cell pellet was resuspended in 10 mL sterile 1 x PBS and transferred

into a 15 mL tube. The cell suspension was immediately frozen in liquid nitrogen for 3

78



minutes. The tube was put in a sonication water bath for 3 minutes at 60 °C. Then the
solution was passed 15 times through a syringe (5 mL). The freeze/thaw/shear process
was repeated six times followed by 5 repeats of the freeze/thaw process. The lysate was
centrifuged at 2,000 x g for 10 min, 4°C. The supernatant was transferred into fresh 1.5
mL tubes. Subsequently the concentration of antigen was determined using a Bio-Rad

protein assay reagent before storage at -20 °C.

2.2.4.4 Bio-Rad protein assay

The protein concentration of the antigen preparation was determined using the Bio-Rad
protein assay reagent. Briefly, a series of delutions of known concentrations of bovine
serum albumin was used (10 yL BSA 0.1-1 mg/mL). Likewise, 10 pL of the antigen
protein sample was used. Samples were put into wells of a 96 well ELISA plate and
supplemented with 200 uL of Bio-Rad protein assay reagent (diluted 1:5 with distilled
water). All blank, standards and samples were prepared in duplicate. The absorbance of
the samples was measured at OD 595 nm using Softmax Molecular Device. The
concentration of the unknown sample was determined by linear regression from the

standard curve plotted using the protein standards.

2.2.4.5 Specific antibody responses

Serum IgG1 and IgG2a antibody end point titers against soluble promastigote antigen
prepared from wild type L. mexicana parasites were determined by ELISA. Briefly, a 96
well ELISA plate was coated with 200 uL L. mexicana soluble antigen solution (1 ug/mL
PBS pH 9.0) overnight at 4°C. The plates were then washed three times with 1 x PBST.
The plates were blocked with blocking buffer by adding 100 uL to the wells of the plate,
and the plate was incubated for 1 hour at 37°C. The plate was washed three times with
1 x PBST and then 100 uL of the relevant serum sample, seven serial dilutions with
blocking buffer from 1:500 were added to the corresponding wells of the plate. The plate

was incubated for 1 hour, washed four times in 1 x PBST, and 100 uL/well of IgG1 or
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IgG2a used at 15,000, and 1:25,000 dilutions, respectively in 1 x PBS were added to
the appropriate wells of the plate. The plate was incubated for 1 hour as before, washed
four times with wash buffer, and 100 uL/well of substrate (TMB) were added. The
reaction was stopped after 20-30 minutes by adding 50 pL/well of 10% aqueous sulphuric
acid. The absorbance of the wells was measured at 450 nm using a Softmax Molecular
Device. California. USA) and the mean endpoint + standard error (SE) for each group

were determined.

2.2.4.6 Immunoblot analysis

Cell lysates were resolved by electrophoresis on SDS-PAGE then blotted to a
Polyvinylidene Difluoride (PVDF) membrane using an XCell II™ Blot Module at a current
of 100 mA for 90 minutes. The membrane was then incubated for one hour at 37°C in
blocking solution; this was then replaced with blocking solution containing the primary
antibody and incubated overnight at 4°C or for one hour at 37°C. The membrane was
then washed four times for 5 min with 1 x PBST (depending on the antibody used) at
room temperature. It was then incubated for one hour at 37°C with the secondary
antibody diluted in blocking solution, washed three times for 5 min in 1 x PBST then
twice for 5 min in 1 x PBS. The blot was developed by incubating the membrane with an
ECL substrate. The ECL consists of two components, a peroxide solution and a
luminol/enhancer solution. Equal volumes of the two components are mixed and then
incubated with the blot membrane for five minutes. The interaction between the HRP-
conjugated antibodies and the substrate produce a chemical reaction that results in light
emission which can be detected by an X-ray film for times ranging from 20 minutes to 1

hour or overnight.

2.2.4.7 Transfection of L. mexicana by Electroporation (Amaxa)

Transfections were performed using a human T-cell Amaxa nucleofector kit following

manufacturer’s instructions. A dense cell culture of 4 x107 cells was used. Promastigotes
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were harvested by centrifugation for 15 min at 2,500 x g at 4°C. The supernatant was
removed by careful pipetting and the pellet resuspended in 100 uL supplemented
electroporation buffer containing 1-5 ug of DNA fragment or plasmid. The cell
suspension was transferred to a pre-cooled electroporation cuvette. The solution was
then electroporated, using the programme V-033 on an Amaxa Nucleofector, followed

by incubation on ice for 10 min.

The solution was then transferred into 10 mL SDM medium and incubated for 24 hrs at
27°C. Following the overnight culture, two dilutions were prepared. First, 1:2 dilution by
mixing 11 mL SDM media with the transfected culture, then 1 mL was transferred to 19
mL fresh SDM to get the second dilution (1:40) in a 50 mL tube. The relevant antibiotics
were added (5 pg/mL bleocin (phleomycin), 20 pg/mL hygromycin, blasticidin 5 ug/mL,
and 40 yM puromycin) and the solution was distributed across a 96-well plate, using 200
ML per well. The plates were sealed with parafilm and incubated at 27°C for 10-14 days.
Wells where significant growth occurred were identified using an inverted microscope
and the content of these wells was transferred into 2 mL SDM and expanded to 10 mL

upon successful growth.
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2.2.5 Protein Biochemistry

2.2.5.1 Expression and purification of recombinant protein

2.2.5.1.1 Transformation

1-3 L plasmid were mixed with 50 pL E. coli (paPlac competent cells), the tube was
placed on ice for 1 hr, cells were heat shocked in a water bath at 42°C for 90s and put
on ice for 5 min. 800 pL LB liquid media without any antibiotics were added and the
culture was incubated at 37°C for 1 hour in a thermomixer. The tubes were centrifuged
at 11,000 x g for 5 min, 700 pL of the supernatant discarded and the cells resuspended
in the remaining 100 uL and plated on an LB agar plate containing 50 pg/mL kanamycin

and 100 pg/mL carbenicillin.

2.2.5.1.2 Protein expression

100 mL LB liquid media (Erlenmeyer flask 1,000 mL) was prepared. Two antibiotics were
added, 100 pL kanamycin (50 mg/mL) and 100 pL carbenicillin (100 mg/mL). 10 mL of
media was used to wash colonies of the agar plate and the resuspended cells were
transferred to the flask. The flask was incubated in a shaking incubator at 220 rpm at
37°C until the density of the culture reached an ODgoo 0f 0.9. Then the culture was placed
on ice to cool down to 18°C. IPTG was added to a final concentration of 1mM in order to
induce protein expression. Finally, the culture was incubated at 18°C overnight in a

shaking incubator.

2.2.5.2 Protein purification

The overnight culture was harvested by centrifugation at 3,500 x g at 4°C for 15 min,
then the supernatant was removed and the cell pellet washed once in 10 mL cold 1 x
PBS. Following a second centrifugation the cells were resuspended in 5 mL cold 1 x

PBS with 1 M protease inhibitors per 100 mL original culture and transferred into a 15
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mL tube. The cells were lysed by sonication on ice using a 0.5 mm probe on a Branson
Sonifier 250 with 4-5 pulses of 20 seconds at intensity 5 interrupted by 3 minutes breaks
to allow the suspension to cool down again. Triton X-100 was added to a final
concentration of 1% and the lysate mixed by rolling at 4°C for 1 h. The lysate was
distributed into 2 mL Eppendorf tubes, centrifuged at 13,000 x g and 4°C for 10 minutes,
the supernatant transferred into fresh tubes, centrifuged again, the clear supernatant
was collected, added to the tube with beads and an equal amount of binding buffer and

the solution was mixed by rolling at 4°C for 1 hour or overnight.

2.2.5.21 GST-tag recombinant protein purification

100 mL of the 50% Sepharose stock solution was centrifuged at 750 x g at 4°C for 2-3
minutes, the supernatant removed and the pellet washed three times with ice-cold 1 x
PBS in 15 mL tubes (vortex briefly and spin for 2 min at 750 x g each time). After the last
wash the lysate was added to the beads and left for 1 hour rolling at 4°C. The tube was
centrifuged for 2 min at 750 x g, the supernatant removed and the sediment washed
three times with ice-cold 1 x PBS. Finally, bound proteins were eluted two times with 300
uL elution buffer by rotation for 10-20 minutes followed by centrifugation at 750 x g for 2
minutes. The GST elution buffer was prepared fresh. Each elution was collected in

separate Eppendorf tubes.

2.2.5.2.2 His-tag recombinant protein purification

125 uL beads of 75% Chelating Sepharose was used for each 100 mL culture. The slurry
was centrifuged for 2 minutes at 4°C at 750 rpm, the supernatant removed, the
sepharose pellet washed twice with 1 mL ddH:0O, rolled with 1 mL 100 mM CoCl; at 4°C
for 10 minutes, washed again twice with 1 mL ddH>O and once with binding buffer. The
lysate was mixed with the same volume of cold binding buffer, added to the prepared
beads and left for 1 hour rolling at 4°C. The beads were washed with 6 mL His-tag wash
buffer, followed by wash with 3 mL His-tag binding buffer and finally again wash with 3

mL His-tag wash buffer.
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2.2.5.2.3 His-tag protein elution

His-tag proteins were eluted from beads by mixing them with 100 L of cold elution buffer
for 30 minutes at 4°C, 750 x g centrifugation for 2 min at 4°C and collection of the

supernatant in 1.5 mL tubes. This procedure was repeated 2-3 times.

2.2.5.3 Separation of proteins on SDS-PAGE

Protein samples were prepared by mixing 20 puL with 5 x SDS-PAGE loading buffer
followed by incubation at 95°C for 10 min for denaturation. 25 uL protein sample was
loaded per gel-pocket. Separation of proteins was performed in 1 x SDS-PAGE
electrophoresis buffer at 30 mA until the dye front reached the end of the gel. Pre-stained

NEB protein molecular weight marker allowed estimation of protein molecular weight.

2.2.5.4 Staining and destaining

Coomassie R-250 staining solution was used to stain the acrylamide gel for 30-60
minutes depending upon whether the Coomassie solution was fresh or restored. The gel
was de-stained with several changes of destaining solution until the background stain

was removed and protein bands were clearly visible.

2.2.5.5 Kinase assay

Amounts of kinase and substrate were estimated from Coomassie-stained gels of the

purified proteins.
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2.2.5.5.1 Kinase reaction

For the kinase assay an appropriate volume of substrate protein on beads to generate a
clearly visible band on a stained gel was centrifuged for 2 minutes, 750 x g at 4°C and
the supernatant discarded (the volume of the beads was not taken into account); 2-5 uL
purified protein kinase (approximately 2-5 ug/), 5 pL 10 x kinase buffer, 2.5 pL of 500
cpm/pmol [y-3?P] ATP and ddH.O were added to a total (volume of 50 pL). As a control
substrate 5 uL MBP 4.5 ug/uL was used. All reaction tubes were placed in an end-over-
end rotator and incubated at 27°C for one hour. 12.5 yL of 5 x SSB (+ 50 mM DTT) were
added, the sample heated in a heat block at 95°C for 10 minutes and subsequently
resolved on SDS-PAGE. The gel was Coomassie-stained, dried and exposed to X-ray

films.

2.2.5.6 Drying of SDS-PAGE

The gel was soaked in drying solution for at least 30 minutes. Two sheets of cellophane
were soaked in water and one of them was put on the plastic support of the drying frame.
Then a few millilitres of gel drying solution were put on the cellophane sheet followed by
the gel and the second cellophane sheet. Care was taken not to trap air bubbles in
between the gel and the sheets. The top part of the frame is then firmly affixed on the

upper sheet by clips. Drying took 2 h in the dryer or overnight in a fume cupboard.

2.2.5.7 X-ray film exposure

The dried gel was exposed to an X-ray film in an exposure cassette at -80°C for various
lengths of time. Towards the end of the exposure time the cassette was incubated at
37°C for 30 minutes and the film developed in an automatic developer (KODAK M35-M

X-OMAT processor).
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2.2.6 Molecular Methods

2.2.6.1 Analytical digest of plasmid DNA using restriction endonucleases

In order to set up test digests for different plasmids, NEB restriction enzymes were used
according to the manufacturer's recommendations in the catalogue from 2015. Two
types of digests were used; analytical test digests with a single enzyme and analytical

test digests with two enzymes. All analytical digests were carried out in a total volume of

15 pL.
No. Component Volume
1 Restriction enzyme 0.4 uL
2 Buffer 1.5uL
3 DNA lpL-5pL
4 ddH0O Upto 15 uL

The mixture was vortexed, centrifuged, incubated for 2-3 h at the recommended
temperature, mixed with 1.5 pL loading buffer, and separated by agarose gel

electrophoresis.

2.2.6.2 Preparative digest of plasmid DNA

To isolate DNA fragments a preparative digest was set up as follows:

No. Component Volume

1 DNA 10 L - 14 pL
2 buffer 10 pL

3 Enzyme 2puL -3 pL

4 ddHO Up to 100 L

2.2.6.3 Analytical agarose gel electrophoresis

To separate and detect different DNA fragments agarose gels were prepared and

submerged in 0.5 x TBE buffer. Samples were loaded into gel pockets after adding 1.5



uL loading dye. A DNA size marker was used alongside the samples. A typical gel run
was performed at 120 volts for 45 minutes. DNA fragments were visualised using UV
light and an image was taken using the geldoc system (VWR International, Lutterworth,

UK).

2.2.6.4 DNA purification from agarose gels using Macherey & Nagel and Qiagen

Kits

Desired DNA fragments were cut from agarose gels under low intensity UV light (A= 365
nm) using a clean scalpel. The fragment was put in a fresh Eppendorf tube and the DNA
extraction was performed according to the manufacturer’s protocol. The DNA was finally

eluted with 30-60 pL of ddH-O0.

2.2.6.5 Modification of DNA fragments

2.2.6.5.1 Dephosphorylation of 5’-ends

Linear DNA is treated with shrimp alkaline phosphatase (rSAP). The reaction mix
contains the following:

No. | Component Volume
1 Purified DNA 58 uL
2 10x dephosphorylation buffer 6.8 pL
3 rSAP enzyme 2 UL

4 ddH.0 1.2 pL

The reaction was incubated at 37°C for 60 minutes. After that, the enzyme was

inactivated at 65°C for 20 min.
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2.2.6.5.2 DNA blunting/end-repair (New England Biolabs)

No. Component Volume

1 DNA 5 UL

2 10x Blunting buffer 2.5puL

3 Blunt Enzyme Mix 1puL

4 ddH.0 Up to 25 pL

The components were mixed and they incubated at room temperature for 15 minutes.

Then the enzyme was heat-inactivated at 70°C for 10 minutes.

2.2.6.5.3 Klenow polymerase and the modified

No. Component Volume and concentration
1 .
Purified Blunt DNA 1-5 ug
2
NE Buffer 2 (10X) 5l
3 ,
dATP (10 mM): 0.5 pl (0.1 mM final)
4
Klenow polymerase 3 ul
5 Sterile ddH20 Up to 50 uL

The components were mixed and then Incubate in a thermal cycler for 30 minutes. DNA

sample was purified on one spin column.

2.2.6.6 Ligation of DNA fragments

Ligation reactions were carried out using T4 DNA ligase. 1 pL vector DNA, 3 uL (the

threefold molar excess) insert DNA, 1.5 pL 10 x ligase buffer and 0.8 uL T4 DNA ligase

were mixed in a total volume made up to 15 pL with ddH20. The reaction mixture was

incubated at 13°C overnight using a thermocycler.

88




2.2.6.7 Blue-White screening

For some plasmids blue-white selection can be performed to identify colonies carrying
a plasmid with an insert. 20% IPTG and 23.8% X-gal were added to the mixture of 200
uL LB media and competent cells just before plating the transformed cells followed by

incubation at 37°C overnight. Potential positive clones will show as white colonies.

2.2.6.8 Isolation of plasmid DNA from E. coli

2.2.6.8.1 Plasmid DNA mini-preparation (TENS method Zhou et al., 1990)

6 -12 single colonies from a plated transformation were inoculated in 3 mL LB media in
a sterile test tube with the same antibiotic used for the agar plate for the overnight
incubation at 37°C. (It is recommended to select single colonies of different sizes with
the smaller colonies probably being the positive clone). Each culture was used to streak
bacteria on an appropriate agar plate for overnight incubation at 37°C. 1.5 mL from each
culture were harvested at 15,800 x g for 30 s in a 1.5 mL tube, the supernatant was
decanted, and the sedimented cells were resuspended in the remaining supernatant of
about 100 pL. 300 pL of TENS buffer was added, and the cell suspension was vortexed
at medium speed for 4 s and immediately placed on ice. Subsequently, 150 puL of 3 M
sodium acetate pH 5.2 were added, and the cell lysate was vortexed at medium speed
for 3 s and placed on ice again. The tubes were centrifuged at 15,800 x g at 4°C for 15
min, and the clear supernatant was transferred to a new 1.5 mL tube. The centrifugation
was repeated to collect a particle-free supernatant. Subsequently, 900 uL of ice-cold
100% ethanol were added, mixed to precipitate the plasmid DNA and the mixture
centrifuged at 15,800 x g at 4°C for 15 min. The DNA pellet was washed with ice-cold
70% ethanol and centrifuged under the same conditions as before for 5 min. The
supernatant was removed carefully and the pellet was left to dry (15-20 min). Finally, it

was dissolved in 40 pL ddHz0.
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2.2.6.8.2 Plasmid DNA midi-preparation using Invitrogen, Macherey & Nagel and

Qiagen Kits

To get a high quantity of pure DNA a DNA midipreparation is a highly efficient method to
purify DNA. 100 mL of an overnight bacterial culture were harvested at 3,500 x g for 15
minute at 4°C and the supernatant was discarded. The bacterial pellet was further
processed according to the manufacturer's protocol. The eluted plasmid DNA was
transferred to six 1.5 mL tubes (833 pL for each tube) and 583 uL of isopropanol were
added. The mixture was centrifuged at 15,800 x g at 4°C for 30 min. The DNA pellets
were washed and dried. Each DNA pellet was dissolved in 40 pL ddH»O. Finally, the

DNA solutions of the six tubes were combined.

2.2.6.9 solation of genomic DNA from Leishmania (Medina-Acosta and Cross,

1993)

28 mL (2 x 1.4 mL) of a stationary phase promastigote Leishmania culture was
sedimented by sequential centrifugation (16,000 x g for 2 min, 4°C). The pellets were
either immediately frozen in liquid nitrogen and stored at -70°C or the procedure was
continued.

Sedimented cells were resuspended in 400 uL of freshly prepared TELT in a 1.5 mL
tube. After incubation at room temperature for 5 min, 400 uL of ice-cold TE-equilibrated
phenol were added and the mixture was rotated at 4°C for 5 min. The mixture was
centrifuged at 15,800 x g at 4°C for 10 min, and the upper layer (watery phase) was
transferred to a new 1.5 mL tube. 400 pL of chloroform/isoamylalcohol (24:1) were
added, and the mixture was rotated and centrifuged as described above. The upper
watery phase was again transferred to a new tube. 1 mL of ice-cold 100% ethanol was
added to precipitate the genomic DNA. The tube was centrifuged at 15,800 x g at 4°C

for 10 min. The DNA pellet was washed with ice cold 70% ethanol and centrifuged under
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the same conditions as before. The supernatant was removed completely, and the pellet

was dried at room temperature (10-15 min) before it was dissolved in 200 yL TE.

2.2.6.10 Determination of DNA concentrations

The concentration and the purity of the mixture of purified DNA was determined using a

Nanodrop Thermo Scientific 1000 spectrophotometer. The instrument was equilibrated

using 3 uL ddH»0. 1 yL DNA was used to measure the DNA concentration.

2.2.6.11 DNA sequencing 'Source Bioscience Sequencing'

The nucleic acid solution was diluted in 20 yuL ddH-O to a concentration of 100 ng/uL.

Plasmid sequencing was carried out by the company ‘Source Bioscience’.

2.2.6.12 Polymerase chain reaction (PCR)

PCRs were performed using the Expand High Fidelity PCR System from Roche.
Reactions were carried out in 200 pL PCR tubes using a Thermocycler using the

following protocaol.
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No. | Component volume
1 DNA template 1uL

2 Oligonucleotide (Primer) forward (100 uM) 1uL

3 Oligonucleotide (Primer) reverse (100 pM) 1puL

4 10x PCR buffer (with 15 mM MgClz) 5uL

5 | dNTPs (20 mM) 1L

6 Enzyme High Fidelity polymerase 0.8 pL
7 ddH20 add up to 25 uL

2.2.6.12.1 PCR program for 30 cycles

No. | Step name Time Temperature
1 DNA denaturation 2 min 95°C

2 DNA denaturation 20s 95°C

3 Primer annealing 30s 45-54°C

4 DNA elongation 1.5 min 72°C

5 DNA elongation 7 min 72°C

6 Cooling 0 4°C

Annealing temperature step depended on the melting temperature of the
oligonucleotides, and the elongation time was adjusted according to the manufacturer’'s

recommendations.

2.2.7 Statistical Analysis

Data was analysed using Excel and GraphPad Prism Version 5.00 for window normally
distributed data was analysed using a two tailed, non- paired student’s t-test to
compare two subjects or one-way analysis of variance (ANOVA, Tukey's multiple
comparison test)). Fisher's LSD test post-hoc. Non-parametric data were analysed
using a Mann-Whitney U test to compare two treatments. A p value of < 0.05, and <

0.001 was considered significant from in vivo studies.
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CHAPTER 3

Biochemical analysis of LmxKin29
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3 Introduction

3.1 LmxKin29 kinesin in Leishmania mexicana

3.2 Identification of the superfamily of LmxKin29

Kinesins form a large superfamily (KIFs) of motor proteins that are responsible for
transport of cargos such as organelles and protein complexes to different destinations in
the cell along microtubules in an ATP-dependent manner (Setou et al., 2000; Miki et al.,

2001).

In 2004, Lawrence et al. published a standardised kinesin nomenclature, which classified
all kinesins by defining 14 families as well as some “orphan” kinesins that could not be
put in any family and set rules for any new kinesin. The first step to study a new kinesin
should be a BLAST database search in order to identify the kinesin family (Lawrence et

al., 2004).

A classification system and a phylogenetic tree have been generated to organise 486
kinesin-like sequences from 19 eukaryotes using Bayesian techniques (Wickstead et al.,
2006). Three new kinesin families and two new phylum-specific groups were identified
and two families known before were combined. The paralogue distribution suggested
that a eukaryotic ancestor had almost all kinesin families (Wickstead et al., 2006;

Wickstead et al., 2010).

3.2.1 Kinesins involved in MAP kinase signal transduction cascades

The mechanisms of in vivo transport processes are poorly understood because little is
known about how motor-cargo linkages are controlled (Chaya et al., 2014). It has been
found that kinesins are phosphoproteins and the phosphorylation state of kinesins can
regulate their function. Two mechanisms are likely for regulation by phosphorylation.

First, kinesin phosphorylation might control the association and dissociation of kinesins
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with their cargos. Second, kinesin phosphorylation might be involved in the binding of

kinesins to microtubules (Hirokawa et al., 2009; Lee and Hollenbeck, 1995).

Several studies have suggested that kinesin function is regulated by mitogen-activated
protein (MAP) kinases which can be involved in several steps including the selection of
motors, loading of cargo, control of directionality or movement towards correct
locations, velocity and finally, unloading and release of the cargo at its destination
(Mandelkow and Mandelkow, 2002; Berman et al., 2003; Guillaud et al., 2007,

Hirokawa et al., 2009; Chaya et al., 2014).

In the flagellum, the IFT system might be regulated by protein phosphorylation. A number
of conserved MAP kinase subfamily members, including Chlamydomonas rheinhardtii
LF4 (Berman et al., 2003), Caenorhabditis elegans DYF-5 (Burghoorn et al., 2007), and
mammalian MAK (Omori et al., 2008) and ICK (Chaya et al., 2014) have been shown to
be involved. Moreover, CaMKII kinase can phosphorylate KIF3A at serine 690 regulating
the cargo transport mechanism of heterotrimeric (KIF3A, KIF3B) kinesin-2 and cell-cell
adhesion in mammalian nerve cells (Phang et al., 2014). In vivo phosphoproteome
analysis has been used on L. mexicana promastigotes and amastigotes and has
revealed that potential phosphorylation sites occurred on serine 548, serine 551 and

serine 554 in the LmxKin29 peptide (Table 3.1) (Rosenqgvist, 2011).

In L. mexicana the following MAP kinases are involved in flagellar formation and cell size
regulation, LmxMKK, LmxPK4, LmxMPK3 and LmxMPK9 (Wiese et al., 2003, Wiese,
2007). Many Leishmania kinases have been investigated in our laboratory, of which
several have been shown to be essential or important for the parasite. LmxMKK, a MAP
kinase kinase homologue, is expressed in the promastigote stage and is regulated by
phosphorylation. The Leishmania MAP kinase LmxMPKS3, which has been shown to be
important for flagellum length regulation (Erdmann, 2009) is a substrate of LmxMKK.
Phosphorylation occurred either on serine 551 or serine 554 in the LmxKin29 peptide

(Rosengvist, 2011). A peptide derived from the kinesin LmxKin29 was shown to be

95



phosphorylated by activated LmxMPK3 (Emmerson, 2014). This prompted us to clone

the gene for full length LmxKin29 defining the starting point of this project.

In the current study, we tried to confirm that LmxMPK3 can phosphorylate full length
LmxKin29. In addition, to determine the exact phosphorylation site/s on the full length
recombinant LmxKin29. For this purpose, the kinesin gene was cloned in an expression
construct as a wild type gene and as different mutant versions. All mutants were

generated by gene synthesis (BIOMATIK).

Table 3.1 Tryptic peptides of LmxKin29 found to be phosphorylated in an in vivo
phosphoproteomic analysis of wild type L. mexicana promastigotes and axenic
amastigotes.

Phosphorylation was detected on, serine 551 and serine 554 (highlighted in red) (Rosengvist,
2011)

Cell type Sequences probability
Promastigotes (WCL) K-GTDYLSAVGTFESPTVSPASPGSPK-F 95%
Promastigotes (WCL) K-GTDYLSAVGTFESPTVSPASPGSPK-F 95%
Promastigotes (WCL) K-GTDYLSAVGTFESPTVSPASPGSPK-F 95%
Axenic amastigotes K-GTDYLSAVGTFESPTVSPASPGSPK-F 95%

LmxKin29 was expressed as a glutathione S-transferase (GST) fusion protein. The
protein was expressed from a pGEX vector (Figure 3.1), producing a recombinant fusion
protein with the GST-tag (26 kDa) located at the N-terminus followed by LmxKin29. The
use of GST as a fusion tag is an appropriate method because in many cases the fusion
protein can be purified as a soluble protein rather than from inclusion bodies. Moreover,
the GST fusion protein can easily be affinity purified without using denaturation or
detergents (Harper and Speicher, 2011). We have used a modified pGEX-KGSP which
lacks a serine followed by proline close to the fusion site. This serine could potentially be
recognised as a MAP kinase phosphorylation site (serine or threonine followed by
proline) and was therefore removed in pGEX-KGSP (Wang et al., 2005). The only other
S/TP motif in the GST-tag is located N-terminally to the thrombin cleavage site and thus
could be removed together with the GST-tag by cleavage with thrombin if required. The
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MAP kinase His-LmxMPK3 used in this study was expressed with a N-terminal

hexahistidine tag.
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Figure 3.1 Map of recombinant protein expression plasmid pGEX-KGSPKin29.

RBS
Sapl Ncol
BamHI
EcoRI

Nrul

Sacl

™ \ac Operag, |

I
5ol 6xHjs Smal
Aarl
5
| | € pIC1IMPK3MKK ] nmtclllll
| | < 5499 bp 3 0
\ & AfITT
I O
& EcoRY
BssHII
Sspl BspDI - Clal

Pasl

Avrll
Pacl Fsel

Figure 3.2 Map of recombinant protein expression vector pJC1MPK3MKK.
It is comprised of the genes for 3-lactamase (AMP), the lac repressor (lacl), a portion of (LacZ)

the beta-galactosidase, strong E. coli promoter (tac, hybrid between trp and lac), Hexahistidine
(His), as well as the origin of replication (ori) (map was generated using SnapGene).
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3.2.2 Expression of an activated mitogen-activated protein kinase

LmxMPK3 using pJC1IMPK3MKK

LmxMPK3 is a kinetoplastid MAP kinase whose activating kinase has been identified as
being LmxMKK (Erdmann and Scholz, 2006). LmxMPK3 has been identified as a MAP
kinase because it contains relevant conserved residues characterising this type of
serine/threonine protein kinase and it has a TXY activation lip motif which is a highly
conserved feature in MAP kinases. LmxMPK3 is present as a single copy gene in the
haploid genome of L. mexicana, and its open reading frame (ORF) comprises 1164 bp

encoding a protein of 388 amino acids with a calculated molecular mass of 43.7 kDa.

LmxMPK3 is involved in the regulation of flagellar length in L. mexicana. It has been
shown that a constitutively active LmxMKK can phosphorylate and activate LmxMPKS3
(Wiese, 2007; Wiese et al., 2003). For in vitro analysis co-expression of hexahistidine-
tagged LmxMPK3 along with its activating MAP kinase kinase LmxMKK was used
(Erdmann, 2009). The expression vector pJCduet, contains two multiple cloning sites
(MCSs). LmxMPK3 was cloned in the first one and the second MCS was used to clone
the gene for the activator kinase LmxMKK (Figure 3.2). This construct allows purification

of an N-terminally hexahistidine-tagged, activated LmxMPK3 from bacteria.

3.3 Results

3.3.1 Characterisation the kinesin LmxKin29 (LmxM.29.0350)

The full length sequence of LmxKin29 was identified with a tblastn identity search of
TriTrypDB (kinetoplast genomic resources web site). Using the sequence of the
phosphorylated peptide to search the database resulted in 100% identity with a putative
kinesin located on chromosome 29 in L. mexicana MHOM/GT/2001/U1103
(LmxM.29.0350), which was therefore designated LmxKin29. LmxM.29.0350 is
produced in promastigotes and amastigotes and the open reading frame (ORF)
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comprises 1,830 bp encoding a protein of 610 amino acids with a molecular mass of 68.3
kDa and an isoelectric point of 8.17 (Altschul et al., 2005). The primary structure contains
the typical kinesin three domains. N-terminus, coiled-coil sequence (neck) and the C-

terminus (tail) (The Universal Protein Resource UniProt data base) (Figure 3.3 B).

LmxM.29.0350 is a kinesin homologue of LmjF.30.0350 which belongs to the unknown
or orphan family of kinesins as displayed in (Figure 3.4)(Wickstead et al., 2006). The full
length amino acid sequence alignment for LmxKin29 with LmjF.30.0350 shows a high
percentage of amino acid identities of 87%. Recently, the T. brucei homologue of
LmxKin29 (Th927.5.1870) was mentioned as an orphan kinesin (Zhou et al., 2018). Full
length amino acid sequence alignment showed 54% amino acid identity with LmxKin29

(Figure 3.6).

Further full length amino acid sequence alignment analysis for LmxKin29 shows high
levels of amino acid identity with LmxKin29 homologues in other Leishmania species
such as, 86% with the LTRL590 300009000 L. tropica kinesin, 87% with the
LdBPK_30.0350 L. donovani kinesin, 87% with the LinJ.30.0350 L. infantum kinesin, with
LtaP30.0410 L. tarentolae 78% and LbrM.30.0390 L. braziliensis 87 % (TriTrypDB)

(Figure 3.5) with conserved of serines 551 and 554.

The closest human kinesins showed low similarities to LmxKin29, e.g. KIF11 shows 36%
amino acid sequence identity. KIF3A shows 38% identity (152/397) and 53% positives

(211/397) (TriTrypDB).

A transcriptome investigation by sequencing of poly-A selected RNA using paired-end
lllumina protocols revealed that LmxM.29.0350 mRNA level scored the highest
percentage of LmxKin29 in amastigotes (AMA) derived from in vitro infected mouse
macrophages compared with the percentages of other life stages, axenic amastigotes

(AXA) and promastigotes (PRO) (Figure 3.7) (Fiebig et al., 2015).
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Figure 3.3 Amino acid sequence of LmxKin29.
A, putative MAP kinase phosphorylation sites are highlighted in red; the bigger size letters are
serine 548, serine 551 and serine 554 (previously found to be phosphorylated in promastigotes
and axenic amastigotes in vivo) The motor domain of LmxKin29 is shown in blue; B, graphical
view shows the motor domain (14-355; blue box), coiled-coil (387-534; dark blue) and the talil
domain 534-610) (from UniPro data base).

Kinesin-9

Kinesin-1

Unknown Kinesin

sequences from 19 different species including L. major.

Orphan kinesins are enlarged in the right panel and the protein from Leishmania major strain
Friedlin LmjF.30.0360 corresponding to LmxM.29.0350 is highlighted (yellow box) (Wickstead et

al., 2006).
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Figure 3.4 Phylogenetic tree of kinesin motor domains for about 400 non-redundant



Ldon AARLKGTDYLSAVGNFDATA--—-—--- SPGSPGSPHYPREGEEFNDAESAQAQIRALRAERT
Linf ARLKGTDYLSAVGNFDATA--——--- SPGSPGSPHYPREGEEFNDAESAQAQIRALRAERT
Ltr ATLKGTDYLSAVGTFDAARRA-—-———- SPGSPGSPNY SREGEDFNDAESAQAQIRALRAERA
Lmj ATLKGTDYLSAVGSFDATA-—-——————— SPGSPNYPRENEEFNDAESAQAQIRALRAERM
Lmex ASLKGTDYLSAVGTFEPTV--—---- SPASPGSPRFARDGEDFNDAESAQAQLRALWAERT
Ltar AALKGTEYLSTLGHFDSTAGLGSPGSPGSPGSPRFPRDGEEFNDIERAQAQIRAYRAERM
Cfa AASKGTDYLSAMGAFDMYT--————=—~ SPSSPRPPREGEEFNDLEKAQRAQIRAFRAERQ
Lbr ASVKGIDYLSALGTFDSSM-———————— SPASPRGGSDAEDYNELESARQQIRSLRAERA
ki kkkokkk:ok ko *k kK, o okrik: Kk ok kok: KKk

Figure 3.5 Partial amino acid sequence alignment of LmxKin29 from L. mexicana with the
amino acid sequences of various kinesins.

