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PHOSPHORYLAT ANALYSIS OF THE CENTR MAL
NEK2 KINASE AND IT BSTRATE

JOANNE ELIZABETH BAXTER

SUMMARY

The centrosome is the major microtubule organising centre of the cell. It undergoes
timely duplication once every cell cycle in a semi-conservative manner. The duplicated
centrosomes are then separated to opposite ends of the cell promoting formation of the
bipolar mitotic spindle. Not surprisingly, the duplication and separation of centrosomes is
controlled in large part by protein phosphorylation. Nek2 is a protein kinase that localises
to the centrosome and has peak activity at the onset of mitosis. The aim of this thesis was
to determine how the Nek2 protein is regulated and to identify phosphorylation sites both
within the Nek2 kinase and its centrosomal substrates. Identification of a Nek2
phosphorylation consensus sequence would also facilitate the discovery of novel Nek2
substrates. Here, we have mapped eleven Nek2 autophosphorylation sites and identified
those which are critical for Nek2 activity. These include sites within the activation loop
of the catalytic domain and in the C-terminal non-catalytic domain. We have also
identified a region within the Nek2 protein that may act as an auto-inhibitory domain. We
also identify Nek2 phosphorylation sites within the centrosomal proteins, Nlp and C-
Napl. Nlp is localised to the mother centriole and may act as a novel microtubule
anchoring protein. We have demonstrated that the localisation of Nlp is dependent upon
the Nek2 protein kinase. Others have previously identified Plk1 as a kinase involved in
Nlp regulation and we demonstrate here that Nek2 acts upstream of Plk1 and may be a
Plk1 priming kinase. In addition, we identify Cdk1 as a possible Plk1 priming kinase on
Nlp. C-Napl is a protein involved in centriole cohesion and phosphorylation by Nek2
may regulate its interaction with other centriole linker proteins. This work substantially
increases our knowledge of Nek2 regulation by phosphorylation and also extends our
understanding of how it regulates centrosome structure and function in a cell cycle

dependent manner.
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Chapter One

Introduction



1.1 The eukaryotic cell division cycle

Eukaryotic cells reproduce by duplication of their genome and cellular contents followed
by division into two daughter cells. Cells complete this task by performing a series of
tightly controlled events involving cell growth, DNA replication, duplication of
cytoplasmic organelles and cell division (Alberts et al., 1994). The cell cycle can be
divided into two distinct phases, interphase and mitosis. Interphase can be further
subdivided into G1, S and G2 phases. Specifically, the cell undergoes a first growth
phase, G1, during which the cell monitors its environment and responds to extracellular
signals to ensure that the environment is adequate to continue proliferation. Once the cell
commits to DNA replication it enters the phase of DNA synthesis, S phase. Following
completion of S phase, the cell enters a second growth phase, G2, which provides the cell
with additional time to ensure that the DNA has replicated correctly and the cell has

doubled in mass before entering into mitosis (Figure 1.1).

Mitosis can also be divided into a series of discrete stages: prophase, prometaphase,
metaphase, anaphase and telophase (Figure 1.2). During prophase, the cell undertakes the
process of chromosome condensation which involves the organisation of interphase
chromatin into condensed sister chromatids. This organisation is required for efficient
segregation of the chromosomes in the subsequent stages (Alberts et al., 1994). The
nuclear envelope remains intact until prometaphase, when nuclear envelope breakdown
occurs allowing the chromosomes to attach to the forming mitotic spindle. The mitotic
spindle is a bipolar structure comprised of microtubules. The spindle poles contain the
centrosomes whose function is to nucleate and anchor the microtubules (Figure 1.2). The
sister chromatids are captured by the microtubules and aligned across the centre of the
spindle - an event termed metaphase. Sister chromatids attach to the microtubules via
their kinetochores and are moved towards opposite poles of the mitotic spindle during
anaphase. Telophase begins by the reformation of the nuclear envelope and the
decondensation of the chromosomes. The final stage to complete the cell division process
is cytokinesis. Here, the cytoplasmic contents must be equally distributed into the two

daughter cells. The process begins by the formation of an actomyosin contractile ring



which constricts to form the cleavage furrow (Alberts et al., 1994). Cellular movement
and further constriction thins the furrow into a microtubule containing structure called the

midbody which undergoes abscission forming the two separate daughter cells.

1.1.1 Cell cycle regulation by protein phosphorylation

The process of cell division is tightly controlled by both phosphorylation and degradation
of proteins, which ensure that each stage is correctly executed. Reversible protein
phosphorylation is a common post-translational modification that plays a key role in
regulating molecules within the cell. Phosphorylation of a protein can alter its
conformation or charge which in turn can stimulate or inhibit enzymatic activity, alter
binding partners or complex formation and affect the subcellular localisation of the
protein. In this way, phosphorylation events are responsible for regulating many if not all
of the critical processes within the cell, including control of the cell division cycle. The
cell division cycle is responsible for regulating the correct timing of DNA synthesis,
chromosome segregation and cytokinesis and relies on phosphorylation to ensure that
each event is carried out in the correct temporal and spatial manner (Nigg, 2001). Any
mishaps could ultimately lead to abnormal cells and cancer. The cell division cycle is
controlled in large part by a number of heterodimeric protein kinases called cyclin
dependent kinases (Cdks) which when associated with the correct cyclin partner are
activated and go forth to trigger key cell cycle events. The cyclin partners accumulate at

various stages of the cell cycle when they are required to activate their Cdk partners.

Cdk-cyclins are essential to ensure that cell cycle events take place in the correct order.
For instance, DNA replication is triggered by Cdk2-cyclin E while the onset of mitosis is
activated by Cdkl/cyclin B. However, Cdks are not the only kinases that are important
for cell cycle control. Others include Polo-like kinases (Plks), Aurora kinases and NIMA-
related kinases, or Neks. The aim of this project is to understand how the Nek2
serine/threonine kinase is regulated by autophosphorylation and how it regulates

downstream substrates by phosphorylation at the centrosome.



Interphase

Figure 1.1 The eukaryotic cell cycle

Diagramatic representation of the eukaryotic cell cycle. The cell cycle comprises of
interphase (GI, S and G2) and mitosis. Mitosis can be further divided into the stages
indicated within the circle. Cells with no growth signals are quiescent (Go).
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Figure 1.2 Mitosis

Stages within mitosis are represented by schematic diagrams of the cell. Structures
shown include the centrosome, nucleus, DNA and the microtubule network. During
interphase the chromosomes are decondensed within the nuclear envelope. Prophase
marks the point at which chromosome condensation occurs and prometaphase (not
shown) the breakdown of the nuclear envelope and attachment of chromosomes to the
mitotic spindle. Metaphase marks the alignment of chromosomes at the equator of the
mitotic spindle followed by movement of the chromosomes to the poles during
anapahase. Telophase and cytokinesis mark the end of mitosis with decondensation of
chromosomes, formation of the cleavage furrow and separation into two daughter cells.
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1.2 The mammalian centrosome

1.2.1 Centrosome structure

The centrosome is a non-membranous organelle of 1-2 um’ volume usually located near
the centre of the cell. Using light microscopy, it was first described by Theodor Boveri in
1901 as a densely packed organelle lying close to the nucleus. The centrosome consists of
two substructures, the centrioles and the pericentriolar material (PCM) (Doxsey, 2001;
Doxsey et al., 2005; Mack et al., 2000; Marshall, 2001, Karsenti, 1999). Centrioles are
barrel-shaped structures that are 0.5 um in length, 0.2 um in diameter and made up from
nine sets of triplet microtubules (Doxsey, 2001). The centrioles act as a scaffold on which
to assemble the PCM which comprise 12-15 nm filaments to which other components
associate (Urbani and Stearns, 1999). There are two centrioles per centrosome that differ
in age: the older centriole is named the mother and can be distinguished by appendages

towards its distal tip, while the younger centriole is called the daughter (Figure 1.3 see

page 11).

Centrioles are polar structures with a proximal and distal end. The proximal and distal
ends of each centriole can be distinguished by additional structures located on and within
the lumen of the centrioles. For instance, a cartwheel structure is located at the proximal
end which comprises of a set of nine spokes connected to a central axis (Marshall, 2001)
(Figure 1.3). Nek2, C-Napl and y-tubulin all localise to the proximal end of the centriole
(Mack et al., 2000). Centriole proximal ends can also be distinguished during centriole
duplication as the end at which the new procentriole emerges. Distal ends of centrioles
can be distinguished as they are the site of a disc-type structure, and have, in the case of
the mother centriole, sub-distal and distal appendages which are thought to anchor

microtubules (Marshall, 2001).

The two centrioles are held in close proximity by a fibrous link called the intercentriolar
linkage. The composition of the linkage is not well characterised, but the proteins C-
Napl and rootletin have been proposed to be part of the structure (Bahe et al., 2005; Fry
et al., 1998a; Mayor et al., 2000). Centriolar satellites are present around the PCM and



are possibly involved in microtubule anchoring or trafficking to the centrosome

(Marshall, 2001).

The PCM surrounds the centrioles but is preferentially associated with the mother (Mack
et al., 2000). The PCM consists of a meshwork of salt-insoluble fibres, protein
aggregates, and coiled-coil proteins, which form a lattice or matrix (Dictenberg et al.,
1998). This matrix may provide a framework for anchoring proteins involved in
microtubule nucleation but other functions of the PCM still remain unclear. The integrity
of the centrosome structure is dependent upon the two centrioles which are required to
organise all the centrosome components into a single stable structure (Bobinnec et al.,

1998).

1.2.2 Centrosome duplication

The centrosome undergoes duplication once per cell cycle. Initial insights into the
process of centrosome duplication were based upon electron microscope images of cells
taken during the cell cycle (Anderson, 1999) (Figure 1.3). These clearly identified a
series of stages of duplication that can be summarized as follows. Initially, the loss of an
orthogonal relationship between the mother-daughter centriole pair occurs early in Gl
(centriole disorientation). At the beginning of S-phase, two short pro-centrioles are
formed at right angles to the original centrioles (centriole duplication). These elongate
through S-G2 reaching a mature length in mitosis. Disjunction of the two mother-
daughter centriole pairs follows forming two new centrosomes (centrosome disjunction).
Finally, centrosome separation occurs and the newly formed centrioles reach maturity
(Hinchcliffe and Sluder, 2001) (Figure 1.4). These events will be discussed in detail in

the following sections.

1.2.2.1 Centriole disorientation

The majority of cultured animal cells enter G1 with a single centrosome made up of two
orthogonally arranged centrioles surrounded by a single cloud of PCM. However, at some
point in G1 (which may be dependent upon cell type) the two centrioles move slightly

apart and acquire their own distinct region of PCM. The process of centriole



disorientation is not well understood. Centrioles have been observed to separate from one
another, with the mother present in a stationary position located in the centre of the cell
and the daughter moving through the cytoplasm (Piel et al., 2000). However, before the
duplication process begins, the centrioles regain their close proximity in the centre of the
cell. It has been proposed that the Skpl-cullin-F-box (SCF) ubiquitin ligase may play a
role in centriole disorientation. Degradation of proteins by the SCF may trigger these
events. Proteasome inhibitors and antibody-mediated interference of the SCF block
centriole disorientation and duplication in Xenopus embryos (Freed et al., 1999). One
target of the SCF, Slimb, when mutated, causes the appearance of multiple centrosomes
and mitotic defects. This supports a role for this complex in the initiation of centrosome

duplication (Wojcik et al., 2000).

1.2.2.2 Centriole duplication

The process of centriole duplication is complex and essential for the formation of a
bipolar mitotic spindle and correct distribution of chromosomes and cell fate
determinants into the two daughter cells (Doxsey, 2002). It is also essential for the stable
inheritance of centrosomes themselves. Centrosome duplication is dependent upon
factors intrinsic to the centrosome itself as well as to cytoplasmic factors (Wong and
Stearns, 2003). To establish how the duplication process occurs, biotinylated tubulin was
microinjected into early G1 cells. Using this method, it was found that during each cell
cycle tubulin was incorporated into the newly-forming daughter centrioles. After
cytokinesis, each daughter cell therefore contained a newly formed centriole and an older
centriole from the previous cell (Kochanski and Borisy, 1990). Centriole duplication, like
that of DNA replication, is therefore semi-conservative. This suggests a templated model
of centriole formation, where the new centriole is formed from a structure residing on the

parent centriole.

In addition to the templated mechanism of centrosome duplication, there appears to be a
second mechanism for centrosome duplication, the de novo pathway, that occurs in the
absence of a parent centriole. The de novo formation of centrioles only occurs during S

phase in HeLa cells. This was shown by laser ablation of both centrosomes (Khodjakov



et al., 2002; La Terra et al., 2005). In S-phase cells lacking intact centrosomes numerous
centriolar structures are formed which upon entry into the next cell cycle mature and gain
the ability to organise microtubules and replicate (La Terra et al., 2005). Re-duplication
after de novo formation does not occur until the following cell cycle suggesting a time
period is required for centriole maturation, possibly to create the new site for templated

centriole formation.

A block to centrosome re-duplication normally exists in cells and this block is not
dependent on the ratio of centrosomes to nuclei (Wong and Stearns, 2003). However, in
p53”" cancer cells this intrinsic block to re-duplication is overcome when in prolonged S-
phase arrest (Wong and Stearns, 2003). The de novo assembly pathway is suppressed in
the presence of a single centriole (La Terra et al., 2005). Indeed, de novo formation does
not occur after certain defects in the centrosome duplication pathway. For instance, after
siRNA depletion of centrin-2, centrioles fail to duplicate. However, the unduplicated
centrioles are still capable of forming a functional mitotic spindle and completing at least
one cell division (Salisbury et al., 2002). A control pathway to re-duplication must
therefore exist to prevent de novo formation occurring when a functional centrosome is
present. This would be necessary to prevent multiple centrosomes assembling leading to
multipolar spindle formation. Furthermore, the de novo formation of centrioles occurs
much more slowly than templated assembly (Marshall et al., 2001). The de novo pathway
creates numerous centrosome structures all capable of microtubule nucleation and spindle
assembly. The number of centrioles formed during the de novo pathway does not
correlate with the doubling time of the cell and therefore their production probably does
not rely upon the templated mode of duplication (Wong and Stearns, 2003). This has
huge implications in human cancers where an initial mutation in p5S3 may trigger onset of
the de novo pathway. Centrosome duplication pathways are therefore critical for the

integrity of the genome.

1.2.2.3 Centrosome disjunction
By the G2/M transition, centrioles have more or less completed duplication and the

process of separating the two newly-formed centrosomes begins. The centrosomes are



thought to be linked by a poorly characterised “inter-centriolar linkage”, a connecting
structure which exists between the two parental centrioles. This fibrous link has been
observed by isolating centrosomes and examining them using electron microscopy
(Paintrand et al., 1992). The existence of a linkage between the parental centrioles is also
supported by the appearance of isolated centrosomes as paired dots under the microscope
(Bornens, 2002). The fact that centrosome pairs are found together is strongly suggestive
of a physical link which cannot be microtubule-mediated as isolated centrosomes are
prepared in the presence of nocadozole. Time-lapse imaging of L929 cells stably
expressing GFP-centrin has also shown that mother and daughter centrioles make
correlated movements as if held together by a piece of string (Piel et al., 2000). The
linkage must be broken to allow disjunction to occur. This is thought to be under the

control of protein phosphorylation (see later).

1.2.2.4 Centrosome separation

Disjunction of the centriole pairs occurs prior to the physical separation of centrosomes
to the two spindle poles. This depends upon the action of motor proteins, especially the
kinesin Eg5 (Blangy et al., 1995; Sawin and Mitchison, 1995). Microinjection of
antibodies directed toward Eg5 blocks centrosome separation leading to an arrest in
mitosis and monoastral microtubule arrays (Blangy et al., 1995). The localisation of Eg5
to the centrosomes is regulated by its phosphorylation by Cdk1 (Sawin and Mitchison,
1995). Once again this highlights the role of protein phosphorylation in control of the

centrosome duplication cycle.

