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Summary
The timely and efficient movement of chromosomes to the spindle equator during mitosis
is a prerequisite for accurate chromosome segregation. Recent work has shown that the
majority of chromosomes are able to congress and biorientate almost instantaneously
after nuclear envelope breakdown due to their position relative to the forming spindle.
However, other mechanisms are required to facilitate the congression of chromosomes,
which do not congress in this initial wave. Congression of these remaining chromosomes
is mediated by multiple mechanisms including: (1) Kinetochore sliding along the
microtubule lattice using the Kinesin-7 CENP-E, and (2) kinetochores biorientating near
the pole and congressing through microtubule depolymerisation-coupled movement.
Here, we show that the constitutive centromere associated network (CCAN) subunit
CENP-Q is required for both mechanisms. CENP-Q is required to recruit CENP-E to
kinetochores thus explaining the absence of lateral sliding in CENP-Q depleted cells.
Because depletion or inhibition of the CENP-E motor does not affect depolymerisationcoupled pulling, we identify a CENP-E recruitment-independent role for CENP-Q in
chromosome congression. Following congression we find that biorientated kinetochore
movements require both CENP-Q and CENP-E dependent mechanisms. This suggests
that as biorientated kinetochores congress they switch into a mode that requires CENP-E
motor activity.
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CHAPTER 1 - Introduction

CHAPTER 1: Introduction
1.1 Overview of mitosis
Mitosis is the process by which a cell segregates its replicated chromosomes into daughter cells
during cell division, thereby ensuring accurate transmission of its genetic material. In animal cells
mitosis is perhaps the most overt stage within the cell cycle: during G2 there is a commitment
checkpoint to mitosis, which leads to a dramatic remodelling of the cytoskeleton (see schematic in
Figure 1.1a). The interphase microtubule (MT) network is largely depolymerised and the two
duplicated centrosomes (which will go on to form the spindle poles) nucleate two MT asters; large
radial arrays of dynamic MTs. During this period, known as prophase, chromatin is condensed,
forming the compact mitotic chromosomes, each chromosome formed from a pair of sister
chromatids. The asters then move apart along the surface of the nucleus after which the nuclear
envelope breaks down, this marks the end of prophase and the beginning of prometaphase. With
the nuclear envelope gone, microtubules from the two asters begin to form the mitotic spindle.

The mitotic spindle is built from not only microtubules, but also hundreds of other interacting
proteins (reviewed in Gadde & Heald, 2004; Walczak & Heald, 2008). Together these proteins
drive the self-assembly of a bipolar cage-like structure (see prometaphase in Figure 1.1a), that in
human cells has approximate dimensions 10 x 10 x 10 "m. A subset of microtubules from each
pole overlap in the centre (inter-polar microtubules; ip-MTs), stabilising the structure, whilst astral
microtubules (a-MTs) contact the cell cortex and control spindle location within the cell (reviewed in
Meunier & Vernos, 2012). Free spindle microtubule plus-ends also begin making attachments to
chromosomes via interaction with kinetochores; multi-protein, microtubule-binding complexes that
assemble on the centromere of each sister chromatid, forming a pair of sister kinetochores. The
“search and capture”, of kinetochores by microtubules is only possible because of the intrinsic
dynamic instability property of microtubules, which causes cycles of growth and shrinkage and
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thereby allows microtubules to search the volume within a cell efficiently (Kirschner & Mitchison,
1986).

Once spindle microtubules are captured by kinetochores they are termed kinetochore-microtubules
(K-MTs). Microtubule-attached kinetochores move towards the spindle equator through a process
known as chromosome congression. The timescale of this process in human cells is ~15-20 min.
Cells with all chromosomes aligned are defined as being in metaphase (see metaphase in Figure
1.1a). The aligned chromosomes are said to form a metaphase plate (Bajer, 1958). The
mechanisms underlying chromosome congression have been the focus of much research (Kops et
al., 2010; Walczak et al., 2010) and will be discussed in section 1.4. In order to achieve alignment
at the spindle equator the majority of chromosomes become biorientated (although other pathways
to alignment exist, see section 1.4). Biorientation is the process by which the kinetochore on each
sister chromatid form attachments with K-MTs emanating from opposite spindle poles. The
biorientated state is the only state compatible with the correct disjunction of sister chromatids in
anaphase. Moreover, it is the tension across sister-kinetochore pairs generated by this biorientated
state that is monitored by the spindle assembly checkpoint (SAC), a mechanism that prevents cells
from progressing further in mitosis until all kinetochores are correctly attached to the mitotic spindle
(Kops et al., 2005; Sczaniecka & Hardwick, 2008).

Cells maintain chromosomes at the spindle equator (metaphase plate) for a period of time before
anaphase onset, during which, chromosomes oscillate back and forth about the metaphase plate
(Pereria & Maiato, 2012; Lewis, 1939; Hughes & Swann, 1949). Upon deactivation of the SAC, the
cohesin ring complex, which holds the sister chromatids together, is cleaved and sister chromatids
are separated, a process known as anaphase (see anaphase in Figure 1.1a) (Hardwick & Shah,
2010). These initial anaphase chromosome movements are powered by the concerted
depolymerisation of the K-MTs (anaphase A), whilst the spindle midzone elongates (anaphase B),
which has the effect of increasing the distance between the two spindle poles (Brust-Mascher &
Scholey, 2011; Vazquez-Novelle et al., 2010). The net result of the anaphase process is that one
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copy of each sister chromatid is moved towards each spindle pole. Mistakes in this process causes
aneuploidy, i.e. the loss or gain of whole chromosomes, this state is associated with ~80% of solid
human tumours (Sheltzer & Amon, 2011). Indeed, many cancer cells are chromosomally unstable,
often exhibiting cromosomes that lag behind the two groups of chromatids during anaphase
(Weaver et al., 2007), indicating the importance of understanding how high fidelity chromosome
segregation is mediated.

1.2 Kinetochores
1.2.1

Ultrastructure of the kinetochore

Kinetochores are mega-dalton sized multi protein complexes that assemble on the centromere of
each sister chromatid forming an attachment site for spindle microtubules. Electron microscopy
studies have shown that human kinetochores appear as a ~500 nm diameter disk organised into a
“three stacked plate” structure (Brinkley & Stubblefield, 1966; Jokelainen, 1967). The inner plate is
~50 nm thick and forms a physical link to the underlying centromeric chromatin. The middle plate is
electron lucent, and connects the electron dense inner and outer plates. Further studies have,
however, suggested that the electron lucent middle layer may in fact be an artefact of fixation
(McEwen et al., 1998). The outer plate is also ~50 nm deep and is the location at which the plusends of spindle microtubules terminate (McEwen et al, 1998). More recent studies employing high
pressure freezing EM techniques, to better preserve sub-cellular structures, provide evidence that
the kinetochore has a more open morphology (Dong et al., 2007). In the absence of microtubules a
fibrous corona can be visualised extending from the outer plate into the cytoplasm, however the
association of microtubules with the kinetochore appears to reduces this corona (Cassimeris et al.,
1990; Rieder et al., 1982). This corona contains microtubule-binding proteins, as well as proteins
involved in the SAC (reviewed in Cleveland et al., 2003). Interestingly, work in the late 1990s
provided evidence that this fibrous corona and the outer plate may be a continuous structure
(McEwen et al., 1998). High-resolution electron tomography has allowed visualisation of other
interesting structures within the kinetochore; recent work has revealed fibril structures, which
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connect microtubules with kinetochores (McIntosh et al., 2008). These fibrils appear to bind directly
to protofilaments, which bend away from the microtubule axis. These protofilaments have a ram’s
horn like structure and are associated with depolymerisation. Thus, fibrils contacting these
protofilaments may be important in coupling depolymerisation to kinetochore force generation
(McIntosh et al., 2008).

The S. cerevisiae kinetochore is simplified in that it binds only a single microtubule compared to the
20-30 of its human counterpart (reviewed in Westermann et al., 2007). Recently our understanding
of kinetochore ultrastructure was advanced by the impressive biochemical feat of purifying the S.
cerevisiae kinetochore (Gonen et al., 2012). These kinetochores were able to bind MTs and could
be imaged using electron microscopy and electron tomography (Gonen et al., 2012). This work
revealed that the S. cerevisiae kinetochore is approximately 126 nm in length, and is formed from a
large central hub from which approximately 8 globular domains extend. When visualised in the
presence of microtubules several kinetochores could be seen to possess a ring-like structure
encircling the microtubule (Gonen et al., 2012). A major challenge is to understand how the protein
components of kinetochores relate to these nanometre scale structural features.

1.2.2

Centromeric chromatin

The inner kinetochore (plate) engages the centromeric DNA, which in humans, consists primarily of
tandemly repeated AT-rich arrays of a 171-base pair (bp) #-satellite sequence (reviewed in
Cheeseman & Desai, 2008). Within this repeat sequence there is an additional 17-bp motif called
the CENP-B box23 sequence, which allows stable binding of the inner centromere CENP-B protein
(Masumoto et al., 1989). Centromeric chromatin is found at a single locus on each sister
chromatid, and therefore human chromosomes are defined as being mono-centric. A key feature of
centromeric chromatin is the presence of nucleosomes containing the histone H3 varient
Centromere Associated Protein-A (CENP-A). These nucleosomes are formed from an octomer
containing two heterotetramers consisting of histone proteins, which bind DNA via a histone fold
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domain and organise DNA by supercoiling it around the structure of the nucleosome. Canonical
nucleosomes consist of two copies of four histone proteins; H2A, H2B, H3 and H4. However,
centromeric nucleosomes replace histone H3 with CENP-A. Like histone H3, CENP-A interacts
with DNA by its histone fold domain and forms a heterotetramer with histone H4 that binds to two
H2A-H2B dimers (Blower et al., 2002; reviewed in Cheeseman & Desai, 2008). It has been
suggested that CENP-N (see section 1.2.3.3 below) may act to guide the integration of newly
expressed pre-nucleosomal CENP-A protein into centromeric nucleosomes. However this seems
unlikely as the affinity of CENP-N is much higher for nucleosomal CENP-A (i.e. DNA bound) than
non-nucleosomal CENP-A. Additionally, CENP-N is not present in the HJURP complex, which is
known to chaperone CENP-A to the centromere after translation (reviewed in Sekulic & Black
2009). It is therefore most likely that the requirement of CENP-A loading into the centromere upon
CENP-N is an indirect one, mediated by additional factors recruited directly or indirectly by CENPN (Carroll et al., 2009). When integrated into centromeric chromatin CENP-A protein acts as an
epigenetic marker in the establishment of the centromere (Black et al., 2007), i.e. the DNA
sequence of the centromere does not determine the locus of CENP-A incorporation. CENP-A then
provides a structural platform for the assembly of other kinetochore proteins (see section 1.2.3 and
Figure 1.2).

High resolution structural work has shown that it is likely that the divergence of CENP-A from
canonical histone H3 results in important structural features at CENP-A containing nucleosomes
required for establishment of the centromere and kinetochore (Sekulic et al., 2010). Within CENP-A
containing nucleosomes the CENP-A–CENP-A interaction is rotated relative to the H3–H3
interaction. The residues responsible for this CENP-A–CENP-A rotation are required for efficient
incorporation into centromeric chromatin. Additionally, the charge on the protruding L1 loop of
CENP-A is reversed compared to that of histone H3 L1 loop, providing a potential site to generate
differential substrate specificity to histone H3 (Sekulic et al., 2010). Despite these unique features,
localisation of the CENP-A protein alone is not sufficient to drive kinetochore assembly in human

6

CHAPTER 1 - Introduction

cells (Gascoigne et al., 2011), suggesting that in metazoans kinetochore establishment is likely to
require multiple cues.

1.2.3

Constitutive centromere associated network (CCAN)

The presence of CENP-A containing nucleosomes at centromeres acts as a key marker for
assembly of the Constitutive Centromere Associated Network (CCAN). The CCAN is a network of
16 kinetochore proteins that is composed of several loosely associated sub-complexes (Okada et
al., 2006; Foltz et al., 2006; see model in Figure 1.2). The CCAN was named based on the idea
that the complex was constitutively bound to centromeres throughout the cell cycle, and although
subsequent studies have shown that this may not be the case for all CCAN proteins, it is true that
the majority of CCAN proteins can be found bound at the centromere during all cell cycle stages
(Foltz et al., 2006; Okada et al., 2006).

1.2.3.1

Discovery of CCAN

The initial 6 members (CENP-M, CENP-N and CENP-T, CENP-U/CENP-50/PBIP1, CENP-C and
CENP-H) of the human CCAN complex were identified by their affinity purification with CENP-A
nucleosomes (Foltz et al., 2006). These proteins were initially designated as the nucleosomeassociated complex (NAC). Of these proteins CENP-C, CENP-H and CENP-I had previously been
identified as kinetochore proteins (Fukagawa et al., 2001; Nishihashi et al., 2002; Liu et al., 2003).
By affinity purification of the NAC proteins a further 8 proteins were identified (CENP-I, CENP-K,
CENP-L, CENP-O, CENP-P, CENP-Q, CENP-R and CENP-S) and named the CENP-A distal
proteins (CAD (Foltz et al., 2006)). However, other studies have shown that division of the CCAN
proteins into NAC or CAD is somewhat artificial as these divisions do not reflect function or
biochemical organisation.

Evidence for the breakdown of the NAC/CAD designation comes from the identification of
overlapping sets of proteins. In the same issue of Nature Cell Biology that the Foltz study was
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published, a similar study by Okada and colleagues was also published. This study identified 9 of
the CCAN proteins that were also identified by Foltz (Okada et al., 2006; Foltz et al., 2006). Okada
and colleagues called their set of CCAN proteins the CENP-H/I complex. The Okada study divided
these proteins into 3 groups based on dependency experiments, knockout (KO) phenotypes and
viability in chicken DT40 cells. These groups were the CENP-H, I, K, L group, the CENP-O, P, Q,
U(50) group and CENP-M alone (Okada et al., 2006). Also in 2006 a third study, which isolated
centromere complexes from interphase HeLa cell nuclei in their native state, identified CENP-C,
CENP-H, CENP-I and CENP-U as part of the interphase centromere complex (ICEN) along with
around 40 other non-CCAN proteins (Izuta et al., 2006). Subsequent studies have identified a
further two CCAN proteins; CENP-W and CENP-X. CENP-W identification was aided by its
association with the previously identified CENP-T protein (Hori et al., 2008a). Later, work in
chicken DT40 cells and human cells identified CENP-X by its association with CENP-S (Amano et
al., 2009). Interestingly both CENP-S and CENP-X have been previously identified as Fanconia
Anemia M (FANCM) associated proteins (where they were designated MHF1 and MHF2). This
suggests the possibility of a dual role for these proteins (Yan et al., 2010; Singh et al., 2010). Thus
the list of identified human CCAN proteins is currently as follows; CENP-C, H, I, K, L, M, N, O, P,
Q, R, S, T, U, W and X (reviewed in McAinsh & Meraldi, 2011).

1.2.3.2

Evolutionary conservation of the CCAN

The human CCAN subunits have clear orthologues in all mammals, birds and most metazoans but
identification of potential orthologues in flies and worms has not been possible. This is surprising,
as orthologues have been identified in much more distantly related organisms (see S. pombe and
S. cerevisiae below). The exception is CENP-C, which can be clearly detected in D. melanogaster
and C. elegans and even in plants (A. thaliana). This may reflect a crucial and conserved role of
CENP-C in anchoring kinetochores to chromatin (Carroll et al., 2010; Ando et al., 2002; Hori et al.,
2008a; Obuse et al., 2004; see section 1.2.3.3 below for detail). One possible reason for the
reduction of the C. elegans complement of CCAN proteins to only CENP-C may be the inherent
structural differences between the C. elegans and human centromere. Humans, like the majority of
9
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eukaryotes are monocentric, i.e. they have a single centromere and kinetochore per sister
chromatid, whereas C. elegans are holocentric; having diffuse centromeric regions and
kinetochores along the length of each sister chromatid. This considerable structural difference
could explain the divergence of the C. elegans complement of CCAN proteins from that of humans.
However, D. melanogaster does have monocentric centromeres and therefore one may initially
discount the loss of CCAN proteins as a result of divergence driven by holocentricity. Recent
studies suggest that the earliest common ancestor of all insects may have been holocentric and
monocentricity may have arisen later (Melters et al., 2012). Indeed, holocentricity is relatively
common within insects, being found in mayflies (order Ephemeroptera), earwigs (order
Dermaptera), butterflies and moths (order Lepidoptera) and dragonflies (order Odonata) to name
but a few. Thus the CCAN proteins may have been lost from the D. melanogaster holocentric
ancestor, explaining their absence (Melters et al., 2012). The CCAN is, however, well conserved in
fungi. By combining the evidence from multiple studies, orthologues of all CCAN proteins (except
for CENP-R) can be found in S. pombe and S. cerevisiae (Meraldi et al., 2006; Schleiffer et al.,
2012; Perpelescu & Fukagawa, 2011; McAinsh & Meraldi, 2011). Given this conservation it is
perhaps not surprising that a number of human CCAN proteins, such as CENP-O/CENP-N, were in
fact identified as a result of their sequence similarity to their yeast counterparts (Meraldi et al.,
2006). Work on the yeast orthologues has provided additional key insight into the CCAN. Most
notable are the crystal structures of the budding yeast Ctf19p/Mcm21p (human CENP-P/CENP-O)
and Iml3p/Chl4p (CENP-M/CENP-N) dimers (Schmitzberger & Harrison, 2012; Hinshaw &
Harrison, 2013). With the exception of AME1 (CENP-U) and OKP1 (CENP-Q) all budding yeast
CCAN genes are non-essential, but are required for high-fidelity chromosome segregation (Burns
et al., 1994; Pot et al., 2005). Interestingly, the budding yeast Ctf19 complex consisting of Ctf19,
Okp1, Mcm21 and Ame1 (CENP-P/U/O/Q in humans) are important for cohesin loading to
centromeres (Fernius & Marston, 2009).

10
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1.2.3.3

“Core” CCAN assembly

Several CCAN proteins are able to bind to centromeric DNA or directly to CENP-A nucleosomes:
these proteins are known as the “core CCAN” (reviewed in Westhorpe & Straight, 2013; see Figure
1.2b and blue proteins in Figure 1.2c). One such core CCAN protein is CENP-C, which binds to
DNA, but in order to do so it must first bind to nucleosomes. Whether these nucleosomes are
CENP-A-containing or canonical H3-containing, remains the subject of much debate. One study
has provided evidence that the interaction is a direct one, requiring the extreme C-terminus of
CENP-A (Carroll et al., 2010). Conversely, other studies suggest that CENP-C is more likely to
bind histones containing canonical histone H3 (Ando et al., 2002; Hori et al., 2008a; Obuse et al.,
2004). Super-resolution imaging by kinetochore-speckle high resolution co-localization (K-SHREC),
which allows measurement of the average separation between the centroids of two different
frourescently labelled kinetochore proteins (with an accuracy of less than 5 nm), has revealed that
CENP-C is the most proximal CCAN protein to CENP-A (Wan et al., 2009). However, this does not
offer confirmation of a direct interaction. After binding to nucleosomes, CENP-C can then bind to
DNA, but does not bind in a sequence-specific manner. CENP-C loading to the centromere is also
dependent upon the CENP-K protein (Kwon et al., 2007) and CENP-N protein (Carroll et al., 2009;
see Figure 1.2b). CENP-N, like CENP-C, has also been shown to bind to CENP-A, an interaction
that is required for CENP-N kinetochore targeting (Carroll et al., 2009). However, CENP-N does
not possess DNA binding activity, although biochemical evidence suggests that CENP-N exhibits
increased affinity for CENP-A nucleosomes bound to DNA over naked nucleosomes (Carroll et al.,
2010). In vitro CENP-N binding of CENP-A is not competitive with CENP-C binding of CENP-A,
suggesting that the two proteins target different regions of the CENP-A protein (Carroll et al.,
2010). Interestingly, the CENP-N dependency on CENP-A for loading is also semi-reciprocal, as
depletion of CENP-N results in a reduced integration of newly synthesised CENP-A into
centromeric chromatin (discussed above in centromeric chromatin).

