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Lay summary
New cells are generated through the process of cell division. Cell division
must be highly regulated to ensure that the new cells are healthy. Aurora kinases,
Aurora A and B, are crucial regulators of cell division, acting at different steps of the
process. Aurora kinases modify other proteins to enable their function in cell
division. Although many of Auroras target proteins have been identified, there are
indications that there are still a few unknown proteins that are modified by these
kinases. Identification of these targets, and the precise roles of the modifications by
Auroras, are important for comprehensive understanding of cell division, and these
were the aims of my research.
Both Auroras reside in different locations within the division apparatus.
However, previous studies suggested that Aurora A and B always modify very
similar regions within their target proteins. I hypothesised that both Auroras modify
the same proteins but in different cellular locations. In my study, I showed that a
known target of Aurora B is also a target of Aurora A kinase. I revealed a new and
crucial role of Aurora A in cell division.
Based on the presence of the specific targeting region for Auroras and
several features of cell division, I developed a tool which enabled me to search
protein databases to identify new potential targets of Auroras. Using this approach,
I found a previously unknown target which has a role in cell division.
In summary, I proved that Auroras share their protein targets, and the use of
a shared targeting region in combination with other division features is a successful
tool to identify new Aurora target proteins.
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Abstract
Aurora A and B are the major kinases that control key events in mitosis, such
as centrosome function, spindle assembly, chromosome segregation and
cytokinesis, through phosphorylation of multiple proteins. These kinases share
identical consensus target motifs, so the substrate specificity is determined by
distinctive sub-cellular localization of the Auroras. Many proteins have been
identified as targets of either Aurora A, or Aurora B, or both kinases by mass
spectrometry studies. However, only a few of the identified phosphorylation sites in
these targets have a characterized function in vivo. Therefore, the molecular
mechanisms underlying the regulation of certain mitotic events by Aurora kinases
remain unclear.
The objective of my work was to develop a tool for identifying new
substrates of both Aurora kinases. More specifically, I aimed to identify the
molecular targets of Aurora A at the kinetochores, and determine how Aurora A
contributes to the error correction near spindle poles.
I first demonstrated that the outer kinetochore protein HEC1/Ndc80,
phosphorylated by Aurora B at kinetochores, can also be phosphorylated by Aurora
A close to the centrosomes (Chapter 2). My finding showed that Aurora kinases can
share substrates in the cells and revealed the mechanism by which Aurora A
contributes to the error-correction near spindle poles.
To identify and characterise novel substrates of Aurora kinases, I developed
a bioinformatic approach in collaboration with the Centre Bioinformatician, Alastair
Kerr. This bioinformatic method uses the Auroras’ shared consensus motifs
combined with several parameters that control the substrate specificity of Aurora
kinases. I tested the phosphorylation of the chosen candidates in vitro using
radiolabelled kinase assays. In my study, five proteins were validated - SPICE1,
TTLL4, AHCTF1, CLASP2 and an uncharacterized protein KIAA1468 - as in vitro
substrates of Aurora A and Aurora B kinases (Chapter 3).
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I then focussed on the Aurora kinases-dependent regulation of spindle and
centriole-associated protein, SPICE1, in cells (Chapter 4). Using either site-directed
mutagenesis of SPICE1 or inhibition of Aurora kinases with small molecule
inhibitors, I found that the predicted phosphorylation of the SPICE1 C terminus had
the function in cells of directing the SPICE1 localization on the spindle MTs.
My results demonstrate the high accuracy of this genome-wide
bioinformatics approach. By complementing mass spectrometry studies, here lies a
potential for the identification of other unknown substrates, which is important for
the general understanding of how Aurora kinases regulate the mitotic apparatus.
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1 Chapter 1: Introduction
Genetic material is transferred to new cells through the process of cell
division. Mitosis is a type of cell division that occurs in somatic cells and leads to the
generation of genetically identical progeny cells, while meiosis leads to the
formation of gametes, which are genetically diverse from the parental cell.
Distribution of genetic material, into daughter cells occurs in multiple stages
including duplication of chromosomes, generation of the division apparatus,
attachment of the division apparatus to chromosomes, segregation of
chromosomes and exit from the division through cytokinesis. All these processes
must be precisely regulated to avoid errors in chromosome distribution, which may
lead to an abnormal number of chromosomes in daughter cells, called aneuploidy.
In mitosis, aneuploidy is associated with the majority of tumour cancers (Lengauer
et al., 1997; Beroukhim et al., 2010; Gordon et al., 2012).
Despite increasing understanding of regulation of cell division, knowledge
about its key components and mechanisms is still incomplete. In this work, I studied
the regulation of the division apparatus in mitosis through phosphorylation.

1.1 General mitotic division apparatus
The complex machinery of mitotic division apparatus consists firstly of the
spindle, made up of microtubules, which creates the forces required to organise
and separate chromosomes. Also important are the structures from which the
spindle originates, called microtubule organizing centres, and kinetochores,
macromolecular structures on the chromosomes that enables chromosomemicrotubule interaction.
1.1.1 The spindle
The spindle is a highly organized, dynamic cytoskeletal structure, composed
of microtubules (MTs). MTs are hollow tubes, 25 nm in diameter, formed by lateral
interaction of thirteen protofilaments (Tilney et al., 1973; Evans et al., 1985). Each
protofilament is formed by head-to-tail interaction of α-/β-tubulin heterodimers
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(Ludueña et al., 1977). This results in MT polarity with one end of the polymer
exposing β-tubulin, the plus end of MT, and the other end exposing α-tubulin, the
minus end (Mitchison, 1993; Figure 1.1).

Figure 1.1: Microtubule structure. Three structures are presented here, α-/β-heterodimer are
presented as red and pink circles and 13 marks the number of protofilaments that assemble into MT.
Plus and minus are marking the MT polarity.

MTs are dynamic polymers. They stochastically switch between phases of
growth and shrinkage, termed rescue and catastrophe, respectively (Desai and
Mitchison, 1997). This property of MTs is referred to as dynamic instability
(Mitchison and Kirschner, 1984), and it is based on GTP to GDP hydrolysis. Tubulin
contain two nucleotide binding sites, one on the α/β interface and one on the
exposed end of β-tubulin. MTs grow by addition of GTP bound α-/β-tubulin
heterodimers. This newly arriving tubulin dimer catalyses the hydrolysis of the GTP
molecule on the β-tubulin that is already incorporated into the MT lattice
(Kobayashi, 1975; Weisenberg et al., 1976; Nogales et al., 1998). Therefore, the
lattice of growing MTs is mainly composed by GDP-tubulin while the growing end
contains GTP-bound β-tubulin, and this GTP-tubulin forms a stabilizing cap at the
MT tip (Drechsel and Kirschner, 1994). Fast shrinkage of MTs is a result of loss of
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this stabilising cap due to faster GTP hydrolysis than tubulin incorporation at the MT
tip (Alushin et al., 2014).
In addition to the intrinsic dynamic properties of MTs, MT dynamicity can be
regulated by MT-associated proteins (MAPs). Many MAPs regulate MT dynamics
through stabilizing or destabilizing activity. Some MAPs affect MT dynamics through
interactions with other proteins. MAPs can promote the active addition of tubulin
dimer to the MT plus ends, or they can act as capping proteins, dampening growth
or shrinkage (Komarova et al., 2002; Tirnauer et al., 2002; Brouhard et al., 2008; Du
et al., 2010; Al-Bassam et al., 2010). There are also MAPs that actively depolymerize
MTs, sequester free tubulin or severe MTs (Walczak et al., 1996; Desai et al., 1999;
Sharp and Ross, 2012). MT dynamics are crucial for chromosome segregation during
cell division. Attachment of chromosomes to polymerizing or depolymerizing ends
of MTs allows for their positioning at the spindle equator and then generation of
the pulling forces required for chromosome migration to the cell poles.
MAPs also contribute to the structure of the spindle. They can bundle MTs in
a parallel or anti-parallel fashion and some MAPs use motor activity to move one
MT relative to another (Cai et al., 2009; Sharp et al., 2000; van den Wildenberg et
al., 2008). Subpopulations of MTs in a bipolar spindle can be divided into three
groups: (a) kinetochore fibers (K-fibers) composed of parallel MT bundles; (b)
interpolar MTs formed from bundled antiparallel MTs originating from opposite
poles; (c) astral MTs.
Kinetochore MTs connect the spindle MTs with chromosomes. Interpolar
MTs overlap at the spindle equator and generate pushing force for spindle poles
separation at the mitosis onset and push chromosomes apart during segregation.
Astral MTs emanate from the centrosomes and interact with the cell cortex to
position the spindle within a cell (Figure 1.2).
During anaphase, the central spindle forms from interpolar MTs and de novo
synthesis of MTs (Uehara and Goshima, 2010). In cytokinesis, a dense bundle of
MTs embedded in electron dense material forms the midbody.
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Spindle dynamics and organization, crucial to the chromosome segregation,
are highly regulated through post-translational modification of MAPs (See 1.2. and
1.3.).

Figure 1.2: Organization of the spindle MTs during metaphase and anaphase. Different spindle
structures and subpopulation of MTs are presented with labelled plus and minus ends.
Chromosomes are drawn in blue, MTs in red, kinetochores in green and centrosomes/centrioles are
yellow.
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1.1.2 Spindle microtubule organizing centres
In cells, MT formation does not occur spontaneously due to the low
concentration of tubulin, but MTs nucleate at specific foci, referred to as MT
organising centres (MTOCs). MTOCs can be classified as either non-centrosomal or
centrosomal. MTOCs always contain γ-tubulin, another member of the tubulin
family, which is conserved in all eukaryotes (Weil et al., 1986; Oakley and Oakley,
1989; Stearns et al., 1991). MT nucleation requires multiple copies of γ-tubulin and
five γ-tubulin complex proteins (GCPs), which together form a γ-tubulin ring
complex (γ-TuRC). This complex serves as a template for α-/β-tubulin dimer
addition and MT polymerization (Teixidó-Travesa et al., 2010; Kollman et al., 2011).
Most animal cells have centrosomes which are the dominant MTOCs.
Centrosomes are spherical structures, composed of two centrioles, which are
surrounded by pericentriolar material (PCM), a proteinaceous structure. The
centrioles within a centrosome have a defined size and a barrel-like shape with a
nine-fold symmetrically arranged array of MT structures, usually organized as MTs
triplets (Winey and O'Toole, 2014). The nine-fold symmetry of centrioles is in part
provided by the cartwheel structure that displays this symmetry and one of the first
structures to assemble during centriole biogenesis (Nakazawa et al., 2007). The
older centriole called the mother contains additional appendages and is functionally
different form the daughter centriole. Centrosomes duplicate in S phase (Synthesis
phase), when each centriole serves as a template for a new daughter centriole.
These procentrioles elongate during S and G2 phase (Gap phase 2) reaching a
defined length. Duplicated centrosomes, which were previously connected with a
protein linker, split before NEB (Bettencourt-Dias and Glover, 2007; Figure 1.3).
Centrosomes have the ability to form and anchor MTs, thus organizing them
into two MT arrays. An important process in centrosome biogenesis is centrosome
maturation, which is recruitment of PCM component by centrioles. The PCM is a
scaffold important for docking MT stabilization factors and nucleation factors, such
as the γ-TuRC (Piehl et al., 2004; Khodjakov and Rieder, 1999).
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Figure 1.3: Centrosome structure and biogenesis. Duplication of centrioles is presented in A,
centriole elongation is presented in B and centrosome separation and maturation is presented in C.
Depicted is a longitudinal section of the mother and daughter centrioles with cross section of one
centriole on the top left. MT triplets are drawn in grey and cartwheel structure in green. γ-tubulin is
represented with black triangle (adapted from Firat-Karalar and Stearns, 2014).
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Regulation of centrosome assembly, number and function is important for
mitosis in animal cells. Anomalies in centrosome and centriole numbers are often
observed in different cancers (Ganem et al., 2009; Nigg and Raff, 2009).
Interestingly, removal or mutational loss of centrosomes from mitotic
animal cells shows that centrosomes are not essential for the bipolar spindle
assembly (Khodjakov et al., 2002; Hinchcliffe et al., 2001; Basto et al., 2006). Plant
cells and animals female oocytes do not have centrosomes and use alternative
pathaways of MT nucleation, while budding yeast contains specialized structures,
spindle pole bodies (SPB).
The non-centrosomal MT nucleation pathway involves nucleation in the
vicinity of chromosomes (Karsenti et al., 1984; Heald et al., 1996). The underlying
mechanism is based on the RanGTP gradient formed around chromosomes. Ran is a
small GTPase that can exist in two forms, RanGTP and RanGDP. The nucleotide state
is determined via the activity of guanosine exchange factor (GEF) or activating
protein (GAP). The highest concentration of RanGTP is centered around
chromosomes due to the activity of GEFs (Carazo-Salas et al., 1999). The RanGTP
gradient activates many factors important for spindle assembly. MTs can nucleate in
the vicinity of chromatin or in the region of the kinetochores (Carazo-Salas et al.,
1999, Carazo-Salas et al., 2001; Kalab et al., 1999; Kalab et al., 2002; De Brabander
et al., 1981; Khodjakov et al., 2003; Maiato et al., 2004; Mishra et al., 2010).
Another MT-nucleating pathway is the Augmin pathway, which occurs at sites on
pre-formed MTs. The augmin complex binds the lattice of pre-existing spindle MTs,
and recruits γ-TuRCs and promotes nucleation (Goshima et al., 2008; Petry et al.,
2011; Kamasaki et al., 2013).
1.1.3 The kinetochore
The kinetochore is a structure assembled on chromosomes, which is the site
of MT attachment. The kinetochores form on the surface of chromosomes at the
site of primary constriction, called the centromere. The site of the centromere is
determined by the presence of distinct nucleosomes, consisting of a conserved
histone H3 variant, called CENP-A in humans (Centromere Associated Protein-A;
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Cse4 in budding yeast, CID in Drosophila; Earnshaw and Rothfield, 1985; Palmer et
al., 1987; Allshire and Karpen, 2008). CENP-A is critical to kinetochore assembly. It
serves as a platform upon which kinetochore proteins assemble.
Electron microscopy revealed the laminar structure of the kinetochore with
distinct planes of the inner and outer plate (Maiato et al., 2006). The constitutive
centromere associated network (CCAN) comprises the inner kinetochore. CCAN
contains sixteen members identified so far through many studies, and they are
divided in subgroups, based on their interaction and reciprocal dependencies:
CENP-C, CENP-N/L, CENP-T/W/S/X, middle part of kinetochore CENP-H/I/K/M,
CENP-O/P/R/Q/U (McAinsh and Meraldi, 2011; Perpelescu and Fukagawa, 2011;
Nishino et al., 2012; Figure 1.4).
The outer kinetochore components assemble onto the inner kinetochore in
a process that is cell cycle regulated, occurring in G2 phase or at specific time during
division (Cheeseman and Desai, 2008). The core of the outer kinetochore is the
KMN network, which contains KNL1 (kinetochore null protein 1, also known as
Blinkin and CASC5) and two complexes: Mis12 complex (missegregation 12) and
Ndc80 complex (nuclear division cycle 80; Cheeseman and Desai, 2008). These
complexes play an essential role in the formation of end-on attachments with MTs.
The human Mis12 complex consists of the Nnf1, Mis12, Dsn1 and Nsl1 proteins
(Kline et al., 2006; Cheeseman and Desai, 2008; Petrovic et al., 2010). The Mis12
complex is important for connecting the KMN network with the inner kinetochore
through interaction with CENP-C (Screpanti et al., 2011; Richter et al., 2016), and
also interacts with both the Ndc80 complex and KNL1 (Maskell et al., 2010; Welburn
and Cheeseman, 2008; Hornung et al., 2011; Petrovic et al., 2010). In humans, KNL1
does not direct the Ndc80 complex to the kinetochores (Cheeseman et al., 2008).
CENP-T directly interacts with Ndc80 complex (Gascoigne et al., 2011; Hori et al.,
2008).
The Ndc80 complex is tetramer, consisting of Ndc80 (also known as HEC1 in
humans) and Nuf2 (nuclear filamentous 2) heterodimer, which interacts with Spc24
and Spc25 heterodimer (spindle pole component 24 and 25; Ciferri et al., 2005). The
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Spc24/Spc25 heterodimer interacts with Mis12 complex, while HEC1/Ndc80/Nuf2
heterodimer faces the MTs. It has been established that the Ndc80 complex binds
MTs through the N terminus of Ndc80, and more precisely through tail domain of
the N terminus, which contains positively charged residues that interact with the
negatively charged interface between α-/β-tubulin (Cheeseman et al., 2006; Ciferri
et al., 2008; Alushin et al., 2010). Additionally, Ndc80 forms interactions with the
acidic C terminus of each tubulin monomer, so called E-hooks (Wei et al., 2007;
Ciferri et al., 2008; Alushin et al., 2010). Dam1 in yeast and the Ska1 complex in
humans, were shown to interact with Ndc80 and stabilize the interaction with MTs
(Maure et al., 2011; Kim et al., 2017; Janczyk et al., 2017; Cheerambathur et al.,
2017).
Kinetochore-MT attachments are highly regulated. The unattached
kinetochores activate a specific control mechanism, called the spindle assembly
checkpoint (SAC). The best known components of SAC are Mad1, Mad2,
Mad3/BubR1, Bub1, Bub3 and Mps1 (Musacchio and Salmon, 2007). Additionally,
proteins CENP-E and the RZZ complex (containing Zwint, ZW10 and Rod) were
shown to play role in SAC signalling (Karess, 2005; Musacchio and Salmon, 2007).
The activated SAC at the kinetochores prevents anaphase until all chromosomes are
properly attached via inhibition of the anaphase promoting complex (APC/C). SAC
proteins at the unattached kinetochores generate a diffusible inhibitor of APC/C,
which is called mitotic checkpoint complex (MCC). The MCC consist of Mad2,
Mad3/BubR1 and Bub3 that together bind Cdc20 (cell division cycle 20), preventing
Cdc20 from binding and activating APC/C (Sudakin et al., 2001). MCC can inhibit the
second Cdc20 molecule that has already bound and activated APC/C (Izawa and
Pines, 2014), and this stable interaction of MCC and APC/C is required for functional
SAC (Hein and Nilsson, 2014). Monitoring kinetochore-MT attachments is strictly
regulated, to prevent chromosome mis-segregation. This will be discussed in
Chapter 2.
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Figure 1.4: Kinetochore structure in vertebrates. Schematic diagram of vertebrate kinetochores is
adapted from Maiato et al., 2004. Centromere proteins and the nucleosomes containing CENP-A and
histone H3 are depicted with single letter. CPC represents chromosome passenger complex, MCAK is
mitotic centromere-associated kinesin.

1.2 Regulation of mitosis through post-translational modification of
proteins
Regulation of mitosis is largely driven by posttranslational modifications of
proteins rather than transcriptional changes. Protein modification can control
enzymatic activity, protein conformation, protein-protein interactions, protein
degradation and cellular localization (Olsen et al., 2006). Protein modifications, such
as phosphorylation, ubiquitination, sumoylation, acetylation and methylation, affect
the mitotic division apparatus and mitotic progression (Dephoure et al., 2008; Malik
et al., 2009; Merbl and Kirschner, 2009; Yang and Seto, 2008; Zencheck et al., 2012).
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Protein ubiquitination and sumoylation are modifications that involve
covalent binding of multiple ubiquitin or the ubiquitin-like molecule, SUMO, to the
target proteins. The modified proteins are then usually targeted for proteolytic
degradation. These modifications may also affect other aspects of protein function
and localization (Teixeira and Reed, 2013; Fournane et al., 2012; Wang and Dasso,
2009). The most known protein E3 ubiquitin ligase is APC/C. The APC/C is essential
for the metaphase to anaphase transition via ubiquitylation and the subsequent
degradation of cyclin B and securin, which are important for inactivation of Cyclindependent kinase 1 (CDK1) and activation of the protein separase, respectively. The
APC/C is also important for mitotic exit as it targets many factors active in late
stages of mitosis for degradation, among them are most of the enzymes responsible
for mitotic phosphorylation (Teixeira and Reed, 2013).
Additionally, tubulin modification can guide mitosis. Post-translational
modifications of the unstructured C terminus of α- and β-tubulin regulate the
interaction of MTs and MAPs, this is termed the “tubulin code” (Garnham and RollMecak, 2012). Tubulin detyrosination/tyrosination, which is removal or addition of
tyrosine residue from α-tubulin C terminus, regulates the stability of MT plus ends
(Peris et al., 2009; Gupta et al., 2010; Sirajuddin et al., 2014), as well as
chromosome congression (Barisic et al., 2015). Acetylation/deacetylation and
polyglutamylation regulate MT-binding of MAPs, and polyglutamylation is
important for centriole maturation. Polyglycylation is essential in Tetrahymena for
cytokinesis, regulating MT severing (Westermann and Weber, 2003). Further
investigation is needed to elucidate how these post-translational modifications of
tubulin regulate mitosis.
1.2.1 The role of phosphorylation in mitosis
The

most

abundant

post-translational

modification

in

cells

is

phosphorylation, since the one-third of proteins in cells is phosphorylated at any
stage in the cell cycle (Olsen et al., 2010). In mitosis, phosphorylation is even more
prominent than in interphase (Dephoure et al., 2008; Malik et al., 2009; Olsen et al.,
2010). Phosphorylation modulates protein activity (inactivating or activating) by
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regulating interactions with other proteins, influencing the tertiary and quaternary
structure of a protein (conformational change), controlling subcellular distribution,
or targeting proteins for degradation (Olsen et al., 2010). Protein phosphorylation is
the addition of phosphate groups, originating from ATP, to amino acid side chains of
target proteins and is mediated by protein kinases. Phosphorylation is reversible,
and the equally important process of dephosphorylation is mediated by protein
phosphatases (Figure 1.5). Both processes are highly controlled by various
intracellular and extracellular stimuli.

Figure 1.5: Schematic diagram of protein phosphoregulation.

The human genome encodes more than 500 protein kinases (Manning et al.,
2002; Park et al., 2005), and certain kinase families are especially important in
mitosis. These kinase families belong to serine/threonine kinases, which
phosphorylate S or T residues in target proteins. The master regulators of the cell
cycle are CDKs (Cyclin-dependent kinases). Mitotic CDKs are essential for initiation
and progression through mitosis. CDK activity is controlled by specific proteins,
cyclins, whose level of expression oscillates throughout the cell cycle.
There are other kinase families essential for the regulation of mitosis.
Primarily, those are PLKs (Polo-Like kinases) and Aurora family of kinases. These
kinases control the generation of the division apparatus and chromosome
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segregation. They are also critical for preventing errors in mitosis (Carmena and
Earnshaw, 2003; Fu et al. 2007, Barr et al. 2004).