Ldon, LdBPK_300350.1.1 Leishmania donovani BPK282A1, kinesin, putative, length=610 aa;
Linf, LinJ.30.0350 Leishmania infantum JPCMS5, kinesin, putative, length=610 aa; Ltr,
LTRL590_300009000.1 Leishmania tropica L590, kinesin, putative, length=610 aa; Lmj,
LmjF.30.0350 Leishmania major strain Friedlin, kinesin, putative, length=607 aa; Lmex,
LmxM.29.0350.1 Leishmania mexicana MHOM/GT/2001/U1103, kinesin, putative, length=610
aa; Ltar, LtaP30.0410 Leishmania tarentolae Parrot-Tarll, kinesin, putative, length=615 aa; Cfa,
CFAC1_260021700.1 Crithidia fasciculata strain Cf-Cl, kinesin, putative, length=620 aa; Lbr;
LbrM.30.0390 Leishmania braziliensis MHOM/BR/75/M2904, kinesin, putative, length=607 aa.
The asterisk (*) indicates a conserved amino acid in all homologues (Alignment was achieved by
Clustal Omega). (https://www.ebi.ac.uk/Tools/msa/clustalo/)

Lmex MSRIQKSSKSAPKTISVYCRVRPPVP-QEKGENFNNIVYDDADNRT ITVTRKSGSKSFEK
Tbhr -MARKPLSGKAAPENISVFLRVRPPVPRELKGGTFNNLVCD PSDPQRVTITRGGSARKGTK
*_ KakkKk kKK FREIRKK : kk _ kkk:k * ok : k¥ k a2z
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Lmex VLQOSMREIWDRIAKDPGNDY SCSVSYVQLYNEILTDLLDDSKGRKVRIQMGLEGRGDIVM
Thx VLRRSLRDIWDRFQADTEYDY SCTVSYVQLYNEMLTDLLD PQGGRVRIQLGPEGRGDVVL
kkkkdk s dr hkk ks * Fhkdkshkhkkkdhhkdkdk hkkkkk | kakkkk ok kkkdkok:ok:

Lmex VSDATGLPVEREVKDYKGTMAFFKAGLTRKEMASTSMNNT SSRSHT IFTLNVCKAQRVGT
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Figure 3.6 Amino acid sequence alignment of LmxKin29 from L. mexicana with the amino
acid sequence of the kinesin Th927.6.1770 from Trypanosoma brucei.
Lmex, LmxM.29.0350.1 Leishmania mexicana MHOM/GT/2001/U1103, kinesin, putative,
length=610 aa; Tbr, Th927.6.1770 Trypanosoma brucei TREU927, kinesin, putative, length=628.
Serines 551 and 554 are conserved (Alignment was achieved by Cluster).
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fpkm - LmxM.29.0350

FPKM

Figure 3.7 mRNA abundance of LmxKin29 in different L. mexicana life stages.
Transcriptomes of amastigotes from in vitro infected mouse macrophages (AMA) and
promastigotes (PRO) as well as in vitro differentiated cultured amastigotes (AXA) were
determined by poly-A selected RNA sequencing using paired-end lllumina protocols. X-axis, life
stages; Y-axis, transcript levels of fragments per kb of exon model per million mapped reads
(FPKM). The percentile graph shows the ranking of expression for LmxM.29.0350 compared in
amastigotes to all others in this experiment (Fiebig et al., 2015) (adapted from TriTrypDB).

3.3.2 Determination of potential C-terminal phosphorylation sites of

LmxKin29

The full length sequence of LmxKin29 shows that the kinesin contains four serine
residues followed by a proline and one threonine residue followed by a proline
constituting potential MAP kinase phosphorylation sites (Figure 3.3 A). Serine 333 is part
of the motor domain(Figure 3.3 B). Sequence alignment of LmxKin29 homologues in
Leishmania shows that the phosphorylation sites S551 and S554 are conserved in all of

them (Figure 3.5).

3.3.2.1 Detection of a coiled-coil structure in LmxKin29

In order to test whether the potential phosphorylation residues in LmxKin29 kinesin are
part of a coiled-coil structure the amino acid sequence of full length LmxKin29 was
assessed by using a coiled-coil database (https://npsa-prabi.ibcp.fr/cgi-
bin/npsa_automat.pl?page=npsa_lupas.html). According to Lupas et al., 1991 this

method is used to delineate coiled-coil domains in otherwise globular proteins, such as
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the leucine zipper domains in transcriptional regulators, and to predict regions of
discontinuity within coiled-coil structures, such as the hinge region in motor proteins like
myosin. More than 200 proteins that probably have coiled-coil domains were identified

in GenBank (Lupas et al., 1991).

The coiled-coil analysis of LmxKin29 is shown in figure 3.8. T440, S548, S551 and S554
are not part of the coiled-coil regions indicated in the figure by the presence of the peaks

representing the probability of a coiled-coil and hence are likely to be accessible for

phosphorylation.
Coils output for LmxKing9
' ' ' ' ' u:ndou!:=21
1+ -
8.8 -
8.6 .
L
b 5.4 4
8.2 1
a - . l 4
1 1 1 \ 1 \ 1 \ 1
2] 108 coe 300 400 S8 6008 708
S $548
core 5333 T440 S551
S554

Figure 3.8 Graph of coiled-coil analysis of LmxKin29.

The probability of forming a coiled-coil (F/S) is plotted over the amino acid position along the
sequence. The arrows depict accessible regions for potential phosphorylation of threonine 440
and serines 333, 548, 551 and 554 (peaks show coiled-coils) using the https://embnet.vital-
it.ch/cgi-bin/COILS_form_parser (Lupas et al., 1991).

3.3.3 Purification of recombinant Leishmania proteins

Initially, three constructs based on the bacterial expression plasmid pGEX-KGSP for

expression of recombinant fusion proteins with glutathione-S-transferase were
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generated as described in (2.2.5.1). LmxKin29 wild type (WT) and two mutants in the
identified phosphorylation site serine 551 LmxKin29SA (SA) and LmxKin29SD (SD),
replacing the serine by either alanine or aspartate (aspartate residue, thus mimicking a
phosphorylation) (Figure 3.7) had been generated by cloning and site-specific
mutagenesis and were cloned into pGEX-KGSP forming pGEX-KGSPKin29, pGEX-
KGSPKin29SA and pGEX-KGSPKin29SD. To produce the activated MAP kinase
LmxMPK3, the plasmid pJCMKKLmMxMPK3 was used. The isolated activated LmxMPK3
is referred to as His-LmxMPK3. The hypothesis to be tested was, that only LmxKin29WT
and not any of the mutants in the phosphorylation site will be phosphorylated by activated

LmxMPK3 in an in vitro kinase assay using purified recombinant proteins.

The recombinant LmxKin29 proteins were successfully expressed and their predicted
sizes are 95.7 kDa (68.7 kDa LmxKin29 + 27.4 kDa GST) which matches to the size of
the band on the gel (Figure 3.9 A, B). The predicted size of His-LmxMPK3 is 49.7 kDa
(43.7+ 6 kDa). This agrees with the position of the band in the Coomassie-stained gel.
Additionally, there was a very faint double band probably corresponding to the GST-tag
(27.4 kDa) (Figure 3.9 B). The purified proteins were used in protein kinase assays in

order to determine the ability of LmxMPK3 to phosphorylate LmxKin29.
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Figure 3.9 Purified recombinant GST-LmxKin29 and His-LmxMPK3 on Coomassie-stained
14% SDS-PAGE.

A, GST-LmxKin29. Lane 1, elution 1; lane 2, elution 2; lane 3, beads; M, marker in kDa. B, mutant
GST-LmxKin29 and His-LmxMPK3. Lane 1, GST-LmxKin29SA elution 1; lane 2, GST-
LmxKin29SA elution 2; lane 3, GST-LmxKin29SD elution 1; lane 4, GST-LmxKin29SD elution 2;
lane 5, His-LmxMPK3; M, marker in kDa.
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3.3.4 Radiometric kinase assays

GST-fusion proteins of LmxKin29, LmxKin29SA, LmxKin29SD and hexahistidine-
tagged, activated LmxMPK3 were purified from E. coli [paPlaclQ]. The three kinesins
were subjected to kinase assays with or without activated LmxMPK3, the reactions was
stopped by boiling in SDS sample buffer, proteins were separated on a 14% SDS-PAGE
and stained by Coomassie (Figure 3.10 A). Kinase assays were performed using equal
proportions of the enzyme and substrate as judged from the intensity of the Coomassie-
stained proteins as described in (2.2.5.4). Figure 3.10 A displays His-LmxMPK3 with
GST-LmxKin29SA, SD and WT in lanes 1, 2 and 6, respectively, while lanes 3, 4 and 5
contain GST-LmxKin29SD, GST-LmxKin29SA, GST-LmxKin29WT with water instead of

the kinase as controls.

Figure 3.10 B displays an autoradiograph after 72 hours exposure. Firstly, the samples
containing no LmxMPK3 showed no phosphorylation indicating that LmxKin29 cannot
undergo autophosphorylation. In the presence of LmxMPK3 LmxKin29, LmxKin29SA
and LmxKin29SD were all found to be phosphorylated (Figure. 10 B, lanes 1, 2 and 6).
Surprisingly, the activated His-LmxMPK3 still phosphorylated the mutant proteins
LmxKin29SA and LmxKin29SD. Hence, further mutants in the identified MAP kinase

phosphorylation sites had to be generated.
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Figure 3.10 Radiometric kinase assay of LmxKin29 and its mutated versions with
activated LmxMPK3.

A, Coomassie-stained SDS-PAGE. B, Autoradiograph after 72 hours exposure. Lane 1, His-
LmxMPK3 + GST-LmxKin29SA; lane 2, His-LmxMPK3 + GST-LmxKin29SD; lane 3, GST-
LmxKin29; lane 4, GST-LmxKin29SA; lane 5, GST-LmxKin29SD; lane 6, His-LmxMPK3 + GST-
LmxKin29.

3.3.5 Generation of pGEX-KGSPKin29A4, pGEX-KGSPKin29A2, pGEX-

KGSPKin29S554A

In order to study other potential phosphorylation sites of full length LmxKin29 the three
constructs pGEX-KGSPKin29A4, pGEX-KGSPKin29A2, pGEX-KGSPKin29S554A were
generated. The putative serine or threonine phosphorylation sites followed by proline
(S/TP) were replaced by alanine (Figure 3.11). Gene synthesis and cloning were used
to produce the three mutant constructs (BIOMATIK). pGEX-KGSPKIin29A4 has four
mutations (serine 551, 554, 548, and threonine 440), while pGEX-KGSPKin29A2 has
two mutations in serine 551 and serine 554. Finally, pGEX-KGSPKin29S554A carries

one mutation in serine 554 (Figure 3.11).

3.3.6 Generation of pGEX-KGSPKin29A4

The cloning history is illustrated in figure 3.12 A. pUC57Kin29CA4 (contains mutated
LmxKin29) and pGEX-KGSPKin29 were cleaved with Afel resulting in 2719 bp and 541
bp fragments and 6283 bp and 541 bp fragments, respectively. To generate pGEX-
KGSPKin29A4 the 6283 bp fragment was isolated, ligated with the 541 bp fragment from
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pUC57Kin29C4A and transformed into E. coli DH5a competent cells. The resulting
plasmid pGEX-KGSPKin29A4 was confirmed by cleavage with Sfol producing three

fragments of 1627 bp, 3534 bp, and 1663 bp and linearisation with BamHI (Figure 3.12

B).
LmxKin2 SWT ENKQLRQYVPADRLKLIDETPSSGVPGVNGGS I SGGWARANQELRELIQQRDERMKVISN 480
LmxKin29Sa ENRQLRQYVPADRLKLIDETPSSGVPGVNGGS ISGGWARANQELRELIQQORDERMKVISN 480
ILmxKin295D ENKQLRQYVPADRLKLIDETPSSGVPGVNGGS I SGCWARANQELRELIQQRDERMKVISN 480
LmxKIn29a4 ENRQLRQYVPADRLKLIDE " - SSGVPGVNGGS ISGGWARANQELRELIQORDEFMKVISN 480
LmXKin29Aa2 ENRQLRQYVPADRLKLIDETPSSGVPGVNGGS I SGGWARANQELRELIQQRDEFRMKVISN 480
ILmxKin29554A ENKQLRQYVPADRLKLIDETPSSGVPGVNGGSI SGCGWARANQELRELIQQRDERMKVISN 480

khkkkkkkkkkkhhkkkkd : LA A A3 2SSttt dli sttt )
LmxKin2 SWT ERVRLALVVAEEKRKCFQLAQKILRSFAMRYKVEREQLTQRQEELTTELASLKGTDYLSAY 540
LmxKin29sSa ERVRLALVVAEERKRRCFQLAQKLRSFAMRYKVEREQLTQRQEELTTELASLKGTDYLSAV 540
LmxKin295D ERVRLALVVAEERKRKCFQLAQKLRSFAMRYKVEREQLTQRQEELTTELASLKGTDYLSAV 540
LmxKin2Sa4 ERVRLALVVAEERKRRCFQLAQKLRSFAMRYKVEREQLTQRQEELTTELASLKGTDYLSAV 540
LmXKin29Aa2 ERVRLALVVAEERRKCFQLAQKLRSFAMRYKVEREQLTQRQEELTTELASLKGIDYLSAV 540
ILmxKin29554A ERVRLALVVAEEKRRKCFQLAQKILRSFAMRYKVEREQLTQRQEELTTELASLKGTDYLSAY 540
i3 22233322222ttt tt ittt ittt ittt iiiiss ittt ins sl
LmxKin2 SWT GTFEPTVSPASPGSPKFARDGEDFNDAESAQAQIRALWAERTEIMLYQAKARNATRMLVK 600
LmxKin29sSa GITFEPTVSPAAPGSFRKFARDGEDFNDAESAQAQIRALWAERTELMLYQAKARNATRMLVK 600
LmxKin2 95D GTFEPTVSPADPGSPRFARDGEDFNDAESAQAQIRALWAERTELMLYQAKARNATRMLVK 600
LmxKIn2SA4 GTFEPTVAPALPGAPKFARDGEDFNDAESAQAQIRALWAERTEIMLYQAKARNATRMLVK 600
LMXKin29A2 GIFEPTVSPAAPGAFKFARDGEDFNDAESAQAQLRALWAERTELMLYQARKAARNAIRMLVE 600
ILmxKin29554A GTFEPTVSPASPGAPKFARDGEDFNDAESAQAQIRALWAERTELMLYQAKARNATRMLVK 600
khkkkkkhdkdhd Kk . dhkkkkbkkxxdhhkh bbb hhd bk dxdbdd bbb b o drdh o xdd
LmxKin2 SWT EREARQRKAR 610
LmxKin29sSa EREARQRKAR 610
LmxKin2 95D EREARQRKAR 610
ILmxKIn29A4 EREARQRKAR 610
LmXKin29A2 EREARQRKAR 610
ILmxKin29554a EREARQRKAR 610
khkdkkkhkkkkk

Figure 3.11 Partial alignment of LmxKin29WT and mutants (SA, SD, A2, A4, 554A).
LmxKin29SA, replacement of serine 551 with alanine (highlighted in red); LmxKin29SD,
replacement of serine 551 with aspartic acid (highlighted in pink); LmxKin29A4, replacement of
four residues serine 548, 551, 554, and threonine 440 with alanine (highlighted in blue);
LmxKin29A2, replacement of two serine residues, serine 551 and 554 with alanine (highlighted
in brown); LmxKin29S554A, replacement of serine 554 with alanine (highlighted in green). The
alignment was achieved by https://www.ebi.ac.uk/Tools/msa/clustalo/.
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Figure 3.12 Generation of protein expression construct pGEX-KGSPKin29A4.

A, cloning history for the generation of pGEX-KGSPKin29A4. Isolation of 541 bp fragment and
ligation to 6283 bp fragment from pGEX-KGSPKin29 to produce pGEX-KGSPKin29A4. B,
restriction analysis of pGEX-KGSPKin29A4; lane 1, Sfol, expected fragment sizes 1627 bp, 3534
bp and 1663 bp; lane 2, BamHI, linear. M, DNA marker.
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3.3.7 Generation of pGEX-KGSPKin29A2

pBSAPCInsK29A2 was generated by gene synthesis to contain part of the mutant
kinesin gene LmxKin29A2 to replace serine 551 and 554 with alanine. Figure 3.13 A
displays the cloning steps to generate pGEX-KGSPKin29A2. First pBSAPCInskK29A2
and pGEX-KGSPKin29SD were cleaved with Hindlll + Kpnl to produce a 239 bp
fragment from pBSAPCInsK29A2, while pGEX-KGSPKin29SD was used to generate a
6585 bp fragment. The 239 bp fragment was ligated with the 6585 bp fragment and
transformed into E. coli DH5a. The derived plasmid pGEX-KGSPKin29A2 was confirmed
by cleavage with three restriction endonucleases, Hindlll 6824 bp, Pstl 1688 bp, 5136

bp, and Apal 4018 bp, 2806 bp (Figure 3.13 B).

3.3.8 Protein purification and kinase assay using GST-Lmxkin29 wild

type and mutants

Recombinant fusion proteins for GST-LmxKin29WT, GST-LmxKin29SA, GST-
LmxKin29SD, GST-LmxKin29A2, and GST-LmxKin29A4 and the activated His-
LmxMPK3 were successfully purified (Figure 3.14). The purified proteins showed a high
concentration for all so the purification was followed by kinase assays to identify the
phosphorylation site/s of His-LmxMPK3. Five kinase assays were performed. GST-
LmxKin29, GST-LmxKin29SA, and GST-LmxKin29SD showed a strong phosphorylation
signal with LmxMPK3, while GST-LmxKin29A2 and GST-LmxKin29A4 did not show any
phosphorylation (Figure 3.15). GST-LmxKin29SA and GST-LmxKin29SD only lack
serine 551 and can still be phosphorylated indicating the serine 551 is not the site used
by His-LmxMPK3. GST-LmxKin29A2 carries two mutations in serine 551 and serine 554.
The absence of a phosphorylation signal indicates that serine 554 is the phosphorylation

site for LmxMPK3.
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Figure 3.13 Generation of mutant construct pGEX-KGSPKin29A2.

A, cloning history for the generation of pGEX-KGSPKin29A2. Isolation of 239 bp fragment from
pBSAPCINnsK29A2 and ligation with 6585 bp fragment from pGEX-KGSPKin29SD to produce
PGEX-KGSPKin29A2. B, restriction analysis of pGEX-KGSPKin29A2; lane 1, Hindlll resulting in
6824 bp fragment; lane 2, Pstl resulting in 1688 bp and 5136 bp fragments; lane 3, Apal produced

4018 bp and 2806 bp fragments. M, DNA marker.
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Figure 3.14 Purified recombinant proteins of GST-LmxKin29 on Coomassie-stained 14%.
SDS-PAGE. Lane 1, GST-LmxKin29 WT; lane 2, GST-LmxKin29SD; lane 3, GST-LmxKin29A4;
lane 4, 25 uL of eluted His-LmxMPK3; lane 5, LmxKin29SA; M, marker in kDa. GST protein
samples were prepared by using 70 pL suspension of protein with beads 7: 93 v/v) resuspended
with 30 pL SDS loading dye and loaded 25 pL for each).
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Figure 3.15 Radiometric kinase assay of His-LmxMPK3 with GST-LmxKin29.

A, Coomassie-stained 14% SDS-PAGE. B, Autoradiograph after 4 hours exposure. Lane 1, His-
LmxMPK3 + GST-LmxKin29WT; lane 2, His-LmxMPK3 + GST-LmxKin29SA; lane 3, His-
LmxMPK3 + GST-LmxKin29SD; lane 4, His-LmxMPK3 + GST-LmxKin29A4; 5, His-LmxMPK3 +
GST-LmxKin29A2; M, marker in kDa.
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3.3.9 Final step to assign phosphorylation site

The cloning history for pGEX-KGSPKin29S554A is shown in figure 3.16 A.
pUC57Kin29S554ACEP (Biotech) was cleaved with Kpnl + Hindlll to produce a 293 bp
fragment, which was ligated with the 6585 bp Kpnl + Hindlll fragment from pGEX-
KGSPKin29SD to generate pGEX-KGSPKin29S554A. To verify the plasmid two digests
were performed. Figure 3.16 B presents the plasmid cleaved with EcoRI + Nrul producing

two fragments 1689 bps, 5135 bps and cut with HindlIl in one site.

Figure 3.17 shows purified bands of four recombinant proteins of the GST-LmxKin29
(WT, SA, A2, S554A) on a Coomassie-stained 14% SDS-PAGE. Kinase assays showed
phosphorylation of LmxKin29WT and the mutant LmxKin29SA. No phosphorylation was
found in LmxKin29A2 and LmxKin29S554A. This result proves that serine554 is the

phosphorylation site used by activated His-LmxMPK3 ( Figure 3.18).
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Figure 3.16 Generation of mutant construct pGEX-KGSPKin29S554A.

A, cloning history for the generation of pGEX-KGSPKin29S554A. Isolation of 239 bp fragment
from pUC57Kin29S554ACEP and ligation to 6585 bp fragment from pGEX-KGSPKin29SD to
produce pGEX-KGSPKin29S554A. B, restriction analysis of pGEX-KGSPKin29S554A; lane 1,
EcoRI and Nrul resulting in 1689 bp and 5135 bp fragments; lane 2, Hindlll generating linearised
plasmid of 6824 bp; M, DNA marker.
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Figure 3.17 14% Coomassie-stained gel of GST-LmxKin29 versions and His-LmxMPK3.
Lane 1, GST-LmxKin29WT,; lane 2, GST-LmxKin29SA; lane 3, GST-LmxKin29A2; lane 4, GST-
LmxKin29S554A,; lane 5, His-LmxMPK3; M, marker in kDa.
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Figure 3.18 Radiometric kinase assay of His-LmxMPK3 with different GST-LmxKin29
proteins.

A, Coomassie-stained 14% SDS-PA gel. B, autoradiograph after 24 hours of exposure. Lane 1,
His-LmxMPK3 + GST-LmxKin29WT; lane 2, His-LmxMPK3 + GST-LmxKin29SA,; lane 3, His-

LmxMPK3 + GST-LmxKin29A2; lane 4, His-LmxMPK3 + GST-LmxKin29S554A; M, marker in
kDa.
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3.4 Discussion

Very little is known about the putative kinesin LmxM.29.0350 of L. mexicana. The current
study is the first attempt to characterise LmxKin29, to confirm the MAP kinase that
phosphorylates LmxKin29, and to identify the phosphorylation site used by this kinase.
LmxKin29 was likely to be a flagellar kinesin because LmxMPK3 a MAP kinase involved
in flagellum length regulation can phosphorylate a peptide derived from LmxKin29
(Emmerson, 2014). mRNA of LmxM.29.0350 has been found in all L. mexicana life
stages, however amastigotes in in vitro infected macrophages showed the highest level

compared with other stages (Fiebig et al., 2015).

Using the phylogeny study by (Wickstead et al., 2006), we found that LmxKin29 is the
orthologue of L. major Lmj.30.0350 which is classified as a member of the “orphan”

kinesin family (Lawrence et al., 2004; Wickstead et al., 2006).

LmxKin29 is a homologue to the putative kinesin (Th927.6.1770) which has been
identified by (Zhou et al., 2018) as an orphan kinesin. According to TriTrypDB the
predicted function of Lmj.30.0350 and Th927.6.1770 is a motor-driven movement along
microtubules via polymerisation or depolymerisation of microtubules raising the

possibility that LmxKin29 may have a similar cellular function.

Contrary to expectations, LmxKin29 did not show significant sequence identity with the
two types of flagellar Kinesins-2, the heterotrimeric Kinesin-Il and the homodimeric
OSM3 in different organisms. However, LmxKin29 might be a kinesin specific for L.
mexicana and hence functional analysis was pursued in this project. The low percentage
of identical amino acids seen in most protein kinesins of unicellular parasites observed
in phylogenetic studies suggests that these proteins are potential targets for specific

inhibitors, which can developed into new drugs against the pathogen.

Full length LmxKin29 can be phosphorylated by the MAP kinase LmxMPK3. Various

LmxKin29 mutants were recombinantly expressed fused to glutathione-S-transferase
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and used to identify the distinct residue of LmxKin29 which is phosphorylated by

LmxMPK3.

First, it was shown that the full length wild type GST-LmxKin29 can be phosphorylated
by His-LmxMPK3. Then two mutant versions, LmxKin29SA and LmxKin29SD
(substitution of serine 551 with alanine or aspartic acid) were tested. Surprisingly, no
differences were found between the wild type LmxKin29 and the mutant versions of

LmxKin29. LmxMPK3 was able to phosphorylate all three versions of LmxKin29.

Three other mutant constructs were generated to test all putative MAP kinase
phosphorylation sites; pGEX-KGSPKin29A4, pGEX-KGSPKin29A2, and pGEX-
KGSPKin29S554A. LmxMPK3 was unable to phosphorylate LmxKin29A4 (threonine

440, serine 548, serine 551, and serine 554 replaced by alanine).

The in vivo phosphoproteome analysis on L. mexicana promastigotes and amastigotes
which revealed that the potential phosphorylation sites are serine 551 and serine 554 in
the LmxKin29 peptide (Rosenqvist, 2011). The mutant LmxKin29A2 (serine 551 and
serine 554 replaced by alanine) was also not phosphorylated by LmxMPK3 excluding
threonine 440 and serine 548 as phosphorylation sites used by LmxMPKS3. This
observations support the idea, that serine 440 and 548 are not the target phosphorylation
sites leaving serine 554 as the probable phosphorylation site used by His-LmxMPK3.
Hence, pGEX-KGSPKin29S554A was generated and tested. Indeed, LmxMPK3 did not
phosphorylate GST-LmxKin29S554A (Figure 3.18) confirming that serine 554 is the

phosphorylation site used by activated LmxMPK3.

Overall, LmxMPK3 can phosphorylate LmxKin29 and therefore most likely regulates its
activity. However, the phosphoproteome (Rosengvist, 2011) reveald that potential
phosphorylation sites occurred on serine 551 and serine 554 in the LmxKin29 peptide. It
is possible that His-LmxMPK3 phosphorylates serine 554 first followed by
phosphorylation of serine 551. Alternatively, serine 551 is phosphorylated by another

kinase. Additionally, amino acid sequence alignments of LmxKin29 with its homologues
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in other species (Figure 3.5) revealed that serines 551 and 554 are conserved amino

acids. They are likely major sites for LmxKin29 regulation by phosphorylation.

Our findings agree with the observation that KIFs are predominantly phosphorylated on
serine residues (Tsai et al., 2000; Stagi et al., 2006; Guillaud et al., 2007). Furthermore,
these results are also consistent with the previous observations that kinesin proteins are
phosphoproteins and their cellular activities are regulated by protein kinases in different
organisms (Chaya et al., 2014; Liang et al., 2014; Fort et al., 2016). For instance in
Chlamydomonas the calcium-dependent kinase Il (CaMKIl) has been shown to
phosphorylate FLA8 kinesin-Il on the conserved serine 663 to release cargo. This site is

conserved in homologues of kinesin—II FL8 in various organisms (Liang et al., 2014).

In order to demonstrate that LmxKin29 is the mediator of the short flagella phenotype of

the LmxMPK3 null mutant a deletion of LmxKin29 will be attempted.
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CHAPTER 4

Functional analysis of LmxKin29 in L. mexicana
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4 Introduction

4.1  Generation of the knockout

Knockout studies are a valid approach for analysing the function of proteins. Many
attempts have been made to investigate the molecular basis of organelle and cell size
control in eukaryotes. However, little is known about the mechanisms involved.
Unicellular organisms like Chlamydomonas and different Kinetoplastida were used as
models to study proteins that control cell size and flagellum length (Cole et al., 1998;
Wiese et al.,, 2003; Bengs et al., 2005; Fort et al., 2016). In this chapter, we used
molecular tools to study the function of LmxKin29 in L. mexicana. Specifically, generation
of a gene knockout, morphological analysis and mouse infection were used. In order to
understand the knockout strategy for this experiment, a brief introduction about gene

expression in Leishmania will be provided in the following section.

4.2 Gene expression in Leishmania

Leishmania are considered ancient eukaryotes in terms of their gene organisation. All
genes are arranged in a small number (approximately 200) of multigene transcription
units, which are transcribed from single transcription initiation sites. Thus, the number of
transcription initiation and termination sites in the parasite’s genome is only around 1-
2% of the number of genes with gene expression primarily controlled by post-

transcriptional mechanisms (Marques et al., 2015).

The Leishmania protein coding genes are structured as polycistronic transcription units
and transcribed as blocks of 10 —100 genes, forming a long precursor RNA. Individual
MRNAs are generated from the precursor by trans-splicing, which adds a capped 39-
nucleotide-long spliced leader (SL) to the 5-end of every mRNA (Figure 4.1) while
polyadenylation occurs at the 3’-end of each mRNA. Polyadenylation occurs at a
distance of 100—400 nucleotides upstream of the splicing signal of the next downstream

gene. It was shown that trans-splicing and polyadenylation are mechanistically coupled
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and share common regulatory signals, mainly polypyrimidine-rich stretches within the
intergenic regions. The post-transcriptional RNA processing reactions may also help to

control gene expression (Mif3litz et al., 2000; Clayton, 2002; Papadopoulou et al., 2003).

4.3 Knockout in Leishmania

The generation of a null mutant by homologous recombination provides a method to
investigate the role of a protein in L. mexicana (Jones et al., 2018). In addition, using a
high-efficiency electroporation system (Nucleofector system with the Human T-Cell
Nucleofector kit) that causes minimal cellular damage is considered as a powerful tool
to improve the deletion methods (Casanova et al., 2015; Jones et al., 2018). In L. major,
the function of DHFR-TS has been studied by generating a null mutant that led to
thymidine auxotrophy and could only be achieved in the presence of thymidine nutritional
supplementation. Removal of thymidine supplementation delayed cell growth,
demonstrating that DHFR-TS was essential for parasite survival. The complementation
of the null mutant with an episome expressing DHFR-TS restored wild type growth levels,
showing that the loss of this gene could be complemented genetically and chemically

(Cruz and Beverley, 1990).

In an attempt to understand the function of the kinesin LmxKin29 in L. mexicana,
homozygous null mutant promastigotes and single allele mutants were generated. Two
independent LmxKin29 null mutants were obtained by replacing both alleles of LmxKin29
with different resistance marker genes conferring resistance to Blasticidin (Bla) and
phleomycin (Phleo) (Figure 4.3). Two consecutive rounds of electroporation were
required to first generate a single allele deletion mutant, ALmxKin29+/-, and secondly for
a double allele deletion mutant, ALmxKin29-/-. Figure 4.2 displays the knockout strategy
for LmxKin29. This was followed by morphological analysis of the LmxKin29 mutant

clones comparing them with L. mexicana wild type.
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Figure 4.1 Trans splicing in Leishmania.
Gene regulation in Leishmania and related trypanosomatids has unique features that include

polycistronic transcription of large precursor RNAs in the absence of a promoter. Adapted from
(Papadopoulou et al., 2003).
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Figure 4.2 Knockout strategy for LmxKin29.
Step 1, generation of single allele knockout with resistance marker gene between upstream and

downstream regions of LmxKin29 replacing one allele of LmxKin29. Step 2, double allele deletion
of LmxKin29 showing two different resistance marker genes.
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4.4 Results

4.41 Deletion of LmxKin29

4.4.1.1 PCR of LmxKin29 upstream and downstream regions

The LmxKin29 upstream region (679 bp) and downstream region (627 bp) were amplified
using genomic DNA from L. mexicana with specific forward and reverse oligonucleotides
(Table 2.1.12) for both regions (Figure 4.4 A, B). The upstream sequence functions as a
targeting sequence located in front of the start codon of the LmxKin29 gene, while the
downstream region is the sequence just after the stop codon of LmxKin29 (Figure
4.3).The amplification of both regions (PCR products) were confirmed by agarose gel
electrophoresis (Figure 4.5) resulting in two bands of the expected size. The fragments
were used for cloning into pPGEM®-T Easy (Appendix 9.4) resulting in the two constructs
pPGEMKIin29upi and pGEMKIin29dsi (Figure 4.6 A). In order to confirm the identity of the
generated upstream plasmid pGEMKIin29upi, a restriction analysis was carried out with
EcoRlI and Hincll (Figure 4.6 B) resulting in the expected fragments of 647 bp and 2997
bp for Hincll and 414 bp and 3282 bp for EcoRlI. Likewise, the plasmid generated for the
downstream region pGEMKin29upi was checked by restriction analysis using EcoRI and
Hincll. The expected fragments for EcCoRI were 647 bp and 2997 bp, for Hincll 445 bp

and 3997 bp (Figure 4.6 B). Both constructs were confirmed by DNA sequencing.
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Figure 4.3 Summary of the cloning protocol for the deletion constructs
A upstream LmxKin29 679 bp

GATATCCGCGCACCCATAGCCACATGTGTGCATCTCTCCCTCCCCTCGCGCTACGCAACTCTGTTCCGTGCGTGCTG
TGGCTGTGCGAGCCGTTCGCGTCTATTTCCATCACTCCCTGTGTGTGTCTCACGCAGGAACACACGCGCTCACGCCC
ATGCACGCGCCAGAACACCTATTTCTCTACACTGCTTCGCTTGACTCTGCCACCTCGTGTCGCCCCCCTCCCCTGCC
GTCTCCCTCTTGCCTGCTCCCTTTACTTGGGTGACTCATCGCGCCTACCGTCTTTCCCACCGCTTACCGTGGCGCAC
AGCTAGTAGCACGAGCTGCACAGACGCTTGATTCTCCAAGTGGACTACCAACCGCCAAGAAGCATACAGAGTCGACA
CACGTTAGACATCGCCCCTCTCGTCATTCATTCCCGGCGCGCGCACAACTCACCTTTCTACTCCGACCCTCCACCCT
CCTCCCCCACCAACGCTTTGCTGAGCGGCCTCTTAATACCCCCACCTCGCCATCCTCTCCTCTCGGGTCGTTCTATC
ATTGCCGTCTCTTGCGTGTTTCACCCAGACCCTCCCCCTCCCCCCTTTCTCGCCCCGTCCTACCCGACGTGTGTCTG
TGCCTGTGCTCTCTCGCTTTGCTTGTCGTCTCACTTCATCGCCATGGCCTAGGAGATCTCGAG

B downstream LmxKin29 627 bp

CCTAGGGCTAGCTTGTTCGGACACTGCGATATGCCGGACCACTGCTGCGTACCGGCAGCARAAGTGGGAATGCCATCGT
TATGTGCGGTATGCTTGGTAGTAGGGAGGAGGGGGT TAGGCCAGCGTAGAGGAAGAGTGAGAGGATGCTGCATGGAAA
AGTTGAACAAGAAGGGGAGAGGCGGTGAAGGGAGCGCTCTTTCGACCGCTGTGGTCCTTCTTCTGCCCTCTCCGCGCA
GGCCCCCTCACGTGCACTCCCCCGTCGCCATTATGGGCATCCGTTCCTCGCGTCTCCCTCTTTTGCTGTCGTTGCCGC
TCTTCTGTCCCAGTTTTCTGCTCGCGAATGCTCACGCGTCGGCCGGGTTTCTCTCCTTGTTGTCCGAGTAGCTGCCGC
GTTTTGCTTTGTCGCCTCGGTCAACCGCTTTACCTGCCCATTTGCCAACGACCCGATGCGCGCGCGTGTGTGGGCTCT
CTTGTCTGCGCTGTGGCGGCGCTTCCGTTTTCGAGCGCTGCCCCATATTAGGAGACCCCCGTAGTAGTGCGTAAGAGG
GTGGTGTATCTGCGTGCGTGTGCCTGCTATTGTTGCCTCAACCATGACCATCTGCGAGTCACGTTGTGGTGATATCTC
GAG

Figure 4.4 Sequence of amplified fragments for LmxKin29.

A, sequence of amplified fragment for LmxKin29 upstream region generated by PCR on
genomic DNA of L. mexicana. B, sequence of amplified fragment for LmxKin29 downstream
region generated by PCR on genomic DNA from L. mexicana. The highlighted sequences show
the positions of the forward and reverse primers.
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Figure 4.5 PCR fragments of upstream and downstream regions of LmxKin29 using
genomic DNA from L. mexicana.

PCR fragments of upstream and downstream regions of LmxKin29 using genomic DNA
from L. mexicana. Lane 1, upstream fragment; lane 2, downstream fragment; M, DNA
marker.
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Figure 4.6 Construction and verification of plasmid pGEMKin29upi involved in the
generation of a knockout for LmxKin29.

A, Schematic drawing summarising the generation of pGEMKin29up; amplification of the
downstream region of LmxKin29 using L. mexicana wild type genomic DNA and cloning of the
PCR fragment into pGEM®-T easy to generate pGEMKin29upi. B, restriction analysis of
pGEMKIin29upi; lane 1, EcoRI; lane 2, Hincll; M, DNA marker. C, expected fragments after
cleavage with Hincll and EcoRI, respectively.
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Figure 4.7 Construction and verification of plasmid pGEMKin29dsi involved in the
generation of a knockout for LmxKin29.

