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ABSTRACT 

Centrioles and basal bodies are related nine-fold symmetric microtubule-based eukaryotic 

organelles central to the formation of cilia/flagella and centrosomes. Understanding of mechanisms 

of eukaryotic centriole and basal body assembly are mainly based on studies in animal systems. 

To understand which centriolar proteins are the universally important ones in the assembly across 

eukaryotes, a bioinformatic survey presented here investigates the distribution of centriolar and 

cilia-associated proteins across a diverse range of eukaryotes. This analysis showed also that the 

basal body function is ancestral to eukaryotes, whereas centrosomal components are specific to 

Holozoa (which include animals). It also suggested that the ancestor of all eukaryotes possessed a 

cilium/cilia not only with motility function but also with a sensory role. The most frequently 

conserved proteins in extant ciliated eukaryotes found in this analysis included SAS-6, SAS-4 and 

WDR16. To test whether these proteins are also important for basal body assembly in distantly-

related species to metazoan and other model organisms where the proteins have been studied to 

date, the proteins were investigated in Trypanosoma brucei. I used a combination of genetic tools 

and microscopy techniques to demonstrate that both SAS-6 and SAS-4 localise to the assembling 

pro-basal body, but that only SAS-6 and not SAS-4 is essential for basal body assembly in 

T. brucei. Quantification of SAS-6 demonstrated that the level of the protein at the basal body and 

pro-basal body is cell-cycle dependent. Analysis of SAS-4 in T. brucei showed that the protein 

localises to several microtubule-organising centres in this species and that it is required for 

cytokinesis. Furthermore, I showed that WDR16 is a stably integrated component of the transition 

zone and axoneme but not the basal body. Furthermore, I identified a novel SAS-6 like protein 

which localises to a position consistent with the basal plate and has the capacity to form into 

filaments. 

This thesis provides new insights into the evolution of centrioles and basal bodies, and into the 

function of conserved centriole proteins in T. brucei, a distantly-related organism to animals. 
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 INTRODUCTION 

1.1 Centrioles & basal bodies 

Centrioles and basal bodies are related nine-fold symmetric, eukaryotic organelles central to the 

formation of cilia/flagella and centrosomes. The canonical structure of centrioles/basal bodies is a 

cylinder of nine microtubule (MT) triplets. This structure is widely conserved amongst eukaryotes, 

although exceptions with MT singlets or doublets, or a radial symmetry other than nine-fold exist 

(Callaini et al., 1997; Perkins et al., 1986; Schrevel and Besse, 1975). Centrioles/basal bodies are 

ancestral to eukaryotes but have been lost from some lineages, most notably, for example, from 

higher plants and most fungi. 

The scientific interest in centrioles/basal bodies emerges from their involvement in two critical 

cellular functions: (1) basal bodies nucleate cilia and flagella, which serve key functions in 

developmental and physiological signalling processes as well as in cell motility. Dysfunction of 

ciliary signalling can lead to a range of developmental pathologies leading to various severe organ 

defects (reviewed in Oh and Katsanis, 2012). (2) Centrioles are a core part of the centrosome 

which is the major MT organising centre. As such it is also involved in the formation of the mitotic 

spindle and hence central to animal cell division. 

1.1.1 The centriole within the centrosome 

The centrosome is the major MT organising centre in animal cells, and consists of a centriole pair 
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involved in the recruitment of the associated pericentriolar material (PCM). The centrosome in 

animal cells in G1 phase contains one mature mother centriole and one daughter centriole 

connected via flexible inter-centriolar linker. The mature centriole possesses distal and subdistal 

appendages, while the daughter centriole is slightly shorter and lacks appendages (reviewed in 

Bornens, 2012). The PCM contains -tubulin-complexes nucleating the majority of the MTs 

radiating from the centrosome. The composition and amount of PCM is one determining factor of 

the MT nucleating capacity of the centrosome (reviewed in Bornens, 2012). Additionally, subdistal 

appendages of the mother centriole are capable of MT nucleation (Piel et al., 2000).  

The centrosome is the major MT organising centre in interphase cells and forms the spindle poles 

in mitosis. As such it is involved in correct spindle orientation and positioning. This is also critical in 

centrosome-based asymmetric division (Rebollo et al., 2007; Yamashita et al., 2007), which is 

crucial in embryonic stages for maintenance of stem cell pools and polarised tissue morphogenesis 

(reviewed in Bornens, 2012). 

The centrosome is characteristic for animal cells. Basal bodies in the alga Chlamydomonas 

reinhardtii exhibit behaviour similar to centrioles in mitotic cells, in that the cells disassemble their 

flagella before mitosis and basal bodies associate with the spindle poles (Coss, 1974). While these 

basal bodies associated with spindle poles might appear functionally analogous, their composition 

is unlikely to be similar to metazoan centrosomes as many centrosomal proteins were not identified 

in this alga (Hodges et al., 2010). Interestingly, centrosomes are absent in the multi-ciliated 

planarian Schmidtea mediterranea (a platyhelminth), which assembles basal bodies but only via an 

acentriolar pathways (Azimzadeh et al., 2012). 

The origin of the centrosome is unclear. One theory suggests that centrosomes evolved early in the 

lineage of the unikonts or Holozoa (Pickett-Heaps, 1971). It is hypothesised that the association of 

basal bodies with the spindle poles ensured correct segregation which provided a survival 

advantage (in form of motility and sensing) to daughter cells. During metazoan evolution basal 
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bodies and spindle poles became so interlinked that they are now inseparable. Alternatively, basal 

bodies with involvement in cell-cycle regulation might have accumulated MT-nucleating factors in 

the course of metazoan evolution, which gradually led to the establishment of centrosomes. The 

emergence of the centrosome might have contributed to facilitating the complex development of 

Metazoa. 

1.1.2 The basal body in cilium formation 

Basal bodies are essential for the formation of cilia and flagella. Like centrioles, canonical basal 

bodies are built of nine MT triplets symmetrically arranged in a cylinder. They additionally have 

distal appendages that mediate the attachment of the organelle to membrane. During cilium 

formation, basal bodies template the structure of the axoneme by extension of the A- and B-tubules 

from the MT triplets. As cilia have a wide distribution across eukaryotes, while centrosome 

components are specific to Metazoa, it has been proposed that the nucleation of the cilium is the 

ancestral function of centrioles/basal bodies (reviewed in Bornens and Azimzadeh, 2007).  

A mature centriole and the basal body possess a set of accessory structures. One commonality is 

the nine-fold symmetric set of distal appendages attached at the distal end of the triplet basal body. 

These appendages constitute the transitional fibres of the axoneme. Less conserved accessory 

structures include subdistal appendages and basal feet in vertebrates, kinetodesmal fibres in 

Tetrahymena thermophila, and striated fibres in Trypanosoma brucei and C. reinhardtii (Dutcher, 

2003; Pearson and Winey, 2009). Furthermore, basal bodies frequently have MT systems in their 

vicinity, such as the specialised MT quartet in T. brucei, the rootlet MTs in C. reinhardtii, and 

transverse MTs in T. thermophila (reviewed in Hoyer-Fender, 2010). 

Although cilia formation itself is conserved across eukaryotes, the conditions under which cilia are 

formed are diverse: Animal cells form a primary cilium only in non-mitotic cells; in this case the 

mature centriole transforms into a basal body. During the generation of multi-ciliated epithelia cells, 

which is specific to animal cells, hundreds of basal bodies assemble simultaneously in G0 phase 
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(Fig. 1.1). During this, basal body assembly is uncoupled from cell cycle progression. Some protists, 

such as T. brucei or Paramecium tetraurelia, possess always at least one flagellum or many 

hundred cilia respectively. These organisms assemble their flagella/cilia in S and G2 phase and not 

after mitosis.  

Whereas the term cilium was used in the context of the primary cilium or multi-ciliated cells, 

flagellum was used in a motility context. This strict classification is outdated, and the terms cilium 

and flagellum are used interchangeably in this thesis. 

1.1.3 Centriole & basal body duplication cycle 

The centriolar cycle is stringently tied to the cell cycle to ensure centriole duplication once and only 

once per cell cycle. A mammalian cell in G1 phase possesses one mother centriole with one 

daughter centriole that was assembled in the previous cell cycle (Fig. 1.1). The two structures are 

connected by a flexible inter-centriolar linker at their proximal ends. Pro-centriole assembly begins 

at the transition from G1 to S phase with the formation of the new structure orthogonally onto the 

wall of the parental centriole. This process continues until the middle of M phase when the pro-

centriole/daughter reaches almost the same size as its mother centriole. In anaphase, the tight 

perpendicular arrangement of mother centriole and pro-centriole/daughter centriole is disengaged 

by the protease separase (Tsou and Stearns, 2006). However, the daughter centriole remains 

connected via a flexible inter-centriolar linker which is disconnected only at the beginning of the 

next M phase to allow the formation of two spindle poles (reviewed in Nigg and Stearns, 2011). 

The centriole cycle has been well investigated in mammalian cells. Many but not all features are 

conserved across eukaryotes. The starting time of basal body assembly in T. brucei is similar to 

mammalian cells (Woodward and Gull, 1990). A trypanosome in G1 phase has a basal body with a 

pro-basal body. Biogenesis of new pro-basal bodies starts early in S phase (maybe similar to G1/S 

phase transition in mammalian cells). The bi-flagellated alga C. reinhardtii has two pairs of basal 
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Figure 1.1 Centriole cycle in mammalian cells. A non-mitotic cell has one mother centriole and one
daughter centriole. Pro-centriole assembly begins at the G1 to S phase transition in the centriolar
cycle. Pro-centrioles elongate throughout S until G2 phase. Daughter centrioles remains in a tight
perpendicular position with mother structure until metaphase to anaphase transition. After that they
remain connected by a flexible inter-centriolar linker. In mammalian cells centrioles need 1.5 cell
cycles to mature and acquire appendages; appendages form in M phase. After cytokinesis,
daughter cells possess one mature centriole that is capable of nucleating a primary cilium. Cells
that differentiate into multi-ciliated cells undergo additional centriole formation via the acentriolar
pathway, where hundreds of pro-centrioles can form around dense structures, termed
deuterosomes. Mature centriole in red, pro-centriole/daughter in blue, centriole before maturation in
pink. Deuterosome in light green. Acentriolarly assembling pro-centrioles in dark green.
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bodies which duplicate once per cell cycle. In this alga pro-basal bodies form already in G1 phase 

and elongate until G2 phase (Dutcher, 2003). The ciliates T. thermophila and P. tetraurelia possess 

approximately 750 and 4000 basal bodies respectively. These structures must be duplicated once 

every cell cycle to maintain a constant number in following generations. Interestingly, assembly 

dynamics are very different and suggest a loosening of strict control mechanisms. Due to a 

posterior-anterior gradient of molecules, basal body duplication happens mainly in the middle of the 

cell but less towards the ends. Furthermore, maturation of newly assembled pro-basal bodies is so 

rapid that these new structures can give rise to a pro-basal body in the same cell cycle that they 

themselves were assembled in (Pearson and Winey, 2009). 

An obvious difference between distantly-related eukaryotes is the timing of centriole/basal body 

maturation and consequently cilia formation. While pro-centrioles in mammalian cells pass 1.5 cell 

cycles before they are capable of cilium formation, pro-basal bodies in ciliates can mature in less 

than one cell cycle. Pro-basal bodies in T. brucei require one full cell cycle for maturation. 

1.1.4 Centriole & basal body assembly 

The structure of centrioles and basal bodies is highly conserved across eukaryotes. Consistent with 

this, the molecular compositions and the assembly processes show many similarities (e.g. time 

point of assembly start, cartwheel formation) but also differences (e.g. time point of maturation, 

mechanism of initiation of assembly) (reviewed in Carvalho-Santos et al., 2011). While most of our 

knowledge about the proteins involved in centriole and basal body assembly stems from animal 

systems, some studies in species distantly-related to Metazoa and bioinformatic studies showed 

that some major players of centriole assembly and their functions are conserved in a wide range of 

ciliated eukaryotes. 

The major steps of centriole and basal body assembly are: 1) initiation (by kinase activity), 

2) assembly of a cartwheel or a similar structure that establishes the nine-fold radial symmetry, 

3) attachment of centriolar MTs to the cartwheel, 4) elongation of the centriolar MTs, and 
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5) maturation by assembly of appendages (Fig. 1.2). 

Despite the complex structure of centrioles and basal bodies, a rather small set of proteins is 

essential for centriole formation in organisms studied so far. Genome-wide screens in C. elegans 

using RNA interference identified only five proteins that are essential for centriole assembly in the 

nematode: SPD-2, the kinase ZYG-1, SAS-6, SAS-5, and SAS-4 (Dammermann et al., 2004; 

Delattre et al., 2006; Kirkham et al., 2003; Leidel et al., 2005; Leidel and Gonczy, 2003; O'Connell 

et al., 2001; Pelletier et al., 2006). In D. melanogaster 18 proteins (out of 13,059 gene analysed) 

were found to be required for centriole biogenesis (Dobbelaere et al., 2008). These proteins 

included the kinase SAK, SAS-6, Ana2 (SAS-5 homologue), SAS-4, but not SPD-2. Proteins 

essential for centriole duplication in H. sapiens also include Cep192 (SPD-2 homologue), the 

kinase PLK4 (SAK homologue), SAS-6, STIL (SAS-5 homologue), CPAP (SAS-4 homologue) 

(Kleylein-Sohn et al., 2007). Interestingly, only two proteins, namely SAS-6 and SAS-4, are widely 

conserved amongst ciliated species and have been found to be required for centriole assembly in 

all model organisms studied so far (Basto et al., 2006; Carvalho-Santos et al., 2010; Culver et al., 

2009; Dammermann et al., 2004; Gogendeau et al., 2011; Hodges et al., 2010; Jerka-Dziadosz et 

al., 2010; Kirkham et al., 2003; Kleylein-Sohn et al., 2007; Leidel et al., 2005; Leidel and Gonczy, 

2003; Nakazawa et al., 2007; Rodrigues-Martins et al., 2007a). 

1.1.4.1 Initiation of centriole and basal body assembly 

 Molecular mechanisms of assembly initiation in Metazoa 

In animal cells kinase activity is required for the initiation of centriole duplication. The protein kinase 

ZYG-1 in C. elegans (O'Connell et al., 2001), SAK in D. melanogaster (Bettencourt-Dias et al., 

2005), and PLK4 in H. sapiens (Habedanck et al., 2005) is required for centriole duplication. 

Overexpression of PLK4 causes the assembly of supernumerary centrioles (Kleylein-Sohn et al., 

2007). In D. melanogaster, where SAK is normally ubiquitylated for degradation by the SCF/Slimb 

complex, the depletion of Slimb also results in formation of multiple pro-centrioles per mature 
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Figure 1.2 Assembly of centrioles and basal body in eukaryotes. Steps of assembly of a centriole
or basal body include 1) initiation, 2) cartwheel formation or symmetry establishment, 3) MT
attachment, 4) elongation of the structure, 5) maturation/appendage formation. Carton represents
the current understanding of the process in mammalian cells. Proteins are shown for the metazoan
pathway, and for a less defined, general eukaryotic pathway.
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centriole (Cunha-Ferreira et al., 2009; Rogers et al., 2009). These data demonstrate a role of these 

kinases in the initiation of centriole assembly. 

ZYG-1, SAK and PLK4 seem to fulfil a similar function. While SAK and PLK4 are orthologues, an 

orthologous relationship to ZYG-1 could not be shown (Carvalho-Santos et al., 2010; Hodges et al., 

2010). Regardless of this relationship, in both C. elegans and H. sapiens, the kinase is required for 

SAS-6 recruitment to the centriole (Delattre et al., 2006; Kleylein-Sohn et al., 2007; Pelletier et al., 

2006). In C. elegans SAS-6 is a substrate of ZYG-1 (Kitagawa et al., 2009). A comparable process 

has not been observed in H. sapiens. However, PLK4 phosphorylation activity is essential, as 

catalytically inactive mutants fail to induce centriole biogenesis (Habedanck et al., 2005). One 

substrate of PLK4 is GCP6, a subunit of the -tubulin ring complex, which is itself required for 

centriole duplication (Bahtz et al., 2012). FBXW5, a subunit of an E3-ubiquitin ligase complex, is 

also phosphorylated by PLK4; this phosphorylation inhibits the capacity of the complex to target 

SAS-6 for degradation early in the cell cycle (Puklowski et al., 2011). 

The protein phosphatase 2A (PP2A) stabilises ZYG-1 and SAK by dephosphorylating residues that 

in a phosphorylated state target the proteins for degradation (Brownlee et al., 2011; Kitagawa et al., 

2011a; Song et al., 2011). PLK4 in human cells undergoes autophosphorylation which targets the 

protein for degradation by the SCF/betaTrCP complex in interphase (Guderian et al., 2010). 

However, during mitosis the PLK4 homologue in D. melanogaster is stabilised by PP2A which 

mediates dephosphorylation of the autophosphorylated residues (Brownlee et al., 2011). 

The recruitment of ZYG-1 in C. elegans and PLK4 in H. sapiens to the centrosome and centriole 

requires the centrosomal protein SPD-2 and Cep192 respectively (Delattre et al., 2006; Gomez-

Ferreria et al., 2007; Kleylein-Sohn et al., 2007; Pelletier et al., 2006; Zhu et al., 2008). In contrast, 

SPD-2 in D. melanogaster is dispensable for centriole duplication and only required for PCM 

recruitment, which suggests that SAK recruitment and function is independent of SPD-2 in the fly 

(Dix and Raff, 2007).  
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The centrosomal protein Asterless in D. melanogaster and its orthologue Cep152 in H. sapiens are 

required for loading SAK and PLK4 respectively onto the centrosome (Cizmecioglu et al., 2010; 

Dzhindzhev et al., 2010). Therefore, these centrosomal proteins are also essential for centriole 

replication. No homologue has been identified in C. elegans. Super-resolution microscopy has 

shown that Cep152 forms a discrete ring around the proximal end of parental centriole in human 

cells (Sir et al., 2011). The N-terminus of Asterless and Cep152 interacts with the cryptic Polo-

domain of SAK and PLK4 respectively, while the C-terminus can interact with SAS-4 and CPAP 

respectively (Cizmecioglu et al., 2010; Dzhindzhev et al., 2010). However, whereas Cep152 is 

required to hold CPAP in the centrosome in H. sapiens, centrosomes lacking Asterless and 

consequently centrioles still contain SAS-4 in D. melanogaster (Dzhindzhev et al., 2010; 

Gopalakrishnan et al., 2011). Overexpression of Asterless or Cep152 leads to de novo centriole 

formation in fly embryos, and to centrosome amplification in fly eggs and human cells (Dzhindzhev 

et al., 2010). Consistent with the role of Asterless/Cep152 in humans and flies, Cep152 in the 

zebrafish Danio rerio was shown to be required for basal body assembly in multi-ciliated cells 

(Blachon et al., 2008). 

 General mechanisms of assembly initiation across eukaryotes 

In animal cells it has been established that kinase activity is essential for the initiation of centriole 

duplication. However, PLK4 is specific to the holozoan lineage (Metazoa and choanoflagellates) 

(Carvalho-Santos et al., 2010; Hodges et al., 2010). The involvement of PLK4 in the initiation might 

represent an adaptation specific to centriole biogenesis within centrosomes. Since Polo-like 

kinases appear not to be present in all ciliated eukaryotic species, another kinase or mechanism 

must initiate basal body duplication in these species (Carvalho-Santos et al., 2010; Hodges et al., 

2010). In recent bioinformatic studies, SPD-2/Cep192 and Asterless/Cep152 were not identified in 

lineages outside of Metazoa (Carvalho-Santos et al., 2010; Hodges et al., 2010). This suggests a 

low degree of conservation for the mechanism that initiates centriole and basal body duplication 
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across eukaryotes. 

1.1.4.2 Cartwheel - Establishment of the nine-fold symmetry 

The first structural step in centriole and basal body assembly is the formation of a structure that 

establishes the nine-fold symmetry: the cartwheel in most species (Fig. 1.2). The cartwheel, first 

described by Gibbons and Grimstone (1960), is a conserved structure in the proximal part of the 

basal body. It consists of a central hub that holds nine spokes evenly spaced radiating outwards. In 

many eukaryotic species, including many protists and C. reinhardtii, the cartwheel is maintained in 

the mature basal body (Allen, 1969; Dingle and Fulton, 1966; Dippell, 1968; Ringo, 1967). In 

contrast, in several metazoan species such as H. sapiens and the mollusc Anodonta cataracta 

cartwheels are only present in the nascent pro-centriole but lost after centriole maturation (Alvey, 

1986; Gibbons, 1961). The cartwheel loss, however, is not a general metazoan feature, as 

centrioles of D. melanogaster maintain a cartwheel structure after maturation (Callaini et al., 1997). 

The MT singlet centriole of C. elegans is very divergent, and exhibits a central tube instead of a 

cartwheel (Perkins et al., 1986). Evolution of this central tube from the cartwheel, is suggested by 

the presence of SAS-6 in both structures and the absence of the central tube in other eukaryotic 

centrioles. 

 Cartwheel assembly in Metazoa 

SAS-6 is essential for centriole duplication in C. elegans (Dammermann et al., 2004; Leidel et al., 

2005), D. melanogaster (Rodrigues-Martins et al., 2007a), and H. sapiens (Kleylein-Sohn et al., 

2007; Strnad et al., 2007; Vladar and Stearns, 2007). This function is also consistent with the 

observed centrosome duplication defect in D. rerio sas-6/cea embryos (Yabe et al., 2007). In 

C. elegans, SAS-6 is required for the formation of the central tube, a SAS-6 positive structure that 

is still formed in SAS-4 depleted cells but that fails to assemble in SAS-6 depleted cells (Delattre et 

al., 2006; Pelletier et al., 2006). Overexpression of SAS-6 in D. melanogaster eggs and embryos 

does not induce overduplication of centrioles (Rodrigues-Martins et al., 2007a). SAS-6 localises to 
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centriole/basal body in all organisms studies so far. In basal bodies that nucleate axonemes SAS-6 

also localises to a more distal site that is consistent with the position of the basal plate (Peel et al., 

2007; Rodrigues-Martins et al., 2007a; Vladar and Stearns, 2007). 

Our current understanding is that SAS-6 constitutes the central hub and probably parts of the 

spokes of the cartwheel. This is supported by models based on the crystal structure of an N-

terminal portion of SAS-6 from C. elegans and D. rerio (Kitagawa et al., 2011c; van Breugel et al., 

2011). The strongest evidence stems from spontaneous oligomerisation of the N-terminal domain 

of D. rerio SAS-6 into crystals with circular repeats that resembled the central hub of the cartwheel; 

the assembled structures, however, possessed only an eight-fold symmetry (van Breugel et al., 

2011). SAS-6 consists of a globular head domain at the N-terminus, a central coiled coil region and 

a less defined C-terminus (Kitagawa et al., 2011c; van Breugel et al., 2011). Models predict that 

SAS-6 proteins form homodimers via the central coiled coil domain, and that nine of these dimers 

assemble into a ring via hydrophobic interactions between the N-terminal head domains to 

constitute the central part of the cartwheel (Cottee et al., 2011; Kitagawa et al., 2011c; van Breugel 

et al., 2011). 

SAS-6 recruitment to the centriole depends on the kinases ZYG-1 in C. elegans, SAK in 

D. melanogaster and PLK4 in H. sapiens (Kleylein-Sohn et al., 2007; Leidel et al., 2005; Peel et al., 

2007; Pelletier et al., 2006). In C. elegans ZYG-1 phosphorylates SAS-6 in the N-terminal part. This 

modification is required for the maintenance of SAS-6 at the site of pro-centriole assembly 

(Kitagawa et al., 2009). Recruitment of SAS-6 to this site requires formation of a complex with 

SAS-5 (Delattre et al., 2006; Kitagawa et al., 2011a; Leidel et al., 2005; Pelletier et al., 2006). 

Cellular levels of SAS-6 in H. sapiens oscillate during cell cycle, without significant variation in 

mRNA levels: the protein is undetectable in G1, levels start increasing at the beginning of S phase 

throughout G2 phase until the metaphase to anaphase transition in mitosis, when the protein is no 

longer detectable (Strnad et al., 2007). Vertebrate SAS-6 has a Ken-box at the C-terminal end and 
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its abrupt clearance is the result of proteasomal degradation mediated by ubiquitin ligation via the 

anaphase-promoting complex (APC)/Cdh1 (Strnad et al., 2007; van Breugel et al., 2011). This also 

suggests that the cartwheel in vertebrate centrioles disappears because its key component is 

degraded. Interestingly, although C. elegans lacks an obvious cartwheel, SAS-6 in the nematode 

shows similar dynamics as its human homologue, in that the centrosomal level decreases by 

approximately 50% in the second half of mitosis (Dammermann et al., 2008). Another negative 

regulator of SAS-6 in H. sapiens is the SCF/FBXW5 E3-ubiquitin ligase (Puklowski et al., 2011). 

The level of the FBXW5 subunit is a cell-cycle regulated and peaks at the G1 to S phase transition. 

However, when PLK4 is active it phosphorylates FBXW5 and hence inhibits its capacity to target 

SAS-6 for degradation (Puklowski et al., 2011). 

As mentioned above, in vertebrates SAS-6 is lost from centrioles during disengagement (Kleylein-

Sohn et al., 2007; Strnad et al., 2007). This SAS-6/cartwheel loss is often associated with 

maturation. However, interestingly, SAS-6 is not lost in multi-ciliated mouse tracheal cells (Vladar 

and Stearns, 2007). Almost all basal bodies of multi-ciliated cells assemble in G0 phase and do 

consequently not experience exposure to APC/Cdh1. This raises the question whether the 

presence of SAS-6 reflects a simple lack of the appropriate degradation machinery or whether it is 

of functional relevance in these basal bodies. 

SAS-5 in C. elegans, its homologue in Ana2 D. melanogaster, and its homologue STIL in 

H. sapiens are also required for centriole formation (Delattre et al., 2004; Kitagawa et al., 2011b; 

Stevens et al., 2010a; Tang et al., 2011). In C. elegans SAS-6 and SAS-5 are mutually required for 

localisation to the centriole as they form a complex (Delattre et al., 2006; Leidel et al., 2005; 

Pelletier et al., 2006). The complex formation between SAS-6 and STIL is controversial in 

H. sapiens, where STIL was reported to fail to localise to the centriole in SAS-6 depleted cells 

(Tang et al., 2011), but was also described to locate to the centriole in the absence of SAS-6 

(Arquint et al., 2012). In D. melanogaster overexpression of Ana2 alone has no phenotype, 

whereas the overexpression of Ana2 with SAS-6 leads to the assembly of structures that resemble 
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a network of cartwheel hubs (Stevens et al., 2010b). In C. elegans the protein phosphatase 2A 

stabilises SAS-5 within the SAS-5/-6 complex by dephosphorylating a residue that in a 

phosphorylated state would target SAS-5 for degradation (Kitagawa et al., 2011a; Song et al., 

2011). 

Bld10p was initially identified in C. reinhardtii as cartwheel protein required for basal body 

assembly (Matsuura et al., 2004). Consistent which this finding, the human orthologue of Bld10p, 

named Cep135, localises to the proximal lumen of the centriole and pro-centriole, and is required 

for centriole assembly (Kleylein-Sohn et al., 2007). Interestingly, in contrast to SAS-6, Cep135 

remains in mature centrioles, suggesting it is not solely a cartwheel component (Kleylein-Sohn et 

al., 2007). Bld10 is not essential for centriole assembly in D. melanogaster as centrioles still 

assemble in the absence of the protein. However, centrioles and basal bodies are shorter than 

normal, and the axonemes in spermatids lack the central MT pair (Mottier-Pavie and Megraw, 

2009). Whether normal cartwheels assembled in these flies was not shown. No homologue of 

Cep135 has been identified in C. elegans (Carvalho-Santos et al., 2010; Hodges et al., 2010). 

 Mechanisms of cartwheel assembly outside of animals 

As in Metazoa, the assembly of a cartwheel depends on the SAS-6 homologue Bld12 in 

C. reinhardtii, on Sas6a in T. thermophila and on Sas6p in P. tetraurelia which constitute the 

central part of the cartwheel (Culver et al., 2009; Jerka-Dziadosz et al., 2010; Nakazawa et al., 

2007). Interestingly, in the C. reinhardtii bld12 null mutant basal bodies without cartwheels do 

assemble in 20% of the cells (Nakazawa et al., 2007). Although these structures have irregular 

numbers of microtubule triplets it suggests that the cartwheel or at least SAS-6 might not be the 

sole prerequisite for the assembly of the basal body. Recruitment of SAS-6 to the site of pro-basal 

body assembly works most likely differently in species outside the metazoan lineage as SAS-5 

homologues were only identified in animals (Stevens et al., 2010a). 

Bld10p was initially identified in C. reinhardtii as cartwheel protein required for basal body 
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assembly (Matsuura et al., 2004). Interestingly, expression of truncated Bld10p in the bld10p null 

mutant led to the assembly of basal bodies with eight MT triplets and shorter spokes, suggesting 

that Bld10 might be a spoke component (Hiraki et al., 2007; Matsuura et al., 2004). 

1.1.4.3 Assembly of centriolar MTs 

After formation of the cartwheel, A-microtubules are attached to the tips of the cartwheel spokes 

and assemble from minus into plus direction. B-tubules start assembling onto A-tubules even when 

these are not yet complete in terms of number and length (Guichard et al., 2010). Assembly of B- 

and C-tubules does not start at the most proximal point but somewhere in the middle onto the A-

tubules or B-tubules respectively (Guichard et al., 2010). 

 Molecular mechanisms of microtubule nucleation and attachment in Metazoa 

SAS-4 is essential for centriole duplication in C. elegans (Kirkham et al., 2003; Leidel and Gonczy, 

2003), D. melanogaster (Basto et al., 2006), and H. sapiens, where the SAS-4 orthologue is called 

CPAP or CENPJ (Kleylein-Sohn et al., 2007). CPAP and fly SAS-4 include a PN2-3 domain that 

interacts with tubulin dimers (Cormier et al., 2009; Hsu et al., 2008; Hung et al., 2004). 

Tomography of pro-centrioles in C. elegans embryos depleted of SAS-4 showed the assembly of 

the central tube without MTs (Pelletier et al., 2006). This study also described hooks on the central 

tubes before MT attachment; these hooks were missing in SAS-4 depleted embryos (Pelletier et al., 

2006). Thus, SAS-4 has been proposed to be involved in the attachment of MTs to the central tube. 

As centrioles in C. elegans possess only singlet microtubules, it demonstrates involvement of SAS-

4 with A-tubule formation. A role in microtubule assembly onto the central tube (or cartwheel) was 

further supported by the finding that stable integration of SAS-4 into the pro-centriole required -

tubulin (Dammermann et al., 2008). Electron tomography of human centrioles showed that the A-

tubules, but not B- and C-tubules, appear capped at the proximal end, most likely with a -tubulin 

cap (Guichard et al., 2010). Overexpression of CPAP in human cells leads to elongation of the 

centriolar MTs (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). Overexpression of 
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a mutated CPAP incapable of binding tubulin fails to induce MT elongation (Tang et al., 2009). 

Together, these data support that SAS-4/CPAP has a capacity in the assembly of centriolar MTs. 

SAS-4/CPAP dynamics are at least in parts controlled by cell-cycle dependent degradation. In 

C. elegans and H. sapiens, SAS-4/CPAP incorporation into the nascent pro-centriole starts in S 

phase and continues until prophase, before the cytoplasmic SAS-4/CPAP pool is targeted by 

APC/Cdh1-degradation in late M phase (Dammermann et al., 2008; Tang et al., 2009). 

SAS-4/CPAP might have additional roles outside of the centriole. SAS-4 in D. melanogaster has 

also been suggested to act as a platform that tethers other proteins, for example such as Asterless, 

to the centrosome (Gopalakrishnan et al., 2011). Furthermore, the capability of CPAP to interact 

with -tubulin might also be of relevance in the centriole-independent nucleation of MTs in the 

centrosome (Dammermann et al., 2008; Hung et al., 2000). CPAP was also reported to localise to 

the midbody in human cells (Paramasivam et al., 2007), which might also hint towards a broader 

involvement of the protein with MTs. 

Interestingly, in H. sapiens CPAP dysfunction has been also associated with microcephaly, a 

neuro-developmental defect resulting in reduced brain size and retardation (Bond et al., 2005). A 

lack or mutation of CPAP can cause changes in spindle positioning in neuronal progenitor cells, 

probably due to an effect of CPAP on size or microtubule-anchoring capacity of centrosomes 

(Kirkham et al., 2003; Kitagawa et al., 2011b). During the development of the brain it is essential to 

maintain a pool of neuronal stem cells. This is achieved by asymmetric division with precise spindle 

positioning (reviewed in Megraw et al., 2011). Premature exhaustion of the pool of neural stem 

cells leads to reduced brain size. However, it remains to be shown whether the errors in spindle 

positioning are a secondary defect caused by centriole defects, or whether CPAP/SAS-4 has 

another capacity that causes the defect directly. 

Unsurprisingly, -tubulin is an essential protein in the formation of the centriolar MTs (Haren et al., 

2006; Kleylein-Sohn et al., 2007). The A-tubules possess a -tubulin cap early in the assembly 
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process, whereas B- and C-tubules do not (Guichard et al., 2010). -tubulin is also required for the 

maintenance of SAS-4 at the centriole (Dammermann et al., 2008) and co-immunoprecipitates with 

CPAP (Hung et al., 2000). 

δ- and ε-tubulin have been suggested to be involved in doublet and triplet formation outside 

Metazoa. However, as C. elegans and D. melanogaster have no identifiable homologues of these 

proteins, the roles of δ- and ε-tubulin are not well established in Metazoa. Nevertheless, ε-tubulin is 

required for centriole duplication in human cells. The protein has a cell-cycle specific localisation to 

the older centriole that suggests involvement in the maturation process, and immuno-gold labelling 

showed its localisation to the distal appendages (Chang et al., 2003). 

 Mechanisms of microtubule nucleation and attachment across eukaryotes 

The only study of SAS-4 outside of animals, in P. tetraurelia, showed that simultaneous RNAi-

mediated targeting of all three SAS-4 genes leads to a reduction in the number of basal bodies, 

suggesting SAS-4 requirement in basal body assembly (Gogendeau et al., 2011).  

Unsurprisingly, -tubulin is also essential for MT formation of basal bodies in eukaryotes outside the 

Metazoa, as has been demonstrated in P. tetraurelia and T. thermophila (Ruiz et al., 1999; Shang 

et al., 2002). 

It was proposed that δ-tubulin is required for MT triplet formation in centrioles, since the 

C. reinhardtii deletion mutant uni3-1 possesses basal bodies that have mainly MT doublets 

(Dutcher and Trabuco, 1998). However, further analysis of the uni3-1 strain revealed that basal 

bodies frequently have a subset of MT triplets at the distal end and that some of the associated 

fibre systems are misplaced or defective which led to the suggestion that δ-tubulin might not be 

required for the assembly but stable maintenance of C-tubules (O'Toole et al., 2003). Similar to the 

findings in the alga, knockdown of δ-tubulin in P. tetraurelia results in the loss of C-tubules, and 

occasional loss of B- and A-tubules (Garreau de Loubresse et al., 2001). Basal bodies lacking 
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varying numbers of C-tubules, or B- and C-tubules were also observed after δ-tubulin depletion in T. 

brucei (Gadelha et al., 2006). 

ε-tubulin was suggested to be required for the addition of B- and maybe C-tubules, as the 

C. reinhardtii mutant strain bld-2 expressing only truncated ε-tubulin has basal bodies with MT 

singlets (Dutcher et al., 2002; Goodenough and StClair, 1975). However, C. reinhardtii carrying null 

alleles for ε-tubulin are not viable which indicates that the truncated ε-tubulin in the bld-2 strain 

might still fulfil a vital capacity (Dutcher et al., 2002). ε-tubulin depletion in P. tetraurelia results in 

basal bodies with aberrant MT numbers - singlets, doublets and triplets (Dupuis-Williams et al., 

2002). 

1.1.4.4 Distal end formation and centriole elongation control 

The pro-centriole has a short length (approximately 70-100 nm) when it starts assembling the B- 

and the C-tubules (reviewed in Azimzadeh and Marshall, 2010). Pro-centrioles continue to grow in 

length throughout S, G2 and M phase. As centrioles acquire a consistent length, there must be 

some kind of length control. 

 Molecular mechanisms of pro-centriole elongation in animals 

CP110 is required for centriole duplication in H. sapiens and D. melanogaster (Dobbelaere et al., 

2008; Kleylein-Sohn et al., 2007). The protein localises to the distal end of centrioles. It has been 

suggested that the protein forms a cap on the growing tip of centriolar MTs and that tubulin is 

incorporated into the nascent pro-centriole underneath the cap (Kleylein-Sohn et al., 2007). CP110 

interacts with the Kinesin-13 family member Kif24 in H. sapiens and Klp10A in D. melanogaster 

(Delgehyr et al., 2012; Kobayashi et al., 2011). Kif24 and Klp10A possess MT depolymerising 

activity and the interaction with CP110 plays a role in the remodelling of the centriolar MTs 

(Delgehyr et al., 2012; Kobayashi et al., 2011). Depletion of CP110 or its interaction partners Kif24 

or Cep97 leads to in the elongation of centriolar microtubules, and in the case of Kif24 depletion 

possibly even to ciliogenesis in cycling cells (Kobayashi et al., 2011; Schmidt et al., 2009; Spektor 
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et al., 2007). Hence, CP110 together with Kif24 and Cep97 have been suggested to be (negative) 

regulators of the elongation of centrioles and specifically of the centriolar MTs. Consistent with this, 

the enforced expression of CP110 in quiescent cells inhibits ciliogenesis (Spektor et al., 2007). 

Interestingly, CP110 is ubiquitylated by SCF/Cyclin F leading to its degradation already in G2 

phase (D'Angiolella et al., 2010). The failure of CP110 degradation induces centrosome and mitotic 

aberrations (D'Angiolella et al., 2010). 

CPAP (SAS-4 homologue) is another protein that influences centriole length. Overexpression of the 

protein in human cells results in the elongation of centriolar MTs, suggesting that CPAP might not 

or not only play a role in MT attachment to the cartwheel but also in MT elongation or stabilisation 

(Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). hPOC1 has also been suggested 

to be involved in the regulation of centriole length, as overexpression of the protein also leads to 

elongated centriolar MTs (Keller et al., 2009). OFD1, a protein involved in distal appendage 

formation, was proposed to also play a negative role in centriole length regulation, as OFD1-

deficient cells have abnormally elongated mother centrioles (Singla et al., 2010). Collectively, the 

existent data suggest that CPAP and hPOC1 enhance centriole elongation, whereas CP110 and 

OFD1 and Kif24/Klp10a are negative regulators of centriole length. 

Centrin, a component of the distal end of centrioles, is required for centriole duplication in 

H. sapiens (Paoletti et al., 1996; Salisbury et al., 2002). Its precise role in the centriole assembly 

process, however, is not clear. hPOC5 is a centrin-interacting protein which also localises to the 

distal part of the centriole. Its depletion leads to S phase arrest and to pro-centrioles that retain the 

short length from early S phase. (Azimzadeh et al., 2009). Whether the short length is a direct 

consequence of hPOC5 deficiency and induces S phase arrest, or whether hPOC5 absence leads 

to S phase arrest that consequently prevents pro-centrioles from growing is not clear. 

 Molecular mechanisms of pro-basal body elongation outside of animals 

Centrin is found at the distal end of basal bodies and required for the duplication of the structure in 
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a wide range of eukaryotes (Geimer and Melkonian, 2005; Koblenz et al., 2003; Ruiz et al., 2005; 

Stemm-Wolf et al., 2005). Similar to the phenotype observed in human cells, overexpression of 

POC1 in C. reinhardtii results in elongated basal bodies at the light microscopic level (Keller et al., 

2009). Whether these structures represent long basal body MTs or elongated basal bodies is not 

clear. Immuno-gold electron microscopy has shown that POC1 localises along the triplet MTs, 

which is in agreement with a possible role in MT elongation (Keller et al., 2009). Interestingly, 

centriole length is unaffected in POC1-depleted T. thermophila cells but basal body defect arises 

from breaks in the MT blades (Pearson et al., 2009). Together, the data across diverse eukaryotes 

suggest involvement of POC1 with centriolar/basal body MTs. However, whether it participates 

directly in MT growth or indirectly via a stabilising function remains to be shown. 

Although CP110 homologues cannot be identified outside of Metazoa, homologues of its 

interaction partner Kif24 (Kinesin-13A proteins) are present in a wide range of eukaryotes 

(Wickstead et al., 2010). Overexpression of Kin13-2 in Leishmania major results in shortening of 

the flagellum (Blaineau et al., 2007). Although Kin13-2 localises to the tip of the growing flagellum 

in T. brucei, neither depletion nor overexpression lead to a significant change in flagellum length 

(Chan and Ersfeld, 2010; Wickstead et al., 2010). Consistent with a role in MT depolymerisation, 

depletion of Kinesin-13 in C. reinhardtii results in a slower flagellum disassembly rate. However, in 

contrast, flagellum regrowth was much slower in Kinesin-13 depleted cells after deflagellation, 

suggesting additionally a role in rapid flagellar assembly (Piao et al., 2009). Collectively, these data 

propose that Kinesin-13 homologues across ciliated eukaryotes have a function in controlling the 

flagellum rather than the basal body length. There is, however, the possibility that basal body 

length control does not require a stringent control mechanism in a pure basal body function outside 

the centrosomal context  

1.1.4.5  Maturation and assembly of distal and subdistal appendages 

Distal appendages seem to be required for the ability of a centriole/basal body to dock to the 

plasma membrane and/or to nucleate a cilium (Graser et al., 2007a; Ishikawa et al., 2005). The 
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assembly of these appendages is part of the maturation process. 

