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Abstract

Cilia and flagella are highly conserved organelles required for eukaryotic cells to
perform sensory and motility functions. They are found in many cells of the human
body and are essential for the survival of single celled protozoans. These
organelles are nucleated from a basal body after docking to the plasma
membrane and are structurally similar to centrioles. Docking of the basal body
requires the presence of transitional fibres, which mature from distal appendages
on the centriole. These structures rely on the presence of the Cep164 protein to
carry out docking and ciliogenesis. Understanding of basal body docking and
flagellum length regulation in the Trypanosoma brucei cell is limited and is
thought to involve the transitional fibres and surrounding structures. Three
diverse Cep164 orthologues in the T. brucei parasite have been identified, but
knowledge on their function is limited as functional analysis of these proteins has

not been carried out.

This project, in collaboration with the TrypTag project used a bioinformatic
approach to identify basal body proteins in the T. brucei cell. Candidate proteins
were confirmed as basal body components through endogenous tagging and co-
localisation studies. The Cep164 orthologues (Cep164A, Cep164B and
Cep164C) localised to the distal section of the mature basal body only, with
Cep164C showing a cell cycle dependent localisation. Functional analysis of the
Cep164 proteins was performed through the generation of inducible RNAI cell
lines. Ablation of these proteins showed a functional role of flagellum length

regulation, or formation of the transitional fibres and correct basal body docking.

This work provides further understanding on the three Cep164 proteins in the T.

brucei cell and proposes how the cell regulates its flagellum length.
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1. Introduction

1.1 Tubulin

Tubulins are highly conserved globular proteins that perform a large number of
functions in the eukaryotic cell. These proteins form or function at the microtubules
and current members of this superfamily include alpha (a), beta (8), gamma (y),
delta (d), epsilon (¢) and zeta (¢) (McKean et al; 2001; Dutcher 2003; Turk et al,
2015). Studies have shown not all tubulins are present in each organism (Luduena,

2013), aside from a, 3 and y which are present in all kingdoms (figure 1).

The six tubulins and their presence and absence. a, B and y are present in all kingdoms

Localisation
Tubulin | Animalia Plantae Fungi Protists Basal Body Centrosome Other

a+p
(alpha and + + + + + + Ubigquitous
beta)
¥ + + + + + + Mucleus
(gamma)
& + + + + + Perinuclear ring
(delta)
g + - - * *
{epsilan)
[ + + +
(zeta)

Figure 1: Tubulin family

(+). Edited from Luduena (2013).

Both a and 8 are the most abundant tubulins and are structural homologues to
each other. These form the subunit of the microtubule and form heterodimers once
each monomer binds to a guanine nucleotide (Farr et al, 1989). Subunits then form
and associate in a head-to-tail manner producing protofilaments (figure 2A)
(Nogales et al, 1998; Brouhard and Rice, 2014). Whereas y tubulin is present in all
eukaryotic cells and functions in nucleation of the microtubule and microtubule
assembly (Oakley et al, 1999; Oakley 2000).
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1.2 Protofilaments and microtubule structures

In eukaryotic cells, 13 protofilaments produce one microtubule. This active
structure switches between growth (figure 2B) and shrinkage (figure 2C) phases,
allowing rapid remodelling of the microtubule during the cell cycle (Brouhard and
Rice, 2014).

A

B-tubulin €
a-tubulin ©
Tubulin dimer

bound to GTP

Tubulin dimer
bound to GDP

y-tubulin

Capping |
proteins s —=

Growing Shrinking

GTP-tubulin l GDP-tubulin

Figure 2: Protofilaments form microtubules

A) a and B tubulins joining in a head-to-tail manner to form 13 protofilaments, making a
microtubule. Growth (B) and shrinkage (C) of a microtubule allows rapid remodelling of
the cilium. A) Edited from Nature Education (2014). B and C taken from Sept et al
(2007).

Microtubules are essential in providing support to the cell, determining cell
morphology and for allowing motility and cellular division (Ganguly et al, 2012;
Nogales, 2000). The active plus end of a microtubule grows rapidly, while the
minus end is often anchored to a microtubule organizing centre (MTOC) (Wu and

Akhmanova, 2017).
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1.3 Basal bodies and centrioles

MTOCs are structures within a cell that organise, nucleate and anchor
microtubules, allowing new microtubules to carry out functions including mitosis
and assembly of cilia (Wu and Akhmanova, 2017; Paz and Luders, 2018). A well-
studied MTOC is the centrosome and is considered the main MTOC in animal cells
(Paz and Luders, 2018). Centrioles are organelles that form the MTOC and are two
symmetrical structures surrounded by pericentriolar material (PCM) (Sanchez and
Feldman et al, 2018) (figure 3; PCM).

distal
appendages
sub-distal
appendages

Mother centriole

Daughter centriole

flexible linker

Figure 3: Centrioles and their components

The mother and daughter centriole with morphological differences at the distal end. The
mother centriole contains distal and sub-distal appendages, which are lacking in the

daughter centriole. Taken from Sillibourne et al (2010).