A, Schematic drawing summarising the generation of pGEMKin29dsi, amplification of the
downstream region of LmxKin29 using L. mexicana wild type genomic DNA cloning of the PCR
fragment into pGEM®-T easy to generate pGEMKin29dsi. B, restriction analysis of
pGEMKIin29dsi; lane 1, EcoRlI; lane 2, Hincll; M, DNA marker. C, expected fragments after
cleavage with EcoRI and Hincll, respectively.
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4.4.2 Generation of knockout constructs

Figures 4.8 and 4.9 delineate the overall cloning procedure. pGEMKin29dsi and
pGEMKIin29upi were cleaved with Avrll and Ndel resulting in two fragments, 706 bp and
2990 bp for pGEMKIin29upi and 43 bp and 3601 bp for pPGEMKin29dsi (Figure 4.8 A). To
generate pGEMupkin29ds (Figure 4.8 B) the 706 bp and dephosphorylated 3601 bp
fragments were isolated, ligated and transformed into E. coli DH5a. The derived plasmid
was confirmed by cleavage with Ncol, Nhel and Avrll, respectively (Figure 4.10 A),
resulting in fragments of 4307 bp for Nhel, 3655 bp + 652 bp for Ncol, and 2997 bp +

1310 bp for EcoRl.

pGEMupkin29ds was cleaved with EcCORV to remove the pGEMT easy plasmid. The
purified 1279 bp fragment contained the upstream and downstream regions of
LmxKin29. This fragment was inserted into pBSKII(+) (Appendix 9.4) which had been cut
before with the same restriction enzyme to produce r-pBupKin29ds (Figure 4.8 C). It was
checked by restriction analysis using EcoRV, Ncol and Nhel. EcoRV produced fragments
of 1279 bp and 2961 bp, wheras Ncol and Nhel each produce a 4240 bp fragment.

Finally, EcoRI + Hindlll generated 1292 bp and 2949 bp fragments (Figure 4.10 B).

Resistance marker genes were introduced into r-pBupKin29ds, two antibiotic resistance
genes were chosen coding for: phleomycin binding protein (Bleo), and Blasticidin S

deaminase (BSD)(Figure 4.10).

The resistance marker gene for phleo was isolated from a plasmid pCR2.1phleo
(Appendix 9.4) containing the gene conferring phleomycin resistance by cleaving it with
Ncol and Avrll (Avrll overhangs are compatible to those generated by Nhel which was
used to cut the vector). The phleomycin fragment was ligated with r-pBupKin29ds to
produce r-pBKin29upPhleods (Figure 4.8 D). The Blasticidin S gene was isolated from
pPEX-A2-BLA-ALA (Appendix). The construct was cleaved with Ncol and Nhel, then

ligated with r-pBupKin29ds (Figure 4.9).
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Finally, the two new constructs pBKin29upBlads and pBKin29upPhleods were confirmed
by restriction analysis shown in figures 4.12 and 4.13. pBK29upBlads was cut with Ncol
producing one fragment, with Nhel and EcoRV giving three fragments of 1056 bp, 612
bp and 2961 bp, and with EcoRV resulting in two fragments of 1668 bp and 2961 bp
(Figure 4.12). Restriction analysis of pBKin29upPhleods with Smal produced 3690 bp
and 921 bp fragments, using Ncol + EcoRYV resulted in 2961 bp, 659 bp and 991 bp

fragments and EcoRYV resulted in 2961 bp and 1650 bp (Figure 4.13).

Subsequently both constructs were confirmed by sequencing and subjected to a
preparative digest with EcCoRV and the resulting 1698 bp (pBKin29upBlads) and 1644 bp

(pBKin29upphleods) fragments were isolated under sterile conditions (Figure 4.14).
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Figure 4.8 Cloning of knockout construct pBupPhleods encoding resistance marker
phleomycin.

A, upstream and downstream regions in pPGEM®-Teasy. B, upstream and downstream regions
combined to produce pGEMupKin29ds, C, transfer of the assembled upstream and downstream
regions into pBSKII(+) generating r-pBupKin29ds. D, generation of knockout construct
pBKin29upPhleods introducing the phleomycin resistance marker gene in between the Ncol and
Nhel restriction sites.
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Figure 4.9, Generation of pBKin29upBlads.
The blasticidin resistance marker gene was introduced in between the Ncol and Nhel restriction
sites of r-pBupKinds.
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Figure 4.10 Restriction analysis of pPGEMupKin29ds and r-pBupKin29ds.

A, pGEMupKin29ds. Lane 1, Nhel with 4307 bp; lane 2, Ncol with 3655 bp and 652 bp; lane 3,
EcoRI with 2997 bp and 1310 bp fragments. B, r-pBupKin29ds. Lane 1, EcoRV with 1279 bp and
2961 bp; lane 2, Ncol with 4240 bp; lane 3, Nhel with 4240 bp; lane 4, EcoRI + Hindlll with 1292
bp and 2949 bp fragments; M, DNA marker.
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Figure 4.11 Isolated resistance gene fragments and linearised vector r-pBupKin29ds.
Lanel, 4228 bp Ncol/Nhel fragment from r-pBupKin29ds; lane 2, 377 bp Ncol/Avrll fragment
carrying the phleomycin resistance gene; lane 3, 401 bp Ncol/Avrll fragment carrying the
blasticidin S resistance gene.
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Figure 4.12 Knockout construct pBKin29upBlads.
A, Restriction analysis of pBKin29upBlads. Lane 1, BamHlI; lane 2, Nhel + EcoRV; lane 3, EcoRV;

M, DNA marker. B, pBKin29upBlads map. C, expected fragments after cleavage with BamHl,
Nhel + EcoRV and EcoRV, respectively.
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Figure 4.13 Knockout construct pBKin29upPhleods.
A, Restriction analysis of pBKin29upPhleo; lane 1, Smal; lane 2, Ncol and EcoRV; lane 3, ECORV;

M, marker. B, Plasmid map for pBupPhleods. C, expected band sizes; numbers in headers
indicate corresponding lanes on the gel.
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4.4.3 Generation of single allele knockout (ALmxKin29+/-) L. mexicana

The knockout cassettes were introduced into wild type L. mexicana promastigotes. 3 x
107 late log phase cells were transfected by electroporation. The growth of cells resistant
to antibiotic was observed after 15-20 days. Positive clones selected for ALmxKin29+/-
Phleo were named D1, D5 and E10, whereas, C1 and H5 were selected for
ALmMxKin29+/-Bla. They all were cultured in 10 mL medium (complete, with 10% iFCS)

with the appropriate antibiotic (Phleomycin or Blasticidin S).

Figure 4.14 Isolation of LmxKin29 knockout DNA fragments with two resistance marker
genes from pBKin29upBlads and pBKin29upPhleods after cleavage with ECORV.

Isolated knockout fragments; lane 1, blasticidin 1688 bp EcoRV fragment (75 ng/uL); lane 2,
phleomycin 1644 bp EcoRV fragment (82 ng/uL); M, DNA marker.
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4.4.4 Confirmation of gene deletion by genomic integration using PCR

Gene replacement by genomic integration was confirmed by diagnostic PCR to detect
the expression cassette for the phleomycin and blasticidin resistance marker fragments
in the transgenic L. mexicana. Genomic DNA was extracted from wild type and five
putative single allele mutant clones ALmxKin29+/- clones (two ALmxKin29+/-Bla and
three ALmxKin29+/-Phleo) (Figure 4.15 A). The forward and reverse primers (Table

2.1.12) were designed for the Bleo and BSD gene for both clones.

Figure 4.15 B shows the correct integration of the BSD gene with an amplified fragment
of 554 bp in two clones for the single knockout ALmxKin29+/-Bla C1 and H5. On the
other hand just one clone was obtained for the single allele deletion ALmxKin29+/-Phleo

D1 displaying a DNA fragment of 382 bp indicating correct integration of the Bleo gene.
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Figure 4.15 Isolated genomic DNA of transgenic L. mexicana and confirmation of
genomic integration by PCR.

A, 5 uL genomic DNA were loaded per lane from wild type and putatively positive clones; lane 1,
wild type genomic DNA; lanes 2 and 3, clones ALmxKin29+/-Bla; lanes 4, 5, and 6, clones of
ALmxKin29+/-phleo). B, PCR reactions on genomic DNA to detect single allele deletion; lane 1,
wild type control; lanes 2 and 3, fragment indicating correct integration of Bla, size 554 bp; lane
4, fragment indicating correct integration of Phleo size 382 bp; M, DNA marker.
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4.4.5 Generation of LmxKin29 double knockout clones (ALmxKin29-/-)

In order to obtain double allele null mutants of LmxKin29 a second transfection was
performed. A single knockout ALmxKin29+/-Bla H5 background was transfected with the
phleomycin fragment. While ALmxKin29+/-Phleo D1 background was transfected with
the blasticidin fragment (Figure 4.2). Subsequently both electroporation cultures were
left to grow for 15-20 days and positive clones were selected. Six putatively positive
clones were obtained for the transfection resulting in ALmxKin29-/-Phleo/Bla (three
clones from the % dilution B7, C7, H12 and three for the 1/40 dilution, A3, D11 and F12).
On the other hand, five clones were obtained resulting in ALmxKin29-/-Bla/Phleo, C4,

F7, E2, D9 and G11. Clones G11 and C4 from the 1/40 dilution were selected.

To confirm the correct gene replacement in the double allele knockout, PCR reactions
were set up under the same optimised conditions as mentioned in section (2. 2.6.12.1).
Figure 4.15 A shows fifteen PCR reactions of the null mutant ALmxKin29-/-Phleo/Bla. A
single band is visible for phleomycin (766 bp) in lane 9, single knockout, also in lanes 12
and 15 for two double knockout clones, A3 and D11, indicating correct integration of the
Phleo gene. While the PCR in lane 5 shows, correct integration of the Bla gene with 937
bp in the single knockout ALmxKin29+/-, and lanes 11 and 14 show one band for the two
double knockout clones A3 and D11. Lanes 1, 4, and 7 show an 860 bp DNA fragment
derived from LmxKin29 that is only present in the wild type and single allele knockout

clones.

From the data in figure 4.15 B, it is apparent that the third clone ALmxKin29-/-Phleo/Bla
F12 still contains the wild type LmxKin29 gene fragment (lane 1) in addition to the two
expected amplified fragments for Bla (937 bp) and Phleo (766 bp) in lane 2 and 3,

respectively.

Figure 4.16 C displays six PCR reactions of two clones of the second part of the knockout
strategy ALmxKin29-/-Bla/Phleo, which shows correct integration of Bla with a fragment

size of 937 bp in lanes 2 and 4, and also a clear band for the Phleo fragment of 766 bp
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in lanes 3 and 6. However, the two clones show an additional fragment which is derived
from the LmxKin29 wild type gene. That means the clones integrated the two resistance

markers and still kept one copy of LmxKin29.

In summary, these results confirm the generation of two true null mutant clones for the
knockout type ALmMxKin29-/-Phleo/Bla, A3 and D11. All clones for the knockout type

ALmMxKin29-/-Bla/Phleo were negative.
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Figure 4.16 Confirmation of LmxKin29 null mutants by PCR of transgenic L. mexicana.
ALmMxKin29-/-Phleo/Bla A, lanes 1, 4, and 7, 860 bp DNA fragment derived from LmxKin29; lanes

5, 11 and 14, 937 bp DNA fragment indicating correct integration of Bla; lanes 9, 12, and 15, 766
bp DNA fragment indicating correct integration of phleo; B, false positive mutant clone containing
all three fragments, Bla, LmxKin29 and Phleo in lanes 1, 2 and 3, respectively; C, ALmxKin29-/-
Bla/Phleo L. mexicana. Lanes 1 and 4, primer pair amplifying a 860 bp DNA fragment derived
from LmxKin29; lanes 2 and 5, primer pair to amplify a 937 bp DNA fragment indicating correct
integration of Bla; lanes 3 and 6, primer pair to amplify a 766 bp DNA fragment indicating correct
integration of phleo; M, DNA marker.
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4.4.6 Analysis of the LmxKin29 null mutant

To determine the consequences of gene loss, the phenotypes that emerge in the null
mutant were analysed. Flagellum length, body width and body length for 200
promastigote parasite cells for the wild type L. mexicana, two clones of single allele
ALmMxKin29+/-Bla H5, ALmMxKin29+/-phleo D1, and two clones of null mutants
ALMxKin29-/-Phleo/Bla A3 and D11 were measured using light microscopy and
analysed using Image J software Version 1.51p. All cultures were in logarithmic growth
phase (densities displayed in table 4-1). As displayed in figure (4.17) cell length is
defined as the maximum distance between anterior and posterior end, and the width of
the cell was measured by dragging a line at the widest distance of the cell body. While,

a free hand line drawn along the flagellum was used to measure flagellum length.

In order to investigate the effect of the absence of LmxKin29 on L. mexicana
promastigotes the data were analysed using a two-tailed, non-paired student’s t-test. The
phenotype measurements showed a wide variety of results in body length and flagellum
length. Therefore, a correlation test (Pearson correlation coefficient) analysis is used to
test the variables between groups. The correlation coefficient, r, ranges from r <1 (Perfect

negative or inverse correlation) to r>1 (Perfect correlation).

The Figure 4.18 displays measurements and statistical analyses of flagellar length, cell
body width and body length of LmxKin29 mutants. As presented in figure 4.18 the body
length analysis exhibited a significant increase in body length (p<0.001, t=3.484)
compared between ALMxKin29+/-Bla and the wild type and the correlation test showed
a significant r-value (r>0; r=0.1446, p=0.05). Compared to the wild type the single allele
mutant ALmxKin29+/-Phleo D1 and the null mutant A3 displayed a significant decrease
in body length (p<0.001, t=5.054) and (p<0.001, t=5.065), respectively (Figure 4.18 A).
However, both analyses have a low correlation value of less than zero. Interestingly, the
null mutant D11 showed no significant changes in body length compared to the body

length of the wild type.
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Although the comparative analysis of the body width revealed a significant increase for
all LmxKin29 mutants (p<0.001) versus the wild type, these results displayed no

correlation (r<0; Figure 4.18 B).

Flagellum length revealed a significant decrease for ALmxKin29+/-Phleo D1 compared
to the wild type but no correlation between them (r<0; Figure 4.18 C). The single allele
ALmMxKin29+/-Bla H5 and the null mutant A3 showed no significant difference in flagellum
length (Figure 4.18 C). The double knockout D11 showed a significant increase in
flagellum length (p<0.05, t=2.209) compared to the wild type, but the clones showed no

correlation (r<0).

In summary, although these results showed morphological changes between cell lines
in general, a significant change was only present in ALmxKin29+/-Bla H5 for cell length
and body width. Interestingly, the flagellum length showed no correlation between the

presence of a mutation in LmxKin29 and the flagellum length.

Table 4.1 Cell density for wild type and LmxKin29 mutants at the time of measurements.

Clone type Density in cells ml?t
Wild type 5.4 x 107
ABla+/- H5 3.5 x 107
APhleo+/- D1 5.1 x 107
ALMXKin29-/- A3 3.6 x 107

ALmxKin29-/- D11 4.5 x 107
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Figure 4.17 Schematic showing L. mexicana cell measurements, cell length, cell width
and flagellum length.
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Figure 4.18 Morphological analysis of deletion mutants of LmxKin29 (single and double
allele) compared with L. mexicana wild type promastigotes. Means with standard errors
of the means are displayed.

A, cell body; B, cell body width; C, flagellum length. Stars indicate significant differences (p*<
0.05, p**< 0.01, p***<0.001) (Student’s t-test and correlation test). Measurements of 200 random
cells were taken using Image J.
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4.5 Generation of an add-back construct for the LmxKin29 null mutant
In order to assign any change in phenotype in the knockout LmxKin29 mutants to the
loss of LmxKin29, different add-back constructs were generated and transfected into

the null mutant background. Using the expression of GFP-tagged LmxKin29 should

allow analysing the localisation of the protein in L. mexicana.

Fluorescence and bioluminescence, have assisted to reveal cellular processes like
protein localisation, gene expression and apoptosis in living systems by fusion of
fluorescent proteins to a wide variety of protein targets (Morin et al., 2001; Pakhomov
and Martynov, 2008; Stepanenko et al., 2011). Green fluorescent protein (GFP) from
Aequorea victoria is an excellent reporter to determine the subcellular localisation of
proteins (Grimm, 2004). GFP-based assays offer several advantages including
simplicity, easy kinetic monitoring, low cost and enhanced biosafety (Kain, 1999; Singh
et al., 2009). GFP is fluorescent and soluble in a wide variety of species and can be
monitored, non-invasively by external illumination. It can be detected using a
fluorescence microscope, a fluorimeter, or a fluorescence-activated cell sorter (FACS)
(Chudakov et al., 2010; Bolhassani et al., 2011). Successful expression of GFP has been
reported in several Leishmania species, as well as in other parasites including

Plasmodium, Trypanosoma, Toxoplasma, and Entamoeba (Docampo, 2011).

GFP is a moderately sized protein of 238 amino acids (27 kDa) (Lodish et al., 2013).
GFP has a beta barrel structure consisting of eleven 3-strands, with an a-helix containing
a conserved tripeptide in the centre with tyrosine and glycine residues in a chromogenic
amino acid X-Tyr-Gly triplet (Figure 4.19) (Prendergast, 1999; Kain and Kitts, 1997,

Margolin, 2000; Pakhomov and Martynov, 2008).

Here, LmxKin29 fused to GFP was expressed in null mutant promastigotes. Two
strategies were used to generate the add-back clones. Initially, the null mutants were
transfected with a plasmid containing LmxKin29 fused with GFP. Plasmids can
independently replicate in Leishmania and replication occurs even in the absence of any

leishmanial sequence (Boucher et al., 2004). pTH6NGFPc and pTH6cGFPn (Dubessay
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et al., 2006) were used to tag LmxKin29 with GFP either at the N-terminus or C-terminus
of the protein. The protein was expressed in the two null mutant clones by introducing
pTHGFPLmMxKin29 where GFP is fused to the N-terminus of LmxKin29 and
pTHLmMxKin29GFP with a C-terminal fusion. Both transfections were successful and two
clones were selected from each transfection and grown in culture with hygromycin B (20

pg/mL).
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Figure 4.19 Wild type GFP.

11-stranded R-barrel structure of GFP-like proteins contains a helix running through the centre of
the barrel, which exhibits a dramatic bend located at the chromophore precursor XYG sequence
(magnified) http://zeiss-campus.magnet.fsu.edu/referencelibrary/index.html.

4.5.1 Fluorescence microscopy of live or fixed transgenic L. mexicana

promastigotes

Fluorescence microscopy with fixed and with live promastigotes of pTHGFPKin29 clones
exhibited a localisation of LmxKin29 throughout the cytosol with an accumulation next to
the flagellar pocket (Figure 4.20 and 4.22 A, B,C). The fixed and live cells of
pTHKiNn29GFP showed a similar localisation of the protein in the cells (Figure 4.21 and
4.22 D, F). Although, localisation was similar in most cells, some dividing cells exhibited
an accumulation for LmxKin29 at the anterior and posterior ends. Interestingly, a

fluorescent spot could be seen in the area where dividing cells were still attached to each
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other (Figure 4.22). No difference in localisation between LmxKin29 with GFP at the N-

terminus or C-terminus was noted.

DAPI

Figure 4.20 Fluorescence microscopy of methanol-fixed L. mexicana promastigotes
carrying pTHGFPKin29 (N-terminal), D11C2.

Transgenic LmxKin29 variants were visualised with appropriate wavelengths for the indicated
fluorophores, using a blue DAPI filter for DAPI, green FITC filter for GFP and white light for bright
field (BF) microscopy; merge is a combination of three images using Image J software. Images
were taken at 300 ms exposure time for fluorescence and 10 ms exposures for bright field. The
arrows point to Kin29 localisation, Bar, 10 um.
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DAPI BF GFP

Figure 4.21 Fluorescence microscopy of methanol-fixed transgenic L. mexicana
promastigotes carrying pTHKin29GFP, D11A1 (C-terminus GFP) at day 4 after
inoculation.

Transgenic cells were stained with DAPI and visualised with white light for bright field microscopy
using a blue DAPI filter for DAPI visualisation and a FITC filter for GFP, all images are from one
clone. The arrows point to Kin29GFP localisation. Bar, 10 um.
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A bright field

Figure 4.22 Fluorescence microscopy of live transgenic L. mexicana promastigotes. A, B
and C carrying pTHKin29GFP, A3C12 (C-terminus GFP), D and F carrying pTHGFPKin29,
D11C2 (N-terminus GFP).

Visualised with white light for bright field microscopy, a blue DAPI filter for DAPI visualisation and
a FITC filter for GFP, all images are from one clone. The arrows point to GFPKin29 and Kin29GFP
localisation. Bar, 10 pm.
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4.5.2 Verification of GFP-tagged LmxKin29 expression by

immunoblotting

The expression of GFP-tagged LmxKin29 in transfectants was validated by immunoblot
analysis with an anti-GFP antibody to confirm integrity of the fusion protein (Figure 4.23).
The cell lysate of four add-back clones, two clones carrying pTHGFPKin29 (A3C10 and
D11C2) and two clones with pTHKIn29GFP (A3C12 and D11A1) were used. In addition,
a cell lysate of L mexicana expressing GFP only was used as a positive control and the
wild type as a negative control. The blot in figure 4.21 displayed correct band sizes for
LmxKin29 fused to GFP at 95.1 kDa (68.3 kDa for LmxKin29 + 26.8 kDa for GFP) for all
clones. Free GFP is shown in lane 4 of figure 4.21 for cells expressing GFP only. No free
GFP was detectable in any of the clones expressing GFP-tagged LmxKin29. This
confirms that the fluorescence seen in the promastigotes is indeed from the tagged

protein and not GFP alone.

< Kin29GFP

Control
“ GFp

Figure 4.23 Immunoblot of GFP-tagged LmxKin29 in L. mexicana.

A, 14% Coomassie-stained SDS-PAGE. Lane 1, wild type L. mexicana (negative control); lanes
2 and 3, pTHGFPLmMxKin29 A3C10 and D11C2, respectively (N-terminal GFP); lane 4, GFP
expressed in L. mexicana (positive control); lanes 5 and 6, pTHKin29GFP A3C12 and D11A1,
respectively (C-terminal GFP). B, immunoblot with anti-GFP-HRP of the gel shown in A. M,
marker in kDa.

4.5.3 Add-back gene cloning - second strategy

Integration of the target gene into the host chromosome is a strategy to overcome the

drawbacks of expression of the target gene from a plasmid, which generally leads to
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inconsistent (heterogeneous) expression of the protein of interest in the cell population

(MiRlitz et al., 2000; Kazemi, 2011; Duncan et al., 2017).

4.5.3.1 Generation of pPBGFPKin29 and pBKin29GFP

Figure 4.24 A shows the generation of pBGFPKin29 for N-terminal GFP and
pBKin29GFP for C-terminal GFP (Figure 4.24 B). In pBGFPKin29 cloning,
pX14polNcolPac was linearised with EcCoRV and pTHGFPKin29 was cleaved with Pmel
and Hpal to produce 2575 bp + 6964 bp DNA fragments. The 2575 bp fragment was
isolated and ligated with the linearised pX14polNcolPac (Appendix 9.4) to produce
pX14polNcolPacGFPKin29. To change the methylation state,
pX1l4polNcolPacGFPKin29 was transformed into the dam-methylase negative E. coli
strain J110 and re-isolated. Then it was cleaved with Ncol and Xbal to produce fragments
of 3368 bp, 1245 bp, and 2826 bp. r-pBupKinds (Knockout plasmid) was cleaved with
Ncol and Nhel to produce 4228 bp +12 bp. The 4228 bp fragment was ligated with the
1245 bp fragment to generate pBupfKin29GFPds, which linearised and ligated with 3368

bp. This led to the generation of plasmid pBupGFPKin29ds (Figure 4.24 A).

To produce pBupKin29GFPds (Figure 4.24 B), first pTHKin29GFP was cleaved with Pcil
and Pmel to generate 443 bp + 2580 bp + 3165 bp + 3371 bp DNA fragments. The 2580
bp fragment was isolated, the Pcil end filled-in with Klenow polymerase and the modified
fragment ligated with the EcoRV pX14polNcolPac fragment, to produce the construct
pX14polNcolPacKin29GFP, which transformed into the dam-methylase negative E. coli
strain GM 2929 and re-isolated. The pX14polNcolPacKin29GFP construct was cleaved
with Ncol and Xbal to produce 2630 bp, 1988 bp and 3826 bp fragments. The 4228 bp
Ncol/Nhel fragment from r-pBupKinds was ligated with the 1988 bp to produce
pBupfKin29GFPds. The plasmid pBupfKin29GFPds was linearised with Ncol and ligated

with the 2630 bp fragment to produce pBupKin29GFPds.

The two new constructs, pBupGFPKin29ds and pBupKin29GFPds were confirmed by

restriction analysis (Figures 4.25 and 4.26) respectively. pBupGFPKin29 was cleaved
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with BamHI to produce 5394 bp, 2705 bp and 742 bp fragments; with ECORV resulting
in two fragments of 5880 bp, 2961 bp; and with Nhel resulting in one fragment of 8841
bp. pBupKin29GFP was cleaved with Notl to produce 6045 bp and 2801 bp fragments,
Spel resulting in one fragment of 8846 bp and with Hindlll to produce 7627 bp and 1219

bp fragments.

To prepare the fragments for electroporation the plasmids pBupGFPKin29 and
pBupKin29GFP were cleaved with EcoRV to isolate the 5885 bp and 5880 bp,

respectively, under sterile conditions.
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Figure 4.24 Generation of pBupKin29GFPds and pBupGFPKin29ds for integration into
the original LmxKin29 gene locus.

A, Generation of pBGFPKin29 with N-terminal GFP. B, generation of pBKin29GFP with C-
terminal GFP. Step a, Generation of construct which contains LmxKin29 tagged with GFP (both
termini) and the resistance marker gene for puromycin resistance; b, change the methylation state
of the constructs by transformation into dam-methylase negative strain; ¢ and d, cloning into the
r-pBupKin29ds knockout construct to produce pBupGFPKin29ds and pBupKin29GFPds. Regions
encoding domains of LmxKin29-GFP fusion proteins are highlighted in green.
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Figure 4.25 Restriction analysis of pPBupGFPKin29ds carrying LmxKin29 tagged with GFP

at the N-terminus.

A, restriction analysis of pBupGFPKin29ds; lane 1, BamHI; lane 2, EcoRV and lane 3, Nhel; M,
DNA marker. B, plasmid map pBupGFPKin29ds. C, expected sizes of diagnostic bands in the
table and on the gel are labelled with corresponding numbers.
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Figure 4.26 Restriction analysis of pBupKin29GFPds LmxKin29 tagged with the mAb
LT8.2 epitope and GFP at the C-terminus (add-back gene plasmid).

A, restriction analysis of pBupKin29GFPds; lane 1, Notl; lane 2, Spel; lane 3, Hindlll; M, DNA
marker. B, plasmid map of pBupKin29GFPds. C, expected sizes of diagnostic bands in the table
and on the gel are labelled with corresponding numbers.
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4.5.4 Generation of pBupkin29Xds

In order to test whether GFP has an effect on LmxKin29 function (Cranfill et al., 2016)
the add-back construct pBXupkin29ds of LmxKin29 without GFP tag was generated.
Figure 4.27 summarises the cloning history. In the first step (A) pX14polNcolPac was
cleaved using EcoRV and Hpal resulting in two fragments of 12 bp and 5852 bp, the
5852 bp was ligated with the 2935 bp fragment that was obtained from cleaving
pBHNKIin29I with Hpal and BamHI to generate pX14polNcolPacKin29. In the next step
the methylation state of the plasmid was changed by amplifying it in the dam-methylase
negative E. coli strain GM 2929 (step B). pX14polNcolPacKin29 was cut with Ncol and
Xbal, to produce three fragments of 3826 bp, 2626 bp and 1245 bp. r-pBupKin29ds was
cleaved with Ncol and Nhel to remove a 12 bp fragment and ligated with the 1245 bp
fragment to produce pBupfKin29Xds. pBupfKin29Xds was linearised with Ncol and
ligated with the 2626 bp fragment from the previous step to produce pBupKin29Xds (Step
D). Then, pBupKin29Xds was confirmed by restriction analysis (Figure 4.28 A).
pBupKin29Xds was cleaved with BamHI to produce 5394 bp and 2705 bp fragments,
with Ncol to produce 5473 bp and 2626 bp fragments, with Nhel resulting in one fragment

of 8099 bp and with EcoRYV to produce 5138 bp and 2961 bp fragments.

To prepare the fragments for electroporation the construct pBupKin29Xds was cleaved

with EcoRV to isolate the 5138 bp fragment under sterile conditions.
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Figure 4.27 Schematic for the generation of pBupKin29Xds.
A, B, generation of pX14polNcolPacKin29. C, D and E use of the r-pBupKin29ds knockout
construct as backbone plasmid to insert full length LmxKin29 to produce pBupKin29Xds.
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Figure 4.28 Restriction analysis of pBupKin29Xds.

A, restriction analysis of pBupKin29Xds; lane 1, BamH]I; lane 2, Ncol; lane 3, Nhel; lane 4, EcoRV.
M, DNA marker. B, plasmid map of pBupKin29Xds. C, expected sizes of diagnostic bands in the
table and on the gel are labelled with corresponding numbers.
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4.5.5 Transfection with add-back constructs

Three transfections of Leishmania were carried out into the null mutants ALmxKin29-/-.
Two transfections contained GFP fused with LmxKin29 pBupGFPKin29ds and
pBupKin29GFPds, while the third one contained LmxKin29 only pBupKin29Xds. Positive
clones that would be obtained by re-integrating the fragment cassette contain LmxKin29
with puromycin selection marker back into the original chromosomal gene locus through
homologous recombination, which allows the expression under the control of its own
regulatory elements as summarised in figures 4.29 B and 4.30 B. Four putatively positive
clones were obtained for three the transfections. First, A3C4, D11A1, A3F7GFP and
D11C3GFP from transfection with pBupGFPKin29ds. Four putatively positive clones
were obtained resulting from pBupKin29GFPds, A3H8, A3E8, D11C8 and D11C7.
Positive clones were obtained resulting from pBupKin29Xds, A3E2, A3F7, D11H2, and
D11A11. All clones can grow in culture with two resistance markers puromycin and

blasticidin or phleomycin (Table 4.2).

4.5.6 Fluorescence microscopy for the add back clones pBGFPKin29 and

pBKin29GFP

Low GFP fluorescence signals were detected from LmxKin29 add-back clones
pBGFPKin29 and pBKin29GFP, making it hard to localise the protein and impossible to

produce images of reasonable quality.
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Table 4.2 Putatively positive clones of the transfection with genomic add-back constructs

with its selective antibiotics.

NO. | PBupGFPKin29 | Selective antibiotics
Clone name Blasticidin | Phleomycin | Puromycin
1 A3F7 + +
2 A3C4 + +
3 D11C3 + +
4 D11A1 + +
pBupKin29GFP
Clone name Blasticidin | Phleomycin | Puromycin
1 A3H8 + +
2 A3ES8 + +
3 D11C8 + +
4 D11C7 +
- +
pBupKin29Xup
Clone name Blasticidin | Phleomycin | Puromycin
1 A3C12 + +
2 A3E2 + +
3 D11A11 + +
4 D11H2 + +
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4.5.7 Confirmation of gene deletion by homologous recombination into

genomic DNA

Genomic DNA was extracted from all selected clones. The complementation was
confirmed by PCR with three primer pairs, one for LmxKin29, a second for PAC, and a
third primer pair for GFP (Appendix 9.4). Figure 4.29A displays fifteen PCR reactions
using genomic DNA extracted from various clones. Null mutant (negative control) in
lanes 1, 2, 3. Lanes 4, 7, 10, and 13 show the results for the primer pair to amplify a
1481 bp DNA fragment derived from LmxKin29 wild type gene; lanes 6, 9, 12, and 15,
are for the primer pair to amplify a DNA fragment of 782 bp indicating correct integration
of GFP; lanes 5, 8, 11, and 14 are for the primer pair to amplify a 1308 bp fragment
indicating correct integration of the PAC gene. The correct integration of LmxKin29 gene
could be confirmed. Figure 4.29B shows the add back integration locus replace one of
the resistance marker Bla or Phleo by homologues recombination with fragment consist
of GFP PAC and LmxKin29 .Two types of clones can grow either with blasticiden (5
pg/mL) / puromycin (40 pM) or second clones can grow phleomycin (5

pg/mL),/puromycin (40 uM).
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Figure 4.29 Add-back using fragment from pBupGFPKin29ds checked by PCR for
recombinant L. mexicana with N-terminal GFP.

A, agarose gel, lanes 1, 4, 7, 10, and 13, primer pair to amplify a 1481 bp DNA fragment derived
from LmxKin29; lanes 2, 5, 8, 11, and 14, primer pair to amplify a 782 bp DNA fragment indicating
correct integration of GFP; lanes 3, 6, 9, 12, and 15, primer pair to amplify a 1308 bp DNA
fragment indicating correct integration of the PAC gene. Arrows indicated the unspecific band; M,
DNA marker. B, schematic diagram showing the integration of the add-back construct into the
gene locus of LmxKin29 of the null mutant L. mexicana.

4.5.8 Confirmation of re-integration of LmxKin29 by homologous

recombination into genomic DNA of the LmxKin29 null mutant

The PCR reactions showed successful integration of LmxKin29 in the five add-back
clones using a fragment derived from pBupKin29Xds (A3C6, A3C12, A3E2, D11H2 and
D11A11). Figure 4.30A shows the LmxKin29 gene fragment of 1481 bp and the 1308 bp

fragment indicating correct integration of the PAC gene in all clones compared to the null
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mutant clone that was used as a negative control. Figure 4.30B shows replacement of
one of the resistance markers Bla or Phleo by homologous recombination with a
fragment consisting of PAC and LmxKin29. Two types of clones can be generated that
grow either with blasticidin (5 pg/mL) / puromycin (40 pM) or phleomycin (5 pug/mL) /

puromycin (40 uM).
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Figure 4.30 Add-back using the fragment from pBupKin29Xds checked by PCR.

A, agarose gel; lanes 1, 3,5, 7, 9 and 11, primer pair to amplify a 1481 bp DNA fragment derived
from LmxKin29 wild type; lanes 2, 4, 6, 8, 10 and 12 primer pair to amplify 1308 bp fragment
indicating correct integration of Pac; M, DNA marker. B, schematic diagram showing add-back
into gene locus of LmxKin29 null mutant L. mexicana.
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45.8.1 Fluorescence microscopy of the add back clones GFPKin29 and

Kin29GFP

Low GFP fluorescence signals were detected from LmxKin29 add-back clones
GFPKin29 and Kin29GFP, making it hard to localise the protein and impossible to

produce images of reasonable quality.

4.6 Mouse infection studies with wild type, LmxKin29 mutants, and add-
back mutants of L. mexicana

To find out, whether LmxKin29 plays a role in L. mexicana infectivity, mouse infection
studies were carried out with late stationary growth phase L. mexicana promastigotes of
wild type, LmxKin29 single-allele, null mutants and add-back mutants (Table 4.3;
summary of all mutant clones used in mouse infection experiments. The parasites were
injected into the left hind footpad of five female Balb/c mice. The infected footpad was
measured every week in comparison to the non-infected one. Table 4.3 illustrates results
of the infection of Balb/c mice for the different clones. L. mexicana wild type, single allele
knockout and genomic add-back using pBupKin29Xds caused infection and the footpad
swelling increased over eight weeks. Neither of the two null mutant clones (A3, D11) nor

the add-back with GFP showed any lesion development (Table 4.4).

Table 4.3 Overview of clones used in infection of Balb/c mice.

Positive Single Double Add-back Add-back Add-back Add-back
control allele allele pTHGFPKin29 | pTHKin29GFP | pBupKin29Xds | pBupKin29GFPds
Knockout | Knockout

WT D1 A3 A3G10 A3C12 A3E2 A3F7GFP

H5 D11 D11C2 D11A1 D11H2 D11C3GFP
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Table 4.4 Footpad infection of female Balb/c mice with wild type, single knockout, double
knockout, and add-back clones.