1.3 Family of Aurora kinases and their function in cell division
The Aurora family of kinases contain only one member in yeast, Ipl1
(Increase in ploidy 1) in S.cerevisiae and Ark1 (Aurora related kinase) in S.pombe
(Chan and Botstein, 1993; Petersen et al., 2001). There are two members of the
Aurora family in C.elegans, D.melanogaster and X.leavis, while mammals have
three: Aurora A, B and C (Glover et al., 1995; Nigg, 2001). The Aurora kinase family
has a conserved function in cell division, from most simple eukaryotes to humans.
The three mammalian Aurora kinases share about 70% sequence identity in
their catalytic domain at the C terminus (Scrittori et al., 2005). The high degree of
sequence similarity suggests that they phosphorylate the same substrates. Their
sub-cellular localization determines the substrate specificity of Aurora kinases and
their distinct activators that bind the N terminus of Aurora kinases (Carmena and
Earnshaw, 2003). Targeting Aurora A to the subcellular localization of Aurora B
leads to phosphorylation of the Aurora B substrates, and same occurs when Aurora
B is targeted to Aurora A localization (Li et al., 2015). One amino acid substitution in
Aurora A catalytic domain converts it to Aurora B, reproducing Aurora B kinase
localization, binding partners and phosphorylation substrates (Fu et al., 2009; Hans
et al., 2009). In addition, several studies showed that Aurora kinases phosphorylate
the same substrates in cells (Table 1.1 and Table 1.2, shared substrates are marked
with asterisks; also see below). Aurora kinases also share a consensus motif in
target proteins. However, the three mammalian kinases have mainly distinct
functions in cells. Aurora C has role in meiosis (Bernard et al., 1998; Kimura et al.,
1999), and a recent study showed function distinct from that of Aurora B at the
chromosomes (Quartuccio et al., 2017). Aurora C has not been subject of this study;
therefore, it will not be discussed further.
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Figure 1.6: Localization of Aurora kinases during mitosis. Schematic diagram is presenting reported
localization of Aurora kinases in cell undergoing division. Aurora A kinase is depicted with green
squares and Aurora B kinase with red circles. Indicated are sub-cellular structures where Aurora
kinases localize. Chromosomes and chromatin are depicted in blue, centrosomes in yellow,
kinetochores in green and MTs are red (adapted from Carmena and Earnshaw, 2003).
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Aurora A
Aurora A is essential for centrosome separation and maturation, bipolar
spindle assembly and maintenance, and the timing of the mitotic entry. Aurora A
kinase is activated by several proteins at specific places within the mitotic
apparatus. Proteins Bora, CEP192 (centrosome protein 192 kDa), Ajuba and
nucleophosmin (NPM) activate Aurora A at the centrosomes (Hutterer et al., 2006;
Joukov et al., 2010; Hirota et al., 2003; Reboutier et al., 2012). TPX2 (targeting
protein for Xklp2) activates Aurora A at the spindle MTs (Kufer et al., 2002).
Activation of Aurora A is primarily achieved through autophosphorylation of T288,
and this mechanism is best understood from the crystal structure of the Aurora A –
TPX2 complex (Bayliss et al., 2003; Zorba et al., 2014). Nucleophosmin activates
Aurora A by inducing autophosphorylation on S98 (Reboutier et al., 2012). Active
Aurora A is associated with centrosomes following centrosome duplication in S
phase. Aurora A maintains centrosomal/spindle pole localization throughout
mitosis. It also associates with MTs close to the centrosomes. Low levels of this
kinase can be found on the central spindle in anaphase and midbody in cytokinesis
(Figure 1.6; Carmena and Earnshaw, 2003). Aurora A activity is directly regulated by
protein phosphatases. It was reported that protein phosphatase 1 (PP1) regulates
dephosphorylation of T288 (Katayama et al., 2001). This regulation is only observed
in human and Xenopus. Moreover, PP6 was described to negatively regulate Aurora
A activation (Zeng et al., 2010).
Aurora A controls centrosome separation and maturation. Centrosomal
Aurora A controls the removal of components of the protein linker that connects
two duplicated centrosomes, which then permits centrosome separation. This is
achieved through phosphorylation of kinase PLK1 at T210, which then activates a
complex cascade of phosphorylation by activating Nek2A kinase (Macůrek et al.,
2008; Seki et al., 2008; Mardin et al., 2011). Aurora A also promotes centrosome
maturation through recruitment of PCM components and enables MT nucleation at
the centrosome (Joukov et al., 2010). This is achieved through Aurora A
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phosphorylation and activation of kinase LATS2, which in turn recruits γ-tubulin to
the PCM (Abe et al., 2006; Toji et al., 2004).
Aurora A then promotes the stabilization of MTs nucleated at the
centrosomes. First, Aurora A recruits and activates MTs stabilization factors. Aurora
A phosphorylates NDEL1 (Nuclear distribution element like 1) at S251, which is
required for NDEL1 localization at the centrosomes and interaction with TACC3
(Transforming acidic coiled-coil-containing protein 3, also known as Maskin; Mori et
al., 2007). Aurora A also directly phosphorylates TACC3 to recruit it to the
centrosomes (Fu et al., 2010). The stabilization of centrosomal MTs is then achieved
through TACC3 interaction with chTOG/XMAP215 which positively regulates MT
dynamics (Barros et al., 2005; Kinoshita et al., 2005). Moreover, Aurora A directly
phosphorylates and inhibits MT depolymerase Kif2c/MCAK, positively regulating
dynamics of astral MTs (Zhang et al., 2008)
Aurora A phosphorylation is important for separation of stabilized
centrosomal MT asters and formation of the bipolar spindle. Aurora A regulates MT
aster separation through phosphorylation of evolutionary conserved kinesin-5
family member, Eg5/Kif11 (Giet et al., 1999). Eg5/Kif11 (also known as XlEg5) is a
homotetramer that binds two antiparallel MTs of centrosomal MT asters and by
moving toward the plus ends of each it slides those MTs apart, separating the MT
asters and forming the bipolar spindle (Sawin et al., 1992; Sharp et al., 1999; van
den Wildenberg et al., 2008). In addition, Aurora A controls pole focusing and
spindle positioning through phosphorylation of p150glued dynactin subunit of
dynein/dynactin comlex, a major minus-end-directed motor (Romé et al., 2010).
Once the bipolar spindle is formed, Aurora A still contributes to spindle
maintenance and MT amplifications. Aurora A, activated by TPX2, regulates MT
nucleation and polymerization (Tsai et al., 2003). TPX2 is activated by RanGTP near
chromosomes (Gruss et al., 2001; Kufer et al., 2002; Tsai et al., 2003), and then
directly interacts and activates Aurora A, specifically on the spindle MTs and not at
the centrosomes (Kufer et al., 2002). It was proposed that TPX2-Aurora A forms a
gradient of activity similarly to RanGTP gradient around chromosomes (Tsai et al.,
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2003). However, the existence of TPX2-Aurora A gradient of activity has not been
demonstrated experimentally. MT polymerization and stabilization around the
chromosomes is additionally supported by Aurora A phosphorylation of HURP
(Hepatoma upregulated protein) and NEDD1 (Neural precursor cell expressed
developmentally down-regulated protein 1) that stabilize K-fibers and allow proper
bipolar spindle formation (Yu et al., 2005; Wong et al., 2008; Pinyol et al., 2013). In
addition to the centrosomal MT nucleation pathway, Aurora A may contribute to
MT nucleation from pre-existing MT, through phosphorylation of Hice1/HAUS8, a
part of Augmin complex (Tsai et al., 2011). This, in turn, contributes to the
establishment of a proper bipolar spindle after centrosome separation, but the
exact mechanism is still not clear.
Aurora A regulates chromosome segregation, independently of its role in
bipolar spindle formation, since defects in spindle alignment at the metaphase plate
were observed even when bipolar spindles formed (Marumoto et al., 2003; Hoar et
al., 2007; Sasai et al., 2008). Aurora A regulation of kinetochore-MT attachment was
a subject of this study and will be discussed further in Chapter 2. There are few
kinetochore substrates, whose phosphorylation by Aurora A is reported to
contribute to chromosome congression, and they can be seen in Table 1.1.
It was shown that Aurora A contributes to central spindle stabilization in
anaphase through the regulation of TACC3 and dynein complex subunit p150glued
(Reboutier et al., 2013; Lioutas and Vernos, 2013). It is unknown how Aurora A
amplifies phosphorylation of Aurora B at the spindle midzone (Afonso et al., 2017;
Ye et al., 2016). Additionally, the main Aurora A substrates in later phases of mitosis
are still missing.
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Table 1.1: List of Aurora A substrates with specific phosphorylation known to affect mitosis. Shared
substrates with Aurora B are marked with *, Human refers to human cultured cells.
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Aurora B
Aurora B regulates chromosome condensation, chromosome bi-orientation
and SAC, local MT nucleation, central spindle organization and cytokinesis. Aurora B
kinase forms a complex with the inner centromere protein (INCENP; Sli15 in yeast),
Survivin (Bir1) and Borealin (also known as DASRA), the proteins responsible for
Aurora B activation and localization (Earnshaw and Bernat, 1991; Gassmann et al.,
2004; Klein et al. 2006). This complex is called the chromosome passenger complex
(CPC). The mechanism of Aurora B activation has been fully understood from the
crystal structure of Aurora B-INCENP complex (Sessa et al., 2005). The activation of
Aurora B is initiated with binding to the IN-box domain of INCENP. This activates an
initially low level of Aurora B, responsible for phosphorylation of TSS sequence in
the C terminus of INCENP and T232 in the kinase domain of Aurora B (Bishop and
Schumacher, 2002; Honda et al., 2003, Xu et al., 2010). Auto-phosphorylation
increases the activity of Aurora B. The kinase activity is also regulated by MTs,
mainly at the central spindle (Fuller et al., 2008; Rosasco-Nitcher et al., 2008; Tseng
et al., 2010). The activated CPC changes localization during mitosis. First, the CPC
localizes to the region of the inner centromere of chromosomes during early
mitosis, it then transfers to the central spindle in anaphase, followed by transfer to
the midbody and the cell cortex, where the contractile ring forms in cytokinesis
(Carmena and Earnshaw, 2003; Figure 1.6).
In early mitosis, Aurora B controls chromosome compaction. Aurora B
phosphorylates histone H3 on S10, and regulates chromosome condensation in
budding yeast anaphase (Hsu et al., 2000; Sugiyama et al., 2002; Neurohr et al.,
2011). Phosphorylation of S10 in histone H3 is conserved from yeast to human, but
the role of this phosphorylation is not completely clear in higher eukaryotes (Hsu et
al., 2000; Hauf et al., 2003; Adams et al., 2001). Histone H3 S10 might regulate the
change of CPC localization from interphase to mitosis (Fischle et al., 2005; Hirota et
al., 2005). Most likely, Aurora B affects chromosome condensation through
phosphorylation of kleisin, part of the condensin complexes that are responsible for
chromosome compaction (Tada et al., 2011; Nakazawa et al., 2011). The exact
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mechanism of Aurora B regulation of chromatin compaction needs to be clarified
further.
An important function of Aurora B is in regulation of kinetochore-MT
attachments and chromosome bi-orientation. Interference with Aurora B function
causes defects in chromosome congression (Kallio et al., 2002; Ditchfield et al.,
2003; Hauf et al., 2003). Aurora B was shown to phosphorylate several proteins of
the outer kinetochore and fibrous corona, and this regulates chromosome
attachment to MTs and congression. This Aurora B function and proposed gradient
of activity and regulation of SAC will be further discussed in Chapter 2, while the
known kinetochore substrates and corresponding references can be found in Table
1.2. The involvement of Aurora B in SAC control is still not completely clear, and
reduced requirement for Aurora B in SAC response observed in human cells, could
indicate an Aurora B-independent mechanism (Matson et al., 2012).
Aurora B also contributes to chromosome-induced spindle assembly. In
Xenopus egg extracts, chromosome-bound CPC is activated and targeted to the MTs
via INCENP, where it promotes local spindle assembly (Sampath et al., 2004; Kelly et
al., 2007; Tseng et al., 2010). Aurora B, in the vicinity of chromosomes,
phosphorylates and inhibits the depolymerase kinesin-13, Kif2c/MCAK (Andrews et
al., 2004; Ohi et al., 2004). This favours MTs polymerisation and stabilization. It is
not clear whether Aurora B can promote MT nucleation from the kinetochore
region, by phosphorylating proteins with direct MTs nucleation activity.
Aurora B is essential for cytokinesis. Aurora B regulates the later stages of
mitosis, by translocation from chromosomes to the structure of the central spindle.
Later, Aurora B/CPC transfers to the equatorial cell cortex, the region of the plasma
membrane where the accession machinery is assembled (Carmena et al., 2012). Relocalization of the CPC is mediated by several factors. The ubiquitylation of Aurora B
by E3 ubiquitin ligase cullin 3 (CUL3) regulates removal of CPC from chromosomes
and promotes re-localization in anaphase (Sumara et al., 2007). At the same time,
dephosphorylation of the CDK1 site in INCENP (Cdc14 site in SLi15) targets CPC to
MTs (Hümmer and Mayer, 2009; Pereira and Schiebel, 2003). CPC is transported to
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the central spindle by the kinesin-6 member, Kif20A/Mklp2 (Mitotic kinesin-like
protein 2; also known as Subito in Drosophila; Gruneberg et al., 2004; Cesario et al.,
2006). In budding yeast, which lack Kif20A/Mklp2, targeting of Ipl1 (Aurora B) to the
spindle midzone is mediated through MT plus end binding protein Bim1 (a homolog
of EB1) (Zimniak et al., 2012).
Once at the central spindle, Aurora B promotes stabilization of the spindle
midzone, through phosphorylation of centralspindlin components kinesin-6
Kif23/Mklp1 (also known as Pavarotti in Drosophila) and MgcRacGAP (Guse et al.,
2005; Neef et al., 2006; Douglas et al., 2010; Minoshima et al., 2003; Ban et al.,
2004). This phosphorylation also contributes to the recruitment of factors
important for telophase and cytokinesis. Aurora B also restricts the central spindle
size through phosphorylation of Kif4A on T799, which promotes interaction with MT
bundling protein PRC1 (Protein regulator of cytokinesis 1; Nunes Bastos et al., 2013;
Mollinari et al., 2002). Stabilization of the central spindle is additionally promoted
by the inhibitory effect of Aurora B on kinesin-13 Kif2a, which blocks kinesin
depolymerising activity (Uehara et al., 2013).
In telophase, Aurora B is important for contractile ring maturation, and
phosphorylates MgcRacGAP, GEF-H1/ARGHEF2 at S855, myosin regulatory light
chain II, vimentin, desmin and GFAP (Glial fibrillar acidic protein), key substrates in
this process (Minoshima et al., 2003; Birkenfeld et al., 2008; Murata-Hori et al.,
2000; Goto et al., 2003; Kawajiri et al., 2003). It is not clear what role Aurora B/CPC
has in the ring formation. In cytokinesis, CPC regulate timely abscission in higher
eukaryotes through phosphorylation of CHMP4C/Snf7, a subunit of ESCRT-III, which
is responsible for membrane fission at the end of cytokinesis (Elia et al., 2011;
Guizetti et al., 2011; Carlton et al., 2012; Capalbo et al., 2012). Aurora B is capable
of delaying abscission in response to lagging chromosomes, preventing
chromosome breakage or tetraploidization (Norden et al., 2006; Steigemann et al.,
2009). However, the role of Aurora B in the cytokinesis checkpoint is not completely
clear.
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Both Aurora A and Aurora B kinase have been associated with cancer. Many
solid cancers including colorectal, rectal, breast, ovarian, prostate, neuroblastoma
and cervical, as well as primary tumour tissue and cell lines, exhibited increased
copy number of the Aurora A gene or Aurora A protein level was elevated (Bischoff
et al., 1998; Tatsuka et al., 1998; Zhou et al., 1998; Takahashi et al., 2000; Tchatchou
et al., 2007; Tanner et al., 2000; McKlveen Buschhorn et al., 2005; Twu et al., 2009).
Overexpression of Aurora B has also been connected with cancer, such as oral,
breast and lung cancer (Qi et al., 2007; Tchatchou et al., 2007; Takeshita et al.,
2013). Based on their role in cancer development and progression, Aurora kinases
have been drug targets for cancer treatment. Various inhibitors of Aurora kinases
have undergone preclinical testing, first in vitro, then in animal models (Nikonova et
al., 2013). Development of such drugs has significantly benefited studies of Aurora
kinases function in mitosis. Some of those small molecule inhibitors have been used
in this study too.
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Table 1.2: List of Aurora B substrates with specific phosphorylation known to affect mitosis. Shared
substrates with Aurora A are marked with *, Human refers to human cultured cells.
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1.4 Project aims
Aurora kinases are a significant focus of cell biology research, owing to their
essential function in controlling error-free cell division and their link with
proliferative diseases, such as cancer. Despite many known mechanisms depending
on Aurora kinase regulation of cell division apparatus, there are still processes likely
to involve Auroras with unclear mechanisms. Some of these Aurora-regulated
processes involve early or late mitotic events, such as local, non-centrosomal
spindle assembly, regulation of chromosome congression and cytokinesis. It is
thought that the substrates involved in these mechanisms might be shared between
Aurora kinases, both Aurora A and Aurora B may phosphorylate these substrates at
a specific time and localization within the division process.
The objective of this project was to better understand the role of Aurora
kinases in the regulation of mitosis. I first aimed to reveal the molecular mechanism
of Aurora A regulation of kinetochore-MT attachments that contributes to
chromosome congression. Previously, this was thought to be exclusively Aurora B
function. I examined the contribution of each Aurora kinase to the phosphorylation
of the outer kinetochore component that binds MTs, HEC1/Ndc80, using imaging
tools and molecular inhibitors.
The second aim of my project was to develop a tool to determine novel
Aurora kinase substrates, which could contribute to further dissection of Aurora
regulation of mitosis. I undertook a bioinformatic approach that predicts Aurora
substrates based on shared consensus sequence of Aurora kinases in combination
with several parameters that govern the substrate specificity of Auroras. First, I
tested the candidate phosphorylation in vitro, and then confirmed and further
characterized the phosphorylation of one selected protein substrate in cells.
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2 Chapter 2: Aurora A kinase phosphorylates
HEC1/Ndc80 contributing to the correction of maloriented chromosomes near the spindle poles
This chapter includes work published in Current Biology (2015) under joined
authorship of Ye AA, Deretic J, Hoel CM, Hinman AW, Cimini D, Welburn JP and
Maresca TJ. The title of the published work is ‘Aurora A kinase contributes to a polebased error correction pathway’.

2.1 Introduction
Errors in chromosome-MT attachments can occur frequently in early cell
division but are corrected before anaphase can proceed (Cimini et al, 2003; Kitajima
et al, 2011). These errors can be classified as syntelic attachment, which is
characterised by the attachment of both sister kinetochores to the same pole, or
merotelic attachment, which is characterised by the attachment of one of the sister
kinetochore to both poles. Importantly, cells do possess the machinery to efficiently
correct improper chromosome attachments or lack of attachments in the case of
transient monotelic attachment, when single kinetochore is attached to one spindle
pole (Figure 2.1).

Figure 2.1: Different types of kinetochore-MT attachments in prometaphase. Four types of
kinetochore-MT attachments are presented here with correct amphitelic attachments or biorientation depicted first. Chromosomes are drawn in blue, MTs in red, and kinetochores are
presented as green ovals (adapted from Yamagishi et al., 2014).
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2.1.1 The role of Aurora B in correction of erroneous kinetochoremicrotubule attachments: centromere-based model
The model of resolving erroneous syntelic and merotelic attachments is
focused on centromere-localized Aurora B and its activity (Biggins et al., 1999;
Tanaka et al., 2002; Cheeseman et al., 2002; Hauf et al., 2003). This model proposes
that the correction of improper attachments is regulated by the physical distance
between Aurora B kinase and its substrates at the outer kinetochore. This in turn is
proposed to be regulated by the tensions established at the kinetochores. When
chromosomes are bi-oriented with established proper amphitelic attachments, the
tension exerted on sister chromatids stretches the centromere and the kinetochore.
Under tension the outer kinetochore substrates are positioned further away from
Aurora B, and phosphorylation is low while SAC is silenced (Liu et al., 2009; Uchida
et al., 2009). It was shown that the tension caused direct mechanical stabilization of
proper kinetochore-MT attachments (Akiyoshi et al., 2010). These proper
kinetochore-MT attachments are stabilized and maintained through the additional
activity of PP1 (Protein phosphatase 1) that dephosphorylate kinetochore
substrates (Sassoon et al., 1999; Liu et al., 2010; Kim et al., 2010; London et al.,
2012).
In the presence of an incorrect kinetochore-MT attachment, the tension
between sister kinetochores is low, and consequently the inter-kinetochore
distance decreases, as well as the distance between individual kinetochore
components (Maresca and Salmon, 2009). This prompts centromere-tethered
Aurora B kinase to phosphorylate the kinetochore substrates, specifically the KMN
network (Liu et al., 2009, Welburn et al., 2010). The HEC1/Ndc80 complex, as part
of the KMN network, is one of the key Aurora B substrates in the outer kinetochore,
and it is particularly the N terminus tail of HEC1/Ndc80 that directly connects
kinetochores and MTs (DeLuca et al., 2006, Cheeseman et al., 2006; Wei et al.,
2007; Ciferri et al., 2008; Guimaraes et al., 2008; Miller et al., 2008). Without
tension at the kinetochores, the HEC1/Ndc80 N terminus is phosphorylated on
multiple sites, which decreases its affinity for MTs and destabilizes incorrect
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attachments (DeLuca et al., 2011; DeLuca et al., 2006; Cheeseman et al., 2006;
Ciferri et al., 2008; Alushin et al., 2010). Additionally, the activity of Aurora B on the
outer kinetochore recruits components of SAC, which then inhibits APC/C causing a
delay in cell division until the proper kinetochore-MT attachments are established
(Biggins and Murray, 2001; Ditchfield et al., 2003). SAC can be activated at the
kinetochores without Aurora B by tethering the kinase Mps1, which is the upstream
activator of SAC (Saurin et al., 2011; Maldonado and Kapoor, 2011). This may
indicate that Aurora B is required for Mps1 recruitment to the kinetochore (Saurin
et al., 2011; Maldonado and Kapoor, 2011).
The reported size of the CPC complex and the distances between sister
kinetochores fit well with this model of phosphorylation of kinetochore substrates
being merely controlled by physical separation from Aurora B due to tension
(Bolton et al., 2002). The experiments employing Förster resonance energy transfer
(FRET) sensor confirmed the Aurora B activity gradient. The substrate
phosphorylation is the highest at the centromeric chromatin and decreases towards
kinetochore, so that phosphorylation at the kinetochore depends on its distance
from the Aurora B at the inner centromere, which increases with tension (Liu et al.,
2009; Wang E. et al., 2011; Figure 2.2). The Aurora B gradient of activity around
centromeres still remains unclear, as the gradient was also observed on the MTs
(Tan and Kapoor, 2011).
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Figure 2.2: Centromere-based model of error correction, a schematic view. The phosphorylation
gradient around centromere-localized Aurora B is presented in pink. For simplicity, the inner
kinetochore is presented as yellow rectangular, while its structure and connections with outer
kinetochore is omitted. The outer kinetochore is depicted in more details, showing KMN network
and its component: KNL1, Mis12 complex and Ndc80 complex that directly binds MT drawn in red
(adapted from Welburn et al., 2010).

This model cannot explain how the erroneous syntelic kinetochore-MT
attachments are corrected when they come under tension due to polar ejection
forces (PEF), which are highest near the spindle poles (Cassimeris et al., 1994; Ke et
al., 2009). PEFs are produced by the polar MT arrays that push the chromosome
arms away from the poles. PEFs can be mediated by the chromokinesins, which are
specialized chromosome-associated kinesins that connect these interpolar MTs with
chromosome arms (Antonio et al., 2000; Funabiki and Murray, 2000; Mazumdar and
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Misteli, 2005; Wandke et al., 2012). PEFs oppose the kinetochore-mediated pulling
forces, and this may create tension at the kinetochores. As chromokinesins are
over-expressed, elevated PEFs cause a stabilization of syntelic attachments, likely
due to overcoming the Aurora B destabilization activity (Cane et al., 2013). FRET
data indicates that the Aurora B activity gradient is the weakest near the spindle
poles where PEFs are the strongest (Tan and Kapoor 2011; Carmena et al., 2012).
Likewise, there is the evidence that targeting Aurora B to the centromere is
not essential for early stages in mitosis and chromosome alignment at the
metaphase plate in vertebrate cells (Yue et al., 2008). In budding yeast, the mutant
of Aurora B/Ipl1 corrects attachment errors, though it does not localize to the
centromere, but it is enriched at the MTs (Campbell and Desai, 2013). This again
suggests that the centromeric pull of Aurora B is dispensable for chromosome biorientation, or that another kinase contributes to error correction.
2.1.2 Correction of erroneous kinetochore-microtubule attachments near the
spindle pole
It was observed that after nuclear envelope breakdown, chromosomes with
syntelic attachments move to the spindle pole. This is where erroneous
attachments are corrected before chromosomes move to the metaphase plate
(Skibbens et al., 1993; Lampson et al., 2004). The syntelic, mono-oriented
chromosomes attached to the plus ends of MTs move to the closer pole through the
process of K-fibre disassembly (Lampson et al., 2004). This is slower than Dyneinmediated poleward movement of chromosomes attached on lateral surface of MTs
(Sharp et al., 2000; Li et al., 2007; Barisic et al, 2014). However, in both cases of
poleward transport, incorrectly attached chromosomes temporarily stay near the
pole, before they congress following bi-orientation, or through CENP-E-dependent
transport to the spindle equator (Roos, 1976; Rieder and Alexander, 1990; Lampson
et al., 2004; Kapoor et al., 2006).
At the spindle poles, the centrosome-based Aurora A kinase has been
implicated in chromosome alignment in several studies using various human cell
types and mouse embryos (Marumoto et al., 2003; Hoar et al., 2007; Sasai et al.,
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2008). Down-regulation of human Aurora A using small interfering RNA (siRNA), or
inhibition with antibody injection after initial centrosome separation, led to
misaligned chromosomes during metaphase. This showed that Aurora A was
directly involved in chromosome alignment at the metaphase plate independent of
its function in centrosome separation and maturation (Marumoto et al., 2003).
Inhibition of Aurora A with small molecule inhibitor, MLN8054 (Hoar et al., 2007;
Manfredi et al., 2007), and a mouse Aurora A-null embryo (Sasai et al., 2008),
confirmed the alignment defects during metaphase. Together these studies
suggested that the lack of Aurora A delayed mitosis through impaired maintenance
of SAC. It has also been suggested that Aurora A has a role in the regulation of
kinetochore-MT interaction (Marumoto et al., 2003; Sasai et al., 2008). Aurora A has
been implicated in the stabilization of kinetochore-MT attachment in human cells,
specifically as a response to DNA damage (Katayama et al, 2008; Bakhoum et al,
2014).
However, the contribution of Aurora A to error correction is not well
understood. Aurora A could promote higher kinetochore-MT destabilization close to
the spindle poles. The evidence of centrosomal-based gradient of Aurora A activity
would support this hypothesis. A centrosomal TPX2/Aurora A kinase activity
gradient was first suggested in worms (Greenan et al, 2010).
The Maresca lab investigated whether there is a gradient of Aurora A
activity, and whether Aurora A potently destabilizes incorrect kinetochore-MT
attachments near poles in Drosophila cells. Importantly, the exact molecular
mechanism of Aurora A action in error correction is not clear. I have contributed to
this work by investigating the molecular mechanism of Aurora A correction of
erroneous kinetochore-MT attachments close to the centrosomes in HeLa cells. I
tested whether HEC1/Ndc80 at the kinetochore-MT interface is a major
downstream target of Aurora A to correct kinetochore-MT attachments.

