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Abstract 

Dissecting Polo kinase recruitment to the centrosome 

Ines Alvarez Rodrigo, St Catherine’s College 

A thesis submitted for the degree of Doctor of Philosophy, Trinity 2018 

Polo kinase is a major regulator of the cell cycle. Polo is present at many different 

subcellular structures, including centrosomes. Centrosomes are formed when mother 

centrioles recruit pericentriolar material (PCM) around themselves. The PCM expands 

dramatically in preparation for mitosis, in a process that relies on Polo phosphorylation 

of the PCM protein Cnn. Polo is also known to regulate centriole disengagement, and 

Polo binding to the centriolar protein Sas-4 is crucial for Asl recruitment to daughter 

centrioles during their conversion into fully functional mothers. 

The primary aim of my thesis was to fully characterise how Polo is recruited to 

centrosomes to perform its different functions. As a model, I use syncytial fly 

embryos. In addition to the previously known Polo binding site in Sas-4, I found that 

the PCM protein Spd-2 directly interacts with the PBD domain of Polo. While Spd-2 is 

not required for Polo recruitment to the centriole, it is crucial to recruit Polo to the 

PCM. I propose that this interaction is part of a Spd-2/Polo/Cnn positive feedback loop 

that drives mitotic PCM assembly. Furthermore, I found that a third protein (Ana1) 

is required for overall Polo recruitment to the centrosome. Ana1 has been previously 

linked to Asl recruitment and/or maintenance and centriole conversion. Losing Ana1-

mediated Polo recruitment did not affect these processes, but it did severely hinder 

mitotic PCM expansion. I propose that, independently of its Asl-related role, Ana1 acts 

as a crucial reservoir of centriolar Polo. Thus, centriolar Polo recruited via Ana1 can 

phosphorylate Spd-2 to allow it to bind the PBD, in an example of Polo “self-priming”. 
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Chapter 1 - Introduction 

1.1. Centrioles, centrosomes and cilia 

Centrioles are protein-based structures with 9-fold radial symmetry that can organise 

two different cellular structures: centrosomes and cilia. Centrioles and centriole-

derived structures are present in all major eukaryotic groups (Carvalho-Santos et al., 

2011; Cavalier-Smith, 2002). Within these, even lineages that have completely lost 

centriole-derived structures (e.g. higher fungi) still assemble organelles that share 

some functions and components with animal centrosomes (e.g. spindle pole bodies 

(SPBs)) (reviewed in Azimzadeh, 2014; Cavanaugh and Jaspersen, 2017). This 

suggests that the last eukaryotic common ancestor had a single centriole, and that at 

multiple points in the evolution of eukaryotes these structures were either retained or 

lost as closely related species adapted to different niches (Carvalho-Santos et al., 2011; 

Cavalier-Smith, 2002). Thus, it has been proposed that certain proteins involved in 

centriole and centrosome biogenesis would be part of an ancestral, evolutionarily 

conserved module, whereas other key proteins would have emerged later in specific 

eukaryotic groups (Carvalho-Santos et al., 2010; Hodges et al., 2010). 

1.1.1. Centrioles and the centriole duplication pathway 

The centriolar structure itself is highly conserved (Carvalho-Santos et al., 2011). 

Centrioles are cylindrical structures, 200-250 nm in diameter, characterised by the 

presence of stable peripheral microtubules (MTs) arranged with 9-fold radial 

symmetry (Figure 1.1Ai). Their length, however, differs significantly between species, 

and even different cell types of the same species. In Drosophila melanogaster, for 

example, centrioles are typically 180-200 nm long (Moritz et al., 1995a), but they are 

much larger in spermatocytes (Gonzalez et al., 1998). In vertebrate cells, they typically  
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Figure 1.1 – Centrioles are made of a central cartwheel and peripheral microtubules. 
(A) Schematic diagrams of typical fly centrioles. (i) Side-on view of a mother centriole (vertical) with an 
associated (engaged) daughter centriole perpendicular to the mother’s vertical axis. (ii) End-on view of a 
centriole. (iii) View slicing through the cartwheel, showing that multiple units (Sas-6 rings) stack-up to form a 
cartwheel. (B) Dimers of α- and β-tubulin assemble into protofilaments, microtubules (MTs) and MT doublets 
(or triplets). (C) Images adapted from (Guichard et al., 2013). (i) Transverse section of a Trichonympha 
centriole cryotomogram. (ii) 3D representation of six stacked-up Sas-6 rings, which come together at their ends 
forming 3 pairs of rings. The Pinheads are indicated in dark blue, the MTs are not shown. 
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range from 150 to 500 nm (reviewed in  Winey and O’Toole, 2014), but in some 

species, like Trichonympha they can reach 1.5 µm (Guichard et al., 2012). 

The centriolar MTs (also known as MT blades) can be present as singlets: one hollow 

tubule created by the lateral association of 13 protofilaments made of α- and β-tubulin 

heterodimers. However, centriolar MTs often appear as doublets or triplets, in which 

case the innermost A-tubule is built from a complete ring of 13 protofilaments, with an 

incomplete B-tubule attached to the wall of the A-tubule, and an incomplete C-tubule 

(if present) attached to the B-tubule wall (Tilney et al., 1973) (Figure 1.1B). Each 

blade is linked to those adjacent via a proteinaceous linker, which might vary between 

species, and between different regions of the same centriole. For example, at proximal 

ends of mammalian centrioles each A-tubule is connected to the C-tubule of the next 

blade (clockwise), but at distal ends additional appendages extend from B-tubules 

(Greenan et al., 2018). Conversely, Drosophila centrioles present A-A linkers 

(Greenan et al., 2018) (Figure 1.1Aii). Once assembled, MT blades are stabilised 

partly due to extensive post-translational modification of their tubulin subunits (Janke 

and Bulinski, 2011). 

At the centre of the centriole there is a cartwheel structure made out of a central hub 

approximately 22 nm in diameter from which nine radial spokes emanate (Guichard et 

al., 2012, 2013). This structure comprises a stack of ring-like units. Spokes from 

consecutive rings come together at their ends, forming junctions which join via a 

“Pinhead” to the MT blades (Figure 1.1A,C). The cartwheel may be present 

permanently throughout the length of the centriole, as in Drosophila (Moritz et al., 

1995a); only present in one section of the centriole, as in Chlamydomonas (Guichard et 

al., 2013; O’Toole et al., 2003); or disappear from the assembling daughter centriole 



4 

 

once it matures into a mother, as in vertebrate cells (Vorobjev and Chentsov, 1982). 

The cartwheel is key in the establishment of the 9-fold symmetry of centrioles. This is 

most clear from the highly detailed map of the Trichonympha cartwheel obtained with 

cryo-electron tomography (Guichard et al., 2013), but it also appears to be the case in 

other species (Nakazawa et al., 2007).  

The main structural component of the 9-fold symmetric cartwheel rings is Sas-6 (van 

Breugel et al., 2011; Guichard et al., 2012; Kitagawa et al., 2011), which is one of the 

most ancestral centriolar proteins (Carvalho-Santos et al., 2010; Hodges et al., 2010), 

and also one of the first proteins recruited to the site of centriole assembly (Leidel et 

al., 2005; Rodrigues-Martins et al., 2007a). Nine Sas-6 homodimers can self-assemble 

into symmetric, cartwheel unit-like structures in vitro: the cartwheel hub is formed of 

the N-terminal globular heads, while the C-terminal extended coiled-coils form each of 

the spokes (van Breugel et al., 2011; Guichard et al., 2017; Kitagawa et al., 2011). 

However, other proteins (such as Bld10/Cep135 and Ana2) are necessary to efficiently 

assemble and maintain these structures (Cottee et al., 2015; Guichard et al., 2017).  

Centrioles can assemble de novo (La Terra et al., 2005; Rodrigues-Martins et al., 

2007b) or through the canonical centriole duplication pathway. Many aspects are 

similar, but this thesis will discuss only the latter. Ground-breaking work in 

Caenorhabditis elegans first showed that centriole assembly requires only a few 

essential proteins, which are recruited to the centriole assembly site sequentially 

(Delattre et al., 2004, 2006; Kemp et al., 2004; Kirkham et al., 2003; Leidel and 

Gönczy, 2003; Leidel et al., 2005; O’Connell et al., 2001; Pelletier et al., 2004, 2006). 

Genome-wide RNAi screens in Drosophila S2 cells have since identified a similar set 

of proteins (Dobbelaere et al., 2008; Goshima et al., 2007). Even if the amino acid 
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sequence of some these proteins has diverged significantly between species, functional 

homology remains between “core” components in flies, worms and vertebrates (Figure 

1.2). These proteins are briefly discuss below (fly/human/worm nomenclature where 

required). 

Centriole assembly starts with the recruitment of Polo-like kinase Sak/PLK4/ZYG-1 

to a pre-existing centriole, the “mother” (Bettencourt-Dias et al., 2005; Habedanck et 

al., 2005). Note that the fly homologue is now often referred to as PLK4. PLK4 is 

initially recruited as a ring around the centriole, but the ring eventually becomes a 

single dot on the side of the mother, which marks where the new centriole (“daughter”) 

will be assembled. This ring-to-dot transition is most likely determined, at least in part, 

by the interaction of PLK4 with Ana2/STIL (Dzhindzhev et al., 2017; Leda et al., 

2018; Ohta et al., 2018; Sonnen et al., 2012) (see below). The cytoplasmic levels of 

PLK4 are tightly regulated, as PLK4 overexpression leads to centriole overduplication 

(Basto et al., 2008; Habedanck et al., 2005; Kleylein-Sohn et al., 2007; Rodrigues-

Martins et al., 2007b). This is partly achieved by PLK4 being a “suicide kinase”, able 

to homodimerise via its cryptic Polo box domain. PLK4 trans-phosphorylates an 

internal degron motif, allowing the E3 ubiquitin ligase SCFSlimb/βTrCP to mark PLK4 for 

degradation by the proteasome (Cunha-Ferreira et al., 2009; Guderian et al., 2010; 

Holland et al., 2012; Rogers et al., 2009; Sillibourne et al., 2009). Interestingly, 

centriolar levels of PLK4 oscillate, and this oscillation determines the rate and period 

of daughter centriole growth (Aydogan et al., 2018, 2019),  

PLK4 presumably binds and sequentially phosphorylates various residues on 

Ana2/STIL/SAS-5, and this interaction also promotes PLK4 activity (Arquint et al., 

2015; Dzhindzhev et al., 2014, 2017; Kratz et al., 2015; McLamarrah et al., 2018;  
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Figure 1.2 – The centriole duplication pathway is highly conserved. 
Schematic showing the small number of proteins that are involved in the centriole duplication pathway in D. 
melanogaster (A), H. sapiens (B) and C. elegans (C). Boxes with the same colour indicate orthologues or 
functional homologues. Solid arrows indicate that one protein is required for the localisation of the other, dashed 
arrows indicate inferred localisation relationships. In flies, Asl is required for recruitment of Sak/PLK4 but also 
of the proteins that organise the pericentriolar material (PCM) around the mother centriole to form the 
centrosome. One such PCM protein is Spd-2 (indicated in red). However, in human cells, both Cep192 (the 
Spd-2 homologue, red) and Cep152 contribute to PLK4 recruitment. In C. elegans the ZYG-1 recruitment role 
is fulfilled by SPD-2, and there is no Asl homologue. Adapted from (Conduit et al., 2015a). 
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Moyer et al., 2015; Ohta et al., 2014). While Ana2, STIL and SAS-5 are only 

functional homologues, they share two conserved domains which are essential for 

centriole assembly: a central coiled-coil that drives homodimerization, and the 

STIL/Ana2 Domain (STAN), which is phosphorylated by PLK4 to promote 

Ana2/STIL binding to Sas-6 (the main component of the cartwheel, see above) (Cottee 

et al., 2015; Dzhindzhev et al., 2014; Goshima et al., 2007; Moyer et al., 2015; Ohta et 

al., 2014; Stevens et al., 2010a). However, while crucial for cartwheel formation, the 

exact nature of the Sas-6/Ana2 interaction is still unclear. 

Sas-6 or Ana2/STIL overexpression can also lead to centriole overduplication, and the 

co-overexpression of both proteins results in the formation of Sas-6-Ana2-Particles 

(SAPs) (Stevens et al., 2010b). These large macromolecular structures cannot divide or 

duplicate like centrioles, but they recruit many centriolar and centrosomal proteins in a 

similar manner to centrosomes (Costa Vicente, 2013; Gartenmann, 2018). Thus, the 

levels of Sas-6 and Ana2/STIL must also be tightly regulated. In vertebrate cells, both 

proteins are marked by the APC/CCdh1 for degradation during late mitosis and early 

G1, ensuring that centriole duplication cannot take place before S-phase (Arquint et 

al., 2012; Strnad et al., 2007). Additionally, STIL and Sas-6 are SCF ligase targets, but 

can be protected from it by CDK2 and PLK4 activity, respectively (Arquint et al., 

2018; Puklowski et al., 2011). Conversely, CDK1 phosphorylation of Ana2 appears to 

hinder centriole assembly, but the mechanism by which this happens is unclear and 

could differ between flies and vertebrates (Gartenmann, 2018; Zitouni et al., 2016). 

Another factor essential for centriole assembly is Sas-4/CPAP/SAS-4 (Basto et al., 

2006; Kleylein-Sohn et al., 2007). Unlike Sak, Ana2 and Sas-6, overexpression of Sas-

4 does not trigger centriole overduplication (Peel et al., 2007), but Sas-4/CPAP loss 
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can suppress centriole overduplication caused by overexpression of one of these 

factors (Basto et al., 2008; Kleylein-Sohn et al., 2007). Thus, as in C. elegans (Delattre 

et al., 2006; Pelletier et al., 2006), Sas-4/CPAP most likely functions downstream of 

PLK4, Ana2/STIL and Sas-6. During centriole assembly, Sas-4/CPAP may promote 

centriole MT nucleation and/or facilitate the Sas-6/Ana2 interaction (Schmidt et al., 

2009; Tang et al., 2009, 2011). Additionally, once daughter centrioles have been built, 

Sas-4/CPAP binds to, and may recruit, Asl (Cizmecioglu et al., 2010; Dzhindzhev et 

al., 2010; Novak et al., 2014, 2016) (see 1.3.3). 

Asl/Cep152 is the only protein essential for centriole duplication without a clear C. 

elegans homologue. In C. elgans it is SPD-2 that is involved in ZYG-1 recruitment 

(Delattre et al., 2006; Kemp et al., 2004; Pelletier et al., 2004, 2006). However, in 

flies, Asl is required to recruit PLK4 to mother centrioles (Cizmecioglu et al., 2010; 

Dzhindzhev et al., 2010; Hatch et al., 2010), as well as to recruit Spd-2  (Blachon et 

al., 2008; Novak et al., 2014, 2016), which is not involved in centriole duplication, but 

plays an important role in centrosome maturation (see below) (Dix and Raff, 2007). It 

has been proposed that Asl binding to PLK4 promotes PLK4 activation, which can 

then drive centriole assembly (see above). PLK4 can also phosphorylate Asl, 

potentially triggering its own release and subsequent degradation; thus, Asl would be 

key to generate the PLK4 oscillations that drive centriole duplication (Aydogan et al., 

2019; Boese et al., 2018). In vertebrates both Cep192 (homologue of Spd-2) and 

Cep152 cooperate to recruit PLK4 for centriole duplication (Sonnen et al., 2013).  

1.1.2. Centrosomes and the centrosome cycle 

Centrosomes are membrane-free organelles that consist of a pair of centrioles (mother 

and daughter) surrounded by an electron-dense matrix known as pericentriolar material 
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(PCM). Experiments using mitotic centrosomes purified from the surf clam Spisula 

solidissima showed that, while most PCM proteins were lost if the centrosomes were 

extracted using high salt concentrations, a complex lattice built from 12- to 15-nm 

thick fibres remained (Schnackenberg et al., 1998). Thus, while centrosomes contain 

hundreds of proteins (Alves-Cruzeiro et al., 2014; Andersen et al., 2003; Jakobsen et 

al., 2011; Müller et al., 2010), it has long been proposed that the PCM is organised by 

an underlying, extended scaffold which (directly or indirectly) recruits the rest of the 

proteins that comprise the PCM. 

Centrosomes have multiple functions in animal cells (reviewed in Conduit et al., 

2015a) (see 1.1.3). While their best known role is MT nucleation and mitotic spindle 

organisation, it has been suggested that this is a later specialisation, perhaps to ensure 

equal centriole inheritance between daughter cells by positioning centrioles at the 

spindle poles (Basto et al., 2006; Carvalho-Santos et al., 2011; Hodges et al., 2010; 

Pickett-Heaps, 1974, 1975). Evidence for this is the lack of a strict correlation between 

the presence of centrioles and centrosomes in eukaryotes (reviewed in Azimzadeh, 

2014). An interesting example is planarians, which have lost several genes crucial for 

centrosome formation (including Spd-2/Cep192 and Cnn/Cep215, two proteins that 

will be discussed frequently in this thesis). As a result, centrioles are only present in 

these organisms in non-proliferative cells, and they need to be built de novo 

(Azimzadeh et al., 2012). 

Centrosome biogenesis is indeed strictly regulated to ensure that centrioles are 

duplicated once per cell cycle and that each daughter cell inherits one centrosome. This 

process is often referred to as “the centrosome cycle”, and it is tightly linked to the cell 

cycle itself (Robbins et al., 1968; Vorobjev and Chentsov, 1982) (Figure 1.3). After  
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Figure 1.3 – The centrosome cycle. 
Schematic of the centrosome cycle, highlighting in yellow the events which are regulated by Polo kinase. In G1-
phase, a cell contains two mature centrioles which organise minimal amounts of PCM. At the beginning of S-
phase, each centriole nucleates a new daughter centriole, which grows until the end of S-phase. In G2-phase, the 
two centrosomes migrate to opposite sides of the nucleus and their PCM expands dramatically in preparation for 
mitosis (centrosome maturation). During mitosis the centrosomes help organise the bipolar spindle. Within 
each centrosome, the mother and daughter lose their perpendicular arrangement (centriole disengagement) and 
a number of proteins are recruited to the newly formed daughter centriole to allow it to become a fully-
functional mother, able to nucleate a new daughter centriole and organise PCM in the following cycle (centriole 
conversion). As a result, each daughter cell inherits one centrosome containing two mature centrioles (the old 
mother and the newly-converted young mother) and the cycle can re-start. However, if the cell enters G0-phase, 
the centriole pair usually migrates to the surface and the old mother centriole initiates ciliogenesis, becoming the 
basal body of the cilia. 
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mitosis, each daughter cell contains one centrosome with a pair of centrioles. During 

S-phase, each centriole assembles a new daughter centriole arranged perpendicularly to 

the mother centriole axis (orthogonal arrangement). As detailed above, centriole 

duplication is tightly regulated. At the start of G2-phase, the two centrosomes migrate 

to opposite sides of the nucleus. Three key processes happen during G2 and mitosis: 

centrosome maturation, which involves major changes in the organisation of the 

PCM; and centriole disengagement and centriole conversion, two licensing events 

that ensure that centriole duplication can take place in the following S-phase. These 

three processes are controlled by Polo kinase: a general overview is provided below, 

and further details specific to Polo regulation are discussed in 1.3.3. Towards the end 

of mitosis, each centrosome is segregated into a daughter cell and the cycle restarts, 

unless cells enter G0-phase, when centrioles generally form cilia. 

Centrosome maturation, also known as PCM expansion or mitotic PCM assembly 

(these terms are used interchangeably in the literature and this thesis) is the process by 

which the PCM, which is highly organised and concentrated around the mother 

centriole in interphase, expands dramatically in preparation for mitosis (Fu and Glover, 

2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 2012) (Figure 1.4A). The 

specifics of PCM assembly can differ between different organisms and cell types 

(Conduit and Raff, 2015; see also Conduit et al., 2015a), but three fundamental aspects 

have been recognised. 

First, PCM assembly nucleation requires the mother centriole (Figure 1.4Bi). If 

centrioles are physically eliminated (e.g. using laser ablation or injecting an antibody 

that causes centriole dissolution) or their assembly is disturbed using genetic tools, any 

existing PCM will become unstable, and new PCM assembly is impaired until  
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Figure 1.4 – Centrosome maturation in preparation for mitosis. 
(A) 3D-SIM images of centrosomes from Drosophila S2 cells in interphase or mitosis, stained to show the 
distribution of PCM proteins Spd-2, Cnn, ɣ-tubulin and pericentrin-like protein (Plp). The distribution of all but 
Plp increases dramatically in preparation for mitosis. Adapted from (Fu and Glover, 2012). (B) Schematics of 
three fundamental requirements of mitotic PCM expansion: (i) New PCM material is recruited only to the 
mother centriole (red checkmark), and not to the daughter centriole or elsewhere in the cytoplasm; (ii) PCM 
expansion is autocatalytic; and (iii) centrosomes with different starting amounts of PCM must be able to reach 
similar sizes. The “Otherwise” grey box includes schematics representing what happens/would happen if one of 
these requirements is not fulfilled. 
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centrioles can reform (Basto et al., 2006; Bobinnec et al., 1998; Cabral et al., 2019; 

Kirkham et al., 2003; Wang et al., 2011b) (Figure 1.4Bi, grey box). Second, 

mathematical modelling has shown that, in order to account for the high rates of 

mitotic PCM assembly measured experimentally, this process must somehow be 

“autocatalytic”: i.e. the centriole initially recruits the key component(s) necessary for 

PCM assembly, and this event promotes further recruitment/PCM assembly (Zwicker 

et al., 2014) (Figure 1.4Bii). Third, during mitosis there are two spatially separated 

centrosomes (one at each mitotic pole) with a PCM of similar size. How this equal-

sizing is achieved is not obvious, as one of these centrosomes will be organised by a 

young mother centriole that was nucleated in the previous cell cycle by the older 

mother centriole present in the other centrosome. The “younger” centrosome is often 

associated with less PCM at the start of the cycle; thus, centrosomes that differ in age 

and PCM content must somehow assemble a mitotic PCM of similar size (Conduit et 

al., 2010, 2015a; Raff, 2019) (Figure 1.4Biii). 

A model that aims to satisfactorily explain mitotic PCM assembly must be able to 

address all three fundamental aspects of this process. For example, PCM assembly 

could rely on a single scaffold protein forming autocatalytic assemblies. However, 

such assemblies might then form everywhere in the cytoplasm, and not just around the 

mother centriole. Furthermore, under such model, if the older centrosome were even 

slightly enriched in such scaffold protein, it would more efficiently compete for 

scaffolding subunits. This would create an asymmetry in PCM assembly potential 

between the two centrosomes, resulting in a PCM size difference by the start of mitosis 

(Conduit et al., 2015a; Raff, 2019; Zwicker et al., 2014). 
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In fly embryos, two structural centrosomal proteins have key roles in PCM assembly: 

Spd-2 and Cnn (Conduit et al., 2010, 2014a, 2015a; Dix and Raff, 2007; Dobbelaere et 

al., 2008; Feng et al., 2017; Goshima et al., 2007; Lucas and Raff, 2007). Spd-2 and 

Cnn are recruited to the centriole wall by Asl (and perhaps Sas-4) and then “flux” 

outwards, forming co-dependent scaffolds which allow the recruitment of other 

components (e.g. ɣ-tubulin) to the expanding PCM (Conduit et al., 2010, 2014b; 

Gartenmann, 2018). This “inside-out” model can explain the requirement for PCM 

nucleation by a centriole, and also how centrosomes that initially differ in size may 

attain a consistent steady-state size, determined by the rate of recruitment to the mother 

centriole wall and the loss of scaffold at the centrosome periphery. However, as the 

rate of centrosome growth is limited by the very small size of the centriole wall, this 

model cannot easily account for the high rates of mitotic PCM assembly. However, it 

has been proposed that Spd-2 and Cnn could form a positive feedback loop that makes 

the overall PCM assembly process autocatalytic: Spd-2 recruits Cnn into the PCM, and 

Cnn helps maintain Spd-2 at the PCM, so more Spd-2 accumulates, which drives 

higher rates of Cnn recruitment (Conduit et al., 2014b, 2015a; Raff, 2019). 

Centriole duplication is numerically restricted so that each mother centriole only 

generates one daughter centriole in any one cell cycle (Wong and Stearns, 2003). This 

is partly achieved by keeping the mother and daughter centrioles tightly engaged in 

their orthogonal arrangement from the start of centriole duplication in S-phase until 

G2/mitosis, when centriole disengagement ensures that this block is removed from 

the mother centriole. Thus, mother and daughter centriole become able to separate, and 

in the following S-phase the mother centriole can nucleate a new daughter centriole. If 

this block is prematurely removed (for example, destroying the daughter centriole of 

an S/G2 centrosome), the mother centriole regains its ability to generate a new 
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daughter in the same cycle (Loncarek et al., 2008, 2010). However, the molecular 

mechanism behind this block is still unclear. 

In parallel with, or soon after, centriole disengagement, several proteins are recruited 

to the daughter centriole to allow it to become a fully-functional mother, able to 

nucleate its own daughter and to recruit PCM in the following cell cycle (Chang et al., 

2016; Fu et al., 2016; Izquierdo et al., 2014; Novak et al., 2014, 2016; Tsuchiya et al., 

2016). This process is known as (mitotic) centriole conversion (Wang et al., 2011b). 

Lack of centriole conversion ensures that prior to mitosis, even in conditions that lead 

to the assembly of multiple daughter centrioles from the same mother, the daughter 

centrioles are unable to nucleate additional (granddaughter) centrioles (Cunha-Ferreira 

et al., 2009; Habedanck et al., 2005; Kleylein-Sohn et al., 2007; Loncarek et al., 2008). 

In flies, a hallmark of centriole conversion is Asl recruitment to daughter centrioles 

(Novak et al., 2014). This allows the converted centriole to recruit Sak/PLK4, 

necessary for the nucleation of a new daughter centriole cartwheel (Cizmecioglu et al., 

2010; Dzhindzhev et al., 2010; Hatch et al., 2010), and Spd-2 and Cnn, necessary for 

mitotic PCM assembly (Conduit et al., 2014b). It has been reported that Asl 

recruitment is driven by the sequential recruitment of Cep135, Ana1 and then Asl to 

the maturing centriole—forming a “protein bridge” that extends outwards from the 

inner centriole (Fu et al., 2016) (Figure 1.5A). However, while Cep295 (human 

homologue of fly Ana1) seems to be involved in centriole conversion (Chang et al., 

2016; Fu et al., 2016; Izquierdo et al., 2014; Tsuchiya et al., 2016), it is unclear 

whether Ana1 is involved in the initial recruitment of Asl during centriole conversion 

or just in the subsequent maintenance of Asl at mother centrioles in flies (Fu et al., 

2016; Saurya et al., 2016) (see 5.1.1). Furthermore, while Cep135 has been shown to  
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Figure 1.5 – Asl recruitment during centriole conversion. 
Schematic models representing how Asl may be recruited to the daughter centriole for its conversion into a fully 
functional mother centriole. Note that these models represent alternative views of how centriole conversion 
might take place, but they are not necessarily incompatible. (A) The N-terminal domain (NT) of Cep135 can 
interact with the NT of Ana1, and the C-terminal domain (CT) of Ana1 can interact with the CT of Asl. Thus, 
these binding events result in the formation of a molecular bridge Cep135-Ana1-Asl, spanning from the inner 
area of the centriole (Cep135 CT) to the outer centriole (Asl NT). Recreating this bridge with alternative binding 
interactions (e.g. substituting the Cep135-NT/NT-Ana1 interaction by a Cep135-GFP/GFP-binding-protein-
Ana1 interaction) can sustain Asl recruitment to centrioles (Fu et al., 2016). However, it is unclear that Cep135 
and Ana1 are essential for centriole duplication in flies. (B) Asl recruitment depends on Sas-4, and the NT of 
Sas-4 also binds to the CT of Asl (Cizmecioglu et al., 2010; Dzhindzhev et al., 2010; Novak et al., 2014). 
Additionally, Sas-4 is phosphorylated by CDK1 at Thr200, and this phosphorylation event allows Polo to bind 
to Sas-4 via its PBD. This binding event is required for Polo as well as Asl recruitment to new centrioles (Novak 
et al., 2016). The exact mechanism by which Polo binding to Sas-4 promotes Asl recruitment is unclear (dashed 
arrow). 
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crosslink/bundle microtubule assemblies (hence contributing to centriole stability), it is 

uncertain that Cep135 is required for centriole assembly, as would be expected if it 

were essential for Asl recruitment (Fu et al., 2016; Kraatz et al., 2016; Roque et al., 

2012). Conversely, it seems clear that there is a direct interaction between Sas-4 and 

Asl (human CPAP and Cep152, respectively) (Cizmecioglu et al., 2010; Dzhindzhev et 

al., 2010), and that Asl recruitment depends, at least in part, on Sas-4 and Polo kinase 

(Novak et al., 2014, 2016) (see 1.3.3) (Figure 1.5B). 

1.1.3. MTOC, ciliogenesis and other functions 

Microtubule-organising centres (MTOCs) nucleate and stabilise MTs when the 

concentration of tubulin is too low to support spontaneous MT polymerisation 

(Mitchison and Kirschner, 1984). In animal cells, the PCM is a major MTOC (Gould 

and Borisy, 1977; Robbins et al., 1968; Snyder and McIntosh, 1975). During 

interphase, centrosome-nucleated MTs help position organelles and determine cell 

polarity, whereas during cell division they are required for the efficient assembly of 

bipolar spindles during cell division (reviewed in Wu and Akhmanova, 2017).  

Classical studies in various organisms (including Drosophila) have shown that 

centrosomal MT nucleation is highly dependent on ɣ-tubulin, that ɣ-tubulin localises to 

the PCM and forms part of ring-like complexes with other proteins, and that these ɣ-

tubulin ring complexes (ɣ-TuRCs) can nucleate MTs in vitro and in vivo (Félix et al., 

1994; Joshi et al., 1992; Moritz et al., 1995a, 1995b; Oakley et al., 1990; Raff et al., 

1993; Stearns and Kirschner, 1994; Stearns et al., 1991; Sunkel et al., 1995; Zheng et 

al., 1995). The loss of ɣ-TuRCs from high-salt extracted centrosomes leads to loss of 

their MT nucleation potential, but this potential is restored upon treatment with high 

speed extract containing ɣ-TuRCs (Moritz et al., 1998; Schnackenberg et al., 1998). 
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However, in some cases (e.g. fly spermatocytes and worm embryos) some level of 

centrosomal MT nucleation can be maintained in the absence of ɣ-tubulin (Sampaio et 

al., 2001; Strome et al., 2001). Furthermore, it has been recently shown that aggregates 

of the worm PCM protein SPD-5 are able to concentrate tubulin and nucleate MTs in 

vitro upon addition of just two non-ɣ-TuRC proteins: TPXL-1 and ZYG-9 (part of the 

TPX2 and TOG domain families, respectively) (Woodruff et al., 2017). 

Just as ɣ-tubulin is not always required for MT nucleation, centrosomes are not 

essential for cell division either (Basto et al., 2006). There are other, non-centrosomal 

pathways that can contribute to the formation of stable, bipolar mitotic spindles, even 

when centrosomes are present (reviewed in Conduit et al., 2015a; Wu and 

Akhmanova, 2017). Evidence of this is that sas-4-/- mutant flies lose all their 

centrosomes by the third-instar larval stage, and yet they develop into morphologically 

normal adults (Basto et al., 2006). In mammalian cells, centrosomes can be destroyed 

by laser ablation or microsurgery, but bipolar spindles still form (Hinchcliffe et al., 

2001; Khodjakov et al., 2000). Similarly, in many animals, oocytes naturally lack 

centrosomes but robust, bipolar meiotic spindles still form (McKim and Hawley, 

1995). In Drosophila oocytes, this is thanks to two complementary pathways 

(Subito/MKlp2 and Augmin) that recruit ɣ-TuRCs to the spindle equator and the poles 

(Colombié et al., 2013; Giunta et al., 2002; Jang et al., 2005, 2007; Meireles et al., 

2009; Reschen et al., 2012; Romé and Ohkura, 2018). 

However, centrosomes are key for efficient assembly and orientation of the mitotic 

spindle. For example, centrosomes are very important in Drosophila neuroblasts, 

which divide asymmetrically to generate another neuroblast (self-renewing stem cell) 

and a differentiating daughter cell. In neuroblasts, centrosomes separate immediately 
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after cytokinesis but migrate together to the apical cortex. The centrosome containing 

the older centriole then loses its PCM due to decreased Cnn incorporation, and 

migrates basally (possibly due to downregulation of Spd-2-mediated Fzr recruitment), 

where it accumulates PCM again. Conversely, the apical centriole remains with the 

apical membrane. Thus, when the spindle assembles it is already in alignment with the 

polarity axis of the cell. The differentiating daughter inherits the basal centrosome, and 

the apical centrosome remains in the neuroblast (Conduit and Raff, 2010; Gambarotto 

et al., 2019; Januschke et al., 2011; Rebollo et al., 2007; Rusan and Peifer, 2007). 

Similarly, Cdk5Rap2 (vertebrate homologue of Cnn) is necessary for correct glial 

spindle orientation in human cerebral organoids, and loss-of-function mutations result 

in abnormal, premature neurogenic non-proliferative divisions and loss of neural stem 

cells (Lancaster et al., 2013). Moreover, while mitotic spindles can form in vertebrate 

cells without centrosomes, bipolar spindle assembly and anaphase onset are delayed, 

and the frequency of lagging chromatids increases, leading to chromosome instability 

and aneuploidy (Sir et al., 2013). Thus, centrosomes are particularly important MTOCs 

in organisms with complex development or high chromosome numbers.  

Additionally, centrosomes are major signalling hubs (reviewed in Arquint et al., 

2014). Centrosomes can integrate and respond to signals from the cell cycle, 

development and the DNA damage response. Signalling molecules can be 

concentrated at the centrosome, thus enhancing the kinetics for specific biochemical 

reactions or creating local signalling gradients. Furthermore, centrosomes can act as a 

platform where proteins from different signalling pathways can come into contact, 

promoting signalling coordination and crosstalk (Arquint et al., 2014). For example, in 

fly embryos, DNA damage triggers DmCHK2 accumulation at centrosomes, which 
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leads to centrosome inactivation (including loss of ɣ-tubulin). This results in mitotic 

delay and the detachment of the damaged nuclei, preventing their incorporation into 

the blastoderm (Sibon et al., 2000; Takada et al., 2003). In fly embryos, centrosomes 

are also involved in the degradation of cyclinB, which starts at the spindle poles 

towards the end of metaphase and spreads to the rest of the spindle (Huang and Raff, 

1999). If centrosomes detach from mitotic spindles, cyclinB disappears from 

centrosomes but not from the detached spindles, which remain arrested (Wakefield et 

al., 2000). In vertebrate cells, centrosomes have even been implicated in the pro-

inflammatory innate immune response and cytokine production (Vertii et al., 2016). 

Finally, centrioles are required to build cilia. Cilia are long, thin appendage-like 

organelles that protrude from the surface of many non-dividing or terminally 

differentiated cells. In vertebrates, almost all cell types present a single primary cilium, 

and cilia have many different functions (reviewed in Fliegauf et al., 2007; Ishikawa, 

2017; Wheway et al., 2018). However, in Drosophila there are only two main types of 

cells that have cilia or flagella: type I mechanosensory neurons and sperm. Thus, sas-4-

 
/- mutant flies without centrosomes eclose, but they lack cilia in their mechanosensory 

neurons, so they are uncoordinated (they cannot hold their wings and legs normally) 

and they die shortly after eclosion (Basto et al., 2006). This uncoordinated phenotype 

is also seen in other fly strains with mutations in key players involved in centriole and 

cilia assembly (Bettencourt-Dias et al., 2005; Blachon et al., 2008, 2009; Martinez-

Campos et al., 2004; Peel et al., 2007; Stevens et al., 2009; Wang et al., 2011a). 

1.1.4. Centrioles, centrosomes and cilia in human disease 

Given the many functions of centrioles and centriole-derived structures, it is not 

surprising that they are linked to a wide range of developmental and adult diseases. 
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These can be broadly classified into three categories depending on the underlying 

defect: abnormal ciliogenesis, which leads to cilia-related disorders with very diverse 

phenotypes (reviewed in Braun and Hildebrandt, 2017; Fliegauf et al., 2007); abnormal 

numbers of centrosomes; or abnormal centrosome structure, function and positioning. 

However, the molecular mechanisms by which these abnormalities lead to disease are 

still unclear (Nigg and Raff, 2009). 

For example, it has long been proposed that centrosomal aberrations could contribute 

to tumorigenesis (Boveri, 1914, 2008). Centrosome amplification (CA) is a hallmark 

of cancer, often linked to chromosomal aberrations and poor disease prognosis (Chan, 

2011; Lingle et al., 2002; Pihan et al., 2003). However, flies with extra centrosomes do 

not show signs of increased tumorigenesis (Basto et al., 2008). Transplantation of 

larval neuroblasts with either extra or no centrosomes into the abdomen of normal 

adults can lead to tumours, but this could be due to the specific role of centrosomes in 

neuroblast asymmetric divisions (see 1.1.3), rather than an increase in genome 

instability and/or chromosomal aberrations (Basto et al., 2008; Castellanos et al., 

2008). Conversely, CA can drive metastatic behaviour in affected human epithelial 

cells and their normal neighbours (Arnandis et al., 2018; Godinho et al., 2014); and it 

may also increase the number of errors in chromosome segregation due to the 

formation of transient multipolar spindles (Ganem et al., 2009; Rhys et al., 2018). 

Nevertheless, CA can only trigger tumorigenesis in some mouse models (Levine et al., 

2017) and not others (Kulukian et al., 2015; Marthiens et al., 2013; Vitre et al., 2015), 

unless p53 activity is already deficient (Coelho et al., 2015; Serçin et al., 2016). Thus, 

whether CA can truly drive tumorigenesis is still unclear, and might be tissue specific. 
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Additionally, recent studies have shown that structural centrosome aberrations may 

also promote tumour formation, either by triggering CA (Marteil et al., 2018), or by 

directly disrupting MT organisation and cell-to-cell contacts, altering cell polarity and 

epithelial integrity (Ganier et al., 2018a, 2018b; Schnerch and Nigg, 2016). 

It appears that p53 signalling is crucial to prevent the proliferation of mammalian cells 

with extra centrosomes (Ganem et al., 2014), as well as to trigger apoptosis in those 

without centrosomes (Lambrus et al., 2015; Wong et al., 2015). p53-mediated 

apoptosis is the reason why mouse embryos without centrosomes die during 

midgestation (Bazzi and Anderson, 2014); but also why CA in mouse brains causes 

microcephaly (Marthiens et al., 2013). In humans, mutations that cause abnormal 

centrosomal numbers, structure and/or function have also been linked to primary 

recessive microcephaly, as well as other developmental disorders such as primordial 

dwarfism (Arquint and Nigg, 2014; Boonsawat et al., 2019; Chavali et al., 2014; 

Lancaster et al., 2013; Marthiens et al., 2013). 

1.2. Polo kinase, a master regulator of the cell cycle 

Polo-like kinases (Plks) are serine/threonine protein kinases characterised by the 

presence of a C-terminal Polo box domain (PBD) containing two ~70-80 aa segments 

called Polo boxes (Elia et al., 2003a) (Figure 1.6A). Their name derives from polo1 

mutants identified in Drosophila, which often presented spindle pole abnormalities 

(Llamazares et al., 1991; Sunkel and Glover, 1988). Since then, Plks have been shown 

to be highly conserved from yeast to humans, although absent in plants (Golsteyn et 

al., 1994; Hartwell et al., 1973; Karpov et al., 2010; Ohkura et al., 1995). In humans 

there are five Plks, although PLK5 is inactive (Pintard and Archambault, 2018). PLK1 

(the best characterised), PLK2 (possibly implicated in S-phase checkpoint, (Matthew  
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Figure 1.6 – The structure of Polo kinase. 
(A) Schematic representation of the different domains of Polo kinase (not to scale). The yellow box represents 
the active site within the C-terminal lobe of the kinase domain (KD) (grey/orange). (B) Crystal structure of the 
PLK1 Polo box domain (PBD) (coloured as in (A)) with a pThr-containing peptide (yellow) occupying the PBD 
shallow cleft. Adapted from (Elia et al., 2003a). (C) Crystal structure of PLK1 KD (coloured as in (A)) 
complexed with the pyrrolo-pyrazole inhibitor PHA-680626 (dark grey). The hinge region (light blue) connects 
the N-terminal and C-terminal lobes (dark blue and grey/yellow/orange, respectively) and contains Ser137, 
which is part of an NLS. The cleft between the two lobes contains the active site, including the activation loop 
with Thr210 (in this structure, mutated to Val to facilitate protein crystallisation) (yellow). Image created using 
the RCSB PBD website http://www.rcsb.org/ (Berman et al., 2000), PBD ID: 2OWB (Kothe et al., 2007). (D) 
Schematic representation of Polo autoinhibition due to KD/PBD interactions which may be facilitated by 
Map205 binding, based on a crystal structure from (Xu et al., 2013). The different domains are depicted as in 
(A), but for ease of visualisation the complete interdomain linker (IDL) connecting the C-terminal lobe of the 
KD and the Pc is not shown. The two linker regions of the PBD (L1 and L2) make multiple contacts with the 
KD, and the IDL occludes the activation loop. The L1, L2 and IDL re-arrange upon canonical PBD binding to a 
substrate and/or phosphorylation of Ser137 or Thr210, making these contacts no longer possible.  
 

http://www.rcsb.org/
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et al., 2007)) and PLK3 (required for G1-S phase transition and stress response 

(Helmke et al., 2016)) have very similar structure and are homologous to Drosophila 

Polo. Conversely, PLK4, which specifically regulates centriole cartwheel assembly 

(see 1.1.1), is characterised by having a “cryptic Polo box domain” (made of two Polo 

boxes in tandem) and an additional Polo box at its C-terminus, instead of a regular 

PBD (Slevin et al., 2012). 

In the following sections I provide a brief overview of the structure and function of 

Polo, focused mostly on the fly and vertebrate proteins. As they are clear orthologues, 

they are generally referred to as “Polo”, but since most structural data available is 

based on human PLK1, amino acid residues are numbered based on the hPLK1 

sequence. While observations relating to one species are assumed to be applicable to 

others, special care has been taken to highlight any known significant differences. 

1.2.1. Polo localisation, structure and regulation 

PLK1 localises to a variety of subcellular structures throughout the cell cycle, with 

changing kinetics: from G2 to metaphase it is found at centrosomes, where it is highly 

dynamic; it is also at the nucleus during prophase; after NEB it is also at kinetochores 

(KTs); upon anaphase entry it re-localises to the central spindle; and finally during 

telophase/cytokinesis it is at the midbody, where it displays a slower turnover (Arnaud 

et al., 1998; Colicino et al., 2017; Golsteyn et al., 1994, 1995; Kishi et al., 2009). In 

early fly embryos, which have no Gap phases (Foe and Alberts, 1983), Polo presents a 

similar localisation, although it remains at centrosomes throughout the cell cycle 

(Llamazares et al., 1991; Moutinho-Santos et al., 1999). 

The PBD is responsible for Polo recruitment to many of these structures, including the 

centrosome (Elia et al., 2003a, 2003b; Hanisch et al., 2006; Jang et al., 2002a; 
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Kachaner et al., 2017; Lee et al., 1998; Reynolds and Ohkura, 2003; Seong et al., 

2002; Song et al., 2000). It allows Polo to bind to phosphorylated proteins displaying a 

very simple, preferred motif (Ser-[pSer/pThr]-X/Pro) (Elia et al., 2003a, 2003b). Initial 

X-ray structures of the PLK1 PBD bound to a phosphopeptide (Cheng et al., 2003; Elia 

et al., 2003a) showed that, despite the Polo boxes (PBs) sharing only ~20-25% 

sequence similarity, they form very similar structures (β6α motifs) (Figure 1.6B). The 

PBs come together as a 12-stranded β sandwich flanked by three α-helices, which the 

Polo cap (Pc, region immediately upstream of PB1) wraps around, keeping the 

structure together. The binding site is formed by a shallow cleft between the two PBs. 

This region is highly conserved amongst Polo kinases in different species and it is the 

only positively charged exposed surface. 

The PBD binds the phosphopeptide by forming a complex network of hydrogen bonds, 

as well as direct contacts between the phosphate group and a PB2 “pincer” made of 

residues His-538 and Lys-540, which are essential for the centrosomal localisation of 

the PLK1 PBD. In addition, the extremely high selectivity for Ser at position -1 of the 

optimal PBD binding motif is due to the side chain of Ser-1 being oriented into a 

groove on the PBD surface. There it makes three hydrogen bonds and it is further 

stabilised by van der Waals interactions with Trp-414, which is highly conserved. Ser-

1 cannot be substituted by Thr without disturbing PBD binding, as the ɣ-methyl group 

of Thr causes a steric clash with Trp-414 (Cheng et al., 2003; Elia et al., 2003a). 

Rarely, Polo may exhibit non-canonical binding to certain proteins, often Polo 

regulators. For example, Polo can be inhibited by the MT-associated protein Map205 

(Archambault et al., 2008; Xu et al., 2013). This binding does not involve a Ser-

Ser/Thr motif nor does it require Map205 to be phosphorylated, although it requires 
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both the PBD and the kinase domain (KD). Conversely, Polo binding to Bora (a 

partner of Aurora A) promotes Polo activation by Aurora A (see below) and Polo 

regulation of Aurora A localisation. CDK1 phosphorylation drives canonical Bora 

binding to the PBD (Chan et al., 2008; Macůrek et al., 2008; Vigneron et al., 2018), 

but at least one study found that non-phosphorylated Bora could still bind Polo, and 

perhaps interact with its KD (Seki et al., 2008). Another example is PLK1 recruitment 

to the central spindle, where PLK1 phosphorylates and binds MKlp2 kinesin and 

PRC1. This binding involves the PBD, and PRC1 presents canonical Ser-Thr binding 

sites (Neef et al., 2003, 2007). However, while there are many Ser-Ser/Thr sites in the 

MKlp2 sequence, none of the phosphorylated residues identified via mass spectrometry 

fit this motif. Indeed, Ser528, which was shown to be phosphorylated and required for 

strong PBD binding, is part of a His-pSer-Leu motif (Neef et al., 2003). Finally, the 

“Matrimony protein” also binds non-canonically to Polo, sequestering it in fly oocytes  

arrested during meiosis (Bonner et al., 2013; Xiang et al., 2007). 

The structure of the hPlk1 KD is similar to that of other kinases, with two lobes 

forming a cleft where the active site is found (Kothe et al., 2007) (Figure 1.6C). The 

N-terminal lobe comprises mostly antiparallel β-sheets. It is connected to the primarily 

alpha-helical C-terminal lobe by a short hinge region. The C-terminal lobe includes an 

activation loop with a DFG motif, where Asp194 is positioned to interact with Mg2+ 

and the phosphate of the nucleotide substrate. However, unlike most other kinases, the 

hinge region has Val114 and Leu132 at positions normally occupied by bulkier amino 

acids, creating a pocket that allows the binding of BI2536, a highly specific PLK1 

inhibitor (Kothe et al., 2007). The hinge contains a nuclear localisation sequence 

(NLS) that helps PLK1 access the nucleus before nuclear envelope breakdown 

(Taniguchi et al., 2002). 
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Polo kinase is thought to preferentially phosphorylate the consensus motif Asp/Glu-X-

Ser/Thr-ϕ, where Ser/Thr is the phosphoacceptor residue, X is any amino acid and ϕ is 

a hydrophobic amino acid (Nakajima et al., 2003). However, a study mapping the 

PLK1-dependent phosphoproteome of isolated human mitotic spindles found several 

alternative variations of this motif. Additional in vitro experiments showed that the 

originally described motif is only a rough approximation and, depending on the 

context, Polo can be tolerant of a variety of amino acids at certain positions 

(Santamaria et al., 2011). For example, PLK1 can phosphorylate six sites in p31comet, 

none of which fit the traditional consensus well (Kaisari et al., 2019). 

Polo kinase activity is promoted by KD phosphorylation at two regulatory amino 

acids: Thr210 in the activation loop, which is the major in vivo phosphorylation site, 

and Ser137 (Jang et al., 2002b; Kelm et al., 2002; Qian et al., 1999). Thr210 fits the 

Aurora phosphorylation consensus motif, and Aurora A and Aurora B have both been 

implicated in Polo activation (reviewed in Archambault et al., 2015). Phospho-

mimicking mutations at either one or both sites have a similar effect on hPLK1 activity 

(Jang et al., 2002b), suggesting that phosphorylation of either residue results in the KD 

adopting an active conformation. Conversely, for Xenopus Plx1, the double phospho-

mimicking mutant had higher activity than either single mutant (Qian et al., 1999). 

Ser137 is part of the NLS, and is not as easily accessible as Thr210 (Figure 1.6C), so it 

is unclear how efficiently it is phosphorylated in vivo, and how this event could have 

the same effect as phosphorylating Thr210 (Kothe et al., 2007). However, Ser137 

phosphorylation may disrupt the KD/PBD interaction (Xu et al., 2013) (see below). 

Other phosphorylation sites in the KD have been identified but their function is less 

clear, and they have so far only been described in vertebrates or mammals (Kasahara et 

al., 2013; Kelm et al., 2002; Maroto et al., 2008). 
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Polo KD activity is downregulated if the PBD is not bound to a phosphorylated protein 

(Elia et al., 2003a; Xu et al., 2013). X-ray structures of a zebrafish PLK1 KD and PBD 

complex stabilised by Map205 showed that the KD can bind the PBD of the same 

molecule at a site far from the PBD binding cleft. In doing so the PBD linker regions 

(between Pc and PB1, and PB1 and PB2) undergo a significant conformational change 

and bind the KD at the hinge between the two KD lobes, burying the NLS. Thus, the 

kinase active site is not occluded, but the hinge region is less flexible, resulting in 

autoinhibition. In this conformation, the interdomain linker (IDL) between the KD and 

PBD may also contribute to KD inhibition by occluding Thr210, making it less 

accessible to other kinases. Conversely, if Thr210 is phosphorylated, the KD/PBD 

inhibitory interaction is less likely (Kachaner et al., 2017; Xu et al., 2013) (Figure 

1.6D). 

Polo kinase activity is also regulated by PP1 phosphatases (reviewed in Barr et al., 

2011). For example, the catalytic subunit PP1C binds to MYPT1, a regulatory subunit 

which can bind the PBD upon phosphorylation by CDK1. Thus, phosphorylated 

MYPT1 can recruit Polo to PP1C, and PP1C dephosphorylates Thr210 (Yamashiro et 

al., 2008). Polo activity is further regulated by the molecular chaperone Hsp90 and its 

co-chaperone Sgt1, which probably help to stabilise it (Cárcer, 2004; Cárcer et al., 

2001; Martins et al., 2009). Other regulatory mechanisms include mono-ubiquitination 

and SUMOylation at Lys492 of the PBD, which lead to PLK1 dissociation from KTs 

(Beck et al., 2013) and promote Polo stability and correct localization (Li et al., 2017a; 

Wen et al., 2017), respectively. Finally, poly-ubiquitination of the IDL by APC/CCdh1 

triggers Polo degradation until the start of G1 (Lindon and Pines, 2004), although Polo 

is not completely degraded, as it is an important regulator of cytokinesis (see below). 
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1.2.2. Polo has many functions 

Polo has many functions in the cell (reviewed in Archambault and Glover, 2009; Barr 

et al., 2004; Zitouni et al., 2014). Low levels of Polo activity appear to be enough to 

drive early mitotic events such as spindle assembly, while higher levels are required 

for later mitotic events such as cytokinesis (Lera and Burkard, 2012). This fits well 

with the idea that PLK1 binding to (pro)metaphase-partners is generally reliant on 

CDK1 priming, whereas in anaphase PLK1 must self-prime its own binding sites 

(Neef et al., 2007). Figure 1.7B summarises many of Polo’s known roles, some of which 

are further discussed below; Polo centrosomal functions are detailed elsewhere (1.3). 

Entry into mitosis (and meiosis) is marked by the activation of CDK1-cyclinB, which 

is regulated by a variety of factors, including kinases WEE1 and MYT1 (which inhibit 

it) and phosphatase CDC25/String (which activates it). During mitotic entry, Polo is 

imported into the nucleus via its NLS, which becomes exposed upon Thr210 

phosphorylation (Bruinsma et al., 2015; Kachaner et al., 2017; Taniguchi et al., 2002). 

In the nucleus, Polo binds and activates CDC25 and triggers changes in its localisation 

(Elia et al., 2003a; Kachaner et al., 2017; Kumagai and Dunphy, 1996; Qian et al., 

2001). Phospho-String is exported into the cytoplasm in fly embryos (Kachaner et al., 

2017), whereas phospho-CDC25 appears to accumulate at the nucleus in human cells

(Lobjois et al., 2009; Toyoshima‐Morimoto et al., 2002). However, further work is 

required to asses if phospho-CDC25/String is truly transported in opposite directions in

different species (Pintard and Archambault, 2018). Polo also inactivates MYT1 

(Nakajima et al., 2003), promotes WEE1 degradation (Watanabe et al., 2005) and 

phosphorylates cyclinB at centrosomes, triggering its accumulation at the nucleus 

(Toyoshima-Morimoto et al., 2001). Once active, CDK1-cyclinB further 

phosphorylates its regulators CDC25 and WEE1. Thus, complete Polo inhibition 
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results in G2 arrest (Aspinall et al., 2015; Gheghiani et al., 2017), and Polo activation 

by Aurora A/Bora (which is phosphorylated by CDK1-cyclinA) triggers a CDK1-

cyclinB positive feedback loop that drives mitotic entry (Vigneron et al., 2018). 

Polo-dependent degradation of WEE1 is particularly important for mitotic entry after 

G2 arrest triggered by DNA damage checkpoint activation (van Vugt et al., 2004). 

Polo has been traditionally linked to DNA damage repair silencing (Li et al., 2017b; 

Mailand et al., 2006; Mamely et al., 2006; van Vugt et al., 2010; Yoo et al., 2004), but 

recent work in human cells suggests that in some cases PLK1 may promote DNA 

repair via homologous recombination (Yata et al., 2012). During prophase, Polo also 

promotes bulk cohesin removal from chromosome arms (Godinho and Tavares, 2008; 

Lénárt et al., 2007; Sumara et al., 2002) and chromosome condensation (Abe et al., 

2011; Kagami et al., 2017); and nuclear envelope breakdown (NEB) (Chase et al., 

2000; Linder et al., 2017; Martino et al., 2017).  

Polo also has many different functions at different subcompartments of centromeres 

and kinetochores (KTs), often in collaboration with other kinases (Lera et al., 2016; 

Liu et al., 2012). KTs need to assemble correctly, bind chromosomes to MTs, and stop 

premature chromosome segregation until all chromosomes have correctly attached to 

MTs. It has been proposed that the bulk of Polo at centromeres/KT localises to inner 

KTs/close to the inner centromere, independent of MT attachment status (Kang et al., 

2006; Lera et al., 2016; Park et al., 2015). Prior to anaphase, inner centromeres also 

present Aurora B, INCEP, Survivin and Borealin, which form the Chromosomal 

Passenger Complex (CPC) and are necessary to destabilise erroneous KT-MT 

attachments, amongst many other important functions during mitosis (Hauf et al., 

2003; Klein et al., 2006; Lampson et al., 2004). INCEP binds Polo and allows Aurora 
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B to phosphorylate and activate it (Carmena et al., 2012; Goto et al., 2006). At the 

same time, Polo promotes CPC activity and recruitment to centromeres (Carmena et 

al., 2014; Chu et al., 2011; Moutinho-Santos et al., 2012). Furthermore, Polo regulates 

the presence of centromere-specific histone marks via Haspin and NHK-1 kinases 

(Brittle et al., 2007; Ghenoiu et al., 2013; Zhou et al., 2014). Thus, Polo is important 

for correct centromere organisation. 

At outer KTs, Polo contributes to the stabilisation of KT-MT attachments, bipolar 

spindle formation and chromosome congression (Lénárt et al., 2007; Li et al., 2010; 

Maia et al., 2012; McInnes et al., 2006; Nishino et al., 2006; Peters et al., 2006; 

Santamaria et al., 2007; Seong et al., 2002). Polo at the spindle poles also contributes 

to pole focusing, centrosome-spindle coupling and spindle positioning by promoting 

the activity of the minus end MT-binding protein Asp/ASPM (Bosveld et al., 2017; 

Riparbelli et al., 2002; Schoborg et al., 2015; Wakefield et al., 2001), and 

downregulating cortical dynein-dynactin localisation if a spindle pole comes in too 

close proximity to a specific region of the cortex (Kiyomitsu and Cheeseman, 2012; 

Kschonsak and Hoffmann, 2018; Zhu et al., 2013). 

But most importantly, Polo (in collaboration with CDK1) binds and phosphorylates 

MAD3/BUBR1, a member of the spindle assembly checkpoint (SAC). The SAC is a 

surveillance mechanism that inhibits the APC/C and stops the metaphase-to-anaphase 

transition if there are unattched and/or untensed KTs (reviewed in Hayward et al., 

2019; Musacchio, 2015). Polo being involved in SAC and tension sensing has long 

been suspected (Ahonen et al., 2005), and indeed, Polo phosphorylation of BUBR1 (at 

least at Ser676) is tension-dependent, so it disappears once chromosomes congress 

(Elowe et al., 2007). Phospho-BUBR1 then recruits the phosphatase PP2A-B56α to 
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counteract Aurora B-mediated KT-MT attachment destabilisation and, potentially, 

Polo itself (Elowe et al., 2007; Foley et al., 2011; Liu et al., 2012; Matsumura et al., 

2007; Suijkerbuijk et al., 2012). Polo also regulates other SAC components, including 

MPS1 kinase (Combes et al., 2017; Conde et al., 2013), BUB1 (Qi et al., 2006), and 

CDC20 (Jia et al., 2016). Thus, while high Polo activity is required during 

prometaphase, Polo is part of a complex feedback loop that controls SAC signalling 

(Combes et al., 2017; Nijenhuis et al., 2014), and a decrease in Polo activity at 

metaphase KTs is crucial for SAC silencing and cycle progression (Liu et al., 2012). 

Despite its role in SAC signalling, Polo may also promote APC/C activation. Polo 

triggers the degradation of the APC/C inhibitor Emi1 during prophase (Hansen et al., 

2004; Moshe et al., 2004). Additionally, Plo1 (fission yeast homologue of Polo) binds 

the APC/C subunit Cut23 and promotes APC/C activity (May et al., 2002), and in 

other species Polo can phosphorylate different APC/C subunits and partially contribute 

to APC/C activation (Golan et al., 2002). Expression of the activating mutant PLK1-

S137D triggers premature cyclinB degradation and cytokinesis (signs of premature 

APC/C activation), although expression of PLK1-T210D does not (van de Weerdt et 

al., 2005). In yeasts and vertebrates, Polo further facilitates chromosome segregation 

by phosphorylating the cohesin subunit Scc1, promoting its cleavage by the protease 

separase (Alexandru et al., 2001; Hauf et al., 2005; Sumara et al., 2002) 

When Plo1 was identified, it was observed that it was required for septation as well as 

bipolar spindle formation (Ohkura et al., 1995). Indeed, analysis of polo1, the first 

Drosophila hypomorph identified, showed that Polo is required for localisation of 

certain proteins (e.g. CPC components and pavarotti, the fly homologue of MKlp1) to 

the spindle midzone and for contractile ring formation during cytokinesis (Carmena et 
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al., 1998, 2014). In flies, Polo binds pavarotti, and this is likely required for its 

localisation to the central spindle (Adams et al., 1998), although some have since 

reported that Polo recruitment relies instead on Subito/MKlp2 (perhaps indirectly) 

(Cesario et al., 2006) and/or direct binding to a complex made of Fascetto (fly 

homologue of PRC1) and the kinesin Klp3A (D’Avino et al., 2007). In human cells 

PLK1 self-primes its own binding to MKlp2 and PRC1-isoform2, and regulates 

MKlp2 function at the central spindle (Neef et al., 2003, 2007). PRC1 and MT 

presence facilitate PLK1 binding and phosphorylating the Cyk-4/RacGAP subunit of 

centralspindlin, which allows Cyk-4 to recruit the Rho-GTPase exchange factor ECT2 

(Burkard et al., 2009; Wolfe et al., 2009). 

If Polo activity is inhibited after metaphase, or Polo is lost from the central spindle, 

cells often fail cytokinesis and present cleavage furrow defects. ECT2 is lost from the 

central spindle, resulting in loss of RhoA from the equatorial cell cortex and loss of 

contractile ring assembly; MKlp2 is also mislocalised and, as a result, so is a fraction 

of Aurora B bound to MKlp2 (Brennan et al., 2007; Burkard et al., 2009; Gruneberg et 

al., 2004; Petronczki et al., 2007; Santamaria et al., 2007; Wolfe et al., 2009). Polo also 

phosphorylates supervillin (SVIL), an actin/myosin II-binding protein, thus facilitating 

SVIL binding to PRC1, SVIL localisation to the central spindle, and myosin II 

activation at the equatorial cortex (Hasegawa et al., 2013). 

The last step of cytokinesis is abscission (i.e. cutting the thin membrane connection 

between daughter cells). It is mediated by the ESCRT-III complex, which is recruited 

to the midbody by Cep55 (Carlton and Martin-Serrano, 2007). Polo phosphorylates 

Cep55 to prevent its premature binding to MKlp1 and abscission failure (Bastos and 

Barr, 2010; Fabbro et al., 2005; Seong et al., 2002). Interestingly, both Polo and 
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Aurora B bind and phosphorylate NudC, another protein required for abscission, but 

while Polo phosphorylation would promote NudC function, Aurora B phosphorylation 

opposes it (Aumais et al., 2003; Weiderhold et al., 2016; Zhou et al., 2003); another 

example of the complex functional relationship between these two kinases. 

Other Polo roles include Golgi fragmentation (Lin et al., 2000; Preisinger et al., 2005; 

Sütterlin et al., 2001) and intermediate filament reorganisation (Yamaguchi et al., 

2005). During meiosis, Polo also regulates the pachytene checkpoint (Pek et al., 2012) 

and the disassembly of the central element of the synaptonemal complex (Jordan et al., 

2012), based on observations from fly oocytes and mouse spermatocytes, respectively. 