No. Clone type of Clone Lesion No
Leishmania mexicana Name Lesion

1 Wild type (control WT
positive)
2 Single allele D1 Phleo+/-
Knockout

ALmMxKin29+/-
3 Single allele H5 Bla+/- +
Knockout

ALmMxKin29+/-
4 Double allele A3 +
Knockout

ALMxKin29-/-
5 Double allele D11 +
Knockout

ALMxKin29-/-
6 Plasmid add-back using | A3G10 +

pTHGFPKin29

7 Plasmid add-back using | D11C2 +
pTHGFPKin29

8 Plasmid add-back using | A3C12 +
pTHKIN29GFP

9 Plasmid add-back using | D11A1 +
pTHKIiN29GFP

10 Genomic add-back A3E2 +
using
pBupKin29Xds
11 Genomic add-back D11H2 +
using
pBupKin29Xds
12 Genomic add-back A3F7GFP +
using
pBupGFPKin29ds
13 Genomic add-back D11C3GFP +
using
pBupGFPKin29ds
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Figure 4.31 shows that there was a significant difference (p<0.001) in lesion
development between the null mutant (A3, D11) clones and the wild type, whereas the
single allele mutant shows no significant difference in lesion development to the wild
type. Moreover, the difference in lesion development between the null mutant clones A3
and D11 and the add-back groups was significant p<0.05 or p<0.01. As shown in figure
4.31 the add back LmxKin29 clones A3E2 and D11H2 lesions were slightly different
compared to the wild type but the statistical analysis proved that there is no significant
difference between them. From the data in figure 4.32, it is apparent that add back clones

A3G10, D11C2, A3F7, D11C3, A3C12 and D11A1 did not show any lesion.

The attempt to grow ALmxKin29-/- parasites from the area of infection failed suggesting
that the null mutant parasites did not survive in the mouse. By contrast, parasites could

be grown from wild type and single allele infected mice.

In summary, the ALmxKin29-/- clones have lost their pathogenicity and could not survive
in the mouse. While the wild type, single allele mutants and add-back clones caused

lesion development.
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Figure 4.31 Infection of female Balb/c mice at the age of 8 weeks caused by 1 x 107 late
log phase promastigotes of L. mexicana wild type, LmxKin29 mutants (ALmxKin29+/-,
ALmMxKin29-/-) and LmxKin29 add-back.

Footpad thickness was measured weekly with a caliper gauge and compared relative to the
uninfected right hind footpad (GraphPad Prism Version 5.00).

-- WT

== ALmxKin29 +/- Phleo D1

Double knockout clones
== A LmxKin29 -/- A3

=¥= A LmxKin29 -/- D11
Double; Add back gene clones

—9— pBupKin29Xds A3E2

-0~ pBupKin29xds D11H2
8- pTHGFPKin29 A3G10
A

pTHGFPKin29 D11C2
pTHGFPKin29 A3C12

L

0 2 4 6 8 10 pTHGFPKin29 D11A1

X (infected foot - uninfected foot)/5 [mm]

Time post infection [weeks] PBUPGFPKin29ds A3F7

== pBupGFPKin29ds D11C3

Figure 4.32 Footpad infection of female Balb/c mice with L. mexicana wild type and
LmxKin29 mutants.

ALmxKin29+/- (single allele knockout), (ALmxKin29-/- double allele knockout), add-back clones.
Balb/c mice were injected with 1 x 107 late log phase promastigotes into the left hind footpad.
Footpad thickness was measured weekly with a caliper gauge and compared relative to the
uninfected right hind footpad (GraphPad Prism Version 5.00).
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4.7 Immunity to Leishmania

Leishmania is an obligate protozoan parasite with a worldwide distribution. Simplified,
Leishmania exhibit a dimorphic complex life cycle: the amastigote, found intracellularly
in vertebrates, and the promastigote, in the digestive tract of invertebrate hosts (Evering

and Weiss, 2006; Mougneau et al., 2011).

Leishmania cause major problems related to their ability to invade a host and adapt to
the host’'s immune response and establish chronic infections. Moreover, the lack of
Leishmania research dramatically reflects the little progress in potential treatment and

appropriate vaccines (Gurung and Kanneganti, 2015).

Immunologists have tried to understand the mechanisms of evasion strategies utilised
by Leishmania to invade the host and survive the host’'s immune response. Cutaneous
leishmaniasis is caused by the bite of an infected sand fly when the metacyclic
promastigotes are injected into the skin. The innate immune responses are rapid and
attempt to stop the entering pathogens and shape the adaptive immune responses as a
specific immunity defence against Leishmania (Figure 4.33) (Evering and Weiss, 2006;

Geiger et al., 2016).
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Figure 4.33 Footpad infection of female Balb/c mice with L. mexicana wild type and
LmxKin29 mutants.

4.7.1 Innate immunity and Leishmania

The cell surface of all Leishmania species is composed of glycolipids, including
lipophosphoglycan (LPG) and glycoprotein 63 (GP63) which is considered as a virulence
factor (Mougneau et al., 2011). Upon entry into the mammalian hosts, Leishmania
parasites first are exposed to the complement system. Once the complement pathway
is activated, C3b and the membrane attack complex (MAC) C5b-C9 interact with
molecules on the Leishmania surface and lyse the parasite. The LPG and GP63 are
mediators to protect Leishmania from the complement system because GP63 prevents
insertion or deposition of the lytic C5b-C9 complex, thereby enhancing tolerance of
complement-mediated lysis (CML). This helps Leishmania to persist and be bound by
CD11b and FcyR receptors on neutrophils and macrophages and be taken up (Cecilio

et al., 2014; Favila et al., 2015; Geiger et al., 2016).
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The first cells to attack the promastigotes are the neutrophils, which are short-lived and
die to release the parasites. Dying neutrophils secrete different chemotactic factors for
macrophages. Then parasites are actively phagocytosed by macrophages and dendritic
cells (DCs) (Kaye and Scott, 2011; Ribeiro-Gomes and Sacks, 2012; Cecilio et al., 2014).
In the skin, Leishmania can also be attacked by keratinocytes which are stratified,
squamous, epithelial cells that provide a critical role in the initiation of a protective
immune response against Leishmania as a barrier between the host and the environment
and secrete interleukins like IL-12, IL-1b, IL-4, and IL-6. In addition, Langerhans cells are
a subclass of dendritic cells (DCs) that are present in the epidermis, where they critically

contribute to the immune defence against microorganisms (Mougneau et al., 2011).

4.7.2 The adaptive immune response in leishmaniasis

As an advanced specific immune response, the lymph nodes nearby the infection site
are absolutely required for the development of an adaptive immune response directed to
Leishmania. In human and experimental leishmaniasis immunity, T lymphocytes (T-cells)
play a major role in the generation of specific and memory T-cell responses to
intracellular parasitic infections. In particular, CD4* helper T-cells and pathogen-specific
T-cells are stimulated and aggregate in infected regions of the dermis (Kaye and Scott,
2011). CD4* T cells are then activated and differentiate into T helper (Tnl) cells that
produce interferon-gamma (IFNy), and this promotes parasite killing by infected cells and
also further promotes the development of Thl cells. Some CD4" cells fail to become Ty
cells and adopt a central memory T-cell phenotype. CD8* T-cells can recognise
Leishmania antigens, become activated and produce TNF-a and IFN-y. It has been
found that the control of the response is largely mediated by the production of interleukin-
10 (IL-10), which can come from several different cell types, including regulatory T (Treg)-

cells, Tul cells, and CD8* cells (Kaye and Scott, 2011).

Humoral responses in human leishmaniasis infection are characterised by the presence

of anti-Leishmania antibodies which contribute to the progression of leishmaniasis.
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Leishmania antigen-specific analysis of immunoglobulin (Ig) isotypes revealed elevated
levels of 1gG, IgM, IgE and IgG subclasses during disease. Immunoglobulin gamma 2
(IgG2) is positively associated with IFN-y and has been implicated in conferring
protection against leishmaniasis (Sharma and Sarman Singh, 2009). Immunoglobulin G
(IgG) itself may be an important promoter of the Tu2-type helper cell’'s immune response

via the production and engagement of dendritic cells (Rostamian et al., 2017).

In experimental Leishmaniasis, it has been found that increasing numbers of Leishmania
cells cause production of specific antibodies of the IgG1 isotype rather than IgG2a. This
is associated with disease progression and related to protection against the disease
(Thakur et al., 2015; Buxbaum, 2013). Chue et al. (2010) determined that IgG1 and

IgG2a/c induce IL-10 from macrophages in vitro equally well but through different FcyR

subtypes: IgG1 through FcyRIIl and 1gG2a/c primarily through FcyRI (Chu et al., 2010).

In the present study, we focus on the current understanding of the adaptive responses,
in particular in Balb/c mice. This can be achieved by finding the concentrations of IgG1
and 1gG2a in the serum of Balb/c mice infected with L. mexicana wild type and LmxKin29
mutants (single allele, null mutant, and add-back mutant). Anti-Leishmania antibodies of
the IgG1l and IgG2a isotypes were assayed in mouse serum by enzyme-linked

immunosorbent assay (ELISA) as described in (2.2.4.5) in methods.

169



4.8 Result of immunoassay analysis
The levels of IgG1 and IgG2a in the serum of mice infected with wild type or LmxKin29

mutants were measured. The data were analysed using a Mann Whitney t-test two tailed.

Figure 4.32 compares the IgG1 levels in serum of infected mice with the wild type, two
single allele ALmxKin29+/-phleo D1 and ALmxKin29+/-Bla H5 clones, two A LmxKin29-
/-Phleo/Bla clones A3, D11, and two add back LmxKin29 clones A3E2, and D11H2. IgG1
recorded the highest titre in wild type and single mutants compared to null mutant clones
A3 and D11, which had an extremely low titre. What is interesting about the data in figure
4.32 is that there is a significant difference (P< 0.01) of the IgG1 levels between the mice
infected with the knockout clones (A3, D11) and those infected with the wild type. In
addition, the LmxKin29 addback clones A3E2 and D11H2 show a significant difference
(P<0.05) in IgG1 concentrations compared to the null mutants A3 and D11 in infected

mouse serum (Figure 4.34).

The titre of IgG2a scored a significant difference (P<0.01) between A3, D11 and the wild
type, whereas the level of IgG2a in add-backs A3E2 and D11H2 showed a significant

difference (P<0.05) compared to its level in the null mutants A3 and D11 (Figure 4.35).

In summary, ALmxKin29-/- clones could not cause infection in the mice and the IgG1
and IgG2a levels were very low and similar to the level of the negative control (naive
mouse). Mice infected with the LmxKin29 add-back developed lesions and the level of

lgG2a and IgG1 was increased.
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Figure 4.34 Footpad infection of female Balb/c mice with L. mexicana wild type and
LmxKin29 mutants.

Female Balb/c mice were infected with 1 x 107 promastigotes by subcutaneous injection into the
left hind footpad. Blood was collected after 8 weeks for ELISA analysis to detect the titre of IgG1.
Both A3 and D11, 502.2 + 2.315 and 1700 * 600, respectively, recorded the lowest level and a
significant difference to the wild type IgG1 level ** (P< 0.01) and the add-back 1gG1 level *
(P<0.05).
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Figure 4.35 Mean reciprocal endpoint titre of IgG2a in the serum of infected mice with L.
mexicana wild type, single allele knockout ALmxKin29+/-, null mutant ALmxKin29- /- (A3,
D11), and LmxKin29 genomic add-back clones (A3E2, D11H2).

Female Balb/c mice were infected with 1 x 107 promastigotes by subcutaneous injection into the
left hind footpad. Blood was collected after 8 weeks for ELISA analysis to detect the titer of IgG2a.
Both A3 and D11 recorded the lowest level and a significant differences to wild type IgG1 level **
(P< 0.01) and the add-back IgG1 level *(P < 0.05).
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49 Discussion

4.9.1 Generation LmxKin29 knockout

It is has been found that LmxM.29.0350 is expressed in all life cycle stages (Fiebig et al.,

2015). However, LmxM.29.0350 has not been further characterised yet.

Several studies have performed gene deletions by homologous recombination in
Leishmania as a powerful and efficient way to study the physiological function of proteins
and to understand their biology (Cruz and Beverley, 1990; Lander et al., 2016; Jones et
al., 2018; Duncan et al., 2017; Manzano et al., 2017). To achieve targeted gene
replacement of LmxKin29, two knockout steps are necessary, because chromosome 29
carrying LmxKin29 was identified to be disomic (Rogers et al., 2011). In the first round
of transfection two heterozygous knockout mutants (D1, H5; single allele knockout)
ALmMxKin29+/- (Phleo) and (Bla) were successfully generated and verified by PCR
(Figure 4.14 B). The chromosomal loci containing the gene encoding LmxKin29 were
substituted with antibiotic resistance marker cassettes that confer resistance to
phleomycin (Bleo) and blasticidin (BSD). In the second round, homozygous knockouts
were generated. Null mutants could be generated starting with the ALmxKin29+/- (Phleo)
clone (ALmxKin29-/-Phleo/Bla A3 and D11), but not with the ALmxKin29-/- (Bla) clone
(Figure 4.15 C). All clones that grew had retained a copy of LmxKin29 likely due to a
chromosome duplication event. This also happened for one clone derived from the Phleo
containing single allele knockout suggesting that it might have to do with the resistance
mechanisms requiring a higher expression level of the resistance marker protein for Bla
and Phleo than is required for the expression of LmxKin29. That is, to achieve a quick
change to a sufficiently high expression level of the phleomycin resistance marker
protein, the chromosome carrying Phleo could have been duplicated in the single allele
knock out mutant. Then, when the second allele was targeted with the Bla construct one
of the two Phleo containing chromosomes was affected leading to the presence of one

chromosome carrying Phleo, one with Bla and the third one carrying LmxKin29. Likewise,
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a duplication of the chromosome carrying Bla in the single allele deletion mutant could
have been duplicated and subsequently been targeted by the Phleo construct.

Fortunately, null mutants could still be generated and were cultivated in the absence of

further selective pressure ( Figure 3.36).
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Figure 4.36 Hypothesis for chromosome duplication in knockout attempts.

A, generation of single allele knockout ALmxKin29+/-Bla replacing one LmxKin29 allele of
LmxKin29 with Bla; B, duplicate Bla allele by chromosome duplication; C, double allele deletion
of LmxKin29 showing two different resistance marker genes with an extra LmxKin29 allele.
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4.9.2 LmxKin29 mutant phenotype analysis

Cell shape and size underlay strict limits with mechanisms likely to be important for a
wide variety of biological processes for cells of unicellular and multicellular organisms
(Picone et al., 2010). The cytoskeleton (microtubules, actin filaments, and intermediate
filaments) give the cell its shape and help organise the cell's components. In addition,
they provide a basis for movement and cell division. The eukaryotic cell length depends
on the balance between polymerisation and depolymerisation of the constituent
cytoskeletal filaments (Marshall, 2002; Goshima et al., 2005; Varga et al., 2009). A
number of molecular motor proteins, such as kinesin-8 and 13 have been shown to
influence microtubule polymerisation and depolymerisation and also have an effect on
cell size or flagellum length (Goshima et al., 2005; Varga et al., 2009). Size-altering
mutants have been identified for many subcellular structures such as the fllagellum
(Marshall, 2002). In addition, several MAP kinases have been identified to play a role in
the regulation of flagellar length. LmxMPK3 deletion showed flagella reduced to one-fifth
of the wild type length, and re-expression of LmxMPK3 in the deletion background led to

formation of wild type flagella in L. mexicana promastigotes (Wiese et al., 2003).

This work investigates whether deletion of LmxKin29 can affect the morphological
appearance of promastigotes as one of the motor proteins that may be associated with
cell size regulation or flagellum length regulation as a substrate of LmxMPK3 (see

previous chapter).

Surprisingly, the first microscopic examination of the promastigote culture revealed that
no obvious changes could be detected in ALmxKin29-/- clones compared to wild type
cell size and flagellum length. The morphological changes were analysed for LmxKin29
mutants (Table 4.1) versus L. mexicana wild type promastigotes in logarithmic growth

using student’s T test and correlation test.

Initially, a wide variety of data were obtained for the body length measurements (4.18 A)

and it was difficult to tell whether the large proportion of normal cells actually reflects
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cells lacking an abnormal phenotype. The single allele mutant ALmxKin29+/-Bla was the
only mutant that showed a significant difference in body length and body width, which
might be due to the likely duplication of the chromosome 29 under blasticidin selection
(Figure 4.36). Such a duplication could lead to a higher expression of all genes located

on that particular chromosome and could therefore lead to phenotypic changes.

ALmMxKin29+/-Phleo and the double allele mutant clones ALmxKin29-/-Phleo/Bla A3 and
D11 showed no correlation when compared with the cell body length of the wild type.
The variations in the three parameters determined in the morphological analysis is likely
due to the slightly different culture densities and might represent cells in various stages
of the cell cycle. The cells with a long or short body length may represent cells, which
have undergone several cell cycles (Table 4.1). Each individual culture will have these
variations in body length. Consequently, this results in inconsistent data between
different clones. These results are in line with the previous study by (Wheeler et al., 2011)
which suggested that there is a wide range of changes or a significant variation in body

length in a wild type cell culture due to the various cell cycle stages present.

On the other hand, the body width measurements showed increase in all LmxKin29
mutants compared with the body width of the wild type, however there is no correlation
between them. That could be related to the timing of the measurements with regard to
cell density, which had a different density between the wild type with 5.4 x106 cells/mL
and the mutant clones ALmxKin29+/-Bla with 3.5 x 107 cells/mL, ALmxKin29+/-Phleo
with 5.1 x 107 cells/mL, ALmxKin29-/- A with 3.6 x 107 cells/mL and ALmxKin29-/- D11
with 4.5 x 107 cells/mL. Although all clones are in logarithmic growth phase, the wild type

densities were higher compared to all LmxKin29 mutant clones.

Flagellum length analysis of LmxKin29 mutants showed inconsistent results and no
correlation for flagellum length for all LmxKin29 mutants. These results are consistent
with the findings by (Wheeler et al.,, 2011) who found that the Leishmania wild type

flagellum length has a large range and a complex relationship with the cell cycle, and
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displays diverse changes during cell growth. It was observed that the growth of the
flagella extends over multiple cell cycles, growing progressively longer with each cycle,
until a certain length when it began to disassemble at the tip. The second possibility to
obtain these results can be due to the different cell densities between the mutant clones

and the wild type promastigotes.

Hence, LmxKin29 deficiency did not influence flagellum length. These results seem to
be consistent with body width and body length, which showed no measurable effect in
LmxKin29 mutants. It seems to be that LmxKin29 possesses other functions in L.
mexicana promastigotes. Our observations are contrary with our hypothesis that
LmxKin29 has a putative function in flagellum formation. It is likely that LmxKin29 has

other functions yet to be identified.

A functional analysis on the effect of kinesins in flagellar length was presented by two
reports on L. major and T. brucei, respectively. Initially, Blaineau et al., 2007 reported
that overexpression of LmjKIN13-2 resulted in the shortening of the flagellum in more
than 90% of the cells in mid-log growth phase. The flagellum length was reduced to 52%
and 70% compared to the wild type strain in promastigotes and the depletion of the
homologue TbKif13-2 in T. brucei procyclic cells using RNAI resulted in considerable
flagellum lengthening (Blaineau et al., 2007). Conversely, a study conducted by (Chan
and Ersfeld, 2010) found that a knockout of TbKif13-2 where both copies of the gene
were deleted resulted in no significant elongation of the flagellum and overexpression
only slightly decreased flagellar length and the rate of growth of a new flagellum during

cell division.

In conclusion, the morphological analysis for the knockout clones could not prove that
LmxKin29 is involved in flagellar formation in promastigotes, which probably means that
it has another function. Localisation of the protein in the cells could possibly help to inform
about the role of LmxKin29 in the parasite. With no apparent function in the promastigote
stage LmxKin29 might play a role in the mammalian amastigote stage justifying an in

Vivo investigation.
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4.9.3 Subcellular localisation of LmxKin29

Fluorescent proteins (FP) have been used to tag different kinesins in order to visualise
them inside cells. For instance, GFP was used successfully with kinesin-5 in Drosophila
embryos (Cheerambathur et al., 2008). Likewise, LmjKIN13-2 in Leishmania major
promastigotes and TbKifl3-2 in T. brucei were tagged with GFP and expressed to
demonstrate their activity in the regulation of microtubule-depolymerisation during cell
division (Blaineau et al., 2007; Chan et al., 2010; Chan and Ersfeld, 2010). GFP was
also used as a tag on kinesin KIF17 to analyse the mechanism of the interaction between
KIF17 and the scaffold protein Mntl during cargo release from KIF17 in mammalian

nerve cells (Guillaud et al., 2007).

LmxKin29 fused to GFP was expressed in the LmxKin29 deletion background. Two gene
add-back strategies were used, episomal complementation and genomic

complementation.

In order to get a consistent level of expression for LmxKin29, pBupGFPKin29 and
pBupKin29GFP were generated and used for homologous recombination into the
LmxKin29 gene locus. Surprisingly, only very low GFP fluorescence signals were
detected from these mutants making it impossible to take good quality images. This may
indicate that the level of tagged LmxKin29 in these transgenic parasites was very low

and could hardly be detected by fluorescence microscopy.

Episomal LmxKin29 add-back using pTHGFPKin29 and pTHKin29GFP showed that
LmxKin29 was mostly located in the cytosol and near the base of the flagellar pocket.
Dividing promastigotes displayed LmxKin29 accumulation at both cell poles, LmxKin29
also accumulated at the junction between dividing cells. LmxKin29 is expressed similarly
irrespective of the GFP-tag presence at either the N- or C-terminus. The expression of
GFP-LmxKin29 has been confirmed by immunoblot analysis. The lysate showed a clear

band of the correct size of the LmxKin29 GFP fusion in all mutants (Figure 4.23).
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Recently, (Zhou et al., 2018) reported 22 orphan and kinetoplastid-specific kinesins that
were epitope-tagged for localisation in T. brucei. Th927.6.1770 is one of these kinesins,
which also had been identified by (Wickstead et al., 2006) and is a homologue of
LmxKin29. The kinesin encoded by Th927.6.1770 has a similar localisation as LmxKin29
(Figure 4.37 A and B). According to TriTrypDB Th927.6.1770 kinesin is a plus-end-
directed kinesin, which is likely to be part of a multimeric complex involved in microtubule

binding.

Th927.6.1770

LmxM29.0350

Figure 4.37 Fluorescence microscopy images for the localisation of LmxKin29in L.
mexicana promastigotes and Tb927.6.1770 in T. brucei (Zhou et al., 2018).

A and B localisation of Th927.6.1770 kinesin in procyclic T. brucei mNeonGreen fluorescent tag
and Hoechst 33342 for DNA stain A, N-terminus; B, C-terminus (http://www.tryptag.org); C and
D, localisation of LmxKin29 in L. mexicana. C, GFPLmMxKin29. D, LmxKin29GFP. Bar, 10 pm.
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The proximal flagellar localisation has been shown to be an important regulatory site for
different proteins in eukaryotic cells (Dawson et al., 2007; Liang et al., 2014) like for
instance a NIMA-related kinase, FA2, which is consistent with its role in deflagellation
(Mahjoub et al., 2004). We anticipated that LmxKin29 cellular similarity in localisation
with another kinesin could give a clue about its function. Kinesin-Il localises next to the
flagellar pocket and it has been found to regulate various transport processes in the
cytoplasm in addition to IFT in cilia (Scholey, 2013). Another kinesin that has multiple
localisations and functions is Kinesin-13. Beside its function in flagellum assembly in
Giardia intestinalis it is localised to the giardial kinetochore and plays a role in anaphase
(Dawson et al., 2007). Kinesin-13GFP and the rigor mutant Kinesin-13GFP(S280N) have
a similar distribution and localise to single spots on chromosomes. Furthermore, the rigor
mutant Kinesin-13GFP(S280N) caused spindle defects including lagging anaphase
chromosomes in mitotic cells as has been observed in diverse eukaryotes. The
localisation of LmxKin29 at the junction between the daughter cells of a dividing cell
might indicate a role in late anaphase and/or cytokinesis. However, no defect in
promastigote growth was observed in the LmxKin29 null mutant indicating that LmxKin29
is not essential in this life stage of the parasite. This could be due to it being functionally
redundant. However, it might also be possible that LmxKin29 is expressed in all life cycle
stages but is only active in the amastigote. In the promastigote the protein is inactive
which might be achieved through phosphorylation of S551 and S554. Absence of
LmxMPK3 in the LmxMPK3 null mutant is not sufficient to activate LmxKin29 as S551
also requires to be dephosphorylated. The importance of these phosphorylation sites
could be studied in vivo expressing LmxKin29 mutants with serine to aspartate
replacements mimicking phosphorylation and serine to alanine changes to prevent

phosphorylation.

There is actually another orphan kinesin encoded on chromosome 29 with the accession
number LmxM.29.3060, which shows some amino acid sequence identity to LmxKin29

(Figure 4.36). This second kinesin shows a similar pattern for RNA abundance as
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LmxKin29 with it being highest in amastigotes in in vitro infected macrophages.
Moreover, its homologue in T. brucei (Th927.6.4390) shows a similar localisation to the
LmxKin29 T. brucei homologue (Th927.6.1770)(tryptag.org). Both T. brucei homologues
are located on the same chromosome indicating synteny to the Leishmania genes. At
this stage it is impossible to say whether the GFP-tagged LmxKin29 is functional in
promastigotes. Interestingly, adding the GFP to either side of LmxKin29 still allowed the
different localisations which cannot be conferred by the presence of GFP and must be
due to the kinesin molecule. It would be interesting to know whether the two kinesins
interact with each other by forming a heterodimer as suggested by the localisation in T.

brucei and whether a homodimer for each of them would still be functional.

29.1 17 VYCRVREPVPQEKGENFNNIVYDDADNRTITVIRKSGSKSFEKRYFFNRVFRPTVIQKDV 76

VYICR+RP + ++ ¥+ + +T+ K E+ Y F+ F P Q +V
29.2 86 VICRLRETIRKD-——-———-—-—— YKEGGHALVTLEDKRVVVKDERHEYDFDGSFGPLAEQAEV 136
29.1 77 YETFARNAVDAAFDGQHGVLFVYGQTGSEGKTFTI SNDDPENEGVLQQSMREIWDRI-—-- 132

+E+ A +D AF+G L YGQTG+GK++T+ N DP++ G++ ++ + I+++I
29.2 137 FESVAIPCIDEAFNGFCSALMCYGQTGTGRSYTMCNTDPQHLGIIPRAAKYIFEKIQANV 196

29.1 133 ARDPGNDYSCSVSYVQLYNEILTDLLDDSKGKVRIQMGLEGRGDIVMVSDATGLPVEREV 192
DP Y+ + +VQ+Y + L DL+ +GK R+++ + + + + + +
29.2 197 VGDPTRTYAVAGQRFVQIYRDNLGDLMV-HEGKDRVEIHYDEENGVSLTGCTSHV--——- L 250

29.1 193 KDYKGTMAFFKAGLTRKEMASTSMNNTSSRSHTIFTLNVCKAQRVGTVIVGAETEGPTIA 252
K MF+ G R+ + ST+MN SSR HT + Vv T +G
29.2 251 ASSKEFMRFYNEGNARRVIGSTAMNAESSRGHTAMITYVTSED---TEDIGKGK------ 301

29.1 253 LEGRLVLCDLAGSERVSKT---HAEGKTLDEATHINRSLLTLGKVVTALTDNAQHAPFRE 309
L G++ DLAG ER SKT +A+ DEA 1IN SLL LG VV++L+ +H P+R
29.2 302 LRGKITFIDLAGYERFSKTGITNADPIRKDEAKTINASLLALGHVVSSLSAGTKHVPWRN 361

29.1 310 SKLTRILQYSLLGNGNTSIIVNISPSDENTEESLSTLFFGQRASQIKQDAKRHEVLDYKA 369
+KLTRILQ S+ G TSII+ + PS E+ E+ +TL FG RA +K +AK +DY
29.2 362 ARKLTRILQDSIGGRSRTSIILTVGPSSEHLYETTNTLQFGLRAMAVRKVEARMSVIVDYVK 421

29.1 370 LYLQLMADIDNKNDK 384
L +LM  + ++++
29.2 422 LSKKLMGLLSERDER 436

Figure 4.38 Amino acid sequence alignment of LmxKin29 (LmxM.29.0350; K29.1) and the
kinesin encoded by LmxM.29.3060 (K29.2).

Kinesin motor domain (position 89-404) shown in red. Amino acids highlighted in yellow are
involved in ATP-binding. Amino acids highlighted in cyan are mediating microtubule-binding.

Two further orphan kinesins TbKIN-A (Tbh11.02.0400; LmxM.32.2140) and TbKIN-B
(Th927.7.5040; LmxM.06.0430) have been characterised by (Li et al., 2008; Li et al.,
2008) in T. brucei. These two kinesins showed similarities in localisation to LmxKin29 in
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dividing cells. TbKIN-A is primarily in the nucleus before the onset of mitosis, but it
distributes to the entire spindle structure during metaphase and anaphase A. It remains
associated with the spindle mid zone in anaphase but some of it is relocated during
cytokinesis. Like TbKIN-A, TbKIN-B localises to the nucleus in G2 phase, but is enriched
in the central spindle in anaphase A. In anaphase B, it is concentrated in the mid zone
and the two segregated nuclei and remains confined to the nucleus during telophase and

cytokinesis (Li et al., 2008).

TbKIN-A and TbKIN-B are part of the chromosomal passenger complex (CPC), which
containsTbAUK1, an aurora B kinase component and the two associated proteins
TbCPC1 and TbhCPC2. CPC is characterised as a regulatory apparatus for the
mechanisms leading from mitotic exit to cytokinesis T. brucei. TbKIN-A is localised
between chromosomes and the spindle apparatus within the nucleus during mitosis.
TbAUK1 kinase is a key regulator kinase for chromosome segregation and cytokinesis
and it is required for spindle formation, chromosome segregation and cytokinesis in both
procyclic and bloodstream parasites. RNAI analysis of TbKIN-A and TbKIN-B suggested
that they are essential for T. brucei cell division and may recompense for the absence of

other well-known mitotic kinesins in this organism (Li et al., 2008; Li et al., 2008).

In addition localisation of the protein kinase LmxMPK2 in promastigotes in dividing and
non-dividing cells showed a similar distribution to LmxKin29 (Munro et al., 2013). Hence,
LmxKin29 may be a potential substrate for LmxMPK2 warranting further experiments

and analyses in the future.
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4.9.4 Infection of mice with LmxKin29 mutants

To find out whether LmxKin29 is essential for the infectivity of L. mexicana, a mouse
infection study has been conducted. Interestingly, the LmxKin29 null mutant did not show
lesions in infected Balb/c mice. This indicates that LmxKin29 has an impact on
pathogenicity of the amastigote in the infected animal. However, the single-allele deletion
showed a progression of disease resembling that of wild type L. mexicana indicating that
expression from one allele of LmxKin29 is sufficient to maintain function and cause
leishmaniasis in the mice. Differentiation followed by microscopy using the tissue derived
from the injected footpad of mice infected with ALmxKin29-/- did not show any
amastigotes or promastigotes after 14 weeks post infection. These observations confirm

the significance of LmxKin29 for amastigote proliferation, infectivity and survival.

Complementation of the null mutant with pBupKin29Xds followed by infection of Balb/c
mice resulted in footpad swelling over the monitored period of eight weeks. Therefore,
LmxKin29 is re-expressed in the add-back clones, consequently allowing mouse
infection. Importantly, our results agree with (Chan and Ersfeld, 2010), who found RNAI-
depletion of Kinesin-13 in T. brucei completely prevents infection with the parasite in a
mouse due to its essential role in mitosis, proliferation and survival of the parasite and
TbKif13-1 has been identified as a potential drug target. This is very interesting, that both
kinesins LmxKin29 and Kinesin-13 show similarities in localisation and in function
especially in vivo infection. That might be LmxKin29 possess an significant role in

proliferation of amastigote in infected mice.

Lesion development for the add-back clone (pBupKin29Xds) mutants was different to the
wild type infection indicating that the LmxKin29 protein levels in the add-back mutants
were different compared to the wild type. Due to a lack of a specific antibody to LmxKin29

protein amounts could not be assessed.

Episomal add-backs using pTHGFPKin29 and pTHKIin29GFP and genomic add-backs

using fragments from pBupKin29GFPds and pBupGFPKin29ds (Table 4.3) did not show
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any lesions in infected mice. The genomic add-backs actually did not show any
substantial expression of the GFP-fusion construct. Fluorescence analysis only revealed
very weak signals. This indicates very low expression leading to low amounts of protein.
Immunoblot analysis using an anti-GFP-HRP antibody (Miltenyi) revealed a good signal
for the fusion protein, but an immunoblot using the cells from the genomic integration
was unsuccessful. This indicates that for the genomic add-back not enough protein is
generated to allow survival of the amastigotes, but more importantly an N-terminal or C-

terminal GFP-tag led to a loss of function of LmxKin29.

In conclusion, the LmxKin29 null mutants display loss of pathogenicity of L. mexicana
and we suggest that LmxKin29 protein is essential in the amastigote parasites and hence

is a potential drug target.

4.9.5 Immune responses of infected mice

We also investigated immune responses of infected mice against LmxKin29 mutants
using ELISA. 1IgG1 and IgG2a antibody titres were detected in mouse serum of infected
and naive mice. Our result revealed that mice infected with the null mutant clones A3
and D11 had no significant titres of IgG1 and IgG2a compared to the titre of infected
mice with L. mexicana wild type. In addition, null mutant clones showed IgG1 and IgG2a
titre in mice similar to level of the negative control. It is possible that the null mutant
parasites could not differentiate to amastigotes after they were injected into the mice’s
skin. This is unlikely because in vitro differentiation to amastigotes in culture was
successful. That means LmxKin29 is not essential for promastigotes and amastigotes in
vitro and the knockout cells can grow, proliferate, and differentiate. However, these are

axenic amastigotes which are certainly different from lesion-derived amastigotes.

Alternatively, the knockout parasites might have differentiated to amastigotes but they
could not survive against the innate immune response that attempt to stop the entering

pathogens. Furthermore, once Leishmania were injected into the skin, the complement
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pathway is activated. Specifically, C3b and the membrane attack complex (MAC; C5b-
C9) interact with molecules on the Leishmania surface and lyse the parasite (Cecilio et
al., 2014; Favila et al., 2015; Geiger et al., 2016). In addition, the titre of antibodies were
very low in the serum of infected mice with the LmxKin29 knockout mutant because the
immune responses did not reach the specific immunity defence or humoral responses
during infection which characterised by the presence of anti-Leishmania antibodies.
(Evering and Weiss, 2006; Thakur et al., 2015). This is in agreement with prior studies
indicating that Leishmania infections induce higher IgG1 and IgG2 responses, which can
accompany attempts to induce cell-mediated immunity (Chu et al., 2010; Buxbaum,
2013; Wang et al., 2017). As expected the add-back clones for pBupKin29Xds raised
the titre of IgG2a and IgG1 again. Because of the lack of an immune response against
the LmxKin29 null mutant these cells are not suitable to be used as an attenuated live

vaccine (Dey et al., 2013).
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CHAPTER 5

Characterisation of LmxOSM3.2 and LmxOSM3.1 in L. mexicana
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5 Introduction

5.1 LmxOSM3.2 (LmxM.17.0800) and LmxOSM3.1 (LmxM.31.0680)

LmxOSM3.2 (LmxM.17.0800) is a putative kinesin of L. mexicana
(MHOM/GT/2001/U1103) with its gene located on chromosome 17 from position 378253
to 381069 (-). Its open reading frame (ORF) comprises 2817 nucleotides encoding a
protein of 938 amino acids (Figure 5.1), with a calculated molecular mass of 104.79 kDa

and an isoelectric point of 5.42 (Altschul et al., 2005).