These self-reproducing organelles nucleate microtubules during cell division to
capture chromosomes, which depolymerise to separate the duplicated
chromosomes (Meunier and Vernos, 2012). Centrioles are formed by nine-triplet
microtubules arranged in a cylindrical structure, which nucleate from the distal end.
These structures contain a diameter of approximately 250nm, with a varying length
ranging between 150-500nm depending on the cell type (Winey and O’Toole,

2014).
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Each centriole pair contains a mother centriole (MC) and a daughter centriole (DC),
with the MC being distinguished by the addition of its distal appendages (DAs)
(figure 3; distal appendages), which are absent in the DC (Hatch and Stearns et
al, 2014). During cell cycle quiescence, centrioles transform into the basal body
(BB) organelle, dock to the plasma membrane and organise the microtubules
(figure 4C) (Kobayashi and Dynlacht, 2011; Pearson, 2014). These organelles are
similar in structure and function but have different termed components, with the
centriole containing DAs (figure 4A; appendages) and the BB containing

transitional fibres (TFs) (figure 4B; transitional fibres).

B Basal body
Transitional fibres —7,

I .

= =

Basal foot " ? (
-

Proximal Distal Proximal Distal

Mature
centriole

Appendages

Satellites

Ciliary axoneme

Basal body

Figure 4: Composition of centriole and basal body distal sections

A and B) Differences between mature centriole (appendages) and basal body (transitional
fibres) distal structures. C) During cell cycle quiescence, the basal body docks to the
plasma membrane and nucleates a cilium. A and B taken from Dawe et al (2007). C edited
from Pedersen et al (2012).
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The proximal end of a BB is composed of a 9 + 0 arrangement of triplet
microtubules (figure 5; B2), with the distal section (location of TFs) being composed
of a 9 + 0 arrangement of doublet microtubules (figure 5; B4) (Vaughan and Gull,
2016). At the very proximal section of the BB is a layer of 5-6 cartwheel stacks
(figure 5; B1) which form a central ring. Nine filaments radiate from this ring, with
each filament connecting to the A-tubule of the triplets (Hirono, 2014).

9 + 2 doublet
axoneme

Basal plate

9 + 0 doublet
Transition zone

9 4+ 0 triplet |
basal body

Figure 5: Ultrastructure of T. brucei basal body by TEM

A) Longitudinal TEM section of a basal body marking the different sections of a basal body
and axoneme. B) Cross sections of a mature basal body from proximal (1) to distal (9).
Taken from Vaughan and Gull (2016).

The cartwheel structure has an essential function in developing the nine-fold
symmetry of the basal body/centriole (BB/C). Studies show that lack of the Bld10p
protein in the cartwheel structure causes abnormalities in the numbers of
microtubule triplets formed (Hiraki et al, 2007). This structure is also required for
stability, as BB/Cs lacking the Bld12 (SAS-6) protein forming the central part of the
cartwheel, caused centrioles to split into one to five triplet microtubules (Nakazawa
et al, 2007).
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1.4 The centriole duplication cycle

During early stages of the cell cycle, the BB is docked to the plasma membrane
and has nucleated the cilium. This cilium extending from the BB is then reabsorbed,
where the BB then returns to its previous role as a centriole required for cell division
(Pearson, 2014). Both BBs and centrioles undergo duplication once in each cell
cycle. At the beginning, the DC re-orientates from its orthogonal position to a
parallel position to the MC (figure 6A) but is still attached through flexible
connections. Both mature centrioles then develop their own DCs orthogonal to the
MC (figure 6B) (Crasta and Surana, 2006).

J Mother Pericentriolar
L centrmie - material
J 2 Daughter

centrmle

‘! Intercentriolar
linkage
Ll .
N

Procentriole

AL,

The cycle begins with one centriole pair, with the daughter centriole maturing after entry

Centrosome

Figure 6: Centrosome cell cycle

into the cell cycle (A). Each mature centriole develops their own daughter centriole
orthogonal to the parent (B-C). Once developed the tether holding the two pairs together
dissolves (D), the two new centriole pairs then separate (E-F). Taken from Crasta and
Surana (2006).