Furthermore, Polo’s many mitotic roles make it absolutely required for early embryo 

development (Jeong et al., 2010; Lu et al., 2008; Sunkel and Glover, 1988). Beyond 

this, cell-specific Polo deletions have shown that Polo is crucial for correct stem cell 

divisions, for example those of muscle stem cells during embryonic myogenesis and 

muscle regeneration in mice (Jia et al., 2019). In flies, Polo is particularly required for 

correct spindle orientation during asymmetric division in neuroblasts  (Lee et al., 

2006; Wang et al., 2006, 2007) and eye development (Kachaner et al., 2017). 

1.3. The centrosome cycle is tightly regulated by Polo 

Polo/PLK1 is thought to regulate three key aspects of the centrosome cycle: 

centrosome maturation, centriole disengagement and centriole conversion. 

1.3.1. Centrosome maturation 

A series of classical experiments showed that Polo is key in the regulation of mitotic 

PCM assembly. For example, injection of anti-PLK1 antibodies into HeLa cells not 

only inhibited mitotic progression but also resulted in smaller than normal centrosomes 

with very reduced levels of ɣ-tubulin (Lane and Nigg, 1996). Since then, similar 
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results have been obtained knocking down Polo with RNAi (Dobbelaere et al., 2008; 

Hanisch et al., 2006; Sumara et al., 2004) or using PLK1 inhibitors (Lénárt et al., 

2007; McInnes et al., 2006; Peters et al., 2006). However, the molecular mechanisms 

behind Polo’s regulation of centrosome maturation are still being elucidated. 

In flies, Polo collaborates with the key PCM proteins Cnn and Spd-2 to drive 

centrosome maturation (Conduit et al., 2014a, 2015a; Dobbelaere et al., 2008; Feng et 

al., 2017; Goshima et al., 2007). The homologues of Polo, Spd-2 and Cnn also appear 

to play an important role in centrosome maturation in worms (Cabral et al., 2019; 

Decker et al., 2011; Hamill et al., 2002; Woodruff et al., 2017; Wueseke et al., 2016) 

and vertebrates (Barr et al., 2010; Fong et al., 2008; Gomez-Ferreria et al., 2007; 

Haren et al., 2009; Joukov et al., 2010, 2014; Lee and Rhee, 2010, 2011; Santamaria et 

al., 2011; Zhu et al., 2008). For example, it has been proposed that SPD-2/Cep192 

recruit Polo to centrosomes in worms and vertebrate cells (Decker et al., 2011; Joukov 

et al., 2014; Meng et al., 2015). Additionally, in vitro experiments using Xenopus egg 

extracts showed that Cep192 phosphorylation by Plx1 allows Cep192 recruitment of ɣ-

TuRC (and, possibly, other spindle assembly factors like XMAP215), promoting MT 

nucleation (Joukov et al., 2014). However, it is possible that this mechanism is 

exclusive to Xenopus, as the five γ-TuRC-binding serines of Xenopus Cep192 are not 

conserved in human Cep192 (Joukov et al., 2014), and Cep192 and γ-TuRC do not 

extensively colocalise in the PCM in human cells (Sonnen et al., 2012). 

In vertebrates, pericentrin/Kendrin is also key for centrosome maturation. Like Cep192 

and Cep215/Cdk5Rap2 (vertebrate homologue of Cnn), its distribution expands 

massively upon mitotic entry (Lawo et al., 2012; Lee and Rhee, 2011; Sonnen et al., 

2012), allowing it to form a lattice that interacts with ɣ-tubulin (Dictenberg et al., 
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1998; Zimmerman et al., 2004). The three proteins were suggested to be PLK1 

substrates (Santamaria et al., 2011), which has since been confirmed for Cep192 

(Joukov et al., 2014) and pericentrin (Lee and Rhee, 2011). In the latter case, PLK1 

phosphorylates Ser1235 and Ser1241 as the cells transition into mitosis, and this 

phosphorylation event is essential for recruitment of other PCM proteins, including 

Cep192 and PLK1 themselves (Lee and Rhee, 2011), but not Cep215 (Kim and Rhee, 

2014). It has also been proposed that other components (such as hCenexin1) are able to 

bind PLK1 and trigger pericentrin accumulation ectopically in the cytoplasm, but it is 

unclear that this pathway contributes to PCM assembly in vivo (Soung et al., 2009). 

Nevertheless, in flies, Pericentrin-like protein (Plp) remains mostly concentrated at the 

centriole upon mitotic entry, whereas the distribution of Cnn and Spd-2 in the PCM 

increases dramatically (Figure 1.4A) (Conduit et al., 2010; Fu and Glover, 2012). Plp 

appears faintly at the outer regions of the PCM, where it helps stabilise the outer Cnn 

scaffold, but overall it does not seem to be essential for mitotic PCM expansion (Lerit 

et al., 2015; Martinez-Campos et al., 2004; Mennella et al., 2012; Richens et al., 2015). 

Thus, it is unlikely that Polo regulates centrosome maturation mainly via Plp in flies. 

Instead, recent structural studies have shed some light on how Polo may control Cnn 

scaffold formation and, thus, centrosome maturation (Figure 1.8). Centrosomal Cnn is 

specifically phosphorylated during mitosis by Polo at a phospho-regulated 

multimerization (PReM) domain (Conduit et al., 2014a) which contains a previously 

identified leucine zipper motif (LZ) (Heuer et al., 1995) followed by a series of highly 

conserved Ser/Thr residues, including the key residue Ser567. Phospho-resistant 

mutations in this region block Cnn scaffold formation, whereas phospho-mimicking 

mutations lead to spontaneous Cnn aggregates forming everywhere in the embryo  
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Figure 1.8 – Polo regulates Cnn scaffold formation. 
(A) Schematic representation of a Cnn monomer, not to scale. The N-terminal domain contains the CM1, which 
is involved in ɣ-tubulin recruitment. Next there is the PReM domain, which contains a leucine zipper motif (LZ, 
dark blue) followed by several highly conserved Ser/Thr residues which can be phosphorylated by Polo (yellow 
circles). At the C-terminus there is the CM2 (orange), which is important for Cnn recruitment to the centrosome 
and Cnn scaffold formation. The regions between the PReM and the CM2 are disordered and flexible. (B) 
Crystal structure of the LZ:CM2 heterotetramer. Note that only the LZ is shown, and not the rest of the PReM. 
Two LZ molecules form a parallel α-helical homodimer (coiled-coil), and a similar structure is formed by two 
CM2 molecules, although it is slightly “splayed” at its C-terminus. This allows the two homodimers to slot into 
each other in an antiparallel fashion. Adapted from (Feng et al., 2017). (C) Schematic model of how 
centrosomal Polo regulates Cnn scaffold formation. (i) Cnn dimers are recruited to the centrosome via their 
CM2. The PReM is not phosphorylated so the LZ:CM2 heterotetramer cannot form. (ii) Once at the centrosome, 
the PReM is phosphorylated by Polo. (iii) This destabilises the dimer, allowing it to open up, and a CM2 coiled-
coil can now invade. (iv) The resulting heterotetramer can form from the interaction of CM2 and LZ from the 
same Cnn dimer (intra-molecular) or from different Cnn dimers (inter-molecular). (v) Inter-molecular LZ:CM2 
interactions and other inter-molecular interactions made possible by the unwinding of the PReM and the 
 formation of the heterotetramer resu lt in the assembly of matrix-like scaffolds. Adapted from (Feng et al., 2017). 
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cytoplasm (Conduit et al., 2014a). It appears that the LZ included within the PReM 

forms an antiparallel 2:2 heterotetramer with the CM2 domain, a conserved motif 

within Cnn which is important for both Cnn recruitment to the centrosome and 

scaffold formation (Barr et al., 2010; Citron et al., 2018; Feng et al., 2017; Wang et al., 

2010). This interaction is facilitated by Polo phosphorylation of the Cnn PReM, which 

unwinds as a result, allowing the CM2 helix to invade. The formation of the 

heterotetramer allows Cnn to form inter-molecular interactions that result in solid-like 

aggregates in vitro and Cnn scaffold formation in vivo (Feng et al., 2017; A. Haensele, 

unpublished). Similarly, PLK-1 phosphorylation promotes the formation of aggregates 

(also known as condensates) of the worm Cnn homologue SPD-5 in vitro (Woodruff et 

al., 2015, 2017; further discussed in 4.1.2). Furthermore, in vertebrate cells, the 

scaffold protein Gravin has been reported to downregulate PLK1 centrosomal activity 

and Cep215 phosphorylation (Colicino et al., 2017). While the role (if any) of Gravin 

in centrosome assembly is still unclear, this is consistent with Cep215 being a true 

PLK1 substrate, as previously suggested (Santamaria et al., 2011). 

If Polo phosphorylation is required for PCM assembly, it would be expected that 

dephosphorylation results in PCM disassembly. Indeed, the phosphatase PP2A was 

identified in a RNAi screen as an important regulator of centrosome maturation in S2 

cells (Dobbelaere et al., 2008). In combination with its regulatory subunit SUR-6, 

PP2A can dephosphorylate SPD-5 in vitro, and a combination of PP2A activity and 

microtubule-depending pulling forces results in SPD-5 scaffold breakdown and PCM 

disassembly in worm embryos during mitotic exit (Enos et al., 2018). 

Finally, in addition to regulating the formation of the scaffold that supports PCM 

expansion, PLK1 has also been shown to regulate the centrosomal accumulation of ɣ-
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TuRCs in vertebrates. At mitotic onset, PLK1 phosphorylates Ninein-like protein, an 

interphase-specific ɣ-TuRC interacting protein, triggering its substitution for mitosis-

specific adaptors (Casenghi et al., 2003). PLK1 also activates Nek9, another kinase 

which then controls the levels of ɣ-tubulin and the adaptor protein NEDD1 (also 

known as GCP-WD) at the centrosome (Haren et al., 2009; Sdelci et al., 2012). 

Furthermore, PLK1 can phosphorylate and bind directly to NEDD1, which is 

important for centrosomal and non-centrosomal based MT nucleation (Gomez-Ferreria 

et al., 2012; Johmura et al., 2011; Zhang et al., 2009). However, in flies, Grip71 (the 

Drosophila homologue of NEDD1) is not so important for centrosomal accumulation 

of ɣ-TuRCs, although it is key in other cellular and developmental contexts, such as 

the formation of the Meiosis I spindle (Dobbelaere et al., 2008; Liu and Wiese, 2008; 

Reschen et al., 2012; Vérollet et al., 2006). Instead, ɣ-tubulin is mainly recruited to 

centrosomes via the CM1 domain in Cnn (Chen et al., 2017; Zhang and Megraw, 

2007). It has been proposed that phosphorylation, perhaps by Polo, could help expose 

the CM1 domain to allow Cnn binding to ɣ-TuRCs (Tovey and Conduit, 2018), but 

testing this formally will be challenging, as any mutants must be carefully designed to 

not disturb Polo-mediated Cnn scaffold formation.  

1.3.2. Centriole disengagement and separation 

It is now clear that centriole disengagement is regulated by Polo. However, this field of 

study has struggled with confounding observations and with some studies assuming 

that centriole disengagement and centriole separation are one and the same. Centrioles 

must be disengaged in order to visibly move away, but lack of visible centriole 

separation might not necessarily mean that the mother and daughter centrioles are still 

engaged and that the mother is blocked from duplicating a new daughter centriole. 
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The protease separase is a key regulator of centriole disengagement (Tsou and Stearns, 

2006). When this was first observed, it was proposed that centrioles were held together 

by cohesin rings, as are chromosomes. Polo can phosphorylate cohesin to trigger its 

dissociation from chromosomes in prophase (Sumara et al., 2002), so it was not 

surprising to discover that centriole disengagement was also dependent on Polo 

activity (Kong et al., 2014; Loncarek et al., 2010; Schöckel et al., 2011; Tsou et al., 

2009). However, while centriole separation could be artificially triggered in Xenopus 

egg extracts containing cohensin rings that could be cleaved independently of separase 

(Schöckel et al., 2011), experiments using fly embryos arrested in metaphase showed 

that this could be due to the centrosomes going through mitotic exit, rather than the 

opening of cohesin rings themselves (Oliveira and Nasmyth, 2013). Thus, the role of 

separase-mediated cohesin removal in centriole disengagement was called into 

question, outside of a limited number of developmental contexts (Cabral et al., 2013; 

Prosser et al., 2012). 

In parallel, pericentrin was identified as a novel target for separase, and it was 

proposed that it was through pericentrin cleavage that separase regulates centriole 

disengagement (Lee and Rhee, 2012; Matsuo et al., 2012). PLK1 would control this 

process by phosphorylating pericentrin at a subset of sites different from those required 

for centrosome maturation in vertebrates (see 1.3.1), priming it for cleavage during 

mitotic exit, and thus triggering PCM disassembly and centrosome separation (Kim et 

al., 2015). However, other data from the Rhee laboratory has since questioned the role 

of separase in this process (Seo et al., 2015). While pericentrin/PCM stability is clearly 

required to keep overduplicated centrioles from separating (Karki et al., 2017; Kim et 

al., 2019), it is unclear whether pericentrin cleavage/PCM disassembly is required for 

centriole disengagement itself or just centriole separation. Similarly, PLK1 
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phosphorylation also triggers the degradation of Cep68, a component of the linker 

between vertebrate centrosomes, but this event is required for centrosome separation 

rather than disengagement (Pagan et al., 2015). 

Perhaps the most direct evidence of Polo-dependent disengagement comes from 

observations using correlative live/electron microscopy. Engagement was maintained 

as long as the mother and daughter centriole remained in extreme physical proximity 

(<80 nm distance between their centriole walls). Sustained PLK1 activity would lead 

to this distance increasing and the mother centriole becoming able to nucleate a new 

daughter (Shukla et al., 2015). Such short-range distancing is not to be confused with 

the separation of centrosomes that occurs at the end of mitosis. Indeed, in conventional 

light microscopy assays used previously in the field, the mother and old daughter 

centrioles might still appear to be engaged, not least because the older (disengaged) 

daughter centriole can maintain its perpendicular orientation with respect to the mother 

centriole (Shukla et al., 2015). 

While recruitment of CPAP (vertebrate homologue of Sas-4) to the daughter centriole 

was required for disengagement, no linker or structure was distinguished that could be 

driving centriole wall distancing in response to PLK1 activity (Shukla et al., 2015) – 

but this does not mean that such structure does not exist. The simplest distance-only 

sensitive engagement model is if a diffusible signal from the daughter centriole stops 

the mother from generating a new daughter. It would then be expected that as soon as 

the daughter moves away, nucleation of the new daughter centriole occurs at the 

furthest site of the mother centriole (i.e. 180˚ from the old daughter engagement site). 

However, new daughters are often nucleated 90˚ from the old daughter site. 

Interestingly, in Drosophila sensory organ precursor cells, electron tomogram images 
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show a protein “cloud” surrounding the mother centriole that connects it to the 

daughter centriole. Loss of Plp led to loss of these clouds, as well as premature 

centriole disengagement (Roque et al., 2018). These observations suggest that 

pericentrin/Plp might truly be involved in centriole disengagement, and that (at least in 

some cell types or organisms) there is a physical connection between centrioles, most 

likely regulated by Polo, that could stop the daughter from “drifting” away, and the 

mother from nucleating a new daughter centriole. 

1.3.3. Centriole conversion 

As introduced in 1.1, Asl is a centriolar protein incorporated during mitosis which 

marks the conversion of daughter centrioles into fully functional mothers. This process 

requires Sas-4, which is incorporated into daughter centrioles during S-phase, and Polo 

(Conduit et al., 2015b; Novak et al., 2014, 2016). 

During mitosis, Sas-4 is phosphorylated by CDK1 at Thr200 (Novak et al., 2016). This 

amino acid is part of an “STP” motif, which makes it both a CDK1 phosphorylation 

target (Songyang et al., 1994) and a binding site for Polo via its PBD (Elia et al., 

2003a, 2003b). Polo binding to this site is crucial for Asl recruitment to the daughter 

centriole, although the mechanism by which Polo promotes Asl recruitment is still 

unclear (Figure 1.5B). If Polo binding is abrogated, the daughter centriole cannot be 

efficiently converted into a fully functional mother: in embryos expressing Sas-4-

T200A-GFP, new centrioles cannot efficiently nucleate MTs and form spindle poles 

(signs of a defective PCM) (Novak et al., 2016); and as these unconverted centrioles 

lack Asl, they will also be unable to duplicate (Novak et al., 2014). However, Polo 

binding to Sas-4-Thr200 is not required for disengagement – the unconverted daughter 
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centriole still separates from the mother, and the mother is able to nucleate a new 

daughter centriole in the following cycle (Novak et al., 2016). 

In vertebrate cells, this process appears to be more complex. Both Cep152 (homologue 

of Asl) and Cep192 (homologue of Spd-2) cooperate to recruit PLK4 to the converted 

centriole (Cizmecioglu et al., 2010; Dzhindzhev et al., 2010; Hatch et al., 2010; 

Sonnen et al., 2013); and Cep152 also affects recruitment of CPAP (homologue of 

Sas-4) (Cizmecioglu et al., 2010). Nevertheless, even abnormally amplified, Cep192-

positive daughter centrioles rely on mitotic exit for Cep152 recruitment, highlighting 

that this recruitment event is tightly regulated (Kim et al., 2019). Although CPAP 

knockdown did not appear to affect Cep152 levels (Sonnen et al., 2013), in agreement 

with the model proposed in (Novak et al., 2016), Cep152 recruitment and centriole 

conversion require PLK1 activity (Kong et al., 2014; Wang et al., 2011b). 

Furthermore, unlike in flies, mature vertebrate centrosomes present a collection of 

appendages which are needed for MT anchoring during interphase and for ciliogenesis, 

and which are only formed after centrioles complete their second mitosis (Chrétien et 

al., 1997; Graser et al., 2007; Ishikawa et al., 2005; Lange and Gull, 1995; Paintrand et 

al., 1992; Piel et al., 2000; Tanos et al., 2013; Vorobjev and Chentsov, 1982). The 

initial recruitment of appendage proteins is also dependent on PLK1 activity, and 

PLK1 overexpression can lead to their premature accumulation on daughter centrioles 

(Kong et al., 2014; Loncarek et al., 2010). PLK1 has also been shown to phosphorylate 

and/or bind to several appendage proteins (Guarguaglini et al., 2005; Soung et al., 

2009), although this could partly be due to an additional PLK1 role in distal appendage 

re-arrangement and cilia reabsorption (Bowler et al., 2019; Wang et al., 2013). 
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1.4. Thesis outline 

In this thesis, I investigate how Polo is recruited and maintained at the centrosome to 

regulate the centrosome cycle. As a model, I use the syncytial Drosophila 

melanogaster embryo, which is ideal for live imaging of large numbers of centrosomes 

due to its rapid, synchronous mitotic cycles. First, I identified and mutated multiple 

potential Polo binding sites present in the main proteins involved in centrosome 

biogenesis. I carried out a screen using mRNA injection into embryos to test which of 

these mutations disturbed Polo levels and distribution at the centrosome (Chapter 3). 

This screen revealed two positive hits (Spd-2 and Ana1). I then proceeded to 

characterise the effect of losing Polo recruitment mediated by either Spd-2 (Chapter 

4) or Ana1 (Chapter 5) in transgenic fly lines. I tested the effect of the mutations 

introduced on the protein’s known functions, on the localisation of other centrosomal 

proteins, and on embryo development as a whole. My results show that Spd-2 binds 

directly to the PBD, and that this is important for Polo recruitment to the PCM, but not 

for Polo recruitment to the centriole wall. Conversely, Ana1 is required for overall 

Polo recruitment to the centrosome. In both cases, losing Polo recruitment resulted in 

impaired mitotic PCM assembly and accumulation of mitotic defects, leading to 

embryo lethality. However, other stages of the centrosome biogenesis (e.g. centriole 

conversion) were unaffected. Finally, in Chapter 6 I summarise my main findings and 

propose a model that integrates them with previously reported observations.  
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Chapter 2 - Materials and Methods 

2.1. Fly husbandry 

2.1.1. Fly handling 

Flies were kept at 25 ˚C or 18 ˚C on Drosophila culture medium (0.77% agar, 6.9% 

maize, 0.8% soya, 1.4% yeast, 6.9% malt, 1.9% molasses, 0.5% propionic acid, 0.03% 

ortho-phosphoric acid and 0.3% nipagin). Stocks were kept in 8 cm x 2.5 cm plastic 

vials or 0.25-pint plastic bottles. Embryos were collected on cranberry-raspberry juice 

plates (25% cranberry-raspberry juice, 2% sucrose and 1.8% agar) supplemented with 

fresh yeast. Standard fly handling techniques were employed (Roberts, 1998). 

Drosophila melanogaster Oregon-R flies were used as a WT stock where indicated. 

Balancer chromosomes and markers used have been described previously (Lindsley 

and Zimm, 1992). Table 2.1 lists all of the fly lines that I used in this thesis. 

Table 2.1. Drosophila lines used in this thesis 

Chapter Genotype Description Reference 

3/4/5 Polo::GFP 
GFP-protein trap insertion into the endogenous 

polo gene (referred to as PoloGFP) 

(Buszczak et 

al., 2007) 

3/5 
eAsl-

mCherry 

Line expressing Asl-mCherry under an 

endogenous promoter 

(Conduit et 

al., 2015b) 

3/4 
Ubq-Spd-2-

mCherry 

Line expressing WT Spd-2-mCherry under the 

ubiquitin promoter 
This thesis 

3/5 
Ubq-GFP-

Cnn 

Line expressing GFP-Cnn under the ubiquitin 

promoter 

(Conduit et 

al., 2010) 

4/5 
Ubq-Spd-2-

GFP 

Line expressing WT Spd-2-GFP under the 

ubiquitin promoter 

(Dix and 

Raff, 2007) 

4 
Ubq-Spd-2-

ALL-GFP 

Line expressing Spd-2-GFP with the all ptPBSs 

mutated (Ser to Thr) under the ubiquitin 

promoter 

This thesis 

4 
Ubq-Spd-2-

CONS-GFP 

Line expressing Spd-2-GFP with the conserved 

ptPBSs mutated (Ser to Thr) under the ubiquitin 

promoter 

This thesis 
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4 

Ubq-Spd-2-

ALL-

mCherry 

Line expressing Spd-2-mCherry with the all 

ptPBSs mutated (Ser to Thr) under the ubiquitin 

promoter 

This thesis 

4 

Ubq-Spd-2-

CONS-

mCherry 

Line expressing Spd-2-mCherry with the 

conserved ptPBSs mutated (Ser to Thr) under 

the ubiquitin promoter 

This thesis 

4 
Ubq-Spd-2-

11A-GFP 

Line expressing Spd-2-GFP 11 phosphosites 

(including two ptPBSs) mutated to Ala under 

the ubiquitin promoter 

(Baumbach, 

2014) 

4 spd-2z35711 

Line with one spd-2 allele with R57term point-

nonsense mutation (mutagen: ethyl-

methanesulfonate) 

(Giansanti et 

al., 2008) 

4 spd-2G20143 
Line with one spd-2 mutant allele (from 

transposable element insertion) 

(Dix and 

Raff, 2007) 

4 

Jupiter::mC

herry, spd-

2z3571 

mCherry-protein trap insertion into the 

endogenous Jupiter gene, recombinant with 

the spd-2z35711 allele 

Original line: 

gift from St 

Johnston lab, 

(Conduit et 

al., 2014a). 

Recombinant:

P. Conduit 

4 

Ubq-Spd-2-

mCherry, 

spd-2G2014 

Line expressing WT Spd-2-mCherry under the 

ubiquitin promoter, recombinant with the spd-

2G2014 allele 

Recombinant: 

this thesis 

4 

Ubq-Spd-2-

ALL-

mCherry, 

spd-2G20143 

Line expressing Spd-2-mCherry with the all 

ptPBSs mutated (Ser to Thr) under the ubiquitin 

promoter, recombinant with the spd-2G2014 allele 

Recombinant: 

this thesis 

4 

Ubq-Spd-2-

CONS-

mCherry, 

spd-2G20143 

Line expressing Spd-2-mCherry with the 

conserved ptPBSs mutated (Ser to Thr) under 

the ubiquitin promoter, recombinant with the 

spd-2G2014 allele 

Recombinant: 

this thesis 

4 
Polo::GFP, 

spd-2z3571 

PoloGFP line, recombinant with the spd-2z35711 

allele 

Recombinant: 

J. Raff 

4 
Ubq-RFP-

Cnn 

Line expressing RFP-Cnn under the ubiquitin 

promoter 

(Conduit et 

al., 2010) 

4 

Ubq-Aur-A-

GFP, spd-

2z35711 

Line expressing Aurora A-GFP under the 

ubiquitin promoter, recombinant with the spd-

2z35711 allele 

Original line: 

(Lucas and 

Raff, 2007) 

Recombinant: 

P. Conduit 

5 
Ubq-Ana1-

GFP 

Line expressing WT Ana1-GFP under the 

ubiquitin promoter 
This thesis 
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5 
Ubq-Ana1-

ALL-GFP 

Line expressing Ana1-GFP under the ubiquitin 

promoter with the all ptPBSs mutated (Ser to 

Thr) under the ubiquitin promoter 

This thesis 

5 
Ubq-Ana1-

mCherry 

Line expressing WT Ana1-mCherry under the 

ubiquitin promoter 
This thesis 

5 

Ubq-Ana1-

ALL-

mCherry 

Line expressing Ana1-mCherry under the 

ubiquitin promoter with the all ptPBSs mutated 

(Ser to Thr) under the ubiquitin promoter 

This thesis 

5 ana1mecB 
Line with one ana1 allele with Q1120term 

point-nonsense mutation 

(Blachon et 

al., 2009), 

(Avidor-

Reiss et al., 

2004) 

collection 

5 
Df(3R)Exel7
357 

Deficiency line covering the ana1 gene 

Bloomington 

Drosophila 

Stock Center 

5 

Polo::GFP, 

Df(3R)Exel7
357 

PoloGFP line, recombinant with 

the Df(3R)Exel7357 deficiency 

Recombinant: 

this thesis 

Throughout this thesis, flies said to be “spd-2-/- mutant” have the genotype spd- 

2G20143/spd-2z35711 and flies said to be “ana1-/- mutant” have the genotype 

ana1mecB/Df(3R)Exel7357. 

2.1.2. Generation of transgenic lines 

Stable transgenic fly lines were generated via random P-element insertion of the 

construct of choice, containing a w+
 gene for selection, in to a w118

 background. 

Plasmid containing constructs were generated as described (see 2.3). The injection, 

selection of transformants, generation of transgenic stocks and mapping of the 

chromosome on which the transgene inserted was performed by the Cambridge Fly 

Facility service at the Department of Genetics, University of Cambridge (UK). 

Recombinant lines were derived via the appropriate crossing scheme, exposing the 

doubly heterozygous female larvae to 30 ˚C for 48 h to increase the frequency of 
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recombination (Plough, 1921). Recombinant events were scored based on eye colour 

and/or via a PCR screen (see 2.3.6). 

2.1.3. Assessing the unc phenotype 

To assess whether ana1-/- flies expressing fluorescently-tagged Ana1 (WT or ALL) 

under the ubiquitin promoter were uncoordinated, pupae were picked out of the vials 

prior to eclosion, so that any uncoordinated flies would not get stuck in the food. 

Female flies were observed under a dissection microscope to analyse if they could 

walk and the position of their wings. As an additional control, these flies were 

compared to female siblings that had not inherited the corresponding Ubq-Ana1 

construct. 

2.1.4. Embryo handling for live analysis 

Embryos were collected and aged as required, dechorionated by using double-sided 

tape onto a slide and mounted on a strip of glue onto a 35 mm glass bottom petri dish 

with a 14 mm micro-well (MatTek). After desiccation for 1 min (non-injection 

experiments) or 3 min (pre-mRNA injection) at 25C, embryos were covered in 

Voltalef oil (ARKEMA). Live microscopy experiments were performed using 1.5-2 h-

old embryos (syncytial blastoderm stage). 

For mRNA injection, the embryos were collected for 20 min. The injection was 

performed on a Nikon TMS inverted microscope mounted with a manual injection 

apparatus (Micro Instruments LTD). The in vitro transcribed mRNA was pipetted in to 

0.5 mm diameter glass needles and then injected into the live embryos. The embryos 

were imaged after 120 min at 21C (but always within the syncytial blastoderm stage 

of development), unless otherwise stated. 



50 

For hatching assays, embryos were collected for approximately 4 h at 25C and aged 

for 24 – 36 h at 25C. 

2.2. Bioinformatics 

2.2.1. Identification of potential Polo binding sites (ptPBSs) 

The amino acid sequences of the Drosophila melanogaster proteins of interest were 

obtained from FlyBase. Amino acid sequences from homologues in other Drosophila 

species were obtained by performing a FlyBase BLAST search, selecting the genus 

Drosophila and the “Annotated proteins database”. The resulting species used are: 

D. melanogaster, D. simulans, D. sechellia, D. yakuba, D. erecta, D. ananassae, D.  

pseudoobscura, D. persimilis, D. willistoni, D. mojavensis, D. virilis and D. grimshawi. 

The amino acid sequences of the top hit for each Drosophila species were downloaded 

from the NCBI Protein database. For the Spd-2 and Cnn ptPBS comparisons, I 

downloaded from the NCBI Protein database the amino acid sequences for the known 

homologues in Homo sapiens and Caenorhabditis elegans. Additional mammalian 

homologues were identified via a NCBI BLAST search, whereas additional nematode 

homologues were obtained from WormBase. 

The protein sequences were uploaded into Jalview (Waterhouse et al., 2009), which 

was used for protein sequence visualisation and alignment (using the ClustalO 

algorithm). ptPBSs along the different amino acid sequences were identified by 

searching for the consensus Polo binding motif Ser-Thr/Ser. Conserved ptPBSs were 

classified as such if they were present in at least all but 1 of the species analysed for 

each conservation group (Drosophila genus, mammalians or Caenorhabditis genus). 
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2.2.2. Identification of potential phosphorylation target sites 

Protein sequences were analysed using Group-based Prediction System (Xue et al., 

2011). Initially version 3.0 was used, but since then a new version (5.0) has been 

released. Threshold was set at medium (cutoff = 3.096). 

2.3. Molecular biology 

2.3.1. Primer design, PCR amplification, DNA gel extraction 

All plasmid and primer in silico design and DNA sequencing data analysis was 

performed using SnapGene (GSL Biotech). DNA sequencing was performed by 

Source BioScience. All the primers used in this thesis are listed in Table 2.2 and were 

synthesised by Invitrogen (Thermo Fisher). Phusion PCR Master Mix with HF Buffer 

(NEB, M0531S) was used (following manufacturer’s instructions) to amplify DNA 

fragments which were then cloned into the appropriate plasmids via Gateway cloning 

or HiFi assembly (see sections 2.3.2, 2.3.4 and 2.3.5). For Gateway cloning, primers 

were designed to incorporate attB sites into the PCR product, whereas HiFi assembly 

primers were designed to incorporate >20 nt overlapping regions. 

Linearised DNA fragments were run on 0.8% agarose gels (TAE, 0.8% agarose) 

containing SYBR Safe stain (Thermo Fisher, S33102). The DNA was purified using 

the Monarch DNA Gel Extraction Kit (NEB, T1020L), following manufacturer’s 

instructions. All plasmids were extracted using Qiagen kits and protocols (QIAprep 

Spin Miniprep Kit (27106), QIAfilter Plasmid Midi Kit (12243)). 

Table 2.2. List of primers used in this thesis 

Gene Primer Sequence Use 

Sas-4 Attb_Sas-4_FW 
ggggacaagtttgtacaaaaaagcaggcttcatgcag

gaggctggcgaaagtc 
Gateway 
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Attb_Sas-4_RV 
ggggaccactttgtacaagaaagctgggtcatacttgg

catagtctgtgtcc  

Asl 

58_Saroj_attb1  ggggacaagtttgtacaaaaaagcaggcttc 

Gateway 

59_Saroj_attb2 ggggaccactttgtacaagaaagctgggtc 

oZN187_Asl_cDNA_

FW 
gcaggcttcatgaacacgccaggtataagcc 

oZN2_Asl_RV agctgggtcgctgtgaccattgcctttgggct 

AslS372T_FW tcgcgccttgttggtaccacaccgctg 
Mutagenesis 

AslS372T_RV  cagcggtgtggtaccaacaaggcgcga 

Cep135 

71Saroj_Cep135F1     atgaatatcaacgatggtgacttta    

Gateway 72Saroj_Cep135_CT_

R1 
aagagtcttcgatggcacccgggggcta 

ana1 

Attb_Ana1_FW 
ggggacaagtttgtacaaaaaagcaggcttcatggctc

tgcagctaacagtaaatg 
Gateway 

Attb_Ana1_RV 
ggggaccactttgtacaagaaagctgggtcttttcggg

gcgactttcgatg     

Ana1_Insert1_FW 
tgtacaaaaaagcaggcttcatggctctgcagctaaca

gtaaatg 

HiFi 

Ana1_Insert1729_RV 
tgtacaagaaagctgggtcttttcggggcgactttcgat

g 

Ana1_Insert756_FW gtgagtcaggtgcatcaaagggtgacaatg 

Ana1_Insert756_RV cattgtcaccctttgatgcacctgactcac 

Ana1_Insert935_FW cccatggtggttcaatatataaatcgtctgctagg 

Ana1_Insert935_RV cctagcagacgatttatatattgaaccaccatggg 

spd-2 

Attb_FP1_Mut 

ggggacaagtttgtacaaaaaagcaggcttcacaagtt

tgtacaaaaaagcaggcttcatggacactaccagtgga

agcc 

Gateway 
Attb_FP1 

ggggacaagtttgtacaaaaaagcaggcttcacaagtt

tgtacaaaaaagcaggcttcatggacagtagcagtgg

aagcc 

Attb_RP1147 
ggggaccactttgtacaagaaagctgggtcaaatttaa

aactaatcgggacactgatgc     

Spd2_Insert1m_FW 
tgtacaaaaaagcaggcttcatggacactaccagtgga

ag 

HiFi 

Spd2_Insert1146_RV 
tgtacaagaaagctgggtcaaatttaaaactaatcggg

acactgatgc 

Spd2_Insert1wt_FW 
tgtacaaaaaagcaggcttcatggacagtagcagtgg

aag 

Spd2_Insert552_FW ctgcaccgaggatgaaaacgatgaggagga 

Spd2_Insert552_RV tcctcctcatcgttttcatcctcggtgcag 
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oZN246_Spd2S625A 
cctgtcctcgccaagaagctgtctctcggcgccgctgc

tggacagcacaaccagttcc 

Mutagenesis 

oZN247_Spd2S625A 
ggaactggttgtgctgtccagcagcggcgccgagag

acagcttcttggcgaggacagg 

oZN248_Spd2T516A 
cagaagccgaggcggacatcgatgagtggccctcgg

cgccggtaaaggagcctagccgcagagtgagacg 

oZN249_Spd2T516A 
cgtctcactctgcggctaggctcctttaccggcgccga

gggccactcatcgatgtccgcc 

Andi_HiFi-DSpd-

2(Mid)_FW 

aggaaaacctgtacttccagggtactggctcgaatctc

ggacg HiFi 

(in vitro) Andi_HiFi-DSpd-

2(Mid)_RV 

tcggatccggtacctcattacatggcttggagtgtgatc

g 

Plp 
Plp_Insert_FW 

tgtacaaaaaagcaggcttcatgaatctgtacactatat

acgattggatcacatcattg HiFi 

Plp_Insert_RV tgtacaagaaagctgggtcatgatgccgcgcatgc 

Other 

pRNA_PCR_RV gaagcctgcttttttgtacaaacttg 
HiFi 

pRNA_PCR_FW gacccagctttcttgtacaaagtg 

Kate_reset_FW ccctagcaaactggggcacagatagactagttaagcg 

Mutagenesis 
Kate_reset_RV cgcttaactagtctatctgtgccccagtttgctaggg 

Katelink_reset_RV ctcgctcaccatgctagctcgaaccactttgtaca 

Katelink_reset_FW tgtacaaagtggttcgagctagcatggtgagcgag 

pETM-44_TEV_RV 
accctggaagtacaggttttccttgctacccggagtctg

cgcgtc 
HiFi 

(in vitro) 
pETM-44_FW taatgaggtaccggatccgaattcgagctc 

Pry4 caatcatatcgctgtctcactca spd-2G20143

screening Spd2gRV2 gactgtagggaatgaggattacttgctg 

Exelixis_XP5' aatgattcgcagtggaaggct Df(3R)Exel73

57 screening Ana1_Exel7357_RV tgtgtgtgcaaatctgaaactacgatccgcattg 

2.3.2. Bacterial transformation 

All bacterial transformations were carried out following the heat shock protocol. 1 μL 

of ~100 ng/μL DNA was added to 50 μL chemically competent E. coli cells, and were 

subsequently incubated on ice for 30 min. Cells were heat shocked at 42 °C for 35 s, 

before a 2 min incubation on ice. 300 μL 2xYT medium was added, and the cells were 

allowed to recover at 37 °C with shaking for 1 h. Cells were then plated onto LB agar 
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plates (LB medium, 16.7 g/L agar) containing the appropriate antibiotic (50 μg/mL 

kanamycin for pUbq and pETM44 plasmids, 50 μg/mL ampicillin for pRNA plasmids, 

50 μg/mL Zeocin (Thermo Fisher) for pDONR plasmids) for overnight growth. For 

Zeocin-resistant plasmids, low salt 5 g/L LB medium was used to make the agar plates. 

2.3.3. Construction of plasmids for in vitro mRNA production 

The 10-S/T, ALL, and CONS mutant DNA fragments were synthesised externally by 

GENEWIZ Co. Ltd. (Suzhou, China). Most WT and mutant constructs were derived 

via Gateway cloning (Thermo Fisher, 11789100 and 11791100). Constructs were 

cloned into the pDONR/Zeo vector (Gateway, Thermo Fisher) and from the resulting 

entry clone, the DNA fragments were then cloned into the appropriate destination 

vector, containing a T3 promoter compatible with the mMESSAGE mMACHINE T3 

Transcription Kit (Thermo Fisher, AM1348): pRNA-mKate2-CT-DEST (Novak et al., 

2016) or pRNA-GFP-CT-DEST (Cottee et al. 2015). However, the pRNA-Asl-mKate2  

and pRNA-Spd-2-mKate2 plasmids were derived from previous versions with a C- 

terminal GFP tag in collaboration with Z. Novak via NEBuilder HiFi assembly (NEB,  

E2621S). Additionally, the plasmids pRNA-Sas-4-mKate2 and pRNA-Asl-mKate2 had 

accumulated point mutations in the pRNA backbone which were reverted to the 

original via site-directed mutagenesis using the Quikchange II XL Site-directed 

Mutagenesis Kit (Agilent, 200522), following manufacturer’s instructions. 

NEBuilder HiFi assembly was also used to obtain pRNA-Plp-mKate2 and pRNA-Plp-

ALL-mKate2, and to derive pRNA-mKate2 plasmids encoding Spd-2 and Ana1 

“partial mutants” (i.e. versions of these proteins with large sets of ptPBSs mutated) 

from a series of PCR-amplified fragments obtained from the corresponding WT and 

ALL plasmids. Finally, the single- and double-point mutants (pRNA-Asl-S372T-
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mKate2 and pRNA-Spd-2-AA-mKate2) were generated via site-directed mutagenesis 

from the corresponding WT plasmids. 

All the plasmids used and generated in the process are listed in Table 2.3. 

Table 2.3. List of plasmids used for in vitro mRNA production 

Gene Plasmid Reference 

Sas-4 

pDONR-Sas-4-10S/T This thesis 

pRNA-Sas-4-mKate2 (Novak et al., 2016) 

pRNA-Sas-4-mKate2 This thesis (reverted) 

pRNA-Sas-4-10S/T-

mKate2 
This thesis 

Asl 

pDONR-Asl-ALL This thesis 

pRNA-Asl-mKate2 Collaboration with Z. Novak 

pRNA-Asl- S372T-mKate2 This thesis 

pRNA-Asl-mKate2 This thesis (reverted) 

pRNA-Asl-ALL-mKate2 This thesis 

Cep135 

pDONR-Cep135 (Roque et al., 2012) 

pDONR-Cep135-ALL This thesis 

pRNA-Cep135-mKate2 This thesis 

pRNA-Cep135-ALL-

mKate2 
This thesis 

ana1 

pDONR-Ana1 
This thesis, from pDONR-ANA1-STOP 

(Saurya et al., 2016) 

pDONR-Ana1-ALL This thesis 

pRNA-Ana1-mKate2 This thesis 

pRNA-Ana1-ALL-mKate2 This thesis 

pRNA-Ana1-NT-mKate2 This thesis, partial mutant 

pRNA-Ana1-Mid-mKate2 This thesis, partial mutant 

pRNA-Ana1-CT-mKate2 This thesis, partial mutant 

pRNA-Ana1-GFP This thesis 

pRNA-Ana1-ALL-GFP This thesis 

spd-2 

pDONR-Spd-2-ALL This thesis 

pDONR-Spd-2-CONS This thesis 

pRNA-Spd-2-mKate2 Collaboration with Z. Novak 

pRNA-Spd-2-AA-mKate2 This thesis 

pRNA-Spd-2-ALL-mKate2 This thesis 
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pRNA-Spd-2-CONS-

mKate2 
This thesis 

pRNA-Spd-2-NT-mKate2 This thesis, partial mutant 

pRNA-Spd-2-CT-mKate2 This thesis, partial mutant 

Plp 

pDONR-Plp-WT Kind gift from A. Caballe 

pRNA-Plp-WT This thesis 

pRNA-Plp-ALL This thesis 

2.3.4. Construction of plasmids to generate transgenic fly lines 

Gateway cloning (Thermo Fisher) was used to generate all the vectors required for P-

element mediated transformation in flies. I used the corresponding pDONR plasmids 

made for pRNA plasmid generation, except for pDONR-Spd-2 (WT), which was 

already available in the lab (kind gift from J. Baumbach). I used pre-existing attR 

destination vectors which contained the ubiquitin promoter (for moderate levels of 

expression of the protein of interest in all tissues (Lee et al., 1988)) and a C-terminal 

GFP or mCherry fluorescent tag (Basto et al., 2008). The recombination was done via 

the Gateway LR reaction and performed according to the manufacturer’s instructions. 

The final plasmids generated are listed in Table 2.4. 

Table 2.4. List of plasmids used to generate transgenic fly lines 

Gene Plasmid 

spd-2 

Ubq-Spd-2-ALL-GFP 

Ubq-Spd-2-CONS-GFP 

Ubq-Spd-2-ALL-mCherry 

Ubq-Spd-2-CONS-mCherry 

ana1 

Ubq-Ana1-GFP 

Ubq-Ana1-ALL-GFP 

Ubq-Ana1-mCherry 

Ubq-Ana1-ALL-mCherry 

Ubq-Spd-2-mCherry 
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2.3.5. Construction of plasmids for in vitro production of Spd-2 fragments 

The plasmids pRNA-Spd-2-mKate2 and pRNA-Spd-2-ALL-mKate2 were used as 

templates to amplify DNA fragments corresponding to Spd-2 amino acids 352 – 758. 

These fragments were introduced via HiFi assembly into a modified pETM-44 plasmid 

for bacterial expression of the protein of interest with an N-terminal His6-MBP tag. 

2.3.6. Diagnostic PCRs for genetic recombination events 

Anesthetised, possibly recombinant male flies were put into single wells of a 96-well 

plate and squashed in “squishing buffer” (10mM Tris-HCl, 1 mM EDTA, 25 mM 

NaCl, 200 μm/mL Proteinase K) on ice. Subsequently, the sealed 96 well plate was 

treated at 55 °C for 30 min and then at 95 °C for 10 min. PCR reactions for the 

screening of genetic recombination events were performed using the OneTaq Quick-

Load 2xMM (NEB, M0486S) according to the manufacturer’s protocol, using the 

primers indicated in Table 2.2. The final PCR products were run on a 1% agarose-

ethidium bromide gel (1x TAE, 1% agarose, 0.005% ethidium bromide) and visualised 

with UV light. 

2.3.7. In vitro mRNA transcription 

To generate mRNA for microinjection into embryos, 4 μg of DNA (pRNA plasmids) 

was linearised in 80 μL using the restriction enzyme AscI (NEB, R0558S) for 8 h at 37 

°C. The enzyme was then inactivated at 80 °C for 20 min. The linearised DNA was 

precipitated in 250 μL of precipitation buffer (4mM EDTA, 96 mM Na-Acetate and 

70% ethanol) at -20 °C overnight, pelleted at 4 °C for 15 min at 21.1 g, washed twice 

with 1 mL of -20 °C 70% ethanol, air-dried and resuspended in 10 μL of DEPC-treated 

ddH2O. The transcription reaction was preformed using the mMESSAGE 

mMACHINE T3 Transcription Kit according to the manufacturer’s instructions. The 
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mRNA was purified using the RNeasy Kit (Qiagen, 74106) according to the 

manufacturer’s instructions, diluted to 2 μg/μL aliquots and stored at -80 °C. 

2.4. Biochemistry and Cell biology 

2.4.1. Drosophila embryo collection and fixation 

For immunoprecipitations using embryos extracts, 0-3 h Drosophila embryos were 

collected and washed thrice in washing buffer (PBS-0.0005% Tween-20), 

dechorionated in 60% bleach for 2 min and washed thrice in washing buffer. The 

embryos were directly collected into a pre-weighted tube using a brush, weighted, snap 

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

To test protein levels in the embryos via western blotting, 0-2 h Drosophila embryos 

were collected in a similar way, but after being dechorionated they were washed into a 

glass vial containing 2 mL of methanol-EGTA (15mM) with 2 ml of heptane and 

vigorously shaken for 30 s. Embryos were allowed to collect at the bottom of the vial, 

removing the excess liquid and those embryos that remained floating at the liquid-

liquid interface. The remaining embryos were washed thrice with a total of 6 mL of 

methanol. The embryos were stored in methanol at 4 °C for at least 24 h before use. 

For immunofluorescence, Drosophila embryos were collected for 1 h and aged for 1 h 

at 25 °C. The embryos were collected and fixed following the same protocol as for 

western blotting, but including 15mM EGTA in the 6 mL of methanol used for washes 

after fixation. 

2.4.2. Protein production and purification 

Spd-2 352 – 758 aa fragments (WT and 19T) were obtained in collaboration with S. 

Saurya. S. Saurya did the expression and purification of the proteins, while I tested the 
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different samples at each point of the protocol via SDS-PAGE (see 2.4.4). The 

corresponding pETM-44 constructs were transformed into E.coli BL21 cells. All the 

colonies were scrapped off and resuspended in LB. 1L cultures (with 50 μg/mL 

kanamycin) were grown per construct and cell type at 30 ˚C, until they reached OD600 

of 0.6. IPTG was then added to a final concentration of 100 μM, and the cultures were 

incubated for a further 4 h at 25˚C. To judge expression of the protein of interest, 500 

μL of pre- and post-induction samples were pelleted and re-suspended to the same 

density in Laemmli sample buffer (SB; contains 120 mM Tris pH 6.8, 4% SDS, 10% 

2-β-mercaptoethanol, 20% glycerol, 0.04% bromophenol blue). The samples were 

boiled at 95 ˚C for 10 min and 5 μL of each sample were loaded per well of a SDS-

PAGE gel. Once we were certain that the protein was being expressed, the cells were 

pelleted by centrifugation at 4,000 rpm for 20 min at 4 °C. The cells were resuspended 

to a total of 50 mL with ice cold PBS. Cells were centrifuged again at 4,000 rpm for 20 

minutes at 4°C. After discarding the supernatant, cell pellets were flash frozen in liquid 

nitrogen and stored at -80 ˚C until protein purification. 

For protein purification, pellets were resuspended in protein preparation buffer (PPB, 

50 mM Tris pH 8.0, 1 mM EDTA, 100 mM KCl). A 10 μL sample was removed for 

later analysis. Lysozyme was added to each resuspended pellet (final concentration of 

100 μg/mL). Samples were spun at 4 ˚C for 30 min and lysed using an Emulsiflex C5 

homogeniser (Avestin). A 10 μL sample was removed for later analysis. The rest of the 

samples were spun at 15,000 rpm for 20 min at 4 ˚C. A 10 μL sample was removed for 

later analysis. The rest of the supernatant was poured onto a pre-poured amylose 

column containing 4 mL amylose resin (NEB E8021L). A 10 μL sample was taken 

from the flowthrough. Once the supernatant had flowed through completely, the 

column was washed twice with PPB-0.05 % Tween-20 and twice again with PPB. The 
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fusion protein was eluted by gently adding 1 mL aliquots of 10 mM maltose in PPB to 

the column. Each 1 mL sample was collected in a separate tube, until 10 different 

fractions had passed through the column and had been collected. 10 μL from each 

fraction were taken to test protein concentration using the Bradford assay. This 

allowed identification of the peak (most concentrated three fractions) and side 

fractions (three fractions on each side of the peak). 10 μL of PEAK and SIDE were 

taken for further analysis, the rest of the protein was flash frozen. 10 μL of 2X SB 

were added to each of the 10 μL samples, which were boiled at 95 ˚C for 10 min. 

A. Haensele further purified 5 mL of the resulting products (3 mL of PEAK and 2 mL 

of SIDE samples) via size exclusion chromatography (SEC), using an AKTA pure 

chromatography system with a HiLoad 16/600 Superdex 200 column attached (GE 

Healthcare). As a result, the protein was resuspended in protein suspension buffer (20 

mM Tris pH 8.0, 150 mM NaCl, 0.5 mM TCEP). I took 10 μL aliquots from the 

isolated 1 mL fractions corresponding to the protein peak of the expected size, sides of 

the peak, and peaks of other sizes (presumed contaminants). Aliquots were mixed with 

10 μL of 2X SB and boiled at 95 ˚C for 10 min and analysed by SDS-PAGE. After 

confirming the quality of the purified protein, the samples were concentrated by S. 

Saurya using a 30,000 MW concentrator, spinning at 4,000 rpm for 5 min at 4 ˚C. 

2.4.3. Immunoprecipitation and in vitro interaction assays 

PoloGFP immunoprecipitation and the initial Spd-2-GFP immunoprecipitation 

experiments were performed using anti-GFP antibodies (Table 2.5) coupled to protein 

A conjugated magnetic Dynabeads (Thermo Fisher, 10002D). Beads (30 μL of 

slurry/reaction) were washed twice (PBS-0.1% Triton X-100) and incubated with 7.5 

μg/reaction of antibody in PBS for 30 min at RT, spinning at 15 rpm on a rotator (SB3 
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Rotator, Stuart, UK). The beads were then washed twice with equal volumes of 

conjugation buffer (20 mM sodium phosphate pH 7.9, 150 mM NaCl) and incubated 

for 30 min at RT with 250 μL/reaction 5 mM BS3 (Thermo Fisher, 21580) diluted in 

conjugation buffer. The crosslinking reaction was quenched by adding 12.5 

μL/reaction of 1M Tris pH 7.5 to the bead suspension. The beads were washed thrice 

with PBS-0.1% Triton X-100 and stored at 4 ˚C before use. BS3 creates irreversible 

amide bonds between primary amines (e.g. lysines and arginines between the antibody 

and the protein A) but it can also destroy the epitope-recognising surface of the 

antibody. Thus, during the optimisation of the immunoprecipitation-interaction assay 

for this thesis, I decided to switch to covalently coupling 7.5 μg of primary antibody 

(anti-GFP or anti-MBP) to 1 mg of Dynabeads M-270 Epoxy beads using the 

Dynabeads Antibody Coupling Kit (Thermo Fisher, 14311D), following 

manufacturer’s instructions. Beads prepared in this way were stored at 4 ˚C for 1-2 

weeks. Before use, the required amount of beads was incubated in PBS-0.1%BSA for 

15 min at RT while rotating. 

Embryo extracts were prepared in the cold room. Snap frozen embryos (see 2.4.1) 

were homogenised on ice using a disposable pestle, adding 100 μL of homogenisation 

buffer (50 mM HEPES pH 7.6, 1 mM MgCl2, 1 mM EGTA, 1X phosphatase inhibitor 

cocktail II and III (Sigma, P5726 and P0044), 1X protease inhibitor cocktail) per 100 

mg of embryos (minimal amount of embryos homogenised at once). The 1X protease 

inhibitor cocktail had been prepared in advance and was made of 300 mM 

benzamidine (Sigma, B6506), 200 mM phenanthroline (Sigma, P9375), 10 mg/mL 

aprotinin (Sigma, A6103), 50 mg/mL leupeptin (Sigma, L2884) and 1 mg/mL 

pepstatin A (Sigma, P5318). 2 μL of 1 M DTT per 100 mg of embryos were added to 

the homogenised extract, which was then centrifuged twice at 13,000 g for 15 min at 
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4˚C. In every case the clear supernatant was kept and the pellet was discarded, if the 

pellet was disturbed in the process the sample was centrifuged again for 10 min. 

Additional homogenisation buffer (half of the volume of supernatant obtained) was 

added to dilute the samples. For the PoloGFP immunoprecipitation, all of the extract 

obtained from 100 mg of embryos was used per experiment (taking a 10 μL aliquot 

taken as input). For the Spd-2-GFP immunoprecipitation, 12.75 μL of extract was 

taken into 300 μL of homogenisation buffer, and then the 10 μL input aliquot was 

taken. Any remaining embryo extract was aliquoted and snap frozen in liquid nitrogen 

for storage at -80 ˚C. 

For immunoprecipitation, beads were aliquoted into protein LoBind Eppendorf tubes 

(Thermo Fisher, 10708704), the supernatant removed and replaced with embryo 

extract. The beads were incubated with the extract overnight at 4 ˚C while rotating. 

The following day, a 10 μL aliquot of the supernatant was taken (unbound) and the 

beads were washed (PBS-0.1% Triton X-100 with 1X phosphatase inhibitor cocktail II 

and III) rotating for 10 min at 4 ˚C, 5 times. For simple immunoprecipitation, the 

supernatant was removed and the protein was eluted from the beads (this section, 

below). For in vitro interaction assay, the beads in the last volume of washing buffer 

were transferred to a clean LoBind tube. 

In vitro interaction assays were performed with two different types of samples: anti-

GFP-beads treated with extract from Spd-2-GFP embryos (as described above), or 

anti-MBP-beads bound to in vitro produced WT and 19T MBP-Spd-2(352–758) (see 

2.4.2). In the latter case, each sample of BSA-blocked anti-MBP-beads were incubated 

with 32.2 μg of the appropriate protein in protein suspension buffer (see 2.4.2) for 30 

min while rotating at RT (taking input and unbound aliquots of supernatant before and 
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after bead incubation). The rest of the in vitro interaction assay protocol was similar 

for all types of samples. The beads were rinsed twice with kinase buffer (CST, 9802) 

and resuspended in 60 μL of kinase buffer containing 200 μM of ATP (CST, 9804) and 

either kinase storage buffer (50 mM HEPES pH 7.6, 100 mM NaCl, 5mM DTT, 20% 

glycerol, 15 mM reduced glutathione), for non-phosphorylated “blank” controls; or 

commercial PLK1 kinase (ProQinase, 0183-0000-1, 30 ng/μL for assays using embryo 

extracts and 8.8 ng/μL for assays using in vitro protein) for phosphorylated samples. 

The samples were rinsed thrice with binding buffer, of final composition after 

optimisation: 50 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT, 0.1% Tween-20, 10 

mg/mL BSA, 1X phosphatase inhibitor cocktail II and III, 1X SIGMAFAST EDTA-

free protease inhibitor cocktail (Sigma, S8830). The beads were then resuspended in 

0.3 mL of binding buffer with GST-PLK1-PBD (Sigma, SRP0360), with final 

concentration of 0.015 µM in assays using embryo extracts, and 0.2 µM in assays 

using in vitro protein (as the latter are expected to have more Spd-2 fragments bound 

per bead). 10 µL aliquots of beads resuspended in PBD-binding buffer were taken 

(PBDin). Samples were incubated rotating for 2.5-3 h at 4 ˚C. The supernatant was 

then discarded, but keeping an aliquot (PBDout). Beads were rinsed with 500 µL of 

bead wash buffer B (50 mM Tris pH 8.0, 200 mM NaCl, 1 mM DTT, 0.1% Tween-20, 

1 mg/mL BSA, 1X phosphatase inhibitor cocktail II and III, 1X SIGMAFAST EDTA-

free protease inhibitor cocktail) thrice, transferred to a clean tube, and rinsed once with 

bead wash buffer HA (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM DTT, 0.1% Tween-

20, 1X phosphatase inhibitor cocktail II and III, 1X SIGMAFAST EDTA-free protease 

inhibitor cocktail) before protein elution. 

For protein elution, the supernatant was removed from the beads. The beads were 

resuspended in 50 µL of 1X Laemmli SB (see 2.4.2). Samples were boiled at 95 ˚C for 
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10 min, spun 4-5 s and the supernatant was removed from the beads and stored at -20 

˚C. For all the other samples collected during the immunoprecipitation and in vitro 

interaction assays, an equal volume of 2X SB was added, and the samples were boiled, 

spun and stored as above. 

All the above steps that required separating the magnetic beads from the supernatant 

were performed on a magnetic rack. 

2.4.4. SDS-PAGE and western blotting 

To test protein levels in the embryos, collected and fixed embryos (see 2.4.1) were 

washed for 15 min with PBS-0.2% Triton X-100 thrice while rotating. The embryos 

were transferred to a clean watch glass to select those that were well-fixed and pre-

cellularised. 20 embryos selected in 20 μL of PBS-0.2% Triton X-100 were mixed 

with 20 μL of 2X SB, boiled at 95 ˚C for 10 min, and stored at -20 ˚C. 

Pre-boiled samples were run on 3-8% NuPAGE Tris-Acetate acrylamide gels (Thermo 

Fisher EA03785BOX) with the appropriate NuPAGE Tris-Acetate SDS running buffer 

(Thermo Fisher LA0041) at 150 V in a XCell SureLock Mini-Cell. The only 

exceptions were the SEC samples obtained during protein purification, which were run 

on 4-12% NuPAGE Bis-Tris gels (Thermo Fisher, NP0322BOX) with MES buffer, to 

ensure that, if there were any small size contaminants, they would not be run off the 

gel. For analysis of protein purification samples, gels were rinsed in ddH20 and 

incubated with InstantBlue dye (Expedeon, ISB1L) for 30 min – overnight, depending 

on sample concentration, and rinsed again in ddH20 before imaging. Otherwise, 

samples were transferred onto a nitrocellulose membrane (BIO-RAD, 0.2μm 162-

0112) in a BIO-RAD Mini Trans-Blot system using transfer buffer (25 mM Tris pH 

7.4, 192 mM glycine, 25% methanol, 1% SDS) at 100 V for 1.5 h. 
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After transfer, membranes were incubated in Ponceau staining (Sigma, P7170), 

washed with ddH2O and blocked for 1 h with blocking buffer (PBS, 4% milk powder, 

0.1% Tween-20). Membranes were then incubated for 1 h with primary antibody 

solution (see Table 2.5) at RT and washed thrice for 1 min in blot washing buffer 

(TBS, 0.1% Tween-20). Membranes were then incubated for 45 min with HRP 

conjugated secondary antibodies (see Table 2.6). Membranes were finally washed 

thrice for 15 min in washing buffer and incubated in HRP-substrate (Thermo Scientific 

SuperSignal West Femto Maximum Sensitivity Substrate, 34095; different dilutions 

deviating from manufactures instructions) for 1 min. The membranes were exposed on 

film and/or on the Amersham Imager 600 (GE Healthcare) for a digital image. When 

necessary, membranes were stripped for re-blotting by incubating with Restore 

Western Blot Stripping Buffer (Thermo Fisher, 21059) for 15 min at 37 ˚C. 

2.4.5. Drosophila embryo staining for immunofluorescence 

Methanol was removed from the embryos before washing them for 15 min with PBS-

0.2% Triton X-100 (PBT) rotating at 15 rpm, thrice. They were blocked by incubating 

them twice in PBT-5% BSA for 30 min. Embryos were then incubated overnight at 4 

°C with primary antibody (see Table 2.5) in PBT-5% BSA while rotating at 15 rpm. 

The antibody was removed and the embryos were washed with PBT for 20 min at RT, 

thrice. The samples were then incubated for 2 h at RT with fluorescently conjugated 

secondary antibodies (see Table 2.6). Finally, the samples were washed in PBT for 15 

min thrice, and the embryos were mounted in 20 μL of Vectashield (Vector 

Laboratories, Vectashield Antifade Mounting Medium H-1000 or H-1200 with DAPI), 

on slides with 1.5H high-precision coverslips (CellPath) and sealed with nail polish. 

Slides were stored at 4 °C. 
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2.4.6. Antibodies used in this study 

The following tables list all the antibodies used for immunoprecipitation and in vitro 

interaction assays (IP), western blotting (WB) and immunofluorescence (IF). 

