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DONNA-MARIE CHEARY BSc (Hons) 
 

THE NEK2 PROTEIN KINASE: ITS PHOSPHORYLATION, ACTIVATION 
AND INHIBITION 

 

ABSTRACT 

 
Nek2 is a cell cycle-regulated protein kinase localised to the centrosome.  Nek2 is involved 
in regulating mitotic events and centrosomal activity through phosphorylation of various 
substrates including C-Nap1, Rootletin and PP1.  Nek2 is overexpressed in cancer cell lines 
and primary tumours.  Overexpression of active Nek2 is characterised by the premature 
splitting of centrosomes and altered microtubule nucleation.  Activation of Nek2 is 
dependent upon dimerisation and autophosphorylation.  Using mass spectrometry, 13 sites 
of autophosphorylation have been identified in the Nek2 kinase.  Individual 
phosphorylation sites were mutated and the effect that this had on Nek2 activity in vitro and 
in vivo was characterised.  Phosphomimiking mutation of T170 or S171 created hyperactive 
Nek2A kinases.  However, mutation of the C-terminal autophosphorylation sites had no 
effect upon Nek2A activity.  The proposal that the C-terminal domain of Nek2 acts as an 
autoinhibitory domain was investigated although the removal of C-terminal residues did not 
create a hyperactive Nek2 kinase.  An investigation into the role of a novel αT-helix found 
at the N-terminal end of the T-loop of an inactive Nek2 crystal structure, found that 
mutation of αT-helix residues resulted in loss of Nek2A kinase activity.  Phospho specific 
antiserum directed against the Nek2 T175 autophosphorylation site was purified and 
characterised.  This reagent should prove to be a valuable tool for detection of active Nek2 
kinase in tumours as well as cells in culture.  Furthermore, the intramolecular interactions 
of C-Nap1 and Nek2 were investigated to determine how centrosome cohesion is regulated.  
Protein binding assays revealed that C-Nap1 can form hetero- and homo-dimers and that 
the ability of C-Nap1 to heterodimerise is compromised as a consequence of 
phosphorylation by Nek2.  Finally, the consequences of Cdk1 inhibition upon Nek2A 
activity and centrosome cohesion were investigated.  Inhibition of Cdk1 in cells induced a 
substantial G2/M arrest accompanied by premature centriole disengagement resulting in 
multipolar spindle formation observed in cells released from Cdk1 inhibition.  
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1.1 
 

Somatic cells progress through 4 phases to divide into two new daughter cells.  Following the 

previous cell division, cells first enter Gap1 (G1) phase which is a period of growth before the 

cells then undergo a period of DNA synthesis (S) during which the chromosomes are 

duplicated (Figure 1.1).  The cells then enter a second period of growth (G2) phase and 

prepare for the final phase, mitosis (M).  During mitosis, the duplicated chromosomes are 

segregated and the cell divides into two new daughter cells.  G1, S and G2 are collectively 

called interphase.  Cells spend most of their time in interphase and cycle through mitosis very 

rapidly.  In HeLa cells a complete cell cycle takes about 22 hours.  There is a fifth phase 

known as G0 or quiescence when cells exit the cell cycle.  Cells enter this phase in response to 

anti-proliferative extracellular signals (Alberts et al., 2008). 

 

Mitosis can be divided into a series of phases known as prophase, prometaphase, metaphase, 

anaphase and telophase (Figure 1.2).  During prophase, chromosomes condense which 

involves the compaction of chromatin into sister chromatids that can be distinguished by light 

microscopy.  The two centrosomes each nucleate an array of microtubules known as an aster.  

The microtubules from each aster interact with each other and elongate as the centrosomes 

move to opposite ends of the cell.  Here they organise the poles of the emerging mitotic 

spindle.  At prometaphase, the nuclear envelope breaks down allowing the chromosomes 

access to the mitotic spindle microtubules.  At metaphase, the chromosomes align at the 

equator of the spindle equidistant between the spindle poles as a result of the microtubules 

radiating from the centrosomes capturing the chromosomes via their kinetochores.  The paired 

sister chromatids separate during anaphase and are pulled to the spindle poles at opposite ends 

of the cell by a motion called poleward flux.  This equally segregates the DNA and leads to 

the formation of two daughter nuclei (Mitchison and Salmon, 2001; Wittmann et al., 2001).  

In telophase, the nuclear envelopes reform around each chromosome mass and the 

chromosomes decondense.  The final step in mitosis is cytokinesis, during which the 

cytoplasm is divided equally between two daughter cells by the action of a contractile ring of 

actin and myosin.  The contractile ring pinches the dividing cell in the middle forming the 

cleavage furrow.  The cleavage furrow thins into a structure called the midbody, before 

finally separating into two individual cells, each with a single nucleus (Alberts et al., 2008). 

The Eukaryotic cell cycle 
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1.2 Regulation of the cell cycle 

 

The various events that occur within the cell cycle are regulated by a control system that 

checks whether environmental conditions are favourable and that each event is successfully 

completed before the next event begins.  It also ensures that events occur only once and in the 

correct sequence.  This control system is mediated in large part by the activity of cyclin-

dependent kinases (Cdks) and the ubiquitin ligases, SCF (skp1, cullin and F-box) and 

anaphase-promoting complex/cyclosome (APC/C).  Cyclin-Cdk complexes act at several 

transition points throughout the cell cycle (Alberts et al., 2008).  Some of these transition 

points can be considered as checkpoints, where progress through the cell cycle can be delayed 

until conditions are favourable.  For example, there is a mitotic entry checkpoint in late G2 

which checks that all the DNA has been replicated before the mitotic machinery is activated.  

Once cells pass this point, they are committed to mitosis (Pihan and Doxsey, 1999; Pines and 

Rieder, 2001).  At metaphase there is a spindle assembly checkpoint (SAC) which checks that 

all chromosomes are properly attached by their kinetochores to spindle microtubules.  In the 

absence of such attachment, BubR1 and Mad2 proteins bind to unattached kinetochores and 

exert inhibitory signals (Mitchison and Salmon, 2001; Musacchio and Hardwick, 2002; Pines, 

1999).  This inhibits the APC/C cofactor Cdc20, preventing the activation of APC/C, which in 

turn prevents premature chromosome segregation and progression into anaphase until all 

spindle microtubules are correctly attached (Alberts et al., 2008; Hansen et al., 2002; Pines 

and Reider, 2001).  There is a third checkpoint in late G1 called the restriction point, which 

checks that the environment is favourable before committing the cell to DNA replication.  

Finally, there are DNA damage checkpoints present in G1, S and G2 which delay cell cycle 

progression if any DNA is damaged, allowing time for the DNA to be repaired (Houtgraaf et 

al., 2006).   

 

Cdks are activated by the phosphatase, Cdc25, and inhibited by the kinase, Wee1 (Alberts et 

al, 2008; Pines, 1999).  Cdk activity is also regulated by the binding of particular inhibitory 

proteins (CKIs) and changes in the expression of their regulatory partner subunits, cyclins.  

The ubiquitin ligase, SCF, is responsible for the ubiquitylation and destruction of G1/S-

cyclins, whereas the APC/C is responsible for the ubiquitylation and proteolysis of M-cyclins.  

Hence, the SCF and APC/C inactivate cyclin-Cdk complexes, thereby ensuring unidirectional 

progress through the cell cycle (Hansen et al., 2002).  
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1.2 
 

1.3.1 Microtubules 

In all eukaryotic cells, the accurate segregation of duplicated chromosomes is dependent on 

the assembly of a microtubule-based structure, referred to as the mitotic spindle.  A typical 

mammalian mitotic spindle is thought to contain over 3000 microtubules (Compton 2000).  

Microtubules are present in both interphase and in mitotic cells and form a supportive 

network which allows the movement of proteins and organelles within a cell.  Microtubules 

are hollow cylindrical structures, 25 nm in diameter, composed of alternating α- and β-tubulin 

molecules with 13 tubulin molecules per turn of the filament.  Hence, each microtubule has a 

regular 13 filament structure (Urbani and Stearns, 1999).  Microtubules are intrinsically polar 

structures with a rapidly growing plus end, targeted to the chromosomes or cell cortex and a 

slow growing minus end anchored at the centrosome (Figure 1.3).  The growth and shrinkage 

of microtubules occurs constantly throughout the cell cycle as a result of their dynamic 

instability (Doxsey, 2001; Mitchison and Salmon, 2001).   

 

There are at least 3 classes of microtubules involved in the formation of a mitotic spindle: 

astral, kinetochore and interpolar microtubules (Figure 1.3).  Astral microtubules radiate from 

the centrosomes and anchor the spindle to the plasma membrane to ensure the correct 

positioning of the spindle.  Kinetochore microtubules connect the kinetochores of 

chromosomes to the spindle.  The interpolar microtubules radiate from centrosomes into the 

central spindle and interact with microtubules from the opposite centrosome.  These 

interactions are thought to stabilise the bipolar shape of the spindle by producing outward 

forces through sliding of anti-parallel microtubules to balance the intense inward forces 

exerted by the kinetochores.  In addition, these interactions may also aid the movement of 

spindle poles to opposite ends of the cell in anaphase B (Compton 2000).  During mitosis, 

these microtubule-mediated interactions are continuously altered by the addition of α/β-

tubulin subunits at the plus end and the removal of α/β-tubulin subunits from the minus end at 

the spindle pole to allow a continuous poleward microtubule flux (Mitchison and Salmon, 

1992; Doxsey, 2001).  

The Mitotic Spindle 
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1.3.2 Spindle assembly 

Spindle assembly relies on two main families of mechanochemical motor proteins which 

move along microtubules in an ATP-dependent manner, known as kinesins and dyneins.  

Kinesins and dyneins cross-link microtubules thus mediating motor-driven sliding of anti-

parallel microtubules across one another (Diwan, 2006). These proteins consist of 2 or 3 

heavy chains which include a globular head domain and numerous intermediate and light 

chains.  The heavy chains contain a microtubule binding domain at the C-terminus and a 

globular motor domain at the N-terminus which possesses ATPase activity.  The forward 

motor domain binds ATP allowing it to attach to microtubules more strongly.  

Simultaneously, the second motor domain hydrolyses its bound ATP allowing the motor 

domain to undergo a conformational change which results in its detachment from the 

microtubules, thus mediating its movement along the microtubules (Diwan, 2006; Sharpe et 

al., 2000).   

 

Kinesins are generally plus end-directed motor proteins which move away from the spindle 

pole towards the plus ends of microtubules.  There are over 40 members of the kinesin family 

which differ greatly in structure and function.  The light chains of kinesins often possess 

several tetratricopeptide repeats (TPRs) at the C-terminal tail that mediate protein-protein 

interactions. TPRs allow kinesins to bind cargo proteins such as kinectin and Rab GTPases.  

BimC proteins are a family of kinesin-related motor proteins that include the mammalian Eg5 

kinesin.  They are homotetrameric molecules which assemble into antiparallel dimers via their 

tail domain.  As BimC motor domains move towards the microtubule plus ends, an outward 

force is generated that pushes the poles apart.  Abolishing bimC motor activity prevents 

centrosome separation and results in monopolar spindle formation (Compton, 2000).   

 

Minus end-directed motor proteins focus the minus ends of microtubules at the spindle poles.  

One such motor protein is cytoplasmic dynein.  The translocation of microtubules by dynein 

is required for spindle pole organisation in somatic cells irrespective of the presence of 

centrosomes (Compton, 2000; Heald et al., 2005).  Dynein promotes the targeting of 

microtubule ends to the spindle poles by cross-linking and sliding antiparallel microtubules 

across one another.  This cross-linking activity possessed by cytoplasmic dynein, as well as 

its interaction with the plasma membrane and cargo proteins, is facilitated by a large multi-

protein activator called dynactin (Merdes et al., 2000).  Dynactin activates dynein and acts as 

a tether between dynein and microtubules.  Dynactin also facilitates the interaction between 

dynein and its subcellular cargo proteins (Quintyne and Schroer, 2002).  The dynein-dynactin 
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complex moves along astral microtubules towards the centrosome generating a force that 

mediates spindle orientation and centrosome separation in mitosis.  In addition, this allows 

dynein-dependent minus end-directed microtubule transport of a number of centrosomal and 

spindle proteins to the spindle pole.  The large structural protein, NuMA, is recruited to the 

spindle pole by dynein-dynactin where it fixes bundles of microtubule minus ends tightly 

together creating a focused structural support for the spindle pole, independent of the 

centrosome (Merdes et al., 2000; Compton, 2000).  NuMA is likely to form a trimeric 

complex with dynein and dynactin as disruption of any of these proteins results in spindle 

defects (Compton, 2000).    

 

1.3.3 Microtubule nucleation 

Microtubules undergo many changes upon mitotic entry that alter their organisation and 

dynamics to permit spindle assembly.  This is in part dictated by the centrosome and its 

associated proteins which nucleate and subsequently organise microtubules.  Microtubule 

nucleation occurs from within the pericentriolar material (PCM) (see section 1.4.1) at ring-

shaped multi-protein complexes containing γ-tubulin.  γ–Tubulin is the key protein involved 

in the nucleation of microtubules in vivo.  These γ-tubulin ring complexes, or γ-TuRCs, are 

present at the centrosomes throughout the cell cycle, but additional γ-TuRCs are recruited to 

the PCM during centrosome maturation at the G2/M transition (Job et al., 2003).  Although 

also present in the cytoplasm, they predominantly nucleate microtubules at the centrosome, 

presumably due to the presence of additional activators (Wiese and Zheng, 2000).  The γ-

TuRC is composed of 12 γ-tubulin molecules, at least 6 other proteins, referred to as γ-tubulin 

binding proteins (GTBPs) and a cap-shaped structure (Stearns and Winey, 1997).  A number 

of possible GTBPs have been identified including γ-tubulin complex proteins 2 and 3 (GCP2 

and GCP3) which anchor additional proteins such as pericentrin/Kendrin, ninein-like protein 

(Nlp) and abnormal spindle protein (Asp) to the γ-TuRC (Bornens, 2002; Delgehyr et al., 

2005; Takahashi et al., 2002).  Each microtubule is thought to assemble initially as a sheet 

which closes to form a tube.  There are two proposed models to explain how γ-TuRCs 

nucleate microtubules.  The first model for microtubule nucleation suggests that the γ-TuRC 

acts as a helical template for the assembly of α/β-tubulin dimers with its cap encompassing 

the microtubule minus ends of microtubules (Zheng et al., 1995; Keating and Borisy, 2000; 

Moritz et al., 2000).  Microtubule capping is required to prevent depolymerisation of minus 

ends of microtubules after being released (Urbani and Stearns, 1999).  The γ-tubulin 

molecules interact with each other laterally and with α-tubulins longitudinally at the minus 

end of one protofilament, thus promoting polymerisation and elongation of the microtubule.  
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In contrast, the second ‘protofilament’ model proposes that γ-tubulin molecules interact with 

each other longitudinally and with α/β-tubulin dimers laterally causing the γ-TuRC to unwind 

and form the first protofilament.  This promotes the assembly of additional α/β-tubulin 

subunits laterally creating a sheet which grows and curls to form a microtubule (Job et al., 

2003; Keating and Borisy, 2000; Moritz et al., 2000).   

 

γ-Tubulin is essential for microtubule nucleation to occur.  γ-Tubulin is present at the 

centrosome throughout the cell cycle, although its concentration increases during mitosis 

when it is required for mitotic spindle formation (Khodjakov and Rieder, 1999).  The 

recruitment of γ-tubulin to the centrosome may be dependent upon dynactin.  Dynactin 

interacts with dynein via its sidearm subunit, p150GLUED.  Overexpression of fragments of the 

p150GLUED results in unfocused and disorganised microtubule arrays and a failure to recruit γ-

tubulin (Quintyne et al., 1999).  Microinjection of dynein antibodies also results in failed γ-

tubulin recruitment to the centrosome in Xenopus cells (Young et al., 2000).  Together, these 

data suggest that the dyenin/dynactin complex may transport γ-tubulin from the cytoplasm 

along microtubules to the centrosome and that this is necessary for microtubule nucleation to 

occur. 

 

Pericentrin localises to the PCM surrounding the centrioles and has been implicated in 

microtubule nucleation and organisation.  Pericentrin forms a complex with γ-tubulin 

generating a reticular lattice that contacts the minus ends of nucleated microtubules at the 

centrosome (Doxsey et al., 1998).  Pericentrin may therefore act as a structural scaffold for 

microtubule nucleating complexes.  The pericentrin-γ-tubulin lattice assembles in G1, 

enlarging until mitosis and disassembling after mitosis.  In the absence of microtubules or in 

response to microinjection of anti-dynein or anti-dynactin antibodies, the recruitment of 

pericentrin and γ-tubulin is inhibited, thus preventing the assembly of this lattice (Young et 

al., 2000).  This suggests that dynein is required to mediate the transport of pericentrin and γ-

tubulin along microtubules and facilitate their anchorage at the centrosome.  Cells depleted of 

pericentrin and γ-tubulin exhibit a reduced microtubule nucleating ability.  Together, these 

data suggest that the assembly of the pericentrin-γ-tubulin lattice represents a second 

mechanism for the anchorage and organisation of microtubule nucleation sites at the 

centrosome in mammalian cells (Dictenberg et al., 1998). 
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1.3.4 Microtubule anchoring and release 

Microtubule nucleation and anchoring mechanisms are both thought to control the 

microtubule array and centrosome movements during division.  Once microtubules are 

nucleated from the PCM, they are released or severed from their nucleating sites and are 

either released into the cytoplasm or become anchored at centrosomal or non-centrosomal 

sites such as apical domains in epithelial cells (Abal, 2002; Mogensen, 1999).  It is likely that 

the microtubules are transported by dynein-dynactin motor protein complexes, to centrosomal 

sites where they become anchored.  However, overexpression of dynactin causes the 

abnormal release of microtubules from the centrosome leading to unfocused microtubule 

arrays and defective spindle pole separation.  This supports an additional role for dynactin in 

microtubule anchorage (Bornens, 2002; Vaisberg et al., 1993).  The centrosomal site of 

microtubule anchorage is thought to be based at the distal appendages of the mother centriole.   

 

One protein which has been implicated in microtubule nucleation is ninein.  Ninein exists as 

two splice variants of 245 kDa and 249 kDa that largely consist of coiled-coil regions 

(Bouckson-Castaing et al., 1996; Hong et al., 2000).  Ninein localises at the distal appendages 

of the mother centriole via its C-terminus and anchors γ-TuRCs via its N-terminus (Delgehyr 

et al., 2005).  Ninein also localises to apical non-centrosomal sites in epithelial cells where 

microtubule minus ends are anchored following its release from the centrosome (Mogensen et 

al., 2000; Moss et al., 2007).  This is thought to be necessary for the stabilisation of apico-

based arrays in epithelial cells (Moss et al., 2007).  Overexpression of mutants only encoding 

the C-terminal domain of ninein result in displacement of ninein and γ-TuRCs from the 

centrosome causing defective microtubule nucleation and anchoring, whereas, overexpression 

of mutants lacking the central coil-coil motif only disturbed ninein localisation at the 

centrosome and microtubule anchoring activities (Delgehyr et al., 2005).  In addition 

microinjection of ninein antibodies results in disrupted centrosome integrity (Dammermann 

and Merdes, 2000).  Therefore, ninein is thought to play a dual role as a microtubule minus-

end capping protein facilitating the docking of the γ-TuRC at the centrosome during 

microtubule nucleation and as a microtubule anchoring protein (Mogensen et al., 2000).  A 

protein similar to ninein has been discovered, named ninein-like protein (Nlp).  Nlp may also 

play a role in microtubule anchoring.  However, this protein shall be discussed in detail in a 

later section. 
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1.4 The centrosome 

 

1.4.1 Centrosome structure 

The centrosome is a non-membranous organelle of 1-2 µm3 in volume.  It consists of a pair of 

barrel-shaped centrioles, 0.5 µm in length and 0.2 µm in diameter, each formed from 9 sets of 

triplet microtubules.  The two centrioles are arranged perpendicular to each other, surrounded 

by PCM (Figure 1.4).  The PCM contains an array of structuralcoiled-coil proteins as well as 

many regulatory proteins held within a meshwork of fibres (Anderson et al., 2003; Doxsey, 

2001).  This matrix is thought to provide a framework for anchoring proteins involved in 

microtubule nucleation and cell cycle progression.  The duplicated centrosomes form the two 

poles of the mitotic spindle in metaphase.  They are thought to direct microtubule nucleation 

and organisation, hence determining spindle orientation and controlling cell polarity (Alberts 

et al., 2008; Doxsey, 2001).  The older centriole, known as the mother, and the younger 

centriole, called the daughter, are linked at their proximal ends by interconnecting fibres 

referred to as the intercentriolar linkage. Evidence for the linkage has arisen from isolated 

centrosome preparations in which the centrioles remain paired.  Also electron dense material 

has been observed between the two centrioles (Paintrand et al., 1992).  In G1 the mother 

centriole is located near the cell centre, whilst the daughter is found to oscillate around the 

mother centriole.  These correlated movements suggest that the intercentriolar linkage is 

flexible (Piel et al., 2000).  The centrioles are polar structures with a proximal and distal end.  

During centriole duplication new procentrioles emerge from the side wall at the proximal 

ends of centrioles. The mother centriole can be distinguished from the daughter centriole as it 

contains distal and subdistal appendages.  The composition of these appendages is unknown, 

but they are considered to facilitate microtubule anchoring and attachment of centrioles to the 

plasma membrane during ciliogenesis (Marshall, 2001).  Indeed, the mother centriole has the 

ability to act as a basal body and nucleate the microtubules found within primary cilia.  This 

activity may be dependent on the presence of distal and subdistal appendages, as centrioles 

which lack appendages due to the deletion of ODF2 (an appendage marker), lose the ability to 

nucleate cilia (Ishikawa et al., 2005; Piel et al 2000).  Each centrosome undergoes duplication 

and separation once during each mitotic cycle.  
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1.4.2 Centrosome duplication 

 

1.4.2.1 Centriole disengagement 

Centrosome duplication occurs once per cell cycle and involves a series of events shown in 

Figure 1.5.  At anaphase the two centrioles at each pole disengage and lose their 

perpendicular arrangement in preparation for templated synthesis of procentrioles.  Centriole 

disengagement (also called centriole disorientation) is mediated by the cysteine protease, 

separase, that also destroys centromeric cohesin, thus triggering sister chromatid segregation 

(Waizenegger et al., 2000).  Experiments using X. laevis cell free extracts suggest that the   

ubiquitin ligase, APC/C, may degrade proteins such as securin which subsequently frees 

separase to trigger centriole disorientation (Freed et al., 1999; Tsou and Stearns, 2006). 

 

Shugoshin 1 (Sgo1) is a protein implicated in protection of sister chromatid cohesion.  

Recently, a shorter splice variant of Sgo1, called sSgo1, has been identified which localises to 

the centrosomes of the mitotic spindle and protects cohesion at paired centrioles until early 

anaphase (Wang et al., 2006).  The centrosomal localisation and function of sSgo1 is 

regulated by its phosphorylation by Plk1 (Wang et al., 2008).  sSgo1 displacement from the 

centrosome possibly by dephosphorylation or cleavage by separase is thought to trigger 

centriole disengagement.  This is supported by studies in which Sgo1 depletion by RNAi 

induces the formation of multiple centrosome structures in mitotic cells that result from 

separation of paired centrioles.  Introduction of sSgo1 in Sgo1-depleted cells rescues 

premature centriole separation but not sister chromatid separation.  So whereas Sgo1 is 

responsible for sister chromatid cohesion, sSgo1 appears to be required for centriole cohesion 

(Wang et al., 2008).  Following centriole disengagement at the end of mitosis the two 

centrioles separate and acquire their own distinct cloud of PCM, although they appear to 

regain their close proximity prior to centriole duplication.  Disengagement is thought to 

constitute a licensing step, required for a further round of centriole duplication (Tsou and 

Stearns 2006). 

 

1.4.2.2 Centriole duplication 

During S phase, each centriole duplicates by nucleating the growth of a new daughter pro-

centriole from its side at a right-angle (Figure 1.5).  Similar to DNA replication, centrosome 

duplication is semi-conservative.  This has given rise to the templated model of pro-centriole 

formation which suggests that the new centriole is formed from an existing structure on the 

maternal centriole (Kochanski and Borisy, 1990).  A second mechanism for centrosome  
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duplication is known as the ‘de novo’ pathway.  The de novo pathway occurs in the absence 

of a parental centriole.  Instead, many centriolar structures are formed which, upon mitotic 

entry, each acquire the ability to nucleate and organise microtubules.  This can lead to the 

assembly of multipolar spindles (La Terra et al., 2005; Tsou and Stearns, 2006).  A control 

pathway must therefore exist to prevent de novo formation occurring in the presence of a 

functional centrosome.     

Mutagenesis and genome-wide RNAi screens in C. elegans have identified a number of 

proteins that are essential for centriole duplication (Dammermann et al., 2004; Kirkham et al., 

2003; Gonczy et al., 2000).  These include the protein kinase, ZYG-1 (zygote defective 1), 

and the coiled-coil spindle assembly proteins, SAS-4, SAS-5, SAS-6 and SPD-2 (spindle 

defective 2).  The C. elegans oocyte does not contain centrioles.  However, during 

fertilisation, the sperm donates two centrioles which duplicate and the oocyte donates the 

proteins which form the PCM.  RNAi depletion of maternal genes encoding ZYG-1, SAS-4, 

SAS-5 and SAS-6 prevents centriole duplication following fertilisation, leading to the 

formation of monopolar spindles following the second round of mitosis (Dammermann et al., 

2004; Kirkham et al., 2003; Liedel and Gonczy, 2005).  This indicates that these proteins are 

required for centriole formation to occur.  In contrast, SPD-2 is essential for centrosome 

maturation.  SPD-2 depleted embryos fail to acquire sufficient PCM during centrosome 

maturation.  Therefore microtubule nucleation fails and mitotic spindles cannot form 

(Dammermann et al, 2004).  However, in C. elegans centriole duplication was also prevented 

in SPD-2 depleted embryos (Leidel and Gonczy, 2003).  A stepwise pathway has been 

proposed based on RNAi and electron tomography studies which state that SPD-2 and ZYG-1 

are the first proteins to be recruited to centrioles.  Their role is then to promote the 

recruitment of SAS-5 and SAS-6 which physically interact and appear co-dependent for their 

centriole localisation (Leidel et al., 2005).  This initiates the development of daughter 

centrioles in S-phase by the formation of a central tube suggesting that SAS-5 and SAS-6 may 

act to maintain its structural integrity.  SAS-5 and SAS-6 also facilitate the recruitment of 

SAS-4 to the centrioles which is required for the assembly and maintenance of microtubules 

onto the central tube (Kirkam et al., 2003; Leidel and Gonczy et al., 2003; Pelletier et al., 

2006).  SAS-4 has also been suggested to play a role in regulating centriole size as SAS-4 

depletion results in stunted centrioles (Kirkham et al., 2003).   

Following the identification of several proteins implicated in centriole duplication in C. 

elegans, a search was initiated to find homologues of these proteins in other eukaryotes.  

Indeed, the centriole duplication pathway identified in C. elegans may be conserved amongst 
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eukaryotes.  A human homologue of SAS-6 has been identified and named HsSAS-6.  

HsSAS-6 is essential for centriole duplication in somatic cells (Leidel et al., 2005).  A 

homologue of SAS-4 has been found in Drosophila, DSAS-4 and in humans, known as CPAP 

or CENPJ.  Recent research suggests CPAP (centrosomal P4.1-associated protein)/CENPJ 

(centromere protein J) plays a direct role in centriole duplication (Kleylein-Sohn et al., 2007).  

ZYG-1 is functionally similar to Sak in Drosophila and Plk4 in humans (Dutcher, 2007; 

Kleylein-Sohn et al., 2007).  Similar to ZYG-1, loss of Plk4 in human cells results in a step-

wise reduction of centriole numbers (Habedanck et al., 2005).  Furthermore overexpression of 

Plk4 induces centriole overduplication (Bettencourt-Dias et al., 2005; Kleylein-Sohn et al., 

2007).  As yet no orthologues of SAS-5 have been identified.  Finally, a mammalian 

homologue of SPD-2 has been proposed as Cep192 which regulates the recruitment of the 

PCM and centrosome maturation (Zhu et al., 2008).  Hence, a number of proteins involved in 

centriole duplication in C. elegans appear to be conserved in other organisms, although 

additional proteins have also been identified which are required for centriole duplication, as 

the process is likely to be more complex in higher organisms.  Nevertheless, understanding 

the mechanisms underlying centrosome duplication that exist in C. elegans will help elucidate 

the mechanisms that exist in humans. 

 

The mechanisms that regulate centrosome duplication ensuring that it only occurs once per 

cycle are poorly understood.  Using cell fusion experiments, it was shown that a block to 

reduplication normally exists in cells, which is thought to be intrinsic to the centrosomes 

(Wong and Stearns, 2003).  In somatic mammalian cells, Cdk2/cyclinA activity is necessary 

for centriole duplication to occur (Meraldi et al., 1999).  In comparison, in Xenopus egg 

extracts, Cdk2/cyclin E is an essential factor for centrosome duplication.  Centrosome 

duplication is blocked in the presence of Cdk2 inhibitors or by immunodepletion of Cdk2 or 

cyclin E which was restored by the addition of Cdk2/cyclin E (Hindcliffe et al., 1999; 

Matsumoto et al., 1999).  Centrosome duplication also depends on the phosphorylation status 

of the tumour suppressor protein, retinoblastoma (Rb).  Expression of an Rb mutant which 

lacked the Cdk phosphorylation sites inhibited centriole duplication (Meraldi et al., 1999).  

Rb inhibits the activity of the transcription factor, E2F, which otherwise promotes S-phase 

progression (Meraldi et al., 1999).  Together, this evidence suggests that phosphorylation and 

inactivation of Rb and the subsequent activation of E2F is required for centrosome 

duplication in addition to Cdk2-cyclin A activity.  A second tumour suppressor protein, p53, 

is also involved in centrosome duplication.  p53 transcriptionally regulates p21, which 

inhibits Cdk2 activity.  This is supported by the observation that reduced p21 activity results 
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in increased Cdk2/Cyclin E activity, leading to reduplication and amplification of 

centrosomes (Mantel et al., 1999).  In addition, gene knockout of p53 in somatic cells resulted 

in a significant number of cells with increased centrosome numbers (Fukasawa, 2008).  The 

process of centriole duplication is complex and it is likely that many other proteins contribute 

to its regulation.  Clearly, research will be required to fully understand the mechanisms which 

regulate centriole duplication through the cell cycle. 

 

1.4.2.3 Centrosome maturation, disjunction and separation 

During G2/M phase, the new daughter centrioles elongate until full length is achieved in 

mitosis.  The PCM also undergoes structural reorganisation in a process known as centrosome 

maturation.  This involves the recruitment of additional proteins such as γ-tubulin to enhance 

microtubule nucleating ability and initiate the separation of the duplicated centrosomes 

(Blagden and Glover, 2003; Khodjakov and Rieder, 1999).  In early prophase, the close 

association between the two parental centrioles breaks down, allowing the two centriole pairs 

to separate in a process known as centrosome disjunction (Figure 1.5) (Nigg, 2002).   

 

One model for centrosome cohesion has been proposed which suggests that the close 

proximity between parental centrioles is a direct result of cytoskeletal forces, and that 

alterations to the cytoskeleton may have a direct effect upon centrosome cohesion (Thompson 

et al., 2004).  However, the second model for centrosome cohesion postulates the existence of 

linker proteins which connect parental centrioles.  Evidence supporting the existence of this 

linkage includes electron microscopy images of fibers between centrioles that are still present 

in the absence of microtubules (Paintrand et al., 1992).  In addition, centrosomes are seen as 

paired dots even after isolation from cultured cells, while in live cells the mother and daughter 

centrioles make correlated movements that suggest they are held together by a physical tether 

(Bornens, 2002; Piel et al., 2000).  The linker structure is thought to be composed of the 

coiled-coil proteins, C-Nap1 and rootletin (discussed in more detail in later sections).  C-Nap1 

and rootletin dissociate from the centrosome when activity of the Nek2 kinase exceeds that of 

its inhibitor, PP1, thus mediating centrosome disjunction at the G2/M transition (O’Regan et 

al., 2007).  Recent research suggests that the protein Cep68 also contributes to the linker 

structure (Bahe et al., 2002).  Depletion of C-Nap1, rootletin or Cep68 by siRNA induces 

substantial centrosome splitting.  Electron microscopy showed that Cep68 colocalises with 

rootletin fibers emanating from the proximal ends of centrioles and, like C-Nap1 and 

rootletin, dissociates from the centrosome at the onset of mitosis.  Furthermore Cep68 and 

rootletin depend on C-Nap1 for their localisation at the centriole.  This supports previous 
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findings that C-Nap1 does not form the central region of the linker structure, but is present at 

the proximal ends of centrioles and acts as a docking site for the adjoining rootletin fibers.  

Together this evidence strongly suggests that centrosome cohesion is mediated by a direct 

mechanism involving these proteins.  These two models are not mutually exclusive and it is 

likely that centrosome cohesion is regulated by both cytoskeletal interactions and the presence 

of an intercentriolar linker between the parental centrioles.  Indeed, it is possible that the 

cytoskeleton may contribute to transport of structural or regulatory components important for 

the linker to the centrosome (Meraldi and Nigg, 2001).   

 

At the onset of mitosis, the centrosomes separate and move to either end of the cell forming 

the two spindle poles.  This movement is dependent upon the activity of motor proteins such 

as the kinesin, Eg5. Microinjection of anti-Eg5 antibodies blocks centrosome separation 

resulting in mitotic arrest and monopolar spindle formation (Blangy et al., 1995).  In turn the 

localisation of Eg5 to the centrosome is dependent upon its phosphorylation status, which is 

regulated by Cdk1 (Sawin and Mitchison, 1995).     

   

1.4.3 Centrosome Functions 

The main function of the centrosome is to act as a microtubule organising centre (MTOC), 

mediating events such as microtubule nucleation, release and anchoring (Anderson, 1999).  

Perhaps most critically, the centrosome organises the spindle poles in order to regulate mitotic 

spindle assembly and positioning, thus defining the plane of cytokinesis and ensuring equal 

segregation of chromosomes into two daughter cells (Nigg, 2004).  The role of the 

centrosomes in spindle assembly is crucial and mistakes may contribute to the formation of 

human cancers and conditions such as microcephaly, which is associated with small brain size 

at birth (Woods et al., 2005).  One such centrosome abnormality is the presence of more than 

two centrosomes per cell which can result in multipolar spindles and inaccurate chromosome 

segregation, which may cause aneuploidy (Nigg, 2002).   

 

Interestingly, there is accumulating evidence from various organisms that centrosomes are not 

essential for mitotic spindle assembly.  Firstly, cells which have had their centrosomes 

removed by laser ablation can still form bipolar spindles (Hinchcliffe et al., 2001).  Secondly, 

in Xenopus egg extracts mitotic spindle assembly can occur in the presence or absence of 

centrosomes.  In the absence of centrosomes microtubules form an antiparallel array focused 

around chromatin which is driven by microtubule-associated motor proteins (Heald et al., 

1997).  Thirdly, in Drosophila, DSas-4, a relative of Sas-4 in C. elegans, is an essential 
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regulator of centrosome duplication.  DSas-4 mutant flies fail to develop centrosomes by the 

third larval stage but intriguingly a mitotic spindle still assembles.  However, these flies lack 

cilia and flagella and die soon after birth (Basto et al., 2006).  Finally, mouse oocytes also 

lack functional centrosomes.  Hence, microtubule polymerisation occurs at multiple MTOCs 

which are recruited to the chromosomes which appear to be the main organiser of spindle 

assembly (Brunet and Maro, 2005).  Together, these studies suggest that centrosomes are not 

essential for spindle assembly.  However, centrosomes are considered essential for the correct 

positioning of the mitotic spindle, which is vital in cells that undergo asymmetric divisions.  

Astral microtubules associated with the centrosome control spindle positioning by directly 

contacting the cell cortex and anchoring themselves at appropriate positions to orientate the 

mitotic spindle in mammalian cells (Basto et al., 2006).  Misorientation of the spindle may 

put chromosomes in the path of a cleaving cell leading to chromosome loss and aneuploidy or 

to the missegregation of critical developmental determinants (Cowan and Hyman, 2004; 

Higginbotham and Gleeson, 2007). 

 

The centrosome has also been suggested to play a role in cytokinesis or mediate a checkpoint 

that monitors cytokinesis, as cells lacking centrosomes display cytokinesis defects 

(Khodjakov and Reider, 2001).  At telophase, a hypothetical cytokinesis checkpoint is turned 

on.  The maternal centriole has been shown to move to the midbody between dividing cells.  

As the actomyosin bridge constricts, microtubules depolymerise and the centriole appears to 

move back to the centrosome prior to checkpoint inactivation and finally, cell cleavage (Piel 

et al., 2000).  However, the significance of these observations remains to be confirmed.  

Further evidence which supports a role of centrosomes in cytokinesis is the characterisation of 

a novel protein at the maternal centriole known as centriolin, which is required for the later 

stages of cytokinesis (Gromley et al., 2003).  A role of the centrosome in regulating the G1/S 

transition, thus activating DNA replication, has also been implicated.  Cells which lack 

centrosomes generally fail to complete cytokinesis, but those cells that do divide show a G1 

arrest preventing DNA replication (Hinchcliffe et al., 2001; Khodjakov and Reider, 2001).  It 

is unclear how centrosomal defects induce a G1 arrest.  It is possible that centrosomes may be 

required to activate DNA replication (Hinchcliffe et al., 2001).  Alternatively, centrosomes 

may mediate the G1-S transition indirectly by controlling a checkpoint that monitors 

centrosome number and DNA content (Mikule et al., 2007).  

 

In addition to their role as MTOCs, centrosomes also form the basal bodies that nucleate the 

growth of cilia and flagella (Eley et al., 2005).  Cilia and flagella are cellular projections that 
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mediate movement of the cell and substances surrounding the cell or act as sensory organelles 

(Bettencourt-Dias and Glover, 2007).  In recent years many human diseases characterised by 

defective cilia, so-called ciliopathies, have been found to be caused by mutations in the genes 

that encode centrosomal or basal body components (Adams et al., 2008; Badano et al., 2006; 

Fleigauf et al., 2007).  The basal body organises the assembly of the axoneme, a microtubule 

based structure that determines the rigidity and motility of cilia. 

   

1.4.4 Centrosomes and cancer 

A cancerous growth or tumour consists of cells which have evaded the normal cell cycle 

controls and limits.  Cancer usually arises from an accumulation of defective processes 

including the activation of oncogenes, loss of tumour suppressor function and deregulation of 

the cell cycle and in some cases deregulation of the centrosome cycle (Brinkley and Goepfert, 

1998).  The changes in centriole arrangement and the movement of centrosomes in mitosis are 

thought to determine the organisation of mitotic spindle microtubules which in turn 

determines the accuracy of chromosome segregation (Doxsey, 2001).  Misalignment of 

chromosomes on the metaphase plate can lead to chromosome missegregation, characteristic 

of many tumours (Nigg, 2002).  Cancer cells from a wide array of tumours exhibit multipolar 

spindles, which are often associated with supernumerary centrosomes, and these can lead to 

aneuploidy (Saunders et al., 2005).  In comparison, monopolar spindles lead to a complete 

failure of chromosome segregation and subsequent tetraploidisation (Brinkley, 2001).  

Centrosome aberrations may arise as a result of loss of coordination between the centrosome 

duplication cycle and cell division cycle or a failure in cell division.  This may result in 

centrosome duplication failure or centrosome overduplication within a single cell cycle, 

aborted cell division or cell fusion (Brinkley, 2001; Nigg, 2002; Pihan and Doxsey, 1999).  

Aborted cell division is thought to be the primary cause of excessive centrosome numbers 

(Nigg, 2002).   

 

There is a strong correlation between aberrant centrosome numbers and aneuploidy.  