30

2.2 Results
2.2.1 Aurora A kinase inhibition reduces phosphorylation of the HEC1/Ndc80
N terminus
Since Aurora A is implicated in the regulation of chromosome congression, I
tested whether Aurora A phosphorylation can regulate the outermost kinetochore
protein HEC1/Ndc80 interaction with MTs. In this study I have used the antibody
against phosphorylated S55 on HEC1/Ndc80 N terminus (described in DeLuca et al.,
2011) to examine the Aurora A phosphorylation of the HEC1/Ndc80 N terminus in
HeLa cells treated with Aurora kinases inhibitors.
First, I observed the S55 phosphorylation at unattached kinetochores in
HeLa cells. When kinetochores are unattached to MTs, Aurora B and SAC are highly
activated leading to more prominent phosphorylation of HEC1/Ndc80 S55. To
create unattached kinetochores, I used high a concentration of nocodazole to
depolymerize MTs. A strong signal of phosphorylated S55 on HEC1/Ndc80 was
observed on unattached kinetochores, and it was adjacent to the CENP-A signal
marking the centromere.
To examine the Aurora B contribution in phosphorylation of HEC1/Ndc80
S55, I used an Aurora B specific inhibitor ZM447439 (Ditchfield et al., 2003).
Inhibition of Aurora B showed an expected and significant decrease of
approximately 40% in phosphorylation levels of S55 in HEC1/Ndc80 N terminus
compared to CENPA levels at centromeres. An even greater reduction in S55
phosphorylation, more than 60%, was observed when nocodazole treated cells
were subjected to an Aurora A specific inhibitor Alisertib (MLN8237; Manfredi et al.,
2011). Phosphorylation of S55 was most reduced upon simultaneous inhibition of
both Aurora A and Aurora B (Figure 2.3). This indicates that S55 in the HEC1/Ndc80
N terminus is both a substrate of Aurora A and Aurora B.
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Figure 2.3: Aurora A phosphorylates outer kinetochore structure in HeLa cells. Representative
images of HeLa cells treated with drug nocodazole for 2h together with either DMSO (control), 2 µM
Aurora B inhibitor ZM447439, 300 nM Aurora A inhibitor MLN8237 or both inhibitors together. The
cells were stained with antibodies against phosphorylated S55 on HEC1/Ndc80 and CENP-A. The bar
graph presents the mean values of phosphorylated S55 HEC1/Ndc80 to CENP-A ratio. DMSO, n=1159
kinetochores from 23 cells; ZM447439, n=872 kinetochores from 14 cells; MLN8237, n=812
kinetochores from 17 cells MLN8237+ZM447439, n=874 kinetochores from 16 cells. The error bars
represent the standard error of the mean. Two-tailed p values of a Student’s t-test reported:
***p<0.0001. Scale bar is 5 μm.
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Phosphorylation of HEC1/Ndc80 S55 was reported to vary with the
concentration of nocodazole (DeLuca et al., 2011). Moreover, the Aurora B inhibitor
ZM447439 was reported to decrease the level of HEC1/Ndc80 at the kinetochores
to the extent ranging from 20% to 50% (Kim and Yu, 2015; Welburn et al., 2010). To
test whether the observed decrease in phosphorylation of HEC1/Ndc80 S55 was not
due to the decreased level of HEC1/Ndc80 at the outer kinetochore, I normalized
levels of HEC1/Ndc80 S55 phosphorylation to HEC1/Ndc80, not CENP-A. I have also
tested two different concentrations of MLN8237. To show that the phosphorylation
of S55 decreases independently of kinetochores attachment states in the presence
of Aurora A inhibitor, phosphorylation levels were measured in the cells without
previous treatment with nocodazole. MLN8237 significantly reduced the
phosphorylation of S55 on HEC1/Ndc80 in comparison with the total levels of
HEC1/Ndc80 at the attached kinetochores, regardless of the applied concentration
(Figure 2.4).
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Figure 2.4: The total phosphorylation of HEC1/Ndc80 at attached kinetochores is reduced with
Aurora A inhibition. The phosphorylation of HEC1/Ndc80 was analysed in HeLa cells treated with
above indicated amounts of the Aurora A inhibitor MLN8237, without previous treatment with
nocodazole. The cells were stained with antibody against phosphorylated S55 on HEC1/Ndc80 and
antibody against HEC1/Ndc80. DMSO, n=280 kinetochores from 14 cells; 300 nM MLN8237, n=275
kinetochores from 12 cells; 100 nM MLN8237, n=299 kinetochores from 14 cells. The error bars
represent the standard error of the mean. P values of one-way ANOVA multiple comparisons test are
reported: ***p<0.0001 Scale bar is 5 μm.
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2.2.2 Kinetochores phosphorylation is higher at the spindle poles
Due to the Aurora A localization around the centrosomes, and at regions of
MTs proximal to the centrosomes (Roghi et al., 1998; Sugimoto et al., 2002;
Carmena and Earnshaw, 2003), we hypothesised that Aurora A is involved in error
correction near spindle poles/centrosomes. Using a kinetochore targeted FRET
assay Ye showed that the FRET probe at the kinetochores was more phosphorylated
when the kinetochores were closer to the spindle poles in Drosophila S2 cells. This
phosphorylation was reduced in an Aurora A knock-down using siRNA (Ye et al.,
2015). Likewise, I assessed the effect of pole proximity to changes in HEC1/Ndc80
phosphorylation with active or inhibited Aurora A. My previous experiments
revealed that Aurora A phosphorylates HEC1/Ndc80, but the positional effect on
kinetochore phosphorylation in HeLa cells was not clear.
To examine the spatial contribution of Aurora A to phosphorylation of S55 at
the HEC1/Ndc80 N terminus I used centromere-associated protein E (CENP-E)
inhibitor GSK923295 (Wood et al., 2010) as a tool to create misaligned kinetochores
closer to one of the poles (polar kinetochores) and aligned kinetochores at the
metaphase plate in HeLa cells (Gudimchuk et al., 2013). Increased phosphorylation
of the polar kinetochores was observed after CENP-E inhibition. Aurora A and CENPE inhibition significantly reduced the phosphorylation of S55 in both polar
kinetochores and kinetochores further away from poles, although to a less extent
than polar kinetochores (Figure 2.5). These data indicate that Aurora A contributes
to the phosphorylation of S55 at the N terminus of HEC1/Ndc80.
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Figure 2.5: The phosphorylation of S55 in HEC1/Ndc80 by Aurora A is spatially regulated. The
difference in spatial phosphorylation of kinetochore was assessed using the CENP-E inhibitor
GSK923295 to generate polar and aligned chromosomes in the HeLa cells in the presence and
absence of 300 nM Aurora A inhibitor. Arrows point to the polar kinetochores. Polar kinetochores in
both CENP-E and CENP-E/Aurora A inhibition were defined as the kinetochores proximal to the
unspecific staining at the spindle poles created by the pS55 HEC1/Ndc80 antibody (described in
DeLuca et al., 2011). GSK923295, aligned/away from poles n = 408 kinetochores from 68 cells; polar
n = 239 kinetochores from 68 cells; GSK923295 + MLN 8237, aligned/away from poles n = 465
kinetochores from 55 cells; polar n = 207 kinetochores from 55 cells. The error bars represent the
standard error of the mean. P values of one-way ANOVA multiple comparisons test are reported: not
significant (n.s.), ***p<0.0001. Scale bar is 5 μm.
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2.2.3 Aurora A directly phosphorylates the N terminus of HEC1/Ndc80 in
vitro
The experiments in cell culture using small molecule inhibitors indicate
Aurora A contribution in the phosphorylation of S55 at the HEC1/Ndc80 N terminus.
To test if Aurora A directly phosphorylates S55, I performed an in vitro assay with a
purified recombinant Ndc80bonsai complex (Ciferri et al., 2008; purified by Agata
Głuszek-Kustusz) and recombinant Aurora A. Using a phosphospecific S55
HEC1/Ndc80 antibody, I observed that S55 in HEC1/Ndc80 was efficiently
phosphorylated (Figure 2.6).

Figure 2.6: Recombinant Ndc80bonsai is phosphorylated by Aurora A kinase in vitro. Phosphorylation
and the mock reactions were performed in the presence of 10 mM ATP in kinase buffer and 4μg of
substrate for 30 min at 37:C. The reactions were terminated by addition of SDS sample loading
buffer and the products were separated on SDS polyacrylamide gel. Ponceau staining of the
nitrocellulose membrane after western blotting transfer showed the position of Ndc80 bonsai complex
relative to the molecular weight marker. Diagram of Ndc80bonsai complex was adopted from Ciferri et
al., 2008. Phosphorylation was detected with antibody against phosphorylated S55 on HEC1/Ndc80.
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2.2.4 Characterizing the specificity of Aurora A inhibitor MLN8237 in HeLa
cells
MLN8237 is a potent inhibitor of Aurora A, and it is reported to be two
hundred times more selective for Aurora A over Aurora B in cells (Manfredi et al.,
2011). To test the selectivity of the inhibitor and to show that the reduction in
phosphorylation levels of HEC1/Ndc80 was due to Aurora A and not Aurora B
inhibition, I examined whether MLN8237 treatment affected the Aurora B kinase
substrate H3 pS10 (Hsu et al., 2000; Murnion et al., 2001) and total levels of
HEC1/Ndc80 at the kinetochores. Several studies have previously shown that
Aurora A also phosphorylates S10 in the tail of H3 (Crosio et al., 2002; Ferrari et al.,
2005). The phosphorylation levels of Histone H3 S10 were not significantly reduced
in 300 nM or 100 nM MLN8237 with respect to the control metaphase cells (Figure
2.7A). However, 300 nM of Aurora A inhibitor MLN8237, the concentration used to
assess the phosphorylation levels of S55 HEC1/Ndc80, reduced the total levels of
HEC1/Ndc80 at the kinetochores with respect to the levels of CENP-A (Figure 2.7B).
This indicates partial inhibition of Aurora B kinase with this concentration of
inhibitor (Kim and Yu, 2015; Welburn et al., 2010), while 100 nM did not affect
Aurora B or levels of HEC1/Ndc80 at the kinetochores (Figure 2.7B).
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Figure 2.7: MLN8237 is Aurora A specific inhibitor. (A) Phosphorylation of Histone H3 analysis. The
HeLa cells were stained with antibody against phosphorylated S10 H3, as primarily Aurora B
substrate, after treatment with either DMSO (control), 2 µM ZM447439, 300 nM or 100 nM
MLN8237. control prometaphase; n=12 cells, control metaphase; n=18 cells, 300 nM MLN8237; n=31
cells, and 2 μM ZM447439; n=10 cells. (B) Analysis of the HEC1/Ndc80 levels at the kinetochores. The
HeLa cells were treated with either DMSO, 300 nM MLN8237 or 100 nM MLN8237, then fixed and
stained with antibodies against Ndc80 and CENP-A. DMSO, n=578 kinetochores from 20 cells; 300
nM MLN8237, n=832 kinetochores from 21 cells; 100 nM MLN8237, n=731 kinetochores from 20
cells. P values of one-way ANOVA multiple comparisons test are reported: not significant (n.s.),
*p<0.05 (0.035).The error bars represent the standard error of the mean. Scale bar is 5 μm.
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2.3 Discussion
Aurora A was suggested to regulate chromosome congression and
kinetochore-MT attachments (Marumoto et al., 2003; Hoar et al., 2007; Sasai et al.,
2008; Katayama et al, 2008; Bakhoum et al, 2014). The molecular mechanism of
Aurora regulation of the kinetochore-MT attachments was not known. In this study,
I showed that centrosome-localized Aurora A contributes to the error correction of
kinetochore-MT attachments in the vicinity of centrosomes. Aurora A kinase
phosphorylates the outer kinetochore protein HEC1/Ndc80 (and possibly other
components of the KMN network) to control the kinetochore-MT attachment state.
The concentration of 300nM MLN8237 I used to assess Aurora A
contribution to the HEC1/Ndc80 phosphorylation did moderately affect Aurora B, so
it may have interfered with the HEC1/Ndc80 recruitment at kinetochores. However,
the reduction of 16% in the total level of HEC1/Ndc80 cannot account for the entire
65% decrease in phosphorylation of S55 in HEC1/Ndc80 after the treatment with
300 nM MLN8237 (Figure 2.7B and Figure 2.3). A significant reduction in S55
phosphorylation was still observed when compared to HEC1/Ndc80 (Figure 2.4).
From the in vitro data, I showed that HEC1/Ndc80 is a direct substrate of Aurora A.
Taken together, my results indicate that HEC1/Ndc80 is a shared Aurora A and
Aurora B substrate. This is further supported by the phospho-proteomic analysis of
the cell lysate, which suggests that HEC1/Ndc80 is predominately targeted by
Aurora A (Kettenbach et al., 2011).
My data complement the results achieved by the Maresca lab, who showed
that Aurora A destabilises erroneous syntelic kinetochore-MT attachments using an
assay that counteracts the attachment stabilization effect of chromokinesingenerated PEFs near poles (Cane at al., 2013; Ye at al., 2015). Importantly, Ye and
colleagues demonstrated that there is an Aurora A gradient of activity emanating
from centrosomes using MT targeted FRET sensor via the Tau protein. This is
analogous to the centromere-based gradient proposed for the Aurora B activity (Liu
et al., 2009). Equally important, with a similar FRET sensor targeted to the Mis12
protein, they confirmed a higher phosphorylation of probe at the kinetochores in
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the vicinity of spindle poles in Drosophila S2 cells, and that phosphorylation is
decreased in Aurora A depletion (Ye et al., 2015). Interestingly, in Drosophila cells
the phosphorylation level of FRET probe at the aligned kinetochores was
comparable in the depletion of CENP-meta and co-depletion of Aurora A and CENPmeta, the Drosophila counterpart of CENP-E. The phosphorylation of FRET probe at
the polar kinetochores decreased after Aurora A and CENP-meta co-depletion,
confirming the spatial dependence of Aurora A phosphorylation at kinetochores (Ye
et al., 2015). The experiment in HeLa cells, however, does not perfectly mimic the
data acquired from Drosophila S2 cells. I have observed significant reduction in
phosphorylation both at the kinetochores near the pole and the kinetochores
further away with Aurora A and CENP-E co-inhibition. However, the
phosphorylation of polar kinetochores decreased more than the phosphorylation of
kinetochores further away from centrosomes. The human Aurora A kinase binds
MTs in a TPX2-dependent manner and perhaps more actively affects kinetochore
MTs and their attachments (Kufer et al., 2002; Özlü et al., 2005).
Altogether, this study presents the mechanism by which Aurora A
contributes to the correction of improper kinetochore-MT attachments near spindle
poles. The role of Aurora A kinase in error correction appears conserved across
metazoans, as similar observations have been reported in Drosophila S2 cells, rat
kangaroo cells, PtK1, and in mouse meiosis (Ye et al., 2015; Chmátal et al., 2015).
The findings emerged from this study establish a more comprehensive
model of regulation of chromosome congression than previous models involving
only the activity of centromere-based Aurora B. In this model, incorrectly attached
chromosomes are being pulled towards the proximal spindle pole, either by dynein,
or by selective MTs disassembly (disassembly of only K-fibres attached to malorientated, and not bi-orientated chromosomes; Kapoor et al., 2006; Barisic et al.,
2014). At the spindle poles, Aurora A in co-operation with Aurora B phosphorylates
the outer kinetochore components and counteracts premature, end-on stabilization
of incorrect attachments promoted by PEFs (Ye at al., 2015; Chmátal et al., 2015).
Additionally, Aurora A and Aurora B phosphorylate the kinetochore localized CENP-

41

E in the vicinity of poles, which is believed to be required, together with MT
detyrosination, for guiding CENP-E-mediated

transport

of

initially

polar

chromosomes towards the cell centre (Kim et al., 2010; Barisic et al., 2015; Figure
2.8).
In summary, the work described in this chapter provides a molecular
mechanism for the error-correction of kinetochore-MT attachments close to
centrosomes.
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Figure 2.8: Mechanism of error correction with Aurora A contribution. Schematic diagram
summarizes the mechanism of error correction near the spindle pole. Two different poleward
chromosome movements were drawn, but for simplicity, subsequent fate of only a single polar
chromosome is followed. The phosphorylation gradient around Aurora A and Aurora B is presented
in orange and pink, respectively. The central inset depicts the phosphorylation of structures at the
outer kinetochore and fibrous corona by Aurora kinases (adapted from Ye et al., 2015).
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3 Chapter 3: Discovering new phosphorylation
substrates of Aurora A and Aurora B kinases
3.1 Introduction
There are about 30 known substrates of Aurora A, and around 30 substrates
of Aurora B. Phosphorylation of these substrates at specific sites by Aurora kinases
regulates their mitotic functions in vivo or in cell culture (Table 1.1 and Table 1.2 in
Chapter 1.3, references therein). Additionally, mass spectrometry studies using cell
lysates and Aurora kinase inhibitors enabled identification of hundreds of proteins
phosphorylated by Auroras (Kettenbach et al., 2011; Koch et al., 2011; Hegemann et
al., 2011; Polat et al., 2015). However, there are still mitotic processes involving
regulation by Auroras, whose molecular mechanisms are not completely clear.
Mass spectrometry is a widely used tool for the identification of protein
phosphorylation. Mass spectrometry is also used to identify phosphorylation events
specific to mitosis and even specific to mitotic structures, such as the mitotic
spindle, mitotic chromosomes and centrosomes (Dephoure et al., 2008; Daub et al.,
2008; Olsen et al., 2010; Nousiainen et al., 2006; Ohta et al., 2016; Andersen et al.,
2003; Syred et al., 2013; Özlü et al., 2010). Phosphorylated sites reported in various
studies, are deposited in public databases, such as PHOSIDA (Gnad et al., 2011),
PhosphoELM (Diella et al., 2008), Human Proteinpedia (HPRD1; Mathivanan et al.,
2008) and PhosphoSitePlus (Hornbeck et al., 2015). Important limitations of typical
mass spectrometry analysis in identifying phosphorylation in proteins are: whether
there is a sufficient amount of certain phosphorylated peptides and whether a
particular phosphorylation is stable enough during mass spectrometry to be
identified (Cantin and Yates, 2004). Phosphopeptides are detected less in standard
mass spectrometry than their unmodified counterparts. The phosphopeptides are
less abundant, have lower ionisation efficiency and often breakdown, losing
phosphoric acids during mass spectrometry analysis (Dongré et al., 1996; Mann et
al., 2002). Mass spectrometry alone does not provide any information about the
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role or mechanism of phosphorylation in vivo and does not include information
about the phosphorylating kinase if specific inhibitors are not used.
Given the limitations of mass spectrometry in the identification of new
Aurora kinase substrates, I have developed a novel bioinformatic approach, in
collaboration with Dr Alastair Kerr.
Only a few studies use bioinformatics to predict new phosphorylation sites.
Some of these studies use already known protein-protein interaction data (Tien et
al., 2004) or motif conservation over evolution (Lai et al., 2012) to predict
substrates of various kinases. A computational tool, Scansite, enables proteomewide prediction of cell signalling interactions using short sequence motifs, including
substrate prediction for a broad range of kinases (Obenauer et al., 2003). A
bioinformatic approach was used to identify Aurora A substrates, based on the
Aurora kinase substrate consensus motif, substrate cellular localization and the
conservation of consensus motifs through evolution (Sardon et al., 2010). However,
these studies have not used current advances in computational tools and
improvement in the protein sequence availability and coverage. Therefore, we
incorporated new information from Ensembl, Gene Ontology database, and others
in our bioinformatics search, providing a more comprehensive list of possible
Aurora phosphorylation candidates.

3.2 Results
3.2.1 Designing bioinformatics to identify unknown substrates of Aurora
kinases and analysis of bioinformatic prediction
In order to identify and characterise novel substrates of Aurora kinases, I
developed a bioinformatic approach in collaboration with the Wellcome Trust
Centre bioinformatician Dr Alastair Kerr. The bioinformatic search for Aurora kinase
substrates is based on amino acids consensus preference of Aurora kinases. It also
enables the use of parameters such as substrate localization and function – Gene
Ontology (GO) terms from Gene Ontology database (Ashburner et al., 2000),
conservation of phosphorylation motifs between vertebrate species, the number of
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motifs per protein, the position of motifs in disordered regions of a protein and
tissues in which the proteins are expressed via the Reactome database (Milacic et
al., 2012; Fabregat et al., 2016).
The consensus sequence for the Aurora kinases was first discovered by
analysing sequences flanking phosphorylated residues in vitro and in vivo for several
budding yeast kinetochore proteins (Cheeseman et al., 2002). The consensus motif
is defined for Ipl1/Aurora B as [RK]x[ST][ILV], where S or T are the phosphorylatable
residues (marking position P0), x is any amino acid, R or K are required at P-2, while
V, L and I represent preference for hydrophobic residues at P+1 (Cheeseman et al.,
2002). Aurora B has a preference for R or K at the P-3 (Ohashi et al., 2006). Wide
tolerance for the P+1 residue was also reported (Ohashi et al. 2006; Koch et al.,
2011). For example, T follows phosphorylated S10 in Histone H3 (Hsu et al., 2000).
However, it is considered that hydrophobic residues at P+1 are likely to be required
for optimal activity of Auroras (Cheeseman et al., 2002).
A further study using synthetic peptide substrates defined the consensus
motif for human Aurora A kinase as [RKN]Rx[ST][AFILMV] (Ferrari et al., 2005) or
Rx[ST][ILV] (Ohashi et al., 2006), denoting that Aurora A kinase has strong
preference for R at P-2, and any hydrophobic residue at P+1 except P (proline). It
was reported that P at P+1 fully abrogates phosphorylation of the peptide
substrates (Ferrari et al., 2005; Ohashi et al., 2006). Additionally, Aurora A displays
tolerance for residues other than R or L at P-3. Since Aurora A and B phosphorylate
the same sites on some target proteins (Andrews et al., 2004; Ohi et al., 2004;
Zhang et al., 2007; see Tables 1.1 and 1.2 in Chapter 1.3 for the references), it is
accepted that the target specificity of Aurora kinases is determined by their
distinctive sub-cellular localization (see Chapter 1.3).
I have used this broad consensus motif of Auroras kinases based on 4
patterns (Figure 3.1A). This approach resulted in a list of 19516 human genes
encoding for proteins with at least one motif site. Out of 22699 human genes in
total, this makes 86% of human genome. 71302 proteins contain at least one of
these motifs, representing 70% of total proteome.
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With analysis of previously reported Aurora kinases phosphorylation sites
(Table 1.1 and Table 1.2), I found that R or K make up more than 50% of the
occupancy of the positions -3 and -1 (Figure 3.1B). Therefore, I also tried another
more stringent bioinformatic approach with first the 3 patterns (Figure 3.1A),
excluding pattern 4, which contribute most of the reported sequences. This reduced
the list of candidates by almost two-thirds, leaving 6804 human genes encoding for
proteins with at least one motif site. A large proportion of these candidates could
represent false positives, so I decided to implement several criteria to refine my
search.

Figure 3.1: Consensus motif patterns of Aurora kinases. (A) Motif patterns used in this study.
Patterns are based on published consensus sequences for Aurora kinases. (B) Sequence bias in
validated putative phosphorylation sites of Aurora kinases. Aurora kinases consensus sequence logo
was derived from alignment of all validated putative sites of Aurora kinases (see Table 1.1 and 1.2).
The total height of each stack indicates the "information content" at that position (measured in bits).
The height of symbols within the stack reflects the relative frequency of the corresponding amino
acid at that position. The subsequent positions within the sequences are labelled -3 to +2. The figure
was generated using http://meme-suite.org server (Bailey et al., 2009) by submitting 13 amino acid
long sequences in fasta format.

Based on the literature, potential candidates seem to localize in proximity of
Auroras to be phosphorylated by these kinases. To further narrow down the search
for potential candidates, I introduced GO terms from the Gene Ontology database.
In that way the search can be limited spatially or temporally (Ashburner et al.,
2000). The selected GO terms implemented in our bioinformatics included cellular
localizations where Aurora kinases reside, such as the spindle and MTs,
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kinetochores, centrioles, centrosomes and spindle poles, the spindle midzone and
midbody. Additionally, we used GO terms annotating a biological process: mitotic
cell cycle or cell division, and more specifically, M phase of the mitotic cell cycle or
cytokinesis as well as mitotic spindle assembly and organization. To avoid
overlooking proteins that are not completely or correctly annotated in the GO
database, we added an option not to choose specific GO terms into our
bioinformatics design. However, the use of GO terms significantly reduces the
search to the cell cycle stage and the cellular localizations where Aurora kinases are
active. As an example, the GO term ‘cell division’ isolates 176 human genes
encoding for proteins with at least one motif site of Aurora kinases, while the GO
term ‘mitotic cell cycle’ isolates 227 genes. I have specifically limited my search for
Aurora kinase substrates to those bound to MT structures and/or kinetochores. In
the list there are 266 human genes encoding centrosomal proteins (including
centrioles and spindle poles), 194 human genes encoding MT-associated proteins,
53 human genes encoding kinetochore or kinetochore-binding proteins (Figure 3.2).

Figure 3.2: Selection of candidates based on GO terms. Venn diagram depicting the number and
overlap between centrosomal, MT-associated and kinetochore localized proteins that contain at
least one motif site of Aurora kinases.
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Regulation of protein function by phosphorylation could be through unique
phosphosites. Phosphorylation of histone H3 at S10 is an example of how
phosphorylation of a single site in a protein by Aurora kinases can greatly influence
the progression through mitosis. This phosphorylation is reported to drive
condensation of chromatin compaction in yeast and it was shown that absence of
phosphorylation caused defects in chromosome segregation (Hendzel et al., 1997;
Hsu et al., 2000; Neurohr et al., 2011).
In contrast, there are well known examples of protein regulation through
multiple phosphorylation sites by Auroras. HEC1/Ndc80, an outer kinetochore
protein, is phosphorylated on multiple sites within N terminus, and this modulates
HEC1/Ndc80 binding to MTs (Cheeseman et al., 2006; DeLuca et al., 2006; Ciferri et
al., 2008). Multisite phosphorylation of kif2c/MCAK (Mitotic centromere-associated
kinesin) by Aurora kinases negatively regulates MT depolymerisation activity and
centromere targeting (Andrews et al., 2004; Ohi et al., 2004; Lan et al., 2004; Zhang
et al., 2007). Multisite phosphorylation in p53 by Aurora kinases abrogates DNA
binding and accelerates p53 degradation (Liu et al., 2004; Gully et al., 2012).
Multisite phosphorylation can be associated with switch-like response of proteins
(Ferrell and Bhatt, 1997; Ferrell and Machleder, 1998; Nash et al., 2001).
Mathematical modelling showed that multisite phosphorylation is preferably
associated with graded protein responses (Salazar and Höfer, 2007). The
experimental evidence of graded control is Aurora kinases regulation of outer
kinetochore attachment to MTs (Welburn et al., 2010). If multiple phosphorylation
sites are closely spaced in the protein primary amino acid sequence they are often
referred to as the cluster (Figure 3.3).
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Figure 3.3: Examples of Auroras unique and multisite phosphorylation in substrates. Reported are
human sequences of Histone H3 (UniProt ID P68431), HEC1/Ndc80 (O14777), Kif2c/MCAK (Q99661)
and p53 (P04637). P marks validated phosphorylation sites in presented substrates (see Table 1.1
and 1.2 for references). Only zone 1 phosphorylation cluster in HEC1/Ndc80 is shown here, and also
one reported phosphorylation site in Kif2c/ MCAK and p53 is omitted due to limited space.

Our bioinformatic tool contains a filter that enables us to select substrates
based on the minimum number of phosphorylation motifs. In this way both
substrates with unique sites or substrates containing multiple phosphorylations
could be predicted. Further, the selection of different numbers of phosphorylation
patterns is possible in protein regions of 0, 20, 50, 100 or 300 amino acids. By
applying this filter, I found that a total 2538 human genes encode for proteins with
a minimum of four consensus motifs. Additionally, using any of the GO terms
implemented in bioinformatics, that number was decreased. For example, there are
43 human genes encoding centrosomal proteins with at least four motifs in at least
100 amino acids long protein region.
Next, we implemented a selecting filter based on the disorder in a protein.
Functionally important phosphorylation sites are mostly found in regions of intrinsic
sequence disorder, flexible regions like hinges and loops (Iakoucheva et al., 2004;
Gnad et al., 2007; Collins et al., 2008). Those regions are found on the surface of a
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protein, and this allows kinases to access the site and phosphorylate proteins to
regulate their activity or protein-protein interactions.
To implement the sequence disorder percentage the IUPred system was
used as a filter in our search for possible Aurora kinase substrates (Dosztányi et al.,
2005a; Dosztányi et al., 2005b). This system is a developed to discriminate between
disordered and folded regions in proteins from the amino acids sequence
(Dosztányi et al., 2005a; Dosztányi et al., 2005b). By using this filter, I found that the
number of proteins with at least one motif drastically decreased. For example,
there are 980 genes encoding proteins with 50% intrinsic sequence disorder and at
least one motif site of Aurora kinases. If this is combined with different number of
consensus motifs and any of the available GO terms, number is again reduced. For
example, only 16 human genes encode centrosomal proteins with 50% intrinsic
sequence disorder and at least four consensus sites in a 100 amino acid protein
region.
In addition to the previously described filters, a filter based on motif
sequence conservation was implemented. It was shown that phosphorylation sites
with relevant biological function are better conserved throughout evolution (Gnad
et al., 2007; Malik et al., 2008; Landry et al., 2009). It was argued that phosphosites
are more conserved than the same residues that are not phosphorylated when their
enrichment in disorder regions of proteins was included (Landry et al., 2009).
Furthermore, the evolutionary data of phosphorylation showed that it would be
easier to predict functional phosphorylation in low abundance proteins than in very
abundant proteins (Levy et al., 2012). In those low abundance proteins, it was also
noticed that the sites that are frequently phosphorylated in cells are more
conserved than rarely phosphorylated sites (Levy et al., 2012). Taken together, the
use of evolutionary conservation in conjunction with structural information (orderdisorder region) can significantly improve prediction of phosphorylation sites,
specifically in the context of functional phosphorylation.
In my bioinformatic analysis I implemented a filter based upon sequence
conservation among vertebrates. It has been shown that disordered regions, where
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the most functional sites are found, evolve faster than order regions (Brown et al.,
2002). More importantly, there is evidence that short motifs are fast-evolving and
there is very limited conservation outside of closely related species (Neduva et al.,
2005). Since I am interested in human proteins, I chose to look for conservation of
sequences in phosphorylation candidates between human, chicken and zebrafish
(Figure 3.4A). The chosen species are relatively closely related species by Neduva et
al., 2005. The Figure 3.4B shows sequence conservation of known phosphorylation
sites in HEC1/Ndc80 between human, chicken and zebrafish.