Table 2.5. Primary antibodies used in this study 

Lab ID Protein Species Application Dilution Source/Reference 

221 Actin Mouse WB 1:500 Sigma, A3853 

3 Ana1 Rabbit IF, WB 1:500 
Eurogentec, animal #SK4818, 

(Stevens et al., 2010a) 

200 Asl 
Guinea 

pig 
IF 1:500 

Eurogentec, animal #SKC124 

(Roque et al., 2012) 

55 Cnn 
Guinea 

pig 
IF 1:1000 

Eurogentec, animal #SK42, 

(Basto et al., 2008) 

191 Cnn Rat IF 1:500 
Eurogentec, animal #SKR104, 

like #55 but raised in rat 

236 
Cnn 

pSer567 
Rabbit IF 1:500 

Pocono Rabbit Farm & 

Laboratory, animal #30129, 

(Feng et al., 2017) 

144 
GAGA 

factor 
Rabbit WB 1:500 

Berkeley Antibody Company, 

Z13-3, (Raff et al., 1994) 

118 GFP Rabbit 
IP N/A Eurogentec, animal #SK495. 

(Huang and Raff, 1999) WB 1:500 

166 

GFP 

Booster 

Atto488 

Llama IF 1:500 Chromotek, gba488 

264 GST Mouse WB 1:500 Thermo Fisher, MA4-004 

MBP MBP Rabbit IP N/A 

Eurogentec, animal #SK2860, 

(Barros et al., 2005), initially 

raised against MBP-AurA 

107 Polo Rabbit IF 1:500 Eurogentec, animal #SK365 

230 
PLK1 

(pT210) 
Rabbit IF, WB 1:500 Abcam, ab12157 

251 
Polo 

(MA294) 
Mouse IF 

1:100, 

1:15 

Raised against fusion protein 

missing 1-28 aa. Kind gift 

from C. Sunkel, (Logarinho 

and Sunkel, 1998)  

57 Spd-2 Rabbit IF, WB 1:500 
Eurogentec, animal #SK3428, 

(Dix and Raff, 2007) 

141 -Tubulin Mouse IF 1:1000 Sigma, DM1a, T9026 

142 -tubulin Mouse IF 1:500 Sigma, GTU-88*, T6557 
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Table 2.6. Secondary antibodies used in this study 

Species 
Reacts 

with 
Application Dilution Source/Reference 

Sheep Mouse WB (HRP) 1:3000 Sigma, NA934V 

Donkey Rabbit WB (HRP) 1:3000 Sigma, NA934V 

Swine Rabbit WB (HRP) 

1:3000 

(normally) Dako, P0399 

1:15,000 (*) 

Chicken Rat 
IF (Alexa Fluor 

647) 
1:500 

Thermo Fisher, 

A21472 

Goat Mouse 
IF (Alexa Fluor 

647) 
1:500 

Thermo Fisher, 

A21236 

Goat Mouse 
IF (Alexa Fluor 

594) 
1:500 

Thermo Fisher, 

A11032 

Goat Rabbit 
IF (Alexa Fluor 

594) 
1:500 

Thermo Fisher, 

A11012 

Donkey Rabbit 
IF (Alexa Fluor 

488) 
1:500 

Thermo Fisher, 

A21206 

Donkey 
Guinea 

pig 
IF (CF405S) 1:500 Biotium, 20356 

 

* For blotting against rabbit primary antibodies as a loading control in blots for 

interaction assays. 

 

2.5. Microscopy and image analysis 

2.5.1. Perkin Elmer ERS Spinning Disk microscope 

Embryos were imaged at RT on a Perkin Elmer ERS spinning disk (Volocity software) 

mounted on a Zeiss Axiovert 200M microscope using a 63X/1.4NA oil immersion 

objective and an Orca ER CCD camera (Hamamatsu Photonics, Japan). An immersion 

oil with a refractive index of 1.518 (ImmersolT 518 F, Zeiss International) was used to 

minimise spherical aberration. A 488 nm Argon gas laser and a 561 nm diode pumped 

solid-state laser were used to excite GFP and RFP/mCherry/mKate2, respectively. All 
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red/green images were taken in the UltraVIEW ERS ‘emission discrimination’ mode 

with these filter specifications: green emission filter (527/55 nm band pass centre filter) 

and blue/red emission filter (445/60 and 615/70 nm band pass centre filter). Full frame  

images (672x512 pixels) were collected with 1x1 binning. Confocal sections of 13 z-

slices with 0.5-μm-thick intervals were collected every 30 s (17 slices for the analysis 

of protein dynamics throughout the cell cycle). The size of the z-stack was chosen to 

minimise the number of z-slices captured, while including all centrosomes over the 

duration of the movie. Focus was occasionally readjusted in between intervals, due to 

centrosomes moving in z during the cell cycle. The exposure times, gain and laser 

power settings were determined for each fluorescent fusion-protein individually. All 

image analysis was done using ImageJ (NIH, version 2.0.0). 

2.5.2. OMX V3 Blaze 3D-Structured Illumination (3D-SIM) microscope 

3D-sim microscopy was performed at RT on an OMX V3 Blaze microscope (GE 

Healthcare) with a 60x/1.42-NA oil UPlanSApo objective (Olympus); 405-, 488-, 593- 

and 633-nm diode lasers, and four different Edge 5.5 sCMOS cameras (PCO). A 1.514 

immersion oil was used for refractive index matching to reduce spherical aberration 

(Demmerle et al., 2017). The “standard drawer” set of emission filters was used (band 

pass filters 442/46 for 405 nm track, 525/50 for 488 nm track, 615/24 for 593 nm 

track, and 684/40 for the 633 nm track), except for live two-colour imaging of samples 

where the signal intensity of the 488- or 593-nm channels was expected to be low, in 

which case I uses the “red/green drawer” set (band pass filter 540/80 for 488 nm track, 

long pass filter 605 for 593 nm track). 512x512-pixel images were acquired using the 

sequential SIM mode and 1x1 binning. Stacks of 6 z-slices were acquired for live 

imaging, whereas stacks of 13 z-slices were acquired for fixed samples, always at 

0.125-μm intervals. For each plane, five phases and three angles were acquired. The 
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exposure times and laser power setting were determined individually for each 

experiment. The raw acquisition was reconstructed using softWoRx 6.1 (GE 

Healthcare) with a Wiener filter setting of 0.006 and channel-specific optical transfer 

functions. For multi-colour 3D-SIM, images from the different colour channels were 

registered with alignment parameters obtained from calibration measurements using 1 

μm to 0.2 μm TetraSpeck Microspheres (Thermo Fisher) using OMX Editor (Micron 

Oxford) and Chromagnon (Matsuda et al., 2018) alignment software. The SIM-Check 

plug-in in ImageJ (NIH) was used to assess the quality of the SIM reconstructions 

(Ball et al., 2015). 

2.5.3. LSM 880 with Airyscan detector microscope 

Samples from certain immunostaining experiments (ɣ-tubulin staining and 

examination of mitotic spindles in rescued ana1-/- mutant embryos) were imaged using 

an inverted Axio Observer.Z1 Zeiss 880 Laser Scanning Microscope fitted with an 

Airyscan detector (Zeiss International, Micron Oxford). The microscope was equipped 

with a Plan-Apochromat 63x/1.4 NA oil objective and immersion oil of refractive 

index of 1.518 was used. The microscope was additionally equipped with an Airyscan 

module containing a 32-channel GaAsP detector. The images were taken at 16-bit 

depth using a 488 nm Argon laser and 405 nm, 561 nm and 633 nm solid-state lasers. 

All experiments were set up using the ‘Smart Setup’ function, which allows for an 

optimal imaging with respect to dichroic mirror and emission discrimination, 

depending on the fluorophores used. The emission discrimination settings used were 

the MBS -405 (405 nm track), and MBS 488/561 or MBS 488/561/633 with band pass 

filters 420-480 + 495-550 nm (488 nm track) and 420-480 + 495-620 nm (561 nm 

track, in experiments that also use the 633 nm track), for the Airyscan mode. The 

exposure times, zoom, and the laser power settings were determined specifically for 
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each experiment, keeping the detector gain in the 700-800 range and the amplification 

gain at 1.0. Stacks of 25 slices with 0.14-μm-thick intervals were collected with pixel 

size (xy) of 0.035 μm, using a piezo-driven z-positioner stage. Images were Airy-

processed in 3D with a strength value of “auto” (∼6). The software used to acquire 

images and process the images taken in super-resolution Airyscan mode was ZEN 

(Zeiss International, black edition). 

2.5.4. Radial profiles 

I used ImageJ to calculate an average “radial profile” of the distribution of the different 

centriolar and PCM proteins around the mother centriole. For embryos imaged live, I 

selected the z-slice where the most centrosomes were in focus and I analysed the five 

brightest centrosomes per embryo (the number of individual embryos analysed per 

genotype or type of mRNA injected in indicated in the corresponding Figure). For the 

analysis of ɣ-tubulin in fixed embryos, I analysed one pair of centrosomes per embryo, 

five embryos per technical replicate (embryos collected and processed independently), 

and three technical replicates in total per condition (total n = 15). 

I first scaled the images so that each pixel was split into 25 (5 × 5) pixels in order to 

increase the resolution of the radial profile. For each individual centrosome I found its 

centre of mass by thresholding the image and running the ‘‘analyse particles’’ (centre 

of mass) macro on the most central z plane. I then centred concentric rings spaced at 

0.021 µm and spanning across 2.09 µm on this centre (0.007 µm and spanning across 

1.41 µm for the fixed ɣ-tubulin images) and measured the average fluorescence around 

each ring (radial profiling). After subtracting the average cytosolic signal, each profile 

was normalised to the average peak intensity of the control condition (embryos 

expressing WT version of the protein of interest). Each profile was then mirrored to 
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produce a full centrosome profile. This results in “absolute” radial profiles, which 

reflect changes in signal intensity and distribution between conditions. Additionally, 

“normalised” radials profiles were calculated by normalising each profile to the 

average peak intensity of its own condition. Thus, the peak intensity of all profiles is 

equal to 1 and any difference in curve width will reflect changes in protein distribution 

from the centre of the centrosome. 

For statistical analysis, I calculated the area under the curve (AUC) per individual 

centrosome profile. Prism computes AUC using the trapezoid rule. For each profile, 

the output includes mean total AUC and mean peak Y value (i.e. maximum intensity of 

the peak). I then compared the mean peak values obtained from absolute radial 

profiles, and the mean total AUC values obtained from normalised radial profiles, 

using the appropriate statistical test (see 2.5.13). 

2.5.5. Quantifying the effect of Ana1-mKate2 injection into PoloGFP embryos 

The images obtained from embryos expressing PoloGFP injected with Ana1-ALL-

mKate2 or Ana1-CT-mKate2 could not be quantified using radial profiles because 

these injections result in complete loss of PoloGFP from certain centrosomes (see 

3.2.4, 5.2.7). Instead, all the images from embryos injected with these mRNAs (or their 

control counterparts) were analysed as follows: I selected embryos that developed 

normally and had similar Ana1-mKate2 levels, I prepared a two-colour z-slice with the 

most centrosomes in focus per embryo, the images from all the different conditions 

tested were blinded and mixed together, and one independent scorer was asked to 

determine for each image whether all the centrosomes visible in the red channel (i.e. 

those that had incorporated WT or mutant Ana1-mKate2) were also visible in the 

green channel (i.e. had visible amount of PoloGFP).  
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2.5.6. Quantification of successful completion of pronuclear fusion 

Embryos were fixed and stained using a mouse anti-α-tubulin, followed by Alexa 

594 anti-mouse and GFP Booster Atto488. Samples were mounted in Vectashield 

medium with DAPI (see 2.4). Embryos were counted using a Zeiss Axioskop 2 

microscope (Zeiss International) with a 10x/0.30-NA and a 40x/0.75-NA objectives.  

Embryos were counted as developing beyond pronuclear fusion if they had clearly 

reached syncytial/gastrulation stages, or clear signs of mitosis (e.g. mitotic spindles), 

or more than 16 nuclei (independent DAPI dots). Non-developing embryos often had 

only one or two bright dots of -tubulin and DNA. More than two DAPI/MT clusters 

were possible if the pronuclei had started to break apart, but they were never >15. For 

each of the four conditions (non-rescue, WT-rescue, CONS-rescue and ALL-rescue) I 

preformed two biological replicates (embryos from separate sets of mothers), each 

with three technical replicates (embryos collected and processed independently); >50 

embryos were counted per sample. 

2.5.7. Analysis of centriole, centrosome and microtubule fluorescent intensities 

For quantification of Spd-2-GFP and Jupiter::mCherry intensities, I used ImageJ to 

calculate the maximum intensity projection of z-stacks of movies taken from the 

Perkin Elmer spinning disk system. The time frame chosen for analysis corresponded 

to 1 min before nuclear envelope breakdown (NEB). The five brightest centrosomes 

per embryo were identified via manual thresholding and analysed (the number of 

embryos analysed is indicated in the corresponding Figure). For both the green and red

channels I measured the mean intensity within a square of fixed size (5.04 µm x 5.04 

µm) centred manually on each individual centrosome. Similarly, I measured the mean 

intensity of the background near each centrosome. I calculated the average centrosome 

intensity and subtracted the average background intensity per embryo. 
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For quantification of centrosomal protein levels in ana1-/- embryos expressing Ana1 

transgenes I followed a similar protocol, with a few changes to make it more 

comparable to previously reported data (Saurya et al., 2016). Embryos were analysed 

at mid/late S-phase, unless otherwise indicated (see below). I analysed 10 pairs of 

centrosomes, randomly chosen, using a square of fixed size (2.74 µm x 2.74 µm), 

unless otherwise indicated (see below). 

For embryos expressing only Ana1-GFP, I used the maximum intensity projection of 

the z-stack and I classified the data into two subsets: BRIGHT (data from the brightest 

centrosome from each pair) and FAINT (data from the other centrosomes). I then 

calculated average intensities at centrosome separation (beginning of S-phase) and late 

S-phase, and compared differences between WT and ALL Ana1-GFP within each 

subset. 

For embryos co-expressing Ana1-GFP and Asl-mCherry (either from mRNA injection 

or transgenic experiments), due to too much abnormal movement of centrosomes in 

the mutant condition I could not use the maximum intensity projection of the z-stack. 

Instead, I selected the z-slice where the most centrosomes were in focus. The data was 

blinded before quantification to remove any unconscious bias. Each measurement was 

classified into the subsets “OLD MOTHERS” and “YOUNG MOTHERS”, as young 

mother centrioles only start to recruit Asl after separation from the old mother 

centrioles (Novak et al., 2014) and, therefore, within each pair of centrosomes, Asl-

mCherry localises preferentially to, and is marker of, the older mother centriole. Asl 

maintenance was scored by calculating the mean OLD and mean YOUNG Asl-

mCherry intensity per embryo, calculating the ratio between these values per embryo, 



74 

and then calculating the average embryo Asl OLD/YOUNG intensity ratio, as in 

(Saurya et al., 2016). 

For embryos co-expressing Ana1-mCherry and PoloGFP I also used a single z-slice 

image due to abnormal movement in the mutant embryos. Because there were not 

enough centrioles in the embryos rescued with Ana1-ALL-mCherry to analyse 10 

random centrosome pairs, I instead quantified the mean intensity of every single Ana1-

ALL-mCherry spot that I could image, without distinguishing between old and young 

mother centrioles and under the assumption that they would correspond to separate 

centrosomes. I then quantified the mean intensity of the corresponding area in the 488 

nm channel, and the corresponding nearby background for both channels. A total of 24 

Ana1-ALL-mCherry foci from six different embryos were analysed in this way. This 

was on average four centrosomes/embryo, so from every WT control embryo I 

analysed two random pairs of centrosomes. As it was not possible to distinguish 

embryo age or cell cycle stage in the mutant rescued embryos, I analysed a panel of 

WT control embryos as diverse as possible: embryos at nuclear cycle 10 to 14, and at 

early S-phase, late S-phase and metaphase/anaphase. 

2.5.8. Analysis of GFP-Cnn and Spd-2-GFP levels in tracked centrosomes 

For quantification of GFP-Cnn and Spd-2-GFP centrosomal levels in ana1-/- embryos 

co-expressing Ana1-mCherry transgenes, I used the maximum intensity projection of 

the z-stack, and I adapted the protocol described in the previous section (2.5.7). 

The embryos were ideally imaged through two complete nuclear divisions (with first 

division being nuclear division 10, 11 or 12). At the beginning of the first nuclear 

division imaged, I selected a random pair of separating centrosomes (1st generation 

centrosomes) based solely on the Ana1-mCherry image (to avoid selection bias). I then 
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manually tracked the pair until the following S-phase. If the tracking was successful, 

both pairs of 2nd generation centrosomes were visible and at least one of the two pairs 

visibly separated, that group of six centrosomes was included in the analysis. Note 

however that for three (of eight) embryos co-expressing GFP-Cnn and WT Ana1-

mCherry there were three recordings were no centrosomes could be tracked into the 

2nd generation due to technical difficulties, so only the 1st generation centrosomes were 

included in the analysis. 

I then measured the intensity of the GFP-Cnn or Spd-2-GFP signal from each 1st 

generation pair. The centrosome with the highest value was labelled “B” (for “Big 

scaffold”) and the other was labelled “S” (for “Small scaffold”). The 2nd generation 

centrosome pairs were then labelled BX or SX, depending on whether they were 

derived from the B or S centrosome of the 1st generation. I then measured the intensity 

of the 2nd generation centrosomes and for each pair I similarly identified the 

centrosome with the highest value. Thus, I identified BB and BS centrosomes from 

pair BX, and SB and SS centrosomes from pair SX (see also schematic in Figure 

5.10C). Thus, six different centrosome “types” were defined per 1st generation pair. 

The measured centrosomal intensities were then plotted in three different ways: a) 

pooling all centrosomal values per condition together (Figure 5.10D and Figure 

5.11C), b) calculating the average cumulative intensity (Figure 5.10E and Figure 

5.11D), or c) separating each subset by centrosome type (Figure 5.10F and Figure 

5.11E). The cumulative centrosomal intensity is described as the sum of GFP-Cnn or 

Spd-2-GFP intensity values of all centrosomes from each pair for a specific generation: 

i.e. the 1st generation cumulative is the sum of B and S values, and the 2nd generation 

cumulative is the sum of BB, BS, SB and S values (all together). Because there are too 
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many possible comparisons between the 12 different centrosomal types (six WT and 

six ALL), only the p-values for the most informative statistical comparisons have been 

reported. 

2.5.9. Blind analysis of scaffold formation from 3D-SIM images 

Centrosome images were selected based on quality of the reconstruction as assessed by 

the SIM-Check plug-in and the presence of a visible, well-formed ring corresponding 

to the presence of protein at the mother centriole wall. Each individual centrosome 

image was saved as a separate file, renamed and randomised post acquisition. The 

entire dataset for each experiment was scored blindly. Scorers were asked to rate 

whether a centrosome of any given image presented a large PCM, little PCM or no 

PCM (scorers were given examples of each phenotype). Depending on the number and 

quality of the reconstruction of the images in each dataset, and the difficulty to score 

each phenotype; the datasets were scored once (Spd-2-GFP in mutant background and 

Spd-2-mKate2 injections into PoloGFP datasets) or thrice, by different, independent 

scorers (Spd-2-GFP/Spd2-mCherry and Spd-2-mCherry/PoloGFP datasets), in which 

case an average score was calculated. Table 2.7 lists the number of centrosomes and 

images analysed by each independent scorer. 

Table 2.7. Blind scoring of 3D-SIM images 

Scorers Dataset 

Number of 

conditions 

/dataset 

Number of 

centrosomes 

/condition 

Total 

images 

scored 

1 

Spd-2-GFP (mutant 

background) 

3 (WT, CONS, 

ALL) 
36 108 

Spd-2-mKate2 injections 

into PoloGFP 
2 (WT, CONS) 

10 (WT), 

11 (CONS) 
42 

3 
Spd-2-GFP/Spd2-mCherry 

3 (WT, CONS, 

ALL) 
16 96 

Spd-2-mCherry/PoloGFP 2 (WT, CONS) 15 60 
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2.5.10. Analysis of Ana1 3D-SIM images 

To study the localisation of Ana1-GFP at the centriole using superresolution 

microscopy, I imaged live Ana1-ALL-GFP and WT Ana1-GFP embryos in mid/late S-

phase with 3D-SIM. Of all the images acquired, I selected those that reconstructed 

without any warnings. The selected images were then analysed using SIM-Check (Ball 

et al., 2015), and I removed from the analysis any image that failed the reconstruction 

reliability checks. I then selected the two best images from every embryo analysed 

(when possible) and manually identified well-oriented mother centrioles (i.e. showing 

a clear Ana1-GFP ring). The selected centrioles were then classified based on whether 

they only presented a mother-ring or they also presented a dot corresponding to the 

daughter centriole. 

2.5.11. Fluorescence Recovery After Photobleaching (FRAP) 

FRAP experiments using Spd-2-GFP embryos were done using the Perkin Elmer 

system (see above). I optimised the settings to try to obtain as large z-stacks as possible 

with the shortest time interval (2.5 s). A region of interest (ROI) was drawn around 

separate centrosomes. The regions were photobleached with a solid-state 440 nm laser 

at 100% laser power with 10 iterations lasting 1 ms each. Embryos were imaged 

approximately 3 min after centrosome separation (which I take to represent the start of 

S-phase) of nuclear cycles 11 or 12, for at least 35 s after photobleaching. 

For each embryo, I analysed three photobleached and three control centrosomes. I did 

a maximum intensity projection of the z-stack and I quantified the mean intensity at the 

centre of the centrosome by manually zooming in and drawing a square ROI 

encompassing the four brightest pixels in the area of the centrosome. The 4-pixel ROI 

was moved accordingly by manually tracking each centrosome across the time frames. 
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However, for the first time point after photobleaching, when no centrosomal signal 

could be detected, the ROI was kept in the same xy coordinates chosen to measure the 

previous time frame (pre-bleach control). I also measured the mean background 

intensity for the whole embryo (total area avoiding all centrosomes) at each time frame 

and subtracted the corresponding values according to the formula: 

𝑆𝑖𝑔𝑛𝑎𝑙 =  4 × 𝑀𝑒𝑎𝑛 𝐶𝑒𝑛𝑡𝑟𝑜𝑠𝑜𝑚𝑎𝑙 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑡 −  4

× 𝑀𝑒𝑎𝑛 𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦𝑡 

 To analyse if the initial recovery rates were statistically different between WT and 

CONS Spd-2-GFP, I used Prism to fit a linear regression curve to the data from the 

earliest time points. However, because the initial recover after photobleaching is not 

necessarily linear, I also considered each embryo as one group with three technical 

replicates (photobleached centrosomes). I then plotted the data and calculated the area 

under the curve (AUC) per embryo for the earliest time frames (0 - 5 s). I then 

calculated the mean AUC for WT and CONS embryos, doing an unpaired t-test to 

assess if the differences were statistically significant. 

2.5.12. Cell cycle dynamics analysis and modelling 

Spd-2-GFP dynamics throughout the cell cycle were analysed as described (Aydogan 

et al., 2018). Briefly, I used ImageJ to obtain maximum-intensity projections of the z-

stack. The background was subtracted using the subtract background function with a 

rolling ball radius of 10 pixels. Centrosomes (Spd-2-GFP foci) were tracked using 

TrackMate plug-in (Tinevez et al., 2017), with the following analysis settings: track 

spot diameter size of 2.1 μm, initial threshold of 0, and quality of >0.03. The output 

was the mean intensity of every centrosome, for every time point. Prism was used to 

plot this data as the average centrosomal intensity per embryo at every time point. 
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Prism was also used for the mathematical modelling of these curves with the nonlinear 

regression (curve fit) analysis function, excluding the last three points (90 s) of the 

cycle, as the data was very variable towards the end of mitosis. 

The data for WT Spd-2-GFP was fitted against four different functions to assess the 

most suitable model (Figure 4.20A): (1) linear growth followed by linear decrease; (2) 

linear growth followed by plateau followed by linear decrease; (3) Gaussian function; 

(4) Lorentzian function. Functions (1) and (2) are bespoke algorithms, with the 

following equations for X amount of time: 

(1) 

𝑌1  =  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡1  +  𝑠𝑙𝑜𝑝𝑒1 ∗ 𝑋   

𝑌𝑋0  =  𝑠𝑙𝑜𝑝𝑒1 ∗ 𝑋0  +  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡1 

𝑌2  =  𝑌𝑥0 +  𝑠𝑙𝑜𝑝𝑒2 ∗ (𝑋 − 𝑋0) 

𝑌 =  𝐼𝐹(𝑋 < 𝑋0, 𝑌1, 𝑌2) 

(2) 

𝑌1  =  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡1  +  𝑠𝑙𝑜𝑝𝑒1 ∗ 𝑋   

𝑌𝑋0  =  𝑠𝑙𝑜𝑝𝑒1 ∗ 𝑋0  +  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡1 

𝑌2  =  𝑌𝑋0 +  𝑠𝑙𝑜𝑝𝑒2 ∗ (𝑋 − 𝑋0) 

𝑠𝑙𝑜𝑝𝑒2 = 0 

𝑌𝑋1  =  𝑌𝑋0 +  𝑠𝑙𝑜𝑝𝑒2 ∗ (𝑋1 − 𝑋0) 
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𝑌3  =  𝑌𝑋1 +  𝑠𝑙𝑜𝑝𝑒3 ∗ (𝑋 − 𝑋1) 

𝑌 =  𝐼𝐹(𝑋 < 𝑋0, 𝑌1, 𝐼𝐹 (𝑋 < 𝑋1, 𝑌2, 𝑌3)) 

The only constraints applied to these equations were the requirements for slope1 and 

inflection points (X0, X1) to be greater than 0, and slope3 to be less than 0. Centrosomes 

that come from a single embryo were treated as internal replicates, and thus the fitting 

used only the mean Y value of each time point. To judge and control the quality and 

precision of regression (goodness-of-fit), I used the R2, adjusted R2, and absolute sum-

of- square values. To compare the fits, the extra sum-of-squares F test was applied, and 

the appropriate fit was chosen by selecting the simpler model unless p-value < 0.05. 

The “linear growth followed by plateau followed by linear decrease” model best fit the 

data (Figure 4.20A), but it is likely a simplification of a more complex model, so 

individual curves are also shown for each embryo without any model fitted (average of 

>44 centrosomes per embryo) (Figure 4.18B and Figure 4.19). 

The data for Spd-2-CONS-GFP was fitted against the “linear growth followed by 

plateau followed by linear decrease” model, as this was the preferred model for the 

WT data. As this data seemed to better be described as a straight line, this model was 

also compared to a standard straight line model (with no slope constraints)—function 

(5); or a user-defined constant line function (6) (Figure 4.20B): 

(6) 

𝑌 =  𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡1  +  0 ∗ 𝑋 

The preferred model was the straight line—function (5) (Figure 4.20B)—although the 

average slope value was nearly zero (-0.0005 ± 0.0054; mean ± SD), indicating that the 

appropriate model in practice would be a constant line. 
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2.5.13. Fluorescence Correlation Spectroscopy (FCS) 

FCS measurements were performed by T. Steinacker, following the protocol described 

in (Aydogan et al., 2019). For all measurements, the laser power was kept constant at 

6.31 𝜇W, and the heating unit of the microscope at 25 ℃. Purified monomeric 

Spycatcher-GFP (kind gift from A. van der Merwe and colleagues) was measured in 

vitro in PBS-0.05 % Tween-20 at a similar concentration as Spd2-GFP in vivo. 

Embryos from mothers expressing one copy of WT Spd-2-GFP in a full spd-2-/- mutant 

background or in a spd-2+/- heterozygous background were measured at the 

centrosomal plane and in nuclear cycles 11-14 at the beginning of S-phase. All 

autocorrelation functions (ACFs) were fitted with the eight previously described 

models, and the best model was chosen based on the Bayesian information criterion. 

All fitting parameters and chosen diffusion models are stated in Table 2.8. 

Table 2.8. FCS fitting parameters and models 

Protein 

Fitting 

boundaries 

(ms) 

Anomalous 

subdiffusion 

parameter 

Structural 

parameter 
Model 

mGFP 4x 10-4 - 1x 102  1.00 

5 

1 ds 1 ts 

Spd-2-GFP 4x 10-4 - 1x 103  0.65 1 ds 1 ts 

mNeonGreen 

(pPlk4) 

4x 10-4 - 2x 102 0.70 1 ds 1 ts 

mNeonGreen 

(pSas-6) 

4x 10-4 - 2x 102 0.75 1 ds 1 ts 

dNeonGreen 4x 10-4 - 4x 102 0.85 1 ds 1 

bs 1 ts 

*Where ds = diffusing species, bs = blinking state of the fluorophore, ts = triplet state

of the fluorophore. 

The molecular brightness of the measured fluorophore (presented as photon count-rate 

per molecule (CPM)) was used to identify the oligomerization state of cytoplasmic 

Spd2-GFP (in comparison to monomeric GFP). The CPM measurements were 
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corrected for background fluorescence (with 10 control measurements of empty buffer 

for in vitro experiments, and ~20 recordings from embryos for in vivo experiments) 

using the following equation: 

𝐶𝑃𝑀 =  
(𝑃ℎ𝑜𝑡𝑜𝑛 𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒𝑆𝐴𝑀𝑃𝐿𝐸 −  𝑃ℎ𝑜𝑡𝑜𝑛 𝑐𝑜𝑢𝑛𝑡 𝑟𝑎𝑡𝑒𝐶𝑂𝑁𝑇𝑅𝑂𝐿)

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑖𝑛 𝑜𝑏𝑠𝑒𝑟𝑣𝑎𝑡𝑖𝑜𝑛 𝑠𝑝𝑜𝑡
 

2.5.14. Statistics 

As indicated, Prism 7 (GraphPad Software) was used for all statistical analyses, 

including column statistics and Gaussian distribution of the data (using the 

D’Agostino–Pearson omnibus normality test). Unless otherwise specified, to assess if 

differences between the means of two different groups were statistically significant, I 

used the unpaired t-test with Welch correction, as the variance was not necessarily 

expected to be similar. For comparisons of three or more groups I used the one-way 

ANOVA with Tukey's multiple comparison test. If the data was not normally 

distributed and the sample size was small, I instead used the corresponding non-

parametric tests. Significance was defined as p-value < 0.05, unless otherwise 

indicated. To assess results from statistical analysis of radial profiles in Chapter 3, I 

also report the 95% confidence interval (CI) of the difference between means. 

  



83 

 

Chapter 3 - An mRNA injection-based screen for proteins 

that recruit Polo to the centrosome 

3.1. Introduction 

3.1.1. Polo relies on Ser-pSer/pThr for recruitment to the centrosome 

Polo kinase is recruited to many locations of the cell, including the centrosome, via its 

Polo box domain (PBD) (Elia et al., 2003a, 2003b; Hanisch et al., 2006; Jang et al., 

2002a; Lee et al., 1998; Reynolds and Ohkura, 2003; Seong et al., 2002; Song et al., 

2000). For example, overexpression of a Polo-GFP mutant form with a defective PBD 

results in much reduced localisation to the centrosome (Kachaner et al., 2017). In vitro 

and structural studies have shown that the optimal sequence bound by the PBD is a 

very simple motif: Ser-[pSer/pThr]-X/Pro. Phosphorylation of the amino acid at 

position 0 is essential, as is the presence of Ser at position -1 (Elia et al., 2003a, 2003b) 

(see 1.2.1). A Pro at position +1 makes the motif a potential CDK1 phosphorylation 

target (Songyang et al., 1994)—and CDK1 often appears to prime proteins for Polo 

binding (Barr et al., 2004; Decker et al., 2011; Elia et al., 2003a; Elowe et al., 2007; 

Linder et al., 2017; Novak et al., 2016; Preisinger et al., 2005; Qi et al., 2006; Soung et 

al., 2009; Wang et al., 2013; Watanabe et al., 2005; Yamaguchi et al., 2005; Zhang et 

al., 2009)—but it is not absolutely required for PBD binding (Elia et al., 2003a, 2003b; 

Yun et al., 2009). 

3.1.2. Rationale behind this screen 

It follows that any protein that contributes to Polo kinase recruitment to the 

centrosome is likely to have at least one site that fits the canonical PBD binding motif. 

In an effort to identify potential Polo recruiters to the centrosome, I searched through 
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the amino acid sequences of candidate centrosomal proteins looking for the simplest 

version of this motif: Ser-Ser/Thr. Any such site identified was considered a potential 

Polo binding site (referred to as “ptPBS” in this thesis), even if its specific 

phosphorylation state at the centrosome was unknown. A similar approach has been 

previously used in a large-scale bioinformatic search for PBD interactors in the human 

proteome, although this previous effort pre-selected hits based on the incidence of the 

PLK1 phosphorylation consensus motif, was restricted to in silico analysis and 

modelling simulations, and did not identify any centrosomal proteins (Bibi et al., 

2013). 

While I did test the effect on Polo recruitment of mutating a single ptPBS (Asl-Thr373 

STP motif), in most cases I mutated a combination of ptPBSs at once, including a 

mutant version of each candidate protein in which I mutated all the existing ptPBSs. 

Many point mutations are required for this, so there is a risk of disturbing the structure 

of the candidate proteins and rendering them non-functional and/or unable to localise 

to the centrosome. To avoid this, I disrupted ptPBSs by mutating the Ser at position -1 

into Thr, so Ser-Ser/Thr motifs become Thr-Ser/Thr motifs. Ser and Thr are 

chemically very similar so this is a very conservative substitution (French and Robson, 

1983), but this replacement is enough to completely abolish PLK1 PBD-

phosphopeptide binding in vitro (Elia et al., 2003a). There was only one exception 

(Spd-2-AA-mKate2) where I disturbed two ptPBSs by mutating the Ser/Thr at position 

0 to Ala. 

The importance of the different candidate proteins for Polo recruitment was tested via 

mRNA injection into Drosophila embryos, a technique that has been routinely used in 

the Raff laboratory to test the effects of different mutations on centrosomal proteins. 
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For example, it helped confirm in vivo the effects of certain Cnn mutations which, 

based on structural evidence, were predicted to disturb the interaction interface 

between the LZ motif of the Cnn PReM and the Cnn CM2 domain (Feng et al., 2017). 

Here, I employed a very similar approach to that used to identify Sas-4 Thr200 as a 

binding site for Polo kinase that is required for Asl recruitment during mitosis (Novak 

et al., 2016). Briefly, I made in vitro mRNA encoding WT or mutant versions of the 

candidate centrosomal proteins followed by a C-terminal red fluorescent tag (mKate2). 

The mRNA was injected into young (<20 min old) embryos from a Polo::GFP protein

trap line. The fusion protein (from here on referred to as “PoloGFP”) is expressed from 

the endogenous polo promoter (Buszczak et al., 2007), and it is brighter than a 

commonly used Polo-GFP transgenic line (Moutinho-Santos et al., 1999; Singh et al., 

2014). The embryos were imaged 2 h after injection to allow the injected mRNA to be 

translated, the protein to incorporate into centrosomes, and the fluorescent tag to 

mature. 

Therefore, although in this assay endogenous WT copies of the candidate centrosomal 

proteins are still present in the embryo, they are expected to have been mostly 

outcompeted by the more abundant, fluorescently-tagged proteins by the time of 

imaging. Thus, unlike approaches based on the generation of transgenic lines, there is 

no need to cross the PoloGFP allele into a genetic background mutant for the candidate 

of interest. This is key because fully mutant flies for most of the candidate proteins 

included in this study are uncoordinated and/or infertile (Basto et al., 2006; Blachon et 

al., 2008, 2009; Dix and Raff, 2007). This method is also much faster than generating 

transgenic lines expressing every single mutant. 
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The complete screen strategy is summarised in Figure 3.1A. For quantification of the 

effects, I generated radial profiles of the different proteins imaged. Radial profiles have 

been used extensively by the Raff laboratory (Conduit and Raff, 2015; Conduit et al., 

2014b, 2014a, 2015b; Feng et al., 2017; Novak et al., 2014; Richens et al., 2015) and 

others (Cabral et al., 2019; Laos et al., 2015; Vora and Phillips, 2015), and they are 

particularly useful for visualising the centrosomal localisation of proteins in a 

quantitative manner. Using radial profiles, we can distinguish differences in absolute 

centrosomal intensity levels (a proxy for amount of protein at the centrosome), but also 

differences in distribution at the centrosome. For example, centriolar proteins like Asl 

have a narrower radial profile than PCM proteins like Spd-2 (Figure 3.1B). 

3.1.3. Comparison to previous large scale studies 

Although this mRNA-based approach is more limited in scope than several previously 

published, large scale protein-protein interaction studies in the Drosophila and 

centrosome fields, it has several advantages. For example, affinity purification/mass 

spectrometry (MS) experiments (Hein et al., 2015; Lowery et al., 2007) can identify 

strong interactions between proteins in the “general” context of the cell. However, 

these studies struggle to identify interactions that are tightly regulated and might only 

happen at the centrosome at a specific point of the cell cycle (e.g. Polo and Sas-4 at the 

end of mitosis, (Novak et al., 2016)). This type of approach also works best for highly 

expressed proteins. Neither of these studies found a statistically significant interaction 

between PLK1 and any centrosomal protein. 

Alternatively, a Drosophila centrosome interactome has been described using a 

directed yeast two-hybrid (Y2H) screen (Galletta et al., 2016). This type of approach 

relies on expression of “bait” and “prey” versions of the proteins of interest in yeast  
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Figure 3.1 – An mRNA injection-based screen for proteins that recruit Polo to the centrosome. 
(A) Rationale behind the screen, including identification of ptPBSs, mutant design in silico, injection of 
mRNA into embryos, imaging, and quantification of changes in protein levels and distribution. (B) 
Example of three radial profiles that have been normalised to bring their three peaks to the same level 
(1.0). The radial profile corresponding to the centriolar protein Asl is narrower than those of Spd-2 and 
Polo, which are present at the centriole wall and the PCM. 
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cells, and activation of a reporter gene upon physical interaction between the two 

proteins. However, because the proteins are expressed in yeast cells, it may not 

identify any interaction that relies on their specific, in vivo cellular context; or that 

requires post-translational modifications that do not happen in yeast cells. As Polo 

binding via its PBD requires the docking site to be phosphorylated (Elia et al., 2003a, 

2003b), this is potentially a significant drawback for studying interactions between 

Polo and other centrosomal proteins. Indeed, although many potential interactions have 

been identified between centrosomal proteins, very few of them (four) involved Polo, 

and only two of them (Sas-4 and Sak/PLK4) scored highly (Galletta et al., 2016). 

Another possibility is BioID, a method based on proximity biotin labelling. Like the 

mRNA injection approach, proteins can be studied in their original cellular context, 

provided that tagging the protein of interest with the BirA biotin ligase does not disturb 

protein localisation. Two different studies have used BioID to build interactosomes for 

human centrosomal proteins (Firat-Karalar et al., 2014; Gupta et al., 2015). However, 

BioID has the limitation of only highlighting proximity interactions, not direct protein-

protein interactions, and this can be misleading in the very restricted context of the 

centriole wall. Furthermore, one of the studies did not include PLK1 in their screen 

(Gupta et al., 2015), and the other only identified one interaction between PLK1 and a 

centriolar protein (CPAP, the human homologue of Sas-4) (Firat-Karalar et al., 2014). 

3.1.4. Candidate proteins included in this screen 

Although hundreds of centrosomal proteins have been previously identified (Alves-

Cruzeiro et al., 2014; Andersen et al., 2003; Jakobsen et al., 2011; Müller et al., 2010), 

I focused my screen on the relatively small number of proteins with known, important 

roles in centriole or PCM assembly. Of these proteins, I selected those that evidence 
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suggested might be involved in recruiting Polo to centrioles and/or the mitotic PCM 

(as detailed in their respective sections), and other proteins that localise to regions of 

the centrosome where Polo is found. I excluded the centriole cartwheel proteins (Sas-6 

and Ana2) as Polo is clearly localised to the outer wall of the centrioles (Conduit et al., 

2014b; Fu and Glover, 2012). I also excluded Cnn as, although Polo phosphorylates 

Cnn (Conduit et al., 2014a), the interaction between the two proteins must be very 

transient, as Polo localises only to the PCM closest to the centriole, whereas Cnn 

spreads out much further (Conduit et al., 2014b; Raff, 2019) (Figure 3.2). Plp was 

initially included in this screen, but it is such a large protein (2895 amino acids) that in 

vitro production of Plp mRNA was extremely challenging, and the protein was not 

visibly expressed 2 h after injection of the mRNA into PoloGFP embryos. The final 

list of candidate centrosomal proteins analysed includes four centriolar proteins (Sas-4, 

Asl, Cep135, Ana1), two of which are essential for centriole assembly, and the PCM 

protein Spd-2.  

3.1.5. Key findings 

In this Chapter, I have used an mRNA injection-based approach to test whether 

disrupting the ptPBSs present in five key centriolar and centrosomal proteins (Sas-4, 

Asl, Cep135, Ana1 and Spd-2) results in changes in the amount or distribution of Polo 

at the centrosome. Two of the proteins tested were positive hits: 

1. Disrupting ptPBSs in Spd-2 resulted in a major reduction (although not the 

complete loss) of Polo at the centrosome. 

2. Disrupting ptPBSs in Ana1 resulted in complete loss of Polo at most of the 

centrosomes in embryos. 
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Figure 3.2 – Polo, Cnn and Spd-2 at the centrosome. 
Micrographs show 3D-structured illumination (3D-SIM) images of centrosomes in living Drosophila embryos 
expressing PoloGFP and either mCherry-Cnn (courtesy of A. Wainman) (A) or Spd-2-mCherry (B). 

(Courtesy of A. Wainman)
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In both cases, loss of Polo was linked to a potential PCM assembly defect, rather than 

defects in centriole conversion or centriole disengagement. These results are further 

interrogated in Chapters 4 and 5 of this thesis. 

3.2. Results 

3.2.1. Quantification of PoloGFP distribution in uninjected embryos using radial 

profiles 

First, I set out to quantify the levels of Polo and its distribution at the centrosome in 

uninjected embryos expressing PoloGFP (Figure 3.3). Embryos injected with mRNA 

encoding mKate2-tagged proteins had to be imaged at nuclear cycles 12 – 13 because 

expression and maturation of the mKate2 tag requires imaging to happen at least 2 h 

after injection, so obtaining younger embryos (cycles 10 – 11) would be technically 

challenging. However, for this first control I decided to test whether PoloGFP levels or 

distribution changed significantly during embryo development. Radial profiling shows 

that the levels of PoloGFP at centrosomes in mid-to-late S-phase are very similar 

between embryos at cycles 10 – 11 (pooled together) and cycles 12 – 13 (pooled 

together), with only a small, but significant, drop in intensity in very late embryos 

(nuclear cycle 14) (Figure 3.3A,Dii). When the radial profiles were normalised so that 

the peak intensity for all of them = 1 (to account for differences in peak intensity), I 

observed that the centrosomal distribution of PoloGFP in mid-to-late S-phase 

centrosomes was similar across the different nuclear cycles (Figure 3.3B). 

When comparing the means between different groups, there is a possibility that any 

observed difference will appear to be statistically significant if the sample size is large 

enough, even if the difference is biologically insignificant (Sullivan and Feinn, 2012). 

As large numbers of centrosomes tend to be analysed for radial profiling, this is an  
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Figure 3.3 – Quantification of PoloGFP distribution in the syncytial Drosophila embryo. 
Differences in PoloGFP levels and distribution between embryos at different stages of development were 
quantified using radial profiles. (A) “Absolute” radial profiles (“abs.”), which reflect differences in protein 
distribution (profile width) and intensity (profile height). (B) Normalised radial profiles (“norm.”), where the 
radial profile peaks have all been normalised to 1.0 to reflect only differences in profile width.  (C) Micrographs 
showing examples of centrosomes in embryos in different nuclear cycles, labels follow the same colour scheme 
as indicated in (A,B). (D) Parameters extracted from the radial profiles: area under the curve of the normalised 
profiles (i), to reflect changes in protein distribution; and average peak intensity from absolute profiles (ii), to 
reflect changes in protein levels. ns = non-statistically significant difference, p-value > 0.05; 6* = p-value in 10-6 

(E-6) range. 5 centrosomes analysed per embryo, n = number of embryos. Error bars represent SD. 
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important consideration. In these circumstances, one should take into account both the 

size of the effect between the different treatments and the p-value. In this thesis, the 

size of the effect is reported as the 95% confidence interval (CI) for the difference 

between two means. For example, the relative mean PoloGFP peak intensity for cycles 

10-11, 12-13 and 14 were 1.0, 0.96 and 0.73, respectively. Therefore, the difference 

between cycles 10-11 and cycles 12-13 is 0.04, and between cycles 10-11 and cycle 14 

it is 0.27. However, the 95% CI for the difference between cycles 10-11 and cycles 12-

13 ranges from -0.06 to 0.14, and the difference in mean PoloGFP peak intensity 

between these two groups of embryos is not statistically significant. Conversely, the 

95% CI of difference between cycles 10-11 and cycle 14 PoloGFP peak intensity 

means is 0.14 to 0.36, and the obtained p-value was extremely small (1.75E-6), 

suggesting that the difference between these two groups is statistically significant and 

biologically relevant. 

I decided to use this as a baseline to judge the significance of any “small effect” 

differences in mean peak intensity arising from the mRNA injection assay. If the p-

value was equal or below the 10-6 range (i.e. E-6, or 6* in Figures) I would conclude 

that the difference was statistically significant and potentially biologically relevant. 

Note that this issue does not appear to be as important for the statistical analysis of 

differences in PoloGFP distribution, as although cycle 14 centrosomes appeared to 

have a slightly narrower PoloGFP distribution, this difference was not deemed 

statistically significant (Figure 3.3B,Di). 
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3.2.2. PoloGFP recruitment to the centrosome is strongly reduced if several Spd-

2 ptPBSs are mutated 

Spd-2 was the first candidate to be tested, as its distribution appears to be quite similar 

to that of Polo (Figure 3.1B, Figure 3.2B), a single phosphorylated Ser-pThr motif in 

SPD-2 is required to efficiently recruit PLK-1 to centrosomes in worms (Decker et al., 

2011), and there is in vitro evidence of an interaction between the mammalian 

homologues (Joukov et al., 2014; Meng et al., 2015). Because the single site in C. 

elegans SPD-2 that recruits PLK-1 is also a potential CDK1 site (Thr233-STP motif), I 

first generated a form of Spd-2 in which I had mutated the amino acid at position 0 of 

the only two conserved ptPBSs that are also potential CDK1 phosphorylation targets 

(T516A and S625A) (Spd-2-AA-mKate2). Although slightly less Spd-2-AA-mKate2 

localised to centrosomes compared to WT, PoloGFP levels and distribution appeared 

unaffected (Figure 3.4). 

I then tested the effects of mutating either all the ptPBSs present in Spd-2 (ALL 

mutant, 34 sites) or only those ptPBSs conserved in at least 11/12 Drosophila species 

included in my analysis (CONS mutant, 16 sites). After injection with the mutant 

mRNAs, PoloGFP distribution became narrower (although the difference was only 

statistically significant for Spd-2-ALL-mKate2, p-value = 0.036) and there was a 

major, highly statistically significant drop in PoloGFP peak intensity (p-value = 4E-14 

for both mutants) (Figure 3.5)). This is despite a large, and very surprising, increase in 

mutant Spd-2-mKate2 levels at the centrosome (Figure 3.5D,Eiv). This suggests that 

the ptPBSs in Spd-2 play a major part in recruiting Polo to the centrosome. 

To address this further, I quantified PoloGFP levels only 1 h after mRNA injection, 

when Spd-2-mKate2 has started to be incorporated into centrosomes, but the mKate2  
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Figure 3.4 – Mutation of two conserved Spd-2 ptPBSs that are potential CDK1 phosphorylation targets 
does not affect PoloGFP recruitment. 
(A) PoloGFP absolute radial profiles after expression of WT or AA mutant Spd-2-mKate2. The normalised 
profiles are not shown because peak intensities are very similar for both conditions. (B) Normalised radial 
profiles for WT and AA Spd-2-mKate2. (C) Absolute radial profiles of the different Spd-2-mKate2 proteins. 
(D) Parameters extracted from the radial profiles: area under the curve from PoloGFP (i) and Spd-2-mKate2 (ii) 
normalised profiles, average peak intensity from PoloGFP (iii) and Spd-2-mKate2 (iv) absolute profiles. ns = 
non-statistically significant difference, p-value > 0.05; 4* = p-value in 10-4 (E-4) range. 5 centrosomes analysed 
per embryo, n = number of embryos. Error bars represent SD. 
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Figure 3.5 - PoloGFP recruitment to the centrosome is strongly reduced if several Spd-2 ptPBSs are 
mutated. 
(A) Normalised PoloGFP radial profiles after expression of WT or mutant Spd-2-mKate2 (ALL or CONS). (B) 
PoloGFP absolute radial profiles. (C) Normalised radial profiles for WT and mutant Spd-2-mKate2 proteins. 
(D) Absolute radial profiles of the different Spd-2-mKate2 proteins. (E) Parameters extracted from the radial 
profiles: area under the curve from PoloGFP (i) and Spd-2-mKate2 (ii) normalised profiles, average peak 
intensity from PoloGFP (iii) and Spd-2-mKate2 (iv) absolute profiles. ns = non-statistically significant 
difference, p-value > 0.05; * = 0.05 > p-value > 0.01; 8* = p-value in 10-8 (E-8) range; 11* = p-value in E-11 
range; 14* = p-value in E-14 range. 5 centrosomes analysed per embryo, n = number of embryos. Error bars 
represent SD. 
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tag is immature and so not fluorescent yet. Under these conditions, Spd-2-ALL-

mKate2 appears to have an additional negative effect on the peak PoloGFP levels 

compared to Spd-2-CONS-mKate2. This difference was statistically significant, 

although the p-value did not fulfil my “biological relevance” criterion and the effect 

size was small (0.090 to 0.32 95% CI, p-value = 1.5E-4) (Figure 3.6). This suggests 

that, although the conserved ptPBSs in Spd-2 have an important role in Polo 

recruitment, other ptPBSs might be able to take over if those sites are mutated (hence 

the stronger effect of injecting Spd-2-ALL-mKate2 compared to Spd-2-CONS-

mKate2). 

The centrosomes injected with mutant mRNA often failed to separate, and they moved 

irregularly (known as “centrosome rocketing”, data not shown). This behaviour is 

characteristic of centrosomes with defective PCM, like those lacking Cnn (Lucas and 

Raff, 2007). Given the importance of Polo phosphorylation of Cnn for correct PCM 

organisation (Conduit et al., 2014a), loss of Spd-2-mediated Polo recruitment should 

hinder PCM assembly. To test this hypothesis I injected Spd-2-mKate2 (WT, CONS or 

ALL) mRNA into embryos expressing GFP-Cnn. The observed phenotypes can be 

classified into two groups (Figure 3.7). Phenotype 1 was characterised by apparently 

unaffected GFP-Cnn recruitment and distribution, but appearance of faint Spd-2-

mKate2 flares spreading outwards from the centrosome. Spd-2 flares have been 

previously described in embryos lacking Cnn, when Spd-2 is tightly associated with 

the centrioles, but moves rapidly away through the remains of the PCM (Conduit et al., 

2014b). Conversely, Phenotype 2 was characterised by a “collapsed” GFP-Cnn 

distribution: GFP-Cnn was still recruited to the centrosome, but it was concentrated at 

its centre (as was Spd-2-mKate2), showing barely any outwards dispersion. Again, I 

observed an additive effect comparing Spd-2-ALL-mKate2 (3/8 injected embryos  
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Figure 3.6 – PoloGFP distribution 1h after injection of Spd-2-mKate2 mRNA. 
(A) PoloGFP absolute radial profiles after expression of WT, ALL or CONS Spd-2-mKate2. (B) Average peak 
levels of the PoloGFP radial profiles. (C) Micrographs showing examples of centrosomes in embryos injected 
with the different mRNAs. The loss of PoloGFP is most obvious in embryos injected with Spd-2-ALL-mKate2 
mRNA. 4* = p-value in 10-4 (E-4) range; 11* = p-value in E-11 range. 5 centrosomes analysed per embryo, n = 
number of embryos. Error bars represent SD.  
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Figure 3.7 – Cnn distribution is dramatically affected if several Spd-2 ptPBSs are mutated. 
(A) Representative images of GFP-Cnn embryos injected with WT, ALL or CONS Spd-2-mKate2 mRNA. 
Expression of the mutant proteins resulted in two different phenotypes. Phenotype 1 is characterised by 
abnormal Spd-2 flaring, whereas Phenotype 2 is characterised by Spd-2 and Cnn scaffold “collapse” and 
centrosome clustering. (B) Micrographs show the same centrosome imaged over 160 s, in an embryo 
expressing GFP-Cnn and injected with Spd-2-ALL-mKate2 mRNA. The distribution of these proteins at time 
point = 0 s is a good example of Phenotype 1, whereas at time point = 160 s both Spd-2-mKate2 and GFP-Cnn 
scaffolds appear to have collapsed (Phenotype 2). Arrows indicate Spd-2 flares. 
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show Phenotype 1 and 5/8 present Phenotype 2) and Spd-2-CONS-mKate2 (7/10 and 

3/10, respectively). Figure 3.7B shows an example of an embryo expressing Spd-2-

ALL-mKate2 imaged while transitioning from Phenotype 1 to Phenotype 2, suggesting 

that the effect of expressing the Spd-2 mutants on Cnn worsens with time as 

endogenous WT Spd-2 is outcompeted by mutant Spd-2-mKate2 and Polo is lost from 

centrosomes. Overall, these experiments suggest that the ptPBSs in Spd-2 have an 

important role in Polo recruitment and PCM assembly. 

3.2.3. The Thr200-STP motif is the only Sas-4 site crucial for PoloGFP 

recruitment 

The next candidate I tested was Sas-4. As the Thr200-STP motif had already been 

confirmed to be a Polo binding site (Novak et al., 2016), I mutated the 10 other ptPBSs 

I identified in Sas-4, leaving Ser199 WT. Both PoloGFP and Sas-4-10S/T-mKate2 

localised normally to the centrosome in embryos injected with the mutant mRNA, with 

no changes in distribution compared to WT (Figure 3.8A,C) and only a small drop in 

the peak intensity levels (Figure 3.8B,D). While the relatively small difference in 

PoloGFP levels was statistically significant, its biological relevance is questionable 

based on my defined threshold (0.076 to 0.22 95% CI, p-value = 8.2E-5) and the effect 

was much weaker than the near-complete loss of Polo observed when the Thr200-STP 

motif is mutated ((Novak et al., 2016), also Figure 3.9B). Thus, I conclude that none of 

the additional ptPBSs in Sas-4 play a major part in recruiting Polo to centrosomes. 

3.2.4. PoloGFP is undetectable at centrosomes if all Ana1 ptPBSs are mutated 

I next tested the effect of mutating all 34 ptPBSs present in Ana1. Ana1 is an 

interesting candidate because a low-scoring interaction between the Ana1 C-terminus 

and Polo has been reported in a Y2H screen (Galletta et al., 2016) and because Ana1 is  
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Figure 3.8 – The Thr200-STP motif is the only Sas-4 site crucial for PoloGFP recruitment. 
(A) Normalised PoloGFP radial profiles after expression of WT or 10S/T Sas-4-mKate2. (B) PoloGFP absolute 
radial profiles. (C) Normalised radial profiles for WT and 10S/T Sas-4-mKate2 proteins. (D) Absolute radial 
profiles of the different Sas-4-mKate2 proteins. (E) Parameters extracted from the radial profiles: area under the 
curve from PoloGFP (i) and Sas-4-mKate2 (ii) normalised profiles, average peak intensity from PoloGFP (iii) 
and Sas-4-mKate2 (iv) absolute profiles. ns = non-statistically significant difference, p-value > 0.05; 5* = p-
value in 10-5 (E-5) range. 5 centrosomes analysed per embryo, n = number of embryos. Error bars represent SD. 
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potentially involved in centriole-to-centrosome conversion (further discussed in 5.1.1). 

Injection of mRNA encoding Ana1-ALL-mKate2 resulted in strong PoloGFP loss 

from the centrosome but, interestingly, this loss was often more prevalent at one of the 

two separating centrosomes. Because of the near-complete loss of PoloGFP, it was not 

possible to quantify this effect using radial profiling, but this phenotype was observed 

in 7/7 embryos injected with Ana1-ALL-mKate2 mRNA, compared to 0/9 embryos 

injected with WT mRNA (scored blindly by Z. Novak) (Figure 3.9A). A similar 

phenomenon was observed when the Polo-recruiting T200 site was mutated in Sas-4 

((Novak et al., 2016); Figure 3.9B). This striking phenomenon is almost certainly due 

to Sas-4 and Ana1 being irreversibly incorporated into the centriole structure (Fu et al., 

2016; Novak et al., 2014) (see 3.3 Discussion). 

Ana1 has been previously implicated in Asl recruitment and/or maintenance (Fu et al., 

2016; Saurya et al., 2016). Asl is preferentially enriched in old mother centrosomes 

(Novak et al., 2014), but expression of certain Ana1 mutants can disturb Asl 

maintenance at old mother centrosomes, reducing the ratio of enrichment of Asl in old 

mothers compared to young mothers (Saurya et al., 2016). I injected Ana1-GFP 

mRNA (WT or ALL) into embryos expressing Asl-mCherry to test if the mutations in 

Ana1-ALL-GFP affected Asl recruitment and/or maintenance. Surprisingly, this was 

not the case: Asl-mCherry levels in old and young mother centrosomes were similar 

after WT and ALL injections, suggesting that Asl recruitment was unaffected (Figure 

3.10A). Furthermore, there was a slight decrease in the Asl-mCherry old mother/young 

mother ratio in embryos injected with Ana1-ALL-GFP, but the difference was not 

statistically significant (Figure 3.10B), suggesting that Asl level maintenance was 

unaffected in embryos expressing Ana1-ALL-GFP. 
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Figure 3.9 – PoloGFP is undetectable at centrosomes if all Ana1 ptPBSs are mutated. 
(A) Micrographs of embryos expressing PoloGFP (green in the merge channel) injected with WT or ALL Ana1-
mKate2-mRNA (red in the merge channel). Inslets at the bottom left corner highlight a pair of centrosomes as 
example. In the Ana1-ALL example one centrosome still has PoloGFP and the other has completely lost it. 
Embryos were scored blindly for loss of PoloGFP from at least one visible centrosome, the results for each 
injected construct are indicated as affected embryos/total injected embryos analysed below the corresponding 
column of panels. (B) Adapted from (Novak et al., 2016): micrographs of embryos expressing PoloGFP (green 
in the merge channel) injected with WT or T200A Sas-4-mKate2-mRNA (red in the merge channel). The 
phenotype of Sas-4-T200A-mKate2 is similar to that of Ana1-ALL-mKate2 on PoloGFP. 
Arrowheads indicate centrosomes that have both PoloGFP and the corresponding mKate2 fusion protein. 
Arrows indicate centrosomes that are only visible in the red channel (i.e. have lost PoloGFP). 

5 μm
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 Figure 3.10 – Asl-mCherry is unaffected if all Ana1 ptPBSs are mutated. 
(A) Graph shows mean Asl-mCherry intensity above background for embryos injected with WT or ALL Ana1-
GFP mRNA. Five embryos were analysed per construct injected, and 10 pairs of centrosomes were analysed per 
embryo. For each pair, the centrosome with the highest mean Asl-mCherry intensity was considered to be the 
old mother, and the other centrosome was considered to be the young mother, because Asl-mCherry is known to 
preferentially associate with older centrosomes (Novak et al., 2014). Therefore, for statistical analysis I 
compared the mean intensity of Asl-mCherry at old mother centrosomes (WT vs ALL, filled boxes) and young 
mother centrosomes (WT vs ALL, white boxes) separately. (B) For every embryo analysed I calculated the 
old/young mother ratio: average intensity of the Asl-mCherry signal from old mother centrosomes divided by 
the average intensity of the signal from young mother centrosomes. The resulting values were averaged to 
calculate a mean per condition (injected construct), and the unpaired t-test was used to assess if the differences 
are statistically significant. ns = non-statistically significant difference, p-value > 0.05. Error bars represent SD. 
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Knowing how important Polo is for correct PCM assembly, I then tested the effects of 

mutating all the ptPBSs in Ana1 on Spd-2-mCherry distribution at the centrosome. 

Unlike previous examples of radial profiling, I analysed the five brightest centrosomes 

and their corresponding, fainter, centrosomes in the same pair. This was done to 

account for the difference in effect observed within centrosome pairs in some of the 

PoloGFP embryos injected with Ana1-ALL-mKate2. However, both “bright” and 

“faint” centrosomes that incorporated Ana1-ALL-GFP presented similar, major 

contractions of the Spd-2-mCherry scaffold and a decrease in peak Spd-2-mCherry 

levels, all differences being highly statistically significant (Figure 3.11). This suggests 

that PoloGFP recruitment, Spd-2 scaffold formation and (potentially) mitotic PCM 

expansion are impaired in embryos injected with Ana1-ALL-GFP mRNA. 

3.2.5. PoloGFP recruitment to the centrosome is unaffected if all Asl ptPBSs are 

mutated 

Next, I tested Polo recruitment by Asl, which is specifically phosphorylated at Thr373 

at the centrosome and not in the cytoplasm (Baumbach, 2014). This site is part of an 

STP motif, so it is both a ptPBS and a potential CDK1 phosphorylation target. It is also 

somewhat well conserved amongst Drosophila species, making it a prime candidate 

for Polo recruitment. However, expression of a S372T Asl mutant had no effect on 

PoloGFP recruitment (Figure 3.12A,Di,Diii). 