Abnormal centrosome numbers have been observed in many cancer types, including bladder, 

breast, colon and prostate tumours, and are therefore considered to be a key event in tumour 

progression (Saavedra et al., 2003; Schneeweiss et al., 2003; Yamamoto et al., 2004).  Mouse 

tumour models suggest centrosomal abnormalities occur at the pre-invasive stage of 

tumourigenesis (Brinkley and Goepfert, 1998).  However, other researchers found that 

aberrant centrosomes were only seen when accompanied by chromosomal abnormalities 
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suggesting centrosomal abnormalities occur during late tumour progression (Saunders et al., 

2005). 

  

In addition to aberrant centrosome numbers, there are other centrosome abnormalities such as 

increased size, excess PCM and inappropriate phosphorylation of centrosomal proteins 

(Salisbury et al., 2002).  However, abnormal centrosomes are most certainly associated with 

tumour progression, hence there has been a huge interest in the identification of mutations and 

abnormal expression patterns of centrosomal proteins in cancer cells (Nigg, 2001).  Some of 

these centrosomal proteins which have been investigated include the mitotic protein kinases 

Cdk1, Plk1, Aurora-A and Nek2 (Nigg, 2001).  However, which proteins are likely to be 

involved in the deregulation of the centrosome cycle in cancer cells are yet to be determined.   

 

 

1.5 Cell cycle regulation of the centrosome 

 

During the cell cycle, the centrosome undergoes a number of structural and functional 

changes as described above, which are controlled in large part by cell cycle-dependent protein 

phosphorylation.  This is regulated by the activity of protein kinases and phosphatases (Fry 

and Faragher, 2001) (Figure 1.6).  The important kinases involved in centrosome regulation 

include members of the Cdk, Polo-like kinase (Plk), Aurora kinase and NIMA-related kinase 

families (Figure 1.6) and some of the roles of these kinases in centrosome regulation are 

discussed below (Nigg, 2001; Mayor et al., 1999).   

 

1.5.1 Cyclin-dependent kinases  (Cdks) 

Cyclin-dependent kinases (Cdks) contain a catalytic subunit which is activated in the presence 

of a cyclin regulatory subunit.  Mammalian cells have several Cdks which regulate different 

stages of the cell cycle.  Cdk1 is required for cells to enter mitosis, Cdk2 regulates S-phase 

progression and Cdk4/6 regulates passage through the G1 restriction point (Alberts et al., 

2008).  In terms of the centrosome cycle, Cdks regulate centrosome duplication and 

maturation, microtubule nucleation and dynamics and they are responsible for the recruitment 

of proteins to the centrosome (Mayor et al., 1999; Fry and Faragher, 2001).  As discussed 

above, a study in S-phase arrested Xenopus egg extracts found that Cdk2 drives several 

rounds of centrosome duplication (Hinchcliffe et al., 1999).  Meanwhile, injection of the Cdk 

inhibitors (CKIs), p21 or p27, blocks centrosome duplication in Xenopus embryos (Lacey et 

al., 1999).  Cdk2 activity is also required for the separation of paired centrioles in Xenopus  
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extracts as depletion of Cdk2 or its activating partners cyclin A and E prevents centriole 

separation (Lacey et al., 1999).  Similar results have been obtained in somatic cells 

(Matsumoto et al., 1999; Meraldi et al., 1999).  As a positive regulator of centrosome 

duplication, Cdk2-cyclin E has been shown to phosphorylate a number of key proteins at 

unduplicated centrosomes such as breast cancer suppressor 1 (BRCA1), p53 and 

Nucleophosmin (NPM)/B23.  All of these may be important negative regulators of 

centrosome duplication.  Phosphorylation of BRCA1, p53 and NPM/B23 by Cdk2-cyclin E 

stimulates their dissociation from the centrosome, which in turn promotes centrosome 

duplication (Deng, 2002; Fukasawa, 2007; Okuda et al., 2000).   

 

It has been shown that Cdk1 is required for centrosome maturation.  There is evidence from 

different organisms that NIMA-related kinases or Plks may be involved in targeting Cdk1 to 

centrosomes (Wu et al., 1998; Jackman et al., 2003).  Activated Cdk1-cyclin complexes 

promote the centrosomal recruitment of the plus-end-directed kinesin motor protein Eg5 

amongst many other centrosomal proteins.  Following phosphorylation by Cdk1, Eg5 then 

stimulates centrosome separation allowing spindle assembly (Blangy et al., 1995; Sawin and 

Mitchison, 1995).  This suggests that Cdk1 may be involved in centrosome separation.  Cdk1 

has been implicated in the regulation of microtubule dynamics during mitosis through 

phosphorylating a number of microtubule associated proteins including β-tubulin and 

XMAP215, a protein which stabilises microtubule plus ends (Fourest-Lieuvin et al., 2006; 

Vasquez et al., 1999).  Furthermore, the addition of Cdk1/cyclin B stimulates increased 

microtubule nucleation from centrosomes in interphase Xenopus egg extracts (Ohta et al., 

1993).      

 

 

1.5.2 Polo-like kinases (Plks) 

Plks are a family of serine/threonine, cell-cycle regulated kinases that are highly conserved 

from yeast to humans.  Polo kinase was first identified in Drosophila where it was shown to 

have multiple roles throughout mitosis (Glover, 1995; Tavares et al., 1996).  In Drosophila 

Polo is responsible for recruiting CP190 and the microtubule-associated protein, Asp, which 

in turn recruits γ-TuRC and organises microtubule asters (Donaldson et al., 2000).  Polo and 

Asp have been shown to immunoprecipitate together and exist as a complex, independent of 

microtubules.  Asp is phosphorylated by Polo in vitro which transforms it into an MPM2 

epitope (Avides et al., 2001).  Overexpression of mutant asp or microinjection of anti-Asp 

antibodies or immunodepletion of Asp in Drosophila results in bipolar spindles with broad 
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unfocused spindle poles and an abnormal distribution of γ-tubulin causing mitotic and meiotic 

defects, which could be reversed by the addition of phosphorylated Asp (Avides et al., 2001; 

Avides and Glover, 1999).  Furthermore, embryonic extracts depleted of Polo are unable to 

rescue the nucleating ability of centrosomes stripped with salt, but the addition of 

phosphorylated Asp or active Polo restores this activity (Avides et al., 2001).  Therefore, it is 

proposed that phosphorylation of Asp by Polo stimulates microtubule nucleation from 

centrosomes and stimulates the ability of Asp to organise these microtubules into asters thus 

mediating mitotic spindle formation (Avides et al., 2001).  Recently, a novel centrosome 

component Kizuna (Kiz) has been identified as another Plk1 substrate which maintains 

spindle pole integrity.  Ablation of Kiz in cultured HeLa cells induces spindle pole 

fragmentation resulting in multiple γ-tubulin containing foci.  This has led to the proposal that 

in the absence of Kiz, the PCM breaks down in response to increased tension exerted by 

microtubule-kinetochore interactions (Fry and Baxter, 2006; Oshimori et al., 2006).    

 

Following the identification of Polo in Drosophila, Xenopus laevis was found to express 3 

Plks known as Plx1, Plx2 and Plx3 (Cheng et al., 2003).  Meanwhile, the mammalian Plk 

family consists of Plk1, Plk2 (Snk), Plk3 (Prk/Fnk) and Plk4 (Sak).  Plks consist of an N-

terminal catalytic domain and a regulatory C-terminal domain (CTD) which contains a 

conserved sequence motif, the polo-box domain (PBD).  The PBD contains two polo boxes 

linked by a polo-box cap (Barr et al., 2004).  Overexpression of the PBD alone induces 

mitotic defects such as spindle abnormalities and micronucleated cells (Seong et al., 2002).  A 

crystallisation study identified the PBD as a phospho Ser/Thr binding motif.  

Phosphopeptides, e.g. from the Cdc25 protein, were shown to bind a positively charged cleft 

between the two polo boxes.  Plk kinase activity is activated in response to phosphopeptide 

binding.  This is thought to target Plk1 towards specific substrates.  Plk can therefore be 

primed for phosphorylation at specifc points of the cell cycle.  Mutation of residues within the 

PBD results in loss of centrosome localisation (Elia et al., 2003).  Hence, the PBD is thought 

to regulate both the subcellular localisation and interaction of the kinase with its substrates.  

Moreover, the Plk CTD may exert an autoinhibitory effect via the interaction of the PBD with 

the catalytic domain.  This autoinhibition can be relieved by the binding of a phosphopeptide 

to the PBD and the phosphorylation of Thr-210 which activates Plk1 (Barr et al., 2004; Cheng 

et al., 2003; Jang et al., 2002).   

 

Plk2 and Plk4 are proposed to play roles in centrosome duplication.  Plk2 exhibits maximal 

activity at the G1/S-transition.  Overexpression of inactive Plk2 in S-phase arrested cells or 
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reduction of Plk2 by RNAi results in failure of centrosome duplication (Warnke et al. 2004).  

At present, Plk2 is classed as a centrosomal protein and its activity is required for centrosome 

duplication at the G1-S transition.  However, further research is required to determine how 

Plk2 regulates centrosome duplication.  In comparison, more is known about Plk4 which 

exhibits highest kinase activity in late S-G2 transition.  Experiments involving loss-of-function 

and gain-of-function mutations provide evidence that Plk4 is also a key regulator of 

centrosome duplication.  Overexpression of Plk4 promotes the formation of multiple 

procentrioles per maternal template which disengage from the pre-existing centriole following 

mitosis, resulting in centrosome amplification (Kleylein-Sohn et al., 2007).  In contrast 

depletion of Plk4 by RNAi leads to monopolar spindle formation and incorrect centriole 

numbers (Habedanck et al., 2005).  Plk4 is therefore considered essential for centrosome 

duplication in mammalian cells.  

 

The most studied Polo-like kinase in humans, Plk1, is thought to be required for centrosome 

maturation and establishment of the mitotic spindle (Figure 1.6).  Plk1 activity peaks at the 

G2/M transition and Plk1 protein associates with the mitotic spindle poles until metaphase, 

after which it is redistributed to the midzone of the spindle (Golsteyn et al., 1995).  

Microinjection of anti-Plk1 antibodies results in immature centrosomes that fail to recruit γ-

tubulin and MPM-2 phosphoepitopes leading to improper spindle formation (Lane and Nigg, 

1996).  Further support for a role for Plk1 in centrosome maturation has arisen from the 

identification of Cdc25c as a substrate of Plk1 (van de Weerdt et al., 2008).  It has been 

demonstrated that Plk1 activates the Cdk1-cyclin B complex required for mitotic entry by 

phosphorylating the phosphatase Cdc25c.  This data implies that Plk1 plays a role in 

centrosome maturation and mitotic entry at the G2/M transition (Lane and Nigg, 1996; Mayor 

et al., 1999).  However, cells depleted of Plk1 are still able to enter mitosis suggesting that 

Plk1 is not essential for M-phase entry.  Nevertheless, these cells arrested in prometaphase 

due to unstable microtubule-kinetochore interactions, suggesting that Plk1 is essential for 

proper spindle formation (Sumara et al., 2004). 

 

Increased Plk1 expression has been found in a variety of cancers, including those derived 

from breast, prostate and bladder.  Furthermore, Plk1 overexpression is linked to many higher 

grade tumours and associated with poor prognosis (de Carcer et al., 2007).  These 

observations highlight Plk1 as an attractive target in the design of anti-cancer agents.  

Therefore, a number of small molecule inhibitors against Plk1 are currently being developed 

which significantly reduce the viability of cancer derived cell lines (Gumireddy et al., 2005).  
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These include BI2536 and TAL which have proved successful as potent inhibitors of Plk1 

function in vitro (Taylor and Peters, 2008).  However, all Plk1 drugs developed to date also 

inhibit Plk2 and Plk3 to varying extents (Taylor and Peters, 2008).  Future research will 

hopefully lead to the development of a Plk1 specific inhibitor which could be a potential anti-

cancer drug.          

 

1.5.3 Aurora kinases 

Aurora kinase was first identified in S. cerevisiae as Ipl1p, while two Aurora kinases were 

found in Drosophila named aurora and IAL.  Three mammalian Aurora kinases have now 

been identified and named Aurora-A, -B and -C (Nigg, 2001).  Aurora kinases consist of an 

N-terminal catalytic domain and a C-terminal regulatory domain which varies greatly in 

length and sequence.  Aurora-A activity is low in G1/S, increases in G2 and peaks at mitotic 

onset, whereas Aurora-B activity peaks later in mitosis (Andrews et al., 2003).  Aurora-A 

localises to the centrosomes and mitotic spindle from S-phase until telophase, whereas 

Aurora-B localises to the midzone in anaphase and translocates to the bridge between two 

dividing cells during cytokinesis.  Aurora-C is predominantly expressed in the testis but little 

is known about its function (Fry et al., 2000; Nigg, 2001).   

 

Aurora-A is activated by phosphorylation and by the binding of multifunctional protein, 

TPX2 which resides in the hinge region between the C- and N-terminal lobes of the catalytic 

domain of Aurora-A.  This alters the conformation of the catalytic domain so that the 

activation loop and the residues forming the ATP binding site are positioned in such a way 

that substrate binding is facilitated (Bayliss et al., 2003).  In the absence of TPX2, the 

phosphorylated activation loop adopts a more flexible and looser conformation that blocks the 

substrate binding site and exposes the crucial threonine 288, which is then susceptible to 

dephosphorylation (Bayliss et al., 2003).  In early mitosis Aurora-A is necessary for 

centrosome maturation and separation, which in turn are necessary for mitotic spindle 

assembly (Figure 1.6).  Aurora-A depletion in C. elegans and Drosophila results in failure of 

γ-tubulin accumulation at the centrosome leading to loss of centrosomal microtubules 

(Hannak et al., 2001; Berdnik and Knoblich, 2002).  Overexpression of active Aurora-A or 

kinase-dead Aurora-A in any cell line results in polyploidy and centrosome amplification 

(Dutertre et al., 2002; Meraldi et al., 2002).  In the presence of protein Bora, Aurora-A 

activates Plk1 leading to Cdk1 activation, thus Aurora-A and Bora cooperatively regulate 

mitotic entry.  Bora interacts with Plk1 to promote the accessibility of the Plk activation loop 

for phosphorylation by Aurora-A (Seki et al., 2008).  Plk1 is thought to be responsible for 
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recruiting Aurora-A to the centrosome where it activates a number of downstream targets 

which promote centrosome maturation (Chan et al., 2008; Seki et al, 2008).  These 

downstream targets include the serine/threonine kinase LATS2 and NDEL1 which are 

phosphorylated by Aurora-A and targeted to the centrosome in G2/M (Barr and Gergely, 

2007; Mori et al., 2007).  Centrosome maturation fails in response to LATS2 siRNA knock 

down supporting a role for LATS2 in centrosome maturation (Toji et al., 2004).  Another 

group found that overexpression of a constitutively phosphorylated mutant of NDEL1 

restored centrosome maturation and separation in Aurora-A depleted cells (Mori et al., 2007).  

This suggests that NDEL1 is involved in centrosome maturation and is likely to be involved 

in other Aurora-A activated processes.  Indeed NDEL1 strongly interacts with TACC3, 

another Aurora-A target.  Recent evidence suggests that NDEL1 is required for TACC3 

recruitment to the centrosome in addition to phosphorylation on Ser 558 by Aurora-A.  

TACC3 then promotes the stabilisation and polymerisation of microtubules in mitosis 

(Kinoshita et al., 2005; Mori et al., 2007).  Despite this evidence for a role for Aurora-A in 

centrosome maturation, Aurora-A does not localise to centrosomes until duplication is 

complete.  It is possible that Aurora-A activates an inhibitor of duplication to prevent 

reduplication and that deregulation of Aurora-A activity leads to centrosome amplification, 

but further evidence is required to support this hypothesis (Dutertre et al., 2002; Meraldi et 

al., 2002). 

 

Mutation of the aurora gene in Drosophila or expression of a dominant negative mutant of 

Aurora-related kinase, Eg2, in Xenopus or siRNA mediated depletion of Aurora-A in human 

cells all prevented centrosome separation leading to monopolar spindle formation (Glover et 

al., 1995; Roghi et al., 1998; Marumoto et al., 2003).  It is possible that the role of Aurora-A 

in centrosome separation could be linked to its role in centrosome maturation.  It is not 

understood how Aurora-A regulates centrosome separation.  One possibility is in part by 

phosphorylating the BimC-like kinesin protein, Eg5 (Giet et al., 1999).  Eg5 induces 

movement of microtubules and tethers microtubule plus ends.  Therefore Eg5 may generate a 

force capable of pushing overlapping microtubules apart, thus mediating centrosome 

separation.  However, there is no evidence that Eg5 activity depends on phosphorylation by 

Aurora-A (Barr and Gergely, 2007; Dutertre et al., 2002).  Depletion of Aurora-A generates 

relatively few and short astral microtubules implying that interactions between spindle poles 

and the cell cortex may also contribute to centrosome separation (Barr and Gergely, 2007).   
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Aurora-A has been found to be overexpressed in many cancer cell lines and primary tumours 

and possesses transforming potential (Dutertre et al., 2002).  Therefore, Aurora-A is an 

attractive target for the development of anti-cancer therapies.  A number of small molecule 

inhibitors of Aurora kinases have been developed which proved successful in clinical trials 

(Matthews et al., 2006).  ZM447439 (AstraZeneca) and Hesperadin (Boehringer Ingelheim) 

are two drugs which have proved useful as specific inhibitors of Aurora function, inducing 

growth arrest or apoptosis of cancer derived cell lines (Ditchfield et al., 2005).  Millenium 

pharmaceuticals have recently developed a potential Aurora-A inhibitor, MLN-8054 (Taylor 

and Peters, 2008).  Although effective in vitro, a significantly higher concentration of the drug 

is required to inhibit Aurora-A function in vivo, which may result in low level inhibition of 

Aurora-B.  More characterisation of the drug is required and further research should help 

confirm whether this is an effective Aurora-A inhibitor (Taylor and Peters, 2008).  The 

development of Aurora kinase inhibitors will help to elucidate the functions of Aurora kinases 

in vivo and may potentially generate an anti-cancer drug.         

 

 

1.6        
 

NIMA-related kinases, or Neks, are serine/threonine protein kinases which share homology 

with the NIMA (Never In Mitosis A) kinase of the filamentous fungus, Aspergillus nidulans 

(Lu et al., 1993) (Figure 1.7).  NIMA is a 79 kDa protein which shows cell cycle regulated 

activity peaking at the G2/M transition (Krien et al., 1998; Osmani et al., 1991b).  In general, 

NIMA-related kinases consist of a highly basic non-catalytic C-terminal domain and an N-

terminal catalytic domain containing all the motifs characteristic of serine/threonine protein 

kinases (Hanks and Hunter, 1995).  The length and sequence of the C-terminal domains varies 

greatly between the NIMA-related kinases, which suggests that they may have different 

functions and may be regulated in a different manner (Fry and Nigg, 1997).  NIMA localises 

to spindle pole bodies during mitosis where it plays a role in microtubule organisation and 

mitotic spindle formation, although the mechanism remains obscure (O’Regan et al., 2007).  

The use of synthetic peptides led to the identification of a putative consensus site for 

phosphorylation by NIMA.  This site was FRxS/T with the phenyalanine at position -3 being 

particularly important (Lu et al., 1994).  NIMA itself is phosphorylated at multiple 

serine/threonine residues and can undergo autophosphorylation, while the activity and 

stability of NIMA is tightly regulated by changes in its phosphorylation state (Lu et al. 1993).  

NIMA contains several putative Cdk1 phosphorylation sites raising the possibility that it is  

NIMA-related kinases 
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activated by Cdk1.  The presence of active NIMA is essential for cells to progress from G2 

into mitosis, while overexpression of NIMA drives cells into mitosis irrespective of their cell 

cycle stage.  This is characterised by premature chromatin condensation and spindle assembly 

(O’Connell et al., 1994; Osmani et al., 1987).  Interestingly, temperature-sensitive mutations 

in the nimA gene induce a G2 arrest even in the presence of active Cdk1, highlighting the   

essential nature of NIMA for mitotic entry in Aspergillus (O’Connell et al., 2003; Osmani et 

al, 1988). 

 

Other eukaryotes also express NIMA-related kinases (Figure 1.7).  Yeasts express a single 

NIMA-related kinase, this being Kin3 in the budding yeast, Saccharomyces cerevisiae, and 

Fin1 in the fission yeast, Schizosaccharomyces pombe. Kin3 is present during mitosis but 

overexpression and mutation studies have revealed no obvious defects and hence it does not 

appear to be essential for cell cycle progression (Barton et al., 1992; Jones and Rosamond, 

1990).  More is known about the function of Fin1.  Fin1 localises to spindle pole bodies 

(SPBs; the functional equivalent of centrosomes) during the metaphase-anaphase transition 

suggesting that Fin1 may play a role in spindle function (Krien et al., 2002).  Moreover, the 

introduction of two temperature-sensitive, loss-of-function mutations in the Fin1 gene 

resulted in failure of microtubule nucleation from spindle poles and failure of mitotic spindle 

formation (Grallert and Hagan, 2002).  Overexpression of Fin1 induces spindle abnormalities 

and premature chromatin condensation.  However, a role in chromosome condensation is 

unlikely as the kinase activity of Fin1 peaks at the metaphase-anaphase transition after 

chromosome condensation has occurred.  Recent research has shown that Fin1 only binds to 

mature SPBs which are at least two cycles old (Grallert et al., 2008).  Fin1 binds the older 

SPB in association with septum initiation network (SIN) inhibitors once the SIN which 

controls mitotic exit is active.  Loss of Fin1 activity results in SIN activation on both SPBs in 

anaphase B and promotes premature septation which divides the cell into two daughter cells.  

This research suggests that Fin1 contributes to the inhibition of SIN activity on the old SPB 

until the cell is ready to divide (Grallert et al., 2004).    

 

The most closely-related NIMA homologue is the NIM1 protein of Neurospora crassa.  

NIM1 is 75% identical in sequence to NIMA in the catalytic domain and is the only NIMA-

related kinase to be capable of complementing an Aspergillus nimA mutant (Pu et al., 1995).  

These studies in lower eukaryotes suggest that NIMA-related kinases play roles within 

mitosis and possibly at centrosomes/SPBs.  Furthermore, overexpression of NIMA in a 

number of higher eukaryotes results in premature mitotic entry, and overexpression of an 
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inactive NIMA mutant in human cells induces a G2 arrest (Lu and Hunter, 1995).  The 

observation that proteins involved in cell cycle control are highly conserved from yeast to 

humans prompted the search for a mammalian homologue of NIMA.  This resulted in the 

identification of Nek1 in mice, closely followed by Nek2 in humans (Letwin et al., 1992; 

Schultz et al., 1994).  In fact, higher eukaryotes were found to express multiple Nek kinases 

compared to the single NIMA-related kinase found in fungi.  The human genome encodes 

eleven NIMA-related kinases which have been named Nek1 to Nek11.  These are illustrated 

in Figure 1.7 and described in more detail below.     

 

1.6.1 Mitotic Neks: Nek6, Nek7 and Nek9 

Nek6, Nek7 and Nek9 appear to act in concert to regulate mitotic events in vertebrate cells.  

Nek9, also called Nercc1, shares 40-50% identity with other Nek proteins in the N-terminal 

kinase domain.  It has a long C-terminal domain that contains an RCC1-like domain and a 

coiled-coil motif (O’Connell et al., 2003).  Deletion of the RCC1 domain creates a 

hyperactive kinase implying that this region may mediate an autoinhibitory mechanism (Roig 

et al., 2002).  Nek9 is also capable of autophosphorylation and activation of Nek9 seems to 

depend on phosphorylation of T-210 within the activation loop.  Meanwhile, the C-terminal 

domain of Nek9 contains numerous sites for phosphorylation by Cdk1/cyclin B, but it has not 

yet been shown whether this has any physiological relevance.  A phosphospecific antibody 

generated against the T-210 site showed that active Nek9 localises to spindle poles during 

mitosis (Roig et al., 2005; Belham et al., 2003).  Xenopus Nek9 was also observed at spindle 

poles (Roig et al., 2005).  Interference with Nek9 function by antibody microinjection caused 

spindle abnormalities and prometaphase arrest or chromosome missegregation, whilst 

depletion of Nek9 from Xenopus egg extracts strongly impaired spindle assembly in vitro 

(Belham et al., 2003).  Taken together, these studies support a direct role for Nek9 in the 

regulation of mitotic spindle organisation and chromosome segregation (O’Regan et al, 2007; 

Roig et al., 2002).   

 

Nek9 is proposed to act upstream of Nek6 and Nek7.  The C-terminal domain of Nek9 

interacts with Nek6 and Nek7 at a site between the RCC1-like domain and the coiled-coil 

motif (Roig et al., 2002).  Nek9 subsequently phosphorylates Nek6 at Ser-206 and Nek7 at S-

195 within their activation loops, thus increasing their activity at mitotic onset (Belham et al., 

2003).  The protein sequences of Nek6 (314 residues) and Nek7 (303 residues) are 87% 

identical and only differ in a small region at their extreme N-termini.  Nek6 and Nek7 are the 

smallest of the mammalian NIMA-related kinases consisting of only a catalytic domain 
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(O’Connell et al., 2003).  The abundance and activity of Nek6 is upregulated in mitosis, 

whereas Nek7 protein levels are relatively constant throughout the cell cycle (Belham et al., 

2003; Kim et al., 2007).  Nek7 localises to the centrosome at mitotic onset, unlike Nek6 

which is found diffusely distributed in the cytoplasm (Kim et al., 2007).  Nek6 and Nek7 

exhibit similar expression patterns in various tissues but, upon serum starvation, Nek7 activity 

is enhanced, whereas Nek6 activity is inhibited (Minoguchi et al., 2003).  However, 

overexpression of kinase-inactive Nek6 or Nek7, or knock-down of either kinase by siRNA-

mediated depletion produces similar phenotypes including metaphase arrest.  Furthermore, 

spindle defects and nuclear abnormalities are observed in these cells accompanied by 

increased apoptosis (Yissachar et al., 2006; Yin et al., 2003).  These studies suggest that Nek6 

and Nek7 kinases are involved in mitotic spindle organisation at the metaphase-anaphase 

transition, but their exact function and whether they have distinct roles remains a mystery.  In 

summary, a mitotic Nek cascade model has been proposed in which Nek9 is activated at 

mitosis onset which leads to Nek6 and Nek7 activation downstream of Nek9.  Nek6 and Nek7 

then mediate formation of the mitotic spindle by a mechanism that remains to be elucidated. 

    

1.6.2 Ciliary Neks: Nek1 and Nek8 

Surprisingly, Nek1 was identified by screening a mouse cDNA expression library with anti-

phosphotyrosine antibodies.  However, the N-terminal catalytic domain of Nek1 is 42% 

identical to NIMA and contains all the sequence motifs typical of serine/threonine kinases 

(Letwin et al., 1992).  Nevertheless, though Nek1 mainly phosphorylates serine and threonine 

residues, Nek1 is capable of phosphorylating tyrosine residues at least in vitro (Hanks and 

Hunter, 1995).  Nek1 may play a specific role in meiosis since Nek1 is highly expressed in 

the male and female germ lines (Letwin et al., 1992).  However, two spontaneous mutations 

found in the mouse Nek1 gene, known as Kat and Kat2J, lead to a complicated array of 

defects including male sterility, polycystic kidney disease (PKD) and facial dysmorphism.  

These phenotypes are typical of ciliopathies, diseases that arise due to defective cilia or 

flagella (Adams et al., 2008; Badano et al., 2006).  Indeed, recent evidence has emerged 

supporting a role for Nek1 in cilium organisation.  Microtubules within the ciliary axomere 

are nucleated from basal bodies and Nek1 was found to localise to the basal body region.  

Furthermore, Nek1 overexpression inhibited ciliogenesis without affecting centrosome 

integrity in kidney epithelial cells.  In addition, Kat2J expressing mouse embryonic 

fibroblasts exhibit a reduced number of primary cilia (Shalom et al., 2008; White and 

Quarmby, 2008), while a ciliary targeting motif has been identified within the C-terminal 

coiled-coil region of Nek1 (White and Quarmby, 2008).  Therefore, it is postulated that Nek1 
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may link cell cycle progression with primary cilium formation (Shalom et al., 2008).  

However, Nek1 has also been implicated in the activation of DNA damage pathways as Nek1 

kinase is upregulated in response to ionising radiation and cells expressing kinase-inactive 

Nek1 fail to repair damaged DNA (Polci et al., 2004).  A yeast two-hybrid screen using the C-

terminal regulatory domain of human Nek1 as bait identified a number of proteins which 

interacted with the central coiled-coil region of Nek1.  These proteins included KIF3A and 

tuberin, which are implicated in cilia formation, as well as ATRX (RAD54 homologue), 

53BP1 and the PP2A subunit, B56, which are proteins involved in double strand DNA break 

repair at the G2/M transition (Surpili et al., 2003).  Hence, it is possible that Nek1 plays a role 

in DNA damage/repair pathways in addition to ciliogenesis.  

  

Murine Nek8 was identified by the discovery of mutation in the Nek8 gene which leads to 

polycystic kidney disease (PKD) in mice (Liu et al., 2002).  Like Nek1, Nek8 has been 

implicated in cilia-related diseases raising the possibility that several mammalian Neks may 

play a role in microtubule organisation in cilia.  Depletion of Nek8 in zebrafish prevents the 

formation of longer cilia.  However, Nek8 shares the highest homology with Nek9 as both 

Nek8 and Nek9 contain an RCC1-like domain.  Overexpression of kinase-inactive Nek8 leads 

to multinucleated cells and abnormal actin cytoskeleton organisation (Liu et al., 2002; Bowers 

and Boylan, 2004).  Together, the results from mouse and human studies provide evidence 

that Nek8 may be involved in regulating the actin cytoskeleton structure during G2/M 

progression as well as being involved in ciliogenesis. 

 

1.6.3 Miscellaneous Neks: Nek3, Nek4, Nek5, Nek10 and Nek11 

Apart from Nek2, the remaining Neks are poorly characterised and have no clear functions.  

Nek3 shares 42% homology with NIMA within its catalytic domain.  Northen blots and in 

situ hybridisation experiments show that Nek3 is preferentially expressed in mitotically active 

tissues such as testis, ovaries and brain.  However, unlike certain other mammalian Neks its 

expression is not cell cycle-regulated and there is no evidence of post-translational 

modifications (Kimura and Okano, 2001; Tanaka and Nigg, 1999).  Nek3 is localised 

predominantly to the cytoplasm and no association with the centrosome has been observed.  

Similarly, overexpression of Nek3 or antibody microinjection had no effect upon cell cycle 

progression (Tanaka and Nigg, 1999; Chen et al., 1999).  Hence it is possible that the function 

of Nek3 is not related to cell cycle regulation.  Indeed, a recent study has found that Nek3 

phosphorylates the scaffolding protein, paxillin, and the RhoGEF, Vav2, in response to 

prolactin signalling (Miller et al., 2007).  Paxillin is localised to focal adhesion complexes 
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which facilitate motility, while Vav2 activates Rac1, RhoA and Cdc42 and is also involved in 

cytoskeletal reorganisation.  In addition, Nek3 is upregulated in malignant breast tissue 

compared to normal breast tissue.  Together, these data provide some evidence that Nek3 is 

involved in the regulation of the prolactin-mediated cytoskeletal reorganisation and motility 

of breast cancer cells (Miller et al., 2007). 

 

Very little is known about Nek4, Nek5 or Nek10.  Nek4 (also called STK2) exists as two 

splice variants which both localise to the cytoplasm.  Similar to Nek3, the expression and 

localisation of Nek4 is not cell cycle-dependent and hence its function is not understood 

(Hayashi et al, 1999).  Nek5 possesses a dead box helicase-like domain and belongs to the 

dead box protein family.  Nek5 is predominantly nucleolar, but nothing is yet known about its 

function. 

 

Nek11 exists as two splice variants, Nek11S (short isoform) and Nek11L (long isoform).  The 

catalytic domain is most structurally similar to Nek3 and Nek4.  Nek11L expression levels 

increase from S to G2/M phase and its subcellular localisation also changes through the cell 

cycle, localising to the nucleus in interphase and microtubules during mitosis (Noguchi et al., 

2002).  This suggests that Nek11 may play different roles during the cell cycle.  Noguchi et 

al. found that Nek11 was activated in cells arrested in G1/S in response to DNA-damaging 

agents and replication inhibitors.  This suggests that Nek11 may be involved in regulating 

DNA replication as part of the S-phase checkpoint in response to DNA damage.  There is also 

evidence that Nek11 is a target of Nek2A at the nucleolus in cells arrested in G1/S.  Both 

Nek11 and Nek2 were detected at the nucleolus and Nek11L interacted with the 

autophosphorylated form of Nek2A, but not with the inactive Nek2A (K37R) mutant.  Nek2A 

has also been shown to directly phosphorylate the C-terminal domain of Nek11 increasing 

Nek11 kinase activity.  This study highlights a novel role for a NIMA-related kinase in 

nucleolar function and suggests that Nek11 and Nek2 may represent another Nek kinase 

cascade (Noguchi et al., 2004). 

 

 

1.7 
 

The Nek2 protein kinase 

Nek2 is the most closely-related mammalian homologue of NIMA and has therefore been the 

most well-studied of the mammalian Neks.  It also resembles fungal NIMA in terms of its cell 
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cycle-dependent expression and substrate specificity. Most importantly, Nek2 is clearly 

implicated in mitotic control as will be described in detail below.   

 

1.7.1 Nek2 structure 

Nek2 consists of an N-terminal catalytic domain that shares 47% protein sequence homology 

with NIMA and 44% with KIN3 and a C-terminal regulatory domain (Fry et al., 1999).  Nek2 

is a typical serine/threonine protein kinase in that it contains all 12 motifs which are highly 

conserved amongst kinase sequences.  These sequences contain the conserved residues which 

mediate the catalytic activity of the kinase and mediate the transfer of the γ-phosphate of ATP 

to the hydroxyl group of serine or threonine residues (Hanks and Hunter, 1995).  Like other 

kinases Nek2 is activated by phosphorylation of the central activation loop also called the T-

loop (Johnson et al., 1996).  Phosphorylation of the activation loop stabilises it into an open 

and extended conformation to allow efficient substrate binding (Huse and Kuriyan, 2002).  

The activation loop is anchored at its N-terminal and C-terminal ends.  The N-terminal anchor 

contains a DFG sequence (residues 159-161 in Nek2) in which the aspartate acts as a metal 

bivalent ligand and chelates a Mg2+ ion that correctly orientates the phosphate group for 

phospho-transfer (Hanks and Hunter, 1995; Nolen et al., 2004).  The C-terminal anchor 

contains the motif APE and forms hydrogen bonds with a lysine residue in order to mediate 

interactions at the binding interface (Nolen et al., 2004).  Nek2 also contains a conserved 

motif of an arginine and aspartate (RD) at residues 140/141 and a conserved residue (R/K) at 

residue 164 (Johnson et al., 1996).   

 

The first crystal structure of the Nek2 kinase domain has recently been published (Rellos et 

al. 2007).  This structure was determined for the Nek2-T175A mutant complexed with a 

pyrrol-indoline inhibitor (SU11652).  T175 is an essential autophosphorylation site (discussed 

in 3.1) and so this therefore represents the structure of inactive Nek2 (Figure 1.8).  Previous 

attempts to express the wild-type Nek2 kinase for crystallisation purposes had failed as Nek2 

activity is toxic to bacteria (Fry and Nigg, 1997).  The Nek2 catalytic domain possesses a 

bilobal protein kinase fold typical of many protein kinases (Hanks and Hunter, 1995).  It is 

separated into 2 domains known as the N-lobe and C-lobe.  The N-lobe is smaller and 

contains β-sheets, whereas the C-lobe is larger and consists of α-helices (Ubersax and Ferrell, 

2007).  ATP binds in the deep hydrophobic pocket between the two lobes, beneath a 

conserved phosphate-binding loop.  This loop is glycine-rich contributing to its flexibility 

(Huse and Kuriyan, 2002).  The depth, charge and hydrophobicity of the active site contribute 

to the substrate specificity of the Nek2 kinase (Ubersax and Ferrell, 2007).  Nek2 is most  
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structurally similar to Aurora-A (31% identity) and a structural comparison of the two kinases 

is shown in Figure 1.8.  The activation loop appears as an unstructured region.  The two 

kinase structures differ in length and location of secondary structural features particularly 

within the C-lobe.  The most distinct difference is the presence of a short αT-helix in Nek2, 

composed of 5 amino acids directly after the DFG motif at the N-terminal end of the 

activation loop that is missing in Aurora-A (Figure 1.8).  This means that the short β-sheet 

structure after the DFG motif is therefore missing in Nek2.  In this inactive conformation the 

αT-helix is located between Glu-55 and the ATP-binding site.  Thus the αT-helix acts as a 

barrier preventing this catalytic glutamate from accessing the active site.  In the activated 

form of Nek2 this helix must be disrupted or moved (Figure 1.8).  A helical structure after the 

DFG motif has been observed in inactive forms of other kinases such as ATP-bound Cdk2, 

EGFR kinase and Src/Hck family kinases.  This supports the proposal that the αT-helix is a 

feature of the inactive conformation of Nek2 rather than a structure created by the inhibitor 

binding (Rellos et al, 2007).  

 

Despite sharing a common catalytic mechanism, the non-catalytic domains vary greatly 

between different kinases.  These domains contain unique features which are thought to 

confer substrate specificity and mediate the targeting and localisation of protein kinases, 

allowing them to perform a diverse array of functions.  For example, the C-terminal non-

catalytic domain of Nek2 contains two coiled-coil motifs, degradation motifs, a site for 

interaction with protein phosphatase 1 (PP1) and a targeting motif responsible for localising 

Nek2 to the centrosome (Fry, 2002).   

 

The human nek2 gene is located on chromosome 1 and Nek2 mRNA is encoded on 8 exons.  

Exon 1 contains the initiation codon and exon 8 contains the stop codon UAG.  Three splice 

variants of Nek2 have been described: Nek2A (445 residues; 48 kDa), Nek2B (383 residues; 

44.9 kDa) and Nek2C (437 residues; 48 kDa) (Figure 1.9) (Fry, 2002; O’Connell et al., 2003; 

Wu et al., 2007).  Nek2B arises as a result of an alternative polyadenylation site within intron 

7 of Nek2A (Hames, 2002).  This means that Nek2B differs from Nek2A, as it lacks the 

second coiled-coil domain (Figure 1.8). Nek2C lacks amino acids 371-378 within the C-

terminal domain of Nek2A and results from an alternative splice acceptor site in exon 8.  

Ectopic Nek2C predominantly localises to the nucleus compared to the predominant 

cytoplasmic localisations of Nek2A and Nek2B.  Mutagenesis studies revealed a strong 

nuclear localisation sequence (NLS) within Nek2C that is generated as a direct result of the 8 

amino acid deletion.  Nek2A does display a weak NLS activity, but this is completely absent  
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in Nek2B.  Hence, it is predicted that Nek2C is required to phosphorylate nuclear substrates 

to promote mitotic or meiotic entry (Wu et al., 2007).  All three isoforms of Nek2 have also 

been shown to localise to the centrosome during interphase (Fry et al., 1998; Hames et al., 

2001; Wu et al., 2007).  However, Nek2A and Nek2C are destroyed upon entry into  mitosis 

due to the presence of destruction motifs in the extreme C-terminal region not present in 

Nek2B (Fry et al., 1999; Hames et al., 2001; Hayes et al., 2007; Wu et al., 2007).  Antibodies 

specific for each splice variant have not yet been developed, so only total Nek2 activity can 

be measured.  This indicates that Nek2 is a cell-cycle regulated protein, with almost 

undetectable activity in G1 and high activity in S/G2, with low activity detected in mitosis 

(Fry, 2002).  This supports a role for Nek2 in cell cycle regulation.   

 

 

1.7.2 Nek2 functions  

The best studied function for Nek2 is in the separation of centrosomes at the onset of mitosis.  