The cell cycle phase when maturation and cilium formation occurs varies between different 

eukaryotic species: while cilia formation occurs only in differentiated or quiescent cells in Metazoa, 

it takes place in S and G2 phase in T. brucei and ciliates. In C. reinhardtii, cilia are lost by 

resorption or deflagellation before mitosis and are reassembled after several rounds of mitosis 

have been completed (reviewed in Quarmby and Parker, 2005). This has also implications for the 

maturation process: whereas metazoan centrioles form appendages only during mitosis in the next 

cycle and hence need 1.5 cell cycles to mature, basal bodies mature within one cell cycle or less in 

T. brucei and ciliates respectively (Pearson and Winey, 2009; Vorobjev and Chentsov Yu, 1982). 

One commonality between mature centrioles/basal bodies of diverse eukaryotic species is the 

presence of a nine-fold set of distal appendages to form the transitional fibres of the transition zone. 

The maturation process is often accompanied by the assembly of a variety of accessory structures 

and/or MT systems that are very divergent between species. 

 Molecular mechanisms of centriole maturation in Metazoa 

Depletion of Cep164 inhibits ciliogenesis in human cells, and immunogold electron microscopy has 

shown that the protein localises to the distal appendages (Graser et al., 2007a). OFD2/Cenexin is 

found only at the mature centriole and participates in the formation of distal and subdistal 

appendages in mammalian cells (Ishikawa et al., 2005; Lange and Gull, 1995). Centrioles deficient 

of OFD2 fail to attach to the plasma membrane and hence to form cilia (Ishikawa et al., 2005). 

Additionally, OFD2 is also involved in the assembly of the basal feet at basal bodies in multi-ciliated 

cells (Kunimoto et al., 2012).  

 General molecular mechanisms of basal body maturation across eukaryotes 

The presence of Cep164 homologues across a wide range of ciliated species and the identification 

of TbCep164 in the proteome of T. brucei flagella suggest that the protein is involved for the 
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formation of distal appendage across eukaryotes (Broadhead et al., 2006; Hodges et al., 2010). 

The appendage protein OFD2 is found in Metazoa but not conserved across eukaryotes. 

1.1.5 Temporal & numeral control 

Stringent control of the centriole number and time of centriole duplication is essential for 

maintaining the correct number of this organelle in future generations of cells. Centriole/basal body 

duplication occurs once and only once per cell cycle in most cells. Exceptions include cells 

differentiating into multi-ciliated cells or ciliates that have several hundred or thousand basal bodies. 

Many of the connections between the cell cycle and centriole duplication have been elucidated only 

in Metazoa or only human cells. The basal body duplication cycle in eukaryotes outside Metazoa is 

also linked to the cell cycle; however, temporal differences and divergence of cell cycle control 

mechanism suggest that the connections might be different.  

In Metazoa three different types of mechanisms couple centriole biogenesis to the cell-cycle: 

Firstly, centriole duplication factors are targeted by cell-cycle-dependent protein degradation. SAK 

in D. melanogaster is ubiquitylated for degradation by the SCF/Slimb complex which is activated at 

the G1 to S phase transition, and allows kinase activity only during G1 phase and late M phase 

(Cunha-Ferreira et al., 2009; Rogers et al., 2009). SAS-6 and CPAP in H. sapiens are targeted for 

degradation by APC/Cdh1 starting at the metaphase to anaphase transition until G1 phase (Strnad 

et al., 2007; Tang et al., 2009). PLK4 inhibits FBXW5, a subunit of an E3-ubiquitin ligase complex, 

that otherwise would target SAS-6 for degradation early in the cell cycle (Puklowski et al., 2011). 

CP110 is ubiquitylated by SCF/Cyclin F leading also to degradation (D'Angiolella et al., 2010). 

Protein degradation is a reliable regulatory mechanism as it ensures irreversibility of the cycle. 

Additionally, involvement of different cell-cycle-regulated degradation-mediating complexes 

facilitates the ordered sequence of processes. 

Secondly, centriole duplication factors are regulated by cell-cycle-dependent phosphorylation. The 
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cell-cycle regulator Cdk2 is involved in centriole duplication and phosphorylates CP110, which itself 

is required for centriole duplication (Chen et al., 2002; Kleylein-Sohn et al., 2007). 

Thirdly, centriole duplication employs other central proteins from the cell cycle. Centriole 

disengagement seems to apply similar mechanisms to sister-chromatid separation. Both events 

require the cysteine protease separase, which is activated after APC-induced degradation of its 

inhibitor securin (Tsou and Stearns, 2006). When separase fails to induce centriole disengagement, 

another cell cycle regulator, PLK1, can complement this function with delay (Tsou et al., 2009). 

During sister-chromatid separation separase cleaves cohesin (Nasmyth et al., 2000). Surprisingly, 

cohesin was recently also found at the centriole and identified as the centriole engagement factor 

that is cleaved by separase (Schockel et al., 2011). Centrioles are also associated with sSgo1, 

which prevents premature centriole disengagement. This protein is a shorter splice variant of Sgo1, 

which is a protein that protects centromeric cohesin from premature degradation (Schockel et al., 

2011; Wang et al., 2008). The involvement of cohesin and separase in both processes is another 

strong coordinator between cell cycle and centriole duplication. 

Tight cell-cycle connections ensure that centriole biogenesis is temporally well regulated and that 

centrioles duplicate only once per cell cycle. Experimental overexpression of PLK4 is capable of 

disturbing this balance and induces aberrant centriole numbers (Kleylein-Sohn et al., 2007). 

The numeral control mechanism, that ensures that only one pro-centriole is made per centriole, 

remains unclear. It seems that the presence of a mother centriole precludes de novo synthesis of 

centrioles in other places in the cell. The mother centriole accumulates essential proteins and is 

hence the default platform to build a new centriole (Rodrigues-Martins et al., 2007b). Centriole 

disengagement was suggested as a licensing factor that prevents the assembly of a new pro-

centriole before the previously assembled pro-centriole is dissociated (Loncarek et al., 2008; Tsou 

and Stearns, 2006). However, it is difficult to envision how this mechanism works on a molecular 

level, and how it ensures that only one and not occasionally two pro-centrioles assemble. 
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1.1.6 Cilia formation 

Motile axonemes across eukaryotes have commonly a 9+2 organisation, meaning 9 outer MT 

doublets and a central MT pair nucleated at the basal plate. Immotile cilia have generally a 9+0 

organisation. However, exceptions include motile 9+0 cilia in the kidney of D. rerio and in the node 

of mouse embryos (Kramer-Zucker et al., 2005; Nonaka et al., 1998). Additional structural 

differences include the presence of inner and outer dynein arms and radial spokes in a 9+2 

axoneme, while these structures are absent in a 9+0 axonemes. The 9+0 organisation is 

predominately found in primary cilia in Metazoa, but also in distantly-related eukaryotes such as 

Leishmania mexicana amastigotes which have a rudimentary cilium possibly for signalling 

purposes (reviewed in Ishikawa and Marshall, 2011; Gluenz et al., 2010). 

In many cases, the mature centriole needs to migrate close to the cell cortex before a cilium is 

formed. The trigger and the migration process itself has been suggested to involve proteins known 

from the planar cell polarity (PCP) pathway (Gray et al., 2009; Park et al., 2008). PCP is conferred 

by non-canonical Wnt signalling and establishes the orientation of the cell along the plane of the 

cell tissue (reviewed in Wallingford and Mitchell, 2011). The distal end of the mature centriole/basal 

body docks usually not directly to the plasma membrane but to a ciliary vesicle in mammalian cells 

(Sorokin, 1962) or to a pre-existing flagellar pocket in T. brucei (Lacomble et al., 2009). This 

interaction is probably mediated by the distal appendages of the centriole as depletion of 

appendage proteins leads to problems in organelle attachment and defective ciliogenesis 

(Dammermann et al., 2009; Graser et al., 2007a; Ishikawa et al., 2005). Parallel to the appendages 

binding, the MTs doublets extend for a short distance to establish the ciliary necklace region. This 

region is defined by Y-shaped structures that form a tight connection between the MT doublets and 

the ciliary membrane (Fig. 1.3). Laurdan staining suggested that this necklace membrane is 

composed of a denser lipid formation that may form an additional barrier to the ciliary compartment 

(Vieira et al., 2006). After the interaction between basal body and vesicle is stabilised, the 



Figure 1.3 Trypanosome flagellum. EM images show different parts of the flagellum of T. brucei
and respective cartons highlight the characteristic features. (A) Longitudinal section of the proximal
part of the flagellum. (B,C) Transverse sections of the transition zone with the Y-shaped structures
and the transitional fibres, and (D) of the pro-basal body with a cartwheel.
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elongation of the axoneme begins. This can be well before the ciliary vesicle fuses with the plasma 

membrane (Sorokin, 1962). After fusion of the two membranes the cilium extends into the 

extracellular environment but maintains the ciliary pocket at the base (reviewed in Rohatgi and 

Snell, 2010). The maintenance of the ciliary pocket requires a collar/ring structure that embraces 

the bottle neck of the pocket and the cilium. At least in Metazoa this ring is constituted of septin 

proteins (Hu et al., 2010; Kim et al., 2010); and the presence of homologues across a wide range 

of eukaryotes (though not trypanosomes) raises the question if this function of septin is conserved. 

Axoneme elongation depends in almost all organisms on a process termed intraflagellar transport 

(IFT). One exception is Plasmodium falciparum which assembles axonemes in an IFT-independent 

matter in the cytoplasm of male gametes, their only ciliated life cycle stage (Briggs et al., 2004a; 

Sinden et al., 1976).  

1.1.7 Ciliary transport 

Intraflagellar transport, first described in C. reinhardtii, is a bidirectional transport process of multi-

protein complexes between cytoplasm and the tip of the flagellum (Kozminski et al., 1993; IFT 

reviewed in Ishikawa and Marshall, 2011). The machinery contains two motor units, IFT particles 

and cargo. Anterograde transport from cytoplasm to tip is dependent on motors of the kinesin-2 

family, whereas the retrograde transport depends on dynein 2. IFT particles consist of IFT 

complex A containing six proteins and IFT complex B containing 14 proteins. The majority of the 

components is conserved in cilia forming species (Avidor-Reiss et al., 2004; Briggs et al., 2004a). 

The two complexes move together in the cilium and have complementary but also distinct functions. 

It was suggested that IFT complex B contributes more to anterograde transport as depletion of its 

components results in short or absent cilia (Huangfu et al., 2003; Pazour et al., 2000). In contrast, 

the loss of proteins from IFT complex A does not cause defective cilia assembly but large bulges at 

the end of cilia, a phenotype comparable to dynein 2 mutants (Piperno et al., 1998; Tsao and 

Gorovsky, 2008). This suggested that IFT complex A is involved in retrograde transport. Cargo of 
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the IFT machinery includes axonemal and membrane proteins. The proposed site of cargo loading 

is the transition zone, specifically the transitional fibres (Deane et al., 2001). However, the way the 

whole machinery works in a coordinated way remains to be understood. 

Another complex involved in ciliary transport is the BBSome, a biochemical complex of seven BBS 

proteins (BBS1,2,4,5,7,8,9) (Nachury et al., 2007). The loss or mutation of BBS proteins can cause 

the ciliopathy Bardet-Biedl Syndrome (BBS), which gave the proteins their name (reviewed in Jin 

and Nachury, 2009). The BBSome was shown to assemble a coat with structural similarities to 

clathrin and coat protein 1 (COPI) formations (Jin et al., 2010). The BBSome coat associates with 

membrane proteins destined for ciliary localisation and transports them in an IFT-dependent 

manner to the cilium (Blacque et al., 2004; Lechtreck et al., 2009; Ou et al., 2005). Interestingly, 

loss of BBS7 or BBS8 in C. elegans leads to the dissociation of the two IFT complexes from each 

other (Blacque et al., 2004; Ou et al., 2005). This suggested not only a function in transporting 

ciliary membrane proteins but also a role in stabilising the IFT machinery. Cargo of the BBSome 

includes only membrane proteins but no proteins required for axoneme assembly. The BBS 

complex is already associated with its cargo before arrival at the transition zone; proposed sites of 

association are the Golgi apparatus and plasma membrane around the base of the cilium 

(reviewed in Nachury et al., 2010). 

1.1.8 Transition zone 

The checkpoint for the entrance into the ciliary compartment is most likely at the transition zone. 

This region is defined proximally by the transitional fibres and distally by the basal plate where the 

central MT pair is nucleated (Fig. 1.3). Further features of the transition zone are Y-shaped linkers 

connecting the axonemal outer doublets to the ciliary membrane, and thereby forming the ciliary 

necklace. This region has been proposed to play an important role in regulating protein access to 

the cilium. Over the last ten years, several developmental pathologies have been recognised to 

involve proteins that localise to the transition zone. Mutations or loss of these proteins leads to 
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dysfunctional cilia resulting in symptomatically-related ciliopathies, such as Meckel-Gruber 

syndrome (MKS), nephronophthisis (NPHP), Joubert syndrome, BBS and polycystic kidney 

disease (PKD). Immuno-gold labelling showed localisation of CEP290 (also known as BBS14, 

MKS4 and NPHP6) to the Y-shaped connectors (Craige et al., 2010). Depletion of the protein 

results in the loss of these structures and an increase of IFT complex B in the flagellum in 

C. reinhardtii, supporting the idea that Cep290 and the Y-shaped connectors contribute to 

regulating protein access into the cilium (Craige et al., 2010). Several studies have shown that 

MKS and NPHP proteins assemble into functional modules involved in connecting the transition 

zone MTs to the ciliary membrane and in regulating protein trafficking into the cilium (Sang, et al., 

2011, Chih et al., 2012; Garcia-Gonzalo et al., 2011; Williams et al., 2011). A large-scale proteomic 

analysis investigating the interaction partners of ciliopathy-associated proteins in human cells found 

that NPHP1, NPHP4 and NPHP8 form a functional module at the transition zone (Sang, et al., 

2011). NPHP5 and NPHP6 (Cep290) also interact and form a module proximal of NPHP1-4-8 

(Sang et al., 2011). These two modules are linked via an interaction with NPHP2/Inversin, a protein 

which via interaction with AHI1 also links to an MKS protein module (Sang et al., 2011). This MKS 

module contains MKS1, MKS6 and Tectonic 2, and is associated with Hedgehog signalling (Sang 

et al., 2011; Chih et al., 2012; Garcia-Gonzalo et al., 2011). The module interacts with B9D1 and 

B9D2 which form a connection to the ciliary membrane by association with the transmembrane 

proteins TMEM231 and TMEM17 (Chih et. al., 2012). Knockdown of B9D1, Tectonic1 or 2, or 

MKS6 results in a lower concentration of some proteins in the ciliary membrane and increased 

localisation of these proteins to the plasma membrane suggesting that the protein modules function 

as selective barrier (Chih et al., 2012). Homologous proteins in C. elegans form modules with a 

very similar composition at the transition zone that have been suggested to have an equivalent 

function (Williams et al., 2011). 

As mentioned above, septin proteins form a ring around the ciliary pocket that embraces the bottle 

neck of the pocket and the cilium (Hu et al., 2010; Kim et al., 2010). Knock down of Septin2 leads 
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to delocalisation of TMEM231 from the ciliary membrane and loss of B9D1 and MKS6 from the 

transition zone, demonstrating the requirement of septin for proper localisation of these proteins 

(Chih et al., 2012). 

1.1.9 Ciliary signalling and sensing 

Whereas the role of cilia in cell motility has long been appreciated, their central role in signalling 

was recognised only over the last decade (Huangfu et al., 2003; Nauli et al., 2003; Pazour et al., 

2002). As mentioned above a number of developmental ciliopathies are the result of structural cilia 

defects and/or deregulation of ciliary trafficking of proteins, many of which are components of 

signalling pathways (reviewed in Berbari et al., 2009). 

During embryonic development, cilia are central to signalling and generation of fluid flow involved in 

the establishment of the left-right asymmetry and correct development of organs (reviewed in Oh 

and Katsanis, 2012). Amongst other pathways, Hedgehog and Wnt signalling in vertebrates rely 

hugely on cilia (Corbit et al., 2008; Huangfu et al., 2003). It is hypothesised that cilia serve not only 

as antenna reaching out into the extracellular space but also to concentrate molecules into a small 

area to achieve fast and effective responses to signals. Cilia do not only play a role in cellular 

sensing but also in organismal sensing of the environment: Photons are sensed by modified cilia 

on photoreceptor cells, odorants by ciliated olfactory neurons, sound waves by mechano-sensitive 

stereocilia, and flavours by chemo-sensitive cilia (reviewed in Berbari et al., 2009). 

1.2 Trypanosoma brucei  

1.2.1 Sleeping sickness 

Trypanosoma brucei, a protozoan parasite, is the causative agent of a disease called 

trypanosomiasis or sleeping sickness, which is restricted to sub-Saharan Africa. Ten years ago, 

T. brucei was estimated to infect 500,000 people and to kill a fifth of them every year (Welburn and 
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Odiit, 2002). Efforts to control the disease have resulted in a drop to 7,139 reported cases in 2010 

(WHO). 

The disease is transmitted by the bite of a T. brucei-infected Tsetse fly. In the early phase of the 

infection, the haemolymphatic stage, the parasite grows in the vascular and lymphatic system. 

Symptoms include fever, swollen lymph nodes, general weakness and anaemia. In late phase of 

the disease, the neurological stage, the parasite invades the central nervous system. This has 

disastrous consequences for the host causing symptoms such as psychiatric, motor and sensory 

defects, abnormalities in the sleeping pattern including insomnia and extreme lethargy, and 

eventually seizure or coma. Left untreated the disease is fatal. Current drug regimes have varying 

degrees of effectiveness and toxicity. However, there is not much hope for improved modern drug 

therapies or potent vaccine. 

1.2.2 Life cycle of T. brucei 

As with many parasites, T. brucei goes through life cycle stages in a mammalian host and an insect 

host which is accompanied by complexes changes in cell metabolism and cell morphology 

(Fig. 1.4; Vickerman, 1985). 

When a T. brucei-infected Tsetse fly takes a blood meal, it transmits metacyclic trypomastigotes 

into the circulation of the host. These cells differentiate rapidly into long slender bloodstream forms, 

which use glycolysis to generate energy and multiply as extracellular parasites in the circulation of 

the host. The bloodstream form is covered by a dense coat of one single type of a glycoprotein also 

known as a variant surface glycoprotein protein (VSG). As this coat is highly immunogenic it 

triggers a humoral immune response within a week. The parasite population evades this immune 

response by antigenic variation. This phenomenon is based on the low stochastic switch of the 

VSG allele in single cells of the population leading to the expression of a different VSG protein 

(Cross, 1977; Ferrante et al., 1983; McCulloch, 2004). By the time a successful immune response



Figure 1.4 T. brucei life cycle. T. brucei goes through life cycle stages in a mammalian host and an
insect host. An infected Tsetse fly takes a blood meal and transmits metacyclic trypomastigotes into
the circulation of the host, which differentiate into proliferative long slender bloodstream forms.
Once a critical density of parasites is reached, some cells differentiate into non-proliferative short
stumpy forms pre-adapted for the invasion into the fly. Stumpy forms, taken up by a tsetse fly during
a blood meal, differentiate into proliferative procyclic trypomastigotes in the midgut of the fly. After
several rounds of multiplication procyclic forms leave the gut and differentiate into epimastigotes.
They migrate to the salivary gland where they attach to the epithelium of the gland, multiplicate and
give rise to the metacyclic trypomastigote form. This form is the host-infective stage pre-adapted
with a VSG coat for successful immune evasion after inoculation into the mammalian host. Source
of the image: Centre for Disease Control and Prevention
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eliminates the population with the most prevalent VSG, a sub-population masked with an 

antigenically different VSG grows out. The interplay of antigenic escape and mounting of respective 

immune responses leads to parasitemia occurring in waves (reviewed in Barry and McCulloch, 

2001). Once a critical density of parasites is reached, some cells differentiate into non-proliferative 

short stumpy forms pre-adapted for the invasion of the environment in the fly. This adaption 

includes the change of the metabolism from glycolysis to the citric acid cycle with a concomitant 

elaboration of the mitochondrion structure (reviewed in Matthews, 2005). 

When a stumpy form is taken up by a Tsetse fly during a blood meal, the parasite differentiates into 

proliferative procyclic trypomastigotes in the midgut of the fly. After several rounds of multiplication 

procyclic forms migrate to the proventriculus and differentiate into non-proliferative mesocyclic 

forms. These cells undergo one asymmetric division resulting in a larger daughter cell that probably 

dies and a smaller epimastigote daughter cell that travels to the salivary gland (reviewed in Sharma 

et al., 2009). There they attach to the epithelium of the gland, divide and give rise to metacyclic 

trypomastigotes. This form is the host-infective stage pre-adapted with a VSG coat for successful 

immune evasion after inoculation into the mammalian host. Once a fly is infected is stays infected 

for the rest of its life. 

1.2.3 Cell biology of procyclic T. brucei 

A non-dividing procyclic cell has one nucleus, one mitochondrion, and one flagellum nucleated by a 

basal body with a pro-basal body associated (Fig. 1.5 A). Trypanosomes have additionally some 

specific features such as: subpellicular microtubules array, flagellum attachment zone, specialised 

MT quartet, flagellar pocket, flagella connector and bilobe structure. 

The cell shape of trypanosomes is maintained by an ordered subpellicular MT array underneath the 

plasma membrane (Sherwin et al, 1989; Gull 1999). The array consists of evenly spaced MTs with 

the minus end polarity to the anterior and the more dynamic plus end to the posterior pole. To



Figure 1.5 Cell cycle of T. brucei . (A) Cell biology of T. brucei. DNA is labelled with DAPI which
stains the nucleus (N) and the mitochondrial DNA (Kinetoplast, K). Basal body (BB) with pro-basal
body is shown in red. The paraflagellar rod (PFR) of the flagellum is shown in green. (B)
Proportions of individual cell cycle events adapted from Woodward et al., 1990. (C) Basal body
duplication occurs at the beginning of S phase and leads soon after to the assembly of a new
flagellum; new pro-basal bodies assemble in parallel. These events lead from 1BB1K1N to
2BB1K1N cells. Kinetoplast duplication occurs before mitosis, resulting in 2BB2K1N cells. After
mitosis cells are described as 2BB2K2N cells, before they split their organelles evenly during
cytokinesis, resulting in two 1BB1K1N cells.
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facilitate widening of the array while maintaining the even spacing between the MTs, short MTs are 

intercalated into the array (Sherwin et al, 1989). 

The subpellicular MT array is interrupted by the flagellum attachment zone (FAZ) which includes 

the FAZ filament connecting the flagellum to the cell body (Vickerman 1969; Sherwin et al., 1989; 

Woods et al. 1989), and the specialised MT quartet running with anti-parallel polarity to the rest of 

the subpellicular MT array (Robinson et al. 1995). The MT quartet is nucleated next to the basal 

body, extends around the flagellar pocket and joins the subpellicular MT array at the beginning of 

the FAZ. 

At the base of the flagellum is a large membrane invagination, called the flagellar pocket. This 

feature is possibly comparable to the smaller ciliary pockets found at base of the majority of cilia 

(reviewed in Rohatgi and Snell, 2010). The flagellar pocket is the only site of endo- and exocytosis 

in T. brucei, and is tightly sealed by the flagellar collar around the exit of the flagellum from the 

pocket to the outside. The only connection between the flagellar pocket and the environment is a 

channel that is associated with the specialised MT quartet (Gadelha et al., 2009). 

The distal tip of the new elongating flagellum is connected laterally to the old flagellum via a 

structure called the flagella connector (Briggs et al., 2004b; Moreira-Leite et al., 2001). This 

structure is mobile and moves along the old flagellum which provides the pathway for the new 

flagellum along the cell body. An IFT mutant of T. brucei has demonstrated that the connector 

moves also along the old flagellum when the new flagellum is not growing which suggested that at 

least parts of the motor elements are based in the old flagellum (Davidge et al., 2006). 

The bilobe was initially defined by light microscopy as a centrin2-containing lobe close to the exit of 

the flagellum from the pocket (He et al., 2005). Electron microscopic studies showed that the bilobe 

is a cytoskeletal filament system around the neck of the flagellum, which contains at least the four 

components MORN1, LRRP1, centrin2 and centrin4 (Fig 1.6; Esson et al., 2012). Both MORN1



Figure 1.6 Model of the filament systems around the flagellar pocket in T. brucei. The specialised
MT quartet (MTQ, blue) originates between the basal body and the pro-basal body, winds around
the flagellar pocket, and runs along the filament of the flagellum attachment zone (FAZ, red). The
ring-shaped flagellar collar (pink) forms the distal boundary of the flagellar pocket, the membrane
invagination at the proximal end of the flagellum. The flagellar collar contains the protein BILBO1. A
MORN1- and LRRP1-containing filament (green) localises in close vicinity to the flagellar collar and
extends along the left-hand side of the FAZ. A centrin-contain filament (orange) runs along the FAZ
on the right-hand side. The anterior (A) – posterior (P), top (T) – bottom (B), and left (L) - right (R)
axes of the cell are shown in the inset. Cartoon from Esson et al., 2012.
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and LRRP1 localise in as hook-shape around the exit of the flagellum from the pocket with an 

extension along the FAZ (Morriswood et al. 2009; Zhou et al. 2010). 

The centrin2/4-containing fibre has been implicated in the duplication of the Golgi apparatus, which 

is positioned adjacent to the fibre (He et al., 2005; Shi et al., 2008). Both structures are duplicated 

around the time of kinetoplast segregation and stay associated during the rearrangement of 

organelles. Depletion of centrin2 leads to a defect in Golgi apparatus duplication (He et al., 2005). 

1.2.4 Cell cycle of procyclic T. brucei 

At the beginning of G1 phase, a procyclic trypanosome has one nucleus, one kinetoplast, and one 

flagellum nucleated by a basal body with a pro-basal body associated. The first cytoskeletal event 

of cell division is the maturation of the pro-basal body into the second basal body (Sherwin and 

Gull, 1989). This happens early in the S phase of kinetoplast and nucleus (Fig. 1.5 B) (Woodward 

and Gull, 1990). The new basal body docks to the membrane of the flagellar pocket of the old 

flagellum, starts elongating into the pocket and attaches its distal tip via the flagella connector to 

the lateral aspect of the old flagellum. Parallel to these processes, assembly of new pro-basal 

bodies begins. Flagellum elongation is accompanied by the movement of the new assembling 

flagellum from the anterior side to the posterior of the old flagellum (Lacomble et al., 2010). While 

the new flagellum grows it remains attached to the plasma membrane via a newly assembling FAZ, 

and to the old flagellum which serves as a structural railing for elongation (Briggs et al., 2004b; 

Moreira-Leite et al., 2001). The flagella connector keeps moving along the old flagellum until it 

reaches a “stop point” (after approximately 60% of flagellum growth; Davidge et al., 2006). While 

the flagella connector does not go beyond this point and fixes the distal tip of the new flagellum to 

this site, flagellum growth continues. This has been suggested to create pushing forces at the 

proximal end of the structure. These forces translocate the new basal body further to the posterior 

side and the old basal body closer to the nucleus, which leads to the segregation of the replicated 

mitochondrial DNA (Davidge et al., 2006). Flagellum growth occurs from S to M phase (Fig. 1.5 C). 
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After segregation of the kinetoplast, nuclear mitosis occurs. During mitosis the basal body of the 

old flagellum moves to a position between the two nuclei. Cytokinesis is initiated at a site close to 

the distal tip of the new flagellum. Cleavage furrow ingression starts between the two flagella/FAZs 

from the anterior side and continues towards the posterior. This cytokinesis process requires the 

concomitant formation and rearrangements of subpellicular MT array. Cytokinesis is terminated at 

the posterior end of the cells and results in two daughter cell with one nucleus, one kinetoplast and 

one flagellum each (Woodward and Gull, 1990). 

Interestingly, cytokinesis in T. brucei can be completed independently of successful mitosis 

(Ploubidou et al., 1999). If flagellum duplication occurs but mitosis fails, cells frequently undergo 

cytokinesis regardless of the lack of the second nucleus, resulting in daughter cells with 1K0N and 

1K1N, or in 1K0N and 1K2N. 

The cell cycle in T. brucei is, like in mammalian cells and yeast, regulated by cyclins, cyclin-

dependent kinases (CDKs) and CDK inhibitors. However, several trypanosome orthologues of key 

players are functionally divergent or absent, and checkpoints control applies different mechanisms. 

To date ten cyclins and eleven CDKs have been identified in T. brucei (Hammarton, 2007). This 

high number for a single cell organism indicates a complex cell cycle regulation with life stage 

specific differences of cell cycle regulation (reviewed in McKean, 2003). However, much about the 

interplay between specific cyclins and CDKs, and their connection to basal body duplication 

remains to be elucidated. Cytokinesis in T. brucei is morphologically very different to mammalian 

cytokinesis. PLK has been suggested to participate in the initiation of cytokinesis as its depletion 

ablates cytokinesis while mitosis and flagellum duplication continue several rounds (Kumar and 

Wang, 2006). However, no further proteins involved in this process have been identified to date. 

1.2.5 Basal body cycle of procyclic T. brucei 

The mammalian centriole cycle shows many similarities to the trypanosome basal body cycle 

(Woodward and Gull, 1990). At the beginning of the G1 phase, T. brucei has one basal body with a 
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full-length flagellum and one pro-basal body. This pro-basal body matures in late G1 phase. At G1 

to S phase transition, the second basal body docks to the flagellar pocket and starts the formation 

of a second flagellum. Flagellum elongation is accompanied by an ordered movement of the new 

basal body from the anterior side of the cell around the old basal body to the posterior side 

(Lacomble et al., 2010). Parallel to the beginning of the formation of the second flagellum, 

biogenesis of two pro-basal bodies begins on the anterior side of the basal bodies. Assembly of 

one pro-basal body occurs also perpendicularly onto the wall of the basal body. Once the pro-basal 

body is near-full length it dissociates from the basal body wall and performs an ordered sequence 

of movements until it is parallel to the basal body (Lacomble et al., 2010). In contrast to the flexible 

inter-centriolar linker observed between centriole and pro-centriole in mammalian cells, no such 

inter-basal body connection has been observed after the disengagement of basal body and pro-

basal body. 

1.3.6 T. brucei as a model organism for studying basal body assembly 

T. brucei can serve as a valuable model organism for basal body biology as it provides several 

advantages to other systems. In trypanosomes basal bodies act solely in flagellum formation and 

do not, as in metazoa, additionally participate in the organisation of spindle poles. This simplifies 

the functional analysis of basal body proteins, since mitosis is not disturbed by basal body defects 

and observation of basal body/flagellum phenotypes is more accessible. Basal body duplication in 

T. brucei occurs with the typical number and temporal control, comparable to canonical centriole 

duplication in Metazoa. T. brucei offers additionally spatial control with consistent positioning of the 

new basal body posterior of the old one, which readily allows identification of the more recently 

assembled basal body (Lacomble et al., 2010; Sherwin and Gull, 1989). 

Another benefit of T. brucei are convenient reverse genetics with established systems for inducible 

RNA interference and gene expression. Straightforward endogenous loci tagging, achieved by 

homologous recombination highly favoured over non-homologous end-joining, allows expression 
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levels of tagged protein comparable to the native protein. 

1.4 Aims 

The aim of this work is to increase the knowledge about centriole and basal body evolution. 

Particularly, I aim to understand which centriolar proteins are the universally important ones in 

centriole and basal body assembly across eukaryotes. To address this, a bioinformatic survey 

investigates the distribution of centriolar proteins across a diverse range of eukaryotes, to ask 

whether proteins exist that are conserved in all ciliated species and absent from non-ciliated 

species (Chapter 3). 

Mechanisms of eukaryotic centriole assembly are mainly based on studies in metazoan cells and 

need to be evaluated by comparison to the basal body assembly in evolutionary distantly-related 

eukaryotes in order to distinguish general eukaryotic mechanisms from centrosome-specific 

adaptations. To test whether centriolar proteins identified in a wide range of ciliated species also 

have a conserved function in basal body assembly across eukaryotes, the proteins are investigated 

in T. brucei. To this purpose, the conserved proteins, including SAS-6, SAS-4 and WDR16, are 

analysed using a combination of genetic tools and microscopy techniques (Chapter 4, 6, 7). 

Furthermore, after identification of a new protein family with similarity to SAS-6 and an evolutionary 

distribution pattern with cilia-fingerprint, the function of this novel protein (SAS6L) is investigated in 

the basal body/flagellum of T. brucei (Chapter 5). The focus of the studies of these conserved 

proteins is to provide insight into the commonalties of the eukaryotic concept of centrioles/basal 

bodies assembly and composition.  
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 METHODS 

2.1 Cell culture 

2.1.1 Culture of trypanosomes 

Trypanosoma brucei brucei procyclic forms (PCF) were cultured at 28°C in SDM-79 medium 

supplemented with 10% foetal bovine serum [Gibco] (Brun and Jenni, 1977). Bloodstream forms 

(BSF) were cultured in HMI-9 medium supplemented with 15% foetal bovine serum in vented-cap 

flasks at 37°C in 5% CO2 (Hirumi and Hirumi, 1989). Cells were diluted as necessary to maintain 

mid log phase growth (PCF: 1x105 - 2x107 cells ml-1, BSF: 1x103 to 1x106 cells ml-1). Cell density 

was determined using a Casy-counter [Schärfe systems GmbH]. PCF were frozen in a freezing 

medium containing 7.5% Glycerol and 92.5% PCF culture medium. BSF were frozen in a freezing 

medium containing 10% Glycerol and 90% BSF culture medium. 

RNA interference and ectopic gene expression systems were induced by the addition of 

doxycycline to the medium to a final concentration of 1g ml-1. The medium of cell lines with 

selective markers was supplemented with the appropriate drug. Final concentration for PCF: 1g 

ml-1 Puromycin, 10 g ml-1 Blasticidin, 5 g ml-1 Phleomycin, 20 g ml-1 Hygromycin, 10 g ml-1 

Neomycin. Final concentration for BSF: 0.1 g ml-1 Puromycin, 5 g ml-1 Blasticidin. 

Parental cell lines used: in Chapter 4-7: PCF SiMPs (Lister-427 expressing T7 RNA polymerase 

and tetracycline repressor); in Chapter 5: PCF SMOX P9 (TREU-927 expressing T7-RNA 
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polymerase and tetracycline repressor (Poon et al., 2012)); in Chapter 7: BSF S16 (Lister-427 

expressing T7 RNA polymerase and tetracycline repressor). 

2.1.2 Transfection of trypanosomes 

10 g plasmid DNA was linearised by restriction digest with NotI. DNA was precipitated by addition 

of two volumes 100% Ethanol to one volume digest reaction mix, incubation on ice for 15 min, 

followed by centrifugation at 14,000xg for 15 min. The DNA pellet was wash with 70% Ethanol, air-

tried and resuspended in 10 l Zimmermann’s Post Fusion Medium (ZPFM: 132 mM NaCl; 8 mM 

KCl; 8 mM Na2HPO4; 1.5 mM Mg(CH3COO)2; 0.09 mM Ca(CH3COO)2;; pH 7.0). 

2.5 x 107 PCFs were centrifuged at 500xg for 10 min, washed with 10 ml ZPFM, resuspended in 

300 l ZPFM and transferred into a 4mm electroporation cuvette. 10 g linearised DNA were 

added and PCFs were electroporated twice applying each time three consecutive 100 s square 

pulses at 1.7 kV at 200 ms intervals [Electro Square Porator ECM830, BTX]. Cells were transferred 

into 8 ml warm culture medium and incubated overnight at 28°C. After 24h cells were diluted 1:2 

into flasks for the generation of transfected populations, and 1:20 and 1:200 into 96-well plates for 

the generation of clones. The appropriate selection drug was added to the final concentration 

stated above. 

For transfection of BSFs, 1 x 107 cells were centrifuged at 800xg for 10 min, washed in warm 

ZPFM with 50 mM glucose, resuspended and transferred into the electroporation cuvette. 10 g 

linearised DNA were added and BSFs were electroporated once applying three 100 s square 

pulses at 1.7 kV at 200 ms intervals. Cells were transferred into 25 ml warm culture medium and 

incubated overnight before the appropriate selection drug was added. 
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2.2 Molecular Biology 

2.2.1 Integration site check 

Cells were boiled in alkaline solution (50mM NaOH, 2 mM EDTA) for 10 min at 95°C. The mix was 

neutralised by the addition of 450 mM Tris HCl (pH 6.8) to a final concentration of 75 mM, placed 

on ice and stored at - 20°C 

Genomic DNA was tested for the correct integration of the targeting cassette (for 5’ modifications) 

into the endogenous locus by two PCR reactions (together in one tube or in two separate tubes). 

The first PCR tested the presence of the wild-type allele using a forward primer binding ~250 bp 

upstream and a reverse primer binding ~250 bp downstream of the start codon of the target gene, 

generating a product of ~500 bp if a wild-type allele was present. The second PCR tested the 

presence of a YFP gene upstream of the target gene using a forward primer binding ~100 bp 

before the 3’ end of YFP gene and the same reverse primer as in the first reaction, generating a 

~350 product if the modified allele is present. 

2.2.2 DNA constructs 

In this thesis three types of expression strategies were used. 

For RNA interference, a fragment encoding a short hairpin against the target gene was inserted 

between the HindIII site and the BamHI site in the pDEX477-Y2 vector (Fig. 2.1). 

The short hairpin was generated by two PCR reactions. The first PCR amplified 250-300 bp of the 

target ORF with a forward primer containing a HindIII and a reverse primer containing an EcoRI 

site (Primers Table 2.1). The second PCR amplified the same fragment plus ~50 bp at the 3’ end 

using a forward primer containing a BamHI site and a reverse primer containing an EcoRI site. 

Connection of these two fragments via the EcoRI sites generated a fragment encoding a hairpin 
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against the target gene. 

For ectopic expression of N-terminally tagged protein, the full-length ORF was inserted in frame 

with the Ty-YFP reading frame between the XbaI site and the BamHI site into the pDEX477-Y2 

vector (Primers Table 2.1; Fig. 2.1). 

For the expression of an N-terminally tagged fusion protein from the endogenous locus of a gene, a 

200-250 bp fragment starting from the start codon of the gene was amplified using a forward primer 

with a XbaI site and a reverse primer with a NotI site (Primers Table 2.1). A 200-250 bp fragment of 

the 5’ intergenic region directly upstream of the gene was amplified using a forward primer 

containing a NotI site and a reverse primer containing a BamHI site. The two fragment where 

inserted into pEnT6P-Ty-YFP-Ty or pEnT6B-Ty-YFP-Ty (with puromycin or blasticidin resistance 

gene respectively) between the XbaI and the BamHI sites (Fig. 1.2) (Kelly et al., 2007). 

The cloning strategy to construct plasmid for the expression of C-terminally tagged fusion protein 

from the endogenous locus was analogous. The 3’ intergenic fragment behind the stop codon and 

the 3’ end of the gene (without the stop codon) were amplified and inserted between the HindIII 

and SpeI sites into pEnT6P-Ty-YFP-Ty or pEnT6B-Ty-YFP-Ty. 

pEnT6B-Ty-GFP-WDR16 was received from Helen Farr (Gull lab). pEnT5-Ty-YFP-PLK was 

received from Bungo Akiyoshi (Gull lab). pLEW-SAS6L-MH-TAP-YFP was received from Naomi 

Morrissette’s lab. 

To generate constructs for the expression of red fluorescent versions of target proteins, pDEX477-

Y2 and pEnT6B-Ty-YFP-Ty were modified by excision of the YFP gene and insertion of the 

mCherry gene. 

2.2.3 Polymerase chain reaction 

A PCR reaction in 50 l volume contained 0.2 mM each dATP, dCTP, dGTP, dTTP, 10 M of 
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forward and reverse primer (Table 1.1), ~100 ng genomic DNA, 1 U Phusion DNA Polymerase 

[New England Biolabs] in appropriate buffer conditions. A thermo-cycle protocol starts with 2 min at 

95°C, followed by 35 cycles containing 3 steps: 25 s at 95°C, 25 s at 572°C, 60 s (per 1000 bp) at 

72°C, and finished with 5 min at 72°C. The PCR product was analysed using agarose gel 

electrophoresis.  

Table 2.1 Primers. 