I then mutated all six ptPBSs present in Asl, but neither PoloGFP nor Asl-mKate2 

distribution were affected (Figure 3.13A,C,Ei,Eii). Although there was a decrease in 

the peak Asl-mKate2 levels, which had also been observed for the S372T mutant 

(Figure 3.12C,Div and Figure 3.13D,Eiv); peak PoloGFP levels appeared to increase  
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Figure 3.11 – Spd-2-mCherry distribution at the centrosome is strongly disturbed if all Ana1 ptPBSs are 
mutated. 
(A) Normalised Spd-2-mCherry radial profiles after expression of WT or ALL Ana1-GFP. Unlike other 
instances of analysis using radial profiling, I analysed 5 pairs of centrosomes per embryo. The data was divided 
into 2 subsets per construct injected: “bright” (brightest centrosomes from each pair, as judged from the 
corresponding Ana1-GFP signal) and “faint”. (B) Spd-2-mCherry absolute radial profiles. (C) Normalised radial 
profiles for WT and ALL Ana1-GFP proteins. (D) Absolute radial profiles of the different Ana1-GFP proteins. 
(E) Micrographs show a representative centrosome pair per construct injected; the collapse of the Spd-2-
mCherry signal to the centre of the centrosome is clear in the embryos expressing Ana1-ALL-GFP. (F) 
Parameters extracted from the normalised and absolute Spd-2-mCherry radial profiles: area under the curve (i) 
and average peak intensity (ii) from “bright” centrosomes, and area under the curve (iii) and average peak 
intensity (iv) from “faint” centrosomes. ** = 0.01 > p-value > 0.005; *** = 0.005 > p-value > 0.001; 6* = p-
value in 10-6 (E-6) range; 7* = p-value in E-7 range. n = number of embryos. Error bars represent SD. 
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Figure 3.12 – Asl Thr373-STP motif is not necessary for PoloGFP recruitment. 
(A) PoloGFP absolute radial profiles after expression of WT or mutant Asl-mKate2. The normalised profiles are 
not shown because peak intensities are very similar for both conditions. (B) Normalised radial profiles for WT 
and mutant Asl-mKate2 proteins. (C) Absolute radial profiles of the different Asl-mKate2 proteins. (D) 
Parameters extracted from the radial profiles: area under the curve from PoloGFP (i) and Asl-mKate2 (ii) 
normalised profiles, average peak intensity from PoloGFP (iii) and Asl-mKate2 (iv) absolute profiles. ns = non-
statistically significant difference, p-value > 0.05; ** = 0.01 > p-value > 0.005. 5 centrosomes analysed per 
embryo, n = number of embryos. Error bars represent SD. 
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Figure 3.13 – PoloGFP recruitment is unaffected if all Asl ptPBSs are mutated. 
(A) Normalised PoloGFP radial profiles after expression of WT or ALL Asl-mKate2. (B) PoloGFP absolute 
radial profiles. (C) Normalised radial profiles for WT and ALL Asl-mKate2 proteins. (D) Absolute radial 
profiles of the different Asl-mKate2 proteins. (E) Parameters extracted from the radial profiles: area under the 
curve from PoloGFP (i) and Asl-mKate2 (ii) normalised profiles, average peak intensity from PoloGFP (iii) and 
Asl-mKate2 (iv) absolute profiles. ns = non-statistically significant difference, p-value > 0.05; * = 0.05 > p-
value > 0.01. 5 centrosomes analysed per embryo, n = number of embryos. Error bars represent SD. 
 



109 

after expression of Asl-ALL-mKate2 (Figure 3.13B,Eiii). However, in all cases the 

difference in peak levels was barely statistically significant (p-value ≥ 0.02) and the 

effect sizes were small, so these changes might not be biologically relevant. Thus, it 

seems that the ptPBSs in Asl are not required for Polo recruitment to the centrosome. 

3.2.6. PoloGFP recruitment to the centrosome is unaffected if all Cep135 ptPBSs 

are mutated 

Finally, I tested Cep135, mutating all 10 ptPBSs present in this protein. I observed no 

changes in PoloGFP or Cep135-ALL-mKate2 distribution. There was a very small, 

non-statistically significant decrease in Cep135-ALL-mKate2 peak levels, and a very 

small decrease in PoloGFP levels. The latter was statistically significant but did not 

clear the “biological relevance” criteria (0.032 to 0.24 95% CI, p-value = 0.011) 

(Figure 3.14), so I conclude that Cep135 does not have a major role in directly 

recruiting Polo to centrosomes. 

3.2.7. The presence of ptPBSs is potentially an evolutionarily conserved feature 

of centrosomal proteins 

For the in silico design of the mutants used in the mRNA assay I had to search the 

amino acid sequences of my candidate centrosomal proteins looking for ptPBSs. I 

decided that this bioinformatics analysis could be exploited to complement the results 

for the mRNA assay. Using what is thought to be the major expressed isoform of each 

protein from Drosophila melanogaster, I quantified the total number of ptPBSs and the 

number of conserved ptPBSs (here defined as being present in at least 11 of the 12 

Drosophila species whose sequence I analysed) for every candidate protein I screened, 

as well as Cnn and Plp—two large PCM proteins implicated in Polo-regulated aspects 

of centrosome biogenesis (Conduit et al., 2014a; Feng et al., 2017; Lee and Rhee, 
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Figure 3.14 – PoloGFP recruitment is unaffected if all Cep135 ptPBSs are mutated. 
(A) Normalised PoloGFP radial profiles after expression of WT or ALL Cep135-mKate2. (B) PoloGFP absolute 
radial profiles. (C) Absolute radial profiles for WT and ALL Cep135-mKate2 proteins, normalised profiles are 
not shown because WT and ALL peak intensity levels are very similar. (D) Parameters extracted from the radial 
profiles: area under the curve from PoloGFP (i) and Cep135-mKate2 (ii) normalised profiles, average peak 
intensity from PoloGFP (iii) and Cep135-mKate2 (iv) absolute profiles. ns = non-statistically significant 
difference, p-value > 0.05; * = 0.05 > p-value > 0.01. 5 centrosomes analysed per embryo, n = number of 
embryos. Error bars represent SD. 
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2011; Roque et al., 2018) (see 1.3). I then “normalised” these results to the total 

number of amino acids in each protein. The final readout is referred to as a ptPBSs/aa 

ratio and indicates how many total ptPBSs or conserved ptPBSs are found on average 

in a 100 amino acid stretch of each protein. Interestingly, the two positive hits from the 

mRNA injection assay (Spd-2 and Ana1) also have the highest total and conserved 

ptPBSs/aa ratios (Figure 3.15). I reasoned, therefore, that Spd-2 and Ana1 may 

function as important scaffolds to recruit Polo to centrosomes via their ptPBSs, thus 

providing an evolutionary pressure for these proteins to maintain a large number of 

these motifs. I further investigate the possibility that these proteins serve as important 

scaffolds for Polo recruitment in Chapters 4 and 5. Plp and Sas-4 take the third and 

fourth positions, with Plp having a larger total ptPBSs/aa ratio but Sas-4 having a 

larger proportion of conserved ptPBSs. 

Although Spd-2 and Cnn have similar number of amino acids (1146 aa and 1148 aa, 

respectively), similar localisation at the centrosome (the PCM) and presumably similar 

functions (scaffold formation), Spd-2 has >5 times more conserved ptPBSs than Cnn. I 

was struck by this difference, so I decided to look at whether the difference in the 

number and conservation of ptPBSs between Spd-2 and Cnn is true also for the C. 

elegans and human homologues of these two proteins (Figure 3.16). Human Cep192 

has two isoforms (one of which includes an N-terminal section that is not present in D. 

melanogaster Spd-2), and overall the human and fly homologues of both proteins 

share limited amino acid identity. However, the difference in conserved ptPBSs/aa 

ratio between human Cep192 (1941aa) and Cep215/Cdk5Rap2 (1893aa) is strikingly 

similar to that between Spd-2 and Cnn. Conversely, C. elegans SPD-5 presents more 

conserved ptPBSs per 100 amino acids, and the difference in total and conserved 

ptPBSs/aa between SPD-2 and SPD-5 is much lower than for the fly and 



Protein Length (aa) Number of 
ptPBSs

Number of 
conserved 
ptPBSs

Total 
(ptPBS/aa)*100 
ratio

Conserved 
(ptPBS/aa)*100 
ratio

Sas-4 901 11 7 1.220865705 0.776914539
Asl 994 6 0 0.60362173 0
Cep135 1059 10 2 0.944287063 0.188857413
Ana1 1729 34 14 1.966454598 0.809716599
Spd-2 1146 34 16 2.966841187 1.396160558
Cnn 1148 14 3 1.219512195 0.261324042
Plp 2895 41 14 1.416234888 0.483592401

Ratio of potential Polo binding sites per 100 amino acids

Highest
ranked

Lowest
ranked

Ratio of conserved potential Polo binding sites per 100 amino acids

Highest
ranked

Lowest
ranked

B

A
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Figure 3.15 – Spd-2 and Ana1 have many ptPBSs and conserved ptPBSs compared to other centrosomal 
proteins. 
(A) Table comparing several different centrosomal proteins on the basis of their protein sequence length 
(expressed as number of amino acids, aa), total number of potential Polo binding sites (ptPBSs) found in their 
sequence (i.e. any Ser-Ser/Thr motif), and number of ptPBSs which are conserved amongst at least 11 of 12 
Drosophila species included in this analysis. The number of total or conserved ptPBSs was divided by the total 
number of amino acids of the protein and multiplied by 100 to calculate the ratio of ptPBSs per 100 aa (green 
column) and the ratio of conserved ptPBSs per 100 aa (yellow column). (B) Colour schemes used to highlight 
the highest four ratios for each column in (A). 



B

A

Protein Species Length 
(aa)

Number of 
ptPBSs

Number of 
conserved 
ptPBSs

Total 
(ptPBS/aa)*100 
ratio

Conserved 
(ptPBS/aa)*100 
ratio

Spd-2

H. sapiens 1941 37 16 1.9062339 0.824317362
H. sapiens (i.3) 2537 46 19.5 1.813165156 0.768624359
D. melanogaster 1146 34 16 2.966841187 1.396160558
C. elegans 824 27 11 3.276699029 1.334951456

Cnn
H. sapiens 1893 18 3 0.950871632 0.158478605
D. melanogaster 1148 14 3 1.219512195 0.261324042
C. elegans 1198 22 7 1.83639399 0.584307179

Spd-2/Cnn Total ptPBSs ratio Conserved ptPBSs ratio
H. sapiens 2.004722652 5.201442555
H. sapiens (i.3) 1.906845355 4.850019708
D. melanogaster 2.432809773 5.333333333
C. elegans 1.784311562 2.284674064

D. melanogaster Spd-2

H. sapiens Cep192

= Potential Polo binding site (ptPBS) that is well conserved in other species 

H. sapiens Cep215/Cdk5Rap2 

D. melanogaster  Cnn

= ptPBS that is not well conserved in other species
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Figure 3.16 – The number and conservation of ptPBSs in Spd-2 and Cnn is potentially an evolutionarily 
conserved feature. 
(A) Tables comparing Spd-2, Cnn, and their corresponding homologues in H. sapiens and C. elegans on the 
basis of their protein sequence length (expressed as number of amino acids, aa), total number of ptPBSs found 
in their sequence, and number of ptPBSs which are conserved amongst at least all but one of the species 
included in each subset analysed (Drosophila species for D. melanogaster sequences, mammalian species for H. 
sapiens sequences, worm species for C. elegans sequences). The number of total or conserved ptPBSs was 
divided by the total number of amino acids of the protein and multiplied by 100 to calculate the ratio of total or 
conserved ptPBSs per 100 aa, as required. In the case of the human Spd-2 homologue (Cep192), I included both 
isoforms 1 and 3 (referred to as i.3) in the analysis. The total or conserved ptPBSs/aa ratio for Spd-2 (or its 
homologues) is then divided by the corresponding ratio for Cnn (or its homologues) to calculate a final ratio 
which indicates how many more ptPBSs or conserved ptPBSs there are in Spd-2 compared to Cnn. The red 
arrows indicate an example: D. melanogaster Spd-2 and Cnn have a conserved ptPBSs/aa ratio of 1.396 and 
0.261, respectively. Hence, D. melanogaster Spd-2 has more than 5 times more conserved ptPBSs than Cnn 
(1.396/0.261=5.334). 
(B) Schematic representation of the amino acid sequences of D. melanogaster Spd-2 and H. sapiens Cep192 
(isoform 1) (light grey), and D. melanogaster Cnn and H. sapiens Cep215/Cdk5Rap2 (dark grey). Because these 
proteins have different numbers of amino acids, the cartoons have been normalised to the same length for ease 
of comparison. The position of each ptPBS is indicated with lines underneath each cartoon:  red lines indicate 
ptPBSs that are conserved in at least 11/12 Drosophila species or 8/9 mammalian species; light blue lines 
indicate sites that are less well conserved. Note that the fly and human homologues of Spd-2/Cep192 and 
Cnn/Cep215 share little sequence identity (~23% and ~24%, respectively), yet the number and overall 
distribution of ptPBSs is quite similar.   
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human proteins. This could help explain some differences in behaviour between SPD-5 

and Cnn (see 3.3 Discussion and Chapter 4). 

3.3. Discussion 

In this Chapter I have presented the results of an mRNA-based screen for proteins that 

have a role in recruiting Polo to centrosomes. Two proteins clearly stand out from my 

screen: Spd-2 and Ana1. The role of these proteins in Polo recruitment will be further 

interrogated in Chapters 4 (Spd-2) and 5 (Ana1) of this thesis. 

In the case of Spd-2, PoloGFP levels were significantly reduced at centrosomes, and 

its radial profile narrowed, becoming more similar to the radial profile of centriolar 

proteins like Asl, than that of PCM proteins like Spd-2. It seems likely that several 

ptPBSs within Spd-2 are required for Polo recruitment, as I observed some evidence of 

an additive effect of mutating all the ptPBSs compared to mutating only those sites 

conserved amongst Drosophila species. It is therefore not surprising that mutating only 

Thr516 and Ser625 had no effect on PoloGFP distribution. Moreover, as these two 

sites are the only conserved ptPBSs that are also potential CDK1 phosphorylation 

targets, this observation suggests that it is not essential that Spd-2 is “primed” to 

recruit Polo by CDK1 phosphorylation—although such priming by CDK1 has been 

observed for several other proteins that recruit PLK1 (Barr et al., 2004; Decker et al., 

2011; Elia et al., 2003a; Elowe et al., 2007; Linder et al., 2017; Novak et al., 2016; 

Preisinger et al., 2005; Qi et al., 2006; Soung et al., 2009; Wang et al., 2013; Watanabe 

et al., 2005; Yamaguchi et al., 2005; Zhang et al., 2009). 

A surprising observation from the injection of Spd-2-ALL-mKate2 and Spd-2-CONS-

mKate2 mRNA is that the mutant proteins are recruited to the centrosome at much 

higher levels than WT Spd-2-mKate2. If the Spd-2 mutants were misfolded, it would 
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be expected that their recruitment to the centrosome is impaired, rather than they are 

overly recruited. Indeed, none of the mutations in any of the candidate proteins tested 

in this assay resulted in changes in protein distribution at the centrosome, and only a 

few resulted in a small decrease in overall recruitment to the centrosome. Another 

possibility is that multiple centrosomes might have been measured at once in the Spd-2 

mutant-expressing embryos. Although centrosomes still disengage in embryos 

expressing the Spd-2 mutants, they often fail to move away from one another and 

remain clustered, possibly due to PCM defects and lack of MT nucleation. I tried to 

avoid including any clusters in my analyses, but perhaps some clusters were compact 

enough to appear as a single spot when imaged. In that case, because multiple 

centrosomes would have been measured together, peak intensity measurements would 

have been overestimated. However, this should also have resulted in a broader 

distribution profile, which was not observed. Alternatively, it has previously been 

suggested that the protein levels of SPD-2 are tightly regulated in worms embryo 

(Decker et al., 2011), so perhaps this control is lost in the mutant proteins and they are 

simply over-recruited relative to the WT protein. However, my subsequent 

experiments with transgenic lines expressing these proteins suggest that this is not the 

case, and these experiments did not recapitulate the excessive recruitment of the 

mutant proteins to the centrosome (Chapter 4). Thus, this phenomenon currently 

remains unexplained. 

In the case of Ana1, mutation of all the ptPBSs resulted in the near complete loss of 

PoloGFP, but usually only from one centrosome in each separating pair. This 

asymmetry of effect, which leads to some centrosomes being a lot more affected than 

others, was also observed in the embryos injected with Sas-4-T200A-mKate2 mRNA 

(Novak et al., 2016), and it is probably due to the incorporation dynamics of these two 
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proteins. Sas-4 is irreversibly incorporated into daughter centrioles as they are built, 

although some “excess” is lost during mitosis (Novak et al., 2014). Similarly, FRAP 

experiments have shown that the incorporation profile of Ana1-GFP is very similar 

between bleached and non-bleached centrosomes, suggesting that Ana1 is also 

irreversibly incorporated into centrioles (Saurya et al., 2016). Thus, in the mRNA 

injection experiments, older centrosomes would have incorporated and retained more 

of the endogenous (WT) Ana1, and would therefore be less affected than young 

centrosomes, which would have incorporated mostly Ana1-ALL-mKate2 and are more 

likely to exhibit any mutant phenotype. However, if this were the full picture, one 

would expect to find a few, very old centrosomes (marked by PoloGFP) with no or 

minimal Ana1-mKate2 (WT or ALL). Furthermore, there were some embryos injected 

with Ana1-ALL-mKate2 where all the visible centrosomes had lost PoloGFP, not just 

one from each pair. This could be due to injecting into very young embryos a slightly 

variable amount of mRNA, with embryos receiving more mRNA showing the stronger 

effects. However, it could also be that some fraction of incorporated Ana1 can be 

exchanged, either between the mother and daughter centrioles before disengagement, 

or between a mature centriole and the cytoplasm if the concentration of cytoplasmic 

Ana1 is particularly high (as it might be in mRNA injection experiments). 

The total loss-of-Polo phenotype observed with Ana1-ALL-mKate2 is similar to that 

reported in (Novak et al., 2016) when injecting Sas-4-T200A-mKate2 (Figure 3.9).

However, whereas loss of Polo recruitment by Sas-4-T200A lead to loss of Asl 

recruitment during centriole-to-centrosome conversion, Asl recruitment and 

maintenance are seemingly unaffected in embryos injected with Ana1-ALL-mKate2 

mRNA. Indeed, both Spd-2- and Ana1 appear to be involved only in the Polo-

mediated regulation of PCM assembly, and none of the mutants tested in this screen 
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disturbed the other two main Polo-regulated events at the centrosome: centriole 

conversion and disengagement. 

This negative result is in itself interesting because one of the mutants tested was Sas-4-

10S/T, which has all ptPBSs mutated except for the Thr200-STP site. Expression of 

this mutant resulted in a small, but statistically significant, decrease in peak PoloGFP 

intensity. However, given the small effect size and the large sample number, it is 

possible that this difference appears to be statistically significant but it is not really 

biologically relevant. Independently of whether the resulting p-value clears the chosen 

threshold or not, centrosomes that incorporated Sas-4-10S/T-mKate2 appear to 

duplicate correctly and none showed signs of PCM defects. Thus, I conclude that only 

the Thr200-STP motif is crucial for Sas-4-mediated recruitment of Polo during 

centriole conversion. The small loss of PoloGFP observed in embryos injected with 

Sas-4-10S/T-mKate2 mRNA could be due to experimental variability, or due to a 

slight deleterious effect of the mutations on Sas-4 function. Similarly, I excluded 

Cep135 and Asl as key Polo recruiters, and the role (if any) of potential CDK1-

mediated phosphorylation of the Asl Thr373-STP motif remains a mystery. 

As for centriole disengagement, a clear candidate to recruit Polo is Plp (Pericentrin-

like protein). In Drosophila sensory organ precursor cells, loss of Plp leads to 

premature centriole disengagement (Roque et al., 2018), and in human cultured cells, 

pericentrin phosphorylation by PLK1 has been proposed to promote centriole 

disengagement (Kim et al., 2015; Lee and Rhee, 2012). Additionally, in a 

bioinformatic analysis performed in parallel to the mRNA injection screen, Plp appears 

to have a moderately high ratio of total and conserved ptPBSs, similar to that of Sas-4 

(Figure 3.15). While this bioinformatic analysis is quite simplistic and does not 
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account for differences in evolutionary constraints between the different proteins, it is 

in very good agreement with the results from the mRNA injection assay, with Spd-2 

and Ana1 scoring the highest ratios. It is also in agreement with previous reports that 

PLK1 PBD ligands identified via MS are enriched in Ser-Ser/Thr-Pro motifs (Lowery 

et al., 2007). Plp is such a large protein (2895 amino acids) that mRNA injection could 

not be used to test if its ptPBSs are important for centriole disengagement and/or Polo 

recruitment. However, this is an important question that should be addressed in the 

future. 

A final observation to arise from the combination of the mRNA injection assay and the 

bioinformatics analysis is that Spd-2 is a crucial Polo recruiter with many ptPBSs, 

whereas Cnn has remarkably fewer ptPBSs. Not only do Spd-2 and Cnn differ in their 

number of ptPBSs and the conservation of such sites across closely related species, but 

this difference appears to be a conserved feature between mammalian and Drosophila 

species, even if the proteins themselves are not very well conserved. While it is not 

definitive evidence, this would suggest that there is a “division of labour” between this 

two proteins, with Spd-2 acting as an intermediate between Polo and Cnn to allow for 

extra regulation of Cnn scaffold formation. This idea is further explored in Chapter 4 

of this thesis. Moreover, it is potentially interesting that the asymmetry in number and 

conservation of ptPBSs is not so clear between the C. elegans homologues SPD-2 and 

SPD-5. The PCM presents slightly different behaviours in flies and worms (reviewed 

in (Woodruff, 2018)) and mathematical modelling has described C. elegans 

centrosomes as “autocatalytic” (Zwicker et al., 2014), a property that is now attributed 

to SPD-5 because this protein can self-aggregate into condensates in vitro (Woodruff 

et al., 2015), but such a property has not yet been observed for Cnn (further discussed 
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in Chapter 4). In the future, it would be interesting to test if expression of a Cnn 

mutant with extra ptPBSs can bypass the need for Spd-2-mediated Polo recruitment. 

While this study has been limited in scope due to time constraints, it could be 

expanded in the future to include other proteins in centrosomes, such as Cnn, 

cartwheel proteins (Sas-6, Ana2), proteins whose role is still unclear (e.g. Ana3), 

and/or other centrosomal proteins with a high ptPBSs/aa ratio. It would be particularly 

interesting to test the effects of mutating ptPBSs in proteins that locate to the distal end 

of the centrosome, such as Cep97, CP110 and Klp10A. These proteins have recently 

been identified in a PLK1 immunoprecipitation/MS experiment (K. Legg and F. 

Esashi, personal communication), and they show a complex oscillatory behaviour 

which interacts with the PLK4 homeostatic clock, although the mechanism by which 

this happens is still unclear (L. Hankins and M. Aydogan, unpublished). 

Finally, a similar approach could also be used to study Polo recruitment to other 

subcellular structures. A concern when devising this strategy was that, although Ser-

Thr is a conservative substitution, making so many mutations might simply lead to 

protein misfolding. However, my results suggest that misfolding is not a major 

problem as almost all the mutant proteins localised to the centrosome in a manner that 

was very similar to the WT (indicating that they are sufficiently folded that they can 

bind to the interacting partners that recruit and maintain these proteins at centrosomes). 

Since Polo is recruited to a large number of sites during mitosis, a “scorched earth” 

approach similar to the one taken here (mutating all ptPBSs so that the candidate 

proteins cannot recruit Polo via canonical PBD binding) may be a very effective way 

of testing the relative roles of different proteins in recruiting Polo to particular sites. 
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Chapter 4 - Spd-2 recruitment of Polo kinase drives 

centrosome maturation in fly embryos 

4.1. Introduction 

4.1.1. Spd-2 as a potential Polo recruiter 

In Chapter 3, I observed a strong loss of PoloGFP from centrosomes in embryos 

expressing two different mutant forms of Spd-2 in which binding to Polo should be 

impaired (ALL and CONS), suggesting that Spd-2 is involved in Polo recruitment to 

the centrosome in fly embryos. 

As mentioned previously, an interaction had already been reported between the 

homologues of these two proteins in worms and vertebrates (Decker et al., 2011; 

Joukov et al., 2014; Meng et al., 2015). Joukov et al. reported that Cep192 and Plx1 

(homologues of Spd-2 and Polo, respectively) co-immunoprecipitate in experiments 

with Xenopus egg extracts. While an indirect interaction cannot be excluded (as other 

centrosomal proteins are also bound to the beads), mutation of a specific ptPBS in 

Cep192 (T46A) resulted in less Plx1 being co-eluted. An interaction between 

recombinant Plx1 and Cep192 was also observed in vitro upon addition of recombinant 

Aurora A, but this was not disrupted by the T46A mutation. While Joukov et al. did 

not report whether expression of Cep192-T46A affected Plx1 recruitment to Xenopus 

centrosomes, they did observe a partial reduction in PLK1 localisation to centrosomes 

in HeLa cells expressing Cep192-T46A upon depletion of endogenous Cep192 

(Joukov et al., 2014). Additionally, it was found that a second site in human Cep192 

(Ser994-Ser995) which could bind PLK1 in immunoprecipitation and in vitro assays, 
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but mutation of both sites still resulted in only partial loss of PLK1 from centrosomes 

in vivo (Meng et al., 2015). 

Finally, the C. elegans homologues SPD-2 also has one site (Thr233-STP motif) which 

binds the PBD in vitro. Importantly, expression of a SPD-2 S232T/T233A mutant 

results in strong loss of centrosomal PLK-1 and centrosome growth defects in vivo, as 

well as loss of other pericentriolar proteins such as SPD-5 (Decker et al., 2011). 

4.1.2. Different models to explain mitotic PCM expansion 

The above data strongly suggests that both PLK-1 and SPD-2 are key factors for 

mitotic PCM assembly in worm embryos (Decker et al., 2011). This is in good 

agreement with data from fly embryos and S2 cells (Conduit et al., 2014a, 2014b, 

2015a; Dobbelaere et al., 2008; Feng et al., 2017). For example, the amount of 

centrosomal Cnn is reduced by 80% in fly eggs that lack Spd-2. At the same time, Spd-

2 recovery after photobleaching was unaffected in embryos lacking Cnn (so Cnn might 

not be required for Spd-2 recruitment); but overall centrosomal Spd-2 levels were 

lower in these embryos, suggesting that Cnn is required for maintenance of Spd-2 at 

the PCM (Conduit et al., 2014b). As described in Chapter 1 (1.3.1), Cnn scaffold 

formation in vivo is also absolutely dependent on phosphorylation by Polo (Conduit et 

al., 2014a). Thus, it has been proposed that Polo, Spd-2 and Cnn cooperate to drive 

mitotic PCM expansion (Conduit et al., 2014b, 2014a, 2015a; Raff, 2019).  

However, recent studies have proposed alternative models in which, although SPD-2 

and PLK-1 are essential for PCM expansion in vivo, Cnn/SPD-5 is the main PCM 

organiser, at least in worm embryos (reviewed in Woodruff, 2018; Raff, 2019). 

Purified full-length SPD-5 can aggregate in vitro into large assemblies (referred to as 

“condensates”) that appear to have transient liquid-like properties, although they 
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rapidly harden into gel-like structures. While PLK-1 and SPD-2 enhance SPD-5 

condensate formation (Woodruff et al., 2015, 2017), PLK-1 localisation to SPD-5 

condensates does not require SPD-2, and vice versa (Woodruff et al., 2015). In this 

model, SPD-5 would serve as the true scaffold and PLK-1 and SPD-2 would be merely 

“PCM clients” (Woodruff et al., 2017). 

During the writing of this thesis, a third model has been put forward based on 

observations in worm embryos in which centrioles, SPD-2, PLK-1 or AIR-1 (C. 

elegans homologue of Aurora A) were eliminated at different points of the cell cycle 

using laser ablation and genetic tools. This model proposes that centrioles are not 

required for SPD-5 scaffold (proxy for PCM) organisation per se, but allow the PCM 

to resist pulling forces from MTs. SPD-2 would be important to trigger initial PCM 

growth by recruiting PLK-1 to centrioles, but only PLK-1 would be needed for PCM 

maintenance during mitosis (Cabral et al., 2019). 

4.1.3. Spd-2 is phosphorylated specifically at the centrosome 

The Spd-2 mutants tested in Chapter 3 were designed based on identification of 

potential Polo binding sites (ptPBSs) across their sequence: Ser-Ser/Thr motifs. For 

Polo to bind canonically to a protein via its PBD, this site must be phosphorylated at 

position 0 (Elia et al., 2003a, 2003b). Indeed, several MS studies have identified 17 

different ptPBSs in Spd-2 that appear to be phosphorylated (with different degrees of 

confidence) (Table 4.1, (Bodenmiller et al., 2007; Habermann et al., 2012; Hu et al., 

2018; Zhai et al., 2008)). Furthermore, previous work from P. Conduit has shown that 

Spd-2 is phosphorylated specifically at centrosomes (Alvarez-Rodrigo et al., 2019). 

Centrosomal fractions from fly embryo extracts were partially purified by sucrose 

step-gradient centrifugation and subject to SDS-PAGE and western blotting. As 
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reported for Cnn (Conduit et al., 2014a), the centrosomal fractions have a slow 

migrating form of Spd-2 which the cytoplasmic fractions lack, and which disappears 

upon treatment with phosphatase. However, unlike Cnn, centrosomal fractions also 

contain a faster migrating form of Spd-2 that appears to be the non-phosphorylated 

protein that is also present in the cytoplasm (Figure 4.1). 

Table 4.1. Potential Polo binding sites in Spd-2 reported to be phosphorylated 

Peptide 

sequence 

Phospho sites Ref. 

VFGDLSSFSKGRR S34, S35 (Zhai et al., 2008) 

ALETLEKPRPSRSSQAK S76 (Bodenmiller et al., 2007) 

EKPSLSVAEILKSSFVE

K 
(S156) 

(Bodenmiller et al., 2007; Zhai 

et al., 2008) 

SSSS (S185) (Hu et al., 2018) 

SENIWNIVSNSSPNRSR S310, S311 
(Bodenmiller et al., 2007; Zhai 

et al., 2008; Hu et al., 2018) 

RPPSSSEILSLSAIDK 
(S389), (S390), 

S391 

(Bodenmiller et al., 2007; Zhai 

et al., 2008) 

DIDLNSDTSTVEVVNH

LWEHGR 
(S413), (T414) 

(Zhai et al., 2008) 

ADTDPVETEAEADIDE

WPSTPVKEPSRR 
(S515), (T516) 

AASPSSSDGVRPLTCTE

DENDEEDEDKTPVNKK 

S538, S539, 

(S540) 

KASSLSSTRLDGCDVA

VASSTER 
S581, S582 

NLSPLSSPR S617, S618 
(Bodenmiller et al., 2007; Zhai 

et al., 2008; Hu et al., 2018) 

SCLSSPLLDSTTSSDRR 
S624, S625, 

(S630), (T631) 

(Zhai et al., 2008; Hu et al., 

2018) 

SCLSSPLLDSTTSSDRR S634 (Habermann et al., 2012) 

ANSSPAGSEASSTSGFT

ASGR 
S650 (Bodenmiller et al., 2007) 

KANSSPAGSEASSTSGF

TASGR 
(S658) (Zhai et al., 2008) 

RGLGTSSVAVPR S673, S674 
(Zhai et al., 2008; Habermann et 

al., 2012; Baumbach, 2014) 

 

This table lists several previously identified Spd-2 phospho-peptides that include 

potential PBD binding sites (ptPBSs, Ser-Ser/Thr), indicating the phospho-proteomic 

screens in which these peptides were identified. Definitively identified phosphorylated 

ptPBSs are shown in red. Sites listed in brackets appear to be phosphorylated but the 

scores were low (blue); or have not been identified in Drosophila melanogaster, but 
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have been definitively identified in closely related Drosophila species (green). 

4.1.4. Key findings 

In this Chapter, I have explored in-depth the role of Spd-2 in Polo recruitment to the 

centrosome. Here I show that the Spd-2 mutants tested in Chapter 3 are largely 

functional proteins whose binding to the PBD appears to be strongly perturbed. I show 

that Spd-2 is required to recruit Polo specifically to the PCM. Intriguingly, in the 

presence of these mutant proteins the Cnn and Spd-2 scaffolds are initially assembled 

around the mother centriole, but the PCM specifically fails to expand outwards, and 

centrosome maturation fails. These findings are consistent with the proposal that (at 

least in fly embryos) Spd-2, Polo and Cnn collaborate to form a positive feedback loop 

that drives the dramatic expansion of the mitotic PCM. Much of the work presented in 

this chapter was recently published (Alvarez-Rodrigo et al., 2019). 

4.2. Results 

4.2.1. Generation and characterization of fly lines expressing Spd-2 mutants 

unable to recruit Polo 

The results from Chapter 3 revealed a potential role of Spd-2 in recruiting Polo to the 

centrosome, either directly (via an interaction with the PBD) or indirectly. To confirm 

and further explore this result, I made transgenic lines expressing either of the two 

Spd-2 mutant constructs which gave a large loss of Polo from centrosomes: Spd-2-

ALL has all 34 ptPBSs present in D. melanogaster Spd-2 with the Ser at position -1 

mutated to Thr, whereas Spd-2-CONS only has mutated the 16 ptPBSs in Spd-2 which 

are highly conserved amongst Drosophila homologues (Figure 4.2A). The constructs 

were expressed with a C-terminal fluorescent tag (GFP or mCherry) under the control 
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Figure 4.1 – Spd-2 is phosphorylated at centrosomes. 
(A) Western blot of a sucrose step-gradient purification of centrosomes from embryo extracts blotted against 
Cnn, Spd-2, ɣ-tubulin and Actin (as indicated). The step-gradient fractions are labelled 1 (heaviest) to 12 
(lightest), and the cytosolic and centrosomal-peak fractions are indicated above the blot. Centrosomal fractions 
are enriched in Cnn (slow migrating species), Spd-2 (slow and fast migrating species) and ɣ-tubulin. (B) 
Western blot of centrosomal fractions from the step-gradient that were treated with phosphatase or phosphatase 
inhibitor (as indicated), and probed with the indicated antibodies; the cytosolic fraction is also shown for 
reference. Treatment with active phosphatase eliminated the slower migrating species of Cnn and Spd-2. 
The blots shown here are representative of at least two technical replicates for each of two biological repeats. 
Data courtesy of P. Conduit. The Cnn and Actin blots have been previously published (Conduit et al., 2014a). 
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Figure 4.2 – Generating transgenic fly lines expressing Spd-2 that should be unable to bind the PBD. 
(A) Schematic representation of Drosophila melanogaster Spd-2 indicating ptPBSs (Ser-Ser/Thr) that are either 
conserved (present in at least 11/12 Drosophila species analysed, red lines) or not conserved (blue lines). (B) 
Western blot of OregonR (WT) embryos and spd-2-/- embryos expressing either WT Spd-2-GFP, Spd-2-CONS-
GFP, Spd-2-ALL-GFP or Spd-2-11A-GFP. The GAGA transcription factor (Raff et al., 1994) was used as a 
loading control. The WT-ALL-CONS blot is representative of four technical repeats and two different biological 
repeats. Analysis of Spd-2-11A-GFP protein levels had been previously done by J. Baumbach (Baumbach, 
2014), so it was only included in one technical repeat of this blot.  
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of the ubiquitin promoter. A transgenic line expressing WT Spd-2-GFP under the 

ubiquitin promoter already existed in the lab and has been extensively characterised 

(Dix and Raff, 2007), and I also made a transgenic line expressing WT Spd-2-mCherry 

under the control of the ubiquitin promoter as control. Western blotting revealed that 

the mutant Spd-2-GFP fusions were expressed at similar, albeit slightly lower, levels 

than WT Spd-2-GFP in fly embryos (Figure 4.2B). 

Spd-2-/- mutant flies are viable and are not uncoordinated, as they have regular 

numbers of centrioles and cilia. However, mutant females are infertile: embryos laid 

by these females fail to complete pronuclear fusion because they lack maternally 

contributed Spd-2 which is required to recruit PCM to the sperm-contributed centriole. 

Thus, embryos lacking Spd-2 (referred to as spd-2-/- embryos) arrest prior to the first 

mitotic division (Dix and Raff, 2007). To test whether ALL or CONS Spd-2 

transgenes could rescue this spd-2-/- phenotype, I collected 1-2 h old fertilised embryos 

from spd-2-/- mutant females expressing either WT or mutant Spd-2-GFP transgenes, 

and stained them to visualise MTs and nuclei. Almost 100% of the mutant embryos 

rescued with WT Spd-2-GFP developed beyond the first mitotic division. Importantly, 

both Spd-2-ALL-GFP and Spd-2-CONS-GFP also rescued the defect in pronuclear 

fusion, although to a slightly lesser extent than the WT fusion protein (Figure 4.3). 

Thus, Spd-2-ALL-GFP and Spd-2-CONS-GFP retain at least some function and are 

not simply misfolded (see also below). 

However, while spd-2-/- embryos expressing either Spd-2-CONS-GFP (hereafter Spd-

2-CONS-GFP embryos) or Spd-2-ALL-GFP (hereafter Spd-2-ALL-GFP embryos) 

were able to initiate development, they died early in development and almost never 

hatched as larvae (<1/500 embryos hatching; n > 2000 embryos scored). Interestingly,  
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Figure 4.3 – The Spd-2 ptPBS mutants can rescue the initial spd-2-/- mutant phenotype. 
Bar charts quantify the percentage of spd-2-/- embryos that had initiated development after expression of either 
WT Spd-2-GFP, Spd-2-CONS-GFP or Spd-2-ALL-GFP, as indicated. Development was judged based on 
number of visible nuclei (stained using DAPI) and MT organisation (stained using an anti-α-tubulin antibody). 
The chart shows the data from two independent biological repeats (two independent sets of spd-2-/- mothers). 
For each biological repeat, 3 lots of >50 embryos were collected and scored independently; error bars represent 
the standard deviation (SD). 
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this resembles the phenotype observed in cnn-/- mutant embryos, which commence 

development but accumulate progressively worse division defects during the syncytial 

blastoderm stage and eventually fail to cellularise and die (Megraw et al., 1999). 

4.2.2. Centrosomes with Spd-2-CONS-GFP or Spd-2-ALL-GFP organise less 

robust asters of MTs 

To investigate if Spd-2-CONS-GFP and Spd-2-ALL-GFP embryos have microtubule 

(MT) organization defects, I followed the behaviour of MTs using the MT-associated 

protein Jupiter fused with mCherry, an excellent marker for following MT dynamics in 

vivo (Karpova et al., 2006). As expected, spd-2-/- embryos rescued with WT Spd-2-

GFP presented robust astral and spindle MT arrays (Figure 4.4A, left panels). 

Conversely, Spd-2-CONS-GFP and Spd-2-ALL-GFP embryos presented weaker astral 

MT arrays (Figure 4.4A,B) and centrosomes were often detached from the spindle 

poles (arrowheads, Figure 4.4A). Mitotic spindle abnormalities (arrows, Figure 4.4A) 

were frequent and qualitatively, but reproducibly, more pronounced in Spd-2-ALL-

GFP embryos compared to Spd-2-CONS-GFP embryos. 

These observation match the results from Chapter 3 that expression of these Spd-2 

mutant proteins leads to PCM defects, and that mutating all the ptPBSs present in Spd-

2 has a worse phenotype than mutating just the most evolutionarily conserved ptPBSs. 

However, whereas injection of Spd-2-CONS-mKate2 and Spd-2-ALL-mKate2 mRNA 

lead to higher centrosomal levels of these proteins compared to WT Spd-2-mKate2 

(for unknown reasons), in the transgenic fly lines the mutant proteins were less 

strongly recruited to centrosomes than WT (Figure 4.4A,C). Note that the reduction in 

Spd-2-CONS-GFP and Spd-2-ALL-GFP centrosomal levels is unlikely to be due to 

their slightly lower expression levels compared to WT Spd-2-GFP, as a different Spd-2  
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Figure 4.4 - Centrosomes in Spd-2-CONS and Spd-2-ALL embryos recruit less Spd-2 and organise fewer 
MTs. 
(A) Micrographs of spd-2-/- embryos expressing the MT-marker Jupiter with an mCherry fluorescent tag (red) 
and either WT Spd-2-GFP, Spd-2-CONS-GFP or Spd-2-ALL-GFP (green, as indicated). Time (in seconds) as 
the embryos progress from the beginning of the cycle (t = 0 s, judged by centrosome separation) to anaphase 
(t = 720s) is indicated. Embryos expressing the mutant proteins exhibited a range of mitotic defects, such as 
detached spindle poles (arrowheads) and abnormal mitotic spindles (arrows). (B,C) Graphs quantify the 
centrosomal MT intensity (B) or the centrosomal intensity of the various Spd-2-GFP fusion proteins (C) during 
late S-phase (t = 270s). n = number of embryos analysed, 5 centrosomes analysed per embryo. Error bars 
indicate SD. *** = p-value < 0.001. 
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mutant construct (Spd-2-11A-GFP), which has 11 potential phosphosites (including 

two ptPBSs) mutated to Ala, is expressed to lower levels than WT, CONS or ALL 

Spd-2-GFP (Figure 4.2B), and yet localises nearly normally to centrosomes and it can 

strongly support the full development of  spd-2-/- embryos without causing mitotic 

spindle or developmental defects (Baumbach, 2014). 

4.2.3. Spd-2-CONS-GFP and Spd-2-ALL-GFP are still recruited to centrioles, 

but cannot efficiently form an extended scaffold 

The reduction in the centrosomal levels of Spd-2-CONS-GFP and Spd-2-ALL-GFP 

could be due to loss of recruitment of these proteins to the centriole and/or to the Spd-2 

mutants being unable to localise to the PCM properly. To distinguish between these 

possibilities, I imaged live spd-2-/- embryos expressing WT, CONS or ALL Spd-2-GFP 

using 3D-structured illumination super-resolution microscopy (3D-SIM). As shown 

previously (Conduit et al., 2014b), WT Spd-2-GFP localised to the mother centriole 

wall and to the PCM nearby, forming a fibrous scaffold-like structure. However, Spd-

2-CONS-GFP and Spd-2-ALL-GFP localised strongly to the mother centriole but not 

to the PCM, with most centrosomes having a much reduced scaffold or none at all 

(Figure 4.5) (note that these images were scored blind by my colleagues). 

The lack of Spd-2 scaffold could be a direct consequence of the mutations rendering 

the protein unable to form such structures, but it could also be that mutating the 

ptPBSs in Spd-2 alters the PCM assembly process in a way that indirectly de-stabilises 

the Spd-2 scaffold. Distinguishing between these two possibilities is difficult because 

PCM assembly defects will impact Spd-2 scaffold formation and vice versa. To tackle 

this question, I imaged spd-2-/- embryos co-expressing one copy of a WT Spd-2-

mCherry transgene and one copy of either WT, CONS or ALL Spd-2-GFP. Under  
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Figure 4.5 - Spd-2-CONS and Spd-2-ALL do not efficiently form a PCM scaffold. 
Micrographs show 3D-SIM images of individual centrosomes from spd-2-/- embryos expressing WT Spd-2-
GFP, Spd-2-CONS-GFP or Spd-2-ALL-GFP (as indicated). Pie charts quantify the percentage of centrosomes 
that qualitatively showed a strong (dark green), weak (light green) or no (white) pericentriolar scaffold (n = 36, 
for each genotype, respectively, scored blindly). In this, and all other SIM experiments, images were only 
included in the analysis if the reconstruction was deemed of sufficient quality by SIM-Check (Ball et al., 2015) 
(see 2.5.9 for a full explanation of image quality control). All centrosomes were imaged in mid-late S-phase 
when the centrosomal levels of Spd-2 are maximal (see Figure 4.18B). 
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these conditions, Spd-2-CONS-GFP and Spd-2-ALL-GFP incorporated into the PCM 

scaffold organised by WT Spd-2-mCherry in a manner very similar to WT Spd-2-GFP 

(Figure 4.6). These observations further indicate that Spd-2-CONS-GFP and Spd-2-

ALL-GFP are not simply misfolded, as the mutations introduced in Spd-2-ALL-GFP 

and Spd-2-CONS-GFP do not affect the ability of these proteins to form a scaffold per 

se or to interact with the proteins that normally recruit and maintain Spd-2 at centrioles 

and within the mitotic PCM. Instead, the lack of a Spd-2 scaffold in embryos that 

express only Spd-2-CONS-GFP or Spd-2-ALL-GFP would be due to a larger PCM 

assembly defect that destabilises the Spd-2 scaffold. 

A possible criticism of this interpretation is that, in embryos expressing WT and 

mutant forms of Spd-2, the mutant proteins could form homo-oligomers with WT 

partners. Thus, a largely misfolded mutant protein could potentially be dragged to the 

centrosome by its WT partner. However, it has been previously shown using 

Fluorescence Correlation Spectroscopy (FCS) that SPD-2 is monomeric in worm 

embryos (Wueseke et al., 2014). To test whether this is also the case in fly embryos, I 

collaborated with T. Steinacker, another PhD student in the lab, who has developed an 

FCS-based assay to determine the oligomerization state of centrosomal proteins in the 

cytoplasm. FCS allows one to measure “molecular brightness” as a fluorescent count-

rate per molecule (CPM). This can be used to distinguish between monomeric and 

dimeric proteins within living Drosophila embryos (e.g. monomeric and dimeric 

NeonGreen, Figure 4.7A). 

As a baseline control, we measured the CPM of monomeric GFP (kind gift from the 

van der Merwe lab) in vitro. We then measured the CPM of WT Spd-2-GFP in spd-2-/- 

embryos expressing only one copy of the transgene (Spd-2-GFP embryos), and  
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Figure 4.6 – Spd-2-CONS and Spd-2-ALL can be part of a scaffold in the presence of WT Spd-2-
mCherry. 
(A-C) Micrographs show 3D-SIM images of individual centrosomes from spd-2-/- embryos expressing WT Spd-
2-mCherry and one copy of either WT Spd-2-GFP, Spd-2-CONS-GFP or Spd-2-ALL-GFP (as indicated). Pie 
charts quantify the percentage of centrosomes that were scored qualitatively as having a strong (dark green), 
weak (light green) or no (white) pericentriolar scaffold (n = 16 individual centrosomes, two images (channels) 
per centrosome, for each genotype, respectively). All centrosomes were imaged in mid-late S-phase when the 
centrosomal levels of Spd-2 are maximal (see Figure 4.18B) and scored blindly. 
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Figure 4.7 - Spd-2-GFP diffuses as a monomer in the cytoplasm. 
(A) Fluorescence Correlation Spectroscopy (FCS) can be used to calculate a fluorescent count-rate per molecule 
(CPM). Measurements from embryos expressing monomeric or dimeric NeonGreen illustrate how the CPM can 
clearly distinguish monomeric and dimeric proteins within living Drosophila embryos. Data courtesy of T. 
Steinacker. (B) Collaboration with T. Steinacker to measure the CPM of Spd-2-GFP in spd-2-/- embryos (Spd-2-
GFP), which was basically identical to the CPM of monomeric GFP in vitro, and to that of Spd-2-GFP in spd-
2+/- (heterozygous) embryos expressing one copy of Spd-2-GFP and one copy of the endogenous unlabelled 
spd-2 gene (Spd-2-GFP/+). This indicates that Spd-2 is monomeric in the cytoplasm of Drosophila embryos. 
The Y axis of both graphs is set to the same scale, but note that mNeonGreen is much brighter than GFP, hence 
the higher CPM. Bars represent mean CPM, error bars represent SEM. ns = non-statistically significant 
difference, p-value > 0.05; *** = p-value < 0.001. 
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compared it to the CPM of WT Spd-2-GFP in spd-2+/- embryos expressing one copy of 

the GFP-tagged transgene and one copy of endogenous, untagged spd-2 (Spd-2-GFP/+ 

embryos). If Spd-2 were a monomer, all the Spd-2-GFP molecules measured would be 

expected to have the same number of fluorophores (and molecular brightness), 

irrespective of whether endogenous, untagged copies of the protein were expressed. 

However, if Spd-2 were a dimer, three different species would exist in Spd-2-GFP/+ 

embryos (untagged-untagged, GFP-untagged and GFP-GFP), and this would result in a 

decrease in the average brightness of the diffusing GFP-tagged molecules compare to 

the CPM in Spd-2-GFP embryos. The first scenario seems to be the case: the CPM of 

Spd-2-GFP was extremely similar in Spd-2-GFP and Spd-2-GFP/+ embryos, and it 

was also nearly identical to the CPM of monomeric GFP (Figure 4.7B). Thus, the 

mutant Spd-2 proteins are also likely to be recruited to the centriole wall as monomers. 

4.2.4. Measuring the dynamics of Spd-2-GFP recruitment to the centriole 

Following on the above results, I tried to directly measure the rate of recruitment of 

WT and mutant Spd-2-GFP fusions to centrosomes. Spd-2 is first recruited to 

centrioles and then spreads out (“fluxes”) into the PCM. Thus, the rate of Spd-2 

incorporation to centrosomes can be estimated from the initial rate of recovery of Spd-

2-GFP signal in fluorescence recovery after photobleaching (FRAP) experiments 

(Conduit et al., 2014b). Fluorescence recovery after photobleaching will occur when 

bleached Spd-2-GFP units are exchanged with unbleached Spd-2-GFP units from the 

cytoplasm. Because Spd-2-GFP is incorporated at the centriole wall and then moves 

outwards into the PCM, the initial Spd-2-GFP recovery after photobleaching will 

correspond to the first units of unbleached Spd-2-GFP being incorporated at the 

centriole wall. However, after some time, unbleached Spd-2-GFP will move into the 

PCM, while incorporation at the centriole wall continues (Figure 4.8A). We do not  



Spd-2
GFP

Spd-2
GFP

Spd-2
GFP

Spd-2
GFP

Spd-2
G

FP

Spd-2
GFP

Spd-2
G

FP

A(i) (ii) (iii)

(iv)(vi) (v)

Spd-2
G

F
P

Spd-2
GFPXSpd-2

G
FP

Spd-2
G

F
P

Spd-2
GFP

Spd-2
GFP

Spd-2
G

FP

Spd-2 GFP

B(i) (ii) (iii)

(iv)(v)

137 

Figure 4.8 – Schematic of Spd-2-GFP dynamics and FRAP analysis. 
(A) Schematic of WT Spd-2-GFP recovery after photobleaching. i) WT Spd-2-GFP is incorporated into 
centrosomes via recruitment to the centriole wall (dark green circle at the centre of the centrosome), from where 
it spreads outwards into the PCM (Conduit et al., 2014b). (ii) During FRAP experiments, all the Spd-2-GFP 
proteins at the centrosome are bleached using a 440 nm laser. (iii) Spd-2-GFP intensity at the centrosome starts 
to recover when unbleached Spd-2-GFP from the cytoplasm is recruited to the centriole wall. (iv) While 
unbleached Spd-2-GFP is recruited to the centriole wall, after some time unbleached Spd-2-GFP molecules will 
spread outwards into the PCM. (v) After this point, centrosomal Spd-2-GFP intensity depends on both the rate 
of Spd-2-GFP recruitment to the centriole wall and its dynamics (e.g. persistence) at the PCM. (vi) To minimise 
the PCM dynamics component of the Spd-2-GFP recovery rate, only the centre-most four pixels of Spd-2-GFP 
labelled centrosomes were measured for my FRAP analysis, however, some of the signal analysed might still 
correspond to Spd-2-GFP in the PCM. (B) Schematic of Spd-2-CONS-GFP recovery after photobleaching. (i) 
Spd-2-CONS-GFP is also incorporated into the centrosomes via recruitment to the centriole wall, but very little 
or no PCM scaffold can form in the absence of WT Spd-2 units. (ii-iii) Similar to WT Spd-2-GFP analysis, after 
centrosomes are completely bleached, new unbleached Spd-2-CONS-GFP molecules can be recruited to the 
centriole wall. (iv) Thus, the intensity of the Spd-2-CONS-GFP signal starts to recover. (v) However, unlike 
WT Spd-2-GFP, Spd-2-CONS-GFP cannot be maintained at the PCM near the centriole. Even if a minimal 
scaffold can eventually be formed, the dynamics of Spd-2-CONS-GFP at the PCM will be very different from 
those of WT Spd-2-GFP, so from this point onwards the recovery rates of WT Spd-2-GFP and Spd-2-CONS-
GFP are expected to be very different. 
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perfectly understand the dynamics of Spd-2-GFP residency at the PCM, but 

presumably there might be some variability in how fast Spd-2-GFP proteins move 

outwards and dissociate from the scaffold at different points of the cell cycle or 

between different developmental stages. 

First, I decided to test the above assumption by comparing the recovery of WT Spd-2-

GFP across nuclear cycles 11 and 12. To obtain the most accurate estimate of the initial 

recovery rate, I analysed only the earliest time points after total centrosome 

photobleaching, acquiring images as fast as possible to increase time resolution (one 

frame every 2.5 s), and measuring centrosome intensity only at the very centre 

(brightest four pixels) of the centrosome (Figure 4.8Avi). Additionally, to minimise 

experimental variability, centrosomes were imaged at a comparable point of the cell 

cycle (S-phase, 3 min after centrosome separation) of a specific nuclear cycle (11 or 

12, as indicated). 

Unbleached centrosomes (CONTROL) from embryos in cycle 11 had a higher average 

centrosome fluorescence of the four brightest pixels compared to those from cycle 12 

embryos (Figure 4.9A). This means that in the same central area of the centrosome 

there were more Spd-2-GFP molecules in cycle 11 centrosomes compared to cycle 12 

centrosomes, already suggesting that the parameters that determine Spd-2-GFP PCM 

dynamics change slightly from one nuclear cycle to the next. When comparing WT 

Spd-2-GFP recovery after photobleaching between nuclear cycles 11 and 12, I 

observed a similar intensity recovery until 7.5 s after bleaching (Figure 4.9B). 

However, after this point, recovery increased faster in cycle 11 than in cycle 12 

embryos. This could represent a change in the recruitment rate of Spd-2 to the 

centriole wall, but it is difficult to understand why Spd-2 recruitment would suddenly 
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Figure 4.9 – Spd-2-GFP dynamics change with embryo age. 
(A) Changes in (WT) Spd-2-GFP intensity of the four most central pixels of centrosomes with time. Each data 
point corresponds to the mean intensity of three centrosomes per embryo, n = number of embryos analysed per 
condition. For easier visualisation of the intensity changes over time, the data points are joined by lines, but note 
that these lines do not correspond to any fitted regression models. At time = 0 s, some centrosomes were 
completely bleached using a 440 nm laser (“FRAPPED” conditions, continuous lines). Unbleached centrosomes 
from the same embryos were also analysed (“CONTROL” conditions, dashed lines). To minimise sample 
variability, embryos were analysed at a specific point of the cell cycle (3 min after centrosome separation) and 
only embryos at two different developmental stages were included in the analysis: nuclear cycle 11 embryos 
(light lines) presented higher Spd-2-GFP intensity at the central four pixels than nuclear cycle 12 embryos (dark 
lines). Embryos were imaged as frequently as the system would allow with the required settings (i.e. one frame 
every 2.5 s) to obtain the best possible time resolution. Because of this, embryos were imaged for a short period 
of time rather than until full recovery of the Spd-2-GFP signal in bleached centrosomes, and even CONTROL 
unbleached centrosomes experienced minor photobleaching over time. (B) Expansion of the section of the graph 
in (A) in the red dashed box, to focus on the initial time points after photobleaching. 7.5 s after bleaching, Spd-
2-GFP recovery speeded up in cycle 11 compared to cycle 12 embryos. Error bars indicate 95% CI of the mean.  
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speed up specifically in cycle 11 embryos at a given time after bleaching. It is more 

likely that the Spd-2-GFP recovery rate beyond the 7.5 s time point becomes a 

composite of the Spd-2 recruitment rate and Spd-2 dynamics in the PCM, with the 

latter factor being different between cycles 11 and 12. While not conclusive evidence, 

these observations support the hypothesis that WT Spd-2 PCM dynamics change with 

subsequent nuclear cycles and are in agreement with observations from other members 

of the Raff laboratory (S.S. Wong, unpublished). 

Based on the results above, I decided to compare WT and CONS Spd-2-GFP recovery 

in centrosomes of cycle 11 embryos, at the earliest time points. I excluded Spd-2-ALL-

GFP embryos from this analysis because they presented more obvious developmental 

defects earlier on (data not shown). In the absence of endogenous, untagged Spd-2 

protein, WT and CONS Spd-2-GFP recovery was similar for the very early time points 

(0 - 5 s) (Figure 4.10). There was no statistically significant difference in the slopes of 

the rate of recovery when a linear regression curve is fitted to the data (WT 95% CI 

slope = 3.1 to 4.9 a.u., CONS 95% CI slope = 3.0 to 4.4, p-value = 0.54) (Figure 

4.10B). Because this method assumes that the rate of recovery would necessarily be 

linear, I also calculated the area under the curve for the WT and CONS data, and found 

that although there was a slight decrease in CONS Spd-2-GFP recovery, the difference 

was not statistically significant (Figure 4.10C). However, 7.5 s after photobleaching 

the pattern of WT and CONS Spd-2-GFP recovery changed drastically (Figure 4.10A), 

as one might expect if beyond this point the recovery rate is partially dependent on 

dynamics in the PCM (Figure 4.8Av,Bv). Due to experimental constraints, this 

analysis relies on data from very few time points, but these observations are in 

agreement with a model in which Spd-2-CONS-GFP (and Spd-2-ALL-GFP) are 

recruited to the centriole wall with relatively normal kinetics (Figure 4.8Biii), but 
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Figure 4.10 – CONS and WT Spd-2-GFP initial recovery after photobleaching. 
(A) Changes in WT Spd-2-GFP (blue) and Spd-2-CONS-GFP (red) intensity of the four most central pixels of 
photobleached centrosomes with time. Each data point corresponds to the mean intensity of three centrosomes 
per embryo, n = number of embryos analysed per condition. For easier visualisation of the intensity changes 
over time, the data points are joined by lines, but note that these lines do not correspond to any fitted regression 
models. At time = 0 s, centrosomes were completely bleached using a 440 nm laser. To minimise sample 
variability, embryos at the same developmental stage (nuclear cycle 11) were analysed at a specific point of the 
cell cycle (3 min after centrosome separation). Embryos were imaged as frequently as the system would allow 
with the required settings (i.e. one frame every 2.5 s) to obtain the best possible time resolution. Only the 
earliest time points are shown in this graph. Error bars indicate 95% CI of the mean. (B) A linear regression 
model (lines) was fitted to the data from (A) corresponding to the first three time points after photobleaching (0 
- 5 s). There was no statistically significant difference between WT and CONS slopes, indicating that initial 
Spd-2-CONS-GFP recovery is similar to that of WT Spd-2-GFP. (C) Differences in Spd-2-GFP recovery were 
also quantified by calculating the area under the curve (AUC) for the data from (A) corresponding to the first 
three time points after photobleaching (0 – 5 s). While Spd-2-CONS-GFP had a slightly smaller AUC than WT 
Spd-2-GFP, the difference was not statistically significant (ns = p-value > 0.05). 
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subsequently fail to assemble into a stable PCM scaffold (Figure 4.8Biv-v). 

4.2.5. Polo is lost from the PCM if it cannot be recruited by Spd-2 

Next, I tested whether Polo was still present in the PCM despite the lack of a stable 

Spd-2 scaffold. To do this, I used the same PoloGFP protein trap line employed for 

the mRNA injection assay, but in a spd-2-/- background expressing either WT Spd-2-

mCherry, Spd-2-CONS-mCherry or Spd-2-ALL-mCherry. Expressing PoloGFP with 

the mutant Spd-2-mCherry proteins led to embryos with even worse mitotic defects 

than those observed when mutant GFP- or mCherry-fusions were expressed in the 

absence of the PoloGFP allele, suggesting that the GFP-tagged Polo sensitises the 

embryos to the expression of the mutant Spd-2-fusions (Figure 4.11). These defects 

were particularly severe in embryos expressing Spd-2-ALL-mCherry, such that they 

could not be reliably staged and they were excluded from further analysis. Note 

however that embryos expressing WT Spd-2-mCherry and PoloGFP developed 

normally. 

As shown in Figure 4.12A (and also Figure 3.2B), WT Spd-2-mCherry and PoloGFP 

co-localised at the mother centriole wall and spread outwards together into the PCM 

scaffold, supporting the idea that Polo is maintained at the PCM by binding to Spd-2. 

In contrast, although Spd-2-CONS-mCherry and PoloGFP still co-localised at the 

centriole wall, they were largely undetectable in the PCM (Figure 4.12B). This 

suggests that the ptPBSs in Spd-2 are not required to recruit Polo to the centriole wall, 

but are necessary to recruit Polo to the PCM scaffold.  However, just like in the case of 

the Spd-2 scaffold formation, an alternative explanation would be that the mutations 

introduced in Spd-2-CONS-mCherry have an indirect effect on mitotic PCM assembly, 
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Figure 4.11 – Abnormal PoloGFP and Spd-2-mCherry distribution and mitotic defects in spd-2-/- embryos 
rescued with Spd-2-CONS-mCherry or Spd-2-ALL-mCherry. 
Micrographs show maximum intensity projections of standard spinning disk confocal images of spd-2-/- 
embryos expressing PoloGFP (green) and either WT Spd-2-GFP, Spd-2-CONS-GFP or Spd-2-ALL-GFP (red, 
as indicated). Most embryos rescued with Spd-2-ALL-mCherry did not develop to syncytial blastoderm stages 
and the few that did rapidly accumulated severe defects (as in the example shown here), making it difficult to 
accurately stage or analyse the embryos. Thus, Spd-2-ALL embryos were excluded from further analysis. While 
it is difficult to determine the primary cause of these defects, my data is consistent with the defects being due to 
centrosome dysfunction. These defects are much worse than any defects observed with spd-2-/- embryos 
expressing mutant Spd-2 fusion proteins (GFP or mCherry) only, which suggests that the worsening of the 
phenotype is due to a genetic interaction between PoloGFP and ptPBS mutant Spd-2-mCherry. 
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Figure 4.12 - Polo is recruited to centrioles but not to the PCM in Spd-2-CONS and Spd-2-ALL embryos. 
(A,B) Micrographs show 3D-SIM images of individual centrosomes from spd-2-/- embryos expressing PoloGFP 
(green in merge images) and either WT Spd-2-mCherry or Spd-2-CONS-mCherry (as indicated, red in merge 
images). Pie charts quantify the percentage of centrosomes that were scored qualitatively as having a strong 
(dark green), weak (light green) or no (white) pericentriolar scaffold/protein present in the PCM (n = 15 
individual centrosomes, two images (channels) per centrosome, for each genotype, respectively). All 
centrosomes were imaged in mid-late S-phase when the centrosomal levels of Spd-2 are maximal (see Figure 
4.18B) and scored blindly. The defect in Spd-2 scaffold formation was worse in these embryos than in those 
expressing Spd-2 mutant fusion proteins and no PoloGFP (see Figure 4.5 and Figure 4.6). This is consistent with 
a worsening of the phenotype observed due to a genetic interaction between PoloGFP and Spd-2-CONS-
mCherry (see Figure 4.11). 
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so PoloGFP cannot be recruited to the mitotic PCM because the expanded mitotic 

PCM simply does not exist in these embryos. 