Yeast two-hybrid screens have shown that Nek2 interacts with the protein phosphatase 1 

(PP1), and two centrosomal coiled-coil proteins, C-Nap1 and rootletin, forming a regulatory 

complex at the proximal ends of centrioles (Fry et al., 1998 a and b; Helps et al., 2000; Yang 

et al., 2002).  Nek2 can phosphorylate itself, PP1, C-Nap1 and rootletin at serine and 

threonine residues.  PP1 can dephosphorylate Nek2 and C-Nap1 (Fry et al., 1998b; 1999; 

Helps et al., 2000).  It has not yet been shown whether PP1 also dephosphorylates rootletin.  

Overexpression of Nek2 or disruption of C-Nap1 by microinjection of antibodies results in 

premature separation of centrosomes.  This suggests that Nek2 and C-Nap1 regulate 

anchoring sites for the intercentriolar linkage (Fry et al, 1998a; 1998b; Mayor et al, 2000).   

Increased levels of PP1 inhibitors have been shown to stimulate centrosome separation 

(Meraldi and Nigg, 2001; Eto et al, 2002).  In addition, damage caused by exposure to 

radiation inhibited the premature centrosome splitting induced by overexpression of Nek2A.  

This suggests that Nek2A is involved in the response to the G2 DNA damage checkpoint 

(Fletcher et al., 2004).  At present there is sufficient evidence to support a role for Nek2 in 

centrosome separation, but the precise events that underlie centrosome separation have not yet 

been discovered.  

 

There is also evidence that Nek2 plays a role in centrosome assembly and maintenance.  

Dictyostelium Nek2 (DdNek2) shares 54% identity to the catalytic domain of human Nek2 

and contains similar structural features.  Overexpression of active or inactive DdNek2 leads to 

supernumerary centrosomes, dispersal of centrosomes and nuclear size and shape 
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abnormalities (Graf, 2002).  This study highlights a possible structural role of Nek2 in 

maintaining centrosome integrity and assembly.  Similarly, overexpression of active or 

inactive Nek2 in human cells induces centrosome dispersal (Fry et al., 1998).  In addition, 

immunodepletion of X-Nek2B from Xenopus egg extracts prevented γ-tubulin recruitment to 

the sperm basal body and delayed the conversion of the sperm basal body into a centrosome 

(Fry et al., 2000).  However the addition of active or inactive Nek2B rescued these defects 

(Twomey et al., 2004), whilst a second study found that inhibition of X-Nek2B induced 

centrosome fragmentation leading to abnormal spindle formation (Uto and Sagata, 2000).  X-

Nek2B therefore plays a role in centrosome assembly and maintenance at least in Xenopus 

embryos and this appears to be independent of its activity.      

 

Recently, new roles have been proposed for Nek2 in chromosome segregation (Sonn et al., 

2004), chromatin condensation (Di Agostino, et al., 2002), spindle checkpoint signalling 

(Chen et al., 2002; Lou et al., 2004), DNA damage pathways (Fletcher et al., 2004) and 

cytokinesis (Prigent et al., 2005; Fletcher et al., 2004).  Some of these possible roles are 

discussed in more detail below. 

 

Evidence has emerged suggesting that Nek2 may be involved in chromosome segregation.  

Nek2A and Nek2B are expressed throughout early embryogenesis in mice and, interestingly, 

murine Nek2A is not degraded upon mitotic entry as seen in human cells.  Depletion of 

Nek2A by RNAi in mouse early embryos resulted in nuclear abnormalities, including 

dumbbell shaped nuclei, nuclear bridges and micronuclei (Sonn et al., 2004).  This study 

highlights a requirement for Nek2 in proper chromosome segregation and could reflect its role 

in centrosome regulation.  However, another study found that Nek2 is exclusively localised at 

chromosomes during porcine oocyte maturation suggesting a more direct role in regulating 

chromosome organisation (Fujioka et al., 2000).        

 

Indeed, there is additional evidence that Nek2 plays a direct role in chromatin condensation.  

The C-terminal domain of Nek2 interacts with the DNA architectural protein, high mobility 

group protein A2 (HMGA2).  Following phosphorylation by Nek2, HMGA2 is released from 

chromatin, thus promoting chromatin condensation (Di Agostino et al., 2002).  This is 

discussed in more detail in the next section (1.7.3).   

 

There is also some evidence that Nek2 contributes to the spindle assembly checkpoint.  Nek2 

was found to phosphorylate Hec1 at kinetochores, and some data support the notion that this 
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phosphorylation is essential for accurate chromosome segregation in budding yeast (Chen et 

al., 2002).  Nek2 has also been shown to interact with and colocalise with Mad1 at 

kinetochores and possibly function in spindle checkpoint signalling.  However, depletion of 

Nek2 by RNAi had no effect upon Mad1, but interestingly it did displace Mad2 from 

kinetochores (Lou et al., 2004).  This suggests that Nek2 may mediate the interaction between 

Mad1 and Mad2 at kinetochores, although Nek2 may interact with Mad2 directly (Lou et al., 

2004).  In vitro experiments have also identified the kinetochore protein, Sgo1 as a target of 

Nek2.  Nek2 was found to colocalise with Sgo1 at the kinetochores of mitotic cells and 

expression of a mutant Sgo1, which was unable to undergo Nek2 phosphorylation, led to an 

increase in microtubule attachment errors.  This suggests a role for Nek2 in regulating 

kinetochore-microtubule interactions in mitosis (Fu et al., 2007).  However, the presence of 

Nek2 at kinetochores needs to be confirmed. 

 

Overexpression of Nek2 in Drosophila results in cleavage furrow formation and cytokinesis 

failure (Prigent et al., 2005).  Nek2 was also seen to associate with the actin contractile ring at 

the midbody during cytokinesis in Drosophila.  Anillin and actin mediate the formation of the 

actin ring and the rearrangement of membrane during cytokinesis.  In Drosophila cells 

overexpressing Nek2, anillin and actin were mislocalised from the cleavage furrow, resulting 

in the formation of membrane protrusions between each daughter cell, thus contributing to 

cytokinesis failure (Prigent et al., 2005).  This implies that Nek2 may negatively regulate 

anillin localisation during cytokinesis and thus contribute to mitotic exit.  This is somewhat 

reminiscent of the role described earlier for Fin1 in negatively regulating premature mitotic 

exit in fission yeast. 

 

1.7.3 Nek2 regulation 

Nek2 expression and kinase activity are regulated by transcriptional and post-translational 

mechanisms (Hayward and Fry, 2005).  Nek2 mRNA levels are low in M and G1 and high in 

S and G2 (Twomey et al., 2004).  Nek2 transcription is cell-cycle regulated by the 

transcription factors, E2F4 and FoxM1, which bind the Nek2 promoter (Ren et al., 2002; 

Wonsey and Follettie, 2005).  Once bound to the promoter, E2F4 recruits the Rb family 

proteins, p107 and p130, which act to repress Nek2 mRNA transcription in G0 and G1 phase.  

In S/G2 phase, E2F4 is released from the promoter allowing transient expression of Nek2.  In 

cells which lack p107 and p130, Nek2 mRNA expression is significantly increased (Ren et 

al., 2002).   
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Nek2 protein levels are also regulated by degradation (Hames et al.., 2001).  Nek2A and 

Nek2C contain a carboxyl-terminal methionine-arginine (MR) dipeptide (residues 444-445 in 

Nek2A) and a KEN box (residues 391-399 in Nek2A) which are not present in Nek2B 

(Hames et al., 2001).  Nek2A is destroyed in prometaphase in the presence of an active SAC 

by the 26S proteasome following polyubiquitylation by the APC/C (Hayes et al, 2006).  The 

APC/C is an E3 ubiquitin ligase that catalyses the covalent attachment of ubiquitin molecules 

to a particular substrate (Peters, 2006).  It is a 1.5 MDa protein complex composed of least 12 

different subunits.  Its ubiquitylating activity depends on its interaction with three cofactors: a 

ubiquitin-activating enzyme (E1), a ubiquitin-conjugating enzyme (E2) and an additional co-

activator protein.  Co-activator proteins, such as Cdc20 (Fizzy in Xenopus) and Cdh1 (Fizzy-

related in Xenopus) interact with the APC/C via their C-terminal isoleucine-arginine (IR) 

tails.  They also contain a C-terminal WD40 domain that recognises specific sequence 

elements such as destruction boxes (D-boxes; RxxLxxxxN) and KEN-boxes in APC/C 

substrates (Peters, 2006).  

 

In mitotic cells, the APC/C is activated, firstly, by binding to Cdc20 from prophase to 

anaphase and then, secondly, by binding to Cdh1 in telophase and G1.  These sequential 

interactions with the APC/C may account for the destruction of different proteins at specific 

times during mitosis (Fry and Yamano, 2006).  Cdc20-activated APC/C recognises substrates 

containing a D-box, such as securins and mitotic cyclins.  Cdh1-activated APC/C recognises 

both D-box and KEN box containing substrates, including Cdc20 accounting for its loss in 

late mitosis (Fang et al, 1998; Pfleger and Kirschner, 2008).  

 

The destruction motifs present in Nek2A are thought to be responsible for the targeting of 

Nek2A/Nek2C to the anaphase-promoting complex/cyclosome (APC/C) at the onset of 

mitosis.  Nek2A has been shown to interact with APC/C-Cdh1 via its KEN box and with 

Cdc20-APC/C via its extreme C-terminus (Pfleger and Kirschner, 2000).  Hames et al. (2001) 

found that removal of the C-terminal 25 residues stabilised Nek2A significantly more than 

removal of the KEN box for both Cdc20-APC/C and Cdh1-APC/C.  It was also demonstrated 

that removal of both destruction motifs was required to fully stabilise Nek2A in Xenopus 

mitotic egg extracts (Hayes et al, 2006).  Nek2A has since been shown to interact directly 

with the APC/C via its MR-dipeptide tail independently of the adapter proteins, Cdc20 and 

Cdh1.  However, the co-activator proteins are still required for Nek2A ubiquitylation and 

destruction as Cdc20 and Cdh1 are required to activate the ubiquitin ligase activity of the 

APC/C. 
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Nek2A is also tightly regulated by autophosphorylation, but this will be described in detail 

later. 

 

1.7.4 Nek2 substrates 

Nek2 exists in cells as a stable homodimer as a result of interaction via its leucine zipper 

coiled-coil motif (Fry et al., 1999) (Figure 1.10).  This dimerisation promotes trans-

autophosphorylation, particularly on serine and threonine residues within both the N- and C-

terminal domains (Fry et al., 1995).  Loss of the leucine zipper motif and an inability to 

dimerise results in reduced Nek2 kinase activity (Fry et al., 1999).  It is unknown whether the 

kinase activity is reduced due to loss of trans-autophosphorylation or loss of dimerisation.  

Nek2A and Nek2B can also form heterodimers (Hames and Fry, 2002).  This may allow 

Nek2B to be regulated by protein phosphatase 1 (PP1) despite the fact that Nek2B lacks the 

PP1 binding site present in Nek2A (Helps et al., 2000) (Figure 1.10).   

 

PP1 is a major protein phosphatase that regulates cellular processes by dephosphorylation of 

serine and threonine residues.  PP1 interacts with Nek2A via a conserved ‘KVHF’ motif at 

positions 383-386 in the Nek2A C-terminus (Figure 1.9).  This kinase-phosphatase complex 

maintains Nek2A in a dephosphorylated state.  The addition of PP1 to GST-Nek2A reduces 

the kinase activity of Nek2A by 65% (Helps et al., 2000).  Nek2 can phosphorylate PP1 on 

threonines 307 and 318 and this leads to inhibition of PP1, providing a positive feedback 

mechanism for Nek2A (Helps et al., 2000) (Figure 1.10).  Nek2 can then phosphorylate other 

target substrates.  PP1 exists as 3 isoforms, PP1α, β and γ, but only PP1α 

coimmunoprecipitates with Nek2 and is capable of regulating Nek2 activity (Mi et al., 2007).  

 

The kinase-phosphatase complex of PP1 and Nek2 may be further regulated by a PP1 

inhibitor, known as inhibitor-2 (Inh2).  At the G2/M transition, Inh2 binds PP1 at a site of 

conserved residues, IKGI, which lies next to the Nek2 binding site at the C-terminal (Eto et 

al., 2002).  When either Inh2 or Nek2 binds PP1 it may induce conformational changes which 

prevents the other from binding (Egloff et al., 1997; Eto et al., 2002).  Therefore, Inh2 may 

enhance the kinase activity of Nek2 by displacing Nek2 from PP1 (Eto et al., 2002).  

Overexpression of Inh2 leads to increased centrosome splitting in fibroblasts, which indicates 

enhanced Nek2 kinase activity (Eto et al., 2002).  Inh2 has been shown to be phosphorylated 

by MAPK at Thr72 and the addition of MAPK inhibitors blocks Nek2 kinase activity in cells, 

suggesting that the binding of Inh2 to PP1 may be activated by MAPK (Di Agostino et al., 

2002). 
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  HEF1 is a component of the focal adhesion complex which plays a role in integrin-

dependent attachment signalling.  However in mitosis HEF1 localises to the spindle asters 

(Pugacheva and Golemis, 2005).  HEF1 overexpression leads to aberrant centrosomes and 

multipolar spindles similar to Aurora-A overexpression, whereas HEF1 depletion induces 

centrosome splitting and monopolar spindle formation reminiscent of Nek2 overexpression.  

This led to the proposal that HEF1 is capable of negatively regulating Nek2A as well as 

positively regulating Aurora-A activity (Pugacheva and Golemis, 2005).  However this model 

is not in agreement with the fact that Aurora-A and Nek2 are active simultaneously in the cell 

cycle.  This study suggests a role for the centrosome in regulating cell migration but this 

remains to be confirmed. 

 

C-Nap1 was first identified in a yeast two-hybrid screen using kinase-inactive Nek2A as bait 

(Fry et al., 1998).  C-Nap1 is a 281 kDa protein consisting of globular N-terminal domain  

(NTD) and C-terminal domains (CTD) joined by coiled-coil domains and a central proline-

rich region that might act as a hinge.  Nek2 has been shown to phosphorylate C-Nap at its N- 

and C-terminal domains in vitro and it is proposed that, as a result of phosphorylation by 

Nek2, C-Nap1 dissociates from the centrosome at the onset of mitosis allowing centrosomes 

to separate (Hames, 2002; Fry et al, 1998; Helps et al., 2000; Mayor, 2002) (Figure 1.10).  In 

support of this model, C-Nap1 and Nek2 colocalise at the proximal ends of centrioles in 

interphase and disruption of C-Nap1 by microinjection of antibodies results in centrosome 

splitting, regardless of the cell cycle stage (Mayor et al, 2000).  This suggests that C-Nap1 

forms part of the linker structure which keeps centrioles together during interphase.  

However, Immuno-EM analysis of C-Nap1 revealed tight association of C-Nap1 with 

centriole ends but no localisation between the centrioles and C-Nap1 is still partially present 

at centrosomes when premature centrosome splitting is induced by the overexpression of 

Nek2 (Mayor et al., 2000; Faragher and Fry, 2003).  This suggests that additional proteins are 

likely to be involved in the intercentriolar linkage.   

 

Indeed, another component of the intercentriolar linker is rootletin, a 220 kDa protein that 

also localises to the cilary rootlet and basal body (Yang et al., 2002).  Rootletin is related in 

sequence to C-Nap1 and has a globular head domain and a tail domain of extensive coiled-

coil structures.  A yeast two-hybrid analysis showed that rootletin can interact directly with C-

Nap1 (Bahe et al. 2005; Liu et al., 2007).  Like C-Nap1, rootletin colocalises at the proximal 

ends of centrioles in non-ciliated cells and is displaced at the onset of mitosis.  siRNA gene 

depletion of rootletin causes centrosome splitting, thus demonstrating that rootletin is required 
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for centrosome cohesion (Bahe et al., 2005).  Importantly, ultrastructural examinations reveal 

the presence of rootletin fibres at the ends and between centrioles suggesting that rootletin 

may constitute the bulk of the linker structure (Bahe et al., 2005).  Nek2 has been shown to 

phosphorylate rootletin in vitro (Figure 1.9).  Together, current data suggests a model in 

which rootletin serves as a physical linker between a pair of centrioles by interacting with C-

Nap1, which anchors rootletin to the proximal ends of centrioles.  Centrosome cohesion is 

thought to be regulated by the phosphorylation of C-Nap1 and rootletin by Nek2.   

 

β-catenin regulates cell proliferation and plays a role in cell adhesion.  Recent research 

demonstrated that β-catenin localises to the centrosome in mitosis and plays an essential role 

in bipolar spindle formation (Bahmanyar et al., 2008).  Depletion of β-catenin results in 

monopolar spindle formation and failure of centrosome separation, whereas stabilisation of β-

catenin results in premature centrosome splitting.  β-catenin has also been shown to interact 

with Nek2, rootletin and C-Nap1.  The localisation of β-catenin in between centrosomes was 

found to be dependent on the presence of rootletin and C-Nap1.  Interestingly, Nek2 

overexpression stimulates the relocalisation of β-catenin from in between centrosomes to 

binding sites directly on the centrosome following displacement of C-Nap1 and rootletin 

(Bahmanyar et al., 2008).  This study suggests β-catenin is a component of the intercentriolar 

linkage and may play a role in centrosome cohesion. 

  

Another potential centrosome substrate of Nek2 is ninein-like protein (Nlp).  Nlp was first 

identified in a yeast two-hybrid screen using the Xenopus Polo-like kinase, Plx1, as the bait.  

It shares 37% sequence homology with the microtubule anchoring protein, ninein (Casenghi 

et al., 2003).  Nlp localises preferentially to the mother centriole but is displaced from 

centrosomes at the G2/M transition (Casenghi et al., 2003; Rapley et al., 2005) (Figure 1.10).  

Meanwhile, overexpression of Nlp results in aberrant spindle formation (Casenghi et al., 

2003).  Therefore, Nlp is proposed to play a role in microtubule anchoring during interphase 

possibly via interaction with components of the γ-tubulin ring complex.  Mutational analysis 

suggests that Nek2 and Plk1 phosphorylate Nlp at distinct sites to coordinately regulate the 

displacement of Nlp from the mother centriole upon mitotic entry (Figure 1.10).  Indeed, 

kinase-inactive Nek2 can inhibit phosphorylation of Nlp by Plk1 thus preventing dissociation 

of Nlp from the centrosome.  This raises the possibility that Nek2 phosphorylation may prime 

Nlp for phosphorylation by Plk1 (Rapley et al., 2005). 
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Centrobin, also known as Nek2 interacting protein 2 (NIP2), was originally identified as a 

Nek2 substrate.  In contrast to Nlp, NIP2 associates with the daughter centriole and with the 

cytoplasmic microtubule network (Jeong et al., 2007).  Depletion of NIP2 results in 

microtubule misorganisation, spindle defects and abnormal nuclear morphology.  This 

suggests that NIP2 plays a role in stabilising microtubule structure.  It has been proposed that 

phosphorylation of NIP2 by Nek2 stimulates the movement of NIP2 to unstable microtubules, 

enabling NIP2 to carry out its function (Jeong et al., 2007).  

 

High mobility group protein A2 belongs to the HMG superfamily of DNA architectural 

proteins.  HMGA proteins bind DNA in AT-rich regions through basic domains called AT-

hooks.  They alter chromatin conformation by creating bends in the DNA to increase its 

exposure to transcription factors.  HMGA1 and HMGA2 expression is confined to the testis in 

the adult and mainly to meiotic spermatocytes (Di Agostino et al., 2000).  HMGA2 may have 

an essential function in the regulation of spermatogenesis as HMGA2-/- mice are sterile and 

spermatogenesis is drastically impaired.  The C-terminus of Nek2 has been shown to directly 

interact with HMGA2 in vivo and in vitro independently of the Nek2 activation state (Figure 

1.10).  Phosphorylation of HMGA2 by Nek2 reduces its affinity for DNA and may promote 

its dissociation from chromatin allowing entry of other factors involved in the condensation of 

meiotic chromosomes (Di Agostino et al., 2000).  Therefore, the interaction between HMGA2 

and Nek2 may play an important role in the regulation of chromosome condensation in 

meiosis. 

 

Hec1 (highly expressed in cancer) is localised at kinetochores and was shown to interact with 

Nek2 via its two C-terminal coiled-coil domains (Figure 1.10).  During G2 and M phases 

Hec1 is thought to be phosphorylated by Nek2 at serine 165, thus allowing Hec1 to 

coordinate accurate chromosome segregation (Chen et al., 2002).  This site lies within an 

FxxS motif shown to be the preferred target for NIMA and mutation of this site abolishes 

phosphorylation by Nek2 in vitro.    

 

Shugoshin 1 (Sgo1) protects centromeric cohesion of sister chromatids until the kinetochores 

of chromosomes are attached to the mitotic spindle by microtubules emanating from both 

spindle poles.  It has been shown that Sgo1 is phosphorylated by Nek2A at S14 and S507.  

Expression of a non-phosphorylatable Sgo1 mutant resulted in increased microtubule 

attachment errors (Fu et al., 2007).  This suggests that Nek2A mediated phosphorylation of 

Sgo1 may be required for spindle microtubule attachment.  
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1.7.5 Nek2 in cancer cells 

Centrosomal abnormalities caused by a loss of co-ordination between centrosome and 

chromosome segregation cycles are frequently observed in many cancers (Fry, 2002; Nigg, 

2002).  One common centrosomal abnormality is the presence of supernumerary centrosomes 

that may lead to multipolar spindles causing inaccurate chromosome segregation, 

characteristic of many high-grade tumours (Doxsey, 2001 and Nigg, 2002).  Evidence 

suggests that centrosomal abnormalities may contribute to the formation of aneuploidy and 

could promote progression of benign cancers to more malignant types (Nigg, 2002; Pihan and 

Doxsey, 1999).   

 

Other mitotic kinases that localise to centrosome, including Plk1 and Aurora-A, are often 

deregulated in cancer cells and may contribute to the chromosome instability typical of 

tumours.  Nek2 mRNA was first found to be overexpressed in cell lines derived from Ewings 

tumours, a paediatric osteosarcoma, cholangiocarcinoma and human non-Hodgkin lymphoma 

(Kokuryo et al., 2007; Wai et al., 2002; de Vos et al., 2003).  Furthermore, analysis of a wide 

range of patient samples revealed that Nek2 mRNA levels increased as follicular lymphoma 

(FL) advances to the more aggressive diffuse large B-lymphoma (DLBCL) (de Vos et al., 

2003).  This rise in Nek2 mRNA levels may be due to loss of control at the transcriptional 

level (de Vos et al., 2002; Wai et al., 2002).  It is also possible that the Nek2 gene is 

amplified in certain tumours (Weiss et al., 2004, Loo et al, 2004).  The Nek2 gene is 

regulated by the forkhead transcription factor, FoxM1, and FoxM1 expression is elevated in 

primary breast cancers.  Cells depleted of FoxM1 fail to complete cell division promoting 

reduplication of centrosomes (Wonsey and Follettie, 2005).  Nek2 protein levels have also 

now been found to be increased by 2-5 fold in some cancer cell lines derived from breast, 

prostate and cervical carcinomas and in high-grade invasive primary breast tumours 

(Hayward et al., 2004; Hayward and Fry, 2005).  It has not yet been shown whether this 

increase in Nek2 expression is associated with centrosomal and spindle abnormalities, but 

overexpression of Nek2 has been shown to induce chromosomal instability and aneuploidy in 

HBL-100 non-transformed breast cells (Hayward et al., 2004).  In addition, Nek2 has been 

shown to induce tumorigenic growth of cholangiocarcinoma.  Suppression of Nek2 

expression in a cholangiocarcinoma derived cell line by siRNA inhibited cell proliferation 

and induced cell death.  Furthermore, xenograft bearing mice treated with Nek2 siRNA 

demonstrated longer survival periods and reduced tumour size compared to control mice 
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(Kokuryo et al., 2007).  This provides strong evidence that Nek2 could be an effective anti-

cancer drug target. 

 

 

1.8 
1.8.1 Background to project 

As explained in detail above, Nek2 is a cell cycle regulated protein kinase that localises to the 

centrosome.  Nek2 is thought to play a major role in uncoupling centrosome cohesion at the 

G2/M transition and may contribute to other mitotic processes.  However, it is not understood 

how Nek2 is activated in such a precise and timely manner to carry out these processes.  

Moreover, the elevated Nek2 mRNA and protein levels found in various tumours highlights 

the importance of increasing our understanding of how Nek2 is regulated and how Nek2 may 

regulate its centrosomal partners. 

 

Prior to initiating the project 13 autophosphorylation sites had been identified within Nek2A 

by mass spectrometry (Figure 1.11).  These were generated upon expression of Nek2A in 

bacteria.  Five sites lay within the N-terminal catalytic domain and eight sites in the C-

terminal non-catalytic domain.  Four of the sites within the kinase domain clustered around 

the activation loop suggesting that phosphorylation of multiple sites may be required for Nek2 

to reach maximal activity.  A number of these sites have already been studied by a previous 

PhD student, Dr. Baxter, in the laboratory using site-directed mutagenesis (Baxter, 2006).  A 

summary of the data obtained by Dr. Baxter is shown in Figure 1.12. 

 

Furthermore, a recent study performed in the laboratory in collaboration with Prof. S. 

Smerdon (NIMR, London) and Dr. S. Knapp (SGC, Oxford) enabled a crystal structure of the 

catalytic domain of human Nek2A to be obtained (Figure 1.8).  Structural comparison of 

Nek2A and Aurora-A revealed a novel αT-helix at the N- terminal end of the Nek2 activation 

loop (Rellos et al., 2007) (Figure 1.8).  However, this structure was of inactive Nek2 and it is 

not clear whether this helix is present or not in the active kinase.  It is possible that it needs to 

melt to allow activation of Nek2 (Rellos et al., 2007).   

 

1.8.2  Experimental objectives 

A. Mutational analysis of Nek2A autophosphorylation sites 

Nek2A mutant kinases would be generated by incorporating point mutations into a 

pRcCMV:myc-Nek2A vector using a site-directed mutagenesis approach.  The consequence  

Project aims 
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of these mutations on Nek2A activity would be analysed by expressing the protein by in vitro 

translation (IVT), immunoprecipitating it with an anti-myc antibody and using the 

immunoprecipitate in a kinase assay with β-casein as the substrate.  In addition, the Nek2A 

mutant constructs would be transiently transfected into U2OS cells.  Immunofluorescence 

microscopy would determine whether the mutant kinases localise at the centrosome and 

costaining with γ-tubulin would allow quantification of the extent of centrosome splitting in 

transfected cells as an indicator of Nek2 activity in vivo. 

B. Does the C-terminus of Nek2A acts as an autoinhibitory domain? 

The activity of three Nek2A mutants possessing C-terminal truncations of various size would 

be analysed by the IVT-IP kinase assay described above alongside a Nek2B construct.  If the 

C-terminal domain acts as an autoinhibitory domain then deletion of these residues may result 

in a hyperactive kinase. 

C. Does mutation of the αT-helix alter Nek2A activity? 

Based on the recent crystal structure, the Nek2 kinase domain contains an unusual T-helix at 

residues 162-166 (Figure 1.8).  Its position suggests that it would inactivate Nek2.  The 

activity of an A163G mutant Nek2 construct would be analysed by an IVT-IP kinase assay.  

This mutation should cause the αT-helix to collapse and its mutation may therefore create a 

constitutively active kinase.  It would also be investigated whether an A163G mutation is 

sufficient to rescue the inactivity caused by mutation of another autophosphorylation site, 

S241. 

D. Is it possible to mutate the M86 gatekeeper residue without altering Nek2A activity? 

M86 lies at the predicted position for the gatekeeper residue in the Nek2 protein kinase.  Two 

mutants would be created changing M86 to G or A.  The activity of the mutant kinases would 

be assessed by performing an IVT-IP kinase assay as described above.  This would dictate 

whether M86 can be mutated to generate an analogue-sensitive Nek2 kinase.    

E. Generate a Nek2 T175 phosphospecific antibody 

T175 is a critical autophosphorylation site within the Nek2 activation loop.  Its 

phosphorylation directly regulates the activity of Nek2.  Peptides encompassing the 

phosphorylated T175 site would therefore be injected into rabbits and the immune sera 

collected and purified.  The reactivity and specificity of the resulting antibody would be 

analysed by dot blots, Western blotting and immunofluorescence microscopy.  Furthermore, a 

second approach using a recombinant antibody technology would be used to generate a 

phosphospecific antibody which would be characterised in a similar manner.   

F. Use of the Nek2 T175 phosphospecific antibody in cell based assays 
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Immunofluorescence microscopy would be performed to compare localisation patterns using 

the T175 phosphospecific and total Nek2 antibodies.  The development of cell based methods 

for testing Nek2 activity would be highly valuable in the assessment of small molecule 

inhibitors of Nek2.  

G. Is Nek2 activated upstream or downstream of Cdk1? 

To determine whether Nek2 activation is dependent upon Cdk1, the effect of the specific 

Cdk1 inhibitor, RO-3306, upon Nek2A activity and cellular morphology, will be determined 

by performing kinase assays and immunofluorescence microscopy. 

H. How does Nek2 phosphorylation regulate C-Nap1? 

It has previously been shown that Nek2 can phosphorylate the globular N- and C-terminal 

domains of the centrosomal linker protein, C-Nap1.  However, the sites of phosphorylation 

have not yet been identified.  Mass spectrometry would be used to identify sites on these 

domains phosphorylated by Nek2 in vitro.  Moreover, yeast two-hybrid assays have shown 

that the N- and C-terminal domains of C-Nap1 can form homo- and hetero-dimers.  Therefore 

it was tested whether Nek2 phosphorylation might regulate the intramolecular interactions of 

C-Nap1 as a mechanism to disassemble the intercentriolar linkage.  For this purpose, GST-

fused C-Nap1-CTD and -NTD proteins would be expressed and coupled to glutathione-

sepharose beads.  These would be incubated with [35S]-labelled, myc-tagged Rab4, Nek2-WT, 

C-Nap1-CTD and C-Nap1-NTD proteins to confirm interactions in vitro.  The GST proteins 

would then be incubated with purified Nek2 kinase prior to the pull down assays to determine 

the effect of phosphorylation upon these interactions with Nek2. 
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Chapter 2 MATERIALS AND METHODS 

 

2.1 

Reagent 

Materials 

 

2.1.1  Chemical suppliers 

All reagents and chemicals were purchased from Sigma (Poole, UK) or Roche (Lewes, UK) 

apart from those indicated in the table below. 

 

Supplier 

 

DNA nucleotides (dATP, dGTP, dCTP, 

dTTP) 

Glutathione Sepharose 4BTM      

ECL Western Blotting 

ECL Plus

Amersham Pharmacia Biotech 

(Buckinghamshire, UK) 

 Western Blotting Reagent 

Poly-prep Columns 

Protein A Beads 

Precision Plus Protein All Blue Standards 

Ammonium Persulfate 

Silver Stain Concentrate and Developer 

Bio-Rad (Hemel Hempstead, UK) 

Hoechst 33258 (0.1 μg/ml) Calbiochem 

Super RX X-Ray film Fuji photo film (Dusseldorf, Germany) 

Glacial Acetic Acid  

NaCl 

EDTA 

EGTA 

KCl 

NaH2PO4 

Oligonucleotide Primers 

Fischer Scientific (Loughborough, UK) 

Protogel liquid acrylamide (30% w/v) Flowgen (Ashby-de-la-Zouch, UK) 

Bovine Serum Albumin (Fraction V) 

Glycine 

Phenylmethanesulfonylfluoride (PMSF) 

Fluka Biochemika (Gillingham, UK) 

Dulbecco’s-MEM with Glutamax Invitrogen (Paisley, UK) 
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Foetal Calf Serum (FCS) 

Ethidium Bromide solution 

Geneticin 

Lipofectamine 2000 

Gene Tailer Site-Directed Mutagenesis 

Kit 

GST-Plk1 

Invitrogen (Paisley, UK) 

Marvel (skimmed milk powder) Premiere Beverages (Stafford, UK) 

DNA 100 bp Generuler plus molecular 

weight ladder 

MBI Fermentas (York, UK) 

Tris Melford Laboratories 

DNA ladder 100 bp 

DNA ladder 1 kb 

Restriction endonucleases 

New England Biolabs (Herts, UK) 

Bacto-agar 

Yeast Extract 

Bacto-trytone 

Oxoid (Basingstoke, UK) 

BCA Protein Assay Pierce (Rockford, USA) 

TnT T7 Quick Coupled mix 

Transcription/Translation Kit 

T4 DNA ligase 

Promega (Southampton, UK) 

QIA Filter Plasmid Maxi Kit 

QIA Filter Plasmid Miniprep Kit  

QIAquick PCR purification Kit  

QIAquick gel extraction Kit 

Qiagen (Sussex, UK) 

ProTran Nitrocellulose membrane Schleicher and Schuell (Dassel, 

Germany) 

Cdk1-his6/GST-Cyclin B 

his6Nek2A 

his6Nek6 

his6Nek7 

his6Aurora-A 

Upstate (Dundee, UK) 

3MM Chromatography Paper Whatmann (Maidstone, UK) 
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2.1.2 Radioisotopes 

Isotope Specific Activity Supplier 
32P-γ-[ATP] 167 Tbq/mmol MP Biomedicals UK 

[35S] methionine 43.5 Tbq/mmol NEN Life Science 

Products 

 

2.1.3 Vectors and Constructs 

Vector Application Supplier 

pRcCMV-Myc-Nek2A Eukaryotic protein 

expression 

Fry et al., 1998a 

pGEX-4T-1 Bacterial protein 

expression 

Pharmacia 

pGEX-4T-2 Bacterial protein 

expression 

Pharmacia 

pGEX-C-Nap1-NTD Bacterial protein 

expression 

Created by R. Hames 

pGEX-C-Nap1-CTD Bacterial protein 

expression 

Created by R. Hames 

pBS-KS-C-Nap1-CTD  In vitro translation (T3) Created by A. Fry 

pBS-KS-C-Nap1-NTD  In vitro translation (T3) Created by A. Fry 

pEGFP-C1-Nek2A Immunofluorescence Gift from K. Tanaka 

 

 

2.1.4 Antibodies 

Primary 

Antibodies 

Working Dilution 

or Concentration 

Application Supplier 

Anti-GFP  

(Rabbit) 

100 ng/ml Immunofluorescence  Abcam 

Anti-Myc (mouse) 1/1000 Immunoprecipitation 

Western Blotting 

Immunofluorescence 

Cell Signalling  

Anti-Nek2 

(mouse) 

1/1000 (1 µg/ml) Immunofluorescence 

Western Blotting 

Abcam 

Anti-Nek2  1/1200 Immunofluorescence Zymed 
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(rabbit) Western Blotting 

Anti-Nek2 

(mouse)  

1/100 (1 µg/ml) Immunofluorescence 

Western Blotting 

BD Biosciences 

Anti-γ-tubulin  

(Rabbit) 

1/500  (6.5 µg/ml) Immunofluorescence Sigma 

Anti-α-tubulin 

(mouse) 

1/2000 Immunofluorescence Sigma 

Anti-centromere 

(human) 

1/200 Immunofluorescence Europa 

Bioproducts Ltd. 

 

Secondary 

Antibodies 

Working Dilution 

or Concentration 

Application Supplier 

Goat anti-human 

FITC 

1/200 Immunofluorescence Sigma 

Goat anti-human 

IgG HRP  

1/5000 Western Blotting Serotec 

Goat anti-mouse 

IgG HRP  

1/5000 Western Blotting Sigma 

Goat anti-rabbit 

IgG HRP  

1/5000 Western Blotting Sigma 

Goat anti-mouse 

AP conjugate 

1/7500 (0.1 µg/ml) Western Blotting Promega 

Goat anti-rabbit 

AP conjugate 

1/7500 (0.1 µg/ml) Western Blotting Promega 

Goat anti-rabbit 

Alexa 488 nm 

1/200 (10 µg/ml) Immunofluorescence Invitrogen 

Goat anti-rabbit 

Alexa 594 nm  

1/200 (10 µg/ml) Immunofluorescence Invitrogen 

Goat anti-mouse 

Alexa 488 nm 

1/200 (10 µg/ml) Immunofluorescence Invitrogen 

Goat anti-mouse 

Alexa 594 nm  

1/200 (10 µg/ml) Immunofluorescence Invitrogen 

 

Final antibody concentrations, where known, are stated in brackets after the working dilution. 
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2.1.5 Bacterial strains 

Strain Supplier 

DH5α-library efficient competent cells Invitrogen 

DH5α-T1 competent cells max efficiency Invitrogen 

One shot BL21 star (DE3) chemically 

competent E. coli 

Invitrogen 

Rosetta (DE3) E. coli Invitrogen 

 

2.1.6 Buffers and solutions 

Buffer Composition 

3 x Laemmli Protein Sample Buffer 62.5 mM Tris-HCl, pH 6.8, 2%  (w/v) 

SDS, 5% (v/v) β-mercaptoethanol, 10% 

(v/v) glycerol, 0.01% (v/v)  bromophenol 

blue 

10 x PBS 137 mM NaCl, 26.8 mM KCl, 2.7 mM 

Na2HPO4, 1.4 mM KH2PO4 

TBE 89 mM Tris, 89 mM boric acid, 1 mM 

EDTA pH 8.0 

TE 10 mM Tris pH 8.0, 1 mM EDTA 

Western Blotting Transfer Buffer 25 mM Tris, 192 mM Glycine, 10% 

methanol (optional) 

Alkaline Phosphatase Buffer 100 mM NaCl, 5 mM MgCl2, 100 mM 

Tris-HCl pH 9.5 

BCIP 50 mg/ml in DMF 

NBT 50 mg/ml in 70% DMF 

Kinase Assay Buffer 50 mM Hepes KOH pH 7.4, 5 mM 

MnCl2, 5 mM β–glycerophosphate, 5 mM 

NaF, 4 μM ATP, 1mM DTT, 10 μCi-γ-
32P [ATP], dH2O 

Protein Gel Running Buffer 0.1% SDS, 0.3% Tris, 1.44% glycine 
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2.2 

Each bacterial colony selected was grown in 5 mls LB containing appropriate antibiotic whilst 

shaking at 370C for 8 hours.  The starter culture (1000 µl) was added to a sterile flask 

containing 100 ml of LB and appropriate antibiotic.  The bacterial culture was grown whilst 

shaking at 370C O/N.  The culture was spun down at 6000 g at 40C for 20 minutes and the 

supernatant aspirated.  The plasmid was isolated from the remaining pellet using the Qiagen 

Molecular biology techniques 

 

2.2.1 Growth and maintenance of bacterial strains 

One bacterial colony was selected and streaked onto a Luria Bertani (LB) agar plate (NaCl 10 

g/l, tryptone 10 g/l, yeast extract 5 g/l and agar at 2% (w/v) adjusted to pH 7.0 and 

autoclaved) and grown at 370C overnight (O/N).  Bacterial stocks were prepared by firstly 

growing a bacterial colony in 5 ml LB medium at 370C in a shaking incubator O/N.  Glycerol 

(800 μl) was added to 200 μl of this bacterial stock and stored at -800C.  Selective medium 

was prepared by the addition of antibiotic (100 µg/ml ampicillin, 34 µg/ml chloramphenical 

or 50 µg/ml kanamycin). 

 

2.2.2 Transformation of competent bacteria 

Competent E. coli cells and DNA samples were thawed on ice.  Approximately 100 ng of 

DNA was added to 50 µl of competent cells and gently tapped to mix.  The sample was 

incubated on ice for 10 minutes before heat shock at 420C for 45 seconds and then returned to 

ice for 1 minute.  Under sterile conditions 200 µl of LB was added to each vial and tapped to 

mix.  Next the vial was incubated at 370C for 1 hour shaking at 225 rpm.  The cell mixture 

(200 µl) was streaked onto a pre-warmed LB agar plate containing appropriate antibiotic 

using a sterilised glass pasteur pipette.  The plates were inverted and incubated at 370C O/N.   