CENP-T and CENP-W also bind to DNA and this interaction is mediated via a histone fold domain
like that of CENP-A. The short CENP-W protein (<100 amino acids) is formed solely from a histone
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fold domain (Hori et al., 2008a), whilst CENP-T has a histone fold domain in its C-terminal region
and a long unstructured N-terminal tail (Hori et al., 2008a; Suzuki et al., 2011). Furthermore, it is
now known that CENP-T and W actually form a complex, which co-assembles with the CENP-S-X
complex; both CENP-S and CENP-X also possess histone fold DNA binding domains. The result is
the formation of a stable CENP-T/W/S/X heterotetramer (Nishino et al., 2012; see Figure 1.2b). A
high-resolution structural study has shown that this heterotetramer forms a structure similar to
histone H3 containing nucleosomes, and is able to bind to and supercoil DNA (Nishino et al.,
2012). Thus, CENP-T/W/S/X complexes are proposed to form a nucleosome or nucleosome-like
structure, providing another platform for kinetochore assembly. This complex preferentially binds to
the linker DNA between nucleosomes and by binding the CENP-T/W/S/X complex causes this
DNA to become positively super-coiled, unlike CENP-A or H3 containing nucleosomes which
negatively super-coil DNA (Takeuchi et al., 2013).

1.2.3.4

Assembly of the extended CCAN

A key challenge is to understand how the remaining CCAN subunits assemble to the three core
CCAN components: CENP-C, CENP-N and CENP-S/T/W/X. Our understanding is limited because
the only physical interaction reported in humans is between CENP-L and CENP-N (Carroll et al.,
2009; see Figure 1.2a). Consistently, depletion of CENP-N does unbind CENP-L from
kinetochores. Experiments in S. pombe show that CENP-L (Fta1) can also bind directly to CENP-C
(Mis6; Tanaka et al., 2009). If preserved in humans this would represent a further potential
stabilising interaction within the CCAN (Carroll et al., 2009). Dependency style experiments using
protein depletions/knock-outs and immunofluorescence in human and DT40 cells have allowed us
to build an outline map of how the CCAN assembles (see schematic in Figure 1.2 for details).
Depletion of CENP-N unbinds CENP-H/I/K/M/O/P/Q/U/R – a set of proteins termed the “extended
CCAN” (Westhorpe and Straight, 2013; see Figure 1.2a). CENP-N is also required for the
recruitment of CENP-C to kinetochores, but does not affect CENP-T/W (Foltz et al., 2006). CENPC is required for the loading of CENP-H/I/K, but unlike CENP-N, is also necessary for CENP-T to
bind kinetochores (Carroll et al., 2010). The depletion of CENP-T has the greatest effect on protein
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CHAPTER 1 - Introduction

loading, causing all non-histone CENP proteins to be displaced from the kinetochore (summarised
in Perpelescu & Fukagawa, 2011).

Assembly of the extended CCAN can be separated into two steps; the CENP-H/I/K/L/M proteins
require each other for kinetochore-binding and are necessary for assembly of the CENPO/P/Q/U/R, but not vice versa (see Figure 1.2a). Of these proteins CENP-O/P/Q/U require each
other for kinetochore-binding, but do not require CENP-R. However, the CENP-R protein does
require the presence of CENP-O/P/Q/U for kinetochore binding (Hori et al., 2008b). This suggests
a simple linear hierarchy: CENP-H/I/K/L/M > CENP-O/P/Q/U > CENP-R (see Figure 1.2a). Indeed,
CENP-O/P/Q/U have been shown to form a stable protein complex with recombinant proteins, with
a 1:1:1:1 stoichiometry (Hori et al., 2008b), this complex can also bind CENP-R. Work from yeast
also shows that the Saccharomyces cerevisiae orthologues of CENP-P/O (Ctf19/Mcm21) also
interact via RWD domain, and the crystal structure of this heterodimer has recently been solved
(Schmitzberger & Harrison, 2012). In contrast the biochemical organisation of the CENP-H/I/K/M
proteins is unknown, although dependency experiments support the idea that these proteins also
form an interdependent complex (Foltz et al., 2006). Within the CENP-O/P/Q/U/R sub-complex, it is
known that CENP-U and CENP-Q interact directly by the C-terminal region of CENP-U (residues
200–418) and the predicted coiled-coil region of CENP-Q (Kang et al., 2011). The CENP-Q coiled
coil region has been shown to be important for the formation of CENP-Q oligomers (Kang et al.,
2011). Disruption of the predicted CENP-Q coiled-coil domain by mutating the conserved leucine
residue 179 to a proline, breaks the interaction (Kang et al., 2011). This would be consistent with
the finding that CENP-Q is able to form stable homo-octomers in vitro (Amaro et al., 2010).

In partnership with our collaborators we have also been able to gain further insight into the
assembly of the CENP-O/P/Q/U/R sub-complex (Eskat et al., 2012). Fluorescent three-hybrid
(F3H) assays and fluorescence resonance energy transfer (FRET) indicated that the subunits exist
in a tightly packed arrangement that involves multifold protein-protein interactions. Our data also
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indicated that the CENP-O/P/Q/U/R complex assembles on kinetochores in S-phase (Eskat et al.,
2012). These proteins did not assemble into sub-complexes in the cytoplasm before kinetochore
binding but instead assembeled at the kinetochore as individual monomers of CENP-O, P, Q or U
and pre-formed CENP-O-P dimers. This work also found that the binding of CENP-O/P/Q/U/R
complex to the kinetochore is mediated by the CENP-N binding protein CENP-L, as well as CENPK (Eskat et al., 2012). Once assembled at the kinetochore these proteins have an extremely low
turnover rate, exchanging very slowly with the nucleoplasmic pool of CENP-O/P/Q/U/R proteins.
Experiments measuring fluorescence recovery after photo-bleaching clearly illustrate this slow turn
over, as the time for half fluorescence signal recovery was extremely high. In G1 the slowest
recovery was that of CENP-R (t$ 125 ± 15 min) and the fastest recovery was that of CENP-Q (t$
57 ± 10 min). Interestingly it was also found that at the end of S-phase, CENP-Q and CENP-U
undergo oligomerisation, one possibility being that this change in stoichiometry represents a premitotic priming step required for the complex to become active (Eskat et al., 2012).

1.2.3.5

Role of CCAN in assembly of the kinetochore

In addition to recruitment of other CCAN subunits, many CCAN proteins are also involved in
assembly of additional kinetochore components. One example is the recruitment of the mitotic
kinase polo like kinase 1 (Plk1) by CENP-U. Plk1 is a key serine/threonine kinase required for
regulation of diverse roles throughout mitosis such as mitotic entry, centrosome maturation and
separation and chromosome congression (van Vugt & Medema, 2005; Sumara et al., 2004; Lenart
et al., 2007; Hanisch et al., 2006b). Plk1 phosphorylates CENP-U at T78, creating a site that can
bind the polo box domain of Plk1 and tether the kinase to the kinetochore (Park et al., 2011; Kang
et al., 2011; see Figure 1.2c). Thus, depletion of CENP-U causes decreased levels (~50%) of
kinetochore bound Plk1. The binding of Plk1 to CENP-U also results in the phosphorylation of
CENP-Q (see Figure 1.2c), however the residues at which CENP-Q is phosphorylated remain
unreported (Kang et al., 2011). These phosphorylation events have been suggested to delocalise
CENP-U and CENP-Q from kinetochores at metaphase and inhibition or depletion of Plk1 causes
increased kinetochore-bound levels of CENP-Q and CENP-U (Kang et al., 2011). Within the core
14
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CCAN, CENP-C facilitates recruitment of the checkpoint protein Mad2 and the Mis12 complex, a
component of the microtubule-binding KMN network (Kwon et al., 2007). It is now known that the
dependency of the Mis12 complex upon CENP-C is due to a direct interaction between the two
(Screpanti et al., 2011). Moreover, targeting CENP-C to artificial chromosomal loci is sufficient to
drive ectopic recruitment of the Mis12 complex, KNL1/Spc105 and Ndc80/Hec1 (Przewloka et al.,
2011). Furthermore artificial CENP-C targeting in DT40 cells gives rise to kinetochores functional in
chromosome segregation, able to bind microtubules and maintain normal SAC signalling (Hori et
al., 2013; Gascoigne et al., 2011). In human cells ectopic expression of CENP-C or CENP-T
results in the recruitment of a number of kinetochore proteins, however the expression of both
proteins is required to drive the formation of functional kinetochores (Hori et al., 2013; Gascoigne
et al., 2011). The N-terminal region of CENP-T forms a direct interaction with the Ndc80 complex
subunits Spc24/25 via their RWD domains (Nishino et al., 2013; see Figure 1.2c). Thus CENP-T
represents a second physical linkage between the core CCAN and the microtubule-binding KMN
network (Nishino et al., 2013). In S. cerevisiae the binding of the CENP-T orthologue (Cnn1) to
Spc24 and Spc25 has been shown to compete with the Mis12 complex (Bock et al., 2012),
suggesting a role in regulating the interactions between the KMN. Additionally, an interaction
between Ndc80/Hec1 and CENP-H has been reported, and although the relevance of this twohybrid result is unclear, it may represent another direct CCAN-KMN interaction (Mikami et al.,
2005).

1.2.3.6

Function of CCAN

In addition to the roles discussed above in kinetochore protein recruitment and CENP-A loading, it
is now thought that CCAN itself is important in promoting chromosome alignment to the spindle
equator. Indeed, depletion of any CCAN protein disrupts chromosome congression (Foltz et al.,
2006; Okada et al., 2006; McClelland et al., 2007; Hori et al., 2008a; Amaro et al., 2010). It is
unlikely that these congression defects are a result of the indirect, partial loss of the KMN from
kinetochores because kinetochores are clearly still able to establish end-on biorientated
attachments to K-MTs and form a metaphase plate (McClelland et al., 2007; Mchedlishvili et al.,
15
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2012; Amaro et al., 2010; Foltz et al., 2006). CCAN depletions cause an increase in the width of
the metaphase plate and the presence of a small number of unaligned chromosomes (Foltz et al.,
2006; Okada et al., 2006; McClelland et al., 2007; Amaro et al., 2010). Interestingly, depletion of
CENP-O and CENP-L also results in the accumulation of monopolar spindles due to slow spindle
assembly when centrosomes are not fully separated at nuclear envelope breakdown (see below;
Toso et al., 2009; McClelland et al., 2007; Mchedlishvili et al., 2012).

How CCAN regulates congression is unknown. It is known that K-MT dynamics are important for
chromosome movement. CENP-H depletion disrupts K-MT dynamics, leading to an increased rate
of K-MT plus-end turnover (Amaro et al., 2010). Depletion of CENP-H also disrupts poleward K-MT
flux and increases spindle MT acetylation, suggesting that the K-fibre lattice is hyper-stable.
Consistent with this, K-MTs in CENP-H depleted cells have increased resistance to cold induced
depolymerisation (Amaro et al., 2010). The CCAN may therefore contribute to congression by
controlling K-MT dynamics.

Consistently, other CCAN depletions also affect K-MT dynamics: CENP-L depletion causes
increased K-MT plus-end turnover and non-homogeneous poleward microtubule flux. In contrast to
CENP-H depletion, K-MTs in CENP-L depleted cells are less cold stable (Mchedlishvili et al.,
2012). This can explain the monopolar phenotype observed in CENP-L depleted cells as it has
previously been shown that kinetochores drive prometaphase centrosome separation by controlling
poleward K-MT flux. Addition of tubulin hetrodimers at K-MTs plus-ends imparts a pushing force,
which powers centrosome separation (Toso et al., 2009). Thus, CENP-L depletion results in a 5-6
min delay in spindle pole separation which causes severe chromosome segregation defects due to
the formation of syntelic and merotelic kinetochore–microtubule attachments (McClelland et al.,
2007; Mchedlishvili et al., 2012). However, this is only the case in cells that have not separated
their spindle poles prior to nuclear envelope breakdown (Mchedlishvili et al., 2012). In CENP-O
depleted cells, where CENP-L remains bound, the failure to separate centrosomes results from a
decrease in the stability of K-fibres, which are therefore less efficient in imparting centrosome

16

CHAPTER 1 - Introduction

pushing forces (Toso et al., 2009; McClelland et al., 2007). It remains unknown by which
mechanisms the CCAN controls K-MT dynamics. Two possible candidates are CENP-Q and
CENP-U (see CCAN proteins labelled in red in see Figure 1.2a, c), both of which interact with MTs
in vitro (Amaro et al., 2010; Hua et al., 2011). Of these two proteins CENP-Q is perhaps the most
likely candidate as recent work in our lab has shown that CENP-Q is able to modulate MT
dynamics in vitro and depletion of the protein reduces K-MT plus-end turnover in vivo (Samora
C.P., PhD thesis, 2012). However, other CCAN recruited factors may alternatively be responsible
for regulating K-MT dynamics.

1.2.4

The core kinetochore-microtubule interface

In order for microtubule dynamics to power chromosome movements they must first be stably
bound to the kinetochore in an end-on orientation, i.e. the plus-end of the microtubule terminating
at the kinetochore. On a basic level this would seem to be a relatively simple interaction, however,
when one considers that microtubules are dynamic polymers constantly undergoing growth and
catastrophe events, the extra level of complication becomes apparent. It is essential that the
kinetochore is able to maintain end-on attachments with both growing and shrinking microtubules.
It is now known that the majority of the force required for chromosome movement is generated at
the poleward (P) moving kinetochore, with net microtubule shrinkage within the K-fibre effectively
pulling the P kinetochore pair (Dumont et al., 2012; Khodjakov & Rieder, 1996). On monoorientated kinetochores a stable interaction therefore ensures efficient poleward transport and, at
amphitelic attached sister-kinetochores pairs (where each sister is attached to opposite spindle
poles), powers biorientated alignment to, and maintenance at, the spindle equator (see section 1.4
for more details). The proteins and protein complexes involved in the maintenance of these
attachments are discussed below and are shown in Figure 1.3.
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1.2.4.1

The KMN network

The KMN complex is the key microtubule binding protein network within the kinetochore. In
vertebrates this protein network consists of the Knl1 (kinetochore null lethal; also known as Blinkin)
protein and its binding partner Zwint, the four subunit Mis12 complex (Mis12, Nnf1, Nsl1, Dsn1)
and the four subunit Ndc80 complex (Hec1/Ndc80, Nuf2R, Spc24, Spc25) (Cheeseman et al.,
2006; Cheeseman et al., 2004; DeLuca et al., 2006; Kops et al., 2005). The entire KMN network of
proteins represents a dynamic feature of the kinetochore, assembling in prophase and
disassembling in telophase (reviewed in Santaguida & Musacchio, 2009; Gascoigne &
Cheeseman, 2013). The Ndc80 complex is the major microtubule binding protein complex within
the KMN (Cheeseman et al., 2006) and is a 57nm long heterotetramer consisting of a Hec1-Nuf2
and a Spc24-Spc25 dimer (Figure 1.3). The dimers are held together by coiled-coil domains
located at the N-termini of Spc24 and Spc25 and the C-termini of the Ndc80 and Nuf2 (Ciferri et al.,
2008; Wei et al., 2007). In humans the Ndc80 complex is anchored to the kinetochore by the
Spc24 and Spc25 subunits, which interact directly with the C-terminal region of the Mis12 complex
subunit Nsl1 (Petrovic et al., 2010), and also CENP-T (Gascoigne et al., 2011; Figure 1.3).

The key microtubule binding subunit within the complex is the Hec1/Ndc80 protein (Cheeseman et
al., 2006). Hec1 mediates its interaction with microtubules by a calponin homology (CH) domain
within the N-terminal region of Hec1 and by a positively-charged region spanning ~80 amino acids
within Hec1 located at the extreme N-terminus; the combined action of these two domains gives
rise to a microtubule binding dissociation constant of 0.5 "M (Wei et al., 2007; Ciferri et al., 2008;
Guimaraes et al., 2008; Cheeseman et al., 2006). The combined action of both domains is required
to create normal stable kinetochore-microtubule attachments and pulling forces and thus facilitate
timely mitotic progression (Sundin et al., 2011; Tooley et al., 2011; Deluca et al., 2005). The
positively charged amino-terminus of Hec1 binds to tubulin monomers within microtubules at their
negatively charged C-terminal tails or “E-hooks” (Alushin et al., 2010; Ciferri et al., 2008; Tooley et
al., 2011). Within the Hec1 CH domain there is a region known as the Hec1 “toe”. This region
recognises a site between two tubulin monomers (at both inter and intra-dimer interfaces). This
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“toe-print” changes shape when microtubules begin to curve at depolymerising microtubule ends,
and as the “toe” has a higher affinity for the straight microtubules Hec1 has a higher affinity for the
MT lattice rather than depolymerising ends (Alushin et al., 2010). It is believed that this property of
the Hec1 protein gives rise to a biased diffusion, allowing the Ndc80 complex to remain attached to
depolymerising MTs (Alushin et al., 2010). Like Hec1, the Nuf2 protein also contains a CH domain,
however, unlike Hec1 this CH domain does not contribute significantly to the generation of stable
kinetochore-microtubule attachments (Sundin et al., 2011). Mutations in this region nonetheless
show that the Nuf2 CH domain is important in creating normal microtubule dependent kinetochore
force and promoting timely chromosome congression (Sundin et al., 2011).