1.2.3 Centrosome functions

The vertebrate centrosome was initially anticipated to be ‘the organ of cell division par
excellence’ (Wilson, 1925). Clearly, its main function is to act as a microtubule
organising centre, MTOC, responsible for the control of microtubule events such as
microtubule nucleation, anchoring and release (Anderson, 1999). However, the range of
functions associated with centrosomes is growing rapidly, it is now thought to play major
roles in mitotic spindle assembly, positioning of the mitotic spindle, G2/M entry, mitotic

progression, cytokinesis and possibly G1/S control (Nigg, 2004).
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Figure 1.3 The mammalian centrosome

A. Diagramatic representation of the mammalian centrosome. Substructures are
indicated by small arrows. B. Electron micrograph image of the centriole structure.
Arrows point to mother centriole distal appendages. Picture taken from Delattre and
Gonczy (2004). C. Immunofluorescence image of a typical human cell. The
centrosome (yellow) is located at the heart of the microtubule network (green) close
to the nucleus (blue). Picture courtesy of Dr. Andrew Fry.
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Figure 1.4 The centrosome duplication cycle

The centrosome duplication cycle is directly co-ordinated with the cell cycle. Centriole
disorientation occurs during Gl followed by duplication through S and G2. Inter-
centriolar linkage breakdown follows during G2 and the centrosome matures during G2-
M. Coinciding with mitotic spindle formation, the centrosomes separate to the poles of
the mitotic spindle until they are separated into the two newly formed daughter cells.
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Centrosomes, when present, act dominantly to regulate mitotic spindle assembly through
organisation of the spindle poles (Heald et al., 1997). This pathway may ensure the high
fidelity of chromosome segregation and ensure centrosomes are inherited equally during
each cell division cycle. The involvement of centrosomes in this process is highly
important and mistakes may be causative in the initiation or progression of human
cancers. For example, the presence of more than two centrosomes can result in the
formation of multipolar spindles and abnormal chromosome segregation, which in turn
may result in aneuploidy (Brinkley, 2001; Nigg, 2002). Positioning of the mitotic spindle
is essential for accurate segregation of chromosomes, asymmetric distribution of cell fate
determinants, normal and asymmetric cell divisions and in defining the plane of
cytokinesis. Centrosomes and associated astral microtubules are important for spindle
positioning in mammalian cells. In cells lacking centrosomes, no astral microtubules are
produced and spindles may become mispositioned causing problems in cytokinesis

(Khodjakov and Rieder, 2001).

The contribution of centrosomes to cytokinesis is mechanistically unclear with some
studies indicating that centrosomes might be involved in activating cytokinesis, while
others suggest a role in the release of cells from a checkpoint that monitors the
completion of mitosis. There may be a specific role for the mother centriole in
cytokinesis as the mother centriole moves into the midbody just prior to cell abscission
(Piel et al., 2000). In the absence of centrosomes some cells fail to complete cytokinesis.
Those that successfully divide then appear to arrest in G1 and do not initiate DNA
replication (Hinchcliffe et al., 2001; Khodjakov and Rieder, 2001). It was postulated that
cells may be activating a checkpoint that monitors centrosome number or excess DNA.
Alternatively, centrosomes might be required to activate DNA replication (Hinchcliffe et
al., 2001). It is unclear whether the centrosome directly mediates these events or
centrosomal defects trigger checkpoints, which monitor the completion of mitosis. One
consequence of these checkpoints may be to ensure that dividing animal cells receive the

correct number of centrosomes after each cell division.
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1.3 Microtubule organisation

Microtubules are involved in a wide range of functions within the cell. During interphase,
they form the cytoskeleton upon which proteins and organelles can be transported
throughout the cell. In mitosis, they form the bipolar mitotic spindle. Microtubules are
made up from a- and B-tubulin dimeric subunits arranged in a tubular conformation
(Dammermann et al., 2003; Moritz and Agard, 2001). The tube consists of thirteen
parallel protofilaments made up from individual a- and B-tubulin dimers. Microtubules
are intrinsically polar due to the arrangement of a-tubulin next to a B-tubulin molecule.
The polarity gives rise to a rapidly growing (plus end) and a slower growing (minus end)
end. The dynamic nature of microtubules allows movement and directionality of the
microtubule units (Dammermann et al., 2003). The growth and shrinkage of microtubules
happens constantly and as such their relative length will vary at any one time.

Microtubules are often anchored at their minus ends at the centrosome.

1.3.1 Microtubule nucleation

A number of centrosomal proteins not surprisingly play critical roles in microtubule
nucleation. Indeed, it is the concentration of these proteins at the centrosome that confers
on it the status of a microtubule organising centre. Microtubule nucleation occurs from
within the PCM at 25S complexes known as y-tubulin ring complexes, or y-TuRCs (Job
et al., 2003). These are open rings of roughly 25 nm in diameter, which localise directly
at the centrosome (Moritz et al., 1995). The complex is thought to act as a direct template
for the assembly of a- and B-tubulin dimers and is absolutely required for microtubule
nucleation in vivo (Zheng et al., 1995). In Xenopus, the complex was identified as an
open ring structure which in addition to microtubule nucleation, may also cap the minus
ends of microtubules (Zheng et al., 1995). Microtubule capping is required to prevent
rapid depolymerisation of the minus ends of microtubules after they are released.
Microtubules polymerised spontaneously have an irregular number of protofilaments
whereas those formed from y-TuRCs have a regular 13 protofilament structure suggesting
that the y-TuRC is acting as a template to directly influence the structure of the
microtubule (Urbani and Stearns, 1999). The y-TuRC consists of y-tubulin and at least
another five proteins which include Spc97p (GCP2), Spc98p (GCP3) and GCP4, -5 and —
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6 (Stearns and Winey, 1997). These proteins form a stable complex, which localises to

the the centrosome in mammalian cells.

y-tubulin is absolutely required for microtubule nucleation. It is present at the centrosome
at all cell cycle stages but there is a rapid increase during mitosis (Khodjakov and Rieder,
1999). Presumably, this coincides with the increase in microtubule nucleation required
for mitotic spindle formation. Fluorescence recovery after photobleaching (FRAP)
analysis of cells expressing GFP-y-tubulin reveals that y-tubulin is present at the
centrosome in two populations: one in rapid exchange with the cytoplasm and one in
slow exchange (Khodjakov and Rieder, 1999). The study also reported that recruitment of
y-tubulin is not dependent on microtubules. In contrast, others have reported that
recruitment of y-tubulin is dependent upon dynactin (Quintyne et al., 1999). Dynactin is a
component of the dyein/dynactin complex and is comprised of subunits including an
actin-like backbone and a sidearm p150°“"E°, The sidearm binds to dynein, which is a
minus-end directed motor. Together, the complex is responsible for the transport of some
proteins to the centrosome via the microtubule network. Overexpression of parts of the
sidearm subunits result in a dominant-negative effect on the endogenous protein. As such
microtubule arrays become unfocused and disorganised and y-tubulin recruitment is lost
(Quintyne et al., 1999). Microinjection of dynein antibodies into Xenopus cells also
inhibits y-tubulin recruitment to the centrosome (Young et al., 2000). The authors note
that both pericentrin and y-tubulin assembly are inhibited in the absence of microtubules.
Together, the data strongly argue that y-tubulin recruitment to the centrosome is

dependent on microtubules after all.

Although both y-tubulin and the y-TuRC can be found in the cytoplasm, microtubule
nucleation only occurs at the centrosome suggesting that y-TuRC activators are present at
the centrosome. In plant cells that lack centrosomes, microtubule nucleation occurs at the
nuclear surface from a focused array of microtubules docked by their minus ends
(Canaday et al., 2000). It is not yet clear exactly how y-TuRCs are held within the PCM.
A number of candidate y-tubulin binding proteins (GTBPs) have been identified
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including pericentrin/kendrin, CG-Nap, CP309, Nlp and Asp (Bornens, 2002; Canaday et
al., 2000; Casenghi et al., 2003; Delgehyr et al., 2005; Doxsey et al., 1994).

Within the pericentriolar material, the protein pericentrin is localised and is ordered into a
lattice structure to which y-tubulin co-localises (Doxsey et al., 1998). Pericentrin is
required for microtubule nucleation from Xenopus sperm centrosomes and therefore the
binding of pericentrin to y-tubulin may represent another mechanism for y-TuRC
anchoring at the centrosome (Anderson, 1999). Indeed, pericentrin complexes with y-
tubulin to recruit y-tubulin to the centrosome and is also required for the assembly of the
YTuRC (Young et al.,, 2000). GFP-pericentrin and GFP-y-tubulin move along
microtubules at a similar speed to dynein (1 um/s) and their assembly at the centrosome
is inhibited in the absence of microtubules. Pericentrin binds to microtubules in a dynein-
dependent manner as the disruption of dynein by antibody microinjection inhibits
recruitment of both y-tubulin and pericentrin (Young et al., 2000). It is highly plausible
therefore that pericentrin plays a critical role in organising y-TuRCs to promote

microtubule nucleation at the centrosome.

1.3.2 Microtubule anchoring and release

Microtubule nucleation occurs within PCM associated with both the mother and the
daughter centrioles. However, once nucleation has occurred, microtubules are often
released or severed from their site of nucleation. Free microtubules may be released into
the cytoplasm or become anchored at centrosomal or non-centrosomal sites. The
centrosomal sites of microtubule anchoring are concentrated at the distal appendages of
the mother centriole. The processes of microtubule nucleation and anchorage therefore

involve distinct groups of proteins.

One protein involved in microtubule anchorage is ninein. Ninein was originally cloned
from mouse and identified as having two splice variants, 245 kDa and 249 kDa,
containing 2 EF hand domains, a GTP-binding site and 4 leucine zipper domains
(Bouckson-Castaing et al., 1996). Human ninein has since been cloned as a 239 kDa

protein similar to mouse ninein but containing no EF hands (Hong et al., 2000). Ninein
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was proposed to be involved in microtubule anchoring due to its specific localisation to
the mother centriole distal appendages (Mogensen et al., 2000; Young et al., 2000).
Depletion or overexpression of ninein affects the ability of the centrosome to organise
microtubules without affecting its ability to nucleate them (Dammermann et al., 2003).
Ninein has also been reported to localise to the proximal end of the daughter centriole
along with centriolin and C-Napl. This localisation only occurs at the telophase-G1
transition when the daughter centriole matures into the mother (Ou et al., 2002). This
suggests that ninein localisation to the daughter centriole may be required for centriole
maturation. Indeed ninein or an additional centriolar protein may be required for
centrosome integrity. Microinjection of centriolin or ninein antibodies disrupts
centrosome function and causes the dispersal of centrosomal material (Young et al.,
2000). Ninein may contribute to centrosome stability by anchoring y-tubulin via its N-
terminal domain and anchoring to the centriole by its C-terminal domain (Delgehyr et al.,
2005). Thus, two separate roles of ninein in microtubule anchoring and nucleation have

been proposed (Delgehyr et al., 2005).

A recently identified protein, ninein-like protein (Nlp) (Casenghi et al., 2003), is also
localised to the mother centriole and could possibly have a role in microtubule nucleation
and anchorage as will be discussed in later chapters. As mentioned previously, dynactin
overexpression leads to unfocused arrays of microtubules and a loss of microtubule
binding to the centrosome (Quintyne et al., 1999). Dynactin is also concentrated at the
mother centriole and therefore may be involved in microtubule anchorage to the

centrosome.

Microtubule anchorage is not limited to the centrosome. In mouse epithelial cells,
microtubules dock with their minus ends to the apical cell surface; antibodies to y-tubulin
and pericentrin do not detect these proteins at these sites (Mogensen et al., 1997). This
suggests that these sites are not additional nucleation sites. Ninein localises to the minus
ends of microtubules while in transit and also to the apical non-centrosomal sites where
microtubule minus ends are anchored (Mogensen et al., 2000). Pericentrin is also found

located in these non-centrosomal regions (Doxsey, 2001). It would be interesting to
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determine whether Nlp and other candidate anchoring proteins are involved in non-

centrosomal anchorage.

1.4 Qentrosomes and Qancer

A cancerous or malignant growth contains cells that have broken free of normal cell cycle
limits and controls (Alberts et al., 1994). Tumour progression occurs via a distinct series
of transformation events. Initially there is an increase in cell number which is termed
hyperplasia. Here the cell cycle has undoubtedly been disrupted to the extent that the cell
continuously divides. One consequence of the uncontrolled division is a potential
increase in further mutations which carry a selective advantage over normal cells and
allow the cancer to progress. Dysplasia/metaplasia marks a change in cell morphology
followed by invasion of the tumour cells into secondary tissues. Ultimately, metastasis
occurs in which there is a total transformation of cellular characteristics including a loss
of cellular features, loss of normal cytoplasmic organisation and tissue architecture and

invasion of distant sites.

Cancer is usually the accumulation of multiple processes which may include activation of
one or more oncogenes, loss of tumour suppressor genes, a deregulated cell cycle or
possibly a deregulated centrosome cycle (Brinkley and Goepfert, 1998). The implications
of a deregulated centrosome cycle and mutation of centrosome associated proteins will be

discussed.

1.4.1 Centrosomal defects: cause or consequence of cancer?

Solid tumours often display aneuploidy and abnormal centrosome numbers. The
centrosome plays a major role in the correct distribution of chromosomes and other cell
fate determinants into daughter cells during mitosis. Incorrect centrosome numbers can
result in abnormal spindle formation, for example if centrosome duplication fails or
occurs more than once per cell cycle (Nigg, 2002). Monopolar spindles lead to a
complete failure of chromosome segregation and tetraploidization whereas multipolar

spindles can lead to uneven segregation or chromosome breakage. Tumour suppressor
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genes may be lost or oncogenic alleles accumulate as a result of this mis-segregation and
hence cancer may occur. Abnormal centrosome numbers are found in many cancer types
and are thought to be a key event in tumour progression in breast, prostate and colon
cancer (Saavedra et al., 2003). The loss of tumour suppressors such as p53, p2l,
GADD45, BRCA1, BRCA2 and APC or the expression of oncogenes Aurora A, Ras,
MAPKK and Mos, can all lead to abnormal centrosome numbers and anueploidy
(Saavedra et al., 2003). There is a strong correlation between increased centrosome
numbers and chromosome number aberrations but, like the chicken and egg, it is hard to
determine which one comes first (Nigg, 2002). Mouse mammary tumour models suggest
that centrosomal abnormalities occur at a pre-malignant stage of cell transformation and
are followed by clonal selection of viable tumour progenitor cells (Brinkley and
Goepfert, 1998; Saunders, 2005). However, others have observed that centrosomal
abnormalities are only associated with chromosomal abnormalities and therefore suggest

that the changes only occur late in tumour progression (Saunders, 2005).

Centrosome abnormalities in cancer cells do not merely comprise abnormal numbers. The
centrosomes may also have an increased size, with an accumulation of excess
pericentriolar material and exhibit inappropriate phosphorylation of centrosomal proteins
(Salisbury et al., 2002). However, much focus has been on abnormal centrosome numbers
leading to multiple MTOCs and as such multipolar spindles and aneuploidy (Saunders,
2005). There is no doubt that abnormal centrosomes are associated with tumour
progression but which proteins may be involved in the deregulation of the centrosome

cycle to cause such a catastrophic event is still to be determined.

1.5 Protein kinases in control of the centrosome duplication cycle

As previously described, the centrosome undergoes a series of morphological changes
throughout the cell cycle, which allow a dynamic change in structure and function
(Mayor et al., 1999). Protein kinases and reversible phosphorylation are key to the
organisation and control of these cell cycle dependent changes within the centrosome

(Fry et al., 2000b). Many protein kinases have been localised to the centrosome and
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these are likely to be activated at the centrosome to contribute to global and localised cell
cycle events (Figure 1.5). Four major groups of protein kinases appear to localise and
function at the centrosome, these include the cyclin dependent kinases (CDKs), polo-like
kinases (Plks), Aurora kinases and NIMA kinases (Fry and Faragher, 2001). Some of
these will be discussed in the following sections. Although other kinases do localise to
the centrosome (e.g PKA (Matyakhina et al., 2002)) they are less relevant to this thesis

and will not be discussed.

1.5.1 Cdk2

Centriole duplication, as well as DNA replication, is triggered by the Cdk2-cyclin E/A
complex (Mussman et al., 2000). Inhibition of Cdk2 in Xenopus egg extracts blocks the
initiation of centrosome duplication, showing that the kinase activity of Cdk2-cyclin E is
required for initiation of centrosome duplication (Lacey et al., 1999). It is proposed that
the Cdk2-cyclin E complex phosphorylates centrosomal proteins and that this
phosphorylation event triggers the initiation of centrosome duplication. One such protein
is nucleophosmin/B23, (NPM/B23) a target for the Cdk2-cyclin E complex (Okuda et al.,
2000). The NPM/B23 protein associates specifically with unduplicated centrosomes and
dissociates when phosphorylated by the Cdk2-cyclin E complex, an event that triggers
the disorientation of the two centrioles (Okuda et al., 2000). An anti-NPM/B23 antibody
which prevents Cdk2-cyclinE mediated phosphorylation of NPM/B23 inhibits
centrosome duplication as does the expression of a non-phosphorylatable mutant (Okuda
et al., 2000). The phosphorylation site has been identified as threonine 199 and
expression of a T199A non-phosphorylatable mutant blocks duplication and results in

aberrant mitosis with monopolar spindles (Tokuyama et al., 2001).