Function Name Sequence 

endogenous 
SAS-6 locus  

TbSas6(S,Xba) gctctagaATGAGTCGTAGCGTAGACAC 

TbSas6(AS,Not) attgcggccgcGTGACAGTCCATTACTGCC 

5i_Sas6(S,Not) attgcggccgcTGAAATATAGTTTTGCCACAACC 

5i_Sas6(AS,Bam) caggatccGTGCTTATTTGACTAAATGACAC 

endogenous 
SAS6L locus  

TbSSL1_gene_S_NotI gttgcggccgcAAAGAACCCCAACGCTTTTT 

TbSSL1_gene_AS_SpeI gtctactagtTCGCGTTTTTCCAAGTGTG 

3intergSSL1_S_HindIII gttaagcttGAGTGCAAATTCTTCAGTGCG 

3intergSSL1_AS_NotI gttgcggccgcCGACATTAGCTCCGGTTTCT 

endogenous 
SAS-4 locus  

TbSas4(S,Xba) gctctagaATGGCAGAGGTGAAGCTTCC 

TbSas4(AS,Not) attgcggccgCATATCATTGGCTATTGCTTCG 

5i_Sas4(S,Not) attgcggccgCTGGACTGTTTGATTGTTCG 

5i_Sas4(AS,Bam) caggatCCGCTATTCTTACTATTATTAACG 

shSAS-6 

shTbSas6(S,Hind) cagtaagcttAAGAGAAAAGGAACATAAGATGC 

shTbSas6a(AS,Eco) cagtgaattCAGTGGAAGATGATAACTCACC 

shTbSas6(S,Bam) cagtggatccAAGAGAAAAGGAACATAAGATGC 

shTbSas6b(AS,Eco) cagtgaatTCTGTTTTCTCCAACTGATCTC 

shSAS-4 

shTbSas4(S,Hind) cagtaagcttCAGCATTAGAACGTGGTGAG 

shTbSas4a(AS,Eco) cagtgaaTTCCTCCTCCTCTTTAGCAC 

shTbSas4(S,Bam) cagtggatcCAGCATTAGAACGTGGTGAG 

shTbSas4b(AS,Eco) cagtgaattCTTTCCTCCTCTTCATGGGC 

shWDR16 

shWDR16_S_Hind cagtaagcttCATCACCTCCGTTGTTGTG 

shWDR16a_AS_Eco cagtgaattcGAAAGTAATGCCACTTCAC 

shWDR16_S_Bam cagtggatccATCACCTCCGTTGTTGTG 

shWDR16b_AS_Eco cagtgaattcAAATTCCCGTAACAGAGCCT 

SAS-6 ectopic 
expression 

TbSAS-6_S_XbaI gctatctagaATGAGTCGTA GCGTAGAC 

TbSAS-6_AS_BglII gctaagatctTTAGAAGTATGAGCTCCTC 

SAS-4 ectopic 
expression 

TbSAS-4_S_XbaI gctatctagaATGGCAGAGG TGAAGCTTC 

TbSAS-4_AS_BamHI gctaggatccTCAACTTTCGTCAGGGAA 

screening of 
genomic DNA 

FP sequencing primer S Cacatggtcctgctggagttc 

screening for 
WDR16 allele 

WDR16_5intergenic_S CCCATTCGGTTCCTTCTC 

WDR16_gene_AS CCTGAAATCCTGGGTGAG 



Figure 1.1 pDEX477-Y2 for ectopic expression of tagged protein and short hairpin against target
proteins. For RNAi a fragment encoding a short hairpin against the target gene is inserted between
the HindIII and the BamHI site. For ectopic protein expression (overexpression) full-length OFR is
inserted in frame with the Ty-YFP reading frame between the XbaI and the BamHI site.
http://www.wicksteadlab.co.uk/vectors.shtml
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Figure 1.2 pEnT6P-Ty-YFP-Ty. Plasmid for the expression of N- or C-terminally tagged target
protein from its endogenous locus (Kelly et al., 2007). To modify alleles at the 5’ side, targeting
cassette is inserted between the XbaI and the BamHI sites. The targeting cassette is constructed of
a 200-250 bp fragment from the start of the gene with XbaI and NotI site, and a 200-250 bp
fragment of the end of the 5’ intergenic region with a NotI site and a BamHI site. The vector has a
puromycin resistance gene. Vector was linearised with NotI for transfection.
Vector map from http://www.wicksteadlab.co.uk/vectors.shtml
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2.2.4 Agarose gel electrophoresis 

DNA samples were separated in gels containing 0.8-1.5% Agarose/TAE (40 mM Tris, 20 mM acetic 

acid, 10 mM EDTA) and 0.2 g ml-1 ethidium bromide, applying 100 V. 

2.2.5 Generation of plasmids 

Purified PCR products and vector DNA were digested with restriction endonucleases [Roche] 

according to the manufacturer’s specifications. The vector was dephosphorylated by the addition of 

Alkaline Phosphatase [Roche] and incubated for 30 min at 37°C. Digestion products were 

separated by agarose gel electrophoresis. Appropriate DNA bands were cut out of the gel and 

purified by a gel extraction kit according to the instructions of the manufacturer [QIAGEN]. For 

ligation of three DNA fragments, 100 ng vector backbone was mix with the two inserts in a 

molecular ratio of 1:5:5. Ligation was performed with T4 DNA Ligase under the specified buffer 

condition overnight at 4°C. 

2.2.6 Transformation of bacteria 

Chemocompetent XL1-blue Escherichia coli [Stratagene] were incubated on ice with 5 l ligation 

mix or 10 ng plasmid DNA for 20 min. Cells were heat-shocked at 42°C for 45 s and placed on ice 

for 2 min. Cells were plated on LB agar plates supplement with 100 g ml-1 ampicillin and 

incubated overnight at 37°C. Bacterial colonies were transferred into 2 ml LB medium [Sigma] for 

screening of plasmid DNA or as starter culture for larger LB volumes. Bacterial cultures were grown 

in sterilised conical flasks at 37°C shaking at 200 rpm min-1. 

2.2.7 Preparation of Plasmid DNA 

Plasmid DNA was isolated from 1 ml bacterial culture using a silica column [QIAprep Spin Miniprep 

kit, QIAGEN] or from 100 ml culture using an anion exchange column [HiSpeed Plasmid Midi Kit, 

QIAGEN] according to the manufacturer’s specifications. 
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2.3 Protein Biochemistry 

2.3.1 Preparation of cell extracts 

Trypanosomes were centrifuged at 500xg for 10 min, washed in PBS and again centrifuged. Cell 

pellet was resuspended in hot Laemmli buffer (2% SDS, 10% glycerol, 50 mM Tris HCl (pH 6.8), 

0.002% bromophenol blue, 400 mM -mercaptoethanol) to a final concentration of 2.5x105 cells l-1. 

Samples were incubated for 5 min at 95°C and stored at -20°C. 

2.3.2 SDS electrophoresis 

Protein samples (0.5-1x107 cells) were run in Bis-Tris gels [Criterion XT, Biorad] in MOPS running 

buffer [Biorad] at a constant power of 6W per gel for approximately 1h. Apparent molecular weight 

was indicated by Precision Plus Protein marker [Biorad]. 

To visualise proteins, gels were stained with Brilliant Blue R [Sigma] for 15 min and treated with 

destain solution (50% methanol, 40% distilled H2O, 10% acetic acid) for 30 min. 

2.3.3 Western blot 

Protein was transferred onto a nitrocellulose membrane [Whatman] by semi-try blotting using 

transfer buffer (25 mM Tris, 192 mM glycine, 0.01% SDS, 20% methanol) applying a constant 

current of 1 mA cm-2 of gel for 90 min. Transferred protein was visualised by staining of the 

membrane with PonceauS [Sigma]. Membrane was blocked with 5% milk in TBST (140 mM NaCl, 

10 mM Tris HCl pH 7.4, 0.05% Tween-20) for 30 min, incubated with primary antibody (1:500 anti-

GFP [Roche, 11814460001]; 1:100 BB2 antibody recognising the Ty epitope (Bastin et al., 1996); 

1:5000 L8C4 (Kohl et al., 1999); 1:100 Y/L12 (Kilmartin et al., 1982)) in 1% milk in TBST for 45 min, 

washed 3 times for 5 min in TBST, incubated with 1:20,000 horseradish peroxidise-conjugated 

secondary antibody [Sigma, A9044] in 1% milk in TBST for 45 min, and washed 3 times for 5 min in 

TBST. Membrane was treated with enhanced chemiluminescence reagent ECL [Elmer-Perkins] 
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and exposed to photosensitive film which was developed in a Kodak M35-M X-OMAT. 

2.3.4 Dot blot 

1 l of protein sample (2.5x105 cells) was put on a nitrocellulose membrane [Whatman] and left 

drying. The membrane was blocked and incubated with antibodies according to the same 

procedure found above for Western blot membranes. 

2.4 Microscopy 

2.4.1 Whole cell and cytoskeleton preparation for light microscopy 

Cells were washed in PBS and resuspended to a final density of 5x106 - 1x107 cells ml-1. Cells 

were settled onto a glass slide (glutaraldehyde-derivatised slide for BSF) for 5-10 min until an 

appropriate density was reached. Cells were either fixed with 1% formaldehyde for 5 min, or 

permabilised with 1% Nonidet P-40 in PEME (100 mM PIPES, 2 mM EGTA, 0.1 mM EDTA, 1 mM 

MgSO4, pH 6.9) twice for 2 min to make cytoskeleton preparations. If depolymerisation of the 

subpellicular MT array was required, cytoskeleton preparations were additionally treated with 65 

mM CaCl2 in 100 mM PIPES twice for 2 min. All cell preparations were exposed to ice-cold 

methanol for 30 min to fix/permabilise, and rehydrated for 5 min in PBS. Cells were either 

immunolabelled or directly prepared for microscopy of native fluorescence of proteins tagged with 

fluorescent proteins. For immunolabelling cells were incubated with primary antibody in a humid 

chamber for 45 min, washed 3 times with PBS for 5 minutes, incubated with the secondary 

antibody for 45 min and washed 3 times with PBS. Preparations were mounted in DAPI 

(4,6-diamidino-2-phenylindole)-containing DABCO medium (1% 1,4-diazabicyclo [2.2.2]octane, 

90% glycerol, 50 mM sodium phosphate pH 8.0, 200 ng ml-1 DAPI). Cells were examined and 

images were acquired on a Leica DM5500B microscope with a 100x, 1.4 N/A oil immersion lens, 

and a CCD camera. Image acquisition was controlled by Leica software and images were 
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processed with ImageJ. 

Primary antibodies: 

Name Target Type Dilution Reference 

BBA4 proximal BB mouse IgM 1:50 (Woodward et al., 1995) 

20H5 centrin1,2 mouse IgG 1:200 Millipore 04-1624 

LAZ1 -tubulin mouse IgG neat (in 1% milk) (Gadelha et al., 2006) 

YL1/2 tyrosinated -tubulin rat IgG 1:200 (Kilmartin et al., 1982) 

TAT1 -tubulin mouse IgG 1:50 (Woods et al., 1989) 

L8C4 PFR2 mouse IgG 1:50 (Kohl et al., 1999) 

L3B2 FAZ mouse IgG 1:50 (Kohl et al., 1999) 

Secondary antibodies [Jackson Immunno Research] 

Name Dilution Number 

Anti-mouse IgM, TRITC 1:200 115-025-075  

Anti-mouse IgG, Cy5 1:200  115-175-164  

Anti-mouse (cross-absorbed to rat), Cy5 1:200  112-025-167  

Anti-rat (cross-absorbed to mouse), TRITC 1:200  115-175-166  

 

2.4.2 Chemical fixation for Transmission Electron Microscopy (TEM) 

Cells were fixed in suspension by the addition of glutaraldehyde to a final concentration of 2.5%. 

Cells were centrifuged at 500xg for 10 min and resuspended in fixation mix (2% glutaraldehyde, 

2% formaldehyde, 0.1% picric acid in 100 mM phosphate buffer, pH 7.0). Cells were centrifuged 

and incubated with fresh fixation mix for 2h at 4°C. After washing with 200mM phosphate buffer, 

cells were post-fixed with 1% osmium in 100 mM phosphate buffer for 1 h at 4°C. After 5 washes in 

distilled H2O, cell were en bloc stained with 2% aqueous uranyl acetate for 2h at 4°C in the dark. 

Samples were washed in distilled H2O, and dehydrated through a series of incubation steps with 

30%, 50%, 70% and 90% acetone for 15 min each followed by 3 incubations with 100% acetone 

for 30min each. Samples were transferred into propylene oxide (PO) and embedded into 

polyepoxide resin by a series of progressive infiltration steps (2:1 PO:epoxy for 1h, 1:1 PO:epoxy, 
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1:2 PO:epoxy, and 100% epoxy overnight). Fresh epoxy was added and polymerised overnight at 

60°C. Sections of nominal 80nm thickness were cut from the hardened block using a diatome 

diamond knife on an Ultracut E ultramicrotome [Reichert-Jung], and collected onto copper grids 

[Agar]. Sections were stained with aqueous uranly acetate and Renyold’s lead citrate. Sections 

were examined using a FEI Tecnai-F12 electron microscope [FEI Company Ltd.] operating at 80 

kV. 

2.4.3 Wholemount cytoskeletons 

Cells were washed in PBS and resuspended in PBS to a final density of 1x107 cells ml-1. In the 

following steps the solutions were placed as 20 l drops on parafilm and grids put floating onto the 

drops with forceps. Cells were settled onto formvar-coated, glow discharged EM Nickel grids 

approximately 5 min until an appropriate density was reached. Cells were washed twice in PBS, 

treated twice with 1% Nonidet P-40 in PEME twice for 2 min each, washed 5 times in PEME, fixed 

with 2.5% glutaraldehyde for 10 min, washed 5 times in distilled water and negatively stained by 

1% goldthioglucose. Samples were examined using a FEI Tecnai-F12 electron microscope [FEI 

Company Ltd.] operating at 80 kV. 

2.4.4 Correlative microscopy 

Cells were washed in PBS and resuspended in PBS to a final density of 1x107 cells ml-1. In the 

following steps the solutions were placed as 20 l drops on parafilm and grids put floating onto the 

drops with forceps. Cells were settled onto formvar-coated, glow discharged EM marked Nickel 

grids approximately 5 min until an appropriate density was reached. Cells were washed twice in 

PBS, treated twice with 1% Nonidet P-40/Igepal in PEME for 2 min each (followed by 2 times 65 

mM CaCl2 in 100 mM PIPES for 2 min if depolymerisation of the subpellicular MT array was 

required), washed 5 times in PEME, fixed with 2.5% glutaraldehyde for 10 min, and blocked with 

1% Glycine in PEME. Grids were transferred onto as glass slide with printed slots that formed 

basins for the grid. A coverglass was placed on top of the slide and fixed with nail varnish at the 
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corners. Fluorescence was examined using a Leica DM5500B microscope. Images were acquired 

and their position was marked on a map of the marked grid. The coverglass was carefully removed. 

Grids were washed 5 times in distilled water and negatively stained by 1% goldthioglucose. 

Samples were examined using a FEI Tecnai-F12 electron microscope. Cytoskeletons for which a 

fluorescence image had been taken were found using the map of the marked grid. 

2.5 Bioinformatics 

For the bioinformatic analysis of the distribution of centriolar and ciliopathy-associated proteins in 

Chapter 3, 56 proteins were selected. A list of the selected proteins with information about their 

function and references is given in Table 3.1, Chapter 3. The protein sequences were used to 

search the predicted proteomes of 45 eukaryotic species for which complete or near-complete 

genome sequences were available (Table 2.2). These species were chosen to represent a wide 

evolutionary spread across eukaryotes and included ciliated and non-ciliated species. 

During the initial work, we found that reciprocal best BLAST approaches were generally too 

conservative for the identification of orthologues in distantly-related species, whereas simple 

BLAST searches (Altschul et al., 1990) were too noisy and unable to distinguish between 

paralogues. To circumvent these issues, we used a method based on clustering of proteins by 

BLASTp score, previously established by Wickstead and Gull (2007).  

Using a human query sequence (except for C. elegans ZYG-1) we first generated a “seed” group 

by reciprocal best BLASTp with an e-value threshold of <10-5 against the 45 genomes. This “seed” 

was then used in a BLASTp search with an e-value cut off <10-2, which resulted in a generous set 

of similar, but not necessarily orthologous, sequences. This generous set was then formed into 

clusters using a distance matrix derived from BLASTp-scores, as described by Wickstead and Gull 

(2007). The orthologous cluster which included the query sequence was selected manually (Table 

3.2 IDs of proteins in orthologous clusters). In the case of ambiguous clustering, Bayesian and 
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Maximum Likelihood phylogenetic inference was applied. For that, protein sequences were aligned 

using MAFFT adopting the E-INS-i strategy (Katoh et al., 2005; Katoh et al., 2002). Aligned 

sequences were trimmed to remove poorly aligned positions. MrBayes v3.1.2 (Ronquist and 

Huelsenbeck, 2003) was used to infer the Bayesian phylogeny. The Whelan and Goldman (WAG) 

substitution matrices (Whelan and Goldman, 2001) were used with four discrete categories of 

gamma-distribution substitution rate.  For Markov chains were run for 250 000 generations from a 

random start tree with a temperature of 0.2. Tree likelihoods appeared to reach stationary phase at 

around 60 000 generations, and the remaining 190 000 generations were used to build the 

consensus tree. 

Tree of SAS-4 and SAS-6 proteins with a fixed topology, based on species relationships in an 

existing model, were produced through setting the proposal probability of all topology moves to 

zero. Maximum likelihood bootstrap values were generated using PHYMLv2.4.4 (WAG matrix with 

four discrete categories of gamma-distribution substitution rates, 100 replicates, and alpha 

parameter-estimation for each replicate). Bootstrap values give a conservative estimate of the 

confidence of the monophyly of a particular group (groups with >90% bootstrap support were 

believed to be well supported, those with >70% bootstrap support to have some support). 

 

 

 

 

Table 2.2  Source and version of the genomes used in the analysis. 

Species Source Version Web reference 

Apis mellifera beebase v2 (prerelease) racerx00.tamu.edu 

Arabidopsis thaliana TAIR TAIR7 www.arabidopsis.org/ 

Aspergillus nidulans Broad Institute v1.0 www.broad.mit.edu/annotation/fgi/ 

Aureococcus anophagefferens JGI v1.0 www.jgi.doe.gov/ 

Batrachochytrium dendrobatidis Broad Institute v1.0 www.broad.mit.edu/annotation/fgi/ 
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Caenorhabdatis elegans WormBase WS170 www.wormbase.org/ 

Capitella sp.  JGI v1.0 www.jgi.doe.gov/ 

Chlamydomonas reinhardtii JGI v3.1 www.jgi.doe.gov/ 

Ciona intestinalis JGI v2.0 www.jgi.doe.gov/ 

Cryptosporidium parvum CryptoDB v3.4 www.cryptodb.org/ 

Cyanidioschyzon merolae C.merolae genome project v1 merolae.biol.s.u-tokyo.ac.jp/ 

Danio rerio VEGA May 2007 vega.sanger.ac.uk/ 

Dictyostelium discoideum dictyBase 05-20-2007 dictybase.org/ 

Drosophila melanogaster ENSEMBL BDGP4.3, 44.43b www.ebi.ac.uk/ensembl/ 

Encephalitozoon cuniculi NCBI 1 www.ncbi.nlm.nih.gov 

Entamoeba histolytica geneDB 17102005 www.genedb.org/ 

Gallus gallus ENSEMBL WASHUC2, 44.2b www.ebi.ac.uk/ensembl/ 

Giardia lamblia GiardiaDB v1.0 www.giardiadb.org/ 

Homo sapiens VEGA Jun-07 vega.sanger.ac.uk/ 

Leishmania major geneDB v5.2 www.genedb.org/ 

Lottia gigantea JGI v1.0 www.jgi.doe.gov/ 

Monosiga brevicollis JGI v1.0 www.jgi.doe.gov/ 

Naegleria gruberi JGI v1.0 www.jgi.doe.gov/ 

Nematostella vectensis JGI v1.0 www.jgi.doe.gov/ 

Neurospora crassa Broad Institute v7.0 www.broad.mit.edu/annotation/fgi/ 

Oryza sativa TIGR v5.0 www.tigr.org/tdb/e2k1/osa1/ 

Ostreococcus tauri JGI v2.0 www.jgi.doe.gov/ 

Paramecium tetraurelia ParameciumDB v1.04 paramecium.cgm.cnrs-gif.fr/ 

Phaeodactylum tricornutum JGI v2.0 www.jgi.doe.gov/ 

Physcomitrella patens JGI v1.1 www.jgi.doe.gov/ 

Phytophthora sojae JGI v1.1 www.jgi.doe.gov/ 

Plasmodium falciparum PlasmoDB v5.2 www.plasmodb.org/ 

Populus trichocarpa JGI v1.1 www.jgi.doe.gov/ 

Rhizopus oryzae Broad Institute v3.0 www.broad.mit.edu/annotation/fgi/ 

Saccharomyces cerevisiae Saccharomyces genome DB 20070713 www.yeastgenome.org/ 

Schistosoma mansoni geneDB v4.0 www.genedb.org/ 

Schizosaccharomyces pombe Sanger v19 www.sanger.ac.uk/Projects/S_pombe 

Strongylocentrotus purpuratus Baylor College of Medicine Spur_2.1, v4 www.hgsc.bcm.tmc.edu/ 

Takifugu rubripes ENSEMBL Assembly4, 44.4e www.ebi.ac.uk/ensembl/ 

Tetrahymena thermophila TIGR 10/24/2006 www.tigr.org/tdb/e2k1/tta1/ 

Thalassiosira pseudonana JGI v3.0 www.jgi.doe.gov/ 

Theileria annulata GeneDB v4 www.genedb.org/ 

Toxoplasma gondii ToxoDB v4.1 www.toxodb.org/ 

Trichomonas vaginalis TIGR 20050331 www.tigr.org/tdb/e2k1/tvg/ 

Trichoplax adhaerens  JGI v1.0 www.jgi.doe.gov/ 

Trypanosoma brucei geneDB v4 www.genedb.org/ 

Ustilago maydis Broad Institute v1.0 www.broad.mit.edu/annotation/fgi/ 
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 EVOLUTIONARY HISTORY OF 

THE CENTRIOLE 

The work presented in Chapter 3 is the joint work of myself, my co-supervisor Bill Wickstead and 

another graduate student Matthew Hodges. The work was published in a research paper titled 

“Reconstructing the evolutionary history of the centriole from protein components” in the Journal of 

Cell Science (123:1407-1413) in 2010 with three joint first authors who were Matthew Hodges, 

Nicole Scheumann and Bill Wickstead. All three authors were involved in the design, execution and 

analysis of the work and co-wrote the paper. The major part of this paper is presented here in my 

thesis in rewritten form. 

3.1 Preface 

Centrioles are highly conserved organelles fulfilling two important cellular functions: nucleation of 

cilia (basal body function) and organisation of pericentriolar material (centrosome function). While 

the experimental data on individual centriolar, centrosomal and basal body proteins derived from 

different species, life-cycle stages and cell types have rapidly increased over the last decade, the 

involvement of these proteins in the common eukaryotic mechanism underlying centriole/basal 

body duplication or function are usually not known. Additionally to these proteins, several genes 
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products have been implicated in basal body or ciliary function by their association with human 

pathologies caused by defective cilia, collectively termed ciliopathies (reviewed in Badano et al., 

2006). 

Our aim was to provide an analysis of the distribution of proteins known either for localisation to the 

centriole, basal body and/or centrosome, or for involvement in ciliopathies. From the distribution 

pattern across eukaryotes we infer the participation of individual proteins in the general eukaryotic 

mechanisms, and the components and functions in the last common ancestor of all eukaryotes. 

3.2 Approach to analyse the phylogenetic distribution of centriolar and 

ciliopathy-associated proteins 

We hypothesised that proteins which have a centriolar or ciliary function are present in cilia-forming 

species and lost from non-ciliated species. Therefore, we analysed the phylogenetic presence and 

absence of 56 selected proteins in 45 eukaryotic species and compared the protein distribution 

pattern to the cilia biology of the species. 53 proteins were selected on the basis of either their 

localisation to the centriole/basal body and/or centrosome, or their association with ciliopathies 

(Table 3.1). As controls three proteins involved with general MT dynamics and hence expected to 

have a wider eukaryotic distribution were included (XMAP215, EB1 and -tubulin).  

45 species with complete or near-complete genome sequences with predicted proteomes 

distributed across the six groups of eukaryotes (Plantae, Excavata, Chromalveolata, Holozoa, 

Fungi and Amoebozoa) were selected for the analysis of protein distribution. Selection was based 

on providing a wide evolutionary spread and a meaningful combination of species forming cilia at 

some point of their life cycle and species that do not (Table 2.2).  

During the initial work, we found that reciprocal best BLAST approaches were generally too 

conservative in the identification of orthologues, whereas simple BLAST searches (Altschul et al., 
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1990) were too noisy and unable to discriminate between paralogues. To circumvent these issues, 

we applied a method based on clustering of proteins by BLASTp score (Wickstead and Gull, 2007), 

with support from phylogenetic inference where necessary, as outlined in Methods (Chapter 2). 

3.3 Validation of our bioinformatic approach 

To test the validity of our approach, homologues of the three proteins -tubulin, XMAP215, and EB1 

associated with a general microtubule function were searched across the 45 predicted proteomes. 

As expected, -tubulin was present in all species and could be distinguished from homologues of 

other tubulin families (Fig. 3.1). While EB1 and XMAP215 were also found to be widely conserved 

(Fig. 3.2); the previously described absence of EB1 in Leishmania major (Berriman et al., 2005) 

and of XMAP215 in some chromalveolatan species (Devaux et al., 2007) was confirmed with our 

approach. 

To validate the hypothesis that proteins which have a centriolar or ciliary function should be 

identified in cilia-forming species but not in non-ciliated species, - and -tubulin were searched as 

proof-of-concept examples. These two tubulins were previously shown to have a crucial centriolar 

role in Chlamydomonas reinhardtii, Trypanosoma brucei, Paramecium tetraurelia and Homo 

sapiens (Chang and Stearns, 2000; Dupuis-Williams et al., 2002; Dutcher and Trabuco, 1998; 

Gadelha et al., 2006). - and -tubulin are known to be present in ciliated species except 

Drosophila melanogaster and Caenorhabditis elegans (Chang and Stearns, 2000), both of which 

form cilia but have unusual centrioles (Callaini et al., 1997; Perkins et al., 1986). Using our 

approach we found -tubulin homologues in 25 species, and -tubulin homologues in 26 out of 29 

ciliated species and no homologues in non-ciliated species (Fig. 3.2). Consistent with previous 

findings (Chang and Stearns, 2000), our approach did not identify homologues in C. elegans and 

D. melanogaster. No -tubulin and -tubulin homologues were detected in the ciliated diatom 

Thalassiosira pseudonana. Although it is unknown whether T. pseudonana has atypical centrioles,
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Figure 3.1 Tubulin phylogeny. Overview of a BLASTp cluster of the tubulin family generated
demonstrating that related proteins, in this can the different tubulin paralogues α-, β- δ-, ε-, and γ-
tubulin, can be distinguished by the cluster methodology. (Protein IDs are not intended to be
legible).



Figure 3.2 Distribution of centriolar/centrosomal proteins across eukaryotes. Protein homologues
were identified in 45 eukaryotic genomes, including 29 ciliated species and 16 non-ciliated species
(grey). Presence of homologue(s) is indicated by +. “Core” proteins are conserved ancestral
centriolar proteins. “Centrosomal” proteins are associated with centrosomal functions. “Pole”
proteins might have fulfilled a function in the ancestral spindle pole. “Controls” are proteins that are
associated with general microtubule dynamics. “Ancestral” proteins are present across extant
eukaryotes. “Holozoan” proteins have a restricted presence in Holozoa (Metazoa and M.
brevicollis). Asterisk indicates sequence drift of core and centrosomal proteins in C. elegans;
divergent homologues known in the literature but not identified by our approach are highlighted with
a pink border.
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other centric diatoms produce basal bodies with MT doublets instead of triplets (Jensen et al., 

2003). The absence of an identifiable -tubulin in the stramenopile alga Aureococcus 

anophagefferens is either a reflection of the biology of the species or an artefact of the incomplete 

status of the assembled proteome. Nevertheless, the phylogenetic pattern of -tubulin and -tubulin 

suggest an association with a canonical MT triplet assembly pathway for the centriole, as also 

supported from the functional data on these proteins. Furthermore, the joint absence or presence 

might indicate that the two proteins act as a functional module. 

The two test runs confirmed that our approach can identify homologous sequences in multiple 

organisms, and that our assumption that proteins important in centriolar functions can be identified 

in ciliated species but not in non-ciliated species is applicable. 

3.4 Ancestral centriolar core proteins 

The ultrastructure of centrioles/basal bodies is widely conserved across eukaryotes (reviewed in 

Beisson and Wright, 2003). To determine whether this structural conservation is reflected in the 

molecular composition, we analysed the phylogenetic distribution of centriolar proteins. Our 

analysis identified a core set of 14 centriolar proteins which are present in at least four of the five 

major eukaryotic groups that contain ciliated representatives in our analysis (Fig. 3.2). Given our 

current understanding of eukaryotic evolution the most parsimonious explanation for this pattern is 

that these 14 centriolar proteins were present in the ancestor of all extant eukaryotes (cenancestor). 

However, no single protein of the set is present in all species that possess centrioles/basal bodies. 

In extant organisms, the composition of the core set varies between species, implying a surprising 

plasticity in the composition of centrioles/basal bodies. 

The most ubiquitously distributed centriolar core set proteins in ciliated species were centrin 2, 

WDR16, SAS-4 and SAS-6; they were more frequently associated with ciliated species than -

tubulin homologues (Fig. 3.2). SAS-4 has been suggested to be involved in the attachment of 
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microtubules to the central tube of pro-centrioles in C. elegans (Pelletier et al., 2006) and in the 

elongation of centriolar microtubules in human cells (Kohlmaier et al., 2009; Schmidt et al., 2009; 

Tang et al., 2009). SAS-6 constitutes the central hub and possibly parts of the spokes of the 

cartwheel at the proximal end of pro-centrioles and basal bodies (Kilburn et al., 2007; Kitagawa et 

al., 2011c; Nakazawa et al., 2007; Rodrigues-Martins et al., 2007a; van Breugel et al., 2011). 

Centrin 2 is a well established centriolar protein which is essential for centriole/basal body 

duplication in a wide range of eukaryotes (Geimer and Melkonian, 2005; Koblenz et al., 2003; 

Salisbury et al., 2002). While the wider centrin family participates in multiple cellular functions and 

is found in non-ciliated species, there is a clade termed CrCen-type/centrin 2 with a distribution 

restricted to ciliated organisms (Bornens and Azimzadeh, 2007). In contrast, WDR16 is a protein of 

unknown function associated with hydrocephalus in the zebrafish Danio rerio (Hirschner et al., 

2007) and had a described localisation to the basal body, pro-basal body, and the axoneme of 

T. brucei (H. Farr and K. Gull, unpublished). Based on the observed distribution pattern, it is likely 

that WDR16 also plays a key role in centriolar or ciliary function. 

The centriolar core set also includes a number of proteins which are less frequently present in 

extant eukaryotes (Fig. 3.2) but are also involved in a centriolar function, such as POC1 (Keller et 

al., 2009; Kilburn et al., 2007), Cep164 (Kilburn et al., 2007), Vfl1 (Silflow et al., 2001), Cep76 

(Tsang et al., 2009), Bld10 (Matsuura et al., 2004), and POC5 (Azimzadeh et al., 2009). However, 

the absence of identifiable homologues of these proteins in multiple species suggests that the 

requirement for the function of the protein may have been lost or replaced. 

The phylogenetic distribution of the 14 core set proteins indicates that the composition of 

centrioles/basal bodies varies across eukaryotes. Consistent with the unusual ultrastructure of 

centrioles in C. elegans, none of the 14 core set proteins could be identified by our analysis. 

However, SAS-4 and SAS-6 homologues are present in the nematode, but are more divergent 

(Fig. 3.3) (Dammermann et al., 2004; Kirkham et al., 2003; Leidel et al., 2005; Leidel and Gonczy,



Figure 3.3 Constrained phylogeny of SAS-4 and SAS-6 proteins. Bayesian trees with fixed
topology, that represents the current understanding of eukaryotic evolution, were produced for
identified (A) SAS-4 and (B) SAS-6 homologues including SAS-4 and SAS-6 of C. elegans known
from the literature. It highlights that SAS-4 of C. elegans, and SAS-6 of C. elegans and D.
melanogaster are more divergent compared to its eukaryotic homologues.
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 2003). The diatom, T. pseudonana, possesses only the four most ubiquitous centriolar core set 

proteins centrin, WDR16, SAS-4 and SAS-6. This, together with the absence of - and -tubulin, 

suggests that the diatom basal body has a divergent molecular composition.  

Interestingly, in the green algae Ostreococcus tauri, which has been previously described as 

aflagellate (Henderson et al., 2007), we show that seven of the 14 core set proteins are present. In 

addition, O. tauri has been shown to possess inner arm dyneins (Wickstead and Gull, 2007). This 

strongly suggests that O. tauri forms centrioles and possibly cilia at some point in its life-cycle. 

3.5 Origin and diversification of kinases associated with centriole 

duplication  

Kinase activity is critical for the regulation of centriole duplication in Metazoa. The kinases ZYG-1 in 

C. elegans, SAK in D. melanogaster, and PLK4 in H. sapiens are required for centriole duplication 

(Bettencourt-Dias et al., 2005; Habedanck et al., 2005; O'Connell et al., 2001). The phosphorylation 

activity of PLK4 is essential as catalytically inactive mutants fail to induce centriole biogenesis 

(Habedanck et al., 2005). It was proposed that PLK4, SAK and ZYG-1 are orthologous 

(Bettencourt-Dias et al., 2005). 

To address the distribution and relationships between the centriole-associated kinases, the 

phylogeny of all Polo-like kinases, plus SAK and ZYG-1 homologues was analysed (Fig. 3.4). This 

identified a well-supported Polo-like kinase clan in the majority of organisms in our analysis. The 

PLK gene was duplicated near the root of animals has duplicated, as shown by the presence of 

PLK1-4. The PLK4 clade forms a clear subgroup, and includes human PLK4 and SAK showing that 

the two kinases are as proposed orthologous. However, we find no evidence to support the 

grouping of PLK4/SAK with ZYG-1 (Fig. 3.4). As ZYG-1 cannot be placed in any kinase family, it is 

unclear if ZYG-1 evolved from PLK4 or if it is a different kinase that has replaced PLK4 function. 



Figure 3.4 PLK superfamily. Maximum likelihood and Bayesian trees were produced for several
kinase families including PLKs with PLK4, and ZYG-1. Topology support for nodes is indicated
(maximum likelihood bootstrap values/posterior probability). Bootstrap values give a conservative
estimate of the confidence that a particular group of sequences are monophyletic. It shows that
ZYG-1 is not part of the PLK family but that it has an orphan position.
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The PLK4 clade forms a clear subgroup containing only metazoan homologues, suggesting that 

centriole duplication within the centrosome is initiated differently than the duplication of basal 

bodies in ciliated species outside the Metazoa. The presence of PLK in all six supergroups shows 

that the cenancestor of eukaryotes possessed PLK wherein it may or may not have had a role that 

included initiation of centriole/basal body duplication. However, we found that neither PLK nor 

ZYG-1 were identified in nine of the 29 analysed ciliated species suggesting either that centriolar 

duplication does not require kinase activity in these species, or that other kinases fulfil that role.  

3.6 Basal body function is ancestral, but centrosomal proteins are not 

Our analysis identified proteins found only in Holozoa (represented by Metazoa and Monosiga 

brevicollis Fig. 3.2). These proteins are associated mainly with centrosomal functions or have been 

localised to the pericentriolar material. The observation of this restricted phylogenetic distribution 

raises the question whether the centrosome is a Holozoa-specific adaptation, or whether 

centrosomal proteins have diverged to such a high degree outside of the Holozoa that they are not 

identifiable. Only two, of the 13 centrosome-associated components searched, namely FOP and 

CAP350, had detectable homologues outside of the Holozoa (Fig. 3.2). However, the distribution 

pattern of these two components does not correlate well with ciliated-organisms, which would be 

expected if these proteins are involved in a general eukaryotic centrosome function. This indicates 

that the animal centrosome is constructed from mainly holozoan-specific components. 

In C. elegans, which as previously mentioned has an unusual centriolar structure, no homologues 

of the centrosomal proteins were detected, although it has a centrosome. Since SPD-2 and SZY-20 

were originally identified in C. elegans (Kemp et al., 2004; Pelletier et al., 2006; Song et al., 2008), 

these centrosomal proteins are present but diverged to a high degree which makes them non-

identifiable in our approach. This is in line, with the divergence of the centriolar core set proteins 

SAS-4 and SAS-6. The divergence of both centriolar and centrosomal proteins in C. elegans 
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indicates that either the constraints on the protein’s sequence during evolution are independently 

lower than in other species, or more likely that the centrosomal and centriolar proteins interact and 

hence co-evolved. 

Our data provide phylogenetic support for the hypothesis that the basal body function of the 

centriole was present in the cenancestor of the eukaryotes (Cavalier-Smith, 1987), and that the 

centrosomal function is a tightly co-evolving holozoan addition. 

3.7 Sensory function of the cenancestor’s cilium 

Defects in centrioles and cilia are emerging as the cause for numerous human disorders (for review 

see Badano et al., 2006). To assess whether ciliopathy-associated proteins have a role conserved 

across ciliated eukaryotes we investigated their phylogenetic distribution. 

Bardet-Biedl Syndrome (BBS) is a pathology that is linked to defects in cilia (reviewed in Blacque 

and Leroux, 2006). Mutations in BBS1 to BBS14 have been linked to the disorder. BBS1, 2, 4, 5, 7, 

8, and 9 together acts as a coat complex (termed BBSome) that via association with IFT delivers 

membrane proteins to the ciliary membrane (Jin et al., 2010; Lechtreck et al., 2009; Nachury et al., 

2007). The phylogenetic distribution, presence or absence of the seven components generally as a 

group, reinforces that the BBSome has a modular nature across eukaryotes (Fig. 3.5). Our analysis 

also supports that the BBSome is cenancestral to eukaryotes. Moreover, the two BBSome 

components BBS5 and BBS8 are more frequently conserved than the other members. While most 

components of the BBSome are lost in individual species, BBS5 and BBS8 are never lost when the 

rest of the BBSome is present in that species (Fig. 3.5). BBS5 and BBS8 are present in Giardia 

lamblia and BBS5 in Toxoplasma gondii, even though the rest of the complex could not be 

identified. Together these observations suggest that BBS5 and BBS8 have a central role in the 

function of the complex. Furthermore, we find that BBS3, an ARF-like GTPase, though not a



Figure 3.5 Distribution of ciliopathy-associated proteins across eukaryotes. Protein homologues
were identified in 45 eukaryotic genomes, including 29 ciliated species and 16 non-ciliated species
(grey). Presence of homologue(s) is indicated by +. The proteins are grouped according to the
ciliopathy or/and ciliary photoreceptor association: MKS = Meckel-Gruber Syndrome; BBS = Bardet-
Biedl Syndrome; NPHP = Nephronophthisis, “Eye-associated” proteins show a distribution that
correlates with ciliary “c” photoreceptor (light blue shade = exclusive presence of rhabdomeric “r”
photoreceptor).
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member of the biochemical BBSome complex, and BBS13 (also known as MKS1), display a similar 

pattern as the BBSome suggesting a functional link. In contrast to the ancestral BBSome, BBS6 

and BBS10-12 appear to be an addition specific to animals. 

Interestingly, we found that the BBSome is completely absent from the four ciliated species 

Physcomitrella patens, Plasmodium falciparum, T. pseudonana and Batrachochytrium 

dendrobatidis. These species only produce motile cilia in their gametes (Armbrust, 1990; Berger et 

al., 2005; Merchant et al., 2007; Sinden et al., 1978). Thus, we predicted that the BBSome is not 

required in gametes or for motility, but instead is involved with the sensory role of cilia. This is also 

supported by the conservation of the BBSome in C. elegans, which produces only sensory cilia. As 

some BBSome proteins are known to be transported by intraflagellar transport (IFT) (Blacque et al., 

2004) we analysed whether the absence of the BBSome in the four ciliated species corresponds 

with the absence of IFT proteins IFT88 and IFT172 (data not shown). However, of these four 

species only P. falciparum does not contain these proteins. As previously mentioned, the 

phylogenetic distribution of the centriolar core set proteins supports the hypothesis that the 

cenancestor of the eukaryotes possessed a cilium. Together these observations provide molecular 

evidence, that the cenancestral cilium did not only serve motility but performed also a sensory 

function. 

Meckel-Gruber Syndrome (MKS) is another important ciliopathy characterised by mutations in 

MKS1, 3, 4, 5 and 6 causing a variety of severe malformations (see Badano et al., 2006). Our data 

show that MKS proteins are cenancestral to eukaryotes with their phylogenetic distribution 

correlating with the presence of cilia. MKS proteins have been shown to have a role in connecting 

the transition zone and the ciliary membrane to establish a “ciliary gate” controlling the access of 

molecules to the cilium (Craige et al., 2010; Garcia-Gonzalo et al., 2011; Williams et al., 2011). 

Noteworthy, BBSome and MKS proteins have distinct, albeit overlapping, phylogenetic distribution 

patterns (for example, B. dendrobatidis and T. pseudonana contain MKS but no BBS proteins). 
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This observation indicates that the BBSome and MKS proteins can function independently. 

3.8 Summary 

Our study provides molecular evidence that basal body function is ancestral, whereas centrosome 

components are specific to the Holozoa. Hence, our bioinformatic analysis suggests that the 

cenancestor of eukaryotes possessed a basal body with no association to the centrosome. This 

cenancestor possessed 14 centriolar proteins still present in extant ciliated eukaryotes, Polo-like-

kinase, and BBS and MKS proteins. The BBSome is absent from organisms that produce cilia only 

for motility, which suggests a role for the BBS complex in the sensory function of cilia. Since the 

cenancestor possessed the BBSome complex, we predict that is used cilia not only for motility but 

also for sensory functions.  

We define a set of 14 centriolar proteins that is still present in the centrioles of most extant ciliated 

eukaryotes. The most frequently present proteins of this set are centrin 2, WDR16, SAS-4, and 

SAS-6. Interestingly, the morphology of the centriole seems surprisingly insensitive to multiple 

losses from the centriolar set. Major changes in the ultrastructure of the centriole occur only when 

the majority of the set is lost or highly divergent, as demonstrated in the unusual centrioles of C. 

elegans. Similarly, PLK4/SAK kinases that are essential for the initiation of centriole assembly in 

most metazoa, or any member of the PLK family are not ubiquitously conserved. 