The Ndc80 complex is also a key effector of the error correction machinery, which ensures that
incorrect microtubule-kinetochore attachments (such as syntelic attachments) are destabilised
(reviewed in Varma & Salmon, 2012). The key protein in initiating error correction is the kinase
Aurora B (Figure 1.3). It is known that Aurora B phosphorylates several targets within the Ndc80
complex and elsewhere in the KMN, causing incorrect microtubule attachments to be released by
reducing the microtubule binding activity of the complex (Welburn et al., 2010; Cheeseman et al.,
2006; Chan et al., 2012; reviewed in Varma & Salmon, 2012). The Hec1 protein is a prime example
of an Aurora B error correction target, Hec1 contains nine Aurora B kinase phosphorylation sites
localised in its microtubule-binding domain. Phosphorylation of these sites reduces the affinity of
Hec1 for microtubules as phosphorylation disrupts the positive charge required for electrostatic
binding to microtubules (Cheeseman et al., 2006; Santaguida & Musacchio, 2009; Welburn et al.,
2010). Phosphorylation of Hec1 allows removal of erroneous microtubule attachments so that
kinetochores can reattempt biorientation (Cheeseman et al., 2006; Cimini et al., 2006; DeLuca et
al., 2006; Sandall et al., 2006; Welburn et al., 2010). Hec1 is also phosphorylated by the Nek2
protein kinase at serine 165, which promotes the recruitment of the spindle assembly checkpoint
(SAC) proteins Mad1 and Mad2 (Wei et al., 2011; Chen et al., 2002). Whether this is a direct
binding is unknown, although there is a reported yeast two-hybrid interaction between Mad1 and
Hec1 (Guimaraes et al., 2008; Martin-Lluesma et al., 2002; Miller et al., 2008; Wei et al., 2011).
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The Ndc80 complex further contributes to SAC signalling through the Aurora B phosphorylationdependent recruitment of the checkpoint kinase MPS1/TTK (Vigneron et al., 2004; Hewitt et al.,
2010; Santaguida et al., 2010; Maciejowski et al., 2010).

KNL1 is a 2316 amino acid long molecule, which contains a microtubule binding sequence at the
extreme amino-terminus, a kinetochore-targeting domain at the C-terminus and a series of repeat
sequence motifs in between (reviewed in Varma & Salmon, 2012; Figure 1.3). It has been shown
that in C. elegans KNL1 is dispensable for generating stable kinetochore microtubule attachments
but is required for SAC activity (Espeut et al., 2012). In contrast depleting KNL1 from human mitotic
cells disrupts the formation of stable K-MTs, and upon progression to anaphase these cells often
exhibit sister chromosome missegregation (Cheeseman et al., 2008; Kiyomitsu et al., 2007;
Schittenhelm et al., 2009). Both human and C. elegans KNL1 exhibit low affinity microtubule
binding in vitro (Cheeseman et al., 2006; Welburn et al., 2010; Espeut et al., 2012). Additional in
vitro assays have shown that the microtubule affinity of Hec1 is increased by the presence of KNL1
(Cheeseman et al., 2006). Interestingly, microtubule binding by KNL1 and the Ndc80 complex is
also further increased by the addition of other KMN components, suggesting that the KMN complex
binds microtubules synergistically (Cheeseman et al., 2006). One possibility is that this synergy is
required to allow the components of the KMN to bind to microtubules with sufficient affinity to
generate a physiologically functional microtubule binding interface.

KNL1 is also an Aurora B phosphorylation target, and phosphorylation of these sites also disrupts
MT binding activity (Welburn et al., 2010; Espeut et al., 2012). Recent work has shown that KNL1
is important in the recruitment of protein phosphatase 1 (PP1), which acts antagonistically to
Aurora B, dephosphorylating KMN components thus allowing the KMN network to stably bind
microtubules (Liu et al., 2010). It has also been proposed that KNL1 is involved in the recruitment
of several key SAC proteins to the kinetochore including BUB1 and BUBR1 (Kiyomitsu et al.,
2007). Recent work has shown that in budding yeast, the recruitment of BUB1, BUBR1 is
dependent upon Spc105 phosphorylation by the SAC kinase MPS1 (London et al., 2012; Shepperd
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et al., 2012; Yamagishi et al., 2012; Krenn et al., 2012). Given these multiple roles and interactions
it is thought that KNL1 may act as a sensor for discerning correct kinetochore-microtubule
attachment and influencing subsequent SAC deactivation (Espeut et al., 2012).

The 277 amino acid long protein Zwint-1 (ZW10 interacting protein-1) consists of at least two
coiled-coil domains and is know to bind tightly to the C-terminus of KNL1 (Petrovic et al., 2010)
forming a KNL1-Zwint-1 complex (Figure 1.3). Zwint-1 also interacts with RZZ complex, which is
composed of Rod, ZW10 and Zwilch (Starr et al., 2000; Kops et al., 2005; reviewed in Varma &
Salmon, 2012). RZZ is required for the recruitment of Mad1-Mad2 and Spindly, which in turn
recruits Dynein-dynactin to kinetochores (Buffin et al., 2005; Kops et al., 2005; Griffis et al., 2007;
Chan et al., 2009). This set of protein-protein interactions are involved in both the activation and
silencing of the SAC (Karess, 2005; Gassmann et al., 2010). Like many other KMN proteins Zwint1 has also been shown to be an Aurora B phosphorylation target and it is thought that this
phosphorylation is required for the recruitment of the RZZ complex (Kasuboski et al., 2011). There
is also evidence that Zwint binds to the Hec1 subunit of the NDC80 sub-complex (Lin et al., 2006)
and to Mis12 (Obuse et al., 2004), thus providing a possible link between KMN sub-complexes.

Unlike the Ndc80 complex and KNL1, the Mis12 complex does not possess microtubule binding
activity, although its presence does increase the MT binding activity of the Ndc80 complex and
KNL1 (Cheeseman et al., 2006). Instead, the function of the Mis12 complex is a largely structural
one, acting as the “keystone” of KMN assembly (Cheeseman & Desai, 2008). Negative stain
electron microscopy shows the Mis12 complex to be a 22 nm long rod structure, with the four
proteins that form the complex (Nnf1, Mis12, Dsn1, Nsl1) being visible as 4 consecutive domains
within the rod (Petrovic et al., 2010). The main function of the Mis12 complex is to form a structural
platform for the loading of the major KMN microtubule binding components; the Ndc80 complex
and the KNL1 protein (Petrovic et al., 2010). The C-terminal region of Nsl1 binds the C-terminal
domains of Spc24 and Spc25 tethering the Ndc80 complex, and to the C-terminus of KNL1
(Petrovic et al., 2010). The Mis12 complex itself is bound to the kinetochore through a direct
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interaction with CENP-C (Figure 1.3). However it is currently unknown which Mis12 subunit(s)
mediate this interaction in vertebrate cells (Screpanti et al., 2011). In D. melanogaster, which lack
the Dsn1 subunit of the Mis12 complex, it has been shown that there is a direct interaction between
CENP-C and the Nnf1 subunit of the Mis12 complex (Przewloka et al., 2011). Depletions of
Nnf1/Mis12/Dsn1/Nsl1 result in perturbation of chromosome biorientation, faithful chromosome
alignment and segregation as well as a failure to form stable K-fibres (Kline et al., 2006; Venkei et
al., 2011; reviewed in Varma & Salmon, 2012). These depletion phenotypes are not as severe as
depletion of the Ndc80 complex, consistent with the dual loading of this complex to kinetochores by
Mis12 and CENP-T. The Mis12 complex may also be controlled by phosphorylation as the Dsn1
protein is a confirmed target of Aurora B kinase (Welburn et al., 2010).

1.2.4.2

The Ska complex

The Ska complex, consisting of Ska1, Ska2 and Ska3/Rama1 has also been identified as a major
microtubule-binding complex localising to the kinetochore and K-fibres (Hanisch et al., 2006a;
Gaitanos et al., 2009; Welburn et al., 2009; Daum et al., 2009; Raaijmakers et al., 2009). Highresolution structural work has shown that 2 copies of each of the 3 subunits associate to form a Wshape (Figure 1.3), which is approximately 35 nm wide (Jeyaprakash et al., 2012). The resulting
complex has 4 microtubule binding sites, one from each of the 2 copies of Ska1 and Ska3. These
sites are located at the two ends of the W-shape and interact electrostatically with microtubules
(Jeyaprakash et al., 2012). It is thought that the W-conformation of the Ska complex may aid in
binding to the curved sides of microtubules. In vitro studies with the human Ska proteins have
shown that binding of the Ska complex to microtubules is cooperative (Welburn et al., 2009).
Furthermore, the Ska complex can form oligomers, which are able to bind to the plus-ends of
depolymerising MT ends along both straight and curved MT protofilaments and move processively
with the depolymerising ends (Welburn et al., 2009; Schmidt et al., 2012). This distinguishes the
Ska complex from the Ndc80 complex, which is only able to bind efficiently to the straight
microtubule lattice (Alushin et al., 2010; Welburn et al., 2009).
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The binding of the Ska complex to the kinetochore requires the presence of the Ndc80 complex
(Hanisch et al., 2006a), with which it binds via the loop domain of Ndc80/Hec1 (Zhang et al., 2012).
In vitro assays have shown that this interaction allows the Ndc80 complex to efficiently track
microtubule plus-ends, a property that is required for the kinetochore to maintain end-on
attachments to K-MTs (Schmidt et al., 2012) and facilitate force generation following MT
catastrophe events. Recent work shows that in addition to interactions with the Ndc80 complex, the
Ska complex also interacts with the Mis12 complex and KNL1, yeast 2-hybrid experiments have
provided evidence for interactions between Hec1-Ska1, Mis12-Ska2 (also confirmed by pull-down
assays) and Spc24-Ska3 (Chan et al., 2012). Robust binding of Ska to the kinetochore requires all
three of these KMN members (Chan et al., 2012). Like the KMN, the Ska complex is also a target
of Aurora B, with Ska1 and Ska3 being phosphorylated by the kinase. These phosphorylation
events break the interaction between the Ska complex and the KMN, preventing the recruitment of
the Ska complex to the kinetochore, which in turn inhibits its role in stabilising kinetochoremicrotubule plus-end binding (Chan et al., 2012). As may be expected from a protein complex that
contributes to kinetochore-microtubule plus-end binding, depletion of Ska proteins results in
destabilised K-fibres, perturbed chromosome congression and cell death (Gaitanos et al., 2009).
However, these depletions only result in a small reduction in KMN kinetochore-binding (Gaitanos et
al., 2009).

1.3 Kinetochore-bound MAPs & molecular motors
In addition to the KMN-Ska complexes discussed above, a number of other proteins bind
microtubules and regulate their dynamics when kinetochore-bound. These include members of the
kinesin superfamily of molecular motors and cytoplasmic dynein, all of which can generate force by
“walking” along the microtubule lattice powered by the hydrolysis of ATP. This force generation can
be linked to the movement of chromosomes (through stepping along the lattice or influencing
microtubule dynamics), but also the delivery and removal of cargos from the kinetochore.
Discussed below is a subset of these proteins that are most relevant to this study.
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1.3.1

Microtubule associated proteins (MAPs)

The EB protein family of MAPs (consisting of EB1, EB2 and EB3) are known to track the plus-ends
of growing microtubules, an association which has been shown both in living cells (Stepanova et
al., 2003), and in in vitro reconstitution assays (Bieling et al., 2007). They are thus the founding
members of the set of MAPs known as plus-tip interacting proteins (+TIPs). Biochemical studies
show that EB1 increases the net growth rate and rescue frequency of dynamic microtubules in vitro
as well as reducing depolymerisation rate (Manna et al., 2008; Lopus et al., 2012; Vitre et al.,
2008). However, it is also known that EB proteins are important in targeting other proteins to the
plus-ends of microtubules, a role which has been demonstrated in vitro with CLIP-170 (Lopus et
al., 2012), and p150

Glued

CAP-Gly domain (Manna et al., 2008). In both of these examples adding

EB1 plus the additional component greatly increased the effect of EB1 on growth rate, rescue
frequency and catastrophe suppression. However, the microtubule depolymerase MCAK must also
bind to EB1 to reach its site of action at the plus-ends of microtubules (Honnappa et al., 2009). It
has been shown that EB proteins localise to the kinetochore in a microtubule dependent manner,
being enriched on the trail kinetochore (Tirnauer et al., 2002). Consistent with a role in mitosis,
depletion of EB1 in HeLa cells affects the movement and orientation and position of the metaphase
plate but does not affect kinetochore attachment to K-fibres (Draviam et al., 2006). However, the
most striking aspect of depletion is a large increase in anaphase errors such as DNA bridges and
lagging chromosomes (Draviam et al., 2006). The same defects also resulted from the depletion of
the adenomatous polyposis coli protein (APC), which is recruited to the kinetochore/K-fibre plus tip
by EB1 suggesting that the effect of EB1 depletion on mitosis may be an indirect one (Draviam et
al., 2006).

It has been known for almost two decades that the APC protein binds to EB1 (Su et al., 1995), and
it is now also known that this interaction is required for the targeting of APC to microtubule plusends (Draviam et al., 2006). APC increases microtubule growth rate and stability, and reduces
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catastrophe frequency (reviewed in Rusan & Peifer, 2008; Bahmanyar et al., 2009). During mitosis
the APC protein localises to kinetochores in a microtubule dependent manner (Fodde et al., 2001),
as well as other key mitotic sites such as the centrosome and cell cortex (reviewed in Bahmanyar
et al., 2009). Consistent with a role in mitosis the APC protein was discovered as a result of it often
being mutated in isolated colonic cancer cells (Kinzler et al., 1996). Subsequent studies have
shown that depletion of APC or mutations that disrupt its interaction with EB1 result in
chromosomal instability (Fodde et al., 2001). Live cell imaging has revealed that APC depletions
and mutations result in incorrect spindle positioning, disrupted metaphase alignment, chromosome
segregation errors and failure to maintain normal SAC signalling (reviewed in Rusan & Peifer,
2008; Bahmanyar et al., 2009). Given the role of APC in promoting MT growth it is thought that
these defects caused by its depletion may result from disrupted K-fibre MT dynamics (Su et al.,
2009; Dikovskaya et al., 2007).

Like APC, the CAP-Gly protein CLIP-170 is also an EB1 interactor, and this interaction is
indispensible in facilitating CLIP-170 microtubule plus-end tracking (Komarova et al., 2005). In vitro
assays have shown that CLIP-170 alone is able to bind to microtubules in vitro, but does not show
plus-end specificity (Diamantopoulos et al., 1999). It is known that CLIP-170 has a stabilising effect
on microtubule dynamics, increasing growth rate and decreasing catastrophe frequency in vitro
(Lopus et al., 2012). Interestingly this effect is synergistically increased by the presence of EB1,
with a mixture of EB1 and CLIP-170 together being effective at concentrations much lower than
either protein in isolation (Lopus et al., 2012). Although CLIP-170 is present throughout the cell
cycle it has been shown to associate with kinetochores during mitosis but is displaced in
metaphase (Dujardin et al., 1998; Tanenbaum et al., 2006). Interestingly it is thought that at least
part of the kinetochore bound population of CLIP-170 is delivered by the dynein/dynactin complex
(Tanenbaum et al., 2006). CLIP-170 has also been shown to bind non-microtubule bound
kinetochores, leading to the suggestion that the protein aids in the initial formation of stable
kinetochore-microtubule attachment (Dujardin et al., 1998). Depletion of CLIP-170 results in
perturbed chromosome congression (Dujardin et al., 1998; Tanenbaum et al., 2006). Consistent
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with a role in modulation of microtubule dynamics and its localisation to the kinetochore, depletion
of CLIP-170 results in the perturbation of normal metaphase alignment and the destabilisation of
kinetochore-microtubule binding (Dujardin et al., 1998; Tanenbaum et al., 2006). Work on the role
of S. pombe CLIP-170 homologue Tip1 in mitosis has shown that the protein is important in
poleward transport of chromosomes (Goldstone et al., 2010).

CLASP proteins are also microtubule-binding proteins capable of plus-end tracking and were
initially identified by their interaction with CLIP-170/CLIP-115 (Akhmanova et al., 2001; see Figure
1.3). However, the D. melanogaster homologue Orbit/Mast had previously been identified (Lemos
et al., 2000; Inoue et al., 2000). CLASPs localise to the plus-ends of growing microtubules,
displaying a comet like distribution similar to the EB family proteins (Akhmanova et al., 2001).
Interestingly CLASP1 and CLASP2 have also been shown to interact with actin filaments and thus
may function to integrate the actin and microtubule cytoskeletons (Tsvetkov et al., 2007). CLASP
proteins bind to microtubules via a conserved TOG-domain, in vitro and in vivo work has shown
that these proteins promote microtubule polymerisation and reduce catastrophe events (Al-Bassam
et al., 2010; reviewed in Al-Bassam & Chang, 2011). A recent study by our laboratory has
demonstrated that CLASP1 and MAP4 proteins work together to ensure correct positioning of the
mitotic spindle (Samora et al., 2011). During mitosis CLASP proteins are enriched at the plus-ends
of growing spindle microtubules and form a component of the outer corona of the kinetochore in
metaphase and prometaphase (Maiato et al., 2003a; Maffini et al., 2009). However, during
anaphase CLASP1 re-localises to the central spindle and spindle poles, and accumulates in the
midbody in telophase (Maffini et al., 2009). Initial work showed that inhibition of CLASP1 by
microinjecting cells with anti-CLASP1 antibodies disrupted normal K-fibre dynamics as the growth
and shrinkage events that give rise to kinetochore oscillation were no longer observed (Maiato et
al., 2003a). This initial work also showed that K-fibres were shorter in the absence of CLASP1
activity. Furthermore, the absence of CLASP1 activity also greatly increased monopolar spindle
formation, and in spindles that did achieve bipolarity, chromosome congression to the spindle
equator was perturbed (Maiato et al., 2003a; Maiato et al., 2003b). Similar effects are seen in D.
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melanogaster cells depleted of the CLASP homologue MAST/Orbit (Maiato et al., 2005), where it
was demonstrated that MAST/Orbit was required to incorporate tubulin dimers into the spindle to
drive K-fibre flux. Recent work in human cells has also demonstrated the requirement of CLASPs
to drive poleward MT flux in human cells. The depletion of CLASPs also decreased K-MT plus-end
turnover (Maffini et al., 2009). It is now known that the loading of CLASP1 and CLASP2 to the
kinetochore is facilitated by the kinesin 7 CENP-E, independent of its motor activity (Maffini et al.,
2009).

1.3.2

Molecular motors

Molecular motors are a group of proteins able to use the energy from nucleotide hydrolysis in order
to do physical work. Two classes of molecular motor are kinesins and dynein, both of which use
ATP hydrolysis to power walking movements along microtubule tracks, with dynein walking
towards microtubule minus ends and kinesin generally (but not always) walking towards
microtubule plus-ends (reviewed in Vogel, 2005; von Delius & Leigh, 2011). In addition to walking,
some of these molecules are also able to influence the dynamics of the microtubules themselves
(Wu et al., 2006). The microtubule-interacting motor proteins most relevant to this study are
discussed below (shown in Figure 1.3).
1.3.2.1

CENP-E

Centromere protein E (CENP-E) belongs to the kinesin-7 family and is a slow, but processive, plusend directed motor protein (Kim et al., 2008). The human CENP-E protein is 2663 amino acids in
length, consisting of an N-terminal motor domain, an extensive flexible coiled-coil region, a
kinetochore binding domain, a further short coiled-coil domain and a C-terminal microtubulebinding domain (Wood et al., 1997; Gudimchuk et al., 2013; Kim et al., 2008; Figure 1.3). CENP-E
is a dimeric kinesin, the two CENP-E monomers dimerising by the coiled-coil region of the
molecule. In vitro assays have also shown that CENP-E has a stabilising effect on dynamic
microtubules, greatly increasing plus-end elongation (Sardar et al., 2010). As the addition of tubulin
subunits is tightly coupled to ATP turnover this activity must require the motor domain of CENP-E.
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In line with this result in vivo work has shown that depletion of CENP-E results in reduced spindle
length and reduced K-fibre poleward flux as well as chromosome congression defects (Maffini et
al., 2009). However, this study also showed that K-fibre plus-end turnover was reduced in CENP-E
depleted cells. More recent in vitro work has shown that unlike many kinesins, which detach upon
reaching microtubule tips, full length human CENP-E remains attached to microtubules, switching
from lateral attachment to tip tracking (Gudimchuk et al., 2013). This tip tracking activity requires
the combined activity of both the CENP-E motor domain and the additional microtubule-binding
domain in the C-terminal tail of the molecule. In this tip-tracking mode CENP-E is able to remain
attached to both depolymerising and polymerising microtubules. Previous studies using truncated
CENP-E did not see this behaviour as these truncations lack the C-terminal microtubule-binding
domain (Gudimchuk et al., 2013; Kim et al., 2008).