To distinguish between these two possibilities I returned to the mRNA injections into 

embryos. In 3.2.2, I observed that PoloGFP distribution (as measured by radial 

profiling) became narrower (i.e. more “centriole-like”) upon expressing Spd-2 proteins 

with mutated ptPBSs. This would be consistent with PoloGFP being lost specifically 

from the PCM. Indeed, in PoloGFP embryos injected with Spd-2-CONS-mKate2 

mRNA and imaged with 3D-SIM I observed that PoloGFP was often severely reduced 

or completely lost from the PCM, whereas Spd-2-CONS-mKate2 could often still be 

detected as an expanded PCM scaffold (Figure 4.13). Presumably, this phenotype 

corresponds to an intermediate state, where a Spd-2 scaffold is made out of mostly 

Spd-2-CONS-mKate2 with some endogeneous, unlabelled Spd-2 proteins. As Spd-2-

CONS-mKate2 molecules outcompete the endogenous Spd-2, the scaffold becomes 

less able to maintain recruitment of PoloGFP to the PCM, because the Spd-2-CONS-

mKate2 in the scaffold cannot recruit PoloGFP efficiently. Thus, pericentriolar 

PoloGFP is lost prior to the disassembly of the Spd-2 scaffold and other PCM defects, 

rather than as a consequence of them. These data supports my initial hypothesis that 

the ptPBSs in Spd-2 are necessary to efficiently recruit Polo to the PCM scaffold. 

Once PoloGFP is completely lost from the PCM, the consequences for mitotic PCM 

assembly are such that the Spd-2 scaffold becomes unstable and disassembles. 

4.2.6. If Spd-2 cannot recruit Polo, the entire pericentriolar scaffold fails to 

expand outwards efficiently 

This model relies on the idea that losing Polo recruitment would have serious 

deleterious effects on mitotic PCM assembly. This is a reasonable assumption based  
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Figure 4.13 – When Spd-2 is unable to bind Polo, Polo is lost from the PCM prior to Spd-2 scaffold 
disassembly. 
Micrographs show 3D-SIM images of individual centrosomes from embryos expressing PoloGFP (green in 
merge images) injected with either WT Spd-2-mKate2 (A) or Spd-2-CONS-mKate2 mRNA (B) (red in merge 
images). As in the experiments detailed in Chapter 3, embryos were imaged 2 h after mRNA injection. Pie 
charts quantify the percentage of centrosomes that were scored qualitatively as having a strong (dark green), 
weak (light green) or no (white) pericentriolar scaffold/protein present in the PCM (n = 10 and 11 individual 
centrosomes, two images (channels) per centrosome, for WT and CONS injections, respectively). All 
centrosomes were imaged in mid-late S-phase when the centrosomal levels of Spd-2 are maximal (see Figure 
4.18B) and scored blindly. Note that mKate2 is relatively slow folding, and the fusion proteins are just 
expressed from the injected mRNA, so the signal-to-noise ratio is low and the 3D-SIM images reconstruct 
relatively poorly. Nevertheless the presence of a Spd-2-CONS-mKate2 scaffold in these centrosomes is clear, 
even when the PoloGFP signal in the scaffold is very weak (B). 
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on previous reports that Spd-2 cooperates with Polo and Cnn to form the mitotic PCM 

scaffold in fly embryos, and that Polo is required for Cnn scaffold formation (Conduit 

et al., 2014a, 2014b, 2015a; Feng et al., 2017). To confirm this, I examined the 

distribution of RFP-Cnn in living spd-2-/- embryos expressing WT Spd-2-GFP or Spd-

2-CONS-GFP using 3D-SIM. In the embryos expressing WT Spd-2-GFP, RFP-Cnn 

formed a large, robust scaffold which spread outwards beyond the Spd-2-GFP scaffold 

(Figure 4.14A). Conversely, in the Spd-2-CONS-GFP embryos the RFP-Cnn scaffold 

was minimal. Both Spd-2-CONS-GFP and RFP-Cnn localised mostly to the centriole 

wall and to the occasional flare that tried to spread into the PCM but was unstable 

(arrowheads, Figure 4.14B). I also imaged these embryos on a standard spinning disk 

confocal system and obtained RFP-Cnn radial profiles under these conditions. This 

confirmed that in the Spd-2-CONS-GFP embryos there is a major drop in centrosomal 

RFP-Cnn levels, and that RFP-Cnn distribution becomes a lot narrower and similar to 

that of Spd-2-CONS-GFP (Figure 4.14C,D). This is also similar to the Cnn scaffold 

“collapse” observed in some of the embryos injected with Spd-2-CONS-mKate2 and 

Spd-2-ALL-mKate2 (see 3.2.2). Therefore, if Polo cannot bind Spd-2, Polo is lost 

from the PCM, and the Cnn and Spd-2 scaffolds cannot spread outwards for proper 

PCM assembly. 

This result is surprising because Polo is still recruited to the centriole wall, so it should 

still be able to phosphorylate Cnn and promote Cnn scaffold formation (Conduit et al., 

2014a; Feng et al., 2017). To test whether Cnn recruited to the centriole wall in Spd-2-

CONS-GFP embryos is still phosphorylated, I imaged fixed embryos stained with two 

different antibodies: an anti-Cnn antibody, and an antibody that specifically recognises 

a phospho-epitope in Cnn (pSer567-Cnn) that is phosphorylated by Polo (Feng et al., 

2017). In embryos rescued with WT Spd-2-GFP the central section of the Cnn scaffold  
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Figure 4.14 – The Cnn scaffold cannot spread outwards into the PCM if Spd-2 cannot bind Polo. 
(A,B) Micrographs show 3D-SIM images of individual centrosomes from spd-2-/- embryos expressing RFP-Cnn 
(red in merge images) and either WT Spd-2-GFP (A) or Spd-2-CONS-GFP (B) (green in merge images). Cnn is 
recruited to the centriole wall in Spd-2-CONS-GFP embryos, but it cannot form a stable PCM scaffold. 
Occasionally, outward protrusions containing both RFP-Cnn and Spd-2-CONS-GFP could be seen 
(arrowheads). (C) Absolute radial profiles of RFP-Cnn in embryos expressing WT Spd-2-GFP or Spd-2-CONS-
GFP imaged using a standard spinning disk confocal system (5 centrosomes per embryo, n = number of 
embryos analysed). The shape of the absolute radial profile is determined by the levels of RFP-Cnn at the 
centrosome and its distribution. Similar radial profiles were obtained for WT Spd-2-GFP and Spd-2-CONS-GFP 
from the corresponding embryos (data not shown). (D) Overlay of Spd-2-GFP and RFP-Cnn profiles, 
normalised so that peak intensity = 1.0. (i) Profiles obtained from embryos rescued with WT Spd-2-GFP: the 
centrosomal distribution of RFP-Cnn is wider than that of Spd-2-GFP. (ii) Profiles obtained from embryos 
rescued with Spd-2-CONS-GFP: the profiles of RFP-Cnn and Spd-2-GFP are markedly narrower (i.e. more 
“centriole-like” and basically overlap. 
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is recognised by the anti-pCnn antibody, but Cnn appears to be de-phosphorylated at 

the edges of the scaffold. Conversely, in Spd-2-CONS-GFP embryos, Cnn forms a 

minimal scaffold around the centriole wall but it cannot spread outwards, despite the 

fact that it is phosphorylated at Ser567 (Figure 4.15). Therefore, Cnn scaffold 

formation requires the presence of Spd-2 and Polo in the PCM, such that even if Cnn is 

phosphorylated, the Cnn scaffold cannot spread outwards into the PCM on its own. 

Since Polo, Spd-2 and Cnn are essential for mitotic PCM assembly (Conduit et al., 

2014b; Dobbelaere et al., 2008; Feng et al., 2017), the defects in scaffold formation 

observed in Spd-2-CONS-GFP embryos should lead to other PCM proteins not being 

properly recruited to centrosomes. To test this I looked at Aurora A kinase in live 

embryos (Figure 4.16), and ɣ-tubulin in fixed embryos (Figure 4.17). Their distribution 

at the centrosome was statistically significantly narrower and more “centriole-like” in 

CONS-rescued embryos. The centrosomal levels for both proteins were also markedly 

decreased. In the case of Aurora A-GFP this difference was highly statistically 

significant and cleared the “biological relevance” criteria established in Chapter 3 

(0.43 to 0.60 95% CI of difference to WT, p-value = 4E-13). In the case of ɣ-tubulin, 

the signal was more variable, but the difference was still statistically significant and 

the effect size was large (0.26 to 0.84 95% CI of difference to WT, p-value = 5E-4); 

with some (but not all) centrosomes having completely lost ɣ-tubulin (Figure 4.17E). 

Therefore, loss of Spd-2-mediated Polo recruitment to the PCM results in general 

centrosome maturation failure. 

4.2.7. Centrosome maturation fails in Spd-2-CONS-GFP embryos 

Syncytial fly embryos have a shortened cell cycle with no Gap phases (Foe and 

Alberts, 1983), so when they exit mitosis they immediately enter S-phase and the 
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Figure 4.15 – Cnn is still phosphorylated at centrioles in Spd-2-CONS embryos, but it does not efficiently 
assemble into an extended scaffold. 
Micrographs show 3D-SIM images of individual centrosomes from spd-2-/- embryos expressing WT Spd-2-GFP 
(A) or Spd-2-CONS-GFP (B). The embryos were fixed and stained with antibodies that recognise a specific 
Polo-dependent phospho-epitope (pSer567) in Cnn (“pCnn”, red), GFP (green), or Cnn independent of its 
phosphorylation state (“Cnn”, cyan). In WT-rescued embryos, most of the Cnn scaffold appeared to be 
phosphorylated at Ser567, except at the outermost edges of the scaffold. This matches previous reports (Feng et 
al., 2017). As expected from the live imaging results, in Spd-2-CONS-GFP embryos the Cnn scaffold could not 
spread outwards into the PCM. However, in these embryos Cnn was still phosphorylated by Polo at Ser567. 
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Figure 4.16 – Loss of centrosomal Aurora A (a mitotic PCM client) in Spd-2-CONS embryos. 
(A) Normalised Aurora A-GFP radial profiles from spd-2-/- embryos rescued with WT Spd-2-mCherry or Spd-2-
CONS-mCherry (as indicated). (B) Aurora A-GFP absolute radial profiles. (C) Normalised radial profiles for 
WT Spd-2-mCherry and Spd-2-CONS-mCherry proteins, for reference. As expected from Figure 4.5 and 
Figure 4.12-Figure 4.15, the distribution of the CONS mutant protein was narrower (more “centriole-like”) than 
that of the WT. (D) Parameters extracted from the Aurora A-GFP radial profiles: area under the curve (i), from 
the normalised profiles; and average peak intensity (ii), from the absolute profiles. Compared to Aurora A-GFP 
in WT-rescued embryos, Spd-2-CONS-mCherry embryos had less centrosomal Aurora A-GFP and its 
distribution was narrower. (E,F) Micrographs show 3D-SIM images of individual centrosomes from spd-2-/- 
embryos expressing Aurora A-GFP (green in merge images) and either WT Spd-2-mCherry or Spd-2-CONS-
mCherry (as indicated, red in merge images). 
4* = p-value in 10-4 (E-4) range; 13* = p-value in E-13 range. 5 centrosomes analysed per embryo, n = number 
of embryos. Error bars represent SD. 
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Figure 4.17 – Loss of centrosomal ɣ-tubulin (a mitotic PCM client) in Spd-2-CONS embryos. 
(A) Normalised ɣ-tubulin radial profiles from spd-2-/- embryos rescued with WT Spd-2-GFP or Spd-2-CONS-
GFP (as indicated). Unlike previous examples of radial profiling, the embryos analysed were fixed and stained 
for ɣ-tubulin and GFP rather than imaged live. Thus, instead of analysing the five brightest centrosomes per 
embryo, I analysed one pair of centrosomes per embryo, five embryos per technical replicate (embryos collected 
and processed independently), and three technical replicates, total n = 15 embryos per condition. (B) ɣ-tubulin 
absolute radial profiles. (C) Parameters extracted from the ɣ-tubulin radial profiles: area under the curve (i), 
from the normalised profiles; and average peak intensity (ii), from the absolute profiles. Compared to ɣ-tubulin 
in WT-rescued embryos, Spd-2-CONS-GFP embryos had less centrosomal ɣ-tubulin and its distribution was 
narrower; however the variability within the samples was quite large. (D,E) Micrographs show Airyscan images 
of individual centrosomes from spd-2-/- embryos expressing either WT Spd-2-GFP or Spd-2-CONS-GFP (as 
indicated, green in merge images), fixed and stained with antibodies against ɣ-tubulin (red) and GFP. Some of 
the centrosomes in Spd-2-CONS-GFP embryos still had some visible ɣ-tubulin, whereas others had completely 
lost it; representative images of both phenotypes are shown. * = 0.05 > p-value > 0.01, 4* = p-value in 10-4 (E-4) 
range. Error bars represent SD. 
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centrosomes start to grow in size in preparation for mitosis. For example, the amount 

of GFP-Cnn at the centrosome increases linearly throughout S-phase and then plateaus 

as embryos enter mitosis ((Conduit et al., 2010; Megraw et al., 2002); Figure 4.18A). 

Our lab has recently develop a semi-automated imaging and analysis protocol to 

quantify the dynamics of centriolar proteins (Aydogan et al., 2018, 2019; see 2.5.12), 

so I decided to apply these tools to describe the behaviour of WT Spd-2-GFP during 

centrosome maturation, and to study how this process is disturbed if Spd-2 cannot 

recruit Polo to the PCM. 

WT Spd-2-GFP levels appeared to increase during S-phase, reaching a maximum soon 

before nuclear envelope breakdown (NEB). Some (but not all) embryos were able to 

maintain maximum Spd-2-GFP levels for a variable period of time before Spd-2-GFP 

started to decline as the embryos entered mitosis (blue line, Figure 4.18B; Figure 

4.19). I tried to model this behaviour with the help of M. Aydogan, but the best fit for 

the Spd-2-GFP “wave” was not a simple Gaussian or Lorentzian curve. Instead, the 

preferred model was our bespoke “linear growth followed by plateau followed by 

linear decrease” equation, but this must surely be a simplification of the underlying 

biology (Figure 4.20). Nevertheless, in Spd-2-CONS-GFP embryos this wave-like 

behaviour was never observed, instead Spd-2-CONS-GFP remained at a constant low 

level throughout the cycle (red line, Figure 4.18B; Figure 4.21). This is further 

evidence that centrosome maturation fails if Spd-2 cannot recruit Polo. 

4.2.8. Multiple sites in Spd-2 contribute to Polo recruitment 

The results presented here are in agreement with previous reports of an interaction 

between the Spd-2 and Polo homologues in worms, frogs and human cells (Decker et 

al., 2011; Joukov et al., 2014; Meng et al., 2015). However, the previously reported  
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Figure 4.18 – Following the dynamics of Spd-2-GFP and other centrosomal proteins throughout the cell 
cycle. 
(A) Average GFP-Cnn intensity of 20 centrosomes, error bars denote SEM. The amount of GFP-Cnn at the 
centrosome increases during S-phase and then remains constant as embryos enter mitosis. Adapted from 
(Conduit et al., 2010). (B) Graph compares the mean centrosomal Spd-2-GFP intensity through an entire 
embryonic cell cycle (nuclear cycle 12) in spd-2-/- embryos expressing either WT Spd-2-GFP (blue) or Spd-2-
CONS-GFP (red); n = 155 and 75 centrosomes analysed, respectively. The length of S-phase varies in 
individual embryos: 384 s ± 46 s or 369 s ± 30 s (mean ± SD) for WT Spd-2-GFP and Spd-2-GFP-CONS, 
respectively. Thus, we cannot simply average the data at each time point from multiple embryos, so one 
representative embryo per condition is shown here. The analysis of all 14 embryos per condition that were 
monitored in this way is shown in Figure 4.19 and Figure 4.21. Error bars indicate SD. (C) Centriolar Sas-6-
GFP incorporation profile (orange line) calculated from modelling and averaging Sas-6-GFP intensity changes 
over time (underlying data from ≥ 15 embryos at nuclear cycle 12 is shown in partial opacity, error bars indicate 
SD). Adapted from (Aydogan et al., 2018). (D) Graphs show the mathematical regression of centriolar Plk4-
NeonGreen dynamics during S-phase of cycle 12 (Regression Mean ± SEM). The underlying data was obtained 
from 37 centrosomes per embryo (on average), from ≥ 15 embryos. Adapted from (Aydogan et al., 2019). 
NEB = time of nuclear envelope break down, marks entry into mitosis, CS = time of centrosome separation, 
marks the beginning of a new nuclear cycle. 
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Figure 4.19 - Centrosome maturation dynamics in spd-2-/- embryos rescued by WT Spd-2-GFP. 
Graphs show the mean ± SD centrosomal WT Spd-2-GFP through an entire embryonic cell cycle (nuclear cycle 
12) for 14 different embryos. Number of centrosomes analysed per embryo = 52-171. Time (s) is indicated; t = 0 
was set as the time that centrosomes first separated at the start of S-phase. Dashed lines indicate nuclear 
envelope breakdown (NEB). 
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Figure 4.20 – Summary of the models tested for the regression analysis of Spd-2-GFP dynamics during 
centrosome maturation. 
The Spd-2-GFP dynamic data for each individual embryo (Figure 4.18, Figure 4.19 and Figure 4.21) was 
assessed using the nonlinear regression (curve fit) analysis function in GraphPad Prism 7. The functions tested 
are illustrated schematically in the graphs. R2, adjusted R2, and absolute sum-of- square values are used as a 
measure for goodness-of-fit. (A) The data for WT Spd-2-GFP was fitted against four different functions to 
assess the most suitable model: (1) user-defined linear growth followed by linear decrease; (2) user-defined 
linear growth followed by plateau followed by linear decrease; (3) Gaussian function; (4) Lorentzian function. 
The preferred model was (2). (B) The data for Spd-2-CONS-GFP was fitted against the preferred model for the 
WT data (2), but the data appeared to be described better as a straight line, so it was also fitted against two 
additional models: (5) a standard straight line; (6) a user-defined linear constant line. The preferred model was 
(5), although the average slope value was nearly zero (-0.0005 ± 0.0054; mean ± SD), indicating that the 
appropriate model in practice would be (6), a constant line. 
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Figure 4.21 – Centrosome maturation dynamics in Spd-2-CONS-GFP embryos. 
Graphs show the mean ± SD centrosomal Spd-2-CONS-GFP through an entire embryonic cell cycle (nuclear 
cycle 12) for 14 different embryos. Number of centrosomes analysed per embryo = 44-124. Time (s) is 
indicated; t = 0 was set as the time that centrosomes first separated at the start of S-phase. Dashed lines indicate 
nuclear envelope breakdown (NEB). 
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interactions relied only on one or two Ser-pSer/pThr sites. Conversely, in fly embryos 

it would appear that multiple sites in Spd-2 can be involved in Polo recruitment, hence 

the additive effect of mutating all ptPBSs compared to only a subset of them. 

There are no obvious Drosophila ptPBSs that could be the equivalent to the sites that 

allow human Cep192 to interact with PLK1, but multiple sequence alignments show 

that, should they exist, they would localise to the N-terminus of Spd-2 (red boxes, 

Figure 4.22). Conversely, there is a clear Drosophila equivalent to the C. elegans site 

(Ser515-Thr516, blue box, Figure 4.22), which also localises to the N-terminal half of 

the protein. However, this site was one of the two ptPBSs mutated in the Spd-2-AA-

mKate2 construct, which had no effect on PoloGFP distribution in the mRNA injection 

assay (see 3.2.2). 

Thus, to test if the Polo recruitment role could be delimited to a specific region of Spd-

2, I classified the 34 ptPBSs present along the sequence into two groups and I made 

two new mutant constructs: Spd-2-NT-mKate2, which has the 17 ptPBSs closest to the 

N-terminus of the protein mutated; and Spd-2-CT-mKate2, which has the other 17 

ptPBSs mutated (Figure 4.2A and Figure 4.22). In all cases, ptPBSs were disrupted by 

mutating the Ser at position -1 to Thr. The mutants were tested via mRNA injection 

into PoloGFP embryos and radial profiling, as described in Chapter 3. Based on the 

previous studies, Spd-2-NT-mKate2 would be expected to alter PoloGFP recruitment 

to the centrosome, but not so Spd-2-CT-mKate2. Indeed, PoloGFP distribution was 

unaffected by Spd-2-CT-mKate2, whereas it became more centriole-like upon Spd-2-

NT-mKate2 expression (Figure 4.23A,C[i]). However, this does not mean that 

centrosomal PoloGFP was unaffected in embryo expressing Spd-2-CT-mKate2: both 

Spd-2-NT-mKate2 and Spd-2-CT-mKate2 caused a highly statistically significant drop  
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Figure 4.22 – A multiple sequence alignment (MSA) of Spd-2 protein sequences from different species 
highlighting previously reported Polo binding sites. 
MSA showing two isoforms of human Cep192, C. elegans SPD-2, and 13 different Spd-2 homologues from 
various Drosophila species. The previously identified Polo binding sites in human Cep192 and C. elegans SPD-
2 are indicated in boxes (red and blue, respectively), and the potential corresponding Drosophila sequences, if 
any, are highlighted in the larger surrounding boxes. No obvious Drosophila motifs are found at equivalent 
positions for the human Cep192 sites (red boxes), but these regions are not well conserved between Cep192 and 
Spd-2 so equivalent positions are difficult to infer. There is a ptPBS conserved amongst Drosophila Spd-2 
sequences at an equivalent position to the single C. elegans motif (blue box). This motif is potentially 
phosphorylated by Cdk1, so I also mutated the other ptPBS that is conserved amongst Drosophila species and 
that could be phosphorylated by Cdk1 (yellow box) to generate the Spd-2-AA-mKate2 construct. All the 
Drosophila sites that could be the equivalent of any of the previously identified sites (red and blue highlight 
boxes) are located within the group of 17 ptPBSs closest to the N-terminus of Spd-2 (NT group). The border 
between the NT and CT groups is indicated with the black dashed box. 
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Figure 4.23 – Multiple sites throughout Spd-2 are involved in Polo recruitment. 
(A) Normalised PoloGFP radial profiles after expression of WT or mutant Spd-2-mKate2 (ALL, NT or CT). (B) 
PoloGFP absolute radial profiles. (C) Parameters extracted from the PoloGFP radial profiles: area under the 
curve (i) from normalised profiles; and average peak intensity (ii), from the absolute profiles. (D) Micrographs 
showing examples of centrosomes in embryos injected with the different mRNAs. The loss of PoloGFP is most 
obvious in embryos injected with Spd-2-ALL-mKate2 mRNA. ns = non-statistically significant difference, p-
value > 0.05; ** = 0.01 > p-value > 0.005; *** = 0.005 > p-value > 0.001; 11* = p-value in 10-11 (E-11) range; 
15* = p-value in E-15 range. 5 centrosomes analysed per embryo, n = number of embryos. Error bars represent 
SD. 
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in centrosomic PoloGFP levels which is very likely biologically relevant (0.35 to 0.47 

95% CI of difference NT to WT, p-value <1E-15; 0.12 to 0.26 CI of difference CT to 

WT, p-value = 1.4E-11) (Figure 4.23B,C[ii]). Furthermore, embryos injected with 

Spd-2-CT-mKate2 mRNA showed more obvious signs of PCM defects (e.g. 

centrosome rocketing, nuclei dropping back into the interior of the embryo; data not 

shown) than those injected with Spd-2-NT-mKate2 mRNA. Neither Spd-2-NT-

mKate2 nor Spd-2-CT-mKate2 had as strong effect on PoloGFP centrosomal 

distribution and levels as Spd-2-ALL-mKate2. Overall, this indicates that multiple 

sites in both the N- and C-terminal regions of Spd-2 play a role in Polo recruitment.  

4.2.9. Spd-2 and the Polo Box Domain (PBD) directly interact in vitro 

My conclusions from Chapters 3 and 4 rely on two key assumptions which are well 

supported in the literature: Polo relies on its PBD to localise to the centrosome (Elia et 

al., 2003a, 2003b; Jang et al., 2002a; Kachaner et al., 2017; Lee et al., 1998; Reynolds 

and Ohkura, 2003; Seong et al., 2002; Song et al., 2000), and mutating the Ser at 

position -1 into Thr would abolish canonical PBD binding to the site of interest (Elia et 

al., 2003a, 2003b). As PBD binding requires the binding site to be phosphorylated 

(Elia et al., 2003a, 2003b), and since Spd-2 appears to be phosphorylated only at the 

centrosome (P. Conduit, (Alvarez-Rodrigo et al., 2019); see 4.1.3), one would expect 

that Spd-2 and Polo only interact at the centrosome. Indeed, FCS experiments in 

worms have suggested that SPD-2 and PLK-1 do not form a stable complex in the 

cytoplasm (Wueseke et al., 2014), and I found that the same was true in fly embryos: 

when PoloGFP was immunoprecipitated from Drosophila embryo extracts (which had 

been centrifuged to remove centrosomes), cytoplasmic Spd-2 did not co-elute with it 

(Figure 4.24). 
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Figure 4.24 – Polo and Spd-2 do not interact in the cytoplasm. 
Western blot of an immunoprecipitation experiment using extracts from PoloGFP and OregonR (WT) embryos 
(one technical repeat). An aliquot of each extract was taken prior to incubating the extracts with magnetic beads 
covalently bound to GFP antibodies (INPUT samples). The extracts and beads were incubated overnight. The 
extract was then removed (taking an aliquot for analysis, Unbound samples) and the beads were washed 
repeatedly before elution of the protein bound to the beads (IP samples). The samples were analysed by western 
blotting using antibodies against Spd-2, GFP and Actin, as indicated. As expected, most of the PoloGFP present 
in the PoloGFP extracts (INPUT) was bound by the antibody-coupled beads (IP). Conversely, INPUT and 
Unbound samples were enriched in Actin, which did not bind to the beads. Similarly, endogenous Spd-2 is 
present in the INPUT and Unbound samples and was not co-immunoprecipitated with the PoloGFP in the IP 
samples, suggesting that Polo and Spd-2 do not interact in the cytoplasm. 
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To test the two key assumptions, I wanted to recapitulate in vitro the interaction 

between Spd-2 and Polo. However, Spd-2 and its homologues in other species have 

been notoriously difficult to work with in vitro, and neither our lab nor collaborators 

have been able to produce functional, full-length Drosophila Spd-2 so far (A. 

Haensele, M. Ruer and M. van Breugel; personal communication). Thus, I started off 

by using extracts from embryos expressing WT or ALL Spd-2-GFP, from which I 

could isolate Spd-2-GFP proteins on beads. Because PBD binding requires the target 

site to be phosphorylated, the proteins on the beads were in vitro phosphorylated with 

commercial kinase. PLK1 was chosen as kinase because it is the one for which the 

most total/conserved ptPBSs are predicted phosphorylation targets (13/6, compared to 

5/2 for CDK1 and 3/1 Aurora A), and because mutating the two conserved ptPBSs 

which are predicted CDK1 phosphorylation targets had no effect on PoloGFP 

distribution (Spd-2-AA-mKate2, see 3.2.2). The beads were then incubated with 

commercial human GST-PLK1-PBD (Sigma, SRP0360) and the samples were washed, 

eluted and analysed via SDS-PAGE and Western blot (Figure 4.25A). 

After much optimisation of the buffers and conditions used, I could see some 

enrichment for GST-PBD in the WT Spd-2-GFP samples compared to those from Spd-

2-ALL-GFP or Oregon-R WT embryos (negative control), or WT Spd-2-GFP samples 

treated with kinase storage buffer instead of PLK1 (non-phosphorylated control) 

(Figure 4.25B,C). This trend was most obvious when the signal was quantified and 

normalised for the amount of sample loaded in the gel (Figure 4.25D), but the effect 

was quite small and quite variable. The signal from non-phosphorylated WT Spd-2-

GFP samples appeared lower than the negative control equivalents, which suggested 

that other proteins present in the extract (e.g. endogenous Spd-2) might be binding 

non-specifically to the beads, despite the extensive washing steps. Even if this included  



A

Centrifugation

Incubate beads 
+ extract

5x Wash

Buffer + ATP + 
PLK1

(or Buffer + ATP + 
storage buffer)

Spd-2-GFP flies
(or WT-OregonR)

Spd-2 G
FP

P P
P

+ GST-PBD

Spd-2 G
FP

P P
P

Spd-2 G
FP

Spd-2 G
FP

Other

Other

Other

Other

O
th

er

Other

PBD

Wash & Elute

GST

Spd-2

WT

Spd-2-
ALL-
GFP

WT
Spd-2-
GFP

repeat1 repeat2 repeat3
0.15

0.20

0.25

0.30

0.35

R
el

at
iv

e s
ig

na
l (

a.
u.

)

GST-PBD Signal

B

116 kDa

48 kDa

58 kDa

116 kDa

48 kDa

58 kDa

GST

Spd-2

WT

Spd-2-
ALL-
GFP

WT
Spd-2-GFP

(non-phosp.)

WT
Spd-2-
GFP

*

C

Spd-2-ALL-GFP

WT Spd-2-GFP

WT Spd-2-GFP

WT-OregonR

(non-phosp.)

D
GST

PBD

Spd-2-GFP

Spd-2-GFP

164 
 

  

Figure 4.25 – Extract-based in vitro interaction assay to test Spd-2 binding to the PBD. 
(A) Schematic of the interaction assay using embryo extract detailed in 2.4.3. (B,C) Results from two technical 
repeats. In (B), GST-PBD is enriched in the WT Spd-2-GFP sample compared to WT and Spd-2-ALL-GFP 
samples, but there is also more WT Spd-2-GFP compared to Spd-2-ALL-GFP. In (C), GST-PBD levels appear 
more similar between WT Spd-2-GFP, WT and Spd-2-ALL-GFP; with only a clear enrichment compared to a 
WT Spd-2-GFP treated with buffer instead of PLK1 (non-phosphorylated control, included in repeats #2 and 
#3). Some endogenous unlabelled Spd-2 in the WT control appeared to bind unspecifically to the beads (*). (D) 
Quantification of the GST-PBD signal, normalising for sample loading on gel. For all repeats, GST-PBD is 
most enriched in WT Spd-2-GFP samples and least enriched in non-phosphorylated controls. 
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small quantities of Polo binding proteins, upon in vitro phosphorylation they would be 

able to bind to GST-PBD and increase the background signal. 

Since using embryo extracts was challenging, and recombinant full-length Spd-2 is not 

stable in vitro, I decided to produce in vitro a Spd-2 fragment. As Polo recruitment 

could not be linked to a specific site or region of the protein (see 4.2.8), I decided to 

focus on the middle 1/3 of Spd-2 (352-758 aa), a fragment which had been previously 

produced to raise antibodies against (Dix and Raff, 2007). This region contains 19 

ptPBSs, 11 of which were conserved amongst Drosophila species. Protein production 

and purification was done in collaboration with S. Saurya and A. Haensele. Briefly, E. 

coli cells were induced to express a MBP-fusion protein including amino acids 352-

758 from either WT or ALL Spd-2 (producing MBP-Spd2-WT and MBP-Spd-2-19T, 

respectively) (Figure 4.26A). Cells were homogenised and the MBP-fusion proteins 

were purified using an amylose column. We obtained nine 1-mL elution fractions 

containing a total of approximately 17 mg of protein (i.e. fragment of interest with co-

eluted contaminants) per sample. Although MBP-Spd-2-19T was originally induced 

more weakly, it was more stable and easy to purify than MBP-Spd-2-WT. 5 mL of 

fractions for each construct were pooled for size exclusion chromoatography (SEC; 

HiLoad 16/60 Superdex 200 column (GE Healthcare)). Gel analysis showed that 

fractions corresponding to the fastest eluting SEC peak contained protein of the 

expected size, clear from contaminants and/or degradation products (Figure 4.26B). 

For the full protocol, see 2.4.2. 

I then repeated the in vitro phosphorylation and interaction assay, but using beads 

bound to MBP-Spd2-WT and MBP-Spd-2-19T instead of embryo extract (Figure 

4.26C). As control, I compared MBP-Spd2-WT and MBP-Spd-2-19T samples treated 
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Figure 4.26 – Spd-2 and the PBD directly interact in vitro. 
An MBP-tagged fragment of Spd-2 (352-758 aa) containing 19 ptPBSs, either WT or all of them mutated (Ser to 
Thr) was produced and purified in vitro. (A) SDS-PAGE analysis of bacterial pellets pre- and post-induction of 
protein expression with IPTG. MBP-Spd-2-19T was not as strongly induced as MBP-Spd-2-WT. (B) SDS-
PAGE analysis of samples from purification (PUR) of MBP-Spd-2-19T and MBP-Spd-2-WT using an amylose 
column followed by size exclusion chromatography (SEC). Peak (P) and side (S) samples shown per construct. 
(C) Schematic of the interaction assay using recombinant protein detailed in 2.4.3. The MBP-tagged protein was 
incubated with beads covalently bound to anti-MBP antibody. The beads were then treated with kinase buffer 
containing ATP and either PLK1 or an equivalent volume of PLK1 kinase storage buffer (non-phosphorylated 
negative control). GST-PBD was then added to the beads (INPUT samples). After a 3 h incubation at 4 ˚C, the 
beads were washed to remove any unbound GST-PBD. Finally, the protein that remained bound to the beads 
was eluted (IP samples). (D) (i) Western blot of the samples obtained during the in vitro interaction assay, using 
antibodies against Spd-2 (top panel) or GST (bottom panel). (ii) A quantification of the level of GST-PBD 
enrichment in each sample. The amount of GST-PBD bound to the indicated beads was normalised to the 
amount of Spd-2 in each fraction. To facilitate comparisons between repeats, the data is shown normalised to the 
signal from each 19T(-) sample. Enhanced binding of GST-PBD to the phosphorylated WT protein was 
observed in all three technical repeats, but was somewhat variable. Due to the variation and the small sample 
size (n = 3), I could not determine whether the data was normally distributed, so I could not apply parametric 
tests for statistical significance. Non-parametric tests did not indicate a significant increase in binding to the 
phosphorylated protein (p < 0.05), but these tests do not work well with such a low number of repeats. 
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with PLK1 to MBP-Spd2-WT and MBP-Spd-2-19T samples treated with kinase 

storage buffer instead of PLK1. When treated with PLK1, MBP-Spd2-WT exhibited 

an enhanced ability to co-immunoprecipitate (IP) with recombinant GST-PBD. This 

phosphorylation-enhanced binding to GST-PBD was abolished in the MBP-Spd-2-19T 

samples (Figure 4.26D). Therefore, a fragment of Spd-2 can bind directly to the PBD 

in vitro. As expected from previous literature, this binding is prevented when the Ser-

Ser/Thr motifs are mutated to Thr-Ser/Thr. The in vitro interaction is promoted by 

PLK1 treatment, which further suggests that the Spd-2/Polo interaction in vivo might 

rely on Polo self-priming. 

4.3. Discussion 

In this Chapter I have confirmed that Spd-2 is required for recruitment of Polo to the 

centrosome, specifically to the PCM. I have presented evidence for an interaction 

between these two proteins both in vivo and in vitro. If Spd-2 cannot interact with the 

PBD (or its capacity to do so is greatly diminished), Spd-2, Polo, Cnn and other PCM 

proteins are still recruited to the centriole wall, but the PCM fails to expand in 

preparation for mitosis. However, if Spd-2 can recruit Polo to the PCM, this promotes 

Cnn scaffold formation, which will further stabilise the Spd-2 scaffold (Conduit et al., 

2014b), thus allowing more Spd-2, Polo and Cnn to accumulate in the PCM. Thus, 

mitotic PCM expansion would be driven by a positive feedback loop formed by the 

three proteins. While it cannot be completely ruled out that the Spd-2/Polo interaction 

is partly controlled by key cell cycle regulators such as CDK1 or Aurora A, in vitro 

evidence suggests that Polo is sufficient to phosphorylate some of the ptPBSs present 

in Spd-2 to allow PBD binding (i.e. self-priming). This model is discussed in further 

detail in Chapter 6. 
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Rather than mitotic PCM expansion relying mostly on an independent or autocatalytic 

Cnn scaffold (as has been suggested for the worm homologue SPD-5, (Woodruff et al., 

2015)), my results are in agreement with previous reports that Spd-2, Cnn and Polo are 

all essential for centrosome maturation in fly (Conduit et al., 2014b; Dobbelaere et al., 

2008; Feng et al., 2017) and worm embryos (Cabral et al., 2019; Decker et al., 2011). 

However, Cabral et al. suggest that SPD-2 does this by recruiting PLK-1 to centrioles 

or the PCM closest to centrioles, and that PLK-1 is maintained in the PCM via slowed 

diffusion (Cabral et al., 2019); whereas my data show that Spd-2 is needed to recruit 

Polo to the PCM and not to the centriole. Perhaps these contrasting observations are 

due to differences in how these protein are distributed throughout the PCM. In worms, 

the SPD-2 and PLK-1 signals appear as a bright “spot” at the centre of the PCM (near 

the centriole), but also as a faint “halo” of protein throughout the PCM, as extended as 

the SPD-5 scaffold  (Cabral et al., 2019). However, in fly embryos Spd-2 and Polo do 

not spread out into the PCM as far as the Cnn scaffold (Figure 3.2, Figure 4.14). 

The mutations introduced to generate Spd-2 proteins unable to bind the PBD were 

conservative (Ser to Thr), but many sites had to be mutated (Figure 4.2A). Thus, it was 

important to check that the mutant proteins were otherwise functional and not simply 

misfolded. To this end, I have presented several different pieces of evidence. First, the 

mutant proteins are stably expressed at levels very similar to those of WT Spd-2 fusion 

proteins. Second, the mutant proteins rescued the initial spd-2-/- phenotype, allowing 

the embryo to develop beyond fertilization. Third, Spd-2-ALL and Spd-2-CONS can 

be recruited to the centriole wall. Based on the FRAP experiments, the initial 

recruitment rates of WT and CONS Spd-2-GFP appear to be similar, although it is 

challenging to distinguish between Spd-2-GFP recruitment to the centriole and 

maintenance at the PCM. These FRAP experiments would ideally be repeated in the 
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future using a system that allows for better temporal resolution. Finally, Spd-2-ALL 

and Spd-2-CONS can form part of the PCM scaffold as long as there is a minimal 

amount of WT Spd-2 there to recruit Polo and prevent the mitotic PCM from 

disassembling. 

While Spd-2 and Cnn are not thought to incorporate as a complex into the PCM, Spd-2 

is the most likely candidate for Cnn recruitment to the centrosome in fly embryos 

(Conduit et al., 2014b). Since Cnn is still recruited to the centriole wall in embryos 

expressing only Spd-2-CONS, it would appear that the mutations introduced do not 

disturb Cnn recruitment either. Y2H screens have revealed strong interactions between 

Spd-2 and Cnn (Boxem et al., 2008; Conduit et al., 2014b; Galletta et al., 2016); but 

these have not yet been recapitulated in vitro, probably because producing recombinant 

Spd-2 is very challenging. Furthermore, it has been suggested that the interaction 

between the C. elegans homologues SPD-2 and SPD-5 only happens in the context of 

the scaffold, and not between unassembled molecules (Woodruff et al., 2015; Wueseke 

et al., 2014). Thus, while it would be ideal to be able to study the Cnn/Spd-2 

interaction in vitro and directly confirm that it is not disturbed by the ptPBS mutations, 

this might prove difficult in the near future. 

Characterising the Spd-2 mutants was further complicated by the fact that there is 

much that we still do not understand about WT Spd-2 regulation and dynamics at the 

centrosome. For example, previous work in the lab has shown that Spd-2 is 

specifically phosphorylated at the centrosome (Figure 4.1). However, we lack an 

antibody that specifically recognises a phospho-epitope in Spd-2 that would allow us 

to distinguish between total and phosphorylated Spd-2 at the centrosome (as we can 

for Cnn), or to track changes in the phosphorylation state of centrosomal Spd-2 
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throughout the cell cycle. During the course of my studies, we raised a rabbit antibody 

against the phospho-peptide S-N-S-pS-E-F-S-H-R-D-G-K-L-L-C, where pS represents 

a phosphorylated Ser residue corresponding to Ser688, which is a predicted PLK1 

phosphorylation target and part of a conserved ptPBS in Drosophila. However, when I 

tested this antibody using immunofluorescence, it failed to recognise anything (data 

not shown). It would be interesting to repeat the experiments in Figure 4.1 to test if the 

mutant forms of Spd-2 are still phosphorylated at the centrosome. However, collecting 

enough mutant material to do the biochemistry could be very time-consuming, and the 

results would probably not be easily comparable to any WT controls, as we would 

expect a generalised loss of Spd-2 compared to WT samples due to the PCM 

expansion defect. 

With regards to Spd-2 dynamics, during my studies I have observed that WT Spd-2 

levels at the centrosome present a wave-like behaviour (blue, Figure 4.18B; Figure 

4.19), suggesting that Spd-2 oscillates with the cell cycle. It is not unexpected that 

centrosomal Spd-2 levels would increase during S-phase in preparation to mitosis, as 

this has also been reported for Cnn (Conduit et al., 2010; Figure 4.18A). However, it is 

striking that they would reach their peak before NEB and then start decreasing as the 

embryo enters mitosis, rather than be maintained at a maximum, like Cnn is (Conduit 

et al., 2010). 

Interestingly, our lab has recently shown that Sas-6-GFP is incorporated linearly 

during S-phase as the daughter centriole cartwheel is built (Aydogan et al., 2018; 

Figure 4.18C). Centriole growth is controlled by Sak/PLK4, which also appears to 

oscillate throughout the cell cycle (Aydogan et al., 2019; Figure 4.18D). The idea that 

Spd-2 could be a regulatory oscillator that controls mitotic PCM assembly like the 
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PLK4 oscillator controls carthwheel growth is a very attractive hypothesis, however 

these two systems are very different in nature. First, Spd-2 is not an enzyme, although 

its coupling with Polo could make up for this. Second, PLK4 dynamics fit simple 

Lorentzian and Gaussian regression models reasonably well and have been 

successfully described by mathematical modelling (Aydogan et al., 2019), but this was 

not the case for Spd-2 dynamics (see 4.2.7). Finally, the centriole cartwheel grows 

stably and unidirectionally, whereas the PCM is an extremely complex, variable 

structure that grows outwards in all directions. In addition to changes in volume, the 

density of material within the PCM might also change in response to centrosome age, 

cell cycle progression, or as embryos develop (see 4.2.3). Clearly a lot more work is 

required to characterise WT Cnn and Spd-2 dynamics in the developing Drosophila 

embryo. 
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Chapter 5 - Polo recruitment to the centriole as a novel 

function of Ana1 

5.1. Introduction 

5.1.1. Ana1, a mysterious centriolar protein 

Ana1 was first identified as an important player in centriole assembly in two RNAi 

screens (Dobbelaere et al., 2008; Goshima et al., 2007). Depletion of Ana1 leads to 

mitotic spindles forming without centrosomes at their poles (i.e. anastral spindles, 

hence the name). Furthermore, flies that are ana1-/- mutant are uncoordinated due to 

the absence of basal bodies, which leads to loss of cilia in mechanosensory neurons 

(Blachon et al., 2009), similar to other fly strains with centriole assembly defects (see 

1.1.3). 

Initially, it was suggested that Ana1 might be involved in Sas-6 incorporation and/or 

centriole formation (Goshima et al., 2007). However, it is now clear that Drosophila 

Ana1 and its human homologue Cep295 (also known as KIAA1731) play a key role in 

the conversion of daughter centrioles into fully functional mother centrioles able to 

duplicate and recruit PCM, rather than centriole duplication per se (Chang et al., 2016; 

Fu et al., 2016; Izquierdo et al., 2014; Knorz et al., 2010; Saurya et al., 2016; Tsuchiya 

et al., 2016). For example, while CEP295 knockdown or deletion leads to a reduction 

in the number of centrosomes, within each centrosome there are two centrioles (mother 

and daughter) rather than a singlet (Izquierdo et al., 2014). Independent of its role in 

centriole conversion, Cep295 has also been shown to interact with tubulin and could 

potentially regulate centriole length (Chang et al., 2016). 
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How Ana1 contributes to centriole conversion is a point of some contention. One study 

(Fu et al., 2016) reported that in Drosophila S2 cells, the N-terminal region (1-935 aa) 

interacts with Cep135, and that this recruits Ana1 to centrioles and helps maintain 

Cep135 at the centriole wall, while the C-terminal region (756-1729 aa) recruited Asl 

to centrioles. Asl was not recruited to daughter centrioles if endogenous Ana1 was 

depleted using RNAi, and only a form of Ana1 containing the C-terminus of the 

protein was able to rescue centriole conversion. Thus, Cep135, Ana1 and Asl would be 

sequentially recruited and form a “protein bridge” essential for centriole conversion, in 

a manner that did not require Sas-4 (Figure 1.5A). 

However, soon after it was reported that CDK1 phosphorylation of Sas-4 and Sas-4 

recruitment of Polo to the centriole were crucial for Asl recruitment during centriole 

conversion in fly embryos (Novak et al., 2016). Furthermore, a different study into 

Ana1 function in fly embryos (Saurya et al., 2016) found that expression of GFP-

Ana1delCT, an Ana1 mutant with the C-terminal deletion (756-1729 aa) did not result 

in complete loss of Asl, unlike what would be expected from the observations by Fu et 

al. Instead, although the Cep135-interacting region was intact in this mutant, the 

protein localised more weakly to the centrosomes. The lower levels of GFP-

Ana1delCT compared to WT were linked to a decrease in Asl levels, but Asl was 

preferentially lost from the older mother centrioles within each pair, rather than from 

the centrioles that had just been converted into young mothers. Thus, Saurya et al. 

proposed that Ana1 was required for Asl maintenance at mother centrioles, whereas 

Asl initial recruitment during centriole conversion would be dependent on Sas-4, as 

proposed previously (Novak et al., 2016). 
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5.1.2. Key findings 

In this Chapter, I have explored in-depth the role of Ana1 in Polo recruitment to the 

centrosome. Here I show that the Ana1 mutant tested in Chapter 3 is a functional 

protein able to perform Ana1’s best known role (Asl recruitment and/or maintenance). 

However, expression of this mutant leads to a generalised loss of Polo from both the 

centriole and the PCM. Centrioles expressing this mutant are still able to duplicate, 

suggesting that centriole conversion and disengagement are mostly unaffected. 

Conversely, PCM assembly is majorly impaired, leading to accumulation of spindle 

abnormalities and aberrant divisions. This suggests that Ana1 is (directly or indirectly) 

involved in the recruitment of most centrosomal Polo, thus being a crucial regulator of 

centrosome maturation. 

5.2. Results 

5.2.1. Generation and characterization of fly lines expressing Ana1-ALL, a 

mutant protein unable to recruit Polo 

The results from Chapter 3 revealed a potential novel role of Ana1 in recruiting Polo to 

the centrosome, either directly (e.g. interacting with the PBD) or indirectly. To confirm 

and further explore this result, I made transgenic lines expressing either WT Ana1 

(control) or Ana1-ALL, which has all 34 ptPBSs present in D. melanogaster Ana1 

with the Ser at position -1 mutated to Thr. Following the same strategy used to 

characterise the Spd-2 ptPBS mutants, the constructs were expressed with a C-terminal 

fluorescent tag (GFP or mCherry) under the control of the ubiquitin promoter. An 

Ubq-GFP-Ana1 transgenic line has been previously characterised in the Raff 

laboratory and shown to fully rescue the mutant phenotype, although the fluorescently-
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tagged protein was 3-5X overexpressed compared to endogenous Ana1 and centriole 

length was slightly increased (Saurya et al., 2016). 

The uncoordinated phenotype was rescued in ana1-/- mutant flies expressing WT 

Ana1-GFP or Ana1-mCherry control transgenes, and these females were viable and 

fertile. Strikingly, Ana1-ALL-GFP and Ana1-ALL-mCherry also rescued the 

uncoordinated phenotype in ana1-/- mutant females (Figure 5.1A). This is strong 

evidence that, despite the many mutations introduced, Ana1-ALL-GFP and Ana1-

ALL-mCherry retain at least some functionality and are not simply misfolded (see also 

below). Western blotting revealed that the fluorescently-tagged proteins were 

somewhat overexpressed (2.5-3X) compared to endogenous Ana1 levels. However, 

Ana1-ALL and WT Ana1 were expressed to similar levels in fly embryos (Figure 

5.1B,C), suggesting that the mutant proteins are not unstable in the cytoplasm. 

Nevertheless, unlike the WT-rescued females, ana1-/- mutant females expressing 

Ana1-ALL transgenes were sterile. Even ana1+/- heterozygous females expressing 

Ana1-ALL transgenes had their fertility compromised (data not shown), presumably 

due to the large amount of Ana1-ALL competing out the endogenous unlabelled 

protein. Overall, these results suggests that Ana1-ALL can be incorporated into 

centrioles, outcompete the endogenous protein, and contribute to centriole assembly 

enough to rescue the main aspect of the ana1-/- phenotype (uncoordination), but it is 

not completely functional. 

To further explore the Ana1-ALL phenotype, I collected 1-2 h old fertilised embryos 

from ana1-/- mutant females and stained them to visualise MTs and nuclei. 92.5% and 

83.2% of ana1-/- embryos expressing WT Ana1-mCherry or Ana1-ALL-mCherry 

(respectively) developed beyond the first mitotic division (n > 50 embryos scored per  
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Figure 5.1 – Characterisation of Ana1 transgenic fly lines. 
(A) Schematic of the crossing strategy to generate ana1-/- flies (ana1mecB/Df(3R)Exel7357) expressing an Ana1 
transgene (WT or ALL mutant) with a C-terminal fluorescent tag X (GFP or mCherry), under the control of the 
ubiquitin promoter. The transgene is associated to a copy of the w+ gene to track its inheritance. This cross 
generated two different types of ana1-/- flies: those that inherited the Ana1 transgene had orange eyes and were 
coordinated, whereas their siblings that inherited instead the Cyo chromosome had curly wings, white eyes and 
were uncoordinated. (B,C) Western blot of total Ana1 levels in OregonR (WT) embryos compared to ana1-/- 
embryos expressing: Ana1-ALL-GFP or WT Ana1-GFP transgenes under the ubiquitin promoter (B); or WT 
Ana1-mCherry or Ana1-ALL-mCherry transgenes under the ubiquitin promoter (C). Two different Ana1-ALL-
mCherry fly lines were tested, Ana1-ALL-mCherry #6 was selected for all following experiments. Actin and 
GAGA transcription factor (Raff et al., 1994) were used as loading controls. Each blot represents one technical 
repeat. 
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condition, one technical replicate). However, although ana1-/- embryos expressing 

either Ana1-ALL-GFP or Ana1-ALL-mCherry (hereafter Ana1-ALL-GFP embryos 

and Ana1-ALL-mCherry embryos, respectively) were able to start developing, they 

died early in embryonic development and almost never hatched as larvae (~1/500 

embryos hatching; n > 2000 embryos scored), whereas 76-80% of WT-rescued 

embryos hatched as larvae. This resembles the phenotype of Spd-2-CONS-GFP and 

Spd-2-ALL-GFP embryos (see Chapter 4), and that of cnn-/- mutant embryos (Megraw 

et al., 1999). 

5.2.2. Expression of Ana1-ALL leads to severe mitotic abnormalities 

To investigate if Ana1-ALL-GFP embryos die before cellularisation due to 

accumulation of mitotic abnormalities, I looked again at 1-2 h old embryos stained for 

MT and DNA, focusing on those at the syncytial blastoderm stage where at least one 

mitotic spindle was visible. The nuclei in WT-rescued embryos appeared to divide 

synchronously, with well-formed mitotic spindles (~ 96% of spindles had one 

centrosome at each pole) that were evenly distributed. Detached centrosomes were 

rarely visible in these embryos (Figure 5.2A). 

Conversely, Ana1-ALL-GFP embryos presented giant, deformed nuclei (arrowheads), 

large barrel-shaped spindles (empty arrowhead) and linked spindles sharing the same 

pole (asterisks, 8% of all centrosomes scored, 16% of all poles scored). Additionally, I 

found spindles with no centrosomes (empty circles, 17% of all spindle poles scored), 

spindles with too many centrosomes (arrows, 4% of all spindle poles scored), and 

detached centrosomes (empty arrows, 26% of all centrosomes scored) (Figure 5.2B). 

Only one out of ten Ana1-ALL-GFP embryos analysed did not show any defects 

whatsoever, but this embryo also appeared to be the youngest of the set, and would  
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Figure 5.2 – Ana1-ALL-GFP accumulate severe mitotic abnormalities. 
Fixed ana1-/- embryos expressing WT Ana1-GFP (A) or Ana1-ALL-GFP (B) (green) were stained using an anti-
α-tubulin antibody (to visualise MTs, red) and DAPI (to visualise nuclei, blue). While mitotic abnormalities 
were rare in WT-rescued embryos, they were very frequent in Ana1-ALL-GFP embryos. (i) Example 
micrographs. The different types of defects observed are indicated in the figure legend. Note that only a few 
examples of each defect are marked in the Ana1-ALL-GFP embryo image in order to facilitate its visualisation. 
(ii-iii) Quantification of some of the mitotic defects observed in fixed WT and ALL Ana1-GFP rescued embryos 
undergoing mitosis (n = 8 and 10, respectively, from one technical repeat). (Aii) A total of 162 individual 
spindle poles from WT-rescued embryos were scored, 96.3% of which were “normal” (i.e. associated with one 
centrosome that was not linked to another spindle). (Aiii) Similarly, 98.11% of 159 centrosomes in WT-rescued 
embryos were “normal” (associated with a single spindle pole). Conversely, only 62.74% of 424 individual 
spindle poles and 66% of 403 centrosomes in Ana1-ALL-GFP embryos could be classified as “normal” (Bii and 
Biii, repectively). 
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therefore not be expected to have accumulated as many abnormalities. These defects 

are similar to those described in cnn-/- embryos (Megraw et al., 1999), and overall this 

phenotype is consistent with the observations in Chapter 3 that ptPBSs in Ana1 might 

be required for correct mitotic PCM assembly (see 3.2.4). 

5.2.3. WT and ALL Ana1 are similarly recruited to mother and daughter 

centrioles 

The rescue of the uncoordinated phenotype in ana1-/- flies suggests that Ana1-ALL-

GFP is not misfolded and can be recruited to the centrosome similarly to WT Ana1-

GFP. However, I tested this directly by measuring the intensity of the Ana1-GFP 

signal in centrosomes of Ana1-ALL-GFP and WT-rescued embryos (Figure 5.3A). 

As has been previously reported using Ubq-GFP-Ana1 flies (Saurya et al., 2016), WT 

Ana1-GFP and Ana1-ALL-GFP exhibited a slight asymmetry, being enriched in one 

centrosome of every pair (presumably the older mother). I analysed embryos at two 

different points of the cell cycle, and divided each dataset into two subgroups, with the 

brighter centrosomes from each pair being referred to as the “BRIGHT” subset, in 

contrast to the “FAINT” subset. Strikingly, the levels of Ana1-ALL-GFP appeared to 

be statistically higher than those of WT Ana1-GFP in the “BRIGHT” subset. There 

was also a slight increase in Ana1-ALL-GFP levels compared to WT in the “FAINT” 

subset, but the difference was not statistically significant (Figure 5.3A). Therefore, the 

mutations introduced do not stop Ana1-ALL-GFP from being recruited to the 

centrosome. A possible explanation for why the difference between WT and ALL is 

significant for the “BRIGHT” subset but not for the “FAINT” subset is that, when 

centrosomes first start incorporating Ana1, the WT and ALL Ana1-GFP are recruited 

to very similar degrees. Over time Ana1-GFP accumulates at older centrosomes  
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Figure 5.3 – WT and ALL Ana1-GFP are similarly recruited to centrioles. 
(A) Graph showing mean centrosomal Ana1-GFP intensity at the beginning of the cycle (dark fill/lines) and at 
the end of S-phase (light fill/lines) from WT-rescued and Ana1-ALL-GFP embryos (n = number of embryos 
analysed per category, 10 pairs of centrosomes analysed per embryo). For each centrosome pair, the centrosome 
with the highest value was classified as “BRIGHT” (filled boxes), and the other was classified as “FAINT” 
(white boxes). For all the conditions analysed, the difference between the “BRIGHT” and “FAINT” subsets was 
highly statistically significant. (B) For every WT-rescued embryo analysed in (A) I calculated the BRIGHT/
FAINT ratio: relative intensity of the Ana1-GFP signal from the BRIGHT centrosomes divided by the relative 
intensity of the signal from the FAINT centrosomes. The resulting values were averaged to calculate a mean per 
condition (beginning or end of S-phase). (C) Example micrographs, indicating the "BRIGHT" centrosome from 
each pair (arrow). Error bars indicate SD. ns = non-statistically significant difference, p-value > 0.05; <6* = p-
value < 10-6 (E-6). 
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(“BRIGHT” subset), with slightly more protein accumulating in Ana1-ALL-GFP 

embryos. 

It has been proposed that Ana1 is irreversibly incorporated into daughter centrioles 

from the beginning of S-phase (in parallel to the growth of the centriole cartwheel), 

and then continuing during mitosis (unlike Sas-6 incorporation, which stops before 

mitosis, Figure 4.18C) (Saurya et al., 2016). This is consistent with reports that human 

CEP295 appears enriched at the nascent daughter centriole in immunogold electron 

microscopy experiments (Chang et al., 2016) and that it can localise to the extra 

daughter centrioles induced by PLK4 overexpression (Izquierdo et al., 2014). 

Conversely, in interphase Drosophila S2 cells Ana1 was mainly associated with 

mother centrioles, and it was rarely seen associated with daughter centrioles until 

prophase; unlike cartwheel proteins such as Sas-6 which were seen associated with 

both mother and daughter centrioles at interphase (Fu et al., 2016; Figure 5.4A). This 

would suggest that Ana1 is not recruited to daughter centrioles until after the cartwheel 

has been built and the centriole maturation process has started. Furthermore, another 

member of the Raff laboratory has observed that Ana1, Asl and Cep135 are all 

incorporated (in this order) into the new centriole at about the time that it separates 

from its mother (A. Wainman, unpublished). 

Interested by this diversity of observations, I decided to study Ana1-GFP distribution 

at the centrosome with 3D-SIM. At the beginning of the cell cycle (determined by 

centrosome separation), WT Ana1-GFP localised at the mother centriole wall 

(appearing as a ring, Figure 5.4B). If Ana1-GFP were incorporated during S-phase to 

the daughter centriole, one would expect Ana1-GFP in most centrosomes of embryos 

in mid/late S-phase to present as a ring (corresponding to the mother centriole) and a  
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Figure 5.4 – WT Ana1-GFP localises preferentially to mother centrioles during S-phase. 
(A) 3D-SIM images of Drosophila S2 cells immunostained to reveal the localisation of endogenous Ana1 
throughout the cell cycle (i) and compare it to that of other proteins (Sas-6, Ana2 and Sas-4) that localise to the 
daughter centriole in interphase (ii). Scale bars: 500 nm. Adapted from (Fu et al., 2016). (B) Live 3D-SIM 
images of WT Ana1-GFP rescued embryos. At the beginning of S-phase Ana1-GFP localises to the separating 
mother centrioles (see diagram). Mother centrioles tend to be oriented perpendicularly to the plane of imaging, 
so Ana1-GFP appears as a ring. (C) Examples of live 3D-SIM images of WT Ana1-GFP rescued embryos in 
mid/late S-phase. Two out of five analysed embryos presented Ana1-GFP only at the mother centriole (blue 
box), two other embryos (green box) had centrosomes with Ana1-GFP only at the mother centriole and 
centrosomes with Ana1-GFP present in both mother and daughter centrioles, and only one of the five embryos 
analysed presented only centrosomes with Ana1-GFP localisation to both centrioles (red box). An example of 
Ana1-GFP at a daughter centriole is indicated with an arrow. 45 individual centrosomes were analysed in total, 
selected if the reconstruction was deemed of sufficient quality by SIM-Check (Ball et al., 2015) and if the 
mother centriole ring appeared well-oriented. 
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dot (corresponding to the growing daughter). For my analysis, I focused on embryos in 

mid/late S-phase and selected specific centrosomes based on reconstruction reliability 

(as judged using SIM-Check (Ball et al., 2015)) and clear reconstruction of the mother-

ring (to control for centriole orientation). 

In total, I analysed five embryos and 45 centrosomes, only 16 of which showed Ana1-

GFP at the mother centriole and also at the daughter (arrow, Figure 5.4C). 

Furthermore, in 2/5 of these embryos all of the Ana1-GFP was localised in a ring 

around the mother centriole, and I could detect no hint of signal associated with the 

nearby daughter centriole; in 2/5 embryos I detected two classes of centrioles, with and 

without Ana1-GFP detectable at the daughter (10 centrioles each per class), and only 

in 1/5 embryo all centrioles that I examined exhibited a ring-like distribution with a 

clear hint of localisation at the nearby daughter centriole (Figure 5.4C). While a larger 

sample size and more stringent (blind) analysis are required in the future, my 

preliminary data are consistent with the observations of (Fu et al., 2016) that Ana1 is 

first loaded onto daughter centrioles towards the end of S-phase/beginning of mitosis. 

Incidentally, it is at this stage of the cycle when the highest Ana1 recruitment rate and 

recovery after photobleaching have been observed (Saurya et al., 2016). 