3.9 Information about input proteins 

Table 3.1  List of proteins used in the bioinformatic survey including localisation and function. 
 

Protein Localisation Additional information References 

ALMS1 
Centrosome, 
basal body 

Mutated in Alström Syndrome, ciliary protein 
(Hearn et al., 2005; Knorz 
et al., 2010; Purvis et al., 
2010) 
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Protein Localisation Additional information References 

Asterless/ 
Cep152 

Centrosome, 
ring-shape 
around the 
proximal end of 
parental  
centriole 

Found in the human centrosome proteome; required 
to load PLK4 onto and to hold CPAP in the 
centrosome in H. sapiens; required for centriole 
duplication also in Drosophila as it loads SAK onto the 
centrosome; overexpression leads to de novo 
centriole formation in fly embryos and centrosome 
amplification in fly eggs and human cells 

(Andersen et al., 2003; 
Blachon et al., 2008; 
Cizmecioglu et al., 2010; 
Dobbelaere et al., 2008; 
Dzhindzhev et al., 2010; 
Gopalakrishnan et al., 
2011; Sir et al., 2011; 
Varmark et al., 2007) 

BBS1  

Mutated in Bardet-Biedl Syndrome; component of the 
biochemical complex BBSome which is important for 
ciliogenesis; BBSome forms a coat complex that sorts 
membrane proteins to primary cilia; mouse model with 
BBS1M309R/M309R (most common mutation in humans) 
has elongated cilia with swollen distal ends; found in a 
complex with BBS4,5,7 and 8 in Chlamydomonas 
flagella fractions 

(Davis et al., 2007; Jin et 
al., 2010; Lechtreck et al., 
2009; Nachury et al., 2007)

BBS2 Base of cilia 
Mutated in Bardet-Biedl Syndrome; component of the 
BBSome; not required for global ciliogenesis but 
BBS2-/- mice have cilia with swollen distal ends 

(Jin et al., 2010; Nachury 
et al., 2007; Shah et al., 
2008) 

BBS3  

Mutated in Bardet-Biedl Syndrome; ADP ribosylation 
factor(ARF)-like small GTPase; not part of the 
BBSome, but interacts with the complex; 
interdependence between BBS3 and BBSome for 
ciliary localisation; expressed in ciliated neurons in C. 
elegans; BBS3 interact with membrane 

(Fan et al., 2004; Zhang et 
al., 2011) 

BBS4 
Base of cilia; 
dotted along 
cilium 

Mutated in Bardet-Biedl Syndrome; component of the 
BBSome; BBS4-/- mouse model shows BBS4 is not 
required for global ciliogenesis but spermatozoa 
ciliogenesis; BBS-4 interacts with PCM1 

(Jin et al., 2010; Lechtreck 
et al., 2009; Mykytyn et al., 
2004; Nachury et al., 2007)

BBS5  
Mutated in Bardet-Biedl Syndrome; component of the 
BBSome; BBS5 has 2 PH domains which interact with 
Phosphatidylinositol 3-phosphate 

(Jin et al., 2010; Nachury 
et al., 2007) 

BBS6 
Base of cilia 
(ring-shape), 
midbody 

Mutated in Bardet-Biedl Syndrome; Type II 
Chaperonin-like protein that participates together with 
BBS10 and BBS12 in the assembly of the BBSome 
complex 

(Kim et al., 2005; Seo et 
al., 2010; Stoetzel et al., 
2007) 

BBS7 
Base of cilia; 
centrosome, 
basal body 

Mutated in Bardet-Biedl Syndrome; component of the 
BBSome; BBS7 and BBS8 undergo IFT and are 
involved in stabilising IFT particle in C. elegans; BBS7 
interacts with a Polycomb protein and has a direct 
role in transcription regulation 

(Blacque et al., 2004; 
Gascue et al., 2012; Jin et 
al., 2010; Nachury et al., 
2007; Ou et al., 2005) 
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Protein Localisation Additional information References 

BBS8 Base of cilia 

Mutated in Bardet-Biedl Syndrome; component of the 
biochemical complex BBSome which is important for 
ciliogenesis; BBSome forms a coat complex that sorts 
membrane proteins to primary cilia; BBS7 and BBS8 
undergo IFT and are involved in stabilising IFT 
particle in C. elegans; loss of BBS8 perturbs olfactory 
function in a mouse model 

(Blacque et al., 2004; Jin et 
al., 2010; Nachury et al., 
2007; Ou et al., 2005; 
Tadenev et al., 2011) 

BBS9  
Mutated in Bardet-Biedl Syndrome; component of the 
BBSome which is important for ciliogenesis; BBS9 
interacts with BBS8,5,4,2 and 1 

(Jin et al., 2010; Nachury 
et al., 2007) 

BBS10 Base of cilia 

Mutated in Bardet-Biedl Syndrome; involved in 
transient ciliogenesis in adipocytes; Type II 
Chaperonin-like protein that participates together with 
BBS6 and BBS12 in the assembly of the BBSome 
complex 

(Marion et al., 2009; Seo et 
al., 2010; Stoetzel et al., 
2007) 

BBS11  
Also known as TRIM32; E3 ubiquitin ligase; mutated 
in Bardet-Biedl Syndrome; depending on mutation 
causes either muscular dystrophy or BBS 

(Chiang et al., 2006; Locke 
et al., 2009) 

BBS12 Base of cilia 

Mutated in Bardet-Biedl Syndrome; involved in 
transient ciliogenesis in adipocytes; Type II 
Chaperonin-like protein that participates together with 
BBS6 and BBS10 in the assembly of the BBSome 
complex 

(Marion et al., 2009; Seo et 
al., 2010; Stoetzel et al., 
2007) 

BBS13/ 
MKS1 

Transition zone 

Mutated in Bardet-Biedl Syndrome and Meckel-
Gruber Syndrome; depletion results in block of 
centriole migration to apical membrane; interacts with 
MKS3; part of a transition zone complex that  
regulates mammalian ciliogenesis and ciliary 
membrane composition 

(Cui et al., 2011; Dawe et 
al., 2007; Garcia-Gonzalo 
et al., 2011) 

BBS14/ 
MKS4/ 
Cep290/ 
NPHP6 

Centrosome, 
transition zone, 
centriolar 
satellites 

Mutated in Bardet-Biedl Syndrome, Meckel-Gruber 
Syndrome, Joubert Syndrome, and 
Nephronophthisis/Senoir-Loken Syndrome; positive 
regulator of ciliogenesis; Cep290 depletion prevents 
ciliogenesis; interacts with RPGR and important in 
photoreceptor cilium formation; part of a transition 
zone complex that  regulates mammalian ciliogenesis 
and ciliary membrane composition; connects flagellar 
transition zone microtubules to the membrane and 
regulates flagellar protein content 

(Chang et al, 2006; Sayer 
et al., 2006; McEwen et al., 
2007; Tsang et al., 2008; 
Kim et al., 2008; Murga-
Zamalloa et al., 2011;  
Garcia-Gonzalo et al., 
2011; Craige et al., 2010; 
Betleja et al., 2010} 
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Protein Localisation Additional information References 

CAP350 Centrosome 

Human centrosome proteome; MT anchoring 
centrosome with FOP and EB1 and Ninein, 
p150glued; FOP is required for CAP350 localisation 
to the mitotic spindle; MT stabilising role in centrioles 

(Andersen et al., 2003; Le 
Clech, 2008; Yan et al., 
2006) 

Centrin 
Centriole (distal 
end) 

Required for centriole duplication in humans, 
Chlamydomonas, Tetrahymena; often multiple 
paralogues per species involved into many cellular 
processes 

(Koblenz et al., 2003; 
Salisbury et al., 2002; 
Stemm-Wolf et al., 2005) 

Centriolin 

Centriole 
(subdistal 
appendages), 
midbody 

Depletion and overexpression cause cytokinesis 
failure; anchoring of Exocyst and SNARE complexes 
at the midbody, required for secretory-vesicle-
mediated abscission 

(Gromley et al., 2003; 
Gromley et al., 2005) 

Cep55 
Centrosome, 
midbody 

Found in the human centrosome proteome; 
recruitment of ESCRT-III/ALIX to the midbody; Cep55 
recruitment to the midbody is negatively regulated by 
PLK1; Cep55 participates in abcission 

(Andersen et al., 2003; 
Bastos and Barr, 2010; 
Carlton et al., 2008; Morita 
et al., 2007) 

Cep68 Centrosome 
Found in the human centrosome proteome; 
centrosome cohesion 

(Andersen et al., 2003; 
Graser et al., 2007b) 

Cep76 
Centriole 
(mature and 
pro-centriole) 

Found in the human centrosome proteome; in 
T. brucei flagella proteome; interacts with CP110; 
depletion of Cep76 results in accumulation of 
centriolar intermediates (in some human cell lines); 
overexpression does not affects normal centriole 
duplication 

(Andersen et al., 2003; 
Broadhead et al., 2006; 
Tsang et al., 2009) 

Cep97 Centrosome  

Found in the human centrosome proteome; CP110 
and Cep97 suppress cilia assembly; Cep97 recruits 
CP110 to the centrosome, and vice versa; Cep97 
interacts with Kif24 that is involved in remodelling 
microtubules and ciliogenesis 

(Andersen et al., 2003; 
Kobayashi et al., 2011; 
Spektor et al., 2007) 

Cep135/ 
BLD10 

Centriole 
(cartwheel) 

Found in the human centrosome proteome; 
Chlamydomonas CEP135/BLD10 null mutant has no 
basal bodies but is viable; expression of truncated 
CEP135/BLD10 results in shorter cartwheel spokes 
(reduced centriole diameter with less MT triplets); 
depletion of CEP135/BLD10 in Drosophila induces 
shorter basal bodies leading to immotile sperm but 
not disturbed sensory function; CEP135/BLD10 
interacts with C-NAP1 which is involved in linking the 
disengaged centrioles until centrosome splitting 

(Andersen et al., 2003; 
Hiraki et al., 2007; Kim et 
al., 2008; Matsuura et al., 
2004; Mottier-Pavie and 
Megraw, 2009) 
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Protein Localisation Additional information References 

Cep164 

Centriole 
(mature, distal 
appendages, 
ring-shape) 

Found in the human centrosome proteome; essential 
for primary cilia formation; not essential for centriole 
duplication in human cells 

(Graser et al., 2007a; Otto 
et al., 2002) 

Cep192/ 
SPD-2 

Centrosome 

Found in the human centrosome proteome; 
recruitment of PCM to the centriole; in C. elegans 
embryos: essential for centriole duplication; in 
Drosophila: not required for somatic centriole 
duplication, indispensible for centriole duplication in 
the egg after fertilisation; centrosomal accumulation 
partially dependent on Aurora-A and Dynein, and co-
dependent on SPD-5; SPD-2 required for ZYG-1 
recruitment to the centrosome; overexpression results 
in multiple extra-centrosomal foci of -tubulin and 
pericentrin which supports an early role of Cep192 in 
centrosome assembly  

(Delattre et al., 2006; Dix 
and Raff, 2007; Gomez-
Ferreria et al., 2007; 
Joukov et al., 2010; 
Kleylein-Sohn et al., 2007; 
Otto et al., 2002; Pelletier 
et al., 2006; Zhu et al., 
2008) 

CP110 
Centriole (distal 
end), not at 
basal body 

Regulator of cilia formation (together with CEP97); in 
human cells: essential for centrosome duplication; 
substrate for Cdk2; abundance is cell-cycle regulated 
(has protein degradation motif); depletion results in 
centriole elongation (no homogenous extension of the 
centriole, but elongated centrioles have frayed ends); 
CP110 interacts with the kinesin Kif24 in human cells 
and with Klp10A in Drosophila to inhibit remodelling of 
microtubules and ciliogenesis; CP110 degradation is 
mediated by SCF/CyclinF 

(Chen et al., 2002; 
D'Angiolella et al., 2010; 
Delgehyr et al., 2005; 
Kobayashi et al., 2011; 
Schmidt et al., 2009; 
Spektor et al., 2007; Tsang 
et al., 2008) 

DIP13 
Centriole, basal 
body, axoneme 

In Chlamydomonas: depletion results in growth 
reduction, multi-nucleated, multi-flagellated cells; 
Dip13 assembles into fibril-like structure in T. brucei 

(Pfannenschmid et al., 
2003; Price et al., 2012) 

EB1 

MTs, 
centrosome, 
along the 
spindle 

Associated with MT plus ends (growing ends); tubulin 
sheet closure (zipper) 

(Sandblad et al., 2006; 
Vitre et al., 2008) 

FOP Centrosome  

Human centrosome proteome; MT anchoring at 
centrosome with CAP350 and EB1; FOP interacts 
with CAP350 and this interaction is required for FOP’s 
centrosomal localisation; interacts with EB1, 
localisation to plus-end due to this interaction 

(Andersen et al., 2003; Yan 
et al., 2006 ) 
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Protein Localisation Additional information References 

MKS3 
Primary cilium 
and plasma 
membrane 

Mutated in Meckel-Gruber Syndrome; interacts with 
MKS1; Depletion results in block of centriole migration 
to apical membrane; required for photoreceptor 
intraciliary transport; part of a basal body/transition 
zone membrane assembly with ciliary gate function 
during ciliogenesis 

(Collin et al., 2012; Dawe 
et al., 2007; Williams et al., 
2011) 

MKS5/ 
RPGRIP1
L 

Centrosome, 
basal body, 
cilium 

Mutated in Meckel-Gruber Syndrome and Joubert 
Syndrome; interact with NPHP4; required for 
ciliogenesis and chemosensation in C. elegans; part 
of a basal body/transition zone membrane assembly 
with ciliary gate function during ciliogenesis 

(Arts et al., 2007; Delous et 
al., 2007; Liu et al., 2011; 
Williams et al., 2011) 

MKS6/ 
CC2D2A 

Centrosome, 
base of cilium 

Mutated in Meckel-Gruber Syndrome and Joubert 
Syndrome; interacts with CEP290; part of a basal 
body/transition zone membrane assembly with ciliary 
gate function during ciliogenesis 

(Chih et al., 2012; Garcia-
Gonzalo et al., 2011; 
Gorden et al., 2008; 
Williams et al., 2011) 

C-NAP1/ 
Cep250 

Centrosome 

Found in the human centrosome proteome; involved 
in centriole coupling/linkage after disengagement; 
phosphorylated and displaced from centrosomes by 
the Nek2A kinase 

(Andersen et al., 2003; Kim 
et al., 2008; Mardin et al., 
2011; Mardin et al., 2010; 
Mayor et al., 2002; Smith 
et al., 2011) 

Ninein 

Centrosome, 
around mother 
centriole 
appendages 

Centrosomal MT anchoring; non-nucleating MT 
minus-end stabilising; interacts with γ-tubulin; role in 
organising centrosomal proteins; role in asymmetric 
cell division via MT anchoring 

(Delgehyr et al., 2005; Ibi 
et al., 2011; Mogensen et 
al., 2000; Ou et al., 2002; 
Wang et al., 2009) 

NPHP1 Base of cilia 
Mutated in Nephronopthisis/Senoir-Loken Syndrome; 
interacts with signalling molecules involved in cell-
adhesion and actin cytoskeleton organisation 

(Fliegauf et al., 2006; 
Omran, 2010; Otto et al., 
2002; Sang et al., 2011) 

NPHP3 cilium 
Mutated in Nephronopthisis/Senoir-Loken Syndrome; 
myristoylation targets NPHP3 to the primary cilium;  

(Nakata et al., 2012; 
Olbrich et al., 2003; 
Omran, 2010; Wright et al., 
2011) 

NPHP4 
Primary cilium, 
base of cilium 

Mutated in Nephronopthisis/Senoir-Loken Syndrome; 
NPHP1,4 and 8 form a functional module; negative 
regulator of the Hippo pathway; required for normal 
photoreceptor maintance 

(Habbig et al., 2011; 
Omran, 2010; Otto et al., 
2002; Sang et al., 2011; 
Won et al., 2011) 

NPHP5 

Primary cilium 
connecting cilia 
of 
photoreceptors, 
primary cilia of 
renal epithelial 
cells 

Mutated in Nephronopthisis/Senoir-Loken Syndrome; 
interacts with RPGR; NPHP5 and 6 form a functional 
module; 

(Omran, 2010; Otto et al., 
2005; Sang et al., 2011; 
Zhao and Malicki, 2011) 
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Protein Localisation Additional information References 

PCM1 
Pericentriolar 
satellites, site of 
ciliogenesis 

Depletion results in reduced levels of centrin, 
pericentrin and ninein at centrosome, and disrupted 
centrosomal MT organisation; involved in MT- and 
dynactin-dependent recruitment of proteins to the 
centrosome; interacts with BBS4; involved in 
ciliogenesis in a huntingtin-HAP1-PCM1 pathway and 
this pathway is altered in Huntington disease 

(Dammermann and 
Merdes, 2002; Keryer et 
al., 2011; Kubo et al., 
1999; Li and Li, 2012; 
Nachury et al., 2007) 

PLK  Polo-like kinases; cell-cycle regulated kinase family 
(Archambault and Glover, 
2009) 

PLK4 Centrosome 

Member of the polo-like kinase family; required for 
centriole duplication in Drosophila and humans; PLK4 
phosphorylates GCP6, a subunit of the -tubulin ring 
complex, and FBXW5, a subunit of an E3-ubiquitin 
ligase complex; undergoes autophosphorylation 
which during interphase targets it for degradation by 
SCF/betaTrCP; during mitosis stabilised by PP2A 
mediating dephosphorylation of the 
autophosphorylated residues 

(Bahtz et al., 2012; 
Bettencourt-Dias et al., 
2005; Brownlee et al., 
2011; Guderian et al., 
2010; Habedanck et al., 
2005; Kleylein-Sohn et al., 
2007; Puklowski et al., 
2011) 

POC1 
Centriole 
(proximal end), 
fiber systems 

Identified in Chlamydomonas centriole proteome and 
Tetrahymena basal body proteome; depletion in 
Drosophila is lethal; depletion in Chlamydomonas 
impairs centriole duplication and overexpression 
results in elongated centrioles 

(Dietzl et al., 2007; Keller 
et al., 2009; Keller et al., 
2005; Kilburn et al., 2007; 
Pearson et al., 2009) 

POC5 
Centriole (distal 
end) 

Identified in Chlamydomonas centriole proteome; 
centrin-interacting protein; depletion results in growth 
defect 

(Azimzadeh et al., 2009; 
Keller et al., 2005) 

Rootletin  
Centrosome, 
rootlets 

Interacts with C-NAP1; linker is phosphorylated and 
displaced from centrosomes by the Nek2A kinase 

(Mardin et al., 2011; 
Mardin et al., 2010; Yang 
et al., 2006) 

SAS-4/ 
CPAP 

Centriole 
(mature and 
pro-centriole) 

Essential for centriole duplication in C. elegans, 
Drosophila, and humans; required for basal body 
assembly in Paramecium; involved in attachment of 
microtubules to the central tube/centriole in 
C. elegans; MT-interacting domain; quantity of SAS-4 
affects the length of the centriolar MTs; cell-cycle 
dependent degradation mediated by APC/Cdh1; acts 
as a platform that tethers other proteins such as 
Asterless to the centrosome in D. melanogaster; 
CPAP dysfunction is associated with microcephaly 

(Basto et al., 2006; Bond et 
al., 2005; Dammermann et 
al., 2008; Gogendeau et 
al., 2011; Gopalakrishnan 
et al., 2011; Hsu et al., 
2008; Hung et al., 2004; 
Kirkham et al., 2003; 
Kleylein-Sohn et al., 2007; 
Kohlmaier et al., 2009; 
Leidel and Gonczy, 2003; 
Pelletier et al., 2006; 
Schmidt et al., 2009; Tang 
et al., 2009) 
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Protein Localisation Additional information References 

SAS-6/ 
BLD12 

Centriole 
(cartwheel) 

Essential for centriole duplication in C. elegans, 
Drosophila, humans, Chlamydomonas, zebrafish, 
Tetrahymena; acts early during centriole biogenesis, 
either as component (hub) of the cartwheel or another 
proximal structure in C. elegans; cell-cycle dependent 
degradation mediated by APC/Cdh1; spontaneous 
polymerisation of N-terminal SAS-6 protein 
fragements into circular structures and models based 
on the crystal structure of N-terminal part of SAS-6 
from C. elegans and also D. rerio suggest that SAS-6 
constitues the central hub of the cartwheel and 
possibly parts of the spokes; In C. elegans SAS-6 is 
phosphorylated by ZYG-1 which is a required for the 
maintenance of SAS-6 at the site of pro-centriole 
assembly 

(Culver et al., 2009; 
Dammermann et al., 2004; 
Delattre et al., 2006; 
Kitagawa et al., 2009; 
Kitagawa et al., 2011c; 
Kleylein-Sohn et al., 2007; 
Leidel et al., 2005; 
Nakazawa et al., 2007; 
Peel et al., 2007; Pelletier 
et al., 2006; Rodrigues-
Martins et al., 2007a; 
Strnad et al., 2007; van 
Breugel et al., 2011; Vladar 
and Stearns, 2007; Yabe et 
al., 2007) 

SZY-20 Centrosome 
Suppressor of C. elegans zyg-1 phenotype; negative 
regulator of centriole duplication 

(Song et al., 2008) 

VFL1 
Basal body 
(mature and 
pro-basal body) 

Chlamydomonas mutant: variable flagella length; 
rotational asymmetric localisation of VFL1 mostly to 
triplet 1 (or 2) which is the site of  pro-basal body 
assembly 

(Adams et al., 1985; Silflow 
et al., 2001) 

WDR16 

Transition zone 
axoneme, 
previously 
thought basal 
body 

Identified in T. brucei flagella proteome, highly 
conserved across ciliated species; high levels in testis 
and cilia-bearing ependymal cells of the brain; 
depletion of WDR16 in Danio rerio causes severe 
hydrocephalus 

(Broadhead et al., 2006; 
Hirschner et al., 2007; 
Silva et al., 2005); Thesis 
of Helen Farr; this thesis 
Chapter 5 

XMAP21
5 

Microtubles 
(preferentially 
plus ends), 
centrosome 

Control of MT dynamics; MT polymerase 
(Brouhard et al., 2008; 
Popov et al., 2001) 

ZYG-1 Centrosome 

Kinase, required for daughter centriole formation in C. 
elegans; requires SPD-2 for its centrosomal 
recruitment; upstream of SAS-6/SAS-5 and SAS-4 in 
the centriolar pathway; In C. elegans ZYG-1 
phosphorylates SAS-6 in the N-terminal part, which is 
a required for the maintenance of SAS-6 at the site of 
pro-centriole assembly 

(Delattre et al., 2006; 
Kitagawa et al., 2009; 
O'Connell et al., 2001; 
Pelletier et al., 2006) 

γ-tubulin 
Centrosome, 
MT nucleation 
sites 

MT nucleation 
(Oakley and Oakley, 1989; 
Raynaud-Messina and 
Merdes, 2007) 
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Protein Localisation Additional information References 

-tubulin Centrosome 

In Chlamydomonas: uni3-1 strain has centrioles with 
mainly MT doublets, but also MT triplets, misplaced 
fibre systems; in human:, δ-tubulin localises to the 
centrosome, presumably between the centrioles, 
interacts with γ-tubulin; in T. brucei: depletion causes 
basal bodies with some MT doublets 

(Chang and Stearns, 2000; 
Dutcher and Trabuco, 
1998; Gadelha et al., 2006; 
Kato et al., 2004; O'Toole 
et al., 2003; Smrzka et al., 
2000) 

-tubulin 
Centriole (distal 
appendages) 

In Chlamydomonas: bld-2 strain has centrioles with 
MT singlets, null alleles for ε-tubulin not viable; in 
Paramecium: depletion results in basal bodies with 
aberrant MT numbers; in human: stronger association 
with the older centriole, localisation to the distal 
appendages (EM), required for centriole duplication 

(Chang et al., 2003; Chang 
and Stearns, 2000; Dupuis-
Williams et al., 2002; 
Dutcher et al., 2002; 
Goodenough and StClair, 
1975) 
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 CHARACTERISATION OF 

TRYPANOSOMAL SAS-6 

4.1 Preface 

In Chapter 3, the centriolar protein SAS-6 was identified as part of a core set of proteins that is 

conserved in cilia-producing species but not in species without cilia. Thus, the evolutionary pattern 

already suggests that SAS-6 is generally important in eukaryotic centrioles/basal bodies or cilia. 

SAS-6 was initially identified in two independent RNAi screens for cell division defects in 

Caenorhabditis elegans embryos (Dammermann et al., 2004; Leidel et al., 2005). The protein was 

investigated in several animal species, where centrioles participate not only in their ancestral 

function of cilia formation but also in the organisation of the centrosome. The studies of SAS-6 in 

animals focused on the centriole in the centrosomal context and suggested that SAS-6 is involved 

in an early step in centriole assembly (Kleylein-Sohn et al., 2007; Peel et al., 2007; Pelletier et al., 

2006; Rodrigues-Martins et al., 2007a; Strnad et al., 2007; Vladar and Stearns, 2007). Experiments 

in Chlamydomonas reinhardtii showed that the protein is part of the cartwheel based on 

immunogold-labelling, and the absence of this structure in a SAS-6 null mutant (Nakazawa et al., 

2007). Polymerisation of fragments of the N-terminal part of SAS-6 into a ring, and models based 

on the recently identified crystal structure of the N-terminus of SAS-6 proteins suggest that SAS-6 
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forms the central hub and possibly the spokes of the cartwheel (Kitagawa et al., 2011c; van 

Breugel et al., 2011). For a complete introduction to SAS-6 see Chapter 1. 

My aim in this chapter is to study the role of SAS-6 in the model organism Trypanosoma brucei 

where centrioles are involved only in their ancestral function as basal bodies in flagellum formation 

but not in centrosome and spindle pole organisation. This allows studying the role of SAS-6 in 

flagellum formation without the disturbance of mitosis defects. Electron tomography studies of the 

basal body in T. brucei elucidated the spatial events of the organelle’s duplication in much detail 

making trypanosomes an ideal model to study basal body proteins and effects of their absence 

(Lacomble et al., 2009; Lacomble et al., 2010). This work also provides the first evidence for SAS-6 

function in a eukaryotic lineage that is very anciently diverged from those in which this protein has 

been studied to date. 

4.2 Bioinformatic analysis of T. brucei SAS-6 

The T. brucei orthologue of SAS-6 is encoded by Tb 09.211.1930. It is predicted to be a 726 amino 

acid protein with a molecular weight of 81.4kDa and an isoelectric point of pH 7.2. Alignment with 

previously described SAS-6 proteins from C. elegans, Drosophila melanogaster, Homo sapiens 

and C. reinhardtii showed most identity and similarity in the N-terminus, which includes the 

previously annotated 53 aa long PISA motif (= Present in SAS-6, Fig. 4.1 A; (Leidel et al., 2005)). 

All SAS-6 proteins possessed a predicted Pfam B domain (Pfam-B_2528) towards the N-terminus, 

central coiled-coil domains and an undefined C-terminus (Fig. 4.1 B). 

4.3 Trypanosomal SAS-6 localises to the basal body and the pro-basal 

body throughout the cell cycle 

To study SAS-6 in trypanosomes, I generated a procyclic form cell line that expressed T. brucei 



Figure 4.1 Bioinformatic analysis of T. brucei SAS-6. (A) Amino acid alignment of T. brucei SAS-6
with SAS-6 protein sequences of other eukaryotes. Alignment was generated with MAFFT version 6
E-INS-I (http://mafft.cbrc.jp/alignment/server/). The Pisa domain is highlighted underneath the
sequence in red. Amino acids are shown with blue backgorund when they are identical to the
majority consensus, and in cyan when they are similar. (B) Pfam domains of SAS-6 from T. brucei
and other eukaryotes showing that all proteins have an N-terminal Pfam-B_2528 domain, coiled-
coils domain in the middle and a less conserved C-terminus.
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SAS-6 with an N-terminal Ty-YFP tag (Y-SAS-6) from the endogenous SAS-6 locus. To examine 

the localisation of Y-SAS-6, cells were fixed, labelled with anti-PFR2 antibody (L8C4; (Kohl et al., 

1999)) and DAPI for better visualisation of the flagellum, nucleus and kinetoplast. Analysis by 

fluorescence microscopy showed that Y-SAS-6 localised to a position consistent with both the 

basal body and the pro-basal body throughout the cell cycle (Fig. 4.2 A). A proportion of cells with 1 

kinetoplast and 1 nucleus (1K1N) possessed two Y-SAS-6 dots distal to the kinetoplast which are 

consistent with the position of the basal body and pro-basal body in a G1 phase cell (Woodward 

and Gull, 1990). The remaining proportion of 1K1N cells had four Y-SAS-6 dots most likely 

representing two basal bodies with associated pro-basal body after the duplication of the structure 

which happens in the third quarter of the 1K1N stage (Woodward and Gull, 1990). 2K1N and 2K2N 

cells continued to possess two pairs of YFP dots in the proximity of the kinetoplasts. This pattern 

throughout the cell cycle is consistent with a basal bodies and pro-basal body localisation. 

To confirm the localisation of Y-SAS-6, cells were immunolabelled with the basal body markers 

BBA4 and YL1/2. BBA4 antibody is specific to an unknown antigen at the proximal end of the basal 

body (Woodward et al., 1995), and its labelling was found proximal to Y-SAS-6 (Fig. 4.2 B). The 

YL1/2 antibody recognises tyrosinated -tubulin which locates at the posterior end of the 

subpellicular MT cytoskeleton and around the distal appendages of the basal body (Kilmartin et al., 

1982; Stephan et al., 2007). YL1/2 labelling was found distal to Y-SAS-6. The fluorescent signal of 

Y-SAS-6 at the basal body had a consistently sized, dot-like shape compared to the larger YL1/2 

labelling. This indicated that Y-SAS-6 localisation was spatially more restricted and probably in the 

basal body rather than around it. 

4.4 Tagged SAS-6 is able to complement loss of wild type protein 

In order to test whether tagged SAS-6 is functional, I generated a cell line in which both 

endogenous SAS-6 alleles were modified to express Y-SAS-6. SAS-6 is an essential protein 



Figure 4.2 Localisation of Y-SAS-6 throughout the cell cycle: Y-SAS-6 localises to the basal body
and the pro-basal body. T. brucei SAS-6 N-terminally tagged with Ty-YFP (Y-SAS-6, green) was
expressed from an endogenous SAS-6 locus in procyclic form T. brucei. Cells were detergent-
extracted, fixed in methanol and immunolabelled. DNA was labelled with DAPI (blue). Insets show
basal bodies. White scale bars: 500m. Black scale bars: 5m. (A) Immunolabelling: L8C4 (anti-
PFR2, red). (B) Immunolabelling of basal body markers with YL1/2 (magenta) and BBA4 (red).
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(ablation of SAS-6 is lethal, as shown in section 4.6), so if cells survive with only tagged SAS-6, 

then the tagged protein must complement loss. 

Integration of the Y::SAS-6 constructs and presence of the wild type locus was checked by PCR on 

genomic DNA. This verified that Y::SAS-6/Y::SAS-6 cells possessed only modified and no wild type 

alleles of SAS-6 (Fig. 4.3 A). Western blot analysis of whole cell extracts antibodies directed 

against the tag demonstrated that the Y::SAS-6/Y::SAS-6 cells expressed a higher amount of the 

tagged protein compared to the single Y::SAS-6 allele cells (Fig. 4.3 B). Y::SAS-6/Y::SAS-6 cells 

also had a significantly higher YFP fluorescence signal at the basal body and pro-basal body 

(p = 5e-16), suggesting that additional SAS-6 binding sites have been occupied by tagged protein 

(Fig. 4.3 C). Cells expressing Y-SAS-6 from both endogenous loci were morphologically 

indistinguishable from wild type or single Y-SAS-6 locus cells (Fig. 4.3 D). The doubling time of 

Y::SAS-6/Y::SAS-6 cells was 10h compared to only 8.5h of wild-type and single Y::SAS-6 allele 

cells (Wilcoxon test, p=0.03) (Fig. 4.3 D). Despite the significant difference in the growth rate, the 

results showed that Y-SAS-6 is functional and can complement the essential roles of wild type 

SAS-6. 

4.5 The amount of SAS-6 at the basal body varies throughout cell cycle 

The cell cycle dependent changes of the amount of SAS-6 at the pro-centriole were studied in 

centrosomes in C. elegans embryos and human cell lines (Dammermann et al., 2008; Strnad et al., 

2007). However, whether SAS-6 shows the same dynamics in a basal body and pro-basal body 

context is unknown. 

In order to address this question, Y::SAS-6/Y::SAS-6 cells were fixed, immunolabelled and 

analysed by fluorescence microscopy. Using the number of basal bodies, kinetoplasts and nuclei 

the individual cells were categorised according to cell cycle stage into: 1BB1K1N, 2BB1K1N, 



Figure 4.3 Analysis of the functionality of Y-SAS-6. In Y::SAS-6/SAS-6 cells one endogenous
SAS-6 allele and in Y::SAS-6/Y::SAS-6 cells both endogenous SAS-6 alleles were modified to
express Y-SAS-6 which in the later abolished expression of wild type SAS-6. (A) Examination of
genomic DNA of cells given above image for wild type and modified SAS-6 loci. The PCR confirmed
that Y::SAS-6/Y::SAS-6 has no wild type allele left. (B) Immunoblot analysis of cells given above
image with anti-tag antibodies (anti-GFP, anti-Ty) showing that Y::SAS-6/Y::SAS-6 has a higher
amount of Y-SAS-6. (C) Quantification of native YFP fluorescence intensity of BB+pBB of Y::SAS-
6/SAS-6 and Y::SAS-6/Y::SAS-6 cells confirmed that the latter were brighter. Green bar = average.
(D) Microscopy showed that Y::SAS-6/Y::SAS-6 cells looked morphologically normal and that their
BB and pBB appear brighter. Insets show Y-SAS-6 (green) in the BB area. DNA was labelled with
DAPI (blue). Scale bar: 5m. (E) Population growth was measured every 24h over 96h and cultures
were diluted every 48h. Doubling time of Y::SAS-6/Y::SAS-6 was slower but cells were viable.
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Figure 4.4 The amount of Y::SAS-6 at the basal body and pro-basal body varies throughout the
cell cycle. Y::SAS-6/Y::SAS-6 cells were detergent-extracted, fixed in methanol and
immunolabelled. Images were taken and processed with equal settings. Cells were categorised by
cell cycle stage. (A) Schematic overview of cell cycle categories according to number of basal
bodies (BB), kinetoplasts (K) and nuclei (N). (B) Graph showing mean intensity of YFP
fluorescence (in arbitrary units with standard deviation) at the basal body and the pro-basal body for
each cell cycle stage. (C) Images of basal bodies and pro-basal bodies were aligned with BB in the
centre and pBB to its right, summed up and normalised according to number of input images. Basal
bodies were distinguished of pro-basal bodies by the presence of YL1/2 (blue). Scale bar 1um
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2BB2K2N, and 2BB2K2N (Fig. 4.4 A). Identification of the basal body (versus pro-basal body) was 

confirmed by the presence of YL1/2 labelling, which is found only at the mature structure as part of 

the distal appendages. Basal bodies of the old versus new flagellum were distinguished by their 

anterior or posterior position within the cell respectively. The native YFP intensity of basal body and 

pro-basal body was measured individually by summing up the brightness of all pixels in equally 

sized regions of interest around the organelles. 

The quantification of the YFP signals showed that basal bodies and pro-basal bodies in 1BB1K1N 

cells showed the highest amount of Y-SAS-6 (Fig. 4.4 B). Interestingly, in the next stage in 

2BB1K1N cells, directly after the pro-basal body of the previous stage had matured into a basal 

body and assembly of two new pro-basal bodies had started, the high Y-SAS-6 amount remained 

with the pro-basal bodies but not with the basal bodies. Later in the cell cycle, in 2BB2K1N and in 

2BB2K2N cells, the amount of Y-SAS-6 at the pro-basal body decreased to the level found at basal 

bodies. The amount of Y-SAS-6 found at the basal body of the old flagellum compared to that at 

the new flagellum basal body was similar. The different levels of Y-SAS-6 between the cell cycle 

stages were also observed by visual comparison of the normalised sum images (Fig. 4.4 C). 

This analysis showed that the amount of Y-SAS-6 at the basal body and pro-basal body of 

T. brucei changes during the cell cycle and that a higher amount of Y-SAS-6 seems linked to pro-

basal body assembly. These dynamics are similar with the ones at the pro-centriole in C. elegans 

where the onset of SAS-6 increase is in S Phase and SAS-6 decrease occurs in mitotic prophase 

(Dammermann et al., 2008). 

4.6 Higher Y-SAS-6 amount coincidences with strong anti--tubulin 

1BB1K1N cells did not only exhibit the highest amount of Y-SAS-6, but also a wide spread of 

measured intensities at the basal bodies and pro-basal bodies. This raised the question whether 

additional events in this stage occur which are not taken into account by the #BB#K#N 
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categorisation. To further investigate the 1BB1K1N stage I used LAZ1, a monoclonal antibody 

specific to T. brucei -tubulin (Gadelha et al., 2006). LAZ1 marks two dots next to the basal bodies 

in 2BB1K1N cells and essentially disappears in 2BB2K1N cells, which suggests labelling of 

assembling pro-basal bodies in a distinct cell cycle dependent manner (personal communication 

with Paul McKean). 

Interestingly, immunolabelling of Y::SAS-6/Y::SAS-6 cells with LAZ1, revealed that already a 

proportion of the 1BB1K1N cells displayed LAZ1 labelling colocalising with the two Y-SAS-6 dots 

(Fig. 4.5 A). As expected, in the next stage (2BB1K1N), the LAZ1 signal remained associated only 

with the pro-basal bodies but not the basal bodies. LAZ1 labelling largely decreased in 2BB2K1N 

cells and completely disappeared in 2BB2K2N cells. Considering the association of the LAZ1 

signal solely with the pro-basal bodies in 2BB1K1N cells, the onset of LAZ1 labelling in 1BB1K1N 

cells indicated that the recruitment of -tubulin to the site of new pro-basal body assembly 

preceded the segregation of pro-basal body assembled in the previous cell cycle from the basal 

body. 

Quantification of fluorescence intensity of LAZ1 labelling and Y-SAS-6 revealed that higher 

quantities of Y-SAS-6 in 1BB1K1N cells coincidences with a strong labelling of -tubulin (Fig. 4.5 B). 

These similar dynamics, together with the association of these signals with the pro-basal body in 

2BB1K1N cells, support the idea, that both the presence of -tubulin and high levels of SAS-6 mark 

pro-basal body assembly. 

4.7 SAS-6 is essential 

To assess the function of SAS-6, I generated an inducible RNAi cell line encoding a short hairpin 

against SAS-6 (shSAS-6) in a Y::SAS-6/Y::SAS-6 background. Western Blot analysis of 

doxycycline-induced cells using anti-tag antibodies confirmed that the short hairpin construct is 



Figure 4.5 Higher amount of Y-SAS-6 coincides with strong -tubulin labelling at the basal body
and pro-basal body. (A) Y::SAS-6/Y::SAS-6 cells were detergent-extracted, fixed in methanol and
immunolabelled with LAZ1 (anti--tubulin, red). Insets show BB and pBB. DNA was labelled with
DAPI (blue). Scale bar: 5m. (B) Integrated fluorescence intensity of Y-SAS-6 for individual
BB+pBB pairs was measured and plotted against the measured LAZ1 labelling intensity. The
increase of Y-SAS-6 correlates with the appearance of LAZ1 labelling.
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effective in reducing the amount of Y-SAS-6 in cells to below detectable levels by 36h post 

induction (Fig. 4.6 A). However, the amount of Y-SAS-6 in non-induced cells is also much lower 

than in the parental cell line. This could be the result of leakiness in the expression of shSAS-6 in 

non-induced cells. Induction of SAS-6 RNAi resulted in a strong growth defect after 24h (Fig. 4.6 B). 

Microscopic examination showed a homogenous Y-SAS-6 ablation across the population and the 

accumulation of aberrant multinucleated cells which suggests defective cell division in the absence 

of SAS-6 (Fig. 4.6 C). 

4.8 Depletion of SAS-6 leads to a failure in kinetoplast segregation and 

flagellum assembly 

In order to analyse the phenotype associated with SAS-6 depletion, shSAS-6 cells were prepared 

for fluorescence microscopy. Counts of kinetoplasts and nuclei showed the accumulation of 

aberrant multinucleated cells across the population over time (Fig. 4.7 A). The ratio of the number 

of nuclei to the number of kinetoplasts is 0.85 in a healthy population (Woodward and Gull, 1990). 

This ratio increased to 5 in cells 72h post induction (n=50 per time point), indicating a failure in 

kinetoplast duplication (Fig. 4.7 B). 

48h after SAS-6 RNAi induction ~50% of the cells were multinucleated and possessed one large 

kinetoplast and one full-length flagellum (Fig. 4.7 C). The most likely explanation for the high 

number of nuclei per cell is failure of cytokinesis while mitosis continued. The large appearance of 

the kinetoplast was most likely generated by multiple rounds of replication of mitochondrial DNA 

without kinetoplast segregation. 

After RNAi indication all cells have at least still one full-length flagellum. Apart from that, SAS-6 

depleted cells frequently possessed a second short flagellum which got thinner towards the distal 

end and that had its tip disconnected from the old flagellum (Fig. 4.8 A).  