In addition, it has been suggested that Cdk2 phosphorylation of BRCA1 the breast cancer
tumour suppressor inactivates the protein and allows centrosome duplication to occur
(Deng, 2002). BRCA1 involvement in centrosome duplication may not be so clear-cut.
The protein localises to the centrosome and it’s disruption leads to centrosome
amplification but its involvement in amplification may be secondary to other more global

changes within the cell such as p53 deregulation.
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1.5.2 Mpsl and Zyg-1

Another kinase implicated in centrosome duplication is the Mps1 protein. In yeast Mpslp
is essential for spindle pole duplication and may also function in the spindle assembly
checkpoint. Mouse Mpsl localises to centrosomes and its kinase activity is required for
centrosome re-duplication in S-phase arrested cells (Fisk and Winey, 2001). The murine
Mpsl protein is phosphorylated by Cdk2 in vitro and GFP-Mpsl1 stimulates centrosome
re-duplication in S-phase arrested cells (Fisk and Winey, 2001). It is proposed that a
Cdk2 dependent de-stabilization of Mpsl is part of a mechanism restricting centrosome
duplication in S-phase (Fisk and Winey, 2001). The human Mps1 kinase is cell cycle
regulated with maximal levels in mitosis. However, unlike the mouse Mpsl, human
Mpslp does not localise to the centrosome and siRNA interference does not inhibit

centrosome duplication but does activate the spindle checkpoint (Stucke et al., 2002).

The C. elegans Zyg-1 protein localises to centrosomes late in mitosis and mutations in
Zyg-1 cause monopolar spindle formation. This suggests Zyg-1 kinase may play a role in
centrosome duplication (O'Connell, 2002). Possible substrates of Zyg-1 include the Spd-
2, Sas-4, Sas-5 and Sas-6 proteins, all of which are essential for centrosome duplication

in C. elegans (Leidel and Gonczy, 2005).

1.5.3 Aurora A

Overexpression of Aurora A results in centrosome amplification and has been associated
with chromosomal instability and transformation of mammalian cells (Zhou et al., 1998).
However, the role of Aurora A in centrosome regulation is complex as the kinase is
involved in many aspects of centrosome regulation including assembly, maturation,
maintaining centrosome separation, spindle assembly and promotion of microtubule

organisation.
First of all, there is evidence that Aurora A is involved in centrosome maturation. At late

G2, Aurora A is activated by autophosphorylation on threonine-288 (T288) (Walter et
al., 2000). Evidence from studies on the C. elegans homologue AIRI suggests that
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Aurora A is required for recruitment of y-tubulin to the centrosome and therefore in
centrosome maturation. RNAi of AIR1 causes spindle assembly failure after nuclear
envelope breakdown. Separated centrosomes collapse back together resulting in
monopolar spindle formation due to a lack of y-tubulin recruitment and centrosome
maturation (Hannak et al., 2001). This study links the role of centrosome maturation with

the overall progress of the centrosome and cell division cycles.

Aurora A is also required for mitotic entry as RNAi of Aurora A impairs the cell’s ability
to enter mitosis (Hirota et al., 2003). Depletion of Aurora A reduces the levels of y-
tubulin at the centrosome thus preventing centrosome maturation. In addition, Aurora A
is required to recruit the Cyclin B1-Cdkl complex (a key activator of mitosis) to the
centrosome and this may account for the block. A similar phenotype is observed when an
activating partner of Aurora A, Ajuba, is absent (Hirota et al., 2003). In the absence of
Ajuba, Aurora A is recruited to the centrosome but remains inactive. It is therefore

possible that Aurora A is activated by Ajuba and this is a key event in mitotic entry.

The involvement of Aurora A in centrosome duplication is not obvious as excess levels
of Aurora A, either wild-type or kinase-inactive, induce centrosome amplification and
multinucleation. In fact overexpression of other mitotic kinases such as Plk1 and Aurora
B also result in centrosome overduplication, multinucleation and tetraploidization. An
identical phenotype arises from the addition of cytochalasin D, an inhibitor of cytokinesis
(Meraldi et al., 2002). Taken together, these data suggest that overexpression of the
protein causes a failure of cells to complete cytokinesis, due to a variety of mitotic
defects which results in cells with abnormal DNA content and amplified centrosomes

(Meraldi et al., 2002).

Microtubule organisation and nucleation occurs primarily at the centrosome during
mitosis. This is mediated in part by transforming acidic coiled-coil proteins (TACCs),
which help to stabilize microtubules during mitosis by recruiting minispindles
(Msps/XMAP215/TOG) proteins to the centrosome. It has recently been demonstrated

using D. melanogaster mutants and Xenopus egg extracts that Aurora A phosphorylates
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TACC proteins in vivo (Barros et al., 2005; Peset et al., 2005). This phosphorylation
occurs exclusively at mitosis and is absolutely required for TACC protein complexes,
including Maskin and Msps, to localise at the centrosome (Barros et al., 2005; Kinoshita
et al., 2005; Peset et al., 2005). This stabilisation of microtubules at the centrosome
during mitosis is therefore in part under the regulation of Aurora A activity and may
explain why centrosomes are such dominant sites of microtubule assembly during

mitosis.

Aurora A is also implicated in spindle assembly through a Ran mediated signalling
pathway (Tsai et al., 2003). Ran-GTP is a nuclear factor believed to regulate spindle
assembly (Di Fiore et al., 2003). Ran-GTP serves to release spindle assembly factors such
as TPX2 and NuMA from the inhibitor importin-a to promote spindle assembly (Gruss et
al., 2001). The release of TPX2 allows it to interact with Aurora A stimulating Aurora A
activity (Tsai et al., 2003). Aurora A activity is then directed toward TPX2, PP1 and Eg5

(kinesins) to contribute to spindle assembly.

An additional binding partner of Aurora A as identified by co-immunoprecipitation
experiments is the promyelocyte leukaemia gene splice variant, PLM3 (Xu et al., 2005).
PLM3 is localised to centrosomes and its deficiency results in centrosome amplification.
The presence of PLM3 is thought to reduce the level of Aurora A phosphorylation on
T288 and as such this repression has been suggested as a mechanism to prevent
centrosome re-duplication, again highlighting the importance of the Aurora A kinase in
the centrosome duplication cycle. This provides a mechanism for the activity of Aurora A
to be repressed after entry into mitosis (Xu et al., 2005). A second mechanism is through

targeted degradation of Aurora A by the proteasome (Walter et al., 2000).

1.6 Polo-like kinases

Polo-like kinases represent a highly conserved family of serine/threonine kinases
implicated in cell division and centrosome regulation (Barr et al., 2004). The first

member, polo, was identified in Drosophilia melanogaster as a protein which when
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mutated led to abnormal mitosis (Llamazares et al., 1991). Llamazares (1991) reported
that mutations in polo lead to overcondensed chromosomes, bipolar spindles with extra
chromosomes, monopolar spindles and bipolar spindles with one spindle pole being extra
broad. These abnormal phenotypes associated with polo mutations all point to a function

in organising mitosis.

Since then homologues of polo have been identified in many species including Plol of
Schizosaccharomyces pombe, CdcSp of Saccharomyces cerevisiae, murine homologues
Snk, Fnk and Sak, and human Plk1, Plk2, Plk3 and Plk4 (Donohue et al., 1995; Fode et
al., 1994; Golsteyn et al., 1994; Hamanaka et al., 1994; Holtrich et al., 1994; Kitada et al.,
1993; Llamazares et al., 1991; Ohkura et al.,, 1995; Simmons et al., 1992). Lower
eukaryotes have one polo-like kinase, whereas mammals have at least four. The family of
kinases can be identified by structural features, a conserved N-terminal catalytic domain
and a conserved region in the carboxy-terminal region named the polo-box domain
(PBD). This PBD is structurally important for targeting polo-like kinases to their
substrates and will be discussed in detail later (Lee et al., 1998). The S. cerevisiae Cdc5p
protein kinase accumulates at the G2/M transition and cells with cdc5 mutants have a
dumbbell shaped morphology. This is characteristic of a defect in completion of sister
chromatid separation (Kitada et al., 1993). The dumbbell morphology is also observed in
HeLa cells depleted of Plk1 by RNAi (Liu and Erikson, 2003).

Pix1 (Xenopus homologue of human Plkl) and mammalian Plkl have direct roles in
mitotic entry and exit. Plx]1 phosphorylates and activates Cdc25 which leads to the
dephosphorylation and subsequent activation of Cdkl and as such has a direct role in
mitotic entry (Cogswell et al., 2000). Plkl on the other hand may play a direct role in
mitotic exit by the phosphorylation of Cdc27 and other APC components thereby
activating the APC for degradation of cyclin B and other proteins (Kotani et al., 1999).

The murine Snk (Plk2), Fnk (Plk3) and Sak (Plk4) polo kinases were identified due to

their high sequence similarity with the Polo kinase domain (Barr et al., 2004). These are

all highly expressed in dividing tissues and are thought to play a role in meiotic and
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mitotic divisions (Donohue et al., 1995; Fode et al., 1994; Simmons et al., 1992). These

will be discussed in more detail in later sections.

1.6.1 Polo-like kinase 1 (P1k1)

Plk1 has been implicated in a wide range of functions during mitosis. Plk1 was identified
as a protein kinase by homology of its protein sequence to polo and cdc5 (Golsteyn et al.,
1994). The specific activity of Plkl increases in mitosis as does its expression levels
(Mundt et al., 1997) Plk1 binds to the mitotic spindle poles and is redistributed to the
midzone at anaphase (Golsteyn et al., 1995). In line with an increased expression at
mitosis the kinase activity of Plkl is low during interphase and high during mitosis
(Golsteyn et al., 1995). However, the increase in activity is more than can be explained
simply through increased protein levels suggesting specific activation of the kinase
during mitosis (Mundt et al., 1997). Indeed, autophosphorylation of Plkl occurs during
mitosis and phospho-amino acid analysis reveals phosphate incorporation on serine and
threonine residues in Plkl (Golsteyn et al., 1995). Mutation of the activation loop
threonine residue T210 to aspartate increases the kinase activity of Plkl supporting
evidence for autoactivation (Lee and Erikson, 1997). The kinase activity of Plkl1 is lost
when the protein is degraded at the completion of mitosis through an ubiquitin-
proteasome mediated pathway (Ferris et al., 1998). The degradation of Plk1 is required
for exit from mitosis as, when a non-degradable form of Plkl is present, cells are
prevented from exiting mitosis (Lindon and Pines, 2004). High levels of hyperactive
PIk1-T210D also delay mitotic exit suggesting that Plk1 activity must be subdued before
mitotic exit can occur (Lindon and Pines, 2004). Plk1 is thought to have an additional

function in regulating cytokinesis before it is destroyed (van Vugt and Medema, 2005).

1.6.2 Plk1 substrates and functions

The PIk1 kinase plays multiple roles during the course of mitosis. It has been implicated
in the control of centrosome maturation, mitotic entry, regulation of the APC/C,
chromosome segregation and cytokinesis. A role for Plkl in early mitosis was identified
by purification of Plx1 from Xenopus egg extracts as a kinase that phosphorylated the

nuclear export sequence Serl47 of cyclin B (Toyoshima-Morimoto et al., 2001). S147
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phosphorylation does not occur in Plk1-depleted HeLa cells and mutation of this site and
S133 to alanine prevents the nuclear localisation of cyclin B. Plkl when co-expressed
stimulates the entry of Cdkl/cyclin B into the nucleus (Toyoshima-Morimoto et al.,
2001). Therefore, this highlights an important role for Plkl in recruitment of mitosis
promoting factors into the nucleus during prophase. The peptidyl-prolyl cis/trans
isomerase, Pinl, is also phosphorylated by Plk1 increasing its stability by regulating its
ubiquitination (Eckerdt et al., 2005). Pinl is thought to regulate mitotic entry and as such

this represents another mechanism by which Plk1 regulates this stage of the cell cycle.

Plk1’s role in centrosome maturation was first highlighted by antibody microinjection
assays. Inhibition of Plkl resulted in monoastral spindles and a decrease in y-tubulin
recruitment to the centrosome (Lane and Nigg, 1996). This suggests an involvement of
Plk1 in the maturation of the centrosome at the G2/M transition. However, how Plkl
contributes to centrosome maturation is not clear. It could be either through displacement
of Nlp, or through recruitment of proteins such as Asp and RanBPM (Jang et al., 2004).
Nlp is a novel substrate of Plkl that binds the y-TuRC (Casenghi et al., 2003). Nlp
localises to the mother centriole and thus may be involved in microtubule anchoring
(Rapley et al., 2005). Phosphorylation of Nlp by Plk1 displaces it from the centrosomes
and this may be an essential step in centrosome maturation. Nlp will be discussed in more

detail in later sections.

Abnormal spindle protein (Asp) is required for normal bipolar spindle formation in
Drosophila with asp mutations resulting in broad unfocused spindles (Avides and Glover,
1999). Asp is a microtubule associated protein (MAP) that localises to the polar regions
of the spindle in early mitosis and the midbody at telophase (Saunders et al., 1997). Asp
is phosphorylated by polo in vitro (Avides et al., 2001). Mutations of asp and polo have
similar mutant phenotypes with defects in spindle pole assembly. Extracts depleted of
Asp or Polo lack the ability to nucleate microtubules from the MTOC. Addition of Asp
alone does not restore the ability of depleted centrosomes to nucleate and organise a
focused mitotic spindle (Avides and Glover, 1999). However, phosphorylated Asp or the

re-addition of Polo restores nucleation and a focused spindle pole (Avides et al., 2001).
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Asp and Polo co-immunoprecipitate demonstrating an association between Asp and Polo.
These data suggests that, at early mitosis (prophase), Asp and Polo form a complex in
which Asp is phosphorylated and stimulated to organise microtubule asters. This
organisation of focused asters is later required for the correct formation of the mitotic

spindle at metaphase.

An additional role of Plkl1 at the centrosome may include the recruitment and activation
of RanBPM to the centrosome (Jang et al., 2004). RanBPM is involved in microtubule
assembly and co-localises with Plkl at the centrosome. This interaction may play an

important role in centrosome maturation and spindle integrity.

Chromosome condensation occurs during prophase in preparation for sister chromatid
separation. Cohesin and condensin are two proteins involved in this process mediating
cohesion and condensation of chromosomes, respectively. Cohesin release from the
chromosomes is essential for sister chromatid separation; cohesin is released as a result of
cleavage by separase which is normally inhibited by securin until securin is degraded by
the APC/C. However, there are additional controls regulating the dissociation of cohesin
including phosphorylation by Polo/Cdc5 (Alexandru et al., 2001). In PIx1 depleted
Xenopus egg extracts, the release of cohesin from prophase chromosomes is blocked
(Losada et al., 2002). Cohesin release from the chromatin can also occur in the absence of
cleavage. Plkl has been implicated in this process by phosphorylation of cohesin
(Sumara et al., 2002). Plk1 phosphorylation of cohesin is, therefore, a major regulation

event in release of cohesin from chromatin and the onset of sister chromatid separation.

Depletion of Plx1 from mitotic egg extracts also prevents mitotic exit suggesting that
Plx1 might regulate the APC/C (Descombes et al., 1998). Plk1’s role in regulating the
APC/C and as such regulating mitotic progression was shown in kinase assays and
immunoprecipitations of APC/C components. Cdkl/cyclin B-activated Plkl can
phosphorylate the APC/C components Cdc16, Cdc27 and Tsg24. This phosphorylation
activates the APC/C (Kotani et al., 1999). In addition, Plx1 phosphorylates the APC/C
inhibitor XErpl targeting it for degradation (Schmidt et al., 2005). Thus, the Plk1 protein
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plays a direct role in mitotic exit through activation of the APC/C and degradation of

specific targets required for cell cycle progression.