Figure 3.4: Motif sequence conservation. (A) Pruned phylogenetic tree depicting chosen vertebrate
species, human (H.sapiens), chicken (G.gallus) and zebrafish (D.rerio). Phylogenetic tree was made in
phyloT (http://phylot.biobyte.de/index.html) and visualized using iTol (Letunic and Bork, 2016). (B)
Sequence alignment of HEC1/Ndc80 in human, chicken and zebrafish. Sequence UniProt IDs are
O14777, Q76I89 and Q6DRJ7, respectively. Sequences were aligned using ClustalOmega (Sievers et
al., 2011) and formatted with ESPRIPT (Gouet et al., 1999). The conserved residues are highlighted in
red. Amino acid numbering is relative to the human HEC1/Ndc80 sequence. Reported pS are marked
with P and the whole phosphomotif with a black rectangle.

In order to implement a conservation filter in our bioinformatics we looked
for genes that have 1-1 orthologs in Chicken and Zebrafish. The number of human
genes with 1-1 orthologs in Chicken and Zebrafish is 16524 out of which 6604
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encode proteins with at least one motif site in all three species. This pre-requisite
for 1-1 orthologs in human, chicken and zebrafish significantly decreased the
number of possible candidates for Aurora kinases, without any filter applied.
Importantly, all the mentioned numbers are derived based on 1-1 orthologs. Use of
this filter in conjuction with all others revealed only 11 human genes encoding
centrosomal proteins with 50% sequence disorder, at least four consensus sites in
100 amino acids region and 50% conservation in sequence between human, chicken
and zebrafish.
The limitation of this filter is that stringent conservation analysis conflicts
with the analysis of multisite phosphorylation. For instance, the function of
phosphorylation might be the regulation of bulk electrostatic charges in some
regions of a protein, which then influence interactions of different domains inside a
protein or more often protein-protein interactions. In this case where the function
of phosphorylation is more dependent on the number of phosphorylated residues
than their position, the number of phosphosites is more conserved than position
(Landry et al., 2009).
The last filter implemented was based on extracting genes involved in
mitotic pathways. This filter serves to choose tissue of interest where new
substrates could be identified. For that we incorporated the Rectome database into
our bioinformatic search (Fabregat et al., 2016; Milacic et al., 2012). This filter
enables specifying the search for possible phosphorylation candidates to genes
involved in cell cycle pathways.
Reported substrates of both Aurora kinases, such as HEC1/Ndc80,
Kif2c/MCAK, TPX2, Kif23/MKLP1, PLK1, TACC3, topoisomerase II alpha, LATS2,
CENPE, NuMa and others, appeared in the bioinformatic list of candidates
(Cheeseman et al., 2002 ; DeLuca et al., 2006; Ciferri et al., 2008; Akiyoshi et al.,
2009; Andrews et al., 2004; Ohi et al., 2004; Kufer et al., 2002; Fu et al., 2015; Guse
et al., 2005; Neef et al., 2006; Douglas et al., 2010; Macůrek et al., 2008; Seki et al.,
2008; Bruinsma et al., 2014; Giet et al., 2002; LeRoy et al., 2007; Toji et al., 2004;
Kim et al., 2010; Gallini et al., 2016).
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3.2.2 Validation of predicted candidates phosphorylation by Aurora kinases
in vitro
Accuracy of prediction of Aurora kinase substrates by our bioinformatic tool
was tested by direct phosphorylation of selected new candidates by Aurora kinases.
I performed in vitro phosphorylation assays using recombinant Aurora kinases,
purified recombinant candidate proteins and γ 32P-ATP. Incorporation of radioactive
γ

32

P by a candidate in the process of phosphorylation is detected by

autoradiography. A simplified diagram of experimental design is presented in Figure
3.5.

Figure 3.5: Schematic representation of experimental design for testing protein candidate
phosphorylation by Aurora kinases.

3.2.2.1 Selection of candidates for in vitro validation
Selection of the candidates to test their phosphorylation by Aurora kinases
was performed using a defined combination of filters. I first selected a combination
of filters with less stringency, but with potential to narrow down and specify the
search. I chose to search for the candidates with at least two phosphorylation
motifs in a smaller region of 100 amino acids, and with minimum of 15% sequence
disorder in a region, but with 60 % conservation between human, chicken and
zebrafish. I filtered the search based on several GO terms connected with
kinetochore, MTs and centrosomes. This set of filters decreased the number of
potential candidates (Table 3.1). Then I narrow down the search more, with higher
stringency in selected filters. I selected candidates with more phosphorylation
motifs and higher disorder in the region of phosphorylation but with high
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conservation, which can contribute to functionally more relevant phosphorylation
(Table 3.2). Finally, I selected the following candidates based on the bioinformatics
search results and their protein function in mitosis and/or reported cellular
localization in proximity of either Aurora kinases: CLASP2, MEL-28/ELYS (AHCTF1),
Nup107, TTLL4, SPICE1 and KIAA1468 as potential Auroras substrates.
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Table 3.1: List of candidates derived from bioinformatics with less stringent filtering.
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Table 3.1: List of candidates derived from bioinformatics with more stringent filtering.

CLASP2
CLASP2 (CLIP-associating protein also known as Cytoplasmic linker
associated protein) is a well known MAP, which localizes to MTs plus ends in
interphase and in mitosis (Akhmanova, et al., 2001; Maiato et al., 2002; MimoriKiyosue et al., 2005). CLASP2 also localizes to other cellular structures, such as the
outer corona of kinetochores (Maiato et al., 2003; Pereira et al., 2006; MimoriKiyosue et al., 2006), centrosomes (Pereira et al., 2006), spindle MTs and central
spindle (Maiato et al., 2003; Inoue et al., 2004; Maiato et al., 2005; Dumont et al.,
2010). CLASP2 can bind MTs directly through HEAT domains or TOG-like domains in
its N terminus and through its central region, which is rich in S, P and R
(Akhmanova, et al., 2001; Mimori-Kiyosue et al., 2005; Al-Bassam et al., 2010; Patel,
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et al., 2012). CLASPs are targeted to the MT plus ends through interactions of their
central region with EB1-related proteins and also through interaction of their C
terminus with CLIP proteins (Akhmanova, et al., 2001; Mimori-Kiyosue et al., 2005;
Galjart, 2005).
The CLASPs family of proteins are highly conserved and required for
chromosome congression, spindle bipolarity and the attachment of MTs to
kinetochores, through regulation of MT dynamics (Maiato et al., 2002; Maiato et al.,
2003; Máthé et al., 2003; Pereira et al., 2006; Maffini et al., 2009; Maia et al., 2012).
Additionally, CLASPs regulate steady-state spindle geometry (Young et al., 2014).
Localizing at the MTs of the central spindle in anaphase, CLASPs also function in
chromosome separation (Maiato et al., 2003; Inoue et al., 2004; Dumont et al.,
2010). CLASPs mitotic function at the kinetochores is regulated through the activity
of several kinases. Phosphorylation of CLASP2 by Cdk1 and Plk1 in mitosis is
required

for

stable

kinetochore-MT

attachments

(Maia

et

al.,

2012).

Phosphorylation sites for these kinases are mapped near the kinetochore-binding
region in CLASP2 in the C terminus. It was reported that Aurora B indirectly controls
recruitment of CLASP to the kinetochore via Astrin-SKAP complex (Schmidt et al.,
2010). However, it is not known whether Aurora kinases directly phosphorylate
CLASP2, while localization at the kinetochores and MT plus ends makes it a
potential substrate of Aurora kinases.
Our bioinformatic approach predicts two clusters of five phosphorylation
sites in central region of human CLASP2, just after MT- binding TOG-like domains as
well as before and between EB-1 binding motifs. Interestingly, predicted
phosphorylation sites from the second cluster are close or they overlap with
glycogen synthase kinase-3 (GSK3) phosphorylation sites (Maki et al, 2015; Figure
3.6). There are two more phosphorylation sites at the C terminus, which is reported
to be the kinetochore targeting domain (Mimori-Kiyosue et al., 2006; Pereira et al.,
2006).
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Figure 3.6: Predicted phosphorylation sites in CLASP2. Phosphorylation consensus motifs that our
bioinformatics found are marked with black rectangles, while P marks position of predicted
phosphorylation. Two SxIP, EB1-binding motifs, are shaded in purple. Black asterisks mark reported
phosphorylation by GSK3 and green asterisk Cdk1 phosphorylation (Kumar et al., 2009). Human
CLASP2 isoform X15 (NCBI: XP_006713112.1) that was used in this study was aligned with chicken
(UniProt ID A0A1D5P1B0) and zebrafish CLASP2 (A3KPT4) using ClustalOmega (Sievers et al., 2011)
and formatted with ESPRIPT (Gouet et al., 1999). The conserved residues are highlighted in red.
Amino acid numbering is relative to the human CLASP2 sequence.

ELYS
ELYS (Embryonic large molecule derived from yolk sac, also known as
AHCTF1 and MEL-28 in C.elegans) localizes to the nuclear rim and nucleoplasm in
interphase and to the kinetochores, spindle poles and proximal MTs in mitosis (Galy
et al., 2006; Fernandez and Piano, 2006; Rasala et al., 2006; Franz et al., 2007;
Yokoyama et al., 2014; Gómez-Saldivar et al., 2016). Direct binding of MEL-28/ELYS
to MTs is through the AT-hook and nuclear localization sequence (NLS) found within
the C terminus (Yokoyama et al., 2014). MEL28/ELYS is recruited to chromatin in
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late anaphase (Rasala et al., 2006). Recruitment of MEL28/ELYS to chromatin before
telophase is essential for nuclear pore re-assembly at the nuclear envelope due to
the recruitment of Nup107-160 complex and other nucleoporins (Rasala et al.,
2006; Franz et al., 2007; Hattersley et al., 2016). The nuclear envelope forms in
MEL-28/ELYS depletion, but without pores (Franz et al., 2007).
The function of MEL-28/ELYS in mitosis is likely to be species-specific. It is
required for timely regulation of cytokinesis and in vitro spindle assembly (in
Xenopus egg extracts) through a non-centrosomal pathway mediated by Randependent recruitment of γ-tubulin to MTs (Rasala et al., 2006; Yokoyama et al.,
2014). Moreover, MEL-28/ELYS interaction with the catalytic subunit of proteinphosphatase 1 (PP1c) is important to direct meiotic chromosome segregation and
nuclear reassembly in C.elegans (Gómez-Saldivar et al., 2016; Hattersley et al.,
2016). The mitotic function of human ELYS remains poorly understood. There are
three Aurora kinase phosphorylation sites mapped by mass spectrometry in MEL28/ELYS (Kettenbach et al., 2011), but the mechanism of MEL-28/ELYS regulation by
phosphorylation remains unknown. Described localization at the kinetochores,
spindle poles and proximal MT makes MEL-28/ELYS potential substrates of both
Aurora kinases.
Bioinformatic analysis predicts multiple phosphorylation sites in the
disordered C terminus of human ELYS; three sites closer to the central helical
domain (CHD) (Bilokapic and Schwartz, 2013), four predicted sites closer to the far C
terminus and six sites at the very end of the C terminus (some of these are
presented in Figure 3.7A and B).
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Figure 3.7: Predicted phosphorylation sites in ELYS. A and B presenting two segments of ELYS.
Predicted phosphorylation consensus motifs are marked with black rectangles and predicted
phosphorylation with letter P. Reported PP1c docking sites are shaded in yellow (Hattersley et al.,
2016). Asterisks mark Aurora B reported phosphorylation from mass spectrometry study
(Kettenbach et al., 2011). Human, chicken and zebrafish ELYS sequences (UniProt IDs Q8WYP5,
E1C6A6, X1WE68, respectively) are aligned using ClustalOmega (Sievers et al., 2011) and formatted
with ESPRIPT (Gouet et al., 1999). The conserved residues are highlighted in red, while amino acid
numbering is relative to the human ELYS sequence.
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Nup107
Nup107 (Nucleoporin 107 kDa) is the component of Nup107-Nup160
complex, which in vertebrates contains nine proteins: Nup160, Nup133, Nup107,
Nup96, Nup85, Nup43, Nup37, Sec13 and Seh1 (Belgareh et al., 2001; Vasu et al.,
2001; Cronshaw et al., 2002; Harel et al., 2003; Loïodice et al., 2004). Nup107 as
part of this complex localizes to the nuclear rim and nucleoplasm in interphase
(Boehmer et al., 2003; Walther et al., 2003). During mitosis, the Nup107-160
complex targets to kinetochores through CENP-F and Ndc80 and to the spindle
poles and proximal MT in prometaphase in human cells (Belgareh et al., 2001; Harel
et al., 2003; Loïodice et al., 2004; Orjalo et al., 2006; Zuccolo et al., 2007). In X.leavis
egg extracts, Nup107-160 complex is found at the spindle MTs and kinetochores
until late anaphase (Enninga et al., 2003; Orjalo et al., 2006).
Nup107, as part of Nup107-160 complex, is essential for nuclear pore reassembly at the mitotic exit and maintenance of NPCs (Doye et al., 1994; Aitchison
et al., 1995; Siniossoglou et al., 1996; Harel et al., 2003; Walther et al., 2003). The
Nup107-160 complex regulates in vitro bipolar spindle assembly (Orjalo et al.,
2006). The Nup107-160 complex contributes to kinetochore-MT assembly through
recruitment of the γ-TuRC to the kinetochores in a Ran-GTP dependent manner
(Mishra et al., 2010). Seh1 as part of Nup107-160 complex (Platani et al., 2009), as
well as C.elegans Nup107/NPP-5, were implicated in regulation of the centromeric
localization of Aurora B and other CPC proteins (Ródenas et al, 2012). Several
components of the complex, proteins Nup160, Nup133, Nup96 and Nup107 are
phosphorylated in mitosis by an unidentified kinase in their disordered N termini
(Glavy et al., 2007). Phosphorylation regulates the interaction of Nup107-Nup160
complex with other proteins and not the interaction within the subcomplex (Glavy
et al., 2007). The exact function of this phosphorylation remaines unknown.
Kinetochore localization of the Nup107-160 complex makes it an ideal substrate of
Aurora kinases.
Our bioinformatics predicts several phosphorylation sites in three
components of this complex: Nup160, Nup133 and Nup107. The human Nup107
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contains three predicted phosphorylation sites, one at the beginning of the
disordered N terminus and two others at the part of N terminus containing αhelices, responsible for assembly of Nup107 and Nup130 into the Nup107-160
subcomplex and NPCs (Boehmer et al., 2008; Figure 3.8A). There is one
phosphorylation site in Nup107 at the end of the C terminus. The Nup107 C
terminus is responsible for interaction with the C terminus of Nup133 in the
subcomplex (Belgareh at al., 2001; Berke et al., 2004; Figure 3.8B).
TTLL4
TTLL4 (Tubulin tyrosine ligase like) is a cytoplasmic polyglutamylase,
responsible for adding glutamate amino acids to proteins (van Dijk et al., 2008; see
1.2), while its main function is the modification of the C terminus of tubulin in MTs
(van Dijk et al., 2007; Rogowski et al., 2010). TTLL4 also localizes to the C.elegans
sensory cilia (Kimura et al., 2010).
This enzyme is part of TTLL family of proteins that in humans count nine
members, TTLL1/2/4/5/6/7/9/11/13, most of them with polyglutamylase activities
(van Dijk et al., 2007). TTLL4 binds MTs through a highly conserved cationic catalytic
domain found in all TTLLs (Garnham et al., 2015). TTLL4 is the main polyglutamylase
enzyme in HeLa cells, which preferentially modifies the β-tubulin C terminus, but
also other proteins, such as nucleosome assembly proteins NAP1 and NAP2, (van
Dijk et al., 2007 and 2008; Garnham et al., 2015). Polyglutamylation of MTs
regulates activity of many non-motor MAPs, kinesins and MT severing proteins
(Boucher et al., 1994; Larcher et al., 1996; Bonnet et al., 2001; Lacroix et al., 2010;
Sirajuddin et al., 2014; Valenstein and Roll-Mecak, 2016). Distribution of MT
polyglutamylation is very specific in mitosis. Only spindle MTs and not astral MTs
are polyglutamylated and centrosomes contain MTs with long polyglutamate chains
(Lacroix et al., 2010). In cytokinesis, polyglutamylation is restricted to the midbody
(Lacroix et al., 2010). It is not known whether MT polyglutamylation regulates
mitosis. Additionally, the mechanism of polyglutamylation and its specific
distribution in mitosis is not known. I was interested in examining whether Aurora
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kinases are involved in the regulation of tubulin polyglutamylation, and through this
process controlling the fidelity of mitosis.

Figure 3.8: Predicted phosphorylation sites in Nup107. A and B depicting the N terminus and C
terminus end of Nup107, respectively. Rectangles mark predicted consensus motifs, while P marks
predicted phosphorylation. Aligned sequences of human, chicken and zebrafish Nup107 sequences
(UniProt IDs P57740, F1NH49 and A0A0R4IJT3, respectively) using ClustalOmega (Sievers et al., 2011)
are formatted with ESPRIPT (Gouet et al., 1999). The conserved residues are highlighted in red, while
amino acid numbering is relative to the human Nup107 sequence.
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Several phosphorylation sites are predicted by our bioinformatics in three
members of TTLL family, TTLL11, TTLL9 and TTLL4. There is a cluster of five
predicted sites in human TTLL4, adjacent to the catalytic domain (Garnham et al.,
2015; Figure 3.9).

Figure 3.9: Predicted phosphorylation sites in TTLL4. Rectangles mark predicted consensus motifs,
while P marks the position of predicted phosphorylation. Human TTLL4 sequence (UniProt ID
Q14679) was aligned with chicken (F1P4H7) and zebrafish TTLL4 (F1Q6C4) using ClustalOmega
(Sievers et al., 2011) and formatted with ESPRIPT (Gouet et al., 1999). The conserved residues are
highlighted in red, and numbering of amino acids is relative to human TTLL4 sequence.
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SPICE1
SPICE1 (spindle and centriole-associated protein 1, also known as ccdc25)
localizes to the mitotic spindle and centrioles, as its name suggests (Andersen et al.,
2003; Archinti et al., 2010). SPICE1 is required for centriole duplication, regulation
of spindle architecture and chromosome congression in mitosis (Archinti et al.,
2010). SPICE1 interacts with the centrosome proteins CEP120 and CPAP (Sas4 in
Drosophila) and this interaction is required for centriole elongation (Comartin et al.,
2013). SPICE1 over-expression does not lead to abnormal centriole elongation.
SPICE1 depletion leads to shorter MTs in the centriole barrel observed by electron
microscopy, as well as a decrease in acetylated and glutamylated tubulin in the
centriole region (Comartin et al., 2013). Still, the function of SPICE1 is not very well
characterized. Several large proteomics studies using HeLa cells identified
phosphorylation sites in SPICE1, however, neither the function of this
phosphorylation nor the kinases that contribute to the phosphorylation are known
(Beausoleil et al., 2004; Olsen et al., 2006). SPICE1 localization at the centrosome
and spindle makes it a potential substrate of Aurora kinases.
Our bioinformatics predicts five phosphorylation sites in the C terminus
region of human SPICE1 (Archinti et al., 2010; Figure 3.10).
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Figure 3.10: Predicted phosphorylation sites of SPICE1. Rectangles mark predicted consensus
motifs, while P marks the position of predicted phosphorylation. Human, chicken and zebrafish
sequences of SPICE1 (UniProt ID Q8N0Z3, A0A1L1RXK9, F1QIY8, respectively) are aligned using
ClustalOmega (Sievers et al., 2011) and formatted with ESPRIPT (Gouet et al., 1999). The conserved
residues are highlighted in red, and numbering of amino acids is relative to human SPICE1 sequence.
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KIAA1468
KIAA1468 is selected based on our bioinformatic analysis as an
uncharacterised protein. It is a lisH (lis homology) domain and HEAT-repeatcontaining protein according to UniProt. HEAT domains are present in other MTsbinding proteins such as CLASP2 and XMAP215/Ch-TOG, where the HEAT domain
interacts with the MTs (Akhmanova, et al., 2001). Thus I hypothesized that
KIAA1468 interacts with MTs. RNAi-based KIAA1468 depletion in the Mitocheck
database (Neumann et al., 2010; Hutchins et al., 2010) is associated with
chromosome segregation defects, lagging chromosomes and multinucleated cells.
Nonetheless, KIAA1468 is still a largely uncharacterised protein.
There is a cluster of five predicted phosphorylation sites in the middle of the
longest isoform of human KIAA1468 and at the beginning of shorter CRA_a isoform,
(Figure 3.11). Therefore, I hypothesized that KIAA1468 is a substrate of Aurora
kinases, potentially on the MTs.
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Figure 3.11: Predicted phosphorylation sites in KIAA1468. Sequence alignment of human KIAA1468
Cra_a isoform (Q96ES0), chicken KIAA1468 (F1NQF9) and zebrafish (A0A0R4IK69) was performed
using ClustalOmega (Sievers et al., 2011) and formatted with ESPRIPT (Gouet et al., 1999). The
conserved residues are highlighted in red. Amino acid numbering is relative to the human KIAA1468
sequence. Rectangles mark predicted consensus motifs, while P marks the position of predicted
phosphorylation.
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3.2.2.2 Purification of recombinant proteins and protein fragments
To test the phosphorylation of selected candidates by in vitro kinase assays, I
used commercial His-tagged human recombinant Aurora A and recombinant GSTIpl1 (yeast homologue of Aurora B). I expressed GST-Ipl1 in bacteria, and purified it
by affinity chromatography, followed by size-exclusion chromatography (Figure
3.12A and B). After the second purification step, there were two pools of GST-Ipl1. A
kinase pool with a contaminant was eluting first. Ipl1 degradation was most
prominent in fractions with clean kinase without contaminant (Figure 3.12B). I
performed a phosphorylation assay with outer kinetochore protein Ndc80 bonsai
(Ciferri et al., 2008) as a substrate to the test the activity of the purified pools of
GST-Ipl1. I tested whether Ndc80 was phosphorylated using an antibody specific to
phosphorylated S55, which is known to be phosphorylated by Aurora kinases (see
2.2.3). I found that both purified pools of GST-Ipl1 kinase phosphorylated
Ndc80bonsai (Figure 3.13). This indicated that GST-Ipl1 is active.
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Figure 3.12: Two-step purification of recombinant yeast GST-Ipl1 kinase. (A) Sample analysis after
affinity chromatography. Clarified bacterial lysate was loaded onto glutathione Sepharose beads
after sonication (remaining pellet in Lane 1). Lanes 2, 3 and 4 shows the unbound fraction and the
two wash fractions. Lanes 5-9 shows bound material eluted with 20 mM glutathione. (B) Sizeexclusion chromatography and analysis. The eluted fractions from an S200increase column were
analysed on SDS-PAGE (Lanes 1-14). Lanes 7-10, containing clean GST-Ipl1, were pooled and
concentrated. Lanes 2-4 represent samples from gel filtration fractions corresponding to the first
peak marked with an asterisk on the gel filtration profile. These fractions contain GST-Ipl1 with a
contaminant and they were separately pooled and concentrated.
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Figure 3.13: Purified GST-Ipl1 kinase is active. Phosphorylation reactions were performed in the
presence of 10 mM ATP in kinase buffer and 4μg of substrate for 30 min at 37:C. Reactions were
terminated by addition of SDS sample loading buffer and products were separated on SDS
polyacrylamide gel. Ponceau staining of the nitrocellulose membrane after western blotting transfer
showed the positions of Ndc80bonsai complex (Ciferri et al., 2008) and purified GST-Ipl1 relative to the
molecular weight marker. GST-Ipl1 with a contaminant is labelled with an asterisk. Phosphorylation
was detected with antibody against phosphorylated S55 on HEC1/Ndc80.