 

2.2.3 Plasmid preparation (small scale) 

Each bacterial colony selected from an agar plate was grown in 5 ml LB containing 

appropriate antibiotic whilst shaking at 370C O/N.  The colonies were centrifuged at 805g for 

15 minutes and the supernatant aspirated.  The colonies were then processed using the Qiagen 

mini prep spin kit according to Qiagen’s instruction manual.  Plasmid DNA was eluted into 

50 µl sterilised distilled water, yielding 5-10 ng of DNA. 

 

2.2.4 Plasmid preparation (large scale) 
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Maxi prep kit and following the instructions provided.  The plasmid was diluted in 

appropriate volume of distilled water to obtain a 1 mg/ml concentration. 

 

2.2.5 Quantification of DNA concentration 

Concentrations of DNA were measured by UV light at OD260 and calculated according to the 

formula below: 
 

A260 x dilution factor x 40 = DNA Concentration (µg/ml) 

 

2.2.6 Restriction digestion 

Restriction digestion of plasmid DNA was performed using 10 units (U) restriction 

endonuclease to approximately 5 μg DNA.  The appropriate 10 x buffer and the appropriate 

volume of water were added according to the manufacturer’s instructions.  The reaction was 

incubated for 2 hours at 370C.  Double digestions were performed by the addition of a second 

enzyme to the reaction. 

  

2.2.7 DNA gel electrophoresis 

DNA was analysed on 1% agarose gels.  Agarose (0.5 g) was mixed with 50 ml of 1 X TBE  

in a conical flask.  The mixture was heated on full power in a microwave for approximately 2 

minutes and swirled.  Ethidium bromide (0.5 µl) was added and the mixture poured into a 

ready made gel kit and allowed to set.  The comb was then removed to create the loading 

wells.  DNA samples were mixed with 10% DNA loading dye (50% glycerol, 0.1 M EDTA, 

0.3% bromophenol blue) at a ratio of 10 (sample) :1 (loading dye) and loaded onto the gel.  

Gene Ruler 1 Kb DNA marker (2.5 µl) was added to one well and electrophoresis performed 

at 80 V for 45 minutes. 

 

2.2.8 DNA sequencing 

DNA samples were sent to LARK Technologies (Takely, Essex UK) accompanied by 

appropriate oligonucleotides for sequencing.  Upon return, the sequencing data were analysed 

using Gene Jockey or CLC Free Work Bench 3 computer software. 

 

2.2.9 Oligonucleotide design for mutagenesis 

Oligonucleotides were designed for site-directed mutagenesis according to recommended 

specifications. Oligonucleotides were approximately 30 bp in length for a forward primer 
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(upper sequence on diagram) and 35 bp for a reverse primer (lower sequence on diagram).  

They possessed various essential features as illustrated: 

                                                                                               Mutation 
                                                                                                   site 
                                            ←       Overlapping region       →   ↓   ←  Extended  → 
5’                                        AGCTTGGAGACTTTGGGCTAGGTAGAATATTAA 3’ 
3’ CGTTCGTTTTGCAGTTCGAACCTCTGAAACCCGAT                                    5’      
    ←   Extended region   →←       Overlapping region       → 
 

Designs for oligonucleotides were sent to Invitrogen for synthesis.  The synthesised 

oligonucleotides were diluted to 100 µM concentration and stored at -800C. 

 

2.2.10 Site-directed mutagenesis 

The Gene Tailor Site-Directed Mutagenesis System (Invitrogen) was used according to 

manufacturer’s instructions.  Firstly, 100 ng of plasmid DNA was combined with 1.6 µl 

methylation buffer, 1.6 µl 10X SAM, 4 U/µl DNA methylase and 16 µl sterile distilled water.  

The methylation mixture was incubated at 370C for 1 hour and then stored at -200C.  Next the 

methylated plasmid was PCR amplified.  Methylated DNA (12 ng) was combined with 1.5 µl 

of 10 µM forward and reverse primers, 10 mM dNTPs, 10X Expand buffer and 2.5 U of 

Expand enzyme to a total volume of 50 µl with sterile water.  The PCR mix was 

thermocycled according to the cycle format: 

 

 

 

 

 

 

 

 

 

The PCR mix (10 µl) was analysed by DNA gel electrophoresis to check for the presence of 

DNA at the correct size.  The reaction was stored at 40C prior to transformation into DH5α-T1 

E. coli cells.   

 

 

 

Time (secs) Temperature (0C) Cycles 

120 94 1 

30 94  

30 48       25 

60 (per Kb DNA) 72  

600 72 1 

∝ 4 1 
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2.3        

Resolving gel 

Protein techniques 

 

2.3.1 SDS-Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

Gel casting apparatus was assembled according to manufacturer’s instructions (Biorad 

miniprotean gel system).  A lower resolving gel solution was prepared to produce a final 

acrylamide concentration of 10, 12 or 15% as follows: 

 

10% 12% 15% 

Protogel (30% acrylamide) 2.0 ml 2.4 ml 3.0 ml 

Water 2.5 ml 2.1 ml 1.5 ml 

Lower Tris (1.5 M Tris pH 8.8, 0.4% SDS) 1.5 ml 1.5 ml 1.5 ml 

10% Ammonium Persulphate 75 μl 75 μl 75 μl 

TEMED 5 μl 5 μl 5 μl 

Protein size for analysis (kDa) 40-100 20-70 15-40 

 

TEMED was the final component to be added.  The mixture was swirled immediately and 

poured into the gap between the glass plates.  The acrylamide mixture was covered in a layer 

of water-saturated isobutanol and left to set in a vertical position at room temperature.  The 

isobutanol was then washed from the top of the gel with distilled water.  Any remaining fluid 

was thoroughly drained.  The upper stacking gel (0.65 ml ‘Protogel’ (30% acrylamide), 3 ml 

distilled water, 1.25 ml upper Tris (0.5 M Tris-HCl, pH 6.8, 0.4% SDS), 75 μl 10% APS, 5 μl 

Temed) was prepared to produce a final acrylamide concentration of 4% with TEMED being 

the final component to be added.  The mixture was swirled immediately and poured onto the 

surface of the resolving gel.  A clean Teflon comb to create the loading wells was 

immediately inserted into the stacking gel and removed once the stacking gel was set.  The 

gel was then assembled with the electrophoresis apparatus.  Samples were boiled with 3x 

Laemmli protein sample buffer for 5 minutes and the appropriate volume loaded into each 

well.  Precision Plus marker proteins were added to one well to indicate protein size.  The gel 

was submerged with 1x gel running buffer (0.3% Tris, 1.44% Glycine, 0.1% SDS, pH 8.3) 

and proteins separated at 180 volts at room temperature for 1 hour.  

 

2.3.2 Coomassie Blue Staining 

The SDS-Polyacrylamide gel was removed from the electrophoresis apparatus and the upper 

resolving gel discarded.  The separating gel was stained with Coomassie Brilliant Blue 

(0.25% Coomassie Brilliant Blue, 40 % IMS, 10% acetic acid) for 30 minutes on a rocking 
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platform.  The gel was washed in destain (25% IMS, 7.5% acetic acid) for approximately 30 

minutes until protein bands were clearly visible.  Gels were dried under vacuum at 800C for 1-

2 hours.  Once dried, radioactive gels were placed into a cassette and exposed to X-ray film 

for appropriate periods of time. 

 

2.3.3 Silver staining  

Following electrophoresis the upper gel was discarded and the lower gel rinsed in distilled 

water for 1 minute before being submersed in 40% methanol (v/v), 10% acetic acid (v/v) for 

15 minutes.  The gel was then washed in distilled water 3 times at 5 minutes intervals.  The 

gel was transferred to a solution of 25% methanol, 10% acetic acid (v/v) for 15 minutes.  The 

gel was washed in distilled water 3 times every 5 minutes before being oxidised in 0.25 g/l 

sodium dithionite for 1 minute.  The gel was washed briefly in distilled water then incubated 

in silver reagent solution supplied by Biorad for 20 minutes.  After a brief wash in distilled 

water the gel was submersed in 33 ml of silver stain developer solution (Biorad kit) until 

appropriate intensity was achieved.  The reaction was stopped by the addition of 5 ml of 30% 

acetic acid (v/v) for 5 minutes.  Finally, the gel was washed in distilled water for 1 minute.  

This method was used to assess the specificity of potential phosphospecific antibodies 

generated by Serotec. 

 

2.3.4 Western blotting 

SDS-PAGE was performed as above.  Following protein separation, the gel was placed on 

nitrocellulose membrane soaked in Western blotting transfer buffer.  This membrane was then 

placed on 3 sheets of Whatmann 3MM filter paper soaked in transfer buffer on the bottom of 

a semi-dry Western blot electrophoresis apparatus (Hoeffer).  A further 3 pieces of 3MM 

filter paper soaked in transfer buffer were then placed above the gel.  Any air bubbles were 

carefully removed before the top electrode was fitted above the stack.  The gel was left to 

transfer for 60 minutes at 70 mAmps.  The membrane was removed and the proteins stained 

with Ponceau Red solution.  Excess stain was washed off in H2O and the lanes indicated in 

pencil.  The membrane was then blocked in PBST (1 x PBS, 0.1% Tween-20) or TBST (1 x 

TBS, 0.1% Tween-20) containing 5% milk (non-phosphospecific antibodies) or 5% BSA 

(phosphospecific antibodies) and left for 1 hour at room temperature gently shaking.  It is 

generally recommended that immunoblots using phosphospecific antibodies should be 

performed using BSA instead of milk.  Milk contains casein which is a phosphoprotein and 

causes high background because the phospho-specific antibody detects the casein present in 

the milk.  The membrane was incubated with primary antibody diluted in appropriate volume 
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of PBST or TBST with 5% milk or 5% BSA and incubated on rollers for 1 hour at room 

temperature.  The primary antibody solution was removed and the membrane was washed 3 

times with PBST or TBST solution at 5 minute intervals.  In between washes the membrane 

was replaced on the rollers.  Next the membrane was incubated for 60 minutes with secondary 

antibody (AP- or HRP-conjugated) in fresh PBST or TBST containing 5% milk or 5% BSA 

solution.  The membranes were then washed 3 times with 1 x PBS/ 0.1% Tween-20 solution 

at 5 minute intervals.  The membranes previously incubated with AP-conjugated antibodies 

were then developed by adding an AP buffer containing AP reagents (0.66 mg/ml BCIP, 0.66 

mg/ml NBT) and placing on a rocking platform.  Once a colour change had developed, the 

membrane was washed gently in PBST.  The membrane was scanned and air-dried on filter 

paper.  The membranes previously incubated with HRP-conjugated antibodies were 

developed using an ECL protein detection kit. This involved covering the membrane in a 

developing solution for up to 2 minutes and then drying the membrane and wrapping it in 

cling film smoothing out any air bubbles. The membrane was then exposed to X-ray film for 

the appropriate time.     

 

2.3.5 In vitro translation (IVT) 

Plasmid DNA (1 µg) was gently mixed with 1 μl of 35S-methionine or unlabelled methionine 

and added to 8 μl T7 Quick Mix on ice.  The reaction mixture was incubated at 300C for 1.5 

hours.  This mixture (1 µl) was then added to 20 μl 3x sample buffer for SDS-PAGE analysis.  

 

2.3.6 In vitro pull-down assays  

In vitro protein-protein interactions were investigated using purified tagged proteins and 

proteins generated by IVT.  Glutathione beads (100 µl) were washed three times with 1 x 

PBS. The beads were incubated either with 5 ml of protein for 1 hour rotating at 40C.  The 

beads were then washed three times in NETN buffer and finally resuspended in 1 ml of 

NETN buffer (1 mM EDTA pH 8, 20 mM Tris HCl pH 8, 100 mM NaCl, 0.5% Nonident 

P40).  The beads (250 µl) were centrifuged at 300 g for 2 minutes and the supernatant 

removed.  The beads were then resuspended in 1 ml of NETN buffer and incubated with 7 μl 

of protein translated in vitro for 2 hours rotating at 40C. Following three washes in NETN 

buffer, a fraction of the beads was resuspended in 20 μl of 3 x Laemmli protein sample buffer, 

whilst the remainder was stored at 40C. Binding efficiency was determined by SDS-PAGE, 

autoradiography and detection by X-ray film.  

 

2.3.7 Immunoprecipitation (IP) 
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Protein G-sepharose beads (50 µl) were transferred to an eppendorf using a cut pipette tip.  

The beads were washed 3 times in 100 µl of 1 x PBS to remove excess storage buffer.  To 

pre-clear the sample, 10 µl of IVT mix or 40 µl of cell lysate was added to 490 µl of Nek2 

extraction buffer (NEB) solution (50 mM Hepes-KOH, pH 7.4, 5 mM MnCl2, 10 mM MgCl2, 

5 mM EGTA, 2 mM EDTA, 100 mM NaCl, 5 mM KCl, 0.1% (v/v) Nonidet P-40, 30 µg/ml 

Rnase A, 30 µg/ml Dnase I, 1 mM phenylmethylsulfonyl fluoride (PMSF), 10 µg/ml 

leupeptin, 1 µg/ml pepstatin A, 1% aprotinin (v/v), 20 mM β-glycerophosphate, 20 mM sodium 

fluoride).  Pre-washed beads (10 µl) was added to the diluted protein mix and incubated for 

30 minutes at 40C with rotation.  The protein/bead mix was spun for 15 seconds and the 

supernatant transferred to a new tube on ice.  Anti-myc antibody was added to the supernatant 

and incubated for 1 hour on ice.  The remaining beads were blocked with rabbit reticulocyte 

lysate diluted in NEB buffer by rotating at 40C for 30 minutes.  This was followed by 3 

washes in 100 µl of NEB and resuspended in 50 µl of NEB.  Blocked bead slurry (40 µl) was 

added to the protein-antibody mix and incubated at 40C for 60 minutes with rotation.  The 

protein/bead/antibody mixture was spun in a cooled centrifuge at 11,300 g for 15 seconds to 

collect the antibody bound protein attached to beads.  Finally, the beads were either stored at -

800C or washed 3 times in 100 µl of kinase buffer for a kinase assay.  

 

2.3.8 Kinase Assay 

Immune-complex beads were washed 3 times in 100 µl of kinase buffer (50 mM Hepes.KOH, 

pH 7.4, 5 mM MnCl2, 5 mM β-glycerophosphate, 5 mM sodium fluoride, 1 mM dithiothreitol 

(DTT)).  The supernatant was then completely aspirated, and the beads resuspended in 45 µl 

of kinase buffer containing additional components: 4 µM ATP, 10 µCi 32P-γ-[ATP], 0.5 

mg/ml dephosphorylated β-casein (substrate protein), and incubated at 300C for 30 minutes.  

The kinase reaction was stopped by adding 50 µl of 3x Laemmli protein sample buffer and 

samples boiled at 950C for 3 minutes prior to SDS-PAGE analysis.  Finally, the gel was 

exposed to X-ray film to detect the phosphorylated β-casein.        

 

 

2.4 

Prokaryotic expression vectors were transformed into E. coli (Rosetta DE3, BL21). One 

colony was selected and added to a starter culture of 5 ml LB containing appropriate 

Protein expression and purification 

 

2.4.1 Expression of proteins in bacteria  



68 
 

antibiotic and grown O/N shaking at 370C. The starter culture was added to 1 litre of pre-

warmed LB and grown at 300C until the OD600 reached 0.2 (approximately 2 hours).  β-D-

isopropyl-thiogalactopyranoside (IPTG) was then added to a final concentration of 1 mM to 

induce protein expression.  The cultures were grown for 5 hours at 300C with shaking. 

 

2.4.2 Purification of His- and GST- tagged fusion proteins 

Bacterial cultures were spun at 6000 g for 20 minutes and the supernatant removed. The pellet 

was resuspended in 20 ml lysis buffer (50 mM NaH2PO4  pH 8.0, 300 mM NaCl (plus 10 mM 

imidazole for His-tagged proteins) containing 1 mg/ml of lysozyme on ice.  The sample was 

incubated on ice for 30 minutes before sonication on ice (MSE soniprep 150, 10 mm probe, 

amplitude 12 μm) with six 10 second bursts at 200-300 W with a 10 second cooling period 

between bursts.  The sample was then centrifuged at 11,000 rpm for 45 minutes at 40C in a 

Sorvall SS-34 rotor to remove cell debris.  The supernatant was stored at -800C as soluble 

protein.  This soluble protein (4 ml) was purified by passing through a column containing 1 

ml of Ni-NTA (nickel nitrilotriacetic acid) beads (for His-tagged proteins) or glutathione 

beads (for GST-tagged proteins).  The column was washed with 8 ml of wash buffer (8 ml 

lysis buffer plus 1M NaCl) then four 1 ml volumes of elution buffer (lysis buffer plus 150 

mM imidazole) were passed through the column to elute the protein.  Samples were taken 

throughout the procedure for SDS-PAGE analysis to determine the solubility and purity of the 

eluted protein.      

 

 

2.5 
 

2.5.1 Maintenance and storage of cells 

Cell biology techniques 

U2OS cells were grown at 370C in a 5% CO2 environment.  The cells were grown in 

Dulbecco’s Modified Eagles Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and penicillin-streptomycin (100 IU/ml and 100 µg/ml, respectively).  Every 3-4 days 

the cells on each dish were split to prevent overcrowding.  The medium was removed and the 

cells washed in 1x PBS.  Each dish was incubated with PBS containing 0.5 mM EDTA for 5 

minutes.  The cell suspension was pipetted up and down to separate the cells.  The cell 

suspension (75%) was transferred to a waste container.  Fresh media was added to the 

remaining cell suspension.  The plate was gently agitated and then placed in the incubator.  

Cells were stored long-term by freezing in liquid nitrogen.  Cells were grown to 80-90% 

confluent then washed in 1 x PBS.  Cells were lifted from the plates by incubating with PBS-
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EDTA for 8 minutes and transferred to a centrifuge tube and spun at 454 g for 5 minutes.  The 

supernatant was aspirated and pellet resuspended in 1 ml of 10% DMSO/90% FBS in 

cryotubes.  Cells were gradually frozen from -20 0C to -80 0C O/N then stored in liquid 

nitrogen. 

 

2.5.2 Transfection of cells 

Cells were grown on either 10 cm dishes or 6 well plates in order to reach 80% confluency 

prior to transfection.  Plasmid DNA (4 µg (10 cm dish) or 1 µg (per well)) was mixed with 

1000 µl or 250 µl of DMEM medium (without FBS or Pen/Strep), respectively.  In a separate 

tube, 16 µl or 4 µl of lipofectamine reagent (Invitrogen) was mixed with 1000 µl or 250 µl of 

DMEM, respectively.  The lipofectamine mixture was then added to the DNA mixture and 

incubated at room temperature for 20-30 minutes.  The medium on the cells was replaced 

with fresh DMEM (containing 10% FCS and 1% Pen/Strep).  The lipofectamine/DNA 

mixture was added dropwise to each plate, producing a final volume of 10 ml (10 cm dish) or 

2.5 ml (per well).  After incubation at 370C for 4-6 hours, the medium was replaced with 

DMEM (containing 10% FBS and 1% Pen/Strep).  At 24 hours post-transfection the cells 

were either lysed or fixed in methanol. 

 

2.5.3 Cell extractions               

Cells were lifted as described previously.  Resuspended cells were transferred to a sterile 

falcon tube and centrifuged at 3225 g for 5 minutes. The supernatant was removed, the pellet 

resuspended in 200 μl of NEB lysis buffer and transferred to an eppendorf on ice. The lysate 

was stored on ice for 30 minutes before being passed through a 26 G needle 6 times and 

centrifuged at 10000 rpm (lab bench microcentrifuge) for 10 minutes at 40C.  The supernatant 

was transferred to a fresh eppendorf on ice.  Supernatant (10 µl) was transferred to a new 

eppendorf for a BCA assay to calculate the protein concentration.  The remainder was stored 

at -800C until required.   

 

2.5.4 Cell cycle analysis 

Cells (1 x 104) were seeded on 6 cm dishes.  After 24 hours cells were lifted from the plate 

and centrifuged for 5 minutes at 806 g.  The supernatant was removed and the pellet 

resuspended in 2 ml PBS.  Ice cold ethanol (2 ml) was added dropwise whilst vortexing.  The 

cells were stored at 40C.  After 24 hours the cells were spun down at 244 g for 10 minutes and 

the pellet resuspended in 800 µl of 1 x PBS to which 100 µl of propidium iodide (50 µg/ml) 

and 100 µl of RNaseA (1 mg/ml) were added.  The cells were incubated at 40C for 16 hours.  
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The stained cells were then transferred to FACS tubes and resuspended prior to cell cycle 

analysis using a Becton Dickinson FACScan II flow cytometer.  Cell preparations were 

examined using Cell Quest software and analysed using a Modfit LT programme. 

 

 

2.6     Immunofluorescence microscopy 

 

U2OS cells were plated into 6 well dishes containing circular glass acid-etched coverslips and 

incubated for at least 24 hours.  All medium was removed from the wells and the wells 

washed in 1x PBS.  Approximately 2 mls of ice cold (-200C) methanol was added to each 

well to fix the cells and the coverslips stored at –200C O/N.  The methanol from each dish 

was then removed and the coverslips washed 3 times in 1 x PBS at 5 minute intervals to 

rehydrate the cells.  1% BSA in 1 x PBS solution (2 mls) was added to each coverslip for 10 

minutes to block non-specific binding sites.  The coverslips were then washed in 1 x PBS 

every 5 minutes for 15 minutes.  Next the coverslips were placed cell side down on 200 µl 

drops of 3% BSA containing primary antibodies on Nesco film in a moist chamber for 1 hour.  

The coverslips were then washed 3 times in 1 x PBS over 5 minute periods.  A secondary 

antibody solution previously tested for non-specific labelling, was then prepared in 3% BSA-

1 x PBS in an eppendorf.  The cell side of each coverslip was then placed on 200 µl of 

secondary antibody solution on fresh Nesco film in a moist chamber for 1 hour.  The 

coverslips were washed in 1 x PBS every 5 minutes for 15 minutes.  The coverslips were then 

dipped in distilled water and placed onto 40 µl drops of mounting fluid (80% glycerol, 3% n-

propylgallate) on a glass microscope slide.  The edges of each coverslip were sealed with 

clear nail varnish and left to dry for 10 minutes.  The slides were stored at 40C and viewed 

using a 63x or 100x oil objective lens on a Nikon TE300 microscope equipped for 

fluorescence microscopy.  Images were captured using an ORCA ER Hamamatsu cooled 

CCD camera driven by Openlab software (Improvision).  All images were imported into 

PhotoShop (Adobe), pseudocoloured and printed.  

 

 

2.7 

A synthetic phosphorylated peptide TSFAKpTFVGTPC, corresponding to amino acids 170-

180 of the activation loop of human Nek2 plus a C-terminal cysteine residue, was synthesised 

Antibody generation and purification 

 

2.7.1 Phosphospecific antibody generation 
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by Severn Biotechnology Ltd.  The peptide was then used to immunise two rabbits chosen 

after examination of the pre-immune sera.  The reactivity of the immune sera against 

endogenous, in vitro translated and transfected Nek2 proteins was determined by Western 

blotting, dot blots and immunofluorescence microscopy.    

 

2.7.2 Preparation of affinity purification columns 

Two columns were prepared, one with the phosphorylated-peptide (phospho column) and the 

other with the non-phosphorylated version of the same peptide (non-phospho-column).  The 

peptides were covalently coupled via the C-terminal cysteine to a sulfolink coupling gel 

support provided by Pierce Biotechnology according to manufacturer’s instructions.  The 

columns were stored at 40C.  

 

2.7.3 Affinity purification of Nek2 phosphospecific antibodies 

The peptide coupled columns were equilibrated to room temperature and washed to remove 

excess storage buffer.  Serum (1.5 ml) was applied to each column and the columns incubated 

for 1 hour according to the manufacturer’s protocol.  The flow through from each column was 

collected and stored at 40C.  The flow through from the non-phospho-column was labelled as 

the phosphospecific antibody.  The columns were washed in sample buffer and the wash 

retained.  The bound protein was eluted by applying glycine buffer and collected in 1 ml 

fractions.  A BCA assay was performed on all fractions and the most concentrated stored at 

40C.  The affinity of the flow through to detect a phosphorylated peptide was then compared 

to that of the bound protein.      

 

 

2.8 
 

2.8.1 Quantification of protein concentration 

Protein concentration was determined by a Bicinchoninic acid (BCA) assay following 

manufacturer’s instructions (Pierce). Protein concentrations were estimated by correlating 

absorbance values to values of protein concentrations from a standard curve of BSA 

concentrations. 

 

2.8.2 Scintillation counting 

Quantification techniques 

Bands on dried Coomassie Blue stained radioactive gels were cut out and placed in 

scintillation vials.  Scintillation fluid (3 mls) was added to each vial.  Samples were analysed 
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for 1 minute using a Beckman CoulterTM LS6500 Multi-purpose Scintillation Counter.  The 

counts per minute obtained for each sample indicated the level of radioactivity incorporated 

into the substrate. 

 

2.8.3 Quantification of kinase activity 

The kinase activity of different Nek2 proteins was determined using an in vitro kinase assay.  

Firstly, the amount of radioactivity incorporated into the substrate protein was determined by 

calculating the mean scintillation counts per minute for each sample minus the background.  

This was expressed as a percentage of the activity of the Nek2A-WT kinase, which was taken 

as 100%.  Secondly, the amount of Nek2 protein immunoprecipitated for each reaction was 

quantified using NIH image.  The protein bands on a scanned Western blot of the IPs were 

selected and the mean pixel intensity calculated.  The background value was subtracted and 

the amount of protein present in each IP calculated as a percentage of the amount of Nek2-

WT protein, which was taken as 1.0.  The activity of each protein previously calculated by 

scintillation counting was then divided by the amount of protein immunoprecipitated.  

 

2.8.4 Quantification of centrosome splitting 

Centrosome splitting was determined by assessing the distance between two centrosomes 

within each cell by immunofluorescence microscopy following staining, usually with 

antibodies against γ-tubulin.  U2OS cells were chosen for this technique as the centrioles are 

generally close together therefore any centrosome separation is clearly visible.  Centrosomes 

were classed as split if the centrosomes were greater than 2 μm apart, otherwise they were 

classed as non-split.  Transfected cells were identified by the anti-myc antibody staining 

(green) at the centrosome.  Cells were counted in each field of view moving across the 

coverslip in a way that ensures the same cells are not counted twice.  One hundred transfected 

cells were counted per coverslip in 3 separate experiments performed on different occasions.  

The number of cells exhibiting split centrosomes was expressed as a percentage of the total 

cells counted.   

 

2.8.5 Quantification of protein band intensity 

The relative abundance of protein within a band observed on a gel or autorad was measured 

using NIH image software.  Intensity measurements were taken by selecting a region of 

interest box which remained the same size when calculating each protein band.  The box 

covered the size of the biggest band and the pixel intensity within this box was measured.  A 

background measurement was taken and subtracted from the total intensity for each sample.  
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The intensities were compared in a histogram to identify changes in abundance of the protein 

in question.  

 
2.8.5 Statistics 

Unless otherwise stated, statistical significance was deteremined using the standard student’s 

t-test.  A p-value of  ≤ 0.05 was considered significant. 
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Chapter Three 

 

3.1 

Regulation of the Nek2 Protein Kinase by Autophosphorylation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Introduction 
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Increasing evidence supports a crucial role for the Nek2 protein kinase both in cell cycle 

progression and centrosome organisation.  Some possible substrates for Nek2 protein have 

been identified, although it remains unclear which sites are targeted for phosphorylation by 

Nek2.  The activity of almost all kinases is regulated by protein phosphorylation.  This 

frequently occurs within the activation loop (T-loop) of the catalytic domain.  The activation 

loop is a 20-25 amino acid sequence between and including the DFG motif and the APE motif 

(Johnson et al., 1996).  Phosphorylation of this activation loop activates the kinase by 

stabilising the active conformation or destabilising the inactive conformation and ensuring the 

correct positioning for substrate binding and phosphate transfer to occur (Johnson et al., 

1996).  This was first described in protein kinase A (PKA) and many other protein kinases 

have since been identified which are activated by phosphorylation of their T-loop residues. 

Examples of these kinases and the position of their phosphorylation sites are Plk1 (T210), 

Pak1 (T212), Msp1 (T676) and Nek6 (S206) (Banerjee et al., 2002; Belham et al., 2003; Jang 

et al., 2002; Mattison et al, 2007).  Similar to these kinases Nek2 undergoes 

autophosphorylation, is predominantly phosphorylated on serine and threonine residues and 

contains a conserved activation loop (residues 159-186) within the catalytic domain (Fry et al, 

1995).  However, it is not fully understood how Nek2A is regulated by phosphorylation.  

 

Thirteen autophosphorylation sites have been identified within Nek2 by mass spectrometry, 

which may play a role in the regulation of Nek2 activity (Figure 1.10).  It is possible that 

Nek2A may undergo autophosphorylation at multiple sites in order to achieve full activation.  

Autophosphorylation within the N-terminal kinase domain is most likely to regulate Nek2 

activity.  However, autophosphorylation within the C-terminal domain may have various 

consequences in terms of Nek2 regulation, as this region contains the PP1 binding site that 

regulates Nek2 kinase activity and sites involved in Nek2 degradation, as well as localisation.  

In addition, the C-terminus may exert its own regulation of Nek2A activity by acting as an 

autoinhibitory domain by interacting with the N-terminal domain, thus blocking the active 

site.  Phosphorylation of the C-terminus may therefore prevent autoinhibition. 

 

A previous PhD student in the lab, Dr. Baxter, generated a series of phosphorylation site 

mutants of the Nek2 kinase based on the residues identified by mass spectrometry (Baxter, 

2006).  She used a site-directed mutagenesis approach to introduce mutations at the 

phosphorylation site to create potentially hyperactive or inactive Nek2 proteins (Figure 1.11).  

Serines (S) or threonines (T) were mutated to the acidic residues, aspartate (D) or glutamate 

(E) respectively, in an attempt to mimic the shape and charge of a phosphorylated residue.  In 
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addition, serines and threonines were mutated to alanine to mimic the unphosphorylated state 

of Nek2 and prevent phosphorylation. 

 

Preliminary results did not show any significant difference in activity upon mutation of T170 

and S171 compared to WT-Nek2A (Figure 1.11).  In contrast, mutation of T175 to alanine 

abolished Nek2A activity in vitro, whereas mutation to glutamate resulted in a hyperactive 

kinase (Figure 1.11).  Mutation of T179 and S241 to alanine, or to glutamate or aspartate, 

respectively, significantly reduced Nek2 kinase activity (Figure 1.11).  Dr. Baxter also 

generated single constructs that contained combined mutations of four autophosphorylation 

sites, S387, S390, S397 and S403 within the C-terminus.  These sites were all mutated to 

alanine in one construct (Nek2A-SA4) and to aspartate in another construct (Nek2A-SD4).  

Mutation of these sites had little effect upon binding of PP1 to Nek2A despite the proximity 

to the PP1 binding site (residues 383-386).  The Nek2A-SD4 mutations produced a 

hyperactive kinase, though mutation of these sites to alanine did not affect Nek2A activity in 

vitro or in vivo (Figure 1.11).  She concluded that Nek2A is regulated by phosphorylation at 

T175 and by structural or secondary autophosphorylation events at positions T179 and S241.  

Phosphorylation of T175 is thought to be essential for stabilising the active conformation of 

Nek2 for substrate binding and phospho transfer.  On the other hand it is possible that 

phosphorylation of T179 and S241 is inhibitory. However, the role of autophosphorylation in 

the C-terminal region of Nek2A remains obscure. 

 

Dr. Baxter initiated the characterisation of many constructs outlined in Figure 1.11.  However, 

in several cases the activity was only partially tested or never tested by each of the assays 

indicated in Figure 1.11.  The first aim of the project was therefore to complete the Nek2 

autophosphorylation study initiated by Dr. Baxter in order to obtain a better understanding of 

how the Nek2 kinase is regulated and identify which residues are crucial for controlling Nek2 

activity.  First those mutants not yet made were generated by incorporating a number of point 

mutations into a pRcCMV:myc-Nek2A vector using a site-directed mutagensis approach.  

These Nek2 mutants were then characterised as well as some of those previously generated by 

Dr. Baxter.  The consequence of these mutations on Nek2A activity was then analysed by 

performing two standard experiments: (i) in vitro translation of Nek2A constructs, followed 

by IP and an in vitro kinase assay using β-casein as the substrate (active Nek2A kinases will 

incorporate 32P into the substrate β-casein); (ii) transfection of myc-tagged Nek2A constructs 

into U2OS cells and quantification of centrosome splitting as a measure of Nek2 activity in 
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vivo.  The level of activity of these mutants obtained by these in vivo and in vitro techniques 

would reveal the importance of these sites. 

 

A recent crystallisation study by Prof. S. Smerdon (NIMR, London) has enabled a crystal 

structure for the N-terminal catalytic domain of the human Nek2A to be obtained.  This 

structure was derived using a T175A mutant kinase domain bound to a pyrrole-indolinone 

inhibitor (SU11652), so Nek2 is in an inactive state.  Comparing the crystal structures of the 

N-terminal catalytic domain of Nek2A and Aurora A kinase identified a novel αT-helix in 

Nek2A.  This novel αT-helix consists of 5 amino acids (162-166) at the N-terminal end of the 

activation loop.  The role of this αT-helix is unknown, but it may help regulate the positioning 

of the activation loop, thus blocking and unblocking the active site (Figure 1.7). 

 

Analogue-sensitive kinases are protein kinases which have been engineered to allow 

inhibitors which are ATP analogues to bind non-competitively only to the engineered kinase 

(Blethrow et al., 2004; Gregan et al., 2008).  This provides a mechanism for inactivating a 

kinase of interest in vivo and in vitro.  Analogue-sensitive kinases are generated by mutating a 

bulky, hydrophobic amino acid in subdomain V of the hydrophobic pocket that binds ATP, 

for an amino acid with a smaller side chain.  This changes the shape of the ATP binding 

pocket allowing an inhibitor molecule, commonly 1NM-PP1, to bind and inhibit the 

engineered kinase but not the wild-type kinase.  The amino acid which is altered is known as 

the gatekeeper residue.  The gatekeeper residue is a conserved residue that can be identified 

from a sequence alignment of family members.  In Nek2A, the gatekeeper residue was 

identified as M86 using a protein database which aligned the protein sequences of Nek family 

members (http://kinase.ucsf.edu/ksd/).  An analogue specific Nek2A kinase which can be 

reversibly blocked could be used in vitro to identify novel substrates and in vivo to determine 

physiological function. 

http://kinase.ucsf.edu/ksd/�
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3.2 Results 
3.2.1 Validating the activity assays with wild-type and kinase-inactive Nek2A 

Two assays were performed in order to determine the activity of each construct in vivo and in 

vitro.  These assays were first performed using wild-type Nek2A and Nek2-KR.  The kinase-

inactive Nek2A-KR construct has a lysine (K) to arginine (R) mutation at position 37 within 

the ATP binding site which prevents ATP binding and results in significantly reduced kinase 

activity (Figure 3.1A).  Firstly, myc-Nek2A and myc-Nek2A-KR were translated in vitro and 

immunoprecipitated using an anti-myc antibody.  The immune complexes were then 

incubated with kinase buffer containing 32P-γ-[ATP] and casein as the substrate at 300C for 30 

minutes.  The amount of protein precipitated was determined by Western blot, while the 

kinase activity of each Nek2A construct was calculated by scintillation counting of the β-

casein substrate (Figure 3.1B and C).  The activity was then normalised to the amount of 

protein precipitated.  Kinase activity for Nek2A-WT was set at 100%.  In comparison, the 

Nek2A-KR mutant possessed only 4% activity.   

 

Secondly, an in vivo centrosome splitting assay was performed to determine whether the 

Nek2A constructs localised to the centrosome and induced centrosome splitting.  Transfection 

of wild-type Nek2A into U2OS cells has been consistently shown to induce splitting of 

centrosomes by >2 µm in 40-60% of interphase cells, whereas only 10% of interphase cells 

transfected with inactive Nek2A or untransfected cells show split centrosomes (Fry et al., 

1998b; Meraldi and Nigg, 2001).  Active Nek2A is thought to phosphorylate proteins such as 

C-Nap1 and rootletin, which are components of the intercentriolar linkage joining a pair of 

centrioles resulting in separation of the two centrioles (Bahe et al., 2005; Fry et al., 1998a).  

Based on this evidence, a centrosome splitting assay has been developed as an indication of 

Nek2A activity in cells.  At 24 hours post transfection, U2OS cells are fixed in methanol and 

probed with antibodies which detect the myc-tagged Nek2A constructs and γ-tubulin which 

identifies the centrosome.  Myc-Nek2A-WT and myc-Nek2A-KR both localised to the 

centrosome. As predicted, myc-Nek2A-WT induced centrosome splitting in 52% of cells, 

whereas myc-Nek2A-KR induced centrosome splitting in only 12% of cells.  These results 

confirm that Nek2A-WT is active and the Nek2-KR protein is inactive in this assay. 
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3.2.2 Phosphomimetic mutations of T170 and S171 increase Nek2A kinase activity 

Mass spectrometry performed at the NIMR had identified T170 or S171 as a possible 

autophosphorylation site, although in information provided by Invitrogen with their 

recombinant Nek2 kinase only S171 was identified as an autophosphorylation site.  However, 

it is possible that both sites may be phosphorylated.  Both sites are located at the start of the 

activation loop of Nek2A, near residues T175 and T179, which have been previously studied 

and found to be essential autophosphorylation sites for Nek2A kinase activity.  The T170 and 

S171 sites had been partially characterised by Dr. Baxter in so much as she had made 

individual T170A, T170E, S171A and S171D mutations in myc-tagged Nek2A constructs and 

transfected them into cells.  She showed that all four mutant Nek2A constructs localised to 

the centrosome and that centrosome splitting counts for all mutants were similar to those for 

Nek2A-WT kinase (Baxter, 2006).  However, counts from previous splitting assays for 

various Nek2A mutants, including the T175E mutant that shows hyperactivity in an in vitro 

kinase assay, never rise above Nek2A-WT levels of splitting. A splitting efficiency of 50-60% 

is therefore considered to be the maximum observable and it is likely that mechanisms exist in 

cells that prevent centrosome splitting from occurring at higher frequencies.  From her data, 

Dr. Baxter was therefore able to conclude that the mutations do not inhibit Nek2 activity in 

vivo.   

 

This project was initiated at this point to continue the characterisation of these mutants.  To 

assess the activity of these mutants in vitro, the mutant constructs were translated in vitro, 

immunoprecipitated and a sample of each examined by Western blotting in order to quantify 

the level of immunoprecipitation.  Next, in vitro kinase assays were performed using β-casein 

as a substrate.  Mutation of T170 to alanine induced marginally higher kinase activity than 

Nek2A-WT, whereas mutation of S171 to alanine did not alter Nek2A kinase activity (Figure 

3.2).  In contrast, T170E and S171D mutations both resulted in clearly hyperactive kinases.  

The activity of the Nek2A-T170E mutant was at least 3 times higher than that obtained with 

the Nek2A-WT, whilst Nek2A-S171D was at least twice as active as Nek2A-WT kinase 

(Figure 3.2).  Upon statistical analysis the results obtained using T170E were found to be 

highly significant (P< 0.005) although disappointingly the results obtained for S171D were of 

borderline significance (P= 0.1).  This suggests that autophosphorylation at residues T170 and 

S171 leads to increased Nek2A kinase activity, although autophosphorylation at these sites is 

not essential for Nek2A to be in an active state. 
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3.2.3 Mutation of S356 and S368 does not alter Nek2A activity or localisation  

The S356 and S368 sites lie in the regulatory C-terminal domain.  The S356 site lies just 

downstream of the leucine zipper motif of Nek2.  It is therefore possible that phosphorylation 

of this site may regulate Nek2 homodimerisation via this coiled-coil leucine zipper motif.  