A second OSM3-like kinesin is encoded by LmxM.31.0680, a gene located on
chromosome 31, with an open reading frame of 3351 nucleotides. This protein is
designated LmxOSM3.1 and is composed of 1117 amino acids (Figure 5.2).

LmxM.31.0680 has a molecular weight of 127.39 kDa and an isoelectric point of 5.41.

Both LmxM.17.0800 and LmxM.31.0680 fall into the kinesin superfamily KIF which is
kinesin-2. Figure 5.3 displays a tree for the kinesin motor domain phylogeny
encompassing sequences from 19 diverse organisms including L. major (Wickstead et

al., 2006).

Several studies confirmed that KIFs possess a conserved globular motor domain, which
involves an ATP-binding sequence and a microtubule-binding sequence (Figure 5.4)
(Hirokawa and Noda, 2008). Essentially, a kinesin can be classified based on the position
of the motor domain within the molecule. N-kinesins have a motor domain in the NH»-
terminal region, M-kinesins have one in the middle region, and C-kinesins have it in the

COOH-terminal region of the protein (Figure 5.4).

It has been shown that C. elegans homodimeric OSM3-like kinesin. is highly homologous
to the sea urchin KRP85/95 kinesin-related proteins (Cole et al., 1993), the mouse
KIF3A/B kinesins that are expressed in mouse brain (Noda et al., 1995) and the kinesin-

2 motor subunit FLA8, a homologue of KIF3B in Chlamydomonas (Liang et al., 2014).
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Recent studies (Setou et al., 2000; Scholey and Anderson, 2006; Funabashi et al., 2017)

have confirmed that OSM3 has homology to the KIF17 kinesin-2 family.

Kinesin-2 occurs in two complexes containing three motor subunits, KIF3A is the most
common one and one of two variable motor subunits, KIF3B or KIF3C. Furthermore,
three isoforms of the kinesin-ll-associated subunit KAP3 were identified in mouse (Brown
et al., 1999; Liang et al., 2014). KIF3B is a protein of the kinesin-2 family which plays an

important role in intraflagellar transport and flagellum formation (Shen et al., 2017).

In sensory cilia of C. elegans neurons kinesin-Il and OSM3 kinesin cooperate in two
transport pathways using IFT particles to build different parts of the cilia. The two motors
operate together to transport IFT-particles along microtubules (MTs) to the transition
zone to assemble the axoneme middle segment and then OSM3 alone transports IFT
particles along the distal singlet MTs to form the distal segment of the cilia (Snow et al.,

2004; Signor et al., 1999; Khan et al., 2000).

Kinesins are phosphoproteins. The phosphorylation state of kinesins can regulate their
function. In nematodes a mitogen-activated protein (MAP) kinase, DYF-5 was proposed
to modulate the activity of OSM3 and to mediate the dissociation of kinesin-2 at the
middle-segment (Burghoorn et al., 2007; Hao et al., 2009). In addition, an investigation
into the ciliogenesis mechanism in mouse found that the intestinal cell kinase (ICK), the
orthologue of Chlamydomonas LF4 can directly phosphorylate KIF3A and is essential

for cilia formation by regulating ciliary transport at the tip of the cilia (Chaya et al., 2014).

It was shown in our laboratory that a peptide derived from LmxOSM3.1 can be
phosphorylated by the kinases LmxMPK13 and LmxMPK3 (Emmerson, 2014). These
two kinases have been shown previously to be involved in flagellar length regulation,
antagonising each other. A null mutant for LmxMPK3 has short flagella whereas a null

mutant for LmxMPK13 has longer than wild type flagella (Wiese, 2007).

According to (Marande and Kohl, 2011) most kinesin-2 superfamily members localise in
the flagellum and basal body area which is related to their main role to drive the IFT
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proteins along the flagellum. This gave rise to the hypothesis that LmxOSM3.2 and

LmxOSM3.1 could also be located in the flagellum and play a role in flagellum formation.
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Figure 5.1 LmxOSM3.2 kinesin protein (LmxM.17.0800).
A, amino acid sequence of the motor domain is shown in blue. The overall protein length is 938
amino acids. B, schematic structure of LmxOSM3.2.
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Figure 5.2 LmxOSM3.1 kinesin protein (LmxM.31.0680).
A, amino acid sequence of the motor domain is shown in blue. The overall protein length is 1117
amino acids. B, schematic structure of LmxOSM3.1.
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5.2 Localisation of LmxOSM3.2 in L. mexicana

Recently, a wide range of fusion proteins using differently coloured fluorescent proteins
(FPs) has been used to study the localisation, movement, and turnover of different
proteins. There are different variants of fluorescent proteins with colours like blue, cyan
and yellow that have been engineered from the original Aequorea victoria jellyfish GFP
and have different excitation and emission spectra so that they fluoresce at wavelengths

longer than the one of natural GFP (Chudakov et al., 2010).

Moreover, other FPs have been characterised and cloned from Anthozoa, and some of
these have been optimised for imaging applications. One of the first Anthozoa-derived
FP to be extensively characterised was isolated from the sea anemone coral Discosoma
striata. This FP was initially called drFP583, but is now known as DsRed (Matz et al.,
1999). The red fluorescent protein DsRed has impressive brightness and stability against
pH changes and denaturants. The fully matured DsRed protein is optimally excited at
558 nm and has an emission maximum at 583 nm (Day and Davidson, 2009). However,
multiple problems associated with DsRed when used for live-cell imaging have been
solved by generating new versions of DsRed. The gene for DsRFP or RFP was cloned
and encodes a 27 kDa fluorescent protein. It has been used in several studies as an
expression indicator and a fusion partner like GFP (Kremers et al., 2011; Beilharz et al.,

2015).

Interestingly, the structure of all FPs is very rigid (B-barrel-fold) and is critically important
to develop and maintain their fluorescence (Remington, 2006). The principle
chromophore for both FPs, from jellyfish and coral, is derived from only a few important
amino acids that are located near the centre of the B-barrel (Kremers et al., 2011).
According to Beilharz et al., 2015 the RFP tag is the most stable tag compared to three
other FPs with a high degree of sequence identity, orange-red FP variants, mOrange2,
mKate2 and mCherry. Interestingly, the researchers suggested to choose the RFP tag
for protein localisation studies that require multicolour labelling in S. cerevisiae. However,

the mCherry is the fastest-maturing RFP (Beilharz et al., 2015). RFP is slow to mature
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compared to GFP as an in vivo marker, because it tends to form oligomers. Moreover,
its fluorescence in vivo is low compared to GFP, but both proteins can be used in multi-
tagged studies (Baird et al., 2000). Nevertheless RFP was useful in tagging ATG8 and

labelling the glycosomes in L. major (Woods, 2009).

Fluorescent proteins (FP) enable motor proteins to be fluorescently labelled for

visualisation inside cells in multiple colours (Norris et al., 2015).

In this study, we used eGFP and RFP in order to localise LmxOSM3.1 and LmxOSM3.2
respectively in live cells. The plasmid pTHBsdOSM32RFP, which encodes for
LmxOSM3.2 with RFP as a C-terminal tag was generated (Figure 5.8). This construct
was introduced into two types of transgenic L. mexicana already either carrying the
LmxOSM3.1GFP gene on a plasmid (pTHOSM3.1GFP) or which have the
LmxOSMS3.1GFP integrated into the ribosomal RNA gene locus using a fragment derived

from pSSUOSM3.1GFP (Emmerson, 2014).
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d— LmxOSM3.2

LmxOSM3.1

Kinesin-2

Figure 5.3 Phylogenetic tree of kinesin motor domains encompassing sequences from 19
diverse organisms including L. major with complete or near-complete genome sequence.
Both LmxOSM3.1 and LmxOSM3.2 are members of the kinesin-2 family; adapted from
(Wickstead et al., 2006).

KIFSA 1 11028 aa
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KIF3C
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KIF5BR | — 11771 aa
kv — 1 1151 aa

11100 aa

KIF13A [ ] 1749 aa
KIFISB/GAKIN S 11770 aa
KIF16B ] 11318 aa
KIF4 ] 1232aa

Kinesin-4 KIF21B /l
CHOIMKPLI 1 - 1624 aa

Kinesin-6 Rabkinesin-6 e aa
KIF16B 877 aa

Kinesin-14 792
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Figure 5.4 Kinesin superfamily proteins (KIFs) in intracellular transport.

Conserved catalytic motor domains that involve an ATP-binding sequence and a microtubule-
binding sequence are indicated in purple. Most KIFs have these domains in the NHz-terminal
region, while others have them in the middle or COOH-terminal regions. Adapted from
(Hirokawa and Noda, 2008).
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5.3 Results

5.3.1 Characterisation of LmxOSM3.2 (LmxM.17.0800)

TriTrypDB analysis using the L. mexicana protein sequence of LmxOSM3.2
(LmxM.17.0800) showed that the protein has significant amino acid identity to
homologues in LdB5K170890 L. donovani 99%; LinJ.17.0890 L. infantum 949%;
LbrM.17.0810 L. braziliensis 82% and LmjF.17.0800 L. major 94%. However, it shares
lower amino acid identity with proteins from other kinetoplastids showing 57% identity
with Tb927.5.2090 from T. brucei, Th927.11.3920 60 % T. brucei and 54% with
TCMRK1805 from Trypanosoma cruzi while the amino acid identity to human kinesin
KIF3A is 47% (123 amino acids in a stretch of 259 amino acids; 123/259) and 46%
(121/265) for KIF3B (Table 5.1). LmxM.17.0800 showed 48% amino acid identity with C.
elegans kinesin-like protein klp-20 (123/255) (Table 5.1). Figure 5.5 shows the sequence
alignment of LmxOSM3.2 with its homologues from different organisms
(Trypanosomatids, C. reinhardtii, C. elegans, and Homo sapiens). The alignment
showed conserved serine/proline 273 for just the LmxOSM3.2 homologs from other
Leishmania species. In addition there are three serines 144, 275 and 296 residues at N-
terminal highlighted are conserved predominantly in all selected organisms. (Cluster

alignment tool).
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5.3.2 Characterisation of LmxOSM3.1 (LmxM.31.0680)

TriTrypDB analysis using the L. mexicana full length protein sequence of LmxOSM3.1
LmxM.31.0680 showed that the protein has significant amino acid identity to homologues
in LdB5K320710.1.1 L. donovani 97%,; Linj32.860 L. infantum 97%; LTRL5903200123
L. tropica 96 % and LmjF32.0860 L. major 96%. However, it shares lower amino acid
identity with homologues in other kinetoplastids showing 60% amino acid identity with
Th927.11.392 T. brucei and 60% with Th927.11.3920 T. cruzi. LmxOSM3.1 shows 42%
amino acid identity with KIF3A (155/366) and 44% with KIF3B (163/370) (Table 5.1).
LmxM.31.0680 shows 43% amino acid identity with C. elegans kinesin-like protein
KLP20 (169/392). Figure 5.6 shows sequence alignment of LmxOSM3.1 with its Kinesin-
2 homologues from different organisms with two conserved serines, 293 and 477, in all

organisms.

Table 5.1 Alignment of LmxOSM3.2 and LmxOSM3.1 with human KIF3A and KIF3B and C.
elegans KLP20.

Query KIF3A KIF3B KLP20

Identities | Positives | Gaps Identities Positives | Gaps Identities Positives | Gaps
LmxM.17. | 123/259 | 169/259 | 5/259 121/265 165/265 | 6/265 123/255 161/255 | 12/255
0800 (47%) (65%) (1%) (46%) (62%) (2%) (48%) (63%) (4%)
938 aa
LmxM.31. | 155/366 224/366 | 9/366 163/370 229/370 | 17/370 | 169/342 233/392 | 19/392
0680 (42%) (61%) (2%) (44%) (61%) (4%) (43%) (59%) (4%)
1117 aa
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Figure 5.5 Partial amino acid sequence alignment 173 - 320 of LmxOSM3.2 from L.

mexicana with various kinesin amino acid sequences.

LmxM.17.0800, L. mexicana kinesin putative homologue (Accession No. 003873945.1);
LTRL59017 L. tropica kinesin homologue, LdB5K170890 (Wickstead et al., 2006) L. donovani
kinesin homologue (Accession No. X003859943.1); Linj17.800 L. infantum kinesin putative
homologue (Accession No XP-001464748.1).Th927.5.2090 (Zhou et al., 2018) T. brucei,
TCMRK1805 kinesin T. cruzi (Accession No ESS631); CeOSM3 (C. elegans OSM3); Hs KIF
A/B/C (Homo sapiens kinesin-2); HsKIF17 (Homo sapiens homodimeric kinesin); Cr FL8/FLA10
(C. reinhardtii Kinesin-2); Ce, (KLP20/KLP11)(C. elegans kinesin-2). N-terminal serines 144, 273,

275 and 296 are highlighted in blue and are conserved (Cluster alignment tool).
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Figure 5.6 Partial amino acid sequence alignment 173 - 320 of LmxOSM3.2 from L.

mexicana with various kinesin amino acid sequences.

LmxM.31.0680, L. mexicana kinesin putative homologue (Accession No. 003873945.1);
(Wickstead et al., 2006) L. major (Accession
LTRL5903200123 L. tropica kinesin homologue; LdB5K320710.1.1 L. donovani kinesin
homologue (Accession No. X00386489.1); Linj.32.0710 L. infantum kinesin putative homologue
(Accession No XP-001464748.1); Th927.5.2090 (Zhou et al., 2018) T. brucei; TCMRK1805
kinesin T. cruzi (Accession No Th11.01.5490); CeOSM3(C. elegans OSM3); Hs KIF A/B/C (Homo
sapiens kinesin-2); HsKIF17 (Homo sapiens homodimeric kinesin); Cr FL8/FLA10 (C. reinhardtii
Kinesin-2s); Ce, (KLP20/KLP11)(C. elegans kinesin-2s). N-terminal phosphorylation site
serine293; residues highlighted in green are conserved. Serine477 is conserved in all Leishmania

LmjF32.0680.

sp. and was identified by in vivo phosphoproteomics analysis.
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5.3.3 Alignment of Leishmania OSM3-like kinesins

Alignment of full length LmxOSM3.1 with LmxOSM3.2 from L. mexicana
MHOM/GT/2001/U1103 using BLAST resulted in 173/386 (47%) amino acid identities,

255/386 (66%) positives, and 15/386 (3%) gaps (Figure 5.7).

LmxOSM3.2
Sequence ID: Query_188237 Length: 938 Number of Matches: 3

Range 1: 8 to 500 Graphics V Next Match

Score Expect Method Identiti Positi Gaps
436 bits(1121) 2e-140 Compositional matrix adjust. 232/494(47%) 231/494(67%) 15/494(3%)

Query 6 SGAENIRVVIRCRDILPYEAERGDKALVRLDLATNQVVVQHPIGDADVFAFDAVYNNSFT 65
+ AENI+V++RCR E+ G K+ V LD+A N V V+ IG+ D + FDAV NNSF+
sbjct 8 AAAENIKVLVRCRPFSEKESAMGHKSCVDLDMAQNTVTVKSIIGEPORWTFDAVINNSFS 67

Query 66 QRDIFLQEVQPLADAVLQGYNATVFAYGQSGSGKTHTMTGKLSQRNMWGMMPQVWDYLFS 125
Q DIF Q + PL ++VL G+NATVFAYGQSGSGKTHTMTG + + G++P+ V ++F
Sbjct 68 QEDIFTQFIMPLTESVLSGFNATVFAYGQSGSGKTHTMTGVMGNSTLEGVIPRCVMHIFD 127

Query 126 EIKKLT--SSTKTFKVKVSYVELYNGKSRDLLSSKQVNLEIKQNTSKNFYVKGAEMPEVT 183
++K+ S + T + VS++ELYNGK ROLL+ +QV+L+I++N F+VKGA + +V
Sbjct 128 SVQKMKNESPSTTVSMYVSFMELYNGKVRDLLAKQQVSLDIRENKDHTFFVKGAVVAQVK 187

Query 184 SFEDAIKWFNAGTERRQTASTDLNDTSSRSHSLFTVQIEHFDFENDPSSPIVMTSKINW 243
ED I+ GT+RR+ AST+LN SSRSHS+F++ +E + D S+ V +SK+N+V
Sbjct 188 FPEDVIRHLEEGTDRRRVASTELNADSSRSHSVFSLILECTETLEDGSTRAV-SSKLNLV 246

Query 244 DLAGSEKLSKTNATGETAKEGCNINLSLSALATVIDTIVKGAKHIPYRGSPLTMLLKDSL 303
DLAGSE+ KT A+G+T KEGCNINLSLSAL TVIDTIVKG H+P+R SPLTMLLKDSL
Sbjct 247 DLAGSERQGKTGASGDTLKEGCNINLSLSALGTVIDTIVKGGTHVPFRSSPLTMLLKDSL 306

Query 304 GGNAKTVMFANVGPSDKNLSETISTLRFALRAKQIENKPIKNMDPKDARIQDLMEQIDEL 363
GGN+KTVMFAN+ PS++N+SET+STLRFA RAKQI+NKP+ NMD KD +I +L E + EL
Sbjct 307 GGNSKTVMFANINPSERNMSETVSTLRFADRAKQIKNKPVVNMDSKDQKIAELTEIVKEL 366

Query 364 KKRL------ GNVDLNVE -DSLRQRIEELEVENSDLRGGSEKNNIELEERNRFLLAQIEE 416
+++L E L0++I 0LEV+ + E + ++ E L A+ +
sbjct 367 REKLAKYETQGTAGLEEEWQLQEXIGQLEVQLDNATKSREADLWYEHSKATLAAERQT 426

Query 417 KEKEWERQHEIRKEHERRELVESNLSNEFSRLRDLRLANVNFLKRVC--TDEQLEQIRM 474

++ +EI+ +++ES + S+LD+ N+ LEQ+++

sbjct 427 FNTRLLSI'EDEIAQLQNQLQISESGGANQSQLNWWTQCYNYFLTPTEKAAQSLEQLQV 486

Query 475 HMSPEKA---AKKK 485
++ E+ AKKK
Sbjct 487 TLTLEEVLRNAKKK 5@

Range 2: 669 to 874 Graphics ¥ Next Match A Previous Match ’A\ First Match
Score Expect Method Identiti Positi

45.1 bits(105) 2e-08 Compositional matrix adjust. 56/209(27%) 113/209(54%) 5/209(’%)

Query 888  LALELENVRSQLEFVKAETASA---VRAKESEVDYYKTQVEEANQRLDDIRNTAAEFEEQ 944
L ELE + VA S + A+ 4B+ 5 V + el e+ E+E +
Sbjct 669  LQAELEEAKAKVEHVTASRESLYAELEAQRTELTNLESTVAQHDRQLAEMQQ---EYEVK 725

Query 945 RKSYQRLQEQVARTEDALAIKHEELESHRQWQl-tSNRQLEKEKQKNEELEQALQOKQLEL 1002
+ R #+4VAR E L ++++LE R +++ K E + +L++K L
sbjct 726 LAAATRSEDEVARLEARLRERSDQLEQ‘\RTLLEKQKAIIIKI\NEKAEYFQISLREKTEAL 785

Query 1025 RQQEQNFHAEMADRLNALAASNNRRLAENAAQCEERINEERMKEKALQKKIKNAKTTASK 1064
EQF ++ ++ + N+R+AE + Q +NE+ +++K L+KK+ + SK
Sbjct 786  VWLEQQFREQLENKDAQMQQLINKRVAEFSEQRSAELNEKSLRQKKLKKKLHKLQEELSK 845

Query 1065 AAQRYDEMILENEALLSKLEELKVASMKM 1093
+R#D + EE L LEE KV Me+
Sbjct 846  WEERFDMKVCECEDLRKALEEKKVEQURL 874

Range 3: 162 to 190 Graphics A Previous Match 4 First Match
Score Expect Method Identities Positives Gaps

16.9 bits(32) 6.9 Compositional matrix adjust. 8/29(28%) 15/29(51%) 0/29(0%)

Query 886 QQLALELENVRSQLEFVKAETASAVRAKE 914
L+ + FVK + V+ E
Sbjct 162 QQVSLDIRENKDHTFFVKGAVWAQVKFPE 190

Figure 5.7 Partial amino acid sequence alignment 173 - 320 of LmxOSM3.2 from L.
mexicana with various kinesin amino acid sequences.
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5.3.4 Generation of LmxOSM3.2RFP plasmid pTHBsdOSM32RFP for
expression of a red fluorescent protein-tagged kinesin in L.

mexicana

pTHBsdOSM32RFP was generated to produce red fluorescent protein-tagged
LmxOSM3.2 in L. mexicana. Intermediate and final constructs were tested by restriction

analysis (Figure 5.8).

To remove the BamHI site from pBSKII(+) (Appendix 9. 4) the plasmid was cleaved with
BamHI resulting in a 2691 bp fragment which was purified, the 5’-overhangs were filled
in as described in (2.2.6.5.1) and the resulting fragment was re-ligated (Figure 5.8 A, B)
resulting in the new plasmid called pBSKII(+)BamHI(-) (Figure 5.8B). pBSKII(+)BamHI(-
) was linearised using Spel resulting in a 2965 bp fragment and treated with SAP to
remove 5’-phosphate residues. pTH6nGFPc (Dubessay et al., 2006) was cut with Spel
to produce 2320 bp and 5379 bp fragments (Figure 5.8 B). The resistance gene for
hygromycin B located on the 2320 bp fragment was cloned into the Spel site of
pBSKII(+)BamHI(-) resulting in pBB(-)SHYGds (Figure 5.9 B). To confirm the identity of
the plasmid it was cleaved with BamHI, Xbal, and Ncol, each time supposed to generate
a linearised plasmid, while cleaving with Spel gave 2965 bp and 2320 bp fragments
(Figure 5.8 A). To replace the hygromycin B phosphotransferase gene with the blasticidin
S resistance gene (Bsd) pBB(-)SHygds was cleaved with Xbal + BamHI resulting in 1039
bp and 4246 bp fragments (Figure 5.8 D). The 4246 bp fragment was purified and SAP
treated (2.4.5.1). pBSKBSDRFPCitrinSV40 was cut with Xbal + Bglll resulting in 406 bp,
702 bp, 744 bp, 424 bp, 48 bp, and 2925 bp. The 406 bp Bsd resistance gene fragment
was ligated with the 4246 bp fragment to generate pBB(-)XSBsdds (Figure 5.10 B).
Restriction analysis was done to confirm pBB(-)SXBsdds using Spel (4652 bp), Xhol and
Xbal (2898 bp, 1278 bp and 476 bp), and Xhol and Hindlll (3644 bp, 527 bp, 455 bp,

and 21 bp) (Figure 5.10 A).
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Subsequently, in step E (Figure 5.8) pBB(-)XSBsdds was cleaved with Xbal and Spel
resulting in 2959 bp and 1693 bp fragments. The 1693 bp fragment was ligated with the
5379 bp Spel fragment from pTH6NGFPc to produce pTHBsdGFPc (Figure 5.11 B),
which was confirmed by restriction analysis using Hindlll (5967 bp and 1105 bp), Pmel
+ Hpal (6347 bp and 725 bp), and Xhol (5379 bp and 1693 bp), respectively (Figure 5.11

A).

In order to replace GFP by RFP, pTHBsdGFPc was cleaved with Hpal and Pmel
resulting in 6347 bp and 725 bp fragments (Figure 5.8 F). pPBSKBSDRFPCitrinSV40 was
cleaved with the same enzymes to produce four fragments using the 683 bp RFP
fragment for ligation with the 6347 bp fragment derived from pTHBsdGFPc, generating
pTHBsdRFP (Figure 5.12 B). The plasmid was confirmed by restriction analysis with
Hindlll and Mfel (6060 bp and 970 bp), Hincll (6036 bp, 955 bp, and 39 bp), and Hpal

and Hindlll (6049 bp and 981 bp) (Figure 5.12 A).

In the last step LmxOSM3.2 was cloned into pTHBsdRFP. pTHBsdRFP was cleaved
with Hpal and Mfel to produce two fragments, 11 bp and 7019 bp, whereas LmxOSM3.2
was extracted from pUC570SM32 using the same restriction enzymes which produced
2825 bp and 2700 bp fragments. The 2825 bp OSM3.2 gene fragment was ligated with
the 7019 bp fragment (Figure 5.8 G) to obtain pTHBsdOSM32RFP (Figure 5.13 B). The
plasmid was confirmed by restriction analysis with Mfel (9844 bp), Hpal (9844bp), and

Notl (7007 bp and 2837 bp), respectively (Figure 5.13 A).
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Figure 5.8 Schematic of the generation of pTHBsSdOSM32RFP.

The cloning protocol includes seven steps required to generate the construct with two C-terminally
tagged proteins OSM3.2RFP. A and B, BamHI site was removed from pBSKII(+) resulting in
pBSKII(+) BamHI(-). C, hygromycin resistance marker gene was cloned into pBSKII(+) BamHI(-)
to produce pBB(-)XSBsdds. D, blasticidin S resistance marker gene was used to replace
hygromycin B resistance gene to generate pBB(-)XSBsdds. E, Bsd was cloned to generate
pTHBsdGFPc. F, GFP was replaced by RFP resulting in pTHBsdRFPc. G, LmxOSM3.2 was
introduced to obtained pTHBsdOSM32RFP. The cloning history was designed using SnapGene

software.
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5285bp 5285bp 5285bp 2965 bp

2320 bp

pBB(-)SHYGds
5285 bp

HindIII

BamHI
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Spel

Figure 5.9 Restriction analysis of pBB(-)SHYGds.

A, agarose gel. Lane 1, BamHI; lane 2, Xhol; lane 3, Ncol; lane 4, Spel; M, DNA marker. B,
plasmid map of pBB(-)SHYGds. C, expected band sizes for restriction analysis of
pBB(-)SHYGds with BamHI, Xhol, Ncol + Spel, respectively.
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Figure 5.10 Restriction analysis of pBB(-)XSBsdds.
A, agarose gel. Lanel, Spel; lane 2, Xhol + Xbal; lane3, Xhol + Hindlll; M, DNA marker. B,

plasmid map of pBB(-)XSBsdds. C, expected band sizes for restriction analysis with Spel, Xhol
+ Xbal, and Ncol + HindlIl.
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Figure 5.11 Restriction analysis of pTHBsdGFPc.
A, agarose gel. Lane 1, Hindlll; lane 2, Pmel + Hpal; lane 3, Xhol; M, DNA marker. B, plasmid

map of pTHBsdGFPc. C, expected band sizes for restriction analysis of pTHBsdGFP with Hindlll,
Pmel + Hpal, Xhol, respectively.
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Figure 5.12 Restriction analysis of pTHBsdRFP.

A, agarose gel. Lane 1, Hindlll + Mfel; lane 2, Hincll; lane 3, Hpal + Hindlll; M, DNA marker. B,
plasmid map of pTHBsdRFP. C, expected band sizes for restriction analysis of pTHBsdRFP with
Hindlll + Mfel, Hincll, Hpal + HindlIl, respectively.
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Figure 5.13 Restriction analysis of pTHBsdOSM32RFP.

A, agarose gel. Lane 1, Mfel; lane 2, Hpal; lane

3, Notl; M, DNA marker. B, plasmid map of

pTHBsdOSM32RFP. C, expected band sizes for restriction analysis of pTHBsSdOSM32RFP with

Mfel, Hpal, and Notl, respectively.
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5.3.5 Expression of RFP-tagged LmxOSM3.2 in transgenic L. mexicana
carrying pTHOSM3.1GFP or OSM3.1GFP integrated into the

ribosomal RNA gene locus

To localise the two proteins, LmxOSM3.2 and LmxOSM3.1, transfection with
pTHBsdOSM32RFP into two types of transgenic L. mexicana, pSSUOSM3.1GFP
(ribosomal integration of OSM3.1GFP construct) and pTHOSM3.1GFP (OSM3.1GFP on

a plasmid), which were already available in the group, was performed.

More than 70% of the wells of the 96 well plate in the 1/40 dilution showed parasite
growth (Table 5.2). Four clones were selected, D3 and E6 from
pTHOSM3GFPOSM32RFP and Bl and B2 from pSSUOSM3GFPOSM32RFP,

respectively.

Table 5.2 Number of positive clones of pTHOSM3GFPOSM32RFP and
pSSUOSM3GFPOSM32RFP per 96-well plate after 12-18 days incubation in selective
media

Cone 1/2 dilution 1/40 dilution
pTHBsdOSM32RFP+ pSSUOSM3GFP 96 88
pTHBsdOSM32RFP+ pSSUOSM3GFP 96 78

5.3.6 Fluorescence microscopy of transgenic L. mexicana mutants

PpTHOSM3GFP and pSSUOSM3GFP expressing LmxOSM3.1GFP

Fluorescence microscopy analysis showed that promastigotes carrying pSSUOSM3GFP
and pTHBsdOSM32RFP as well as those carrying pTHOSM3GFP and
pTHBsdOSM32RFP display co-localisation of LmxOSM3.1GFP and LmxOSM3.2RFP in
the flagellum. However, the majority of the cells in late log phase revealed low intensity

of the fluorescent signal.

Promastigotes were examined at different time points post inoculation over 4 days of
culture to determine whether cell density, growth stage, and culture conditions affect the

expression of the two kinesins. Surprisingly, the intensity of the fluorescent signals in the
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flagellum showed variation at different times post inoculation. Comparison of different
days of culture revealed that thelst, 2nd and 3rd day cultures produced the best images,
with clear localisation and increased intensity signals in fluorescent cells showing GFP
(Figures 5.14 A, B). Examination of day 4 cultures showed low fluorescence intensity in
the flagellum compared to previous early cell culture investigations (Figures 5.14B). Both

clones (pSSUOSM30SM32RFP GFP B1 and B2) gave the same results.

5.3.7 Localisation of LmxOSM3.2RFP in L. mexicana mutants expressing

OSM3.1GFP

Live cell imaging analysis of L. mexicana mutants carrying pSSUOSM3GFP and
pTHBsdOSM32RFP showed a clear co-localisation of LmxOSM3.2RFP and
LmxOSMS3.1GFP in the flagellum (Figures 5.14, 5.15 and 5.16). In figure 5.14 A and B
dividing cells show localisation of LmxOSM3.1GFP along the flagellum as a green line
from the base to the tip of the flagellum, whereas LmxOSM3.2RFP shows a red signal
at the tip of the flagellum only. LmxOSM3.2RFP and LmxOSM3.1GFP localisation
overlaps at the tip of the flagella of two cells indicated by the yellow colour (Figure 15 D).
However, the number of cells that showed a signal for both proteins was very small. Cells
in figure 5.16 and figure 5.17 show a distinct signal for OSM3.2RFP at the tip of the

flagella.
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B 2" Day 34 Day 4" Day

.
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Figure 5.14 Fluorescence microscopy of live cells of the pSSUOSM3.1GPFOSM3.2RFP L.
mexicana cell line B1 on different days post inoculation of the culture.

Bright field and FITC images are shown. A, day 1 localisation of LmxOSM3.1GFP along the
flagellum (arrow). B, days 2 and 3 same localisation as in A; day 4 - low intensity of fluorescent
signal for OSM3.1GFP. The images are all from one clone, B1.
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A B GFP C RFP p (BF+GFP)Overlay

Bright field

Figure 5.15 Fluorescence microscopy of OSM3.2RFP and OSM3.1GFP localisation.

Bright field, FITC and TRITC images (GFP 470 nm, RFP 514 nm), and overlay. L. mexicana cell
line at day 1 post inoculation analysed by multiple wavelength fluorescence. All images are from
one clone (pSSUOSM3.1GPFOSM3.2RFP B2). A, dividing cells in bright field microscopy. B,
expression and localisation of OSM3.1GFP fusion protein along the flagella. C, localisation of
OSM3.2RFP red signal at the tip of the flagella, D, overlay of B and C.

Figure 5.16 Fluorescence microscopy of live pSSUOSM3GPFOSM32RFP L. mexicana
promastigotes.

Parasite at day 5 post inoculation were viewed using an epifluorescence upright microscope.
Bright field and TRITC excitation were used simultaneously.
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Figure 5.17 Fluorescence microscopy of live pSSUOSM3GPFOSM32RFP L. mexicana cell
line B2.

Log phase promastigotes at day 4 post inoculation. Upper panels, bright field and simultaneous
TRITC excitation; lower panels, TRITC excitation only.

5.3.8 Immunoblot analysis of pSSUOSM3GFPOSM32RFP clones

The expression of LmxOSM3.2RFP and LmxOSM3.1GFP was confirmed by immunoblot
analysis, using anti-GFP, anti-RFP and anti-LmxMPK3 (control antibody), respectively.
Cell lysates of L. mexicana pSSUOSM3GFPOSM32RFP B1, wild type L. mexicana
(negative control) and pSSUMPK2GFP F6 pNUSRFPDIP13 (positive control), which

expresses C-terminally GFP-tagged LmxMPK2 and RFP-tagged DIP13 were analysed.

Figure 5.18 A shows an immunoblot probed with anti-GFP antibody to detect the
presence of LmxOSM3.1GFP. A clear single band of 154.4 kDa corresponding to the
sum of molecular masses (127.4 kDa + 27 kDa GFP) was detectable in lane 3, while the
positive control shows a band for LmxMPK2GFP of 79 kDa (52 kDa LmxMPK2 + 27 kDa

GFP) in lane 1 and no reaction for wild type promastigotes in lane 2.

Figure 5.18 B illustrates an immunoblot probed with anti-RFP antibody to detect
LmxOSM3.2RFP. Lane 3 shows the expected single band of the correct size of 132.8

kDa (104.8 kba + 28 kbDa RFP) of LmxOSM3.2RFP. L. mexicana
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pSSUMPK2GFPpNUSRFPDIP13 (lane 1) shows a thick band of the expected size of

39.8 kDa (11.8 kDa + 28 kDa) as a positive control.

Figure 5.18 C displays an immunoblot probed with anti-LmxMPK3 as a loading control
antibody for all three clones. LmxMPK3 is shown as a thick band of 43.7 kDa.

Additionally, there are faint bands due to unspecific proteins reacting with the antibody.
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Figure 5.18 Immunoblot of recombinant L. mexicana pSSUOSM3GFPOSM3.2RFP B1
expressing LmxOSM3.1GFP and LmxOSM3.2RFP.

A, immunoblot probed with anti-GFP antibody. Lane 1, pPSSUMPK2GFP F6 pNUSRFPDIP13 (as
positive control 34 kDa + 27 kDa GFP); lane 2, L. mexicana wild type as a negative control; lane
3, L. mexicana pSSUOSM3GFPOSM32RFP (127.4 kDa + 27 kDa). B, immunaoblot probed with
anti-RFP. Lane 1, positive control pPSSUMPK2GFP F6 pNUSRFPDIP13 (11.8 kDa + 28 kDa);
lane 2, L. mexicana wild type; lane 3, L. mexicana pSSUOSM3GFPOSM32RFP (104.8 kDa + 28
kDa RFP). C, immunoblot probed with anti-LmxMPK3 as a control antiserum for equal loading
(43.7 kDa+27 kDa). Lane 1, pSSUMPK2GFP F6 pNUSRFPDIP13; lane 2, L. mexicana wild type;
lane 3, L. mexicana pPSSUGFPOSM3GFPOSM32RFP.
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5.3.9 Investigating LmxOSM3.2 in vitro

The fact that LmxOSM3.2 is localised in the flagellum and that LmxMPKS is essential for
flagellum formation and flagellar length regulation (Wiese et al., 2003) led to the
hypothesis that LmxMPK3 might regulate the activity of LmxOSM3.2 by phosphorylation.

We assessed this possibility by in vitro kinase assays.