Next, I tested whether the predicted substrates were phosphorylated in
vitro by Aurora kinases. Test expression was first conducted for three full-length
human proteins Nup107, KIAA1468 and SPICE1, with 107 kDa, 97 kDa and 96 kDa
molecular masses, respectively. Since the full-length proteins were insoluble, I
purified fragments of those proteins containing the predicted phosphorylation sites.
The same principle was applied for larger human proteins, ELYS (252 kDa), CLASP2
(169 kDa) and TTLL4 (133 kDa). All the fragments were expressed and purified with
6xHis tag at the C terminus, which is preceded by the 3C protease cleavage site so
that, if needed, the tag can be cleaved with this protease.
CLASP2 has ten predicted phosphorylation sites clustered in the central
disordered region of the protein (see 3.2.2.1 and Figure 3.6). I purified two short
fragments, CLASP2551-668 and CLASP2741-818 each containing five predicted sites.
Sequencing of the construct used for cloning revealed it was CLASP2 isoform X15,
which differs from CLASP2 isoform α by an additional 63 bp in the second fragment.
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The expected molecular masses of CLASP2551-668 and CLASP2741-818, based on their
amino acids sequence, are 14 kDa and 10 kDa, respectively. Purified fragments were
of expected size on the gel (Figure 3.14 and Figure 3.15). A third CLASP2 fragment
tested in vitro, CLASP21232-1527 containing the C terminus, was previously purified in
the lab by Sarah Young.
I purified two fragments from the ELYS C terminus. The first fragment,
ELYS1149-1329, contains three predicted sites and has a predicted molecular mass of
22 kDa. The second fragment, ELYS1858-2014, contains four predicted sites and has a
predicted mass of 20 kDa. ELYS1149-1329 exhibited some minimal degradation
indicated by smaller bands on the gel. ELYS1858-2014 was purified with a low amount
of contaminant indicated by the higher band on the gel (Figure 3.16 and Figure
3.17).
Next, I generated two fragments of nuleoporin Nup107, expressed as in
Boehmer et al., 2008; Nup1071-644 with 76 kDa mass and the 33 kDa C terminus,
Nup107658-925. Two-step-purification was performed for both fragments. The
previously crystalized (Boehmer et al., 2007) Nup107 C terminus, was more stable
and gave a higher yield. Despite that, there was some level of unfolding as noticed
by the higher mass band containing chaperones, which were not separated after
second step of purification (Figure 3.18 and Figure 3.19). Chaperones have been
noticed previously in the purification of nucleoporins (Rasala et al., 2006).
I then expressed and purified TTLL4330-624, with predicted mass of 35 kDa.
This fragment contains multiple predicted phosphorylation sites in the central
region, just before catalytic domain. The purified fragment run higher on the gel
compared to the predicted size, and a contaminant with mass slightly higher than
25 kDa remained after second purification step. Similarly to purified Nup107
fragments, residual chaperons can be seen in the TTLL4 purification, running at 70
kDa and indicating a certain degree of unfolding (Figure 3.20).
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Figure 3.14: Two-step purification of recombinant human CLASP2 551-668. (A) Sample analysis after
affinity chromatography. Clarified lysate was loaded onto Ni-NTA beads after sonication (remaining
pellet in Lane 1). Lanes 2, 3 and 4 shows the unbound fraction and the two wash fractions. Lanes 5-9
shows bound material eluted with buffer containing 250 mM Imidazole. (B) Size-exclusion
chromatography and analysis. The eluate absorbance from a Superdex75 column was monitored at
280 nm and 0.5 ml fractions were collected. The subsequent analysis was performed on SDS-PAGE
(Lanes 1-13). Lanes 7-9, containing clean and highly concentrated CLASP2 551-668, were pooled.
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Figure 3.15: Two-step purification of recombinant human CLASP2 741-818. (A) Sample analysis after
affinity chromatography. Clarified lysate was loaded onto Ni-NTA beads after sonication (remaining
pellet in Lane 1). Lanes 2, 3 and 4 shows the unbound fraction and the two wash fractions. Lanes 5-9
shows bound material eluted with buffer containing 250 mM Imidazole. (B) Size-exclusion
chromatography and analysis. The eluted fractions from a Superdex75 column were analysed on
SDS-PAGE (Lanes 1-14). Lanes 12-13, containing 10 kDa CLASP2741-818, were pooled and concentrated.
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Figure 3.16: Two-step purification of recombinant human ELYS 1149-1329. (A) Sample analysis after
affinity chromatography. Clarified lysate (Lane 1) was loaded onto Ni-NTA beads after sonication
(remaining pellet in Lane 2). Lanes 3-6 shows the unbound fraction and the three wash fractions.
Lanes 7-9 shows bound material eluted with Imidazole buffer. (B) Size-exclusion chromatography
and analysis. The eluted fractions from a Superdex75 column were analysed on SDS-PAGE (Lanes 110). Lanes 6-8, containing ELYS1149-1329, were pooled and concentrated.
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Figure 3.17: Two-step purification of recombinant human ELYS1858-2014. (A) Sample analysis after
affinity chromatography. Clarified lysate was loaded onto Ni-NTA beads after sonication (remaining
pellet in Lane 1). Lanes 2-4 shows the unbound fraction and the two wash fractions. Lanes 5-9 shows
bound material eluted with buffer containing 250 mM Imidazole. (B) Size-exclusion chromatography
and analysis. The eluted fractions from a Superdex75 column were analysed on SDS-PAGE (Lanes 114). Lanes 3-4, containing ELYS1858-2014, were pooled and concentrated.
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Figure 3.18: Two-step purification of recombinant human Nup1071-644. (A) Sample analysis after
affinity chromatography. Clarified lysate is loaded onto Ni-NTA beads after sonication and remaining
pellet is in Lane 1. Lanes 2-5 shows the unbound fraction and the three wash fractions. The eluted
material is in Lanes 6-8. (B) Size-exclusion chromatography and analysis. The eluted fractions from an
S200increase column were analysed on SDS-PAGE (Lanes 1-10). Lanes 2-4, containing Nup1071-644,
were pooled and concentrated.
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Figure 3.19: Two-step purification of recombinant human Nup107 658-925. (A) Sample analysis after
affinity chromatography. Remaining pellet after loading clarified lysate onto Ni-NTA beads is in Lane
1. Lanes 2-4 shows the unbound fraction and the two wash fractions. The eluted material with 250
mM Imidazole is in Lanes 5-9. (B) Size-exclusion chromatography and analysis. The eluted fractions
from an S200increase column were analysed on SDS-PAGE (Lanes 1-12). Lanes 6-8, containing the
highest concentration of Nup107658-925, were pooled and concentrated.
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Figure 3.20: Two-step purification of recombinant TTLL4330-624. (A) Sample analysis after affinity
chromatography. Clarified lysate after sonication was loaded onto Ni-NTA beads; remaining pellet is
in Lane 1. Lanes 2 and 3 shows the unbound fraction and the wash fraction. Lanes 4-9 shows bound
material eluted with 250 mM Imidazole. (B) Size-exclusion chromatography and analysis. The eluted
fractions from an S200increase column were analysed on SDS-PAGE (Lanes 2-12) and Lane 1 shows
sample loaded onto S200 column. Lanes 7 and 8, containing 35 kDa TTLL4330-624, were pooled and
concentrated.
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The

SPICE1

C

terminus,

SPICE1549-855,

containing

five

predicted

phosphorylation sites and with a predicted mass of 36 kDa, was purified by affinity
chromatography, followed by buffer exchange (Figure 3.21A and B). The N terminus
of KIAA1468, which contains six predicted phosphorylation sites, was insoluble and
stayed in the pellet after affinity chromatography with only chaperons remaining in
elution fractions as observed in Figure 3.21C. A process of isolation and
solubilisation of inclusion bodies was applied, followed by refolding of solubilised
protein (described in the Materials and Methods).

Figure 3.21: Purification of SPICE1 C terminus and N terminus of KIAA1468. (A) Sample analysis
after affinity chromatography of SPICE1549-855. Clarified lysate was loaded onto Ni-NTA beads and
remaining pellet analysed in Lane 1. Lanes 2-4 shows the unbound fraction and the two wash
fractions. Eluted material is in Lanes 5-9. (B) SPICE1549-855 sample visualized on SDS-PAGE after buffer
exchange. (C) Sample analysis after affinity chromatography of KIAA1468 1-292. Clarified lysate after
sonication was loaded onto Ni-NTA beads and purification proceeded towards elution as usual. Lanes
2-5 shows the unbound fraction and the three wash fractions. Lanes 6-8 shows elution fractions.
Lane 1 represents cell pellet.

3.2.2.3 AHCTF1, CLASP2, TTLL4, SPICE1 and KIAA1468 are in vitro
phosphorylation substrates of Aurora A and Aurora B kinases
To test whether selected candidates are phosphorylated by Aurora kinases,
purified protein fragments, containing predicted phosphorylation sites, were
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subjected to in vitro radio-labelled phosphorylation assays. The first assay was
performed with GST-Ipl1 (yeast Aurora B) against the purified candidate substrates.
Ndc80bonsai (Ciferri et al., 2008) served as a positive control, while the recombinant C
terminus of human Kif18b (Kinesin family member 18b) served as a negative
control, since it does not contain phosphorylation sites of Aurora kinases as
predicted by our bioinformatics. Approximately, 1 µg of each protein is used.
ELYS1149-1329 was heavily phosphorylated by Ipl1/Aurora B, while CLASP2 551-668 was
phosphorylated only weakly as seen in Figure 3.22. No phosphorylation was
observed in the CLASP2 C terminal kinetochore-targeting domain (Mimori-Kiyosue
et al., 2006; Pereira et al., 2006), CLASP21232-1527. Neither Nup1071-644 nor Nup107658925

showed phosphorylation by Ipl1/Aurora B. This indicates that Nup107 is not

Aurora B substrate (Figure 3.22). Similar results were obtained in kinase assay with
recombinant Aurora A (data not shown).

Figure 3.22: Radio-labelled kinase assay revealed ELYS and CLASP2 phosphorylation by Ipl1.
32
Phosphorylation reactions were performed for 30 min at 37:C in the presence of 5 µCi γ P-ATP, 10
mM cold ATP, 1 µg substrate and 1 µl GST-Ipl1. Simultaneously, the same reactions were performed
32
without γ P-ATP. Reactions were terminated by addition of SDS-sample loading buffer and proteins
were separated by SDS-PAGE (15%). The gel with radioactive sample was dried and exposed to film
overnight at -80:C, while the non-radioactive gel was stained with coomassie Blue. Asterisks mark
the positions of protein fragments on the coomassie gel and autoradiogram.
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I then tested remaining purified fragments of human CLASP2, ELYS, TTLL4,
SPICE1 and KIAA1468 for phosphorylation with 1 µg of GST-Ipl1/Aurora B and much
lower 0.2 µg of His-Aurora A. I observed phosphorylation in CLASP2741-818, ELYS18582014,

TTLL4330-624, SPICE1549-855 and KIAA14681-292, while Nup107658-925 was confirmed

again not to be phosphorylated by both Aurora kinases (Figure 3.23). Strong autophosphorylation of Ipl1 was also visible, and some weak auto-phosphorylation of
commercial Aurora A. This was expected as I used a higher amount of Ipl1 than
Aurora A in the assay. GST-Ipl1 used in the assay showed degradation during
purification (see 3.2.2.2). In the kinase assay, Ipl1 fragmentation products were also
phosphorylated and observed on the autoradiograms. This phosphorylation of
kinase degradation fragments was displayed as specific pattern below the autophosphorylation signal of full length GST-Ipl1.

Figure 3.23: CLASP2, ELYS, TTLL4, SPICE1 and KIAA1468 are substrates of both Aurora kinases.
Figure continues on the following page.
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Figure 3.23: CLASP2, ELYS, TTLL4, SPICE1 and KIAA1468 are substrates of both Aurora kinases.
Phosphorylation reactions were performed with either 1 µg GST-Ipl1 or 0.2 µg His-Aurora A and in
32
the presence of 5 µCi γ P-ATP, 10 mM cold ATP, 1 µg substrate for 30 min at 37:C. Additional
32
reactions were prepared in the same manner but without γ P-ATP and run simultaneously.
Reactions were terminated by addition of SDS-sample loading buffer and proteins were separated by
SDS-PAGE (15% and 10%). The gels with radioactive sample were dried and exposed to film at -80:C,
while non-radioctive gels were stained with coomassie Blue. Asterisks mark the positions of GST-Ipl1
or its autophosphorylation on the coomassie gels and autoradiograms. Arrows indicate relative
positions of protein fragments. Note that contaminants in the sample with TTLL4 and SPICE1 run at
almost similar height as GST-Ipl1.
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3.3 Discussion
There are still mitotic processes that are likely to involve regulation by
Aurora kinases with unclear mechanisms. Identifying phosphorylation substrates of
Aurora kinases will contribute to a better understanding of those mechanisms. I
developed a bioinformatic tool in collaboration with bioinformatician Dr Alastair
Kerr to predict new substrates of Aurora kinases. The novelty of our approach is to
use existing tools not in a conventional linear manner but in a more flexible way,
enabling us to narrow the search by using various combinations of the availiable
filters at any time. This approach enables users to adjust bioinformatic filters and
their search according to their needs (Figure 3.24).

Figure 3.24: Schematic diagram of bioinformatic design with non-linear flow of available filters. An
interactive table with filters was made by Dr Alastair Kerr, as well as all program scripts. Diagram of
bioinformatics design is adapted using visual material from corresponding websites used to create
bioinformatic tool; BioMart at: http://www.ensembl.org/biomart; EMBL tool for pairwise sequence
alignment http://www.ebi.ac.uk/Tools/psa/emboss_stretcher/; Disorder region finder at
http://iupred.enzim.hu/; Reactome database at http://reactome.org/. Web-available, user-friendly
interactive interface is made using Shiny (available at https://shiny.rstudio.com/).
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Using the bioinformatic approach developed, I found new putative
phosphorylation sites in proteins that have not been previously demonstrated as
Aurora kinase substrates. I then selected candidates derived from my bioformatics
analysis to validate them as Aurora kinase substrates in vitro. With this approach, I
found that five out of six selected candidates were directly phosphorylated by
Aurora kinases. In this study, I revealed that Aurora kinases phosphorylate the MT
plus

end

protein

polyglutamlylase

CLASP2,

TTLL4,

kinetochore-bound

spindle

and

nucleoporin

centrosome

protein

Mel28/ELYS,
SPICE1

and

uncharacterized protein KIAA1468. It was not clear how many sites were
phosphorylated by Aurora kinases from the in vitro assay. Future mass spectroscopy
analysis would help to identify this.
Although, the function of these phosphorylation sites needs to be
determined in cells, it is interesting to discuss the data from in vitro assays in the
context of the reported function and regulation of these selected proteins. For
instance, two purified fragments of CLASP2 were found to be phosphorylated by
both Aurora kinases in this study. Particularly strong phosphorylation was observed
in the fragment CLASP2741-818. Predicted sites in this fragment are near to the SxIP
EB1-binding motifs, and also flanked by closely spaced phosphorylation sites of
GSK3 (Kumar et al., 2009). These predicted sites of Aurora kinases are present in an
intrinsically disordered region of CLASP2 that is conserved between species (see
Figure 3.6). As suggested previously, GSK3 multisite phosphorylation of this central
region in CLASP2 negatively regulates binding of CLASP2 to the EB1 and subsequent
accumulation at the MT plus ends, both in interphase and in mitosis (Kumar et al.,
2012). It was also reported that this GSK3 phosphorylation is dependent on
previous Cdk1 phosphorylation of S740 and S774 in CLASP2. Protein interactions
with EB1 are not just mediated via the SxIP motifs, but also through electrostatic
interactions between basic residues surrounding these motifs and the acidic C
terminus of EB1. Hence, it is expected that phosphorylation of S or T in the vicinity
of an SxIP motif, introducing negative charge, also reduces the attractive
electrostatic interaction of a protein with EB1 (Honnappa et al., 2009). It would be
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interesting to see, both in cells and in vitro, whether Aurora kinase phosphorylation
of the CLASP2 central region influences CLASP2 binding to MT plus ends in the same
manner as GSK3 phosphorylation. Additionally, cooperativity between Cdk1, GSK3
and Auroras, in the regulation of this region in CLASP2 could be investigated.
However, resolving this question in cells could be complicated, as many different
kinases may be interconnected in the regulation of CLASP2 activity. Hence, the
mutation of predicted phosphorylation could produce very subtle phenotypes, as
was similarly noted for GSK3 phosphomutants (Pemble et al., 2017).
Two recombinant fragments of Mel28/ELYS, hELYS1149-1329 and hELYS1858-2014
were found to be particularly strongly phosphorylated by both Aurora kinases in
this study. These fragments are positioned in the disordered C terminus of the
protein. A recent study by Hattersley et al., 2016 found two docking sites for PP1c in
the proximal part of the Mel28/ELYS C terminus. PP1c interaction with the C
terminus of kinetochore-bound Mel28/ELYS was shown to be important for
recruiting the phosphatase to the kinetochores in order to drive chromosome
segregation in meiosis I in C.elegans. Later, during exit from M phase, as
Mel28/ELYS shifts from kinetochores to chromatin, it pulls along the phosphatase,
which is then important for correct nuclear reassembly through dephosphorylation
of other nucleoporins (Hattersley et al., 2016). It was reported previously that PP1c
docking onto proteins is often regulated through phosphorylation of partner
proteins within or in the vicinity of the PP1c-docking site (Bollen et al., 2010). That is
why Hattersley and colleagues speculated that PP1c docking on the Mel28/ELYS C
terminus during meiosis is probably regulated through phosphorylation of this
region. Lack of Mel28/ELYS has already been connected with defects in cytokinesis
(Rasala et al., 2006; Yokoyama et al., 2014). Importantly, the sites predicted by our
bioinformatics in hELYS1149-1329 exactly coincide with both reported docking sites of
PP1c (Figure 3.7A). This fragment was directly phosphorylated by both Aurora
kinases in vitro. Further, both predicted phosphorylation sites are well conserved
between vertebrate species (Figure 3.7A). This phosphorylation was not detected
previously in the mass spectrometry study by Kettenbach et al. in 2011. Neither was
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it predicted by bioinformatics developed by Sardon and colleagues in 2010. This
could indicate that our bioinformatics predicted a completely new and conserved
mechanism of Aurora kinase regulation of cell division exit through phosphorylation
of the Mel28/ELYS C terminus. Of course, the functionality of this phosphorylation
detected in vitro has to be confirmed in vivo or in cells. Testing the role of
phosphorylation using phosphomutants in cells might be more challenging (but not
impossible), due to the multiple roles ELYS has in cells.
Regulation of other candidates by phosphorylation, TTLL4, SPICE1 and
KIAA1468, has not been previously described. In the case of KIAA1468, first its
mitotic function and localization in cells would have to be determined. Only if the
protein has important function in mitosis, it would be possible to test the effect of
Aurora kinase phosphorylation on that function. In the case of polyglutamylase
TTLL4, I can speculate that Aurora-driven multisite phosphorylation of the central
region near the catalytic domain, which also binds MTs, could potentially destabilize
MT binding of this enzyme through electrostatic repulsion. In this way, Aurora
kinases could selectively regulate polyglutamylation of distinct subsets of MTs, in
order to control the activity of numerous MAPs in cell division. This would be
difficult to test in cells. There are no inhibitors developed so far targeting
specifically TTLL4, due to the similarity in structure between numerous members in
TTLL family of polyglutamylases. Additional redundancy of function in the TTLL
family means it would be difficult to discover a mitotic phenotype of TTLL4
depletion, using siRNA or other methods. Without an established mitotic phenotype
it would impossible to test the effect of TTLL4 phosphorylation in mitosis. On the
contrary, SPICE1 has an established phenotype in mitosis, although the exact
mechanism of how SPICE1 influences centriole elongation and bipolar spindle
formation is not well understood (Archinti et al., 2010). I have found that the SPICE1
C terminus is phosphorylated in vitro by Aurora kinases. Since this fragment has not
been reported to bind either centrioles or the mitotic spindle (Archinti et al., 2010),
I can speculate that phosphorylation of this region could regulate SPICE1 centriolar
and MT-binding activities indirectly.
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In summary, the results presented in this chapter shows that I have
developed a bioinformatic tool, which is successful at predicting substrates of
Aurora kinases. Five out of six selected candidates from our bioinformatic list were
phosphorylated by Aurora kinases in vitro. It is next important to determine
whether our bioinformatic approach predicts functional phosphorylation. For this
reason, I further selected one of the five candidates to test whether this predicted
phosphorylation by Auroras affects candidate function in cells. In the following
chapter, I analyse the regulation of SPICE1 by Aurora kinases.
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4 Chapter 4: Characterization of SPICE1
phosphorylation by Aurora kinases in cells
4.1 Introduction
In Chapter 3, I showed that the bioinformatics approach I developed predicts
five phosphorylation sites of Aurora kinases in the SPICE1 C terminus. I also showed
that the SPICE1 C terminus is phosphorylated by Aurora kinases in vitro. Based on
the fact that the regulation of SPICE1 was uncharacterised, I decided to examine the
regulation of SPICE1 through phosphorylation by Aurora kinases at five predicted
residues in the SPICE1 C terminus. SPICE1 is a spindle and centriole associated
protein with a reported function in centriole elongation and duplication, as well as
in bipolar spindle formation and chromosome congression in mitosis (Archinti et al.,
2010).
SPICE1 is localized to the walls of the mother and daughter centriole. It is
required for centriole elongation and duplication during S and G2 phases of the cell
cycle (Comartin et al., 2013). The elongation of newly formed daughter centrioles is
an essential part of the centriole duplication cycle and maturation to generate two
fully functional centrosomes (Firat-Karalar and Stearns, 2014). Recruitment and
activation of SPICE1 during centriole elongation has been precisely determined
(Comartin et al., 2013). CPAP recruits CEP120, CEP135 and SPICE1 to initiate the
elongation and stabilization of procentriole MTs (Lin et al., 2013; Comartin et al.,
2013; Figure 4.1). In this pathway, the localization and function of SPICE1, CEP120
and CEP135 are mutually dependent on their interaction (Comartin et al., 2013).
SPICE1 is also required for the recruitment of Centrin and other centriole
components to complete centriole assembly (Comartin et al., 2013). The core
centriole assembly pathway is conserved in metazoans (Nigg and Raff, 2009;
Gönczy, 2012). However, SPICE1 is only present in vertebrates (Archinti et al., 2010).
The exact mechanism of how SPICE1 co-operates with CEP120 and CPAP to enable
centriole elongation, is not currently understood.
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Figure 4.1: Schematic diagram of centriole assembly pathway in vertebrates. Adapted from
Comartin et al., 2013.

In a study by Archinti and colleagues, SPICE1 depletion caused defects of
mitotic spindle geometry, impaired chromosome congression, and decreased
centriole number in cells. An increase in multipolar spindles, observed in SPICE1
depletion, is due to the acentriolar ectopic foci of PCM, which contained γ-tubulin
(Archinti et al., 2010). The SPICE1-depleted cells containing two centrin foci at each
pole had abnormally long spindles compared to the control cells. The authors
suggest that SPICE1 regulates the spindle stability independently of centriole
elongation/duplication (Archinti et al., 2010). The mislocalization of the K-fiber
stabilization factor, HURP, was observed in SPICE1 depletion, which could indicate
disruption in the K-fiber organization (Archinti et al., 2010). Nonetheless, it is still
unknown how SPICE1 regulates the MT stability and spindle formation. Additionally,
it is unknown how SPICE1 function is regulated in mitosis.
I hypothesized that Aurora kinases regulate SPICE1 function in cells, based
on the evidence that these kinases phosphorylate the C terminus of SPICE1 in vitro
and the fact that SPICE1 is proximal to Aurora A at the centrosomes. SPICE1 is also
proximal to Aurora A and Aurora B at the mitotic spindle. The Aurora A kinase is
involved in centrosome maturation and separation, and both Aurora kinases
regulate spindle assembly, spindle stability, and proper chromosome segregation,
as discussed in Chapter 1. Additionally, Aurora A phosphorylates CPAP, upstream of
SPICE1, to maintain integrity of the PCM and spindle architecture (Chou et al.,
2016). However, it was never demonstrated before that Aurora kinases directly
phosphorylate SPICE1 to regulate its function.
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The function of the C terminus of SPICE1 is unknown, and this region of
SPICE1 does not target to a subcellular structure (Archinti et al., 2010). The N
terminus of SPICE1 targets to the spindle, while centriole targeting is mediated by
the first conserved coiled-coil (CC1), out of two existing coiled-coil regions in SPICE1
(Archinti et al., 2010). Therefore, we hypothesized that the phosphorylation of the
SPICE1 C terminus may indirectly regulate SPICE1 function and targeting to the
spindle and centrioles.
I examined whether the Aurora kinases phosphorylate SPICE1 in cells and
regulate SPICE1 function and localization during mitosis. I tested the role of the
predicted Aurora phosphorylation sites on the localization and function of SPICE1,
using a SPICE1 non-phosphorylatable mutant (S to A mutation) and a
phosphomimicking mutant (S to E) and small molecule inhibitors.

4.2 Results
4.2.1 The SPICE1 C terminus is required for full-length SPICE1 binding to the
spindle, but does not bind directly to microtubules
To investigate the role of SPICE1 C terminal phosphorylation, I first verified
the localization of GFP-tagged full-length SPICE1. Then, I tested the cellular
localization of GFP-tagged SPICE1 truncated mutants: the SPICE1 C terminus,
SPICE1444-855, and SPICE1 in which the C terminus is depleted, SPICE11-550. GFPtagged full-length SPICE1 and truncated mutants were first observed by live-cell
imaging in HeLa cells. In live cells, transiently expressed GFP-full-length SPICE1
associates with spindle MTs and both mother and daughter centrioles, as previously
reported (Archinti et al., 2010; Figure 4.2). GFP-full-length SPICE1 also associated
with centrioles and MTs in interphase cells. The HeLa cells used in this experiment
do not have a cellular marker, and the spindle localization was concluded based on
a distinctive shape of the GFP signal, and the centriole localization was inferred
from two GFP foci at both spindle poles. This localization to the mitotic spindle and
the centrioles was then further confirmed using immunofluorescence to co-stain
with β-tubulin and the centriole marker Centrin (Figure 4.3A). Centrin localizes to
the distal lumen of centrioles (Paoletti et al., 1996), while SPICE1 localizes to the
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proximal part of the centriole lumen (Archinti et al., 2010; Comartin et al., 2013). As
expected, I detected a GFP-SPICE1 signal adjacent to the Centrin signal (Figure
4.3A).
I then examined GFP-SPICE1444-855 and found it had a cytoplasmic localization
in mitotic and interphase cells (Figure 4.2). Similar to the full-length SPICE1, GFPSPICE11-550 localized to the centrioles and mitotic spindle in mitosis, and to the
centriole and MTs in interphase (Figure 4.2 and Figure 4.3A). However, GFP-SPICE11550

association with MTs was visibly reduced in the mitotic and interphase cells

(Figure 4.2). I then quantified the levels of SPICE11-550 relative to the full-length
protein on the mitotic spindle and confirmed a significant reduction of GFP-SPICE11550

signal on MTs relative to the full-length SPICE1 (Figure 4.3B). This suggests that

the C terminus of SPICE1 is required for enhanced SPICE1 localization at the spindle.

Figure 4.2: Live-cell imaging of GFP-tagged SPICE1 constructs. Representative images of live HeLa
cells transiently expressing moderate amounts of GFP-SPICE1, GFP-SPICE1444-855 or GFP-SPICE11-550 in
mitosis and interphase. Scale bar is 5 μm.
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Figure 4.3: C terminus of SPICE1 is important for spindle localization. (A) Localization analysis of
GFP-SPICE1 constructs. Images show the maximum projections of deconvolved z-stacks of the HeLa
cells transiently expressing GFP-SPICE1 or GFP-SPICE11-550, stained with antibodies against β-tubulin
and Centrin. Regions of one of the two spindle poles are 3x magnified in the insets. Scale bar is 5 μm.
(B) The bar graph presents mean values of background-corrected integrated intensity of the GFP
levels at the MTs (selected based on co-localization with β-tubulin) in metaphase cells (assessed by
chromosome alignment). GFP-SPICE1, n=21 cells; GFP-SPICE11-550, n=32 cells. The error bars
represent the standard error of the mean. Two-tailed p value of a Student’s t-test is ***p<0.0001.
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Additionally, I observed that the overexpression of SPICE1 causes an
increase in centriole number, so I quantified the number of centrioles in SPICE1overexpressed cells based on Centrin staining (Figure 4.4). On average the HeLa
control cells had 4 centrioles, while the cells overexpressing SPICE1 had 6 centrioles.
Interestingly, SPICE11-550 does not cause overamplification of centrioles, and the
number of centrioles is comparable to the centriole number in the control nontransfected HeLa cells (Figure 4.4). This is the first report that SPICE1 overexpression
causes centriole overamplification. The overexpression seems to require the C
terminus of SPICE1, suggesting it has an important role in controlling centriole
numbers. The inducible overexpression of STIL in human cells causes an increase in
centriole number, and STIL is important to initiate centriole biogenesis (Arquint et
al., 2012; Vulprecht et al., 2012; see Figure 4.1). I observed the same phenotype in
SPICE1 overexpression, which indicates a SPICE1 function in centriole biogenesis,
possibly in addition to the role in centriole elongation.
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Figure 4.4: Overexpression of SPICE1 causes overamplification of centrioles. Images show the
maximum projections of deconvolved z-stacks of the HeLa cells not transfected (control), transiently
expressing GFP-SPICE1 or GFP-SPICE11-550, stained with the anti-Centrin antibody. Control, n=31 cells;
GFP-SPICE1, n=30 cells; GFP-SPICE11-550, n=34 cells. The values of centriole number in each condition
are presented with the scatter plot, and the range is represented with whiskers and the median as
the middle line. Reported p value of Kruskal-Wallis test is p<0.0001. Scale bar is 5 μm.
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4.2.2 SPICE1 knock-down and conditional knock-out cause defects in mitosis
To further define the role of SPICE1 in mitosis and develop assays to test the
role of C terminus phosphorylation on SPICE1 function, I depleted endogenous
SPICE1 from cells and analysed the loss-of-function phenotypes. Previous work
which reported mitotic defects in spindle morphology, chromosome congression,
and centriole number in the SPICE1-depleted cells, did not employ a rescue
experiment with ectopically expressed SPICE1 construct (Archinti et al., 2010).
Therefore, I first examined whether I could reproduce the SPICE1 depletion
phenotype and whether the full-length wild type GFP-SPICE1 can rescue
phenotypes observed in the reported SPICE1 depletion. Then I examined whether a
non-phosphorylatable mutant or phosphomimicking mutants of SPICE1 could
rescue the loss-of-function phenotypes.
The cells depleted of SPICE1 using siRNA were lacking the normal
chromosome congression in metaphase. Chromosome congression defects were
observed in 50% of the cells depleted of SPICE1 (Figure 4.5). The cells with less than
five misaligned chromosomes were scored as cells with mild congression defects.
The observed cells with more than five misaligned chromosomes around poles were
scored as cells with severe defects. Importantly, co-transfection with siRNAresistant GFP-SPICE1 rescued the severe chromosome defects (Figure 4.5).
Twenty-five percent of the SPICE1-depleted cells had multipolar spindles.
This was rescued in cells co-transfected with siRNA-resistant GFP-SPICE1 (Figure
4.5). Interestingly, the increase in multipolar spindles was not the consequence of
overamplified centrioles, since the SPICE1-depleted cells had a reduced centriole
number, based on Centrin staining (Figure 4.5). Fifty-four percent of the SPICE1depleted cells contained two pairs of centrioles compared to 91% of the control
cells. The centriole quantification showed that a significant decrease in centriole
number upon SPICE1-depletion was successfully rescued with ectopic expression of
GFP-SPICE1 (Figure 4.5).
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Figure 4.5: Mitotic defects in the SPICE1-depleted cells are rescued with expression of GFP-SPICE1.
Figure description on the following page.
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Figure 4.5: Mitotic defects in the SPICE1-depleted cells are rescued with expression of GFP-SPICE1.
Representative images show the maximum projections of deconvolved z-stacks of the HeLa cells. The
cells were transfected with either control or SPICE1 siRNA, or co-transfected with SPICE1 siRNA and
GFP-SPICE1 for 48h and then fixed and stained with antibodies against β-tubulin and Centrin. n=100
cells for each treatment. P values of Chi-square tests and Fisher's exact tests are reported: not
significant (n.s.), *p<0.05 (p=0.032), ***p<0.0001. Scale bar is 5 μm.