Both sites also lie within the region shown to determine centrosome localisation, so 

phosphorylation of these sites may regulate localisation.  To test these possibilities, these sites 

were mutated to both alanine and aspartate to determine the effects upon Nek2 kinase activity 

and localisation.  The proteins were translated in vitro, immunoprecipitated and kinase assays 

performed using casein as the substrate as previously described (Figure 3.3).  None of the 

mutations had a significant effect upon Nek2 kinase activity in vitro (P>0.5 for all except 

K37R).  Similarly, each mutant was found to localise at the centrosome (Figure 3.4).  Finally, 

the centrosome splitting counts revealed no significant difference between the mutants and 

the Nek2A-WT kinase (P>0.5 for all except K37R).  These results suggest that 

phosphorylation of S356 and S368 is not required for Nek2 activity or localisation.  

 

3.2.4 Mutation of S296 or S428 does not alter Nek2A activity or localisation  

The S296 and S428 residues lie within the non-catalytic domain of Nek2A.  S296 lies at the 

start of the non-catalytic domain just upstream of the leucine zipper, while S428 lies towards 

the extreme C-terminal end of Nek2A.  It is possible that the C-terminal domain acts as an 

autoinhibitory domain.  If this is true, then mutation of S428 may relieve this inhibitory 

mechanism and increase Nek2A kinase activity.  Individual S296A, S296D, S428A and 

S428D mutations were made in myc-tagged Nek2A constructs.  These mutant constructs were 

translated in vitro, immunoprecipitated using an anti-myc antibody and the 

immunoprecipitates subjected to a kinase assay with casein as the substrate (Figure 3.5B).  

After normalisation for the amount of protein precipitate, it appeared that mutation of S296 or 

S428 to alanine or aspartate had no effect on Nek2 activity as they exhibited a similar level of 

activity as WT-Nek2A kinase.  P> 0.05 for all mutants except K37R suggesting there is no 

significanrt difference compared to the WT kinase (Figure 3.5C).  However, one should 

remain cautious about the result as the amount of protein precipitated varied between the 

different constructs and the level of activity for S296D and S428A was statistically different 

to WT.  The S296 and S428 mutants were then transfected into U2OS cells and stained with a 

myc antibody to detect the mutant construct and γ-tubulin to detect the centrosome (Figure 

3.6A). The S296 and S428 mutations all induced levels of centrosome splitting similar to that 

of wild-type Nek2A in 3 separate experiments (Figure 3.6B).  Thus, it may be concluded that 

phosphorylation at these two sites is not essential for Nek2A activity or localisation. 
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3.2.5 Individual mutation of S387 does not affect Nek2A kinase activity  

S387 lies immediately downstream of the KVHF motif (383-386) which binds PP1, within 

the non-catalytic domain of Nek2A.  It is possible that the phosphorylation of S387 may 

stimulate the release of PP1, relieving Nek2 of this inhibition.  Thus an increase in Nek2 

activity may be observed with the phosphomimetic S387D mutant.  However, a combined 

mutant including S387D made by Dr. Baxter had not shown increased activity (Baxter, 2006).  

Additional work by an undergraduate student in the lab, Miss N. Sahota, had created 

individual S387F and S387E mutations in myc-tagged Nek2A constructs.  For this project, 

these constructs were translated in vitro, immunoprecipitated them using an anti-myc 

antibody and subjected the immunoprecipitates to in vitro kinase assays with casein as the 

substrate (Figure 3.7B).  Both S387 mutants exhibited a similar level of kinase activity to 

WT-Nek2A with no significant difference detected (P>1) (Figure 3.7C).  The S387 mutants 

were then transfected into U2OS cells and stained with an anti-myc antibody (green) to detect 

the mutant construct and an anti-γ-tubulin antibody (red) to detect the centrosomes (Figure 

3.8A).  Again, both S387 mutants induced levels of centrosome splitting similar to that of 

wild type Nek2A in 3 separate experiments (Figure 3.8B).  P>1 suggesting there was no 

significance difference between the activities of the S387 mutants compared to WT kinase.  

Thus, it was concluded that autophosphorylation of S387 is not essential for Nek2A activity 

and nor is it likely to stimulate Nek2A activity. 

 

3.2.6 Deletion of the last 61 residues from the C-terminus creates a hyperactive Nek2A 

protein 

It was hypothesised that Nek2A might be negatively regulated through an auto-inhibitory 

reaction of the non-catalytic domain and the kinase domain reminiscent of certain other 

protein kinases.  Initial experiments carried out by Dr. Baxter involved the generation of a 

truncated GFP-Nek2A-∆C25 mutant construct that lacked the C-terminal 25 amino acids.  

This mutant construct was transfected into cells and kinase assays performed on 

immunoprecipitated protein suggested that this mutant kinase was significantly more active 

compared to WT-Nek2A (Baxter, 2006).  Prof. Andrew Fry has previously created three myc-

Nek2A constructs named myc-Nek2-∆C24 and myc-Nek2-∆C51 truncated at positions 421 

and 394, respectively (Figure 3.9A).  He also created a myc-Nek2B construct.  Nek2B is a 

splice variant of Nek2A which lacks the last 61 amino acids of the C-terminus present in 

Nek2A (Figure 3.9A).  These constructs were transiently transfected into U2OS cells and 

stained with an anti-myc antibody to detect the mutant construct and an anti-γ-tubulin  
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antibody to detect the centrosome.  All constructs localised to the centrosome consistent with 

previous data that the centrosomal targeting region lies within residues 333-370 (Hames et al., 

2005) (Figure 3.9B).  Next the Nek2 constructs were translated in vitro and 

immunoprecipitated using an anti-myc antibody.  A kinase assay was performed with the 

immunoprecipitate using casein as the substrate (Figure 3.10B).  The kinase activity of each 

mutant was calculated by scintillation counting and quantified against the amount of protein 

immunoprecipitated compared to WT-Nek2A kinase which was set at 100%.  The kinase 

activity of the myc-Nek2A-∆C24 and myc-Nek2A-∆C51 constructs was similar to that of 

Nek2A.  However, Nek2B exhibited a significantly higher level of kinase activity compared 

to Nek2A kinase.  These results suggest that truncation of the last 61 residues of the C-

terminus of Nek2 increases the activity of the kinase.  

 

3.2.7 Mutation of A163 in the αT-helix leads to loss of Nek2A activity  

A recently solved crystal structure of the Nek2 kinase domain revealed the presence of a 

novel αT-helix close to the active site.  This helix would appear to block the entrance to the 

active site thus inactivating the kinase.  Mutation of a key residue within the αT-helix may 

cause the collapse of the αT-helix and induce the activation loop to move away from the 

active site.  This might create a constitutively active kinase.  Interestingly, S241 had 

previously been shown to be an autophosphorylation site and despite the fact that it is far 

from the active site, mutation to an alanine or aspartate created an inactive kinase thus 

suggesting that this residue plays an important role in the regulation of Nek2 activity.  One 

possible explanation is that phosphorylation of S241 might cause the αT-helix to melt.  It was 

hypothesised that an A163G point mutation may cause the helix to collapse and compensate 

for the inhibitory effect induced by S241A or S241D mutations.  If this hypothesis was true, 

then it would be expected that an A163G/S241A or A163G/S241D mutant would exhibit 

increased kinase activity compared to an S241A or D mutant. 

 

An A163G point mutation was introduced into the S241A and S241D mutant Nek2 constructs 

previously created in the lab to create double mutants.  To determine the effect of an A163G 

mutation alone a single point mutation was also introduced into the myc-Nek2A construct.  

These Nek2 constructs were translated in vitro and immunoprecipitated using a myc antibody.  

A kinase assay was then performed on the immunoprecipitate using casein as the substrate 

(Figure 3.11).  The kinase activity of each mutant was calculated by scintillation counting and 

quantified against the amount of protein immunoprecipitated compared to Nek2A kinase  
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which was set at 100%.  As previously shown, the S241A and S241D mutants were found to 

be inactive.  Unexpectedly, an A163G mutation in the T-helix created an inactive kinase 

rather than a constitutively active kinase.  Not surprisingly the A163G/S241A or D double 

mutants were also found to be inactive.  All the mutant Nek2 kinases exhibited similar levels 

of inactivity compared to the Nek2A-K37R protein.  P< 0.001 for all mutant kinases 

compared to WT kinase suggesting there is a significant decrease in kinase activity (Figure 

3.11).  Thus, it can be concluded that collapse of the αT-helix inactivates rather than activates 

Nek2A. 

 

3.2.8 Mutation of other residues within the αT-helix results in loss of Nek2A kinase 

activity  

Following the observation that an A163G point mutation in the αT-helix creates an inactive 

Nek2A kinase, two additional αT-helix mutants, αT3 and αT4 were generated.  The double 

mutant, αT3, contains an I165G in addition to the A163G mutation.  The triple mutant, αT4 

contains combined L162K, R164K and L166K mutations.  The aim was to determine whether 

artificially collapsing the helix in different ways also results in a loss of Nek2A kinase.  Triple 

and double point mutations were created in myc-tagged Nek2A constructs.  These mutant 

constructs were translated in vitro, immunoprecipitated using an anti-myc antibody and the 

immunoprecipitates subjected to a kinase assay with casein as the substrate (Figure 3.12B).  

The kinase activity was calculated by scintillation counting and quantified against the amount 

of protein immunoprecipitated (Figure 3.12B).  Values were compared to WT-Nek2 which 

was set at 100%.  Similar to the A163 mutants, the αT3 and αT4 mutants also exhibited a 

highly significant loss of kinase activity compared to WT kinase (P>0.001) (Figure 3.12A).  

Thus, any disruption of the αT-helix leads to loss of Nek2 activity. 

 

3.2.9 Mutation of the gatekeeper residue M86 leads to loss of Nek2A kinase activity 

The M86 residue lies within the ATP-binding pocket of the catalytic domain of Nek2A. M86 

is proposed to act as the gatekeeper residue and limit the size of the nucleotide that can access 

the active site.  Mutation of M86G to glycine or alanine may widen the ATP binding pocket 

thus allowing not only ATP but also the ATP analogue, 1NM-PP1, to bind.  If this was true 

then mutation of M86 would generate an analogue-sensitive Nek2A kinase which will be 

active in the absence, but inactive in the presence of the inhibitor, 1NM-PP1.  The aim was to 
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generate a Nek2 kinase whose activity can be switched off by the addition of this drug 

allowing the consequences of inhibiting Nek2A to be investigated.  Individual M86G and  
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generate a Nek2 kinase whose activity can be switched off by the addition of this drug 

allowing the consequences of inhibiting Nek2A to be investigated.  Individual M86G and 

M86A mutations were created in myc-tagged Nek2A constructs. These mutant constructs 

were translated in vitro, immunoprecipitated using an anti-myc antibody and the 

immunoprecipitate subjected to a kinase assay with casein as the substrate (Figure 3.13B).  

Unexpectedly, both the M86 mutants exhibited a highly significant loss of kinase activity 

compared to WT-Nek2A (P>0.001), with a similar level of activity to that exhibited by the 

inactive Nek2-K37R mutant (Figure 3.13C).  This means that simple mutation of the M86 

gatekeeper residue cannot be used to generate an analogue-sensitive Nek2A kinase. 
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3.3 

In addition to these two residues, the roles of S296, S356, S368, S387 and S428 present in the 

non-catalytic C-terminal domain were investigated.  It was proposed that these residues might 

play a role in regulating Nek2 kinase activity possibly by influencing its dimerisation or 

interaction with PP1.  In particular, S296 and S356 are found close to either end of the leucine 

zipper motif and so phosphorylation of these sites could alter homodimerisation.  In turn, this 

could further regulate trans-autophosphorylation and phosphorylation of activation loop 

residues (Kang et al., 2004).  S387 is positioned immediately after the PP1 binding site and 

phosphorylation of this site could prevent PP1 binding thus enhancing Nek2A activity.  

Finally, S428 is located towards the extreme C-terminus, which may act as an autoinhibitiory 

domain; therefore, phosphorylation of this residue may influence the autoinhibitory activity of 

this domain.  In vitro kinase assays were performed on immunoprecipitated proteins, as well 

as centrosome splitting assays on transfected cells to determine whether mutation of these 

sites altered Nek2 kinase activity.  However, these results did not show any significant 

difference in kinase activity upon mutation of these sites to alanine or putative 

Discussion 
In this chapter the role of 7 out of a possible 13 autophosphorylation sites within the catalytic 

and non-catalytic domain of Nek2A as identified by mass spectrometry was investigated.  

Previous data indicated that T175 is most probably the primary site of autophosphorylation 

within the activation loop with a second sequential autophosphorylation event occurring at 

T179.  However, additional phosphorylation sites may be required for full activation of the 

kinase.  These results suggest that phosphorylation of residues T170 and S171 within the 

activation loop are both likely to contribute to Nek2A kinase activity.  Phosphomimetic 

mutations of T170 and S171 produced increased levels of kinase activity and maximal levels 

of centrosome splitting, although mutation to an unphosphorylated state did not reduce 

Nek2A kinase activity. Therefore, phosphorylation of these sites is not essential for Nek2 

kinase activity, but appears to enhance Nek2A activity and may fine-tune the overall activity 

of Nek2 in vivo.  The phosphorylation of T175 and T179 is most likely required for the 

release of the activation loop from the active site thus allowing entry of substrates.  The 

phosphorylation of T170 and S171 may not be required to release the activation loop, but may 

stabilise the activation loop in the open conformation, thus facilitating access of substrates to 

the active site and greatly increasing the rate of phosphorylation (Nolen et al., 2004).  In 

addition, phosphorylation of these activation loop residues may create extra ionic interactions 

with the αC helix within the N-lobe, thereby promoting tighter closure of the N- and C-lobes, 

increasing kinase activity (Huse and Kuriyan, 2002). 
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phosphomimetic residues.  These results therefore suggest that these C-terminal sites are not 

important for regulating Nek2A activity or its centrosomal localisation.  If these sites are 

autophosphorylation sites, they may play other roles that are undetectable in these two assays.  

One possibility is that phosphorylation of C-terminal residues may facilitate the interaction of 

Nek2A with various substrate proteins.  For example, phosphorylation of MCAK is required 

to facilitate the tight interaction of MCAK with microtubules so that MCAK can carry out its 

function in promoting microtubule depolymerisation (Ems-McClung et al., 2004).  

   

Autoinhibition provides a second mechanism by which many kinases are regulated in addition 

to autophosphorylation.  A well characterised example is Plk1 for which C-terminal 

truncation significantly increases kinase activity (Jang et al., 2002; Mundt et al., 1997).  

Kinase assays were performed with two truncated Nek2A mutants as well as a myc-Nek2B 

construct to investigate whether the extreme C-terminal region of Nek2A acts as an 

autoinhibitory domains.  If this was true then deletion of these C-terminal residues may confer 

hyperactivity.  This was observed in the case of Nek2B which showed a 20% increase in 

Nek2 kinase activity compared to WT kinase.  However, the kinase activities of myc-Nek2-

∆C24 and myc-Nek2-∆C51 truncated at positions 421 and 394, respectively were unchanged 

compared to wild-type Nek2A in this assay.  This latter observation supports the previous 

result that mutation of the potential phosphorylation site S428 has no effect on the kinase 

activity of Nek2A.  An explanation for these results may be that an autoinhibitory domain 

does exist in the Nek2 kinase which is missing in Nek2B hence inducing hyperactivity (which 

is unlikely caused by the lack of the PP1 binding site as phosphatase inhibitors were present 

in the assay).  However, a truncation of 24 or 51 residues is not considerable enough to affect 

the autoinhibitory domain.  These results suggest that the C-terminal amino acids may be 

important for activation of the kinase and may act as autoinhibitory domain.  It is possible that 

the conditions of this assay may not have been appropriate for autoinhibition to occur and 

may explain why an increase in activity was only observed for Nek2B.  In some proteins 

which exhibit autoinhibition, the C-terminus is proteolytically cleaved and subsequently 

forms a complex with the kinase domain of the truncated protein, as seen for example in the 

calcium ion channel, Ca(V)1.2 (Hulme et al., 2006).  If this is true of Nek2A then the wild-

type-Nek2A kinase may not be able to undergo autoinhibition as the cleavage enzymes are 

not present in the kinase buffer.  Another possibility is that the Nek2A kinase is not folded 

into the correct tertiary structure in vitro to allow autoinhibition to occur in this assay.  This 

kinase assay did not support previous evidence by Dr. Baxter which showed a Nek2A 

construct with a 25 amino acid deletion conferred hyperactivity.  However, Dr. Baxter’s result 
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was obtained with a GFP-tagged construct immunoprecipitated from transfected cells rather 

than from protein generated by in vitro translation.  More investigation is clearly required to 

reconcile these differences and draw firm conclusions on whether the C-terminal of Nek2A is 

indeed an autoinhibitory domain.  

 

Next, the role of the novel αT-helix identified in the crystal structure of the catalytic N-

terminal domain of Nek2 complexed with a small molecule inhibitor was investigated (Rellos 

et al., 2007).  The αT-helix is present at the N-terminal end of the activation loop.  It was 

hypothesised that an A163G mutation may artificially collapse the αT-helix moving the 

activation loop away from the active site thus creating a constitutively active kinase.  

Furthermore, mass spectrometry had identified S241 at the C-terminal end of the catalytic 

domain as an autophosphorylation site and mutational analysis had revealed that this is a 

critical site for regulating Nek2A kinase activity despite its distance from the active site.  It 

was hypothesised that the hyperactivity induced by an A163G mutation might counter-

balance the inhibitory mutation of S241.  To test this hypothesis, kinase assays were 

performed with A163G, S241A, S241D and the double mutants: S241A/A163G and 

S241D/A163G.  Unexpectedly, all of these Nek2 mutants displayed complete loss of kinase 

activity.  Indeed, an A163G mutation alone created an inactive Nek2A kinase and thus could 

not rescue the inactivity caused by S241 mutations.  Although this result did not support the 

proposed model, it did show that this residue is clearly important for Nek2A activity.  Further 

attempts to collapse the αT-helix by inserting lysines or glycines at alternating positions of the 

αT-helix also led to loss of kinase activity.  The Nek2A-L162K/R164K/L166K triple mutant 

was inactive indicating that at least one if not all these residues are also critical for Nek2A 

activation.  Although the Nek2A-A163G/I165G double mutant was also inactive, this could 

be due to the presence of the A163G mutation which individually exhibits inactivity.  Single 

mutants of these 4 residues would need to be generated and their activities tested to confirm 

that mutation of any residue of this helix confers inactivity on the kinase.  In summary, these 

results suggest that mutation of αT-helix residues creates inactive Nek2A kinases.  An 

explanation for this result may be that mutation causes the αT-helix to collapse into the active 

site blocking the entry of substrates rather than promoting its movement away from the active 

site. 

 

The crystal structures of inactive kinases are known to exhibit plasticity in the kinase domain 

that allows distinct conformations to be formed in response to interactions with compounds 

such as small molecule inhibitors (Huse and Kuriyan, 2002).  This has since been shown to be 
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the case for Nek2A.  Recent evidence suggests that the αT-helix identified in the crystal 

structure of Nek2A is in fact a structure induced by the binding of the small molecule 

inhibitor (R. Bayliss (ICR) and A. Fry; unpublished data).  Nevertheless these results suggest 

that this region of the kinase is critically important for Nek2A activation, as mutation of these 

residues leads to inactivity.   

 

Lastly, the effect of mutating the M86 gatekeeper residue was investigated.  This site was 

mutated to glycine or alanine in an attempt to alter the shape of the ATP-binding pocket to 

facilitate the binding of the ATP analogue, 1NM-PP1.  Mutation of M86 was not expected to 

alter Nek2A activity using ATP as the substrate.  However, IVT-IP kinase assays indicated 

that mutation of M86 resulted in loss of kinase activity.  Since this kinase was inactive, the 

consequences of inactivating Nek2A with 1NM-PP1 could not be investigated.  One 

explanation is that mutation of M86 causes the shape of the ATP binding pocket to change in 

such a way that ATP can no longer bind thus creating an inactive kinase.  This result is not 

unique as it has been found with other kinases that compensatory mutations are required 

together with the gatekeeper mutation in order to create an analogue sensitive kinase.     

 

A summary of the various Nek2A mutants investigated and their activities in each assay 

performed are shown in Figure 3.14.  The Nek2A mutants investigated in this thesis are 

indicated in blue.  One proposal is that Nek2A activity is likely to be regulated by 

phosphorylation at the primary site, T175, and by secondary phosphorylation events at T170 

and S171 in order to achieve full activation.  In addition, Nek2A is further regulated by 

phosphorylation at T179 and S241 which are necessary for Nek2A activation and may play 

structural roles by forming interactions required to orientate the N- and C-lobes into the 

correct conformation for the kinase to be active.  These results further suggest that Nek2A is 

not regulated by autoinhibition.    
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4.1 
Overexpression of the Nek2 protein and amplification of the Nek2 gene has been found in 

various types of human tumours, including breast tumours, choloangiocarcinomas, gastric 

adenocarcinomas, osteosarcomas and lymphoma (Hayward et al., 2004; de Vos et al., 2003; 

Kokuryo et al., 2007; Loo et al., 2004; Wai et al., 2002; Weiss et al., 2004).  Overexpression 

of Nek2A in cultured cells results in aneuploid cells with supernumerary centrosomes, 

whereas ablation of Nek2 inhibits cells growth and induces apoptosis (Faragher and Fry, 

2003; Fletcher et al., 2004; Hayward et al., 2004; Kokuryo et al., 2007).  Together, these data 

strongly support Nek2 as a novel target for therapeutic intervention in the treatment of cancer.   

 

Nek2 exhibits differential expression between normal and tumour tissue and is susceptible to 

inhibition by small molecule inhibitors which compete for binding at its ATP binding pocket 

(Hayward, 2007).  Our ultimate goal is to design a specific and potent inhibitor of Nek2 

kinase activity which is capable of killing or arresting cancer cells overexpressing Nek2.  

Recently, more specific cancer therapies which target the defects that drive tumour formation 

rather than traditional therapies which target all proliferating cells in a non-specific manner 

have been investigated.  One common defect frequently associated with tumour progression is 

aberrant kinase expression.  Therefore a number of small molecule inhibitors have been 

developed which inhibit kinase activity by competing with ATP for the catalytic binding 

pocket, thus stabilising the inactive comformation of the kinase.  Presently, there are over 25 

kinases for which putative inhibitors have been generated, some of which are licensed for 

clinical use (Dancy and Sausville, 2003).  These include the mitotic kinases, Aurora-A and 

Plk1.  Aurora-A and Plk1 are upregulated in multiple human tumours and are closely 

associated with tumour progression.  Inhibitors of these kinases induce mitotic arrest and 

apoptosis selectively in cancer cells which overexpress these kinases (Taylor and Peters, 

2008). 

 

Introduction 

Phosphospecific antibodies are frequently used to assess the therapeutic efficacy for potential 

small molecule inhibitors.  There are over 300 phosphospecific antibodies commercially 

available against specific phosphoproteins.  These include anti-phospho T210 Plk1 antibody 

and an anti-phospho T288 Aurora-A antibody (Mandell, 2003).  The development of a Nek2 

phosphospecific antibody would allow the specific detection of Nek2 activated by 

phosphorylation.  At present only antibodies which detect total Nek2 kinase are available.  

Phosphorylation at specific residues commonly in the activation loop of protein kinases is 

thought to induce a conformational change which results in kinase activation (Mandell, 2003).  
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Previous studies by Dr. J. Baxter identified T175 within the activation loop of Nek2 as a 

critical phosphorylation site.  This was shown using a myc-Nek2-T175A mutant that had 

reduced kinase activity and a significant reduction in efficiency of centrosome splitting, and a 

myc-Nek2-T175E mutant that was hyperactive (Rellos et al., 2006).  In addition, the 

importance of T175 is supported by its position within the activation loop.  Many other 

kinases such as Plk1 have a threonine residue at an equivalent site to T175 in Nek2 which is 

critical for activation of the kinase.  In Plk1 this residue is threonine 210 (Jang et al., 2002).  

As a result of these studies, a peptide mimicking a region of the activation loop containing a 

phosphorylated T175 site was synthesised by Severn Biotechnology Ltd and injected into 

rabbits.  This method of immunisation of animals with a synthetic peptide is commonly used 

to generate phosphospecific antibodies.  The Nek2 phosphospecfic antibody was purified 

from the antiserum.  This was achieved by removing the antibodies that bind to the 

unphosphorylated peptide by using a non-phospho-peptide affinity column.  The reactivity 

and specificity of this antibody with Nek2 was investigated by various techniques.  In 

parallel, an antibody developed against the same phospho-T175 containing peptide by 

Millenium Pharmaceuticals (Boston, USA) was also characterised.  This pT175 antibody 

generated promising results as a Nek2 phospho-specific antibody.  However, due to the 

commercial implications of using a phosphospecific antibody generated by a pharmaceutical 

company in further research and in a drug discovery project, an alternative approach of 

generating a successful phosphospecific antibody was sought.   

 

AbD Serotec creates custom monoclonal antibodies without the need for animal immunisation 

using a HuCAL GOLD® antibody library.  This library contains more than 15 million human 

antibody specifications in Fab format prefabricated in E. coli or phage libraries.  Thirty-four 

well microtitre plates coated with the phosphorylated peptide were screened against this 

library by ELISA.  Several high affinity binders were then chosen using CysDisplay™ 

technology.  The 6 positive candidates were expressed in bacteria and affinity purified and 

sent to the lab for characterisation.  The most promising antibodies were then provided on a 

larger scale.  The generation of a successful phosphospecific antibody has provided the lab 

with a very useful tool for directly measuring Nek2A activity.  This antibody has enabled the 

timing of Nek2 activation and the location of active Nek2 during the cell cycle to be 

determined.  In the long term, this antibody will also allow the lab to test the efficiency of 

potential Nek2A inhibitors in drug discovery projects. 
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4.2 
4.2.1 Pre-screening of rabbit sera  

Eight different rabbit sera, numbered 10654-10661, were pre-screened by Western blotting 

and immunofluorescence microscopy (Figure 4.1).  U2OS cells were lysed and extracts 

separated by SDS-PAGE and blotted onto nitrocellulose membrane.  The eight lanes were cut 

and individually incubated with 8 μl of each rabbit serum (1:250) in 2 mls of 5% milk-PBST 

for 1 hour.  The strips were probed with anti-rabbit AP-conjugated secondary antibody 

(1:7500) in 5% milk-PBST for 1 hour.  After developing for 5 minutes, bands corresponding 

to proteins of various size were observed for each rabbit sera.  Rabbit sera 10654, 10659, 

10660 and 10661 did not reveal any strongly staining proteins or any proteins of a similar size 

to Nek2A (48 kDa).  Immunofluorescence microscopy was performed by staining U2OS cells 

with the different rabbit sera (1:250) and using γ-tubulin antibody (1:500) to detect the 

centrosome (red) and Hoechst 33258 (1:10,000) to stain the DNA (blue).  Rabbit sera 10655, 

10656 and 10658 revealed strong centrosomal staining.  Centrosomal staining could also be 

seen with rabbit sera 10657 but to less of an extent.  Rabbit sera 10660 and 10661 did not 

stain the centrosome but areas of the cytoplasm were stained suggesting these sera were 

detecting cytoplasmic structures.  Finally, only faint centrosomal staining was observed with 

rabbit sera 10654 and 10659 with few brighter spots elsewhere.  From these two pre-

screening techniques, rabbits 10654 and 10659 were chosen to be injected with our pT175 

peptide.  

 

4.2.2 The immune sera stain centrosomes more strongly than the pre-immune sera 

Rabbits 10654 and 10659 were immunised with the phosphorylated peptide conjugated to 

keyhole limpet haemocyanin according to a standard immunisation protocol (Figure 4.2A).  

The terminal bleeds were collected and the immune sera compared to the pre-immune sera 

corresponding to that rabbit by immunoflorescence microscopy.  U2OS cells were grown on 

coverslips and fixed with methanol.  They were stained with either the pre-immune or 

immune serum of either rabbit 10654 or 10659.  In addition, the cells were stained with γ-

tubulin antibody (1:500) to detect the centrosome (red) and Hoechst 33258 (1:10,000) to stain 

the DNA (blue) (Figure 4.2).  Images were captured at the same exposure and gain to allow 

fair comparison.  The immune sera stained centrosomes more strongly than the corresponding 

pre-immune sera for both rabbits, although it was more obvious for rabbit 10654. 

Results 
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4.2.3  The immune sera for rabbits 10654 and 10659 detect the peptides more strongly 

than the pre-immune sera 

Serial dilutions of the phosphorylated (PP) and non-phosphorylated (NP) peptides were 

created ranging from 0.002 mM to 1 mM (Figure 4.3).  1 μl drops of each peptide solution 

were dotted onto a nitrocellulose membrane and blocked in 5% BSA-TBST. The membrane 

was cut into strips and incubated with either the pre-immune or immune serum of either rabbit 

10654 or 10659 before developing with an anti-rabbit secondary antibody.  The dot blot 

indicates that the immune sera for both rabbits detect the peptides more strongly than the pre-

immune sera, but that the immune sera detect the phosphorylated and non-phosphorylated 

peptides with similar efficiency (Figure 4.3).  This was not surprising as the sera had yet to be 

purified.  

 

4.2.4 The purified pT175 antibody detects the phosphorylated peptide more strongly 

than the non-phosphorylated peptide 

A sulfolink coupling gel support was prepared by covalently coupling the non-phosphorylated 

peptide to the column.  Immune serum 10659 was applied to the peptide coupled column 

according to the manufacturer’s protocol.  The flow through from this column was labelled as 

the phosphospecific antibody (Figure 4.4A).  The column was washed in sample buffer and 

the wash retained.  The bound protein was eluted and collected in 1 ml fractions.  A BCA 

assay was performed on all fractions and the most concentrated stored at 40C.  Drops (1 μl) of 

the phosphopeptide and non-phosphopeptide were dotted onto nitrocellulose membrane and 

blocked in 5% BSA-TBST for 30 minutes.  The peptides were then probed with either the 

flow through, wash or elution (1:50) from the column diluted in 5% BSA-TBST (Figure 

4.4B).  The dot blot suggests non-phospho-specific Nek2 antibodies bound to the NP-coupled 

column whilst pT175 specific antibodies did not bind and flowed through the column (Figure 

4.4B).  The dot blot shows that the flow through strongly detects the phosphorylated peptide 

although it weakly detects the non-phosphorylated peptide (Figure 4.4B).  The flow through 

was applied to the NP coupled column for a second time in an attempt to remove these non-

phospho Nek2 antibodies and the flow through collected.  This was labelled as pT175 Ab B.  

The purification process was repeated with rabbit serum 10654, although the flow through 

contained equal quantities of phospho- and non-phospho-specific antibodies (pT175 Ab A).  

At this point a third potential phosphospecific antibody was included which was generated 

from rabbit sera supplied by Millennium Pharmaceuticals (pT175 Ab C).  This antibody had 

been purified but only partially characterised by a previous PhD student (Baxter, 2006).  

Serial dilutions of the phosphorylated peptide (PP) and non-phosphorylated (NP) peptide 
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ranging from 0.002 mM to 1 mM and 1 μl of each peptide solution dotted onto nitrocellulose 

membrane.  The membrane was blocked in 5 % BSA-TBST and then probed with one of the 

three purified Nek2 pT175 antibodies (1:100) diluted in 5 % BSA-TBST.  The pT175 

antibody A developed from sera 10654 weakly detected phosphorylated and non-

phosphorylated peptide equally.  However, pT175 antibody B generated from rabbit sera 

10659 strongly detected the phosphorylated peptide and only very weakly detected non-

phosphorylated peptide which disappeared as the peptide concentration was reduced to 0.2 

mM.  T175 antibody C from Millennium Pharmaceuticals generated the most promising result 

as it only detected the phosphorylated but not the non-phosphorylated peptide (Figure 4.4C). 

 

4.2.5 Generation and characterisation of an inactive Nek2 KD-K37R/D141A kinase  

The data presented above indicate that the purified antibodies could detect the phosphorylated 

peptide by dot blot analysis.  Next it was determined whether these antibodies could also 

detect Nek2 protein phosphorylated on T175.  We recently published data on the structure and 

regulation of Nek2 (Rellos et al., 2007).  As part of this study a bacterial expression vector 

encoding a His-tagged Nek2 kinase domain (KD) construct with a double mutation of D141A 

and K37R was generated.  This mutant kinase domain proved to be completely inactive and 

unable to undergo autophosphorylation even when expressed in bacteria.  This protein is not 

expected to be phosphorylated at position T175 unlike the single Nek2-K37R mutant which 

still exhibits some kinase activity when produced in large amounts.  These reagents therefore 

provide a method for characterising the specificity of phosphospecific antibodies.  The two 

His-tagged Nek2 kinase domain constructs were expressed in Rosetta bacteria.  Protein 

expression was induced by incubating with IPTG (Figure 4.5).  The bacterial culture was 

centrifuged and the pellets were resuspended in lysis buffer containing lysozyme prior to 

centrifugation.  The aliquots of induced and uninduced bacteria, as well as of the pellet and 

supernatant after extraction, were resuspended in sample buffer.  The proteins in these 

extracts were separated by SDS-PAGE and analysed by Coomassie Blue staining (Figure 

4.5A).  As these proteins were His-tagged, they were purified by mixing the cleared lysate 

with Ni-NTA slurry.  The bead-lysate mixture was then added to a purification column and 

subsequently washed.  The protein was eluted from the column with imidazole-containing 

elution buffer and collected in 4 fractions.  The flow through, wash and elution fractions 

collected during the purification process were analysed by SDS-PAGE (Figure 4.5B).  A band 

corresponding to the two purified proteins can be seen in the elution fractions.  Elution 

fraction 2 contained the most concentrated protein and a dilution series was analysed by SDS-

PAGE and Coomassie Blue staining (Figure 4.5C). 
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The activity of these mutant Nek2 kinase domains was characterised by performing an in 

vitro kinase assay.  Equal quantities of purified Nek2-KD-K37R and Nek2-KD-K37R/D141A 

kinases were incubated with kinase buffer containing 32P-γ-[ATP] in the presence and absence 

of β-casein at 300C for 30 minutes.  The kinase reactions were stopped by the addition of 3 x 

sample buffer and boiling for 5 minutes.  The proteins within each kinase mixture were 

separated by SDS-PAGE and analysed by Coomassie Blue staining and autoradiography 

(Figure 4.6).  The Coomassie Blue stained gel indicates equal concentrations of these two 

proteins.  The autoradiograph shows that the Nek2-KD-K37R protein undergoes 

autophosphorylation and phosphorylates the substrate β-casein.  In comparison, the Nek2-

KD-K37R/D141A kinase does not phosphorylate β-casein and does not autophosphorylate.    

 

 

4.2.6 pT175 Ab C detected the Nek2-KD-K37R but not Nek2-KD-K37R/D141A 

protein 

To test whether the purified phosphospecific antibodies were specific for phosphorylated 

Nek2 protein, the purified Nek2-KD-K37R and Nek2-KD-K37R/D141A proteins were 

separated by SDS-PAGE and blotted onto nitrocellulose membrane. The membrane was 

stained with Ponceau which showed that the quantity of Nek2 protein loaded into each lane 

was equal across every lane.  Next, the membrane was blocked in 5% BSA-TBST then 

probed with the purified pT175 antibodies B and C and the corresponding non-phospho-

specific antibodies.  Disappointingly, the pT175 antibody B did not show a preference for 

either purified kinase and detected both kinases to the same extent which was also observed 

with its corresponding non-phospho-specific Nek2 Ab B (Figure 4.7).  The non-phospho-

specific Nek2 antibody C detected both purified kinases to an equal extent, whereas the 

pT175 antibody C detected the Nek2-KD-K37R more strongly than the Nek2-KD-

D141A/K37R.  Although this result suggests that the pT175 Ab C antibody is more specific 

for phosphorylated than non-phosphorylated Nek2, it is not clear whether it is specific for 

phosphorylated Nek2 rather than other phosphorylated kinases.  
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4.2.7 pT175 Ab C detects endogenous Nek2 in U2OS lysates and stains the centrosome   

and midbody in U2OS cells 

To determine whether the pT175 Ab C detects endogenous Nek2 in cells, Western blotting 

and immunofluorescence microscopy were performed.  Untransfected U2OS lysates were 

separated by SDS-PAGE and blotted onto nitrocellulose membrane.  The membrane was 

divided and blocked with 5% BSA-TBST.  The membrane was probed with the purified non-

phospho-specific Ab C and the pT175 Ab C and a commercial monoclonal Nek2 antibody to 

detect endogenous Nek2.  The pT175 antibody detected a band corresponding to the size of 

Nek2 although not as strongly as the other two antibodies (Figure 4.8A).  

Immunofluorescence microscopy was performed to determine whether the pT175 antibody C 

detects endogenous Nek2 at the centrosomes in cells.  U2OS cells were fixed with methanol 

and probed with Hoechst 33258 to stain the DNA, pT175 Ab C and the monoclonal Nek2 

antibody (Figure 4.8B).  Immunofluorescent images were taken of cells in interphase, 

metaphase and telophase.  The pT175 antibody colocalised with Nek2 at the centrosome in 

interphase cells but the signal was still present in metaphase cells unlike the Nek2 monoclonal 

antibody which loses its signal, consistant with the proposal that Nek2A is degraded prior to 

metaphase (Hames et al., 2001).  In addition, the pT175 Ab C antibody detected the midbody 

at telophase.  Hence, it is not clear that this antibody is specifically detecting Nek2 in cells.  

Furthermore, as it was generated by Millennium Pharmaceuticals, it would be difficult to use 

this reagent in a drug discovery project that was independent of Millenium Pharmaceuticals. 

 

4.2.8 The Six potential Nek2 pT175 phosphospecific antibodies generated by HuCAL 

technology 

As a result a Nek2 pT175 phospho-specific antibody was generated by using recombinant 

antibody technology employed by AbD Serotec Technologies.  For this purpose, the same 

phosphorylated peptide (Figure 4.2A) was conjugated to BSA or human transferrin (Trf) and 

used to screen for positive binders against the HuCAL library.  Using an ELISA assay, six 

high affinity binders were identified as potential phosphospecific antibodies, and named 

AbD1 to AbD6 (Figure 4.9).  These antibodies were sent to the laboratory for further 

characterisation.  First of all, dot blotting was carried out to confirm that these antibodies 

detect specifically the phosphorylated peptide.  The phosphorylated peptide (PP) tagged with 

either BSA or Trf and non-phosphorylated peptide tagged with BSA at 1mM were dotted onto 

nitrocellulose membrane.  The membrane was blocked in 5% BSA-TBST, cut into strips and 

incubated with AbD1-6.  The membrane strips were then incubated with an anti-human Fab  
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fragment AP-conjugated secondary antibody and developed by the addition of alkaline 

phosphatase reagents.  The dot blot indicates that all six recombinant antibodies detect the 

phosphorylated peptide irrespective of the conjugated tag but they do not detect the non-

phosphorylated peptide (Figure 4.10A).  Next, serial dilutions of the phosphorylated (PP) and 

non-phosphorylated (NP) peptides ranging from 0.002 mM to 1 mM were dotted onto a 

nitrocellulose membrane and blocked in 5% BSA-TBST. The membrane was cut into strips 

and incubated with AbD1-6 before developing with an anti-human Fab fragment AP-

conjugated antibody (Figure 4.10B).  The dot blot confirms that all six antibodies detect 

specifically the phosphorylated peptide in a dose-dependent manner.  However, of the six 

AbD1, 2, 3 and 6 gave the strongest reactivity with AbD4 and 5 being considerably weaker.  

 

4.2.9 AbD1 detects centrosomes in prophase U2OS cells 

Immunofluorescence microscopy was performed to determine whether AbD1-6 could stain 

centrosomes in U2OS cells and, more importantly, whether they stained centrosomes 

specifically in prophase when Nek2 is thought to be active.  U2OS cells were fixed with 

methanol and probed with AbD1-6.  These antibodies were then detected by using an anti-

myc tag antibody as the recombinant HuCAL antibodies carry an N-terminal Myc-His fusion.  