CENP-E is bound to kinetochores during mitosis and it is thought that the ability of CENP-E to track
depolymerising microtubules may represent an additional mechanism by which kinetochores can
maintain attachment with depolymerising MTs (Gudimchuk et al., 2013). Recent work has shown
that, in addition to CENP-E’s role in mono-orientated chromosome congression (see section 1.4
below), the protein may function to maintain stable kinetochore-microtubule attachments
(Gudimchuk et al., 2013; Kim et al., 2008). Indeed, work within the Grishchuk laboratory has shown
that allosteric inhibition of the CENP-E motor domain with the small molecule inhibitor GSK923295
results in a number of chromosomes falling away from the metaphase plate (Gudimchuk et al.,
2013). This inhibitor binds to loop-5 of CENP-E and prevents the kinesin from releasing inorganic
phosphate (Pi) produced by ATP hydrolysis, this in turn results in the motor becoming rigor bound
to microtubules (Wood et al., 2010). The loss of chromosomes from the metaphase plate in the
presence of the inhibitor seems to suggest a subset of chromosomes require active CENP-E to
maintain kinetochore-microtubule attachment, however it is also possible that these chromosomes,
although aligned, have not yet become biorientated and therefore remain dependent upon CENPE. It has also been demonstrated that inhibition of CENP-E disrupted the ability of kinetochores to
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track K-fibres depolymerised by nocodazole treatment, thus providing further evidence that CENPE may help kinetochores track depolymerising microtubules (Gudimchuk et al., 2013).

It has also been proposed that the long coiled-coil of CENP-E may allow the protein to aid in the
initial capture of microtubules by kinetochores as the length and flexibility of the molecule (~230
nm) would allow it to efficiently seek out microtubules over a relatively large area (Kim et al., 2008).
In support of this idea studies have shown that CENP-E is enriched on unattached kinetochores
(Hoffman et al., 2001) suggesting a possible role in attachment generation.

1.3.2.2

KIf18a

The mitotic kinesin Kif18a (Klp67A in D. melanogaster; KipB in A. nidulans, Kip3p in S. cerevisiae
and klp5/6 in S. pombe) is a member of the kinesin-8 family and has also been shown to be a slow
processive plus-end directed motor protein (Mayr et al., 2007). In addition to its N-terminal motor
domain, Kif18A also contains a MT-binding domain within its C-terminus. This domain provides a
second site to tether Kif18a to the microtubule lattice increasing its processivity by preventing
detachment. In vitro studies have shown that this C-terminal MT-binding domain allows Kif18a to
accumulate at microtubule plus-ends (Stumpff et al., 2011). The expression of Kif18a is highest
during M phase, and during mitosis Kif18a is enriched at kinetochores but is also visible on K-fibres
(Mayr et al., 2007; Weaver et al., 2011). Unlike CENP-E, there is evidence that Kif18a may act as a
microtubule depolymerase in vitro (Stumpff et al., 2011; Mayr et al., 2007). The same being true of
the yeast othologue Kip3, which has been shown to control spindle length by microtubule
depolymerisation (Varga et al., 2009). Interestingly, it is thought that Kif18a depolymerises longer
microtubules at a higher rate than short ones, however it is unknown by what mechanism Kif18a
biases its depolymerisation activity based on microtubule length (Mayr et al., 2007). Consistent
with this activity and its localisation to kinetochores it has been shown that depletion of Kif18a
results in increased spindle length (Mayr et al., 2007; Weaver et al., 2011). The most conspicuous
effect of Kif18a depletion is perturbed chromosome congression with cells often being unable to
form a metaphase plate, this failure to congress results in a large accumulation of mitotic cells
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(Mayr et al., 2007; Huang et al., 2009; Mayr et al., 2011; Stumpff & Wordeman, 2007). Other
studies have suggested that rather than being an active depolymerase Kif18a may act to suppress
microtubule plus-end polymerisation (Du et al., 2010; Stumpff et al., 2012). Consistent with this
idea it has been shown that Kif18a acts to suppress kinetochore movements in late metaphase
(Stumpff et al., 2008), and its depletion results in increased K-MT plus-end turnover (Manning et
al., 2010). Depletion of the protein increases the speed of kinetochore movement (Jaqaman et al.,
2010). Interestingly it has been shown that the presence of Kif18a at the kinetochore may be
required for the efficient kinetochore loading of CENP-E (Huang et al., 2009). CENP-E and Kif18a
co-immunoprecipitate in mitotic cells, suggesting that they are in the same complex and it is
therefore possible that this dependency reflects a direct or indirect physical interaction (Huang et
al., 2009).

1.3.2.3

MCAK

Unlike Kif18a and CENP-E the protein MCAK (mitotic centromere-associated kinesin) is a nonmotile kinesin-13 family protein that is associated with the inner kinetochore/centromere during
mitosis (Wordeman & Mitchison, 1995; see Figure 1.3). MCAK possesses an N-terminal coiled-coil
domain important for dimerisation and a motor-like domain that is located towards the middle of the
molecule (Hertzer et al., 2006). Although MCAK is non-motile its motor-like domain is still able to
hydrolyse ATP, but rather than using this hydrolysis to drive movement the molecule uses it to
drive microtubule depolymerisation (Hertzer et al., 2006; Hunter et al., 2003; reviewed in Moores &
Milligan, 2006). This depolymerisation activity occurs at microtubule ends and it has been shown
that MCAK ATPase activity is specifically stimulated by association of the molecule with
microtubule plus-ends (Hunter et al., 2003). The depolymerisation activity of MCAK has been
demonstrated to use approximately 5 ATP molecules for each tubulin heterodimer removed from a
microtubule (Hunter et al., 2003). To enable efficient localisation to its site of action at microtubule
plus ends in the absence of motor activity, MCAK contains an SxIP motif, which allows it to bind to
EB1. The plus-tip tracking activity of EB1 then ensures accurate delivery of MCAK to microtubule
plus-ends (Honnappa et al., 2009). In accordance with the loading of MCAK to the
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kinetochore/centromere during mitosis and its depolymerising activity recent work has shown that
MCAK functions to reduce mitotic spindle length (Domnitz et al., 2012). This work also showed that
due to its depolymerisation activity, MCAK antagonises the separation of centrosomes and the rate
of bipolar spindle formation. However, this delay has been shown to promote the formation of
robust attachments between K-fibres and kinetochores, as MCAK-depleted cells maintain high
levels of kinetochore-bound Mad2, even after biorientation has occurred (Domnitz et al., 2012). In
line with this, other studies have shown that depletion of MCAK can increase the frequency of
lagging chromosomes during mitosis (Maney et al., 1998; Huang et al., 2007; Ganguly et al., 2011;
Kline-Smith et al., 2004). One possibility is that the presence of MCAK causes tension generated
by depolymerisation of K-MTs, and this tension is required to stabilise kinetochore-microtubule
attachments to ensure faithful chromosome segregation. It has been shown that MCAK is under
phosphorylative control by Aurora B, and that this phosphorylation negatively regulates MCAK
depolymerisation activity by inducing conformational changes, which reduce its association with
microtubules (Ems-McClung et al., 2103; Knowlton et al., 2006; Andrews et al., 2004). As Aurora B
phosphorylation is known to be important for removing inappropriate attachments, it is possible that
MCAK activity must first be reduced in order to facilitate detachment. Logically a reduction in this
activity would reduce K-MT depolymerisation, therefore reducing inter-kinetochore tension,
resulting in further Aurora B driven attachment destabalisation.

1.3.2.4

Dynein

Dynein differs from kinesins as it is a multi-subunit minus-end directed motor. Dynein is known to
be required for many cellular transport activities requiring minus-end directed transport along
microtubules, including organelle transport and retrograde axonal transport (reviewed in Holzbaur
& Vallee, 1994). In order to facilitate its many roles, dynein binds to a range of adaptor proteins that
gives rise to its differing cellular localisations and functions. Perhaps the best characterised of
these adaptor proteins is the plus-tip protein p150

Glued

(Vaughan & Vallee, 1994). The p150

Glued

protein contains a CAP-Gly domain that interacts with the EEY/F motif at the C-terminus of #-
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tubulin, the end-binding protein EB1 or CLIP-170, and by binding to p150

Glued

the minus-end

directed motor dynein is able to localise to the plus-ends of microtubules (Ligon et al., 2006).

As cells enter mitosis, dynein releases its interphase adaptor proteins and cargos allowing
localisation to multiple mitotic loci including the spindle poles, the cell cortex and the kinetochore
(reviewed in Bader & Vaughan, 2010). Consistent with localisation at the pole and cortex, dynein
has been implicated in spindle positioning (O’Connell & Wang, 2000; Samora et al., 2011;
Kiyomitsu & Cheeseman, 2013). Dynein at the kinetochore has been implicated in several specific
mitotic roles including chromosome movement to the pole by dynein motor activity (discussed
below in section 1.4; Yang et al., 2007; Li et al., 2007). Dynein has also been implicated in helping
to generate stable kinetochore-microtubule attachments (Hoffman et al., 2001; Yang et al., 2007).
Displacement of dynein from the kinetochore by expression of competitive dynein tail fragments or
depletion of the dynein heavy chain results in the generation of cold labile K-fibres (Varma et al.,
2008). The same study also provided evidence that dynein may be important in the maintenance of
kinetochore orientation relative to the K-fibre (Varma et al., 2008). It has been proposed that due to
the minus-end directed motor activity of dynein the protein may function to physically strip
checkpoint proteins, including BUBR1 and Mad2, from the kinetochore upon the establishment of
stable kinetochore-microtubule attachments, removing itself in the process (Hoffman et al., 2001;
Varma et al., 2008; Howell et al., 2001; Wojcik et al., 2001). This stripping mechanism has also
been proposed for the removal of CENP-E upon biorientation (Hoffman et al., 2001). Consistent
with this stripping mechanism it has been shown that the Zest White 10 (Zw10) protein is required
for kinetochore localisation of dynein. Zw10 forms part of the Rod, Zw10 and Zwilch complex,
which is also required for kinetochore localisation and subsequent removal of the checkpoint
proteins Mad1 and Mad2 (reviewed in Karess, 2005). RNA interference screens have also
identified that the protein Spindly is required for kinetochore localisation of dynein in both D.
melanogaster and human cells (Griffis et al., 2007; Gassmann et al., 2010). This initial work
showed that Spindly is enriched on unattached kinetochores and that the protein is required for
SAC silencing as depletion of the protein causes cells to arrest in metaphase with elevated
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kinetochore-bound levels of Mad2 and Rod/Zw10/Zwilch (RZZ) (Griffis et al., 2007). Spindly
depletion also causes reduced inter-KT tension, unstable KT fibres, chromosome misalignment,
spindle rotation and an extensive prometaphase delay (Chan et al., 2009). It is now thought that
Spindly plays a dynein independent role in kinetochore congression, as Spindly mutants that
abrogate dynein localisation do not result in the chromosome congression defects like those seen
in Spindly depletion. However, these mutants do result in prolonged checkpoint signalling
suggesting that dynein mediated removal of Spindly from the kinetochore is required for timely
checkpoint silencing (Gassmann et al., 2010).

1.4 Mechanisms of chromosome congression
In humans, chromosome congression is a 15-20 min long process by which chromosomes move
themselves to the midpoint between the spindle poles during mitosis thus forming the metaphase
plate (Kops et al., 2010; Walczak et al., 2010). Given the importance of chromosome congression
in ensuring mitotic fidelity it is perhaps unsurprising that several congression pathways exist, these
pathways are discussed below (see Figure 1.4).

1.4.1

Instantaneous congression

During mitosis in human cells and mouse oocytes the majority of chromosomes become
biorientated rapidly after nuclear envelope breakdown (Kitajima et al., 2011; Magidson et al.,
2011). This rapid biorientation mechanism is dependent upon the geometry of the chromosomes in
early prometaphase, when they are arranged in a ring-like (toroidal) conformation. The generation
of this toroid structure requires the polar ejection force (Rieder et al., 1986), which is primarily
generated by the chromokinesin KID (Kinesin-10) (Tokai et al., 1996; Brouhard & Hunt, 2005;
Yajima et al., 2003), but also the pushing effect of polymerising spindle microtubules. Shortly after
nuclear envelope breakdown, the chromatin is arranged as a disc within the cell, but as the spindle
poles separate and the spindle forms, KID uses the microtubule architecture to eject chromosome
arms from the centre of the newly formed spindle (Magidson et al., 2011; Tokai et al., 1996). This
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results in the formation of a toroid of chromosomes with a central chromosome free region of ~4
"m and an outer diameter of 7 "m (Magidson et al., 2011). The majority of chromosomes within the
toroid have their kinetochores located towards the centre of the structure, proximal to the chromatin
free region from which KID has displaced chromosome arms, thus preventing these arms from
blocking the kinetochore-microtubule binding sites. However, it has been shown that in mouse
oocytes, KID is dispensable for the formation of this toroid (Kitajima et al., 2011). Regardless of
how this geometry is reached, it is clear that toroid formation allows kinetochores to rapidly bind
microtubules during the process of search and capture (Magidson et al., 2011). Search and
capture is the process by which spindle microtubules initially search out kinetochores, the
microtubules undergo continuous growth and catastrophe events leading to cytoplasmic probing
and eventual contact of kinetochores which then bind the microtubules (Kirschner & Mitchison,
1986).

Search and capture can be modelled in silico (Paul et al., 2009), a recent study simulated search
and capture on a toroidal arrangement of chromosomes versus random distributions. This
simulation showed that search and capture is likely to be much more efficient when chromosomes
are arranged as a toroid (Magidson et al., 2011). The simulation also showed that within 3 min,
~70% of kinetochores would be contacted by microtubules in a toroid conformation, whereas only
~30% were predicted to be contacted within 3 min in a random distribution. The simulation
predicted that the toroid distribution would result in ~60% of chromosomes being stably attached
within 3 min, and would reduce the time taken to attach all chromosomes by 6-8 min (Magidson et
al., 2011). To test whether the predictions of the model were correct, Magidson and colleagues
depleted KID to disrupt toroid formation and found that, in agreement with the model, mitotic timing
increased by ~6 min compared to control depleted cells (Magidson et al., 2011). However, there is
also evidence that in Xenopus the polar ejection force generated by Xkid may be actively involved
in congression to the metaphase plate (Antonio et al., 2000; Funabiki & Murray, 2000), although
this is not the case in humans (Levesque & Compton, 2001).
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By following this “instentanious” pathway the majority of chromosomes appear to be able to rapidly
congress to the metaphase plate because the toroid of chromatin is positioned at the cellular
equator shortly after initiation of nuclear envelope breakdown and biorientation follows rapidly
(Magidson et al., 2011; see Chromosome 3 in Figure 1.4). After biorientation the chromosome
positions at the cellular equator are honed and maintained by depolymerisation-coupled pulling
(see section 1.4.3 below). Although chromosomes biorientate almost instantaneously due to the
geometries discussed above, evidence from studies in mouse oocytes suggests that almost 90% of
chromosomes undergo at least one round of Aurora B kinase dependent error correction (Kitajima
et al., 2011). It is also known that not all chromosomes are able to congress by the “instantaneous”
pathway and for this reason additional mechanisms of chromosome congression and biorientation
are required.

1.4.2

Lateral sliding

It is well established that the kinesin-7 CENP-E is important for normal chromosome congression.
Multiple studies have shown that deletion, depletion or inhibition of CENP-E results in a subpopulation of chromosomes that remain trapped proximal to the spindle pole, though the majority of
chromosomes are able to congress to form a metaphase plate (Schaar et al., 1997; Kapoor et al.,
2006; Gudimchuk et al., 2013; Putkey et al., 2002; Weaver et al., 2003; Wood et al., 2010). These
polar chromosomes represent a population of chromosomes that have failed to biorientate at the
spindle equator (as described in section 1.4.1). These chromosomes may have been in close
proximity to the pole after nuclear envelope breakdown or may have been transported to the pole
by kinetochore-bound dynein or mono-orientated depolymerisation-coupled pulling (described in
section 1.4.3) after failing to biorientate at the equator (Skibbens et al., 1993). Chromosomes are
able to mono-orientate (one kinetochore end-on attached, the other unattached) at the spindle pole
but require CENP-E for congression to the metaphase plate before becoming bi-orientated (Kapoor
et al., 2006). CENP-E facilitates the congression of these chromosomes to the metaphase plate by
a mechanism known as lateral sliding (see Chromosome 1 in Figure 1.4). Upon congression, these
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mono-orientated chromosomes are then much more likely to be able to biorientate due to the high
number of microtubules emanating from the opposite pole (Kapoor et al., 2006).

A population of kinetochore bound CENP-E molecules powers lateral sliding and unsurprisingly
CENP-E is enriched on unaligned/non-biorientated chromosomes (Hoffman et al., 2001; Kapoor et
al., 2006). The motors on the unattached kinetochore of a mono-orientated kinetochore pair bind
laterally to an adjacent K-fibre, along which the motors then slide towards the metaphase plate.
CENP-E motors power this sliding by hydrolysing ATP to take 8 nm steps along the microtubule
lattice (Yardimci et al., 2008). Single molecule studies have shown that CENP-E is a highly
processive kinesin due to a C-terminal MT binding domain, which complements its motor domain
and prevents MT detachment (Gudimchuk et al., 2013; Musinipally et al., 2013). It is likely that this
processive property is important in maintaining continuous lateral sliding, although in its normal
physiological role CENP-E functions as a group of motor proteins rather than as a single molecule.