The motor mitotic kinesin-like protein 2 (Mklp2) is a late mitotic substrate of PIkI.
Mklp2 binds the polo-box-domain (PBD) of Plkl and is phosphorylated by Plkl on
Serine 528 (Neef et al., 2003). Blocking the phosphorylation of Mklp2 by Plkl leads to a
cytokinesis defect. It has been demonstrated that phosphorylation of Mklp2 by Pkl
targets Plkl complex to the central spindle. Plk1 localisation is thus controlled by the
phosphorylation of Mklp2. Plkl function and targeting is blocked in Mkip2-S528A
mutants (Neef et al., 2003). Therefore, Pkl can direct its own targeting to the central
spindle by phosphorylating the Mklp2 protein. Plk1l can then contribute to further cell

cycle events by the spatial activation of targets at the central spindle.

Depleting Plkl by RNAI leads to an inhibition of cell proliferation, decreased cell
viability and the activation of apoptosis as seen by caspase 3 activation. In addition, cells
arrest at G2/M with 4N DNA content and dumbbell-shaped DNA (Liu and Erikson,
2003). This highlights the importance of Plkl at all stages of mitosis. Increased Cdkl
activity is also observed when either an inactive Plk1-K82M kinase or a truncated
PIk1AN is expressed (Seong et al., 2002). The expression leads to a pre-anaphase arrest
with an increase in both Cdk1 and Plk1 activity. These mutants are most probably having
a dominant-negative effect on the endogenous Plk1 protein and as such give a phenotype

in line with that of RNAI depletion.

1.6.3 Polo-like Kkinases: structure and activation

The polo-like kinases are characterised by their structure, which contains not only a
characteristic kinase domain but also a region within the non-catalytic domain termed the
PBD. Within the catalytic activation loop of Plk1 lie two conserved residues E206 and
T210, both of which are equally important for Plkl activity. T210, when mutated to
aspartate, increases kinase activity and E206 when mutated to a non-acidic group
decreases kinase activity (Lee and Erikson, 1997). The kinase activity of Plk1 is therefore

dependent on either autophosphorylation on T210 or activation by an upstream kinase.
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Also there is a requirement for a negative residue at position —4 from the phosphorylation
site. It is also interesting to note that a Plk1-AC mutant was three-fold more active than
the wild type kinase (Lee and Erikson, 1997; Mundt et al., 1997). This may represent an
auto-inhibitory action of the C-terminal domain, which could be relieved in a cell cycle-

dependent manner by conformational changes in Plk1.

The PBD of Plk1 comprises of two polo boxes, PB1 from amino acids 405-494 and PB2
from 505-598. These come together in three dimensions to form the PBD. The main
functions of the PBD are thought to be in substrate binding and subcellular localisation of
Plkl. Overexpression of the PBD alone leads to mitotic defects including spindle
abnormalities and micronucleated cells. These occur in the absence of centrosome
duplication suggesting that the abnormalities are not a result of cytokinesis failure (Seong
et al., 2002). Mutation of the PBD (W414F) disrupts localisation of Plk1 to spindle poles

without affecting the kinase activity of the protein (Lee et al., 1998).

Crystal structure determination of the polo motif revealed it to comprise of a six-stranded
B-sheet and an a-helix,each PBD has two of these (Cheng et al., 2003; Elia et al., 2003b).
Importantly, structural analysis revealed that the PBD is a phospho Ser/Thr binding
motif. Co-crystallisation with a phospho-peptide bound to the PBD revealed that binding
occurs via a positively-charged cleft. Mutation of residues within this cleft led to the loss
of centrosome localisation and a block in mitotic progression (Elia et al., 2003a).
Phospho-peptide binding to the PBD also stimulates the kinase activity of Plkl (Elia et
al., 2003a). Using peptide libraries, it was found that the PBD preferentially binds the
consensus sequence SS/T where the second serine or the threonine is phosphorylated
(Elia et al., 2003b). Hence, the auto-inhibitory effect of the C-terminal domain most

likely occurs via binding of the catalytic domain to the PBD.

Plk1 possibly remains in this inactive state and becomes active only when phosphorylated
and pre-activated substrates bind to the PBD, which targets and directs Plkl activity
towards them at the correct time and place in the cell cycle. For example, the Chk2

tumour suppressor protein binds to the PBD and is thought to link Plkl function in
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mitosis with DNA damage checkpoints (Tsvetkov et al., 2005). In addition, Cdc25C
contains a phospho Ser/Thr motif capable of binding the PBD (Elia et al., 2003a).
Targeting of Plkl via the PBD thus provides a mechanism by which proteins can be

“primed” for phosphorylation at different times of mitosis.

1.6.4 Polo-like kinases 2, 3 and 4

In mammalian cells four polo-like kinase proteins have been identified whereas in yeast
and Drosophila only one has been identified. Polo-like kinase 2 (Plk2/Snk) is expressed
in G1 with kinase activity peaking near the G1-S transition (Ma et al., 2003a; Warnke et
al., 2004). PIk2 shares the conserved basic structure of the polo-like kinase family with
an N-terminal kinase domain and the characteristic C-terminal PBD. The PBD of PIk2 is
required for its centrosomal localisation presumably by binding substrates that reside at
the centrosome (Ma et al., 2003b). One such binding partner of Plk2 is calcium and
integrin-binding protein (CIB). CIB negatively regulates the activity of Plk2 (Ma et al.,
2003b). PIk2 is also negatively regulated by its C-terminal domain and gene expression
by the p53 transcription factor (Burns et al., 2003). Both Plk2 and Plk3 may have a role
outside of the cell cycle as induced Plk2 and Plk3 are targeted to dendrites of activated

neurons (Kauselmann et al., 1999) and are consistently expressed in mitotic neurons.

PIk2 localises to the centrosome and down regulation by RNAI as well as overexpression
of inactive Plk2 in S-phase arrested cells blocks centriole duplication (Warnke et al.,
2004). However, unlike Plk1, Plk2 is not an essential gene as gene targeting of Plk2
demonstrated that Plk2 is not required for embryonic or post-natal growth (Ma et al.,
2003a). Cultured PIk2” embryonic fibroblasts do grow more slowly and have a delayed
S-phase, but cells continue to divide (Ma et al., 2003a). However, it may be possible that

in this situation Plk3 is compensating for the loss of Plk2.

Plk3 (Prk/Fnk) expression is activated by growth factors and is restricted to a limited
number of tissues (placenta, ovaries and lung) (Li et al., 1996). Its kinase activity is low
in G1 and G1/S and peaks during late S and G2 (Ouyang et al., 1997). PIk3 and Plkl

share 50% sequence identity and both proteins can rescue cdc5 temperature sensitive
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mutants in S. cerevisiae suggesting a conserved function (Ouyang et al., 1997). PIk3
undergoes autophosphorylation and can phosphorylate both casein and Cdc25C in vitro
(Ouyang et al., 1997). Cdc25C is a positive regulator of the G2/M transition and therefore
it is possible that PIk3 may regulate the onset of mitotic progression by phosphorylation
of Cdc25C. PIk3 has also been implicated in the DNA damage response pathway as
ectopic expression of Plk3 induces apoptosis (Xie et al., 2001). This response is mediated
through the phosphorylation of p53 by Plk3 (Bahassi et al., 2002; Xie et al., 2001).
Chromatin condensation, G2/M arrest and apoptosis are a common feature of Plk3
overexpression in mammalian cells (Conn et al., 2000; Wang et al., 2002). It is also
proposed that the kinase has a role in cytokinesis as it is localised to the midbody during
telophase (Wang et al., 2002). Constitutively active Plk3 results in cells with elongated
and unsevered midbodies (Wang et al., 2002). PIk3 is localised to the centrosome but a

centrosomal function for Plk3 is yet to be identified.

Plk4 (Sak) was isolated as two isoforms encoding a serine/threonine protein kinase in
mice (Fode et al., 1994). Northern Blot analysis of the Plk4 mRNA in mouse embryos
and adult tissues implicated Plk4 expression with mitotic and meiotic cell division (Fode
et al., 1994). Plk4 has recently been identified as being down regulated by p53 (Li et al.,
2005). RNAi mediated interference of Plk4 induced apoptosis supporting a role
previously identified in cell proliferation (Fode et al., 1994; Li et al., 2005). Gain- and
loss-of function experiments have demonstrated that Plk4 is a key regulator of
centrosome duplication (Habedanck et al., 2005). Overexpression of the active kinase
leads to centrosome amplification and antibody-mediated interference or depletion using
RNAIi of endogenous Plk4 prevents centrosome overduplication. Depletion of the Plk4
protein by RNAI over 48 hours led to the appearance of monopolar spindles and a loss in
correct centriole numbers. The Plk4 protein is therefore essential for centrosome
duplication in mammalian cells. As discussed previously, Cdk2 activity is also required
for centrosome duplication. However, Cdk2 requires Plk4 to cause centrosome
duplication as does Plk4 require Cdk2. It is therefore plausible to assume that these two
major regulators of centrosome duplication are integrated in a pathway which links the

cell cycle and centrosome duplication.
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1.7 NIMA-related kinases

The NIMA-related kinase or ‘Nek’ family of protein kinases was first identified by
structural similarity with the serine/threonine protein kinase never in mitosis A (NIMA)
of Aspergillus nidulans (Fry and Nigg, 1997). In Aspergillus nidulans, entry into mitosis
requires the activation of NIMA. Overexpression of the wild type nimA allele drives cells
into a premature mitotic state but expression of inactive NIMA or the C-terminal non-
catalytic domain of NIMA causes a G2 arrest (O'Connell et al., 2003). The structural
features of the NIMA protein kinases include a catalytic N-terminal region containing a
characteristic activation loop present in all protein kinases (Hanks and Hunter, 1995).
The C-terminal domains of the NIMA kinases vary but most contain coiled-coil motifs
(Fry et al., 1999). The NIMA kinases are serine/threonine protein kinases and the
consensus site of NIMA, as identified by the use of synthetic peptides, is FRXxS/T with

the phenylalanine within the sequence essential (Lu et al., 1994).

Nek kinases have been identified in many eukaryotes including fungi, Dictyostelium,
Drosophilia, mammals and unicellular algae (Figure 1.6). The yeast S. cerevisiae
contains a single NIMA homologue, Kin3 (Barton et al., 1992; Jones and Rosamond,
1990). This protein is actively expressed in mitotic cells but mutation or overexpression
of Kin3 causes no obvious growth defects and as such its function remains unclear
(Barton et al., 1992; Jones and Rosamond, 1990; Schweitzer and Philippsen, 1992). S.
pombe also contains one homologue to NIMA called Finl. Finl is implicated in
chromosome condensation as overexpression at any point in the cell cycle promotes
premature chromatin condensation. Like NIMA, its levels fluctuate throughout the cell
cycle peaking at mitosis (Krien et al., 1998). Finl localises to the spindle pole body
(SPB) and may be involved in spindle function (Krien et al., 2002). FinlA cells show
defects in mitotic spindles and disrupted nuclear envelopes (Krien et al., 2002). However,
its role in chromosome condensation is now disputed as the kinase activity peaks at the
metaphase-anaphase transition after chromosome condensation has occurred (Krien et al.,
2002). A role in spindle pole formation is supported by a temperature sensitive mutant of

Finl, which failed to form a mitotic spindle (Grallert and Hagan, 2002). Finl1 has recently
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been linked with SIN (septum initiation network) pathway activation on anaphase B
SPBs (Grallert et al., 2004). The SIN pathway is located asymmetrically on the two SPBs
of fission yeast, however, the yeast divide symmetrically. Only one of the SPBs activates
the SIN pathway and this is achieved by specific recruitment of Finl to the mature SPB.
Finl then inhibits the SIN pathway at this SPB and the SIN is activated on the less

mature SPB and as such asymmetric activation is achieved.

Other NIMA homologues include Nim-1 of Neurospora crassa which shares 75%
identity to the NIMA catalytic domain and can functionally complement a nimA mutant
(Pu et al., 1995). TpNrk of Tetrahymena pyriformis shares 37% identity to NIMA over
the catalytic domain and its mRNA levels may be under cell cycle control (Wang et al.,
1998). Pf-Nek-1 identified in Plasmodium falciparum may be involved in MAPK
signalling cascades and shares 42% identity to the Nek2 kinase (Dorin et al., 2001). The
functions of these kinases are not understood. However, the Fa2 protein of
Chlamydomonas reinhardtii is localised to the basal body and may play a role in centriole
associated microtubule severing (Mahjoub et al., 2002). Fa2 mutants have a delay in cell
cycle progression at the G2/M transition and in the assembly of flagella structures after
exit from mitosis (Mahjoub et al., 2002). Fa2 shares 40% identity to NIMA over the

catalytic domain but has an unrelated C-terminal domain.

These studies in lower eukaryotes suggest that many members of the NIMA family of
kinases play roles within the cell cycle and specifically mitosis. The general conservation
of cell cycle control proteins in eukaryotes made it likely that a homologue of NIMA
would also be present in man. By sequence comparison, the human genome contains
eleven Nek proteins, Nek1 to Nek11 (Hayashi et al., 1999; Holland et al., 2002; Kandli et
al., 2000; Letwin et al., 1992; Noguchi et al., 2002; Schultz et al., 1994; Tanaka and
Nigg, 1999). I will firstly discuss the Nek2 protein followed by some of the other Nek

mammalian kinases.
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1.7.1 Nek2

Nek2 is the most closely related mammalian relative of NIMA not only structurally but
also in its expression during the cell cycle. Nek2 is almost undetectable during G1 but
accumulates abruptly at the G1/S transition remaining high until late in G2 (Schultz et al.,
1994). This evidence led to the belief that Nek2, like NIMA, may function at the onset of
mitosis, at the G2/M transition. The Nek2 protein kinase and NIMA share 47% sequence
identity over their catalytic domains (Fry et al., 1995). The Nek2 gene is located on
chromosome 1 and Nek2 mRNA is encoded on eight exons. The initiation codon is
located in exon 1 and the UAG stop codon on exon 8. The seventh intron contains a
termination codon starting 43 nucleotides after the splice site and an alternative

polyadenylation signal after a further 625 nucleotides.

The positioning of the alternative polyadenylation signal results in the generation of the
human Nek2B protein of 384 amino acids and a M.wt of 44.9 kDa whereas Nek2A
protein is 445 amino acids in length and has a M. wt of 48 kDa (Hames and Fry, 2002)
(Figure 1.6). Both Nek2 splice variants consist of an N-terminal catalytic domain
containing the characteristic features of a Ser/Thr protein kinase (discussed in detail
later). This is followed by a C-terminal novel leucine zipper motif required for Nek2

homodimerisation and activity (Fry et al., 1999).

Xenopus also expresses two structural variants, Nek2A and Nek2B (Uto et al., 1999).
Nek2B is present in immature and mature oocytes and early embryos whereas the longer
Nek2A is expressed after the gastrula/neurula transition. This suggests that the two
variants of Nek2 might play both meiotic and mitotic roles in a temporal manner during
Xenopus development (Uto et al., 1999). The human kinase Nek2 splice variants, exhibit
distinct patterns of expression in mitosis (Hames and Fry, 2002). Nek2A was found to
match the expression of the previously studied Nek2 whereas Nek2B levels remained
high in cells arrested at mitosis (Hames and Fry, 2002). The decrease in Nek2A upon
entry into mitosis is due to the presence of destruction motifs in the C-terminal region,

which are not present in the Nek2B protein (Hames et al., 2001).
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Figurel.6 NIMA kinases

Structures of NIMA related kinases. Figure taken from O’Connell et al. (2003). The NIMA
kinases share a characteristic catalytic domain (red) but have divergent C-termini. Many of'the

NIMA kinases also contain coiled coiled motifs (blue).
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It is possible that a third alternately spliced variant of Nek2 exists in testis, Nek2A-T
(Fardilha et al., 2004). The alternate splicing results in a protein of 437 amino acids that
differs from Nek2A in that it is missing residues 371-378 of the C-terminal domain
(Fardilha et al., 2004) (Figure 1.7). The splice variant was identified by yeast two hybrid
analysis with PP1y as the bait.

1.7.2 Nek2 regulation

Nek2 expression and activity are regulated via transcription, post-translational
modifications, targeted degradation and protein-protein interactions (Hayward and Fry,
2005). Analysis of Nek2 mRNA levels by RT-PCR revealed that Nek2 transcription is
low in M and G1 and high in S and G2 (Twomey et al., 2004). This correlates with Nek2
protein levels which increase from G1/S and reach a peak in S and G2 (Fry et al., 1995).
Two transcription factors have been implicated in the regulation of Nek2 expression.
These are E2F4 and the Forkhead transcription factor, FoxM1 (Ren et al., 2002; Wonsey
and Follettie, 2005). E2F4 represses genes in GO and Gl correlating with the
transcriptional repression of the Nek2 mRNA. Further evidence for E2F4 regulation of
Nek2 transcription was shown by the fact that loss of the Rb family proteins p107 and
p130 led to elevated Nek2 mRNA levels (Ren et al., 2002). The role of E2F4 as a

transcriptional repressor is facilitated by the binding of Rb family proteins.