In Ana1-ALL-GFP embryos I also observed some centrosomes where Ana1-ALL-GFP 

localised only to the mother centriole (Figure 5.5A), and others where it was present at 

both the mother and daughter centrioles (Figure 5.5B). It is not possible to do a more 

in-depth analysis because even early syncytial embryos showed some degree of 

asynchrony, so these embryos were difficult to stage. Additionally, centrosomes often 

failed to separate and formed clusters (Figure 5.5C shows reconstructions from 3D-SIM
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Figure 5.5 – Ana1-ALL-GFP also localises to mother and daughter centrioles. 
Examples of live 3D-SIM images of Ana1-ALL-GFP embryos. Because of the mitotic defects suffered by these 
embryos it was not possible to stage them accurately. (A) Examples of centrosomes where Ana1-ALL-GFP 
localised only to the mother centriole. (B) Examples of centrosomes where Ana1-ALL-GFP localised to both 
the mother and daughter centrioles. An example of Ana1-GFP at a daughter centriole is indicated with an arrow. 
(C) Clusters of mother centrioles in Ana1-ALL-GFP embryos. (D) Example of two disengaged mother 
centrioles in close proximity. One of them is tilted (right), but the other appears perpendicular to the imaging 
plane, with the Ana1-ALL-GFP ring clearly visible, and it is associated with a third, presumably younger 
centriole (arrow). In this case, in addition to the 3D-SIM z-projected image (left), the Modulation Contrast 
Noise Ratio (MCNR) heatmap corresponding to a single image of the z-stack is shown (right). The MCNR is 
one of the outputs from SIM-Check (Ball et al., 2015). It is the ratio of the SIM illumination pattern strength to 
the noise strength, and it indicates the reliability of the SIM reconstruction (i.e. what is the likelihood that a 
certain object in the reconstructed SIM image is not a reconstruction artefact). The MCNR heatmap colour 
scheme (bottom) ranges from purple (inadequate reconstruction), to red (adequate), orange (good), yellow (very 
good) and white (excellent).  
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imaging; but see also Figure 5.2B, arrows). Thus, a pair of mother centrioles in the 

3D-SIM images which are in close proximity and present no visible daughter 

centrioles could correspond to a centrosome pair soon after centrosome separation, a 

pair of centrosomes that failed to disengage, or a pair of centrosomes that disengaged 

but failed to move apart. I was able to find at least one example of a well-reconstructed 

centrosome cluster made of two mothers, one of which had nucleated a daughter 

centriole (Figure 5.5D), which would suggest that the third scenario (disengagement 

without proper separation) is true for some of the centrosomes in Ana1-ALL-GFP 

embryos. This is consistent with previous reports that Ana1 is not required for 

disengagement (Fu et al., 2016; Izquierdo et al., 2014). 

Overall, the results in this section show that, despite the many mitotic defects observed 

in Ana1-ALL-GFP embryos, Ana1-ALL-GFP is recruited to centrioles to a similar (if 

not slightly higher) level as WT Ana1-GFP. Similar to WT Ana1-GFP, there are 

examples of both Ana1-ALL-GFP “mother-only” localisation and “mother and 

daughter” localisation, suggesting that the mutations introduced do not stop protein 

localisation to either centrosomal compartment. Finally, as expected from the rescue of 

the uncoordinated phenotype, centrioles in Ana1-ALL-GFP embryos can complete 

disengagement and conversion into functional mothers able to duplicate new 

centrioles, however some appear to remain in close proximity forming clusters. 

5.2.4. Polo is undetectable at the centriole wall and the pericentriolar scaffold in 

Ana1-ALL-mCherry embryos 

Next, I tested whether expression of Ana1-ALL resulted in the reduction of 

centrosomal Polo levels, as suggested from the results of the mRNA injection assay 

(3.2.4). To do this, I used the same PoloGFP protein trap line employed for the 



186 

 

mRNA injection assay, but in an ana1-/- background rescued with WT Ana1-mCherry 

or Ana1-ALL-mCherry. Similarly to the sensitisation effect observed when combining 

PoloGFP and Spd-2-ALL-mCherry (see 4.2.5), expressing PoloGFP with Ana1-ALL-

mCherry led to embryos exhibiting worse mitotic defects than those observed when 

mutant GFP- or mCherry-fusions were expressed in the absence of the PoloGFP allele. 

While ana1-/- females expressing PoloGFP and Ana1-ALL-mCherry were not 

uncoordinated, very few of their embryos developed, and the ones that did had very 

few centrosomes (n = 24 visible centrosomes in total, from six developing embryos). 

However, ana1-/- embryos co-expressing WT Ana1-mCherry and PoloGFP appeared to 

develop normally (data not shown). 

It was impossible to accurately stage PoloGFP embryos expressing Ana1-ALL-

mCherry, so I quantified the levels of PoloGFP in all the centrosomes obtained from 

Ana1-ALL-mCherry embryos and compared them to those from a panel including 

WT-rescued embryos at three different points of their cell cycle (beginning of S-phase, 

late S-phase and mitosis) and of different ages (cycles 10-11 (pooled together), 12, 13 

and 14). Figure 5.6A shows the comparison between Ana1-ALL-mCherry and all the 

WT-rescued embryos pooled together, and Figure 5.6C,E show the comparison 

breaking down the WT group in subsets by embryo age or cycle stage, respectively. As 

expected, centrosomal PoloGFP levels were very low in Ana1-ALL-mCherry 

embryos, sometimes indistinguishable from background levels, and the difference was 

statistically significant for all comparisons to WT-rescued embryos (p-value < 10-6). 

Similar to Ana1-ALL-GFP, the levels of Ana1-ALL-mCherry were slightly higher 

than WT Ana1-ALL-mCherry, but the variability within the mutant sample was very 

high and this difference was not always statistically significant (Figure 5.6B,D,F).  
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Figure 5.6 – PoloGFP levels are extremely low in Ana1-ALL-mCherry embryos. 
Graphs show the mean centrosomal PoloGFP (A,C,E) and Ana1-mCherry (B,D,F) intensities in WT-rescued 
embryos (grey) and Ana1-ALL-mCherry embryos (green and red, respectively). In total, 23 centrosomes from 
six different embryos co-expressing PoloGFP and Ana1-ALL-mCherry were analysed. As it was not possible to 
accurately stage these embryos, they were compared to a panel of WT-rescued embryos at different points of 
their cell cycle/development. In total, 10 different WT-rescued embryos were analysed, although not all were 
analysed at every cell cycle/developmental stage. Since four centrosomes were analysed on average per Ana1-
ALL-mCherry embryo, two pairs of centrosomes were analysed per WT-rescued embryo at any specific stage of 
cell cycle and development. (A,B) Average centrosomal intensities of all analysed centrosomes per genotype (n 
= 64 and 23 centrosomes for WT and ALL, respectively). (C,D) Average centrosomal intensities of WT 
centrosomes classified by developmental stage, compared to ALL (n = 12, 28, 12, 12 and 23 centrosomes for 
cycles 10-11 (pooled together), 12, 13, 14 and ALL, respectively). (E,F) Average centrosomal intensities of WT 
centrosomes classified by cell cycle stage, compared to ALL (n = 16, 36, 12 and 23 centrosomes for beginning 
of S-phase, late S-phase, mitosis and ALL, respectively). Error bars indicate SD. ns = non-statistically 
significant difference, p-value > 0.05; * = 0.05 > p-value > 0.01; 4* = p-value < 10-4 (E-4); <6* = p-value < E-6. 
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Together, these data suggest that centrosomal PoloGFP levels are drastically reduced 

in embryos expressing the Ana1-ALL protein (Figure 5.7A,B). 

I wanted to directly test whether PoloGFP was lost from the centriole wall, the PCM, 

or both. However, in order to distinguish this, I needed to use 3D-SIM, and ana1-/- 

embryos co-expressing PoloGFP and Ana1-ALL-mCherry could not be imaged live 

with 3D-SIM. Therefore, I shifted to 3D-SIM imaging of fixed embryos. Ideally, I 

would have used ana1-/- embryos expressing only Ana1-ALL-GFP (or Ana1-ALL-

mCherry) stained with an antibody against Polo. However, I tested three different 

antibodies against Polo (see Table 2.5), but none appeared to work. Thus, I was 

restricted to 3D-SIM imaging of fixed ana1-/- embryos co-expressing PoloGFP and 

Ana1-mCherry (WT or ALL). The embryos were stained for Ana1 and two additional 

centrosomal markers (Cnn and Asl) to facilitate the identification of centrosomes. I 

was only able to find three centrioles in fixed Ana1-ALL-mCherry embryos, but all of 

these lacked detectable PoloGFP and Asl, and they had only a minimal Cnn scaffold 

(Figure 5.7C,D). Although these analyses are not ideal, together they strongly support 

the conclusion that the recruitment of Polo to both centrioles and the PCM is 

drastically impaired in embryos expressing Ana1-ALL protein. 

5.2.5. Asl recruitment and maintenance are unaffected if Ana1 cannot recruit 

Polo 

The images from fixed ana1-/- embryos co-expressing PoloGFP and Ana1-ALL-

mCherry suggest that mutating the ptPBSs in Ana1 leads to a drastic loss of Polo 

which affects both daughter centriole conversion into a mature mother (hence the loss 

of Asl) and PCM formation (causing a reduction of the Cnn scaffold). A defect in 

centriole conversion would be consistent with the reduced number of centrosomes in  
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Figure 5.7 – PoloGFP is undetectable in the centrioles and PCM of Ana1-ALL-mCherry embryos. 
(A,B) Examples of conventional spinning disk confocal images used for the quantification in Figure 5.6. (C,D) 
3D-SIM images from fixed WT (C) and ALL (D) Ana1-mCherry rescued embryos co-expressing PoloGFP. The 
mCherry fluorophore is not visible after embryo fixation, so embryos were stained for Ana1 (red) as well as Cnn 
(far-red channel, shown as magenta) and Asl (cyan), and the GFP signal was boosted with an anti-GFP alpaca 
nanobody (green). PoloGFP localised strongly to centrosomes in WT Ana1-mCherry embryos (A,C) but it was 
often missing from centrosomes in Ana1-ALL-mCherry embryos (B,D), although it was visible elsewhere in the 
embryo (e.g. kinetochores, 2nd row of panels in (B)). Note that the anti-Ana1 antibody used in (C,D) recognised 
centrioles strongly in embryos at the end of mitosis/beginning of S-phase (centrosome separation), but the signal 
was very low in centrioles from S-phase embryos and newly converted mothers (arrows), and it was often 
undistinguishable in the pre-reconstruction images (data not shown). 
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these embryos. However, it could be that the loss of Asl is a consequence of the 

genetic interaction between the PoloGFP allele and the Ana1-ALL-mCherry transgene. 

Indeed, from my analysis so far it is clear that centrioles can duplicate, at least to some 

extent, in ana1-/- embryos expressing only Ana1-ALL-GFP or Ana1-ALL-mCherry, 

although they often appeared to have problems properly separating afterwards (see 

5.2.2 and 5.2.3), which would indicate that Asl recruitment and centriole conversion 

are unaffected in these embryos. Furthermore, injection of Ana1-ALL-GFP mRNA 

had no effect in Asl-mCherry recruitment or maintenance (see 3.2.4). 

To address this further I quantified Asl-mCherry levels in ana1-/- embryos rescued with 

WT Ana1-GFP or Ana1-ALL-GFP, following the same analysis protocol as in 3.2.4 

and (Saurya et al., 2016). There was no statistically significant difference in the levels 

of Asl-mCherry in either older or younger mothers between WT and ALL Ana1-GFP 

embryos (Figure 5.8A), suggesting that the ptPBS mutations introduced in Ana1-ALL 

do not affect Asl recruitment. I then calculated the ratio of Asl-mCherry between old 

and young mothers. If the mutations introduced in Ana1-ALL affected Asl level 

maintenance, the preferential accumulation of Asl-mCherry at old mothers would be 

lost and this ratio would decrease. However, the old/young mother ratio is actually 

slightly increased in Ana1-ALL-GFP embryos with respect to WT-rescued embryos 

(Figure 5.8B), indicating that Asl level maintenance is unaffected. 

The asymmetry in WT Ana1-GFP within each centrosomal pair was not as clear in this 

experiment (Figure 5.8C) as it was in 5.2.3 (Figure 5.3). A possible reason for this 

discrepancy is that previously I classified the centrosomes into subsets based solely on 

their Ana1-GFP levels (hence distinguishing between “BRIGHT” and “FAINT”). 

Conversely, in this experiment I classified them based on their Asl-mCherry signal,  
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Figure 5.8 – Asl-mCherry is unaffected in Ana1-ALL-GFP embryos. 
(A) Graph shows mean Asl-mCherry intensity above background for Ana1-ALL-GFP and WT-rescued 
embryos. Five embryos were analysed per genotype, and 10 pairs of centrosomes were analysed per embryo. 
For each pair, the centrosome with the highest mean Asl-mCherry intensity was considered to be the old mother 
(“OLD”), and the other centrosome was considered to be the young mother (“YOUNG”), because Asl-mCherry 
is known to preferentially associate with older centrosomes (Novak et al., 2014). Therefore, for statistical 
analysis I compared the mean intensity of Asl-mCherry at old mother centrosomes (WT vs ALL, filled boxes) 
and young mother centrosomes (WT vs ALL, white boxes) separately. (B) For every embryo analysed I 
calculated the old/young mother ratio: average intensity of the Asl-mCherry signal from old mother centrosomes 
divided by the average intensity of the signal from young mother centrosomes. The resulting values were 
averaged to calculate a mean per genotype, and the unpaired t-test was used to assess if the differences were 
statistically significant. (C) Graph showing mean Ana1-GFP intensity from the corresponding centrosomes 
analysed in (A,B). Centrosomes from each pair were classified in “OLD” or “YOUNG” subsets based on their 
Asl-mCherry levels. ns = non-statistically significant difference, p-value > 0.05; * = 0.05 > p-value > 0.01; 5* = 
p-value in 10-5 (E-5) range; 4* - 6* = average p-value in E-4 to E-6 range. Error bars represent SD. 
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which allows the unambiguous identification of the older and younger mother within 

each pair. Interestingly, I also did not observe a statistically significant difference 

between WT Ana1-GFP and Ana1-ALL-GFP levels for either older or younger 

mothers, which further suggests that the mutations introduced in Ana1-ALL-GFP have 

very little effect on its recruitment to the centrosome. However, there is a statistically 

significant enrichment in Ana1-ALL-GFP in older mothers compared to younger 

mothers. Since Ana1 is implicated in Asl recruitment and/or maintenance (Fu et al., 

2016; Saurya et al., 2016), and since the mutations introduced in Ana1-ALL-GFP do 

not appear to disturb this function of the protein, a slight increase in Ana1-ALL-GFP 

levels in old mothers could explain the slight increase in the Asl-mCherry old/young 

ratio in Ana1-ALL-GFP embryos. 

5.2.6. Mitotic PCM expansion is impaired if Ana1 cannot recruit Polo 

The similarities between the phenotypes of cnn-/- and Ana1-ALL-GFP embryos (see 

5.2.2), and the reduction in Spd-2 distribution after Ana1-ALL-mKate2 mRNA 

injection (see 3.2.4) suggest that PCM expansion might be compromised if Ana1 

cannot recruit Polo. Based on previous reports that Spd-2, Polo and Cnn cooperate to 

build the mitotic PCM (Conduit et al., 2014a, 2014b, 2015a; Feng et al., 2017), and 

following the results from Chapter 4 of this thesis, it was reasonable to speculate that 

the dramatic loss of centrosomal Polo observed in Ana1-ALL-mCherry embryos might 

have catastrophic consequences for mitotic PCM assembly. 

I had already observed that fixed ana1-/- embryos co-expressing PoloGFP and Ana1-

ALL-mCherry have a much reduced Cnn scaffold. However, I had been able to obtain 

very few images from these embryos, and this phenotype could be due to the 

sensitisation effect of the PoloGFP allele. Therefore, I decided to test this formally by 
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fixing Ana1-ALL-mCherry embryos (without the PoloGFP allele), and staining them 

to visualise both total Cnn, Cnn phosphorylated at Ser567 ((Feng et al., 2017), see also 

4.2.6), and MTs. As expected, I observed a major reduction in total Cnn scaffold 

formation in most centrosomes (Figure 5.9), similar to that observed in Spd-2-CONS-

GFP embryos (see 4.2.6). However, unlike in in Spd-2-CONS-GFP embryos, some of 

the centrosomes in Ana1-ALL-mCherry embryos were completely devoid of the pCnn 

epitope (arrow, Figure 5.9B), which would be consistent with total loss of Polo from 

both the PCM and the centriole wall. Interestingly, in centrosomes where pCnn was 

not detectable, the total Cnn appeared to be localised to a small region directly around 

the centriole wall, and minimal MT nucleation was detected. Conversely, there were 

some centrosomes that still retained detectable pCnn (arrowhead, Figure 5.9B), their

total Cnn scaffold spread out further (although not as much as in WT-rescued 

embryos) and some MT nucleation was occasionally detectable. These latter 

centrosomes were often shared by different poles to create trains of linked mitotic 

spindles (asterisks, Figure 5.9C; see also 5.2.2).  This variability is surprising, as all 

centrosomes in Spd-2-CONS-GFP embryos were affected to a similar extent. 

To investigate the reason for this variability I turned to live imaging of ana1-/- embryos 

co-expressing GFP-Cnn and either WT Ana1-mCherry or Ana1-ALL-mCherry. WT-

rescued embryos presented extended GFP-Cnn scaffolds (Figure 5.10A) which at the 

beginning of S-phase were slightly larger for one centrosome from each separating 

pair. This asymmetry is consistent with previous reports that soon after centrosome 

separation old mother centrioles are associated with more GFP-Cnn than young mother 

centrioles (Conduit et al., 2010). Conversely, most centrosomes in Ana1-ALL-

mCherry embryos had a much reduced GFP-Cnn signal (Figure 5.10B), consistent 

with the little or no Cnn scaffold formation observed with 3D-SIM in fixed samples 
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Figure 5.9 – Cnn scaffold formation is impaired if Ana1 cannot recruit Polo. 
3D-SIM images from WT (A,C(i)) and ALL (B,C(ii)-(iii)) Ana1-mCherry rescued embryos. The embryos were 
fixed and stained for α-tubulin (to visualise MTs, far-red, shown as magenta), a specific Polo-dependent 
phospho-epitope (pSer567) in Cnn (“pCnn”, green), or Cnn independent of its phosphorylation state (“Cnn”, 
cyan). Ana1 itself is not visible because the embryos could not be stained with anti-Ana1 antibodies, and the 
mCherry fluorophore is not visible after embryo fixation. (A) In WT-rescued embryos, most of the Cnn scaffold 
was phosphorylated at Ser567, except at the edges of the scaffold (particularly noticeable during mitosis, bottom 
panels). (B) Cnn was present at the centriole wall but did not spread outwards into the PCM in most 
centrosomes of Ana1-ALL-mCherry embryos, similar to the phenotype observed in Spd-2-CONS-GFP embryos 
(Figure 4.15). However, in Ana1-ALL-mCherry embryos, phosphorylated Cnn was present in some 
centrosomes (arrowhead), but undetected in others (arrow). (C) Zoomed-out images showing strong MT 
organisation in WT-rescued embryos (i). This was impaired in Ana1-ALL-mCherry embryos (ii), although some 
mitotic spindles were still organised and shared the least affected centrosomes (asterisk, (ii-iii)), forming 
“trains” spindles (e.g. large circular chain in iii). As in B, arrows indicate centrosomes without visible pCnn. 
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Figure 5.10 – Newly formed centrosomes are unable to accumulate Cnn if Ana1 cannot recruit Polo. 
(A,B) Examples of conventional spinning disk confocal images used for the quantification in (D-F). The 
centrosomes analysed were classified into six different “types” (white labels) based on their GFP-Cnn levels and 
their genealogy, as explained by the schematic in (C). (D-F) Graphs showing mean GFP-Cnn intensity above 
background for Ana1-ALL-mCherry and WT-rescued embryos. Eight embryos were analysed per genotype, 
with three pairs of 1st generation centrosomes, and the corresponding four 2nd generation centrosomes per 1st 
generation pair, being analysed per embryo. However, for three WT-rescued embryos the 2nd generation 
centrosomes could not be tracked. (D) shows GFP-Cnn levels per genotype when the values from all 
centrosomes are averaged together, (E) compares average sum of GFP-Cnn levels for all 1st or 2nd generation 
centrosomes per genotype, and (F(i)) shows average GFP-Cnn levels per centrosome type per genotype. Note 
that three “S” centrosomes failed to separate in Ana1-ALL-mCherry embryos, in which case only an “SB”-type 
centrosome was scored. To facilitate visualisation, only the most informative statistical comparisons between 
WT and ALL centrosomal types are shown in tables (F(ii and iii)). Key statistical comparisons in (iii) are 
highlighted in yellow. ns = non-statistically significant difference, p-value > 0.05; ** = 0.01 > p-value > 0.005; 
5* = p-value in 10-5 (E-5) range; 6* = p-value in E-6 range. Error bars represent SD. 



196 

 

(Figure 5.9B). However, there were still some centrosomes with more GFP-Cnn 

(Figure 5.10B, centrosomes marked “B” and “BB”) than others. 

To investigate the reasons for this difference, I performed a pedigree analysis, 

following centrosomes through two cycles of division. As Ana1-ALL-mCherry 

embryos are very disorganised and difficult to stage, I analysed a group of young 

embryos (n = 8, from nuclear cycles 10-12 pooled together) which appeared to be the 

least affected (i.e. most centrosomes were still able to duplicate and separate somewhat 

synchronously). I also analysed a group of WT-rescued embryos of similar age. From 

each embryo, I selected three pairs of separating centrosomes and measured their mean 

GFP-Cnn signal intensity early in S-phase (“1st generation”). From each pair, the 

centrosome with the highest value was labelled “B” (“Big scaffold”), and the other was 

labelled “S” (“Small scaffold”). I then manually tracked each centrosome until they 

separated into an old and young mother at the beginning of the following cycle. I again 

measured the mean GFP-Cnn signal intensity of the newly separating centrosomes 

(“2nd generation”), which were labelled based on which 1st generation centrosome they 

were derived from and the size of their GFP-Cnn scaffold (see Figure 5.10C for a 

schematic of the different “types” of centrosomes analysed). 

As expected, when the mean intensity values for all centrosomes were pooled together, 

the average centrosomal GFP-Cnn intensity was markedly higher in WT-rescued 

compared to Ana1-ALL-mCherry-rescued embryos (Figure 5.10D). I then calculated 

the average “cumulative” GFP-Cnn signal (i.e. the sum of intensities for the two “1st 

generation” centrosomes or for the four “2nd generation” centrosomes from each initial 

pair). In WT-rescued embryos, the number of centrosomes doubled from one 

generation to the next, and so did the cumulative GFP-Cnn signal (Figure 5.10E). 
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Conversely, in Ana1-ALL-mCherry embryos the cumulative GFP-Cnn signal in the 2nd 

generation was only slightly higher than that of the 1st generation, and this difference 

was not statistically significant. This result suggests that the duplicating centrosomes 

in Ana1-ALL-mCherry embryos cannot efficiently accumulate new GFP-Cnn. 

The defects in Ana1-ALL-mCherry embryos were even more clear when GFP-Cnn 

levels were analysed separating the data by centrosome type (Figure 5.10F). The 

centrosomes with the bigger GFP-Cnn scaffolds (“B”, presumed to be the older 

mothers of each pair) were able to maintain a similar-sized scaffold as they entered the 

next cycle: there was a small decrease in GFP-Cnn levels in “BB” compared to “B” 

centrosomes, but the difference was not statistically significant. However, their GFP-

Cnn scaffolds were still much smaller than their WT counterparts, suggesting that Cnn 

scaffold assembly may still be compromised in these centrosomes. Similarly, Ana1-

ALL-mCherry centrosomes with low GFP-Cnn levels (presumed to be young mothers) 

also had a lot less GFP-Cnn than their WT counterparts. Crucially, the young 

centrosomes in WT-rescued embryos were able to recruit GFP-Cnn such that by the 

next cycle their levels were comparable to those of older centrosomes (i.e. there was 

no statistically significant difference comparing WT “SB” to WT “B” and “BB”). 

Conversely, in Ana1-ALL-mCherry embryos the levels of GFP-Cnn in young 

centrosomes could not reach those of older mothers (there is a statistically significant 

difference in GFP-Cnn in ALL “SB” compared to ALL “B” and “BB”), and remained 

very low (no statistically significant difference between ALL “SB” compared to ALL 

“S”, “BS” and “SS”). 

These results are consistent with a model in which young centrosomes containing 

Ana1-ALL can recruit Cnn to the centriole wall but are unable to start forming an 
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expanded Cnn scaffold because Polo cannot bind Ana1 via its PBD and thus, not 

enough Polo is recruited to the centriole wall and Cnn is not phosphorylated. However, 

this does not account for older centrosomes being able to maintain at least a minimal 

Cnn (and pCnn) scaffold. A possible explanation is that older centrosomes may have 

enough time during their maturation (or enjoy less competition from other 

centrosomes) to accumulate enough Spd-2 at their centriole wall. Because Polo can be 

first recruited to the centriole wall by Sas-4 during daughter-to-mother conversion 

(Novak et al., 2016) and Spd-2 can bind Polo (see Chapter 4), this might be enough to 

trigger Cnn scaffold formation, which in turn would help maintain Spd-2, in a positive 

feedback loop (see 4.3 Discussion and Chapter 6). 

If this were the case, Ana1-ALL-mCherry embryos should also present asymmetric 

Spd-2 distribution, with most centrosomes having a minimal or no Spd-2 scaffold but 

some centrosomes having bigger Spd-2 scaffolds. However, when I injected Ana1-

ALL-GFP mRNA into Spd-2-mCherry embryos I observed a generalised reduction in 

centrosomal Spd-2 levels and distribution, but no clear asymmetry (see 3.2.4). To test 

this further, I examined ana1-/- embryos co-expressing Spd-2-GFP and either WT 

Ana1-mCherry or Ana1-ALL-mCherry. Similarly to the GFP-Cnn analysis, I manually 

tracked three centrosomal pairs per embryo through two consecutive cycles. Similar to 

GFP-Cnn, there was a large, statistically significant drop in centrosomal Spd-2-GFP 

levels in Ana1-ALL-mCherry embryos compared to WT-rescued controls (Figure 

5.11A-C). I also observed that the cumulative Spd-2-GFP levels almost doubled from 

the 1st to the 2nd generation in WT-rescued embryos, whereas in Ana1-ALL-mCherry 

embryos there was no statistically significant increase. This suggests that, like GFP-

Cnn, centrosomes in Ana1-ALL-mCherry embryos cannot efficiently accumulate Spd-

2-GFP (Figure 5.11D). 
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Figure 5.11 – Newly formed centrosomes are unable to accumulate Spd-2 if Ana1 cannot recruit Polo. 
(A,B) Examples of conventional spinning disk confocal images used for the quantification in (C-E). The 
centrosomes analysed were classified into six different “types” (white labels) based on their Spd-2-GFP levels 
and their genealogy, as explained by the schematic in (Figure 5.10C). (C-E) Graphs showing mean Spd-2-GFP 
intensity above background for Ana1-ALL-mCherry and WT-rescued embryos (n = 5 and 7 embryos, 
respectively, with three pairs of 1st generation centrosomes and the corresponding four 2nd generation 
centrosomes per 1st generation pair being analysed per embryo). (C) shows Spd-2-GFP levels per genotype 
when the values from all centrosomes are averaged together and (D) compares average sum of Spd-2-GFP 
levels for all 1st or 2nd generation centrosomes per genotype. (E(i)) shows average Spd-2-GFP levels per 
centrosome type per genotype. To facilitate visualisation, only the most informative statistical comparisons 
between WT and ALL centrosomal types are shown in tables (ii-iii). Key statistical comparisons in (iii) are 
highlighted in blue, red and yellow. Unlike for GFP-Cnn, the Spd-2-GFP asymmetry was not as clear in WT-
rescued embryos, with no statistically significant differences in Spd-2-GFP levels between 2nd generation 
centrosomes. However, in Ana1-ALL-mCherry embryos the asymmetry between BB and BS centrosomes was 
very stark, but it was still not significant between SB and SS centrosomes, and SB centrosomes had statistically 
less Spd-2-GFP than B and BB centrosomes. ns = non-statistically significant difference, p-value > 0.05; * = 
0.05 > p-value > 0.01; 4* = p-value in 10-4 (E-4) range; 6* = p-value in E-6 range. Error bars represent SD. 
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Unlike Cnn, Spd-2 distribution is only slightly asymmetrical between old and young 

centrosomes (P. Conduit and S.S. Wong, unpublished). Indeed, if the data was 

subdivided by centrosome type (Figure 5.11E), I observed that in WT-rescued 

embryos the levels of Spd-2-GFP were statistically significantly higher in “B” 

centrosomes compared to “S” centrosomes, but due to sample variation this increase 

was not statistically significant in the 2nd generation centrosomes. However, in Ana1-

ALL-mCherry embryos this asymmetry was highly statistically significant between 

“B” and “S” and also “BB” and “BS” centrosomes, highlighting that although there is 

a generalised loss of centrosomal Spd-2-GFP in these embryos, older centrosomes tend 

to maintain some Spd-2-GFP, whereas younger centrosomes have very little Spd-2 

(presumably only that recruited to the centriole). As for GFP-Cnn, the levels of Spd-2-

GFP of “SB” centrosomes in Ana1-ALL-mCherry embryos were statistically lower 

than those of “B” and “BB” centrosomes, and no different than those of “S”, “BS” and 

“SS” centrosomes. This shows that in Ana1-ALL-mCherry embryos the levels of Spd-

2-GFP in young centrosomes could not grow to reach those in older centrosomes. 

To confirm that Spd-2-GFP was preferentially lost from the PCM (rather than from the 

centrioles), I imaged live Ana1-ALL-mCherry embryos and WT-rescued controls with 

3D-SIM. While the Ana1-mCherry signal was difficult to reconstruct, Spd-2-GFP was 

clearly localised to the centriole wall and the PCM in WT Ana1-mCherry embryos 

(Figure 5.12A). Conversely, in Ana1-ALL-mCherry embryos some centrosomes still 

had an expanded Spd-2-GFP scaffold, whereas others had completely lost it and 

presented Spd-2-GFP only at the centriole wall (Figure 5.12B). 
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Figure 5.12 – Spd-2 scaffold formation is impaired if Ana1 cannot recruit Polo. 
Micrographs show 3D-SIM images of individual centrosomes from ana1-/- embryos expressing Spd-2-GFP 
(green in merge images) and either WT Ana1-mCherry (A) or Ana1-ALL-mCherry (B) (red in merge images). 
While Ana1-mCherry images are shown for references, reliably reconstructing the Ana1-mCherry signal is 
difficult due to its low levels and fast bleaching of the fluorophore. Thus, images were selected based only on 
whether the Spd-2-GFP reconstructed image was deemed of sufficient quality by SIM-Check (Ball et al., 2015). 
Centrosomes in WT-rescued embryos presented well-spread out Spd-2-GFP PCM scaffolds. However, in Ana1-
ALL-mCherry embryos many centrosomes presented Spd-2-GFP only at the centriole wall, although some 
centrosomes were still able to assemble large Spd-2-GFP PCM scaffolds.  
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5.2.7. The C-terminal region of Ana1 is responsible for the Polo recruitment 

function 

Finally, I decided to test if a specific region of Ana1 is involved in Polo recruitment. I 

divided the 34 ptPBSs present in Ana1 into three groups based on whether they were 

present in the N-terminal region defined in (Fu et al., 2016), which interacts with 

Cep135 (1-756 aa, including 10 ptPBSs); the C-terminal region, which interacts with 

Asl (935-1729 aa, including 20 ptPBSs), or the middle section where the two 

constructs made by Fu et al. overlap (756-935 aa, 4 ptPBSs) (Figure 5.13A). Since 

neither Asl recruitment nor its maintenance are affected by Ana1-ALL-GFP, perhaps it 

would be expected that the Polo recruitment function is localised to the N-terminus of 

Ana1. However, the C-terminal region has the highest ratio of total and conserved 

ptPBSs per 100 amino acids (2.5 and 1.1 respectively, compared to 1.32 and 0.39 for 

the N-terminus and 2.2 and 1.0 for the middle section). 

I mutated all the ptPBSs within each group, introducing the conservative mutation Ser 

(at position -1) to Thr. The three different mutants were tested by mRNA injection, 

comparing their effect on PoloGFP distribution to that of WT and ALL Ana1-mKate2 

fusions (Figure 5.13B). As predicted based on the ptPBS ratios, Ana1-CT-mKate2 

mRNA injection resulted in PoloGFP being lost from at least one of the centrosomes 

within each pair for 11/11 embryos injected, similar to Ana1-ALL-mKate2 mRNA 

injection (arrows, Figure 5.13B). Conversely, WT Ana1-mKate2, Ana1-NT-mKate2 

and Ana1-Mid-mKate2 had little effect on PoloGFP distribution. Thus, the C-terminus 

of Ana1 appears to play the largest part in Polo recruitment to the centrosome. 
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Figure 5.13 – The C-terminal region of Ana1 is involved in PoloGFP recruitment to the centrosome. 
(A) Schematic representation of Drosophila melanogaster Ana1 indicating ptPBSs (Ser-Ser/Thr) that are either 
conserved (present in at least 11/12 Drosophila species analysed, red lines) or not conserved (blue lines). The 
boundaries of the Ana1 regions defined in a previous study (Fu et al., 2016) are also indicated. (B) Micrographs 
of embryos expressing PoloGFP (green in the merge channel) injected with WT, ALL, NT, Mid or CT Ana1-
mKate2-mRNA (red in the merge channel). Arrows indicate centrosomes that are only visible in the red channel 
(i.e. have lost PoloGFP). Embryos were scored blindly for loss of PoloGFP from at least one visible centrosome, 
the results for each injected construct are indicated as affected embryos/total injected embryos analysed, below 
the corresponding column of panels. 
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5.3. Discussion 

In this Chapter I have confirmed that Ana1 has an important role in recruiting Polo to 

the centrosome in fly embryos. Losing Ana1-mediated Polo recruitment strongly 

perturbs PCM assembly in newly formed centrosomes at the syncytial blastoderm 

stage, resulting in the embryo accumulating mitotic defects and dying prior to 

gastrulation. PCM assembly is somewhat impaired but still possible in older 

centrosomes, presumably because they are able to recruit enough Polo via the Thr200-

STP motif of Sas-4 and accumulated Spd-2 to trigger the Spd-2/Polo/Cnn positive 

feedback loop and so partially bypass the need for Polo recruitment via Ana1. This 

idea is further explored in Chapter 6 of this thesis. 

The simplest explanation for my observations is that there is a direct interaction 

between the PBD and ptPBSs in the C-terminal region of Ana1. Indeed, a low-scoring 

interaction between the Ana1 C-terminus and Polo was detected in a Y2H screen 

(Galletta et al., 2016). While I did not have time to test this formally during the course 

of my studies, future work will involve purifying a recombinant C-terminal fragment 

of Ana1 and testing its binding to commercial GST-PBD using the same in vitro assay 

I optimised for Spd-2 (see 4.2.9). I would also like to confirm that other PCM proteins 

(e.g. ɣ-tubulin) are mislocalised in ana1-/- embryos rescued with Ana1-ALL. 

Additionally, during my studies I have produced a Jupiter::mCherry, Df(3R)Exel7357

recombinant fly line that could be used to study MT dynamics in these embryos. 

A significant aspect of this model is that canonical PBD binding to Ana1 would require 

centriolar Ana1 being phosphorylated. In the Ana1 C-terminus there are four ptPBSs 

that are also predicted to be likely Polo phosphorylation targets and two ptPBSs which 

are predicted Aurora A targets. Furthermore, three ptPBSs in the Ana1 C-terminus 
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have been shown to be phosphorylated in fly embryos (D. melanogaster or related 

species) via MS (Bodenmiller et al., 2007; Hu et al., 2018; Zhai et al., 2008). While the 

low endogenous levels of Ana1 make any biochemical studies challenging, the 

transgenic lines generated for this thesis expressing the Ana1-fusion proteins under the 

control of the ubiquitin promoter could be useful for co-immunoprecipitation or MS 

experiments. I would also like to repeat the centrosome purification experiments to test 

if phosphorylated Ana1 can be detected specifically at centrosomes (similarly to Cnn 

and Spd-2, Figure 4.1). Additionally, during my studies I identified an anti-Ana1 

antibody which labels centrosomes clearly during mitosis but poorly in S-phase 

(arrows, Figure 5.7). It would be interesting to test whether this difference is due to 

differential phosphorylation states of Ana1 during the cell cycle, or occlusion of the 

antibody epitope in some other way.    

An important observation is that, despite the many ptPBSs mutated, Ana1-ALL does 

not appear to be misfolded. Ana1-ALL was recruited to the centriole similarly to WT 

Ana1, and it is functional enough to rescue the uncoordinated phenotype of ana1-/- 

flies. Furthermore, Asl recruitment and maintenance were unaffected by the mutations 

introduced in Ana1-ALL, suggesting that the C-terminal region of the protein performs 

at least two different roles: the previously known Asl-related function, and the novel 

role in Polo recruitment identified in this study. 

Newly formed centrioles incorporating Ana1-ALL could disengage from their older 

mothers and be converted into mothers able to nucleate new daughter centrioles. They 

did so despite sometimes remaining in physical proximity to other centrosomes 

(forming clusters) and not being able to recruit an extensive PCM scaffold. Thus, most 

of my data is consistent with the possibility that Ana1-mediated Polo recruitment is 
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crucial for mitotic PCM assembly but not for centriole disengagement or conversion 

into a mature mother. However, co-expression of PoloGFP and Ana1-ALL-mCherry 

did result in a decrease in the number of centrosomes present in embryos, although it is 

very likely that this was due to a genetic interaction between the two alleles. It would 

be ideal to find alternative fluorescently-tagged Polo fly lines or antibodies to test Polo 

recruitment in the Ana1-ALL-rescued embryos that did not suffer from this 

sensitisation effect. In the future, I would also like to test whether the recruitment of 

other proteins involved in centriole conversion (e.g. Sas-4 or Cep135) is unaffected in 

Ana1-ALL-rescued embryos. While this study has been focused on the developing fly 

embryo, its scope could be expanded to include other Drosophila tissues such as third-

instar larval brains, which have often been used to study defects in centriole assembly 

and conversion (Basto et al., 2006; Bettencourt-Dias et al., 2005; Blachon et al., 2008, 

2009; Martinez-Campos et al., 2004; Peel et al., 2007; Rodrigues-Martins et al., 2007a; 

Stevens et al., 2009; Wang et al., 2011a). 

It has been previously suggested that Ana1 is incorporated into daughter centrioles as 

they grow during S-phase, with incorporation continuing into mitosis before plateauing 

(Saurya et al., 2016) (Figure 5.14A,B). However, my preliminary data shows that 

during S-phase, many centrosomes present Ana1-GFP only at the wall of the mother 

centriole, with no detectable Ana1-GFP at the daughter centriole. The main caveat of 

using the Ana1-GFP transgenic fly line generated during my studies is that the 

fluorescently-tagged protein is 2.5-3X overexpressed compared to endogenous Ana1 

(Figure 5.1B), and thus, could potentially localise to additional places in the 

centrosome: i.e. that endogenous Ana1 might localise only to the mother centriole, but 

the overexpressed protein might localise to both mother and daughter centrioles.  
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Figure 5.14 – Different models to explain Ana1 recruitment. 
(A) Mean centrosomal Ana1-GFP intensity increases exponentially from centrosome separation (CS), 
until it reaches a plateau during mitosis. Adapted from (Saurya et al., 2016). (B) Ana1 incorporation 
model proposed in (Saurya et al., 2016). Green arrows indicate net Ana1 incorporation. Ana1 is 
recruited to growing daughter centrioles with similar rates in old and young centrosomes, from CS until 
mitosis. The levels in young mother centrioles never reach those of old mothers, creating a small 
asymmetry (asterisk). (C) Alternative model, where Ana1 incorporation at daughter centrioles starts 
once they have been built. Young mothers continue incorporating Ana1 throughout mitosis and into the 
next S-phase. This model explains why centrosomes appear to incorporate Ana1 from the start of S-
phase, but Ana1-GFP may often not be detected at daughter centrioles. However, old mothers should 
stop incorporating Ana1 at some point, in which case the orange and purple lines in (A) should be 
different. (D) Complex model, where mother centrioles recruit Ana1 from CS. Once built, daughters can 
also incorporate Ana1 from the cytoplasm (until mitosis) or receive it from their mothers. At CS, the old 
mother is still slightly enriched compared to the young mother, creating a slight asymmetry (asterisk).  

Next S-phase
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However, since a majority of centrosomes and embryos show that overexpressed 

Ana1-GFP does not localise to daughter centrioles in mid/late S-phase, it is very likely 

that the endogenous protein does not either. 

Thus, my data suggests that Ana1 is not incorporated into daughter centrioles from the 

beginning of S-phase. Instead, Ana1 recruitment to the daughter centriole would start 

in mid/late S-phase, once cartwheel growth has been completed and as part of daughter 

centriole conversion into a fully functional mother. Ana1 incorporation would continue 

throughout mitosis and into the beginning of the following S-phase, and be completed 

only after the centriole (now a young mother) has started to duplicate a new daughter. 

This fits with previous reports from S2 cells (Fu et al., 2016) and unpublished data 

from other members of the Raff laboratory (A. Wainman, personal communication) 

(Figure 5.14C). As Ana1-GFP incorporation would be completed during the first S-

phase following centriole maturation, this model assumes that centrosomes containing 

older mother centrioles (orange arrow) should present none or little Ana1-GFP 

incorporation during early S-phase. 

However, it has been previously reported that Ana1-GFP incorporation dynamics are 

very similar between centrosomes with old and young mother centrioles (Figure 

5.14A), and that this incorporation is irreversible (Saurya et al., 2016). This creates 

quite a conundrum, as Ana1 would have to be recruited to all mother centrioles, 

accumulating with every cycle. Thus, very old mothers should present very large 

amounts of Ana1, with a strong Ana1 asymmetry compared to young mother centrioles 

derived from them. However, GFP-Ana1 is only slightly enriched on old mothers 

(Saurya et al., 2016), and in my studies the asymmetry is also very small (Figure 

5.3B). It is also unclear what molecular mechanism could explain such sustained 
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accumulation. Thus, it is necessary to revisit the evidence presented in (Saurya et al., 

2016). If these results can be validated, a third, more complex model would be 

required, with some Ana1 being recruited to mother centrioles early in S-phase and 

then transferred to their daughters once their cartwheels have been built (Figure 

5.14D). This potential Ana1 exchange could also explain why in mRNA injection 

experiments all centrioles appear to incorporate some level of Ana1-mKate2 (see 3.2.4 

and 5.2.7), and why some embryos (presumably injected with large amount of mutant 

mRNA) had completely lost PoloGFP from all centrosomes, and not just from young 

centrosomes (data not shown). 

It must also be noted that in previous reports centriolar Ana1-GFP appeared to increase 

exponentially during S-phase (Saurya et al., 2016) (Figure 5.14A). However, I did not 

observe any statistically significant difference in Ana1-GFP centriolar levels between 

embryos at the beginning and end of S-phase (Figure 5.3A). As the transgene in the fly 

line I used is overexpressed (Figure 5.1B), perhaps having more cytoplasmic Ana1-

GFP accelerates its incorporation into centrioles. Thus, all the Ana1-GFP subunits that 

would be incorporated in any one cycle do so soon after centrosome separation, rather 

than requiring all of S-phase to do so. Incidentally, this idea is incompatible with the 

daughter-only incorporation model (Figure 5.14B). I did not directly test this, but it is 

also possible that more Ana1-GFP is recruited to centrioles overall. In any case, Ana1-

GFP overexpression must not lead to saturation of all the Ana1 binding sites at 

centrioles in these embryos during one cycle. Otherwise, there would be no asymmetry 

within each centrosome pair (i.e. no statistically significant difference in average 

Ana1-GFP levels between the “BRIGHT” and “FAINT” centrosome subsets) or at 

least this asymmetry should decrease as S-phase progresses. In actuality, there was no 

statistically significant difference in the WT Ana1-GFP BRIGHT/FAINT ratio 
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between early and late S-phase centrosomes, indicating that this is not the case (Figure 

5.3B). Nevertheless, further insight into the dynamics of Ana1 incorporation is 

required, taking into account any potential effects from changes in cytoplasmic Ana1 

levels.  
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Chapter 6 - General discussion and conclusion 

6.1. Summary 

This thesis has focused on how Polo kinase is recruited to different compartments 

within the centrosome, and how these recruitment events impact centrosome 

biogenesis. Polo kinase localises to the centriole wall and to the nearby PCM. Of all 

the centrosomal proteins which have similar localisations and are crucial for 

centrosome biogenesis, only three appear to have a major role in Polo recruitment: 

Sas-4 (via the single Thr200-STP motif, (Novak et al., 2016)), Ana1 (via ptPBSs in its 

C-terminal region) and Spd-2  (via multiple ptPBSs spread throughout the protein). 

Spd-2 can directly interact with the PBD to recruit Polo to the expanding PCM, but it 

is not required for Polo recruitment to the centriole wall. Conversely, Ana1 is required 

for overall Polo recruitment (directly or indirectly) to the centriole wall and the PCM. 

In addition, I have shown that having a high frequency of ptPBSs (Ser-Ser/Thr) is a 

conserved feature of these proteins. It appears that the frequency and conservation of 

ptPBSs in a protein could potentially be a strong predictor of whether a protein is 

involved in canonical Polo binding. Thus, while the results presented in this thesis are 

of particular interest to the centrosome field, the strategy employed here could be 

adapted to study Polo/PLK1 recruitment to other subcellular structures. 

Some of the results and areas for future work have already being discussed at the end 

of the corresponding Chapters. Therefore, in the following sections I focus on my main 

observations, discussing them in the wider context of previously available literature, 

and proposing a unified model of Polo recruitment to the centrosome.  
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6.2. A positive feedback loop drives centrosome maturation in fly 

embryos 

The PCM expands dramatically around the mother centriole in preparation for mitosis 

(Palazzo et al., 1999). Any model that attempts to explain such complex process has to 

account for several fundamental aspects that have been recognised over the years: 

nucleation by a mother centriole (Basto et al., 2006; Bobinnec et al., 1998; Cabral et 

al., 2019; Kirkham et al., 2003; Wang et al., 2011b), autocatalysis (Zwicker et al., 

2014), and mitotic PCM size being independent from starting conditions (Conduit et 

al., 2010, 2015a; Raff, 2019). It has also been previously proposed that mitotic PCM 

scaffold formation in fly and worm embryos relies on the cooperation between three 

proteins: Spd-2, Polo and Cnn (Cabral et al., 2019; Conduit et al., 2014a, 2014b, 

2015a; Decker et al., 2011; Dobbelaere et al., 2008; Feng et al., 2017; Hamill et al., 

2002; Kemp et al., 2004; Pelletier et al., 2004; Wueseke et al., 2016). I have shown 

that Spd-2 recruits Polo to the PCM, and I propose that this interaction is part of a Spd-

2/Polo/Cnn positive feedback loop (Figure 6.1A) that can account for the fundamental 

aspects of centrosome maturation described above. 

The model is summarised in Figure 6.1B. During interphase, Spd-2, Polo and Cnn are 

recruited to the centriole wall (Fu and Glover, 2012) but Polo is inactive and Spd-2 and 

Cnn are not phosphorylated and so do not form scaffolds (Figure 6.1Bi). As cells 

prepare for mitosis, Spd-2 becomes phosphorylated, and thus able to directly bind to 

the PBD of Polo kinase (Figure 6.1Bii). Indeed, a fraction of Spd-2 appears to be 

specifically phosphorylated at centrosomes (P. Conduit and J. Baumbach, (Alvarez-

Rodrigo et al., 2019)). My in vitro and bioinformatics data suggest that Polo is 

involved in this phosphorylation. Polo self-priming its own binding has been  
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Figure 6.1 - Spd-2, Polo and Cnn appear to form a positive feedback loop that drives the expansion of the 
mitotic PCM scaffold. 
(A) A schematic summary of the proposed positive feedback loop that drives the expansion of the mitotic PCM 
scaffold in Drosophila embryos. It has been previously proposed that Asl recruits Spd-2 and Spd-2 recruits Cnn 
(solid black lines), and that Cnn helps stabilise the Spd-2 scaffold (dashed black line, Conduit et al., 2014b). It 
has also been shown that Polo phosphorylates Cnn (yellow line) (Conduit et al., 2014a). In this thesis, I have 
shown that, in addition to these interactions, Spd-2 also recruits Polo. (B) Schematic of the process of mitotic 
PCM expansion in WT conditions. (i) Approximate localisation of the main centriolar and centrosomal players 
discussed in this thesis. (ii) New units of Polo bind to phosphorylated Spd-2 via their PBD. (iii) Phosphorylated 
Spd-2 fluxes outwards and accumulates, bringing Polo and Cnn with it, thus initiating the formation of a PCM 
scaffold. (iv) The Cnn scaffold cannot recruit more Spd-2 or Polo, but it stabilises the expanding Spd-2 scaffold, 
creating a positive feedback loop that drives mitotic PCM expansion around the mother centriole. (C(i)) If Polo 
cannot bind to Spd-2, Spd-2 and Cnn are still phosphorylated at the centriole wall. (ii) Spd-2 fluxes outwards, 
bringing Cnn with it, but not Polo. (iii) Due to the absence of Polo from the PCM, Cnn cannot be efficiently 
phosphorylated and so it cannot form scaffold. Thus, the Spd-2 scaffold cannot be maintained, the positive 
feedback loop is broken and PCM expansion fails. 
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previously reported in other cellular contexts (Kang et al., 2006; Neef et al., 2003, 

2007), but other mitotic kinases could also be involved. The Spd-2 scaffold starts 

fluxing outwards, recruiting both active Polo and Cnn to the PCM nearest to the 

centriole wall (Figure 6.1Biii); and active Polo phosphorylates Cnn, allowing it to form 

its own scaffold (Conduit et al., 2014a). Note that Spd-2 scaffold formation may also 

require phosphorylation by Polo, but this is yet to be determined and not essential for 

this model. Crucially, it has been reported that the presence of the Cnn scaffold helps 

stabilise and maintain the Spd-2 in the PCM around the centriole (Conduit et al., 

2014b). Thus, the Spd-2 scaffold spreads further, recruiting more Polo and Cnn, 

allowing the Cnn scaffold to spread further as well, and so on. This results in the 

dramatic expansion of mitotic PCM (Figure 6.1Biv). 

This model is a classical positive feedback loop in which the Output (the PCM scaffold 

in toto) directly increases the Input (the Spd-2 scaffold). Furthermore, my observations 

suggests that, although Polo recruitment might rely mostly on conserved ptPBSs, other 

ptPBSs in Spd-2 may be able to contribute to this process (hence the stronger 

phenotype of Spd-2-ALL mutant compared to Spd-2-CONS mutant). Having multiple 

sites that can be phosphorylated and recruit Polo could further contribute to signal 

amplification and establishment of the positive feedback loop. 

If Spd-2 cannot efficiently bind to the PBD (as appears to be the case for the Spd-2-

ALL and Spd-2-CONS mutants), Polo is still recruited to the centriole wall (see below) 

(Figure 6.1Ci). Additionally, Spd-2 still recruits Cnn to the centriole wall. Thus, 

centriolar Polo is still able to phosphorylate Spd-2 and Cnn, and these proteins start 

forming mini-scaffolds (Figure 6.1Cii). However, if Polo does not spread outwards 

into the PCM with the Spd-2 scaffold, the Cnn scaffold cannot be maintained. The 
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existing Spd-2 scaffold becomes unstable and the little PCM that had been organised 

around the centriole collapses (Figure 6.1Ciii). 

This mechanism still relies on Spd-2 being continuously recruited and phosphorylated 

the centriole wall, fulfilling the “nucleation by a mother centriole” aspect of 

centrosome maturation. Although it relies on three proteins interacting rather than one, 

the positive feedback loop makes PCM expansion autocatalytic: the accumulation of 

Spd-2, Cnn and Polo at the PCM acts as a catalyst for further accumulation. However, 

while the different PCM components help stabilise each other, PCM expansion is 

ultimately limited by how much Spd-2 can be recruited to the centriole, rather than by 

how much PCM already exists around the centriole. Thus, although younger mother 

centrioles might start with less assembled PCM than older mother centrioles, by the 

time they reach mitosis all centrosomes will have been able to build similar-sized 

PCM, fulfilling the “mitotic size is independent from starting conditions” requirement. 

A key aspect of this model is that Spd-2 and Cnn are recruited to the centriole wall and 

then “flux” outwards into the PCM. While this phenomenon is clear in fly embryos, 

Cnn does not flux outwards in fly somatic cells, although Spd-2 does (Conduit and 

Raff, 2015; Conduit et al., 2010, 2014b). It is unclear why this fluxing would be 

present in some cell types but not in others. Furthermore, the C. elegans homologues 

(SPD-2 and SPD-5) do not appear to be recruited to the centre of the centrosome and 

then flux outwards, but (at least in the worm embryo) they are recruited isotropically 

throughout the volume of the PCM (Cabral et al., 2019; Laos et al., 2015). Indeed, 

unlike in fly embryos, SPD-2 and PLK-1 are present throughout the worm PCM, 

although they are mostly concentrated at the centre of the centrosome. Interestingly, 

my bioinformatics analysis showed that fly Spd-2 and human Cep192 are clearly 
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enriched in ptPBSs compared to fly Cnn and human Cep215/Cdk5Rap2 (respectively), 

but this difference is not so clear between worm SPD-2 and SPD-5. This suggests that 

these two protein families may have generally evolved to ensure that phosphorylated 

Cnn cannot efficiently recruit Polo on its own, requiring Spd-2 to act as an 

intermediary between these two proteins; but perhaps this pathway has not been as 

strongly conserved in worms. Worm embryos present very large mitotic centrosomes, 

so perhaps the process of PCM assembly has evolved to accommodate this. It will be 

important to determine whether Spd-2 and Cnn homologues flux in other species, and 

if this fluxing is important for mitotic PCM growth in these species. 

Finally, the idea that many non-membrane bound organelles like the centrosome may 

assemble via liquid-liquid phase separation has gained traction in recent years (Banani 

et al., 2017; Boeynaems et al., 2018; Raff, 2019). One of the first landmark discoveries 

of the phase separation field was the observation that P granules in the germ cells of C. 

elegans presented liquid-like behaviour (Brangwynne et al., 2009). The strongest 

evidence supporting the idea that PCM assembly occurs via phase separation also 

comes from C. elegans studies (reviewed in Woodruff, 2018). Specifically, purified 

recombinant SPD-5 can form large aggregates in vitro which have transient liquid-like 

properties, although they rapidly harden into gel-like structures (Woodruff et al., 2015, 

2017). Additionally, the mathematical model that first proposed the importance of 

autocatalysis in mitotic PCM expansion was based on worm embryo data and treated 

centrosomes as liquids (Zwicker et al., 2014). However, others have reported that 

SPD-5 does not undergo internal rearrangements within the worm PCM (Laos et al., 

2015), unlike what would be expected of liquid-like droplets. In flies, both Cnn in vivo 

and Cnn fragments in vitro exhibited solid-like behaviour (Conduit et al., 2010, 2014b; 

Feng et al., 2017). Indeed, while the idea of a single protein species (Cnn/SPD-5) 
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triggering PCM assembly via phase separation is attractive, this model struggles to 

explain several of the fundamental aspects of centrosome maturation, such as the need 

for nucleation by a mother centriole (as Cnn could catalyse its own recruitment), or 

how two centrosomes of different ages can reach similar sizes (as the larger Cnn 

assembly would be expected to outcompete the smaller aggregate). Conversely, the 

model proposed in this thesis, where Spd-2 emanates from the centriole wall to the 

PCM, bringing Polo along, functions within the conceptual framework of a non-liquid-

like scaffold that requires the mother centriole, but the amplification implicit in the 

Spd-2/Polo/Cnn positive feedback loop can still provide an “autocatalytic” mechanism. 

6.3. Ana1 is a crucial reservoir of centriolar Polo 

The model of Polo recruitment to the PCM described above requires Spd-2 

phosphorylation, most likely mediated by Polo itself, but it does not explain how Polo 

is initially recruited to the centriole wall. Previous work in the Raff laboratory has 

shown that the Thr200-STP motif in Sas-4 is involved in Polo recruitment to young 

centrioles as they are converted into fully functional mothers. Thr200-mediated Polo 

recruitment is also essential for Asl recruitment to young mothers. However, it is not 

required for Polo or Asl maintenance at older mothers (Novak et al., 2016). Thus, it 

was proposed that other proteins at the centriole might be involved in “bulk” Polo 

recruitment/storage at the centriole wall. 

My mRNA injection-based screen has shown that Polo recruitment does not rely on 

any other ptPBS in Sas-4, nor in other proteins that were promising candidates (Asl 

and Cep135). While this does not rule out that sites in these proteins could inefficiently 

contribute to maintaining Polo at the centrosome, it appears that most centriolar Polo 

relies on Ana1-mediated recruitment. 
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I propose the following model to bring together previous observations (Novak et al., 

2016) and my results (Figure 6.2A,B). Sas-4 is incorporated into daughter centrioles 

during S-phase, with Ana1 incorporation occurring sometime later. Once in mitosis, 

Sas-4 Thr200 is phosphorylated by CDK1, which allows a few Polo molecules to bind 

to it, triggering Asl recruitment and centriole conversion into a fully functional mother 

(Novak et al., 2016) (Figure 6.2Bi-iii). The Ana1 C-terminal region becomes 

phosphorylated (Figure 6.2Biv) (see below) and additional Polo molecules bind to it 

via their PBD (Figure 6.2Bv), amplifying the signal initially triggered by CDK1. Both 

centrosomes are now fully functional (Figure 6.2Bvi). In preparation for a new round 

of mitosis, Spd-2 starts accumulating at the centriole and is phosphorylated by Polo 

recruited by Sas-4 and Ana1, triggering the positive feedback loop discussed above. 

If Polo binding to the Sas-4 Thr200 STP-motif is disturbed in fly embryos that already 

have some matured centrosomes (e.g. injecting an antibody that occludes this site, 

Novak et al., 2016) (Figure 6.2C), new centrioles cannot recruit the initial Polo 

molecules, so Ana1 is not phosphorylated and cannot recruit Polo, and both Asl 

recruitment/centriole conversion and mitotic PCM expansion are impaired. However, 

older centrosomes are unaffected because they already contain a pool of Polo bound to 

Ana1 (at the centriole) and Spd-2 (at the PCM). 

Conversely, if Ana1-mediated Polo recruitment is abolished (Figure 6.2D), the Sas-4 

Thr200-STP motif can still recruit Polo, and daughter centrioles are converted into 

young mothers. These centrioles lack the Polo “reservoir” provided by Ana1, so not 

enough Polo is recruited to efficiently phosphorylate Spd-2 and trigger the Spd-

2/Polo/Cnn positive feedback loop. Nevertheless, some (presumably very old) 

centrosomes in fly embryos are still able to organise a somewhat extended mitotic 
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Figure 6.2 – Sas-4 and Ana1 recruit Polo to the centriole wall. 
(A) A schematic summary of different Polo recruitment events at the centrosome. CDK1 phosphorylates Sas-4 
at Thr200 to allow PBD binding (Novak et al., 2016). I propose that Polo then phosphorylates Ana1, triggering 
further Polo accumulation. Centriolar Polo then phosphorylates Spd-2, which recruits more Polo to the PCM. 
(B) Schematic of Polo recruitment events in the context of the centrosome cycle. For ease of visualisation, the 
PCM is depicted as a homogeneous “cloud” of proteins, and blurred out during the steps depicting the daughter 
centriole conversion. (i-iii) Polo recruitment by Sas-4, required for Asl recruitment (Novak et al., 2016). (iv-vi) 
Ana1 mediates a 2nd wave of Polo recruitment, most likely by being phosphorylated (by Polo or another kinase) 
and directly binding the PBD. This process generates two fully functional mother centrioles able to assemble 
mitotic PCM. (C) Consequences of losing Polo binding to Sas-4 (Novak et al., 2016). (D) Consequences of 
losing Ana1-mediated Polo recruitment. New centrioles still recruit Asl, Spd-2 and Cnn, but do not have enough 
Polo to trigger PCM assembly. Old centrosomes may be able to recruit enough Polo through Sas-4 and Spd-2 
(and potentially others) to inefficiently trigger PCM assembly. 
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PCM. This could be because very early in embryo development there are other factors 

that contribute to Polo recruitment, or it could be that these centrosomes are formed at 

a time when there are very few centrosomes, so there might be less competition to 

recruit Polo and/or Spd-2, and thus they can trigger the PCM positive feedback loop 

without requiring the Ana1 “reservoir”. Polo is maintained at these older centrosomes 

by Sas-4 and the Spd-2 scaffold, but PCM assembly is inefficient. After PCM 

disassembly at the end of mitosis not enough Spd-2 scaffold can be re-built, and so 

their PCM is smaller than that of WT controls. 

What happens if Polo kinase activity is reduced? Throughout my studies I have 

observed a consistent sensitization effect when a PoloGFP protein trap allele was co-

expressed with Spd-2 or Ana1 ptPBS mutants. A potential explanation is that the 

PoloGFP fusion protein is not as active as its untagged counterpart. Thus, in addition 

to suffering a significant reduction in centrosomal Polo levels, some of the Polo 

molecules that are recruited (by Sas-4 Thr200-STP and by Ana1 or Spd-2, 

respectively) are not as functional, so it is more difficult for these centrosomes to 

present enough Polo activity to drive mitotic PCM assembly or to recruit Asl normally 

during centriole conversion. 

On this note, while it seems clear that Asl and Ana1 interact and that Ana1 contributes 

to Asl maintenance at the centrosome (Fu et al., 2016; Galletta et al., 2016; Saurya et 

al., 2016), there is some disagreement on whether Ana1 is required for the initial 

recruitment of Asl. The key piece of evidence supporting Ana1-mediated Asl 

recruitment comes from observations in S2 cells where Ana1 depletion (via RNAi) 

was rescued by artificially tethering the Ana1 C-terminus to centrosomes (Fu et al., 

2016). In light of my observations, it would be interesting to investigate whether this 
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reported Asl loss is due to losing the Ana1-Asl interaction and/or the centriolar Polo 

reservoir recruited by Ana1. It could be that in S2 cells both the Sas-4 Thr200-STP 

motif and the Ana1 C-terminus are required to recruit enough Polo to trigger Asl 

recruitment during centriole conversion, or that in S2 cells initial Polo recruitment 

during centriole conversion occurs via Ana1 without requiring the Sas-4 Thr200-STP 

motif. 