The developing DC continues to elongate until reaching the length of the MC (figure
6C). The tether between the two mature centrioles then dissolves, leaving two
centriole pairs of one MC and one DC (figure 6D). Once separated the youngest
parent centriole begins maturation by acquiring DAs and sub-distal appendages to
the distal end (SDAs) (figure 6E and 6F).
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Biogenesis of the DC/pro-basal body (PBB) is initiated and driven by three major
proteins; PLK4, STIL and SAS-6. SAS-6 has previously been described (section
1.3) and is required for stability. PLK4 however drives centriole duplication
(Bettencourt-dias et al, 2005) phosphorylating the STIL protein, allowing STIL to

bind with SAS-6 and initiate centriole formation.

Maturation of the younger BB/C requires the acquisition of DAs (or transitional
fibres in BBs) and SDAs (or basal feet in BBs) to the distal end (Wei et al, 2015).
These appendages are essential for BB/C docking to the plasma membrane, for
recruitment of the intraflagellar transport (IFT) particles and for ciliogenesis. DAs
and SDAs require separate proteins for formation, with SDAs requiring the ODF2
protein and DAs requiring the ODF1 and C2CD3 proteins. Each protein then leads
to recruitment of others for further development, with the DA proteins recruiting the
centrosomal protein 89 (Cep89) and the centrosomal protein 164 (Cep164)
(Loncarek and Bettencourt-Dias, 2018).

1.5 Cilia and flagella

Cilia and flagella are antennae-like structures projecting from the cell, anchored by
the BB, and are present in most cells (Mitchison and Valente, 2016). These highly
conserved organelles are essential in performing sensory or motility functions and
are categorised into two classes based on their structure and function. Motile cilia
or flagella contain dynein proteins (motor proteins) that allow movement, including
removing debris or cell motility. Primary cilia are non-motile and are involved in

sensory functions or transportation (Ishikawa, 2017).

Nucleation of the cilium only occurs after docking of the BB to the plasma
membrane. The microtubules nucleated generate the axoneme of the structure,
with the BB and axoneme being connected by the transition zone (TZ) (Ishikawa,
2017; Vaughan and Gull, 2016) (figure 5; B5). The axoneme is an external structure
and consists of a 9 + 2 microtubule arrangement with the addition of two central
microtubules required for beating (Nakazawa et al, 2014).
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1.6 Trypanosoma brucei life cycle and disease

Trypanosoma brucei are protozoan parasites used in this study and rely on their
flagellum for motility and survival. These organisms are parasitic disease-causing
agents affecting both human and animal species, creating huge economic losses
in sub-Saharan African regions through loss of animal productivity. T. brucei
causes human African trypanosomiasis (HAT) in humans and nagana in domestic
species that is transmitted through the tsetse fly and fatal if left untreated (Franco
et al, 2014).

With a complex life cycle, this parasite requires an insect and mammalian host for
development. The cycle begins when the tsetse fly takes a blood meal from the
host, injecting metacyclic trypomastigotes into the mammalian host (figure 7;1).
Metacyclic trypomastigotes then transform into bloodstream trypomastigotes
(figure 7; 2) which divide through binary fission (figure 7; 3-4) into either the slender
proliferative cell, or the non-dividing short stumpy cell (Matthews et al, 2005). A
tsetse fly then takes a bloodmeal and ingests the bloodstream trypomastigotes
which transform into the procyclic trypomastigotes in the insect vector (figure 7; 5-
6). Procyclic trypomastigotes then transform into epimastigotes, which transform
again into the metacyclic trypomastigotes in the salivary glands of the fly (figure 7;

7-8), where the life cycle is then repeated.
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Figure 7: Trypanosoma brucei life cycle

This complex life cycle requires both an insect vector (tsetse fly) and mammalian host to
complete its development. Taken from CDC (2019).

Only 1446 cases of HAT were reported in 2017 (WHO, 2019), however nagana still
effects many domesticated and wild mammals, with an estimation of one quarter
of Africa being unsuitable for livestock farming due to the parasite (Li et al, 2010;
Troeberg et al, 2000). The first stage of the disease, when the parasites are present
in the peripheral circulation of the mammalian host can cause fever, headaches,
muscle and joint pains. The second stage is after the parasite invades the central
nervous system causing deterioration, sleeping disturbances and other

neurological symptoms leading to the death of the host (CDC, 2019).

Studies have shown that flagellum motility is essential in disease pathogenesis in
the mammalian host and for parasite development in the insect vector. In the

mammalian host, motility is required for migration purposes, to reach specific host
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tissues and for traversing through the blood brain barrier. The flagellum is also
required for immune-evasion, as motility directs all immunoglobulin-bound VSGs
on the cell surface towards the flagellar pocket for clearance, protecting the cell
from the hosts immune response (Engstler et al, 2007). The flagellum is required
in the insect vector to attach to the salivary gland epithelium, allowing development

into the mammalian infective form (Ralston et al, 2009).