To confirm that the depletion with siRNA was working efficiently, I tested
the cell lysates from siRNA treatments by western blotting with a commercial
antibody against SPICE1 (Figure 4.6A). The SPICE1 depletion was additionally
confirmed by immunofluorescence (Figure 4.6B). This also confirmed the spindle
and centriole localization of endogenous protein and justified the use of GFP-tagged
SPICE1 constructs (Figure 4.6B).

Figure 4.6: SPICE1 siRNA specifically targets SPICE1 in cells. (A) Western blot analysis of the control
and SPICE1-depleted cells. The HeLa cells were lysed and cell extracts were analysed by western
blotting using antibodies against SPICE1 and β-tubulin, as loading control, 48h after transfection with
control or SPICE1 siRNA, or co-transfection with SPICE1 siRNA and GFP-SPICE1. Arrow points the
position of GFP-SPICE1 on the nitrocellulose membrane. (B) Immunofluorescence analysis of the
control and SPICE1-depleted cells. The HeLa cells transfected with either control or SPICE1 siRNA
were fixed 48h after transfection and stained with antibodies against SPICE1 and β-tubulin. Scale bar
is 5 μm.

As SPICE1 is essential, I generated a conditional knock-out (KO) of the SPICE1
gene to further verify the mitotic function of SPICE1. I generated an inducible
SPICE1 KO cell line using the CRISPR/Cas9 system. I stably integrated a guideRNA
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targeting exon 3 of SPICE1 in a HeLa cell line already containing the Cas9 gene
expressed under a doxycycline inducible promoter (McKinley et al., 2015). Exon 3
was chosen as the early constitutive exon found in all splice variants of SPICE1. Then
I observed the phenotype in HeLa cells knocked-out for SPICE1 after a 96h
treatment with doxycycline. The majority of them do not possess the SPICE1 gene
and consequently the SPICE1 protein. The observed mitotic defects in the SPICE1 KO
cells were similar with those observed after siRNA-SPICE1 knockdown. The cells
lacking the SPICE1 gene displayed an increase in multipolar spindles, chromosome
congression defects ranging from mild to severe, and reduced centriole number
(Figure 4.7). Only 47% of KO cells contained two pairs of centrioles. More than 20%
of KO cells had more than 4 centrioles, and this was the only difference in
comparison with the siRNA treatment (Figure 4.7A). The efficiency of gene KO was
assessed using western blotting to look at the SPICE1 protein levels (Figure 4.7B).
The inducible SPICE1 KO cell line further confirmed that SPICE1 is required for
accurate mitosis.
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Figure 4.7: Inducible KO of the SPICE1 gene confirmed defects in the mitotic spindle, chromosome
congresion and centriole number. (A) Immunofluorescence analysis of the control and doxyciline
treated HeLa Cas9 SPICE1guide cell line. Representative images show the maximum projections of
deconvolved z-stacks of the HeLa Cas9 SPICE1guide cells. The cells were treated with DMSO or
doxyciline for 96h, then fixed and stained with antibodies against β-tubulin and Centrin. n>100 cells
for each treatment. P values of Chi-square tests and Fisher's exact test are ***p<0.0001. Scale bar is
5 μm. (B) Western blot analysis of the doxycycline and no doxycycline treated HeLa Cas9 SPICE1guide
cells. Ninety-six hours after the indicated treatment, cells were lysed and cell extracts were analysed
by western blotting using antibodies against SPICE1 and β-tubulin, as loading control.
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4.2.3 Analysis of SPICE1 phosphorylation mutants in SPICE1 knock-down cells
Since the ectopic expression of siRNA resistant GFP-SPICE1 rescued mitotic
defects in SPICE1-depleted cells, the siRNA assay proved to be a suitable test to
examine the effect of SPICE1 C terminus phosphorylation on the loss-of-function
phenotype. I have generated a non-phosphorylatable mutant which has all Auroraspecific phosphosites predicted by bioinformatics mutated to alanine (T557A,
S738A, T780A, S797A and S810A). I also generated a 7A mutant with two additional
mutated sites (T798A and S811A). These adjacent T and S are shown to be
phosphorylated in cells by mass spectrometry studies (Beausoleil et al., 2004; Olsen
et al., 2006; PhosphoSitePlus database). I generated the corresponding
phosphomimicking mutant 7E, with glutamic acid substituting S or T. The 5E mutant
was not made to date.
I tested whether the phosphomutants could rescue mitotic phenotypes
observed in the absence of endogenous SPICE1. I found that both of the nonphosphorylatable mutants, SPICE15A and SPICE17A, rescued the mitotic defects in
SPICE1-depleted cells. The percentage of cells with multipolar spindles was similar
to the control cells. The centriole number in cells transfected with GFP-SPICE15A or
GFP-SPICE17A mutants where comparable to the control cells or cells rescued with
wild type SPICE1, and very few severe chromosome congression defects were
recorded (Figure 4.8 and Figure 4.9). Interestingly, SPICE17E failed to rescue defects
in spindle morphology, chromosome congression, and reduction in centriole
number in the absence of endogenous SPICE1 (Figure 4.8 and Figure 4.9). The
SPICE1-depleted cells transfected with GFP-SPICE17E displayed variable centriole
numbers. Twenty-three percent of these cells had less than two pairs of centrioles,
and 19% had more than 4 centrioles. Additionally, 15% of the SPICE1-depleted cells
transfected with GFP-SPICE17E had multipolar spindles, and around 50% of the cells
had defects in chromosome congression (Figure 4.9).
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Figure 4.8: Non-phosphorylatable mutant rescued mitotic defects caused by SPICE1 depletion,
while phosphomicking mutant did not. Representative images show the maximum projections of
deconvolved z-stacks of the HeLa cells. The cells were transfected with either control or SPICE1
siRNA, or co-transfected with SPICE1 siRNA and indicated GFP-SPICE1 constructs for 48h. The cells
were stained with antibodies against β-tubulin and Centrin. Scale bar is 5 μm.
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Figure 4.9: Quantification of rescue experiment with phosphorylation mutants. n>60 cells for each
treatment. P values of Chi-square tests for three quantified defects are p<0.0001. Chi-square and
Fisher's exact tests were used to separately compare treatments. P values of Chi-square tests and
Fisher's exact tests are reported: not significant (n.s.), *p<0.05 (p=0.049 or p=0.014), ***p<0.0001.
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Additionally, I observed that the GFP signal of the non-phosphorylatable
mutants, SPICE15A and SPICE17A, was visibly reduced at the spindle MTs, while the
GFP signal was still present at the centrioles (Figure 4.10). This is similar to the
observation I made for the SPICE11-550 mutant (Figure 4.3). GFP-SPICE17E localized to
both MTs and centrioles as the wild type GFP-SPICE1 (Figure 4.10). This suggests
that phosphorylation of the SPICE1 C terminus is required for the targeting of
SPICE1 to the spindle.

Figure 4.10 Phosphorylation of predicted sites in the C terminus of SPICE1 is required for SPICE1
localization at the mitotic spindle. Images show the maximum projections of deconvolved z-stacks
of the HeLa cells co-transfected with SPICE1 siRNA and indicated GFP-tagged SPICE1 constructs. The
cells are stained with antibodies against β-tubulin and Centrin. Insets show 3x magnified regions of
one of the spindle pole for each condition. Scale bar is 5 μm.
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To further test whether SPICE1 localization is controlled by Aurora kinases, I
treated HeLa cells co-transfected with SPICE1 siRNA and wild type GFP-SPICE1, with
the Aurora A inhibitor, MLN8237, and the Aurora B inhibitor, ZM447439. Inhibition
of Aurora kinases lead to a reduction of GFP-SPICE1 on the mitotic spindle, but not
on the centrioles (Figure 4.11). This is again similar to the observation for the
SPICE15A, SPICE17A and SPICE11-550 mutants (Figure 4.3 and Figure 4.10). Taken
together, these results described here strongly indicate that Aurora kinases
phosphorylate the C terminus of SPICE1 to control SPICE1 targeting to the spindle.
Aurora-specific phosphosites in the SPICE1 C terminus were identified using the
bioinformatic approach, and I identified a role for these phosphorylation sites in
cells. My results confirm that our approach can identify novel substrates of Aurora
kinases.
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Figure 4.11: Inhibition of Aurora kinases using inhibitors reduces wild type GFP-SPICE1 binding to
the spindle. Deconvolved representative images show HeLa cells co-transfected with SPICE1 siRNA
and GFP-SPICE1 treated for 1.5h with either DMSO (control), 150 nM Aurora A inhibitor MLN8237 or
2 µM Aurora B inhibitor ZM447439 48h after transfection. The cells were stained with antibodies
against Centrin and β-tubulin. Scale bar is 5 μm.
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4.3 Discussion
My aim was to validate SPICE1 as a novel substrate of Aurora kinases in cells.
I predicted multiple phosphorylation sites for Aurora kinases in the C terminus of
SPICE1, and showed that the SPICE1 C terminus was phosphorylated by both Aurora
kinases in vitro (Chapter 3).
I examined the function of Aurora phosphorylation of SPICE1. First, I
generated a SPICE11-550 lacking the C terminus, which contains the predicted Aurora
phosphorylation sites. I found that the absence of the C terminus reduced the
association of the full-length SPICE1 with the mitotic spindle. The overexpression of
SPICE11-550 did not cause overamplification of centrioles, unlike the full-length
SPICE1. This suggests that the C terminus regulates the function of SPICE1 in
addition to the regulation of SPICE1 localization. The observed overamplification of
centrioles in SPICE1 overexpression has not been previously reported. In a previous
study, SPICE1 was tagged at the C terminus (Comartin et al., 2013), so it is possible
that overamplification of centrioles was not observed due to the inhibition of the C
terminus. My results suggest that the C terminus of SPICE1 has a role in centriole
duplication, since the SPICE1 overexpression phenotype was similar to STIL
overexpression (Vulprecht et al., 2012). However, I have not investigated this
further.
To test whether the predicted Aurora phosphorylation sites in SPICE1
regulate its function and localization, I used siRNA depletion and CRISPR/Cas9
knockdown to disrupt the gene and the expression of SPICE1. I showed that Aurora
kinases control SPICE1 spindle targeting in cells. Phosphorylation does not affect
SPICE1 centriole localization. Interestingly, phosphorylation usually prevents protein
binding to MTs due to electrostatic repulsion (Kumar et al., 2012; Cormier et al.,
2013; Zaytsev et al., 2015). However, here phosphorylation promotes SPICE1
association with MTs. The C terminus of SPICE1 does not bind MTs. Hence, this
phosphorylation does not regulate SPICE1 binding to the MTs directly. For example,
phosphorylation of the SPICE1 C terminus might promote interactions with other
MT-binding proteins.
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Since phosphorylation of the C terminus did not affect SPICE1 centriole
localization, it is possible that only the MT-associated function of SPICE1 is affected,
if the function of SPICE1 in centriole elongation and function in bipolar spindle
formation are independent. Similarly, Aurora A phosphorylation of CPAP is not
involved in CPAP-mediated centriole elongation, but it is required for the
coalescence of PCM and the spindle pole integrity during mitosis (Chou et al., 2016).
CPAP is known to interact with SPICE1 at the centrosomes/centrioles (Comartin et
al., 2013). However, it is unlikely that Aurora kinases regulate SPICE1 in the same
manner. First, SPICE1 depletion causes an increase in multipolar spindles and not
various spindle abnormalities including monopolar spindles, which were observed in
CPAP depletion (Chou et al., 2016). More importantly, the CPAPS467A mutant was
more strongly associated with MTs during mitosis than wild type CPAP or the
phosphomimicking mutant (Chou et al., 2016), and this is opposite to my
observation for the SPICE15A and SPICE17A mutants.
In this study, I showed that the non-phosphorylatable SPICE1 mutants
rescued severe mitotic phenotypes observed in depletion of endogenous SPICE1.
There are at least two possible explanations.

Phosphorylation of SPICE1 on

predicted sites by Aurora kinases may have only a subtle biological function.
Secondly, it is possible that there are additional, important phosphorylation sites
which do not fit the Aurora consensus sites, which I have not mutated in this study.
This could be examined by mutating all of the predicted sites in the recombinant
protein and then testing phosphorylation in vitro. If any residual phosphorylation is
observed, those phosphorylation sites could be identified by mass spectroscopy,
followed by the examination of phosphorylation function in cells, with additional
sites mutated in GFP-constructs. I have not examined this, because my focus was to
test the sites predicted by bioinformatics.
My result also shows that the SPICE17E mutant was not able to rescue the
mitotic defects in SPICE1 depletion. This could indicate that phosphorylation of
SPICE1 has to be dynamically regulated to allow accurate bipolar spindle formation
and centriole biogenesis, or S to E mutation disrupted some important intra- or
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inter-molecular interaction, for example. More experiments should be done to
further understand the role of SPICE1 phosphorylation by Aurora kinases in cells.
Due to the time constrains and difficulties in the generation of the multisite
mutants, I have not tested the localization/function of SPICE1 5E mutant, but that will
be performed in the near future. Similarly, I plan to test the dominant negative
effect of all the phosphorylation mutants in an overexpression experiment and
examine whether these mutants cause overamplifications of centrioles as the wild
type protein. The SPICE11-550, lacking the C terminus, did not cause excessive
amplification of centrioles, so it would be interesting to see if the SPICE15A or
SPICE15E mutants are giving the same result when overexpressed.
In summary, this study showed for the first time that SPICE1 is substrate of
Aurora kinases in cells, and that this phosphorylation affects SPICE1 localization to
the mitotic spindle.
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5 Chapter 5: Conclusions
Mitosis is a highly regulated process, and the phosphorylation of many
components of the mitotic division apparatus is the most effective mean of
regulation. The Aurora family of kinases are one of the key factors that provide
error-free mitosis, controlling each step of mitosis through the phosphorylation of
various proteins of the mitotic apparatus. Despite the extensive research on Aurora
kinases and many molecular targets identified, understanding the exact molecular
mechanisms underlying the regulation of all the important mitotic processes by
Auroras is still incomplete. To better understand how Aurora kinases control the
chromosome condensation, MT nucleation and bipolar spindle assembly,
chromosome segregation, as well as the mitotic exit, identifying the substrates of
Aurora kinases that mediate those processes is of great importance.
Several studies showed that Aurora A is important for chromosome
alignment at the metaphase plate, and proposed the role for Aurora A in regulation
of kinetochore-MT attachments (Marumoto et al., 2003; Hoar et al., 2007; Sasai et
al., 2008). Before this study, it had been accepted that Aurora B at the centromere
is the key factor correcting aberrant MT attachments to chromosomes, and the
precise molecular mechanism of Aurora A’s role in this process was not known. I
investigated and uncovered the kinetochore substrate of Aurora A, which is
important for establishment of attachments to MTs. My results revealed that
Aurora A phosphorylates HEC1/Ndc80 at the outer kinetochore and contributes to
the activity of Aurora B. In this study, I defined a known Aurora B substrate, S55 of
Ndc80, as an Aurora A phosphorylation target at kinetochores, providing deeper
insights into the molecular mechanism of Aurora A-based error correction in the
vicinity of centrosomes.
To further contribute to the identification of new Aurora kinase substrates, I
developed bioinformatic approach in collaboration with centre bionformatician, Dr.
Alastair Kerr. I based my approach on the shared consensus sequence in Aurora
protein substrates, and directed the search applying additional parameters known
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to determine the substrate specificity of Aurora kinases. I confirmed that our
bioinformatic tool is successful in predicting new substrates of Aurora kinases, as I
found that previously unknown substrates, CLASP2, MEL-28/ELYS (AHCTF1), TTLL4,
SPICE1 and KIAA1468, are directly phosphorylated by both Aurora A and Aurora B
kinases in vitro. This result suggests a new mechanism of Aurora regulation of
mitosis. Future work could contribute in characterizing the precise function of the
phosphorylation of these proteins by Auroras in cells.
I aimed to discover and characterize a new phosphorylation substrate of
Aurora kinases in cells. I showed for the first time that SPICE1 is phosphorylated by
Aurora kinases in cells and that the Aurora-based phosphorylation of the SPICE1 C
terminus control SPICE1 targeting to the mitotic spindle. Future work will be
focused on determining the precise role of SPICE1 phosphorylation by Aurora
kinases in regulation of bipolar spindle formation, using different phosphorylation
mutants and overexpression in cells. I have found these phosphorylation sites in
SPICE1 using bioinformatics, and since I identified the role for these
phosphorylation sites in cells, our approach proved to enable identification of novel
substrates of Aurora kinases.
In conclusion, my results gave the first insight into the molecular mechanism
of Aurora A contribution in correction of erroneous kinetochore-MT attachments
near centrosomes. My work also provided the evidence that the genome-wide
bioinformatic approach I developed in collaboration with Dr Alastair Kerr is
successful in identifying novel substrates of Aurora kinases. This bioinformatic tool
is a successful method to find new substrates with high confidence for future
studies seeking to understand how Aurora kinases regulate the complex mitotic
apparatus.
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6 Chapter 6: Materials and Methods
6.1 Molecular Biology techniques
6.1.1 Standard solutions and buffers
Most chemical reagents were provided by Sigma-Aldrich (Merck), VWR
International, Thermo Fisher Scientific/Invitrogen and BioRad, and were of
analytical grade. Suppliers of other kits, enzymes and reagents are stated below.
6.1.2 PCR amplification
Human adult male testis cDNA and fetus brain cDNA libraries (Invitrogen)
were used for PCR amplification. KIAA1468 was amplified from Image clone
4339646 (Open Biosystems). Vector pET3aTr, used for bacterial protein expression,
was obtained from Song Tan. All oligonucleotides were purchased from SigmaAldrich or Integrated DNA Technologies (IDT). The primers for Gibson assembly
contain 5′-end sequence that is identical to the adjacent segment in cloning vector,
in this case pET3aTr sequence (lower case letters in Table 6.1). The primers used for
cDNA PCR amplification and standard PCR, Gibson cloning and site-directed
mutagenesis are listed in Tables 6.1, 6.2, 6.3 and 6.4. The primers used for sitedirected mutagenesis PCR were designed using QuikChange Primer Design Tool
(Agilent Technologies). The standard PCR amplification was performed with Phusion
DNA polymerase (New England Biolabs - NEB) with the following proportions of
reagents: 5x Phusion Buffer 10 μl, 10 mM dNTPs 1 µl, DMSO 2 µl, Forward primer
(10 µM) 2.5 µl, Reverse primer (10 µM) 2.5µl, template DNA 5µl, Phusion
polymerase 0.5 µl and ddH2O to 50 µl. The reaction programme was as follows:
(Heat lead at 110°C for 2 min, 98°C for 3 min) x1, (98°C for 30 sec, annealing °C for
45 sec, 72°C for time corresponding to 1kb/min) x30, (72°C for 8 min) x1 and store
at 8°C. Site-directed mutagenesis were performed with PfuUltra II fusion HS DNA
polymerase (Agilent Technologies) using the following proportions of reagents: 10x
PfuUltra II Buffer 5 μl, 100 mM dNTPs 1 µl, Forward primer (125 ng/µl) 0.5 µl,
Reverse primer (125 ng/µl) 0.5 µl, template DNA (25 ng/µl) 4µl, polymerase 1 µl,

113

ddH2O 38 µl and followed by programme: (Heat lead at 110°C for 2 min, 95°C for 30
sec) x1, (95°C for 30 sec, 55°C for 1 min, 68°C for 4 min 30 sec) x18 and store at 8°C.
6.1.3 Restriction digestion
Prior to the restriction digestion, the PCR products were cleaned using PCR
purification kit (Qiagen) as per manufacturer’s protocol and eluted in 40 µl provided
EB buffer. Restriction enzyme digestion of the PCR products was performed using
Cut Smart enzymes from NEB, with provided Cut Smart buffer. The digestion
reactions were carried out using the following protocol: 40 µl of product, 1.5 µl of
two enzymes, 5 µl Cut Smart buffer and 2 μl ddH2O. Total reaction volume was
subjected to electrophoresis on 1% or 0.8% agarose gel containing SYBR Safe DNA
gel stain (Invitrogen). The band corresponding to the desired DNA fragment was
excised from the gel using a clean razor blade. DNA was extracted from the gel
using the QIAquick Gel Extraction Kit (Qiagen) as per manufacturer’s protocol. The
sample was eluted in 30 μl of provided EB buffer. The DNA concentration was
measured using NanoDrop (Thermo Fisher), and the sample was kept at -20°C.
6.1.4 DNA ligation and Gibson assembly
Sticky-end ligation of digested PCR product into plasmids was carried out
using the T4 Ligase and provided enzyme (NEB). Ligation reactions were performed
in total volume of 10 μl containing: 1 μl T4 DNA ligase, 1 μl 10x T4 DNA ligase buffer,
7 μl digested PCR product (or water for control reaction) and 1 μl vector plasmid.
Ligation reactions were incubated at RT for 2 h, and then transformed into E. coli.
Gibson cloning is assembly of vector and PCR product without ligation (Gibson et al.,
2009). PCR amplified products were mixed with PCR amplified plasmid (pET3aTr) in
2:1 or 3:1 molar ratio and 15 μl Gibson mix (8.59 µl ddH2O, 4 µl 5x Isotermal buffer,
2 µl Taq ligase (NEB), 0.25 µl Phusion polymerase (NEB), 0.16 T5 exonuclease
(NEB)), adding the ddH2O to 20 µl. Isothermal buffer (5x) was made with: 3 ml of
1M Tris-HCl (pH 7.5), 150 µl of 2M MgCl2, 60 µl of 100 mM dGTP, 100 mM dATP,
100 mM dTTP, 100 mM dCTP (Qiagen), 300 µl of 1M DTT, 1.5 g PEG-8000 and 300 µl
of 100 mM NAD. Gibson reactions were incubated 15 min at 50°C, then transformed
in E.coli.
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Table 6.2: Primers used for PCR amplifications.

Table 6.3: Primers used for SPICE1 site-directed mutagenesis to resist SPICE1 siRNA.

6.1.5 Preparation and transformation of E.coli competent cells
E.coli cells, XL-10 Gold, BL21 and Codon+ (Agilent Technologies), were
streaked on agar plates without antibiotics and grown overnight at 37°C. The
following day, one colony was selected and grown in liquid LB medium (10 g
tryptone, 5 g yeast extract, 10 g NaCl in ddH2O to 1 L) overnight at 37°C, with
shaking at 180 rpm. The following day, 2-3 ml of overnight culture was used to
make new 1 L of culture, which was grown in LB plus 10 ml 1M MgCl 2 at 18°C with
225 rpm shaking until the OD reached approximately 0.12. The cells were
transferred in cooled centrifuge bottles and incubated for 10 minutes on ice. After
centrifugation at 5000 rpm for 10 min at 0°C, the cells were resuspended in 150 ml
cold transformation buffer (final concentration 15 ml 1M CaCl2, 55 ml 1M MnCl2,
250 mM KCl, 10 mM PIPES pH 6.7). The cells were centrifuged again at 5000 rpm for
10 min at 0°C and then resuspended in 40 ml cold transformation buffer. DMSO (3
ml) was added to the cells and mixed. The 500 µl aliquots of cells were immediately
frozen in liquid nitrogen. The competent cells were stored at –80°C.
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Transformation of E.coli cells was performed by adding 10 µl of ligation
reaction or 5 µl of Gibson assembly reaction to 100 µl of XL-10 Gold competent
cells, fallowed by incubation on ice for 10 min. Chemically competent cells were
then exposed to 42°C for 45 sec and restored on ice for additional 2 min. The cells
were platted on agar plates containing the appropriate antibiotic (100 μg/ml
ampicillin).
Table 6.4: Primers used for SPICE1 site-directed mutagenesis to make phosphorylation mutants.