An in vivo phosphoproteome analysis of L. mexicana promastigotes and amastigotes
revealed that potential phosphorylation sites occurred on serine 447, in the LmxOSM3.1
peptide (Rosenqvist, 2014) while no evidence was found for a phosphorylation site of
LmxOSM3.2. In addition, it was shown by (Emmerson, 2014) that proteins related to
LmxOSM3.1 are potential substrates for LmxMPK3 and LmxMPK13, two kinases known

to be involved in flagellum length regulation.

pPpGEX-KGSPOSM3.2 was generated for the expression of a GST-tagged recombinant
protein using the pGEX-KGSP bacterial expression plasmid. Kinase assays were

performed to investigate whether LmxMPK3 can phosphorylate LmxOSM3.2.

5.3.9.1 Construction of pGEX-KGSPOSM3.2

The two starting constructs pGEX-KGSP and pUC570SM32 were cleaved with Ncol and
Hindlll, resulting in 20 bp and 4983 bp fragments for pPGEX-KGSP and 2697 bp and 2828
bp fragments for pUC570SM32 (Figure 5.19). To generate pGEX-KGSPOSM3.2 the
2697 bp fragment was isolated, ligated with the 4983 bp vector fragment and transformed
into E. coli DH5a. Restriction analysis was performed with EcoRI and Hindlll yielding
2840 bp, 4971 bp fragments, Ncol and Hindlll producing 4983 bp and 2828 bp fragments

and Scal resulting in 4117 bp and 3694 bp fragments (Figure 5.20 A).
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Figure 5.19 Schematic summarising the cloning history for the generation of pGEX-
KGSPOSM3.2 for GST-LmxOSM3.2 expression in E. coli.

216



6.0kb
5.0kb
4.0kb

AN

1 2
EcoRlI + Ncol+

3.0kb

2.0kb
1.5kb
1.0kb

Hindlll Hindlll

4971 b 4983 b 4117 b
0.5kb P P P

2840bp  2828bp 3694 bp

PGEX-KGSPOSM3.2
7811 bp

Xhol

Scal

HindIII Hpal

Figure 5.20 Restriction analysis of pGEX-KGSPOSM3.2.

A, agarose gel. Lane 1, EcoRI + Hindlll; lane 2, Ncol + Hindlll; lane 3, Scal; M, DNA ladder. B,
plasmid map of pGEX-KGSPOSM3.2. C, expected band sizes for restriction analysis of pGEX-
KGSPOSM3.2; numbers in the headers indicate corresponding lanes on the gel in A.
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5.3.10 Protein expression of LmxOMS3.2 in E. coli and kinase assays

Recombinant LmxOMS3.2 was successfully expressed as GST-LmxOSM3.2 (104.8
kDa) + GST (26 kDa) using pGEX-KGSPOSM32 (Figure 5.21; lane 4). His-LmxMPK3 is
shown at the expected molecular mass of 43.8 kDa (Figure 5.21, lanes 1-3). Two kinase
assays were performed using different amounts of His-LmxMPK3 with GST-LmxOSM3.2
(Figure 5.22). No phosphorylation signal could be detected for GST-LmxOSM3.2.

Hence, activated LmxMPK3 cannot phosphorylate LmxOSM3.2 in vitro.
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His-LmxMPK3 GST-LmxOSM3.2
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[kDa] |

GST LmxOSM3.2

Figure 5.21 Purified recombinant proteins of GST-LmxOSM3.2 and His-LmxMPK3.
Coomassie-stained 8% SDS-PAGE. Lane 1, His-LmxMPK3 elution 3; lane 2, His-LmxMPK3
elution 2; lane 3, His-LmxMPK3 elution 1; lane 4, GST-LmxOSM3.2; M, marker in kDa.

<= GST-LmxOSM3.2

<= His-LmxMPK3

Figure 5.22 Kinase assay of His-LmxMPK3 with GST-LmxOSM3.2.
A, Coomassie-stained 8% SDS-PAGE. B, autoradiograph after 24 hours exposure. Lane 1, 25

pL His-LmxMPK3 with GST-LmxOSM3.2; lane 2, 50 pL His-LmxMPK3 + GST-LmxOSM3.2;
marker in kDa.
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54 Discussion

B.4.1 Criteriafor LmxOSM3.2 and LmxOSM3.1 kinesin classification

Kinesins constitute a superfamily of microtubule-based motor proteins that perform
transport functions in the cell. Kinesin-2s are flagellar kinesins which transport IFT
proteins and the axoneme precursor needed for the construction of flagella. This
subfamily contains both homodimeric kinesins whose catalytic domains result from the
same gene product and heterodimeric kinesins comprised of two different gene products
(Scholey, 2013; Gilbert et al., 2018). The amino acid sequences of the motor domains
show identities of 30—60% between various kinesins (Wickstead et al., 2006; Hirokawa
and Noda, 2008). There are a number of flagellar kinesins that localise in flagella and
contribute to flagellum length. These are mainly Kinesin-2 (Kinesin—II and OSM3),
Kinesin-13, and Kinesin-9. In addition two non-flagellar kinesin families play a significant
role in the construction and functioning of flagella; Kinesin KLP-6 belongs to the Kinesin-
3 family and the kinesin-like calmodulin binding protein KCBP (Table 1-3). Extensive
research has been carried out on flagellar kinesins in mammals, Chlamydomonas, and
C. elegans. Only a few studies characterised flagellar kinesins in trypanosomatids (Table

5.2).

Here, LmxOSM3.2 and LmxOSM3.1 were investigated as putative flagellar kinesins in
the promastigote stage of L. mexicana. First, we adopted (Wickstead et al., 2006) a
Bayesian techniques method for classification of both proteins using datasets available
from genome projects. It has been confirmed by (Rost, 1999; Lawrence et al., 2004;
Arnold et al., 2006; Wickstead et al.,, 2006) the classification criteria to identify
superfamily of kinesins. The sufficient reliable matching sequence for the kinesin and
template should share >50% identical residues for fully alignments in most data base
sites search (Lawrence et al., 2004). Interestingly, alignments of amino acid sequences
revealed that LmxOSM3.2 and LmxOSM3.1 have high homology with two kinesin-2s of

L. major which have been identified previously (Wickstead et al., 2006). LmxOSM3.2
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showed 94% amino acid identity with LmjF.17.0800 OSM3-like kinesin, whereas
LmxOSM3.1 showed 96% with LmjF.32.0680 (Wickstead et al., 2006). Additionally,
further alignment analysis of both proteins showed amino acid sequence identities of the
N-terminal motor domain with Kinesin-2 of C. elegans and human KIF3A/KIF3B. The
similarity of these proteins to Kinesin-2 indicates that they may play a role in the

assembly of flagella and/or cilia in all organisms.

Alignment of LmxOSM3.1 (Query) and LmxOSM3.2 using the compositional matrix
adjusted method of NCBI (Altschul et al., 2005) showed 3 identity matched sequences
in the motor domain core with 45% amino acid identity (173/386). The similarity across
the two proteins indicates that these are likely to be sharing important residues for kinesin

function (Lawrence et al., 2004; Wickstead et al., 2006).

Interestingly, sequence alignment for LmxOSM3.2 with kinesin Th927.5.2090 from T.
brucei showed 60% identities. It has been suggested that Tb927.5.2090 acts as the
Kinesin-Il 85 kDa subunit, potential IFT kinesin motor (Wickstead et al., 2006; Erben et
al., 2014). LmxOSM3.1 showed also high identities of 60% with the kinesin

Th927.11.3920 which localised in the flagellum.

The kinesin-Il heterotrimeric kinesins comprise of two different peptide chain motors (q,
3, KAP). They have been identified in phylogenetically diverse organisms, including C.
reinhardtii (FLA10 and FALS8) (Pan et al., 2006), C. elegans (KLP20/KLP11) (Snow et
al., 2004; Insinna et al., 2008) and vertebrates Kinesin-Il (KIF3A/KIF3B) (Snow et al.,
2004; Funabashi et al., 2017). The homodimeric Kinesin-2 consists of two copies of one
type of peptide chain (2a) or (2R), KIF17 in mammals and OSM-3 in C. elegans (Verhey
et al., 2011; Scholey, 2013; Setou et al., 2000). Moreover, multiple studies showed that
heterodimerisation was preferential over homodimer construction indicating that
additional complexes may assemble to further extend functional diversity (Yamazaki et

al., 1996; Yang and Goldstein, 1998).
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Interestingly, sequence alignment analysis revealed that LmxOSM3.2 displayed high
sequence identity to human kinesin-KIFA (47%) while it shows 46% identities withKIF3B.
The homologues Kinesin-2 in C. elegans KLp20 169/342 displays (48%) identities and
in Chlamydomonas FLA8 45% (Table 5.3). Whereas, LmxOSM3.1 showed is more
closely related to human KIF3B (44%) 155/366 and the homologue, and in
Chlamydomonas FLA10 45%. than KIF3A 155/366 (42%) and its homologs. Hence, it
may be that LmxOSM3.2 and LmxOSM3.1 could form a heterotrimeric kinesin-Il like
motor or be homodimeric kinesin like other kinesin-2 in different organisms (Table 1.1).
This similarities help to suggest the function of LmxOSM3.1 and LmxOSM3.2 may be
involved in flagellum assembly. Localisation could possibly help to inform about the role

of these kinesins in the parasite.

Table 5.3 Flagellar kinesins in Trypanosomatids

Kinesin Organism Localisation and function Reference
TbKin2a T. brucei Flagellum and basal body / IFT, cell
division
TbKin2b T. brucei Flagellum and basal body / IFT, cell
(Douglas et al.,
division 2018)
LmjKin13-1 | L. major Nucleus, spindle and spindle pole / | (Blaineau et al.,
2007; Dubessay et
mitosis al., 2005)
LmjKin13-2 | L. major Flagella / flagellum length control

Table 5.4 Amino acid sequence identities between LmxOSM3.2 or LmxOSM3.1 with
Kinesin-2 in human, C. elegans and C. rheinhardtii

L. Kinesin-2 Human C. elegans Chlamydomonas
mexicana kinesin
kinesin

KIF3A KIF3B KIF17 KLP20 KLP11 OsSM3 FLA8 FLA10

1 2 3 1 2 3 1 2
LmxM. 123/259 | 121/265 | 159/364 | 123/255 | 159/380 | 150/327 | 171/380 168/381
17.0800 (47%) (46%) (44%) (48%) (42%) (46%) (45%) (44%)
LmxM. 155/366 | 163/370 | 160/368 | 69/392 | 151/372 | 148/326 | 161/368 173/383
31.0860

(42%) (44%) (43%) (43%) (41%) (45%) (44%) (45%)
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5.4.2 Expression and localisation of L. mexicana LmxOSM3.1GFP and

LmxOSMS3.2RFP

In order to determine the subcellular localisation of two proteins in one cell, a multiple
tag analysis has been used as a powerful method to detect the proteins in live and fixed
cells (Cranfill et al., 2016). LmxOSM3.1GFP microscopy at different time points post cell
culture inoculation over four days led to an interesting observation. The first, second and
third day examination showed the strongest signal for GFP-tagged LmxOSM3.1 whereas
the fourth day only showed low fluorescence intensity in the flagellum. These
observations are consistent with the result of the research conducted by (Emmerson,
2014) which identified a similar LmxOSM3.1GFP expression pattern. A possible
explanation for this might be that in early log phase of cell growth LmxOSM3.1GFP
production is high when the cells are rapidly multiplying and new flagella need to be build.
In late log phase promastigotes fewer signals for GFP are detected when most of the
cells are mature and the flagella are assembled. Co-localisation analysis of LmxOSM3.1
supports our hypothesis that this protein belongs to kinesin-2 and may be involved in the
IFT transport system in L. mexicana flagellum construction. This finding seems to be
consistent with other research that found construction and maintenance flagella depend
on the bidirectional movement of protein complexes (IFT particles or trains). IFT proteins
are found along the length of cilia (mature or in construction) but a substantial proportion
is also found at the basal body area and in the cell body (Cole et al., 1998; Qin et al.,
2004; Blisnick et al., 2014). Two types of MT-based motors, kinesin-2 and dynein 1b, are
able to drive the anterograde and retrograde movement of IFT particles along the
axoneme, respectively (Cole et al., 1993).

This study supports evidence from previous observations (San Agustin et al., 2015) that
IFT is active and essential only for flagellum construction, but is absent once the
organelle has matured. For instance, it has been reported that IFT proteins are highly
abundant during early stages of flagellum construction but are not detected in the mature
spermatozoa flagellum in the mouse (San Agustin et al., 2015). Recent studies
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suggested several models to explain flagellum length sensing. For example, diffusive
movement of a signal from one end of the flagellum to the other could be used as a
length-measuring system (Ludington et al., 2015). A new flagellum length regulation
mechanism controlled by Kinesin-2 used a model in which the anterograde kinesin
motors released after cargo transport diffuse back to the base of the flagellum and are
subsequently reused to power entry of new IFT trains into the flagellum in

Chlamydomonas (Chien et al., 2017; Hendel et al., 2018).

The second remarkable observation is that LmxOSM3.2RFP and LmxOSM3.1GFP were
found in the flagellum of dividing cells of pSSUOSM31GFPOSM3.2RFP with a
localisation of LmxOSM3.1GFP along the flagellum, whereas LmxOSM3.2RFP was
found at the tip of the flagellum in the same cell (Figure 5.15). Surprisingly, live-cell
analysis revealed the presence of LmxOSM3.2RFP concentrated at the distal tip. The

signal appeared as a nicely focused spot at the end of the flagellum.

The distinct localisation for LmxOSM3.2 and LmxOSM3.1 is consistent with the kinesins
encoded by Th027.5.2090 and Tb927.11.3920 (Wickstead et al., 2006; Erben et al.,
2014) in T. brucei with a localisation along the flagellum as commented on in TriTrypDB.
Th927.11.3920 has been localised along the flagellum (TrypTag) (figure 5.23) like
LmxOSM3.1GFP. The predicted function for the Th927.11.3920 kinesin-l1l 85 kDa

subunit is to deliver IFT proteins during flagellum assembly (TrypTag).

Given the localisation of LmxOSM3.1 and LmxOSM3.2 in the flagellum, it is possible to
hypothesise that these two proteins are involved in the construction and maintenance of
flagella transporting IFT complexes (IFT particles or trains)(Fort et al., 2016). IFT-B and
associated ciliary precursors are driven by plus-end directed motors that are members
of the kinesin-1l family (homodimeric OSM-3 or KIF17) in the anterograde direction from
the basal body to the flagellar tip (Kozminski et al., 1995; Scholey, 2008). At the tip of
the flagellum, axonemal components are delivered for assembly whereas IFT-A trains

are returned to the base by a dynein motor (Liang et al., 2014). IFT complex proteins
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and molecular motors of the IFT are highly conserved among all types of eukaryotes (Ou

et al., 2005; Scholey, 2008).

In T. brucei the IFT system has a main function in maintaining and construction of the
flagellum (Wickstead et al., 2010; Fort et al., 2016). The L. major genome (lvens et al.,
2005) and the phylogenetic study conducted by (Wickstead et al., 2006) revealed two
putative OSM3-like kinesins, LmjF17.0800 and LmjF32.0680, which contain an N-
terminal motor, an internal stalk and a short C-terminal tail domain. However, the
regulatory mechanism of IFT entry and loading/unloading of IFT particles remains elusive

in Leishmania.

In C. elegans, sensory (non-motile) cilia are assembled by two members of the kinesin-
2 family, the core motor kinesin-ll and the accessory kinesin OSM-3. The cilia can be
divided into a middle segment with nine doublet microtubules and a distal segment with
nine singlet microtubules (Perkins et al., 1986). In the middle segments, two distinct
kinesin-2 motor complexes achieve the anterograde movement, heterotrimeric kinesin
II, and homodimeric OSM-3. In the distal segments, transport is mediated by OSM-3
only. Live imaging of the movement of these kinesins suggests that kinesin Il alone
moves at 0.5 pm/s, and OSM-3 alone moves at 1.3 um/s, whereas the two motor
complexes together move at 0.7 um/s (Figure 5.24) (Snow et al., 2004; Evans et al.,
2006). Therefore, both motors function redundantly to carry out the important task of

building the cilium foundation (Scholey, 2008; Scholey, 2013).

L. mexicana Kinesin-2s have not been described before. Hence, from these results it
could be hypothesised that LmxOSM3.1 is a kinesin-2 involved in the dynamic transport
of IFT particles to build flagella and can potentially be inactivated when the flagellum has

reached the required length.

225



LmxOSM3.1GFP C- terminal tag-GFP Tb927.11.13920 N-terminal tag - mNG
(fluorescent tag) TrypTag

Figure 5.23 Localisation of LmxOSM3.1 by fluorescence microscopy
GFP promastigote L. mexicana and Th927.11.3920 from T. brucei procyclic stage mNG N-
terminal tag (www.tryptag.org).
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Figure 5.24 Sequential pathways of IFT during flagellum construction.

a, the concerted action of two members of the kinesin-2 family, kinesin-1l and OSM-3, transports
IFT particles along the middle segment of the axoneme in a process required to build the middle
segment (corresponding to the cilium core). b, OSM-3 alone then moves along the distal singlets,
building and maintaining the distal segment as it goes. Adapted from (Scholey, 2008).
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5.4.3 Immunoblot analysis

To ensure that what was seen in the fluorescence microscopy analysis is actually the
GFP or RFP-tagged kinesin and not free GFP or RFP in the cell immunoblot analyses
using anti-RFP and anti-GFP antibodies were performed. The absence of a band at the
size of the free fluorescent protein and the presence of bands corresponding in size to
the fusion proteins confirmed that only full length fusion proteins occur in the cells and
hence corroborated the localisation of these proteins in promastigotes. This was already
expected as free GFP distributes throughout the cell and does not show such a distinct

localisation as found for LmxOSM3.1 and LmxOSM3.2.

5.4.4 Biochemical analysis of LmxOSM3.2

The molecular basis of how kinesins are activated, during organelle transport is not well
understood yet (Vale and Fletterick, 1997; Liang et al., 2014). Previous studies have
suggested that kinesins are regulated by conserved mitogen-activated protein (MAP)
kinase subfamily members including Chlamydomonas LF4, worm DYF-5 or DYF-1, and
mammalian MAK and ICK (Burghoorn et al., 2007; Omori et al., 2008; Chaya et al.,
2014). An LmxOSM3.1 peptide has been identified (Emmerson, 2014) as a substrate of

both MAP kinases LmxMPK3 and LmxMPK13 from L. mexicana.

In this study, it was attempted to find out whether LmxMPK3 can also phosphorylate full
length recombinant LmxOSM3.2. Recombinant GST-LmxOSM3.2 and His-LmxMPK3
were expressed and purified and radiometric kinase assays were performed. However,
no phosphorylation signal was detected for LmxOSM3.2 (Figure 5.18). Moreover, there
is currently no evidence from phosphoproteomics analyses that LmxOSMS3.2 is
phosphorylated in L. mexicana (Rosengvist, 2011). Amino acid sequence alignment
between LmxM.31.0680 (LmxOSM3.1) and its homologues in L. donovani, L. infantum

and L. major showed that the S477 is part of a putative SP MAP kinase phosphorylation
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site and is conserved in the different species. LmxM.17.0800 does not show the serine

447 site (Figure 5.25).

A possible explanation for this might be that LmxOSM3.2 is an accessory kinesin.
According to (Scholey, 2008), the IFT transport system used to construct flagella
depends on the movement of IFT particles by heterotrimeric kinesin-1l and homodimeric
OSM-3 or KIF17. Surprisingly, in motile cilia or flagellum, one kinesin is active carrying
the IFT B particles and the dynein during anterograde movement from the basal body to
the tip of the flagellum whereas the other ciliary kinesin accessory motors like KIF17 add
cilia-specific functions. The accessory motors may function to modulate IFT itself, they
may target specific proteins to cilia, or they may function as stable components of the
cilium itself (Scholey, 2008). However, it is possible, therefore, that LmxOSM3.1 is
phosphorylated and activated by kinases to drive the IFT transport complexes, and this

should be tested in the future.

We can hypothesise that LmxOSM3.1 and LmxOSM3.2 are core IFT motors and they
involve in flagellum assemble and maintain the flagellum foundation, LmxOSM3.1 drive
the IFT complex towards the tip of flagellum, whereas LmxOSM3.2 exhibit as an

accessory motor that provides flagellum-specific functions.

LmxM LAQIEEKEKE--VVERQ-HEIRKEME -RRELVESNLSNEF SRLRDLRLANVNFLKRVCTD 466
LmjF LAQIEEREQE--VVERQ-HEIRKEME -RRELVESNLSNESSRLRDLRLANVNELERVCTID 466
LTRL LAQIEEKEQE--MVERQ-HEIRKEME -RRELVESNLSNESSRLERDLRLANVNFLKRVCTID 466
LinJg LAQIEEREKE--VVERQ-HEIRKEME -RRELVESNLSNESSRLRDLRLANVNELERVCTID 466
LABPK LAQIEEKEKE--VVERQ-HEIRKEME -RRELVESNLSNESSRLERDLRLANVNFLKRVCID 466
LimxM EQLEQIRMEMSFERAAKKK SDEWDVKEIGEFYLNGFAEQYEQWRRVTY TQEDMERYARRAM 526
LmiF EQLEQIRMHEMSENKAAKKKSDEWDVKEIGFY LHGFAEQYEQWRKVTY TQEDMEKYARRAM 526
LTRL EQLEQIRMEMSEFDRAAKKK SDEWDVREIGEFY LEHGFAEQYEQWREVTY TQEDMERYARRAM 526
LingJg EQLEQI] JKAAKKKSDEWDVKEIGEY LEHGFAEQYEQWRKVTY TQEDMEKYARRAM 526
L4BPK EQLEQIRMHMSEPDHAAKKKSDEWDVKEIGFYLHGFAEQYEQWRKVTYTQEDMERKYARRAM 526
LmxM AELERQTQRQINDAAHAKEDLORQRDEEAARRTAEQGAT SQLKVDLNALREENVKLREKT 586
LmiF AELERQTQRQINDAAHAKEDLQRQRDEEAARRTAEQGATSQLKVDLNALREENVKLREKT 586
LTRL AELERQTQRQINDAAHAKEDLORQRDEEAARRTTEQGAT SQLKVDLNALREENVKLREKT 586
LinJ AELERQTQRQINDAA EDLQRQRDEEA QGATSQLKVDLNALREENVKLREKI 586
LABPK AELERQTQRQINDAAHAKEDLORQRDEEAARRTAEQGAT SQLKVDLNALREENVKLREKT 586

Figure 5.25 Partial alignment of the putative kinesin LmxOSM3.1 (LmxM.31.0680) from L.
mexicana with homologous kinesins from other Leishmania species.

LmjF32.0680 L. major, LTRL5903200123 L. tropica, LdBPK_320710.1 L. donovani, and
LinJ.32.0710 L. infantum. All displayed the conserved S477 potential phosphorylation site
(highlight with green). By multiple cluster sequence alignment tools.
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6 General Discussion

Leishmania spp. cause a spectra of diseases collectively known as leishmaniasis
ranging from cutaneous lesions to fatal visceral infections. Leishmaniasis is considered
as the third most important vector-borne disease, after malaria and lymphatic filariasis
estimated to cause 20,000 to 40,000 deaths per year (Who, 2016). Here we use the
flagellated parasite L. mexicana, which is the causative agent of cutaneous leishmaniasis
as a model to investigate kinesin motor proteins that mediate flagella formation (Scholey,
2013). These complex organelles are typically built by the action of intraflagellar
transport, which is powered by kinesin and dynein motor proteins for all types of cilia
including motile and non-motile organelles (Scholey, 2008 ; Scholey, 2013). It is not yet
clear how kinesins are involved in this process in Leishmania. However, there is some
evidence for signal transduction as protein kinases are key regulatory molecules in
controlling kinesin cargo transport in protists and mammals (Li et al., 2008; Chaya et al.,
2014; Liang et al., 2014). In this study, we present a biochemical and cell biological
analysis of three kinesins LmxKin29, LmxOSM3.1, and LmxOSM3.2. We showed that
LmxKin29 is located mostly in the cytosol next to the flagellar pocket, and has no effect
on flagellum formation but an effect on the ability of the parasite to infect mice and
therefore this kinesin can be established as a potential drug target against leishmaniasis.
We found that LmxOSM3.1 and LmxOSM3.2 are localised in the flagellum and probably

participate in IFT complex transport.

LmxKin29 from L. mexicana is a putative kinesin with a high sequence similarity to the
L. major kinesin LmjF.30.0350 that belongs to the “orphan” kinesins, introduced by
Wickstead and co-workers in 2006. LmxKin29 also has a homologue in T. brucei

(Th927.5.1870) which was mentioned recently as an orphan kinesin (Zhou et al., 2018).

Prior to the beginning of this work, some information was already available about the
biochemical characteristics of LmxKin29. A phosphoproteomics analysis of L. mexicana
had already identified a LmxKin29 peptide phosphorylated at serine 548, serine 551 and

serine 554. It had also been suggested that activated LmxMPK3 can phosphorylate
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peptide derived from LmxKin29 carrying the critical serine residues (Emmerson, 2014).
The starting point of this work was to identify the site phosphorylated by LmxMPK3 in full
length LmxKin29. The amino acid sequence of LmxKin29 was scanned for the
occurrence of putative MAP kinase phosphorylation sites with the consensus motif S/TP.
This led to the generation of five phosphorylation site mutant constructs (GST-
LmxKin29SA, GST-LmxKin29SD, GST-LmxKin29A2, GST-LmxKin29A4 and GST-
LmxKin29554A) which were used to successfully express and purify the respective GST-
fusion proteins in E. coli. Radiometric kinase assays of His-LmxMPK3 with the different
GST-LmxKin29 proteins were carried out. His-LmxMPK3 cannot phosphorylate serine
551, but phosphorylated serine 554 which was proven when two kinase assays for the

mutants GSTLmMxKin29A2, GSTLmMxKin29554A did not show any phosphorylation.

These results support previous research, which had shown that protein kinases are
important for kinesin activity in eukaryotic cells (Burghoorn et al., 2007; Tam et al., 2007;
Omori et al., 2010). In addition, the studies (Liang et al., 2014; Chaya et al., 2014; Fort
et al., 2016) had identified a protein kinase in Chlamydomonas (CaMKIl) and in
mammals (ICK) which phosphorylate Kinesin-2 and both negatively regulate ciliary
length. Calcium-dependent kinase and MAP kinase LmxMPK9 could be used to test

whether they can phosphorylate LmxKin29 in vitro and in vivo in future work.

A null mutant for LmxKin29 was successfully generated by homologous recombination.
However, one attempt failed to generate a deletion for both alleles. This might have to
do with the resistance mechanism requiring a higher expression level of the resistance
marker protein than it is for the expression of LmxKin29. Two LmxKin29 null mutants
have been generated. Several strategies have been successfully applied to investigate

the function of LmxKn29 in more detail.

Initially, it was investigated whether the single allele and/or double allele deletion of
LmxKin29 showed any effect on flagellar length, body width, and body length in
promastigote parasites. One of the unanticipated findings was that the LmxKin29 null

mutant clones did not show any significant difference compared with the phenotype of
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the L. mexicana wild type. This result proved that LmxKin29 is not involved in the L.

mexicana flagellum assembly.

Why did the loss of LmxKin29 not cause defects in flagellum length in spite of the
biochemical analysis which proved that the kinase LmxMPK3 can phosphorylate
LmxKin29? LmxKin29 might have another function or there might be other molecules
present that may allow through functional redundancy that the morphology of the parasite
is not changed in LmxKin29 null mutants (Jones et al., 2018). It is also possible that

LmxMPK3 has additional functions to its role in flagellum length regulation.

Fluorescence microscopy localised LmxKin29 fused with GFP next to the flagellar pocket
for both N- and C-terminally tagged kinesin. These results are consistent with the
phenotype investigations of null mutants for LmxKin29, which proved that LmxKin29
deficiency had no effect on the flagellum length, body width and body length of

promastigotes.

Kinesin-13 (Dawson et al., 2007), LmxMPK2 (Munro, 2013), and Th927.6.1770 (Zhou
et al., 2018) have a similar localisation as LmxKin29 in dividing cells. Hence, this
localisation provides evidence that LmxKin29 might be responsible for certain
fundamental cellular functions such as microtubule organisation or may mediate cell

division. This should be addressed in future work.

LmxKin29 plays a significant role in L. mexicana pathogenicity in vivo. The most
important clinically relevant finding showed that LmxKin29 null mutants are unable to
cause lesions in infected Balb/c mice and that no parasites could be detected at the
injection site ten weeks post infection. LmxKin29 is not the only kinesin that is essential
for parasite survival in an infected host. RNAi-depletion of Kinesin-13 (TbKif13-1) in a
mouse model of infection completely prevents infection with T. brucei, due to its crucial
role in mitosis and proliferation. TbKif13-1 has been considered as an excellent potential
drug target (Chan and Ersfeld, 2010). LmxKin29 and TbKifl3-1 have a similar

localisation in dividing cells and they both affect the parasite’s pathogenicity. LmxKin29
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is essential for survival of the amastigote parasite offering that it would be an ideal drug

target.

To underpin in vivo infection results immunoassay analyses were performed. Specific
antibody responses (IgG1, IgG2a) were detected using ELISA. The titre of IgG1 and
IgG2a in the serum of mice infected with LmxKin29 deletion clones was indistinguishable
from naive mice while wild type, single allele and LmxKin29 add back clones revealed a
significantly increased titre of IgG1 and lgG2a. Hence, the null mutant parasites do not
survive the host defence and are unable to stimulate specific immune cells to produce
IGgl and IgG2a or to induce cell-mediated immunity (Chu et al., 2010; Buxbaum, 2013;

Wang et al., 2017).

LmxOSM3.2 and LmxOSM3.1 were identified as kinesins in L. mexicana. Amino acid
analysis of the full length proteins revealed that both proteins showed strong amino acid

identity with the L. major kinesin-2s LmjF17.0800 and LmjF32.0680, respectively.

Sequence alignment analysis showed that the motor domains of LmxOSM3.2 and
LmxOSM3.1 are located at the N-terminus for both kinesins. The similarity across the
two proteins indicates that they are likely to share important residues for kinesin function.
Further sequence analysis revealed that LmxOSM3.2 has a homologue with
Th927.5.2090 in T. brucei. In addition, it has sequence similarity in the motor domain
with the human Kinesin-2, KIF3A and its homologues KLP20 in C. elegans and with FLA8
in Chlamydomonas, while LmxOSM3.1 showed similarity with Th927.11.392 from T.
brucei, KIF3A and its homologues KLP11 in C. elegans and FLA10 in Chlamydomonas.
These similarities indicate that LmxOSM3.2 and LmxOSM3.1 can be regarded as

members of the Kinesin-2 family.

The subcellular localisation of LmxOSM3.2RFP and LmxOSM3.1GFP showed
localisation of LmxOSM3.1GFP along the flagellum while LmxOSM3.2RFP was found
at the tip of the flagellum. The available localisation and the sequence analysis allow to

hypothesise that LmxOSM3.1 and LmxOSM3.2 are homologues of Kinesin-2 motors
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associated with the IFT machinery to build the flagellum and probably are contributing
to flagellum assembly. What type of Kinesin-2 are LmxOSM3.1 and LmxOSM3.2 and
do they form dimers and if so, are they homodimeric or heterodimeric? First, the
fluorescent signal for LmxOSM3.1GFP showed high intensity from the basal body and
along the flagellum, which is a similar localisation as for the heterodimeric Kinesin-I|
FLAL0 subunit in Chlamydomonas (Cole et al., 1998). On the other hand, there is no
evidence for a homodimeric kinesin in Chlamydomonas (Scholey, 2013). LmxOSM3.2
showed a similar localisation as Kinesin-13 in T. brucei at the tip of the flagellum
(Wickstead et al., 2010; Fort et al., 2016). Further studies are required to analyse
LmxOSM3.2 and LmxOSM3.1 function, which may be correlated with their localisation

in the flagellum (Wang et al., 2005; Tiwari and Dubey, 2018).

Kinase assays using LmxOSM3.2 recombinantly expressed in E. coli using pGEX-
KGSPOSM3.2 with activated His-LmxMPK3 showed that the kinase could not
phosphorylate GST-LmxOSM3.2 in vitro. This result is consistent with in vivo
phosphoproteomics analyses of L. mexicana (Rosenqgvist, 2011) in which no
phosphorylated site had been identified for LmxOSM3.2. On the other hand, GST-
LmxOSM3.1 was identified as a substrate of LmxMPK3 and LmxMPK13 (Emmerson,

2014).

The analysis of IFT motors in eukaryotic flagella has led to a model in which KIF17 or
OSM-3 is an accessory IFT motor that functions cooperatively with the Kinesin-II
complex in cilia containing doublet microtubules, and is essential for elongation of the
flagellum (Insinna et al., 2008; Scholey, 2013; Fort et al., 2016). The flagellar structure

in L. mexicana consists of doublet microtubules (Wheeler et al., 2015).

According to the observations made in this study LmxOSM3.2 and LmxOSM3.1 are
involved in the IFT (intraflagellar transport) in L. mexicana, which agrees with previous
studies (Insinna et al., 2008; Scholey, 2013; Fort et al., 2016). LmxOSM3.2 might work

as an accessory kinesin and LmxMPK3 might regulate LmxOSM3.1 in the basal body
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allowing controlled movement of the IFT complex proteins towards the tip of the flagellum

(Figure 6.1).

In conclusion, LmxOSM3.1 and LmxOSM3.2 are flagellar kinesins and most likely
required for flagellum construction. Hence, they will be important for the understanding

of ciliopathy diseases.
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Figure 6.1 Hypothesis of the IFT transport system in the L. mexicana flagellum.
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7 Conclusion and future work

This thesis presents a comprehensive biochemical and cell biological analysis of three
kinesins in Leishmania mexicana. LmxKin29 proved to be important to cause
leishmaniasis in the mouse. Therefore, this kinesin is a potential drug target against the

disease.

LmxOSM3.1 and LmxOSM3.2 are closely related to kinesins found in Trypanosoma and
humans (Kinesin-2). The similarity of these proteins to Kinesin-2s in organisms from
unicellular organisms to mammals indicates that they may play an important role in the
assembly of flagella and/or cilia in all organisms. Kinesin-2 have been shown to be
involved in causing ciliopathy disease such as polycystic kidney disease and primary

ciliary Dyskinesia (PCD) syndrome.

7.1 Future work

Future studies on the current topic are therefore recommended in order to cover the

following:

1-As GFP-tagged LmxKin29 was not functional, a different smaller tag such as the c-
myc tag could be used for immunofluorescence localisation of a functional kinesin. High-
resolution fluorescence microscopes such as super-resolution microscopes are setting
new standards with quantitative single molecule localisation that allows for the direct
investigation of the molecular position and distribution of proteins within the cellular

environment.

2- Further biochemical analysis could identify additional protein kinases involved in the

regulation of LmxKin29.

3- The direct interaction of LmxOSM3.2 and LmxOSM3.1 could be addressed by using
TAP tagging of either one kinesin and tandem affinity purification followed by detection
of the co-purified binding partner. However, ideally this requires kinesin specific

antibodies for detection.
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4- The function of both LmxOSM3.2 and LmxOSM3.1 could be confirmed by generation

of knockout cell lines or applying the CRISPR/Cas9 approach for targeted deletion.