The model presented here makes several assumptions. The simplest explanation to my 

observations is that Polo binds via its PBD to ptPBSs in the Ana1 C-terminal region, 

but I have not tested this formally yet. I am also assuming that Ana1-mediated Polo 

recruitment occurs downstream of Sas-4-mediated Polo recruitment, on the basis that 

Asl recruitment and centriole conversion require Sas-4-mediated Polo recruitment but 

are unaffected in Ana1-ALL-GFP embryos. Similarly to Spd-2-mediated Polo 

recruitment, I am also proposing that Polo self-primes the binding of the PBD to Ana1, 

but other regulators could contribute to Ana1 phosphorylation. 

Based on my bioinformatic analysis of Ana1, the best alternative candidate to 

phosphorylate ptPBSs is Aurora A, a mitotic kinase present on centrosomes from late 

S-phase that plays an important role in centrosome maturation in many species (Barr 

and Gergely, 2007). In vertebrates, Cep192 serves as a scaffold for PLK1 and Aurora 

A, and the two kinases influence each other’s activity and centrosomal localisation 

(Joukov et al., 2010, 2014; Meng et al., 2015). In Drosophila, Spd-2 plays an 

important role in recruiting Aurora A to centrosomes (Dobbelaere et al., 2008; Conduit 

et al., 2014b), although it is unclear if this is through direct binding. In worms, the 

Aurora A homologue AIR-1 is required to trigger mitotic PCM expansion, but unlike 

SPD-2, it is not required for subsequent PCM growth (Cabral et al., 2019). Clearly, 
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Aurora A must be able to influence the Spd-2/Polo/Cnn feedback loop, but currently it 

is unclear how. Surprisingly, a strong interaction was detected between the Ana1 C-

terminal region and Aurora A in a yeast two-hybrid screen (Galletta et al., 2016). Thus, 

an interesting possibility is that Aurora A could contribute to PCM assembly 

regulation by promoting Polo recruitment and activation at the centriole wall. 

In summary, this model attempts to integrate previous knowledge and the results 

presented in this thesis to generate an overview of how Polo co-ordinates two key 

events of centrosome biogenesis: centriole conversion into a fully functional mother 

and mitotic PCM assembly. 

  



223 

 

References 

Abe, S., Nagasaka, K., Hirayama, Y., Kozuka-Hata, H., Oyama, M., Aoyagi, Y., Obuse, C., 

and Hirota, T. (2011). The initial phase of chromosome condensation requires Cdk1-mediated 

phosphorylation of the CAP-D3 subunit of condensin II. Genes Dev. 25, 863–874. 

Adams, R.R., Tavares, A.A.M., Salzberg, A., Bellen, H.J., and Glover, D.M. (1998). pavarotti 

encodes a kinesin-like protein required to organize the central spindle and contractile ring for 

cytokinesis. Genes Dev. 12, 1483–1494. 

Ahonen, L.J., Kallio, M.J., Daum, J.R., Bolton, M., Manke, I.A., Yaffe, M.B., Stukenberg, 

P.T., and Gorbsky, G.J. (2005). Polo-like Kinase 1 Creates the Tension-Sensing 3F3/2 

Phosphoepitope and Modulates the Association of Spindle-Checkpoint Proteins at 

Kinetochores. Curr. Biol. 15, 1078–1089. 

Alexandru, G., Uhlmann, F., Mechtler, K., Poupart, M.-A., and Nasmyth, K. (2001). 

Phosphorylation of the Cohesin Subunit Scc1 by Polo/Cdc5 Kinase Regulates Sister 

Chromatid Separation in Yeast. Cell 105, 459–472. 

Alvarez-Rodrigo, I., Steinacker, T.L., Saurya, S., Conduit, P.T., Baumbach, J., Novak, Z.A., 

Aydogan, M.G., Wainman, A., and Raff, J.W. (2019). Evidence that a positive feedback loop 

drives centrosome maturation in fly embryos. ELife 8, e50130. 

Alves-Cruzeiro, J.M. da C., Nogales-Cadenas, R., and Pascual-Montano, A.D. (2014). 

CentrosomeDB: a new generation of the centrosomal proteins database for Human and 

Drosophila melanogaster. Nucleic Acids Res. 42, D430–D436. 

Andersen, J.S., Wilkinson, C.J., Mayor, T., Mortensen, P., Nigg, E.A., and Mann, M. (2003). 

Proteomic characterization of the human centrosome by protein correlation profiling. Nature 

426, 570. 

Archambault, V., and Glover, D.M. (2009). Polo-like kinases: conservation and divergence in 

their functions and regulation. Nat. Rev. Mol. Cell Biol. 10, 265–275. 

Archambault, V., D’Avino, P.P., Deery, M.J., Lilley, K.S., and Glover, D.M. (2008). 

Sequestration of Polo kinase to microtubules by phosphopriming-independent binding to 

Map205 is relieved by phosphorylation at a CDK site in mitosis. Genes Dev. 22, 2707–2720. 

Archambault, V., Lépine, G., and Kachaner, D. (2015). Understanding the Polo Kinase 

machine. Oncogene 34, 4799–4807. 

Arnandis, T., Monteiro, P., Adams, S.D., Bridgeman, V.L., Rajeeve, V., Gadaleta, E., Marzec, 

J., Chelala, C., Malanchi, I., Cutillas, P.R., et al. (2018). Oxidative Stress in Cells with Extra 

Centrosomes Drives Non-Cell-Autonomous Invasion. Dev. Cell 47, 409-424.e9. 

Arnaud, L., Pines, J., and Nigg, E.A. (1998). GFP tagging reveals human Polo-like kinase 1 at 

the kinetochore/centromere region of mitotic chromosomes. Chromosoma 107, 424–429. 

Arquint, C., and Nigg, E.A. (2014). STIL Microcephaly Mutations Interfere with APC/C-

Mediated Degradation and Cause Centriole Amplification. Curr. Biol. 24, 351–360. 

Arquint, C., Sonnen, K.F., Stierhof, Y.-D., and Nigg, E.A. (2012). Cell-cycle-regulated 

expression of STIL controls centriole number in human cells. J. Cell Sci. 125, 1342–1352. 



224 

 

Arquint, C., Gabryjonczyk, A.-M., and Nigg, E.A. (2014). Centrosomes as signalling centres. 

Philos. Trans. R. Soc. B Biol. Sci. 369. 

Arquint, C., Gabryjonczyk, A.-M., Imseng, S., Böhm, R., Sauer, E., Hiller, S., Nigg, E.A., and 

Maier, T. (2015). STIL binding to Polo-box 3 of PLK4 regulates centriole duplication. ELife 4, 

e07888. 

Arquint, C., Cubizolles, F., Morand, A., Schmidt, A., and Nigg, E.A. (2018). The SKP1-

Cullin-F-box E3 ligase βTrCP and CDK2 cooperate to control STIL abundance and centriole 

number. Open Biol. 8, 170253. 

Aspinall, C.F., Zheleva, D., Tighe, A., and Taylor, S.S. (2015). Mitotic entry: Non-genetic 

heterogeneity exposes the requirement for Plk1. Oncotarget 6, 36472–36488. 

Aumais, J.P., Williams, S.N., Luo, W., Nishino, M., Caldwell, K.A., Caldwell, G.A., Lin, S.-

H., and Yu-Lee, L. (2003). Role for NudC, a dynein-associated nuclear movement protein, in 

mitosis and cytokinesis. J. Cell Sci. 116, 1991–2003. 

Avidor-Reiss, T., Maer, A.M., Koundakjian, E., Polyanovsky, A., Keil, T., Subramaniam, S., 

and Zuker, C.S. (2004). Decoding Cilia Function: Defining Specialized Genes Required for 

Compartmentalized Cilia Biogenesis. Cell 117, 527–539. 

Aydogan, M.G., Wainman, A., Saurya, S., Steinacker, T.L., Caballe, A., Novak, Z.A., 

Baumbach, J., Muschalik, N., and Raff, J.W. (2018). A homeostatic clock sets daughter 

centriole size in flies. J. Cell Biol. 217, 1233–1248. 

Aydogan, M.G., Steinacker, T.L., Mofatteh, M., Gartenmann, L., Wainman, A., Saurya, S., 

Wong, S.S., Zhou, F.Y., Boemo, M.A., and Raff, J.W. (2019). An autonomous oscillator times 

and executes centriole biogenesis. BioRxiv 510875. 

Azimzadeh, J. (2014). Exploring the evolutionary history of centrosomes. Philos. Trans. R. 

Soc. B Biol. Sci. 369. 

Azimzadeh, J., Wong, M.L., Downhour, D.M., Alvarado, A.S., and Marshall, W.F. (2012). 

Centrosome Loss in the Evolution of Planarians. Science 335, 461–463. 

Ball, G., Demmerle, J., Kaufmann, R., Davis, I., Dobbie, I.M., and Schermelleh, L. (2015). 

SIMcheck: a Toolbox for Successful Super-resolution Structured Illumination Microscopy. 

Sci. Rep. 5, srep15915. 

Banani, S.F., Lee, H.O., Hyman, A.A., and Rosen, M.K. (2017). Biomolecular condensates: 

organizers of cellular biochemistry. Nat. Rev. Mol. Cell Biol. 18, 285–298. 

Barr, A.R., and Gergely, F. (2007). Aurora-A: the maker and breaker of spindle poles. J. Cell 

Sci. 120, 2987–2996. 

Barr, A.R., Kilmartin, J.V., and Gergely, F. (2010). CDK5RAP2 functions in centrosome to 

spindle pole attachment and DNA damage response. J. Cell Biol. 189, 23–39. 

Barr, F.A., Silljé, H.H.W., and Nigg, E.A. (2004). Polo-like kinases and the orchestration of 

cell division. Nat. Rev. Mol. Cell Biol. 5, 429. 

Barr, F.A., Elliott, P.R., and Gruneberg, U. (2011). Protein phosphatases and the regulation of 

mitosis. J. Cell Sci. 124, 2323–2334. 



225 

 

Barros, T.P., Kinoshita, K., Hyman, A.A., and Raff, J.W. (2005). Aurora A activates D-

TACC–Msps complexes exclusively at centrosomes to stabilize centrosomal microtubules. J. 

Cell Biol. 170, 1039–1046. 

Basto, R., Lau, J., Vinogradova, T., Gardiol, A., Woods, C.G., Khodjakov, A., and Raff, J.W. 

(2006). Flies without Centrioles. Cell 125, 1375–1386. 

Basto, R., Brunk, K., Vinadogrova, T., Peel, N., Franz, A., Khodjakov, A., and Raff, J.W. 

(2008). Centrosome Amplification Can Initiate Tumorigenesis in Flies. Cell 133, 1032–1042. 

Bastos, R.N., and Barr, F.A. (2010). Plk1 negatively regulates Cep55 recruitment to the 

midbody to ensure orderly abscission. J. Cell Biol. 191, 751–760. 

Baumbach, J. (2014). Studying centrosome formation and the consequences of centrosome 

loss in Drosophila melanogaster. Thesis. University of Oxford. 

Bazzi, H., and Anderson, K.V. (2014). Acentriolar mitosis activates a p53-dependent apoptosis 

pathway in the mouse embryo. Proc. Natl. Acad. Sci. 111, E1491–E1500. 

Beck, J., Maerki, S., Posch, M., Metzger, T., Persaud, A., Scheel, H., Hofmann, K., Rotin, D., 

Pedrioli, P., Swedlow, J.R., et al. (2013). Ubiquitylation-dependent localization of PLK1 in 

mitosis. Nat. Cell Biol. 15, 430–439. 

Berman, H.M., Westbrook, J., Feng, Z., Gilliland, G., Bhat, T.N., Weissig, H., Shindyalov, 

I.N., and Bourne, P.E. (2000). The Protein Data Bank. Nucleic Acids Res. 28, 235–242. 

Bettencourt-Dias, M., Rodrigues-Martins, A., Carpenter, L., Riparbelli, M., Lehmann, L., Gatt, 

M.K., Carmo, N., Balloux, F., Callaini, G., and Glover, D.M. (2005). SAK/PLK4 Is Required 

for Centriole Duplication and Flagella Development. Curr. Biol. 15, 2199–2207. 

Bibi, N., Parveen, Z., and Rashid, S. (2013). Identification of Potential Plk1 Targets in a Cell-

Cycle Specific Proteome through Structural Dynamics of Kinase and Polo Box-Mediated 

Interactions. PLOS ONE 8, e70843. 

Blachon, S., Gopalakrishnan, J., Omori, Y., Polyanovsky, A., Church, A., Nicastro, D., 

Malicki, J., and Avidor-Reiss, T. (2008). Drosophila asterless and Vertebrate Cep152 Are 

Orthologs Essential for Centriole Duplication. Genetics 180, 2081–2094. 

Blachon, S., Cai, X., Roberts, K.A., Yang, K., Polyanovsky, A., Church, A., and Avidor-Reiss, 

T. (2009). A Proximal Centriole-Like Structure Is Present in Drosophila Spermatids and Can 

Serve as a Model to Study Centriole Duplication. Genetics 182, 133–144. 

Bobinnec, Y., Khodjakov, A., Mir, L.M., Rieder, C.L., Eddé, B., and Bornens, M. (1998). 

Centriole Disassembly In Vivo and Its Effect on Centrosome Structure and Function in 

Vertebrate Cells. J. Cell Biol. 143, 1575–1589. 

Bodenmiller, B., Malmstrom, J., Gerrits, B., Campbell, D., Lam, H., Schmidt, A., Rinner, O., 

Mueller, L.N., Shannon, P.T., Pedrioli, P.G., et al. (2007). PhosphoPep—a phosphoproteome 

resource for systems biology research in Drosophila Kc167 cells. Mol. Syst. Biol. 3. 

Boese, C.J., Nye, J., Buster, D.W., McLamarrah, T.A., Byrnes, A.E., Slep, K.C., Rusan, N.M., 

and Rogers, G.C. (2018). Asterless is a Polo-like kinase 4 substrate that both activates and 

inhibits kinase activity depending on its phosphorylation state. Mol. Biol. Cell 29, 2874–2886. 



226 

 

Boeynaems, S., Alberti, S., Fawzi, N.L., Mittag, T., Polymenidou, M., Rousseau, F., 

Schymkowitz, J., Shorter, J., Wolozin, B., Bosch, L.V.D., et al. (2018). Protein Phase 

Separation: A New Phase in Cell Biology. Trends Cell Biol. 28, 420–435. 

Bonner, A.M., Hughes, S.E., Chisholm, J.A., Smith, S.K., Slaughter, B.D., Unruh, J.R., 

Collins, K.A., Friederichs, J.M., Florens, L., Swanson, S.K., et al. (2013). Binding of 

Drosophila Polo kinase to its regulator Matrimony is noncanonical and involves two separate 

functional domains. Proc. Natl. Acad. Sci. 110, E1222–E1231. 

Boonsawat, P., Joset, P., Steindl, K., Oneda, B., Gogoll, L., Azzarello-Burri, S., Sheth, F., 

Datar, C., Verma, I.C., Puri, R.D., et al. (2019). Elucidation of the phenotypic spectrum and 

genetic landscape in primary and secondary microcephaly. Genet. Med. 1–16. 

Bosveld, F., Ainslie, A., and Bellaïche, Y. (2017). Sequential activities of Dynein, Mud and 

Asp in centrosome–spindle coupling maintain centrosome number upon mitosis. J. Cell Sci. 

130, 3557–3567. 

Boveri, T. (1914). Zur frage der entstehung maligner tumoren (Gustav Fischer). 

Boveri, T. (2008). Concerning the Origin of Malignant Tumours by Theodor Boveri. 

Translated and annotated by Henry Harris. J. Cell Sci. 121, 1–84. 

Bowler, M., Kong, D., Sun, S., Nanjundappa, R., Evans, L., Farmer, V., Holland, A., Mahjoub, 

M.R., Sui, H., and Loncarek, J. (2019). High-resolution characterization of centriole distal 

appendage morphology and dynamics by correlative STORM and electron microscopy. Nat. 

Commun. 10. 

Boxem, M., Maliga, Z., Klitgord, N., Li, N., Lemmens, I., Mana, M., de Lichtervelde, L., Mul, 

J.D., van de Peut, D., Devos, M., et al. (2008). A protein domain-based interactome network 

for C. elegans early embryogenesis. Cell 134, 534–545. 

Brangwynne, C.P., Eckmann, C.R., Courson, D.S., Rybarska, A., Hoege, C., Gharakhani, J., 

Jülicher, F., and Hyman, A.A. (2009). Germline P Granules Are Liquid Droplets That Localize 

by Controlled Dissolution/Condensation. Science 324, 1729–1732. 

Braun, D.A., and Hildebrandt, F. (2017). Ciliopathies. Cold Spring Harb. Perspect. Biol. 9. 

Brennan, I.M., Peters, U., Kapoor, T.M., and Straight, A.F. (2007). Polo-Like Kinase Controls 

Vertebrate Spindle Elongation and Cytokinesis. PLOS ONE 2, e409. 

van Breugel, M., Hirono, M., Andreeva, A., Yanagisawa, H., Yamaguchi, S., Nakazawa, Y., 

Morgner, N., Petrovich, M., Ebong, I.-O., Robinson, C.V., et al. (2011). Structures of SAS-6 

Suggest Its Organization in Centrioles. Science 331, 1196–1199. 

Brittle, A.L., Nanba, Y., Ito, T., and Ohkura, H. (2007). Concerted action of Aurora B, Polo 

and NHK-1 kinases in centromere-specific histone 2A phosphorylation. Exp. Cell Res. 313, 

2780–2785. 

Bruinsma, W., Aprelia, M., Kool, J., Macurek, L., Lindqvist, A., and Medema, R.H. (2015). 

Spatial Separation of Plk1 Phosphorylation and Activity. Front. Oncol. 5. 

Burkard, M.E., Maciejowski, J., Rodriguez-Bravo, V., Repka, M., Lowery, D.M., Clauser, 

K.R., Zhang, C., Shokat, K.M., Carr, S.A., Yaffe, M.B., et al. (2009). Plk1 Self-Organization 

and Priming Phosphorylation of HsCYK-4 at the Spindle Midzone Regulate the Onset of 

Division in Human Cells. PLoS Biol. 7. 



227 

 

Buszczak, M., Paterno, S., Lighthouse, D., Bachman, J., Planck, J., Owen, S., Skora, A.D., 

Nystul, T.G., Ohlstein, B., Allen, A., et al. (2007). The Carnegie Protein Trap Library: A 

Versatile Tool for Drosophila Developmental Studies. Genetics 175, 1505–1531. 

Cabral, G., Sanegre Sans, S., Cowan, C.R., and Dammermann, A. (2013). Multiple 

Mechanisms Contribute to Centriole Separation in C. elegans. Curr. Biol. 23, 1380–1387. 

Cabral, G., Laos, T., Dumont, J., and Dammermann, A. (2019). Differential Requirements for 

Centrioles in Mitotic Centrosome Growth and Maintenance. Dev. Cell. 

Cárcer, G. de (2004). Heat Shock Protein 90 Regulates the Metaphase-Anaphase Transition in 

a Polo-Like Kinase-Dependent Manner. Cancer Res. 64, 5106–5112. 

Cárcer, G. de, Avides, M. do C., Lallena, M.J., Glover, D.M., and González, C. (2001). 

Requirement of Hsp90 for centrosomal function reflects its regulation of Polo kinase stability. 

EMBO J. 20, 2878–2884. 

Carlton, J.G., and Martin-Serrano, J. (2007). Parallels Between Cytokinesis and Retroviral 

Budding: A Role for the ESCRT Machinery. Science 316, 1908–1912. 

Carmena, M., Riparbelli, M.G., Minestrini, G., Tavares, Á.M., Adams, R., Callaini, G., and 

Glover, D.M. (1998). Drosophila Polo Kinase Is Required for Cytokinesis. J. Cell Biol. 143, 

659–671. 

Carmena, M., Pinson, X., Platani, M., Salloum, Z., Xu, Z., Clark, A., MacIsaac, F., Ogawa, H., 

Eggert, U., Glover, D.M., et al. (2012). The Chromosomal Passenger Complex Activates Polo 

Kinase at Centromeres. PLOS Biol. 10, e1001250. 

Carmena, M., Lombardia, M.O., Ogawa, H., and Earnshaw., W.C. (2014). Polo kinase 

regulates the localization and activity of the chromosomal passenger complex in meiosis and 

mitosis in Drosophila melanogaster. Open Biol. 4, 140162. 

Carvalho-Santos, Z., Machado, P., Branco, P., Tavares-Cadete, F., Rodrigues-Martins, A., 

Pereira-Leal, J.B., and Bettencourt-Dias, M. (2010). Stepwise evolution of the centriole-

assembly pathway. J. Cell Sci. 123, 1414–1426. 

Carvalho-Santos, Z., Azimzadeh, J., Pereira-Leal, J.B., and Bettencourt-Dias, M. (2011). 

Tracing the origins of centrioles, cilia, and flagella. J. Cell Biol. 194, 165–175. 

Casenghi, M., Meraldi, P., Weinhart, U., Duncan, P.I., Körner, R., and Nigg, E.A. (2003). 

Polo-like Kinase 1 Regulates Nlp, a Centrosome Protein Involved in Microtubule Nucleation. 

Dev. Cell 5, 113–125. 

Castellanos, E., Dominguez, P., and Gonzalez, C. (2008). Centrosome Dysfunction in 

Drosophila Neural Stem Cells Causes Tumors that Are Not Due to Genome Instability. Curr. 

Biol. 18, 1209–1214. 

Cavalier-Smith, T. (2002). The phagotrophic origin of eukaryotes and phylogenetic 

classification of Protozoa. Int. J. Syst. Evol. Microbiol. 52, 297–354. 

Cavanaugh, A.M., and Jaspersen, S.L. (2017). Big Lessons from Little Yeast: Budding and 

Fission Yeast Centrosome Structure, Duplication, and Function. Annu. Rev. Genet. 51, 361–

383. 



228 

 

Cesario, J.M., Jang, J.K., Redding, B., Shah, N., Rahman, T., and McKim, K.S. (2006). 

Kinesin 6 family member Subito participates in mitotic spindle assembly and interacts with 

mitotic regulators. J. Cell Sci. 119, 4770–4780. 

Chan, J.Y. (2011). A Clinical Overview of Centrosome Amplification in Human Cancers. Int. 

J. Biol. Sci. 7, 1122–1144. 

Chan, E.H.Y., Santamaria, A., Silljé, H.H.W., and Nigg, E.A. (2008). Plk1 regulates mitotic 

Aurora A function through βTrCP-dependent degradation of hBora. Chromosoma 117, 457. 

Chang, C.-W., Hsu, W.-B., Tsai, J.-J., Tang, C.-J.C., and Tang, T.K. (2016). CEP295 interacts 

with microtubules and is required for centriole elongation. J. Cell Sci. 129, 2501–2513. 

Chase, D., Serafinas, C., Ashcroft, N., Kosinski, M., Longo, D., Ferris, D.K., and Golden, A. 

(2000). The polo-like kinase PLK-1 is required for nuclear envelope breakdown and the 

completion of meiosis in Caenorhabditis elegans. Genesis 26, 26–41. 

Chavali, P.L., Pütz, M., and Gergely, F. (2014). Small organelle, big responsibility: the role of 

centrosomes in development and disease. Philos. Trans. R. Soc. B Biol. Sci. 369, 20130468. 

Chen, J.V., Buchwalter, R.A., Kao, L.-R., and Megraw, T.L. (2017). A splice variant of 

Centrosomin converts mitochondria to microtubule-organizing centers. Curr. Biol. CB 27, 

1928-1940.e6. 

Cheng, K.-Y., Lowe, E.D., Sinclair, J., Nigg, E.A., and Johnson, L.N. (2003). The crystal 

structure of the human polo-like kinase-1 polo box domain and its phospho-peptide complex. 

EMBO J. 22, 5757–5768. 

Chrétien, D., Buendia, B., Fuller, S.D., and Karsenti, E. (1997). Reconstruction of the 

Centrosome Cycle from Cryoelectron Micrographs. J. Struct. Biol. 120, 117–133. 

Chu, Y., Yao, P.Y., Wang, W., Wang, D., Wang, Z., Zhang, L., Huang, Y., Ke, Y., Ding, X., 

and Yao, X. (2011). Aurora B kinase activation requires survivin priming phosphorylation by 

PLK1. J. Mol. Cell Biol. 3, 260–267. 

Citron, Y.R., Fagerstrom, C.J., Keszthelyi, B., Huang, B., Rusan, N.M., Kelly, M.J.S., and 

Agard, D.A. (2018). The centrosomin CM2 domain is a multi-functional binding domain with 

distinct cell cycle roles. PLOS ONE 13, e0190530. 

Cizmecioglu, O., Arnold, M., Bahtz, R., Settele, F., Ehret, L., Haselmann-Weiß, U., Antony, 

C., and Hoffmann, I. (2010). Cep152 acts as a scaffold for recruitment of Plk4 and CPAP to 

the centrosome. J. Cell Biol. 191, 731–739. 

Coelho, P.A., Bury, L., Shahbazi, M.N., Liakath-Ali, K., Tate, P.H., Wormald, S., Hindley, 

C.J., Huch, M., Archer, J., Skarnes, W.C., et al. (2015). Over-expression of Plk4 induces 

centrosome amplification, loss of primary cilia and associated tissue hyperplasia in the mouse. 

Open Biol. 5. 

Colicino, E.G., Garrastegui, A.M., Freshour, J., Santra, P., Post, D.E., Kotula, L., and Hehnly, 

H. (2017). Gravin regulates centrosome function through PLK1. Mol. Biol. Cell 29, 532–541. 

Colombié, N., Głuszek, A.A., Meireles, A.M., and Ohkura, H. (2013). Meiosis-Specific Stable 

Binding of Augmin to Acentrosomal Spindle Poles Promotes Biased Microtubule Assembly in 

Oocytes. PLOS Genet. 9, e1003562. 



229 

 

Combes, G., Alharbi, I., Braga, L.G., and Elowe, S. (2017). Playing polo during mitosis: PLK1 

takes the lead. Oncogene. 

Conde, C., Osswald, M., Barbosa, J., Moutinho‐Santos, T., Pinheiro, D., Guimarães, S., Matos, 

I., Maiato, H., and Sunkel, C.E. (2013). Drosophila Polo regulates the spindle assembly 

checkpoint through Mps1‐dependent BubR1 phosphorylation. EMBO J. 32, 1761–1777. 

Conduit, P.T., and Raff, J.W. (2010). Cnn Dynamics Drive Centrosome Size Asymmetry to 

Ensure Daughter Centriole Retention in Drosophila Neuroblasts. Curr. Biol. 20, 2187–2192. 

Conduit, P.T., and Raff, J.W. (2015). Different Drosophila cell types exhibit differences in 

mitotic centrosome assembly dynamics. Curr. Biol. 25, R650–R651. 

Conduit, P.T., Brunk, K., Dobbelaere, J., Dix, C.I., Lucas, E.P., and Raff, J.W. (2010). 

Centrioles Regulate Centrosome Size by Controlling the Rate of Cnn Incorporation into the 

PCM. Curr. Biol. 20, 2178–2186. 

Conduit, P.T., Feng, Z., Richens, J.H., Baumbach, J., Wainman, A., Bakshi, S.D., Dobbelaere, 

J., Johnson, S., Lea, S.M., and Raff, J.W. (2014a). The Centrosome-Specific Phosphorylation 

of Cnn by Polo/Plk1 Drives Cnn Scaffold Assembly and Centrosome Maturation. Dev. Cell 

28, 659–669. 

Conduit, P.T., Richens, J.H., Wainman, A., Holder, J., Vicente, C.C., Pratt, M.B., Dix, C.I., 

Novak, Z.A., Dobbie, I.M., Schermelleh, L., et al. (2014b). A molecular mechanism of mitotic 

centrosome assembly in Drosophila. ELife 3. 

Conduit, P.T., Wainman, A., and Raff, J.W. (2015a). Centrosome function and assembly in 

animal cells. Nat. Rev. Mol. Cell Biol. 16, 611–624. 

Conduit, P.T., Wainman, A., Novak, Z.A., Weil, T.T., and Raff, J.W. (2015b). Re-examining 

the role of Drosophila Sas-4 in centrosome assembly using two-colour-3D-SIM FRAP. ELife 

4, e08483. 

Costa Vicente, C. (2013). Elucidating the pathway of centrosome formation. 

Cottee, M.A., Muschalik, N., Johnson, S., Leveson, J., Raff, J.W., and Lea, S.M. (2015). The 

homo-oligomerisation of both Sas-6 and Ana2 is required for efficient centriole assembly in 

flies. ELife 4, e07236. 

Cunha-Ferreira, I., Rodrigues-Martins, A., Bento, I., Riparbelli, M., Zhang, W., Laue, E., 

Callaini, G., Glover, D.M., and Bettencourt-Dias, M. (2009). The SCF/Slimb Ubiquitin Ligase 

Limits Centrosome Amplification through Degradation of SAK/PLK4. Curr. Biol. 19, 43–49. 

D’Avino, P.P., Archambault, V., Przewloka, M.R., Zhang, W., Lilley, K.S., Laue, E., and 

Glover, D.M. (2007). Recruitment of Polo Kinase to the Spindle Midzone during Cytokinesis 

Requires the Feo/Klp3A Complex. PLOS ONE 2, e572. 

Decker, M., Jaensch, S., Pozniakovsky, A., Zinke, A., O’Connell, K.F., Zachariae, W., Myers, 

E., and Hyman, A.A. (2011). Limiting Amounts of Centrosome Material Set Centrosome Size 

in C. elegans Embryos. Curr. Biol. 21, 1259–1267. 

Delattre, M., Leidel, S., Wani, K., Baumer, K., Bamat, J., Schnabel, H., Feichtinger, R., 

Schnabel, R., and Gönczy, P. (2004). Centriolar SAS-5 is required for centrosome duplication 

in C. elegans. Nat. Cell Biol. 6, 656–664. 



230 

 

Delattre, M., Canard, C., and Gönczy, P. (2006). Sequential Protein Recruitment in C. elegans 

Centriole Formation. Curr. Biol. 16, 1844–1849. 

Demmerle, J., Innocent, C., North, A.J., Ball, G., Müller, M., Miron, E., Matsuda, A., Dobbie, 

I.M., Markaki, Y., and Schermelleh, L. (2017). Strategic and practical guidelines for successful 

structured illumination microscopy. Nat. Protoc. 12, 988–1010. 

Dictenberg, J.B., Zimmerman, W., Sparks, C.A., Young, A., Vidair, C., Zheng, Y., Carrington, 

W., Fay, F.S., and Doxsey, S.J. (1998). Pericentrin and γ-Tubulin Form a Protein Complex and 

Are Organized into a Novel Lattice at the Centrosome. J. Cell Biol. 141, 163–174. 

Dix, C.I., and Raff, J.W. (2007). Drosophila Spd-2 Recruits PCM to the Sperm Centriole, but 

Is Dispensable for Centriole Duplication. Curr. Biol. 17, 1759–1764. 

Dobbelaere, J., Josué, F., Suijkerbuijk, S., Baum, B., Tapon, N., and Raff, J. (2008). A 

Genome-Wide RNAi Screen to Dissect Centriole Duplication and Centrosome Maturation in 

Drosophila. PLoS Biol. 6, e224. 

Dzhindzhev, N.S., Yu, Q.D., Weiskopf, K., Tzolovsky, G., Cunha-Ferreira, I., Riparbelli, M., 

Rodrigues-Martins, A., Bettencourt-Dias, M., Callaini, G., and Glover, D.M. (2010). Asterless 

is a scaffold for the onset of centriole assembly. Nature 467, 714–718. 

Dzhindzhev, N.S., Tzolovsky, G., Lipinszki, Z., Schneider, S., Lattao, R., Fu, J., Debski, J., 

Dadlez, M., and Glover, D.M. (2014). Plk4 Phosphorylates Ana2 to Trigger Sas6 Recruitment 

and Procentriole Formation. Curr. Biol. 24, 2526–2532. 

Dzhindzhev, N.S., Tzolovsky, G., Lipinszki, Z., Abdelaziz, M., Debski, J., Dadlez, M., and 

Glover, D.M. (2017). Two-step phosphorylation of Ana2 by Plk4 is required for the sequential 

loading of Ana2 and Sas6 to initiate procentriole formation. Open Biol. 7. 

Elia, A.E.H., Rellos, P., Haire, L.F., Chao, J.W., Ivins, F.J., Hoepker, K., Mohammad, D., 

Cantley, L.C., Smerdon, S.J., and Yaffe, M.B. (2003a). The Molecular Basis for 

Phosphodependent Substrate Targeting and Regulation of Plks by the Polo-Box Domain. Cell 

115, 83–95. 

Elia, A.E.H., Cantley, L.C., and Yaffe, M.B. (2003b). Proteomic Screen Finds pSer/pThr-

Binding Domain Localizing Plk1 to Mitotic Substrates. Science 299, 1228–1231. 

Elowe, S., Hümmer, S., Uldschmid, A., Li, X., and Nigg, E.A. (2007). Tension-sensitive Plk1 

phosphorylation on BubR1 regulates the stability of kinetochore–microtubule interactions. 

Genes Dev. 21, 2205–2219. 

Enos, S.J., Dressler, M., Gomes, B.F., Hyman, A.A., and Woodruff, J.B. (2018). Phosphatase 

PP2A and microtubule-mediated pulling forces disassemble centrosomes during mitotic exit. 

Biol. Open 7, bio029777. 

Fabbro, M., Zhou, B.-B., Takahashi, M., Sarcevic, B., Lal, P., Graham, M.E., Gabrielli, B.G., 

Robinson, P.J., Nigg, E.A., Ono, Y., et al. (2005). Cdk1/Erk2- and Plk1-Dependent 

Phosphorylation of a Centrosome Protein, Cep55, Is Required for Its Recruitment to Midbody 

and Cytokinesis. Dev. Cell 9, 477–488. 

Félix, M.A., Antony, C., Wright, M., and Maro, B. (1994). Centrosome assembly in vitro: role 

of gamma-tubulin recruitment in Xenopus sperm aster formation. J. Cell Biol. 124, 19–31. 



231 

 

Feng, Z., Caballe, A., Wainman, A., Johnson, S., Haensele, A.F.M., Cottee, M.A., Conduit, 

P.T., Lea, S.M., and Raff, J.W. (2017). Structural Basis for Mitotic Centrosome Assembly in 

Flies. Cell 169, 1078-1089.e13. 

Firat-Karalar, E.N., Rauniyar, N., Yates, J.R., and Stearns, T. (2014). Proximity Interactions 

among Centrosome Components Identify Regulators of Centriole Duplication. Curr. Biol. 24, 

664–670. 

Fliegauf, M., Benzing, T., and Omran, H. (2007). When cilia go bad: cilia defects and 

ciliopathies. Nat. Rev. Mol. Cell Biol. 8, 880–893. 

Foe, V.E., and Alberts, B.M. (1983). Studies of nuclear and cytoplasmic behaviour during the 

five mitotic cycles that precede gastrulation in Drosophila embryogenesis. J. Cell Sci. 61, 31–

70. 

Foley, E.A., Maldonado, M., and Kapoor, T.M. (2011). Formation of stable attachments 

between kinetochores and microtubules depends on the B56-PP2A phosphatase. Nat. Cell 

Biol. 13, 1265–1271. 

Fong, K.-W., Choi, Y.-K., Rattner, J.B., and Qi, R.Z. (2008). CDK5RAP2 Is a Pericentriolar 

Protein That Functions in Centrosomal Attachment of the γ-Tubulin Ring Complex. Mol. Biol. 

Cell 19, 115–125. 

French, S., and Robson, B. (1983). What is a conservative substitution? J. Mol. Evol. 19, 171–

175. 

Fu, J., and Glover, D.M. (2012). Structured illumination of the interface between centriole and 

peri-centriolar material. Open Biol. 2. 

Fu, J., Lipinszki, Z., Rangone, H., Min, M., Mykura, C., Chao-Chu, J., Schneider, S., 

Dzhindzhev, N.S., Gottardo, M., Riparbelli, M.G., et al. (2016). Conserved Molecular 

Interactions in Centriole-to-Centrosome Conversion. Nat. Cell Biol. 18, 87–99. 

Galletta, B.J., Fagerstrom, C.J., Schoborg, T.A., McLamarrah, T.A., Ryniawec, J.M., Buster, 

D.W., Slep, K.C., Rogers, G.C., and Rusan, N.M. (2016). A centrosome interactome provides 

insight into organelle assembly and reveals a non-duplication role for Plk4. Nat. Commun. 7, 

12476. 

Gambarotto, D., Pennetier, C., Ryniawec, J.M., Buster, D.W., Gogendeau, D., Goupil, A., 

Nano, M., Simon, A., Blanc, D., Racine, V., et al. (2019). Plk4 Regulates Centriole 

Asymmetry and Spindle Orientation in Neural Stem Cells. Dev. Cell 50, 11-24.e10. 

Ganem, N.J., Godinho, S.A., and Pellman, D. (2009). A mechanism linking extra centrosomes 

to chromosomal instability. Nature 460, 278–282. 

Ganem, N.J., Cornils, H., Chiu, S.-Y., O’Rourke, K.P., Arnaud, J., Yimlamai, D., Théry, M., 

Camargo, F.D., and Pellman, D. (2014). Cytokinesis Failure Triggers Hippo Tumor 

Suppressor Pathway Activation. Cell 158, 833–848. 

Ganier, O., Schnerch, D., Oertle, P., Lim, R.Y., Plodinec, M., and Nigg, E.A. (2018a). 

Structural centrosome aberrations promote non-cell-autonomous invasiveness. EMBO J. 37, 

e98576. 

Ganier, O., Schnerch, D., and Nigg, E.A. (2018b). Structural centrosome aberrations sensitize 

polarized epithelia to basal cell extrusion. Open Biol. 8. 



232 

 

Gartenmann, L. (2018). Examining molecular interactions and dynamics in centrosome and 

centriole assembly. 

Gheghiani, L., Loew, D., Lombard, B., Mansfeld, J., and Gavet, O. (2017). PLK1 Activation in 

Late G2 Sets Up Commitment to Mitosis. Cell Rep. 19, 2060–2073. 

Ghenoiu, C., Wheelock, M.S., and Funabiki, H. (2013). Autoinhibition and Polo-Dependent 

Multisite Phosphorylation Restrict Activity of the Histone H3 Kinase Haspin to Mitosis. Mol. 

Cell 52, 734–745. 

Giansanti, M.G., Bucciarelli, E., Bonaccorsi, S., and Gatti, M. (2008). Drosophila SPD-2 Is an 

Essential Centriole Component Required for PCM Recruitment and Astral-Microtubule 

Nucleation. Curr. Biol. 18, 303–309. 

Giunta, K.L., Jang, J.K., Manheim, E.A., Subramanian, G., and McKim, K.S. (2002). subito 

encodes a kinesin-like protein required for meiotic spindle pole formation in Drosophila 

melanogaster. Genetics 160, 1489–1501. 

Godinho, S., and Tavares, Á.A. (2008). A role for Drosophila Polo protein in chromosome 

resolution and segregation during mitosis. Cell Cycle 7, 2529–2534. 

Godinho, S.A., Picone, R., Burute, M., Dagher, R., Su, Y., Leung, C.T., Polyak, K., Brugge, 

J.S., Théry, M., and Pellman, D. (2014). Oncogene-like induction of cellular invasion from 

centrosome amplification. Nature 510, 167–171. 

Golan, A., Yudkovsky, Y., and Hershko, A. (2002). The Cyclin-Ubiquitin Ligase Activity of 

Cyclosome/APC Is Jointly Activated by Protein Kinases Cdk1-Cyclin B and Plk. J. Biol. 

Chem. 277, 15552–15557. 

Golsteyn, R.M., Schultz, S.J., Bartek, J., Ziemiecki, A., Ried, T., and Nigg, E.A. (1994). Cell 

cycle analysis and chromosomal localization of human Plk1, a putative homologue of the 

mitotic kinases Drosophila polo and Saccharomyces cerevisiae Cdc5. J. Cell Sci. 107, 1509–

1517. 

Golsteyn, R.M., Mundt, K.E., Fry, A.M., and Nigg, E.A. (1995). Cell cycle regulation of the 

activity and subcellular localization of Plk1, a human protein kinase implicated in mitotic 

spindle function. J. Cell Biol. 129, 1617–1628. 

Gomez-Ferreria, M.A., Rath, U., Buster, D.W., Chanda, S.K., Caldwell, J.S., Rines, D.R., and 

Sharp, D.J. (2007). Human Cep192 Is Required for Mitotic Centrosome and Spindle 

Assembly. Curr. Biol. 17, 1960–1966. 

Gomez-Ferreria, M.A., Bashkurov, M., Helbig, A.O., Larsen, B., Pawson, T., Gingras, A.-C., 

and Pelletier, L. (2012). Novel NEDD1 phosphorylation sites regulate γ-tubulin binding and 

mitotic spindle assembly. J. Cell Sci. 125, 3745–3751. 

Gonzalez, C., Tavosanis, G., and Mollinari, C. (1998). Centrosomes and microtubule 

organisation during Drosophila development. J. Cell Sci. 111, 2697–2706. 

Goshima, G., Wollman, R., Goodwin, S.S., Zhang, N., Scholey, J.M., Vale, R.D., and 

Stuurman, N. (2007). Genes Required for Mitotic Spindle Assembly in Drosophila S2 Cells. 

Science 316, 417–421. 



233 

 

Goto, H., Kiyono, T., Tomono, Y., Kawajiri, A., Urano, T., Furukawa, K., Nigg, E.A., and 

Inagaki, M. (2006). Complex formation of Plk1 and INCENP required for metaphase–

anaphase transition. Nat. Cell Biol. 8, 180–187. 

Gould, R.R., and Borisy, G.G. (1977). The pericentriolar material in Chinese hamster ovary 

cells nucleates microtubule formation. J. Cell Biol. 73, 601–615. 

Graser, S., Stierhof, Y.-D., Lavoie, S.B., Gassner, O.S., Lamla, S., Le Clech, M., and Nigg, 

E.A. (2007). Cep164, a novel centriole appendage protein required for primary cilium 

formation. J. Cell Biol. 179, 321–330. 

Greenan, G.A., Keszthelyi, B., Vale, R.D., and Agard, D.A. (2018). Insights into centriole 

geometry revealed by cryotomography of doublet and triplet centrioles. ELife 7, e36851. 

Gruneberg, U., Neef, R., Honda, R., Nigg, E.A., and Barr, F.A. (2004). Relocation of Aurora B 

from centromeres to the central spindle at the metaphase to anaphase transition requires 

MKlp2. J. Cell Biol. 166, 167–172. 

Guarguaglini, G., Duncan, P.I., Stierhof, Y.D., Holmström, T., Duensing, S., and Nigg, E.A. 

(2005). The Forkhead-associated Domain Protein Cep170 Interacts with Polo-like Kinase 1 

and Serves as a Marker for Mature Centrioles. Mol. Biol. Cell 16, 1095–1107. 

Guderian, G., Westendorf, J., Uldschmid, A., and Nigg, E.A. (2010). Plk4 trans-

autophosphorylation regulates centriole number by controlling βTrCP-mediated degradation. J. 

Cell Sci. 123, 2163–2169. 

Guichard, P., Desfosses, A., Maheshwari, A., Hachet, V., Dietrich, C., Brune, A., Ishikawa, T., 

Sachse, C., and Gönczy, P. (2012). Cartwheel Architecture of Trichonympha Basal Body. 

Science 337, 553–553. 

Guichard, P., Hachet, V., Majubu, N., Neves, A., Demurtas, D., Olieric, N., Fluckiger, I., 

Yamada, A., Kihara, K., Nishida, Y., et al. (2013). Native Architecture of the Centriole 

Proximal Region Reveals Features Underlying Its 9-Fold Radial Symmetry. Curr. Biol. 23, 

1620–1628. 

Guichard, P., Hamel, V., Le Guennec, M., Banterle, N., Iacovache, I., Nemčíková, V., 

Flückiger, I., Goldie, K.N., Stahlberg, H., Lévy, D., et al. (2017). Cell-free reconstitution 

reveals centriole cartwheel assembly mechanisms. Nat. Commun. 8, 14813. 

Gupta, G.D., Coyaud, É., Gonçalves, J., Mojarad, B.A., Liu, Y., Wu, Q., Gheiratmand, L., 

Comartin, D., Tkach, J.M., Cheung, S.W.T., et al. (2015). A Dynamic Protein Interaction 

Landscape of the Human Centrosome-Cilium Interface. Cell 163, 1484–1499. 

Habedanck, R., Stierhof, Y.-D., Wilkinson, C.J., and Nigg, E.A. (2005). The Polo kinase Plk4 

functions in centriole duplication. Nat. Cell Biol. 7, 1140–1146. 

Habermann, K., Mirgorodskaya, E., Gobom, J., Lehmann, V., Müller, H., Blümlein, K., Deery, 

M.J., Czogiel, I., Erdmann, C., Ralser, M., et al. (2012). Functional Analysis of Centrosomal 

Kinase Substrates in Drosophila melanogaster Reveals a New Function of the Nuclear 

Envelope Component Otefin in Cell Cycle Progression. Mol. Cell. Biol. 32, 3554–3569. 

Hamill, D.R., Severson, A.F., Carter, J.C., and Bowerman, B. (2002). Centrosome Maturation 

and Mitotic Spindle Assembly in C. elegans Require SPD-5, a Protein with Multiple Coiled-

Coil Domains. Dev. Cell 3, 673–684. 



234 

 

Hanisch, A., Wehner, A., Nigg, E.A., and Silljé, H.H.W. (2006). Different Plk1 Functions 

Show Distinct Dependencies on Polo-Box Domain-mediated Targeting. Mol. Biol. Cell 17, 

448–459. 

Hansen, D.V., Loktev, A.V., Ban, K.H., and Jackson, P.K. (2004). Plk1 Regulates Activation 

of the Anaphase Promoting Complex by Phosphorylating and Triggering SCFβTrCP-

dependent Destruction of the APC Inhibitor Emi1. Mol. Biol. Cell 15, 5623–5634. 

Haren, L., Stearns, T., and Lüders, J. (2009). Plk1-Dependent Recruitment of γ-Tubulin 

Complexes to Mitotic Centrosomes Involves Multiple PCM Components. PLOS ONE 4, 

e5976. 

Hartwell, L.H., Mortimer, R.K., Culotti, J., and Culotti, M. (1973). Genetic Control of the Cell 

Division Cycle in Yeast: V. Genetic Analysis of cdc Mutants. Genetics 74, 267–286. 

Hasegawa, H., Hyodo, T., Asano, E., Ito, S., Maeda, M., Kuribayashi, H., Natsume, A., 

Wakabayashi, T., Hamaguchi, M., and Senga, T. (2013). The role of PLK1-phosphorylated 

SVIL in myosin II activation and cytokinetic furrowing. J. Cell Sci. 126, 3627–3637. 

Hatch, E.M., Kulukian, A., Holland, A.J., Cleveland, D.W., and Stearns, T. (2010). Cep152 

interacts with Plk4 and is required for centriole duplication. J. Cell Biol. 191, 721–729. 

Hauf, S., Cole, R.W., LaTerra, S., Zimmer, C., Schnapp, G., Walter, R., Heckel, A., Meel, J. 

van, Rieder, C.L., and Peters, J.-M. (2003). The small molecule Hesperadin reveals a role for 

Aurora B in correcting kinetochore–microtubule attachment and in maintaining the spindle 

assembly checkpoint. J. Cell Biol. 161, 281–294. 

Hauf, S., Roitinger, E., Koch, B., Dittrich, C.M., Mechtler, K., and Peters, J.-M. (2005). 

Dissociation of Cohesin from Chromosome Arms and Loss of Arm Cohesion during Early 

Mitosis Depends on Phosphorylation of SA2. PLOS Biol. 3, e69. 

Hayward, D., Alfonso‐Pérez, T., and Gruneberg, U. (2019). Orchestration of the spindle 

assembly checkpoint by CDK1-cyclin B1. FEBS Lett. Accepted Author Manuscript. 

Hein, M.Y., Hubner, N.C., Poser, I., Cox, J., Nagaraj, N., Toyoda, Y., Gak, I.A., Weisswange, 

I., Mansfeld, J., Buchholz, F., et al. (2015). A Human Interactome in Three Quantitative 

Dimensions Organized by Stoichiometries and Abundances. Cell 163, 712–723. 

Helmke, C., Becker, S., and Strebhardt, K. (2016). The role of Plk3 in oncogenesis. Oncogene 

35, 135–147. 

Heuer, J.G., Li, K., and Kaufman, T.C. (1995). The Drosophila homeotic target gene 

centrosomin (cnn) encodes a novel centrosomal protein with leucine zippers and maps to a 

genomic region required for midgut morphogenesis. Development 121, 3861–3876. 

Hinchcliffe, E.H., Miller, F.J., Cham, M., Khodjakov, A., and Sluder, G. (2001). Requirement 

of a Centrosomal Activity for Cell Cycle Progression Through G1 into S Phase. Science 291, 

1547–1550. 

Hodges, M.E., Scheumann, N., Wickstead, B., Langdale, J.A., and Gull, K. (2010). 

Reconstructing the evolutionary history of the centriole from protein components. J. Cell Sci. 

123, 1407–1413. 



235 

 

Holland, A.J., Fachinetti, D., Zhu, Q., Bauer, M., Verma, I.M., Nigg, E.A., and Cleveland, 

D.W. (2012). The autoregulated instability of Polo-like kinase 4 limits centrosome duplication 

to once per cell cycle. Genes Dev. 26, 2684–2689. 

Hu, Y., Sopko, R., Chung, V., Foos, M., Studer, R.A., Landry, S.D., Liu, D., Rabinow, L., 

Gnad, F., Beltrao, P., et al. (2018). iProteinDB: An Integrative Database of Drosophila Post-

translational Modifications. G3 GenesGenomesGenetics 9, 1–11. 

Huang, J. -y., and Raff, J.W. (1999). The disappearance of cyclin B at the end of mitosis is 

regulated spatially in Drosophila cells. EMBO J. 18, 2184–2195. 

Ishikawa, T. (2017). Axoneme Structure from Motile Cilia. Cold Spring Harb. Perspect. Biol. 

9. 

Ishikawa, H., Kubo, A., Tsukita, S., and Tsukita, S. (2005). Odf2-deficient mother centrioles 

lack distal/subdistal appendages and the ability to generate primary cilia. Nat. Cell Biol. 7, 

517–524. 

Izquierdo, D., Wang, W.-J., Uryu, K., and Tsou, M.-F.B. (2014). Stabilization of cartwheel-

less centrioles for duplication requires CEP295-mediated centriole to centrosome conversion. 

Cell Rep. 8, 957–965. 

Jakobsen, L., Vanselow, K., Skogs, M., Toyoda, Y., Lundberg, E., Poser, I., Falkenby, L.G., 

Bennetzen, M., Westendorf, J., Nigg, E.A., et al. (2011). Novel asymmetrically localizing 

components of human centrosomes identified by complementary proteomics methods. EMBO 

J. 30, 1520. 

Jang, J.K., Rahman, T., and McKim, K.S. (2005). The Kinesinlike Protein Subito Contributes 

to Central Spindle Assembly and Organization of the Meiotic Spindle in Drosophila Oocytes. 

Mol. Biol. Cell 16, 4684–4694. 

Jang, J.K., Rahman, T., Kober, V.S., Cesario, J., and McKim, K.S. (2007). Misregulation of 

the Kinesin-like Protein Subito Induces Meiotic Spindle Formation in the Absence of 

Chromosomes and Centrosomes. Genetics 177, 267–280. 

Jang, Y.-J., Lin, C.-Y., Ma, S., and Erikson, R.L. (2002a). Functional studies on the role of the 

C-terminal domain of mammalian polo-like kinase. Proc. Natl. Acad. Sci. 99, 1984–1989. 

Jang, Y.-J., Ma, S., Terada, Y., and Erikson, R.L. (2002b). Phosphorylation of Threonine 210 

and the Role of Serine 137 in the Regulation of Mammalian Polo-like Kinase. J. Biol. Chem. 

277, 44115–44120. 

Janke, C., and Bulinski, J.C. (2011). Post-translational regulation of the microtubule 

cytoskeleton: mechanisms and functions. Nat. Rev. Mol. Cell Biol. 12, 773–786. 

Januschke, J., Llamazares, S., Reina, J., and Gonzalez, C. (2011). Drosophila neuroblasts 

retain the daughter centrosome. Nat. Commun. 2, 243. 

Jeong, K., Jeong, J.-Y., Lee, H.-O., Choi, E., and Lee, H. (2010). Inhibition of Plk1 induces 

mitotic infidelity and embryonic growth defects in developing zebrafish embryos. Dev. Biol. 

345, 34–48. 

Jia, L., Li, B., and Yu, H. (2016). The Bub1–Plk1 kinase complex promotes spindle checkpoint 

signalling through Cdc20 phosphorylation. Nat. Commun. 7, 10818. 



236 

 

Jia, Z., Nie, Y., Yue, F., Kong, Y., Gu, L., Gavin, T.P., Liu, X., and Kuang, S. (2019). A 

requirement of Polo-like kinase 1 in murine embryonic myogenesis and adult muscle 

regeneration. ELife 8, e47097. 

Johmura, Y., Soung, N.-K., Park, J.-E., Yu, L.-R., Zhou, M., Bang, J.K., Kim, B.-Y., Veenstra, 

T.D., Erikson, R.L., and Lee, K.S. (2011). Regulation of microtubule-based microtubule 

nucleation by mammalian polo-like kinase 1. Proc. Natl. Acad. Sci. U. S. A. 108, 11446–

11451. 

Jordan, P.W., Karppinen, J., and Handel, M.A. (2012). Polo-like kinase is required for 

synaptonemal complex disassembly and phosphorylation in mouse spermatocytes. J. Cell Sci. 

125, 5061–5072. 

Joshi, H.C., Palacios, M.J., McNamara, L., and Cleveland, D.W. (1992). γ-Tubulin is a 

centrosomal protein required for cell cycle-dependent microtubule nucleation. Nature 356, 80–

83. 

Joukov, V., Nicolo, A.D., Rodriguez, A., Walter, J.C., and Livingston, D.M. (2010). 

Centrosomal protein of 192 kDa (Cep192) promotes centrosome-driven spindle assembly by 

engaging in organelle-specific Aurora A activation. Proc. Natl. Acad. Sci. 107, 21022–21027. 

Joukov, V., Walter, J., and De Nicolo, A. (2014). The Cep192-organized Aurora A-Plk1 

cascade is essential for centrosome cycle and bipolar spindle assembly. Mol. Cell 55, 578–591. 

Kachaner, D., Garrido, D., Mehsen, H., Normandin, K., Lavoie, H., and Archambault, V. 

(2017). Coupling of Polo kinase activation to nuclear localization by a bifunctional NLS is 

required during mitotic entry. Nat. Commun. 8, 1–16. 

Kagami, Y., Ono, M., and Yoshida, K. (2017). Plk1 phosphorylation of CAP-H2 triggers 

chromosome condensation by condensin II at the early phase of mitosis. Sci. Rep. 7, 1–12. 

Kaisari, S., Shomer, P., Ziv, T., Sitry-Shevah, D., Miniowitz-Shemtov, S., Teichner, A., and 

Hershko, A. (2019). Role of Polo-like kinase 1 in the regulation of the action of p31comet in 

the disassembly of mitotic checkpoint complexes. Proc. Natl. Acad. Sci. 116, 11725–11730. 

Kang, Y.H., Park, J.-E., Yu, L.-R., Soung, N.-K., Yun, S.-M., Bang, J.K., Seong, Y.-S., Yu, 

H., Garfield, S., Veenstra, T.D., et al. (2006). Self-Regulated Plk1 Recruitment to 

Kinetochores by the Plk1-PBIP1 Interaction Is Critical for Proper Chromosome Segregation. 

Mol. Cell 24, 409–422. 

Karki, M., Keyhaninejad, N., and Shuster, C.B. (2017). Precocious centriole disengagement 

and centrosome fragmentation induced by mitotic delay. Nat. Commun. 8, 15803. 

Karpov, P.A., Nadezhdina, E.S., Yemets, A.I., Matusov, V.G., Nyporko, A.Y., Shashina, N.Y., 

and Blume, Y.B. (2010). Bioinformatic search of plant microtubule-and cell cycle related 

serine-threonine protein kinases. BMC Genomics 11, S14. 

Karpova, N., Bobinnec, Y., Fouix, S., Huitorel, P., and Debec, A. (2006). Jupiter, a new 

Drosophila protein associated with microtubules. Cell Motil. Cytoskeleton 63, 301–312. 

Kasahara, K., Goto, H., Izawa, I., Kiyono, T., Watanabe, N., Elowe, S., Nigg, E.A., and 

Inagaki, M. (2013). PI 3-kinase-dependent phosphorylation of Plk1–Ser99 promotes 

association with 14-3-3γ and is required for metaphase–anaphase transition. Nat. Commun. 4, 

1882. 



237 

 

Kelm, O., Wind, M., Lehmann, W.D., and Nigg, E.A. (2002). Cell Cycle-regulated 

Phosphorylation of the Xenopus Polo-like Kinase Plx1. J. Biol. Chem. 277, 25247–25256. 

Kemp, C.A., Kopish, K.R., Zipperlen, P., Ahringer, J., and O’Connell, K.F. (2004). 

Centrosome Maturation and Duplication in C. elegans Require the Coiled-Coil Protein SPD-2. 

Dev. Cell 6, 511–523. 

Khodjakov, A., Cole, R.W., Oakley, B.R., and Rieder, C.L. (2000). Centrosome-independent 

mitotic spindle formation in vertebrates. Curr. Biol. 10, 59–67. 

Kim, S., and Rhee, K. (2014). Importance of the CEP215-Pericentrin Interaction for 

Centrosome Maturation during Mitosis. PLoS ONE 9. 

Kim, J., Lee, K., and Rhee, K. (2015). PLK1 regulation of PCNT cleavage ensures fidelity of 

centriole separation during mitotic exit. Nat. Commun. 6. 

Kim, J., Kim, J., and Rhee, K. (2019). PCNT is critical for the association and conversion of 

centrioles to centrosomes during mitosis. J. Cell Sci. 132, jcs225789. 

Kirkham, M., Müller-Reichert, T., Oegema, K., Grill, S., and Hyman, A.A. (2003). SAS-4 Is a 

C. elegans Centriolar Protein that Controls Centrosome Size. Cell 112, 575–587. 

Kishi, K., Vugt, M.A.T.M. van, Okamoto, K., Hayashi, Y., and Yaffe, M.B. (2009). Functional 

Dynamics of Polo-Like Kinase 1 at the Centrosome. Mol. Cell. Biol. 29, 3134–3150. 

Kitagawa, D., Vakonakis, I., Olieric, N., Hilbert, M., Keller, D., Olieric, V., Bortfeld, M., Erat, 

M.C., Flückiger, I., Gönczy, P., et al. (2011). Structural Basis of the 9-Fold Symmetry of 

Centrioles. Cell 144, 364–375. 

Kiyomitsu, T., and Cheeseman, I.M. (2012). Chromosome- and spindle-pole-derived signals 

generate an intrinsic code for spindle position and orientation. Nat. Cell Biol. 14, 311–317. 

Klein, U.R., Nigg, E.A., and Gruneberg, U. (2006). Centromere Targeting of the Chromosomal 

Passenger Complex Requires a Ternary Subcomplex of Borealin, Survivin, and the N-

Terminal Domain of INCENP. Mol. Biol. Cell 17, 2547–2558. 

Kleylein-Sohn, J., Westendorf, J., Clech, M.L., Habedanck, R., Stierhof, Y.-D., and Nigg, E.A. 

(2007). Plk4-Induced Centriole Biogenesis in Human Cells. Dev. Cell 13, 190–202. 

Knorz, V.J., Spalluto, C., Lessard, M., Purvis, T.L., Adigun, F.F., Collin, G.B., Hanley, N.A., 

Wilson, D.I., and Hearn, T. (2010). Centriolar Association of ALMS1 and Likely Centrosomal 

Functions of the ALMS Motif–containing Proteins C10orf90 and KIAA1731. Mol. Biol. Cell 

21, 3617–3629. 

Kong, D., Farmer, V., Shukla, A., James, J., Gruskin, R., Kiriyama, S., and Loncarek, J. 

(2014). Centriole maturation requires regulated Plk1 activity during two consecutive cell 

cycles. J. Cell Biol. 206, 855–865. 

Kothe, M., Kohls, D., Low, S., Coli, R., Cheng, A.C., Jacques, S.L., Johnson, T.L., Lewis, C., 

Loh, C., Nonomiya, J., et al. (2007). Structure of the Catalytic Domain of Human Polo-like 

Kinase 1,. Biochemistry 46, 5960–5971. 

Kraatz, S., Guichard, P., Obbineni, J.M., Olieric, N., Hatzopoulos, G.N., Hilbert, M., Sen, I., 

Missimer, J., Gönczy, P., and Steinmetz, M.O. (2016). The Human Centriolar Protein CEP135 



238 

 

Contains a Two-Stranded Coiled-Coil Domain Critical for Microtubule Binding. Structure 24, 

1358–1371. 

Kratz, A.-S., Bärenz, F., Richter, K.T., and Hoffmann, I. (2015). Plk4-dependent 

phosphorylation of STIL is required for centriole duplication. Biol. Open 4, 370–377. 

Kschonsak, Y.T., and Hoffmann, I. (2018). Activated ezrin controls MISP levels to ensure 

correct NuMA polarization and spindle orientation. J. Cell Sci. 131, jcs214544. 

Kulukian, A., Holland, A.J., Vitre, B., Naik, S., Cleveland, D.W., and Fuchs, E. (2015). 

Epidermal development, growth control, and homeostasis in the face of centrosome 

amplification. Proc. Natl. Acad. Sci. U. S. A. 112, E6311–E6320. 

Kumagai, A., and Dunphy, W.G. (1996). Purification and Molecular Cloning of Plx1, a 

Cdc25-Regulatory Kinase from Xenopus Egg Extracts. Science 273, 1377–1380. 

La Terra, S., English, C.N., Hergert, P., McEwen, B.F., Sluder, G., and Khodjakov, A. (2005). 

The de novo centriole assembly pathway in HeLa cells. J. Cell Biol. 168, 713–722. 

Lambrus, B.G., Uetake, Y., Clutario, K.M., Daggubati, V., Snyder, M., Sluder, G., and 

Holland, A.J. (2015). p53 protects against genome instability following centriole duplication 

failure. J. Cell Biol. 210, 63–77. 