Figure 4.6 Depletion of SAS-6 results in a lethal growth defect. (A) Immunoblot analysis of cells
given above image with anti-tag antibodies (anti-GFP, anti-Ty) showing the depletion of Y-SAS-6
after induction of RNAi against SAS-6, but also the leakiness of the inducible RNAi construct before
induction. (B) Population growth measured every 24h over 96h with cultures diluted every 48h
showed that the ablation of SAS-6 resulted in a dramatic reduction in cell duplication. (C)
Fluorescence microscopy analysis of non-induced and 72h induced SAS-6 RNAi cells confirmed
the depletion of Y-SAS-6 and revealed the aberrant morphology of cells post SAS-6 RNAi induction.
DNA was labelled with DAPI (blue). Scale bar: 5m.
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Figure 4.7 Depletion of SAS-6 leads to multinucleated cells with defective kinetoplast segregation.
(A) Kinetoplast and nucleus counts at several time points after SAS-6 RNAi induction demonstrating
an increase of abnormal cell cycle stages (redish colours). (B) Ratio of the number of nuclei to
number of kinetoplasts suggesting defective kinetoplast segregation in cells post SAS-6 RNAi
induction. N=50/time point. Error bars: standard deviation. (C) Immunolabelling of whole cell
preparations of non-induced and 48h induced SAS-6 RNAi cells with YL1/2 (anti-tyrosinated -
tubulin, red) and L8C4 (anti-PFR2, magenta), and fluorescence microscopy showed the
accumulation of multinucleated cells with an oversized kinetoplast (arrow head) post SAS-6 RNAi
induction. DNA was labelled with DAPI (blue). Scale bar: 5m.
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Figure 4.8 Depletion of SAS-6 leads to aberrant cells with defective flagellum assembly. (A)
Immunolabelling of whole cell preparations of 48h induced SAS-6 RNAi cells with YL1/2 (anti-
tyrosinated -tubulin, red) and L8C4 (anti-PFR2, magenta), and fluorescence microscopy showed
that the aberrant SAS-6 depleted cells had only one complete flagellum and sometimes a short,
detached flagellum that got thinner towards the end indicating failed flagellum assembly (arrow
heads). Scale bar 5m. (B) Ratio of the number of nuclei to number of flagella suggesting defective
flagellum formation in cells post SAS-6 RNAi induction. N=50/time point. Error bars: standard
deviation.
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The ratio of the number of nuclei to the number of flagella is 0.75 in a healthy population 

(Woodward and Gull, 1990). This ratio increased to 4.5 in cells 72h post RNAi induction (n=50 per 

time point) which indicated disrupted flagellum biogenesis (Fig. 4.8 B). 

4.9 SAS-6 depleted cells can have a basal body with a reduced number 

of MT triplets 

The failures in flagellum formation and kinetoplast segregation in SAS-6 depleted cells raised the 

question whether these defects had independent causes, or if they were linked by basal body 

dysfunction leading to both defects as a secondary effect. 

In order to address the question of a basal body defect, thin section electron microscopy was used. 

Investigation on the ultrastructural level revealed basal bodies and pro-basal bodies with different 

morphologies. 36% of the basal bodies and pro-basal bodies in cells 36h post SAS-6 RNAi 

induction possessed a reduced number of microtubule triplets (Fig. 4.9). Reduced numbers of MT 

doublets were also observed in transition zones and axonemes suggesting that these aberrant 

basal bodies were still capable of supporting the nucleation of more distal structures. The same 

defects in basal bodies and distal structures could also be observed, though less frequently, in non-

induced cells, which is not surprising considering the reduced amount of Y-SAS-6 in these cells 

(Fig. 4.6 A). 

4.10 Incomplete basal bodies are competent to support flagellum 

assembly 

In order to confirm that a basal body with a reduced number of MTs can nucleate a transition zone 

and an axoneme, and to investigate whether these abnormal structures template a pro-basal body, 
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Figure 4.9 SAS-6 ablation results in a reduced number of microtubule triplets in basal bodies. (A)
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serial thin sections were analysed by TEM. Figure 4.10 shows basal bodies with eight and seven 

microtubule triplets that supported the formation of a transition zone with the respective number of 

MT doublets. The structures progressed by entering into the flagellar pocket and forming an 

axoneme (Fig. 4.10 C). Figure 4.11 displays a transition zone with six MT doublets developing into 

an axoneme that had a flagellar collar indicating that it exited the pocket. Remarkably, even a basal 

body with only five microtubules was still able to form transition zone microtubules (Fig. 4.12 A). 

Although this transition zone lacked full-length transitional fibres it showed recruitment of vesicular 

material. 

However, the axonemes extending from basal bodies with a reduced number of MT triplets lacked 

usually one or both of the central MTs (Fig. 4.12 B). This lack might be caused by the reduced 

interior axonemal space due to the lower number of MT doublets that compose the axonemal 

cylinder. As a consequence of this the MT pair itself might not fit in anymore or the dimensions of 

other supporting protein components such as radial spoke were not that adaptable to fit to the 

reduced space. The only observation of an axoneme with a complete set of a central MT pair was 

in axonemes with 8 MT doublets with the connection between each other broken leading to a 

normal sized axoneme diameter (Fig 4.9 A). 

No pro-basal body was observed in any of the serial sections of basal bodies with a reduced 

number of MT triplets (Fig. 4.12 B). This suggests that either basal bodies with a reduced amount 

of MT triplets can not template a new pro-basal body, or there is a problem with pro-basal body 

assembly in general. 

Normal basal bodies possessed a ring-shaped density in the centre with diameter of approximately 

50-70 nm (Fig. 4.10 A ii). This ring density is different from the small cartwheel hub with a diameter 

of 25 nm (for comparison Fig. 4.9 A: image of a basal body with nine MTs has a small pinhole 

cartwheel). I will refer to this as the central ring density. Interestingly, the incomplete basal bodies 

possessed a central ring density (Fig. 4.10 B iii,iv,C vi,vii, 4.12 A ii-iv, 4.9 A). Incomplete 



Figure 4.10 Basal bodies with a reduced number of microtubule triplets still form a transition zone.
(A) Serial transverse TEM sections of the basal body area of a non-induced cell showing a normal
basal body with nine MT triplets (and a central ring density that has a larger diameter than the
cartwheel hub). BB1 = basal body of the old flagellum. BB2 = basal body of the new flagellum.
Scale bars: 200nm (white), 2m (black). Next pages: BB with (B) 8MTs and (C) 7MTs.
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Continuation of Figure 4.10 Basal bodies with a reduced number of microtubule triplets still form a
transition zone. (B) Serial transverse TEM sections of the basal body area of a 36h induced SAS-6
RNAi cell with a basal body which had only eight MT triplets. It still had a central ring density and
continued to form a transition zone. The basal body possessed striated fibres (white arrow head in
3,4,5) but lacked a new pro-basal body. Scale bars: 200nm (white), 2m (black). Next page: (C) BB
with 7MTs.
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Continuation of Figure 4.10 Basal bodies with a reduced number of microtubule triplets still form a
transition zone. (C) Serial transverse TEM sections of the basal body area of a 36h induced SAS-6
RNAi cell with a basal body which had only seven MT triplets. It still had a central ring density, and
it continued to form a transition zone and an axoneme. The axoneme had only one central MT
(section 16). The basal body had no pro-basal body and no striated fibres. There was some dense
material (asterisk in sections 1-4) which might indicate a failed attempt of pBB formation. Scale
bars: 200nm (white), 2m (black).
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Figure 4.11 Transition zone with only six microtubule doublets still progresses into an axoneme.
Serial transverse TEM sections of the transition zone area of a 36h induced SAS-6 RNAi cell with a
transition zone with four and then six MT doublets which continued to form an axoneme. The
axoneme lacks the central MT pair. While the doublets were arranged as a half circle towards the
proximal end they were organised into a circle in the pocket. The cell also showed a basal body with
9MT triplets that lacked a pro-basal body. Scale bars: 200nm (white), 2m (black).
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Figure 4.12 Incomplete basal bodies are competent to support flagellum elongation. (A) Serial
TEM sections of the basal body area of a 36h induced SAS-6 RNAi cell with a basal body which
had only five MT triplets. The triplets were arranged in a half circle which had a central ring density
and striated fibres (white arrow head in 3) to the 4MTs (blue asterisk in 3,4). The triplets extended
to form transition zone doublets but no extended radial fibres were detected. Transition zone MTs
did not penetrate into the pocket but recruited material that looked like vesicles or membrane
material (blue arrow head in 7). Scale bars: 200nm (white), 2m (black). (B) Overview of features
observed in six transverse serial sections of basal bodies and transition zones with reduced number
of MT triplets and doublets (see Fig. 4.10, 4.11).
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basal bodies were still capable of forming striated fibres (Fig. 4.12 A, 4.10 B). 

These data show that despite their incomplete state in terms the number of MT triplets, the basal 

bodies still supported many steps of early flagellum assembly. 

4.11 Analysis of the components of SAS-6 depleted basal bodies 

After ablation of SAS-6 no cell with YFP dots could be detected, which means that basal bodies 

built before RNAi induction lost their YFP-SAS-6 (Fig. 4.6 C, 4.7 A). This suggested that the old 

basal bodies existed without SAS-6. It raised the question whether other known basal body 

markers were retained in the absence of normal SAS-6 levels. LAZ1 immunolabelling of 

cytoskeleton preparations of SAS-6 RNAi cells showed that 36h post RNAi induction delta-tubulin 

is still at the basal body and/or at the pro-basal body despite the absence of detectable Y-SAS-6 

(Fig. 4.13 A). As LAZ1 marks assembling pro-basal bodies, this labelling in SAS-6 depleted cells 

might represent unfinished pro-basal bodies. However, it is unclear whether Y-SAS-6 was present 

or absent at the time of -tubulin recruitment. 

BBA4 immunolabelling demonstrated that 12h after RNAi induction the intensity of the BBA4 signal 

remained unchanged despite a reduced amount of Y-SAS-6 at the basal body. However, 36h after 

induction in the absence of detectable Y-SAS-6 the intensity of BBA4 labelling was decreased but 

still present (Fig. 4.13 B,C). 

4.12 Absence of pro-basal bodies in SAS-6 depleted cells 

As shown above, basal bodies with a reduced number of MT triplets had no pro-basal body 

associated. In order to investigate whether this is specific to aberrant basal bodies or whether the 

lack of a pro-basal body is a more general phenomenon, I analyse transverse serial sections of 



Figure 4.13 Analysis of the components of SAS-6 depleted basal bodies. (A,B) Immunolabelling
of cytoskeleton preparations of non-induced and induced SAS-6 RNAi cells with (A) LAZ1 (anti--
tubulin, red) and (B) BBA4 (red). DNA was labelled with DAPI (blue). Scale bar: 5m. (C)
Quantification of the fluorescence intensity of Y-SAS-6 and BBA4 labelling at BB+pBB at different
time points after SAS-6 RNAi induction.

A

C

B

DAPI   Y-SAS-6   LAZ1
0h 24h 36h

0h 36h
DAPI   Y-SAS-6   BBA4

Y-SAS-6
integrated YFP intensity for BB+pBB [a.u.]

BB
A4

in
te

gr
at

ed
 fl

uo
re

sc
en

ce
 in

te
ns

ity
 

fo
r B

B+
pB

B 
[a

.u
.]

114



 115

basal bodies with nine MT triplets of 36h induced SAS-6 RNAi cells. Pro-basal bodies were 

completely absent from four out of seven analysed basal bodies with nine MT triplets (Fig. 4.11(iii)). 

This finding demonstrated that the abnormal structure with reduced number of MT triplets and 

smaller diameter alone could not account for the lack of a pro-basal body but that there was 

another reason leading to the deficiency. 

To quantify the frequency of the absence of pro-basal bodies across the population, I applied an 

EM technique by which the crude structure of the pro-basal body is detectable while the whole cell 

cytoskeleton with nucleus is also observed. Cytoskeleton preparations of detergent-extracted cells 

were mounted on formvar-coated grid, negatively stained with goldthioglucose and viewed by TEM. 

In non-induced cells, 83% (n=42) of all basal bodies were accompanied by a clearly identifiable 

pro-basal body (Fig. 4.14 A,B). The remaining 17% did not reveal a clear pro-basal body. Pro-basal 

body absence could be due to: covering by other cellular structures (such as the axoneme), early 

time point in its assembly process, or true absence caused by leakiness of the RNAi construct. In 

contrast, 36h post induction 69% (n=77) of the basal bodies had no visible pro-basal body, with the 

remaining 31% possessing some material near the basal body which could not be identified as a 

bone fide pro-basal body. 

The absence of pro-basal bodies observed after SAS-6 depletion could have resulted from at least 

two different scenarios. Firstly, if SAS-6 is involved in the maintenance of pro-basal body stability, 

then the lack of SAS-6 could have caused unstable pro-basal bodies that disintegrated. Assembly 

of new pro-basal bodies would have failed because of lacking integrity. Secondly, if SAS-6 is 

important in an early step during the assembly process, then the lack of the protein would cause 

that no new pro-basal bodies are assembled. However, pro-basal bodies built before SAS-6 

depletion could have still matured and become a basal body that formed a flagellum. The current 

understanding of the role of SAS-6 as a cartwheel component in other organisms would favour the 

support of the second scenario (Nakazawa et al., 2007; van Breugel et al., 2011). 



Figure 4.14 Basal bodies in SAS-6 depleted cells lack a proper pro-basal body. (A) TEM images
of basal bodies of negatively stained whole-mount cytoskeletons of non-induced and 36h induced
SAS-6 RNAi cells were categorised according to presence, absence/undetectability or uncertain
identification of the associated pro-basal body. The inset shows the cell cytoskeleton of the
respective basal body regions. Scale bar: 500nm. (B) Counts and graph of the observed frequency
of the three scenarios showing the decrease in basal bodies with pro-basal bodies and the increase
of basal bodies without pro-basal body or unidentifiable material post SAS-6 RNAi induction.
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In order to investigate whether in the absence of SAS-6 pro-basal body material was still recruited 

to the usual site of pro-basal body assembly close to or onto the basal body wall, I analysed serial 

longitudinal thin sections of the organelles by TEM. In twelve sets of longitudinal serial sections of 

non-induced cells all basal bodies displayed a pro-basal body always detectable within the two 

consecutive sections of the basal body centre section (Fig. 4.15 A,B). In seven sets of longitudinal 

serial sections of basal bodies of induced SAS-6 RNAi cells six lacked a pro-basal body 

(Fig. 4.15 C,D). Material at the basal body wall that looked like assembling pro-basal bodies could 

not be detected. Some dense material at the basal body was observed both in non-induced and 

induced cells, and most likely represents striated fibres which were seen in transverse sections of 

basal bodies without pro-basal body (Fig. 4.10 B, 4.11, 4.12 A). The lack of any pro-basal body 

material is in agreement with the current model of SAS-6 being the earliest structural component in 

the assembly (Pelletier et al., 2006). 

4.13 Overexpression of SAS-6 does not lead to general basal body 

overduplication 

To address whether SAS-6 can act as initiator of pro-basal body assembly, I tested if higher 

amounts of SAS-6 lead to basal body overduplication in T. brucei. A cell line with inducible 

Ty-mCherry-SAS-6 (mC-SAS-6) expression in a Y::SAS-6/Y::SAS-6 background was generated. 

This cell line allowed: the observation of SAS-6 made due to induction, the unambiguous 

identification of individual cells overexpressing SAS-6, and the detection of all SAS-6 in a cell. 

Western Blot analysis of whole cell extracts using anti-tag antibody confirmed that induction of mC-

SAS-6 led to a higher amount of SAS-6 in the cells (Fig. 4.16 A). However, fluorescence 

microscopy showed heterogeneity across the population with only 50% of the cells expressing mC-

SAS-6 (Fig. 4.16 B). Overexpression of SAS-6 over five days did not cause a change in the 

population growth rate (Fig. 4.16 C). 



Figure 4.15 No indication of pBB assembly at the usual site of pBB assembly next to the BB in
SAS-6 depleted cells. (A,B) Serial longitudinal sections of the BB area of non-induced cells. (A)
Early after BB duplication demonstrating that new pBB was already detectable at that time point. (B)
Example of a BB in the same position as the following examples. pBB was always visible within two
sections of BB. Scale bars: 200nm (white), 2m (black). Next pages: (C,D) Induced SAS-6 RNAi.
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Continuation of Figure 4.15 No indication of pBB assembly at the usual site of pBB assembly next
to the BB in SAS-6 depleted cells. (C) Serial longitudinal TEM sections of the basal body area of a
36h induced SAS-6 RNAi cells showing that no pro-basal body was detectable near the basal body.
Scale bars: 200nm (white), 2m (black). Next pages: (D) Induced SAS-6 RNAi.
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Continuation of Figure 4.15 No indication of pBB assembly at the usual site of pBB assembly next
to the BB in SAS-6 depleted cells. (D) Serial longitudinal TEM sections of the basal body area of a
36h induced SAS-6 RNAi cells showing that no pro-basal body was detectable near the basal body.
Scale bars: 200nm (white), 2m (black).
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Figure 4.16 Overexpression of SAS-6 does not cause a change in the population growth rate. (A)
Immunoblot analysis of cells given above image with anti-tag antibodies (anti-GFP, anti-Ty)
showing that mC::SAS-6/Y::SAS-6/Y::SAS-6 cells express more SAS-6 after induction. Loading
control: YL1/2. (B) Observed frequency of mC-SAS-6 expression in induced mC::SAS-6/Y::SAS-
6/Y::SAS-6 cells demonstrating heterogeneity in mC-SAS-6 expression in the population and that
only 40-50% of the cells overexpress SAS-6. (C) Population growth measured every 24h over 96h
with dilution every 48h showed that SAS-6 overexpression did not cause a change in the population
growth rate.
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Examination of cells overexpressing SAS-6 by fluorescence microscopy showed that cells with a 

high level of mC-SAS-6 had commonly a normal morphology with only few cells being aberrant 

(Fig. 4.17 A). Counts of kinetoplasts, nuclei, basal bodies and flagella showed that 48h post 

induction of mC-SAS-6 expression the number of abnormal cells increased by 15% across the 

whole population (n=200) and by 25% in the cells overexpressing SAS-6 (n=98; Fig. 4.17 B). 

However, these defective cells lacked a uniform phenotype and the ratios of the numbers of 

different organelles remained unchanged during SAS-6 overexpression (Fig. 4.17 C) which did not 

give any insight into a cause of the abnormalities. 

Most importantly, overexpression of SAS-6 did not lead to a general overduplication of basal 

bodies (Fig. 4.18). Only 5% of the cells in the population showed an over-representation of basal 

bodies correlated to their number of nuclei. 

4.14 SAS-6 is not a stable basal body component but dynamic 

Above I showed Y-SAS-6 localisation to the basal body and the pro-basal body throughout the cell 

cycle. Although the level of Y-SAS-6 varied depending on the cell cycle stage, the structures 

showed a base-level Y-SAS-6 signal which was also maintained in cytoskeleton preparations. It 

was surprising to find that in a population of induced SAS-6 RNAi cells basal bodies built before 

RNAi induction lacked Y-SAS-6 (Fig. 4.6 C, 4.7 A). This indicated that Y-SAS-6 was not stably 

integrated into the structure but dynamic. Furthermore, during early time points after RNAi 

induction Y-SAS-6 was reduced at a similar dynamic from old and new basal bodies compared to 

pro-basal bodies (Fig. 4.19 A). 

To further test the idea that SAS-6 is dynamic, I induced expression of mC-SAS-6 in 

Y::SAS-6/Y::SAS-6 cells for only 3h and analysed mC-SAS-6 localisation. As a normal cell cycle in 

these cells takes 10h (Fig. 4.16 C), all cells had at least one basal body that was built before 



Figure 4.17 Overexpression of SAS-6 leads to abnormalities in a proportion of the cell population.
(A) Overview images of non-induced and induced expression of mC-SAS-6 in mC::SAS-6/Y::SAS-
6/Y::SAS-6 cells. Scale bar: 20m. (B) Counts of kinetoplasts (=K), nuclei (=N), basal bodies (=B)
and flagella (=F) for the whole population (=all) which where then separated according to presence
(=over) or absence (=neg) of mC-SAS-6 expression. N = 200 counts for all, split between negative
cells (12h: 117cells, 24h: 118cells, 48h: 98cells) and overexpressing cells (12h: 83cells, 24h:
82cells, 48h: 102cells). (C) Graph displays ratios of the number of the in (B) counted cell
organelles (average of single cell ratios of all cells with standard deviation), which did not reveal a
change after induction of SAS-6 overexpression.
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Figure 4.18 SAS-6 overexpression does not lead to a general basal body overduplication: Only a
small percentage (5%) of cells showed an overduplication of basal bodies 48h after induction of
SAS-6 overexpression. Fluorescence microscopy images of whole cell preparations of 48h induced
mC::SAS-6/Y::SAS-6/Y::SAS-6 cells immunolabelled with L8C4 (anti-PFR2, yellow). Insets show
basal body area. DNA was labelled with DAPI (blue). Green=Y-SAS-6. Red=mC-SAS-6. Scale bar:
5m.
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Figure 4.19 SAS-6 at the basal body is dynamic. (A) Native YFP fluorescence showed that after
SAS-6 RNAi induction Y-SAS-6 is reduced at the newly assembled pBB but also at the old BB
(arrow head). (B) 3h mC-SAS-6 induction showed that mC-SAS-6 associates not only with newly
assembled pBB but also with old BBs built before induction (arrow heads). Displacement of Y-SAS-
6 is observed at mC-SAS-6 positive BBs and pBBs (lower Y-SAS-6 intensity of 2 compared to 1).
(A,B) Insets show indicated area. Scale bar: 5m.
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mC-SAS-6 induction. Nevertheless, in cells expressing mC-SAS-6 all basal bodies and pro-basal 

bodies were mC-SAS-6 positive (Fig. 4.19 B). Additionally, I also observed that mC-SAS-6 positive 

basal bodies had a lower amount of Y-SAS-6 compared to structures from the same stage without 

mC-SAS-6. This demonstrated that a proportion of Y-SAS-6 had been displaced from these basal 

bodies. 

These four observations suggest that SAS-6 is not a stably integrated component of the basal body 

but that it is dynamic. Together with the EM data of SAS-6 depleted cells which showed that old 

basal bodies are morphologically normal, this also implies that SAS-6 is not required for the 

maintenance of the basal body. 

4.15 Summary 

Here, I characterised the SAS-6 orthologue in Trypanosoma brucei. I showed that tagged SAS-6 

localises to the basal body and the pro-basal body, and that this tag does not impede with the 

functionality of the protein. The amount of SAS-6 at the basal body and pro-basal body is cell-cycle 

dependent, with the highest amount residing at assembling pro-basal bodies. Moreover, I 

demonstrated that SAS-6 is not stably integrated into the basal body but that it is in dynamic 

exchange probably with a cytoplasmic pool. SAS-6 in T. brucei is essential for basal body 

assembly. Thin section electron microscopy revealed both ultrastructural defects of basal bodies 

and a complete lack of pro-basal bodies in the absence of SAS-6. Furthermore, ectopic 

overexpression of the protein does not induce a general basal body overduplication. 
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 CHARACTERISATION OF 

TRYPANOSOMAL SAS6L 

5.1 Preface 

During the survey for SAS-6 proteins in the bioinformatic analysis of centriole components in 

Chapter 3, another Trypanosoma brucei protein with similarity to SAS-6 was identified. SAS-6 is 

well investigated in a range of eukaryotes, but no related proteins have been mentioned in the 

literature. Since the protein encoded by Tb927.10.7920 had similarity to T. brucei SAS-6 (encoded 

by Tb09.211.1930) we named it SAS-6 like protein, SAS6L. The aim of this part of my thesis was to 

characterise SAS6L in T. brucei and compare its function to SAS-6. The bioinformatic analysis in 

this chapter was done by Bill Wickstead and the work concerning SAS6L in Toxoplasma gondii by 

collaborators in the Morrissette lab. 

5.2 SAS6L and the N-terminus of SAS-6 share a conserved sequence 

The similarity between SAS6L and SAS-6 in T. brucei was found in the N-terminal region of SAS-6 

containing the conserved Pfam-B domain Pfam-B_2528. Similarity searches for proteins containing 

Pfam-B_2528 in the predicted proteomes of 43 diverse eukaryotes identified SAS-6 and SAS6L 
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homologues in other species showing that the existence of SAS6L proteins was not only specific to 

T. brucei. Phylogenetic analysis based on the conserved domain sequence of the identified SAS-6 

and SAS6L proteins demonstrated the existence of two distinct subfamilies (Fig. 5.1). A typical 

SAS-6 protein was composed of the N-terminal Pfam-B_2528, followed by coiled-coil regions and 

an undefined C-terminus. In contrast, SAS6L proteins consisted mainly of the defining 

Pfam-B_2528 domain and were with ~250 amino acids much shorter. SAS-6 and SAS6L proteins 

share a conserved sequence of ~200 amino acids which includes the “PISA” motif identified as a 

part of the SAS-6 head domain (Leidel et al., 2005; van Breugel et al., 2011) (Fig. 5.2). 

Threading of SAS6L proteins suggested that they may acquire structures similar to those of the N-

terminal part of SAS-6 proteins (Fig. 5.3). 

5.3 SAS6L is specific to species that form cilia except Holozoa 

SAS6L proteins were identified in four of the six eukaryotic “supergroups”: Archaeplastida, Fungi, 

Excavata and Chromalveolata. With the exception of Holozoa, the presence of SAS6L in species 

correlates largely with the presence of SAS-6 and the capability of cilia formation (Fig. 5.4). 

Interestingly, SAS6L could not be identified in animals or their close relatives, such as the 

choanoflagellate Monosiga brevicollis (collectively known as the Holozoa). The identification of 

SAS6L in the fungus Batrachochytrium dendrobatidis, suggests that the protein was present at the 

root of the unikonts and that the lack of identifiable SAS6L orthologues in animals represents a 

specific loss near the root of the Holozoa. The existence of SAS6L and SAS-6 in unikonts and all 

supergroups included in the bikonts (meaning in every lineage branching from the last common 

ancestor of all eukaryotes) suggested that the split of the SAS-6 and SAS6L subfamilies pre-dates 

the split of the supergroups and that the last common ancestor of all eukaryotes possessed a 

SAS6L protein. 



Figure 5.1 SAS-6 and SAS6L proteins form two distinct subfamilies. The hidden Markov model
defining Pfam-B_2528 was used to survey the predicted proteomes of 43 diverse eukaryotes
(HMMER3.0; hmmer.janelia.org). 69 proteins containing the domain (e-value < 0.001) were
extracted, trimmed to the conserved domain and aligned by MAFFT v6.811b adopting the E-INS-I
strategy. Bayesian phylogenies were inferred from four runs of the metropolis-coupled Markov
chain Monte Carlo method implemented in the program MrBayes3.1.2. Maximum likelihood support
for the inferred topology was generated from 100 bootstraps replicates of the data using PhyML3.0.
Analysis was done by Bill Wickstead.
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Figure 5.2 SAS6L and the N-terminus of SAS-6 share a conserved sequence. Conserved
sequence of SAS-6 and SAS6L proteins of diverse eukaryotes aligned by MAFFT v6.811b adopting
the E-INS-I strategy. Pisa domain is highlighted in orange above the sequence. Homsa = Homo
sapiens. Drome = Drosophila melanogaster. Caeel = Caenorhabditis elegans. Chlre =
Chlamydomonas reinhardtii. Physo = Phytophthora sojae. Toxgo = Toxoplasma gondii. Trybr =
Trypanosma brucei. Analysis was done by Bill Wickstead.
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Figure 5.3 The structure of SAS6L is predicted to be similar to the structure of the N-terminus of
SAS-6. Homology modelling suggested that SAS6L proteins can adopt structures very similar to
those seen for the N-terminus of SAS-6. Analysis was done by Bill Wickstead.
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Figure 5.4 SAS6L is specific to species that form cilia but it was lost from Holozoa. The predicted
proteomes of 43 eukaryotic species were surveyed for homologues of SAS-6 and SAS6L using the
hidden Markov model defining Pfam-B_2528. Black circle indicates presence of the protein. White
circle indicates absence/undetectablity. Grey background for non-ciliated species. Analysis was
done by Bill Wickstead.
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5.4 SAS6L-Y localises to the basal plate and around the exit of the 

flagellum from the pocket 

SAS6L in T. brucei is encoded by Tb927.10.7920. It is predicted to be a 230 amino acid protein 

with a molecular weight of 26kDa and an isoelectric point of pH 5.4, which is smaller and more 

acidic than SAS-6. In order to study the protein, I generated a procyclic form cell line expressing 

T. brucei SAS6L with a C-terminal YFP-Ty tag (SAS6L-Y) from an endogenous SAS6L locus. 

Additionally, another cell line was generated which expressed T. brucei SAS6L with a C-terminal 

Myc-His-YFP-TAP tag (SAS6L-Y-TAP) after induction with doxycycline from an ectopic locus. 

Examination of preparations of cells expressing SAS6L-Y from the endogenous locus revealed the 

localisation of the protein to three sites: (1) to the beginning of the axoneme (distal of the basal 

body) as a prominent dot, (2) to the pro-basal body depending on the cell cycle stage, and (3) to 

the exit of the flagellum from the pocket as a weaker signal in shape of a half-ring with an extension 

directed towards the anterior end of the cell (Fig. 5.5). 

(1) Localisation to the basal plate 

To determine the site of the prominent SAS6L-Y dot, cells were immunolabelled with the basal 

body markers BBA4 and YL1/2. The BBA4 antibody labels an unknown antigen at the proximal end 

of the basal body (Woodward et al., 1995). The YL1/2 antibody recognises tyrosinated -tubulin 

which locates at the posterior end of the subpellicular MT cytoskeleton and around the distal 

appendages of the basal body (Kilmartin et al., 1982; Stephan et al., 2007). The labelling of both 

antibodies was proximal of the SAS6L-Y-TAP signal (Fig. 5.6 A,B). The SAS6L-Y dot was also 

distal to Ty-mCherry-WDR16, which localises to the transition zone (see Chapter 7 about WDR16, 

Fig. 5.5). The distance between the prominent SAS6L dot and YL1/2 labelling measured 

520  34nm (Fig. 5.6 C). This localisation is consistent with the position of the basal plate. 



Figure 5.5 Overview over localisation of SAS6L-Y throughout the cell cycle: SAS6L-Y localises
distal to the BB as a prominent dot, to the pBB before BB duplication (white arrow head) and to a
site around the flagellar collar. T. brucei SAS6L C-terminally tagged with YFP-Ty (SAS6L-Y, green)
was expressed from an endogenous SAS-6 locus in procyclic form cells which additionally
expressed Ty-mCherry-WDR16 as marker for the axoneme, BB and pBB. Cells were detergent-
extracted and fixed in methanol. DNA was labelled with DAPI (blue). Scale bar: 5m.
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Figure 5.6 SAS6L-Y localises to the basal plate. (A) Whole cell preparation of cells expressing
SAS6L-Y-TAP (green) 16h post induction was immunolabelled with YL12 (red). (B) Cytoskeleton
preparation of cells expressing SAS6L-Y-TAP (green) 16h post induction was immunolabelled with
BBA4. (A,B) DNA was labelled with DAPI (blue). Insets show basal body area. White arrow head
points towards the BB (= site of YL1/2 labelling, reference point for measurements). White scale
bar: 5m. (C) Distance measurements in relation to YL1/2, a basal body marker labelling the
appendages. This showed that SAS6L localises to a site consistent with the axonemal basal plate.
TEM image of a longitudinal flagellum section. Length of BB ~200nm. Length of TZ ~500nm. Black
scale bar: 200 nm.
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(2) Localisation at the pro-basal body 

SAS6L-Y localised to the pro-basal body late during its assembly process. The SAS6L-Y signal at 

this site gradually established in 2K1N and 2K2N cells (Fig. 5.5 vi,viii), and was strongest in 1K1N 

cells before basal body duplication (Fig. 5.5 i,ii). The appearance of the SAS6L-Y signal around the 

pro-basal body might reflect the accumulation of new material required late in basal body assembly 

or maturation. 

(3) Localisation around the exit of the flagellum from the pocket 

The SAS6L-Y signal around the exit of the flagellum from the pocket was present throughout the 

cell cycle. The shape of the YFP fluorescence as half-ring and its position suggested that SAS6L-Y 

localises around the collar of the flagellar pocket (Fig. 5.5). The extension of the half-ring followed 

the flagellum attachment zone (FAZ) closely, and is most likely in the cell body and not the 

flagellum (Fig. 5.7 A,B, 5.5). However, it was unclear what this signal could represent on a 

structural level. 

To investigate SAS6L at this site, I tested whether it colocalises with centrin and SAS-4, two 

proteins known as basal body components with additional localisation sites in the area around the 

flagellum exit from the pocket. Centrin2 localises above the Golgi apparatus and marks a 

phenomenon called the bilobe (Esson et al., 2012; He et al., 2005). Immunolabelling of 

SAS6L-Y-TAP expressing cells with 20H5, an anti-centrin antibody, showed that the two proteins 

did not colocalise but that SAS6L-Y-TAP was in close proximity above the centrin2 labelling 

(Fig. 5.8 A,B).  

SAS-4 is another basal body protein that was observed in that area during the formation of the new 

axoneme (see Chapter 6 about SAS-4). Fluorescence microscopy analysis of cells expressing 

SAS6L-Y-TAP and Ty-mCherry-SAS-4 showed that the localisation of the two proteins was distinct 

but in close proximity (Fig. 5.8 C). 



Figure 5.7 The SAS6L-Y extension follows the course of the FAZ. Cytoskeleton preparation of
cells expressing SAS6L-Y (green) was immunolabelled with YL1/2 (anti-tyrosinated -tubulin, red)
and (A) L8C4 (anti-PFR2, magenta) or (B) L3B2 (anti-FAZ, magenta). DNA was labelled with DAPI
(blue). Insets show the area around the exit of the flagellum from the pocket. Scale bar: 5m.
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Figure 5.8 The SAS6L localisation around the flagellum exit from the pocket is distinct from the
bilobe and from the SAS-4 localisation. (A) Whole cell and (B) cytoskeleton preparations of cells
expressing SAS6L-Y-TAP (green) 16h post induction were immunolabelled with 20H5 (anti-
centrin1/2, bilobe, magenta). (C) Whole cell preparation of cells expressing SAS6L-Y-TAP (green)
16h post induction and Ty-mCherry-SAS-4 (magenta). DNA was labelled with DAPI (blue). Insets
show the area around the flagellum exit from the pocket. Scale bar: 5m.
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5.5 Overexpression of SAS6L results in the formation of SAS6L-Y-TAP 

filaments 

In order to analyse the function of SAS6L, a cell line overexpressing SAS6L with a C-terminal Myc-

His-YFP-TAP tag was generated (as mentioned above). Western blot analysis of whole cell 

extracts using anti-GFP antibodies confirmed the expression of SAS6L-Y-TAP after induction with 

doxycycline (Fig. 5.9 A). Localisation of SAS6L-Y-TAP 16h after induction is consistent with that 

observed for SAS6L-Y expressed from an endogenous SAS6L locus. However, longer induction of 

SAS6L-Y-TAP resulted in formation of fluorescent filaments in 22% of the population after 24h, 

27% after 36h, and 36% after 48h (n=200 per time point, Fig. 5.9 B). Cell morphology appeared 

normal despite filament formation. Counts of cell numbers over 5 days did not reveal an effect of 

SAS6L-Y-TAP over-expression and filament formation on the growth rate of the population 

(Fig. 5.9 C). 

5.6 SAS6L-Y-TAP filaments originate from the region of the flagellar collar 

SAS6L-Y-TAP filaments showed a wide variety of shapes. To investigate the nucleation site and 

the path of the filaments, filament forming cells 36h after induction were examined by fluorescence 

microscopy. 

The nucleation site of the filaments was in the vicinity to the proximal end of the flagellum 

(Fig. 5.10). As some filament forming cells showed the distinct basal plate dot separate from the 

filament, the nucleation site was most likely from the region of the flagellar collar rather than the 



Figure 5.9 Overexpression of SAS6L-Y-TAP. (A) Immunoblot analysis of cells given above image
with anti-GFP antibody showing that the cells expressed SAS6L-Y-TAP after induction with
Doxycycline and that amount of the protein increased over time. Loading control: L8C4 (anti-PFR2).
(B) Fluorescence microscopy analysis at different time points after SAS6L-Y-TAP induction showing
the formation of fluorescent filaments in some cells. Scale bar: 5m. Graph shows percentage of
cells with and without SAS6L-Y-TAP expression, and frequency of filament formation. (C)
Population growth measured every 24h over 96h with dilution every 48h showed that SAS6L over-
expression and filament formaiton did not cause a change in the population growth rate.
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Figure 5.10 Overview of SAS6L-Y-TAP filament formation. Cytoskeleton preparation of cells 36h
after SAS6L-Y-TAP (green) induction. DNA was labelled with DAPI (blue). Examples showing the
variety of shapes of SAS6L-Y-TAP filaments and sites in the cell. Insets show filaments of the
respective cell. Scale bar: 5m.
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basal plate area (Fig. 5.10 i-v). This is further supported by the assumption that SAS6L at the basal 

plate is inside the axoneme whereas the filaments were in the cell body. SAS6L-Y-TAP filaments 

were also detected in other places in the cell, for example at the anterior tip of the cell body or 

somewhere along the FAZ (Fig. 5.10 xi,xii,xviii). These fragments might, however, have broken off 

the initial filament, rather than having been nucleated at these sites. 

Filament progression could be typically detected along the FAZ towards the anterior direction 

(Fig. 5.10 i-vi). Forking of filaments with one part of the structure not running along the FAZ was 

another frequent phenomenon (Fig. 5.10 vii-xii). Filaments going from the vicinity of the proximal 

end of the flagellum towards the posterior direction of the cell (Fig. 5.10 xiii-xv), and filaments 

following different, more complex patterns were also observed (Fig. 5.10 xvi-xxi). Most likely, these 

structures had experienced a longer period of filament growth starting in previous cell generations. 

5.7 SAS6L-Y-TAP filaments are not microtubule-based 

To test whether the SAS6L-Y-TAP filaments were microtubules decorated with the SAS6L protein, I 

used an established method to depolymerise subpellicular microtubules. Cytoskeleton preparations 

of detergent-extracted cells were treated with calcium ions at a concentration that destabilised 

subpellicular MTs but not axonemal MTs. SAS6L-Y-TAP filaments were resistant to calcium 

extraction suggesting a composition distinct from microtubules (Fig. 5.11 A). However, since the 

protocol depolymerised only subpellicular but not the axonemal microtubules, the possibility 

remained that the filaments represent a more stable version of microtubules or that SAS6L-Y-TAP 

is MT-stabilising. Immunolabelling of calcium-treated cytoskeleton preparations with TAT1 

(anti--tubulin antibody) confirmed that SAS6L-Y-TAP filaments did not contain -tubulin 

(Fig. 5.11 B). 

The filaments neither contained SAS-4 nor induce its localisation next to the filaments 



Figure 5.11 SAS6L-Y-TAP filaments are not microtubule-based. (A) Cells 36h after SAS6L-Y-TAP
(green) induction were detergent-extracted (cytoskeleton prep) and treated with calcium, showing
that the SAS6L-Y-TAP filaments are calcium-resistant. (B) Calcium-treated cytoskeleton
preparation immunolabelled with TAT1 (anti--tubulin, red) showing that SAS6L-Y-TAP filaments do
not contain tubulin. (C) Whole cell preparation of cells expressing SAS6L-Y-TAP (green) and Ty-
mCherry-SAS-4 (red) demonstrating that filaments do neither contain SAS-4 nor induced its
accumulation around it. DNA was labelled with DAPI (blue). Scale bar: 5m.
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Figure 5.12 The ectopic expression of TgSAS6L-YFP leads to the formation of filaments in
Toxoplasma gondii. Ectopic expression of TgSAS6L-YFP under the control of an α1-tubulin
promoter led to the formation of TgSAS6L-YFP filaments. Tubulin (red), TgSAS6L-YFP (green) and
DNA (blue). (A) A subset of intracellular Toxoplasma tachyzoites possessed TgSAS6L-YFP
filaments in the cytoplasm. (B) Cytoplasmic filaments seemed to interfere with completion of
cytokinesis in some parasites. (C) After treatment of the parasites with oryzalin, which
depolymerises microtubules, TgSAS6L-YFP filaments were still present. Scale bars: 2 µm.
These experiments were performed by our colaborators Jessica Cruz de Leon and Naomi S.
Morrissette at the University of California, Irvine.
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Figure 5.13 Ultrastructure of the SAS6L-Y-TAP filaments. Correlative microscopy of SAS6L-Y-TAP
filaments with fluorescence and electron microscopy. (A) The same cell cytoskeleton is shown by
phase with epifluorescence in (A1) and by TEM with YFP signal overlaid (A2). This allows the
unambiguous identification of the SAS6L-Y-TAP filaments (A3). Scale bars: 2µm (A1,2), 200nm
(A3). (B) The same SAS6L-Y-TAP filament in calcium-treated cytoskeleton preparation by phase
with epifluorescence in (B1) and by TEM with YFP signal overlaid (B2). Scale bars: 2µm (B1,2),
500nm (B3), 200nm (B4).

A

B

SAS6L-Y-TAP
Phase +

SAS6L-Y-TAP
TEM image 1 2

3

SAS6L-Y-TAP
Phase +

SAS6L-Y-TAP
TEM image 

1 2

3

4

145



 146

(Fig. 5.11 C). The same was the case for centrin-1 and -2 (data not shown). 

Our collaborators, J. Cruz de Leon and N. Morrissette, showed that ectopic expression of 

Toxoplasma gondii SAS6L with the C-terminus fused to YFP resulted also in the formation of 

filaments in the parasite (Fig. 5.12). 