5- In order to determine whether GFP-tagged LmxOSM3.1 and RFP-tagged LmxOSM3.2
are functional the genomic copies of each of the corresponding genes could be deleted
and the phenotype of the resulting cell lines expressing only the tagged kinesin could be
analysed. PhotoGate microscopy and live video microscopy could be used to

characterise the properties of the OSM3 kinesins.
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9.1 Appendix A DNA & amino acid

9.1.1 LmxKin29WT sequence

ATGCTGTGGCTGTGCGAGCCGTTCGCGTCTATTTCCATCACTCCCTGTGTGTGTCTCACGCAGGAACACA |

CGCGCTCACGCCCATGCACGCGCCAGAACACCTATTTCTCTACACTGCTTCGCTTGACTCTGCCACCTCG
TGTCGCCCCCCTCCCCTGCCGTCTCCCTCTTGCCTGCTCCCTTTACTTGGGTGACTCATCGCGCCTACCG
TCTTTCCCACCGCTTACCGTGGCGCACAGCTAGTAGCACGAGCTGCACAGACGCTTGATTCTCCAAGTGG
ACTACCAACCGCCAAGAAGCATACAGAGTCGACACACGTTAGACATCGCCCCTCTCGTCATTCATTCCCG
GCGCGCGCACAACTCACCTTTCTACTCCGACCCTCCACCCTCCTCCCCCACCAACGCTTTGCTGAGCGGC
CTCTTAATACCCCCACCTCGCCATCCTCTCCTCTCGGGTCGTTCTATCATTGCCGTCTCTTGCGTGTTTC

ACCCAGACCCTCCCCCTCCCCCCTTTCTCGCCCCGTCCTACCCGACGTGTGTCTGTGCCTGTGCTCTCTC -

GCTTTGCTTGTCGTCTCACTTCATCGGC

ATGTCACGCATACAGAAAAGCAGCAAGTCGGCGCCGAAGACCATTTCGGTGTACTGCCGCGTGCGGCCGC
CTGTGCCGCAGGAGAAAGGGCACAACTTCAACAACATCGTCTACGATGATGCCGACAACCGCACCATCAC
CGTGACCCGCAAGTCAGGCTCGAAATCGTTTGAAAAGAGGTACTTCTTCAACCGCGTCTTCAGGCCCACT
GTGACGCAGAAAGATGTGTACGAGACCTTCGCCAAGAATGCCGTCGACGCAGCCTTCGATGGTCAGCACG
GCGTCCTCTTCGTGTACGGCCAGACCGGCTCTGGCAAGACCTTCACGATCAGCAACGATGATCCGAAGAA
CGAGGGTGTGTTGCAGCAGTCTATGAGGGAGATTTGGGACAGGATCGCCAAAGACCCGGGCAATGACTAT
TCGTGCAGCGTCAGCTACGTGCAGCTCTACAACGAAATTCTCACCGACTTGTTGGATGACAGTAAGGGTA
AGGTCCGCATCCAGATGGGGTTGGAGGGCCGTGGAGACATCGTGATGGTGTCCGACGCCACCGGGCTGCC
AGTCGAGCGGGAGGTAAAGGACTACAAGGGCACCATGGCCTTCTTCAAAGCGGGCTTGACGCGGAAGGAG
ATGGCGAGCACGTCCATGAACAACACAAGCTCTCGCTCCCACACCATCTTTACGCTTAACGTCTGCAAGG
CCCAGAGGGTCGGCACTGTGACCGTCGGTGCTGAAACGGAGGGCCCCACAATTGCACTGGAGGGCCGCCT
GGTGCTGTGCGACCTTGCCGGGAGCGAGCGTGTGAGCAAGACACATGCGGAGGGCAAGACGCTCGACGAA
GCCACGCACATAAACCGCAGTCTCCTAACCCTTGGTAAGGTGGTGACTGCGCTGACCGACAACGCCCAGC
ACGCTCCCTTCCGTGAGTCGAAACTGACCCGCATTCTCCAGTACTCGCTGCTGGGTAACGGCAACACCTC
CATCATCGTCAACATCAGCCCTTCCGATGAAAACACGGAGGAGAGCTTGAGCACCCTCTTTTTTGGGCAG
CGCGCCAGCCAAATCAAGCAGGATGCGAAGAGACACGAGGTGCTCGATTACAAGGCGCTGTACCTGCAGC
TCATGGCGGACATAGACAACAAGAACGACAAGACGCTGGAGGAAGCGCTGGAGGAGGAGCGTGGCGTCTA
CGAGGACCGCATTTCTTCCCTCAACGAGGAGATGAAGTTGCTGAACAACGAGAACGCGATGCTGCGCAAC
GAGAACAAGCAGCTGCGGCAGTACGTGCCGGCTGATCGACTGAAACTGATTGATGAGACACCATCCAGCG
GAGTGCCTGGCGTCAATGGTGGATCTATCAGCGGAGGTTGGGCCAAGGCCAACCAGGAGCTGCGGGAGCT
GATTCAGCAACGCGATGAAAAGATGAAAGTCATCAGTAATGAGCGGGTGCGCCTCGCGCTTGTGGTGGCT
GAAGAGAAGCGCAAGTGCTTCCAGCTCGCACAGAAGTTGCGCTCATTCGCCATGCGGTACAAGGTGGAGC
GCGAGCAGTTGACCCAGCGCCAGGAGGAGCTGACCACCGAGCTGGCGTCCCTTAAGGGCACCGATTACCT
CAGTGCCGTCGGCACCTTTGAACCCACGGTGAGCCCAGCCAGCCCAGGCAGCCCGAAGTTTGCTCGTGAT
GGCGAAGATTTCAACGACGCTGAAAGCGCTCAGGCGCAGCTCCGCGCGTTGTGGGCGGAGCGCACGGAGC
TCATGTTGTACCAGGCAAAGGCGGCCAATGCGATCCGCATGCTCGTGAAGGAACGTGAAGCTGCGCAGCG
CAAGGCGGCG

TAGTTGTTCGGACACTGCGATATGCCGGACCACTGCTGCGTACCGGCAGCAAAGTGGGAATGCCATCGTT
ATGTGCGGTATGCTTGGTAGTAGGGAGGAGGGGGTTAGGCCAGCGTAGAGGAAGAGTGAGAGGATGCTGC
ATGGAAAAGTTGAACAAGAAGGGGAGAGGCGGTGAAGGGAGCGCTCTTTCGACCGCTGTGGTCCTTCTTC
TGCCCTCTCCGCGCAGGCCCCCTCACGTGCACTCCCCCGTCGCCATTATGGGCATCCGTTCCTCGCGTCT
CCCTCTTTTGCTGTCGTTGCCGCTCTTCTGTCCCAGTTTTCTGCTCGCGAATGCTCACGCGTCGGCCGGG
TTTCTCTCCTTGTTGTCCGAGTAGCTGCCGCGTTTTGCTTTGTCGCCTCGGTCAACCGCTTTACCTGCCC
ATTTGCCAACGACCCGATGCGCGCGCGTGTGTGGGCTCTCTTGTCTGCGCTGTGGCGGCGCTTCCGTTTT
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CGAGCGCTGCCCCATATTAGGAGACCCCCGTAGTAGTGCGTAAGAGGGTGGTGTATCTGCGTGCGTGTGC
CTGCTATTGTTGCCTCAACCATGACCATCTGCGAGTCACGTTGTGGTGA

9.1.2 LmxKin29WT.forward primer

860 bp PCR product for LmxKin29WT

860 bp PCR product for presence of LmxKin29 in genome

GGCAGTCGCGTAGTACTGGCACTGCTGCTGCCATGGCGACTGGTCATCCGCGCACCCATAGCCA
CATGTGTGCATCTCTCCCTCCCCTCGCGCTACGCAACTCTGTTCCGTGCGTGCTGTGGCTGTGC
GAGCCGTTCGCGTCTATTTCCATCACTCCCTGTGTGTGTCTCACGCAGGAACACACGCGCTCAC
GCCCATGCACGCGCCAGAACACCTATTTCTCTACACTGCTTCGCTTGACTCTGCCACCTCGTGT
CGCCCCCCTCCCCTGCCGTCTCCCTCTTGCCTGCTCCCTTTACTTGGGTGACTCATCGCGCCTA
CCGTCTTTCCCACCGCTTACCGTGGCGCACAGCTAGTAGCACGAGCTGCACAGACGCTTGATTC
TCCAAGTGGACTACCAACCGCCAAGAAGCATACAGAGTCGACACACGTTAGACATCGCCCCTCT
CGTCATTCATTCCCGGCGCGCGCACAACTCACCTTTCTACTCCGACCCTCCACCCTCCTCCCCC
ACCAACGCTTTGCTGAGCGGCCTCTTAATACCCCCACCTCGCCATCCTCTCCTCTCGGGTCGTT
CTATCATTGCCGTCTCTTGCGTGTTTCACCCAGACCCTCCCCCTCCCCCCTTTCTCGCCCCGTC
CTACCCGACGTGTGTCTGTGCCTGTGCTCTCTCGCTTTGCTTGTCGTCTCACTTCATCGGCATG
TCACGCATACAGAAAAGCAGCAAGTCGGCGCCGAAGACCATTTCGGTGTACTGCCGCGTGCGGC
CGCCTGTGCCGCAGGAGAAAGGGCACAACTTCAACAACATCGTCTACGATGATGCCGACAACCG
CACCATCACCGTGACCCGCAAGTCAGGC

Kin29N.rev: 5’ -GCCTGACTTGCGGGTCACGG-3’' for PCR

LmxKin29up. for: 5’ -GGCAGTCGCGTAGTACTGGC-3’

9.1.3 Phleoint.reverse primer

Phleoint.rev: 5’ -AACTCGACCGCTCCGGCGACG-3’
LmxKin29up. for: 5’ -GGCAGTCGCGTAGTACTGGC-3’

766 bp fragment for Phleomycin positive clone in PCR on genomic

DNA

GGCAGTCGCGTAGTACTGGCACTGCTGCTGCCATGGCGACTGGTC
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CCATG
GCCAAGTTGACCAGTGCCGTTCCGGTGCTCACCGCGCGCGACGTCGCCGGAGCGGTCGAGTT

9.1.4 Blaint.reverse

Blaint.rev: 5’'-ATCGCGACGATACAAGTCAGG-3’

LmxKin29up.for: 5’'-GGCAGTCGCGTAGTACTGGC-3’

937 bp fragment for Blasticidin positive clone in PCR on genomic

DNA

GGCAGTCGCGTAGTACTGGCACTGCTGCTGCCATGGCGACTGGTC

CCATG
GCCAAGCCTTTGTCTCAAGAAGAATCCACCCTCATTGAAAGAGCAACGGCTACAATCAACAGCA
TCCCCATCTCTGAAGACTACAGCGTCGCCAGCGCAGCTCTCTCTAGCGACGGCCGCATCTTCAC
TGGTGTCAATGTATATCATTTTACTGGGGGACCTTGTGCAGAACTCGTGGTGCTGGGCACTGCT
GCTGCTGCGGCAGCTGGCAACCTGACTTGTATCGTCGCGAT

9.2 Sequence Alignmnt LmxKin29WT.forward primer

9.2.1 CLUSTAL multiple sequence alignment LmxKin29 orthologous

sequences
Ldon MSRTQTSSKSAPKTIAVYCRVRPPVPNEKGHTFQONISYDDRDARAITVNRKSGAKSFEKK
Linf MSRTQTSSKSAPKTIAVYCRVRPPVPNEKGHTFQONISYDDRDARAITVNRKSGAKSFEKK
Ltr MSRTQTSSKSAPKTIAVYCRVRPPVPHEKGDTFQONISYDDNDSRAITVNRKSGTKSIEKR
Lmj MSRTQTSSKSVPKNIAVYCRVRPPVPNEKGHTFQONISYDDSDSRAIAVARKSGTKALEKT
Lmex MSRIQKSSKSAPKTISVYCRVRPPVPQEKGHNENNIVYDDADNRTITVTRKSGSKSFEKR
Ltar MSRTQANNKSAPKTISVYCRVRPPVPSEKGHTFQONIAYDDGDDRAIVVSRKSGTKSLEKR
Cfa MSRAQTSSKSAPKNISVFCRVRPPVSHEKNHTEDNITYDARDDRAIMVNRKSGTKMIEKR
Lbr MSRPQASSKSAPKTISVFCRVRPLVPHEKSHTCNNITYDPNDNRAITVNRKTTTKAGEKK
* Kk Kk K -'**-**'*:*:***** *' **'-' :** * K * *:* * **: :* * K
Ldon YLENRVFRPNVTQKDVYENFARNAVDAAFDGQHGVLEVYGQTGSGKTFTISNDDPNNEGV
Linf YLENRVFRPNVTQKDVYENFARNAVDAAFDGQHGVLEVYGQTGSGKTFTISNDDPNNEGV
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Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr

YLEFNRVFRPNVTQKDVYETFARNAVEAAFDGQHGVLEVYGQTGSGKTFTISNDDPNNEGV
YLENRVEFRPTATQKDVYETFAKGAVDAAFDGQHGVLEVYGQTGSGKTFTISNDEPNNEGV
YFFNRVFRPTVTQKDVYETFAKNAVDAAFDGQHGVLEVYGQTGSGKTFTISNDDPKNEGV
FLENRVFQPNATQREVYDTFAKSAVEAAFDGQQGVLEVYGQTGSGKTFTISSDDPNNEGV
YMEFNRVFQPNVAQKDVYETFAKGAVEAAFDGQHGVLEVYGQTGSGKTFTISNDDPKNEGV
FMENRVFQPNSTQKEVYEAFAKGAVDAAFDGQHGVLEVYGQTGSGKTEFTISNDDPKSEGV

e e kkKAK ok ek e okke Khke Khhkokhkhhkkhhkkoehkhkhhhkkhkrhkhkhkhhkrhkhhkhdx *eokeo *kx

LOQOSMREIWNKIASDTANDYSCSVSYVQLYNEILTDLLDDKKSKVRIQMGSEGRGDVVMV
LOQOSMREIWNKIASDTANDYSCSVSYVQLYNEILTDLLDDKKSKVRIQMGSEGRGDVVMV
LOQSMREIWNKVTSDTANDYSCSVSYVQLYNEILTDLLDDKKGKVRIQMGSEGRGDIVMV
LORSMRDIWNRIASDTANDYSCSVSYVQLYNEILTDLLDDAKGKVRIQMGSEGRGDVVMV
LOQOSMREIWDRIAKDPGNDYSCSVSYVQLYNEILTDLLDDSKGKVRIQMGLEGRGDIVMV
LOQSVKEIWKKIANDPTNDYSCSVSYVQLYNEILTDLLDEQKGKVRIQIGSEGRGDVVMV
LOQSMKEIWGKIAADKENDYSCSVSYVQLYNEILTDLLDEQKGRVRIQIGAEGRGDVVMV
LOQOSMRDIWAKIANDTEHDYSCSVSYVQLYNEILTDLLDEKKGKVRIQLGTEGCGDVVLV

kkekeoookk oo Kk ekhkkkhkhkhk kA hkkhkhkhkkrhkkhkhkkhkhkhkhke * okhkhkkek *k Kkkokox

SDSTGLAVEREVKDYKSTMAYFKAGLARKEMASTSMNNTSSRSHTIFTLNIVKAKKVGAV
SDSTGLAVEREVKDYKSTMAYFKAGLARKEMASTSMNNTSSRSHTIFTLNIVKAKKVGAV
SDSTGTAIEREVKDYKSTMAYFKAGLARKEMASTSMNNTSSRSHTVETLSIVKAKKVVAV
SDSTGMAIEREVKDYKSTMACFQVGLARKEMASTSMNSTSSRSHTIFTLNIVKAKKVVAV
SDATGLPVEREVKDYKGTMAFFKAGLTRKEMASTSMNNTSSRSHTIFTLNVCKAQRVGTV
SDSTGLAIEREVKDMQSTMSEFFKAGLTRKEMGSTSMNDRSSRSHTVETLHIVKSKKVGTV
SDATGLPIERPVKDYKGTMNAFKTGMARKEMASTSMNNTSSRSHTVETLNINKSRKTGAV
SDDSGKGIEREVKDYNGTMNEFFKTGLSRKEMASTAMNNTSSRSHTVETLNISRSTKVTAV

* * .k e kk Kk Kk . * K * . ke ekkkhkk kKo kK *hkkkkk o kkk . .. . . %

TVGAETEGPTVALEGRLVLCDLAGSERVSKTHAEGKTLDEATHINRSLLTLGKVVTALTD
TVGAETEGPTVALEGRLVLCDLAGSERVSKTHAEGKTLDEATHINRSLLTLGKVVTALTD
TVGAEADGPTVALEGRLVLCDLAGSERVSKTHAEGKTLDEATHINRSLLTLGKVVTALTD
TVGTEAEGPTIALEGRLVLCDLAGSERVSKTHAEGKTLDEATHINRSLLTLGKVVTALTD
TVGAETEGPTIALEGRLVLCDLAGSERVSKTHAEGKTLDEATHINRSLLTLGKVVTALTD
TVGSETEGQVVALEGRLVLCDLAGSERVSKTHAEGKTLDEAMHINRSLLTLGKVVNALTD
EVGG-GGGAAVALEGRLVLCDLAGSERVSKTHAEGKTLDEATHINRSLLTLGKVVAALTE
TVGADSGGATVALDGRLVLCDLAGSERVSKTHAEGKTLDEATHINRSLLTLGKVVAALTA

* K * e Kk Kk e AAKAAKNAXNKAAAA XA AN AIAAXAAA KA AR A K, KA hkkdhhkkhkhAkkhAhhkk Kk *Kx%k

NAQHAPFRESKLTRILQYSLMGNGNTSIIVNISPSDENTEESLSAILFGQRASQIKQDAK
NAQHAPFRESKLTRILQYSLMGNGNTSIIVNISPSDENTEESLSAILFGORASQIKQDAK
KAQHAPFRESKLTRILQYSLLGNGNTSIIVNISPSDNNTEESLSAIFFGQRASQIKQDAK
NAQHAPFRESKLTRILQYSLMGNGNTSIIVNISPSDDNTEESLSAILFGQORASQIKQDAK
NAQHAPFRESKLTRILQYSLLGNGNTSIIVNISPSDENTEESLSTLEFFGQRASQIKQDAK
NAQHAPFRESKLTRILQYSLMGNGNTSIIVNIGPSDSNTEESLSAIVFGORASQIKQDAK
NAQHAPFRESKLTRILQYSLMGNGNTSLVVNISPSDDNIEESLSAIMFGOQRASQIKQDAK
NAQHAPFRESKLTRILQYSLMGNGNTSIVVNVSPSDENTEETFSAILFGQRASQIKQDAK

ek khkhkhhkhkhk kA hkkhkhkhkhkhkhhkhoehkhhhhkhkeokhkkhke *hkk K* Khkeookeo *hkhkhkkhkhhkhkrkhkhkrik

RHEVLDYKALYLQLMADLDNKNDKTLEEALEEERGVYEERISALDEEMKLLSDENAMLRN
RHEVLDYKALYLQLMADLDNKNDKTLEEALEEERGVYEERISALDEEMKLLSDENAMLRN
RHEVLDYKALYLQLMADMDNKNDKTLEEALEEERGVYEERISALDEEMKLLNNENVMLRN
RHEVLDYKALYMQLMAELDNKNDKTLEEALEEERGVYEERISALDEEMKLLSDENAMLRN
RHEVLDYKALYLQLMADIDNKNDKTLEEALEEERGVYEDRISSLNEEMKLLNNENAMLRN
RHEVLNYKALYLQLMADLDNKNDRTLEAALEEERAVYEDRVAALVEEMRLLNDENSMLRN
RHEVLDYKALYLQLMADLDNKNDKTLEDALDEERGVYEDRISALNDQIKLLTDENTMLRK
RHEVLDYKALYLQLMADLDNKNDKTLEDALEEERGVEFDDRINSLNDQVKMLTEENGMLRN

*****:*****:****::*****:*** **:***.*:::*: :* :::::*.:** ***:
ENKQLRQYVPADRLKLIDETPSSGVP-———---——---— GANGEVASGGWAKANQDLRELV
ENKQLRQYVPADRLKLIDETPSSGVP-——-=-——==-— GANGEVASGGWAKANQDLRELV
ENKQLRQYVPADRLKLIDETPSSGVH-———--——=--— GANGEVVSGGWAKANQDLRELV
ENKQLRQYVPADRLKLIDETPSSGVS-——-=-——==-— GANGEVVSGGWAKVNQDLRKLV
ENKQLRQYVPADRLKLIDETPSSGVP-———--——==-— GVNGGSISGGWAKANQELRELT
ENNRLRHYVPPDKLKMIDQIPASGVS-——==-——==-— GAS-EAGSGGWAKANQELRELV
ENGQLRAVVPKDKLKLIVQTPGGGAAGAAADGAAGGEEQMS GGGGGGDWAEANRQLREMT
ENKQLRQCVPADKLKTIDETPASGVP-———=-——==-— AYEGASGGGNWAKANQELREVI

* ke kK **x kekk Kk o *x * * kke ke okko oo

KORDDKLKVISDERVRLALVVAEEKRKCFQLAQKMRSFAMRYKMEREQSTQRQEELCAEL
KORDDKLKVISDERVRLALVVAEEKRKCFQLAQKMRSFAMRYKMEREQSTQRQEELCAEL
RORDEKLKVISDERVRLALVVAEEKRKCFQLAQKMRSFAMRYKMEREQSTQRQEELCAEL
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Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

Ldon
Linf
Ltr
Lmj
Lmex
Ltar
Cfa
Lbr

QORDERLKVISDERVRLALVVAEEKRKCFQLAQKMRSFAMRYKMEREQSTQRQEELCTEL
QORDEKMKVISNERVRLALVVAEEKRKCFQLAQKLRSFAMRYKVEREQLTQRQEELTTEL
RORDEKLKVISDERVRLALVVAEEQRKCFQLAQKMRSFAMRYKMERELSTQRQEELSAEL
GLRDAKLRTISDERVRLALLLSEEQRKCFKLAQKMQAFGLKYKMERSQLTHRQDELAAEL
KARDEKLRTINEERLRLALVVAEEQRKCFQLAQKMRAFALRYKMEREQSSRRODALTAEL

* * :::.*k.:**k:*k**k*:::**:****:****:::*k.::*k*:**k. ::**: * :**
AALKGTDYLSAVGNFDATA-—-—-——— SPGSPGSPHYPREGEEFNDAESAQAQIRALRAERT
AALKGTDYLSAVGNFDATA--—-—-—-— SPGSPGSPHYPREGEEFNDAESAQAQIRALRAERT
ATLKGTDYLSAVGTFDAAA-—-———— SPGSPGSPNYSREGEDFNDAESAQAQIRALRAERA
ATLKGTDYLSAVGSFDATA-—-———-—----— SPGSPNYPRENEEFNDAESAQAQIRALRAERM
ASLKGTDYLSAVGTFEPTV-—-———— SPASPGSPKFARDGEDFNDAESAQAQLRALWAERT
AALKGTEYLSTLGHFDSTAGLGSPGSPGSPGSPRFPRDGEEFNDIERAQAQIRAYRAERM
AASKGTDYLSAMGAFDMYT-——-—————— SPSSPRPPREGEEFNDLEKAQAQIRAFRAERQ
ASVKGTDYLSALGTFDSSM-—-———-—----— SPASPRGGSDAEDYNELESARQQIRSLRAERA
*: ***:***::* *: * K "k*' H *::*: * *: *:*: * Kk Kk

ELMVYQAKAANAIRMLVKERDAAQRKVA-—
ELMVYQAKAANAIRMLVKERDAAQRKVA--
ELMVYQAKAANAIRRLVEERDAAQRKVA-—
ELMVYQAKAANAIRKLVKERDAAQRKVA--
ELMLYQAKAANAIRMLVKEREAAQRKAA--
ELIVYQAKAANAIRMLVMERDAALRKAA--
ELIVYQVKAASAIRMLVKERDAALRKAGQON
DLIMYQKKAAEAIRVLASERDAALRKAA--

ek e e kk kkk kkkx Kk * ko kx  kx

Sequence alignment between LmxM.17.0800 and in human Kinesin-2 KIF3A

Sequence |D: Query_122169 Length: 699 Mumber of Matches: 3

Range 1: 119 to 374 Graphics ¥ Next Match
Score Expect Method Identities Positives Gaps

226 bits(601) 4e-71 Compositional matriz adjust. 123/259(47%) 16%/25%(65%)

5/259(1%)

Query
Sbjct
Query
shict
Query
sbjct
qQuery
sbjct
Query
sbjct

&

119

&5

176

125

236

184

296

a4

LEGYIPRCVMHIFDSVOEMENESP ST TWSMY WS FME LYMNGEVRDL LAKQOVS - LDIRENK
L G+IP HIF + K+ + T + V5++E+YN +VRDLL K Q L+++E
LRGIIPNSFAHIFGHIAKAEGD - - - TRFLWVREVSYLE IYNEEVRDLLGKDQTQRLEVEERFP

DHTFFVEGAVVAQWKFPEDVIRHLEEGTDRRRVASTELNADSSRSHSVFSLILECTETLE
1] +K V R+ G RV +T + SS5RSH+HF++ +ECHE
DVEYY IKDLSAYWVWHNNADDMDR IMT LGHENR SV GATNMNEHS SRSHATFTITIECSEKGI

DGSTRAVSSELNLVDLAGSERQGE TRASGDTLEEGCNINLELSALGTVIDT IVEG-GTHY
D+ EL+LVDLAGSERQ KTGA+G LEE IHLSLS LG VI # G THV
DGMMEVRMGE LHLVDLAGSERQAK TRATERLEEATKINLELSTLGNISALVDGE S THY

PFRESPLTMLLEDSLGGNSKETVMF ANINFS ERNMSETWVSTLRFADRAKQTIKNEPYVWHMDS
FP+R+5 LT LL#DSLGGNSKETHY ANI P++ N ET#STLR+A+RAK IKNK +N D
PYRNSKLTRLLQDS LGGNSKTMMC ANTIGPADYNYDETLST LR Y ANRAKNIKNEARINEDP

EDQEIAELTEIVKELREEL 262

KD+ + 4+ #+EL++EL
KEDALLRQFJKEIEELEEEL 374

274

54

175

124

235

183

295

243

355



Range 2: 512 to 526 Graphics ¥ Next Match A Previous Match 4 First Match

Score Expect Method Identities Paositives Gaps
17.3 bits(33) 2.8 Compositional matrix adjust.  B8/15(53%) 12/15(80%) 0/15(0%)

Query 758 EDLRKALEEEEVEQM T7ed
E LR+ LEEK+ E++
Sbjct 512 EQLRRELEEKEQERL 526

Range 3: 55 to 118 Graphics A Previous Match @ First Match
Score Expect Method Identities Positives Ga

ps
15.8 bits(25%) 8.7 Compositional matrix adjust.  16/65(25%) 24/65(36%) 1/65(1%)

Query 26  MNESPSTTVEMYWSFMELYNGKVRDLLAKQOWS LDIREMKDHTFFVEGANWVAQWVEFPEDNTI 8BS
MEPT V E V+HL A+ + +E +TF G F ++
Sbjct 55  MEPPKTFTFOTWFGPESKQLOAVYMLTARPIID-SVLEGYNGTIFAYGQTGTGKTFTMEGY 113

Query 86 RHLEE 9@

R+ E
Sbjct 114 RAIPE 118
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9.2.2 Sequence alignment between LmxM.17.0800 and Kinesin-2 in

human KIF3B

KIF2B

Sequence |D: Query_22657 Length: 747 MNumber of Matches: 4

Range 1: 111 to 371 Graphics ¥ Mext Match
Score Expect Method Identities Positives Gaps

229 bits(585) le-68 Compositional matrix adjust. 121/265(46%) 165/265(62%) B/2E65(3%)

Query 2 GNSTLEGWIPROVMHLFDSVORMENESP STTVSMYVSFMELYMGEVRDLLAKQWS-LDI 6@
G+ GVIP HIF + + +h+ + S++E+Y  ++RDLL+K @ L++
Sbjct 111 GDPEKRGVIPNSFDHIFTHISRSQNQQ----YLVRASYLEIYQEEIRDLLSKDQTKRLEL 156

Query &1 RENKDHTFFVEGAAQNVEF PEDVIRHLEEGTDRRRVASTELMNADSSREHSVFSLILECT 128
+E D +VE K+ + G RV +T +N SSRSH++F + +EC+
Sbjct 167 KERPDTGVYVKDLSSFVTKSVEEIEHWMMVGNONRSVGATHNMNEHSSRSHAIFVITIECS 226

Query 121 ETLEDGSTRAVSSKLMLVDLAGSERQGE TGASGDTLKEGCNINLSLSALGTVIDTIVEG- 179
E DG KLMLWDLAGSERD KTGA G+ LKE INLSLSALG VI +W G
Sbjct 227 EVGLDGEMHIRVGKLMLYDLAGSERQAK TGAQGERLKEATKINLSLSALGNWISALVDGE 286

Query 188 GTHVPFRSSFLTMLLEDSLGENSE TVMFANINPSERMMSETWSTLRFADRAKQIKNEFYY 239
TH+P+R 5 LT LL+DSLGEN+KTWM AM+ P+ N+ ET++TLR+A+RAE IKNEP W
Sbjct 287 STHIPYRDSKLTRLLQDSLGGMAK TVMVANVGPASYNVEETLTTLRYANRAKNIKNKPRY 346

Query 248 NMDSKDQKIAELTEIVEELREKLAE 264
NMDEKDP +E E+ L+ +L K
Sbjct 347 NEDPKDALLREFQEETARLKAQLEK 371

Range 2: 157 to 171 Graphics W MNext Match A Previous Match @ First Match
Score Expect Meathod Identities Positives Gaps

17.32 bits(232) 2.4 Compositional matrizx adjust.  9/17(53%) 12/17(70%) 2/17(11%)

Query 624 SEDEVARLEARLRERSD G482
5+D+ RLE L+ER D
Sbjct 157 SKDQTKRLE--LKERPD 171

Range 3: 22 to 75 Graphics ¥ Next Match & Previous Match 4§ First Match
Score Expect Method Identities Pasitives Gaps

16.5 bits(21) 5.2 Compositional matrix adjust. 17/71(24%) 28/71(39%) 17/71(23%)

Query 259 REKLAKYETQGTAGLEEEVVQLOEKIGOLEVQLDNATKSREADLVDYEMSKATLAAERQT 318
+EK A Y +HA + K+HGE0H+ W T +EM K
Sbict 22 KEKAASY---------DEVVDVDWELGDVSVENPEGTA-- - - - ---HEMPETFTFDAVYD &4

Query 31% FNTRLLSMEDE 329
+M + + DE
Sbjct &5  WMAKQFELYDE 75

Range 4: 70 to 121 Graphics A Previous Match 4§ First Match
Score Expect Method Identities Positives Gaps

16.2 bits(20) 8.9 Compositienal matrix adjust.  15/55(27%) 19/55(34%) 7/55(12%)

Query 113 FSLILECTETLEDGSTRAVSSKLNLVDLAGSERQGET - - - -GASGDTLEEGCNIN 163
FL E LD + + + G+  GKT G G KG N
sbjct 7@  FELYDETFRPLVDSWLOQGFMGT IFAYGQTGT- - -GKTYTMEGIRGDPEKRGVIPN 121
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9.2.3 Sequence alignment between LmxM.31.0680 and Kinesin-2 in

human KIF3A
KIF 34
Sequence ID: Query_BB01T Length: 588 Number of Matches: 4
Range 1: 12 to 374 Graphics W ket Match
Soore Ewpect HMethod Identities Positives

286 bits(732) 9e-BB Compositional matrix adjust. 153/366(42%) 224/366(61%) BIEEEEE%]

Query 8 AENIRVWIRCRDILPYEAERGDEALVALDLATHOVVQHP [GDAD - - - -WFAFDANYHNNS 63
+H+W+RCR + E K W=D + ¥ H + F FD ¥+
Sbjet 12 CONVEVWWRCRPLMEREKSHCYEQAVSVDEMRGTITY-HKTDESMEPPETFTFDTYFGRE 7@

Query &4 'TQREIIFLQE'..'QPLJD&HLQG?MIWFH?EQS'ESEHTHT*ITE!&L"'QRM'-ME'I‘FQ‘-"-‘D'HL 123
+P+ D+VL=GYM T+FAYGQ+G+OET TH G +  + G++P
Sbjct 71 SKQLD‘U"E'HLTHRF‘IID"\'LEG'rNE!HFH'r'EQT'E-TGKT THEGWVRAIPELRGIIPNGF -!cHI 13e

Query 124 FSEIKKLTSSTETFEVEVSYVELYNGESROLLESEQWN-LEIKQNTSKENFYVKGAENPEY 182
F IK T+ F VHVaY+E+YM + RDLL @  LE+K+ Y+E W
Sbjct 131 FOHIAKAEGDTR-FLVAVSYLEIYMEEVROLLGKDGTQRLEVEERPDVWGWYIKDLSAYWY 189

Query 183 TE-FEDAIKIlu:hl.-!ulJ—I'EFIF!QTHSTDLhDTSSREI'IELFT‘-'QIEHFDFEFIJPE-SP'I'UT-':TSKIN"-' 24z
+ G+ R +T+HH S5REHHFT+ IE + D+ + M K&+
Sbjet 198 NN-'-‘.IIT'[.‘HII|TLI3'H.HH""|.'E.-'-‘|TM‘NEHSSR5I'I.|IIFTITIEGEKEIDEM‘-HU‘H.I‘-‘-EKLHL 243

Query 243 VDLAGSEKLSKTHATGETAKEGCMINLSLSALATVIDTIVKG-AKHIPYRGEPLTHLLED 38l
VDLAGEE+ #KT ATE+ KE  INMLSLS L WI W & + H+PYR 5 LT LL+D
Sbjct 243 VDLAGSERQAKTGATGEOALKEATKINLSLSTLGMVISALYDSKSTHYPYRNSKLTRLLOD 383

Query 382 SLOGNAKTVHFANVGPSDHNLSETISTLRFALRAKGIENKPIERMOPEDARIQDLHEQID 381
SLOGH+HKT=N AN+GP+D N ETISTLR+& RAK I=HNK N DPED& ++  ++I+
Sbjct 389 SLGONSKTHHCANIGRADYNYDETISTLRYANRAKNIKNKARINEDPKDALLRQFQKEIE 363

Query 362 ELKKAL 367
ELKK+L
Sbict 368 ELKKKL 374

Range 2: 444 to 524 Graphics W newt Match § Previous Match 4 First Match
Sooire Expect Method Identities Positives
21.9 bits(45) 0.17 Compositional matrix adjust.  22/B1[27%) £5/B1(55%) 12.-'E1|:14“-'n]
Query 935  RNTA-AEFEEQRKS------- VQRLQEQ‘U&RTED&LHIKNEEL----ESNHQ"‘JQI-SNRQ a82

RN A A4F E=+ K +J L E +L E  ++4+= SN +

Sbjct 444 RNEARAELEKREKDL LESQQERQSL LEICL5-!|L EKK'..'I'..'EGUDL LAKEAEEQEKLLEESNME 583

Query 983 LEKEb.QKNEELEQ.-lLQDKQLE 1883
LE: +++ E+L +
Shict 384 LEEHHKRHEQLRFLELEEKEQE 524

Range 3: 512 to 5B5 Graphics W ket Match 4 Frevious Match 4 First Match
Score Expect Method Identities Fositives Gaps

18.1 hits(35) 2.7  Compositional matric adjust.  18/74(24%) 40/74(54%) 0/74[0%)
Query 819 ELLQRKEDQVEAMALEEDQACDKLVEELNKSERKLRELESMLEEERTQFTEEKTENTTEY 378

E L+R+ + E AL+ + L ++ +EL+++ +HL ++ ++E E+
Sbjct 312 EQLRRELEEKEQERLDIEEKYTSLQEEAQGKTKELEKVWTMLMAAKSEMADLOQEHQRET 571

Query B79 AELHSYMQQLALEL 892
L L+ EL
Sbjct 572 EGLLEMIAQLSREL 585

Range 4: 656 to 668 Grapnics A Frevious Match § First Match
Sooire Expect Method Ddentities Positives Gaps
16.2 bits(30) 9.2  Compositional matrix adjust.  7/13(54%) 10/13(76%) 0/13(0%)

Query 374 VEDSLAQATEELE 386
E+5LAG + +LE
Sbjct 656 TEESLRAQSLMELE 668
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9.2.4 Sequence alignment between LmxM.31.0680 and Kinesin-2 in

human KIF3B
KIF3B
Sequence ID: Query_068380 Length: 747 Number of Matches: 3
Wn?me V Next Match
Expect Method Identities Positives