Recent work has shown that the CENP-E mediated congression activity is under phosphorylative
control by the Aurora A&B kinases (Kim et al., 2010). At kinetochores around the spindle poles
CENP-E is phosphorylated by Aurora A at the T422 residue. This has the effect of reducing the
affinity of CENP-E for single microtubules but not for bundles (Kim et al., 2010). This means that
CENP-E is more likely to move in a processive manner along bundles of MTs (i.e. K-fibres), rather
than single MTs (i.e. astral microtubules). Thus Aurora A phosphorylation is proposed to be the
mechanism by which mitotic cells ensure that the net effect of CENP-E activity is transport of
monorientated chromosomes towards the cellular equator rather than towards the cellular cortex
(Kim et al., 2010). As chromosomes move towards the equator, phosphorylation of CENP-E
residue T422 by Aurora A located at the pole is reduced, this allows the T422 residue to be
dephosphorylated by the action of Protein Phosphatase 1 (PP1). Dephosphorylation of the T422
residue of CENP-E was shown to be required for mono-orientated kinetochores to become
biorientated after having congressed to the metaphase plate by lateral sliding (Kim et al., 2010),
however why this residue must be dephosphorylated remains unknown. The Grishchuk laboratory
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have recently published findings suggesting that even after alignment to the metaphase plate a
sub-population of chromosomes may remain dependent upon CENP-E to maintain alignment
(Gudimchuk et al., 2013). This study showed that inhibition of CENP-E motor activity by treatment
with the small molecule CENP-E inhibitor GSK923295 results in a small number of chromosomes
“dropping out” of metaphase alignment. This result could reflect a role for CENP-E in maintaining
end-on attachments, but it could equally reflect a subpopulation of chromosomes that are still
laterally attached to microtubules.

1.4.3

Depolymerisation-coupled pulling

Chromosomes may also biorientate whilst unaligned (i.e. before reaching the spindle equator).
These biorientation events may take place as chromosomes approach the spindle equator by
lateral sliding (see section 1.4.2 above) or at the spindle pole. Kinetochores may localise to the
pole in early prometaphase or may be transported to the spindle pole by dynein motors.
Alternatively

mono-orientated

kinetochores

may

be

dragged

to

the

spindle

pole

by

depolymerisation-coupled pulling of the attached sister. Depolymerisation-coupled pulling is
powered by the shrinking of K-fibre microtubules and has also been termed “Pacman” (Cassimeris
et al., 1987); kinetochores remain attached to these microtubules as they shrink and this powers
poleward transport. Evidence for this process was provided by in vitro experiments which showed
that isolated chromosomes could be pulled along a glass slide powered only by a shrinking
microtubule to which the kinetochore remained attached (Koshland et al., 1988). This ability to
remain attached to shrinking microtubules represents perhaps the most remarkable ability of
kinetochores and is a feat akin to climbing a burning rope. Some early in vivo evidence of
microtubule dynamics powering chromosome movements was shown in experiments by Mitchison
and Salmon, using cells labelled with photoactivatable tubulin. These experiments showed that the
rate of chromosome poleward movement was greater than that of photoactivated tubulin poleward
flux, this lead to the conclusion that it was K-MT dynamics at the plus-end of K-fibres that powered
chromosome movements (Mitchison & Salmon, 1992). Subsequently work on D. melanogaster
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demonstrated that kinesin proteins were important for controlling microtubule depolymerisation to
power chromosome movement (Rogers et al., 2004).

After reaching the spindle pole, chromosomes oscillate back and forth in a mono-orientated state. If
the unattached sister is able to bind microtubules emanating from the opposite pole these monoorientated pairs can switch to a biorientated state, after which chromosomes continue to undergo
oscillations (Skibbens et al., 1993). These oscillations allow chromosomes to align to the
metaphase plate because they make longer duration movements towards the spindle equator
(Skibbens et al., 1993; Chromosome 2 Figure 1.4). Once aligned to the metaphase plate,
oscillations maintain metaphase alignment as movements to each side of the plate average out at
a net zero displacement (Jaqaman et al., 2010; Skibbens et al., 1993). Laser ablation studies
suggested that the site of force generation powering biorientated movement is the poleward (P)
moving kinetochore (Khodjakov & Rieder, 1996). This has been confirmed by recent work showing
that the P kinetochore is compressed relative to the AP kinetochore due to the pulling forces it
experiences from the shrinking K-fibre (Dumont et al., 2012).

In order for kinetochore movement to be powered by depolymerisation-coupled pulling the process
must involve proteins that (1) mediate end-on microtubule-kinetochore attachments, (2) maintain
attachment to depolymerising microtubules and (3) ensure the K-fibre remains in a net
depolymerising state through control of K-MT dynamics. The Ndc80 and Ska complexes can
directly bind microtubules (with low affinity) in vitro, with the Ska complex (but not Ndc80) able to
autonomously track depolymerising microtubule plus-ends (Schmidt et al., 2012). Extensive
depletion of either complex causes a severe failure in chromosome congression and the inability to
form a metaphase plate (Daum et al., 2009; Gaitanos et al., 2009). Thus, the Ndc80 and Ska
complexes are proposed to form the end-on attachment sites within the kinetochore. However, little
is known about the mechanisms by which K-fibre microtubule dynamics are modulated to control
the process of depolymerisation-coupled pulling.
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Kinetochore oscillations can be measured by automated tracking software that is able to follow the
movement of kinetochores tagged with eGFP-CENP-A from 3-dimensional time-lapse movies
(Jaqaman et al., 2010). These tracking experiments confirm that stabilisation of the K-fibre
microtubules with taxol abolishes oscillations, whereas depletion of the microtubule depolymerases
MCAK and Kif18a have little effect on the period of the oscillations although they do affect the
speed of kinetochore movement (Jaqaman et al., 2010). In contrast depletion of the CCAN
subunits CENP-H and CENP-L completely abolish regular oscillatory motion and disrupt K-fibre
microtubule dynamics (Amaro et al., 2010; Mchedlishvili et al., 2012). The CCAN therefore
represents a prime candidate for the regulation of K-fibre microtubule dynamics to control the
process of depolymerisation-coupled pulling and chromosome congression. How CCAN mediates
this activity is unknown, one possibility being that one of the multiple proteins or complexes
recruited by the CCAN is required to control the MT dynamics required for depolymerisationcoupled pulling. Another possibility is that the K-fibre MT dynamics required for normal
depolymerisation-coupled pulling are controlled directly by CCAN. Two prime candidates are the
CENP-U and CENP-Q subunits of the CENP-O sub-complex as both of these proteins have been
shown to be able to bind microtubules in vitro (Amaro et al., 2010; Hua et al., 2011).

1.5 Aims of thesis
It is known that K-MT dynamics are crucial for controlling kinetochore movement by
depolymerisation-coupled end-on pulling as well as facilitating the oscillation of kinetochores
positioned at the metaphase plate. Recent work within our laboratory has shown that CENP-Q is
able to modulate MT dynamics in vitro and in vivo. It has been demonstrated that depletion of the
protein abolishes K-MT plus-end turnover in vivo (Samora C.P., PhD thesis, 2012). In vitro work
has shown that purified CENP-Q protein is able to bind taxol-stabilised microtubules (Amaro et al.,
2010), and in dynamic microtubule assays is able to increase the frequency microtubules switch
between catastrophe and rescue events whilst slowing the rate of tubulin heterodimer addition and
loss. Interestingly, total internal reflection microscopy (TIRF) work also demonstrated that the
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protein is able to track depolymerising microtubules (Samora C.P., PhD thesis, 2012). We
therefore predict that CENP-Q will be important in controlling chromosome congression and
aligned kinetochore/chromosome dynamics.

The primary aim of this study is to uncover the role played by the CENP-Q protein in controlling
chromosome congression movements. We will examine the function of the protein during
chromosome congression and at aligned kinetochores. We will also assess the effects of losing
CENP-Q on the protein composition of the kinetochore and strive to understand effects of any
resulting change in kinetochore composition. To achieve these aims I will use a combination of
immunoblotting, siRNA

mediated protein depletion

and rescue experiments, fixed cell

immunofluorescence imaging, live cell imaging and high temporal-spatial resolution tracking of
aligned kinetochores.
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CHAPTER 2: Materials and Methods

2.1 Cell biology
2.1.1 Tissue culture & cell lines
All cell lines used (see Table 1) were grown in Dulbecco’s modified Eagle’s medium (DMEM) (Life
technologies) with 10% foetal calf serum (FCS; Sigma), 100 "g ml

-1

streptomycin and 100 U/ml

penicillin (Invitrogen) and kept in a humidified incubator at 37°C with 5% CO2. For maintenance,
cell lines were grown to ~90% confluency, washed twice with PBS then incubated with 1 ml of
0.05% trypsin (Invitrogen) for 4 min at 37°C. Cells were split 1 in 10 into fresh pre-warmed DMEM.
Modified Eagle’s medium (MEM) (Gibco) was used during siRNA treatments with 10% FCS, 100
-1

"g ml streptomycin and 100 U/ml penicillin. Opti-MEM (Gibco) was used when preparing siRNA
and had no serum or antibiotics added. Opti-MEM was replaced 1 month after opening to avoid
acidification. Cell lines were replaced with fresh liquid nitrogen stored stocks after 10-15 passages
and were checked for mycoplasma contamination on a bi-monthly basis using MycoSensor PCR
assay kit (Agilent).
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Table 1 – Cell Lines used in this study
Cell Line
Name

Initial Cell Line
Used

Tagged Proteins

Selective Agent Used
For Maintenance

MC001

HeLa-E1

None

None

MC015

HeLa-E1

mRFP-!Tubulin-Puro
eGFP-Histone2B

None

MC025

HeLa-K-FRT

RFP-Histone2B

None

MC042*

MC025

mCherry-!Tubulin-Puro
RFP-Histone2B

0.4 "g ml Puromycin

MC051

HeLa-K

mCherry-CENP-A

0.3 "g ml Puromycin

MC060

HeLa-K

eGFP-CENP-A / eGFPCentrin1

0.3 "g ml Puromycin
-1
300 "g ml G418

MC069

mCherry-CENP-A
MC051

eGFP-CENP-Q /
mCherry-CENP-A

0.3 "g ml Puromycin
-1
300 "g ml G418

Origin
McAinsh et al.,
2006 (original
from Sorger
lab)
Toso et al,
2009
Meraldi Lab

-1

-1

-1

-1

Meraldi Lab
McAinsh Lab
– made by
Muriel Erent
Meraldi Lab –
made by Nunu
Mchedlishvili
This thesis

*Histone marker only present in sub-population of cells.

2.1.2 Cryopreservation of cells
2

Cells were seeded in a 75 cm (Nunc) tissue culture flask and grown to ~90% confluency. Cells
were trypsinised and re-suspended in 10 ml of cold DMEM. These cells were spun in a 15 ml
falcon tube at 1200 g for 5 min in a centrifuge precooled to 4 ºC. This tube was transferred to ice
and the supernatant was removed and 10 ml of ice cold freezing medium was then added to cells
(DMEM fortified with 10 % DMSO and 13 % FCS). Cells were re-suspended in this medium and 1
ml of the medium was distributed into each of 10 cryo tubes that had been precooled on ice. These
tubes were placed in a Mr. Frosty freezing container (Thermo Scientific) precooled to 4ºC and
placed into a -80ºC freezer overnight. These tubes were moved into liquid nitrogen storage taking
care not to warm them during transfer.
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2.1.3 siRNA mediated protein depletion
Small interfering (si)RNA oligonucleotides were employed to facilitate protein depletion. siRNAs
were delivered into cells using Oligofectamine (Invitrogen) using the following methodology: HeLa
2

cells were seeded from a 75 cm (Nunc) tissue culture flask grown to ~90% confluency; cells were
trypsinised and re-suspended in 10 ml of pre-warmed DMEM. The volume of cells seeded was
varied depending on vessel size and duration of siRNA, for a 48 hr experiment 90 µl of cells were
seeded into 1.5 ml DMEM for a 3.5 cm well or fluoro dish and 360 µl of cells were seeded into 6 ml
of DMEM for a 10 cm dish. For 72 hr long RNAi experiments 60 µl of cells were seeded into 1.5 ml
DMEM for a 3.5cm well or fluoro dish and 120 µl of cells were seeded into 6 ml of DMEM for a 10
cm dish. Cells were grown for 24 hr, after which the medium was changed to the same volume of
pre-warmed modified Eagle’s medium (MEM) (Gibco). The siRNA (Table 3) and other components
were prepared in a tissue culture hood as in Table 2 adding Opi-MEM first. The siRNA was
prepared in 1.5ml Eppendorf tubes or 15ml tubes (Falcon) for multiple parallel experiments in 10cm
dishes where larger volumes are required.

Table 2 – siRNA transfection component volumes
Vessel Size

Single wells of a 6 well plate
(6x3.5mm) or
3.5mm Fluoro Dish

10cm Diameter Dish

Tube 1
Opti-MEM

150 µl

600 µl

siRNA Oligo (20 "M stock)*

4.5 µl

18 "l
Tube 2

Opti-MEM

36 µl

144 "l

Oligofectamine

9 µl

36 "l

* Final concentration of siRNA used was 53 nM (Elbashir et al., 2001).

After addition to tubes, all components were mixed by pipetting up and down and incubated for 5
min at room temperature. The contents of tube two was added to tube one and pipetted up and
down to mix, after which the siRNA mixture was incubated at room temperature for 25 min. The
siRNA solution was added to cells in a drop-wise manner adding 200 "l to 3.5 mm fluoro dish or 1
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well of a 6 well plate and 800 "l to a 10cm dish, dishes were then agitated to evenly disperse the
siRNA. After treatment cells were incubated with the siRNA for 24 hr, after which the medium was
changed back to pre-warmed DMEM for the remaining treatment time. After all siRNA treatments
were grown on for a total of 48 hr (24 hr in MEM + 24 hr in DMEM), except for CENP-P siRNA,
which lasted 72 hr (24 hr in MEM + 48 hr in DMEM) and CENP-E partial depletion which was 20 hr
(in MEM, changed to DMEM before imaging). For double siRNA experiments full siRNA
preparations were made separately and then added to cells by adding the full volume to the cells
sequentially. In all experiments where double siRNA treatments were used, single siRNA
conditions within the same experiment were complemented with control siRNA to ensure the final
volumes added were equivalent.

2.1.4 siRNA rescue experiments
For rescue experiments cells were first treated with siRNA as described in section 2.1.3. For
CENP-Q rescues the medium was changed from MEM with siRNA after 12 hr (rather than the
standard 24) and replaced with warmed DMEM. Cells were allowed to recover for 30 min in an
incubator before transfecting them with the siRNA protected rescue vector or control vector as
described in section 2.1.5. After 48 hr incubation cells were treated with MG132 for 90 min to
prevent anaphase onset (see table 4). Fixation and staining was then conducted as described in
2.2.3.
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Table 3 – siRNA oligonucleotide sequences
siRNA Name

siRNA Sequence (5’-3’)

Target
mRNA

Source

Control siRNA

GGACCUGGAGGUCUGCUGU

None

Ambion

CENP-Q-1 siRNA

GGUCUGGCAUUACUACAGGAAGAAA

CENP-Q

CENP-Q-2 siRNA

CAGAGUUAAUGACUGGGAAUAUUCA

CENP-Q

CENP-P-2 siRNA

GAACCCTGGTAGGACTGCTTGGAAT

CENP-P

CENP-E siRNA

ACUCUUACUGCUCUCCAGUTT

CENP-E

Ambion

CENP-H siRNA

CAGAGAGGAUAAAGAUCAUACGACA

CENP-H

Invitrogen
Stealth

CENP-O siRNA

ATATGAGTCTGGTCTCCTA

CENP-O

Ambion

Kif18a siRNA

CCAACAACAGUGCCAUAAATT

Kif18a

Ambion

1

Invitrogen
Stealth
Invitrogen
Stealth
Invitrogen
Stealth

Reference
Samora et al.,
2011
This study
This study
This study
Meraldi et al.,
2004
Amaro et al.,
2010
McAinsh et al.,
2006
Stumpff et al.,
2008

2.1.5 Transient transfections
The transfection of plasmids into all HeLa cell lines was carried out using FuGene6 (Roche). For
3.5 mm fluoro dishes and individual wells of 6 x 3.5 mm well plates 1 "g of DNA was used along
with 4 "l of FuGene, the total volume was brought to 100 "l by the addition of Opti-MEM. In each
case the required amount of Opti-MEM was added to a 1.5 ml Eppendorf tube followed by 4 "l of
FuGene directly into the Opti-MEM, this was vortexed briefly and incubated for 5 min at room
temperature. After incubation 1 "g of plasmid DNA was added in H2O and the tube was vortexed
briefly to mix and incubated for a further 25 min. The 100 "l total plasmid transfection mixture was
added to cells in a drip wise manner followed by gentle rocking of the vessel to disperse evenly.
For 10 cm diameter tissue culture dishes the components of the transfection mixture (including
plasmid) were multiplied 4 times.

"!A second set of experiments was conducted using an siRNA oligo that lacked the terminal dTdT overhang.

Results using this oligo were identical to those shown in the results chapters of this thesis.
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2.1.6 Generation of stable cell lines
To generate a stable cell line expressing CENP-Q-eGFP (MC069) the MC051 (HeLa K - mCherryCENP-A) cell line was used as a starting point. These cells were seeded into 2 x 3.5 mm wells of a
6 well plate and grown until ~35% confluent. These cells were transfected with CENP-Q-eGFP
(pMC308) as described above (section 2.1.5). After 48 hr, transfected cells were treated with 500
"l of trypsin for 3 min and resuspended in 1.5 ml of warmed DMEM (total volume to 2 ml). During
-1

-1

this time 4 x 15 cm dishes were prepared, two containing 0.3 "g ml puromycin and 300 "g ml of
-1

-1

geneticin (G418) and two containing 0.3 "g ml puromycin and 500 "g ml of geneticin (G418).
200 "l of cells were transferred to one plate and 1800 "l to the other plate (i.e. 10% and 90%) and
agitated by hand to disperse cells evenly. Cells were grown for 3 to 4 weeks, changing to fresh
medium every 3 days until single colonies were clearly visible by eye. At this point the plates were
gently washed with 20 ml of PBS and colonies were picked. Note that that only colonies that were
clearly separated from neighbouring colonies were picked to ensure a monoclonal population. To
pick colonies, cloning discs that had been presoaked in trypsin were placed over the colony using
fine forceps and the plate returned to the 37ºC incubator for 5 min. Discs were next removed from
the dish and transferred to single wells from a 24 well plate containing the appropriates selective
medium. Plates were incubated at 37ºC for further 2 weeks, trypsinysed, resuspended in 1 ml and
transferred to single wells in a 6 well dish. At the same time, 40"l of cells were seeded into 8 well
LabTek microscope slides for visual screening by microscopy. Each cell line was screened for the
presence of the CENP-Q-eGFP construct, using mCherry-CENP-A as a kinetochore reference.
Those cells positive for eGFP at kinetochores were expanded and stocks frozen down in liquid
nitrogen (see section 2.1.2). The positive clone with the closest CENP-Q-eGFP expression level to
endogenous CENP-Q expression level (MC069) was chosen using western blotting to compare
protein levels.

2.1.7 Drug treatments
All drugs were made to working concentration by diluting in DMEM that had been pre-warmed to
37 ºC. To ensure homogeneity of drugs the tubes were mixed by vortex mixer for 30 sec after
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addition. Where the dilution required was greater than 1 "l in 25,000 microliters a serial dilution
was conducted to avoid pipetting volumes less than 1 "l. Drugs were added to cells by aspirating
away existing medium and pipetting on the new medium laced with the required drugs. The details
of the drugs used, including concentration used and treatment time, can be found in table 4 below.