 

5.8 Ultrastructure of SAS6L-Y-TAP filaments 

In order to confidently identify SAS6L-Y-TAP filaments and investigate their ultrastructure, I 

developed a microscopy approach that correlated the native YFP signal to the TEM image of the 

same cell. Cytoskeleton preparations of detergent-extracted cells were mounted onto formvar-

coated marked grids, and analysed by fluorescence microscopy followed by TEM. This showed 

that SAS6L-Y-TAP filaments had a distinct appearance from microtubules. Whereas microtubules 

were hollow with a white border, the filaments did not look hollow and not as rigorously straight 

(Fig. 5.13 A). It also showed that a single YFP line could represent several filaments. 

To see the ultrastructure of the filaments more clearly, the subpellicular microtubules were 

depolymerised by treatment with calcium ions. This revealed SAS6L-Y-TAP filaments with a 

twisted/helical appearance and an approximate width of ~20-25nm (Fig. 5.13 B). This size is similar 

to the diameter of ring polymers formed by N-terminal fragments of SAS-6 and to the predicted 

dimensions for the hub of the cartwheel in models based on the crystal structure of SAS-6 

(Kitagawa et al., 2011c; van Breugel et al., 2011). 

5.9 Summary 

Here I describe a novel family of proteins with similarity to the N-terminal proportion of SAS-6. The 

SAS6L family was shown to be most likely ancestral to all eukaryotes but lost near the root of 
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Holozoa. I showed localisation of YFP-tagged SAS6L to a position consistent with the basal plate 

and around the exit of the flagellum from the pocket in T. brucei. Ectopic overexpression of the 

protein led to the formation of long cytoplasmic filaments that most likely originated from the latter 

localisation site.  
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 CHARACTERISATION OF 

TRYPANOSOMAL SAS-4 

6.1 Preface 

In Chapter 3, the centriolar protein SAS-4 was identified as part of a core set of proteins that is 

conserved in the majority of cilia-producing species but not in species without cilia. This 

conservation pattern suggested that SAS-4 is important in the centriole assembly pathway across 

eukaryotes. Like SAS-6, SAS-4 was initially identified in two independent RNAi screens for cell 

division defects in Caenorhabditis elegans embryos (Kirkham et al., 2003; Leidel and Gonczy, 

2003). SAS-4 is essential for centriole and/or basal body assembly in all species studied to-date, 

which include C. elegans, Drosophila melanogaster, Homo sapiens and Paramecium tetraurelia 

(Basto et al., 2006; Gogendeau et al., 2011; Kirkham et al., 2003; Kleylein-Sohn et al., 2007; Leidel 

and Gonczy, 2003). EM tomography of centrioles in C. elegans suggested that the protein is 

required for the attachment of microtubules to the central tube, a centriole part which is still 

assembled in SAS-4 depleted cells (Pelletier et al., 2006). Overexpression of CPAP, the human 

SAS-4 homologue, leads to elongated centriolar microtubules (Kohlmaier et al., 2009; Schmidt et 

al., 2009; Tang et al., 2009). During the assembly of basal bodies of P. tetraurelia SAS-4 is also 

required, though the exact stage is unclear. In this species, however, SAS-4 overexpression leads 
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to supernumerary germinative disks instead of elongated MTs (Gogendeau et al., 2011). For a 

complete introduction to SAS-4 see Chapter 1. 

Despite the presence of SAS-4 in diverse eukaryotes, the protein has been studied mainly in 

animals with the exception of one study in P. tetraurelia (Gogendeau et al., 2011). My aim in this 

chapter is to study the role of SAS-4 in the protozoan T. brucei, which is distantly-related to either 

animals or ciliates, and where basal bodies serve the purpose of flagellum nucleation throughout 

the cell cycle and never participate in centrosome or spindle pole organisation. This allows studying 

the protein’s role in the basal body without being disturbed by mitosis defects. 

6.2 Bioinformatic analysis of T. brucei SAS-4 

In the bioinformatic study of centriole components in Chapter 3, two predicted proteins in T. brucei, 

Tb11.02.0810 and Tb11.02.3880, were found to be similar to SAS-4 proteins in other organisms. 

Alignment of the sequences of the two predicted T. brucei proteins with those of other SAS-4 

homologues of other eukaryotes showed that the most sequence conservation in SAS-4 proteins 

was found in the C-terminal part which includes the Tcp10 domain (Islam et al., 1993). The 

sequence of Tb11.02.0810, but not of Tb11.02.3880, aligned well with the region comprising the 

Tcp10 domain and displayed conservation in the majority of the residues conserved in eukaryotic 

SAS-4 proteins (Fig. 6.1 A). Analysis of the protein domain architecture showed that SAS-4 

proteins (with the exception of the divergent SAS-4 of C. elegans) possessed a C-terminal Tcp10 

domain, as did Tb11.02.0810 but not Tb11.02.3880 (Fig. 6.1 B). However, Tb11.02.0810 lacked 

the Pfam-B_19564 domain, a predicted domain with unknown function, which is present in other 

SAS-4 proteins. Whether the lack of this domain has any functional implications for Tb11.02.0810 

is not known. Another difference is that Tb11.02.0810, like the predicted SAS-4 in C. reinhardtii, 

possessed a Pfam-B_244 domain, which was not detected in SAS-4 in unikonts. The function of 

this domain or the consequence of its presence is not known either. Collectively, these data 



Figure 6.1 Tb11.02.0810 encodes a SAS-4 protein, but Tb11.02.3880 does not. (A) Amino acid
alignment of two T. brucei proteins with SAS-4 protein sequences of other eukaryotes was
generated with MAFFT version 6 E-INS-I (http://mafft.cbrc.jp/alignment/server/). Shown here is the
C-terminal part of the alignment which exhibited the highest conservation among SAS-4 proteins
and included the Tcp10 domain (highlighted underneath the sequence in red). Tb11.02.0810
showed conservation in the Tcp10 domain, whereas Tb11.02.3880 did not. Amino acids are shown
with blue backgorund when they are identical to the majority consensus, and in cyan when they are
similar. (B) Pfam domain architecture of the two T. brucei proteins and SAS-4 of other eukaryotes.
SAS-4 proteins (except the divergent SAS-4 of C. elegans) have a C-terminal Tcp10 domain.
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support that Tb11.02.0810 encodes a SAS-4 orthologue, but Tb11.02.3880 does not. Although 

Tb11.02.3880 is similar to SAS-4 homologues of other species it possesses a different domain 

architecture. 

6.3 Trypanosomal SAS-4 localises to multiple sites 

To study SAS-4 in trypanosomes, I generated a procyclic form cell line that expressed T. brucei 

SAS-4 with an N-terminal Ty-YFP tag (Y-SAS-4) from the endogenous SAS-4 locus. Analysis by 

fluorescence microscopy showed that Y-SAS-4 localised to multiple sites in trypanosomes: (1) to a 

position consistent with the basal body region, (2) to the anterior tip of the cell, and (3) to a site 

close to the exit of the flagellum from the pocket (Fig. 6.2). 

(1) More Y-SAS-4 localises to the pro-basal body than to the basal body 

To investigate the YFP signal in the basal body region, cells were immunolabelled with a marker for 

mature basal bodies, YL1/2. The YL1/2 antibody recognises tyrosinated -tubulin which locates at 

the posterior end of the subpellicular MT cytoskeleton and around the distal appendages of the 

basal body (Kilmartin et al., 1982; Stephan et al., 2007). While only a faint YFP signal co-localised 

with the YL1/2 labelling, an intense YFP signal was observed as a dot next to the basal body 

marker (Fig. 6.3). This intense Y-SAS-4 signal was consistent with the position of the pro-basal 

body. 

(2) Y-SAS-4 localises to the anterior end of the cell and to the site where the new anterior 

end forms 

Throughout the cell cycle, a strong YFP signal could be observed at the anterior end of the cell 

body both in whole cell as well as in cytoskeleton preparations (Fig. 6.2, 6.3). In 2K1N and 2K2N 

cells, Y-SAS-4 accumulated additionally at a site close to the end of the new flagellum (Fig. 6.4 A). 



Figure 6.2 Y-SAS-4 localises to multiple sites in trypanosomes: (1) distal to the kinetoplast, (2) to
the anterior tip of the cell body, and (3) to a site close to the exit of the flagellum from the pocket.
T. brucei SAS-4 N-terminally tagged with Ty-YFP (Y-SAS-4, green) was expressed from the
endogenous SAS-4 locus in procyclic forms. Cells were fixed with formaldehyde and labelled with
L8C4 (anti-PFR2, magenta). DNA was labelled with DAPI (blue). Scale bar: 5m.
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Figure 6.3 More Y-SAS-4 localises to the pro-basal-body than to the basal body. Cells expressing
Y-SAS-4 (green) were detergent-extracted, fixed in methanol and immunolabelled with YL1/2
(magenta) and BBA4 (red). DNA was labelled with DAPI (blue). Insets show basal body area. White
arrow heads point towards pro-basal body. White scale bar: 500nm. Black scale bar: 5m.
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Figure 6.4. Y-SAS-4 is associated with both the tip of the old and of the new flagellum attachment
zone (FAZ). (A) Cytoskeleton preparation of cells expressing Y-SAS-4 (green) showing the
accumulation of Y-SAS-4 at the site where a new anterior cell end is formed (insets). (B-D)
Cytoskeleton preparation (B) or cytoskeleton preparation additionally treated with calcium ions
(C,D) were immunolabelled with L3B2 (anti-FAZ, magenta) or with TAT1 (anti--tubulin, red). Cell
preparations were made at the same time and YFP signal was processed in the same way. This
showed that Y-SAS-4 localised to the end of both the old and new FAZ and that the YFP signal is
retained in the absence of subpellicular MTs. DNA was labelled with DAPI (blue). Scale bars: 5m.
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This is the site where the formation of the new anterior end of the posterior daughter cell is 

expected to occur. To validate the SAS-4 localisation to the new anterior end, immunolabelling with 

L3B2, an antibody recognising a protein of the flagellum attachment zone (FAZ; Kohl et al., 1999), 

was performed. Y-SAS-4 localised to the distal tip of the new FAZ in 2K1N and 2K2N cells 

(Fig 6.4 B). In these cell cycle stages the FAZ had grown close to full length and marked the site of 

the new anterior end. 

In T. brucei the subpellicular cytoskeleton has a polarity with the microtubule minus ends towards 

the anterior end of the cell, with the exception of the four specialised microtubules which have the 

opposite polarity. This and the data about the MT interacting capacity of metazoan SAS-4 

homologues (Cormier et al., 2009; Hsu et al., 2008; Hung et al., 2004) raised the question whether 

SAS-4 is associated with MT minus ends at the anterior end of the cell. Interestingly, Y-SAS-4 also 

showed a weak punctuated signal towards the anterior end (Fig. 6.4 A). To test whether the SAS-4 

signal remained present when the subpellicular MT corset was depolymerised, cytoskeleton 

preparation were treated with calcium ions. Interestingly, Y-SAS-4 was still detected after removal 

of the subpellicular microtubules (Fig. 6.4 C,D). This observation could have several explanations: 

i) Y-SAS-4 was not associated with MTs, ii) Y-SAS-4 was associated with the MTs but stabilised by 

another protein which kept it attached to the slide even after MT depolymerisation, or iii) Y-SAS-4 

itself stuck to the glass slide despite MT removal. 

(3) Y-SAS-4 localises near the exit of both flagella from the pocket during the assembly of 

the new flagellum 

During the formation of a new flagellum, Y-SAS-4 could be observed near the exit of the flagellum 

from the pocket (Fig. 6.2). This Y-SAS-4 signal appeared in 1K1N cells after basal body duplication 

and extended along the beginning of both the old and new FAZ. The YFP at this site was 

essentially absent in 2K2N cells. 

Y-SAS-4 localisation near the exit of the flagellum from the pocket was reminiscent of the bilobe 
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signal, which was initially defined by the labelling of 20H5, an anti-centrin antibody (He et al., 2005). 

Recent work has shown that this signal is from a short filament in that area (Esson et al., 2012). To 

test whether Y-SAS-4 localised to the bilobe, immunolabelling with 20H5 was performed. This 

showed that the Y-SAS-4 localisation pattern is distinct from the bilobe signal despite partial 

overlap (Fig. 6.5). Whereas 20H5 labelling was at a fixed localisation at the beginning of the FAZ, 

Y-SAS-4 seemed more dynamic, moving distal to the 20H5 signal along the FAZ. 

Another protein that is observed near the bilobe is Polo-like Kinase (PLK, de Graffenried et al., 

2008), which phosphorylates the bilobe component centrin-2 (Yu et al., 2012). Kinase activity is 

critical for the activity of several centriole components in other eukaryotes. The function of the 

human SAS-4 homologue CPAP for example is dependent on phosphorylation by PLK2 (Chang et 

al., 2010). This raised the questions whether SAS-4 function in trypanosomes depends on PLK, the 

only PLK in T. brucei (Graham et al., 1998; Hodges et al., 2010), and whether the two proteins co-

localise. To address the latter question, Ty-YFP-PLK (Y-PLK) and Ty-mCherry-SAS-4 (mC-SAS-4) 

were co-expressed and localisation was analysed by fluorescence microscopy. The localisation 

pattern of Y-PLK and mC-SAS-4 was distinct despite partial overlap (Fig. 6.6). In 1K1N cells after 

BB duplication, Y-PLK appeared and localised to the collar region (Fig. 6.6 iii,iv). Y-PLK was 

detected at the tip of the newly forming FAZ after the synthesis of the new flagellum had started. In 

contrast, mC-SAS-4 localised towards the proximal end of the FAZ (Fig. 6.6 iv-vi). Interestingly, Y-

PLK also localised to the flagellum connector (Fig. 6.6 iv-vi, a PLK localisation site previously not 

described. In contrast to earlier cell cycle stages, in 2K2N cells Y-PLK was no longer detectable at 

the distal end of the FAZ, and mC-SAS-4 located to this site (Fig. 6.6 vii). 

6.4 SAS-4 is essential 

To investigate the function of SAS-4, I generated a cell line with inducible RNA interference against 

SAS-4 in a Y::SAS-4/Y::SAS-4 background. Western blot analysis of doxycycline-induced cells 



Figure 6.5 The Y-SAS-4 signal near the exit of the flagellum from the pocket does not colocalise
with 20H5. Cytoskeleton preparation of cells expressing Y-SAS-4 (green) were immunolabelled with
20H5 (anti-centrin, red). This showed that Y-SAS-4 does not colocalise with centrin, a marker for
the bilobe. DNA was labelled with DAPI (blue). Insets show the proximal end of the flagellum. Scale
bar: 5m.
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Figure 6.6 SAS-4 does not colocalise with Polo-like Kinase. (figure legend next page)
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Continuation of Figure 6.6 SAS-4 does not colocalise with Polo-like Kinase. Cells expressing mC-
SAS-4 and Y-PLK showing that the two proteins have different localisation patterns throughout the
cell cycle. Both proteins localise to the distal tip of the new FAZ (L3B2, yellow). PLK was present
early during the cell cycle (1K1N and 2K1N), while SAS-4 localised there later (2K1N and 2K2N).
Arrow head indicates a site consistent with the flagellar connector. DNA was labelled with DAPI
(blue). Scale bars: 5m.
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confirmed that the short hairpin construct against SAS-4 (shSAS-4) was effective in reducing the 

amount of the protein to undetectable levels by 36h post RNAi induction (Fig. 6.7 A). Microscopic 

examination showed homogenous ablation of Y-SAS-4 across the population and the accumulation 

of aberrant multinucleated cells (Fig. 6.7 B). Induction of SAS-4 RNAi resulted in a strong growth 

defect within 24h, which revealed that SAS-4 was an essential protein for cell division (Fig. 6.7 C). 

6.5 Flagellum assembly continues in SAS-4 depleted cells but cytokinesis 

does not 

To characterise the phenotype associated with the depletion of SAS-4, cells were analysed by 

fluorescence microscopy. Counts of kinetoplasts and nuclei showed the accumulation of aberrant 

multinucleated cells across the population after SAS-4 ablation (Fig. 6.8 A). The ratio of the number 

of nuclei to the number of flagella remained relatively constant after SAS-4 RNAi induction, which is 

in stark contrast to the SAS-6 RNAi phenotype where this ratio increases 400% (Fig. 6.8 B, 

compare to Fig. 4.8 B). This suggested that flagellum assembly continued at normal speed 

compared to mitosis after SAS-4 depletion. 48h post SAS-4 RNAi induction 30% of the cells 

possessed more than two nuclei and more than two flagella (Fig. 6.8 C). These data indicated a 

cytokinesis defect, but surprisingly not a basal body duplication defect. 

6.6 SAS-4 depleted cells assemble normal basal bodies 

The presence of a multitude of flagella in SAS-4 depleted trypanosomes (F>2 in 50% of the cells 

72h post RNAi induction) was unexpected since SAS-4 in all eukaryotes tested so far is required 

for proper centriole and/or basal body assembly (Basto et al., 2006; Gogendeau et al., 2011; 

Kirkham et al., 2003; Kleylein-Sohn et al., 2007; Leidel and Gonczy, 2003). To study the 

composition of basal bodies in SAS-4 depleted trypanosomes, Y-SAS-6 was expressed together 



Figure 6.7 Depletion of SAS-4 results in a lethal growth defect. (A) Immunoblot analysis of cells
given above image with anti-tag antibodies (anti-GFP, anti-Ty) showing the depletion of Y-SAS-4
after induction of RNAi against SAS-4. (B) Fluorescence microscopy analysis of non-induced and
72h induced SAS-4 RNAi cells confirmed the depletion of Y-SAS-4 and revealed the aberrant
morphology of cells post SAS-4 RNAi induction. DNA was labelled with DAPI (blue). Scale bar:
5m. (C) Population growth measured every 24h over 96h with cultures diluted every 48h showed
that the ablation of SAS-4 resulted in a dramatic reduction in cell duplication.
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Figure 6.8 Depletion of SAS-4 leads to failure of cytokinesis but flagellum assembly continues.
(A) Kinetoplast and nucleus counts at several time points after SAS-4 RNAi induction demonstrating
an increase of abnormal cell cycle stages (redish colours). (B) Immunolabelling of whole cell
preparations of non-induced and 48h induced SAS-4 RNAi cells with L8C4 (anti-PFR2, magenta),
and fluorescence microscopy showed the accumulation of multinucleated cells with a high number
of flagella post SAS-4 RNAi induction. DNA was labelled with DAPI (blue). Scale bar: 5m. (C)
Ratio of the number of nuclei to number of flagella remained unaffected of SAS-4 ablation
suggesting that flagellum assembly continued at normal speed or changed at the same rate as
mitosis. N=200/time point. Error bars: standard deviation.
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with mC-SAS-4 in cells with inducible SAS-4 RNAi. Cells which had additional flagella had the 

same number of additional pairs of Y-SAS-6 dots (Fig. 6.9 A). This showed that SAS-4 depleted 

basal bodies and pro-basal bodies still contained SAS-6. YL1/2 and LAZ1 immunolabelling also 

supported that basal bodies assembly continued in SAS-4 depleted cells despite cytokinesis defect 

and SAS-4 ablation (Fig. 6.9 B,C). Thin section electron microscopy demonstrated that the 

ultrastructure of basal bodies and axonemes in SAS-4 depleted cell was indistinguishable from 

wild-type cells (Fig. 6.10 A,B). Collectively, these data showed that basal body assembly continued 

normally, and thus was unlikely to be the source of the observed cytokinesis defect. 

6.7 Normal organisation of MTs at the anterior tip in SAS-4 depleted cells 

SAS-4 depletion led to a cytokinesis defect. The protein localises to the anterior tip and the 

ingression of the cleavage furrow starts from the anterior site. To test whether SAS-4 depletion 

causes disorganisation of the anterior end, whole-mount cytoskeleton preparations were inspected. 

The old anterior end of the subpellicular cytoskeleton of cells 36h after SAS-4 RNAi induction was 

indistinguishable from that in non-induced cells (Fig. 6.11). 

6.8 Ty-YFP-tagged SAS-4 complements the loss of wild-type SAS-4 

To test whether tagged SAS-4 was functional, I generated a cell line in which both endogenous 

SAS-4 alleles where modified to express Y-SAS-4. Integration of the targeting constructs and 

presence of the wild-type SAS-4 allele was checked by PCR. This validated that 

Y::SAS-4/Y::SAS-4 cells possessed only modified and no wild-type alleles of SAS-4 (Fig. 6.12 A). 

Western blot analysis of whole cell extracts using anti-tag antibodies demonstrated that the cells 

with two Y::SAS-4 alleles expressed a higher amount of the tagged protein compared to cells with 



Figure 6.9 Basal body assembly continues in SAS-4 depleted cells. (A) Whole cell preparations of
cells expressing mC-SAS-4 (green) and Y-SAS-6 (red) after SAS-4 RNAi induction showed that
SAS-4 depleted cells possessed an increased number of Y-SAS-6 dots suggesting that BB
assembly continued despite a reduced level of SAS-4. (B) Whole cell preparation of SAS-4 RNAi
induced cells labelled with YL1/2 (red) showed increased numbers of YL1/2 dots supporting that BB
assembly continued. (C) Cytoskeleton preparation of SAS-4 RNAi induced cells labelled with LAZ1
(red) and YL1/2 (dark blue) showed an increased number of LAZ1 dots indicating that pBB
assembly continued. Insets show basal body area. White scale bars: 500nm. Black scale bars:
5m.
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Figure 6.10 The ultrastructure of SAS-4 depleted basal bodies appears normal. (A) TEM thin
sections of basal bodies and axonemes of cytoskeleton preparations of non-induced and 36h
induced SAS-4 RNAi cells showed that the ultrastructure of basal bodies from SAS-4 RNAi induced
cells looks indistinguishable from those from non-induced cells. Scale bars: 200nm. (B) Counts of
normal and abnormal basal bodies, transition zones and axonemes of non-induced and 36h
induced SAS-4 RNAi cells. Counts were done on TEM thin sections.
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Figure 6.11 The anterior end of the subpellicular cytoskeleton is still organised in SAS-4 depleted
cells. TEM images of anterior ends of the subpellicular MT array of negatively stained whole-mount
cytoskeletons of non-induced and 36h induced SAS-6 RNAi cells. The cell cytoskeleton of the
respective anterior tip is shown on the right. White scale bars: 200nm. Black scale bars: 5m
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Figure 6.12 Y-SAS-4 is functional. In Y::SAS-4/SAS-4 cells one endogenous SAS-4 allele and in
Y::SAS-4/Y::SAS-4 cells both endogenous SAS-4 alleles were modified to express Y-SAS-4. This
abolished expression of wild-type SAS-4 in the latter cell line. (A) Examination of genomic DNA of
cells given above image for wild-type and modified SAS-4 alleles. The PCR confirmed that Y::SAS-
4/Y::SAS-4 has no wild-type allele left. (B) Immunoblot analysis of cells given above image with
anti-tag antibodies (anti-GFP, anti-Ty) showing that Y::SAS-4/Y::SAS-4 has a higher amount of Y-
SAS-4. (C) Microscopy showed that Y::SAS-4/Y::SAS-4 cells looked morphologically normal and
that YFP signal appeared brighter. DNA was labelled with DAPI (blue). Scale bar: 5m. (D)
Population growth was measured every 24h over 96h and cultures were diluted every 48h. This
showed that doubling time of Y::SAS-4/Y::SAS-4 was comparable to wild-type cells.
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a single Y::SAS-4 allele (Fig. 6.12 B). In agreement with this, the YFP fluorescence signal in 

Y::SAS-4/Y::SAS-4 cells was more intense than in cells with a single Y::SAS-4 allele (Fig. 6.12 C). 

Cells expressing only Y-SAS-4 were morphologically indistinguishable from cells expressing wild-

type SAS-4. The doubling time of Y::SAS-4/Y::SAS-4 cells was comparable to wild-type cells 

(Fig. 6.12 D). This analysis showed that Y-SAS-4 can complement the essential roles of wild-type 

SAS-4. The fact that tagged SAS-4 is functional makes it also less likely that the localisation 

observed for this protein is an artefact. 

6.9 Overexpression of SAS-4 has no effect on growth or cell morphology 

Overexpression of CPAP, the human SAS-4 homologue, results in the elongation of centriolar MTs 

(Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). To investigate whether an 

increased amount of SAS-4 leads to any cellular phenotypes, I generated a cell line with inducible 

Y-SAS-4 expression from an ectopic locus additionally to the endogenous Y::SAS-4/Y::SAS-4 

background. This allowed the visualisation of all SAS-4 in a cell. Western blot analysis with an anti-

GFP and an anti-tag antibody confirmed that doxycycline-mediated induction led to an increase of 

Y-SAS-4 above wild-type levels in these cells (Fig. 6.13 A). However, over-expression of Y-SAS-4 

monitored over five days had no effect on the population growth rate (Fig. 6.13 B). Fluorescence 

microscopy showed that the additional Y-SAS-4 was resident at normal SAS-4 localisation sites 

such as the anterior tip and along the FAZ (Fig. 6.13 C). Nevertheless, the high amount of Y-SAS-4 

was not associated with a phenotype. 

6.10 Summary 

Here I show that SAS-4 localises to multiple sites in trypanosomes, namely the pro-basal body, the 

anterior tip of the cell body and a site close to the exit of the flagellum from the pocket. SAS-4 is an 



Figure 6.13 Overexpression of Y-SAS-4 has no effect on the population growth rate or cell
morphology. (A) Immunoblot analysis of cells given above image with anti-tag antibodies (anti-GFP,
anti-Ty) showing that Y::SAS-4/Y::SAS-4/Y::SAS-4 cells express more SAS-4 after induction.
Loading control: YL1/2. (B) Population growth measured every 24h over 96h with dilution every 48h
showed that SAS-4 overexpression did not cause a change in the population growth rate. (C)
Overview images of non-induced and Y-SAS-4 over-expressing Y::SAS-4/Y::SAS-4/Y::SAS-4 cells.
Scale bar: 5m.
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essential protein in T. brucei whose ablation results in a cytokinesis defect. Interestingly, I found 

that basal bodies assemble normally in the absence of SAS-4 and that their composition (apart 

from lacking SAS-4) and ultrastructure are unaffected. Ectopic overexpression of SAS-4 does not 

affect cell growth or cell morphology in T. brucei.  
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 CHARACTERISATION OF 

TRYPANOSOMAL WDR16 

7.1 Preface 

In Chapter 3, WDR16 was identified as part of a core set of proteins that is conserved in cilia-

producing species but not in species without cilia. This suggested that WDR16 is important in the 

eukaryotic centriole assembly pathway. 

In the mammalian systems investigated, WDR16 is expressed at low levels in normal tissue but 

higher levels in testis and cilia-bearing ependymal cells of the brain hinting towards WDR16 

involvement with cilia (Hirschner et al., 2007; Silva et al., 2005). Ablation of WDR16 in Danio rerio 

causes severe hydrocephalus. The reason for this, however, is unclear as no change in the beat of 

cilia of ependymal cells was observed (Hirschner et al., 2007). 

WDR16, encoded by Tb11.02.5550, was also identified in the flagella proteome of Trypanosoma 

brucei (Broadhead et al., 2006). Further analysis suggested that Ty-GFP-WDR16 localises to the 

axoneme, the basal body and the pro-basal body in trypanosomes (Farr, 2007). RNA interference 

against the WDR16 in procyclic form cells did not show a phenotype (Farr, 2007). This, however, 

was not conclusive as the protein level of WDR16 was not analysed after RNAi induction. 
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My aim in this chapter was to continue the study of the role of WDR16 in the model organism 

T. brucei. 

7.2 WDR16 is remarkably conserved across ciliated eukaryotes  

To analyse the conservation of T. brucei WDR16 with homologues of other eukaryotes, WDR16 

protein sequences of a wide range of diverse eukaryotes were aligned with that of trypanosomes. 

This showed a high degree of similarity of WDR16 proteins across all ciliated eukaryotes (Fig. 7.1). 

As the name implies, WDR16 proteins contain WD40 domains. Searching of WDR16 for WD40 

identified ten to twelve of the domains per protein (Fig. 7.2 A). WD40 domains are amongst the 

most abundant protein domain in eukaryotes (for a review see Xu and Min, 2011). The domain is 

39 amino acids in length and was named for a signature WD dipeptide found at the C-terminus (Fig. 

7.2 B). WD40 domains are commonly found as repeats of four to eight which together form a -

propeller with each domain forming a blade. The conserved residues of the domain form a network 

of strong hydrogen bonds that stabilises the protein structure. WD40-containing proteins are 

involved in a range of cellular processes such as signal transduction, cytoskeletal assembly, 

vesicle trafficking, cell cycle control, chromatin dynamics, apoptosis, and transcription regulation. 

Their common function is to provide a rigid scaffold for protein-protein interactions. 

7.3 WDR16 localises to the transition zone, axoneme, and pro-basal body 

Previous studies by Dr Helen Farr (University of Oxford) had shown that T. brucei WDR16 with an 

N-terminal Ty-GFP tag (G-WDR16) expressed from the endogenous WDR16 locus localises to the 

axoneme and the basal body region in procyclic form cells (Farr, 2007). In contrast to the cell line 

used by Helen Farr, the procyclic cell line used for the majority of the experiments presented in this 

thesis was a single marker cell line (SiMPs), generated by only one targeting cassette including the 



Figure 7.1 WDR16 is highly conserved across ciliated eukaryotes. Amino acid alignment of
WDR16 protein sequences was generated with MAFFT version 6 E-INS-I
(http://mafft.cbrc.jp/alignment/server/). Amino acids are shown with blue backgorund when they are
identical to the majority consensus, and in cyan when they are similar. CaeEl = Caenorhabditis
elegans, HomSa = Homo sapiens, Batde = Batrachochytrium dendrobatidis, TryBr = Trypanosoma
brucei, ChlRe = Chlamydomonas reinhardtii, TetHy = Tetrahymena thermophilia, PhyPa =
Physcomitrella patens, Thaps = Thalassiosira pseudonana, DroMe = Drosophila melanogaster.

: . * . : : . :
CaeEl_WDR16 MF PI WF NF RI T K- - E MKCE S ARL KNVVGRS - - - - - - - - - - - - - - - GVT VNGI AL HHAS DT L L QVAG- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S S I I VS S T AS - - 59
HomSa_WDR16 M- - - - - DNKI S P- - E AQVAE L E L DAVI GF N- - - - - - - - - - - - - - - GHVPT GL KCHPDQE HMI YPL G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - CT VL I QAI NT KE 56
Batde_WDR16 - - - - - - - - - MT E - - T L DF QNL KL NS I I GF GVS CI S GI S CVAT S S I S T VPGGL I KHPDGVHT I YS L G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S T VVI NDS RKKS 67
TryBr_WDR16 - - - - - - - - - MAAKE YE T T PRL T L DGVI GYS - - - - - - - - - - - - - - - GRI PNS I L AHPNGE HL I YAL G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - ACI VI QKI S DRS 54
ChlRe_WDR16 - - - - - - - - - MAE - - - - - - - PL VL NS VI GF G- - - - - - - - - - - - - - - GAI E NGL I AHPDGRT I I YPL G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S T I VL RDRADPR 47
TetHy_WDR16 - - - - - - - - - ME K- - - - - - - E L DI QAVI GF T - - - - - - - - - - - - - - - GKVNE GL I L HPDNE HL I YPL G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S T I VVRHI I S RS 47
PhyPa_WDR16 - - - - - - - - - CAR- - - - - - - - - - - - - I I GI P- - - - - - - - - - - - - - - - - HPNAL RT HI L DE E L L L E I AL S HAAPGGPAWRHWS HRNVE I I PKNPL QI HVNPWCKL S DGL L DI RL I CRE L QF S GDL T 85
Thaps_WDR16 - - - - - - - - - - - - - - - - - - - - L S L QS VI GF T - - - - - - - - - - - - - - - GS VVGGL HYT PCGKF AVF PL G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S VVVL RAL S S KK 43
DroMe_WDR16 - - - - - - - - - MGD- S HDVCRQL L PRAI F GI N- - - - - - - - - - - - - - - GKVE NGVRQHPVT GS I I F AL G- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - NKI GI ADYKKNT 53

. * . . : : : : * * * : * . . : : : . . : : * . : : * . * : . : :
CaeEl_WDR16 - HDRF - E GHL I S QT KQQF T CVAVT S CGKYAAT GE T - - - GHQPAVRL WQL RDAQGNF VGRL VRS MQS HT VS I T I VRF T PDDS T L I S I GCQHD- AQI F T WDWRT GHDL GVGKL M- - S PVNAL T I S F 175
HomSa_WDR16 - QNF L - QGH- - - - - GNNVS CL AI S RS GE YI AS GQVT F MGF KADI I L WDYKNRE - - - - - - L L ARL S L HKGKI E AL AF S PNDL YL VS L GGPDD- GS VVVWS I AKRDAI CGS PAAGL NVGNAT NVI F 166
Batde_WDR16 MQE F L - QGH- - - - - T NVVS CI AVS KDGKYI AS GQVT HKGF QADI I I WS F HDRT - - - - - - L L HRL T L HKVKVQAL AF S PS GAYL AS L GGE DD- NAVI VWDL S T YAAI CGS PAS T DS S GI T L AL AY 178
TryBr_WDR16 S S DF L - YGH- - - - - NDKI S YL AVS AS GRYI AS GQMAHPGF QADVCI F DF E QRR- - - - - - MI HRML L HKVKVQAL AF S S DE RYL AS I GGI DD- KAVVVWDVAT GRPL CGAPA- - - HHT E S KT VVF 162
ChlRe_WDR16 S QE F L - QGH- - - - - S DKVS CL AL S RS GRYL AS GQI T YMGF T ADI I I WDL E S KQ- - - - - - L I HRMAL HKVKVQAL DF S CDE RF L AS L GGQDD- NAL VL WDVAS GNAI CGS PC- - - NT NF T NCVKF 155
TetHy_WDR16 - QT F L - RGH- - - - - DNQI S I I T VS KT GKYI AS GQKT YMGF QADI I I WDF E T RS - - - - - - L MHRL KL HKVL I QS L S F CCNE QYL AS L GGQDDKNMMI VWDVE QGKAL YGAP- - - - NRDVVNQI KF 154
PhyPa_WDR16 KQE F L - QGH- - - - - NNQVS CVT VS RS GRYMAS GQI S PMGF S API I I WDYAS RK- - - - - - L VHKL I L HKVKI QGL DF S F DDE L L T S WGGT DD- CKL VI WRT KT GE AI CGS PT - - - PVDYAI AAKW 193
Thaps_WDR16 - QF F L DAGI - - - - - DKNVS CVAMS RDGAYL AT GL DT PAS F KAE VVVWDL NKAL - - - - - - - - - - DNYS KGRVQAVDF S CDAQYI T T L GGQDD- NDI VVWDVAT GVAI CGS S A- - - S S E CS HCI KW 147
DroMe_WDR16 - QE F V- AGH- - - - - T NT I S CL DL S KS GKYMAS GQI NHMGF RGYVI I WNYDQRK- - - - - - E I ARHDL HKVS VQAI CF T AQDRCVVS I GGVDD- GS VI VF DME AF S PI CQT PAS RAI S GNAL T VRP 163

: : : . : . . . . : * : . .
CaeEl_WDR16 - - - DS S MCVT VGS KS VKYWF L PL AS DGMNKRT GL T S RS AI L ADKRNVNF VDAAF CDS T NRMVT VT S S GE I L E F NGN- - - - - - - - KKVS CVYQF KNF F VQYVKCYT W- - - - KE S GDF KAI CI ARV 284
HomSa_WDR16 S RCRDE MF MT AGNGT I RVWE L DL PNRKI W- - - - - - PT E CQT GQL KRI - VMS I GVDDDDS F F YL GT T T GDI L KMNPR- - - - - - - - - - - T - - KL L T DVGPA- - - - - - - - - - - KDKF S L GVS AI RCL 259
Batde_WDR16 L QNDDF S F VT GGVGT L RVWE L NVS QRKI R- - - - - - AT NCQT GQI KRV- VKCI DI DQNDE F MYCGT T T GDL MQVNL R- - - - - - - - - - - T - - KL F KHS GPPKE - - - - - - - - - KE L F S MGI L S AAL T 273
TryBr_WDR16 YNNS S DKL I T AGI GS L RVWT I DGKDRKMT - - - - - - AE DVNVGNT RRC- I T S VVVE AT DRYAYCGT T T GYVMCVL L E - - - - - - - - - - - RDAL AYKMS GP- - - - - - - - - - - - QQML S GGI T S MVL D 256
ChlRe_WDR16 F NNS PDKL I T AGNF NMNVWT YDAGNNKL R- - - - - - PT DAT L GT L KRV- F KS VVVDANDE YAYCGT T T GDVL QI AL E - - - - - - - - - - - R- - VL F KNT GPA- - - - - - - - - - - KGNVQMGVT AT CE V 248
TetHy_WDR16 F NNS DDKI I AVL NNGVQI L T I DKANKKVK- - - - - - S L DVNF GNI KRQ- YT CVAI DPS DT YCYCGT KT GDVF E I NI E - - - - - - - - - - - R- - AI F KRL GPV- - - - - - - - - - - KKL F S L GI GT L GL L 247
PhyPa_WDR16 ANL T RNT L I T T ADMKI NVWE VDAE NRKL Y- - - - - - PS I CDT GKRKRV- NQCVVI DDKDE YMYVGT RS GDI MQVS L G- - - - - - - - - - - P- - KMYRAGGPL - - - - - - - - - - - - PMI E L GVL CL QF T 285
Thaps_WDR16 L NQRNDRF VT CGNCT L RVWQVCMAT PKL H- - - - - - S I DVS MGS I RRV- MQCL CI S DDDS F AF AGNQT GE VL KF NI E - - - - - - - - - - - R- - DDI KAYNE PNI HHPT L S CYS KE RF S KGVQS VACV 251
DroMe_WDR16 L HNNPYF F VT AGDRHL RL WS I L RE E KKL Y- - - - - - VQDVL MAS KT RV- F YCARI NKT DE F AYL GT GT GDI VKI VL NCCDRDHVS KQGS T S CI L GAF GT HNPRKPT GRD- - CNRYVNGVRAL YVL 278

: : * . * : : . . : : * : : * *
CaeEl_WDR16 - - - - - PE G- - L L VGCS DGL VRL F CL I GDDL DF L ADL APPT HL F QDPS NVYDPQQL QNHPE DAI F PE PRCL VAS S S S PT - - - - F VVGYADRS L I E F A- - RE NKS WS F RRAS L GHT GS VNCI E PF P 395
HomSa_WDR16 - - - - - KMGG- L L VGS GAGL L VF CKS - - - - - - - - - - - - - - - - - PGYKPI - - KKI QL QGGI T S - - - - - - - - I T L RGE GHQ- - - - F L VGT E E S HI YRVS - - - - F T DF KE T L I AT CHF DAVE DI V- F P 341
Batde_WDR16 - - - - - PKGDE VI VGCGDGVI AKL S L - - - - - - - - - - - - - - - - - PKL S I V- - KKT KI NGS VT S - - - - - - - - I T F DDE KQ- - - - - F F AGT AYS NI YT VM- - - - L DE F S PT L KS T CHYAS I NDI C- F P 355
TryBr_WDR16 - - - - - PS GD- VL VGS GS GE VAL L S K- - - - - - - - - - - - - - - - - I NL T I L - - KT VT VQGS VT G- - - - - - - - I CT VPHG- - - - - - F L VGT MS S NVYL VE - - - - GGNF RAE L RL T CHS DT I NDVV- F P 336
ChlRe_WDR16 - - - - - PT GD- I L VGGGDGS L QL L RK- - - - - - - - - - - - - - - - - - - MPAL - - AGT KVE GAI T S - - - - - - - - I AL ADMNARG- F T F F VGT AMCNI YKPA- - - - T S RL KE E L VQT AHNDKI NGMA- F P 331
TetHy_WDR16 - - - - - PNGD- I I VGAGDGT VAKL S I - - - - - - - - - - - - - - - - - QNMQVL - - S QS E VL GAVT S - - - - - - - - I S F T GDYT H- - - - F F CGT S QS NI YWI D- - - - T E KL NPE L RNT CHYE RI NDI A- F P 329
PhyPa_WDR16 - - - - - PF KD- L VCGGGDGT VNL VRL - - - - - - - - - - - - - - - - - PS F KNV- - KKL KL QGGVT S - - - - - - - - L T VAGQGDRGS F E L YAGT AMAQI YL VKYDGAT NAMT AML I QRCHF NKI NDI A- F P 375
Thaps_WDR16 VNPT T GNT N- I I AGAGDGT VQI I N- - - - - - - - - - - - - - - - - - PKL QRI PT HT VQVHGAAT S - - - - - - - - I AL HPDGKS - - - - F L VGT E L S QRYS I D- - - - I S T F T PE L RE T CHF GE I HDVR- F P 339
DroMe_WDR16 - - - - - E GGR- L L I GAGNGDI E L VE E RT DVPL I NF RDYPGPT WPYL RT L - - KKT HVS GRI S S - - - - - - - - F - VRS KT DM- - - - F YI CT DT NE I YGL N- - - - I KT WVL KL L RT CHT KS VYCI T - F P 376