In addition, cells were stained with a γ-tubulin antibody to detect the centrosomes.  

Immunofluorescent images of cells in prophase probed with each recombinant antibody are 

shown in Figure 4.11A, although the precise timing of prophase differs slightly between the 

representative cells.  AbD1 colocalised with γ-tubulin at the centrosomes in prophase, but 

possible spindle association was also observed.  AbD2-6 did not produce a detectable signal 

at the centrosomes.  Interestingly, AbD5 specifically detected the midbody between dividing 

cells at telophase (Figure 4.11B).  These observations were based on viewing 10 prophase 

cells stained with each antibody.   

 

4.2.10 AbD1, 2, 3 and 6 detect Nek2-KD-K37R and Nek2-KD-K37R/D141A bacterially 

expressed proteins 

Next it was tested whether AbD1-6 could detect bacterially expressed Nek2 protein in a 

phosphorylated or unphosphosphorylated state by Western blotting.  Purified Nek2-KD-K37R 

and Nek2-KD-K37R/D141A proteins were incubated in kinase buffer with ATP for 30 

minutes at 300C to allow autophosphorylation.  The proteins were then separated by SDS-

PAGE and blotted onto nitrocellulose membrane. The membrane was blocked in 5% BSA-

TBST then probed with AbD1-6 or the commercial anti-Nek2 monoclonal antibody and 

developed by ECL-plus.  The intensity of each band was then quantitated using Image J  
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software and the measurements displayed as a histogram (Figure 4.12B).  The Nek2 mAb 

antibody detected both purified kinases equally, whereas AbD1, 2, 3 detected Nek2-KD 

K37R kinase significantly more than the unphosphorylated Nek2-KD-D141A/K37R kinase.   

Although this result suggests these antibodies are phosphospecific, it is not clear whether they 

are specific for phosphorylated Nek2 rather than other phosphorylated kinases. 

 

4.2.11 Recombinant antibodies AbD1, 2, and 3 detect the full-length recombinant His-

Nek2A protein preferentially after ATP incubation 

We then investigated whether AbD1-6 could detect purified full-length His-Nek2A kinase 

pre-incubated with or without ATP.  Purified Nek2A kinase was incubated in kinase buffer in 

the presence or absence of ATP at 300C for 30 minutes.  Parallel reactions were performed 

with and without 32P-γ-ATP.  The proteins in the radioactive kinase reactions were separated 

by SDS-PAGE and the gel analysed by Coomassie Blue staining and autoradiography (Figure 

4.13A).  This indicated that Nek2A kinase pre-incubated with ATP is significantly 

autophosphorylated in contrast to Nek2A kinase pre-incubated without ATP which is only 

weakly phosphorylated.  The proteins in the non-radioactive kinase reactions were then 

separated by SDS-PAGE and blotted onto nitrocellulose membrane and probed with AbD1-6 

or a total Nek2 monoclonal antibody (Figure 4.13B).  Finally, the membrane was developed 

using ECL plus for varying lengths of time.  After a 5 second exposure the total Nek2 mAb 

detected the Nek2A kinase in the presence or absence of ATP to equal extents although pre-

incubation with ATP led to an upshift on the gel that would support the notion of 

autophosphorylation.  In comparison, AbD1, 2, and 3 detected preferentially the 

phosphorylated Nek2A pretreated with ATP. 

 

4.2.12 AbD1 detects specifically the mitotic kinase Nek2A in vitro 

Of the three antibodies that specifically detected phosphorylated Nek2, AbD1 gave the 

strongest and most selective signal.  Next, it was determined whether AbD1 might also detect 

other mitotic kinases.  The activation loop sequence of Nek2 surrounding T175 was first 

aligned with Nek6, Nek7, Aurora-A and Plk1.  This showed significant divergence around the 

phosphorylation site (Figure 4.14A).  To then determine experimentally whether AbD1 

specifically detects other mitotic kinases, purified Nek2, Nek6, Nek7, Aurora-A and Plk1 

kinases were incubated in kinase buffer in the presence or absence of ATP.  An aliquot of 

each kinase reaction was taken to which 32P-γ-ATP was added.  All reactions were incubated 

at 300C for 30 minutes before being separated by SDS-PAGE.  The gel containing radioactive 

sample was stained with Coomassie Blue, dried and subjected to autoradiography indicating 
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 that all kinases had been phosphorylated to a higher level by preincubation in the presence of 

ATP (Figure 4.14B).  The gel containing non-radioactive sample was either silver-stained to 

show equal loading of each kinase or blotted onto nitrocellulose membrane.  The membrane 

was then probed with AbD1 and developed by ECL plus (Figure 4.14B).  This result clearly 

shows that AbD1 specifically detects the Nek2A kinase and not other mitotic kinases. 

 

4.2.13 Recombinant AbD1 detects centrosomes specifically from prophase to metaphase 

Having demonstrated the specificity of AbD1 for phosphorylated Nek2, the antibody was 

used to investigate where and when Nek2 is active during the cell cycle.  U2OS cells were 

fixed with methanol and probed with AbD1 which was detected by using an anti-myc tag 

antibody.  In addition, the cells were stained with an anti-γ-tubulin antibody to detect the 

centrosomes.  Immunofluorescence microscopy images of cells in interphase and different 

stages of mitosis are shown in Figure 4.15.  AbD1 detected Nek2 at the centrosomes 

specifically from early prophase through to metaphase.  However, the signal starts to weaken 

after prometaphase so that by metaphase a signal can be observed in some cells, but not 

others.  This corresponds precisely with the time at which Nek2A is degraded (Hayes et al., 

2006). 

 

4.2.14 Nek2A does not colocalise with kinetochores 

To investigate this possibility, immunofluorescence microscopy was performed using AbD1 

and an anti-CENP antibody to stain the centromeres.  U2OS cells were fixed with methanol 

and probed with AbD1 to detect active Nek2 in addition to an anti-centromere antibody which 

detects the centromere (Figure 4.16).  AbD6 did not colocalise with CENP at the centromeres 

arguing against previous suggestions that chromatin and kinetochore proteins, such as 

HMGA2 and Hec1, are substrates of Nek2 at least during mitosis in cultured U2OS cells. 
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4.3 
 
The aim of this chapter was to develop a phosphospecific antibody against T175 that 

specifically detects activated Nek2.  Not only would this allow the time and location at which 

Nek2 is activated to be measured directly, but it would also enable the efficacy of small 

molecule inhibitors of Nek2 to be tested.   

 

In order to generate a phosphospecific antibody, three antisera generated using 

phosphorylated peptide as immunogens in rabbits were tested.  Two of these (phospho-

antibody A and B) were generated under contract from Seven Biotechnology Ltd., whilst a 

third phospho-antibody C was provided through collaboration with Millennium 

Pharmaceuticals.  Following a one step purification, characterisation of these antibodies 

indicated that phospho-antibody A did not specifically detect the phosphorylated over the 

non-phosphorylated peptide, whereas phospho-antibody B did detect the phosphorylated 

peptide more strongly than the non-phosphorylated peptide.  Phospho-antibody C exhibited 

the strongest selectivity for the phosphopeptide over the non-phosphorylated peptide.  After 

further characterisation of phospho-antibodies B and C, it was found that phospho-antibody C 

detected a bacterially expressed Nek2 kinase domain which was able to autophosphorylate 

more strongly than one that was unable to undergo autophosphorylation.  In comparison, 

phospho antibody B detected both proteins equally and did not show any preference for the 

phosphorylated over the non-phosphorylated Nek2 proteins.  Further characterisation of 

phospho-antibody C revealed that the antibody could detect endogenous Nek2 in U2OS 

lysates, albeit weakly.  The antibody also stained the centrosome in mitosis, although it still 

detected the spindle poles in metaphase and anaphase and the midbody in telophase cells.  

Whilst Nek2A is degraded in prometaphase, it is possible that the pT175 antibody is detecting 

active Nek2B which is not degraded in mitosis.  However, it is also possible that the antibody 

may be detecting a protein other than Nek2 in mitotic cells.  RNAi depletion of Nek2 proteins 

would be required to rule out this possibility.     

 

Discussion 

Despite the promising data with phospho-antibody C, it is important to bear in mind that this 

antibody was made through collaboration with Millennium Pharmaceuticals.  This would 

have implications in terms of commercial rights if used in a separately funded drug discovery 

project.  We therefore attempted to generate a phosphospecific antibody by using recombinant 

antibody technology developed by AbD Serotec which uses a library of recombinant Fab 

fragment clones to screen for potential antibodies.  Six recombinant antibodies were identified 
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by AbD Serotec based on ELISA assay as detecting the phosphorylated peptide but not the 

unphosphorylated peptide.  All six antibodies also showed strong selectivity for 

phosphorylated versus non-phosphorylated peptide by dot blot analysis.  AbD1, 2 and 3 

detected a bacterially expressed fragment of the Nek2 kinase domain that was able to 

autophosphorylate more strongly than a fragment that was incapable of autophosphorylation.  

In addition, AbD1, 2 and 3 specifically detected full-length Nek2A protein which had been 

preincubated with ATP to allow it to autophosphorylate.  Immunostaining suggested that 

AbD1 produced strong centrosomal staining at prophase which was absent in interphase.   

Slight spindle staining was also evident with AbD1 highlighting the possibility that the AbD1 

may also detect a microtubule associated protein or that active Nek2 associates with the 

microtubules as well as the centrosome.  In comparison, AbD2-6 did not detect centrosomes, 

although AbD3 often stained two dots which were perpendicular to the γ-tubulin containing 

dots.  Interestingly, AbD5 produced strong staining at the midbody between a pair of dividing 

cells.  From these experiments AbD1 looked the most promising as a phosphospecific Nek2 

antibody.  Indeed, it was confirmed that AbD1 specifically detects the phosphorylated Nek2 

kinase in comparison to a number of other phosphorylated mitotic kinases.  Following this 

characterisation, AbD1 was identified as a phosphospecific pT175 Nek2 antibody.   

 

Finally, AbD1 was used to determine when and where Nek2 was activated in cells by 

immunofluorescence microscopy.  AbD1 detected active Nek2 at the centrosomes from early 

prophase to metaphase.  This coincides with the time at which centrosome separation occurs 

and supports previous evidence that Nek2A is degraded following ubiquitination by the 

APC/C prior to mitotic exit (Hames et al., 2001; Hayes et al., 2006).   AbD1 was also used to 

investigate claims that Hec1 and Sgo1 are substrates of Nek2.  These proteins localise to 

kinetochores and contribute to accurate chromosome segregation through regulation of 

spindle assembly checkpoint signalling and chromosome cohesion, respectively (Chen et al., 

2002; Fu et al., 2007).  U2OS cells were costained with AbD1 and an anti-centromere 

antibody.  AbD1 clearly did not colocalise with kinetochores suggesting that active Nek2 

does not colocalise with Hec1 or Sgo1.  Therefore, it seems unlikely that these proteins are 

phosphorylated by Nek2 at least in U2OS cells, contradicting proposals that these proteins are 

substrates of Nek2 and that Nek2 functions to control chromosome segregation at 

kinetochores (Chen et al., 2002; Fu et al., 2007).  Moreover, no association of active Nek2 

with mitotic chromatin was observed suggesting that Nek2 does not directly regulate mitotic 

chromatin condensation through interaction and phosphorylation of HMGA2. 
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In conclusion, a phosphospecific antibody raised against pT175 within the Nek2 activation 

loop has been successfully generated.  Recently, a previous PhD student in the lab, Dr. D. 

Hayward, developed two assays for measuring Nek2 activity through measuring phenotypes 

associated with active Nek2, namely displacement of rootletin from centrosomes and 

premature centrosome separation (Hayward, 2007).  The aim was to use these assays to assess 

the effectiveness of small molecule inhibitors of Nek2 kinase activity (Hayward, 2007).  

However, the availability of a phosphospecific antibody will provide a more direct 

measurement of Nek2 activity in cells providing an alternative assay for the Nek2 drug 

discovery project. 
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Chapter Five 

 
Investigation into the Consequences of Cdk1 Inhibition on Nek2 Activity 

and Centrosome Cohesion 
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5.1 

The aim of the work described in this chapter was to determine the consequences of Cdk1 

inhibition on Nek2 activity and centrosome cohesion.  For this purpose, Cdk1 was inhibited 

using a selective small molecule inhibitor of Cdk1, RO-3306.  RO-3306 is an ATP 

Introduction 
 

The mechanisms which regulate centrosome duplication and cohesion in mammalian cells are 

still poorly understood.  In terms of centrosome duplication, one recently proposed 

mechanism suggests that centriole disengagement in anaphase licenses centriole reduplication 

(Tsou and Stearns, 2006; Wong and Stearns, 2003).  Timely centriole disengagement and 

subsequent centriole duplication is regulated by separase activity.  Separase is a protease 

which cleaves cohesin rings, thus stimulating sister chromatid segregation in anaphase 

(Uhlmann et al., 2000).  Separase activity is regulated by at least two mechanisms: binding of 

securin and phosphorylation dependent binding of cyclin B1 (Gorr et al., 2005; Lindqvist et 

al., 2007).  Securin forms a complex with separase which contributes to its inhibition, while 

Cdk1 phosphorylates separase at S1126 which allows Cdk1-cyclin B1 to bind and inhibit 

separase (Holland and Taylor, 2006).       

 

Cdk1 activation is required for mitotic entry, whereas Cdk1 inactivation is required for 

mitotic exit.  Cdk1 is activated by dephosphorylation by the phosphatase, Cdc25, and 

inactivated by destruction of cyclin B1 triggered by the APC/C (Lindqvist et al., 2007).  Once 

cyclin B1 is destroyed this would relieve its inhibition of separase, whilst APC/C-mediated 

destruction of securin would relieve the second mechanism of separase inhibition.  This 

coordinated activation of separase is thought to promote centriole disengagement.  

Furthermore, it has been suggested that centriole disengagement is a prerequisite for the 

recruitment of intercentrosomal linker proteins necessary for re-establishment of centrosome 

cohesion in the subsequent interphase (Tsou and Stearns, 2006).   

 

Nek2 plays a major role as a key regulator of centrosome cohesion.  Nek2 localises to the 

centrosome where it triggers the dissociation of intercentriolar linkage proteins allowing 

centrosome separation at the G2/M transition.  Nek2A activity is negatively regulated by PP1 

which in turn is negatively regulated by Cdk1-cyclin B1 phosphorylation.  Inhibition of PP1 

induces premature centrosome separation similar to Nek2 overexpression (Fry et al., 1998; 

Helps et al., 2000; Mi et al., 2007).  Therefore, activation of Cdk1-cyclin B1 may indirectly 

lead to Nek2 activation at the G2/M transition. 
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competitive inhibitor which has a 15-fold selectivity for Cdk1 over eight other human 

kinases, including PKA and ERK (Vassilev et al., 2006).  However, this comparison did not 

assess the effect of RO-3306 on Nek2.  Importantly, RO-3306 appears to be an excellent tool 

for cell synchronisation of proliferating human cell lines, such as HCT116, SW480 and HeLa, 

in G2 phase, while Cdk1 inhibition by RO-3306 was fully reversible for up to 20 hours.  

However, after longer periods of treatment, increasing number of cells underwent apoptosis 

(Vassilev et al., 2006).  The specific objectives of this chapter were to test whether RO-3306 

inhibited Nek2 activity directly in vitro or in vivo and to look at the consequences of RO-3306 

treatment on centrosome morphology.  
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5.2 
5.2.1 RO-3306 induces a reversible G2/M arrest in U2OS cells 

Results 

In order to determine whether the Cdk1 inhibitor, RO-3306, induced a G2/M arrest in U2OS 

cells, cells were grown in 6 cm dishes and treated with 20 µM RO-3306 for 16 hours.  The 

cells were released from drug treatment by washing in fresh medium and then incubated for 

increasing times alongside untreated asynchronous U2OS cells.  Cells were then examined by 

flow cytometry.  The cell cycle profiles for untreated and treated U2OS cells at each time 

point are shown in Figure 5.1.  RO-3306 treatment induced a substantial G2/M arrest, whilst 

upon release from drug treatment, cells cycled into mitosis and subsequent G1, represented by 

the increasing 2N peak at the expense of the 4N peak.  After a 24 hour release, the cell cycle 

profile began to resemble that of asynchronous cells.  Hence, RO-3306 treatment can be used 

to induce a substantial but reversible G2/M arrest in U2OS cells.  

   

5.2.2 RO-3306 inhibits Cdk1 but not Nek2A kinase in vitro 

To confirm that RO-3306 does indeed inhibit Cdk1 activity and determine whether it can also 

inhibit Nek2A activity directly, in vitro kinase assays were performed.  Purified recombinant 

Cdk1/cyclin B and Nek2A kinases were added to a kinase assay containing 32P-γ-[ATP], β-

casein and either 0.02, 0.2, 2.0 or 20 µM RO-3306 or DMSO carrier alone (Figure 5.2A).  

After a 30 minute incubation at 300C, the reaction products were analysed by SDS-PAGE, 

Coomassie Blue staining and autoradiography.  The β-casein bands were then excised from 

the gels and the degree of 32P incorporation calculated by scintillation counting.  The kinase 

activities of Cdk1 and Nek2A in response to RO-3306 treatment were displayed as histograms 

(Figure 5.2B).  As the concentration of RO-3306 increased, the extent to which the substrate 

β-casein was phosphorylated by Cdk1 was reduced.  There was 60% inhibition at 20 µM RO-

3306 indicating that Cdk1 activity is inhibited by RO-3306 in vitro.  In contrast, β-casein 

phosphorylation by Nek2A was not considerably reduced in response to increasing RO-3306 

concentration, indicating that RO-3306 does not directly inhibit Nek2A at the concentrations 

used.   

 

5.2.3 RO-3306 does not prevent premature centrosome splitting in response to Nek2A 

overexpression 

Next, it was determined whether RO-3306 could directly inhibit Nek2A activity in vivo.  This 

was tested by measuring the ability of overexpressed Nek2A to stimulate premature 

centrosome splitting in the presence or absence of RO-3306.  Moreover, this would test 

whether Nek2A-induced premature centrosome separation was dependent upon Cdk1 activity.   
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U2OS cells were transfected with myc-Nek2A-WT and 4 hours later treated with 20 µM RO-

3306.  At 20 hours post-transfection, U2OS cells were fixed and stained with an anti-myc 

antibody to detect the myc-tagged Nek2A construct and anti-γ-tubulin antibody to identify the 

centrosomes.  The transfected myc-Nek2A-WT protein localised to the centrosome in the 

presence or absence of RO-3306 (Figure 5.3A).  Although the image representing a RO-3306 

treated cell shows some nucleolar staining, this is not typical of RO3306 treated cells but it is 

a commonly observed phenotype of myc-Nek2 transfected cells.  One hundred cells were 

counted in 3 separate experiments and centrosomes classed as split or non-split.  RO-3306 

treated cells expressing myc-Nek2A-WT induced centrosome splitting to a similar extent to 

that observed in cells not treated with RO-3306 (Figure 5.3B).  P>0.6 suggesting there is no 

significant difference in the results between the treated and untreated cells.  This result 

indicates that RO-3306 does not alter the activity or localisation of transfected Nek2A in 

cells. 

 

5.2.4 Cdk1 inhibition induces centrosome defects 

To determine the effect of Cdk1 inhibition upon centrosome morphology, U2OS cells were 

treated with 20 µM RO-3306 for 16 hours and centrosomes analysed by immunofluorescence 

microscopy using an anti-γ-tubulin antibody.  Interestingly, 32% of RO-3306 treated cells 

displayed four γ-tubulin stained spots compared to untreated cells which almost invariably 

gave two spots (99%) (Figure 5.4A and B).  P< 0.001 suggests there is a highly significant 

increase in the number of γ-tubulin stained spots in treated cells compared to untreated cells.  

The arrangement of the four γ-tubulin stained spots varied between RO-3306 treated cells, 

although the predominant arrangement was of two separated pairs (31%) or all four spots 

close together (38%) (Figure 5.4C).  The presence of more than two γ-tubulin spots may 

indicate overduplication of centrosomes or premature disengagement of centrioles. 

 
 

5.2.5 Release of Cdk1 inhibition leads to multipolar spindle formation 

Cdk1 inhibition by RO-3306 was reported to be readily reversible and that release from a RO-

3306 induced arrest leads to synchronised entry into mitosis (Vassilev et al., 2006).  To 

determine the consequences of entering mitosis with overduplicated or prematurely 

disengaged centrioles or overduplicated centrosomes, U2OS cells were arrested with RO-

3306 for 16 hours and then released them for 60 minutes.  Immunofluorescence microscopy 

revealed that a significant percentage of cells had entered mitosis, as predicted, compared to 

untreated cells.  This supports the earlier data that the effect of this drug is reversible in U2OS 
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cells.  However, mitotic cells treated with RO-3306 displayed a significantly higher 

proportion (7%) of multipolar spindles compared to untreated cells (1%) which was found to 

be highly significant (P<0.001 compared to untreated cells) (Figure 5.5).  This suggests that 

the extra γ-tubulin containing spots induced by the presence of RO-3306 are capable of 

forming additional spindle poles.   
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5.3 

Thirdly, the consequence of Cdk1 inhibition on centrosome morphology was investigated.  

Interestingly, four γ-tubulin containing dots were observed in RO-3306 treated G2/M arrested 

cells instead of the normal two seen in untreated asynchronous cells.  There are two possible 

explanations for this phenotype.  Firstly, that duplicated centrioles were split prematurely or 

secondly that centrosomes were overduplicated in response to Cdk1 inhibition.  This was 

investigated by M. Samant (an MSc student in the laboratory) by co-staining drug treated 

HeLa cells with anti-centrin antibodies to detect centrioles and anti-γ-tubulin antibodies to 

detect centrosomes.  Both antibodies stained four foci that were slightly separated from one 

Discussion 
Cyclin dependent kinases are serine/threonine kinases that require the binding of cyclin for 

full activity and are essential regulators of cell cycle progression.  Activation of Cdk1 is 

required for mitotic entry, whereas its inactivation is required for mitotic exit (Lindqvist et al., 

2007).  There is evidence to suggest that activation of Cdk1 by Cdc25c occurs at the 

centrosome (Bonnet et al., 2008).  There is also evidence to show that Cdk1 inactivation in 

Drosophila wing disc cells induces the formation of anomalous centriole configurations, 

suggesting that Cdk1 inactivation permits centriole reduplication (Viwans et al., 2003).  

Moreover, Cdk1 has been previously predicted to function as a negative regulator of PP1 

which in turn regulates Nek2 kinase activity (Meraldi and Nigg, 2001).  Together, these data 

suggest that Cdk1 may play a role in centrosome cohesion and separation, as well as in the 

control of centriole duplication.  The work in this chapter has focused on investigating the 

consequences of inhibiting Cdk1 with a small molecule inhibitor, RO-3306, on centrosome 

cohesion and Nek2 activity. 

   

Firstly, flow cytometry analysis of RO-3306 treated cells confirmed that RO-3306 induced a 

substantial G2/M arrest.  Secondly, in vitro kinase assays showed that RO-3306 directly 

inhibits the kinase activity of Cdk1, but does not directly inhibit Nek2A kinase activity.  

Furthermore, addition of RO-3306 to cells does not affect the ability of overexpressed Nek2A 

to induce centrosome splitting.  This also supports the notion that Cdk1 activity is not 

required for the premature centrosome splitting induced by Nek2A overexpression.  This 

research suggests that Cdk1 inhibition prevents the disassembly of the intercentriolar linkage 

which normally occurs in response to phosphorylation of C-Nap1 and rootletin by Nek2.  This 

supports a model previously described in which Cdk1 acts upsteam to inhibit PP1 which in 

turn inhibits Nek2A (Fry et al., 1998b; Helps et al., 2000; Mi et al., 2007).  Therefore it is 

proposed that Cdk1 functions upstream of Nek2.   
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another (Figure 5.6A).  This strongly suggests that the four foci observed in drug treated cells 

are the result of premature centriole disengagement and not centrosome duplication.  This has 

led to the proposal that Cdk1 activity is required to prevent premature centriole 

disengagement in G2 at least in U2OS and HeLa cells.  Centriole disengagement normally 

occurs in late mitosis coincident with the activation of the protease, separase, which is 

thought to mediate centriole disengagement (Tsou and Stearns, 2006).  Separase can be 

inhibited by a number of mechanisms including its interaction with cyclin B which is 

mediated by its phosphorylation by Cdk1 (Holland and Taylor, 2006).  Therefore, it was 

proposed that Cdk1 inhibition prevents the inhibitory phosphorylation of separase.  Separase 

then becomes prematurely active resulting in premature centriole disengagement.  However, 

other mechanisms exist which regulate separase activity, such as binding of securin.  Hence, 

to test this hypothesis, future experiments will need to investigate whether separase is active 

in cells arrested at G2/M by RO-3306. 

 

Although drug-treated cells often possessed four distinct centrioles that had undergone 

disengagement, the majority of these were relatively close together and most were commonly 

arranged as four centrioles together or as two closely-associated pairs of centrioles.  This 

suggests that the intercentriolar linkage is still present.  Furthermore, costaining cells for 

rootletin and C-Nap1 performed by M. Samant frequently revealed the presence of four foci 

(Figure 5.6B).  This indicates that premature centriole disengagement may lead to the 

premature recruitment of intercentriolar linker components.  It also argues that recruitment of 

linker proteins occurs as a result of disengagement.   

 

Finally, in cells released from drug-mediated G2/M arrest, a significant increase in the number 

of multipolar spindles was observed suggesting that prematurely disengaged centrioles were 

each able to nucleate and organise microtubules and thereby form spindle poles.  It was 

proposed that the release from drug-induced G2/M arrest leads to activation of Cdk1 and 

subsequently Nek2 which triggers the disassembly of both the old and new intercentriolar 

linkages.  In turn this allows the production of multipolar spindles containing a single 

centriole at each spindle pole.  This interpretation was supported by TEM analysis of drug-

released cells which revealed the presence of single centrioles at spindle poles, although more 

images need to be obtained to confirm this hypothesis (Figure 5.6C performed by Dr. S. 

Prosser).  Interestingly, premature centriole disengagement and subsequent multipolar spindle 

formation has also been observed in CHO cells arrested in G2 by DNA damage in a pathway 

that would also be expected to inactivate Cdk1 (Hut et al., 2003).  
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This study therefore provides important insights into the mechanisms of centriole 

disengagement, centrosome cohesion and the pathway by which Nek2 activity is regulated 

(Figure 5.7 and 5.8).  In summary, the results indicate that the inhibition of Cdk1 at G2/M 

causes premature centriole disengagement possibly due to activation of separase.  This 

hypothesis is supported by an observed increase in the number of cells with more than the 

normal two γ-tubulin staining dots as a result of Cdk1 inhibition.  The majority of these γ-

tubulin dots were arranged as two separated pairs or as four dots close together.  This 

indicates that premature centriole disengagement has occurred.  The possibility that this 

phenotype could have occurred through overduplication of centrosomes rather than premature 

centriole disengagement is unlikely as these four dots also stain for centrin suggesting the 

centrioles are separated (Figure 5.6).  Cdk1 inhibition also leads to premature recruitment of 

intercentriolar linker proteins.  This has been observed by immunofluorescence microscopy in 

which the prematurely disengaged centrioles costained for γ-tubulin and C-Nap1 or rootletin.  

Release from the drug induced G2/M arrest leads to Cdk1 activation which in turn activates 

Nek2 resulting in the breakdown of intercentriolar linker thus allowing centrosome 

separation.  However, as indicated by immunofluorescence microscopy, due to the premature 

disengagement of centrioles, entry into mitosis is accompanied by formation of multipolar 

spindles (Figure 5.7 and 5.8).  This is supported by the increased number of multipolar 

spindles observed in RO3306 treated cells compared to control cells.  Together these results 

suggest Cdk1 is an upstream regulator of Nek2 activity.  
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Chapter Six 

 
Investigating the roles of Nek2 and C-Nap1 in Centrosome Cohesion 
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6.1 

Microinjection of anti-C-Nap1 antibodies, depletion of C-Nap1 by RNAi or overexpression of 

truncated mutants all induce premature centrosome splitting in cells, supporting the notion 

that C-Nap1 forms part of the intercentriolar linker (Mayor et al., 2000; Bahe et al., 2005; 

unpublished data from our laboratory).  However, antibodies raised against specific parts of 

the C-Nap1 molecule consistently revealed two dots at the proximal ends of centrioles rather 

than staining the area between the centrioles (Mayor et al., 2000).  Therefore, C-Nap1 is 

thought to facilitate the anchorage of other proteins that constitute the core of the 

intercentriolar linkage connecting the proximal ends of centrioles.  Increasing evidence 

suggests that rootletin is one of these other major components of the intercentriolar linkage.  

Microscopic studies reveal the presence of rootletin fibers emanating from the proximal ends 

of centrioles linking the centriolar structures.  As for C-Nap1, depletion of rootletin by RNAi 

also induces centrosome splitting.  Meanwhile, depletion of C-Nap1 leads to the displacement 

of rootlein, whereas depletion of rootletin has no effect upon C-Nap1 localisation.  This 

suggests that C-Nap1 acts as a docking protein for the attachment of rootletin fibers to the 

centrosome (Bahe et al., 2005).   

Introduction 
Upon mitotic entry, duplicated centrosomes separate and move to opposite ends of the cell 

forming the spindle poles.  However, during interphase unduplicated or duplicated 

centrosomes remain relatively close together for most of the time.  Electron microscopy of 

isolated centrosomes has revealed the presence of electron dense material between the mother 

and daughter centrioles.  Together, these observations support the existence of a linkage 

structure connecting mother and daughter centrioles which mediates centrosome cohesion 

(Fuller et al., 1995; Paintrand et al., 1992).  Nek2A is a well characterised regulator of 

centrosome separation at the onset of mitosis.  Endogenous Nek2 activity peaks at G2/M 

which correlates with centrosome separation, while overexpression of Nek2A causes 

premature centrosome splitting in interphase (Faragher and Fry, 2003; Fry et al., 1998a; Fry et 

al., 1995).   

 

The C-Nap1 protein was isolated in a yeast two-hybrid screen using Nek2A as bait (Fry et al., 

1998b).  C-Nap1 is a 281 kDa protein which has two globular head domains at its N- and C-

termini separated by two large coiled-coil domains with a central proline-rich hinge region 

predicted to be of non-helical structure.  C-Nap1 is located at the proximal ends of centrioles 

and is able to interact with the centrosome via its C- and N-terminal domains (Mayor et al., 

2002; Mayor et al., 2000).   
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C-Nap1 is phosphorylated by Nek2A on its C- and N-terminal domains in vitro (Fry et al., 

1998; Hames, 2002).  Overexpression of C-Nap1 results in the formation of large insoluble 

protein aggregates throughout the cell, which are reduced in size when co-expressed with 

Nek2A (Mayor et al., 2002).  This suggests that phosphorylation of C-Nap1 by Nek2A may 

affect the oligomerisation or folding of the C-Nap1 protein.  C-Nap1 is displaced from the 

centrosome in response to phosphorylation by Nek2 and the intercentriolar linkage is 

destroyed. 

 

Similar to C-Nap1, rootletin is also phosphorylated by Nek2 which results in its displacement 

from the centrosome (Bahe et al., 2005).  A model for centrosome separation has been 

proposed based on our current understanding of the intercentriolar linkage.  This model states 

that increased expression or activity of Nek2A at the G2/M transition promotes 

phosphorylation of the intercentriolar linker components, C-Nap1 and rootletin, causing their 

dissociation which subsequently results in loss of centriole cohesion (Mayor et al., 1999; Fry 

et al., 2002; O’Regan et al., 2007).  Nek2B is also capable of interacting with C-Nap1 which 

led to the proposal that C-Nap1 is maintained in a phosphorylated state by Nek2B after 

Nek2A is degraded in early mitosis to ensure the centrosomes remain separated until G1 

(Hames, 2002).  It is likely that C-Nap1 and rootletin are then dephosphorylated by PP1 

allowing them to reassociate with the newly disengaged centrioles forming a new 

intercentriolar linkage (Helps et al., 2000). 

 

In this chapter, the regulation of C-Nap1 by phosphorylation by Nek2A was investigated.  In 

particular, it was addressed how C-Nap1 interacts with Nek2, which sites are phosphorylated 

within C-Nap1 and what happens to the structural conformation of C-Nap1 as a result of this 

phosphorylation.  Therefore, the aim of work described in this chapter was to investigate how 

these two proteins cooperate to regulate centrosome cohesion. 
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6.2    

The interactions between C-Nap1 and Nek2 and between different C-Nap1 domains have 

been previously analysed in the laboratory using the yeast two-hybrid system (Hames, 2002).  

Growth selection and β-galactosidase activity indicated that the C-Nap1-CTD was capable of 

binding the C-Nap1-NTD and that the C-Nap1-NTD could also interact with itself.  

Interaction of the C-Nap1-CTD with itself could not be tested in yeast as the CTD fragment 

could not be cloned into the yeast vector expressing the GAL4 activation domain.  The study 

also found that both C-Nap1 domains could interact with Nek2A.  To confirm these

Results 
6.2.1 Purification of GST-C-Nap1-CTD and –NTD proteins 

In order to test the the interactions between C-Nap1 and Nek2A, the C-Nap1-NTD (amino 

acids 1-488) and CTD (amino acids 1964-2442) were expressed as GST fusion proteins 

(Figure 6.1A).  Full length C-Nap1 is a large protein (281 kDa) that contains extensive coiled-

coil domains and hence it would have proved difficult to express and purify as a full-length 

protein.  A previous PhD student had created GST-tagged constructs by inserting the two C-

Nap1 domains into the pGEX vector in frame with an N-terminal GST tag (Hames, 2002).  

GST-CTD and GST-NTD constructs, as well as a construct expressing GST alone, were 

transformed into the E. coli bacterial strain, BL21.  Protein expression was induced with 1 

mM IPTG for 4 hours at 300C.  Following lysis and sonication, the GST proteins were 

purified from the bacterial supernatant using pre-washed glutathionine-sepharose linked beads 

blocked with rabbit reticulocyte lysate.  An aliquot of purified GST, GST-CTD and GST-

NTD protein bound beads was resuspended in sample buffer and analysed by SDS-PAGE and 

Coomassie Blue staining (Figure 6.1B).  The GST-tagged C-Nap1-CTD protein has a 

predicted molecular weight of 78 kDa.  In contrast the GST-tagged C-Nap1-NTD protein has 

a predicted molecular weight of 84 kDa.  Bands of similar size corresponding to each protein 

were observed on the Coomassie Blue stained gel.  The GST-tagged C-Nap1-NTD protein 

migrates slightly faster than C-Nap1-CTD despite having a larger mass, most likely as it is 

more negatively charged.  A number of degradation products can also be observed for both C-

Nap1 proteins although to a greater extent for C-Nap1-CTD.  All three proteins were correctly 

expressed at the expected sizes, although the GST-CTD protein contained a number of 

smaller proteins.  These are most likely to be degradation products as previous experiments in 

the lab had shown that these proteins were recognised by GST antibodies.  A previous attempt 

to alleviate this problem by the addition of protease inhibitors during the purification 

procedure was unsuccessful.  

 

6.2.2 Intramolecular interactions of C-Nap1  
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interactions biochemically, a GST pull-down technique was used.  Purified GST, GST-CTD 

and GST-NTD were bound to glutathione-sepharose beads and the concentration of the bound 

protein equalised by analysis on SDS-PAGE (Figure 6.2B).  Myc-tagged C-Nap1-CTD, C-

Nap1-NTD, Nek2A and untagged Rab4 proteins were then prepared by in vitro translation 

(IVT) from a pRcCMV vector in the presence of [35S]-methionine. An aliquot of each sample 

was analysed by SDS-PAGE followed by autoradiography (Figure 6.2A).  The remaining 

[35S]-labelled proteins were then incubated with equal amounts of GST-protein bound beads 

before extensive washing.  The proteins bound to beads were then analysed by SDS-PAGE 

followed by autoradiography (Figure 6.2B). [35S]-labelled proteins did not interact with GST 

alone suggesting that any interactions were not caused by non-specific binding to GST-fused 

proteins.  Equally, the control [35S]-labelled Rab4 protein did not interact with the C-Nap1 

proteins.  In contrast, [35S]-Nek2A bound strongly to the GST-NTD and GST-CTD fragments 

of C-Nap1 with similar affinity but did not bind GST alone.  Furthermore, [35S]-NTD and 

[35S]-CTD both bound to GST-CTD and GST-NTD but not GST alone.  The interactions 

between CTD-CTD and NTD-NTD were relatively strong, but the interaction between CTD-

NTD was considerably weaker and was not detected using GST-NTD and in vitro translated 

myc-CTD (Figure 6.2B).  This is most likely due to the weaker intensity of the myc-CTD 

protein.  The results of this binding assay support the interactions seen in the yeast two-hybrid 

study, but also indicate that C-Nap1-CTD can interact with itself.  In summary, this binding 

assay suggests that both terminal domains of C-Nap1 are capable of binding Nek2A and each 

other, providing evidence that C-Nap1 can form hetero- and homo-dimers.   

 

6.2.3 In vitro phosphorylation of C-Nap1 by Nek2 kinase 

To confirm that both domains of C-Nap1 could be phosphorylated by Nek2, an in vitro kinase 

assay was performed.  The purified GST-fused C-Nap1-CTD and -NTD proteins were bound 

to glutathione beads and were used directly in an in vitro kinase assay with purified 

commercial Nek2A kinase (Figure 6.3).  Dephosphorylated casein was used as a positive 

control as Nek2A readily phosphorylates β-casein.  As expected, β-casein was 

phosphorylated by Nek2A kinase.  In addition both GST-NTD and GST-CTD proteins were 

phosphorylated by Nek2A kinase although less efficiently than β-casein.  It is worth noting 

that the degradation products for C-Nap1-CTD were not phosphorylated by the Nek2A kinase 

suggesting that the major sites of phosphorylation may be close to the extreme C-terminus.  

GST alone was not phosphorylated by Nek2A confirming that it is the C-Nap1 domains that 

are being phosphorylated and not the GST-tag.  Nek2A autophosphorylation was also evident 

at 46 kDa.  Interestingly, Nek2A autophosphorylation was increased in the absence of 
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other substrates. 

 

Next a time-course assay was performed with purified commercial Nek2A kinase taking 

aliquots of GST-CTD or GST-NTD bound beads resuspended in kinase buffer at regular 

intervals up to 4 hours.  Sample buffer (3 x) was added to stop the reaction.  The samples for 

each time point were separated by SDS-PAGE and the Coomassie Blue stained gel subjected 

to autoradiography (Figure 6.3B and C).  The extent of phosphorylation was measured by 

scintillation counting of the C-Nap1 proteins excised from the dried gel and plotting the 

incorporated radioactivity against time (Figure 6.3D and E).  The extent of phosphorylation 

increased to a maximum at 90 minutes before reaching a plateau for both GST-NTD and 

GST-CTD proteins.  GST-CTD incorporated approximately twice as much radiolabelled 

phosphate as GST-NTD, suggesting that the C-Nap1-CTD may possess twice as many 

phosphorylation sites as the C-Nap1-NTD. 

 

6.2.4 The ability of the C-Nap1-CTD and -NTD to form heterodimers is reduced as a 

consequence of phosphorylation by Nek2A  

To investigate the effect of Nek2 phosphorylation upon C-Nap1 interactions, a GST pull-

down assay was performed following a non-radioactive kinase assay.  Equal amounts of 

beads bound with GST-CTD, GST-NTD or GST alone were resuspended in kinase buffer 

containing unlabelled ATP in the presence or absence of Nek2A kinase (Figure 6.4).  After a 

90 minute incubation the protein-beads were then washed and incubated with [35S]-labelled 

myc-Nek2A.  Samples were subjected to SDS-PAGE prior to Coomassie Blue staining and 

autoradiography.  Nek2A was found to bind specifically to beads fused to GST-CTD and 

GST-NTD but not to GST alone, irrespective of whether the beads had been pre-incubated 

with Nek2A kinase or not (data not shown).  The procedure outlined above was then repeated 

using [35S]-labelled C-Nap1-CTD and -NTD proteins.  Following incubation of GST-tagged 

C-Nap1 domains with Nek2A kinase, the interaction between CTD-NTD was significantly 

reduced (P< 0.05, n=4), but the CTD-CTD and NTD-NTD interactions were unaffected (P> 

0.7 suggesting no significance) (Figure 6.4). 