117

6.1.6 Isolation of plasmid DNA from E.coli
A single bacterial colony was used to inoculate 5 ml of LB medium with the
appropriate antibiotic (100 μg/ml ampicillin) and grown overnight. DNA was
isolated using QIAquick Mini-Prep Kit (Qiagen) according to the manufacturer’s
protocol. The identity of an insert within a cloning vector was confirmed by 1 h
digestion of 5 μl DNA with 0.3 μl corresponding enzymes in provided buffer (NEB) at
37°C followed by identification of bands position on 1% agarose gel. If tested
plasmid contained the correct insert, 1 μl of that plasmid was transformed in 100 μl
competent cells. The cells were grown and DNA isolated as described above. The
confirmed plasmid (50 μl) was stored at –20°C but previously confirmed by DNA
sequencing reaction (see below).
6.1.7 Sequencing reaction
To check the sequence of the generated plasmids BigDye Sequencing Kit was
used (Thermo Fisher). In 10 μl reaction volume 2 μl BigDye solution was added
together with 1 μl DNA (approximately 400 ng), 1 μl 3.6 μM sequencing primer and
ddH2O to adjust the volume. The thermal cycler programme used for sequencing
was as follows: (Heat lead at 110°C for 2 min, 96°C for 2 min) x1, (96°C for 30 sec,
50°C for 15 sec, 60°C for 4 min) x25 and store at 8°C. The samples were analysed by
the GenePool Sequencing Facility (The University of Edinburgh) and the
chromatograms were examined with the free software ApE (A Plasmid Editor).
Primer used for sequencing of vectors pET3aTr and pIC242 (a gift from
I.Cheeseman) are as follows: 5’-GCCGGCTCCGGAGAGCTCCAATTGGAATTCGC-3’
forward primer and 5’-CGGTGATGTCGGCGATATAG-3’ reverse primer for pET3aTr
and

5’-

GGCATGGACGAGCTGTACAAG-3’

forward

primer

and

5’-

GCATTCATTTTATGTTTCAGG-3’ for pIC242. The primer used to confirm guideRNA
sequence in pLenti-sgRNA (Feng Zhang) is 5’-ACTATCATATGCTTACCGTAAC-3’.
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6.2 Biochemistry techniques
6.2.1 Standard biochemistry techniques
For Western blotting, collected samples were first separated on denaturing
protein gel (SDS-PAGE) using the Tris-glycine buffer system and 30% (v/v)
acrylamide/bisacrylamide mixture (Severn Biotech), which were assembled in a
vertical electrophoresis apparatus (BioRad). The proportions of reagents are listed
in Table 6.5. The samples were loaded on the gels and run for 15 min at 100 V, then
for additional 45 min at 220 V in Running buffer (1.5M Tris-HCL pH 8.8, 0.4% SDS).
Protein samples were transferred from the gel to a nitrocellulose membrane
(Amersham GE) at 80 mA constant current for 1 h using BioRad Semi-dry blotting
apparatus and 20 ml of transfer buffer (5.82 g Tris Base, 2.93 g Glycine, 200 ml
methanol and ddH2O up to 1 L). Both the membrane and gel were left in transfer
buffer for 5 min before transfer. The membranes were blotted with rabbit anti-pS55
HEC1/Ndc80 (Pierce/Thermo) or rabbit anti-SPICE1 (HPA064843, Atlas Antibodies),
and mouse anti-β-tubulin (Sigma) as loading control.
Table 6.5: Reagents proportions in SDS-PAGE gels.

6.2.2 Protein expression
E.coli codon optimized cells (Codon+) were transformed with cDNA
constructs of selected CLASP2, ELYS, Nup107, TTLL4, SPICE1 and KIAA1468
fragments (all of them containing 3C cleavage site and 6His tag at the C terminus) in
pET3aTR vector for bacterial expression. Test expression of protein constructs was
performed first. One or two colonies of transformed Codon+ cells were grown in 5
ml of LB medium at 37°C with shaking, until the cells reached log phase, then the
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protein expression was induced with 0.5 mM IPTG and the cells were promoted to
express proteins by shaking at 220 rpm either for 4 h at 37°C, 4 h at 25°C or
overnight at 18°C. After incubation, the cells were pelleted and protein expression
assessed by SDS-PAGE. The condition for large scale expression was chosen based
on the most abundant level of protein on the gel. Large scale expression of protein
fragments was performed as follows: the colonies were grown in 25 ml LB medium
at 37°C with shaking at 220 rpm overnight, then 2-3 ml of overnight culture was
used to make 1 L or 3 L cultures that were subsequently grown at 37°C with shaking
at 220 rpm until OD reached 0.5 or 0.6. At this OD protein expression was induced
with 0.5 mM IPTG for the appropriate time and temperature, and in most cases that
corresponded to the overnight incubation at 18°C. GST-Ipl1 was expressed for 4 h at
37°C.
6.2.3 Protein purification
6.2.3.1 GST-fusion protein purification
Yeast Ipl1 was expressed as GST-Ipl1 (plasmid was a gift from I.Cheeseman)
and purified in two steps. The cells expressing GST-Ipl1 were centrifuged and cell
pellet was resuspended in lysis buffer (50 mM Tris-HCl pH 7.5, 1 mM EGTA, 1 mM
EDTA, 250 mM NaCl, 1% Tween-20, 1 mM freshly added DTT, 1 mM PMSF). Lysed
cells were sonicated and centrifuged at 22000 rpm for 1 h at 4°C. A supernatant was
collected and added to the 1.5 ml of glutathione-sepharose beads (GE Healthcare)
equilibrated in wash buffer (50 mM Tris-HCl pH 7.5, 1 mM EDTA, 250 mM NaCl, 1
mM freshly added DTT) beforehand. Protein-coupled beads were washed three
times with wash buffer, by centrifugation of 5 min at 500 xg at 4°C, followed by
removal of supernatant and addition of more wash buffer. The periods of 10 min
incubation with beads rotating at 4°C were performed between each centrifugation.
The protein was eluted by using chromatography column with 20 mM glutathione in
wash buffer adjusted to pH 8.0. Elution fractions of 1 ml were collected, and protein
levels were examined with SDS-PAGE. Fractions in which protein was observed were
pooled, concentrated and run on Superdex 200 increase column (GE Healthcare) to
separate the proteins based on size in filtered and degassed buffer (50 mM Tris-HCl
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pH 7.5, 1 mM EDTA, 150 mM NaCl, 50% glycerol). The eluate absorbance was
monitored at 280 nm and 0.5 ml fractions were collected. After SDS-PAGE analysis
of eluted fractions, those containing the cleanest protein fragments of interest were
pooled, concentrated and stored at -80°C.
6.2.3.2 His-tagged protein purification
His-tagged protein fragments were also purified in two steps. The cells
expressing His-tagged proteins were centrifuged and cell pellet was resuspended in
corresponding lysis buffer with 10 mM Imidazole. Lysed cells were sonicated and
centrifuged at 22000 rpm for 1 h at 4°C. The supernatant was collected and added
to the 1.5 ml of Ni-NTA beads (GE Healthcare) equilibrated beforehand in the
corresponding wash buffer containing 30 mM Imidazole. Protein-coupled beads
were washed three times with wash buffer, by 5 min centrifugation at 500 xg and
4°C, followed by removal of supernatant and addition of more wash buffer. The
proteins were eluted using chromatography column and elution buffer with high
concentration of Imidazole, 250 mM. Elution fractions of 1 ml were collected and
protein levels were examined with SDS-PAGE. Fractions containing protein were
pooled, concentrated and run on Superdex 200 increase column or Superdex 75 (for
better resolution of smaller protein fragments) (GE Healthcare) to separate proteins
based on size in filtered and degassed buffer with low salt concentration and
glycerol. The eluate absorbance was monitored at 280 nm and 0.5 ml fractions were
collected. After SDS-PAGE analysis of eluted fractions, those containing the cleanest
protein fragments of interest were pooled, concentrated and stored at -80°C. For
CLASP2551-668, CLASP2741-818, ELYS1858-2014, TTLL4330-624 and SPICE1549-855 buffers used
were as follows: lysis buffer (20 mM HEPES pH 7.0 (pH 7.5 for TTLL4 and SPICE1), 10
mM Imidazole, 150 mM NaCl, 0.1% Tween-20, 5 mM freshly added BME, 1 mM
PMSF); wash buffer (20 mM HEPES pH 7.0 (pH 7.5 for TTLL4 and SPICE1), 30 mM
Imidazole, 300 mM NaCl, 0.1% Tween-20, 5 mM freshly added BME); elution buffer
(20 mM HEPES pH 7.0 (pH 7.5 for TTLL4 and SPICE1), 250 mM Imidazole, 300 mM
NaCl, 5 mM freshly added BME), GF buffer (20 mM HEPES pH 7.0 (pH 7.5 for TTLL4
and SPICE1), 150 mM NaCl, 1 mM EDTA, 5% glycerol). For ELYS1149-1329, Nup1071-644
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and Nup107658-925 buffers used were as follows: lysis buffer (20 mM KPO4 pH 8.0, 10
mM Imidazole, 150 mM NaCl, 0.1% Tween-20, 5 mM freshly added BME, 1 mM
PMSF); wash buffer (20 mM KPO4 pH 8.0, 30 mM Imidazole, 300 mM NaCl, 0.1%
Tween-20, 5 mM freshly added BME); elution buffer (20 mM KPO4 pH 8.0, 250 mM
Imidazole, 250 mM NaCl, 5 mM freshly added BME); GF buffer (20 mM KPO4 pH 8.0,
150 mM NaCl, 1 mM EDTA, 5% glycerol).
6.2.3.3 Isolation of bacterially expressed proteins from inclusion bodies
Test purification of KIAA14681-292 showed that protein fragment was
insoluble. To isolate the protein fragment from the inclusion bodies and refold it,
100 ml of the cells expressing KIAA14681-292 was centrifuged and cell pellets were
resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA,
0.5% Triton-X100, and 10 mM DTT) and frozen. After repeated freeze-thaw cycles,
the cell lysate was sonicated and insoluble fraction was collected by centrifugation
for 20 min at 15000 rpm and 4°C. Inclusion bodies in pellet were washed three
times with wash buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 1 mM EDTA, 1%
Triton-X100, and 1 mM DTT), sonicated shortly and pelleted at 15000 rpm for 20
min at 4°C. Inclusion bodies were solubilized into 6 M Gdn-HCl pH 4.5 and 5 mM
BME, and stirred at room temperature until completely colourless solution was
retrieved. After solubilisation, the buffer was exchanged using desalting column
(BioRad) with wash buffer (50 mM Tris-HCl pH 8.0, 100 mM NaCl, 6 M Urea, 10 mM
Imidazole, and 5 mM BME). The sample was then dialysed against refolding buffer
(50 mM Tris-HCl pH 8.0, 100 mM NaCl, 4 M Urea, 1 mM EDTA, 10% glycerol, 0.5 mM
L-arginine) for 4 h at 4°C. Subsequently, the buffer was exchanged several times
with decreasing concentration of Urea and finished with buffer without Urea. The
protein refolded properly without aggregation.
6.2.3.4 In vitro kinase assays
Purified recombinant protein fragments (1 to 2 μg) were incubated with
either 1.1 μg purified recombinant yeast GST-Ipl1, 0.2 μg recombinant His-Aurora A
(AMS Biotechnology Ltd) or water in kinase buffer (150 mM NaCl, 40 mM HEPES pH
7, 5 mM MgCl2, 2 mM DTT, 20% glycerol) for 30 min at 37°C in the presence of 10

122

mM ATP and 5 μCi γ-32P ATP. The kinase reaction mixtures were resuspended in SDS
sample buffer and separated using 10% or 15% SDS-polyacrylamide gels. The gels
were dried using vacuum gel dryer (AlphaMetrix) and phosphorylation of protein
fragments was detected using autoradiography. The autoradiographs were
obtained by exposing the gel to an X-ray film (Fuji-Film). Simultaneously, the same
samples were prepared without γ-32P ATP, resuspended in SDS sample buffer,
separated using SDS-polyacrylamide gels and the gels were stained with Coomassie
Brilliant Blue (0.05% w/v coomassie brilliant blue (R250), 50% methanol, 10% acetic
acid and 40% H2O). Non-radioactive kinase assay with Ndc80bonsai and His-Aurora A
and GST-Ipl1 was performed as follows: 4 μg of recombinant Ndc80 bonsai was
incubated with 0.2 μg Aurora A or 1,1 μg of GST-Ipl1 in kinase buffer for 30 min at
37°C in the presence of 10 mM ATP. More of the protein is used in this reaction
since phosphorylation was determined by western blotting using the rabbit antiphospho-HEC1/Ndc80 pS55 antibody (Pierce/Thermo Fisher) and HRP-Anti Rabbit
IgG (Sigma).

6.3 Cytological techniques and microscopy
6.3.1 Cell culture and cell line generation
HeLa, HEK-293T and HeLa Cas9 cells (McKinley et al., 2015; a kind gift from I.
Cheeseman) were maintained in DMEM (Lonza) supplemented with 10% FBS and
penicillin/streptomycin (Gibco) at 37°C in a humidified atmosphere with 5% CO2.
DNA transfection in HeLa cells was performed using effectene transfection reagent
(QIAGEN) as per manufacturer’s instructions. DNA and siRNA co-transfection of
HeLa cells was performed with jetPRIME (Polyplus) transfection reagent following
manufacturer’s instructions. For RNAi-mediated depletion of SPICE1, siRNA
(Dharmacon) targeting the sequence within C terminus of SPICE1 is used: 5’GCUGAGAACAAAUGAGUCA-3’. The inducible SPICE1 KO cell line was generated as
previously described (McKinley et al., 2015; Wang et al., 2016).

Transfection

mixture, containing 5 µg guideRNA, 4.5 µg pCMV-dR8.2, 500 ng pCMV-VSV-G, 25 µL
X-tremeGENE 9 DNA Transfection Reagent (Sigma-Aldrich) and 250 µl Opti-MEM
(Gibco), was incubated for 15 min at room temperature and added in a drop-wise
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manner to HEK-293T cells. The cells were incubated at 37°C for 24 h, after which the
medium was replenished and the cells incubated for additional 24 h. The virus was
harvested after 48 h of transfection, filtered using 0.22-µm syringe filter (Millipore)
and 1000000 HeLa Cas9 cells were infected in 6-well dish. Spin infection was
performed to enhance the efficiency; cells with the virus were centrifuged at 1200 x
g for 45 min in a pre-warmed centrifuge at 37°C. The cells were incubated at 37˚C
for 24 h, followed by selection of the cells containing guideRNA targeting SPICE1
with 0.5 µg/ml puromycin (Abcam). CRISPR design tool by Zhang lab was used in
order to select the best guideRNA targeting SPICE1 gene, and guideRNA 5’TTCGGGAGTTGCCCGATGAA-3’, targeting exon 3 of SPICE1, scored 94 by inverse
likelihood of off-target binding. SPICE1 KO was introduced with 1 μg/ml doxycycline
(Sigma) treatment of stable HeLa Cas9 guideRNASPICE1 cells for 96 h.
6.3.2 Immunostaining
In order to perform fluorescence microscopy experiments, HeLa cells were
plated on 18-mm glass coverslips coated with poly-L-lysine, and allowed to grow for
one day prior to the treatments. The culture medium was discarded and coverslips
were washed with 1X PBS. The cells were fixed with 3.7% FA (37% Formaldehyde,
Sigma) diluted in 1X PHEM pH 7.0 (120 mM PIPES pH 7.0, 50 mM HEPES, 20 mM
EGTA, 8 mM MgSO4) for 10 min. The coverslips were washed 3 times in 1X TBS-TX
(100ml 10X TBS (0.15 M NaCl, 0.01 M Tris-Cl pH 7.4), 5 ml 20% Triton X-100, 895 ml
ddH20) to remove any trace of formaldehyde. For anti-pS55-HEC1/Ndc80 and antipS10-H3 antibodies permeabilization of cells was carried out by applying 1% Triton
X-100 (BioRad) diluted in 1X PHEM for 5 min before fixation. The cells were blocked
with AbDil solution (TBS-TX, 2% BSA, 0.1% Azide) for 30 min at room temperature.
Subsequently, the cells were stained with primary antibody for 1 h at room
temperature, followed by extensive washing with TBS-TX. Secondary antibody was
applied for 1 h followed by extensive washing with TBS-TX. After this step, 1 µg/ml
Hoechst33342 (Thermo Fisher) was applied on cells for 5 min and the cells were
mounted in 10 µl ProlongGold (Invitrogen). For methanol fixation, the culture
medium was discarded and coverslips were washed with 1X PBS. The cells were
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fixed with ice-cold glacial methanol for 10 min at -20°C, followed by
permeabilization with ice-cold aceton for 1 min at -20°C. The coverslips were
abundantly washed in 1X PBS and the proceeding steps were as described above.
Primary antibodies used were as follows: rabbit anti-pS55 HEC1/Ndc80
(Pierce/Thermo), mouse anti HEC1/Ndc80 (Abcam), mouse anti-CENP-A (Abcam),
rabbit anti-pS10 H3 (a gift from T.Maresca), mouse anti-β-tubulin (Sigma), rabbit
anti-Centrin (Covance, custom-made), rabbit anti-SPICE1 (HPA064843, Atlas
Antibodies). Secondary antibody used are anti-mouse Cy2 488, Cy3 594 and Cy5
644, as well as anti-rabbit Cy2 488 and Cy3 594, all from Jackson Immuno
Laboratories.
6.3.3 Microscopy and data analysis
Live and fixed HeLa cells were observed on a DeltaVision Core deconvolution
microscope with Olympus U-PlanApo 100x NA 1.3 objective. Images were taken
with a CoolSnap HQ2 CCD camera, controlled by the softWoRx software (formerly
Applied Precision, now GE Healthcare).
HEC1/Ndc80 fluorescent imaging and analysis
Thirty Z-sections were acquired at 0.2 μm steps. Equivalent exposure
conditions were used between control and drug-treated cells. The cells were
treated with 300 ng/ml nocodazole (Acros Organics) for 1.5 h together with 2 µM
ZM447439 (Selleckchem), or 300 nM MLN8237 (Selleckchem), followed by fixation.
For the experiment with polar chromosomes, the cells were first treated with 10
µM MG132 (Cambridge Biosciences), washed and then treated with 200 nM
GSK923295 (Selleckchem) for 30 min. The co-treatment with Aurora A inhibitor was
performed first with 300 nM MLN8237 for 1 h followed by addition of 200 nM
GSK923295. To quantify fluorescent intensities, individual kinetochores were
selected from projections based on co-localization with CENP-A or HEC1/Ndc80, and
the integrated intensities were determined after subtracting the background
fluorescence measured from an area adjacent to the kinetochore for the individual
kinetochores (to take into account background fluorescence). The analysis was
performed using MetaMorph software (Molecular Devices). For measuring
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fluorescent intensities of polar or aligned kinetochores, individual kinetochores
were selected from 2-3 planes based on HEC1/Ndc80 signal, either close to the pole
or at the metaphase plate, or distant to the poles. Spindle pole markers were not
used, but rabbit anti-pS55-HEC1/Ndc80 creates unspecific staining that marks the
spindle poles (DeLuca et al., 2011). Integrated intensities of pS10-H3 signals were
measured from chromatin surface using Image-Pro-Premier software (Media
Cybernetics). All the quantifications were performed with GraphPad Prims software
using Student t-test or one-way ANOVA.
SPICE1 fluorescent imaging and analysis
Between 20 to 40 Z-sections were acquired at 0.2 μm steps as to capture
both centrosomes in cells. Equivalent exposure conditions were used between all
the transfected cells in a single experiment. HeLa Cas9 SPICE1guide cells were
treated with 1µg/ml doxycycline for 96h to knock-out SPICE1 gene and observe the
phenotype. Drug treatment of HeLa cells with Aurora kinases inhibitors was
performed with 150 nM MLN8237 and 2µM ZM447439 for 1.5 h before fixation.
The GFP-SPICE1 and GFP-SPICE11-550 signal intensities at spindle MTs were measured
using MetaMorph software. Integrated intensities of GFP signal on MTs from
projections were determined based on co-localizations with β-tubulin signal and
after subtracting the background fluorescence measured from an area adjacent to
the MTs for the individual MTs. Images were deconvolved for easier assessment of
centriole number. To quantify chromosome congression defects in SPICE1
knockdown and KO, the cells were scored as having congressed chromosome, mild
congression defects and severe congression defects based on Hoechst 33342
staining. The cells with at least 5 mis-aligned chromosomes were scored as mild
congression defects; the cells with more than 5 misaligned chromosomes as cells
with severe defects. To quantify spindle morphology defects, the cells were scored
as having bipolar or multipolar spindle based on β-tubulin staining and spindle
morphology. To quantify defects in centriole numbers, the cells were scored as
having 1+1, 2+1, 2+2, >4 centrioles or exceptional, which included isolated cases
such as 1+1+1, 1+2+1, 3+1, 1+1+1+1 and similar, which resulted in the total number
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of centrioles being 4 or less but did not correspond to previously determined
categories. Statistical analysis of data was performed with GraphPad Prims software
using Student t-test (in the case of GFP signal intensities) and non-parametric tests.
Kruskal-Wallis test was used for centriole number in over-expression experiment,
while Chi-square tests and Fisher's exact tests were used for analysis of
chromosome alignment, spindle morphology and centriole number defects in
SPICE1 knockdown and KO.
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SUMMARY

Chromosome biorientation, where sister kinetochores attach to microtubules (MTs) from opposing
spindle poles, is the conﬁguration that best ensures equal partitioning of the genome during cell
division. Erroneous kinetochore-MT attachments
are commonplace but are often corrected prior to
anaphase [1, 2]. Error correction, thought to be mediated primarily by the centromere-enriched Aurora B
kinase (ABK) [3–5], typically occurs near spindle
poles [6]; however, the relevance of this locale is unclear. Furthermore, polar ejection forces (PEFs),
highest near poles [7], can stabilize improper attachments by pushing mal-oriented chromosome arms
away from spindle poles [8, 9]. Hence, there is a
conundrum: erroneous kinetochore-MT attachments
are weakened where PEFs are most likely to
strengthen them. Here, we report that Aurora A kinase (AAK) opposes the stabilizing effect of PEFs.
AAK activity contributes to phosphorylation of kinetochore substrates near poles and its inhibition results in chromosome misalignment and an increased
incidence of erroneous kinetochore-MT attachments. Furthermore, AAK directly phosphorylates a
site in the N-terminal tail of Ndc80/Hec1 that has
been implicated in reducing the afﬁnity of the
Ndc80 complex for MTs when phosphorylated
[10–12]. We propose that an AAK activity gradient
contributes to correcting mal-oriented kinetochoreMT attachments in the vicinity of spindle poles.
RESULTS
Bioriented attachments are thought to be stabilized, in part, by
tension-dependent movements [13, 14] of outer kinetochore
components away from ABK. The resultant spatial separation
correlates with a reduction in phosphorylation of kinetochoremicrotubule (MT) attachment factors [15, 16] that is proposed
to increase the kinetochore’s afﬁnity for MTs [17]. Flawed attachments are weakened in favor of bioriented kinetochores through a

process called error correction. Many models evoke tensiondependent inhibition of centromere (CEN)-based error correction
via spatial separation [18]. The concept is reasonable if erroneous
attachments are ‘‘tensionless,’’ yet improper attachments may
come under tension when mal-oriented chromosomes are
opposed by polar ejection forces (PEFs) [19]. In support of this,
we previously reported that elevated PEFs stabilize syntelic
attachments [8], where sister kinetochores attach to the
same pole, by overwhelming Aurora B kinase (ABK). Thus, while
CEN-based models explain the instability of tensionless
attachments, they fail to account for error correction when PEFgenerated tension opposes ABK. Furthermore, recent work
suggests that CEN-based Aurora kinase is dispensable for error
correction in budding yeast, as mutants with Ipl1 (S.c. Aurora
homolog) enriched on the spindle rather than the centromeres
still achieved biorientation [20]. Clearly, a more comprehensive
understanding of error correction requires further inquiry.
Unlike budding yeast, metazoans possess multiple Aurora
kinases, most notably ABK and Aurora A kinase (AAK), which
are enriched at centromeres and spindle poles/centrosomes,
respectively [21]. As the kinases share nearly identical
consensus target motifs [22], it is likely that the principal determinant of their substrate speciﬁcity is their respective sub-cellular
localizations [23]. Here, we investigate whether a non-CENbased pathway contributes to error correction by testing the
hypothesis that AAK phosphorylates kinetochore substrates in
the vicinity of poles.
We previously developed a cell-based assay in which tension
can be experimentally elevated at kinetochores by manipulating
PEF production [8]. In the PEF assay, inducible overexpression
of the major PEF-producing kinesin-10 motor NOD [24] results
in a dose-dependent increase in stable syntelic attachments in
Drosophila S2 cells. To examine whether AAK affects the ability
of PEFs to stabilize syntelic attachments, we created a cell line in
which both NOD and AAK could be overexpressed simultaneously via CuSO4 induction (Figure 1A and Movie S1). AAKGFP localized to spindle MTs to varying degrees depending on
the level of overexpression and was always highly enriched at
centrosomes (Figures 1B and 1C). In agreement with previous
observations in HeLa cells [25], the centrosome-enriched population of AAK-GFP turned over with rapid kinetics (t1/2 of 7 s) in S2
cells (Figures S1A and S1B and Movie S2). Inducible NODmCherry and AAK-GFP cells co-expressing Ndc80-GFP, for
assessment of attachment states, were subjected to the PEF
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Figure 1. AAK Activity Is Highest near Spindle Poles and Counteracts the Kinetochore-MT Attachment Stabilizing Effect of Elevated PEFs
(A) Still frames from a time-lapse of a dividing S2 cell expressing inducible NOD-mCherry and inducible AAK-GFP.
(B) Spinning-disk confocal images showing examples of low (top) and high (bottom) AAK-overexpressing cells. MT localization is more evident in the higher
expressing cell.
(C) Normalized ﬂuorescence intensities of AAK-GFP and TagRFP-T-a-tubulin along the length of 14 mitotic spindles (normalized for variability in spindle length)
from cells with a range of AAK-GFP overexpression. AAK-GFP is most abundant at centrosomes and its levels are slightly higher closer to the spindle poles than in
the mid-spindle.
(legend continued on next page)
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assay. Cells with and without AAK-GFP expression on the same
coverslip could be compared due to variability in expression
levels. Importantly, AAK overexpression reduced the potency
of the PEF effect (Figures 1D–1G). Thus, AAK overexpression attenuates the kinetochore-MT attachment stabilizing effects of
elevated PEFs in S2 cells.
The observation that centrosomal/spindle-pole-enriched AAK
affected kinetochore-MT attachment stability suggested that the
kinase could phosphorylate substrates at a distance through an
activity gradient. A ﬂuorescence resonance energy transfer
(FRET)-based sensor that exhibits changes in intramolecular
FRET upon phosphorylation [26] was used to probe this possibility. In the reporter used here, Aurora kinase phosphorylation
causes a structural rearrangement such that phosphorylation
leads to reduced FRET efﬁciency [27], and a prior strategy [28]
was adapted to target the reporter to MTs in S2 cells (Figure 1H).
To isolate the contribution of AAK to probe phosphorylation, we
treated cells co-expressing TagRFP-T-a-tubulin and the TauAurora FRET reporter with a high dose (40 mM) of the Drosophila
ABK-speciﬁc inhibitor binucleine 2 [29, 30]. This treatment,
which requires the addition of MG132 to prevent mitotic exit, results in monopolar spindle assembly in a majority of cells. Three
categories of FRET emission ratios at the monopole center, as
deﬁned by TagRFP-T-a-tubulin signal, relative to 3 mm away
emerged when FRET of the MT-associated reporter was examined across monopoles (Figure 1I): weak/undetectable gradients
(<5% reduction in FRET ratio), moderate gradients (5%–10%
reduction), and strong gradients (>10% reduction). AAK activity
was required for FRET-based visualization of the gradients, as
depletion of AAK (Figures S1C–S1E) led to a reduction in the
number of cells with strong gradients relative to control RNAitreated cells (Figures 1J and 1K) and most AAK-depleted cells
had weak/undetectable gradients (Figure 1K). A substantial
majority of cells (86%) did not have detectable gradients in cells
expressing a non-phosphorylatable (negative control) version of
the reporter (Figure 1L). Thus, a pole-centered AAK phosphorylation gradient is present in mitotic Drosophila S2 cells.
While PEFs act on chromosome arms, it is the transmission of
opposing force through the mis-attached kinetochores that
leads to their stabilization. Thus, we reasoned that the AAK activ-

ity gradient counteracts the PEF effect by targeting kinetochore
substrates that approach the spindle poles. To test this hypothesis, we adapted a strategy previously used to target the Aurora
kinase FRET sensor to human kinetochores [15] for use in
Drosophila S2 cells by fusing the FRET reporter to the C terminus
of TagRFP-T-tagged Drosophila Mis12, a component of the core
kinetochore-MT attachment complex [10] (Figure 2A). We
conﬁrmed earlier ﬁndings from HeLa cells [15] that the sensor
is more phosphorylated (lower emission ratio) at unattached kinetochores than at bioriented kinetochores in Drosophila S2
cells (Figures 2B and 2C). Cells treated with binucleine 2
(Figure S1F) exhibited reduced sensor phosphorylation at unattached kinetochores (Figures 2B and 2C). The FRET measurements in binucleine 2-treated cells most likely underestimate
the reduction in phosphorylation, given that a non-phosphorylatable reporter, which has equally high emission ratios at bioriented and unattached kinetochores, exhibited a 5% reduction
in FRET in the presence of 40 mM binucleine 2 (Figures S2A
and S2B). Taken together, the data suggest that ABK is the
dominant kinase targeting the Mis12-FRET sensor at unattached
kinetochores in S2 cells.
Sensor phosphorylation at aligned and polar kinetochores was
evaluated next. The Drosophila CENP-E homolog (CENP-meta)
was depleted from cells expressing the kinetochore-targeted
FRET sensor to increase the number of polar chromosomes
[31]. The FRET sensor was more phosphorylated at polar kinetochores than at bioriented kinetochores (Figures 2D, 2E, and S2C).
Since polar chromosomes in CENP-E-depleted mouse ﬁbroblasts have been shown to lack kinetochore-MT attachments
[32], the increased phosphorylation observed at these kinetochores may have solely been a result of ABK-mediated phosphorylation of unattached kinetochores. However, this was not
the case, as double depletion of CENP-meta and AAK, which
did not reduce ABK activity (Figures S2D and S2E), resulted in
a reduction in phosphorylation of the reporter at polar kinetochores relative to those in CENP-meta RNAi cells (Figures 2D,
2E, and Figure S2C). The data do not rule out a role for ABK in
phosphorylating polar kinetochores in S2 cells, which may account for the statistically signiﬁcant increase in phosphorylation
of the reporter at polar versus aligned kinetochores that