. : : * * . * * : . * . . . * : : : * : . : . : : * *
CaeEl_WDR16 S S S PCL PI GT L I T GGS DGT I RF WNF NGDS E DKKE I ANI L CPS L L KVI F L DE NPDL L VDKRNL E S VGPS NDE NQS AS S S GVL CT RVS HDGRML I AGT AT GML YI VDL S F S DT PI I DVI NAHDH- - 517
HomSa_WDR16 F GT - - - - - AE L F AT CAKKDI RVWH- - - - T S S NRE L L RI T VP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - NMT CHGI DF MRDGKS I I S AWNDGKI RAF APE - T GRL MYVI NNAHRI - - 418
Batde_WDR16 T E S - - - - - S DVF AT AS DT DI RI WN- - - - AHT S T E L L RI AVA- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - NL E CKCI T F KKDGS S L I S GWNDGKI RAF GPQ- S GRL QYE I NDAHKR- - 432
TryBr_WDR16 E GL - - - - - S AL F AT CCGPDI RVWN- - - - AAS S AE L L RI E I A- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - GL T CNCI QF S KDGS MI VS GWDDGKL RAF GPQ- S GKL I F AVNDAHKKE - 414
ChlRe_WDR16 NE Y- - - - - S E VF AT CGT GF I RL WH- - - - L T T CRE L L RI AVP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - NL E CF CI AF T T DGS AI L S GWS DGKI RAF GPQ- S GKI I F T I NDAHQK- - 408
TetHy_WDR16 YNY- - - - - S DVF AT CS T T DI RVWN- - - - ARNRQE L L RI QVP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - NL E CYCVT F MNDGKS I I S GWNDGKI RAF L PQ- S GKL L YVI S DAHI H- - 406
PhyPa_WDR16 MKY- - - - - S DL F CT AS T NDI RMWN- - - - L KE MKE I L RI E VPN- - - - - - - - - - - - - - - - - - - - - - - - - S E CE AKDS L NQE CHCCAF MPDGKT I I S GWS DGRI RAF APQ- T GKL QYT I VNAHQKMG 464
Thaps_WDR16 QRS - - - - - S DI F I T AS E QDI RVWS - - - - AI KKRE L L RI NVP- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - DT T CYAVDVT AS GE NI VS AWS DGKI RS F F PE - S GKL QF MI PDAHS D- - 416
DroMe_WDR16 KNY- - - - - S GVF AT S GKE CI RI WS - - - - S GRKQE L L RI MVY- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - NF NCACVRF T HDGT S I VS VWNDGI I RAF T PI - T GRL I YAI PNAHNK- - 453

: : : : * : * : . : : : . * : . : : . . * : : : * . :
CaeEl_WDR16 - - - - - - - - - - - - DVT S I DF S DHAS T S S HDHPI F L AS GGRDRF VHVF RRI PYS S QF VHCAVL DGHQS AI KS I - - - - - - - - - - - - - - - - - - - - - KF AS NNGQL HL YT AAS DRS L I I WKL S S F S DQH 608
HomSa_WDR16 - - - - - - - - - - - - GVT AI AT T S DCK- - - - - R- - - VI S GGGE GE VRVWQI GCQT QKL E - - E AL KE HKS S VS CI - - - - - - - - - - - - - - - - - - - - - RVKRNNE E - - CVT AS T DGT CI I WDL VRL RRNQ 497
Batde_WDR16 - - - - - - - - - - - - CVT AL AVT E PF NS AGDF R- - - VVS G- - DGQVRVWRI T KQVQHL E - - DAMKE HKGT VT CI - - - - - - - - - - - - - - - - - - - - - KI RKNS L E - - CVS S S S DGS CI L WDL T RYVRNQ 514
TryBr_WDR16 - - - GL KS ANGVT GVT AVCT DNS S E - - - - - R- - - I I S GGADGL VRVWQVRE T HCT L E - - AS L S E HKGI VNAI - - - - - - - - - - - - - - - - - - - - - AI T RDNT Q- - CVS AS DDGS CI VWDL VRHVRRD 502
ChlRe_WDR16 - - - - - - - - - - - - AVT AI AS T ADS S - - - - - R- - - I L S GGE E GMVRVWRI GRT S QT L E - - AS MKDHKGPVNCI - - - - - - - - - - - - - - - - - - - - - RI KGS GDE - - CVS AS S DGS CI L WDL HT F KRRT 487
TetHy_WDR16 - - - - - - - - - - - - GVT AL S T T S DCQ- - - - - R- - - I VS GGS E GE VRVWVI NKQT QVMK- - AS MKE HRGRVWS I - - - - - - - - - - - - - - - - - - - - - QVKKNNDQ- - AVS AS ADGS CI I WDL KT F T RL M 485
PhyPa_WDR16 GYVGAVDT KCF QGVYAI AT T S DS L - - - - - R- - - I VS GGVE GNVRVWRI GS QS HS ML - - AS MKAHT QACT YI AS T L QGWS RL QL L I HE VGNCGQVKKDNS E - - CVS CS NDGS CMVWDL T KYT RNN 576
Thaps_WDR16 - - - - - - - - - - - - AVT S L AI S DGS T - - - - WH- - - L VS GGKDGRVRF WRI NE T HQT MV- - HS MKE HRRE VKAL - - - - - - - - - - - - - - - - - - - - - VCNADGS Q- - VAS AS ADGS CI I WDL QNGVRI H 496
DroMe_WDR16 - - - - - - - - - - - - GCS AL AVAS S GR- - - - - L - - - I VT GGI E GQVRVWKI DPYRQDL V- - GVL KDHS GPI T S L - - - - - - - - - - - - - - - - - - - - - DI NYL DT E - - VI S ACT DGS CVI WDI KRMT RKQ 532

: . : : . . : : : : : * : : : : * : * * : . * . .
CaeEl_WDR16 CE F T RVQMI S VAS S I GDMNF I KHVDL F VVAGHDRM- - - - - - - - - - - - - - - - - - - - - - L RQF D- I NGKT VRE VKGT DDDVAHS GKI L KVAI DHS GS YAI S VCS DKF VYVT DL RS GVCL AVL CGF G 709
HomSa_WDR16 MI L ANT L F QCVC- - - - - - - YHPE E F QI I T S GT DRK- - - - - - - - - - - - - - - - - - - - - - I AYWE VF DGT VI RE L E GS L - - - - - S GS I NGMDI T QE GVHF VT GGNDHL VKVWDYNE GE VT HVGVGHS 587
Batde_WDR16 VL F APS F F KAVC- - - - - - - YYPDE S QL L T S GT DRK- - - - - - - - - - - - - - - - - - - - - - VAYWE AF DGS L I RE L E VS Q- - - - - S DT I NGL DI T CDGKL F VI GGS DKL VKVYRYE E GDVAF VGVGHS 604
TryBr_WDR16 VI YS QT RF RAVA- - - - - - - YYVDE S QL L T T GT NKN- - - - - - - - - - - - - - - - - - - - - - I T WWDS VDCGAI RE VPGS K- - - - - T AE VNS L S L S T DGRF F VS GGADRI VKVWGYDE GS CAAVGL AHS 592
ChlRe_WDR16 S L F ANT F F KS VV- - - - - - - YHPDE S QL VT AGT DRK- - - - - - - - - - - - - - - - - - - - - - VT YWDAYDGNAI RI I DGS D- - - - - L DE VNAL AVDRDGE AL VS GGGDKL VKL WGYDE GHCYF VGVAHS 577
TetHy_WDR16 CL F E S T L F KQVL - - - - - - - YHPE E S QL L T T GS DRK- - - - - - - - - - - - - - - - - - - - - - I T YWE I YDGQAI RML DGS E - - - - - E GE VNAL S I T KE GE HF VS GGE DKL VKL WGYDE GI KYYS GT GHS 575
PhyPa_WDR16 S I E ANNF F KS VN- - - - - - - YHPDE S QL L T CGT DRKI F DL RCE S CKGI HVT KI WL DI QI T F WDAYDCQPI RVI DGS L - - - - - S ADML S L DI S PDGE GF VS GGGDRE VKL WNYDE GHCYF VGL GHS 688
Thaps_WDR16 AL YE PT VF NAVR- - - - - - - YHPDE S QYI T GS ANNK- - - - - - - - - - - - - - - - - - - - - - I GF WDAYDGS PI RF I T GGD- - - - - - ADVT CL DI HS NGT YF L S GGADKKVNVWHYDNGKKVAF GKGHS 585
DroMe_WDR16 VVT ANT QF MS AS - - - - - - - YF PT GVQVI T CGS DGR- - - - - - - - - - - - - - - - - - - - - - I I YWMVYNGAL I RE L T AS K- - - - - KS S VNCL AI NE T GDYF I T VGS DL QVKL WDYNS GAVVGI GS E HA 622

: . : : * . : : *
CaeEl_WDR16 APAT DAT F S DDF KNVI VT T S NGS I F I WQL AKNL T E RMI S AQVRL ME E VT M- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - R 760
HomSa_WDR16 GNI T RI RI S PGNQYI VS VS ADGAI L RWKYPYT - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - S 620
Batde_WDR16 T DI T KVKI S PNGS YVVS VS AE GAVF CWAL PK- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - C 636
TryBr_WDR16 CNI T KVRVS PDGKKI VS VGDE GAI MI WS VC- - - - - - - - DL E F KT - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - L 629
ChlRe_WDR16 GAI T AVGVT PDKQRI VS VGT E GGI F I WDYQRPQT L AD- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - I 615
TetHy_WDR16 GAI T RL QI S PDQRT VVS VGAE GAI F I WKMPE E VVHARADNE L PT I S KE KHNNT QNQGDNKS S HS QQHS QVS GAS KGS QKR- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - Y 656
PhyPa_WDR16 S KI S RI KI S PNMQKVVS VGE DGAI L I WDYKKPI S DS PPDKNVNF KS PNS P- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - E 739
Thaps_WDR16 GRI T KVAI S PDQQS VVS VGS E GGI F I W- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - 612
DroMe_WDR16 S S VI S CAYS PCMT MF VT GS T DGS L I I WDVPRDF WGRPNPPDVT KYS L PKT S S KT RMS DVPS RVNS GT NL KT T KGE NI DGL L KAT PKDDL CCVE CPPCAKKDT KGVDPYAE CGI VPDVRKC 742
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Figure 7.2 WDR16 proteins across eukaryotes contain several WD40 domains. (A) Domain
architecture of eukaryotic WDR16 proteins. Protein sequences were initially scanned for domains
using Pfam (http://pfam.sanger.ac.uk/), which identified several WD40 domains. The sequences
were then specifically searched for WD40 domains with a cut off e-value of e-1. (B) Pfam Hmm
logo of the WD40 domain.
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gene for the T7 RNA Polymerase, the tetracycline repressor, and a single resistance marker. The 

possession of only one, instead of two, resistance marker allows more future genetic modifications.  

Localisation of G-WDR16 in this single marker cell line was identical to the localisation shown by 

Helen Farr (Fig 7.3). To test whether WDR16 has the same localisation in bloodstream 

trypanosomes, I generated a bloodstream cell line which expressed G-WDR16 from the 

endogenous WDR16 locus. This also demonstrated localisation of G-WDR16 to the axoneme and 

the basal body region (Fig 7.4). 

To investigate the G-WDR16 signal in the basal body region, procyclic form cells were 

immunolabelled with a marker for mature basal bodies, YL1/2. The YL1/2 antibody recognises 

tyrosinated -tubulin which is found at the posterior end of the subpellicular MT cytoskeleton and 

around the distal appendages of the basal body (Kilmartin et al., 1982; Stephan et al., 2007). The 

GFP signal is found only distal of the YL1/2 labelling, suggesting that WDR16 localises to the 

transition zone and the axoneme but not to the basal body (Fig. 7.5). Comparing the localisation of 

Y-SAS-6 to G-WDR16 using a combination of the basal body markers YL1/2 and BBA4 as 

reference showed that WDR16 is present only distal to SAS-6 (Fig. 7.6 A). This result was further 

confirmed by co-expression of Y-SAS-6 and Ty-mCherry-WDR16 (mC-WDR16, Fig. 7.6 B). The 

localisation of WDR16 is consistent with the results in Chapter 5, where measurements of the 

position of different markers in the basal body and along the axoneme showed that the most 

proximal localisation of mC-WDR16 was at a position consistent with the transition zone (Fig. 5.6 

C). 

Although WDR16 was absent from the basal body, the protein localised to a position consistent 

with the pro-basal body as demonstrated by co-localisation with Y-SAS-6 at this site (Fig. 7.6 B). 

 



Figure 7.3 G-WDR16 localises to the basal body area and the axoneme in procyclic form cells.
T. brucei WDR16 N-terminally tagged with Ty-GFP (G-WDR16, green) was expressed from the
endogenous WDR16 locus in procyclic forms. Cells were fixed with formaldehyde. DNA was
labelled with DAPI (blue). Scale bar: 5m.
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Figure 7.4 G-WDR16 localises to the basal body area and the axoneme in bloodstream form cells.
T. brucei WDR16 N-terminally tagged with Ty-GFP (G-WDR16, green) was expressed from the
endogenous WDR16 locus in bloodstream forms. Cells were fixed with formaldehyde. DNA was
labelled with DAPI (blue). Scale bar: 5m.
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Figure 7.5 G-WDR16 localises distal to YL1/2 suggesting G-WDR16 is not in the basal body but in
the transition zone and axoneme. Cells expressing G-WDR16 (green) were detergent-extracted,
fixed in methanol and immunolabelled with YL1/2 (magenta) and BBA4 (red). DNA was labelled
with DAPI (blue). Insets show basal body area. White arrow heads point towards basal body. White
scale bar: 500nm. Black scale bar: 5m.
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Figure 7.6 WDR16 is distal to SAS-6 in the BB. (A) Cells expressing Y-SAS-6 or G-WDR16 were
detergent-extracted, fixed in methanol and immunolabelled with YL1/2 (magenta) and BBA4 (red).
Images of the basal bodies region of 1BB1K1N cells (n=58 for Y-SAS-6, n=24 for G-WDR16) were
aligned with BB in the centre for Y-SAS-6 and the transition zone in the centre for G-WDR16, and
the pBB to the right, summed up and normalised according to number of input images. Basal bodies
were distinguished of pro-basal bodies by the presence of YL1/2 (blue). Scale bar 500nm. (B)
Cells expressing Y-SAS-6 and mCherry-WDR16 fixed with formaldehyde. DNA was labelled with
DAPI (blue). Insets show basal body area. White scale bar: 500nm. Black scale bar: 5m.
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7.4 Knockdown of WDR16 does not cause a defect 

For the purpose of detection of all WDR16 during RNA interference, I first generated a cell line in 

which both endogenous WDR16 alleles where modified to express G-WDR16. Correct integration 

of the targeting constructs and absence of the wild-type WDR16 allele was confirmed by PCR 

(Fig. 7.7 A). As G-WDR16 showed aberrant running behaviour in SDS gels electrophoresis, G-

WDR16 levels were analysed by dot blot of whole cell extracts using anti-tag antibodies. This 

demonstrated that the cells with two G::WDR16 alleles expressed a higher amount of the tagged 

protein compared to cells with a single G::WDR16 allele (Fig. 7.7 B). Consistent with this, the YFP 

fluorescence signal in G::WDR16/G::WDR16 cells was more intense than in cells with a single 

G::WDR16 allele (Fig. 7.7 C). Cells expressing only G-WDR16 were morphologically 

indistinguishable from cells expressing wild-type WDR16. However, the population growth of 

G::WDR16/G::WDR16 cells was slower compared to wild-type cells (Fig. 7.7 D). 

To investigate the function of WDR16, I generated a cell line with inducible RNA interference 

against WDR16 in the G::WDR16/G::WDR16 background. Dot Blot analysis of doxycycline-induced 

cells confirmed that the RNAi construct was effective in reducing the amount of WDR16 (Fig. 7.8 A). 

However, the protein remained detectable even 72h after RNAi induction. Induction of WDR16 

RNAi did not affect the population growth rate or the cell volume (Fig. 7.8 B,C). Microscopic 

examination showed a reduction of GFP-WDR16 across the population (Fig. 7.9). Nevertheless, 

the cells looked morphologically normal after RNAi induction. 

Since the protein was still detectable after RNAi induction, it can not be excluded that small 

amounts of residual WDR16 are sufficient to fulfil an essential function. However, as strong 

reduction of the protein does not cause any defect, it is unlikely that WDR16 is an essential protein. 

 



Figure 7.7 Cells expressing only G-WDR16 without wild-type WDR16 look normal. In
G::WDR16/WDR16 cells one endogenous WDR16 allele and in G::WDR16/G::WDR16 cells both
endogenous WDR16 alleles were modified to express G-WDR16. This abolished expression of
wild-type WDR16 in the latter cell line. (A) Examination of genomic DNA of cells given above image
for wild-type and modified WDR16 alleles. The PCR confirmed that G::WDR16/G::WDR16 has no
wild-type allele left. (B) Dot blot analysis of cells given above image with anti-tag (anti-GFP, anti-
Ty) antibody showing that G::WDR16/G::WDR16 has a higher amount of G-WDR16. (C)
Population growth was measured every 24h over 96h and cultures were diluted every 48h. This
showed that although G::WDR16/G::WDR16 grow slower than wild-type cells, they are viable. (D)
Microscopy showed that G::WDR16/G::WDR16 cells looked morphologically normal and that their
GFP signal appeared brighter compared to G::WDR16/WDR16. DNA was labelled with DAPI (blue).
Scale bar: 5m.
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WDR16 RNAi 

Figure 7.8 Ablation of WDR16 has no effect on population growth. (A) Dot blot analysis of cells
given above and below image with anti-tag (anti-GFP, anti-Ty) showing the reduction of WDR16
after induction of RNAi against WDR16. WDR16 remained detectable 72h after RNAi induction. (B)
Population growth measured every 24h over 96h with cultures diluted every 48h showed that the
depletion of WDR16 did not resulted in a dramatic reduction in cell duplication. (C) Histogram of the
cell volume after WDR16 RNAi induction showing that cells did not change in size.
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Figure 7.9 WDR16-depleted cells look morphologically normal. G::WDR16/G::WDR16 cells with
WDR16 RNAi induced and non-induced were fixed with formaldehyde, permeabilised in methanol
and immunolabelled with L8C4 (anti-PFR2, red) and YL1/2 (anti-tyrosinated alpha-tubulin).
Fluorescence microscopy confirmed the depletion of G-WDR16 (green). DNA was labelled with
DAPI (blue). Scale bar: 25m.
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7.5 WDR16 is a stable component of the axoneme 

Interestingly, after reduction of G-WDR16 by RNAi the fluorescence intensity indicated the protein 

was still present in the old flagellum while its level was strongly reduced in the new flagellum on the 

posterior side of the cell (Fig. 7.10). Some old flagella in these cells exhibit a fluorescent signal only 

at the proximal end but not towards the distal end. These findings suggest that WDR16 is not in 

exchange with the cytoplasmic pool and that it is not very if at all mobile but that WDR16 is a stable 

component of the axoneme. 

7.6 Depletion of WDR16 does not cause detectable changes in the 

ultrastructure of the axoneme 

To investigate whether WDR16 knockdown causes any ultrastructural changes in the axoneme of 

trypanosomes, cytoskeletons of cells 0h and 84h post WDR16 RNAi induction were prepared for 

electron microscopy. Thin section electron microscopy demonstrated that the ultrastructure of 

axonemes from cells with reduced levels of WDR16 were indistinguishable from axonemes from 

wild-type cells (Fig. 7.11). 

7.7 Summary 

WDR16 in T. brucei was previously identified in the flagellar proteome and localised to the basal 

body, pro-basal body and axoneme. It shows high sequence conservation and its presence in 

almost all ciliated species analysed in Chapter 3 strongly suggests that the protein is involved and 

important in cilia function. I showed that WDR16 is a stable component of the axoneme but that its 

knockdown does not cause a change in cell growth, cell morphology or axonemal ultrastructure in 

T. brucei.  



Figure 7.10 WDR16 is stably integrated into the axoneme. G::WDR16/G::WDR16 cells 24h post
WDR16 RNAi induction were fixed with formaldehyde, permeabilised in methanol and
immunolabelled with L8C4 (anti-PFR2, red) and YL1/2 (anti-tyrosinated alpha-tubulin). 2BB2K1N
cells show that G-WDR16 remained in the old axoneme after G-WDR16 level was reduced and
less/no G-WDR16 was incorporate into the new axoneme. DNA was labelled with DAPI (blue).
Scale bar: 5m.
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Figure 7.11 The ultrastructure of axonemes of cells with reduced WDR16 looks normal. TEM thin
sections of axonemes of cytoskeleton preparations of non-induced (A) and 84h induced (B) WDR16
RNAi cells showed that the ultrastructure of axonemes of WDR16 RNAi induced cells looks
indistinguishable from those from non-induced cells. Scale bars: 100nm.
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 DISCUSSION 

8.1 Evolution of the centriole and basal body 

Centrioles are highly conserved structures fulfilling important cellular functions such as nucleation 

of cilia (basal body function) and organisation of pericentriolar material to form the centrosome. The 

importance of cilia during development in cell signalling is increasingly acknowledged due to the 

discovery that multiple pathologies are caused by cilia dysfunction. In Chapter 3, I describe work 

undertaken by myself and another graduate student, Matthew Hodges, concerning the evolution of 

53 proteins known either for centriolar association or for involvement in cilia-associated pathologies. 

The distribution of these proteins in 45 diverse eukaryotes was linked with the presence and 

absence of cilia. 

8.1.1 The ancestor of all eukaryotes 

This bioinformatic analysis provided molecular evidence that the basal body function is ancestral to 

eukaryotes, whereas centrosome components are specific to the Holozoa. Hence, it suggests that 

the cenancestor of eukaryotes possessed a basal body with no association to the centrosome. 

Furthermore, the phylogenetic distribution of the BBSome, which is involved in the transport of 

signalling molecules (Jin et al., 2010; Lechtreck et al., 2009; Nachury et al., 2007), suggests that 

this complex is also ancestral. The observation that the BBSome is absent from organisms that 

produce cilia only for motility further supports a role for the BBS complex in the sensory function of 
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cilia. Most importantly, it suggests that the cenancestor had a cilium or cilia capable of signalling 

and sensing. 

This cenancestor possessed 14 centriolar proteins still present in extant ciliated eukaryotes. 

Interestingly, the morphology of the extant centrioles/basal bodies seems surprisingly insensitive to 

multiple losses from the centriolar set. Thus, the cenancestral basal body likely had a similar 

ultrastructure to canonical extant centrioles/basal bodies with a nine-fold symmetrical MT triplet 

arrangement. 

The distribution of PLK homologues suggest that the enzyme was present in the cenancestor, 

wherein it may or may not have had a role that included initiation of centriole/basal body duplication. 

However, the non-identification of the PLK family from nine out of 29 ciliated species makes it 

unlikely that the kinase has a conserved role in the initiation of centriole/basal body duplication 

outside animals and suggests that another mechanism for the initiation of organelle duplication 

must exist. 

8.1.2 Centrosome - a holozoan innovation 

Our bioinformatic analysis provides evidence that centrosome components are specific to the 

Holozoa (animal and the choanoflagellate Monosiga brevicollis in our analysis) and hence suggests 

that the centrosome may be a holozoan innovation. One hypothesis is that association of basal 

bodies with spindle poles allowed fidelity in inheritance of the organelle during cell division (Pickett-

Heaps, 1971; see also Beisson and Wright, 2003; Bornens and Azimzadeh, 2007). In the course of 

holozoan evolution basal bodies and spindle pole/pericentriolar material became interlinked to form 

the centrosome. Judging from the range of functions centrosomes perform in extant animal, it 

seems plausible to assume that the emergence of the centrosome contributed to the complex 

development of Holozoa. Centrosomes in most animal cells are critical for precise cell division, 

which is critical during the complex development of animals with up to 1014 cells. Furthermore, a 

centrosome pair can facilitate the asymmetric accumulation of factors and form an asymmetric 
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spindle leading to the formation of different daughter cells, which is a crucial prerequisite for the 

complex development of Holozoa (Wang et al., 2009). 

Our analysis also showed that the PLK4 family is specific to Holozoa. This suggests that centriole 

duplication initiated by PLK4 activity is also a holozoan development, probably associated with the 

emergence of the centrosome. 

8.1.3 Divergence of the model organism Caenorhabditis elegans  

Caenorhabditis elegans has MT singlet centrioles lacking a defined cartwheel structure at the 

proximal end and non-motile cilia without apparent basal bodies (Perkins et al., 1986). This 

ultrastructural abnormality is also reflected in the higher degree of divergence and lack of molecular 

components compared to other species. The centriolar proteins SAS-4 and SAS-6, as well as and 

the centrosomal components SPD-2 and SZY-20, originally identified in the nematode 

(Dammermann et al., 2004; Kemp et al., 2004; Kirkham et al., 2003; Leidel et al., 2005; Leidel and 

Gonczy, 2003; Pelletier et al., 2006; Song et al., 2008), were not found by our method. WDR16 in 

C. elegans was identified by BLASTp search in Chapter 7, but too divergent to be found by our 

bioinformatic approach. We showed further that ZYG-1, functionally analogous to PLK4 and SAK 

(Bettencourt-Dias et al., 2005; Habedanck et al., 2005; O'Connell et al., 2001), can neither be 

grouped within the PLK4 family nor with any other kinase families either. The orphan nature of 

ZYG-1 is another molecular demonstration of the atypical nature of C. elegans centrioles. The 

extreme divergence of the nematode must be considered when functions of centriolar proteins are 

investigated and inferred to other model systems. While SAS-6 in C. elegans is involved in the 

assembly of the central tube (Pelletier et al., 2006), SAS-6 homologues in other eukaryotes 

constitutes the cartwheel (Nakazawa et al., 2007). SAS-4 in C. elegans has been suggest being 

involved in the attachment of centriolar MTs (Pelletier et al., 2006), while homologues in other 

species have been suggest to have a role in elongation of the MTs (Tang et al., 2009). 
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8.1.4 Comparison to another bioinformatic analysis 

Parallel to our analysis another bioinformatic study of a small set of centriole proteins, which 

included SAS-4, SAS-6, Cep135, PLK4/SASK, PLK, CP110 and SPD2, was published (Carvalho-

Santos et al., 2010). The distribution patterns of the centriole proteins found by the Bettencourt-

Dias lab were very similar to the ones described by us. However, a major difference is their 

conclusion that PLK is involved in the initiation of centriole/basal body duplication across ciliated 

eukaryotes. Two circumstances lead to this difference: 1) the use of a different methodology to 

search for homologues led to the identification of PLK in Batrachochytrium dendrobatidis, 

Chlamydomonas reinhardtii, Giardia lamblia and Trichomonas vaginalis; 2) due to a lower number 

of representatives of Chromalveolata, species where we did not identify PLK homologues like 

Toxoplasma gondii, Aureococcus anophagefferens and Phytophthora sojae are not investigated at 

all. We could not find PLK homologues in nine out of the 29 analysed ciliated species, which made 

us conclude that PLK is ancestral but not the initiator of centriole/basal body duplication across 

eukaryotes. Some minor differences between the two bioinformatic analyses, probably also due to 

the different methodology used, include identification in the Bettencourt-Dias lab of a SPD2 

homologue in Dictyostelium discoideum, of a PLK4 homologue in Batrachochytrium dendrobatidis, 

and of a Cep135/Bld10 homologue in trypanosomes. 

8.2 SAS-6 in T. brucei - a basal body protein 

SAS-6 is a central component of the cartwheel in several eukaryotes (or central tube in C. elegans) 

and as such required in the assembly of centrioles and basal bodies in all species studied (Culver 

et al., 2009; Dammermann et al., 2004; Jerka-Dziadosz et al., 2010; Kitagawa et al., 2011c; 

Kleylein-Sohn et al., 2007; Leidel et al., 2005; Nakazawa et al., 2007; Peel et al., 2007; Rodrigues-

Martins et al., 2007a; van Breugel et al., 2011; Vladar and Stearns, 2007). In this thesis, I 

characterised the SAS-6 orthologue in Trypanosoma brucei, which is distantly-related to all species 
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where SAS-6 has been studied to-date. I showed that tagged SAS-6 localises to the basal body 

and the pro-basal body, and that this tag does not impede with the functionality of the protein. The 

amount of SAS-6 at the basal body and pro-basal body is cell-cycle dependent, with the highest 

amount residing at assembling pro-basal bodies. Furthermore, I demonstrated that SAS-6 is not 

stably integrated into the basal body but that it is in dynamic exchange probably with a cytoplasmic 

pool. SAS-6 in T. brucei is an essential protein whose RNAi-mediated depletion results in defective 

basal body assembly. Thin section electron microscopy revealed both ultrastructural defects of 

basal bodies and a complete lack of pro-basal bodies in the absence of SAS-6. Moreover, ectopic 

overexpression of SAS-6 does not induce a general basal body overduplication. 

8.2.1 SAS-6 localisation to the basal body in T. brucei 

Ty-YFP-tagged SAS-6 localises to the basal body and pro-basal body throughout the cell cycle in 

T. brucei. The amount of protein changes during the cell cycle with the highest levels of SAS-6 

observed at pro-basal bodies in the 4BB1K1N cells. These cells are in S and G2 phase of the cycle 

(Woodward and Gull, 1990). By the time nuclear mitosis starts, the SAS-6 level at the pro-basal 

body is decreased but remains detectable. 

The localisation of SAS-6 in T. brucei is consistent with the localisation of SAS-6 homologues to 

the centriole or basal body in Caenorhabditis elegans, Drosophila melanogaster, Homo sapiens, 

Chlamydomonas reinhardtii, Tetrahymena thermophila and Paramecium tetraurelia (Culver et al., 

2009; Dammermann et al., 2004; Jerka-Dziadosz et al., 2010; Kleylein-Sohn et al., 2007; Leidel et 

al., 2005; Nakazawa et al., 2007; Peel et al., 2007; Rodrigues-Martins et al., 2007a). However, the 

dynamics of the protein to these structures vary across species. Cellular/centriolar levels of human 

SAS-6 oscillate during the cell cycle, with increasing levels in S phase and decreasing ones during 

the metaphase/anaphase transition in mitosis (Strnad et al., 2007). In contrast to the finding in 

T. brucei, SAS-6 is completely lost from pro-centrioles during disengagement in human cells 

(Kleylein-Sohn et al., 2007; Strnad et al., 2007). This loss is associated with the cell-cycle 
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dependent degradation of the human protein by APC/Cdh1 (Strnad et al., 2007). The centriolar 

SAS-6 levels in C. elegans embryos decrease only by 50% in the second half of mitosis 

(Dammermann et al., 2008). Whether this is representative for SAS-6 dynamics in all cells of the 

nematode, or whether the SAS-6 maintenance is an embryo-specific phenomenon due to short cell 

cycles with essentially no G1 phase to prepare for the next cycle, is not clear (Dammermann et al., 

2008). One commonality between the SAS-6 dynamics in these three species is the increased 

amount of protein at the centriole/basal body during S phase while new structures assemble. 

However, the time points in the cell-cycle at which SAS-6 level change earlier in T. brucei than in 

animal cells. This finding demonstrates that SAS-6 levels and basal body duplication are also 

coupled to the cell cycle in T. brucei. However, the different timing and degree of SAS-6 removal 

indicate the molecular mechanisms linking cell cycle and SAS-6 regulation might by different 

between the three species. 

Two models have been suggested for the SAS-6 dynamics observed in C. elegans (Dammermann 

et al., 2008), both of which could also apply to T. brucei and explain the partial decrease: (1) SAS-6 

is recruited and directly integrated into the assembling pro-basal body without excess protein 

accumulating around the structure. In this case the following SAS-6 decrease would correspond to 

the loss of a structural component (such as the cartwheel). (2) SAS-6 accumulates initially around 

the basal body and a proportion of the protein is integrated into the assembling pro-basal body. In 

this scenario the decrease of SAS-6 would reflect the clearance of excess protein after pro-basal 

body assembly is finished. Whereas the authors of the C. elegans study favour the second model 

for centriole assembly in C. elegans, both models could be envisioned plausible for basal body 

assembly in T. brucei. The association of the high SAS-6 level with the pro-basal bodies and not 

with the basal bodies in 4BB1K1N cells supports the first model but does not exclude the second 

model. Despite efforts to identify a cartwheel in mature basal bodies in T. brucei, the presence of 

this structure could not be demonstrated so far; the absence of the cartwheel would also support 

the first model (discussed below). 
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8.2.2 SAS-6 function in basal body assembly in T. brucei 

A range of experiments have provided substantial evidence that SAS-6 forms the central hub of the 

cartwheel and probably parts of the spokes (Kitagawa et al., 2011c; Nakazawa et al., 2007; van 

Breugel et al., 2011). The SAS-6 RNAi phenotype in T. brucei is consistent with this role. RNAi-

mediated depletion of SAS-6 in T. brucei leads to defects in basal body duplication, which 

establishes either as the complete absence of a pro-basal body or as basal bodies with a reduced 

number of MT triplets. The complete failure of pro-basal body assembly is comparable to the 

phenotypes observed in other eukaryotes where absence of functional SAS-6 leads to complete 

failure of centriole assembly (Dammermann et al., 2004; Kleylein-Sohn et al., 2007; Leidel et al., 

2005; Nakazawa et al., 2007; Peel et al., 2007; Rodrigues-Martins et al., 2007a; Vladar and 

Stearns, 2007). Chlamydomonas bld12, a null mutant of the SAS-6 homologue, also does not form 

basal bodies under normal circumstances. However, after treatment of the cells with autolysin 

which removes cell wall, 20% of the cells in the bld12 strain assemble basal bodies, although often 

with an aberrant number of MT triplets (Nakazawa et al., 2007). This is similarly to the basal bodies 

with a reduced number of MT triplets in T. brucei.  

The assembly of these defective basal bodies in T. brucei could have occurred under two different 

conditions: (1) in complete absence of SAS-6, or (2) in the presence of small residual amounts of 

SAS-6. In support for the latter condition is that non-induced cells, which have reduced levels of 

SAS-6 (Fig. 4.6), have occasionally defective basal bodies (Fig 4.9). Furthermore, all defective 

basal bodies observed lacked a pro-basal body. This could mean that assembly of the defective 

basal bodies occurred when small amounts of residual SAS-6 were still present, whereas at the 

time when pro-basal body would have occurred no SAS-6 was present anymore. As SAS-6 is likely 

to form the cartwheel, it seems plausible that reduced amounts of SAS-6 facilitated the formation of 

a smaller cartwheel with fewer spokes that accommodate less MT triplets. 

Ectopic overexpression of SAS-6 in T. brucei was not sufficient to induce general overduplication of 
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basal bodies. Overduplication of centrioles has been observed after overexpression of SAS-6 in 

unfertilised D. melanogaster eggs and after the expression of degradation-resistant SAS-6 in 

human cells (Peel et al., 2007; Strnad et al., 2007) In other instances overexpression of SAS-6 is 

not sufficient to induced overduplication of bona fide centrioles (Rodrigues-Martins et al., 2007a; 

Stevens et al., 2010b). My finding indicates that even though SAS-6 is an early structural 

component, basal body duplication in T. brucei requires a mechanism other than just presence of 

SAS-6 to trigger assembly of pro-basal bodies. 

8.2.3 SAS-6 dynamics and implications for the cartwheel 

As detailed in the introduction, our current understanding is that SAS-6 constitutes the central hub 

and probably parts of the spokes of the cartwheel (Kitagawa et al., 2011c; Nakazawa et al., 2007; 

van Breugel et al., 2011). SAS-6 consists of a globular head domain at the N-terminus, a central 

coiled coil region and a less defined C-terminus. Models predict that SAS-6 forms homodimers via 

the central coiled coil domain, and that nine of these dimers form into a ring via hydrophobic 

interactions between the N-terminal head domains to constitute the central part of the cartwheel 

(Kitagawa et al., 2011c; van Breugel et al., 2011). 

In T. brucei a canonical cartwheel is present in pro-basal bodies, but seems to be absent from 

basal bodies (tomograms and serial sections from the Gull lab, (Lacomble et al., 2010)). Although 

the level of SAS-6 is higher at assembling pro-basal bodies, SAS-6 remains present throughout the 

cell cycle. If SAS-6 constitutes the cartwheel and nothing else in the basal body and pro-basal body, 

the presence of SAS-6 should be an indication for the presence of a cartwheel. This correlation fits 

well in H. sapiens, where cartwheel loss from the mature centriole is accompanied by the complete 

loss of SAS-6 (Alvey, 1986; Kleylein-Sohn et al., 2007). If the correlation was true in T. brucei, the 

presence of SAS-6 throughout the cell cycle would suggest that the cartwheel is not lost from the 

basal body in T. brucei. Conversely, electron tomography studies which do not show the presence 

of a cartwheel in the basal body would predict that SAS-6 is lost from the basal body after 
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assembly. However, both predictions are wrong. One explanation for this could be that the initial 

assumption of SAS-6 forming only the cartwheel is wrong. Another possibility is that tagged SAS-6 

has different dynamics to wild-type SAS-6 and resides in basal bodies whereas wild-type protein 

leaves the structure. This would lead to a discrepancy between EM data on wild-type cells and 

dynamics of tagged SAS-6. However, as tagged SAS-6 has been shown to complement the 

essential functions of wild-type SAS-6, it seems unlikely that it behaves very differently to wild-type 

protein. Therefore, these data raise the question whether SAS-6 localises in a different shape than 

the cartwheel to the basal body in T. brucei.  

The finding that SAS-6 is not a stably integrated component of the basal body was surprising. 

Individual molecules were readily exchanged as the displacement of YFP-tagged SAS-6 with 

mCherry-tagged SAS-6. This observation suggested either that the nature of the cartwheel allows 

exchange of molecules, or that the exchanged SAS-6 is not part of the cartwheel but another more 

dynamic pool in the basal body. 

Together, these data indicate that SAS-6 localises to the basal body not only as part of the 

cartwheel. 

8.2.4 Incomplete basal bodies support the assembly of associated structures 

SAS-6 depletion led to the assembly of basal bodies with a reduced number of MT triplets. While 

structures with six to eight MT triplets still formed a closed circular arrangement of MT triplets, 

structures with less MT triplets organised in an open, half-circular arrangement were also observed. 

Nevertheless, the incomplete assemblies were still competent to support the formation of a 

transition zone with radial. A similar phenotype was observed in a SAS-6 loss-of-function mutant in 

D. melanogaster, where centrioles with a reduced number of MT triplets are assembled 

(Rodrigues-Martins et al., 2007a). Even structures that formed only a half circles arrangement of 

MT triplets appeared to support the formation of axonemes as some spermatocytes possessed 

axonemes with a half circle of outer MT doublets (Rodrigues-Martins et al., 2007a). My work and 
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the fly studies, both suggest that many assembly steps do not require a complete basal 

body/centriole but that MT triplets are sufficient to trigger subsequent steps. 

8.3 SAS6L in T. brucei - a filament forming protein 

In this thesis a novel family of proteins with similarity to the N-terminal proportion of SAS-6 is 

described. This SAS-6-like (SAS6L) protein family was shown to be most likely ancestral to all 

eukaryotes but lost near the root of Holozoa. I showed localisation of YFP-tagged SAS6L to a 

position consistent with the basal plate and around the exit of the flagellum from the pocket in 

T. brucei. Ectopic overexpression of the protein led to the formation of long cytoplasmic filaments 

that most likely originated from the latter localisation site. 

8.3.1 SAS6L overexpression leads to filament formation  

Eukaryotic SAS6L proteins are shorter than SAS-6 proteins and consist mainly of the N-terminal 

Pfam-B domain that is also contained in the N-terminus of SAS-6 proteins. Models based on 

crystallisation of the globular N-terminal head domain of SAS-6 from C. elegans, D. rerio and 

C. reinhardtii and polymerisation experiments have shown that this proportion of SAS-6 forms 

dimers via hydrophobic interactions (Kitagawa et al., 2011c; van Breugel et al., 2011). However, 

higher order oligomers require the coiled coil region of SAS-6 protein. 

Interestingly, I showed that the overexpression of MH-YFP-TAP-tagged SAS6L in T. brucei leads to 

the formation of cytoplasmic filaments containing SAS6L but no tubulin. The filaments appeared to 

originate from the SAS6L localisation site around the exit of the flagellum from the flagellar pocket. 

It cannot be excluded that filament formation is an artefact that is supported by 

interaction/polymerisation of the tag. However, a comparable phenotype was also observed by our 

collaborators after the ectopic overexpression of YFP-tagged TgSAS6L in Toxoplasma gondii 

tachizoites. Furthermore, the similarity between SAS6L and SAS-6, and data showing dimerisation 
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of the N-terminal fragment of SAS-6 (Kitagawa et al., 2011c; van Breugel et al., 2011), indicates 

that SAS6L might have the potential to dimerise as well. However, since SAS6L lacks a coiled coil 

region it is not clear how the step from dimerisation to oligomerisation into rings and stacking into 

filaments is facilitated. Although the absence of -tubulin, SAS-4 and centrin from the filaments 

was demonstrate, it remains to be shown whether the filaments are made only of SAS6L or if other 

proteins contribute to the formation.  

The suggested nucleation site of the ectopic filaments is around the exit of the flagellum from the 

pocket. Recently, a fibre was described in this area (Esson et al., 2012). If SAS6L localise to this 

fibre and/or even forms it, the frequently observed forking of the ectopic filaments could be 

explained by two-sided extension of the fibre bending around the neck which could lead to the V-

shaped filament. 

8.3.2 Possible role for SAS6L in T. brucei and other eukaryotes 

A genome-wide RNAi screen suggested that SAS6L is not essential for cell growth in T. brucei 

(Alsford et al., 2011). SAS6L presence in cilia-forming species (except Holozoa) and general 

absence form non-ciliated species suggests that it has a function in cilia formation. The major 

localisation sites of SAS6L are the basal plate, and around the exit of the flagellum from the pocket. 

Whether either, both or none of these sites are associated with the ancestral function is unclear. 

Basal plates exist in cilia of most cilia-forming species, which is suggestive of SAS6L at the basal 

plate being involved in the ancestral function. However, the function of SAS6L remains to be shown 

and could be addressed by ultrastructural investigations in a cell line with RNA interference against 

SAS6L or with SAS6L knockout. 