 

6.2.5 Identification of sites in C-Nap1 phosphorylated by Nek2  

Phosphorylation of C-Nap1 by Nek2 is thought to be required for its displacement from the 

centrosome resulting in loss of centrosome cohesion (Fry, 2002; Mayor et al., 1999; O’Regan 

et al., 2007).  In order to test this hypothesis, it is necessary to map the sites phosphorylated  
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by Nek2 and analyse the consequences of their mutation.  For this purpose, Nek2 

phosphorylated C-Nap1 fragments were prepared for phosphorylation site mapping by mass 

spectrometry.  GST-C-Nap1-CTD and GST-C-Nap1-NTD purified proteins pre-bound to 

glutathione-sepharose beads were incubated in kinase buffer containing unlabelled ATP and 

purified Nek2A kinase.  The proteins were incubated at 300C for 90 minutes as this led to 

near maximal phosphorylation of the proteins (Figure 6.4B).  A sample of unphosphorylated 

protein was used as a control.  These samples were sent to the University of Dundee mass 

spectrometry facility, where the proteins were separated by SDS-PAGE and stained with 

Coomassie Blue.  The bands corresponding to C-Nap1-CTD and -NTD were excised from the 

gel, destained and subjected to trypsin digestion overnight.  The fragmented peptides were 

then analysed by LC-MS parent ion scanning mass spectrometry on an Agilent Q-Trap 4000 

Triple Quadrupole Mass Spectrometer.  The ion data were analysed with Analyser 1.41 

software and searches done with Mascot software.  The results of the mass spectrometry 

analysis revealed 8 phosphorylation sites, one site within the N-terminal domain and 7 sites 

within the C-terminal domain (Figure 6.5).  Sequence analysis of the peptides within which 

these sites were located revealed five residues at 451, 2064, 2102, 2179 and 2394, which lie 

in a common motif, L/AxxpS/Tφ where x represents any amino acid and φ represents a 

hydrophobic residue (Figure 6.6).  Interestingly, this predicted consensus sequence is similar 

to that of the structural homologue of Nek2, NIMA, which is FRxpS/Tx.  The phenylalanine 

at position P-3 is similar in charge and hydrophobicity to leucine or alanine observed at 

position P-3 in C-Nap1.  In addition, a previous mass spectrometry analysis of the C-Nap1-

CTD protein following phosphorylation by Nek2 had identified two additional 

phosphorylation sites in the extreme C-terminus, S2417 and S2421, which also lie in the 

motif LxxpS (Baxter, 2006).  This adds further support to our prediction that this represents a 

common consensus motif for Nek2. 
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6.3 Discussion 
Throughout interphase, mother and daughter centrioles are thought to be physically linked by 

a cohesive structure termed the intercentriolar linkage.  At the G2/M transition, the 

intercentriolar linkage is disassembled, allowing duplicated centrosomes to separate to form 

the poles of the mitotic spindle.  This linker is likely to be composed of at least three proteins: 

C-Nap1, rootletin and Cep68 (Fry et al., 1998; Graser et al., 2007; Yang et al., 2006).  C-

Nap1 is composed of an N-terminal globular domain, a long coiled-coil, a central hinge 

region, another long coiled-coil and a C-terminal globular domain.  Overexpression of C-

Nap1 in cells induces the formation of aggregates suggesting that C-Nap1 has the ability to 

oligomerise (Mayor et al., 2000).  C-Nap1 also interacts with another large coiled-coil 

protein, rootletin.  Both C-Nap1 and rootletin interact with the Nek2 kinase.  The current 

model for centrosome cohesion therefore proposes that phosphorylation of substrates, 

including C-Nap1 and rootletin, by Nek2 in late G2 leads to the breakdown of the 

intercentriolar linkage holding centrosomes together (Mayor et al., 1999; Bahe et al., 2005).  

However, a detailed molecular characterisation of the intercentriolar linkage and the 

mechanisms that regulate its assembly and disassembly are far from understood. 

 

The work in this chapter aimed to increase our understanding of how Nek2 and C-Nap1 

interactions contribute to the regulation of centrosome cohesion and separation.  Results from 

GST pull-down experiments indicate that both the C-Nap1-CTD and C-Nap1–NTD globular 

domains can interact with each other and with themselves.  This supports previous results 

obtained using a yeast two-hybrid assay (Hames, 2002).  The CTD-CTD and NTD-NTD 

interactions appeared to be relatively strong compared to the weaker CTD-NTD interactions.  

Together, this provides compelling evidence that the C-Nap1-CTD and -NTD domains can 

form hetero- and homo-dimers.  In addition, both domains of C-Nap1 can interact with 

Nek2A.  The in vitro kinase assays suggest that both the NTD and CTD are phosphorylated 

by Nek2A.  This phosphorylation by Nek2 is thought to trigger the dissociation of C-Nap1 

from the centrosome possibly by inducing a structural change in the C-Nap1 molecule.  This 

is based upon by the observation of large C-Nap1 aggregates in cells expressing kinase-dead 

Nek2A compared to the smaller C-Nap1 aggregates seen in cells expressing active Nek2 

(Mayor et al., 2002).  To investigate whether phosphorylation of C-Nap1 by Nek2A might 

induce a structural change in the protein, C-Nap1 fragments were subjected to in vitro kinase 

assays with Nek2A followed by GST-pull down assays.  The interactions between the CTD 

and NTD with Nek2A were unaffected by prior phosphorylation by Nek2A.  Similarly, the 

ability of the C-Nap1 NTD and CTD to form homodimers was also unaffected.  However, 
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importantly, the ability of the NTD and CTD to form heterodimers was significantly reduced 

as a consequence of phosphorylation by the Nek2A kinase.  This was demonstrated using 

both GST-CTD with in vitro translated NTD and GST-NTD with in vitro translated CTD.   

 

Based on these results, it is proposed that C-Nap1 exists as a dimer probably with an anti-

parallel arrangement of the coiled-coils folded at the flexible hinge.  This arrangment is 

similar to that of the SMC (structural maintenance of chromosomes) proteins which constitute 

the cohesion and condensin complexes (Melby et al., 1998).  It is likely that this flexible 

hinge region is responsible for positioning the terminal domains in close proximity together 

so that they may interact.  The movement of the hinge region may be stimulated by its 

interaction with centrosomal components.  This is suggested by previous research in which 

overexpression of the hinge region induced centrosome splitting, possibly by sequestering 

other components of the intercentriolar linkage such as Cep68 or rootletin (Mayor et al., 

2000).  One proposal is that the globular CTD and NTD of each C-Nap1 molecule may then 

interact with the same domain on a partner C-Nap1 molecule forming intermolecular 

homodimers.  However, the NTD of each C-Nap1 molecule may also interact with the CTD 

of either the same molecule forming an intramolecular heterodimer interaction or a partner 

molecule forming an intermolecular heterodimer interaction (Figure 6.7).   

 

The CTD and NTD domains of the dimer can both interact with and be phosphorylated by 

Nek2A.  As the interaction between the CTD and NTD domains is reduced after 

phosphorylation by Nek2A, it is proposed that either the intramolecular interaction is 

disturbed such that C-Nap1 dimers open and close in a scissor-like fashion in response to 

phosphorylation by Nek2 and that this is aided by the flexibility of the hinge region; or that 

the intermolecular interaction is lost leading to loss of attraction of neighbouring molecules.  

Indeed, Nek2 might sit at the centre of the C-Nap1 domain complex and phosphorylate a 

number of residues which are positioned within the core of the complex, resulting in the 

dissociation of the NTD from the CTD and the simultaneous displacement of the C-Nap1 

molecule from the centrosome.  This model fits with results from a truncation study by Dr. 

Hames which suggested that the NTD binds the CTD at a different site to Nek2A implying 

that the NTD can interact simultaneously with the CTD and Nek2A (Hames, 2002).  In 

addition, this model accounts for the observation that recombinant C-Nap1-CTD and –NTD 

both localise to the centrosome, although the central hinge region does not and that C-Nap1 

molecules do not localise to the area between two parental centrioles (Mayor et al., 2000).  

Further research is clearly required to validate this proposed model and increase our 
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understanding of the interactions which occur between intercentriolar linkage components to 

regulate centrosome cohesion.  Rotary shadowing electron microscopy of full-length C-Nap1 

molecules would be a great help in revealing the structural conformation of C-Nap1 with and 

without phosphorylation by Nek2.  Another experiment which could be performed is a yeast 

two-hybrid screen using the central region of C-Nap1 as bait.  This may lead to the 

identification of novel proteins involved in C-Nap1 regulation or that form part of the 

intercentriolar linkage. 

 

Previous work has suggested that there may be up to 13 Nek2 phosphorylation sites within the 

CTD of C-Nap1 as approximately 13 moles of phosphate were incorporated per mole of the 

C-Nap1 CTD (Helps et al., 2000).  However, using mass spectrometry, only 7 Nek2 

phosphorylation sites, were identified in the CTD, together with 1 site in the NTD.  Two 

additional Nek2 phosphorylation sites at the extreme C-terminus of C-Nap1 that were 

previously identified by mass spectrometry were not identified in this study (Joanne Baxter, 

2006).  However, it is likely that the mass spectrometry analysis was not exhaustive.  To 

determine whether there are additional Nek2 phosphorylation sites within C-Nap1 which were 

not identified by mass spectrometry, site-directed mutagenesis should be performed to mutate 

the 10 phosphorylation sites to non-phosphorylatable residues such as alanine or residues that 

mimic phosphorylation such as aspartate or glutamate.  The mutated C-Nap1 proteins can 

then be expressed in bacteria and used as substrates in Nek2 kinase assays.  If there are 

additional phosphorylation sites then one would expect the extent of phosphorylation of the 

mutated protein to be reduced but still detectable compared to the wild-type.  Furthermore, 

the mutated C-Nap1 proteins could also be used in GST-pull down assays to determine 

whether the mutant construct still interacts with Nek2 or other domains of C-Nap1.  Finally, 

mutation of these sites in full-length C-Nap1 constructs would allow the consequences of 

inhibiting phosphorylation in vivo to be determined, for example in terms of localisation to 

the centrosome.  

 
Finally, the identification of sites that Nek2 targets is important as it allows the identification 

of a possible consensus sequence motif for Nek2 phosphorylation.  Most protein kinases 

recognise specific sequences up to four residues on either side of the phosphorylated residue 

which work together to increase the overall selectivity of a kinase for particular substrates 

(Ubersax and Ferrell, 2007).  Consensus phosphorylation sites have been determined for 

several protein kinases.  For example, the NIMA consensus sequence has been defined as 

FRxS/T, whereas for Nek6 and Nek7 the target sequence is FP/LxFS/TF/Y (Lu et al., 1994; 
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Belham et al., 2001; Lizcano et al., 2002.  The identification of a consensus sequence would 

help identify the sites on other substrates phosphorylated by the Nek2 kinase.  However, the 

discovery of a consensus motif within a substrate does not necessarily mean that site is 

phosphorylated.  In addition, there are also sites which are phosphorylated which do not 

conform to the consensus sequence (Ubersax and Ferrell, 2007).  Analysis of the sequences 

surrounding the phosphorylation sites identified in C-Nap1 revealed the common motif of 

L/AxxS/Tφ.  Seven of the 10 phosphorylation sites identified share this consensus sequence, 6 

of which lie in a common motif, LxxS/TL.  This suggests there are hydrophobic pockets in 

the kinase that favour a hydrophobic residue at position P-3 and P+1.  A hydrophobic residue 

at P+1 is also preferred by other protein kinases such as PKA which targets the consensus 

sequence RRxS/Tφ. Interestingly, of the autophosphorylation sites identified in Nek2, T175 

and T179 lie within the consensus sequence FxxS/Tφ.  The phenylalanine at position P-3 is 

similar in charge and hydrophobicity to leucine or alanine observed at position P-3 in the C-

Nap1 phosphorylation sites.  Of the other autophosphorylation sites, S241, S296, S387 and 

S397 partially conform to the proposed consensus sequence having a hydrophobic residue at 

P-3, but lacking the hydrophobic residue at P+1.  Further analysis of the C-Nap1-CTD 

sequence suggests that there are over a dozen more serine or threonine residues which share 

the L/AxxS/Tφ consensus motif which could represent additional Nek2 phosphorylation sites.  

Phosphorylation of synthetic peptides with variations on this motif would help identify the 

importance of these particular residues.   
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7.1 

This study found that mutation of either of the activation loop residues T170 and S171 to a 

phosphomimetic residue created hyperactive kinases.  However, mutation of T170 and S171 

to alanine had no effect upon Nek2A activity suggesting that autophosphorylation of these 

sites is not essential for Nek2A activation, but may enhance Nek2A activity perhaps by 

moving the activation loop further away from the active site, thus increasing access of 

substrates to the active site.  In comparison, mutation of C-terminal residues S296, S356, 

S368, S387 and S428 to either aspartate or alanine had no effect upon Nek2A activity.  

Nek2 regulation by autophosphorylation 

 

Upon overexpression, the Nek2A protein kinase induces a characteristic phenotype of 

premature centrosome splitting in interphase cells (Fry et al., 1998b).  This loss of centrosome 

cohesion is thought to occur through the phosphorylation of intercentriolar linker proteins, 

such as C-Nap1 and rootletin, by the Nek2A kinase (Fry et al., 1998b; Hames, 2002; Bahe et 

al., 2005).  Overexpression of Nek2A in HBL100 breast epithelial cells results in the 

accumulation of multinucleated cells with supernumerary centrosomes (Hayward et al., 

2004).  This is a typical hallmark of cancer.  In addition, elevated levels of the Nek2 protein 

or amplification of the Nek2 gene has been observed in many cancer derived cell lines and 

primary tumours (Hayward et al., 2004; Hayward and Fry, 2005; Loo et al., 2004; Weiss et 

al., 2004).  Therefore understanding how Nek2 activation is regulated in a precise and timely 

manner is a major goal of this research.  

 

Previous work on Nek2A has identified a leucine zipper motif in the regulatory C-terminal 

domain that promotes homodimerisation and subsequent trans-autophosphorylation on serine 

and threonine residues (Fry et al., 1999).  Recently, 13 autophosphorylation sites have been 

identified within Nek2A by mass spectrometry (Baxter, 2006).  Of these sites, T175 is likely 

to be an important site of autophosphorylation, as a phosphomimetic mutation resulted in 

increased kinase activity, whereas an alanine substitution led to loss of activity.  In addition, 

phosphorylation of Thr 179 and Ser 241 were likely to be important for Nek2 activity, as 

mutation of these residues led to loss of activity (Rellos et al., 2007). 

 

The first aim of this thesis was to increase our understanding of how Nek2A is regulated by 

autophosphorylation by studying the remaining autophosphorylation sites within Nek2A 

using a site-directed mutagenesis approach. 
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However, they may play roles in regulating some other aspect of Nek2 function that was not 

measured in the in vitro assays performed. 

 

7.1.1 Is there a common mechanism for activation of Nek kinases? 

It is thought that autophosphorylation of Nek2 within the activation loop induces a 

conformational change that allows Nek2 to become fully active and capable of 

phosphorylating its substrates, such as C-Nap1 and rootletin, to trigger centrosome separation 

and other mitotic events. 

 

Interestingly, Nek6 and Nek7 are also activated by autophosphorylation of residues within 

their activation loops which are equivalent in position to autophosphorylation sites within 

Nek2.  Nek6 is primarily phosphorylated at S206, which is the major event leading to Nek6 

activation and equivalent to T175 in Nek2, with secondary phosphorylation events at T202, 

equivalent to the S171 site in Nek2 (Belham et al., 2003).  Similarly, it is likely that in Nek7, 

phosphorylation of T195 primarily activates Nek7 with a secondary phosphorylation event at 

T191 enhancing Nek7 kinase activity.  Furthermore, T170 in Nek2 is in an equivalent 

position to a potentially phosphorylatable threonine residue in Nek6 and Nek7.  Nek9 is 

primarily phosphorylated at activation loop residue T210 by in vitro autoactivation which is 

equivalent in position to T175 in Nek2 (Tan and Lee, 2004).  Interestingly, all members of the 

Nek kinase family possess a serine or threonine residue in an equivalent position to T175 in 

Nek2.  Nek8 and Nek9 also have a serine residue at an equivalent position to S171 in Nek2, 

T202 in Nek6 and T191 in Nek7 which could act as a secondary site of phosphorylation as 

observed in Nek2, Nek6 and Nek7 (Rellos et al., 2006).  This similarity in activation loop 

sequences in Nek kinases highlights the possibility that these kinases may share a common 

mechanism of activation with phosphorylation of equivalent residues required to fully activate 

the kinases.   

 

7.1.2 Does the C-terminal domain of Nek2 act as an autoinhibitory domain? 

The C-terminal domain of Nek2A contains many regulatory features including two 

degradation motifs, a KEN-box and MR-tail (Hames et al., 2001), a centrosomal targeting 

motif (Hames et al., 2005) and a KVHF motif that encodes a PP1 binding site (Helps et al., 

2000).  PP1 inhibits Nek2 by dephosphorylation.  It has been previously shown using a GFP-

tagged construct that removal of the last 25 amino acids results in a hyperactive kinase 

suggesting that the extreme C-terminus of Nek2A may act as an autoinhibitory domain in a 

similar manner to certain other domains exhibited by other kinases e.g. Plk1 (Baxter, 2006; 
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Jang et al., 2002; Mundt et al., 1997).  However, using myc-tagged constructs, C-terminal 

truncation of Nek2 by 24 and 51 residues had no effect upon Nek2A activity.  In addition 

mutation of residues S387 and S428 to aspartate or alanine had no effect upon Nek2A 

activity.  However, the splice variant, Nek2B, that has a shorter C-terminus exhibited a higher 

level of activity compared to Nek2A in vitro supporting previous evidence that C-terminal 

residues act as an autoinhibitory domain which is missing in Nek2B (Hames and Fry, 2002).  

These data suggest that the C-terminus may function as an autoinhibitory domain which 

requires further investigation . 

 

7.1.3 Does mutation of residues comprising the αT-helix result in hyperactivity? 

Recently, a crystal structure of the catalytic domain of Nek2 complexed with a small 

molecule inhibitor has been solved (Rellos et al., 2007).  This led to the identification of a 

novel αT-helix at the N-terminal end of the activation loop that appeared to block the active 

site.  Initially, it was thought that the introduction of an A163G mutation in the centre of the 

helix would cause the helix to collapse freeing the active site and creating a hyperactive Nek2 

kinase.  It was proposed that this hyperactivity may counterbalance the inhibitory effect of an 

S241D/A mutation.  However, unexpectedly an A163G mutation resulted in loss of kinase 

activity and did not rescue the inactivity caused by an S241 mutation.  Additional mutations 

of other residues within the αT-helix also resulted in loss of kinase activity.  Although these 

results do not support the original hypothesis, they do highlight this 5 amino acid region as 

being critical for Nek2 activation.  One possibility is that mutation of these residues causes 

the αT-helix to collapse inside the active site thus inactivating the kinase.  Further 

investigation is required to test this hypothesis and determine the role of this region.  Ideally, 

the 5 residues of the αT-helix should be mutated individually to determine if all the residues 

are critical for Nek2 activity to the same extent.  

 

7.1.4 Does mutation of the M86 gatekeeper residue alter Nek2A activity? 

The generation of analogue-sensitive kinases provides a neat method for selectively inhibiting 

a specific protein kinase so that the functional consequences can be investigated (Blethrow et 

al., 2004; Gregan et al., 2007).  M86 has been identified as the gatekeeper residue of Nek2 

which sits in the ATP binding pocket.  It is predicted that mutation of M86 to glycine or 

alanine would change the shape of the ATP binding pocket allowing an ATP analogue, 1NM-

PP1, to bind in a non-competitive manner.  However, such a mutant would only be useful if it 

retained the ability to use ATP as a substrate.  Unfortunately, mutation of M86 led to the loss 

of Nek2A kinase activity, suggesting that the shape of the ATP binding pocket had been 
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changed in such a way that no longer permitted the utilisation of ATP.  This result has been 

observed with some other kinases and additional compensatory mutations are likely to be 

necessary to create an analogue-sensitive Nek2 kinase (Blethrow et al., 2004; Oh et al., 2007).  

 

7.2 

Therefore six antibodies (AbD1-6) identified by AbD Serotec were characterised by using 

their recombinant antibody technology, as capable of selectively recognising phosphorylated 

peptides by ELISA assay.  Using dot blot analysis, it was confirmed that all six antibodies 

strongly recognized the phosphorylated, but not the unphosphorylated, peptide.  AbD1, 2 and 

3 were capable of detecting a bacterially expressed Nek2 kinase domain fragment capable of 

autophosphorylation more strongly than a Nek2 fragment incapable of autophosphorylation.  

The same antibodies also detected a full-length Nek2A protein which had undergone 

autophosphorylation by pre-treatment with ATP.  However, only AbD1 strongly stained 

centrosomes at prophase but not interphase.  Finally, it was confirmed that AbD1 detected 

Generation of Nek2 phosphospecific antibodies 

 

The identification of the putative autophosphorylation site T175 within the activation loop of 

Nek2 has highlighted a particular residue which would allow active Nek2 protein to be 

distinguished from inactive Nek2 protein.  Using this information, we initiated the production 

of T175 phosphospecific antibodies using two different methods.  Firstly, we purified 

antibodies from two different rabbits immunised with the pT175 phosphopeptide.  

Unfortunately, following purification, antibody A was not able to distinguish between the 

phospho- and non-phosphopeptides on a dot blot.  The second antibody B detected the 

phosphopeptide more strongly than the non-phosphopeptide, although antibody B failed to 

distinguish between phosphorylated and unphosphorylated, bacterially-expressed and purified 

Nek2 proteins on a Western blot.  It is also possible that antibodies A and B recognise other 

kinases which share a similar activation loop sequence.  A third phosphospecific antibody, C, 

generated from rabbit serum supplied by Millennium Pharmaceuticals (Boston, USA) 

generated promising results as the antibody specifically detected the phosphopeptide and not 

the non-phosphopeptide and could detect phosphorylated, bacterially-expressed and purified 

Nek2 protein on a Western blot.  In addition, antibody C could detect centrosomes in mitotic 

cells.  However, due to the commercial implications of using an antibody generated by a 

pharmaceutical company in Nek2 drug discovery studies, it was felt necessary to generate a 

phosphospecific antibody by an alternative method. 
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specifically the Nek2A kinase and not a number of other mitotic kinases, including Aurora-A 

and Plk1.   

 

Having successfully established AbD1 as a phosphospecific Nek2 antibody, it was used as a 

tool for detecting active Nek2 in cells.  By immunofluorescence microscopy, it was observed 

that Nek2 is specifically active in early mitosis being detected from early prophase until 

metaphase.  Indeed, AbD1 stained spindle poles in some metaphase cells but not others.  It is 

known that Nek2A is degraded at this point by the APC/C following ubiquitylation prior to 

anaphase onset (Hames et al., 2001; Hayes et al., 2006).  Using AbD1, it was discovered that 

active Nek2 does not colocalise with centromeres where the kinetochore proteins, Hec1 and 

Sgo1, are localised.  This suggests that these proteins are not likely to be substrates of Nek2 

and that Nek2 does not contribute to the regulation of chromosome segregation or the spindle 

assembly checkpoint.  In addition, AbD1 does not stain chromatin suggesting that HMGA2 is 

not a substrate of Nek2 in mitotic cells and that Nek2 does not directly regulate mitotic 

chromatin condensation.   

 

The availability of a Nek2 phosphospecific antibody now allows the direct measurement of 

Nek2 activity in cells.  Therefore, future experiments will involve the use of the Nek2 

phosphospecific antibody in assays to determine the effectiveness of a number of small 

molecule inhibitors of Nek2 in a drug discovery project.   

 

7.3 

Cdk1 activation is required for mitotic entry, whereas its inactivation stimulates mitotic exit.  

Cdk1 is inactivated by APC/C-mediated destruction of cyclin B1 (Lindqvist et al., 2007).  The 

destruction of cyclin B1 and securin relieves the inhibitory constraints imposed upon the 

cysteine protease, separase (Holland and Taylor, 2006).  As a result, separase activation is 

thought to promote both sister chromatid separation and centriole disengagement (Tsou and 

Stearns, 2006).  Centriole disengagement is thought to be a prerequisite for both centriole 

duplication and the recruitment of proteins to form the intercentriolar linker.  This highlights a 

possible role for Cdk1 in centrosome cohesion (Tsou and Stearns, 2006).  Furthermore, Cdk1 

acts as a negative regulator of PP1, which in turn, inhibits Nek2 kinase activity (Meraldi and 

Nigg, 2001).  Therefore, activation of Cdk1-cyclin B1 may indirectly lead to Nek2 activation 

at the G2/M transition, which subsequently leads to loss of centrosome cohesion.  Current 

evidence therefore suggests that Cdk1 may play roles in regulating centrosome cohesion and 

Does Nek2 activation occur upstream or downstream of Cdk1? 
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centriole duplication.  However, this hypothesis is not supported by early studies in 

Aspergillus which suggest that Cdk1 and NIMA are activated independently, since 

inactivation of either kinase had no effect upon the activity of the other (Osmani et al., 1991).    

 

In order to determine the consequences of Cdk1 inhibition upon Nek2 kinase activity and 

centrosome cohesion, a small molecule inhibitor of Cdk1, RO-3306 was used.  It was 

confirmed that RO-3306 induced a substantial G2/M arrest by flow cytometry analysis.  We 

then showed that RO-3306 could directly inhibit the kinase activity of Cdk1 but not Nek2A in 

vitro.  In addition, the ability of overexpressed Nek2A to stimulate centrosome splitting in 

cells was unaffected by RO-3306.  Release of RO-3306 treated cells from drug-mediated 

G2/M arrest led to mitotic entry, indicating that release from drug arrest leads to the activation 

of Cdk1.  Moreover, the majority of these cells exhibited bipolar spindles, suggesting that 

Nek2 had also been activated leading to disassembly of the intercentriolar linkage.  Together, 

these data suggest that Cdk1 functions upstream of Nek2A probably by relieving the 

inhibitory constraints imposed on Nek2A by PP1 (Fry et al., 1998b; Helps et al., 2000; Mi et 

al., 2007).   

 

Further investigation revealed the presence of four γ-tubulin containing dots in cells treated 

with RO-3306 compared to the normal two dots observed in untreated cells.  These four dots 

each also contained one dot of centrin suggesting that these foci arose from premature 

centriole disengagement rather than centrosome overduplication.  A proposal is that Cdk1 

activity is necessary to prevent premature centriole disengagement until anaphase onset, 

possibly by preventing the premature activation of separase.  However, further investigation 

is required to test this hypothesis.  Future experiments will need to investigate whether 

separase is active in cells arrested at G2/M by RO-3306.    

 

The majority of centrioles in RO-3306 treated cells were in close proximity to each other 

suggesting that they were still connected by the presence of the intercentriolar linkage.  This 

was further supported by the presence of four C-Nap1 and rootletin dots in RO-3306 treated 

cells.  It is proposed that centriole disengagement is a prerequisite for the recruitment of 

intercentriolar linker components and that these components can be recruited in a premature 

fashion if centriole disengagement occurs prematurely.   

 

 

 



175 
 

 

7.4 Nek2 interactions with C-Nap1 

 

7.4.1 Nek2, C-Nap1 and the intercentriolar linkage 

During interphase, the mother and daughter centrioles are physically joined by an 

intercentriolar linker.  This remains present both before and after centriole duplication.  The 

linker is likely to be composed of C-Nap1, rootletin and Cep68 (Fry et al., 1998; Graser et al., 

2007; Yang et al., 2006).  The current model proposes that these proteins are phosphorylated 

by Nek2 at the G2/M transition leading to their displacement and the diassembly of the 

intercentriolar linkage (Bahe et al., 2005; Mayor et al., 1999).  The centriole pairs then 

separate to form the spindle poles.  C-Nap1 consists of N-terminal (NTD) and C-terminal 

(CTD) globular head domains joined by long coiled-coil domains and a central proline rich 

region that may act as a flexible hinge.  In order to increase our understanding of how Nek2 

and C-Nap1 interactions contribute to centrosome cohesion, it has been demonstrated that 

both the CTD and NTD can interact with each other and with themselves suggesting that the 

C-Nap1-CTD and -NTD domains can form hetero- and homo-dimers.  It has also been shown 

that both the NTD and CTD are phosphorylated by Nek2A and that as a consequence of 

phosphorylation the ability of the C-Nap1 to form heterodimers was significantly reduced.  

However, the ability of these domains to form homodimers was unaffected.   

 

A model has been generated based on these results, which also takes into account previous 

data on centrosome cohesion.  Firstly, it is proposed that C-Nap1 exists as a dimer most likely 

in an anti-parallel arrangement of the coiled-coils folded at the hinge region.  The globular 

CTD and NTD of each C-Nap1 molecule may interact with the same domain on a partner C-

Nap1 molecule forming intermolecular homodimers.  The NTD of each molecule may also 

interact with the CTD on either the same molecule or on a partner molecule forming an 

intramolecular or intermolecular heterodimer interaction, respectively (Figure 7.1).  Previous 

research showed that overexpression of the hinge region induced centrosome splitting, 

possibly by sequestering other molecules which form the intercentriolar linkage, such as 

rootletin and Cep68 (Mayor et al., 2000).  Previous research also suggested that rootletin 

forms oligomeric filaments between the pair of centrioles, unlike C-Nap1 which is only 

observed at the proximal ends of centrioles (Bahe et al., 2005; Yang et al., 2006).  Recently, 

Cep68 has also been observed between a pair of centrioles decorating rootletin fibers (Graser 

et al., 2004).  It is possible that Cep68 may stabilise rootletin fibers. 
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It is predicted that in late G2, Nek2 bound to the NTD and CTD phosphorylates a number of 

residues positioned within the core of these domains, resulting in the dissociation of the NTD 

from the CTD.  It may simultaneously lead to the displacement of C-Nap1 or loss of 

interaction between C-Nap1 and rootletin leading to disassembly of the intercentriolar 

linkage.  Nek2 also phosphorylates rootletin which may further promote the dissociation of 

individual intercentriolar components.  It has not yet been shown whether Cep68 is also 

phosphorylated by Nek2. 

 

Further experiments are clearly required to validate this model.  These could include rotary 

shadowing electron microscopy of full length C-Nap1 molecules to give an insight into the 

structural conformation of C-Nap1 with and without phosphorylation by Nek2.  Another 

approach could involve a yeast two-hybrid screen using the central hinge region of C-Nap1 as 

bait which may lead to the identification of novel proteins involved in C-Nap1 regulation 

which could also constitute components of the intercentriolar linkage. 

 

7.4.2 Does a Nek2 target consensus sequence exist? 

Most protein kinases recognise a specific consensus sequence within their substrates as a 

target for phosphorylation.  It is likely that this is also true of the Nek2 kinase.  The 

identification of sites that Nek2 phosphorylates may help with the identification of a Nek2 

consensus sequence motif.  Seven Nek2 phosphorylation sites have been identified in the 

CTD and one site in the NTD of C-Nap1.  However, it is likely that this mass spectrometry 

analysis was not exhaustive.   

 

Analysis of the sequences surrounding the phosphorylation sites identified in C-Nap1 reveal a 

common motif of L/AxxS/Tφ, with LxxS/TL being the preferred motif.  This suggests that 

two hydrophobic pockets exist at P-3 and P+1 within the Nek2 kinase that prefer to interact 

with a hydrophobic residue on the substrate, similar to PKA.  However, the NTD and CTD 

contain more than a dozen additional serine or threonine residues that lie within this 

consensus sequence.  These may represent additional phosphorylation sites that have not yet 

been identified by mass spectrometry, or suggest that there are additional requirements for 

Nek2 to phosphorylate a particular sequence.  Sequence analysis of the autophosphorylation 

sites identified within Nek2 revealed that T175 and T179 lie within the motif FxxS/Tφ, where 

the phenylalanine is similar in hydrophobicity to leucine and alanine.  In addition, S241, 

S296, S387 and S397 partially conform to the proposed consensus sequence, although they 

lack the hydrophobic residue at P+1.  Interestingly, half of the phosphorylation sites identified 
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in the Nek2 substrate, Nlp, lie within the consensus motif L/AxS/Txφ (Baxter, 2006).  

However, in this case the leucine is positioned at P-2 rather than at position P-3 as predicted 

in the proposed consensus sequence and the other hydrophobic residue is located at P+2 

rather than P+1 as predicted.  So there maybe a general requirement for hydrophobic residues 

upstream and downstream of the phosphorylated residue, but some flexibility over exactly 

where these are positioned.  A crystal structure of the Nek2 kinase domain with a substrate 

peptide bound would help to resolve this issue. 

 

7.5 Concluding remarks 

 

The research presented in this thesis has provided further insight into Nek2 regulation by 

autophosphorylation and the consequences of phosphorylation of the substrate C-Nap1 by 

Nek2.  A number of phosphorylation sites have been identified within C-Nap1.  Analysis of 

the sequences surrounding these phosphorylation sites has highlighted a possible Nek2 

consensus sequence which has increased our understanding of how this kinase recognises its 

targets.  It may also lead to the identification of additional substrates of Nek2 that are 

components of the intercentriolar linkage.  This study has also provided evidence that C-Nap1 

can homo- and hetero-dimerise and that its ability to heterodimerise is reduced in response to 

phosphorylation by Nek2.  This has provided an insight into how the intercentriolar linkage is 

disassembled during centrosome separation at the G2/M transition.  Work within this thesis 

has also provided insights into the mechanisms of centriole disengagement, centrosome 

cohesion and the pathway by which Nek2 activity is regulated.  Evidence has been presented 

that Nek2 functions downstream of Cdk1 and that centriole disengagement is a prerequisite 

for the recruitment of intercentriolar linker components.   

 

Finally, the data on Nek2 autophosphorylation was used to generate a Nek2 phosphospecific 

antibody which was used to determine the timing and localisation of activation of Nek2 

during the cell cycle.  In the future, the phosphospecific antibody should prove an invaluable 

tool for detecting elevated levels of Nek2 activity in cancer cells and as a biomarker in the 

development of Nek2 inhibitors for use as novel anti-cancer treatments. 
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Figure 1.1 The eukaryotic cell cycle

The cell cycle consists of interphase (G1, S and G2) and mitosis, which can be 
subdivided as indicated above.  Cells with no growth signals can enter a state of 
quiescence (G0).  Diagram reproduced from 
http://bhs.smuhsd.org/bhsnew/academicprog/science/vaughn/Student%20Projects/Paul
%20&%20Marcus/Cell_Replication.html by Ethan Kensler, 2002.
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Figure 1.2 Mitosis

The schematic diagram highlights the different stages of mitosis. During prophase the
chromosomes condense and the centrosomes start to separate. After the nuclear
envelope breaks down the mitotic spindle starts to assemble as the chromosomes
become attached to the microtubules (prometaphase). Once the chromosomes are
aligned across the equator of the spindle (metaphase) the sister chromatids are pulled
to opposite spindle poles (anaphase). The chromosomes then decondense, a cleavage
furrow forms and the cell separates into two daughter cells (telophase and
cytokinesis). Diagram adapted from Jackson et al., Nature Reviews Cancer, 2007.
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Figure 1.3 The mitotic spindle

A schematic diagram of the mitotic spindle in metaphase showing the arrangement of
three 3 types of microtubules, chromosomes and spindle poles. Microtubules are polar.
Their minus ends are anchored to the centrosome whilst their fast growing plus ends
grow outwards away from the centrosome (indicated by +). The continuous growth and
shrinkage of microtubules is regulated by motor proteins which bind to the sides (purple
spots) or the ends (blue spots) of microtubules. The motor proteins travel along
microtubules and promote the assembly and stability of the microtubule array. Diagram
taken from website, http://219.221.200.61/ywwy/zbsw(E)/edetail11.htm.
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Figure 1.4 Centrosome structure

A. Schematic representation of the mammalian centrosome (taken from Doxsey, 2001). B.
Electron microscopy image showing the structure of the centrioles. The distal appendages
at the distal end of the mother centriole are indicated by the arrow. Taken from
Bettencourt-Dias and Glover, 2007. C. Immunofluorescence microscopy image of a
mitotic cell indicating the centrosomes (yellow) which form the spindle poles during
mitosis to mediate accurate chromosome segregation. The microtubule network is shown
in red and the DNA in blue. Image courtesy of Prof. Andrew Fry.
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Figure 1.5 The centrosome duplication cycle

Diagramatic representation of the centrosome duplication cycle accompanied by
electron microscope images of each stage (taken from Bettencourt-Dias and Glover,
2007). In late mitosis/ early G1 the centrioles disengage or disorientate allowing a
new procentriole (P) to develop from the side of the older centriole during S phase as
indicated by the arrowhead in the electron microscope image. In G2/M the
procentrioles mature before the intercentriolar linkage between the two older
centrioles (red strand) breaks down and the two centrosomes separate to form the
spindle poles. After mitosis is complete each daughter cell receives one centrosome.
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Figure 1.6 Protein kinase regulation of the centrosome duplication cycle

The cartoon shows the events of the centrosome duplication cycle in relation to the
cell cycle in a mammalian cell. Protein kinases that regulate specific steps in the
centrosome cycle are indicated in red. Figure adapted from Fry et al., 2000b.
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Figure 1.7 NIMA-related kinases

Structures of the NIMA-related kinase family. Fungi encode a single NIMA-related
kinase, whereas there are 11 members of this family in H. sapiens. Homologues have also
been identified in the green algae Chlamydomonas reinhardtii and the amoeba,
Dictostylium discoideum. NIMA kinases consist of an N-terminal catalytic domain and a
C-terminal domain containing various motifs such as coiled-coils or RCC1-like motifs
that most likely facilitate protein-protein interactions, as well as motifs including PEST,
KEN and D-boxes which regulate proteolytic degradation. Similarities in sequence and
organisation of the C-terminal region of NIMA-related kinases have been reported with
the MLK3 kinase. Taken from O’Connell et al., 2003.
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Figure 1.8 Crystal structure of the N-terminal catalytic domain of Nek2

(A) Comparison of the crystal structures of the N-terminal catalytic domains of
Nek2 (red) and Aurora-A (yellow). Nek2 has a novel αT-helix not present in Aurora-
A. (B) Crystal structure of the catalytic domain of Nek2 with an inhibitor
(SU11652) drug bound. (C) The αT-helix consists of 5 amino acids (162-166)
which form a helical structure at the N-terminal end of the activation loop. Figure
taken from Rellos et al. (2007).
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Figure 1.9 The structure of Nek2A, Nek2B and Nek2C

Schematic diagram of the human Nek2 isoforms are shown. These proteins all
contain an N-terminal catalytic kinase domain and a coiled-coil region known as a
leucine zipper (LZ) which allows the protein to dimerise and auto-phosphorylate. In
addition to these regions, Nek2A and Nek2C contain a second coiled-coil region
(CC), a PP1 binding site and motifs (KEN box and MR-tail) that allow their
degradation at the onset of mitosis (Fry, 2002). Nek2C has an 8 amino acid excision
at the Nek2A/B splice site. Motifs that promote centrosome localisation,
microtubule binding and nucleolar localisation are also indicated. Reproduced from
Hayward and Fry, 2005.
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Figure 1.11 Mass spectrometry reveals thirteen autophosphorylation sites
within Nek2A

Schematic diagram of the human Nek2A protein sequence indicating the positions
of 13 autophosphorylation sites relative to the known functional domains of Nek2.
The brown bar indicates the PP1 binding site and the yellow bar indicates the KEN-
box. The orange bar indicates the MR-tail. Eleven of these autophosphorylation
sites, indicated in blue, were identified through collaboration with Prof. S. Smerdon
(NIMR, London), while 2 additional sites indicated in red, were identified by
Invitrogen during their analysis of a Nek2 protein that they had expressed in insect
cells.
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Figure 1.12 A summary of data available before starting this project on Nek2A
autophosphorylation sites

The table shows a summary of the Nek2A autophosphorylation sites and mutants
created and studied by a previous PhD student, Dr. Baxter. These are compared to
the wild-type Nek2A kinase (WT) and a construct carrying a mutation in an essential
residue in the ATP-binding site (K37R). Dr. Baxter initiated the characterisation of
these constructs but in some cases the activity was only partially tested or never
tested (-). The relative activities of these mutants compared to wild-type kinase using
one in vivo and one in vitro assay are outlined in the table.