299 btts(766) 9e-93 Compositional matrix adjust. 163/370(44%) 229/370(61%) 17/370[4%)

Query 8  AENIRVVIRCRDILPYEAERGOKALVRLDLATNQUVWQHPIGOAD----VFAFDAVYNNS 63
SE++sRW4RCR + € WV sDs QVVesP G A F FDAVY+ +
Stjet 7  SESVRVWVRCRPHNGKEKAASYDKVVOVDVKLGQVSVKNPKGTAHEMPKTFTFDAVYDWN 66

Query 64 -rqaoanemuquemwnveqsemmmeusqaquwon 123
Q +++ + <PL D+VLQGN T+FAYGQsG+GKT+TH G
Sticr &7 qurnvoerrmvosqumsnnvoqrerwmsszmexmmrm: 126

Query 124 FSEIKKLTSSTKTFEVKVSYVELYNGKSROLLSSKQUN-LEIKQNTSKNFYVKGAENPEV 152
F+ I+ S <+ + Vs SY+E+Y + RDLLS Q LE+K+ YVK
Sbjet 127 FTHISR--SQNQQYLVRASYLEIYQEEIRDLLSKDQTKRLELKERPDTGVYVKDLSSFVT 184

Query 183 tsreonrurmsrenaqnsmumssnsnmrque----nroremsp:vms 238
S ++ NG+ +T++N+ SSRSH++F + IE D EN +
Soice 185 xsvxeremnwmsvamrssnswmuecsmweem ----- IRVG 239

Query 239 KINVWDLAGSEKLSKTNATGETAKEGCNINLSLSALATVIDTIVKG-AKHIPYRGSPLTM 297
K+N+VDLAGSE+> +KT A GE KE INLSLSAL VI +V G + HIPYR S LT
Sbict 242 KLNLVDLAGSERQAKTGAQGERLKEATKINLSLSALGNVISALVOGKSTHIPYRDSKLTR 299

Query 298 LLKDSLGGNAKTWMFANVGPSDKNLSETISTLRFALRAKQIENKPIKNMDPKDARIQDLM 357
LL+DSLGCNAKTVM ANVGP+ N+ ET++TLR+A RAK I+NKP N DPKDA <=+
Sbjct 382 LLQDSLGGNAKTVMVANVGPASYNVEETLTTLRYANRAKNIKNKPRVNEDPKDALLREFQ 359

Query 358 EQIDELKKRL 367
E+I LK <L
Sbjcr 360 EEIARLKAQL 369

Range 2: 479 to 524 Graphics ¥ Next Match 4 Previous Match 4 First Mateh
Score Expect Method Identities Positives

17.3 bits(33) 4.6 Compositional matrix adjust.  12/46(26%) 25/46(54%) 1/46(2%)

Query 921 KTQVEEANQRLDDIRNTAAEFEEQRKSYQRLQEQV-ARTEDALAIK 965
K V¢ Nes + £. 6 - «0+Q+ <R E+ L +K
Sbjct 479 KNIVOHTNEQQKILEQKRQEIAEQKRREREIQQQMESRDEETLELK 524

Range 3: 420 to 446 Graphics Next Match g Previous Match 4 First Mateh
Score Expect Method Identities Positives

16.2 bs(30) 8.5  Compositional matrix adjust.  9/27(33%) 16/27(59%) 0/27@%)

Query 845 KLNXSERKLRELESI’\L!!ERTQFTE!K 871
+ E S++ EE+ + +EK
Sbjer 420 KLEI!KRAIVEDHSLVAE&KHRLLKEK 445
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9.2.5 Alignment of LmxM.17.0800 with OSM3 from C. elegans

Osmtic avoidance abnormal protein 2 [Caenorhabditis elegans]
Sequence ID: NP 7413521 Length: 571 Mumber of Matches: 1

Range 1: B0 to 325 Genfeot

SCore Expoct  Method Identities Positives Frame
218 bits(555) 2e-39() Compositional matrix adjust. 123/255(48%) 161/255(63%) 12,-'255(-’1“-1:,

Qu=ry 8 GYIFRCWVMHIFDSVOEMKHESFETTVEMYWEFMELYHGKVRDLL ~-AKQOWELDIRENEDH 66

GVIFR HIF + N ++ S++EHYH HURDLL A + L+IHE D
Skjct 2@ GWIPRAFDHIFTATATTEN----WEFLVHCSYLEIYMEEVRDLLGADHKQKLEIKEQPDR 135
Que=ry &7 TFFYEGAWVYALVE FFEDVIRHLEEGTDRRERVASTE LIADSSRSHSWFSLILE-CTETLED 125
W E + G % E W +T #H DSSRSHS+FH +E TET
skjct 138 GWYWAGLSHHEMCHOVPACKELMTRGFHIRHWSATLHIKDSSRSHSIFTWYVEGHTET--~ 192

Query 126 GSTRAVESELHNLVOLAESERQGE TGASEDTLEEGCHINLELSALGTVIDTIVEGET-HVF 184
&% R ELHLWVILASESER] ETGA+ED LEE INLELEALG WI +#V & + HF
sbjct 193 GSIAM--GELILVDLAESERQSETGATEDRLEEATEINLELSALGHVISALVDGKSKHIF 258

Query 185 FRSSPLTMLLEDZLGGSHSKTVMFANINPSERMMSETVSTLRFADRAKQIENEPVVIIMDSE 242
+R 5 LT LLHOSLGGH#KT+M & +#PS M ET+STLRHAHRAK IEWEF HI D K
shjct 251 YRDSKELTALLQOSLGENTKTIMIACWSFESSDHYDETLSTLRYANRAKHIENKFTINEDPK 318

Query 245 DQEIAELTEIVEELR 259

O +E E+ L+
shjct 311 DALLREVQEEIARLE 325

9.2.6 Alignment of LmxM.31.0680 L. mexicana with KLP20 from C.

elegans

Kinesin-like protein klp-20 [Caencrhabditis elegans]
Seqguence ID: MP 48717E8.1 Length: 545 Number of Matches: 1

Range 1: 3 to 3B5 Geonfept
Score Expect  Method Identities Positives Gaps Framae
2B6 bits(731) 1e-82[) Compositional matrix adjust. 169/392(43%) 233/392(59%) 19/393(4%)

Query 7 GAENIRVVIRCRDILFYEAERGDKALVR LOLATHOWWWOHP TGDAD-~-VFAFDAVYTRS 63
GAE +HVEACR I E K W + Vo O+ ] F FOaVH+ +

skjct 3 GAEKVEVWRACRFISTTEKLGGHKIANVT IDEERAVHIK-SLSQECFPRTFYFOAVFSPH 61

Quary 54 FTQROIFLQEVEF LADAVLDGYHATVFAYGREGEEE THTMTGELSQRIBRGMMPOAVVING . 123
q + 4P+ + WLHEYH THRAYGRHGHEET T™H 6 L M GHP ++

Zbjct &2 TOgMTV Y AARF IVENLEG YHET IFAYEQTETEX TFTHAGDLEPVEMRGIIFHEFAHL 121

Quary 124 FEEIEKLTESTETFEVEVSYWELYNIGESROLLSSKQ-VHLETRQUTSENFYWVEGAENPEY 182
F LK T TF WHWSYHE+YH + ROLLS HLEIE+ b PV
Skjet 122  FDHISKCQHDT-TFLVAVSYLEIYNEEIRDLLSEDHHNGHLEIXERPOVGVYVRILSHPTY 189

Query 183 TS-FE:I-?I.'K"!FIJ.GGTE RRQTASTOLNDTSSRSHSLFTWQIEHFOFEHNDPSSFIVHTSEDNY 242
GH A 4T HIl SSREHHFTV IE + K+ +
skjet 181 EI]FS{'-!J-’.L'-EFGSI\.IIH{':'G.GTF-\.‘IIL SEREHAMFTWTIESC -~ -~~~ RAGLVTQGEELAL 234

LEKTHATGETAKEGCHINLELSALATVIDTIVEG-AKHIFYRESFLTHLLED =281
SET & GE KE #H G + HIPYR 5 LT LLAD
skjct 235 VDLAGSERQSKTGAQGERLKEAAKINLSLSTLEWISSLVOGESTHIPYRMSKLTRLLOD 294

Quary 243

Query 382 SLGGHAKTWMFAINGPSDKHLSETISTLRFALRAKQIEHEPTEIMDPEDARIQOLMEQID 261
SLEGPHETY AIVGP+ N ET#5TLE+A REK IH H DPEKDAHH +I+
Zbjct 295  SLGENSKTWWIANVGRATYIYDETLSTLRYAHRLKNIQWAKINEDRKDAQLRXFQLEIE 354

Query 382 ELEKRL----- GINVDLIVEDSLRQRIEELEVE 328

L+K L G+ D H E++ +++E EVE
Skjct 355 ALRKILDEENPSD-DENQEEAHEAKMQEREVE 325
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9.2.7 LmxM.17.0800 alignment with LmjF.17.0800

LmjF.17
Sequence ID: Query_188939 Length: 938 Number of Matches: 1

Range 1: 109 to 937 Graphics

Score Expect Method Identities Positives Gaps
1508 bits(3903) 0.0 Compositicnal matrix adjust. 777/831(94%) 798/831(96%) 4/831(0%)

Query 1 MGNSTLEGVIPRCVMHIFDSVQKMKNESPSTTVSMYVSFMELYNGKVRDLLAKQQVSLDI 68
MGHNSTLEGVIPRCY HIFDSVOKM++E+PSTTVSMYVSFMELYMGKVRDLLAKQQVSLDI
Sbjct 109 MGNSTLEGVIPRCVKHIFDSVQKMRDEAPSTTVSMYVSEMELYNGKVRDLLAKQQVSLDI 168

Query &1  RENKDHTFFVKGAVVAQVKFPEDVIRHLEEGTDRRRVASTELMNADSSRSHSVFSLILECT 128
RENKDHTFFVKGAVVAQVKFPEDVIRHLEEGTDRRRVASTELNADSSRSHSVFSLILECT
Sbjct 169 RENKDHTFFVKGAVVAQVKFPEDVIRHLEEGTDRRRVASTELMADSSRSHSVFSLILECT 228

Query 121 ETLEDGSTRAVSSKLNLVDLAGSERQGKTGASGDTLKEGCNINLSLSALGTVIDTIVEGG 18@
ETLEDGSTRAVSSKLNLVDLAGSERQGKTGASGDTLKEGCNINLSLSALGTVIDTIVKGG
Sbjct 229 ETLEDGSTRAVSSKLNLVDLAGSERQGKTGASGDTLKEGCHWINLSLSALGTVIDTIVKGG 288

Query 181 THVPFRSSPLTMLLKDSLGGNSKTVMFANINPSERNMSETVSTLRFADRAKQIKNKPYWVN 248
THYPFRSSPLTMLLKDSLGGNSKTVMFANINPSERN+SETVSTLRFADRAKQIKNKPVVN
Sbjct 289 THVPFRSSPLTMLLKDSLGGNSKTVMFANINPSERNVSETVSTLRFADRAKQIKNKPYWN 348

Query 241 MDSKDQKIAELTEIVKELREKLAKYETQGTAGLEEEVWQLQEKIGQLEVQLDNATKSREA 30@
MDSKDOQKIAELTEIVKELREKLAKYE++GTAGLEEEVVQLOEKIGOLEVQLDNATKSREA
Sbjct 349 MDSKDOQKIAELTEIVKELREKLAKYESEGTAGLEEEVVQLOQEKIGOLEVQLDNATKSREA 408

Query 381 DLVDYEMSKATLAAERQTFNTRLLSMEDEIAQLONQLOISESGGAAMQSQLNDVWTQCYN 368
DLVDYE +KAT AAERQTFNTRLLSMEDEI+QLQNQLQISES GAAMQSQLNDVWTQCYMN
Sbjct 4@9 DLVDYETAKATFAAERQTFNTRLLSMEDEISQLONQLQISESSGAAMQSQLNDVWTQCYN 468

Query 361 YFLTPTEKAAQSLEQLOVTLTLEEVLRNAKKKVEGGGESSLK-KIQSLTADLKVSQAEHR 419
YFLTPTEKAAQ+LEQLQVT TLEEVLRNA KV+GG ESSL+ KIQSLTADLK SQAEHR
Sbjct 469 YFLTPTEKAAQTLEQLQVTRTLEEVLRNA- -KVKGGDESSLQEKIQSLTADLKASQAEHR 526

Query 428 ATKKELKTSKAQLERHLAELKEELAEWKRASVAPGNSIGDGQAAVGMGOQQDYTMQ-EKL 473
ATKKELKTSKAQLERHLAE+KEELAEWKRASVAPG+SIG GQ A +GOQQDYTMQ EKL
Sbjct 527 ATKKELKTSKAQLERHLAEVKEELAEWKRASVAPGSSIGGGOVAATVGOQODYTMQEEKL 586

Query 479 LAAIKLDDKGAAATKLLREENEKLRHQLMPATSPLPDSTAALAAPQONSASISKNATADS 538
LAATKLDD GAAATKLLREENE LR QLM A S +P STAA+AAPQONSASISKNATADS
Sbjct 587 LAAIKLDDNGAAATKLLREEMETLRROLMAAASAVPGSTAAVAAPQONSASISKNATADS 646

Query 539 AVLLELQSSTSAAAQKAAATSSLQAELEEAKAKVEHVTASRESLYAELEAQRTELTNLES 598
AV LELQSSTSAAAD AAATSSLOAELEEAKAKVEHVTASRESLYAELEAQRTEL ES
Sbjct 647 AVPLELQSSTSAAAQNAAATSSLOQAELEEAKAKVEHVTASRESLYAELEAQRTELAKSES 786

Query 599 TVAQHDRQLAEMOQQEYEVKLAAATRSEDEVARLEARLRERSDQLEQMRTLLEKQKAIIIK 653
TVAQHDRQLA++QQEYE KLAAATRSEDEV RLE RL ERSDQLEQ+RTLLEKQKAIIIK
Sbjct 787 TVAQHDRQLAKVQQEYEAKLAAATRSEDEVTRLETRLHERSDQLEQVRTLLEKQKAIIIK 7e6

Query 659 MNNEKAEYFQISLREKTEALVVLEQQFREQLENKDAQMOOLINKRVAEFSEQRSAELNEKS 7138
MNEKAEYFQISLREKTEALY LEQQFREQLENKDAQMOQLINKRVAEFSEQRSAELMNEKS
Sbjct 767 MNEKAEYFQISLREKTEALVALEQQFREQLEMKDAQMOQLINKRVAEFSEQRSAELNEKS 826

Query 719 LRQKKLKKKLHKLQEELSKWEERFDMKVCECEDLRKALEEKKVEQMRLLRRIELSDDEAE 778
LRQKKLKKK+HKLQEEL +KIWEERFDMKVCECEDLRKALEEKKVEQMRLLRRIELSDDEAE
Sbjct 827 LRQKKLKKKVHKLQEELNKWEERFDMKVCECEDLRKALEEKKVEQMRLLRRIELSDDEAE 886

Query 779 ALEQKEQIQMALERAKQERRRKDDLFAMGEVRSAKSVVRRGTTDPSDDAEY 829

ALEQKEQIQNALERAKQERRRKDDLFAMGEVRSAKSVVRR TTDPSDDAEY
Sbjct 887 ALEQKEQIQNALERAKQERRRKDDLFAMGEVRSAKSVWRRSTTDPSDDAEY 937
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9.2.8 LmxM.31.0680 alignment with LmjF.32.0680

LmjF.32.0680
Sequence ID: Query_106485 Length: 1117 Number of Matches: 1

Range 1: 1 to 1117 Graphics

Score Expect Method Identities Positives Gaps
2144 bits(5556) 0.0 Compositional matrix adjust. 1075/1117(96%) 1091/1117(97%) 0/1117(0%)

Query 1 MVKANSGAENIRVVIRCRDILPYEAERGDKALVRLDLATNQYVVQHPIGDADVFAFDAVY 6@
MYKANSGAENIRVVIRCRDILPYEAERGDKALVRLDLATHNQYVVQHPIGDADVFAFDAVY
Sbjct 1 MYKANSGAENIRVVIRCRDILPYEAERGDKALVRLDLATHNQYVVQHPIGDADVFAFDAVY 6@

Query 61  NNSFTQRDIFLQEVQPLADAVLOGYMNATVFAYGQSGSGKTHTMTGKLSQRNMWGMMPQYY 128
NNSFTQRDIFLQEVQPLADAVLQGYNATVFAYGQSGSGK THTMTGKLSQRNMWGMMPQVY
S5bjct 61 NNSFTQRDIFLQEVQPLADAVLOGYMATVFAYGQSGSGKTHTMTGKLSQRNMWGMMPQYY 128

Query 121  DYLFSEIKKLTSSTKTFKVKVSYVELYNGKSRDLLSSKQVNLEIKQNTSKNFYVKGAEMP 18@
DYLFSEIKKLTSSTKTFKVKVSYVELYNGKSRDLLSSKQVNLEIKQNTSKNFYVKGAEMP
Sbjct 121 DYLFSEIKKLTSSTKTFKVKVSYVELYNGKSRDLLSSKQUNLEIKONTSKNFYVKGAEMP 18@

Query 181  EVISFEDAIKWFNAGTERRQTASTDLNDTSSRSHSLFTVQIEHFDFENDPSSPIVMTSKI 248
EVTSFEDAIKWFNAGTERRQTASTOLNDTSSRSHSLFTVQIEHFDFENDPSSPIVMTSKI
S5bjct 181  EVISFEDAIKWFNAGTERRQTASTDLNDTSSRSHSLFTVQIEHFDFENDPSSPIVMTSKI 248

Query 241  NVVDLAGSEKLSKTNATGETAKEGCNINLSLSALATVIDTIVKGAKHIPYRGSPLTMLLK 3@@
NVVDLAGSEKLSKTNATGETAKEGCNINLSLSALATVIDTIVKGAKHIPYRGSPLTMLLK
Sbjct 241  NVVDLAGSEKLSKTNATGETAKEGCNINLSLSALATVIDTIVKGAKHIPYRGSPLTMLLK 3@@

Query 301  DSLGGNAKTVMFANVGPSDKNLSETISTLRFALRAKQIENKPIKNMDPKDARIQDLMEQI 36@

DSLGGNAKTVMFANVGPSDKNLSETISTLRFALRAKQIENKP IKNMDPKDARIQDLMEQT
S5bjct 301  DSLGGNAKTVMFANVGPSDKNLSETISTLRFALRAKQIENKPIKNMDPKDARIQDLMEQI 36@
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Query
Shict
Query
Sbict
Query
Shict
Query
Shict
Query
Sbict
Query
Sbict
Query
Shict
Query
Sbict
Query
Sbict
Query
Shict
Query
Sbict
Query
Sbict
Query
Shict

3ol
3ol
411
411
481
481
541
541
6el
6el
6ol
66l
721
721
781
781
341
341
Q81
Q81
g6l
961
1821
1821
1881
1881

DELKKRLGHNVDLNVEDSLRQRIEELEVENSDLRGGSEKNHIELEERNRFLLAQIEEKEKE
+ELKKRLGHNVDLNVEDSLRQRIEELEVENSDLRGGSEKMNIELEERNRFLLAQIEEKE+E
EELKKRLGHNVDLNVEDSLRQRIEELEVENSDLRGGSEKNNIELEERNRFLLAQIEEKEQE

VWERQHEIRKEMERRELVESNLSMEFSRLRDLRLANVNFLERVCTDEQLEQIRMAMSPEK
VWERQHEIRKEMERRELVESNLSME SRLRDLRLANVNFLERVCTDEQLEQIRMHMSP K
VWERQHEIRKEMERRELVESNLSMESSRLRDLRLANVNFLEKRVCTDEQLEQIRMAMSPNE

AAKKKSDEWDVEELGFYLNGFAEQYEQWRKNVTYTQEDMEKYARRAMAE LERQTQROLNDA
AAKKKSDEWDVEEIGFY L+GFAEQYEQMRKVTYTQEDMEKYARRAMAE L ERQTOROLNDA
AAKKKSDEWDVEETGRY LHGFAEQYEQMREVTYTQEDMEKYARRAMAE L ERQTOROLNDA

AHAKEDLORORDEEAARRTAEQGATSOLEVDLNALREENVELREKTIERDOQEKIKVE LAKA
AHAKEDLORORDEEAARRTAEQGATSOLEVDLNALREENVELREKTIERDOQEKIKVE LAKA
AHAKEDLORORDEEAARRTAEQGATSOLEVDLNALREENVELREKTIERDOQEKIKVE LAKA

KDEMKALQDQVESEKSKNTEKEREVERLRMMLEEQGRASVVSAAGGPRRSLSAPGODATE
KD+MEALQDQVES KSKNMT+KEREVKRLR+MLEE+GGAS+Y AAGGPR SLSAPGOD TE
KDDMEALQDQVESAKSKNTDKEREVERLRLMLEERGGAS IVGAAGGPRSSLSAPGODPTE

WANGEERALVMRELEMARHAKSVLENRIKEASYVSLRRFOVCIADPOSLEGAEATTANEVD
W NG ERA +M ELE+ARHAKSVLENRI+E +VSLRRFGVCIA+PQSLEGA ATTANEVQ
WONGGERAATMAELEVARHAKSYVLENRIRETNVSLRRFOVCIANPOSLEGAGATTANEVD

AFVLAATEEEPVDGDVWAQLOQOLRTEQRLAE LMEQHQMRLNDMICKYELLETGHVTAYS
AFVLAATEEEPVDGDVWAQLOQOLRTEQRLAE LMEQRQMRLNDMICKYELLETGHVT Y5
AFVLAATEEEPVDGDVWAQLOQOLRTEQRLAE LMEQRQMRLNDMICKYELLETGHVTVYS

AATESTAAGTVSAGAAHGTPADMNGIGGIDEATANOVKEL LORKEDQVEAMRLEKDQACD
AATGS ARG V5AG A QIPADMMGIGGIDEATAMONV+ELLQRKEDQ+EAMRLEKDQACD
AATOSAARGAVEAGYVAQGIPADMNGIGGIDEATANOQVRELLOQRKEDQLEAMRLEKDQALCD

KLVEKLNKSERKLRELESMLEEERTQF TEEK TEMTTEVAELHSYHQQLALELENVRSQLE
KLVKKLNESERKLRELES+LEEERTQFTEEK EMT EVAEL 5YHNQQLALELEN RSQL
KLVEKLNKSERKLRELESLLEEERTQF TEEK AEMTKEVAELQSYHNOQLALELENERSQLA

FYEAETASAVRAKESEVDYY K TOVEEANGRLDDIRNTAAEFEEQRESYQRLOEQWARTED
FVEAE ASAVRAKE EVDYYKTOVEEANQRLDDIRNTAAEFEEQRESYQRLOEQWARTED
FYEKAEMASAVRAKEGEVDYY K TOVEEANCRLDDIRNTAAEFEEQRESYQRLOEQWARTED

ALATKNEELESNROMVOQWSHROLEK EKQKNEELEQALQDKQLELROQEQHNFHAEMADRLN
ALATKN ELESNROMVOQWSMROLEKEKQENEELEQALQDKQLELROQEQNFHAEMADRLN
ALATKNGELESNROMVOQWSNROLEK EKQKNEELEQALQDKQLELROQEQNFHAEMADRLN

ALAASHNRRLAENAAQCEERINEERMKEKALQKKIKNAKTTASKARQRYDEMILENEALL
ALAASHNRRLAENAAQCEERINEERMKEKALQKKIKNAKTTASKARQRYDEMILENEALL
ALAASHNRRLAENAAQCEERINEERMKEKALQKKIKNAKTTASKARQRYDEMILENEALL

SKLEELKVASMEMYLERQESQREQDYRPGNTIRSRGL 1117

SKLEELKV SMEMYLERQESQREQDYRPGNTIRSRGL
SKLEELKVTSMEMYLERQESQREQDYRPGNTIRSRGL 1117
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9.2.9 LmxM.17.0800 alignment with KIF3A/B

kinesin-like protein KIF3A [Danio rerio

kinesin-ike protein KIF3A isoform 3 [Mus musculus
kinesin-like protein KIF3A isoform 2 [Homo sapiens|
Qsmotic avoidance abnormal protein 3 [Caenorhablitis elegans

Query: unnamed protein product Query length: 832 aa
DOMAINS: and other(s) domains
zebrafish kinesin-like protein KIF3A T 0000000
u house mouse kinesin-like protein KIF3A isoform 3 - —
human
Cagrorhabats dlegans kinesin-like protein KIF3A isoform 2
| Leishmania mexicana Osmotic avoidance abnormal protein 3 E=—
‘dishmania donovari Your query: unnamed protein product
0SM3-like kinesin, putative I
Select: All None Selected:0
& Alignments [V
i Max Total Query E ’
Description Y [dent  Accession
score score cover value
OSM3-like kinesin, putative [L eishmania donovani 1506 1506 99% 00 94% XP_003859943.1

271 237 30% 4e-66 47%
236 236 30% Te-66 48%
236 236 30% 1e-65 47%
18 218 30% 2e-59 48%

NP_001017604.2
NP_001277735.1
NP_001287721.1

NP_741362.1

LmxM.31.0680 alignment with KIF3A/B

Query: LmxM.31.0860

human
house mouse
zebrafish
Caenorhabditis elegans

'ttﬁu hmania donovani

Leishmania mexicana MHOM/GT/2001....

kinesin-like protein KIF3B

kinesin-like protein KIF3B

PREDICTED: kinesin-like protein KIF3B
Kinesin-like protein klp-20

Your query: putative 0SM3-like kinesin
OSM3-like kinesin, putative

Query length: 1117 aa

I

Identical to: XP_003877910.1

About the database See full multiple alignment Legend
Select: All None Selected:0
it Alignments o3
Description ST::S ;Zt?; ?;53 VaIEue Ident  Accession
OSM3-like kinesin, putative [L eishmania donovani 2227 2227 100% 0.0 97% XP_003863489 1
kinesin-like protein KIF3B [Homo sapiens] 300 300 32% Te-87 44% NP_0047891
kinesin-like protein KIF3B [Mus musculus 209 299 32% 3e-86 44% NP_0324703
PREDICTED: kinesin-like protein KIF3B [Danio rerio] 287 287 32% 5e-84 41% XP_002665827 3
Kinesin-like protein klp-20 [Caenorhabditis elegans] 286 286 34% 1e-82 43% NP_4871781
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9.3 Appendix B Tables

Tablel Identity percentages for amino acid sequences alignments between the
human kinesin -2 with L. mexicana kinesins.

L. mexicana Kinesin - | Kinesin -2 Human

2 KIF3A KIF3B KIFC KIF17
LmxM.31.0680 42% 44% 39% 43%
LmxM.17.0800 47% 46% 40% 48%
LmxM.29.0350 38% 36% 31% 32%

Table 2 Identity percentages for amino acid sequences alignments of the C.
elegans kinesins-2 with L. mexicana kinesins, kinesin KIFC not exist in C.

elegans.

L. mexicana Kinesin-2 C. elegans
Kinesin-2 KLP20 KLP11 KIFC OSM-3
homology homology
KIF3A KIF3B
LmxM.31.0680 44% 43% X 43%
LmxM.17.0800 44% 40% X 40%
LmxM.29.0350 37% 39% X 39%

Table 3 Identity percentages for amino acid sequences alignments of the C. reinhardtii
kinesins-2 with L. mexicana; kinesin KIFC and OSM3 not exist in C. reinhardtii.

L. mexicana Kinesin-2 C. reinhardtii
Kinesin-2 FLA10 FLAS
homology Homology
KIF3A KIF3B
LmxM.31.0680 45% 44%
LmxM.17.0800 46% 48%
LmxM.29.0350 36% 37%

284



Table 3 Titre IgG1 of ALmxKin29-/- A3

Parameter
Table Analyzed IgG1 reciprocal endpoint
Column A WT
Vs Vs
Column C A3
Mann Whitney test
P value 0.0079
Exact or approximate P value? Exact
P value summary **
Are medians signif. different? (P < 0.05) Yes
One- or two-tailed P value? Two-tailed
Sum of ranks in column A,C 40,15
Mann-Whitney U 0.0000
Parameter
Table Analyzed IgG1 reciprocal endpoint
Column A WT
VS VS
Column D D11
Mann Whitney test
P value 0.0079
Exact or approximate P value? Exact
P value summary **
Are medians signif. different? (P < 0.05) Yes
One- or two-tailed P value? Two-tailed
Sum of ranks in column A,D 40, 15
Mann-Whitney U 0.0000

Table 4 Titre IlgG2a of ALmxKin29-/- A3

Parameter

Table Analysed

IgG2a reciprocal end point

Column A WT
Column C A3
Mann Whitney test

P value 0.0097

Exact or approximate P value?

Gaussian Approximation

P value summary

**

Are medians signif. different? (P < 0.05) Yes

One- or two-tailed P value? Two-tailed
Sum of ranks in column A,C 40,15
Mann-Whitney U 0.0000

Parameter

Table Analyzed

IgG2a reciprocal end point

Column A wit

VS VS
Column D D11
Mann Whitney test

P value 0.0097

Exact or approximate P value?

Gaussian Approximation

P value summary

*%*

Are medians signif. different? (P < 0.05) Yes

One- or two-tailed P value? Two-tailed
Sum of ranks in column A,D 40, 15
Mann-Whitney U 0.0000
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Table 5 Titre IgG1 of ALmxKin29-/- A3E2

Parameter
Table Analyzed IgG1 reciprocal endpoint
Column C A3
VS Vs
Column E A3E2
Mann Whitney test
P value 0.0117

Exact or approximate P value?

P value summary

Gaussian Approximation
*

Are medians signif. different? (P < 0.05) | Yes

One- or two-tailed P value? Two-tailed

Sum of ranks in column C,E 15, 40

Mann-Whitney U 0.0000
Parameter

Table Analyzed IgG1 reciprocal end point

Column C A3

Vs VS

Column F D11H2

Unpaired t test

P value 0.0841

P value summary ns

Are means signif. different? (P < 0.05) No

t, df t=2.012 df=7

How big is the difference?

Mean + SEM of column C

1600 + 600.0 N=5

Mean + SEM of column F

13000 + 6403 N=4

Difference between means -11400 + 5665
95% confidence interval -24800 to 1998
R squared 0.3665

F test to compare variances

F,DFn, Dfd 91.11, 3,4

P value 0.0008

P value summary

*k%k
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Table 6 Titre IgG2a of ALmxKin29-/- A3E2

Parameter
Table Analyzed IgG2a reciprocal end point
Column C A3
VS VS
Column E A3E2IgG2a
Mann Whitney test
P value 0.0232

Exact or approximate P value?

Gaussian Approximation
*

P value summary

Are medians signif. different? (P < 0.05) | Yes

One- or two-tailed P value? Two-tailed

Sum of ranks in column C,E 16.50, 38.50

Mann-Whitney U 1.500
Parameter

Table Analyzed 1gG2a reciprocal end point

Column C A3

Vs VS

Column F D11H2

Unpaired t test

P value 0.0841

P value summary ns

Are means signif. different? (P < 0.05) No

One- or two-tailed P value? Two-tailed

t, df t=2.012 df=7

How big is the difference?

Mean + SEM of column C

1600 + 600.0 N=5

Mean + SEM of column F

13000 + 6403 N=4

Difference between means -11400 + 5665
95% confidence interval -24800 to 1998
R squared 0.3665

F test to compare variances

F,DFn, Dfd 91.11,3,4

P value 0.0008

P value summary o

Are variances significantly different? Yes
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9.4 Appendix C plasmids maps

HinclI ¢184)

{6023y Hincll
(5973) ECORV

‘HincII (1226)
Aval (1378
" Ncol (1564)
- Mfel (1720)

/’HincII (1961)
_Nhel (2025)
'--,'-'_'__,AfeI (2137)

PGEX-KGSPKin29SA
6824 bp

~_Aval @207)
~—Hincll 2315

#.——— Hincll (zs21)
— Kpnl 2572
“Afel (2678)

J ‘HincII (2807)
(3477) HinclIl HindIII (z511)

(5973) EcoRV Xbal (62)
A NotI (1035

_Sall a4

N Xmal (1z78)
N\ Smal (1373
 Ncol (1554)

pGEX-KGSPKin29sSD -
Mfel (1720)

6524 bp

Nhel 2025
Clal 2251y

4/ _Kpnl (2572)

_—AarI (2524)

"~ —Sacl (2722

~_ SphI 762
Hpal (2507)

HindIII 2511
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(5973) EcoRV _

6624 bp

PGEX-KGSPKin29A4

EcoRI (958)
| -XbalI (s52)
— NotI (1035

/AvaI (1376)
\— Smal (1378)

—— NcoI (1564)
Mfel (1720}

/— Nhel (2025
T Afel (2137

-Afel (2678)
~SacI (2722
~_  Sphl @762
HpalI (2507)
HindIIT (zs11)

pPBSAPCInsK29A2,
3493 bp

N\ Kpnl 29

N\~ Aval - XhoI (555
\ BamHI (721}
\— Nrul 47
AvrII (750}

Sfol (1137

HindIII (1318)
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KpnI (51

Nhel ¢472)
N/ ~Nhel a73)

HindIIT (774)

PEXBLA-ATa-AR

(2540) AVIiII— 3447 bp

Aval - XhoI (953)
—Aval (1033)
EcoRI (i10o2)

NarI (z36)

KpnI ¢412)
x| Abal* (425
N Kpnl 442

Hpal 77

" HindIII (sa1y
Xbal s57)

Hpal (s95)

2701y AhdI ——Smal @57

Y/ EcoRV (1406}
Z v BamHI (1413
Smal (1419)
HindIII (1449

pUC57Kin29S554ACEP
3688 bp
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KpnI (s57)

\ | HincII (575)

\ |/ HindIII (55%)
—_EcoRI (701)

pBSKII(+) = BamHI (719)

2961 bp \\Spel (725)
\Xbal (7313
NotI (735

/s // . ~
S
s /.
I~ /8
.‘". E’
[
[

EcoRII* ¢574)

| KpnI 57

\ | HineII (s76)
|~ HindIII (s50)

—_EcoRI (701}
. Spel (729

|\ Xbal (733

I NotI (742

EcoRII* (s95)

pBSKII(+)BamHI
2965 bp

EcoRII* ¢1183)

) EcoRIT™* (1304
EcoRII* 1317y

(7369) Nael

(7025 Notl
¢(7018) XbaI_

pTHnGFPc
7699 bp

(5173) Hpal _
(s162) Mfel
(5134) Spel
Spel (2314)

‘Ncol (3173

BamHI (3347
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(77587 Pmel

(7314) PfoIl* — —— KpnI (2209)

pTHKin29GFP
9559 bp

7012y HpaIl

162330 Nhel ' o,

(so26) Mfel |
(5924) Apal

(9440) Psil
(s85%) Xbal e — AhdI (519

—SapI (19z4)
— KpnI (2209)

6937y Nhel — \
(6532) Mfel ™

(6200) Smal

(5915) Sfel / '
(5914) Narl

(5144 Pmel AarlI (4330
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HindIII 2z
KpnI (244)
_SacI (250
—BamHI (252)
——Spel (258)
——— AvrII a7

——Xmal (589
—Smal (555)
—AatIl (s34
HincII (s66)
-_EcoRV (703)
-~ NotI (718)
" XhoI (724
" Xbal (738)
Apal (748)

pCR2.1Phleo
4798 bp

(25804) Scal 4

Apal Aatll

— Sapl

pGEMTeasy
3017 bp

293




Ncol (1
(5558) Apol - ECoRI col (1)
(5529 Alel . p Sacll (zzo)

(5386) Xhol

(4844) HindIII .

(4595) Nhel BclT* [1200)

(4564) Nael —

(4471) Afel— pX14polNcoIPac

5864 bp

—Sacl (1445

4 ___BamHI (z025)
——Mfel (zo3m
EcoRY (2037)

(361%) Scal Kbal* (2039)

(313%) AhdI'
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