Lampson, M.A., Renduchitala, K., Khodjakov, A., and Kapoor, T.M. (2004). Correcting 

improper chromosome–spindle attachments during cell division. Nat. Cell Biol. 6, 232–237. 

Lancaster, M.A., Renner, M., Martin, C.-A., Wenzel, D., Bicknell, L.S., Hurles, M.E., 

Homfray, T., Penninger, J.M., Jackson, A.P., and Knoblich, J.A. (2013). Cerebral organoids 

model human brain development and microcephaly. Nature 501, 373–379. 

Lane, H.A., and Nigg, E.A. (1996). Antibody microinjection reveals an essential role for 

human polo-like kinase 1 (Plk1) in the functional maturation of mitotic centrosomes. J. Cell 

Biol. 135, 1701–1713. 

Lange, B.M., and Gull, K. (1995). A molecular marker for centriole maturation in the 

mammalian cell cycle. J. Cell Biol. 130, 919–927. 

Laos, T., Cabral, G., and Dammermann, A. (2015). Isotropic incorporation of SPD-5 underlies 

centrosome assembly in C. elegans. Curr. Biol. 25, R648–R649. 

Lawo, S., Hasegan, M., Gupta, G.D., and Pelletier, L. (2012). Subdiffraction imaging of 

centrosomes reveals higher-order organizational features of pericentriolar material. Nat. Cell 

Biol. 14, 1148–1158. 

Leda, M., Holland, A.J., and Goryachev, A.B. (2018). Autoamplification and Competition 

Drive Symmetry Breaking: Initiation of Centriole Duplication by the PLK4-STIL Network. 

IScience 8, 222–235. 

Lee, K., and Rhee, K. (2011). PLK1 phosphorylation of pericentrin initiates centrosome 

maturation at the onset of mitosis. J. Cell Biol. 195, 1093–1101. 

Lee, K., and Rhee, K. (2012). Separase-dependent cleavage of pericentrin B is necessary and 

sufficient for centriole disengagement during mitosis. Cell Cycle 11, 2476–2485. 



239 

 

Lee, S., and Rhee, K. (2010). CEP215 is involved in the dynein-dependent accumulation of 

pericentriolar matrix proteins for spindle pole formation. Cell Cycle 9, 775–784. 

Lee, C.-Y., Andersen, R.O., Cabernard, C., Manning, L., Tran, K.D., Lanskey, M.J., 

Bashirullah, A., and Doe, C.Q. (2006). Drosophila Aurora-A kinase inhibits neuroblast self-

renewal by regulating aPKC/Numb cortical polarity and spindle orientation. Genes Dev. 20, 

3464–3474. 

Lee, H.S., Simon, J.A., and Lis, J.T. (1988). Structure and expression of ubiquitin genes of 

Drosophila melanogaster. Mol. Cell. Biol. 8, 4727–4735. 

Lee, K.S., Grenfell, T.Z., Yarm, F.R., and Erikson, R.L. (1998). Mutation of the polo-box 

disrupts localization and mitotic functions of the mammalian polo kinase Plk. Proc. Natl. 

Acad. Sci. U. S. A. 95, 9301–9306. 

Leidel, S., and Gönczy, P. (2003). SAS-4 Is Essential for Centrosome Duplication in C. 

elegans and Is Recruited to Daughter Centrioles Once per Cell Cycle. Dev. Cell 4, 431–439. 

Leidel, S., Delattre, M., Cerutti, L., Baumer, K., and Gönczy, P. (2005). SAS-6 defines a 

protein family required for centrosome duplication in C. elegans and in human cells. Nat. Cell 

Biol. 7, 115–125. 

Lénárt, P., Petronczki, M., Steegmaier, M., Fiore, B.D., Lipp, J.J., Hoffmann, M., Rettig, W.J., 

Kraut, N., and Peters, J.-M. (2007). The Small-Molecule Inhibitor BI 2536 Reveals Novel 

Insights into Mitotic Roles of Polo-like Kinase 1. Curr. Biol. 17, 304–315. 

Lera, R.F., and Burkard, M.E. (2012). High Mitotic Activity of Polo-like Kinase 1 Is Required 

for Chromosome Segregation and Genomic Integrity in Human Epithelial Cells. J. Biol. Chem. 

287, 42812–42825. 

Lera, R.F., Potts, G.K., Suzuki, A., Johnson, J.M., Salmon, E.D., Coon, J.J., and Burkard, M.E. 

(2016). Decoding Polo-like kinase 1 signaling along the kinetochore–centromere axis. Nat. 

Chem. Biol. 12, 411–418. 

Lerit, D.A., Jordan, H.A., Poulton, J.S., Fagerstrom, C.J., Galletta, B.J., Peifer, M., and Rusan, 

N.M. (2015). Interphase centrosome organization by the PLP-Cnn scaffold is required for 

centrosome function. J. Cell Biol. 210, 79–97. 

Levine, M.S., Bakker, B., Boeckx, B., Moyett, J., Lu, J., Vitre, B., Spierings, D.C., Lansdorp, 

P.M., Cleveland, D.W., Lambrechts, D., et al. (2017). Centrosome amplification is sufficient to 

promote spontaneous tumorigenesis in mammals. Dev. Cell 40, 313-322.e5. 

Li, H., Liu, X.S., Yang, X., Wang, Y., Wang, Y., Turner, J.R., and Liu, X. (2010). 

Phosphorylation of CLIP‐170 by Plk1 and CK2 promotes timely formation of kinetochore–

microtubule attachments. EMBO J. 29, 2953–2965. 

Li, Z., Cui, Q., Xu, J., Cheng, D., Wang, X., Li, B., Lee, J.M., Xia, Q., Kusakabe, T., and 

Zhao, P. (2017a). SUMOylation regulates the localization and activity of Polo-like kinase 1 

during cell cycle in the silkworm, Bombyx mori. Sci. Rep. 7, 1–12. 

Li, Z., Li, J., Kong, Y., Yan, S., Ahmad, N., and Liu, X. (2017b). Plk1 Phosphorylation of 

Mre11 Antagonizes the DNA Damage Response. Cancer Res. 77, 3169–3180. 



240 

 

Lin, C.-Y., Madsen, M.L., Yarm, F.R., Jang, Y.-J., Liu, X., and Erikson, R.L. (2000). 

Peripheral Golgi protein GRASP65 is a target of mitotic polo-like kinase (Plk) and Cdc2. Proc. 

Natl. Acad. Sci. 97, 12589–12594. 

Linder, M.I., Köhler, M., Boersema, P., Weberruss, M., Wandke, C., Marino, J., Ashiono, C., 

Picotti, P., Antonin, W., and Kutay, U. (2017). Mitotic Disassembly of Nuclear Pore 

Complexes Involves CDK1- and PLK1-Mediated Phosphorylation of Key Interconnecting 

Nucleoporins. Dev. Cell 43, 141-156.e7. 

Lindon, C., and Pines, J. (2004). Ordered proteolysis in anaphase inactivates Plk1 to contribute 

to proper mitotic exit in human cells. J. Cell Biol. 164, 233–241. 

Lindsley, D.L., and Zimm, G.G. (1992). The Genome of Drosophila Melanogaster (Academic 

Press). 

Lingle, W.L., Barrett, S.L., Negron, V.C., D’Assoro, A.B., Boeneman, K., Liu, W., 

Whitehead, C.M., Reynolds, C., and Salisbury, J.L. (2002). Centrosome amplification drives 

chromosomal instability in breast tumor development. Proc. Natl. Acad. Sci. U. S. A. 99, 

1978–1983. 

Liu, L., and Wiese, C. (2008). Xenopus NEDD1 is required for microtubule organization in 

Xenopus egg extracts. J. Cell Sci. 121, 578–589. 

Liu, D., Davydenko, O., and Lampson, M.A. (2012). Polo-like kinase-1 regulates kinetochore–

microtubule dynamics and spindle checkpoint silencing. J. Cell Biol. 198, 491–499. 

Llamazares, S., Moreira, A., Tavares, A., Girdham, C., Spruce, B.A., Gonzalez, C., Karess, 

R.E., Glover, D.M., and Sunkel, C.E. (1991). polo encodes a protein kinase homolog required 

for mitosis in Drosophila. Genes Dev. 5, 2153–2165. 

Lobjois, V., Jullien, D., Bouché, J.-P., and Ducommun, B. (2009). The polo-like kinase 1 

regulates CDC25B-dependent mitosis entry. Biochim. Biophys. Acta BBA - Mol. Cell Res. 

1793, 462–468. 

Logarinho, E., and Sunkel, C.E. (1998). The Drosophila POLO kinase localises to multiple 

compartments of the mitotic apparatus and is required for the phosphorylation of MPM2 

reactive epitopes. J. Cell Sci. 111, 2897–2909. 

Loncarek, J., Hergert, P., Magidson, V., and Khodjakov, A. (2008). Control of daughter 

centriole formation by the pericentriolar material. Nat. Cell Biol. 10, 322–328. 

Loncarek, J., Hergert, P., and Khodjakov, A. (2010). Centriole Reduplication during Prolonged 

Interphase Requires Procentriole Maturation Governed by Plk1. Curr. Biol. 20, 1277–1282. 

Lowery, D.M., Clauser, K.R., Hjerrild, M., Lim, D., Alexander, J., Kishi, K., Ong, S.-E., 

Gammeltoft, S., Carr, S.A., and Yaffe, M.B. (2007). Proteomic screen defines the Polo‐box 

domain interactome and identifies Rock2 as a Plk1 substrate. EMBO J. 26, 2262–2273. 

Lu, L.-Y., Wood, J.L., Minter-Dykhouse, K., Ye, L., Saunders, T.L., Yu, X., and Chen, J. 

(2008). Polo-Like Kinase 1 Is Essential for Early Embryonic Development and Tumor 

Suppression. Mol. Cell. Biol. 28, 6870–6876. 

Lucas, E.P., and Raff, J.W. (2007). Maintaining the proper connection between the centrioles 

and the pericentriolar matrix requires Drosophila Centrosomin. J. Cell Biol. 178, 725–732. 



241 

 

Macůrek, L., Lindqvist, A., Lim, D., Lampson, M.A., Klompmaker, R., Freire, R., Clouin, C., 

Taylor, S.S., Yaffe, M.B., and Medema, R.H. (2008). Polo-like kinase-1 is activated by aurora 

A to promote checkpoint recovery. Nature 455, 119–123. 

Maia, A.R.R., Garcia, Z., Kabeche, L., Barisic, M., Maffini, S., Macedo-Ribeiro, S., 

Cheeseman, I.M., Compton, D.A., Kaverina, I., and Maiato, H. (2012). Cdk1 and Plk1 mediate 

a CLASP2 phospho-switch that stabilizes kinetochore–microtubule attachments. J. Cell Biol. 

199, 285–301. 

Mailand, N., Bekker-Jensen, S., Bartek, J., and Lukas, J. (2006). Destruction of Claspin by 

SCFβTrCP Restrains Chk1 Activation and Facilitates Recovery from Genotoxic Stress. Mol. 

Cell 23, 307–318. 

Mamely, I., van Vugt, M.A., Smits, V.A., Semple, J.I., Lemmens, B., Perrakis, A., Medema, 

R.H., and Freire, R. (2006). Polo-like Kinase-1 Controls Proteasome-Dependent Degradation 

of Claspin during Checkpoint Recovery. Curr. Biol. 16, 1950–1955. 

Maroto, B., Ye, M.B., von Lohneysen, K., Schnelzer, A., and Knaus, U.G. (2008). P21-

activated kinase is required for mitotic progression and regulates Plk1. Oncogene 27, 4900–

4908. 

Marteil, G., Guerrero, A., Vieira, A.F., de Almeida, B.P., Machado, P., Mendonça, S., 

Mesquita, M., Villarreal, B., Fonseca, I., Francia, M.E., et al. (2018). Over-elongation of 

centrioles in cancer promotes centriole amplification and chromosome missegregation. Nat. 

Commun. 9. 

Marthiens, V., Rujano, M.A., Pennetier, C., Tessier, S., Paul-Gilloteaux, P., and Basto, R. 

(2013). Centrosome amplification causes microcephaly. Nat. Cell Biol. 15, 731–740. 

Martinez-Campos, M., Basto, R., Baker, J., Kernan, M., and Raff, J.W. (2004). The Drosophila 

pericentrin-like protein is essential for cilia/flagella function, but appears to be dispensable for 

mitosis. J. Cell Biol. 165, 673–683. 

Martino, L., Morchoisne-Bolhy, S., Cheerambathur, D.K., Hove, L.V., Dumont, J., Joly, N., 

Desai, A., Doye, V., and Pintard, L. (2017). Channel Nucleoporins Recruit PLK-1 to Nuclear 

Pore Complexes to Direct Nuclear Envelope Breakdown in C. elegans. Dev. Cell 43, 157-

171.e7. 

Martins, T., Maia, A.F., Steffensen, S., and Sunkel, C.E. (2009). Sgt1, a co‐chaperone of 

Hsp90 stabilizes Polo and is required for centrosome organization. EMBO J. 28, 234–247. 

Matsuda, A., Schermelleh, L., Hirano, Y., Haraguchi, T., and Hiraoka, Y. (2018). Accurate 

and fiducial-marker-free correction for three-dimensional chromatic shift in biological 

fluorescence microscopy. Sci. Rep. 8, 7583. 

Matsumura, S., Toyoshima, F., and Nishida, E. (2007). Polo-like Kinase 1 Facilitates 

Chromosome Alignment during Prometaphase through BubR1. J. Biol. Chem. 282, 15217–

15227. 

Matsuo, K., Ohsumi, K., Iwabuchi, M., Kawamata, T., Ono, Y., and Takahashi, M. (2012). 

Kendrin Is a Novel Substrate for Separase Involved in the Licensing of Centriole Duplication. 

Curr. Biol. 22, 915–921. 



242 

 

Matthew, E.M., Yen, T.J., Dicker, D.T., Dorsey, J.F., Yang, W., Navaraj, A., and El-Deiry, 

W.S. (2007). Replication Stress, Defective S-phase Checkpoint and Increased Death in Plk2-

Deficient Human Cancer Cells. Cell Cycle 6, 2571–2578. 

May, K.M., Reynolds, N., Cullen, C.F., Yanagida, M., and Ohkura, H. (2002). Polo boxes and 

Cut23 (Apc8) mediate an interaction between polo kinase and the anaphase-promoting 

complex for fission yeast mitosis. J. Cell Biol. 156, 23–28. 

McInnes, C., Mazumdar, A., Mezna, M., Meades, C., Midgley, C., Scaerou, F., Carpenter, L., 

Mackenzie, M., Taylor, P., Walkinshaw, M., et al. (2006). Inhibitors of Polo-like kinase reveal 

roles in spindle-pole maintenance. Nat. Chem. Biol. 2, 608–617. 

McKim, K.S., and Hawley, R.S. (1995). Chromosomal Control of Meiotic Cell Division. 

Science 270, 1595–1601. 

McLamarrah, T.A., Buster, D.W., Galletta, B.J., Boese, C.J., Ryniawec, J.M., Hollingsworth, 

N.A., Byrnes, A.E., Brownlee, C.W., Slep, K.C., Rusan, N.M., et al. (2018). An ordered 

pattern of Ana2 phosphorylation by Plk4 is required for centriole assembly. J. Cell Biol. 217, 

1217–1231. 

Megraw, T.L., Li, K., Kao, L.R., and Kaufman, T.C. (1999). The centrosomin protein is 

required for centrosome assembly and function during cleavage in Drosophila. Development 

126, 2829–2839. 

Megraw, T.L., Kilaru, S., Turner, F.R., and Kaufman, T.C. (2002). The centrosome is a 

dynamic structure that ejects PCM flares. J. Cell Sci. 115, 4707–4718. 

Meireles, A.M., Fisher, K.H., Colombié, N., Wakefield, J.G., and Ohkura, H. (2009). Wac: a 

new Augmin subunit required for chromosome alignment but not for acentrosomal 

microtubule assembly in female meiosis. J. Cell Biol. 184, 777–784. 

Meng, L., Park, J.-E., Kim, T.-S., Lee, E.H., Park, S.-Y., Zhou, M., Bang, J.K., and Lee, K.S. 

(2015). Bimodal Interaction of Mammalian Polo-Like Kinase 1 and a Centrosomal Scaffold, 

Cep192, in the Regulation of Bipolar Spindle Formation. Mol. Cell. Biol. 35, 2626–2640. 

Mennella, V., Keszthelyi, B., McDonald, K.L., Chhun, B., Kan, F., Rogers, G.C., Huang, B., 

and Agard, D.A. (2012). Sub-diffraction-resolution fluorescence microscopy reveals a domain 

of the centrosome critical for pericentriolar material organization. Nat. Cell Biol. 14, 1159–

1168. 

Mitchison, T., and Kirschner, M. (1984). Microtubule assembly nucleated by isolated 

centrosomes. Nature 312, 232–237. 

Moritz, M., Braunfeld, M.B., Fung, J.C., Sedat, J.W., Alberts, B.M., and Agard, D.A. (1995a). 

Three-dimensional structural characterization of centrosomes from early Drosophila embryos. 

J. Cell Biol. 130, 1149–1159. 

Moritz, M., Braunfeld, M.B., Sedat, J.W., Alberts, B., and Agard, D.A. (1995b). Microtubule 

nucleation by γ-tubulin-containing rings in the centrosome. Nature 378, 638–640. 

Moritz, M., Zheng, Y., Alberts, B.M., and Oegema, K. (1998). Recruitment of the γ-Tubulin 

Ring Complex to Drosophila Salt-stripped Centrosome Scaffolds. J. Cell Biol. 142, 775–786. 



243 

 

Moshe, Y., Boulaire, J., Pagano, M., and Hershko, A. (2004). Role of Polo-like kinase in the 

degradation of early mitotic inhibitor 1, a regulator of the anaphase promoting 

complex/cyclosome. Proc. Natl. Acad. Sci. U. S. A. 101, 7937–7942. 

Moutinho-Santos, T., Sampaio, P., Amorim, I., Costa, M., and Sunkel, C.E. (1999). In vivo 

localisation of the mitotic POLO kinase shows a highly dynamic association with the mitotic 

apparatus during early embryogenesis in Drosophila. Biol. Cell 91, 585–596. 

Moutinho-Santos, T., Conde, C., and Sunkel, C.E. (2012). POLO ensures chromosome bi-

orientation by preventing and correcting erroneous chromosome–spindle attachments. J. Cell 

Sci. 125, 576–583. 

Moyer, T.C., Clutario, K.M., Lambrus, B.G., Daggubati, V., and Holland, A.J. (2015). Binding 

of STIL to Plk4 activates kinase activity to promote centriole assembly. J. Cell Biol. 209, 863–

878. 

Müller, H., Schmidt, D., Steinbrink, S., Mirgorodskaya, E., Lehmann, V., Habermann, K., 

Dreher, F., Gustavsson, N., Kessler, T., Lehrach, H., et al. (2010). Proteomic and functional 

analysis of the mitotic Drosophila centrosome. EMBO J. 29, 3344–3357. 

Musacchio, A. (2015). The Molecular Biology of Spindle Assembly Checkpoint Signaling 

Dynamics. Curr. Biol. 25, R1002–R1018. 

Nakajima, H., Toyoshima-Morimoto, F., Taniguchi, E., and Nishida, E. (2003). Identification 

of a Consensus Motif for Plk (Polo-like Kinase) Phosphorylation Reveals Myt1 as a Plk1 

Substrate*. J. Biol. Chem. 278, 25277–25280. 

Nakazawa, Y., Hiraki, M., Kamiya, R., and Hirono, M. (2007). SAS-6 is a Cartwheel Protein 

that Establishes the 9-Fold Symmetry of the Centriole. Curr. Biol. 17, 2169–2174. 

Neef, R., Preisinger, C., Sutcliffe, J., Kopajtich, R., Nigg, E.A., Mayer, T.U., and Barr, F.A. 

(2003). Phosphorylation of mitotic kinesin-like protein 2 by polo-like kinase 1 is required for 

cytokinesis. J. Cell Biol. 162, 863–876. 

Neef, R., Gruneberg, U., Kopajtich, R., Li, X., Nigg, E.A., Sillje, H., and Barr, F.A. (2007). 

Choice of Plk1 docking partners during mitosis and cytokinesis is controlled by the activation 

state of Cdk1. Nat. Cell Biol. 9, 436–444. 

Nigg, E.A., and Raff, J.W. (2009). Centrioles, Centrosomes, and Cilia in Health and Disease. 

Cell 139, 663–678. 

Nijenhuis, W., Vallardi, G., Teixeira, A., Kops, G.J.P.L., and Saurin, A.T. (2014). Negative 

feedback at kinetochores underlies a responsive spindle checkpoint signal. Nat. Cell Biol. 16, 

1257–1264. 

Nishino, M., Kurasawa, Y., Evans, R., Lin, S.-H., Brinkley, B.R., and Yu-Lee, L. (2006). 

NudC Is Required for Plk1 Targeting to the Kinetochore and Chromosome Congression. Curr. 

Biol. 16, 1414–1421. 

Novak, Z.A., Conduit, P.T., Wainman, A., and Raff, J.W. (2014). Asterless Licenses Daughter 

Centrioles to Duplicate for the First Time in Drosophila Embryos. Curr. Biol. 24, 1276–1282. 

Novak, Z.A., Wainman, A., Gartenmann, L., and Raff, J.W. (2016). Cdk1 Phosphorylates 

Drosophila Sas-4 to Recruit Polo to Daughter Centrioles and Convert Them to Centrosomes. 

Dev. Cell 37, 545–557. 



244 

 

Oakley, B.R., Oakley, C.E., Yoon, Y., and Jung, M.K. (1990). γ-tubulin is a component of the 

spindle pole body that is essential for microtubule function in Aspergillus nidulans. Cell 61, 

1289–1301. 

O’Connell, K.F., Caron, C., Kopish, K.R., Hurd, D.D., Kemphues, K.J., Li, Y., and White, J.G. 

(2001). The C. elegans zyg-1 Gene Encodes a Regulator of Centrosome Duplication with 

Distinct Maternal and Paternal Roles in the Embryo. Cell 105, 547–558. 

Ohkura, H., Hagan, I.M., and Glover, D.M. (1995). The conserved Schizosaccharomyces 

pombe kinase plo1, required to form a bipolar spindle, the actin ring, and septum, can drive 

septum formation in G1 and G2 cells. Genes Dev. 9, 1059–1073. 

Ohta, M., Ashikawa, T., Nozaki, Y., Kozuka-Hata, H., Goto, H., Inagaki, M., Oyama, M., and 

Kitagawa, D. (2014). Direct interaction of Plk4 with STIL ensures formation of a single 

procentriole per parental centriole. Nat. Commun. 5, 5267. 

Ohta, M., Watanabe, K., Ashikawa, T., Nozaki, Y., Yoshiba, S., Kimura, A., and Kitagawa, D. 

(2018). Bimodal Binding of STIL to Plk4 Controls Proper Centriole Copy Number. Cell Rep. 

23, 3160-3169.e4. 

Oliveira, R.A., and Nasmyth, K. (2013). Cohesin cleavage is insufficient for centriole 

disengagement in Drosophila. Curr. Biol. 23, R601–R603. 

O’Toole, E.T., Giddings, T.H., McIntosh, J.R., and Dutcher, S.K. (2003). Three-dimensional 

Organization of Basal Bodies from Wild-Type and  δ-Tubulin Deletion Strains of 

Chlamydomonas  reinhardtii. Mol. Biol. Cell 14, 2999–3012. 

Pagan, J.K., Marzio, A., Jones, M.J.K., Saraf, A., Jallepalli, P.V., Florens, L., Washburn, M.P., 

and Pagano, M. (2015). Degradation of Cep68 and PCNT cleavage mediate Cep215 removal 

from the PCM to allow centriole separation, disengagement and licensing. Nat. Cell Biol. 17, 

31–43. 

Paintrand, M., Moudjou, M., Delacroix, H., and Bornens, M. (1992). Centrosome organization 

and centriole architecture: Their sensitivity to divalent cations. J. Struct. Biol. 108, 107–128. 

Palazzo, R.E., Vogel, J.M., Schnackenberg, B.J., Hull, D.R., and Wu, X. (1999). Centrosome 

maturation. In Current Topics in Developmental Biology, R.E. Palazzo, and G.P. Schatten, 

eds. (Academic Press), pp. 449–470. 

Park, C.H., Park, J.-E., Kim, T.-S., Kang, Y.H., Soung, N.-K., Zhou, M., Kim, N.-H., Bang, 

J.K., and Lee, K.S. (2015). Mammalian Polo-like Kinase 1 (Plk1) Promotes Proper 

Chromosome Segregation by Phosphorylating and Delocalizing the PBIP1·CENP-Q Complex 

from Kinetochores. J. Biol. Chem. 290, 8569–8581. 

Peel, N., Stevens, N.R., Basto, R., and Raff, J.W. (2007). Overexpressing Centriole-

Replication Proteins In Vivo Induces Centriole Overduplication and De Novo Formation. Curr. 

Biol. 17, 834–843. 

Pek, J.W., Ng, B.F., and Kai, T. (2012). Polo-mediated phosphorylation of Maelstrom 

regulates oocyte determination during oogenesis in Drosophila. Development 139, 4505–4513. 

Pelletier, L., Özlü, N., Hannak, E., Cowan, C., Habermann, B., Ruer, M., Müller-Reichert, T., 

and Hyman, A.A. (2004). The Caenorhabditis elegans Centrosomal Protein SPD-2 Is Required 

for both Pericentriolar Material Recruitment and Centriole Duplication. Curr. Biol. 14, 863–

873. 



245 

 

Pelletier, L., O’Toole, E., Schwager, A., Hyman, A.A., and Müller-Reichert, T. (2006). 

Centriole assembly in Caenorhabditis elegans. Nature 444, 619–623. 

Peters, U., Cherian, J., Kim, J.H., Kwok, B.H., and Kapoor, T.M. (2006). Probing cell-division 

phenotype space and Polo-like kinase function using small molecules. Nat. Chem. Biol. 2, 

618–626. 

Petronczki, M., Glotzer, M., Kraut, N., and Peters, J.-M. (2007). Polo-like Kinase 1 Triggers 

the Initiation of Cytokinesis in Human Cells by Promoting Recruitment of the RhoGEF Ect2 to 

the Central Spindle. Dev. Cell 12, 713–725. 

Pickett-Heaps, J. (1974). The evolution of mitosis and the eukaryotic condition. Biosystems 6, 

37–48. 

Pickett-Heaps, J.D. (1975). ASPECTS OF SPINDLE EVOLUTION. Ann. N. Y. Acad. Sci. 

253, 352–361. 

Piel, M., Meyer, P., Khodjakov, A., Rieder, C.L., and Bornens, M. (2000). The Respective 

Contributions of the Mother and Daughter Centrioles to Centrosome Activity and Behavior in 

Vertebrate Cells. J. Cell Biol. 149, 317–330. 

Pihan, G.A., Wallace, J., Zhou, Y., and Doxsey, S.J. (2003). Centrosome Abnormalities and 

Chromosome Instability Occur Together in Pre-invasive Carcinomas. Cancer Res. 63, 1398–

1404. 

Pintard, L., and Archambault, V. (2018). A unified view of spatio-temporal control of mitotic 

entry: Polo kinase as the key. Open Biol. 8. 

Plough, H.H. (1921). Further studies on the effect of temperature on crossing over. J. Exp. 

Zool. 32, 187–202. 

Preisinger, C., Körner, R., Wind, M., Lehmann, W.D., Kopajtich, R., and Barr, F.A. (2005). 

Plk1 docking to GRASP65 phosphorylated by Cdk1 suggests a mechanism for Golgi 

checkpoint signalling. EMBO J. 24, 753–765. 

Prosser, S.L., Samant, M.D., Baxter, J.E., Morrison, C.G., and Fry, A.M. (2012). Oscillation of 

APC/C activity during cell cycle arrest promotes centrosome amplification. J. Cell Sci. 125, 

5353–5368. 

Puklowski, A., Homsi, Y., Keller, D., May, M., Chauhan, S., Kossatz, U., Grünwald, V., 

Kubicka, S., Pich, A., Manns, M.P., et al. (2011). The SCF–FBXW5 E3-ubiquitin ligase is 

regulated by PLK4 and targets HsSAS-6 to control centrosome duplication. Nat. Cell Biol. 13, 

1004–1009. 

Qi, W., Tang, Z., and Yu, H. (2006). Phosphorylation- and Polo-Box–dependent Binding of 

Plk1 to Bub1 Is Required for the Kinetochore Localization of Plk1. Mol. Biol. Cell 17, 3705–

3716. 

Qian, Y.-W., Erikson, E., and Maller, J.L. (1999). Mitotic Effects of a Constitutively Active 

Mutant of the Xenopus Polo-Like Kinase Plx1. Mol. Cell. Biol. 19, 8625–8632. 

Qian, Y.-W., Erikson, E., Taieb, F.E., and Maller, J.L. (2001). The Polo-like Kinase Plx1 Is 

Required for Activation of the Phosphatase Cdc25C and Cyclin B-Cdc2 in Xenopus Oocytes. 

Mol. Biol. Cell 12, 1791–1799. 



246 

 

Raff, J.W. (2019). Phase Separation and the Centrosome: A Fait Accompli? Trends Cell Biol. 

Raff, J.W., Kellogg, D.R., and Alberts, B.M. (1993). Drosophila gamma-tubulin is part of a 

complex containing two previously identified centrosomal MAPs. J. Cell Biol. 121, 823–835. 

Raff, J.W., Kellum, R., and Alberts, B. (1994). The Drosophila GAGA transcription factor is 

associated with specific regions of heterochromatin throughout the cell cycle. EMBO J. 13, 

5977–5983. 

Rebollo, E., Sampaio, P., Januschke, J., Llamazares, S., Varmark, H., and González, C. (2007). 

Functionally Unequal Centrosomes Drive Spindle Orientation in Asymmetrically Dividing 

Drosophila Neural Stem Cells. Dev. Cell 12, 467–474. 

Reschen, R.F., Colombie, N., Wheatley, L., Dobbelaere, J., St Johnston, D., Ohkura, H., and 

Raff, J.W. (2012). Dgp71WD is required for the assembly of the acentrosomal Meiosis I 

spindle, and is not a general targeting factor for the γ-TuRC. Biol. Open 1, 422–429. 

Reynolds, N., and Ohkura, H. (2003). Polo boxes form a single functional domain that 

mediates interactions with multiple proteins in fission yeast polo kinase. J. Cell Sci. 116, 

1377–1387. 

Rhys, A.D., Monteiro, P., Smith, C., Vaghela, M., Arnandis, T., Kato, T., Leitinger, B., Sahai, 

E., McAinsh, A., Charras, G., et al. (2018). Loss of E-cadherin provides tolerance to 

centrosome amplification in epithelial cancer cells. J. Cell Biol. 217, 195–209. 

Richens, J.H., Barros, T.P., Lucas, E.P., Peel, N., Pinto, D.M.S., Wainman, A., and Raff, J.W. 

(2015). The Drosophila Pericentrin-like-protein (PLP) cooperates with Cnn to maintain the 

integrity of the outer PCM. Biol. Open 4, 1052–1061. 

Riparbelli, M.G., Callaini, G., Glover, D.M., and Avides, M. do C. (2002). A requirement for 

the Abnormal Spindle protein to organise microtubules of the central spindle for cytokinesis in 

Drosophila. J. Cell Sci. 115, 913–922. 

Robbins, E., Jentzsch, G., and Micali, A. (1968). THE CENTRIOLE CYCLE IN 

SYNCHRONIZED HELA CELLS. J. Cell Biol. 36, 329–339. 

Roberts, D.B. (1998). Drosophila: a practical approach (IRL Press at Oxford University Press). 

Rodrigues-Martins, A., Bettencourt-Dias, M., Riparbelli, M., Ferreira, C., Ferreira, I., Callaini, 

G., and Glover, D.M. (2007a). DSAS-6 Organizes a Tube-like Centriole Precursor, and Its 

Absence Suggests Modularity in Centriole Assembly. Curr. Biol. 17, 1465–1472. 

Rodrigues-Martins, A., Riparbelli, M., Callaini, G., Glover, D.M., and Bettencourt-Dias, M. 

(2007b). Revisiting the Role of the Mother Centriole in Centriole Biogenesis. Science 316, 

1046–1050. 

Rogers, G.C., Rusan, N.M., Roberts, D.M., Peifer, M., and Rogers, S.L. (2009). The 

SCFSlimb ubiquitin ligase regulates Plk4/Sak levels to block centriole reduplication. J. Cell 

Biol. 184, 225–239. 

Romé, P., and Ohkura, H. (2018). A novel microtubule nucleation pathway for meiotic spindle 

assembly in oocytes. J. Cell Biol. 217, 3431–3445. 



247 

 

Roque, H., Wainman, A., Richens, J., Kozyrska, K., Franz, A., and Raff, J.W. (2012). 

Drosophila Cep135/Bld10 maintains proper centriole structure but is dispensable for cartwheel 

formation. J. Cell Sci. 125, 5881–5886. 

Roque, H., Saurya, S., Pratt, M.B., Johnson, E., and Raff, J.W. (2018). Drosophila PLP 

assembles pericentriolar clouds that promote centriole stability, cohesion and MT nucleation. 

PLOS Genet. 14, e1007198. 

Rusan, N.M., and Peifer, M. (2007). A role for a novel centrosome cycle in asymmetric cell 

division. J. Cell Biol. 177, 13–20. 

Sampaio, P., Rebollo, E., Varmark, H., Sunkel, C.E., and González, C. (2001). Organized 

microtubule arrays in γ-tubulin-depleted Drosophila spermatocytes. Curr. Biol. 11, 1788–1793. 

Santamaria, A., Neef, R., Eberspächer, U., Eis, K., Husemann, M., Mumberg, D., Prechtl, S., 

Schulze, V., Siemeister, G., Wortmann, L., et al. (2007). Use of the Novel Plk1 Inhibitor ZK-

Thiazolidinone to Elucidate Functions of Plk1 in Early and Late Stages of Mitosis. Mol. Biol. 

Cell 18, 4024–4036. 

Santamaria, A., Wang, B., Elowe, S., Malik, R., Zhang, F., Bauer, M., Schmidt, A., Silljé, 

H.H.W., Körner, R., and Nigg, E.A. (2011). The Plk1-dependent Phosphoproteome of the 

Early Mitotic Spindle. Mol. Cell. Proteomics MCP 10. 

Saurya, S., Roque, H., Novak, Z.A., Wainman, A., Aydogan, M.G., Volanakis, A., Sieber, B., 

Pinto, D.M.S., and Raff, J.W. (2016). Drosophila Ana1 is required for centrosome assembly 

and centriole elongation. J Cell Sci jcs–186460. 

Schmidt, T.I., Kleylein-Sohn, J., Westendorf, J., Clech, M.L., Lavoie, S.B., Stierhof, Y.-D., 

and Nigg, E.A. (2009). Control of Centriole Length by CPAP and CP110. Curr. Biol. 19, 

1005–1011. 

Schnackenberg, B.J., Khodjakov, A., Rieder, C.L., and Palazzo, R.E. (1998). The disassembly 

and reassembly of functional centrosomes in vitro. Proc. Natl. Acad. Sci. U. S. A. 95, 9295–

9300. 

Schnerch, D., and Nigg, E.A. (2016). Structural centrosome aberrations favor proliferation by 

abrogating microtubule-dependent tissue integrity of breast epithelial mammospheres. 

Oncogene 35, 2711–2722. 

Schoborg, T., Zajac, A.L., Fagerstrom, C.J., Guillen, R.X., and Rusan, N.M. (2015). An Asp–

CaM complex is required for centrosome–pole cohesion and centrosome inheritance in neural 

stem cells. J. Cell Biol. 211, 987–998. 

Schöckel, L., Möckel, M., Mayer, B., Boos, D., and Stemmann, O. (2011). Cleavage of 

cohesin rings coordinates the separation of centrioles and chromatids. Nat. Cell Biol. 13, 966–

972. 

Sdelci, S., Schütz, M., Pinyol, R., Bertran, M.T., Regué, L., Caelles, C., Vernos, I., and Roig, 

J. (2012). Nek9 Phosphorylation of NEDD1/GCP-WD Contributes to Plk1 Control of γ-

Tubulin Recruitment to the Mitotic Centrosome. Curr. Biol. 22, 1516–1523. 

Seki, A., Coppinger, J.A., Jang, C.-Y., Yates, J.R., and Fang, G. (2008). Bora and the Kinase 

Aurora A Cooperatively Activate the Kinase Plk1 and Control Mitotic Entry. Science 320, 

1655–1658. 



248 

 

Seo, M.Y., Jang, W., and Rhee, K. (2015). Integrity of the Pericentriolar Material Is Essential 

for Maintaining Centriole Association during M Phase. PLOS ONE 10, e0138905. 

Seong, Y.-S., Kamijo, K., Lee, J.-S., Fernandez, E., Kuriyama, R., Miki, T., and Lee, K.S. 

(2002). A Spindle Checkpoint Arrest and a Cytokinesis Failure by the Dominant-negative 

Polo-box Domain of Plk1 in U-2 OS Cells. J. Biol. Chem. 277, 32282–32293. 

Serçin, Ö., Larsimont, J.-C., Karambelas, A.E., Marthiens, V., Moers, V., Boeckx, B., Le 

Mercier, M., Lambrechts, D., Basto, R., and Blanpain, C. (2016). Transient PLK4 

overexpression accelerates tumorigenesis in p53-deficient epidermis. Nat. Cell Biol. 18, 100–

110. 

Shukla, A., Kong, D., Sharma, M., Magidson, V., and Loncarek, J. (2015). Plk1 relieves 

centriole block to reduplication by promoting daughter centriole maturation. Nat. Commun. 6, 

8077. 

Sibon, O.C.M., Kelkar, A., Lemstra, W., and Theurkauf, W.E. (2000). DNA-replication/DNA-

damage-dependent centrosome inactivation in Drosophila embryos. Nat. Cell Biol. 2, 90–95. 

Sillibourne, J.E., Tack, F., Vloemans, N., Boeckx, A., Thambirajah, S., Bonnet, P., Ramaekers, 

F.C.S., Bornens, M., and Grand-Perret, T. (2009). Autophosphorylation of Polo-like Kinase 4 

and Its Role in Centriole Duplication. Mol. Biol. Cell 21, 547–561. 

Singh, P., Ramdas Nair, A., and Cabernard, C. (2014). The Centriolar Protein Bld10/Cep135 Is 

Required to Establish Centrosome Asymmetry in Drosophila Neuroblasts. Curr. Biol. 24, 

1548–1555. 

Sir, J.-H., Pütz, M., Daly, O., Morrison, C.G., Dunning, M., Kilmartin, J.V., and Gergely, F. 

(2013). Loss of centrioles causes chromosomal instability in vertebrate somatic cells. J. Cell 

Biol. 203, 747–756. 

Slevin, L.K., Nye, J., Pinkerton, D.C., Buster, D.W., Rogers, G.C., and Slep, K.C. (2012). The 

Structure of the Plk4 Cryptic Polo Box Reveals Two Tandem Polo Boxes Required for 

Centriole Duplication. Structure 20, 1905–1917. 

Snyder, J.A., and McIntosh, J.R. (1975). Initiation and growth of microtubules from mitotic 

centers in lysed mammalian cells. J. Cell Biol. 67, 744–760. 

Song, S., Grenfell, T.Z., Garfield, S., Erikson, R.L., and Lee, K.S. (2000). Essential Function 

of the Polo Box of Cdc5 in Subcellular Localization and Induction of Cytokinetic Structures. 

Mol. Cell. Biol. 20, 286–298. 

Songyang, Z., Blechner, S., Hoagland, N., Hoekstra, M.F., Piwnica-Worms, H., and Cantley, 

L.C. (1994). Use of an oriented peptide library to determine the optimal substrates of protein 

kinases. Curr. Biol. 4, 973–982. 

Sonnen, K.F., Schermelleh, L., Leonhardt, H., and Nigg, E.A. (2012). 3D-structured 

illumination microscopy provides novel insight into architecture of human centrosomes. Biol. 

Open 1, 965–976. 

Sonnen, K.F., Gabryjonczyk, A.-M., Anselm, E., Stierhof, Y.-D., and Nigg, E.A. (2013). 

Human Cep192 and Cep152 cooperate in Plk4 recruitment and centriole duplication. J. Cell 

Sci. 126, 3223–3233. 



249 

 

Soung, N.-K., Park, J.-E., Yu, L.-R., Lee, K.H., Lee, J.-M., Bang, J.K., Veenstra, T.D., Rhee, 

K., and Lee, K.S. (2009). Plk1-dependent and -independent roles of an ODF2 splice variant, 

hCenexin1, at the centrosome of somatic cells. Dev. Cell 16, 539–550. 

Stearns, T., and Kirschner, M. (1994). In vitro reconstitution of centrosome assembly and 

function: The central role of γ-tubulin. Cell 76, 623–637. 

Stearns, T., Evans, L., and Kirschner, M. (1991). γ-Tubulin is a highly conserved component 

of the centrosome. Cell 65, 825–836. 

Stevens, N.R., Dobbelaere, J., Wainman, A., Gergely, F., and Raff, J.W. (2009). Ana3 is a 

conserved protein required for the structural integrity of centrioles and basal bodies. J. Cell 

Biol. 187, 355–363. 

Stevens, N.R., Dobbelaere, J., Brunk, K., Franz, A., and Raff, J.W. (2010a). Drosophila Ana2 

is a conserved centriole duplication factor. J. Cell Biol. 188, 313–323. 

Stevens, N.R., Roque, H., and Raff, J.W. (2010b). DSas-6 and Ana2 Coassemble into Tubules 

to Promote Centriole Duplication and Engagement. Dev. Cell 19, 913–919. 

Strnad, P., Leidel, S., Vinogradova, T., Euteneuer, U., Khodjakov, A., and Gönczy, P. (2007). 

Regulated HsSAS-6 Levels Ensure Formation of a Single Procentriole per Centriole during the 

Centrosome Duplication Cycle. Dev. Cell 13, 203–213. 

Strome, S., Powers, J., Dunn, M., Reese, K., Malone, C.J., White, J., Seydoux, G., and Saxton, 

W. (2001). Spindle Dynamics and the Role of γ-Tubulin in EarlyCaenorhabditis elegans 

Embryos. Mol. Biol. Cell 12, 1751–1764. 

Suijkerbuijk, S.J.E., Vleugel, M., Teixeira, A., and Kops, G.J.P.L. (2012). Integration of 

Kinase and Phosphatase Activities by BUBR1 Ensures Formation of Stable Kinetochore-

Microtubule Attachments. Dev. Cell 23, 745–755. 

Sullivan, G.M., and Feinn, R. (2012). Using Effect Size—or Why the P Value Is Not Enough. 

J. Grad. Med. Educ. 4, 279–282. 

Sumara, I., Vorlaufer, E., Stukenberg, P.T., Kelm, O., Redemann, N., Nigg, E.A., and Peters, 

J.-M. (2002). The Dissociation of Cohesin from Chromosomes in Prophase Is Regulated by 

Polo-like Kinase. Mol. Cell 9, 515–525. 

Sumara, I., Giménez-Abián, J.F., Gerlich, D., Hirota, T., Kraft, C., Torre, C. de la, Ellenberg, 

J., and Peters, J.-M. (2004). Roles of Polo-like Kinase 1 in the Assembly of Functional Mitotic 

Spindles. Curr. Biol. 14, 1712–1722. 

Sunkel, C.E., and Glover, D.M. (1988). polo, a mitotic mutant of Drosophila displaying 

abnormal spindle poles. J. Cell Sci. 89, 25–38. 

Sunkel, C.E., Gomes, R., Sampaio, P., Perdigão, J., and González, C. (1995). Gamma-tubulin 

is required for the structure and function of the microtubule organizing centre in Drosophila 

neuroblasts. EMBO J. 14, 28–36. 

Sütterlin, C., Lin, C.-Y., Feng, Y., Ferris, D.K., Erikson, R.L., and Malhotra, V. (2001). Polo-

like kinase is required for the fragmentation of pericentriolar Golgi stacks during mitosis. Proc. 

Natl. Acad. Sci. 98, 9128–9132. 



250 

 

Takada, S., Kelkar, A., and Theurkauf, W.E. (2003). Drosophila Checkpoint Kinase 2 Couples 

Centrosome Function and Spindle Assembly to Genomic Integrity. Cell 113, 87–99. 

Tang, C.-J.C., Fu, R.-H., Wu, K.-S., Hsu, W.-B., and Tang, T.K. (2009). CPAP is a cell-cycle 

regulated protein that controls centriole length. Nat. Cell Biol. 11, 825–831. 

Tang, C.-J.C., Lin, S.-Y., Hsu, W.-B., Lin, Y.-N., Wu, C.-T., Lin, Y.-C., Chang, C.-W., Wu, 

K.-S., and Tang, T.K. (2011). The human microcephaly protein STIL interacts with CPAP and 

is required for procentriole formation. EMBO J. 30, 4790–4804. 

Taniguchi, E., Toyoshima-Morimoto, F., and Nishida, E. (2002). Nuclear Translocation of 

Plk1 Mediated by Its Bipartite Nuclear Localization Signal. J. Biol. Chem. 277, 48884–48888. 

Tanos, B.E., Yang, H.-J., Soni, R., Wang, W.-J., Macaluso, F.P., Asara, J.M., and Tsou, M.-

F.B. (2013). Centriole distal appendages promote membrane docking, leading to cilia 

initiation. Genes Dev. 27, 163–168. 

Tilney, L.G., Bryan, J., Bush, D.J., Fujiwara, K., Mooseker, M.S., Murphy, D.B., and Snyder, 

D.H. (1973). Microtubules: Evidence for 13 Protofilaments. J. Cell Biol. 59, 267–275. 

Tinevez, J.-Y., Perry, N., Schindelin, J., Hoopes, G.M., Reynolds, G.D., Laplantine, E., 

Bednarek, S.Y., Shorte, S.L., and Eliceiri, K.W. (2017). TrackMate: An open and extensible 

platform for single-particle tracking. Methods 115, 80–90. 

Tovey, C.A., and Conduit, P.T. (2018). Microtubule nucleation by γ-tubulin complexes and 

beyond. Essays Biochem. 62, 765–780. 

Toyoshima-Morimoto, F., Taniguchi, E., Shinya, N., Iwamatsu, A., and Nishida, E. (2001). 

Polo-like kinase 1 phosphorylates cyclin B1 and targets it to the nucleus during prophase. 

Nature 410, 215–220. 

Toyoshima‐Morimoto, F., Taniguchi, E., and Nishida, E. (2002). Plk1 promotes nuclear 

translocation of human Cdc25C during prophase. EMBO Rep. 3, 341–348. 

Tsou, M.-F.B., and Stearns, T. (2006). Mechanism limiting centrosome duplication to once per 

cell cycle. Nature 442, 947–951. 

Tsou, M.-F.B., Wang, W.-J., George, K.A., Uryu, K., Stearns, T., and Jallepalli, P.V. (2009). 

Polo Kinase and Separase Regulate the Mitotic Licensing of Centriole Duplication in Human 

Cells. Dev. Cell 17, 344–354. 

Tsuchiya, Y., Yoshiba, S., Gupta, A., Watanabe, K., and Kitagawa, D. (2016). Cep295 is a 

conserved scaffold protein required for generation of a bona fide mother centriole. Nat. 

Commun. 7. 

Vérollet, C., Colombié, N., Daubon, T., Bourbon, H.-M., Wright, M., and Raynaud-Messina, 

B. (2006). Drosophila melanogaster γ-TuRC is dispensable for targeting γ-tubulin to the 

centrosome and microtubule nucleation. J. Cell Biol. 172, 517–528. 

Vertii, A., Ivshina, M., Zimmerman, W., Hehnly, H., Kant, S., and Doxsey, S. (2016). The 

Centrosome Undergoes Plk1-Independent Interphase Maturation during Inflammation and 

Mediates Cytokine Release. Dev. Cell 37, 377–386. 



251 

 

Vigneron, S., Sundermann, L., Labbé, J.-C., Pintard, L., Radulescu, O., Castro, A., and Lorca, 

T. (2018). Cyclin A-cdk1-Dependent Phosphorylation of Bora Is the Triggering Factor 

Promoting Mitotic Entry. Dev. Cell 45, 637-650.e7. 

Vitre, B., Holland, A.J., Kulukian, A., Shoshani, O., Hirai, M., Wang, Y., Maldonado, M., 

Cho, T., Boubaker, J., Swing, D.A., et al. (2015). Chronic centrosome amplification without 

tumorigenesis. Proc. Natl. Acad. Sci. U. S. A. 112, E6321–E6330. 

Vora, S., and Phillips, B.T. (2015). Centrosome-Associated Degradation Limits β-Catenin 

Inheritance by Daughter Cells after Asymmetric Division. Curr. Biol. 25, 1005–1016. 

Vorobjev, I.A., and Chentsov, Y.S. (1982). Centrioles in the cell cycle. I. Epithelial cells. J. 

Cell Biol. 93, 938–949. 

van Vugt, M.A.T.M., Brás, A., and Medema, R.H. (2004). Polo-like Kinase-1 Controls 

Recovery from a G2 DNA Damage-Induced Arrest in Mammalian Cells. Mol. Cell 15, 799–

811. 

van Vugt, M.A.T.M., Gardino, A.K., Linding, R., Ostheimer, G.J., Reinhardt, H.C., Ong, S.-

E., Tan, C.S., Miao, H., Keezer, S.M., Li, J., et al. (2010). A Mitotic Phosphorylation 

Feedback Network Connects Cdk1, Plk1, 53BP1, and Chk2 to Inactivate the G2/M DNA 

Damage Checkpoint. PLOS Biol. 8, e1000287. 

Wakefield, J.G., Huang, J., and Raff, J.W. (2000). Centrosomes have a role in regulating the 

destruction of cyclin B in early Drosophila embryos. Curr. Biol. 10, 1367–1370. 

Wakefield, J.G., Bonaccorsi, S., and Gatti, M. (2001). The Drosophila Protein Asp Is Involved 

in Microtubule Organization during Spindle Formation and Cytokinesis. J. Cell Biol. 153, 

637–648. 

Wang, C., Li, S., Januschke, J., Rossi, F., Izumi, Y., Garcia-Alvarez, G., Gwee, S.S.L., Soon, 

S.B., Sidhu, H.K., Yu, F., et al. (2011a). An Ana2/Ctp/Mud Complex Regulates Spindle 

Orientation in Drosophila Neuroblasts. Dev. Cell 21, 520–533. 

Wang, G., Chen, Q., Zhang, X., Zhang, B., Zhuo, X., Liu, J., Jiang, Q., and Zhang, C. (2013). 

PCM1 recruits Plk1 to the pericentriolar matrix to promote primary cilia disassembly before 

mitotic entry. J. Cell Sci. 126, 1355–1365. 

Wang, H., Somers, G.W., Bashirullah, A., Heberlein, U., Yu, F., and Chia, W. (2006). Aurora-

A acts as a tumor suppressor and regulates self-renewal of Drosophila neuroblasts. Genes Dev. 

20, 3453–3463. 

Wang, H., Ouyang, Y., Somers, W.G., Chia, W., and Lu, B. (2007). Polo inhibits progenitor 

self-renewal and regulates Numb asymmetry by phosphorylating Pon. Nature 449, 96–100. 

Wang, W.-J., Soni, R.K., Uryu, K., and Tsou, M.-F.B. (2011b). The conversion of centrioles to 

centrosomes: essential coupling of duplication with segregation. J. Cell Biol. 193, 727–739. 

Wang, Z., Wu, T., Shi, L., Zhang, L., Zheng, W., Qu, J.Y., Niu, R., and Qi, R.Z. (2010). 

Conserved Motif of CDK5RAP2 Mediates Its Localization to Centrosomes and the Golgi 

Complex. J. Biol. Chem. 285, 22658–22665. 

Watanabe, N., Arai, H., Iwasaki, J., Shiina, M., Ogata, K., Hunter, T., and Osada, H. (2005). 

Cyclin-dependent kinase (CDK) phosphorylation destabilizes somatic Wee1 via multiple 

pathways. Proc. Natl. Acad. Sci. U. S. A. 102, 11663–11668. 



252 

 

Waterhouse, A.M., Procter, J.B., Martin, D.M.A., Clamp, M., and Barton, G.J. (2009). Jalview 

Version 2—a multiple sequence alignment editor and analysis workbench. Bioinformatics 25, 

1189–1191. 

van de Weerdt, B.C.M., van Vugt, M.A.T.M., Lindon, C., Kauw, J.J.W., Rozendaal, M.J., 

Klompmaker, R., Wolthuis, R.M.F., and Medema, R.H. (2005). Uncoupling Anaphase-

Promoting Complex/Cyclosome Activity from Spindle Assembly Checkpoint Control by 

Deregulating Polo-Like Kinase 1. Mol. Cell. Biol. 25, 2031–2044. 

Weiderhold, K.N., Fadri-Moskwik, M., Pan, J., Nishino, M., Chuang, C., Deeraksa, A., Lin, 

S.-H., and Yu-Lee, L.-Y. (2016). Dynamic Phosphorylation of NudC by Aurora B in 

Cytokinesis. PLOS ONE 11, e0153455. 

Wen, D., Wu, J., Wang, L., and Fu, Z. (2017). SUMOylation Promotes Nuclear Import and 

Stabilization of Polo-like Kinase 1 to Support Its Mitotic Function. Cell Rep. 21, 2147–2159. 

Wheway, G., Nazlamova, L., and Hancock, J.T. (2018). Signaling through the Primary Cilium. 

Front. Cell Dev. Biol. 6. 

Winey, M., and O’Toole, E. (2014). Centriole structure. Philos. Trans. R. Soc. B Biol. Sci. 

369. 

Wolfe, B.A., Takaki, T., Petronczki, M., and Glotzer, M. (2009). Polo-Like Kinase 1 Directs 

Assembly of the HsCyk-4 RhoGAP/Ect2 RhoGEF Complex to Initiate Cleavage Furrow 

Formation. PLOS Biol. 7, e1000110. 

Wong, C., and Stearns, T. (2003). Centrosome number is controlled by a centrosome-intrinsic 

block to reduplication. Nat. Cell Biol. 5, 539–544. 

Wong, Y.L., Anzola, J.V., Davis, R.L., Yoon, M., Motamedi, A., Kroll, A., Seo, C.P., Hsia, 

J.E., Kim, S.K., Mitchell, J.W., et al. (2015). Reversible centriole depletion with an inhibitor of 

Polo-like kinase 4. Science 348, 1155–1160. 

Woodruff, J.B. (2018). Assembly of Mitotic Structures through Phase Separation. J. Mol. Biol. 

430, 4762–4772. 

Woodruff, J.B., Wueseke, O., Viscardi, V., Mahamid, J., Ochoa, S.D., Bunkenborg, J., 

Widlund, P.O., Pozniakovsky, A., Zanin, E., Bahmanyar, S., et al. (2015). Regulated assembly 

of a supramolecular centrosome scaffold in vitro. Science 348, 808–812. 

Woodruff, J.B., Gomes, B.F., Widlund, P.O., Mahamid, J., Honigmann, A., and Hyman, A.A. 

(2017). The Centrosome Is a Selective Condensate that Nucleates Microtubules by 

Concentrating Tubulin. Cell 169, 1066-1077.e10. 

Wu, J., and Akhmanova, A. (2017). Microtubule-Organizing Centers. 27. 

Wueseke, O., Bunkenborg, J., Hein, M.Y., Zinke, A., Viscardi, V., Woodruff, J.B., Oegema, 

K., Mann, M., Andersen, J.S., and Hyman, A.A. (2014). The Caenorhabditis elegans 

pericentriolar material components SPD-2 and SPD-5 are monomeric in the cytoplasm before 

incorporation into the PCM matrix. Mol. Biol. Cell 25, 2984–2992. 

Wueseke, O., Zwicker, D., Schwager, A., Wong, Y.L., Oegema, K., Jülicher, F., Hyman, A.A., 

and Woodruff, J.B. (2016). Polo kinase phosphorylation determines C. elegans centrosome 

size and density by biasing SPD-5 toward an assembly-competent conformation. Biol. Open 

bio.020990. 



253 

 

Xiang, Y., Takeo, S., Florens, L., Hughes, S.E., Huo, L.-J., Gilliland, W.D., Swanson, S.K., 

Teeter, K., Schwartz, J.W., Washburn, M.P., et al. (2007). The Inhibition of Polo Kinase by 

Matrimony Maintains G2 Arrest in the Meiotic Cell Cycle. PLOS Biol. 5, e323. 

Xu, J., Shen, C., Wang, T., and Quan, J. (2013). Structural basis for the inhibition of Polo-like 

kinase 1. Nat. Struct. Mol. Biol. 20, 1047–1053. 

Xue, Y., Liu, Z., Cao, J., Ma, Q., Gao, X., Wang, Q., Jin, C., Zhou, Y., Wen, L., and Ren, J. 

(2011). GPS 2.1: enhanced prediction of kinase-specific phosphorylation sites with an 

algorithm of motif length selection. Protein Eng. Des. Sel. 24, 255–260. 

Yamaguchi, T., Goto, H., Yokoyama, T., Silljé, H., Hanisch, A., Uldschmid, A., Takai, Y., 

Oguri, T., Nigg, E.A., and Inagaki, M. (2005). Phosphorylation by Cdk1 induces Plk1-

mediated vimentin phosphorylation during mitosis. J. Cell Biol. 171, 431–436. 

Yamashiro, S., Yamakita, Y., Totsukawa, G., Goto, H., Kaibuchi, K., Ito, M., Hartshorne, D.J., 

and Matsumura, F. (2008). Myosin Phosphatase-Targeting Subunit 1 Regulates Mitosis by 

Antagonizing Polo-like Kinase 1. Dev. Cell 14, 787–797. 

Yata, K., Lloyd, J., Maslen, S., Bleuyard, J.-Y., Skehel, M., Smerdon, S.J., and Esashi, F. 

(2012). Plk1 and CK2 Act in Concert to Regulate Rad51 during DNA Double Strand Break 

Repair. Mol. Cell 45, 371–383. 

Yoo, H.Y., Kumagai, A., Shevchenko, A., Shevchenko, A., and Dunphy, W.G. (2004). 

Adaptation of a DNA Replication Checkpoint Response Depends upon Inactivation of Claspin 

by the Polo-like Kinase. Cell 117, 575–588. 

Yun, S.-M., Moulaei, T., Lim, D., Bang, J.K., Park, J.-E., Shenoy, S.R., Liu, F., Kang, Y.H., 

Liao, C., Soung, N.-K., et al. (2009). Structural and functional analyses of minimal 

phosphopeptides targeting the polo-box domain of polo-like kinase 1. Nat. Struct. Mol. Biol. 

16, 876–882. 

Zhai, B., Villén, J., Beausoleil, S.A., Mintseris, J., and Gygi, S.P. (2008). Phosphoproteome 

Analysis of Drosophila melanogaster Embryos. J. Proteome Res. 7, 1675–1682. 

Zhang, J., and Megraw, T.L. (2007). Proper Recruitment of γ-Tubulin and D-TACC/Msps to 

Embryonic Drosophila Centrosomes Requires Centrosomin Motif 1. Mol. Biol. Cell 18, 4037–

4049. 

Zhang, X., Chen, Q., Feng, J., Hou, J., Yang, F., Liu, J., Jiang, Q., and Zhang, C. (2009). 

Sequential phosphorylation of Nedd1 by Cdk1 and Plk1 is required for targeting of the γTuRC 

to the centrosome. J. Cell Sci. 122, 2240–2251. 

Zheng, Y., Wong, M.L., Alberts, B., and Mitchison, T. (1995). Nucleation of microtubule 

assembly by a γ-tubulin-containing ring complex. Nature 378, 578–583. 

Zhou, L., Tian, X., Zhu, C., Wang, F., and Higgins, J.M. (2014). Polo‐like kinase‐1 triggers 

histone phosphorylation by Haspin in mitosis. EMBO Rep. 15, 273–281. 

Zhou, T., Aumais, J.P., Liu, X., Yu-Lee, L.-Y., and Erikson, R.L. (2003). A Role for Plk1 

Phosphorylation of NudC in Cytokinesis. Dev. Cell 5, 127–138. 

Zhu, F., Lawo, S., Bird, A., Pinchev, D., Ralph, A., Richter, C., Müller-Reichert, T., Kittler, 

R., Hyman, A.A., and Pelletier, L. (2008). The Mammalian SPD-2 Ortholog Cep192 Regulates 

Centrosome Biogenesis. Curr. Biol. 18, 136–141. 



254 

 

Zhu, M., Settele, F., Kotak, S., Sanchez-Pulido, L., Ehret, L., Ponting, C.P., Gönczy, P., and 

Hoffmann, I. (2013). MISP is a novel Plk1 substrate required for proper spindle orientation 

and mitotic progression. J. Cell Biol. 200, 773–787. 

Zimmerman, W.C., Sillibourne, J., Rosa, J., and Doxsey, S.J. (2004). Mitosis-specific 

Anchoring of γ Tubulin Complexes by Pericentrin Controls Spindle Organization and Mitotic 

Entry. Mol. Biol. Cell 15, 3642–3657. 

Zitouni, S., Nabais, C., Jana, S.C., Guerrero, A., and Bettencourt-Dias, M. (2014). Polo-like 

kinases: structural variations lead to multiple functions. Nat. Rev. Mol. Cell Biol. 15, 433–452. 

Zitouni, S., Francia, M.E., Leal, F., Gouveia, S.M., Nabais, C., Duarte, P., Gilberto, S., Brito, 

D., Moyer, T., Kandels-Lewis, S., et al. (2016). CDK1 prevents unscheduled PLK4-STIL 

complex assembly in centriole biogenesis. Curr. Biol. CB 26, 1127–1137. 

Zwicker, D., Decker, M., Jaensch, S., Hyman, A.A., and Jülicher, F. (2014). Centrosomes are 

autocatalytic droplets of pericentriolar material organized by centrioles. Proc. Natl. Acad. Sci. 

111, E2636–E2645. 

 

   