Table 4 – Drugs
Drug Name

Working
Concentration

Nocodazole

1µg ml

Taxol

10 "M

60 min

GSK 923295

300 & 25 nM

14 hr & 1hr

MG132
Monastrol

-1

1 "g ml

Treatment
Period
14 hr

-1

100 "M

90 min
90 min

Purpose
To depolymerise
microtubules
To stabilise microtubules
To inhibit CENP-E motor
activity
To inhibit the proteasome,
preventing anaphase onset
and protein degradation
Inhibition of Eg5 – inducing
monopolar spindles

Supplier
Tocris
Sigma
Medchemexpress
Tocris
Sigma

2.2 Imaging, analysis & sample preparation
2.2.1 Live cell imaging
Fluorescence time-lapse imaging of H2B-GFP/mRFP-#-tubulin cells was carried out on a Personal
Deltavision microscope (Applied Precision, LLC) using a 40 x NA 1.3 objective, an GFP (excitation
475/28, emission 525/50) and mCherry (excitation 575/25, emission 632/60) filter set with a QuadmCherry dichroic mirror (reflection bands 381-401, 464-492, 561-590, 625-644, transmission
bands 409-456, 500-553, 598-617, 652-700) (Chroma), Xenon light source and a CoolSNAP HQ2
camera (Roper Scientific). Image stacks (7 x 2 "m z-sections) were collected every 3 min for a total
time of 10 h. These conditions were also used to image mitotic progression in CENP-QeGFP/mCherry-CENP-A cells (MC069) and mCherry-CENP-A cells (MC051), but without using the
GFP channel. The GFP channel was not used as the signal was too weak to facilitate overnight
image without considerable photo-toxic effects. However, the presence of CENP-Q-eGFP was
confirmed before the start of the experiment. Maximum intensity projections of the acquired time
series were then generated using SoftWorks (Applied Precision, LLC). For initial experiments
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confirming the expression and localisation of CENP-Q-eGFP and eGFP-CENP-P relative to
mCherry-CENP-A or mRFP-#-tubulin the same conditions were used as for H2B-GFP/mRFP-#tubulin, with the exception of a 100 x NA 1.4 plan apochromatic objective and a reduced total
imaging time of ~15 min. Kinetochore tracking movies and fate movies of eGFP-CENP-A/eGFPCentrin1 cells were carried out on a Personal Deltavision microscope (Applied Precision, LLC)
using a 100 x NA 1.4 plan apochromatic objective, a GFP (excitation 475/28, emission 525/50)
filter set with a Quad-mCherry dichroic mirror (reflection bands 381-401, 464-492, 561-590, 625644, transmission bands 409-456, 500-553, 598-617, 652-700) (Chroma), Xenon light source and
a CoolSNAP HQ2 camera (Roper Scientific). Image stacks (30 x 0.5 "m z-sections) were collected
every 7.5 sec for a total time of 5 min total., The total experiment length was increased to 10 min
for tracking unaligned chromosomes in unperturbed cells. These images were deconvolved using
SoftWorks (Applied Precision, LLC); 8 iterations of ratio mode deconvolution with medium noise
filtering.

2.2.2 Kinetochore tracking
Automatic kinetochore detection and tracking and data analysis was performed as previously
described (Jaqaman et al., 2010), with the exception of the metaphase plate fitting step, which was
modified by Edward Harry (McAinsh lab). This step was modified due to the high number of
unaligned chromosomes present in CENP-Q depleted cells. The original plate fitting strategy would
very often fail when there were multiple unaligned kinetochores, even though a metaphase plate
structure was clearly visible. This was because the average nearest-neighbour distribution was
similar for inliers as it was within each cluster of unaligned spots, therefore presenting no outliers to
exclude. A more robust method of metaphase plate finding and fitting was therefore implemented.
In each frame: (1) A graph was created between all spots with a cut-off distance of two microns.
This creates a cluster of sub-graphs in which the metaphase plate structure (sometimes plus a few
outliers) was one sub-graph. (2) Sub-graphs were identified by flood-filling the graph. Each flood-fill
was continued until no more new nodes were being filled. If any unfilled nodes remained a new
flood-fill was started on an empty node. All the nodes filled in each flood were taken to belong to a
50

CHAPTER 2 – Materials & Methods

new, separate sub-graph. (3) The original plate fitting algorithm (Jaqaman et al., 2010) was used
on the sub-graph with the highest number of nodes (the metaphase plate structure is normally the
sub-graph with the highest number of nodes). Spots not in the sub-graph were taken as outliers
automatically. (4) If a plate was not successfully fitted the process was repeated on the next largest
sub-graph until a correct plate fit was generated. (5) All spots in each frame were reclassified as
inlier (aligned) or outlier (unaligned) based on their distance away from the fitted plate (> 2.5 SD)
for outliers as previously described (Jaqaman et al., 2010). This plate fit modified version of the
tracking code was used for all conditions.

2.2.3 Immunofluorescence sample preparation
Cover slips with adherent HeLa cells were placed into 3.5 cm 6 well plates, those already grown in
6 well plates were aspirated to remove DMEM. Taking care to ensure cells didn’t dry out 2 ml of
pre-extraction buffer was added to each cover slip containing well for 1 min. Pre-extraction buffer
contains the following: 20 mM PIPES pH 6.8 containing 10 mM EGTA, 1 mM MgCl2, 0.2% Triton X100. After 1 min the well was aspirated and PTEMF buffer was added to fixed cells. PTMEF buffer
contains the following: 20 mM PIPES pH 6.8 containing 10 mM EGTA, 1 mM MgCl2, 0.2% Triton X100 and 4% formaldehyde. After 10 min the PTEMF buffer was aspirated out of each well and
replaced with 2 ml of PBS and incubated for 10 min to wash, this step was repeated twice more.
Following the wash, 2 ml of PBS with 3% bovine serum albumin (BSA) was added to each well to
prevent non-specific antibody binding and incubated for 30 min. Cover slips were then removed
from wells and excess liquid was removed by drying the edge on tissue paper. Cover slips were
then placed on a parafilm covered glass tile and primary antibodies were added in 250 "l of PBS
with 3% BSA. Primary antibodies (see Table 6) were incubated with cells for 1 hr covering with a
plastic container to reduce evaporation. The cover slips were then aspirated to remove the primary
antibodies and washed for 10 min with 300 µl PBS, this wash process was then repeated two more
times. Secondary fluorescent antibodies (see Table 6) along with DAPI stain (diluted 1 in 2000)
were added to cover slips in 250 "l PBS with 3% BSA for 30 min covering with a plastic container

51

CHAPTER 2 – Materials & Methods

to reduce evaporation and foil to reduce photo bleaching. After 30 min secondary antibodies were
aspirated off of cover slips and replaced with 300 µl of PBS and incubated for 10 min to wash, this
was step was repeated twice more. The cover slips were then placed face down on an 11 "l dot of
Vectashield mountant (Vector Laboratories) and sealed with clear nail varnish (Superdrug). Slides
were then visualised via fluorescence microscopy.

2.2.4 Imaging immunofluorescence experiments
Fixed cell imaging was conducted on a Deltavision Core microscope (Applied Precision, LCC) with
an Olympus main body and objectives. Epi-fluorescent illumination was provided by a xenon light
source with fibre-optic light guide with a DAPI-FITC-Rhod/TR-CY5 filter set. Images were captured
on a CoolSNAP HQ2 camera (Roper) using 0.2 µm z-steps (between 10 and 18 "m total) using a
100X oil NA 1.4 objective. Exposure times were varied depending on fluorescence staining
intensity but were fixed within each experiment to allow direct comparison. These images stacks
were deconvolved using SoftWorx (Applied Precision, LLC); 8 iterations of ratio mode
deconvolution with medium noise filtering. Intensity quantifications at the kinetochore taken from
deconvolved image stacks were also carried out in SoftWorx. The average intensity was taken at
the maximal intensity plane for the kinetochore within a 5x5 pixel box along with adjacent
background. The intensity of the channel being measured was corrected by background
subtraction and was calculated as a ratio against CENP-A as an internal control.

2.2.5 Kinetochore-monopole distance measurements
For analysis of distances from kinetochores to spindle poles the Volocity 3D image analysis
software package (PerkinElmer) was used. The centre of mass of the monopolar spindle was
determined in 3D using the anti-γ-tubulin signal., Kinetochores (stained with anti-CENP-A) were
identified by the built in Velocity spot detection algorithm, this detection was confined to the
chromatin region (DAPI signal). The distance from every kinetochore to the spindle monopole
centre of mass was measured in 3D; this was repeated for a minimum of 8 cells per experiment.
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Cumulative distribution frequencies (CDF) were calculated using MATLAB, the average of these
CDFs was plotted for each condition, standard deviation was also calculated and is shown as a
shaded area.

2.2.6 CENP-Q kinetochore positioning
To visualise the positioning of CENP-Q within the kinetochore relative to CENP-A and Hec1, we
first had to correct for chromatic aberrations within the optical path. To achieve this, cells were
stained with a mouse anti-CENP-A monoclonal antibody followed by a mix of 3 secondary antimouse antibodies with fluorophores emitting at 488, 594 and 647 nm. The triple tagged CENP-A
cells were imaged in all 3 channels with high axial sampling (50-nm) and the x,y,z shifts in each
channel were measured relative to the 488 nm channel in Huygens Professional (X11). Cells
transiently transfected with eGFP-CENP-Q were fixed and stained with antibodies against CENP-A
and Hec1. These cells were imaged as above, except that z sampling was every 100 nm. The
resulting image stacks were then corrected for chromatic aberration using the earlier measured
deviation. After correction, intensity line profiles were taken through kinetochore pairs using the
open source ImageJ analysis package to identify peaks for each protein.

2.3 Molecular biology
2.3.1 PCR
PCR reactions mixes were prepared on ice in thin walled PCR tubes. The total reaction volume
used for each was 100 "l with 250ng sample DNA. Forward and reverse primers (see Table 4)
were used at 10 "M each added in 2 "l H2O. 20"l Phusion polymerase (Finzymes) buffer and 0.8"l
of 100mM dNTPs were added followed by H2O to make the reaction volume up to 99 "l total.,
Finally 1"l Phusion polymerase (Finzymes) was added and mixed by gently pipetting up and down.
These PCR reactions were then placed in a PCR cycler (Biometra T3000) with heated lid, having
preheated the reaction block to 98°C for an initial 5 min denaturation. After denaturation, the
temperature was cycled 20 times between 95°C for 45 sec to denature, 55°C for 45 sec to anneal
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and 72°C for 2 min to allow extension (Phusion extension rate = 15-30 s/kb). After cycling the
temperature was held at 4°C until the PCR products could be removed. PCR products were then
analyzed by gel electrophoresis to determine yield and required purification. If additional bands
were present in the PCR product, the entire product was run on agrose gel by electrophoresis and
the desired band was excised and purified by gel extraction column (Qiagen). If PCR products
were specific the reaction product was simply purified by PCR purification column (Qiagen). PCR
primers used for insert amplification in this study are shown below in Table 4.
Table 5 – PCR primers
Primer Name

Primer
Code

Primer Sequence (5’-3’)

Primer Restriction Site

Source

CENP-Q FW
For pECFP-N1

MC246

ggatcgaattcatgtctggtaaagcaaatgc

EcoRI

Invitrogen

CENP-Q RV For
pECFP-N1

MC248

ggatcggatccggagatgcatccagtttc

BamHI

Invitrogen

2.3.2 Restriction digests
Restriction digests were prepared in 0.5 "l Eppendorf tubes made up to 30 "l total volume with
H2O using 2000 to 3000 ng DNA. To each digestion 1 "l of restriction enzyme 1 and 1 "l of
restriction enzyme 2 were added along with 3 "l of the appropriate enzyme buffer, all restriction
enzymes were sourced from New England Biolabs. In addition 3 "l of 10 x bovine serum albumin
(BSA) (New England Biolabs) were also added when required by enzymes. Digests were then
carried out for 2 hr at 37°C in a water bath. When digesting vectors for later ligation with an insert 1
"l of calf intestine phosphotase was (CIP, New England Biolabs) added to the digest after 1.5 hr to
remove the 5’ phosphate from the vector preventing vector only re-ligation. Digests were then
analysed by gel electrophoresis (see section 2.3.4).

2.3.3 DNA ligations
Digested DNA inserts and vectors were ligated together in a 3:1 molar ratio using 50ng of cut
vector. To calculate the amount (ng) of insert required when using 50 ng of cut vector, we used the
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following formula: ((insert length (bp) x vector length (bp)) x 3) x 50 = ng insert. The ligation
reaction mix was made on ice in a PCR tube with 1 "l of T4 DNA ligase buffer and 1 "l T4 DNA
ligase (NEB) made to a final volume of 10"l with H2O. Control ligation reactions were also set up
using cut vector and insert alone. Reactions were incubated at 16°C for 10 hr. The ligation
reactions were then transformed into XL10 Gold super competent E. coli cells (Stratagene) (see
transformations). Colonies were picked from agar plates containing appropriate antibiotic. These
were amplified by inoculating 2ml of LB medium (10g/l Tryptone, 5g/l yeast extract, 10g/l NaCl,
pH7.5), with appropriate antibiotic at 37°C in a shaker incubator overnight. Plasmid DNA was
isolated from cultures using a Qiagen mini-prep kit (Qiagen). These plasmids were tested for
presence of insert by restriction digest analysis and DNA sequencing (Warwick Life Sciences; see
section 2.3.8). Plasmids with correct sequence were isolated using either a midi prep kit (Invtrogen)
for HeLa transfections or mini prep kit (Qiagen) for use in further molecular biology.

2.3.4 Gel electrophoresis
For agarose gel electrophoresis a 1% agarose (Invitrogen) gel was made in 1x TAE buffer (10 mM
Tris-Cl pH 7.5 and 1mM EDTA pH 8.0) by heating. To visualize DNA 6 "l of Safeview (Vectashield)
UV DNA marker was added per 100 "l of agarose gel. Gels were poured in the Run-one system
(Embitech) and, when solidified, the comb was removed and the gel covered with 1 x TAE buffer.
DNA samples were then mixed with loading dye (NEB) at a 1:6 ratio. To mark molecular weights 1
"l of 1 kb DNA ladder (NEB) was run on each gel. Gels were run at 200 V until the loading dye
migrated 75% of the way along the gel. Gels were then visualized under long wavelength ultraviolet
(UV) light in a bench top UV transilluminator (BioDoc-It Imaging systems). For purification of DNA,
bands were cut out of the gel and purified using quick spin gel extraction column kit (Qiagen) as
per the manufacturers instructions. DNA was eluted in 30 µl of H2O for further manipulations.

2.3.5 Site directed mutagenesis
Site directed mutagenesis was carried out using a Quick Change kit as per the manufacturers
guidelines (Stratagene) with the following modification: all transformations carried out using XL10
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Gold super competent bacteria (Stratagene) because this resulted in a higher transformation
frequency. The primers used for site directed mutagenesis can be found in Table 6.
Table 6 – Primers for site-directed mutagenesis
Primer
Name
CENP-Q
siRNA
Protection
FW
CENP-Q
siRNA
Protection
RV

Primer
Code

Primer Sequence (5’-3’)

Primer Purpose

Source

MC297

GACAAAGCTAATGAAGAAG
GCCTAGCGTTGCTCCAAGA
GGAAATAGATAAAATGGTAG
AG

The silent mutagenesis of
CENP-Q cDNA to protect it
from CENP-Q1 siRNA

Invitrogen

MC298

CTCTACCATTTTATCTATTTC
CTCTTGGAGCAACGCTAGG
CCTTCTTCATTAGCTTTGTC

The silent mutagenesis of
CENP-Q cDNA to protect it
from CENP-Q1 siRNA

Invitrogen

CENP-Q
Leu179Pro
FW

MC295

ATGACTGGGAATATTCAGA
GCCCAAAGAACAAAATTCA
GATTCTG

CENP-Q
Leu179Pro
RV

MC296

CAGAATCTGAATTTTGTTCT
TTGGGCTCTGAATATTCCCA
GTCAT

CENP-Q –
S50A S51A
FW

MC357

AATAAAAATCATCTGAAAGA
TCTGGCTGCTGAAGGACAA
ACAAAGCACACTA

CENP-Q –
S50A S51A
RV

MC358

TAGTGTGCTTTGTTTGTCCT
TCAGCAGCCAGATCTTTCA
GATGATTTTTATT

CENP-Q –
S248A
S249A FW

MC365

CTCTTCTAAAGGACTTGGAT
ATTCTTCATAATGCAGCACA
GATGAAGAGCATG

CENP-Q –
S248A
S249A RV

MC366

CATGCTCTTCATCTGTGCTG
CATTATGAAGAATATCCAAG
TCCTTTAGAAGAG

CENP-Q –
S50D S51D
FW
CENP-Q –
S50D S51D
RV
CENP-Q –
S248D
S249D FW
CENP-Q –
S248D
S249D RV

MC359

MC360

MC367

MC368

AGTGAAAAAAAATAAAAATC
ATCTGAAAGATCTGGATGAT
GAAGGACAAACAAAGCACA
CTAACCTAAAACAC
GTGTTTTAGGTTAGTGTGCT
TTGTTTGTCCTTCATCATCC
AGATCTTTCAGATGATTTTT
ATTTTTTTTCACT
CAAACCAGAATGCTCTTCTA
AAGGACTTGGATATTCTTCA
TAATGACGACCAGATGAAG
AGCATGTCAACCTt
AAGGTTGACATGCTCTTCAT
CTGGTCGTCATTATGAAGAA
TATCCAAGTCCTTTAGAAGA
GCATTCTGGTTTG

The mutagenesis of CENPQ cDNA to create a
translational mutation
L179P
The mutagenesis of CENPQ cDNA to create a
translational mutation
L179P
The mutagenesis of CENPQ cDNA to create the
translational mutations
S50A S51A
The mutagenesis of CENPQ cDNA to create the
translational mutations
S50A S51A
The mutagenesis of CENPQ cDNA to create the
translational mutations
S248A S249A
The mutagenesis of CENPQ cDNA to create the
translational mutations
S248A S249A
The mutagenesis of CENPQ cDNA to create the
translational mutations
S50D S51D
The mutagenesis of CENPQ cDNA to create the
translational mutations
S50D S51D
The mutagenesis of CENPQ cDNA to create the
translational mutations
S248D S249D
The mutagenesis of CENPQ cDNA to create the
translational mutations
S248D S249D

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen
Invitrogen

Invitrogen

Invitrogen

Invitrogen
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2.3.6 Bacterial transformations
All transformations in this study were carried out in XL-10 Gold super competent bacteria cells.
Prior to beginning transformations a water bath was preheated to 42°C and the required number of
Falcon 2059 tubes placed on ice. XL-10 Gold super competent bacteria cell aliquots were thawed
on ice and 8 "l of β-mecapthaethanol added to each 200 "l aliquot. 75 "l of cells were then added
to each Falcon 2059 tube and incubated on ice for 10 min. DNA ligation products or plasmids were
added to the 2059 tube(s) and incubated on ice for 30 min swirling every 5 min. After incubation on
ice the competent cells with DNA were heat pulsed at 42°C in a water bath for 30 sec followed by
recovery on ice for 2 min. After recovery, 1 ml of SOC medium (2% w/v tryptone, 0.5% w/v yeast
extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2 in ddH2O; pH 7), warmed to 42°C was added to
each 2059 tube and the tubes placed in a shaker incubator at 37°C for 1 hr. The bacteria were then
transferred into 1.5 ml eppendorf tubes and spun for 5 mins at 13,000 rpm. The supernatant was
removed except for ~100 "l into which the pellet was re-suspend. Bacterial suspension were plated
on appropriate selective media and incubated over night at 37ºC.