1.7 Trypanosoma brucei are model organisms for flagellum studies

T. brucei are ideal models for eukaryotic flagella and cilia-based research. The
single celled parasite contains one copy of each of its organelles, useful for tracking
changes during investigative studies (Vaughan et al, 2003). The cell contains one
constantly present and assembled flagellum (G1 cells), and a newly growing
flagellum (dividing cells) not seen in mammalian cells, making this an ideal model
for flagellum-based research (Langousis et al, 2014). The presence of a fully
formed and a newly growing flagellum allows the identification of the age of BBs
during cell division, which is useful when tracking BB proteins. T. brucei are also
ideal models due to the availability of RNAi machinery, reverse genetics and an
advanced genome project that encourages the use of this parasite in flagellum

research.

1.8 Trypanosoma brucei cell cycle

The T. brucei cell cycle follows the same phases as other eukaryotic cells
consisting of G0O/G1, S, G2 and M phases (McKean, 2003; Hammarton, 2007). In
the first stages of the cell cycle, the cell contains a single kinetoplast, nucleus
(1TK1N) and one basal body pair (BBP), the mature BB (BB1) and the pro-basal
body (PBB) (BB2) (figure 9A) and a single flagellum (figure 8A). The first detectable
event of entering the cell cycle is the maturation of the PBB, which docks to and
invades the existing flagellar pocket (a small invagination of the plasma
membrane), leading to the outgrowth of a new flagellum in S-phase (figure 8B;

yellow arrow).
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Figure 8: Trypanosoma brucei cell cycle

A) G1 (1K1N) cell with one kinetoplast, nucleus and basal body pair. B and C) The
kinetoplast and basal body have begun duplication to form the 2K1N (early dividing) cells
and has nucleated a new flagellum (yellow arrow). D) The nucleus divides, forming the
late dividing (2K2N) cells. E) Cytokinesis after nuclear division. Edited from Hammarton
(2007).

At S-phase the old mature BB (BB1) and newly mature BB (BB2) have formed
PBBs orthogonal to themselves known as BB3 and BB4 (figure 9C). A flexible
linker holding BB1 and BB2 together dissolves with two new flexible linkers
attaching BB1 and BB3, and BB2 and BB4 together (figure 9D). During elongation
of the new flagellum the BBPs perform an anti-clockwise rotation of the BB2 pair
around the BB1 pair (figure 9E-F), required for correct morphological development
of the cell, while the new flagellum continues to extend in length (figure 8B-C;
yellow arrow). Prior to mitosis, the cell contains two kinetoplasts, two BBPs, two
flagella and one nucleus (2K1N) (figure 8C). DNA division then begins and results
in one cell containing two kinetoplasts, two BBPs, two flagella and two nuclei
(2K2N) (figure 8D). Once mitosis is complete, cells undergo cytokinesis where two
daughter cells are generated (figure 8E), with one cell inheriting the old BBP and

one cell inheriting the new BBP.
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Figure 9: Basal body duplication cycle

A - B) Pro-basal body first orientates parallel to the mature basal body and docks to the
plasma membrane, generating a new flagellum. C) Two pro-basal bodies form
orthogonal to the mature basal bodies. D — F) The connection between BB1 and BB2
disintegrates and a rotation of the new basal body pair around the old basal body pair

OcCcurs.

In addition to nuclear division, the trypanosoma cell must also replicate and
segregate its second genome, the kinetoplast DNA (KkDNA). The organelle is
unique to the kinetoplastid species and contains complex mitochondrial DNA.
kDNA replication occurs prior to nuclear division and is thought to be essential for

BB repositioning (Gluenz et al, 2010).

1.9 Basal bodies in the Trypanosoma brucei cell

Prior to entering the cell cycle, the cilium in mammalian cells is reabsorbed and the
BB is removed from the plasma membrane, transforming into a centriole where it
migrates near the nucleus to function in mitosis (Kobayashi and Dynlacht, 2011).
This interchangeability between the BB/C does not occur in the T. brucei cell,
instead they undergo a closed mitosis which does not require centrioles for nuclear

division (Zhou et al, 2014).
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Once the PBB matures, docks to the flagellar pocket and generates a new
flagellum, the flagellum remains present and assembled at all times. As the
flagellum is not reabsorbed, the BBs are constantly attached and are never

dissociated from the flagellar pocket (Vaughan and Gull, 2016).

1.10 Docking of the basal body to the plasma membrane

BB docking is essential for the growth of the cilium or flagellum. For docking to
occur, the BB must first mature and develop additional structures. Studies have
shown that docking is mediated through pin-wheel structures locating to the distal
ends o