Nek?2 protein levels are also regulated by degradation (Hames et al., 2001). As mentioned
previously, Nek?2 exists in two splice variants. Nek2A contains motifs responsible for the
destruction of Nek2A including a cyclin A type D-box and a KEN box both present in the
extreme C-terminus of Nek2A (Hames et al., 2001). Nek2B is also a relatively short-lived
protein but the mechanism of its degradation has yet to be determined. Other post-
translational mechanisms also play a major role in the regulation of Nek2, including
autophosphorylation (Fry et al., 1995). The regulation of Nek2 by autophosphorylation

will be the subject of later chapters within this thesis.
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Figure 1.7 Nek2 kinases
A. Schematic diagram representing the Nek2 protein kinase splice variants. Kinase
indicates the kinase domain, LZ the leucine zipper and CC the coiled coil domain.
Diagram was adapted from Hayward and Fry (2005). B. The conserved amino acids in the
Nek2 kinase activation loop. Grey shading represents highly conserved residues of the
activation loop in all serine/threonine kinases. Yellow shading shows conserved residues
that may contribute to the specificity of the kinase. Threonine 175 and possibly Threonine
179 (blue), are thought to be the sites of autophosphorylation in Nek2 (see chapter 3).
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1.7.3 Nek2 localisation

Nek2 is highly enriched at the centrosome (Fry et al., 1998b). The localisation of Nek2 to
the centrosome occurs in 90% of exponentially growing U20S cells and is therefore
assumed to localise at the centrosome throughout the cell cycle (Fry et al., 1998b). GFP-
Nek?2 also localises primarily at the centrosome and in part to the cytoplasm (Faragher
and Fry, 2003). The cytoplasmic Nek2 portion co-localises with microtubules (Hames et
al., 2005). Cytoplasmic Nek?2 particles are highly dynamic moving over long distances to
and from the centrosome via the microtubule network. This localisation is dependent on a
region within the C-terminal domain that is absolutely required for both microtubule and
centrosomal localisation (Hames et al., 2005). The recruitment of Nek2 to the centrosome
and the Nek2 substrate C-Napl are also dependent upon the PCM-1 protein which

colocalises in part with Nek?2 in the cytoplasmic particles (Hames et al., 2005).

Nek2, although primarily known as a centrosomal kinase, has been detected at the
nucleus, chromatin and the kinetochores (Kim et al., 2002). Localisation of Nek2 at the
nucleus was suggested by its co-localisation with nucleophosmin (Yao et al., 2004).
Indeed the localisation of Nek2 with chromatin in spermatocytes correlates with
localisation of a Nek2 substrate, HMGA2. HMGAZ2 is released from chromatin during the
G2/M transition possibly after its phosphorylation by the Nek2 kinase (Di Agostino et al.,
2004). Nek2 localisation at the chromosomes is further supported by the protein being
exclusively localised to chromosomes during porcine oocyte maturation (Fujioka et al.,
2000). The localisation of Nek2 to the kinetochores (where it may be involved in spindle
checkpoint signalling) has been identified using one specific antibody (Lou et al., 2004b).
This localisation remains to be confirmed either with other antibodies or recombinant

protein.

1.7.4 Nek2 interactions

Nek2 exists in cells as a stable homodimer, dependent on a leucine zipper coiled-coil
motif in its C-terminal domain (Fry et al., 1999) (Figure 1.7). As a result Nek2 undergoes
trans-autophosphorylation predominantly on serine residues (Fry et al., 1995). The

removal of the leucine zipper results in a reduction in the kinase activity of Nek2 (Fry et
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al.,, 1999). This reduction in kinase activity could be due to the loss of trans-
autophosphorylation of Nek2 or just the result of a loss in dimerisation. In addition to
homodimerisation the Nek2A and Nek2B proteins can heterodimerise (Hames and Fry,

2002).

The Nek2A and Nek2B proteins diverge in sequence after amino acid 370 causing
Nek2B to lack important regulatory motifs that are present in the extreme C-terminus of
Nek2A. One of these important motifs is a binding site for protein phosphatase 1 (PP1).
This site, KVHF, is present at amino acids 383-386 in the C-terminus of Nek2A (Helps et
al., 2000). The phenylalanine in this sequence is highly important for Nek2A binding to
PP1 as no interaction occurs when the residue is mutated to alanine (Helps et al., 2000)

(Figure 1.7).

PPl is a major protein phosphatase that regulates a range of cellular processes by
dephosphorylation of serine and threonine residues. As well as binding Nek2A, PP1 also
forms complexes with Aurora A demonstrating another PP1-kinase complex involved in
cell cycle control. Nek2A and PP1 form a kinase-phosphatase complex which maintains
Nek2A in a dephosphorylated state (Hames and Fry, 2002). When bacterially expressed
PP1 is added to GST-Nek2A a 65% inhibition of Nek2 activity is seen (Helps et al.,
2000).

Nek?2 substrates can only be efficiently phosphorylated when PP1 activity is reduced at
the G2/M transition. Nek2 itself may inhibit the phosphatase activity of PP1. PPly is
phosphorylated by Nek2 on threonines 307 and 318 in vitro within the consensus
R/Kxx(A/DTR/K (Helps et al., 2000). However, PP1 phosphorylation by Nek2 can be
reduced as PP1 can auto-dephosphorylate itself (Helps et al., 2000).

The kinase-phosphatase complex of PP1 and Nek2 may be further regulated by an
additional protein, named inhibitor-2 (Inh2), a physiological inhibitor of PP1. Inh2 binds
to a site on PP1 that is distinct from the Nek2 binding site (Eto et al., 2002). The binding

site of Inh2 has the conserved residues IKGI and lies next to the binding site of Nek2 on
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PP1. Competition between Inh2 and Nek2 exists as when one protein is bound to PP1
allosteric movements may prevent the other binding, suggesting that when Inh2 is present
Nek2 can no longer bind PP1 (Egloff et al., 1997; Eto et al., 2002). Inh2 could then
enhance the kinase activity of Nek2 by displacing Nek2 from PP1. In fibroblasts
expressing Inh2, increased centrosome splitting is observed which is an indicator of
enhanced Nek?2 kinase activity (Eto et al., 2002). The expression level of Inh2 peaks at S
phase and during mitosis and its activation may be regulated by phosphorylation as it is
phosphorylated by MAPK at Thr72. This may provide a mechanism for the cell cycle
regulation of the kinase-phosphatase complexes. When MAPK inhibitors were added to
cells, the Nek2 activity was blocked supporting the notion that such a pathway might
exist (Di Agostino et al., 2002). Although lacking the PP1 binding site, Nek2B may be
regulated by PP1 through heterodimerisation with Nek2A via the leucine zipper motif
(Hames and Fry, 2002).

Extracellular signal-regulated kinase 2 (ERK2), a MAP kinase member, has also been
demonstrated as a binding partner of Nek2 and RNAi of Nek2 prevented ERK2 from
localising to the centrosome (Lou et al., 2004a). These authors also identified an
interaction of Nek2 with Madl. The interaction of Nek2 with Madl may be via binding
the Telomere repeat binding factor 1 (Trf1) as this too has recently been shown to bind
Nek2 and in turn can bind Madl (Prime and Markie, 2005). Trf1 plays a role in telomere
length and therefore the interaction between Trfl and Nek2 may provide a link between

telomere length and mitotic progression.

Nek2 interacting protein (NIP1) was identified in a yeast two hybrid screen as a binding
partner of Nek2 and is phosphorylated by Nek2 in vivo (Yoo et al., 2004). NIP1 is a
Golgi protein, opening opportunities that Nek2 may be involved in regulation of the

Golgi complex at mitosis (Yoo et al., 2004).
1.7.5 Nek2 substrates

The C-Napl protein was identified as a substrate of Nek2 when it was isolated in a yeast

two-hybrid screen using Nek2A as the bait (Fry et al., 1998a) (Figure 1.8). C-Napl is a
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281 kDa protein consisting largely of coiled-coil structure. It has globular N- and C-
termini and a central proline rich region that could act as a hinge. The C-terminal
globular domain of C-Napl has been shown to be an excellent substrate for Nek2. In
vitro phosphorylation assays showed that approximately 13 moles of phosphate were
incorporated per mole of C-Napl by Nek2 (Helps et al., 2000). This suggests there may
be 13 different phosphorylation sites present on the C-terminus of C-Napl which Nek2
could phosphorylate.

C-Napl co-localises with Nek2 at the centrosome and immunochemical and biochemical
studies demonstrate that it is part of the core centrosome (Fry et al., 1998a). In fact C-
Napl specifically localises to the proximal ends of mother and daughter centrioles in
interphase but dissociates from centrosomes at the onset of mitosis (Mayor et al., 2000).
Evidence for a role for C-Napl in centrosome cohesion comes from antibody interference
of C-Napl, which induces centrosome splitting regardless of the cell cycle phase (Mayor
et al., 2000). Aggregates of C-Napl are formed throughout the cell when C-Napl is
overexpressed but these patches do not affect entry into mitosis suggesting C-Napl is still
correctly dismantled from the centrosome allowing centrosome separation and spindle
formation to be achieved (Mayor et al., 2002). The patches of C-Napl formed from
overexpression are significantly smaller when Nek?2 is co-expressed but not when kinase-
inactive Nek2 is co-expressed. This provides supporting evidence that phosphorylation
by Nek2 dismantles the C-Napl higher structure (Mayor et al., 2002). Initially, C-Napl
was thought to span the distance between the two centrioles to form part of a linker
structure. However, staining using antibodies raised against different parts of C-Napl
always revealed two distinct dots at the centrosomes and no spanning regions in between
(Mayor et al., 2000). Hence, additional proteins to C-Napl are likely to be involved in the
intercentriolar linkage. Moreover, C-Napl is still detected on centrioles when premature

centrosome splitting is induced by Nek2 overexpression (Faragher and Fry, 2003).
Therefore, C-Napl probably binds other, as yet unidentified centrosomal proteins.

Perhaps phosphorylation of C-Nap1l by Nek2 triggers the dissociation of this complex, in

turn resulting in centrosome separation (Mayor et al., 2002). Additional evidence that C-
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Napl is a substrate of Nek2 comes from evidence that C-Napl protein is hyper-
phosphorylated in mitosis (Mayor et al., 2002). Recently, a structural homologue of C-
Napl called Rootletin has been identified as a 220 kDa protein localised to the cilary
rootlet and basal body (Yang et al., 2002). Centrioles and basal bodies share essentially
the same structure. Rootletin is structurally required for the formation of the rootlet and is
an in vitro substrate for Nek2 (Bahe et al., 2005). Rootletin akin to C-Napl may be part
of a linker structure between the two centrioles. Immunoelectron microscopy of
endogenous rootletin reveals fibres emanating from the proximal ends of centrioles (Bahe
et al., 2005). Rootletin interacts with C-Napl and is displaced from centrosomes at the
onset of mitosis. RNAIi depletion of either rootletin or C-Napl causes centrosome
splitting (Bahe et al., 2005). This evidence suggests that both rootletin and C-Napl are
targets of the Nek2 kinase and may be involved in centrosome cohesion as a fibrous

linker structure which is dismantled at mitosis possibly initiated by the activity of Nek2.

We have recently identified ninein like protein (Nlp) as a novel target of the Nek2 protein
kinase (Rapley et al., 2005). Nlp was identified via a yeast two hybrid screen using Plx1
as the bait (Casenghi et al., 2003). The protein shares a high degree of homology with
ninein, a protein localised to the mother centriole appendages and involved in
microtubule anchoring at the centrosome. Nlp is a novel substrate for Plk1 and Nek2 with
phosphorylation of Nlp causing its displacement from centrosomes at the G2/M transition
(Casenghi et al., 2003; Rapley et al., 2005). Overexpression of Nlp causes aberrant
spindle formation presumably because it cannot be fully removed from the centrosomes
upon mitotic entry (Casenghi et al., 2003). Hence, Nlp is implicated in MT nucleation
and anchoring on interphase, but not mitotic centrosomes. Nlp will be discussed in more

detail in later chapters.

Recent research has identified another possible substrate of Nek2 named Hecl (highly
expressed in cancer) (Chen et al., 2002). Hecl is thought to be involved in chromosomal
segregation and is found to localise at the kinetochores. Hecl is phosphorylated during
the G2/M phase of the cell cycle (Chen et al., 2002). A Hecl-Nuf2 complex is localised

to centrosomes at G1-S phase and photobleaching experiments show its interaction with
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the centrosome is highly dynamic (Hori et al., 2003). During the G2 and M phases of the
cell cycle it has been proposed that Hecl is phosphorylated by Nek2 (Chen et al., 2002).
The phosphorylation of Hecl by Nek2 kinase is vital for Hecl to coordinate faithful
chromosome segregation although the mechanism is unclear (Chen et al., 2002).
Phospho-amino acid analysis of **P-orthophosphate-labelled Hecl revealed that Hecl is
phosphorylated specifically on serine residues (Chen et al., 2002). An antibody raised to
serine 165 of Hecl when added into in vitro kinase assays abolished Nek2
phosphorylation of Hecl in T24 cell lysates (Chen et al., 2002). Nek2 phosphorylation of
Hecl was also abolished when serine 165 was mutated to an alanine residue and kinase
assays were performed in vitro (Chen et al., 2002). Serine 165 lies in the consensus
FALSKSS and mutational analysis of Hecl in yeast has shown that this site is important

for the function of Hecl (Chen et al., 2002).

Numatrin/nucleophosmin/B23, as previously discussed, is a substrate of the Cdk2/cyclin
E complex involved in the initial stages of centrosome duplication. Nucleophosmin has
been identified by pull down experiments from HeLa cells as a binding partner of Nek2
(Yao et al., 2004). Nek2 phosphorylates nucleophosmin in vitro and depletion of Nek2 by
RNAi caused not only centrosomal segregation defects but a dispersed level of
nucleophosmin (Yao et al., 2004). Hence numatrin, could possibly be a novel target of

the Nek?2 kinase.

1.7.6 Nek2 functions

It has long been established that Nek2 is a major kinase involved in centrosome assembly
and separation. Recently, new roles for Nek2 have been postulated in chromosome
segregation (Sonn et al., 2004), chromosome condensation (Chen et al., 2002),
cytokinesis (Prigent et al., 2005), tubulin polyglutamylation (Westermann and Weber,
2002), spindle checkpoint signalling (Lou et al., 2004b), targeting to the nucleolus
(Noguchi et al., 2004), DNA damage response pathways (Fletcher et al., 2004) and
mitotic progression (Nek2B) (Fletcher et al., 2005).



The best studied function for Nek2 is in the separation of the two centrosomes at the
onset of mitosis. This stage in the centrosome duplication cycle is fundamental in
ensuring that the centrosomes separate and take their places at the poles of the mitotic
spindle ensuring correct segregation of chromosomes. Overexpression of the active, but
not inactive, kinase causes premature centrosome separation probably through the
phosphorylation of the centrosomal protein C-Napl. Nek?2 has also been implicated in the
DNA damage response pathway as the activity of Nek2 is decreased 50% in response to
radiation and Nek2 induced centrosome splitting is reduced after irradiation (Fletcher et
al., 2004).

Besides causing centrosome splitting, overexpression of Nek2 also causes the centrosome
to disperse. This is not dependent upon kinase activity suggesting that Nek2 plays a
structural role in maintaining centrosome integrity. Studies in lower eukaryotes support a
role for Nek2 in centrosome assembly and maintenance. Dictyostelium Nek2 (DdNek2)
shares 54% identity to the catalytic domain of human Nek2 (Graf, 2002). DdNek2 also
shares similar structural features containing a leucine zipper that leads to
autophosphorylation in its C-terminus. Overexpression of active or inactive GFP-DdNek2
kinase caused 40% of cells to exhibit supernumerary MTOCSs, misshapen centrosomes,
multiple GFP foci and nuclear size and shape abnormalities (Graf, 2002). Although
kinase activity is not required for these abnormalities, they are dependent on the C-

terminal domain.