2.3.7 DNA concentration quantification
DNA concentration was determined using both NanoDrop spectrophotometer (Thermo) assays,
which calculate DNA concentration by absorbance at 260 nm assays and also by using diagnostic
gels comparing DNA sample to a known amount of ladder as reference.

2.3.8 DNA sequencing
To confirm the presence of the desired mutation after site directed mutagenesis and ensure the
fidelity of DNA sequences following PCR-based cloning, plasmids were sent for DNA sequencing.
The primers used for sequencing were MC261 and MC262 for CENP-P, primers MC246 and
MC248 for CENP-Q. Sequencing reactions were carried out by the University of Warwick
Sequencing Service, using 400 ng of plasmid and 0.5 pM of primer in 10 "l of H2O.
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2.3.9 Vector construction
Details of the molecular biology protocols used in this thesis are described above in detail (section
2.3.1-2.3.8). Here the stepwise application of the methods used to generate the vectors required
for this thesis is described. To generate a human CENP-Q-eGFP expression vector, the CENP-Q
coding sequence was amplified by PCR (using primers MC246 and MC248) and purified by PCR
purification column. The product was then ligated into pEGFP-N1 (pMC004; empty vector;
Clontech) after digestion with BamHI and EcoRI. Correct insertion was confirmed by digestion and
sequencing (with primers MC246 and MC248) and the resulting plasmid was designated pMC276.
The pMC276 plasmid was then mutated using a quickchange site-directed mutagenesis kit
(Stratagene), and primers MC297 and MC298, to render the transgene resistant to the CENP-Q
siRNA oligonucleotide. Correct silent mutation was confirmed by sequencing (using primers
MC246 and MC248) and was designated pMC308. To generate a human eGFP-CENP-P
expression vector, the CENP-P coding sequence was amplified by PCR (using primers MC261 and
MC262) and purified by PCR purification column. The purified product was ligated into pEGFP-C1
(pMC005; empty vector; Clontech) after digestion with EcoRI and XmaI. Correct insertion was
confirmed by digestion and sequencing (using primers MC261 and MC262) and the resulting
plasmid was designated pMC297. The pMC297 plasmid was mutated using a quickchange sitedirected mutagenesis kit (Stratagene), and primers MC293 and MC294, to render the transgene
resistant to the CENP-P siRNA oligonucleotide. Correct silent mutation was confirmed by
sequencing (using primers MC261 and MC262) and was designated pMC301.
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Table 7 - Plasmids
Plasmid
Name
CENPQ-eGFP
CENPQ-eGFP
siRNA
Protecte
d
CENPQL179PeGFP
eGFPN1
eGFPC1
CENPQ- S50A
S51A
S248A
S249A
CENPQ- S50D
S51D
S248D
S249D

Plasmid
Code

Backbone
/origin

Selection

pMC276

pEGFP-N1

Kan

R

pMC308

pMC276

Kan

R

Insert

Plasmid Purpose

Source

CENP-Q

Expression of CENP-QeGFP

A. McAinsh

CENP-Q
siRNA
protected

Expression of siRNA
protected CENP-QeGFP

J. Bancroft

CENP-QL179PsiRNA
protected

Expression of CENP-QL179P-eGFP- siRNA
protected

J. Bancroft

pMC309

pMC308

Kan

R

pMC004

NA

Kan

R

None

pMC005

NA

Kan

R

None

Kan

R

pMC355

pMC356

pMC308

pMC308

Kan

R

Cloning vector and
control transfection
Cloning vector and
control transfection

CENP-Q%4 x S-A

Expression of CENP-QS50A S51A S248A
S249A-eGFP - siRNA
protected

CENP-Q%4 x S-D

Expression of CENP-QS50D S51D S248D
S249D-eGFP - siRNA
protected

Clontech
Clontech

J. Bancroft

J. Bancroft

2.4 Biochemistry
2.4.1 Crude cellular protein extracts
Plates or wells containing cells were aspirated to remove DMEM and washed twice with PBS (2 ml
for 3.5 cm wells and 10 ml for 10 cm tissue culture dishes). Cells were detached with trypsin (0.5
ml for 3.5 cm wells and 1.5 ml for 10 cm diameter dishes). Ice cold DMEM was used to re-suspend
cells, 2 wells can be pooled at this stage by carrying over re-suspension from one well to the next.
The suspended cells were added to 15ml falcon tube and spun in a cooled centrifuge at 4°C and
1200 RPM for 5 min. The supernatant was removed and the pellet washed with 1 ml of ice cold
PBS followed by re-centrifuging for 5 min at 4°C and 1200 RPM to re-pellet any suspended cells.
Remove supernatant and flash freeze cells in liquid nitrogen. On the day of running the protein gel
the pellets were thawed on ice and re-suspended in 3 volumes of ice cold PBS. This suspension
was diluted 2 in 3 with Nu-Page loading and reducing reagents (Invitrogen) (Nu-Page made from
50% loading buffer and 50% reducing reagent) and heated 80°C for 10 min. After heating the
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samples were rested on ice for 5 min and then sonicated for 10 min at 4°C. For loading the extracts
onto gels see western blotting.

2.4.2 Liquid nitrogen cellular protein extracts
Plates or wells containing cells were aspirated to remove DMEM and washed twice with PBS (2 ml
for 3.5 cm wells and 10 ml for 10 cm tissue culture dishes). Cells were detached with trypsin (0.5
ml for 3.5 cm wells and 1.5 ml for 10 cm diameter dishes). Ice cold DMEM was used to resuspend
cells, 2 wells can be pooled at this stage by carrying over resuspension from one well to the next.
The suspended cells were added to 15ml falcon tube and spun in a cooled centrifuge at 4°C and
1200 RPM for 5 min. The supernatant was removed and the pellet washed with 1ml of ice cold
PBS followed by recentrifuging for 5 min at 4°C and 1200 RPM to re-pellet any suspended cells.
Remove supernatant and flash freeze cells in liquid nitrogen. The extracts were thawed on ice and
re-suspended in 1.5 pellet volumes of H100 buffer, this buffer contained 50mM HEPES pH 7.9, 1
mM EDTA, 100 mM KCl, 10% glycerol, 1 mM MgCl2 and on the day of use a protease inhibitor
tablet (Roche) was dissolved per 50 ml of the buffer. The cell suspensions in the H100 buffer were
then added rapidly to a liquid nitrogen cooled pestle containing liquid nitrogen. The suspension
forms droplets that were ground with a mortar until all liquid nitrogen had evaporated at which point
the residue was scraped away and placed into a 1.5 ml Eppendorf tube with a pinhole in the lid.
The tube was spun at 14,000 rpm at 4°C in a cooled centrifuge for 30 min. The supernatant (the
protein extracts) was removed and its absorbance at 260 nm was measured to calculate the
concentration of protein present. Extracts then brought to a final concentration of ~20 "g in 7 "l, to
which 3 "l of Nu-Page buffer (50% loading buffer and 50% reducing reagent; Invitrogen) was
added. The samples (final concentration ~20 "g in 10 "l) were heated at 90°C for 10 min. After
heating the samples were rested on ice for 5 min before loading on gels. For loading the extracts
onto gels see western blotting. For the CENP-Q siRNA rescue western blot the pellet was also run,
re-suspending in 3 x pellet volume of H100 buffer. From these pellet suspensions 7 "l was mixed
with 3 "l Nu-Page buffer as above.
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2.4.3 Western blotting
All gels used in this thesis were pre-casted 12 % (Invitrogen), using MOPS running buffer
(Invitrogen). Gels were removed from packet, the comb and tape were removed and the gel was
rinsed with H2O. Gels were secured into the gel tank, a blank plate was used if running a single gel.
Running buffers were prepared by adding 50ml of running buffer and 750 ml of H2O. The gel tank
was filled with running buffer, starting with smaller central section. To provide a protein reference
ladder a 5 "l sample of pre-stained protein marker (BioRad) was loaded into the first well of the gel
after which samples were then loaded. When using liquid nitrogen extracts containing a known
amount of protein 10 "l of cell extract containing approximately 20 "g of protein were loaded into
each well of a 10 well gel. When using crude cellular protein extracts ~10 "l of extract was also
used, however when uneven loading resulted, fresh gels were loaded and the amount of extract
loaded was used to compensate.

Gels were run gel at 200 V for 50 min with MOPS buffer and 35 min with MES buffer. While the gel
was running semi-dry transfer blotting paper and nitrocellulose membrane was prepared. Four
blotting pads were soaked in transfer buffer along with required number of 6x8cm nitrocellulose
membranes. The transfer buffer was made in 2 L measures containing 5.8g glycine, 11.6g Tris,
0.74g SDS, 400 ml methanol made to 2 L with H2O and stored at 4°C. The power supply to the
tank was disconnected and gel removed. Gels were removed from cases and laid flat on
nitrocellulose membranes, sandwiched between two blotting pads (BioRad) on each side. This
assembly was placed into a semi-dry transfer machine (BioRad) and run at 20 V for 1 hr. To
confirm transfer from the gel to the membrane and approximate even loading, the membrane was
stained with Ponceau Red by covering the membrane for 2 min and gently washing with H2O to
remove excess. If the transfer was successful protein bands were marked in red.

The membrane was blocked by soaking in 5% milk powder (Sigma) in PBS containing 0.1% Tween
20 (Sigma) (PBS-T) for 1 hr in a Petri dish on a rocking stand. The milk PBS-T used for blocking
was then discarded and replaced with the primary antibody (see Table 6) suspended in 5% milk
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powder in PBS-T and incubated on a rocker overnight at 4°C. The following day milk PBS-T was
removed and the membrane was washed for 3 x 20 min in PBS-T. The appropriate secondary
antibody conjugated to horseradish peroxidase (GE Healthcare) (see Table 6) was added at a 1 in
10,000 dilution in 5% milk PBS-T, for 1 hr at room temperature on a rocking stand. The membrane
was then washed 3 times for 10 min with PBS-T. To detect bands FEMTO View (Thermo)
detection reagent was dripped over to cover the membrane. The membrane was then wrapped in a
thin plastic film and taped into position within a film exposure cassette. This cassette was then
taken to a dark room and super sensitive chemi-luminescene detection film (Kodak) was exposed
(exposure time was varied depending on signal intensity) to detect luminescence corresponding to
protein bands. Development of the film then revealed bands.
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2.4.4 Antibodies
The antibodies used in this thesis and specific details are listed below.
Table 8 – Antibodies used in this study
Dilution For
Immuno
Fluorescence
Primary Antibodies

Dilution For
Western
Blot

Source

1/200

1/500

Rockford

CENP-P

1/200

1/500

McAinsh lab;
Pepceuticals as
serum

Mouse
Monoclonal

CENP-A

1/500

1/4000

Abcam

Human
Polyclonal

Various
kinetochore
proteins

1/500

NA

Antibodies
Incorporated

1/10,000

Sigma

NA

Sigma

Antibody Name

Species
Raised In

Antibody
Target

Anti-CENP-Q

Rabbit
Polyclonal

CENP-Q

Anti-CENP-P1

Rabbit
Polyclonal

Anti-CENP-A
Human CREST
anti-sera
Anti-!-tubulin
Anti-"-tubulin
Anti-CENP-E
Anti-Plk1
Anti-Hec1
Anti-Ska3
Anti-CENP-O
Donkey Anti-Mouse
Horseradish
Peroxidase
Conjugate
Donkey Anti-Rabbit
Horseradish
Peroxidase
Conjugate

Mouse
!-Tubulin
1/1000
Monoclonal
Rabbit
1/250
"-Tubulin
Polyclonal
Rabbit
CENP-E
1/1500
Polyclonal
Mouse
Plk1
1/250
Monoclonal
Mouse
Hec1/Ndc80
1/1000
Monoclonal
Rabbit
Ska3/RAMA1 1/250
Polyclonal
Rabbit
CENP-O /
1/500
Polyclonal
Mcm21R
Western Blot Secondary Antibodies

1/1000
NA
NA
NA
NA

Gift from P.
Meraldi
Santa Cruz
Biotechnology
Abcam
Gift from A.
Santamaria
Pepceuticals as
serum

Donkey

Mouse IgG

NA

1/10,000

GE Healthcare

Donkey

Rabbit IgG

NA

1/10,000

GE Healthcare

Immuno Fluorescence Secondary Antibodies
Goat Anti-Mousewith fluorphore
(454, 594 or 647)
Highly cross
absorbed
Goat Anti-Rabbitwith fluorphore
(454, 594 or 647)
Highly cross
absorbed
Goat Anti-Humanwith fluorphore
(454, 594 or 647)
Highly cross
absorbed

Goat

Mouse IgG

1:500

NA

Invitrogen

Goat

Rabbit IgG

1:500

NA

Invitrogen

Goat

Human IgG

1:500

NA

Invitrogen
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CHAPTER 3: Chromosome Congression is Promoted by
CENP-Q and CENP-E Dependent Pathways

3.1 Introduction
The congression of all chromosomes to the metaphase plate during mitosis is crucial to ensure
their accurate disjunction during anaphase. Three key chromosome congression pathways have
been identified: (1) sister kinetochores can undergo (almost) instantaneous biorientation at the
spindle equator shortly after nuclear envelope breakdown (Magidson et al., 2011), (2) laterallyattached kinetochores can slide along pre-existing K-fibres from near the spindle pole to the
metaphase plate driven by the plus-end directed kinesin-7 CENP-E (Kapoor et al., 2006; Kim et al.,
2010) and (3) sister kinetochores that biorientate near the pole can move to the metaphase plate
by depolymerisation-coupled pulling (Koshland et al., 1988; Coue et al., 1991; Mitchison & Salmon,
1992; see chapter 1 for a thorough description of these three congression pathways). The
molecules and mechanisms required for depolymerisation-coupled pulling are poorly understood
and how this process is coordinated with CENP-E dependent lateral sliding is unknown. Logically,
depolymerisation-coupled pulling must require factors that can: (1) mediate end-on attachment to
K-MTs, (2) maintain kinetochore attachment to both polymerising and depolymerising K-MTs and,
(3) precisely regulate K-MT dynamics to ensure that K-MTs remain in the correct depolymerising or
polymerising state. The four subunit Ndc80 complex directly binds to the microtubule lattice in vitro
and is well established as being a core part of the kinetochore-microtubule interface (Cheeseman
et al., 2006; Cheeseman et al., 2004; DeLuca et al., 2006; Kops et al., 2005). More recently, the
three subunit Ska complex has emerged as being essential for microtubule-kinetochore attachment
(Hanisch et al., 2006a; Gaitanos et al., 2009; Jeyaprakash et al., 2012; Schmidt et al., 2012). This
complex is also able to autonomously track depolymerising microtubule plus-ends in vitro (Schmidt
et al., 2012), thus fulfilling the requirements for a factor that could ensure continual attachment of a
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kinetochore to a depolymerising K-MT. However, the proteins that directly modulate K-MT
dynamics to facilitate the generation of force remain unknown. It is unclear whether these proteins
can be functionally separated from those that maintain attachment to the K-MTs. Recent work has
shown that disruption of the constitutive centromere associated network (CCAN) causes defects in
chromosome congression and in the normal control of K-MT plus-end turnover and poleward MT
flux (Amaro et al., 2010; Mchedlishvili et al., 2012). Because depletion of these CCAN proteins
does not affect the binding of the Ska or Ndc80 complexes (McClelland et al., 2007; Amaro et al.,
2010; Mchedlishvili et al., 2012; for review see: McAinsh & Meraldi, 2011) their deletion allows
separation of the effects of microtubule-kinetochore attachment from those of regulated K-MT
dynamics. One possibility is that the CCAN is important for controlling depolymerisation-coupled
pulling. Biochemical experiments have shown that two CCAN subunits, CENP-Q and CENP-U
(CENP-50/PBIP1), can interact directly with taxol-stabilised microtubules (Amaro et al., 2010; Hua
et al., 2011), thus raising the possibility that the CCAN complex regulates K-MT dynamics through
direct interactions with K-MTs. We therefore set out to investigate the role of CENP-Q during the
process of chromosome congression and specifically to test the idea that it is required for
depolymerisation-coupled pulling.

3.2 CENP-Q is efficiently depleted by siRNA mediated protein
depletion
To investigate the function of human CENP-Q we first depleted the protein in HeLa cells using
short interfering RNA (siRNA) oligonucleotides (Elbashir et al., 2001). We conducted
immunoblotting with a primary anti-CENP-Q antibody and were able to demonstrate that the total
CENP-Q protein levels were reduced by >90% in CENP-Q siRNA treated cells (Figure 3.1a, left
panel). As a further control we also depleted the CENP-Q protein with a second siRNA oligo
(CENP-Q-2 siRNA, Figure 3.1a, middle panel), we also siRNA depleted the CENP-P protein
(Figure 3.1a, right panel), which has previously been shown to form a complex with CENP-Q,
CENP-O and CENP-U (Hori et al., 2008b). The second CENP-Q siRNA oligo (CENP-Q-2 siRNA)
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and the CENP-P siRNA oligo also reduced the protein by >90% as detected by immunoblotting
(Figure 3.1a). To measure the levels of CENP-Q protein remaining bound at kinetochores in
CENP-Q siRNA treated cells we used quantitative immunofluorescence. Cells were treated with
CENP-Q and control siRNA. After 48 hrs, these cells were fixed and stained with antibodies
against CENP-Q, CREST antibodies (an internal control) and #-tubulin antibodies. Cells were then
imaged (Figure 3.1b) and the intensity of the CENP-Q and CREST signal was measured manually.
The CENP-Q to CREST signal ratio was taken as measure of CENP-Q kinetochore loading. This
showed that treatment with CENP-Q siRNA resulted in an 86% (± 6.2) decrease in kinetochore
bound CENP-Q compared to cells treated with control siRNA (Figure 3.1b).