Phosphorylation 
Site 

Mutant 
Constructs 

Combined 
Mutations 

Localised at 
Centrosome? 

Centrosome 
Splitting 

Assay (% ) 

IVT-IP 
Kinase 

Assay (% ) 

Activity of 
Mutant 

WT WT  YES 
 

58.2 100 NA 

K37 K37R  YES 
 

12 3.5 Inactive 

T170 T170A 
T170E 

 YES 
YES 

53 
55.5 

- 
- 

Active 
Active 

S171 S171A 
S171D 

 YES 
YES 

56 
69 

- 
- 

Active 
Hyperactive? 

T175 T175A 
T175E 

 YES 
YES 

21.25 
67.25 

32.8 
165 

Inactive 
Hyperactive 

T179 T179A 
T179E 

 YES 
YES 

34 
31 

36.8 
26.6 

Inactive 
Inactive 

S241 S241A 
S241D 

 YES 
YES 

11.6 
18.6 

15 
16.3 

Inactive 
Inactive 

S296 - 
- 

 - 
- 

- 
- 

- 
- 

- 
- 

S356 - 
- 

 - 
- 

- 
- 

- 
- 

- 
- 

S368 - 
- 

 - 
- 

- 
- 

- 
- 

- 
- 

S387    
 

   

S390  SA4 YES 
 

63.9 161.7 Hyperactive 

S397  SD4 YES 
 

61.3 108.9 Active 

S403  
 

     

S428 - 
- 

 - 
- 

- 
- 

- 
- 

- 
- 
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A

Catalytic Domain LZ CC
1 271 304 365 405 445

K37R

Figure 3.1 Assays to determine Nek2A kinase activity in vitro and in vivo

A. Schematic diagram of Nek2A indicating the position of the K37R mutation within
the catalytic domain. B. The pRcCMV:myc-Nek2A-WT and Nek2A-K37R constructs
were translated in vitro (IVT-Western) then immunoprecipitated using anti-myc
antibody and either Western blotted with anti-Nek2 antibody followed by an AP-
conjugated anti-rabbit secondary antibody (IP-Western), or incubated with kinase
buffer containing 32P-γ-[ATP] and the substrate casein. Proteins were separated by
SDS-PAGE and stained with Coomassie Blue (CB). Autoradiography (32P) revealed
that Nek2A-WT, but not Nek2A-K37R, incorporates radioactivity into the substrate β-
casein. Molecular weights (kDa) are indicated on the left. C. Histogram represents
the kinase activity of Nek2A-WT and Nek2A-K37R based on 3 separate experiments.
Kinase activity was calculated by scintillation counting and normalised for the
amount of protein precipitated. D. U2OS cells were transfected with either myc-
Nek2A-WT or myc-Nek2A-K37R for 24 hours. U2OS cells were fixed with methanol
and stained with anti-myc antibody to detect the Nek2A construct (green), anti-γ-
tubulin antibody to detect the centrosome (red) and Hoechst 33258 to detect the DNA
(blue). Merged images are shown. A non-transfected control cell stained for γ-tuhulin
is also shown. Scale bars, 10 µm. E. Approximately 100 transfected cells were
counted in each of 3 experiments as possessing either split (>2 µm apart) or non-split
centrosomes.
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Figure 3.2 Mutation of T170 or S171 to glutamate or aspartate, respectively, results
in hyperactive Nek2A proteins

A. Schematic diagram of Nek2A indicating the positions of the T170 and S171
mutations in the catalytic domain. B. The pRcCMV:myc-Nek2A-WT, Nek2A-KR,
Nek2A-T170A, Nek2A-T170E, Nek2A-S171A and Nek2A-S171D constructs were
translated in vitro (IVT-Western) then immunoprecipitated with an anti-myc antibody
and either Western blotted with anti-Nek2 antibodies followed by an AP-conjugated
anti-rabbit secondary antibody (IP-Western), or incubated with 32P-γ-[ATP] and the
substrate casein at 300C for 30 mins. Proteins were separated by SDS-PAGE, stained
with Coomassie Blue (CB) and exposed to autoradiography (32P). Molecular weights
(kDa) are indicated on the left. C. The histogram displays the kinase activity of each
mutant based on 3 separate experiments. Kinase activity was calculated by scintillation
counting and then normalised to the amount of protein immunoprecipitated. * P< 0.005
for T170E and K37R compared to WT kinase.
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Figure 3.3 Mutation of S356 or S368 does not alter Nek2A kinase activity

A. Schematic diagram of Nek2A indicating the positions of the S356 and S368 mutants
in the non-catalytic domain. B. The myc-Nek2A-WT, Nek2A-KR, Nek2A-S356A,
Nek2A-S356D, Nek2A-S368A and Nek2-S368D proteins were translated in vitro (IVT-
Western), immunoprecipitated using an anti-myc antibody and either Western blotted with
anti-Nek2 antibody followed by an AP-conjugated anti-rabbit secondary antibody (IP-
Western) or incubated with kinase buffer containing 32P-γ-[ATP] and the substrate casein.
Proteins were separated by SDS-PAGE, stained with Coomassie Blue (CB) and exposed
to autoradiography (32P). Molecular weights (kDa) are indicated on the left. C. The
histogram represents the kinase activity of each mutant based on 3 separate experiments.
Kinase activity was calculated by scintillation counting and normalising for the amount of
protein precipitated. * P<0.05 compared to WT kinase.
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B

Figure 3.4 Mutation of S356 or S368 does not alter Nek2A activity or localisation
in cells

A. U2OS cells were transfected with myc-Nek2A-S356A, myc-Nek2A-S356D, myc-
Nek2A-S368A or myc-Nek2A-S368D for 24 hours. Cells were fixed with methanol
and stained with anti-myc-antibody to detect the Nek2A construct (green), anti-γ-
tubulin antibody to detect the centrosome (red) and Hoechst 33258 to detect the DNA
(blue). All mutant Nek2A proteins localise to the centrosome. Merged images are
shown. Scale bar, 10 µm. B. Approximately 100 cells were counted in 3 separate
experiments and the centrosomes scored as split (>2 µm) or non-split. The histogram
illustrates the number of split centrosomes observed for each protein based on 3
experiments. * P<0.05 compared to WT kinase.
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Figure 3.5 Mutation of S296 or S428 has no effect upon Nek2A kinase activity

A. Schematic diagram of Nek2A indicating the positions of the S296 and S428 in the
non-catalytic domain. B. The myc-Nek2A-WT, Nek2A-KR, Nek2A-S296A, Nek2A-
S296D, Nek2A-S428A and Nek2-S428D proteins were translated in vitro (IVT-Western),
immunoprecipitated using anti-myc antibody and either Western blotted with an anti-
Nek2 antibody followed by an AP-conjugated anti-rabbit secondary antibody (IP-
Western) or incubated with kinase buffer containing 32P-γ-[ATP] and the substrate casein.
Proteins were separated by SDS-PAGE, stained with Coomassie Blue (CB) and exposed
to autoradiography (32P). Molecular weights (kDa) are indicated on the left. C. The
histogram represents the kinase activity of each mutant based on at least 3 separate
experiments. Kinase activity was calculated by scintillation counting and normalised for
the amount of protein precipitated.* P<0.05 for K37R compared to WT.
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Figure 3.6 Mutation of S296 or S428 does not alter Nek2A activity in cells

A. U2OS cells were transfected with myc-Nek2A-S296A, myc-Nek2A-S296D, myc-
Nek2A-S428A or myc-Nek2A-S428D constructs for 24 hours. Cells were fixed with
methanol and stained with anti-myc-antibody to detect the Nek2A construct (green), anti-
γ-tubulin antibody to detect the centrosome (red). Merged images are shown. All mutant
Nek2A proteins localise to the centrosome. Scale bar, 10 µm. B. Approximately 100
cells were counted in each experiment and the centrosomes scored as split (>2 µm apart)
or non-split. The histogram illustrates the number of split centrosomes observed for each
Nek2A mutant based on 3 separate experiments. * P<0.05 compared to WT kinase.

% 
Centrosome 

Splitting

B

W
T

K3
7R

S2
96

D

S2
96

A

S4
28

A

MergeMycγ-tubulin

S296A

S296D

S428A

S428D

0
10
20
30
40
50

86

*



Figure 3.7 Mutation of S387 does not affect Nek2A activity

A. Schematic diagram of Nek2A indicating the position of the S387 mutants in the non-
catalytic domain. B. The myc-Nek2A-WT, Nek2A-KR, Nek2A-S387E and Nek2A-
S387F proteins were translated in vitro (IVT), then immunoprecipitated using anti-myc
antibody and either Western blotted with an anti-Nek2 antibody followed by an AP-
conjugated anti-rabbit secondary antibody (IP-Western), or incubated with kinase buffer
containing 32P-γ-[ATP] and the substrate casein. Proteins were separated by SDS-PAGE,
stained with Coomassie Blue (CB) and exposed to autoradiography (32P). Molecular
weights (kDa) are indicated on the left. C. The histogram represents the kinase activity
of each mutant based on at least 3 separate experiments. Kinase activity was calculated
by scintillation counting and normalised for the amount of protein precipitated. * P> 0.1
for all mutants except K37R compared to WT kinase.
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Figure 3.8 Mutation of S387 has no effect on Nek2A activity in cells

A. U2OS cells were transfected with myc-Nek2A-S387E or myc-Nek2A-S387F
constructs for 24 hours. Cells were fixed with methanol and stained with anti-myc
antibody to detect the Nek2A construct (green), anti-γ-tubulin antibody to detect the
centrosome (red) and Hoechst 33258 to detect the DNA (blue). Merge images are
shown. All mutant Nek2A proteins localise to the centrosome. Scale bar, 10 µm. B.
Approximately 100 cells were counted in each experiment and the centrosomes scored
as split (>2 µm apart) or non-split. The histogram illustrates the number of split
centrosomes observed for each Nek2A mutant based on 3 separate experiments. * P>
0.1 for all mutants except K37R compared to that of WT.
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Figure 3.9 Deletion of C-terminal residues does not alter Nek2 localisation to
the centrosome

A. Schematic diagrams of full length WT-Nek2A, Nek2B and two truncated Nek2A
constructs indicating the position of each C-terminal deletion. B. U2OS cells were
transfected with myc-Nek2A-WT, Nek2A-∆C24, Nek2A-∆C51, and Nek2B constructs
for 24 hours. Cells were fixed with methanol and stained with anti-myc-antibody to
detect the Nek2A construct (green), anti-γ-tubulin antibody to detect the centrosome
(red) and Hoechst 33258 to detect the DNA (blue). Merged images as well as a
magnified image of the stained centrosomes are shown. Scale bar, 10 µm. All mutant
Nek2A proteins localise to the centrosome.
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Figure 3.10 Deletion of the last 61 residues from the C-terminus creates a
hyperactive Nek2A protein

A. The myc-Nek2A-WT, Nek2A-KR, Nek2A-∆C24, Nek2A-∆C51 and Nek2B
proteins were translated in vitro (IVT), immunoprecipitated using anti-myc
antibody (IP), and either Western blotted with anti-Nek2 antibodies (IP-Western)
or incubated with 32P-γ-[ATP] and the substrate casein at 300C for 30 mins.
Proteins were separated by SDS-PAGE, stained with Coomassie Blue (CB) and
exposed to autoradiography (32P). Molecular weights (kDa) are indicated on the
left. B. The histogram displays the kinase activity of each mutant based on 3
separate experiments. Kinase activity was calculated by scintillation counting
and then equalised to the amount of protein immunoprecipitated. * P< 0.01
compared to WT kinase.
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Figure 3.11 Mutation of A163 in the αT-helix inactivates Nek2

A. The Nek2A-WT, KR, S241A, S241A/A163G, A163G, S241D and S241D/A163G 
proteins were translated in vitro (IVT), immunoprecipitated using an anti-myc antibody 
(IP), and either Western blotted with anti-Nek2 antibodies (IP-Western) or incubated 
with 32P-γ-[ATP] and the substrate casein at 300C for 30 mins. Proteins were separated 
by SDS-PAGE, stained with Coomassie Blue (CB) and exposed to autoradiography 
(32P). Molecular weights (kDa) are indicated on the left.  B. Histogram displaying the 
kinase activity of each mutant based on 3 separate experiments.  Kinase activity was 
calculated by scintillation counting and then equalised to the amount of protein 
immunoprecipitated.  *  P< 0.001 compared to WT kinase.
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Figure 3.12 Additional mutations in the αT-helix cause loss of Nek2A activity

A. Schematic diagram of Nek2A indicating the positions of the mutations in the αT2 
and αT3 construct.  B. The myc-Nek2A-WT, Nek2A-KR, Nek2A-αT2 and Nek2A-αT3 
proteins were translated in vitro (IVT), then immunoprecipitated using an anti-myc 
antibody and either Western blotted with an anti-Nek2 antibody (IP-Western) or 
incubated with kinase buffer containing 32P-γ-[ATP] and the substrate casein. Proteins 
were separated by SDS-PAGE, stained with Coomassie Blue (CB) and exposed to 
autoradiography (32P).  Molecular weights (kDa) are indicated on the left. C. The 
histogram represents the kinase activity of each mutant based on at least 3 separate 
experiments.  Kinase activity was calculated by scintillation counting and normalised for 
the amount of protein precipitated.  *  P< 0.001 compared to WT.
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Figure 3.13  Mutation of the gatekeeper residue M86 leads to loss of Nek2A activity

A. Schematic diagram of Nek2A indicating the position of the M86 mutation in the 
catalytic domain.  B. The myc-Nek2A-WT, Nek2A-KR, Nek2A-M86A and Nek2A-
M86G proteins were translated in vitro (IVT), then immunoprecipitated using an anti-
myc antibody and either Western blotted with an anti-Nek2 antibody (IP-Western) or 
incubated with kinase buffer containing 32P-γ-[ATP] and the substrate casein. Proteins 
were separated by SDS-PAGE, stained with Coomassie Blue (CB) and exposed to 
autoradiography (32P).  Molecular weights (kDa) are indicated on the left. C. The 
histogram represents the kinase activity of each mutant based on at least 3 separate 
experiments.  Kinase activity was calculated by scintillation counting and normalised for 
the amount of protein precipitated.  *  P< 0.001 compared to WT.
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Figure 3.14 A summary of the consequences of mutations in Nek2A
autophosphorylation sites

The table shows a summary of the Nek2A autophosphorylation sites and mutants
analysed. Those studied by previous students, Dr. Baxter and Miss N. Sahota are
indicated in black. Those sites which have been characterised in this chapter are
highlighted in blue. These are compared to the wild-type Nek2A kinase (WT) and a
construct carrying a mutation in the essential ATP-binding site (K37R). The relative
activities of these mutants compared to wild-type kinase using one in vivo and one in
vitro assay are outlined in the table.

102



Figure 4.1 Prescreening of rabbit sera

A. U2OS cells were lysed and extracts separated by SDS-PAGE and blotted onto
nitrocellulose membrane. The membrane was divided and probed with a corresponding
rabbit serum. Molecular weights (kDa) are indicated on the left. B. U2OS cells were
grown on coverslips and fixed with methanol. Cells were stained with corresponding
rabbit serum (green), anti-γ-tubulin antibody to detect the centrosome (red) and
Hoechst 33258 to detect the DNA (blue). Cells were also stained with the secondary
anti-rabbit 488 antibody alone to ensure there was no non-specific labelling. Merged
images taken using the same exposure and gain for all samples are shown. Scale bar,
10 µm.

A

R
10

65
4

R
10

65
5

R
10

65
7

R
10

65
8

R
10

65
9

R
10

66
0

R
10

66
1

R
10

65
6

25

37

50

75
120

B

R10658

Sera Merge Sera Merge

R10661

R10660R10656

R10654

107



Figure 4.2 Immune sera 10654 and 10659 stain the centrosomes more
strongly than the pre-immune sera

A. The sequence of a short peptide designed to correspond to part of the Nek2
protein surrounding the T175 residue. The upper peptide sequence contains a
phosphorylated T175 residue (PP). This peptide was injected into rabbits 10654 and
10659. The sequence of the non-phosphorylated peptide (NP) is also shown. B.
U2OS cells were grown on coverslips and fixed with methanol. Cells were stained
with either the preimmune or terminal bleed from each rabbit (green), anti-γ-tubulin
antibody to detect the centrosome (red) and Hoechst 33258 to detect the DNA (blue).
Merged immunofluorescent images taken using the same exposure and gain between
slides are shown. Scale bar, 10 µm. The intensity of centrosomal staining was
stronger in the immune than the pre-immune sera for both rabbits.
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Figure 4.3 The immune sera for rabbits 10654 and 10659 detect
phosphorylated peptide more strongly than the pre-immune sera

Serial dilutions of phosphorylated (PP) and non-phosphorylated (NP) peptide were
dotted onto nitrocellulose membrane and probed with either pre-immune or
immune sera from either rabbit 10654 or 10659.
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Figure 4.4 Two of the purified pT175 antibodies detect the phosphorylated peptide
more strongly than the non-phosphorylated peptide

A. Schematic diagram of the purification of phosphospecific pT175 antibodies. Non-
phosphorylated (NP) peptide was coupled to an agarose gel support. Serum was then
applied to the column and the flow through collected. The column was then washed and
the bound protein eluted. The flow through would be expected to contain the pT175
antibody. B. An equal volume of the phosphorylated (PP) and non-phosphorylated (NP)
peptide was dotted onto nitrocellulose membrane and incubated with either the flow
through, wash or elution following purification of pT175 Ab B. The flow through
detected the phosphopeptide more strongly than the non-phosphorylated peptide. C. A
serial dilution of each peptide was dotted onto nitrocellulose membrane and incubated
with 3 potential purified pT175 antibodies (1:50). The pT175 antibody B and C detected
phosphopeptide more strongly than non-phosphopeptide.
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Figure 4.5 Expression and purification of Nek2-KD-K37R and Nek2-KD-
K37R/D141A proteins

A. Bacterial expression of Nek2-KD-K37R and Nek2-KD-K37R/D141A proteins was
induced by adding 1 mM IPTG for 4 hours at 180C. The bacterial cultures were
centrifuged and the pellets lysed prior to centrifugation. Aliquots of bacteria before and
after induction, as well as of the pellets and supernatants after lysis were analysed by SDS-
PAGE and Coomassie Blue staining. B. The Nek2 proteins were purified by passing the
lysates over Ni-NTA beads. The proteins were eluted from the column and collected in 4
fractions. The uninduced, pellet, supernatant, flow-through, wash and elution fractions
were analysed by SDS-PAGE and Coomassie Blue staining. Bands corresponding to the
Nek2-KD-K37R and Nek2-KD-D141A/K37R proteins can be seen in the elution fractions.
C. A serial dilution for Elution 2 for each protein was analysed by SDS-PAGE and
Coomassie Blue staining. Molecular weights (kDa) are indicated on the left.
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Figure 4.6 Nek2-KD-K37R/D141A kinase is an inactive kinase incapable of
autophosphorylation

Purified Nek2-KD-K37R/D141A and Nek2-KD-K37R kinases were incubated in
kinase buffer containing 32P-γ-ATP in the presence or absence of β-casein for 30
minutes at 300C. Samples without Nek2 protein in the presence or absence of β-
casein were used as negative controls. The proteins in each reaction were separated
by SDS-PAGE and analysed by Coomassie Blue staining (CB) and autoradiography
(32P). Molecular weights (kDa) are indicated on the left. A faint band
corresponding to autophosphorylation can be observed for the Nek2-KD-K37R
kinase which is not present in Nek2-KD-K37R-D141A kinase.
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Figure 4.7 pT175 Ab C detected Nek2-KD-K37R kinase but not
unphosphorylated Nek2-KD-K37R/D141A kinase.

Purified Nek2-KD-K37R/D141A and Nek2-KD-K37R proteins were incubated in
kinase buffer containing ATP for 30 minutes at 300C. The kinases were then
separated by SDS-PAGE and blotted onto nitrocellulose membrane. The
nitrocellulose membrane was stained with Ponceau and equal loading was observed
across the 8 lanes. The membrane was divided and blocked in 5% BSA-TBST. The
nitrocellulose membrane was probed with purified pT175 antibodies and their
corresponding non-phosphospecific Nek2 antibodies (eluted from purification
column) diluted 1:250 in 1x TBST. Molecular weights (kDa) are indicated on the
left.
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Figure 4.8 pT175 Ab C detects Nek2 in U2OS lysates

A. U2OS lysates were separated by SDS-PAGE and blotted onto nitrocellulose
membrane. The membrane was blocked in 5% BSA-TBST then probed with the
non-phospho-specific Ab C, the pT175 Ab C, and a commercial monoclonal Nek2
mAb. All three antibodies detect a band at the predicted size of endogenous Nek2
protein at 48 kDa (arrow). Molecular weights (kDa) are indicated on the left. B.
U2OS cells were fixed with methanol and probed with pT175 Ab C (green), Nek
mAb (red) and Hoechst (blue) to stain the DNA. Images of a cell in interphase,
metaphase and telophase are shown. Scale bar, 10 µm. pT175 Ab C stains the
centrosome in interphase but also detects the spindle poles in mitosis, unlike the
Nek2 mAb. The pT175 Ab C also produces a signal at the midbody in telophase.
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Figure 4.9 ELISA data of the six recombinant pT175 Nek2 antibodies
identified by AbD Serotec

AbD06471.1-AbD06476.1 were identified as positive binders of the phosphorylated
Nek2 T175 peptide (APIPKpT175) tagged with either Trf or BSA. These antibodies
did not bind the non-phosphorylated peptide (uAPIPK) tagged with BSA, BSA alone or
proteins Ubiquitin-His6 or N1-CD33-His6. Data kindly provided by AbD Serotec.
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Figure 4.10 The six HuCAL pT175 phosphospecific antibodies detect the
phosphorylated but not the unphosphorylated peptide

A. Phosphorylated peptide tagged with either Trf or BSA and non-phosphorylated peptide
tagged with BSA were dotted onto nitrocellulose membrane and probed with the 6 potential
recombinant antibodies named AbD1-AbD6. B. A serial dilution of phosphorylated (PP) and
non-phosphorylated (NP) peptide was dotted onto nitrocellulose membrane and probed with
recombinant antibodies AbD1-6. Dot blots were developed using an anti-human Fab
fragment AP-conjugated secondary antibody.
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AbD4

AbD3

AbD Mergeγ-tubulin Hoechst

Figure 4.11 AbD1 detects centrosomes in U2OS cells
A. U2OS cells were fixed with methanol and stained with one of recombinant antibodies,
AbD1-6 (green). In addition cells were also stained with anti-γ-tubulin antibody to detect
the centrosomes (red) and Hoechst 33258 to detect the DNA (blue). Images were taken of
mitotic cells in prophase, stained with each antibody, although there are slight differences in
the precise stages of prophase exhibited by the representative cells. These observations are
based on viewing 10 cells stained with each antibody. Scale bar, 10 µm. AbD1 strongly
detects centrosomes in prophase although possible spindle association is also highlighted. B.
Interestingly AbD5 produced a strong signal at the midbody in cells undergoing cytokinesis.
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Figure 4.12 AbD1, 2 and 3 preferentially detect Nek2-KD-K37R rather than Nek2-
KD-K37R/D141A bacterially expressed protein

A. Nek2-KD-K37R (lane 2) and Nek2-KD-K37R/D141A (lane 1) purified proteins were
incubated in kinase buffer containing ATP for 30 minutes at 300C. Sample buffer was
added to stop the reaction. The proteins were then separated by SDS-PAGE and blotted
onto nitrocellulose membrane. The membrane was cut into strips and probed with either
total Nek2 mAb or one of AbD1-6. The membrane was developed by ECL. B. The
intensity of each band was measured using Image J software and the measurements
displayed as a histogram with the intensity of the mAb staining of the Nek2-KD-
K37R/D141A protein set as 100%.
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Figure 4.13 Recombinant antibodies AbD1, 2 and 3 detect phosphorylated His-
Nek2A after ATP incubation but not untreated His-Nek2

A. Purified His-Nek2A kinase was incubated in kinase buffer in the presence (+) or
absence (-) of ATP. An aliquot of each Nek2A mixture was taken and γ-P32-ATP was
added and kinase reactions incubated at 300C for 30 minutes. The proteins were
analysed by SDS-PAGE and autoradiography. B. The proteins in the non-radioactive
samples were separated by SDS-PAGE, blotted onto nitrocellulose membrane and cut
into strips. Each strip was probed with either one of AbD1-6 or the monoclonal Nek2
antibody (mAb) followed by an incubation with anti-human-HRP conjugated antibody.
Finally, the membrane strips were developed by ECL Plus. A band corresponding to
phosphorylated His-Nek2A is indicated. Molecular weights (kDa) are indicated on the
left.
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Figure 4.14 AbD1 detects specifically the mitotic kinase, Nek2 in vitro

A. Comparison of the activation loop sequences of Nek2 and other mitotic kinases.
The primary autophosphorylation site required for kinase activation is highlighted in
red. In Nek2 this is Thr175 to which the phosphospecific antibody was raised. B.
Purified mitotic kinases as indicated were diluted in kinase buffer in the presence (+) or
absence (-) of ATP. An aliquot of each kinase reaction was taken and γ-32P-ATP added.
All reactions were then incubated at 300C for 30 minutes and proteins separated by
SDS-PAGE. One gel was silver stained to show equal loading. The gel containing
radioactive sample was stained with Coomassie Blue and exposed to autoradiography.
The third gel was blotted onto nitrocellulose membrane and probed with AbD1. The
membrane was developed by ECL plus. Molecular weights (kDa) are indicated on the
left.
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Metaphase

Telophase

Interphase

Figure 4.15 AbD1 detects centrosomes specifically in prophase cells

U2OS cells were fixed with methanol and stained with a γ-tubulin antibody to detect the
centrosomes (red), AbD1 to detect active Nek2 (green) and Hoechst 33258 to detect the
DNA (blue). Images were taken of cells either in interphase or in the different stages of
the mitosis as indicated. Scale bar, 10 µm.

Early Prophase

AbD1 DNA Mergeγ-tubulin

Anaphase

Pro-Metaphase 1

Late Prophase

Pro-Metaphase 2

128



Figure 4.16 Nek2 does not colocalise with kinetochores

U2OS cells were fixed with methanol and stained with AbD1 to detect active Nek2
(red in merge), an anti-CENP antibody to detect centromeres (green in merge).
Immunofluorescence microscopy images were taken of mitotic cells in prophase
when Nek2A is activated. Merged images of CENP and γ-tubulin are shown. Scale
bar, 10 µm. Clearly, the AbD1 signal did not colocalise with kinetochores.
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RO-3306 arrested 2 hr release

4 hr release 8 hr release 24 hr release

Asynchronous

Figure 5.1 RO-3306 induces a G2/M arrest in U2OS cells

U2OS cells were either untreated (asynchronous) or treated with 20 µM RO-3306 for
16 hours (RO-3306 arrested). The cells were then released by washing out the drug and
replacing with fresh medium. The cells were harvested after 2, 4, 8 and 24 hours as
indicated. The cells were stained with PI and analysed by flow cytometry. Stained
cells were examined using Cell Quest software and analysed using a ModFit program.
Cells containing 2N DNA are represented by the first peak () and 4N DNA
represented by the second peak ().
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Figure 5.2 RO-3306 inhibits Cdk1 but not Nek2A kinase activity in vitro

A. Purified recombinant Nek2A and Cdk1/cyclin B kinases were incubated in
kinase buffer containing 32P-γ-[ATP], the substrate β-casein and DMSO or RO-
3306 at a range of concentrations (0.02-20 µM). The addition of DMSO acted as a
negative control. Following an incubation of 30 minutes at 300C, the proteins were
separated by SDS-PAGE and stained with Coomassie Blue (CB). The dried gel was
subjected to autoradiography (32P). The β-casein band is shown. B. The kinase
activity of Nek2A and Cdk1/cyclin B was calculated by scintillation counting of the
β-casein excised from the dried gels and shown in the histogram relative to the
activity in the presence of DMSO alone. This experiment was performed once.
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Figure 5.3 RO-3306 does not prevent centrosome splitting in U2OS cells
transfected with myc-Nek2A-WT

A. U2OS cells were transfected with a myc-Nek2A-WT construct and treated with or
without 20 µM RO-3306. After 16 hours, cells were fixed with methanol and stained
with an anti-Myc antibody to detect the Nek2A construct (Myc, green), an anti-γ-
tubulin antibody to detect the centrosome (red) and Hoechst 33258 to detect the DNA
(blue). Merge images are shown. Scale bar, 10 µm. B. Approximately 100 cells were
counted in three separate experiments and the centrosomes scored as split (> 2 µm) or
non-split. The percentage of cells with split centrosomes in the presence or absence of
RO-3306 is illustrated by the histogram.
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Figure 5.4 RO-3306 induces centrosome defects in U2OS cells

A. U2OS cells were treated with or without RO-3306 (20 µM) for 16 hours before being
fixed in cold methanol and staining with an anti-γ-tubulin antibody to detect the
centrosomes (red) and Hoechst 33258 to detect the DNA (blue). Images of γ-tubulin
staining and a merge image are shown for six representative cells, all treated with RO-
3306 (a-f). Scale bar, 10 µm. B. Approximately 100 cells were counted in three separate
experiments and scored for 2 dots (e.g. image a in panel A) or >2 dots (e.g. images b-f in
panel A). * P< 0.001 compared to untreated cells. C. In cells treated with RO-3306, 100
cells were counted for their distribution of centrosomes stained with anti-γ-tubulin
antibodies. The histogram illustrates the number of cells with either 2 separated pairs (b),
4 together (c), 3 together/1 split (d), 1 pair/2 split (e) or all 4 split (f). This experiment
was performed once.
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Figure 5.5 RO-3306 induces spindle defects in U2OS cells

A. U2OS cells were treated with or without RO-3306 (20 µM) for 16 hours. Following
a 1 hour release from drug treatment, the cells were fixed in cold methanol and stained
with an anti-γ-tubulin antibody to detect the centrosomes (red), an anti-α-tubulin
antibody to detect microtubules (green) and Hoechst 33258 to detect the DNA (blue).
Merge images are shown. Scale bar, 10 µm. B. Approximately 50 mitotic cells were
counted in three separate experiments and the spindles scored as bipolar or multipolar.
The histogram shows the number of cells with multipolar spindles observed in RO-
3306-treated and untreated cells. * P< 0.001 compared to untreated cells.
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γ-tubulin Centrin
Rootletin

C-Nap1

A
Merge

Figure 5.6 Cdk1 inhibition results in premature centriole disengagement and
premature recruitment of intercentriolar proteins
A. HeLa cells treated with 20 µM RO-3306 for 20 hours were co-stained with anti-centrin
and anti-γ-tubulin antibodies. Using immunofluorescence microscopy, each γ-tubulin focus
was found to associate with one centrin focus. The presence of four slightly separated
centrin foci suggests that premature centriole disengagement has occurred. B. RO-3306
treated HeLa cells were stained with Anti-C-Nap1 and rootletin antibodies. Four foci of C-
Nap1 and rootletin were observed in these cells. This suggests that C-Nap1 and rootletin are
recruited to the prematurely disengaged centrioles in G2/M arrested cells. C. TEM analysis
of HeLa cells that had been treated for 1 hour with RO-330 and then released for 1 hour
confirmed the presence of a single centriole at each spindle pole. Figures kindly provided by
M. Samant and S. Prosser.
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(activated)

PP1
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Figure 5.7 A model for the role of Cdk1 in the activation of Nek2 and prevention of
premature centriole disengagement
Nek2, which exists in cells predominantly as a dimer, triggers centrosome separation through
phosphorylation of intercentriolar proteins, at the G2/M transition (see Chapter 6). During
interphase, Nek2 activity is restrained by PP1. However, at G2/M, activation of Cdk1 leads
to PP1 inhibition through recruitment of inhibitor-2 (Inh-2). Nek2 is therefore active and
able to promote centrosome separation at G2/M. Secondly, Cdk1 can inhibit separase, which
prevents the premature disengagement of centrioles.
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Figure 5.8 A model for the consequences of Cdk1 inhibition by RO-3306 upon Nek2
activation and centriole disengagement
Nek2, which exists in cells predominantly as a dimer, triggers centrosome separation through
phosphorylation of intercentriolar proteins, at the G2/M transition (see Chapter 6). During
interphase, Nek2 activity is restrained by PP1. However, at G2/M, activation of Cdk1 leads
to PP1 inhibition through recruitment of inhibitor-2 (Inh-2). However, when Cdk1 is
inactivated by RO-3306, Cdk1 can no longer trigger the inhibition of PP1 through Inh-2.
Therefore, PP1 remains active and inhibits Nek2 which in turn inhibits centrosome separation
from occurring at G2/M. Secondly, inhibition of Cdk1 prevents Cdk1 from inhibiting
separase. As a result, separase is prematurely activated which causes the premature
disengagement of centrioles. This may also lead to the premature recruitment of
intercentriolar linker proteins in the absence of Nek2 activity.
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Figure 6.1 Purification of GST-C-Nap1-CTD and GST-C-Nap1-NTD

A. A schematic diagram of GST fused C-Nap1-CTD and -NTD proteins and their
predicted molecular weights (kDa). The amino acid residue number with respect to
full-length C-Nap1 is also indicated. B. GST alone, GST-CTD and GST-NTD fusion
proteins coupled to glutathione sepharose beads were analysed by SDS-PAGE and
Coomassie Blue staining. Molecular weights (kDa) are indicated on the left.
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Figure 6.2 In vitro GST pull down assays with C-Nap1 and Nek2 proteins

A. Rab4, C-Nap1-CTD, C-Nap1-NTD and Nek2A proteins were generated by in vitro
translation (IVT) prepared in the presence of [35S] methionine. An aliquot was analysed
by SDS-PAGE followed by autoradiography. B. GST fusion proteins as indicated were
coupled to sepharose beads and incubated with the [35S]-labelled proteins indicated above
for 2 hours at 40C. The beads were then washed and analysed by SDS-PAGE, Coomassie
Blue staining and autoradiography. Molecular weights for each protein are indicated on
the left (kDa).
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Figure 6.3 C-Nap1-CTD and -NTD can be phosphorylated by Nek2 kinase

A. GST, GST-CTD and GST-NTD coupled to beads or β-casein alone were incubated
with kinase buffer containing purified Nek2A kinase and 32P-γ-ATP. Samples were
analysed by SDS-PAGE followed by Coomassie Blue staining (CB) and autoradiography
(32P). Casein phosphorylation and Nek2A autophosphorylation are indicated on the right
(arrows). Molecular weights are indicated on the left (kDa). A kinase assay was
performed as described above for GST-CTD (B) and GST-NTD (C) bound beads.
Extracts of beads were taken at regular intervals from 0 to 4 hours. The samples were
separated by SDS-PAGE and the Coomassie Blue stained gel (CB) was exposed to
autoradiography (32P). D & E. The amount of radioactivity incorporated by the CTD and
NTD proteins was calculated by scintillation counting and plotted against time. This
experiment was performed once.
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Figure 6.4 The ability of C-Nap1-CTD and -NTD to form heterodimers is
significantly reduced as a consequence of phosphorylation by Nek2

A. GST, GST-CTD and GST-NTD proteins were coupled to glutathione-sepharose
linked beads and resuspended in kinase assay buffer containing ATP in the presence and
absence of purified Nek2A kinase for 30 minutes at 300C. After washing, the protein
bound beads were then incubated with [35S]-labelled C-Nap1-CTD and -NTD proteins.
Samples were separated by SDS-PAGE and Coomassie Blue stained. Dried gels were
exposed to autoradiography. Molecular weights are indicated on the left of each panel
(kDa). B. The histograms show that the interaction between C-Nap1-CTD and -NTD
is reduced as a consequence of phosphorylation by Nek2A kinase. Autoradiographs
were quantified using NIH image software to measure the intensity of each band.
Standard error bars are shown, based on four separate experiments. * P<0.05 suggesting
there is a significant loss of interaction between GST-CTD and GST-NTD following
phosphorylation by Nek2.
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Figure 6.5 Identification of sites within the N- and C-terminal domains of C-
Nap1 phosphorylated by Nek2

GST-C-Nap1-NTD and GST-C-Nap1-CTD proteins were incubated with Nek2A and
ATP in kinase buffer for 30 minutes at 300C. The proteins were then separated by
SDS-PAGE and stained with Coomassie Blue, subjected to trypsin digestion and
analysed by mass spectrometry by Douglas Lamont and Axel Knebel at the Mass
Spectrometry Facility at the University of Dundee. The complete protein sequences
of the C-Nap1-NTD (amino acids 1-488) and C-Nap1-CTD (amino acids 1964-2442)
protein fragment are shown in A and B, respectively. The phosphorylation sites
identified are indicated in red. One phosphorylation site was found in the NTD,
whereas 7 sites were found in the CTD. In addition, two Nek2 phosphorylation sites
identified in a previous study by Baxter (2006) are indicated in blue.
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Figure 6.6 Comparison of the phosphorylation consensus sequence for NIMA
and those sites phosphorylated by Nek2 in C-Nap1
A. The consensus site for phosphorylation by the Aspergillus NIMA kinase. The
phenylalanine within this sequence is thought to be very important. B. The sites within
C-Nap1 phosphorylated by Nek2A and identified by mass spectrometry are indicated in
red. C. Based on the sites shown in B, a consensus sequence for phosphorylation of
substrates by Nek2A is proposed.
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Figure 6.7 Proposed model of how C-Nap1 interactions may be regulated in
response to phosphorylation by Nek2
Schematic models showing how C-Nap1 might exist as a dimer and how its phosphorylation
by Nek2 could stimulate a change in its conformation and its displacement from the
centrosome. The CTD-CTD and NTD-NTD interact strongly, but the CTD-NTD
interactions are considerably weaker. Nek2 interacts with the CTD and NTD domains of the
dimer and this experimental evidence suggests that these CTD-NTD interactions are lost
upon phosphorylation by Nek2. Therefore, it is proposed that either (A) intramolecular
interactions may be disturbed by Nek2 phosphorylation and that C-Nap1 dimers may open
and close in a scissor-like action in response to Nek2 phosphorylation, or (B) that
intermolecular interactions are lost upon phosphorylation by Nek2. Of course it is also
possible that Nek2 regulates both intra- and inter-molecular interactions simultaneously.
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C-Nap1 Nek2A Rootletin Cep68

Centrioles

Figure 7.1 A model of the intercentriolar linkage connecting paired centrioles
Schematic diagram representing a model of centrosome cohesion. In this model, rootletin
fibers form the linkage between the proximal ends of centrioles. Cep68 decorates the
rootletin fibers and may stabilise the rootletin homopolymers. Cep68 may also interact
with C-Nap1 possibly via its flexible hinge region. Nek2A interacts with the N- and C-
terminal globular domains of C-Nap1, as well as with rootletin. The proposal is that
phosphorylation of C-Nap, rootletin, and possibly Cep68, by Nek2A at the G2/M transition
leads to conformational changes in these proteins that cause loss of interactions and
displacement from the centrosome. Ultimately, this triggers collapse of the intercentriolar
linkage promoting centrosome separation at the onset of mitosis.
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