Studies in Xenopus egg extracts and embryos provide further evidence of a role for Nek2
in centrosome assembly. Immune depletion of X-Nek2B from egg cytoplasm delayed the
conversion of the sperm basal body into a functional centrosome. It also interfered with
the recruitment of y-tubulin to the basal body (Fry et al., 2000a). These defects could be
rescued by adding back active or inactive Nek2B (Twomey et al., 2004). In separate
experiments, inhibition of Nek2B caused centrosome fragmentation, abnormal spindle
formation and abortive cleavage of early embryos (Uto and Sagata, 2000). X-Nek2B is
therefore required for both the assembly and maintenance of the centrosome structure in

Xenopus embryos.
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Figure 1.8 Nek2 substrates

A. Nek2 exists in cells as a dimer and is repressed by protein phosphatase one (PP1). At the
G2/M transition, Inh2 protein binds and inhibits PP1 allowing Nek2 to become active and
target downstream substrates. B. Active Nek2 phosphorylates substrates including C-Napl,
Heel, Nip and HMGA2 which initiate downstream events in control of the cell and
centrosome division cycles. Stars represent phosphorylation.
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The role of Nek2 at the centrosome is consistent with its localisation to the centrosome
(Fry et al,, 1998b). However, recent reports show that, along with centrosome
localisation, Nek2 also associates with chromosomes in early mitosis, the midbody
during telophase and the nucleus during S-phase (Kim et al., 2002). These data suggest
that Nek2 is possibly involved in more diverse functions. It is possible that there is a role
for Nek2 in chromatin condensation. This is supported by its interaction with the high
mobility group protein A2 (HMGA?2), a protein highly expressed in male meiosis in
mouse spermatocytes (Di Agostino et al., 2004). HMGA?2 interacts with Nek2 via the C-
terminal region of Nek2 (amino acids 294-369). Nek2 phosphorylates HMGA?2 in vitro
and this phosphorylation of HMGA2 by Nek2 decreases its affinity for DNA (Di
Agostino et al., 2004). Nek2 phosphorylation of HMGA?2 triggers the release of HMGA2
from chromatin and as such may promote chromatin condensation. It is suggested that
Nek2 may be activated by the MAPK pathway to initiate this series of events (Di
Agostino et al., 2002).

There is some evidence that Nek2 may contribute to the spindle checkpoint. Nek2 has
been localised with one antibody to kinetochores on mitotic chromosomes. Nek2 was
identified as a binding partner of both Madl and Hecl (Chen et al., 2002; Lou et al.,
2004b). Indeed, Nek2 phosphorylates Hecl at budding yeast kinetochores and this
phosphorylation is essential for faithful chromosome segregation in yeast (Chen et al.,
2002). Further evidence of an involvement for Nek2 in the spindle checkpoint pathway is
seen by the appearance of chromosome bridges in 45% of cells depleted of Nek2. Nek2
co-localises with Madl at the kinetochores but depletion of Nek2 by RNAi does not
affect Mad1 localisation. However, the localisation of Mad2 to kinetochores is disturbed,
suggesting Nek2 may be required for the interaction between Madl and Mad2 (Lou et al.,
2004b). Nek2 may therefore have a direct impact on Madl but, it is also possible that
Mad?2 is a target of Nek2.

A role for Nek2B in mitotic exit has been demonstrated by specific depletion of Nek2B

by RNAI. Cells depleted of Nek2B spend significantly longer in mitosis and a higher

percentage of these fail to complete cytokinesis (Fletcher et al., 2005). Cleavage furrow
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formation and cytokinesis failure has also been observed upon the overexpression of

Drosophilia Nek2 (Prigent et al., 2005).

1.7.7 Other Nek kinases

Nekl is structurally related to NIMA with 42% sequence identity within their catalytic
domains (Letwin et al., 1992). Nekl1 contains the typical kinase motifs as described by
Hanks and Hunter but unlike NIMA and all other Nek kinases identified to date the Nek1
kinase was originally claimed to display dual specificity, that is it is capable of
phosphorylating tyrosine as well as serine and threonine residues (Hanks and Hunter,
1995). The protein itself is 85.4 kDa in size and its preferred in vitro substrates include -
casein, like NIMA and Nek2 (Letwin et al., 1992). Nekl is expressed highly in testis,
which supports a role for Nekl in spermatogenesis. Mutations of the Nekl gene also
called kat mutations lead to male sterility (Upadhya et al., 2000). Kat mutations can also
lead to polycystic kidney disease and facial dysmorphism suggesting the Nekl protein
may be involved in diverse signalling pathways which when disrupted lead to different
abnormalities. A second Nek kinase Nek8, has been implicated in cilia related diseases.
Nek8 was identified through a mutation that leads to polycystic kidney disease (Liu et al.,
2002). Nek8 shares the highest homology to Nek9 with both sequences containing an
RCCI domain. Expression of kinase-inactive Nek8 in mice leads to multinucleated cells
and an abnormal actin cytoskeleton (Liu et al., 2002). The protein is normally located in
the apical cytoplasm of collecting duct epithelial cells but the mutated protein localises
diffusely throughout the cytoplasm. The function of Nek8 is thought to be involved in
regulating the local cytoskeleton structure in kidney tubule epithelial cells (Liu et al.,
2002). It has also been shown that Nek8 protein is overexpressed in primary human

breast tumours (Bowers and Boylan, 2004).

Nek3 shows 42% identity with NIMA, it is a 56 kDa protein expressed mainly in the
cytoplasm with no changes of expression or evidence of post-translational modifications
during the cell cycle (Tanaka and Nigg, 1999). Northern blot analysis revealed Nek3 to
be preferentially expressed in mitotically active tissue although no function has yet been

assigned to this kinase (Chen et al., 1999). Murine Nek4 protein is the direct homologue
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to human STK2 protein with 96.5% homology over their kinase domains. The protein,
like Nek3, does not contain coiled-coil motifs and mNek4 is abundant in testis (Chen et
al., 1999). Human Nek4 (STK4) exists as two forms, a long and a short form, which both
contain a nuclear localisation sequence but only the long version of mouse contains this
sequence (Hayashi et al., 1999). However, both forms are cytoplasmic throughout the cell
cycle and neither show expression or localisation that is cell cycle dependent and as such

no function has been assigned to Nek4.

The murine Nek6 and Nek7 kinases were identified along with F196H.1 of C. elegans as
representing a novel branch of the NIMA kinases (Kandli et al., 2000). These are the
shortest of all the Neks and encode little more than a kinase domain. They share 37-40%
identity to other mammalian Nek kinases and 87% identity across the kinase domains to
one another. They share the characteristic subdomains of protein kinases and are
expressed in a complementary manner to one another. Nek6 expression is high in the
placenta and intestine whilst expression of Nek7 is low. However, expression of Nek®6 is
low and expression of Nek7 high in the kidney (Kandli et al., 2000). They both localise to
the cytoplasm throughout the cell cycle. Due to their similarity in structure they are
thought to perform similar functions.

0K kinase

Initially, Nek6 and Nek7 were isolated as kinases that lay upstream of the p7
(Belham et al., 2001). The evidence for phosphorylation of p70°* by the Nek6 kinase
was persuasive as Nek6 could phosphorylate T412 thereby activating the kinase in vitro
and in vivo (Belham et al., 2001). Identification of substrate specific target sites for Nek6
by the Jerini pepSTAR method revealed a requirement for leucine three amino acids
upstream of the phosphorylated residue (Lizcano et al., 2002). However, mutation of

OS6K

leucine to alanine in the p70™" target site abolished phosphorylation by Nek6 in vitro, but

0% is not a genuine in vivo target of Nek6 (Lizcano et al.,

not in vivo suggesting that p7
2002). More recently, it has been demonstrated that Nek6, along with Nek7 and Nek9,
are involved in mitotic progression (Belham et al., 2003; Yin et al., 2003). Nek6 activity
is cell cycle regulated with peak activity at the G2/M transition. Overexpression or RNAI

depletion of Nek6 results in apoptosis and an accumulation of cells at the G2/M transition
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suggesting that Nek6 is required for progression through mitosis (Yin et al., 2003).
Similar phenotypes are observed upon inhibition of Nek9 by antibody microinjection

(Roig et al., 2002).

Nek9, originally named Nerrcl and Nek8, was identified as a binding partner of Nek6
(Holland et al., 2002; Roig et al., 2002). The catalytic domain shares 49% identity to
NIMA and the C-terminal domain contains RCC1-like repeats, a coiled-coil domain and
a putative NLS. However, localisation studies indicate that Nek9 is cytoplasmic (Roig et
al., 2002). Nek®6 is phosphorylated by Nek9 in mitosis on Ser 206 which is located within
the activation loop of Nek6. Mutation of Ser 206 to Ala results in a 98% drop in Nek6
activity and 2D *?P tryptic mapping demonstrates that phosphorylation at Ser 206 is
required for further phosphorylation of Nek6 and thus probably activation (Roig et al.,
2002). A possible signalling cascade between Nek9 and Nek6/7 may exist to control
mitotic progression. Nek9 may also be involved in DNA replication and transcription as
Nek9 was found in a 600 kDa complex with FACT (a chromatin specific transcription
elongation factor) in the interphase nucleus (Tan and Lee, 2004). This association is cell-
cycle dependent and phosphorylation and activation of Nek9 occurs when bound to
FACT (Tan and Lee, 2004). As such Nek9, complexed with different partners, may have

distinct functions in the cell cycle.

Nek11 may be involved in regulating DNA replication in response to genotoxic stress or
DNA damage pathways. Evidence for this is that the kinase activity of Nekll is
increased in response to DNA replication inhibitors. Nek11 exists as a long and short
form with a catalytic domain more similar to Nek3 than Nek2 or NIMA. Nek11L mRNA
levels increase from S to G2/M. Nekl11 is nuclear in interphase and on polar microtubules

during prometaphase and metaphase (Noguchi et al., 2002).

MLK3 (mixed lineage kinase 3) shares 22% similarity to the C-terminal domain of
NIMA. Only the Nim1 homologue of Neurosopra crassa shares more homology to
NIMA in this region. MLK3 also contains coiled-coil domains, a leucine zipper, PEST

motifs and a CRIB domain. MLK3 is involved in MAP kinase signalling cascades.
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However, activity increases at the G2/M transition and, although the kinase is
phosphorylated throughout the cell cycle, it is hyperphosphorylated at G2/M (Swenson et
al., 2003). A fraction of the protein is located at the centrosome and this localisation is
dependent upon microtubules. RNAi depletion of MLK3 increases the stability of
microtubules suggesting that MLLK3 acts to destabilize microtubules (Swenson et al.,
2003). Therefore, it is proposed that MLK3 functions at the centrosome to destabilise

microtubules at the onset of mitosis.

1.7.8 Nek2 and cancer

There are numerous target genes which could lead to an abnormal centrosome duplication
event. For example, Plkl and Aurora A are both centrosomal kinases which exhibit
elevated expression in a wide range of tumours and cancer cell lines. Altered expression
of Nek2 was first shown in human cancer when microarray analysis revealed it to be up-
regulated in Ewing tumour derived cell lines (Wai et al., 2002). The Nek2 mRNA also
exhibits increased levels in abnormal diffuse large B-cell lymphomas (DLBCL) (Vos et
al., 2003). Elevated Nek2 mRNA expression may be a result of gene amplification (Loo
et al., 2004, Weiss et al., 2004). However, it may also be the result of uncontrolled

transcription.

The E2F4 transcription factor binds pl107 and p130 to repress target genes including
Nek2. Mutations in p107 or p130 could result in a de-repression in Nek2 transcription
(Ren et al., 2002). Nek2 elevation in human breast cancers could also be due to elevation
of the FoxM1 transcription factor. FoxM1 expression is elevated in primary human breast
cancer and Nek?2 is a gene regulated by FoxM1 (Wonsey and Follettie, 2005). Therefore,
deregulation of either E2F4 or FoxM1 may provide one mechanism for the altered
expression of Nek2 in tumour progression. However, Nek2 is also regulated by post-
transcriptional and translational mechanisms and as such the involvement of Nek2 in

cancer may be due to the de-regulation of these processes (Hayward and Fry, 2005).

Nek2 protein levels also show a 2-5 fold elevation in cell lines derived from breast,

cervical and prostate carcinomas (Hayward and Fry, 2005). Immunohistochemistry
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analysis of high-grade invasive ductal carcinomas (IDC) of the breast demonstrated
elevated Nek2 expression in 16 out of 20 samples and no elevation in normal tissues
(Hayward and Fry, 2005). Whether this increased expression of Nek2 was associated
with abnormal centrosomes or abnormal spindle formation is yet to be seen. However,
the overexpression of Nek2 in HBL100 non-transformed breast cells does induce

aneuploidy (Hayward et al., 2004).

1.8 Structural features of protein kinases

Protein kinase domains are found in 2% of eukaryotic genes. Their function is to transfer
the y-phosphate of ATP to the hydroxyl group of Ser/Thr or Tyr residues. Protein kinases
consist of a number of evolutionary conserved sequences (Hanks and Hunter, 1995;
Johnson et al., 1996; Krupa et al., 2004; Nolen et al., 2004). The three-dimensional
structures of different kinase domains share a high degree of similarity with a number of
absolutely conserved residues responsible for the catalytic mechanism of the kinase. In
addition there is sequence variation within these conserved regions that confer the
substrate specificity of the individual kinases although the catalytic phospho-transfer
method remains the same (Figure 1.9). There are twelve sequences which are highly
conserved within the kinase domain and within these there are 12 conserved residues
found in 95% of kinase sequences (Hanks and Hunter, 1995) (Figure 1.9B). The Nek2

protein contains each of these twelve residues confirming that it is a functional kinase.

There are distinct groups of protein kinases including Ser/Thr, Tyr and His kinases. Here,
I will focus upon the structural features of the Ser/Thr kinases. Ser/Thr kinases fall into
two categories, those activated by phosphorylation of the activation loop (also called the
T-loop) and those activated by other means (Johnson et al., 1996). All those regulated by
phosphorylation contain a conserved motif (RD) within their catalytic loop. Nek2
contains these residues at position 140/141 placing Nek2 into the category of kinases that
require phosphorylation of their activation loop for activity (Figure 1.9C). PKA was the
first kinase shown to be activated by phosphorylation of the activation loop at Thr 197

(Johnson et al., 1996). Since then many protein kinases have been shown to require
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activation loop phosphorylation including Pak1 and Plk1 (Banerjee et al., 2002; Lee and
Erikson, 1997). Phosphorylation of the activation loop stabilizes it into an open and
extended conformation to allow efficient substrate binding (Huse and Kuriyan, 2002). In
addition to the RD motif, a residue at the N-terminal end of the activation loop (R/K) is
an indicator of the requirement of activation loop phosphorylation (Johnson et al., 1996).
Within Nek2 this residue, an arginine is located at position 164. It is therefore safe to
assume based upon the structural criteria, that Nek2 is a Ser/Thr protein kinase that
requires phosphorylation upon its activation loop for activity (Figure 1.9C). Kinases
usually undergo phosphorylation at a primary site within the activation loop but

sometimes multiple phosphorylation events may be required to achieve full activity.

The activation loop itself is structured such that it is anchored at its N- and C-terminal
ends (Johnson et al., 1996; Nolen et al., 2004). The N-terminal anchor located at the start
of the activation loop contains the residues DFG. The Asp serves to chelate a Mg** ion
such that it orientates the phosphate group for phospho-transfer (Hanks and Hunter, 1995
; Johnson et al., 1996; Nolen et al., 2004) (Figure 1.9). The C-terminal anchor mediates
interactions at the binding interface; it hydrogen bonds with a lysine residue and mutation
of the anchor seriously disrupts kinase activity (Nolen et al., 2004). Within Cdk2, the C-
terminal anchor residue is T165 which interacts with K129 and D127. Based on the
relative positions of the N-terminal anchor sequence (DFG) and the end of the activation

domain (APE) the corresponding residues within Nek2 are T179, K143 and D141.

The non-catalytic regions of kinases are varied and do not share a conserved structure.
The C-terminal domains are probably involved in substrate specificity, targeting and
localisation of protein kinases. The C-terminal domain of Nek2 contains a leucine zipper
domain for homodimerisation in addition to other coiled coil motifs. It contains the KEN
and D-box involved in Nek2A degradation and recently a region has been mapped for
targeting of Nek2 to the centrosome (amino acids 335-370). Therefore, protein kinases
share conserved features which maintain the catalytic mechanism but their specificity and

unique features allow them to target different substrates and perform diverse functions.