(D) Plots of percent syntelic attachments versus NOD-mCherry ﬂuorescence for cells with (green) and without (red) AAK-GFP overexpression. PEF-mediated
stabilization of syntelic attachments is less potent in AAK-GFP-overexpressing cells. Data from six independent experiments were ﬁt with a hyperbolic function.
Control, n = 64 cells; AAK overexpression, n = 117 cells. R values are 0.81 (no AAK overexpression) and 0.72 (AAK overexpression).
(E) Mean percent syntelic attachments for low and high NOD-expressing cells, deﬁned by the halfway point of the expression range in control cells, in control
versus AAK-GFP-overexpressing (inset) cells. The percentage of syntelic attachments is signiﬁcantly lower in AAK-overexpressing cells than in control cells at low
and high NOD expression levels.
(F) AAK-GFP levels were quantiﬁed and the mean percent of syntelic attachments in cells from both the lower and upper half of the AAK-GFP overexpression
range are signiﬁcantly lower than groupings of control cells with comparable levels of NOD overexpression.
(G) Maximum-intensity projections of Ndc80-GFP (green)- and NOD-mCherry (red)-expressing cells with and without overexpressed AAK-GFP (green) but with
comparable levels of NOD-mCherry. The percentage of syntelic attachments, which is lower in the AAK-GFP-overexpressing cell, is shown in the merged images.
(H) Schematic of the MT-targeted Tau-Aurora FRET sensor used in this study.
(I) Representative images of cells co-expressing TagRFP-T-a-tubulin and the Tau-Aurora FRET reporter treated with binucleine 2 and MG132. The FRET emission
ratio images ‘‘FRET/mTurq2’’ are pseudo-colored, and the color wedge spans ratio values of 1.5 (black) to 2.0 (yellow). Examples of cells with ‘‘weak/undetectable’’ (<5% reduction), ‘‘moderate’’ (5%–10% reduction), and ‘‘strong’’ (>10% reduction) gradients as deﬁned by the percent reduction in normalized FRET
emission ratio in the monopole center relative to 3 mm away are shown.
(J–L) Normalized FRET ratios across monopoles (normalized tubulin intensity) from ten cells per condition. Each plot contains data reﬂecting the percentage of
each type of gradient in that condition (for example, the control RNAi plot is from seven strong, two moderate, and one weak/undetectable). Control RNAi, n = 35
cells; AAK RNAi, n = 45 cells; Tau-nonPhospho, n = 41 cells.
Scale bars, 10 mm (A, E, and I) and 5 mm (B and G). Error bars indicate the SEM. Two-tailed p values of a Student’s t test are reported: *p < 0.05, **p < 0.005,
***p < 0.0005. See also Figure S1 and Movie S1.

1844 Current Biology 25, 1842–1851, July 20, 2015 ª2015 Elsevier Ltd All rights reserved

Figure 2. AAK Contributes to Elevated Levels of Kinetochore Phosphorylation and Reduced Kinetochore-MT Attachment Stability near
Spindle Poles
(A) Schematic of the kinetochore-targeted Mis12-Aurora FRET sensor used in this study.
(B) Representative images of the FRET reporter in the conditions shown in (C). The FRET emission ratio images ‘‘FRET/mTurq2’’ are pseudo-colored and the
arrows point to the position on the color wedge (spanning ratio values of 1.4 to 2.0) corresponding to the average emission ratio measured for the kinetochoretargeted sensor in that cell.
(C) Vinblastine treatment, to generate unattached kinetochores, lowers the emission ratio of the FRET reporter, indicating that it is more phosphorylated.
Binucleine 2 treatment leads to an increase in the reporter FRET emission ratio at kinetochores in vinblastine-treated cells, demonstrating that ABK contributes
to phosphorylation of the sensor at unattached kinetochores. Mean values from three independent experiments are shown. DMSO, n = 106 cells; vinblastine,
n = 104 cells; vinblastine + binucleine 2, n = 108 cells.
(D) Representative images of the FRET reporter in the conditions shown in (E). The FRET emission ratio images ‘‘FRET/mTurq2’’ are pseudo-colored, and the
arrows point to the position on the color wedge (spanning ratio values of 1.4 to 2.0) corresponding to the FRET emission ratios measured for the sensor at aligned
and, when appropriate, polar kinetochores (asterisk) in that cell.
(E) The mean FRET emission ratio of the sensor is lower at polar kinetochores, generated by depletion of CENP-meta, than at aligned kinetochores. Co-depletion
of AAK leads to an increase in the emission ratio at polar kinetochores compared to polar kinetochores in CENP-meta-depleted cells. Thus, the sensor is more
phosphorylated at kinetochores near spindle poles than at bioriented kinetochores, and AAK contributes to this difference in the phosphorylation state. Mean
(legend continued on next page)
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remained in AAK-depleted cells (Figure 2E). Unfortunately, the
effects of binucleine 2 on FRET measurements (Figure S2B) combined with catastrophic failure in bipolar spindle assembly in
ABK-inhibited S2 cells made it technically infeasible to measure
FRET ratios at polar versus bioriented attachments in ABKinhibited cells. Nonetheless, the data support the conclusion
that an AAK activity gradient contributes to phosphorylation of
the Mis12-FRET sensor at polar kinetochores in S2 cells.
The checkpoint protein Mad1, which is depleted from stable
kinetochore-MT attachments [33], was next used to probe the
attachment states of polar kinetochores in the presence and
absence of AAK activity. Mad1 levels at kinetochores were
examined in CENP-meta-depleted cells expressing Mad1-GFP
under the control of its endogenous promoter (Figures 2F and
2G). To measure Mad1 enrichment at polar kinetochores, we
compared the ratio of background corrected ﬂuorescence intensities of Mad1-GFP to Ndc80 signals at misaligned kinetochores
to the average Mad1 to Ndc80 ratio intensities of six bioriented
kinetochores within the same cell. Indicative of a lack of attachment [32], polar kinetochores, on average, exhibited an 26-fold
increase in Mad1 levels relative to bioriented attachments in
CENP-meta-depleted cells treated with DMSO. Treatment with
125 nM MLN8237, an AAK-speciﬁc inhibitor [34] that potently
and speciﬁcally inhibits Drosophila AAK (Figures S3A–S3C),
caused a signiﬁcant reduction in Mad1 enrichment (4-fold) at
polar kinetochores. The observed differences in kinetochoreassociated Mad1 levels were not due to general effects of the
treatments on Mad1 localization as neither MLN-treatment,
CENP-meta depletion, or the combination affected Mad1
loading at unattached kinetochores (Figure 2H). These ﬁndings
along with recent work [35] suggest that polar kinetochores in
CENP-meta-depleted cells establish more stable attachments
when AAK is inhibited.
Chromosome alignment and kinetochore-MT attachment
states were next examined in cells with compromised AAK activity. Similar to previous observations in S2 cells [36], AAK depletion resulted in 40% of MG132-treated mitotic cells exhibiting
‘‘abnormal metaphases’’ with at least one misaligned chromosome (Figures 3A and 3B). Treatment with 125 nM MLN8237
mirrored the AAK RNAi depletion phenotype (Figures 3C and
3D). The attachment states of misaligned chromosomes were
evaluated by careful examination of serial ﬂuorescent z sections
of chromosomes, kinetochores, and MTs in control and AAKinhibited cells (Figures 3E–3H). The attachment states of the
misaligned chromosomes fell into four categories: (1) ‘‘mono-ori-

ented (k-ﬁber)’’ if one kinetochore was attached to a pole and the
other kinetochore was nucleating a second kinetochore ﬁber
(k-ﬁber) or focused spindle pole extending into the cytoplasm,
(2) ‘‘mono-oriented/lateral’’ if one kinetochore was attached to
a pole and its sister was either unattached or was laterally interacting with a nearby k-ﬁber (most likely in the process of CENPE-mediated congression [37]), (3) ‘‘syntelic’’ if sister kinetochores
were attached to the same pole, and (4) ‘‘unknown’’ if the attachment state could not be discerned. Once again, the MLN8237
treatment phenocopied AAK RNAi (Figures 3F and 3H). In both
conditions, the majority of misaligned chromosomes (50%–
60%) had syntelic attachments and 25%–30% had mono-oriented/lateral interactions, suggesting that CENP-meta is active
in AAK-inhibited S2 cells. A role for AAK in error correction was
further evidenced by the observation that the PEF effect was
more potent in AAK-depleted cells relative to control RNAi cells
(Figures S3D–S3F). The ﬁxed cell data were corroborated by livecell imaging of AAK depleted Ndc80-GFP expressing cells
(Figure 3I and Movie S3). In an excellent example that captured
the chromosome misalignment types observed in ﬁxed AAKinhibited cells, a syntelically attached chromosome remained
‘‘pinned’’ at the spindle pole for at least 40 min before congressing, most likely via a mono-oriented/lateral interaction, at a rate
consistent with CENP-E-driven congression [37]. One of the
sister kinetochores then became merotelically attached to both
poles, laterally deformed, and brieﬂy lagged in anaphase before
properly segregating.
To investigate whether the contribution of AAK to error correction is conserved beyond Drosophila, we used PtK1 cells, which,
due to their low chromosome number, have been an excellent
model for characterizing error correction mechanisms [3, 6]. First,
we identiﬁed a concentration (1 mM) of the AAK inhibitor MLN8054
[38] that affected chromosome behavior but did not alter mitotic
index, distribution of mitotic stages, or spindle assembly (Figures
S4A–S4C). PtK1 cells treated with 1 mM MLN8054 did not exhibit
a reduction in centromere-associated phosphorylated-ABK (Figure S4D), indicating that ABK activity was not affected by this
drug concentration. However, kinetochores in MLN8054-treated
prometaphase cells were, on average, positioned closer to the
spindle poles than in untreated cells and a signiﬁcant number of
kinetochores localized very close to the poles, which was never
observed in control cells (Figures 4A and 4B). Moreover,
MLN8054-treated PtK1 cells displayed higher frequencies of
merotelic kinetochores at the metaphase plate than control cells
(Figures 4C and 4D), and, as a result, signiﬁcantly more anaphase

values from three independent experiments are shown. Control RNAi, metaphase n = 119 cells; CENP-meta RNAi, aligned n = 98, polar n = 107; CENP-meta, AAK
double RNAi, aligned n = 106, polar n = 120.
(F) Single planes from representative images of CENP-meta-depleted Mad1-GFP (green in merged images) expressing cells treated with DMSO or 125 nM
MLN8237 and stained for Ndc80 (red) and DAPI (blue). Examples of aligned (A) and polar (P) kinetochores for each condition are shown in the (53 zoom) insets.
The fold enrichments of Mad1 at the polar relative to aligned kinetochores are indicated in the Mad1-GFP images for each cell. Asterisks indicate the position of
the spindle poles.
(G) Quantiﬁcations of fold Mad1-GFP enrichment at polar kinetochores in CENP-meta-depleted cells treated with DMSO (control) or 125 nM MLN8237. Mean
values are shown. CENP-meta RNAi + DMSO, n = 18 polar kinetochores, n = 42 aligned kinetochores; CENP-meta RNAi + MLN, n = 46 polar kinetochores, n = 48
aligned kinetochores.
(H) Levels of Mad1-GFP ratioed to Ndc80 at unattached kinetochores are unaffected by MLN treatment and CENP-meta depletion. Mean values from two independent experiments are shown. Colchicine +: DMSO, n = 255 kinetochores; MLN8237, n = 255 kinetochores; control RNAi + DMSO, n = 200 kinetochores;
CENP-meta RNAi + DMSO, n = 198 kinetochores; CENP-meta RNAi + MLN8237, n = 200 kinetochores.
All error bars indicate the SEM. Scale bars, 5 mm (B and D), 10 mm (F), and 1 mm (F, insets). Two-tailed p values of a Student’s t test are reported in (C), (G), and (H),
and p values from a Mann-Whitney Wilcoxon t test are reported in (E): not signiﬁcant (n.s.) p > 0.05, *p < 0.05, ***p < 0.0005. See also Figure S2.
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Figure 3. AAK Is Required for Efﬁcient Error Correction in Drosophila S2 Cells
(A) Representative maximum-intensity projections from confocal z sections of control and AAK-depleted cells stained for Ndc80 (red in the merged image),
phospho-ABK, tubulin (green), and DAPI (blue). Misaligned chromosomes with normal levels of centromere-enriched phospho-ABK are more prevalent in AAKdepleted cells than in control cells.
(B) Quantiﬁcation of the percentage of MG132-treated cells with normal metaphase plates and misaligned chromosomes in control and AAK-depleted cells.
Mean values from three independent experiments are shown. Control RNAi, n = 317 cells; AAK RNAi, n = 326 cells.
(C) Representative maximum-intensity projections from confocal z sections of DMSO- and MLN8237-treated cells stained for Ndc80 (red in the merged image),
phospho-ABK, tubulin (green), and DAPI (blue). Treatment with 125 nM MLN8237 phenocopies AAK depletion.
(legend continued on next page)
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lagging chromosomes were observed in MLN8054-treated cells
(Figure 4E). These data demonstrate that inhibition of AAK compromises error correction and results in chromosome mis-segregation in mammalian PtK1 cells.
We reasoned that AAK regulates error correction by targeting
many of the same substrates as ABK. A crucial target of ABK is
the Ndc80 complex, which directly binds MTs [10, 11, 39, 40].
High-afﬁnity interactions between the Ndc80 complex and MTs
requires the unstructured and highly basic N-terminal tail of
Ndc80/Hec1 [11, 40–42], which contains numerous ABK sites
[10–12, 22] that, when phosphorylated, lower the complex’s
afﬁnity for MTs [10, 11, 17]. Thus, we examined the contribution
of AAK to the phosphorylation of a previously deﬁned ABK site in
Ndc80/Hec1 (Ser55) [10–12] by using a phospho-speciﬁc antibody against pSer55 in HeLa cells. Compared to control cells,
treatment with 300 nM MLN8237 signiﬁcantly reduced kinetochore pSer55 staining at attached (Figures 4F and 4G) and unattached kinetochores (Figures S4E and S4F). The 300 nM
MLN8237 treatment caused a minor but signiﬁcant reduction in
Ndc80 levels relative to CENP-A (Figures S4G and S4H), which
may be due to partial inhibition of ABK at this inhibitor concentration, although phospho-H3-Ser10 levels were not signiﬁcantly reduced relative to control metaphase cells (Figure S4I).
These data are consistent with a phospho-proteomic study
that implicated AAK as the primary kinase targeting Ndc80Ser55 [43]. Although cell-based inhibitor studies suggest that
AAK contributes to phosphorylation of Ser55, they are not a
direct demonstration of AAK-mediated phosphorylation. To
test whether AAK directly phosphorylates Ser55, we performed
an in vitro phosphorylation assay with recombinant bonsai
Ndc80 complex [11] and puriﬁed AAK. When incubated with
the bonsai Ndc80 complex in phosphorylation buffer, AAK efﬁciently phosphorylated Ser55 (Figure 4H). Finally, to examine
the spatial contribution of AAK activity to phosphorylation of
Ndc80-Ser55, we used the CENP-E inhibitor [44] GSK923295
to generate polar and aligned kinetochores in HeLa cells in the
presence and absence of MLN8237 (Figure 4I). In agreement
with the S2 cell ﬁndings, polar kinetochores were more phosphorylated than aligned/away from the pole kinetochores, and
the polar bias in phosphorylation was lost when cells were
treated with 300 nM MLN8237 (Figure 4J). Although these ﬁndings do not exclude a role for ABK in phosphorylating Ndc80Ser55 or other kinetochore substrates in the vicinity of spindle
poles, taken together, the data demonstrate that AAK can
directly phosphorylate Ndc80-Ser55 and that AAK activity contributes to phosphorylation of this residue in HeLa cells.

DISCUSSION
While it has been postulated that AAK could create a kinetochore-MT attachment destabilizing environment near spindle
poles [45], it has not been demonstrated experimentally. Here
we directly test this hypothesis, and our ﬁndings support the
existence of a pole-centered AAK phosphorylation gradient
that contributes to error correction and counters the potential
side effects of elevated PEFs. We envision that superimposed
PEF and AAK gradients create a balance of activities near
spindle poles that promotes error correction, congression, and
biorientation resulting in a spatiotemporal path from mal- to
bioriented chromosomes (Figure 4K). First, as an erroneous
attachment moves poleward, it may become stabilized by
progressively higher levels of opposing PEFs. Second, at
some distance from the pole, the PEF effect is countered by
an AAK gradient that phosphorylates attachment factors such
as the Ndc80 complex. Third, AAK facilitates congression by
biasing CENP-E activity, which has been shown to be phospho-regulated near spindle poles by Aurora kinases [46], toward
the mid-spindle and by allowing PEFs to push chromosomes
away from poles. Note that in this model, production of an
unattached kinetochore(s) by AAK is not only a prerequisite
for biorientation, but also permits PEFs to congress chromosomes without generating unwanted tension at incorrect
attachments.
Both the CEN- and pole-based pathways are spatial positioning phenomena, with the CEN-based system depending on
positioning of kinetochore targets relative to ABK and the polebased pathway relying on spatial positioning of kinetochores
relative to spindle poles and AAK. Although both error correction
pathways are likely to share common targets (e.g., Ndc80/Hec1),
we view the CEN-based pathway as kinetochore intrinsic
because the correction machinery (ABK) localizes to the kinetochore region, whereas the pole-based pathway is kinetochore
extrinsic since the correction machinery is primarily enriched
outside the kinetochore region at the spindle poles/centrosomes. There may be orders of magnitude difference in the
working distances of the CEN- and pole-based systems, as
changes in spatial separation occur on the nanometer [13–17,
47] and micrometer scale [6], respectively. It will be worthwhile
to characterize how the working distance of the pole-based
AAK gradient is deﬁned. Although Drosophila TPX2 does not
regulate AAK [48], in other organisms, TPX2, which localizes
AAK to spindle microtubules [49] and activates its kinase activity
[50, 51], may help delineate and amplify an AAK gradient [52].

(D) Quantiﬁcation of the percentage of MG132-treated cells with normal metaphase plates and misaligned chromosomes in DMSO- and MLN8237-treated cells.
Mean values from three independent experiments are shown. DMSO, n = 318 cells; 125 nM MLN8237, n = 322 cells.
(E) Zoomed views of the insets highlighted in the DAPI channel in (A). In the merged image, Ndc80 is red, tubulin is green, and DAPI is blue.
(F) Mean values of each type of attachment at misaligned chromosomes in control and AAK-depleted cells from three independent experiments. Control RNAi,
n = 71 kinetochore pairs; AAK RNAi, n = 80 kinetochore pairs.
(G) Zoomed views of the insets highlighted in the DAPI channel in (C). In the merged image, Ndc80 is red, tubulin is green, and DAPI is blue. The arrow points to a
syntelic (S) attachment.
(H) Mean values of each type of attachment at misaligned chromosomes in DMSO- and MLN8237-treated cells from three independent experiments. n = 75
kinetochore pairs each for the DMSO and MLN conditions.
(I) Still frames from a spinning disk confocal time-lapse of an Ndc80-GFP-expressing S2 cell depleted of AAK. Insets show an 83 zoom of the highlighted
regions.
Error bars indicate the SEM. Scale bars, 5 mm (A and C) and 2 mm (E and G). Two-tailed p values of a Student’s t test are reported: *p < 0.05, **p < 0.005. See also
Figure S3 and Movie S3.
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Figure 4. AAK Contributes to Error Correction in Mammalian Cells and Phosphorylates the N-Terminal Tail of Ndc80/Hec1 in
Human Cells
(A) Representative maximum-intensity projections
of confocal z sections of PtK1 cells treated with
1 mM MLN8054 and stained for tubulin (red) and
centromeres (green). Arrows point to polar, misaligned chromosomes.
(B) Scatter plots of relative kinetochore positions
normalized to the spindle length in control and
MLN8054-treated PtK1 cells. The ‘‘0’’ position represents the spindle pole, and the ‘‘50’’ position
marks the mid-spindle (dashed black line). The
average centromere position (black bar) is closer to
the spindle poles in MLN8054-treated cells than in
control cells, and a signiﬁcant population of kinetochores are ‘‘pinned’’ to the poles (near 0) in
MLN8054-treated cells (red box). Control, n = 406
kinetochores; 1 mM MLN8054, n = 642 kinetochores.
(C) Representative images (left, maximum-intensity projection; right, single focal plane) of a
PtK1 cell treated with 1 mM MLN8054 and stained
for tubulin (red) and centromeres (green). Arrows
point to a merotelic kinetochore at the metaphase
plate that is attached to both spindle poles.
(D) MLN8054 treatment leads to a signiﬁcant
increase in the average number of merotelic
attachments per cell relative to control cells.
Control, n = 191 kinetochores from 11 cells; 1 mM
MLN8054, n = 144 kinetochores from nine cells.
(E) MLN8054 treatment leads to a signiﬁcant increase in the percentage of lagging chromosomes
in anaphase cells relative to control cells. Mean
values of lagging chromosomes from three independent experiments are shown. Control, n = 270
anaphase chromosomes; 1 mM MLN8054, n = 268
anaphase chromosomes.
(F) Representative images of control (DMSO) and
AAK-inhibited (300 nM MLN8237) HeLa cells
stained for pSer55-Ndc80 (red) and Ndc80 (green).
(G) Mean values of pSer55-Ndc80 to Ndc80 ratios.
DMSO, n = 280 kinetochores from 14 cells;
300 nM MLN, n = 275 kinetochores from 12 cells.
(H) An in vitro phosphorylation assay with puriﬁed
Ndc80 bonsai complex plus and minus puriﬁed
AAK blotted for anti-pSer55. AAK directly phosphorylates Ndc80 in vitro.
(I) Representative images of GSK923295-treated
HeLa cells with and without MLN8237 stained for
pSer55-Ndc80 (red) and Ndc80 (green).
(J) Polar kinetochores are more phosphorylated
than aligned kinetochores in GSK923295-treated
cells, and the polar bias in Ser55 phosphorylation
is lost in the presence of MLN8237. Mean values
are shown. pSer55-Ndc80 to Ndc80 ratios from
four independent experiments for GSK923295,
aligned n = 408 kinetochores from 68 cells, polar
n = 239 kinetochores from 68 cells; three independent experiments for GSK923295 + MLN
8237, aligned n = 465 kinetochores from 55 cells,
polar n = 207 kinetochores from 55 cells.
(K) A spatiotemporal model for the path from mal- to bioriented chromosomes. As a syntelic attachment moves poleward, it becomes stabilized as it encounters
increasing PEFs, until encountering the AAK phosphorylation gradient. AAK mediates error correction by phosphorylating kinetochore-MT attachment factors
such as Ndc80/Hec1 at Ser55. The AAK gradient also facilitates congression by biasing CENP-E activity toward the mid-spindle and by allowing PEFs to push
chromosome arms away from the poles without stabilizing syntelic attachments.
Error bars indicate the SEM. Scale bars, 5 mm (A and C) and 10 mm (F and I). Two-tailed p values of a Student’s t test are reported: not signiﬁcant (n.s.) p > 0.05,
*p < 0.05, **p < 0.005, ***p < 0.0005. See also Figure S4.
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Regardless of the effective range of AAK activity, we propose
that a key difference between the two pathways is that tension
opposes CEN-based error correction, whereas the pole-based
pathway is regulated not by tension, but by positioning kinetochores within the spindle relative to the poles. The pole-based
error correction pathway appears to be conserved in meiotic
cells as a concurrent study using mouse oocytes found that
AAK activity contributes to destabilizing kinetochore-MT attachments near spindle poles [53].
It is imperative that mal-oriented chromosomes near spindle
poles are corrected, because whereas only a fraction of merotelic kinetochores at the metaphase plate result in chromosome
mis-segregation [54], mitotic progression in the presence of
polar chromosomes would inevitably lead to aneuploidy.
Furthermore, we view the consequences of inhibiting AAK-mediated error correction not merely as more subtle than the effects
of ABK inhibition, but as more insidious. Although catastrophic
failure in error correction, like that seen after potent ABK inhibition, would lead to massive and most likely lethal aneuploidy,
the presence of comparatively low numbers of ‘‘pinned’’ polar
chromosomes when the AAK pathway is compromised would increase the frequency of single chromosome mis-segregation
events and be more likely to yield viable aneuploid cells. Our
ﬁndings support the conclusion that an AAK phosphorylation
gradient contributes to correcting such hazardous polar attachments before cells divide.
EXPERIMENTAL PROCEDURES
Experimental procedures are described in the Supplemental Information.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four ﬁgures, one table, and three movies and can be found with this article
online at http://dx.doi.org/10.1016/j.cub.2015.06.021.
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