The loss of SAS6L from Holozoa raises the question whether this loss is linked to the adaptation of 

the centriole and cilia to the emergence of the centrosome. In T. brucei SAS-6 localises to the 

basal body and SAS6L localises to a position consistent with the basal plate. In contrast, in multi-

ciliated rat epithelia cells, which as holozoan cells lack a SAS6L homologue, SAS6 localises to the 
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basal body of cilia but also to a more distal site which is consistent with the position of the basal 

plate (Vladar and Stearns, 2007). In D. melanogaster spermatocytes SAS-6 localises to the 

proximal and distal side of centrioles, which is consistent with the position of the cartwheel and the 

basal plate (Peel et al., 2007; Rodrigues-Martins et al., 2007a). These localisation data suggests 

that SAS-6 in Holozoa might have evolved to fulfil the function that SAS6L accomplishes at the 

basal plate in species outside the Holozoa. 

8.4 SAS-4 in T. brucei - a protein with diverged function  

SAS-4 is well known for its essential role in assembly of centriolar MTs during centriole formation in 

metazoa (Dammermann et al., 2004; Kohlmaier et al., 2009; Leidel and Gonczy, 2003; Pelletier et 

al., 2006; Schmidt et al., 2009; Tang et al., 2009). In my thesis I show that SAS-4 localises to 

multiple sites in trypanosomes, namely the pro-basal body, the anterior tip of the cell body and a 

site close to the exit of the flagellum from the pocket. SAS-4 is an essential protein in T. brucei 

whose ablation results in a cytokinesis defect. Interestingly, I found that basal bodies assemble 

normally in the absence of SAS-4 and that their composition (apart from lacking SAS-4) and 

ultrastructure are unaffected. Ectopic overexpression of SAS-4 does not affect cell growth or cell 

morphology in T. brucei. 

8.4.1 SAS-4 domain architecture 

Comparing the domain architecture of SAS-4 protein across eukaryotes reinforced that 

Tb11.02.0810 encodes a SAS-4 protein. The similarity is mainly found in the region of the Tcp10 

domain. This domain was initially identified in a protein in H. sapiens that is expressed only in 

spermatocytes (Islam et al., 1993). While overexpression of CPAP (human SAS-4 homologue) 

leads to elongation of centriolar MTs; overexpression of a mutant lacking the Tcp10 domain still 

leads to the localisation of the protein to the centriole but it is unable to induced the formation of 

long centriolar MTs (Kitagawa et al., 2011b). This suggests that the Tcp10 domain is involved in 
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the process of MT elongation, even though it is not the region of tubulin interaction (that is the PN2-

3 motif described in H. sapiens and D. melanogaster (Cormier et al., 2009; Hsu et al., 2008; Hung 

et al., 2004)).  

Interestingly, SAS-4 in T. brucei lacks the Pfam-B_19564 domain that is found in most SAS-4 

homologues (including H. sapiens, D. melanogaster, C. reinhardtii, T. thermophila, but excluding C. 

elegans). The Pfam-B_19564 domain was also not identified in SAS-4 homologues of other 

excavates such as Leishmania major, Giardia lamblia and Naegleria gruberi. This suggests loss of 

this domain or a higher degree of sequence divergence in this part of SAS-4 proteins in excavates 

compared to homologues in other eukaryotes. 

8.4.2 Divergent localisation of SAS-4 in T. brucei 

SAS-4 localises to multiple sites in trypanosomes: the pro-basal body, the anterior tip of the cell 

body and a site close to the exit of the flagellum from the pocket. Localisation to sites other than 

the basal body was surprising, as SAS-4 homologues in three metazoan species and P. tetraurelia 

localise almost exclusively to the centrosome/centriole or the basal body (Basto et al., 2006; 

Gogendeau et al., 2011; Hung et al., 2000; Kirkham et al., 2003; Leidel and Gonczy, 2003). There 

has been one report showing CPAP localisation to the midbody ring during cytokinesis in HeLa 

cells using immunofluorescence (Paramasivam et al., 2007). Nevertheless, the SAS-4 localisation 

observed in T. brucei is unlikely to be an artefact, since tagged SAS-4 was expressed at levels 

comparable to wild-type levels and could complement the complete loss of the essential wild-type 

protein. 

The dynamics of SAS-4 at the basal body in T. brucei are different to all eukaryotes studied to date. 

Whereas SAS-4 remains present at the centriole and basal body after maturation in metazoa and 

P. tetraurelia, SAS-4 in T. brucei is essentially gone from the structure after pro-basal body 

assembly is completed (Basto et al., 2006; Dammermann et al., 2008; Gogendeau et al., 2011; 

Hung et al., 2000; Kirkham et al., 2003; Leidel and Gonczy, 2003). This suggests that SAS-4 in 
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T. brucei is not involved in the maintenance of the basal body structure and hence not likely to fulfil 

a structural role in MT attachment. SAS-4 localisation to the pro-basal body, however, suggests 

that it may be involved in the assembly process. This seems plausible as abnormal elongation of 

centriolar MTs was previously observed after overexpression of CPAP in human cells (Kohlmaier et 

al., 2009; Schmidt et al., 2009; Tang et al., 2009). However, the contribution of SAS-4 in T. brucei 

to basal body assembly might be a different one. 

The anterior end of the cell body accommodates many MT minus ends from the subpellicular MT 

cytoskeleton with the minus end orientation of MTs to the anterior end (except of four specialised 

MTs which have the opposite orientation). If SAS-4 in T. brucei, as its human homologue CPAP 

(Hung et al., 2004) possesses the capability to interact with tubulin and/or MTs, the localisation to 

this site might be linked to the high occurrence of MT ends. Another protein that localises to the 

anterior end of trypanosomes is -tubulin. An interaction between CPAP and -tubulin was 

previously suggested in human cells (Hung et al., 2000). Therefore, it seems also possible that 

SAS-4 localises via a -tubulin mediated interaction (or inverse/mutual dependency) to this anterior 

end in T. brucei. 

It is still unclear what the localisation of SAS-4 close to the exit of the flagellum from the pocket 

represents on a structural level. If SAS-4 has a preference for MT minus ends, one might predict 

that it localises to the minus ends of the four specialised MTs that originate from between the basal 

body and the pro-basal body and run along the FAZ. However, the signal of SAS-4 is too far to the 

anterior of the cell to correspond to the minus end of the four specialised MTs (Lacomble et al., 

2009). The shape of the SAS-4 signal in this region is different from centrin and SAS6L, and 

therefore seems unlikely to label any of the fibres/filament in this region (Esson et al., 2012). The 

SAS-4 signal close to the exit of the flagellum from the pocket is only present during flagellum 

biogenesis. Considering the timing, SAS-4 could be involved in a process linked to the duplication 

of the flagellum, an associated structure or the whole cell. Depletion of SAS-4 results in a similar 

cytokinesis defect observed after PLK depletion (Kumar and Wang, 2006). However the two 
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proteins do not colocalise. 

8.4.3 Divergent SAS-4 function in T. brucei 

Using RNA interference against SAS-4, I showed that SAS-4 is required for cytokinesis in T. brucei. 

However, SAS-4 was dispensable for basal body assembly. This is in stark contrast to the 

requirement of SAS-4 for centriole and basal body assembly in all species investigated so far 

(Basto et al., 2006; Gogendeau et al., 2011; Hung et al., 2000; Kirkham et al., 2003; Leidel and 

Gonczy, 2003). However, it cannot be completely excluded that small residual amounts of SAS-4, 

undetectable by Western blot, remained present in trypanosomes after SAS-4 ablation, and that 

these amounts were sufficient to support an essential function in pro-basal body assembly but not 

in cytokinesis. In any case, the RNAi phenotype together with the localisation suggests that the 

function of SAS-4 in T. brucei is different from that in other eukaryotes. 

The way in which SAS-4 depletion leads to a defect in cytokinesis is unknown. The obvious 

connection is that the protein localises to the anterior tip and the ingression of the cleavage furrow 

starts from the anterior site. However, the role of SAS-4 at this site and how its absence leads to 

the defect were not elucidated in this work. Several scenarios are possible:  

1) SAS-4 is involved in MT nucleation, stabilisation or capping. In this case, depletion of SAS-4 

would lead to an insufficient number of MTs to form a new anterior end. In line with this idea is that 

new anterior ends are observed only rarely. Furthermore, CPAP has been shown to interact with 

-tubulin in H. sapiens, which would support this idea (Dammermann et al., 2008; Hung et al., 

2000). 

2) SAS-4 is required for MT elongation. In this case depletion of SAS-4 would also result in an 

insufficient number of MTs to form a new anterior end. Overexpression of CPAP in human cells 

causes overly long centriolar MTs which suggest a role in MT elongation which would support this 

idea (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang et al., 2009). However, if SAS-4 would be 
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required for MT growth all the way, it would not localise only to the minus end of MT but it would 

probably also localise along the MTs or at least at the growing plus end of the MTs. 

(Both hypotheses imply that nucleation or elongation of basal body MTs would have 

different molecular requirements than nucleation or elongation of subpellicular MTs. A 

possible inconsistency with the explanations is that despite the cytokinesis defect, SAS-4 

depleted cells increase in size due to multiplication of nuclei and other organelles, which 

probably involves the nucleation and elongation of new intercalating MTs into the existing 

subpellicular MT array.) 

3) SAS-4 is involved in MT bundling or connecting MTs at the anterior end. In this case depletion of 

SAS-4 would make it difficult to get the formation of a new anterior end started. Support for this 

idea comes from SAS-4 depleted C. elegans embryos, which assemble a central tube that lacks 

distinct hook formations observed during normal centriole assembly. This observation has led to 

the suggestion that SAS-4 is involved in the formation of these hook structures that facilitate MT 

attachment (Pelletier et al., 2006). Furthermore, CPAP has been suggested to form a homodimer 

via a coiled coil domain towards the C-terminus, which supports cohesion of the centrosome (Zhao 

et al., 2010).  

4) SAS-4 is involved in a non-MT function, such as marking the new end or forming a scaffold at 

the anterior end. 

At least one SAS-4 homologue has been identified in all cilia forming species analysed in Chapter 

3 (except in Physcomitrella patens). This suggested that the essential function of SAS-4 shown in 

centriole and basal body assembly in Metazoa and Paramecium is conserved across eukaryotes. 

The finding that SAS-4 is not required for basal body assembly in T. brucei was unexpected. 

Nevertheless, this is in line with the difference in the molecular composition of extant centrioles 

described in our bioinformatic analysis in Chapter 3. The work on SAS-4 presented here, is the first 

analysis showing that the SAS-4 is not universally required for in centriole/basal body assembly 
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across all eukaryotes. It shows that the protein is divergent in T. brucei demonstrated by the 

divergent localisation pattern and RNAi phenotype. Whether SAS-4 is not involved in the assembly 

of the basal body MTs or whether its loss can be compensate by another protein in T. brucei 

remains to be shown. 

8.5 WDR16 in T. brucei 

WDR16 in T. brucei was previously identified in the flagellar proteome and localised to the basal 

body, pro-basal body and axoneme (Broadhead et al., 2006; Farr, 2007). However, the function of 

the protein is unknown. Its high sequence conservation and its presence in almost all ciliated 

species analysed in Chapter 3, led me to continue the previous studies on the protein. I showed 

that WDR16 is a stable component of the axoneme but that its knockdown does not cause a 

change in cell growth, cell morphology or axonemal ultrastructure in T. brucei. 

8.5.1 High sequence conservation of WDR16 

WDR16 proteins across ciliated eukaryotes show high sequence conservation and possess a high 

number of WD40 domains. 

WDR16 proteins contains up to 13 WD40 domains. WD40 domains form a -propeller comprising 

usually seven to eight blades. Multiple -propellers in one protein have been observed for example 

in the actin-interacting protein 1, Aip1 (Voegtli et al., 2003). WDR16 contains too many WD40 

domains for only one -propeller. Although the number of identified WD40 domains is not high 

enough for the formation of two seven-blade -propellers, it seems plausible to suggest that 

WDR16 might form two -propeller. It could be either that some WD40 domains are more divergent 

and were not identified at the applied threshold, or that the -propeller contains less than seven 

blades (Xu and Min, 2011). WD40 containing proteins are involved in mediating protein-protein 

interaction in many cellular processes, which makes it impossible to make a meaningful 



 204

assumption about the function that WDR16 might be involved in. 

8.5.2 WDR16 localisation to the axoneme and transition zone but not to the basal body 

Measuring the distance between markers along the basal body and axoneme, I showed that GFP-

tagged WDR16 localises only to the transition zone and the axoneme but not to the triplet basal 

body. This was surprising because of two observations: Firstly, the shape and intensity of the 

fluorescent signal is such that the proximal end is slightly wider and more intense then the signal 

along the axoneme. This led to the assumption that the very proximal part of the signal 

corresponds to triplet MTs region whereas the lower intensity along the axoneme reflects 

association to only doublet MTs. Secondly, WDR16 localises to a position consistent with the pro-

basal body. 

However, the two observations can be explained differently: First, the slightly wider and more 

intense proximal GFP-WDR16 signal might correspond to the transitional fibres. Second, material 

that accumulates at the pro-basal body is not necessarily integrated into the basal body. This 

phenomenon was observed also in Chapter 5 for SAS6L which accumulates at the pro-basal body 

in a late assembly stage and localises later to the basal plate of the axoneme but not the mature 

basal body. 

8.5.3 WDR16 function 

The remaining question is which function WDR16 fulfils in the axoneme. RNAi-mediated knock-

down of WDR16 did not cause a change in cell growth or cell morphology. However, even 72h after 

RNAi induction WDR16 remained detectable by dot blot. Whether this amount of residual protein 

represents only WDR16 integrated into old axonemes or whether the knockdown is incomplete was 

not tested. It cannot be excluded that the residual amount of WDR16 is sufficient to fulfil an 

essential function. It seems however, that wild-type levels of WDR16 are not necessary for normal 

growth and cell morphology. 
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I showed that WDR16 is a stable component of the axonemes that remains present in old axoneme 

during RNAi-mediated depletion of WDR16. However, C. elegans, which forms only primary cilia, 

possesses a WDR16 homologue, which was identified by BLASTp search (it is divergent and 

hence was not identified by our bioinformatic approach in Chapter 3). As C. elegans does not 

possess a central MT pair and does not require inner and outer dynein arms for motility, it seems 

more likely that WDR16 is involved with the outer MT doublets or connections between them. As 

WDR16 contains a high number of WD40 domains, the protein is likely involved in a scaffolding 

function in the axoneme. 

8.6 Summary 

Cilia are crucial for cell signalling and motility. Understanding the biology and functioning of these 

organelles has gained huge scientific interest, especially because of the recognition that several 

developmental pathologies are caused by dysfunctional cilia. The study of proteins involved in 

basal body assembly provides information critical for understanding the biological processes 

underlying cilia assembly and functioning. Furthermore, the emerging mechanisms of eukaryotic 

centriole/basal body assembly, which are mostly based on studies in metazoan cells, need to be 

evaluated by comparison to distantly-related eukaryotes, such as T. brucei, in order to distinguish 

basic eukaryotic concepts from centriole-specific adaptations in the centrosomal context. 

My thesis provides additional information on the evolution and function of centriolar proteins. The 

bioinformatic survey of centriolar and ciliopathy-associated proteins established that the cilia 

formation is the ancient function of centrioles/basal body and that the centrosome organisation is 

an adaptation specific to Holozoa. Furthermore, the survey gave insight into the molecular 

composition of the ancestral and extant centrioles/basal bodies which formed the foundation of my 

cell biological work. Analysis of the four conserved centriole/cilium proteins SAS-6, SAS6L, SAS-4 

and WDR16 gave insight into their function and/or localisation in an evolutionary distant species to 
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metazoa. I demonstrated that in T. brucei the essential SAS-6 function in basal body assembly is 

conserved, whereas SAS-4 function is divergent from the role of metazoan and ciliate homologues. 

This work also identifies and introduces a novel protein family which possess similarity to SAS-6 

and is suggested to have a non-essential but conserved function at the basal plate. 
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Introduction
Centrioles are highly conserved eukaryotic organelles consisting
of nine microtubule triplets (or, more rarely, doublets or singlets)
arranged in a radially symmetrical array. These structures are
involved in a number of cellular functions, which include nucleating
cilia and flagella – a context in which they are termed basal bodies
(for a review, see Dawe et al., 2007) – and organising pericentriolar
material to form the centrosome. The centrosome is a microtubule-
organising centre in interphase cells and, in some eukaryotes,
forms part of the spindle poles during cell division (see Delattre
and Gonczy, 2004).

In recent years, experimental work on centrioles, centrosomes
and basal bodies has elucidated a list of proteins that contribute to
the formation of these structures (at least in the case of the
individual model system studied). In addition to these proteins,
several genes have been implicated in basal-body or ciliary
function by their association with human pathologies caused by
defects in cilia, collectively named ciliopathies (for a review, see
Badano et al., 2006). Despite these insights, it remains difficult to
determine whether an individual protein has a role in centriolar,
centrosomal or basal-body function; furthermore, it cannot be
assumed that a particular role in one model system extends to
other model systems.

Here, we use a bioinformatics approach to determine the
evolutionary history of the centriole from the perspective of its
constituent proteins. We look at the conservation of multiple
proteins that have either been physically localised to centrioles,
centrosomes or basal bodies, or are genetically linked with basal-
body or ciliary function by association with ciliopathies. By
ascertaining the distribution of these proteins in a wide cross-
section of eukaryotes, we are able to define a set of components

that were present in the ancestral centriole. Linking this distribution
to known organismal biology, we are also able to relate the loss of
components to unusual centriolar morphologies and to predict a
role for particular proteins in eye development.

Results and Discussion
Identification of centriolar proteins in diverse eukaryotes
To gain a deeper understanding of the biological role of known
centriole- and ciliopathy-associated proteins, we analysed the
phylogenetic presence and absence of these proteins among
eukaryotes and linked the distribution pattern obtained to
information about the protein and organism. We selected 45
organisms, each with a complete or near-complete genome
sequence, which represent a wide evolutionary spread across six
major groups of eukaryotes (namely: Plantae, Excavata,
Chromalveolata, Holozoa, Fungi and Amoebozoa). The selected
organisms exhibit a rich diversity of microtubule biology and
represent species that either produce cilia or flagella during their
lifecycle or do not (29 ciliated species and 16 non-ciliated species;
supplementary material Table S1). We hypothesised that proteins
that just have a centriolar and/or ciliary function would be present
in cilia-forming species and absent in non-ciliated species.

We selected a set of 53 proteins that are known either for their
centriolar, centrosomal or basal-body localisation, or for their
involvement in cilia-associated pathologies that present with
retinitis pigmentosa (supplementary material Table S2). We used
these protein sequences to interrogate the 45 predicted proteomes
for orthologous sequences. We found that reciprocal best BLAST
approaches – in which only proteins that are the best match in their
respective genomes are considered orthologues – were generally
too conservative in identifying orthologues, in part because of
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Centrioles are highly conserved structures that fulfil important cellular functions, such as nucleation of cilia and flagella (basal-body
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the presence of the centrosome is specific to the Holozoa. We define an ancestral centriolar inventory of 14 core proteins, Polo-like-
kinase, and proteins associated with Bardet-Biedl syndrome (BBS) and Meckel-Gruber syndrome. We show that the BBSome is absent
from organisms that produce cilia only for motility, predicting a dominant and ancient role for this complex in sensory function. We
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extensive gene duplications in particular lineages. By contrast,
simple BLAST searches (identifying all similar sequences) were
too noisy and unable to discriminate among paralogues. To
overcome these problems, we used an approach based on the
clustering of proteins by BLASTp score (Wickstead and Gull,
2007), with support from phylogenetic inference where necessary,
as outlined in Materials and Methods.

To validate our approach, we searched for three proteins (�-
tubulin, EB1/Bim1p and XMAP215/ch-TOG) involved in
microtubule dynamics that are expected to be widely present among
the eukaryotes. As expected, �-tubulin was found in all organisms
analysed. Importantly, we were not only able to identify tubulin
homologues, but could also unambiguously distinguish �-tubulin
from paralogous sequences (supplementary material Fig. S1). The
approach also performed well in identifying EB1 and XMAP215
orthologues; the lack of EB1 in Leishmania major has been noted
before (Berriman et al., 2005) and, as in a previous study, we were
able to validate the lack of XMAP215 using an iterative hidden
Markov model (HMM)-based approach (Devaux et al., 2007).
These data indicate that our approach can identify homologous
sequences in multiple organisms and can also differentiate
paralogous families.

Phylogenetic distribution of �- and �-tubulin
It has been demonstrated that �- and �-tubulin have a crucial
centriolar role in Chlamydomonas, trypanosomes, humans and
Paramecium (Chang and Stearns, 2000; Dupuis-Williams et al.,
2002; Dutcher and Trabuco, 1998; Gadelha et al., 2006). These
proteins are absent from non-ciliated species and also from
Drosophila melanogaster and C. elegans (Chang and Stearns,
2000), both of which have cilia but build unusual centrioles (see
below). Using our approach, we were able to unambiguously
identify �-tubulin and �-tubulin homologues in 25 and 26 of the
29 ciliated species, respectively. As predicted, we did not detect
homologues in any non-ciliated species included in the analysis
(Fig. 1). Consistent with previous findings (Chang and Stearns,
2000), no homologues of either centriolar tubulin were found in
D. melanogaster or C. elegans (see Delattre and Gonczy, 2004).
D. melanogaster builds centrioles based on either doublet or triplet
microtubules (depending on the cell type) (Callaini et al., 1997),
whereas C. elegans centrioles are composed of singlet
microtubules and lack the ‘cartwheel’ structure found at the
proximal end of most centrioles (Perkins et al., 1986). Interestingly,
the lack of both �- and �-tubulin genes in the D. melanogaster
genome is a feature shared by two other dipteran genera – Glossina
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Fig. 1. Distribution of centriolar
and centrosomal proteins among
eukaryotes. Protein homologues
were identified in 45 eukaryotic
genomes, including 29 ciliated
species and 16 non-ciliated species
(grey). The presence of
homologue(s) is indicated by a plus
symbol (+). ‘Core’ proteins are
conserved ancestral centriolar
proteins. ‘Centrosomal’ proteins are
associated with centrosomal
functions. ‘Pole’ proteins might
have fulfilled a function in the
ancestral spindle pole. ‘Controls’ are
proteins that are associated with
general microtubule dynamics.
‘Ancestral’ proteins are present
among extant eukaryotes.
‘Holozoan’ proteins have a
restricted presence in Holozoa
(Metazoa and M. brevicollis). The
asterisk indicates sequence drift of
core and centrosomal proteins in C.
elegans; divergent homologues
known in the literature but not
identified by our approach are
highlighted with a pink border.
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and Anopheles – and also by the silkworm Bombyx mori. By
contrast, the honeybee Apis mellifera (Fig. 1) and flour beetle
Tribolium castaneum genomes contain both tubulins. These
observations suggest that the loss of these tubulin forms is a
specific feature of the Panorpoida (including Diptera and
Lepidoptera), as opposed to being common to all insects. The
distribution pattern of �- and �-tubulin is suggestive of a distinct
functional module – in that the two proteins are almost always
either absent from or present in a given organism. The presence
of �-tubulin but no identifiable �-tubulin in the stramenopile alga
Aureococcus anophagefferens might be an artefact of the
incomplete status of the available genome sequence. However,
along with C. elegans and Panorpoida, no evidence of either �- or
�-tubulin was found in the ciliated diatom Thalassiosira
pseudonana. The precise ultrastructure of the basal bodies formed
in this species is unclear; however, other centric diatoms are
known to produce basal bodies with only doublet microtubules
(Jensen et al., 2003). These observations emphasise the association
of �- and �-tubulin paralogues with a canonical triplet microtubule
pathway for the formation of the centriole, as is seen from
functional data on these proteins. However, the lack of �- and �-
tubulin in dipteran genera shows that pathways for triplet formation
have also evolved that are independent of these tubulins.

Ancestral centriolar core components
The ninefold triplet microtubule arrangement of centrioles is widely
conserved among eukaryotes (for a review, see Beisson and Wright,
2003). However, it is not clear to what extent this ultrastructural
consistency reflects the conservation of underlying molecular
components. To investigate this question, we analysed the
phylogenetic distribution of known centriolar proteins in our data
set. This analysis identified a set of 14 proteins with proven
centriolar localisation that are present in at least four major
eukaryotic groups (Fig. 1). Given the current understanding of
eukaryotic evolution, the most likely explanation for this pattern is
that these 14 centriolar proteins were present in the ancestor of all
extant eukaryotes (the cenancestor) and that this core set performs
a widely conserved function. However, no single component of the
set is ubiquitously conserved in organisms that possess centrioles
or basal bodies. Furthermore, extant species vary considerably in
which components of the set are present – indicating a surprising
plasticity in the protein composition of centrioles.

In our analysis, four proteins (centrin 2, WDR16, SAS-4 and
SAS-6) were found to be more consistently associated with ciliated
species than �-tubulin (Fig. 1). SAS-4 has been proposed to be
involved in the attachment of microtubules to the central centriolar
cylinder (Pelletier et al., 2006) and in the elongation of centriolar
microtubules (Kohlmaier et al., 2009; Schmidt et al., 2009; Tang
et al., 2009); SAS-6 has been implicated in cartwheel formation
(Kilburn et al., 2007; Nakazawa et al., 2007; Rodrigues-Martins et
al., 2007). Centrin 2 is a well-characterised centriolar component
that is essential for centriole duplication (Geimer and Melkonian,
2005; Koblenz et al., 2003; Salisbury et al., 2002). Although the
wider centrin family is involved in multiple cellular processes and
is present in non-ciliated species, there is a clade termed CrCen-
type centrin 2, which has a distribution restricted to ciliated species
(Bornens and Azimzadeh, 2007). By contrast, WDR16 is a protein
of unknown function associated with hydrocephalus in zebrafish
(Hirschner et al., 2007). It is localised to the basal body, pro-basal
body and, to a lesser extent, the flagellum of trypanosomes (Helen
Farr and K.G., unpublished). Based on the observed distribution

pattern, it is likely that WDR16 also plays a key role in basal-body
and/or centriole function.

Interestingly, although the green alga Ostreococcus tauri is
thought to be non-flagellate – and the whole-cell reconstruction
of the vegetative stage is acentriolar (Henderson et al., 2007) –
we found that 7 of the 14 core-set proteins are present in this
species (i.e. more than in several organisms that definitively
possess centrioles). Similarly, the stramenopile alga A.
anophagefferens is also non-flagellate and acentriolar in the
lifecycle stages thus far analysed (Sieburth et al., 1988), but
possesses 11 of the 14 core centriolar proteins. Because of the
presence of genes encoding components of intraflagellar transport
(Woodland and Fry, 2008) and flagellar apparatus (Elias and
Archibald, 2009), it has previously been suggested that A.
anophagefferens might possess a flagellate stage similar to that
seen in at least some other pelagophytes. On the basis of our
observations here and the presence of genes encoding inner-arm
dyneins (Wickstead and Gull, 2007), we predict that O. tauri also
forms basal bodies and cilia at some point in its lifecycle – most
likely in a yet to be observed gamete or zoospore.

Notably, none of the 14 core centriolar proteins could be
identified in the predicted proteome of C. elegans. Clearly,
comparative analyses cannot distinguish between proteins that have
been lost entirely from an organism and those that have diverged
in sequence to the extent that they are undetectable. Because SAS-
4 and SAS-6 were originally identified in C. elegans (Dammermann
et al., 2004; Kirkham et al., 2003; Leidel et al., 2005; Leidel and
Gonczy, 2003), these two proteins at least are in the latter category.
However, the sequences of SAS-4 and SAS-6 have changed more
rapidly in C. elegans than in other lineages (supplementary material
Fig. S2). This suggests that the unusual centrioles of C. elegans
evolved in concert with extensive loss or divergence of the core
centriolar components. Thus, C. elegans appears to represent the
extremes of centriole divergence, without having lost the structure
completely. A similar but less extreme process appears to have
occurred in Thalassiosira pseudonana, in which we can identify
only the four most highly conserved centriolar proteins (centrin 2,
WDR16, SAS-4 and SAS-6). Such divergence must be considered
when interpreting centriolar phenotypes or using particular
organisms for comparative biology.

Centriole-associated kinases: origin and diversification
Kinase activity is crucial for the regulation of centriole duplication.
The kinases ZYG-1 in C. elegans, SAK in D. melanogaster and
polo-like kinase 4 (PLK4) in humans are all essential for centriole
duplication (Bettencourt-Dias et al., 2005; Habedanck et al., 2005;
O’Connell et al., 2001). Catalytically inactive mutants of PLK4
fail to induce centriole biogenesis (Habedanck et al., 2005) and
cells in SAK mutant embryos lack centrioles (Bettencourt-Dias et
al., 2005). It has been suggested that PLK4, SAK and ZYG-1 are
orthologous (Bettencourt-Dias et al., 2005).

To resolve the distribution of and relationships between the
centriole-associated kinases, we performed phylogenetic analysis
of all PLKs, plus SAK and ZYG-1 homologues (supplementary
material Fig. S3). Our phylogenetic inference unambiguously
identifies a well-supported PLK clan in the majority of organisms
in our analysis. This group includes PLK isoforms 1-4, where they
exist. Within the PLK family, PLK4 and SAK form a clear subgroup
and are orthologous, as expected. However, we find no evidence
to support the grouping of ZYG-1 in the PLK4-SAK clan
(supplementary material Fig. S3). Moreover, despite experimental
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evidence suggesting that ZYG-1 has an analogous function to
PLK4 (Bettencourt-Dias et al., 2005; Habedanck et al., 2005;
O’Connell et al., 2001), sequence analysis does not place ZYG-1
within the PLK clan (note that C. elegans PLK1 sequences were
readily identified). As ZYG-1 cannot be placed in any kinase
family, it is unclear whether ZYG-1 is a PLK4 that has undergone
rapid divergence or whether it is an entirely different kinase that
has replaced PLK4 function. Regardless, the orphan nature of
ZYG-1 is a further molecular demonstration of the unusual nature
of C. elegans centrioles.

The pattern of PLK distribution shows that PLK was present in
the cenancestor of eukaryotes, wherein it might have had a function
that included initiation of centriole duplication. However, we show
that, in common with much of the ancestral centriolar core, PLK
has been lost multiple times. We found that neither PLK nor ZYG-
1 was detectable in 9 of the 29 analysed ciliated species, suggesting
either that centriolar duplication does not require kinase activity in
these species or that other kinases fulfil that role.

Basal-body function is ancestral, but centrosomal
components are not
In our analysis, we identified proteins that are found only in
Holozoa (represented in our analysis by the metazoa and the
choanoflagellate Monosiga brevicollis; Fig. 1). In general, these
proteins are either associated with centrosomal functions or have
been localised to the pericentriolar material within the centrosome.
This restricted phylogenetic distribution has two alternative
explanations: either many of the components of the animal
centrosome were acquired only by the ancestor of the Holozoa or
centrosomal components, in contrast to those of the basal body, are
evolving at sufficient speed to render them undetectable in distantly
related organisms. In keeping with the latter proposition, the
proteins SPD-2 and SZY-20 – which were originally identified in
C. elegans (Kemp et al., 2004; Pelletier et al., 2004; Song et al.,
2008) – could not be detected in C. elegans by our approach when
using canonical homologues from other Holozoa. Thus, it appears
that the extreme divergence of centriolar proteins in C. elegans
(see above) occurred concomitantly with the divergence of
centrosomal components. However, unlike centriolar components,
only 2 of the 13 centrosome-associated proteins analysed (FOP
and CAP350) were detectable outside of the Holozoa (Fig. 1). The
distribution of these two components does not correlate with
organisms in which there is a centriole, which would be expected
if these proteins function only in the centrosome. This implies that
the animal centrosome is constructed from mainly holozoan-specific
components.

The evolutionary relationship between the centriole and
centrosomal material (with functions in the organisation of both
cytoplasmic and spindle microtubules) is not as clear as might at
first sight appear. One possibility is that a proto-centrosome with
a role in microtubule organisation existed in an ancestral cell that
also possessed separate basal bodies subtending cilia. Basal bodies
became centrioles when they began ‘piggy-backing’ onto this
proto-centrosome as a means of ensuring fidelity in the inheritance
of cilia (Pickett-Heaps, 1971) (see also Beisson and Wright,
2003; Bornens and Azimzadeh, 2007). Alternatively, centrioles
with a function in cell-cycle control were present before
centrosomes and material associated with microtubule
organisation, which can now be found in the centrosome, was
accrued gradually by these stably inherited centrioles. Importantly,
if the centrosome as an organelle already existed in the last

common ancestor of eukaryotes, then all centrosomes are
homologous. Conversely, if different material has been
accumulated by centrioles in different lineages, then these
structures are non-homologous. With the caveat noted above
regarding rates of divergence, our finding that much of the animal
centrosome is specific to Holozoa supports the latter evolutionary
scenario and suggests that the animal centrosome is a holozoan
innovation. This would imply that association of centrioles with
spindle poles has arisen independently in more than one lineage
(minimally, in the ‘unikonts’ and Chlorophyta) (Coss, 1974).

A sensory role for the ancestral cilium
Defects in centrioles and cilia cause a variety of human disorders,
collectively known as ciliopathies (for a review, see Badano et al.,
2006). To assess whether proteins associated with ciliopathies are
conserved among eukaryotes, we investigated their phylogenetic
distribution. The ciliopathy Bardet-Biedl syndrome (BBS) is linked
to mutations in BBS1 to 14 (see Jin and Nachury, 2009); BBS
proteins 1, 2, 4, 5, 7, 8 and 9 act as a biochemical complex termed
the ‘BBSome’ (Nachury et al., 2007). The BBSome complex is
conserved in a modular fashion in that the seven proteins are
generally present or absent as a group (Fig. 2) with BBS5 and
BBS8 being the most widely conserved. On the basis of the
phylogenetic distribution of this group, we propose that the
cenancestor of eukaryotes possessed a BBSome.

The BBSome is proposed to play a role in transporting membrane
proteins to sensory primary cilia, as opposed to motile cilia [for a
review of primary cilia, see Singla and Reiter (Singla and Reiter,
2006)]. This proposal is supported by the fact that the complex is
conserved in C. elegans, an organism that builds only immotile
sensory primary cilia. The absence of the BBSome in four species
that produce only motile cilia in gametes or zoospores – namely
Physcomitrella patens, Plasmodium falciparum, Thalassiosira
pseudonana and Batrachochytrium dendrobatidis (E. V. Armbrust,
The life cycle of the centric diatom Thalassiosira weissflogii:
control of gametogenesis and cell size. PhD Thesis, Woods Hole
Oceanographic Institution Massachusetts Institute of Technology,
1990) (Berger et al., 2005; Merchant et al., 2007; Sinden et al.,
1978) – further supports the role of the BBSome in sensory function
and its dispensability for motility. In combination, these
observations provide molecular evidence that the cenancestral
cilium served a sensory function.

Another important ciliopathy, Meckel-Gruber syndrome (MKS),
is characterised by mutations in MKS1, 3, 4, 5 and 6 (see Badano
et al., 2006). Our data demonstrate that, as with the BBSome,
MKS proteins were in the cenancestor of eukaryotes and their
extant distribution correlates with the possession of cilia. However,
BBSome and MKS proteins have distinct, albeit overlapping,
phylogenetic distribution patterns (for example, B. dendrobatidis
and T. pseudonana contain MKS but not BBS proteins). This
observation suggests that these two ciliopathy-associated modules
can function independently.

Correlation between ciliary eye evolution and ciliopathy-
associated proteins
Many patients presenting with ciliopathies manifest the eye disease
retinitis pigmentosa, because human eye development depends on
ciliary function in photoreceptor cells. Animal photoreceptor cells
can be classified as either rhabdomeric or ciliary, depending on
how the membranes for photopigment storage are extended. In
rhabdomeric photoreceptor cells, extension is achieved through
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folding of the apical cell surface into actin-based microvilli, whereas
in ciliary photoreceptor cells the ciliary membrane is folded (for
reviews, see Arendt, 2003; Eakin, 1982). The ancestral proto-
photoreceptor cell probably used the ciliary mechanism and
possessed ciliary-specific opsins (for a review, see Shubin et al.,
2009). It has been hypothesised that the last common ancestor of
the Bilateria (animals excluding Nematostella vectensis and
Trichoplax adherens in our analysis) had additionally acquired
rhabdomeric photoreceptor cells and that loss of one or the other
system has occurred in different lineages (see Arendt and Wittbrodt,
2001). Structural studies have shown that insects employ only
rhabdomeric photoreceptor cells, whereas vertebrates and Lottia
gigantean use only the ciliary system (Purschke et al., 2006). Both
systems are still present in Capitella and Ciona (Purschke et al.,
2006; Dilly, 1969). The phylogenetic distribution of rhabdomeric-
and ciliary-specific opsins correlates with this structural analysis
(Arendt et al., 2004). Proteins involved in ciliary photoreceptor
development are therefore expected to have a specific pattern in
our analysis: present in vertebrates, C. intesinalis, S. purparatus,
Capitella, L. gigantea, N. vectensis and T. adherens, but absent in
D. melanogaster and Apis mellifera.

Four out of twenty-three ciliopathy-associated proteins in our
analysis – BBS6, BBS10, BBS12 and ALMS-1 (Fig. 2) – have a
profile predictive of involvement in ciliary photoreceptor cells. In
contrast to the BBSome, BBS6, BBS10 and BBS12 are predicted

to be chaperonin-like proteins (Stoetzel et al., 2007) and none of
the four are ancestral. Alongside these proteins, PCM1 and ninein
also share the ciliary photoreceptor fingerprint. Interestingly, PCM1
is already functionally linked to ciliogenesis, because it interacts
with BBS4 (Nachury et al., 2007). Our findings now predict an
additional association between ninein and the eye. Nephronophthisis
(NPHP) proteins 1, 3, 4 and 5 similarly display a paraphyletic
profile for eye association in Metazoa, but these four proteins are
also found outside this lineage, suggesting a more general function.
The absence of any of these eye-associated proteins in the C.
elegans genome also correlates with a lack of ciliary opsins (Satoh,
2006) and provides strong genomic data supporting the prediction
that the photoreceptor spots in this species have a rhabdomeric-like
structure (McLaren, 1976).

Conclusions
Our analyses provide molecular evidence to suggest that the
cenancestor of eukaryotes possessed a centriole that had basal-
body function, but no association with the centrosome. Moreover,
this cenancestor also possessed the BBSome complex and hence
was using flagella and cilia for both motility and sensory functions.
The ancestral centriolar structure contained a cohort of proteins
that are still present in the centrioles of most extant ciliated
eukaryotes. Interestingly, the morphology of the centriole is
surprisingly insensitive to multiple losses from this cohort, in that
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Fig. 2. Distribution of ciliopathy-associated proteins among
eukaryotes. Protein homologues were identified in 45
eukaryotic genomes, including 29 ciliated species and 16 non-
ciliated species (grey). The presence of homologue(s) is
indicated by a plus symbol (+). The proteins are grouped
according to the ciliopathy (MKS, BBS and NPHP) or/and
ciliary photoreceptor association. ‘Eye-associated’ proteins
show a distribution that correlates with ciliary ‘c’
photoreceptors. The light blue shade indicates the exclusive
presence of rhabdomeric ‘r’ photoreceptors.
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gross changes in the ultrastructure of the centriole occur only when
the majority of the cohort is lost or highly divergent, as
demonstrated in the unusual centrioles of C. elegans. Similarly,
kinases that are essential for the initiation of centriole assembly in
some organisms are not ubiquitously conserved. Finally, in light of
the evolutionary footprint of ciliary photoreceptor cells, we identify
six proteins that we predict to function in ciliary eye cell
development, but not in the eyes of insects. Collectively, these data
provide a more coherent picture of the evolution of centriolar
proteins.

Materials and Methods
Definition of data sets
An initial set of 53 proteins was selected on the basis of fulfilling one of two criteria:
known localisation to the centriole or basal body and/or centrosome; or genetic
evidence of involvement in cilia-associated pathologies. The sequences of three
proteins involved in microtubule dynamics that are predicted to be widely distributed
among eukaryotes – �-tubulin, XMAP215/ch-TOG and EB1/Bim1p – were also
included as controls. In all cases, query sequences were human homologues of the
proteins, with the exception of C. elegans ZYG-1 (see Results and Discussion). A
complete list of these proteins, with references, is given in supplementary material
Table S2. These protein sequences were used to query the predicted proteomes of 45
eukaryotic organisms for which a complete or near-complete genome sequence is
publicly available. These organisms were chosen to represent a wide evolutionary
spread of extant eukaryotes with diverse microtubule biology. A list of genomic data
set sources and versions used is provided in supplementary material Table S1.

Identification of homologous sets
During initial work, we found that reciprocal best BLAST approaches were generally
too conservative when identifying orthologues, whereas simple BLAST searches
(Altschul et al., 1990) were too noisy and unable to discriminate among paralogues.
To overcome these problems, we used an approach based on clustering of proteins
by BLASTp score (Wickstead and Gull, 2007). Briefly, a ‘seed’ set was generated
for each query from a reciprocal best BLASTp search with an e-value threshold of
<10–5. A liberal set of putative homologues was then generated on the basis of all
BLASTp hits to any seed sequence with an e-value <10–2. Results from this search
were then formed into clusters using a distance matrix derived from BLASTp scores,
as described in (Wickstead and Gull, 2007), with the orthologous cluster being
defined by eye (supplementary material Table S3). In the case of ambiguous
clustering, sets were aligned, trimmed and then used in Bayesian and maximum
likelihood phylogenetic inference (Guindon and Gascuel, 2003; Ronquist and
Huelsenbeck, 2003). Parameters used during tree inference are given in the legends
accompanying the respective figures.
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