53



Lys189/ Glu91

/ 0 0
NH3+
Adenosine n IZ
/7 0 p~-rt n Ser-substrate
ATP ° Cr
/ (0} -.'0
Activating /tiSfev 1
Mg +
Asp 184
Catalytic loop
Lys189
NH3+
Thr197

Activation loop

54



Residue

Gly 50
Gly 52
Lys 72
Glu 91

Asp 166
Asn 171
Asp 184
Gly 186
Glu 208
Asp 220
Gly 225
Arg 280

Subdomain

Catalytic loop

136

Nek2

Gly 15
Gly 17
Lys 37
Glu 55

Asp 141
Asn 146
Asp 159
Gly 161
Glu 186
Asp 198
Gly 203
Arg 259

Mg binding

Function

Forms a structure that anchors
ATP

Anchors ATP

Stabilizes interaction of Lys37
with ATP

Catalytic loop, required for
phospho-transfer

H bond each other, chelates
Mg2+

lon pair to Arg 280 (stabilizes)
Stabilizes catalytic loop

Activation/T-loop
186

Nek2 TVLqRqLA*"*"LDGKQNVKLGjDFGI"ILNHI*""AKjrtvdrPiYYM jsPE

161 208
PKA DLIYRDLKPENLLFDQQGYIQVTDFGFAKRVKGRTW. . . TECGTPEYLIAPE

Figure 1.9 Structural comparison of the Nek2 kinase domain to PKA

A. The activation loop of protein kinases based upon the structure of PKA. The catalytic

loop is highlighted in red and important residues named. The ATP molecule is positioned
such that the phosphate group is transferred to the Ser substrate efficiently. B. The table
lists essential amino acids required for PKA activity. The subdomains and corresponding

residues within the Nek2 kinase are listed alongside. C. The amino acid sequence of part

of'the Nek2 kinase domain. This is aligned with that of PKA to demonstrate the conserved
residues which play a major role in kinase activity (square yellow boxes).
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1.9 Aims and Objectives

Nek2 is a cell cycle-regulated protein kinase that localises to the centrosome. C-Napl,
PPI1, Hecl, Nlp and Nek2 have all been identified as Nek2 substrates. However, only a
very few Nek2 substrate phosphorylation sites have been identified using in vitro
phosphorylation approaches. Thus the function of Nek2 phosphorylation upon these
proteins remains obscure. Moreover, the consensus sites where Nek2 phosphorylation
takes place are yet to be identified. Early work on the Nek2 kinase with a series of
peptides suggested a requirement for basic residues N- and C-terminal to the
phosphorylation site. Identifying a consensus site of substrate recognition would be
highly advantageous in identifying other potential substrates of Nek2. The aim of this
project is to use a combination of biological approaches to identify phosphorylation sites
for Nek2 within Nek2 itself, C-Napl and Nlp. The role of these proteins and their

regulation by Nek?2 will also be investigated.

Experimental objectives

A. To generate purified human and Xenopus Nek2 kinases for in vitro
phosphorylation studies. These will be isolated from expression in insect cells
from recombinant baculovirus, from expression in bacteria and from transfection
in mammalian cells.

B. To generate fragments of C-Napl, Nlp and Nek2 for use as substrates in kinase
assays. These will be expressed as fusion proteins in bacteria.

C. To assess the kinase activity in vitro and vivo of Nek2 constructs carrying
mutations that alter its phosphorylation state.

D. To establish techniques through collaboration for phosphosite identification.

E. To perform functional analysis of phosphosites identified by a mutational

approach.
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Chapter Two

Materials and methods

57



2.1 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.

Reagent

Supplier

DNA nucleotides dATP, dGTP, dCTP, dTTP

Glutathione Sepharose™

Amersham Pharmacia Biotech (Bucks,

UK)

Maltose monohydrate

BDH (Poole UK)

Poly-prep columns

Protein A Beads

Bio-Rad (Herts, UK)

Super RX X-Ray film

Fuji photo film Ltd (Germany)

Acetic acid glacial
Sodium Chloride
EDTA

EGTA

NaH,PO,

Fischer Scientific (Loughborough, UK)

Protogel

Flowgen (Ashby de-la Zouch, UK)

Bovine Serum Albumin

Fluka Biochemika (Gillingham, UK)

Dulbeccos-MEM

Feotal Calf Serum (FCS)

Opti-MEM

TC100

Gene Tailor™ Site Directed mutagenesis
system

DH5a-T1 max efficiency bacteria
Lipofectamine 2000

LR clonase

BP clonase

Invitrogen (Paisley, UK)
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Ethidium Bromide solution

DNA ladder 100 bp
DNA ladder 1 kb
Restriction endonucleases

Amylose resin

New England Biolabs (Herts, UK)

Agar
Yeast Extract

Tryptone

Oxoid (Basingstoke, UK)

Slide-A-Lyzer Dialysis Cassettes

Pierce (Rockford, USA)

TnT T7 Quick Coupled
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)

Nitrocellulose Transfer membrane

Schleicher and Schuell ( Dassel,

Germany)
Oligonucleotides Thermohybaid (Egelsbach, Germany)
2.1.2 Radioisotopes
Isotope Specific Activity Supplier
2p_y-[ATP] 167 Tbgq/mmol ICN

[**S] methionine 43.5 Tbg/mmol

NEN Life Science products
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2.1.3 Vectors and constructs

Vector Application Supplier

pET32 Bacterial protein expression Novagen

pMAL-p2X Bacterial protein expression New England Biolabs
pRcCMV-Myc-Nek2A Eukaryotic protein expression | Fry et al., 1998a
pGEX-4T-1 Bacterial protein expression Phamacia
pGEX-6P2-NIp-NTD Bacterial protein expression Casenghi et al., 2003
pGEM-Nek2 In vitro translation (T7) Fry et al., 1998a
GST-PBD Far Western Blotting Gift from Dr. F. Barr
PPla (P94) Bacterial expression Gift from Dr. F. Barr
PP1ly cDNA (bluescript) Bacterial expression Gift from Prof. P. Cohen
Inhibitor-2 cDNA Bacterial expression Gift from Prof. P. Cohen
(bluescript)

His-Plk1-210D Kinase Gift from Prof. E.Nigg
His-Plk1- Kinase Gift from Prof. E.Nigg
pEGFP-C1- Eukaryotic protein expression | Gift from Prof. E.Nigg
Aurora2K162R (RHO13)

pEGFP-C1-Aurora2
(RHO10)

Eukaryotic protein expression

Gift from Prof. E.Nigg

2.1.4 Antibodies
Primary Antibodies | Working Conc. / | Application Supplier
dilution

Anti-C-Napl 1 pug/ml Immunofluorescence | Fry et al., 1998a

polyclonal

Anti-GFP polyclonal | 0.1 pg/ml Immunofluorescence | Abcam

Anti-Myc monoclonal | 1/1000 Immunoprecipitation | Cell signalling
Western Blotting technology
Immunofluorescence
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Anti-GST polyclonal 1/1000 (2 pg/ml) | Western Blotting Santa Cruz
Immunoprecipitaion

Nek2 R671 polyclonal | 1/200 (1 pg/ml) Wesern blotting Fry lab

Nek2 (human) 1.0 pg/ml Immunofluoresence | Transduction

monoclonal Immunoprecipitation | Laboratories
Western Blotting

Anti-Nlp (human) 1.0 pg/ml Western Blotting Casenghi et al.,

polyclonal Immunofluorescence | 2003

Anti-y-tubulin 1/2000 (6.5 Immunofluorescence | Sigma

monoclonal ug/ml)

Anti-o-tubulin 1/2000 Immunofluorescence | Sigma

monoclonal

Hoechst 33258 1/8000 (0.1xg/ml) | Immunofluorescence | Calbiochem

Secondary Working Application Supplier

Antibodies Concentration

Anti-mouse alkaline | 1/7500 (0.1 pg/ml) | Western Blot Promega

phosphatase

conjugate

Anti-rabbit alkaline | 1/7500 (0.1 ug/ml) | Western Blot Promega

phosphatase

conjugate

Anti-rabbit Alexa 1/200 (10 pg/ml) Immunofluorescence | Invitrogen

488 nm Goat

Anti-rabbit Alexa 1/200 (10 ug/ml) | Immunofluorescence | Invitrogen

594 nm Goat

Anti-mouse Alexa 1/200 (10 ug/ml) | Immunofluorescence | Invitrogen

488 nm Goat

Anti-mouse Alexa 1/200 (10 ug/ml) | Immunofluorescence | Invitrogen

594 nm Goat
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2.1.5 Bacterial strains

Strain Supplier

DHS5a-library efficient competent cells Invitrogen
DH5a-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 625 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 5% (v/v) B-
mercaptoethanol, 10% (v/v) glycerol, 0.01% (v/v) bromophenol blue

10 x PBS 137 mM NaCl, 26.8 mM KCl, 2.7 mM Na,HPO, 1.4 mM KH,PO,

TBE 89 mM Tris, 89 mM boric acid, 1 mM EDTA pH 8.0

TE 10 mM Tris pH 8.0, 1 mM EDTA

Transfer Buffer

25 mM Tris, 192 mM Glycine, 10% (v/v) methanol (optional)

Alkaline 100 mM NacCl, 5 mM MgCl,, 100 mM Tris-HCI pH 9.5
Phosphatase

BCIP 50 mg/ml in DMF

NBT 50 mg/ml in 70% (v/v) DMF

Kinase Assay

50 mM Hepes KOH pH 7.4, 5 mM MnCl,, 5 mM p-
glycerophosphate, 5 mM NaF, 4 uM ATP, | mM DTT, 10 uCi —y-’P
[ATP], d H,0
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2.2 Molecular biological techniques

2.2.1 Growth and maintenance of bacterial strains

One colony of bacteria was selected and streaked for growth on Luria Bertani (LB) agar
plates (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 37°C overnight (O/N). For O/N cultures in liquid
media, one colony was selected and grown in S ml of LB omitting the agar at 37°C in a
shaking incubator. Bacterial stocks were prepared from 200 ul of the O/N culture mixed
with 800 pul sterile glycerol and stored at -80°C. Selective media was prepared where
appropriate by the addition of antibiotic (ampicillin 100 pg/ml, chloramphenical 34
ug/ml, kanamycin 50 pg/ml, tetracycline 12.5 yg/ml).

2.2.2 Transformation of competent bacteria

Competent cells were defrosted on ice and 200 pl added to 100 ng of ice cold DNA. The
slurry was mixed by gentle tapping and stored under ice for 10 min. The sample was then
heat shocked at 42°C for 45 secs and returned to ice for 1 min. 200 ul of LB was added to
the sample and the sample incubated at 37°C for 45 min in a shaking incubator. 200 pl of
the sample was directly spread on an agar plate containing the appropriate antibiotic for

selection and incubated O/N at 37°C.

2.2.3 Plasmid preparation (small scale)

One bacterial colony was selected and grown O/N in 5 ml of LB containing the
appropriate antibiotic in a shaking incubator. The culture was spun down at 2000 rpm for
10 mins and the supernatant aspirated. The pellet was then subjected to the Qiagen Mini
Prep Spin Kit for plasmid isolation. Typically, the plasmid was eluted into 50 ul of
distilled purified sterilised water yielding between 5-10 ng of DNA.

2.2.4 Plasmid preparation (large scale)
One bacterial colony was selected and grown for 8 hours in 5 ml LB containing the
appropriate antibiotic. 2 ml of the starter culture was diluted into 100 ml of LB containing

the appropriate antibiotic and grown in a shaking incubator at 37°C O/N. The culture was
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then spun down at 6000 g for 20 min at 4°C and the supernatant removed. The remaining
pellet was subjected to the Qiagen Maxi Prep Kit for plasmid isolation. Typically, the
plasmid was resuspended in 500 pl of distilled purified sterilised water and diluted to a

concentration of 1 mg/ml.

2.2.5 Quantification of DNA concentration
DNA concentrations were measured either by comparison to known DNA concentrations
on a DNA agarose gel or by UV light at OD,¢,. Concentration determination was

calculated by the following calculation,

A, X Dilution factor x 40 = DNA concentration (ug/ml)

2.2.6 Restriction digestion

Restriction digestion of plasmid DNA was performed using 10 units (U) restriction
endonuclease to approximately 5 ug DNA. The appropriate 10 x buffer according to the
manufacturer’s instructions and appropriate amount of water were added. The reaction
was incubated from 2 to 5 hours. Double digestions were performed by the addition of a
second enzyme to the reaction or a separate experiment performed after removal of the

first enzyme using the DNA nucleotide removal kit (Qiagen).

2.2.7 DNA gel electrophoresis

DNA was analysed on 1% agarose gels. 0.5 g of agarose powder was added to 50 mls 1 x
TBE in a conical flask. The mixture was heated for 45 seconds at full power and allowed
to cool. Following a brief cooling period 0.5 ul of ethidium bromide was added and the
mixture poured into a pre-made gel tank. The gel was allowed to set for 20 mins before
removal of a comb which creates the loading wells. DNA samples were mixed with DNA
loading dye (50% (v/v) glycerol, 0.1 M EDTA, 0.3% (w/v) bromophenol blue) at a ratio
of 5:1 before loading on the gel. 2 pl of either 1 Kb or 100 bp markers were added to a

separate well and the gel was run at 80 V for 45 minutes.



2.2.8 Isolation of DNA from agarose gels
DNA was purified from agarose gels by placing the gel upon a UV transilluminator and
removing the DNA band using a scalpel. The excised band was placed into an eppendorf
tube and the weight determined. The Gel Extraction Kit (Qiagen) was used to isolate the
DNA and the DNA eluted into 20 ul of sterilised water.

2.2.9 DNA Ligation
Ligation of purified DNA fragments was carried out using 1 pl T4-ligase, 10 x ligase
buffer and water. The restricted DNA was added at ratios of 1:1, 1:3, 1:5 vector:insert.

The mixture was mixed and left on ice O/N.

2.2.10 DNA sequencing
DNA samples were sent at 10 uM to Lark Technologies (Takely, Essex UK) for
sequencing. The appropriate oligonucleotide primer was also sent with the DNA to be

sequenced. Sequencing data was analysed using Gene Jockey computer software.

2.2.11 Oligonucleotide design

Oligonucleotides designed for PCR-based cloning were between 20-25 bp in length with
a GC:AT ratio of 50% to ensure an annealing temperature of 55-60°C. Additional bases
were added to the 5° ends of oligonucleotides to incorporate restriction digest sequences.
Additional base pairs were also added when required to ensure the reading frame was in
line with that of the vector. Oligonucleotides for site directed mutagenesis were

approximately 30 bp in length and contained the various features outlined below:

Overlapping region  Mutation site Extended region
PP r‘; g g

l Mol 1,
SGACCATGATTACGCCAAGCTtAtAAATTAACCCT

> 'I TTTGTCGATAICF GGTACTAATGCGGTTCGA IS‘

| |
Extended region Overlapping region
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Oligonucleotides were synthesised by Thermohybaid (Germany) and upon arrival diluted
in the stated volume of water to a concentration of 100 uM. A working solution was then

made at 20 puM.

2.2.12 Site-directed mutagenesis

Site-directed mutagenesis was performed using the Invitrogen Gene Tailor™ Site-
directed mutagenesis system. 100 ng of target plasmid was methylated by incubation with
1.6 ul methylation buffer, 1.6 ul 10 x SAM, 4 U/ul DNA methylase, 16 ul water for 1
hour at 37°C. The methylated plasmid was then PCR amplified using 10 uM of
forward/reverse primers, 10 mM dNTPs, 12 ng methylated plasmid, 10 x expand buffer
and 2.5 U of Expand enzyme to 50 ul with dH,0. The PCR mix was thermocycled at the
following temperatures, 94°C (2 mins) for 1 cycle, 94°C (30 secs), 60°C (30 secs), 68°C
(1 min/kb) for 25 cycles and 68°C for 10 minutes for 1 cycle. The reaction was
maintained at 4°C until transformation into DH5a-T1 cells. Transformants were selected,
grown up and plasmids prepared by QIAgen miniprep kits for analysis by DNA

sequencing.

2.2.13 Polymerase chain reaction (PCR)
Each reaction consisted of 0.1-1 ug DNA or bacterial colony, 1 mM of each primer, 10 x
reaction buffer, 0.4 mM dNTPs, 1 U of Expand high fidelity Taq polymerase and water to

a final volume of 50 pl. Generally, the PCR cycle was as follows:

Cycles | Time (secs) | Temperature (°C)
1 30 94
30 94
25 30 55
60 (per kb) 68
1 600 68
1 o 4
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2.3 Protein techniques

2.3.1 SDS-PAGE gel production
SDS-PAGE protein gels were prepared with varying levels of acrylamide dependent on

the protein size to be analysed. The different recipes for these percentages are as follows:

Separating gel 5% 10% 12% 15%
Protogel (acrylamide) 10ml |{20ml {24ml |3.0ml
Water 35ml }25ml |[2.1ml |1.5ml
Lower Tris (1.5 M Tris pH 8.8, 0.4% SDS) 1.5 ml 1.5 ml 1.5 ml 1.5 ml
10 % Ammonium Persulphate 75 ul 75 pl 75 ul 75 ul
TEMED 5 ul 5 ul S5ul S5ul
Protein size for analysis (kDa) 120- 40-100 | 20-70 15-40
250

Gel casting apparatus provided by Biorad was assembled and 3.5 ml of separating gel
was added. 100 ul of water-saturated butanol was pipetted onto the surface of the solution
to ensure even setting. The gel was allowed to set, the butanol removed and 2 ml of
resolving gel pipetted over the separating gel (0.65 ml Protogel, 3 ml water, 1.25 ml
upper Tris (0.5 M Tris pH 6.8, 0.4% SDS), 75 ul 10% (w/v) ammonium persulphate, 5 ul
TEMED). A teflon comb to create the loading wells was inserted and removed after the
gel was set. Samples were boiled with 5 x or 3 x Laemmli sample buffer for 2-10 mins
and the appropriate quantity loaded into the wells. Sigma Dalton marker proteins were
added to one well for indication of protein size. Wells were filled and the gel submerged
in running buffer (0.1% SDS (w/v), 0.3% Tris (w/v), 1.44% Glycine (w/v)). Proteins
were separated by the application of 180 V for 45 mins.

2.3.2 Analysis of SDS-PAGE gels

The separating gel was removed from the apparatus and the resolving gel discarded. The
gel was soaked in Coomassie Brilliant Blue (0.25% (w/v) Coomassie Brilliant Blue, 40%
(v/v) IMS, 10% (v/v) acetic acid) for 10-20 mins followed by washing in destain (25%

(v/v) IMS, 7.5% (v/v) acetic acid) until proteins were visible and background reduced.
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Gels were dried onto 3MM Whatmann paper under vacuum at 80°C for storage. For
analysis of radioactive gels the dried gel is placed into a cassette and exposed to X-ray

film for the appropriate time period.

2.3.3 Western Blotting

SDS-PAGE gels were soaked in Western blotting buffer (25 mM Tris, 192 mM glycine,
10% (v/v) methanol) for 5 mins, as were nitrocellulose transfer membrane (Schleiser and
Schuell) and Whatmann 3MM chromatography paper cut to 10 cm by 7cm. The gel was
placed on the membrane sandwiched between filter paper and placed in the Hoeffe Semi-
phor blotting apparatus at 70 mAmps for 1 hour. The blotting paper was removed and
stained with Ponceau red solution in order to visualise markers and lanes which were
marked with a pencil. The membrane was blocked in 1 x PBS / 1% (v/v) Tween-20 and
5% (w/v) Marvel for 30 mins gently shaking. 1° antibody was added to 3 mis blocking
solution and incubated on a roller for 1 hour. The membrane was washed 3-6 times for 30
mins in washing buffer (1 x PBS, 1% (v/v) Tween-20) followed by incubation for 1 hr in
alkaline phosphate conjugated 2° antibody in 3 mls blocking solution. The membrane was
washed and developed in AP buffer (100 mM NaCl, S mM MgCl,, 100 mM Tris-HCI pH
9.5 containing 33% (v/v) NBT (50 mg/ml in DMF) and 66% (v/v) BCIP (50 mg/ml in
DMF)).

2.3.4 Far-Western blotting

Proteins were transferred to the nitrocellulose as indicated above. The membrane was
incubated with 1 pg/ml GST-Polo box domain (amino acids 300-603) in 3 mls blocking
solution O/N at 4°C. The nitrocellulose membrane was washed in washing buffer 3-6
times for 30 mins. The membrane was subsequently analysed using standard Western

blotting procedures using the anti-GST 1° antibody as described in 2.3.3.

2.3.5 In vitro translation (IVT)
1 ug of a plasmid DNA, 1 ul of **S-methionine or unlabelled methionine was added to 8
ul of T7 Quickmix (Promega) and incubated at 30°C for 1.5 hours. 1 ul of reaction mix

was added to 9 ul of sample buffer for analysis on an SDS-PAGE gel.
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2.3.6 In vitro pull-down assays

In vitro protein-protein interactions were tested using purified tagged protein constructs
and proteins generated by IVT. 100 ul of glutathione beads were washed three times with
1 x PBS. The beads were split and to each half 1 mg of either GST or GST-PP1 purified
protein was added. Protein was allowed to bind for 1 hour rotating at 4°C. Beads were
subsequently washed in NETN buffer (1 mM EDTA pH 8, 20 mM Tris HCI pH 8,
100mM NaCl, 0.5% (v/v) Nonidet) three times. 18 ul of protein translated in vitro (see
2.3.5) was added to either GST-PP1 or GST bound beads and allowed to bind for 2 hours
rotating at 4°C. Beads were washed three times in NETN buffer followed by re-
suspension in 20 pul SDS sample buffer. Binding was determined by SDS-PAGE,
autoradiography and detection by X-ray film.

2.3.7 Inmunoprecipitation

Immunoprecipitations were performed using either protein G sepharose beads for use
with monoclonal antibodies or protein A beads for use with polyclonal antibodies. 50 ul
of beads were washed with 1 x PBS three times to remove excess storage buffer. 10 ul of
IVT mix or 20 ul of cell lysate was added to 490 ul NEB buffer (NEB: 50 mM HEPES-
KOH, pH 7.4, 5 mM MnCl,, 10 mM MgCl,, 5 mM EGTA, 2 mM EDTA, 100 mM NaCl,
5 mM KCl, 0.1% (v/v) Nonidet P-40, 30 ug/ml Rnase A, 30 ug/ml Dnase I, 10 pg/ml
leupeptin, 10 pg/ml bestatin, 10 pg/ml pepstatin, 1 mM PMSF, 20 mM -
glycerophosphate and 20 mM NaF) and 10 ul of beads and rotated at 4°C for 30 minutes
to pre-clear the sample. The supernatant was taken and incubated under ice with
appropriate antibody for 1 hour (for myc-Nek2A constructs the anti-myc antibody was
commonly used). The remaining beads were blocked with rabbit reticulocyte lysate or a
control cell extract by rotating at 4°C for 45 minutes followed by washing in NEB buffer
3 times and re-suspending in 50 pl of NEB buffer. 40 ul of the blocked bead slurry was
taken and added to the antibody/protein mix and rotated at 4°C for 1 hour followed by
three washes of the beads in NEB buffer. Beads were then stored at -80°C or used

immediately in a kinase assay after washing two times in kinase buffer.
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2.4 Protein expression and purification

2.4.1 Expression of protein in bacteria

DNA fragments were cloned into suitable protein expression vectors and transformed
into E. coli (Rosetta DE3, BL21). A single colony was selected and a starter culture of 20
ml LB containing the appropriate antibiotic was grown O/N shaking at 37°C. The starter
culture was diluted into 1 litre of pre-warmed LB and grown at 30°C until the ODy,,
reached 0.2 (typically 45 mins). IPTG was added to a final concentration of 1 mM to
induce protein expression. Cultures expressing Nlp constructs were grown for a further
12 hours O/N at room temperature; all other protein constructs were grown for a further 5

hours at 30°C shaking.

2.4.2 Purification of GST-NIp fusion proteins

Bacterial cultures were spun at 6000 G for 20 mins and the supernatant discarded. The
pellet from a 1 litre culture was re-suspended in 20 ml lysis buffer (50 mM NaH,PO, pH
8.0, 300 mM NaCl, 1 mg/ml lysozyme), incubated on ice for 10 mins followed by
crushing using a French press. Lysed bacteria was centrifuged at 10,000 G for 45 mins at
4°C. The supernatant (soluble fraction) was stored at -80°C or immediately mixed with 2
mls of pre-washed glutathione-Sepharose beads (Amersham) washed in 1 x PBS three
times) and rotated at 4°C for 2 hours in a 50 ml universal tube. The insoluble pellet was

discarded.

The supernatant bead slurry was centrifuged at 2000 rpm for 30 secs and the supernatant
discarded (unbound protein fraction). Beads were washed with 3 ml of wash buffer (20
mM Tris HCI pH 7.5, 100 mM NacCl) 3 times by rotation in wash buffer for 5 minutes
followed by centrifugation and removal of the supernatant. 20 ul samples of supernatant
were collected at all stages for analysis by SDS-PAGE. The protein was eluted by
rotation in 2 mls elution buffer (20 mM Tris HCI pH 7.5, 100 mM NaCl, 20 mM
Glutathione) for 45 minutes followed by collection of the supernatant by centrifugation at
2000 rpm for 2 minutes. This was repeated five times to gain a total of 10 mls eluted

protein. The elutions were analysed by SDS-PAGE and the most concentrated elution
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dialysed against 50 mM Hepes pH 7.4, overnight using Slide-A-Lyzer® Dialysis Cassette
10,000 MWCO (Pierce).

2.4.3 Purification of MBP, His, and GST tagged fusion proteins

Bacterial cultures were spun at 6000 g for 20 mins and the supernatant discarded. The
pellet from a 1 litre culture was re-suspended in 20 ml lysis buffer (50 mM NaH,PO, pH
8.0, 300 mM NaCl (for His tagged proteins add 10 mM imidazole)) on ice. Typically the
pellet from a 1 litre culture was resuspended in 100 ml lysis buffer containing 1 mg/ml
lysozyme. The sample was incubated on ice for 30 minutes before sonication on ice
(MSE Soniprep 150, 10 mm probe, amplitude 12 um) 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 4°C to remove cell debris. Supernatant was stored at
minus 80°C as soluble protein. Purification was achieved using either 1 ml of Ni-NTA
beads (His), amylose beads (MBP) or glutathione beads (GST) to 4 ml cleared lysate.
Two column volumes of wash buffer (20 mM Tris HCI pH 7.5, 100 mM NaCl (for His
tagged proteins add 20mM Imidazole)) was passed through the column followed by four
1 ml volumes of elution buffer consisting of wash buffer containing either, 250 mM
imidazole (His) 15 mM maltose (MBP) or 20 mM reduced glutathione (GST) to elute the
protein. 5 pl samples were taken throughout the procedure for SDS-PAGE analysis to
determine protein elution solubility and purity. The most concentrated elution was
dialysed against 50 mM Hepes pH 7.4. overnight using Slide-A-Lyzer® Dialysis Cassette
10,000 MWCO (Pierce).

2.4.4 Quantification of protein concentration

Protein concentration was determined by SDS-PAGE analysis against known quantities
of BSA. Alternatively, by Bicinchoninic acid (BCA) assay following the manufacturer’s
instructions (Pierce). Protein concentrations were estimated from a standard curve of

BSA concentrations.
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2.5 Cell biology techniques

2.5.1 Maintenance and storage of human cell lines

HeLa and U20S cells were grown in DMEM containing 10% (v/v) FCS and 1% (v/v)
penicillin-streptamycin. Cells were grown to approximately 80% confluency, split and re-
plated in new media. Long-term storage of human cells was achieved by freezing in
liquid nitrogen. Cells were grown to 90-95% confluency, lifted from the plate and spun
down at 2000 rpm for 5 minutes. The supernatant was removed and cells washed with 1
X PBS before a second spin at 2000 rpm for 5 minutes. Cells were re-suspended in
DMEM containing 10% (v/v) DMSO and 20% (v/v) FCS and transferred to a cryo-tube.
Cells were slowly frozen first at -20°C O/N then at -80°C O/N and finally into liquid

nitrogen.

2.5.2 Maintenance and storage of insect cell lines

Sf9 cells were grown in TC100 media containing 10 FCS and 1% (v/v) penicillin-
streptomycin at 27°C and split when reaching 80% confluency. Cell splitting required
removal of all media from the flask, cells were removed by washing the surface with
fresh media followed by transfer to 2 new flasks. Cells for long-term storage were
prepared as in section 2.5.1 with the exception of using TC100 media instead of DMEM

as the freezing media.

2.5.3 Transfection of human cells

Transfections were carried out using the Lipofectamine plus reagent (Invitrogen). Cells
were plated on 10 cm or 6 cm dishes to reach 80% confluency on the day of transfection.
5 ug (10 cm plate) or 2 pg (6 cm plate) of plasmid DNA was added dropwise to the
lipofectamine reagent in 500 ul or 250 ul OPTI-MEM, and left at room temperature for
20 mins. Cells were re-plated in OPTI-MEM media with no serum added (4 mls for a 10
cm dish and 2 mls for a 6 cm dish) the lipofectamine/DNA mix was added directly to
each plate. The media was replaced with D-MEM containing 10% (v/v) FCS and 1%
(v/v) penicillin streptomycin, 5 hrs post transfection and cells either lysed or fixed at 24

hrs post transfection.
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2.5.4 Preparation of cell extracts

HelLa cells were washed once with 1 x PBS followed by incubation at 37°C for 5 min in
4 mls of 1 x PBS 0.5 mM EDTA. Resuspended HeLa cells were pipetted into a sterile
falcon tube and centrifuged at 4000 rpm for 5 minutes. The supernatant was removed and
the pellet resuspended in approximately 100 ul of NEB lysis buffer per 3 cm area of cell
growth and stored under ice for 30 minutes. Lysates were passed through a 27 G needle
10 times. Lysates were centrifuged at 13000 rpm for 10 minutes at 4°C and the
supernatants transferred to an eppendorf and stored at -80°C until required. The same
procedure was used to prepare extract from Sf9 insect cell, except cells were harvested
direct from 20 cm flasks and centrifuged at 2500 rpm for 5 minutes. The cell pellet was
washed with 1 ml ice cold 1 x PBS, 1 mM PMSF and cells transferred to an eppendorf
tube. Lysates were centrifuged at 1,500 rpm for 5 minutes at 4°C and the supernatant
resuspended in Neb buffer containing 1 uM okadaic acid and 100 mM sodium

orthovanadate.

2.5.5 Infection and maintenance of baculoviruses

TC100 media supernatants containing recombinant baculovirus were stored at 4°C
protected from light and stocks retained in liquid nitrogen. 1 ml of baculovirus
supernatant was used to infect a 25 cm’ flask containing 90% confluent Sf9 cells. For
amplication of the virus titre, the infected cells were allowed to grow for a further 5 days
at 27°C. The supernatant was collected as a fresh viral stock. For collection and
purification of proteins, infected cells were maintained at 27°C for three days and the
cells collected by centrifugation at 4000 rpm for 5 minutes. Lysis of infected insect cells

was carried out as in 2.5.4.

2.5.6 Microtubule depolymerisation / re-growth
Microtubule depolymerisation was achieved by placing cell culture dishes on ice for 30-
45 mins. Regrowth was achieved by the addition of 37°C media to the dishes for

approximately 30 seconds.

73



2.6 Immunofluorescence microscopy

For all microscopy experiments, HeLa or U20S cells were plated into 6 well dishes
containing glass coverslips and transfected as described in section 2.5.3. 24 or 48 hours
post transfection, all media was removed from the wells and approximately 2 mls -20°C
methanol added to each well and the coverslips stored at -20°C for a minimum period of
30 minutes. Coverslips were subsequently washed in 1 x PBS three times for 5 minute
periods to re-hydrate the cells. Coverslips were blocked by the addition of 1.5 mls of 1%
(w/v) BSA in 1 x PBS solution for 10 minutes at room temperature followed by washing
in 1 x PBS as previously described. 100 ul of primary antibody solution containing the
appropriate 1° antibodies (see 2.1.4) in 3% (w/v) BSA in 1 x PBS was incubated with the
cover slip in a humid environment for 45 mins. Coverslips were washed three times in 1
x PBS. The appropriate 2° antibodies were diluted into 100 ul of 3% (w/v) BSA, 1 x PBS
and incubated with the coverslip in a humid environment for 45 mins followed by
washing three times with 1 x PBS. Finally, 2 mls of Hoechst 33258 solution at 1/10000 in
1 x PBS was added to each coverslip for two minutes followed by three 5 minute washes
in 1 x PBS. The coverslips were mounted onto glass slides using 7.5 ul of 80% (v/v)
glycerol, 3% (w/v) n-propylgallate solution and sealed using nail varnish. Slides were
viewed using a 100 x oil objective on a Nikon TE300 immunofluorescence microscope

using the Openlab (Improvision) imaging package.

2.7 Antibody generation and purification

2.7.1 Phosphospecific antibody g