3.3 The kinetochore localisation of CENP-Q is outside of CENP-A
When examining our immunofluorescence depletion experiments, we noticed that the CENP-Q
signal localised outside of the CREST signal within the kinetochore (Figure 3.1b). This suggested
that CENP-Q was not localised to the innermost part of the CCAN/kinetochore. Previous work has
shown that CENP-Q can bind to microtubules in vitro (Amaro et al., 2010) and more recently that
CENP-Q is able to modulate MT dynamics in vitro and in vivo (Samora C.P., PhD Thesis, 2012).
Therefore we would expect CENP-Q to localise outside of CENP-A within the kinetochore to
enable the protein to interact with the plus-ends of K-MTs. To ascertain if this was the case we
conducted immunofluorescence staining against CENP-A as an inner kinetochore marker and
Hec1 as an outer kinetochore marker in cells transiently expressing a CENP-Q-eGFP construct.
However, to accurately determine the position of CENP-Q relative to these two markers we first
needed to correct for any chromatic shift within our imaging system. To achieve this we conducted
immunofluorescence using monoclonal anti-CENP-A antibodies and labelling with three
fluorescently tagged secondary anti-mouse antibodies, fluorescing at 488, 561 and 647 nm (Figure
3.2a, top row). This provided a reference from which chromatic shift could be measured (see line
scan showing chromatic shift in Figure 3.2b, top row). To confirm the measured shift was accurate
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this was then used to correct the images of triple tagged CENP-A (Figure 3.2a second row and
3.2b lower line profile). This shift correction was then applied to image stacks of fixed cells in which
CENP-Q, Hec1 and CENP-A were labelled (corrected image of a kinetochore pair can be seen in
Figure 3.2c). Line scans through kinetochore pairs in these corrected cells allowed us to confirm
that the CENP-Q did indeed localise outside of the CENP-A signal, but was interior to Hec1 as
defined by an antibody targeting the MT binding domain of Hec1 (Figure 3.2d).

3.4 Depletion of CENP-Q results in slow chromosome congression and
an accumulation of polar chromosomes
During the above immunofluorescence experiments we observed that depletion of CENP-Q
seemed to cause an accumulation of chromosomes around the spindle poles. To investigate this
interesting phenotype, we carried out further immunofluorescence on CENP-Q depleted cells,
staining with DAPI (to mark chromatin), anti-CENP-A antibodies (to mark kinetochores), &-tubulin
(to mark spindle poles) and #-tubulin (to mark microtubules). Imaging these cells revealed that
although the majority of kinetochores were aligned at the metaphase plate, an unaligned
subpopulation could be visualised on both sides of the metaphase plate as well as behind the
spindle poles (Figure 3.3d). This polar chromosome phenotype is similar to the phenotype
observed in the knock-out of CENP-Q in chicken DT40 cells (Hori et al., 2008a).

To further assess this chromosome alignment defect, we collected a series of 3 min time-lapse
movies over 12 hrs in HeLa cells stably expressing Histone2B-eGFP/mRFP-#-Tubulin (Figure
3.3a). To analyse the mitotic progression of these cells we took the time of nuclear envelope
breakdown (NEB) to be T=0 and determined the timing of last chromosome congression (LCC)
relative to this point by manual scoring. In control siRNA treated cells we found that 95% of cells
had aligned all their chromosomes to the metaphase plate by 24 min from NEB (Figure 3.3b). In
contrast, only 10.3% of CENP-Q depleted cells had formed a metaphase plate and aligned all their
chromosomes by 24 min (Figure 3.3b). Consistent with our fixed cell experiments, we observed
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that a number of chromosomes, where as the majority of cells retained a population of
chromosomes trapped around the spindle pole or between the plate and the pole (yellow arrows in
Figure 3.3a). We next measured the time from NEB to anaphase onset, again assigning NEB to be
T=0 and determined the timing of anaphase by manually scoring the first frame at which chromatin
separation in anaphase A could be detected. This analysis revealed that the chromosome
congression defects associated with CENP-Q depletion activated the spindle checkpoint, as a
prolonged mitotic delay could be observed. Only 26% of CENP-Q depleted cells underwent
anaphase within 96 min of NEB, compared to 99% of control cells (Figure 3.3c). Of the cells that
underwent anaphase within 114 min, 19% still had uncongressed chromosomes. This suggested
that although the checkpoint is active, it is not fully effective. This may be consistent with previous
work suggesting that CENP-Q depletion partially perturbs the spindle assembly checkpoint
(Matson et al., 2012). We repeated these live cell chromosome congression and anaphase onset
experiments with a second CENP-Q siRNA oligo (CENP-Q-2 siRNA) and observed almost identical
chromosome congression defects and a similar, albeit slightly shorter delay in chromosome
congression and segregation (Figure 3.3a,b,c). Thus CENP-Q is required for accurate and timely
congression of chromosomes to the metaphase plate. Depletion of the CENP-P protein, which
forms a complex with CENP-Q, CENP-U and CENP-O, caused a similar congression phenotype
(Figure 3.3a,b,c).

3.5 Depletion of CENP-Q does not affect the loading of key kinetochore
microtubule binding proteins but does prevent Plk1 and CENP-O
loading
One possibility is that the depletion of CENP-Q affects the core K-MT binding complexes (the KMN
and Ska complexes; Cheeseman et al., 2006, Hanisch et al., 2006a; Gaitanos et al., 2009). To test
this we carried out immunofluorescence in control and CENP-Q depleted cells, staining with
antibodies against Hec1 (Ndc80 complex, within the KMN) and Ska3/RAMA1 (Ska complex)
(Figure 3.4a, b). Hec1 and Ska3 stained cells were co-stained with CREST and anti-CENP-A

71

!"#$%&'()*
!
!'()*+,3",45

"

0&12

!'()*+,3",45

0&12'<&>&<3'A()B@

.:;('<&>&<3'2??@

.:;('<&>&<3'C*)B@

!'()*+,3",45

7<:2'<&>&<3'2??@

7<:2'<&>&<3'2D)C@

$

!"#$%"&'3",45

!'()*+,3",45

+,-./

+,-./
6578'+,-./
+-479=

+-479='<&>&<3'2??@ +-479='<&>&<3'2E)2@

6578'+,-./'7<:2

7<:2

+-479=

!"#$%"&'3",45

6578'+-4795'.:;(

6578'+,-./'0&12

+,-./

+-4795

0&12'<&>&<3'2??@

#

!"#$%"&'3",45
.:;(

!"#$%"&'3",45

!"#$%&'()*'!"#$%&'()*+,-.'/*01-.2'1,(,.1,.3-,4'56'78'+,-'799:.*;/:*),43,.3,'-902,4'*;'3*.+)*/'0.1'!"#$%&'
1,(/,+,1'9,+0(<04,'=,>0'"?'3,//'4+0-.,1'@-+<'!A"BC'DE-.,+*3<*),4F'),1G'0.1'=,3?'D2),,.G'0.+-5*1-,4'0.1'HI$7'
'1$EOXH 7KHLPDJHLVD]SURMHFWLRQ IRFDOSODQHVDWȝPVSDFLQJ 6FDOHEDU ȝP3HUFHQWDJHYDOXHV
-.1-30+,'/*01-.2'*;'=,3?'-.'!"#$%"&'4-A#I'D?JJKG'0.1'!()*+,'VL51$ 6' )RUERWKFRQGLWLRQV
Q NLQHWRFKRUHVFHOOVIURPLQGHSHQGHQWH[SHULPHQWV+.-'799:.*;/:*),43,.3,'-902,4'*;'3*.+)*/'0.1'
&(134GHSOHWHGPHWDSKDVH+H/D(FHOOVVWDLQHGZLWK&(13$ NLQHWRFKRUHVUHG DQG6ND JUHHQ DQWLERG%
LHVDQG'$3, '1$EOXH 7KHLPDJHLVD]SURMHFWLRQ IRFDOSODQHVDWȝPVSDFLQJ 6FDOHEDU ȝP
3HUFHQWDJHYDOXHVLQGLFDWHORDGLQJRI6NDLQFRQWURO  DQG&(134  )RUERWKFRQGLWLRQVQ 
NLQHWRFKRUHV  FHOOV IURP  H[SHULPHQW +/-' 799:.*;/:*),43,.3,' -902,4' *;' 3*.+)*/' 0.1' !"#$%&' 1,(/,+,1'
9,+0(<04,'=,>0'"?'3,//4'4+0-.,1'@-+<'!A"BC'DE-.,+*3<*),4F'),1G'0.1'$/E?'D2),,.G'0.+-5*1-,4'0.1'HI$7'DH#IF'
EOXH  7KH LPDJH LV D ]SURMHFWLRQ  IRFDO SODQHV DW ȝP VSDFLQJ  6FDOH EDU  ȝP 3HUFHQWDJH YDOXHV
LQGLFDWHORDGLQJRI3ONLQFRQWURO  DQG&(134 6' 3ONOHYHOVDWWKHVSLQGOHSROHDUH
XQDIIHFWHG)RUERWKFRQGLWLRQVQ NLQHWRFKRUHVFHOOVIURPLQGHSHQGHQWH[SHULPHQWV+0-'799:.*;/:*),4%
3,.3,'-902,4'*;'3*.+)*/'0.1'!"#$%&'1,(/,+,1'9,+0(<04,'=,>0'"?'3,//4'4+0-.,1'@-+<'!A"BC'DE-.,+*3<*),4F'),1G'
DQG&(132 JUHHQ DQWLERGLHVDQG'$3, '1$EOXH 7KHLPDJHLVD]SURMHFWLRQ IRFDOSODQHVDWȝP
VSDFLQJ  6FDOH EDU  ȝP 3HUFHQWDJH YDOXHV LQGLFDWH ORDGLQJ RI &(132 LQ FRQWURO   DQG &(134
 )RUERWKFRQGLWLRQVQ NLQHWRFKRUHVFHOOVIURPH[SHULPHQW

'

CHAPTER 3 – Chromosome Congression is Promoted by
CENP-Q and CENP-E Dependent Pathways

antibodies as an internal control. When compared to control depleted cells the relative levels of
kinetochore bound Hec1 were largely unaffected in CENP-Q depleted cells (93.8%, SD ± 20.7
compared to control; Figure 3.4a). Analysis of Ska3 kinetochore loading showed that CENP-Q
depletion had only a minor effect on Ska3 levels, which were 74.8 % of those in control depleted
cells, representing at most a minor reduction in Ska3 levels (Figure 3.4b). Previous work has
shown that reduction of Hec1 or Ska3 by siRNA mediated depletion results in a failure to form a
metaphase plate with kinetochore pairs scattered around the spindle (DeLuca et al., 2005; Daum et
al., 2009). Given this difference in observed phenotype and the largely unaffected levels of both
Hec1 and Ska3, it is clear that the CENP-Q depletion phenotype is not a result of kinetochores
being unable to form end-on attachments with K-MTs.

Based on the previously reported co-dependence of CENP-Q and CENP-U for kinetochore loading
and the dependence of Plk1 on CENP-U for kinetochore binding (Hori et al., 2008a; Kang et al.,
2011; Park et al., 2011), we would expect that depletion of CENP-Q would result in a reduction of
Plk1 kinetochore loading. To confirm that this was the case we conducted immunofluorescence on
CENP-Q and control depleted cells staining with antibodies against Plk1 and CREST.
Quantification revealed a reduction in kinetochore bound Plk1 to just 12.7% (SD ± 4.1, n= 2
independent experiments) of control levels (Figure 3.4c).

Previous work in chicken cells has shown that CENP-O/P/Q/U are interdependent for kinetochore
binding (Hori et al., 2008b). We therefore expected to see that levels of CENP-O would decrease
at CENP-Q depleted kinetochores. To confirm this we conducted immunofluorescence on CENP-Q
and control depleted cells, staining for CENP-O and CENP-A as a reference. Imaging and analysis
of these cells revealed that CENP-O levels were reduced by 94.9% in CENP-Q depleted cells
(Figure 3.4d). Interestingly, direct depletion of CENP-O leads to an accumulation of monopolar
spindles (McClelland et al., 2007), a phenotype not observed in CENP-Q depleted cells,
suggesting that the CENP-Q depletion phenotype is the dominant one. These loading relationships
are summarised in Figure 3.5.
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3.6 The CENP-Q depletion phenotype can be rescued by an siRNA
protected CENP-Q-eGFP mammalian expression construct
To confirm the specificity of the CENP-Q siRNA treatment we next developed the tools required to
conduct CENP-Q siRNA rescue experiments. First a CENP-Q-eGFP expression vector was
generated, by cloning the CENP-Q cDNA sequence into a mammalian expression vector with a Cterminal eGFP tag and a constitutive cytomegalovirus (CMV) promoter. The resulting plasmid was
given the designation pMC273 (see chapter 2 for cloning details). After testing this construct by
restriction digest and sequencing we next proceeded to protect the CENP-Q cDNA from CENP-Q
siRNA recognition. This was achieved by silently mutating 7 bases within the CENP-Q siRNA
recognition sequence by site directed mutagenesis (Figure 3.6a; see chapter 2 for details). Using
DNA sequencing a correctly mutagenised construct was selected; this construct was given the
designation pMC308.

To ensure that the silent mutations had not disrupted the ability of the CENP-Q coding sequence to
express in human cells, we transiently transfected the construct into HeLa K cells stably expressing
mCherry-#-tubulin (see chapter 2). After 48 hrs these cells were imaged in both mCherry and
eGFP channels to show microtubules and CENP-Q-eGFP respectively. Imaging revealed that
CENP-Q-eGFP expressed and localised to kinetochores at the metaphase plate (Figure 3.6b). We
continued to image these cells for 15 min at 3 min intervals and saw that after anaphase onset
CENP-Q-eGFP continued to localise to kinetochores and was still clearly visible at telophase
(Figure 3.6b). This is in contrast to other studies, which suggest that CENP-Q is lost from the
metaphase plate at anaphase onset (Kang et al., 2011). To further test the CENP-Q-eGFP siRNA
protected construct we transfected it into HeLa E1 cells containing no fluorescent protein markers.
These cells were then fixed and stained with antibodies against CENP-A to mark kinetochores.
Upon imaging CENP-Q-eGFP could be visualised at kinetochores as marked by the CENP-A
antibody (Figure 3.6c).
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We next set out to ascertain whether the silently mutated CENP-Q-eGFP construct pMC308 (from
here referred to as CENP-Q-eGFP only) was indeed protected against CENP-Q siRNA. To do this
we transfected CENP-Q-eGFP and an empty vector (peGFP-N1, pMC004) control into cells, which
had been pretreated with control or CENP-Q siRNA for 12 hrs. Protein extracts were then made
from these cells using liquid nitrogen extraction (see chapter 2). These extracts were then used to
conduct immunoblotting, the blots being probed with antibodies against CENP-Q, and #-tubulin as
a loading control. Detection on photographic film revealed that both lanes corresponding to control
siRNA contained bands at ~32 kDa when probed with anti-CENP-Q antibodies (Figure 3.6d),
corresponding to the endogenous CENP-Q protein. These bands were not present in cells treated
with CENP-Q siRNA confirming efficient depletion of the endogenous protein (Figure 3.6d). In
control-depleted cells transfected with pMC308 a second band at between 50 and 75 kDa was
visible, corresponding to the CENP-Q-eGFP transgene. The CENP-Q-eGFP band persisted in
CENP-Q siRNA treated cells indicating siRNA protection of the construct (Figure 3.6d).

To confirm specificity of the CENP-Q siRNA treatment, we tested whether the CENP-Q-eGFP
construct was able to rescue the CENP-Q siRNA phenotype. To achieve this we conducted fixed
cell immunofluorescence on cells treated under the same conditions used in the above
immunoblotting assay. After 12 hrs depletion and 48 hrs rescue, cells were treated with the
proteosome inhibitor MG132 for 90 min to prevent anaphase onset and thereby rule out differences
associated with cell cycle stage. Cells were then fixed and stained with DAPI to mark chromatin
and anti-CENP-A antibodies to mark kinetochores. The number of unaligned kinetochore pairs per
pole was then manually scored by fluorescence microscopy and representative images were also
captured (Figure 3.6e). Depletion of CENP-Q and transfection with empty vector resulted in an
average of ~4 unaligned kinetochore pairs per pole. In contrast, transfection with a CENP-Q
transgene reduced the number of unaligned kinetochore pairs per pole to ~1 (Figure 3.6f). This
demonstrated that the effect of CENP-Q siRNA was specific, as reintroduction of the siRNAprotected transgene clearly rescues the phenotype.
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3.7 Stable expression of siRNA resistant CENP-Q-eGFP rescues
chromosome alignment and mitotic timing in live cells
To study the CENP-Q siRNA rescue in live cells in more detail we next undertook the creation of
stable cell lines expressing CENP-Q-eGFP by random genomic integration of the CENP-Q-eGFP
expression vector. For creation of this cell line we used an existing HeLa K cell line stably
expressing mCherry-CENP-A as a kinetochore marker. These cells were transfected with the
CENP-Q-eGFP expression vector (pMC308) for 48 hrs, after which cells were maintained in
selective medium until single colonies appeared. These colonies were screened for the presence
of CENP-Q-eGFP at kinetochores (a positive example can be seen in Figure 3.7a). Colonies with
CENP-Q-eGFP present at kinetochores were cultured further and the expressed levels of the
transgene were assayed by western blotting with anti-CENP-Q antibodies (see chapter 2). A
monoclonal cell line designated MC069 was selected for further experiments, as the levels of the
CENP-Q-eGFP protein were most similar to the endogenous CENP-Q protein (Figure 3.7b). The
CENP-Q-eGFP expression product was also detectable on immune blots using anti-eGFP
antibodies (Figure 3.7b).

To visualise the CENP-Q siRNA rescue in live cells, the CENP-Q-eGFP/mCherry-CENP-A
(MC069) or the control mCherry-CENP-A cell line (MC051) was treated with either control or
CENP-Q siRNA for 48 hrs. These cells were then imaged for 12 hrs at 3 min time-lapse intervals
using mCherry-CENP-A to visualise kinetochore movements. Resulting movies were then manually
analysed, recording the time from nuclear envelope breakdown (NEB) to last chromosome
congression (LCC) and the time from NEB to anaphase onset. This mitotic timing data was plotted
as cumulative frequency graphs (Figure 3.7c,d). These graphs showed that when treated with
control siRNA, mitotic progression of the CENP-Q-eGFP (MC069) and control cell (mCherryCENP-A MC051) lines were almost identical, with >90 % of both cell lines having aligned all
chromosomes by 24 min and >96 % having undergone anaphase (Figure 3.7c, d). The similarity
between these mitotic timings showed that expression of the CENP-Q-eGFP transgene was not
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having an adverse effect on mitotic progression. As expected, treatment with CENP-Q siRNA
resulted in a pronounced mitotic delay in the control mCherry-CENP-A cell line with only 20% of
cells having aligned all chromosomes by 24 min and only 20 % having undergone anaphase by 72
min (Figure 3.7c, d). However, when the siRNA protected CENP-Q-eGFP cell line (MC069) was
treated with CENP-Q siRNA 50% of cells had aligned all chromosomes by 24 min and 53% of cells
had progressed to anaphase by 72 min. Thus, stable expression of siRNA protected CENP-QeGFP greatly increases both chromosome alignment and progression into anaphase. Although in
these cells polar kinetochores were often visible, they were often able to congress. In the control
cell line these errant chromosomes remained uncongressed (Figure 3.7c, d).

3.8 CENP-Q is required for kinetochore loading of CENP-E
During our earlier experiments we noted that the CENP-Q depletion phenotype was reminiscent of
that reported for the depletion of the kinesin-7 CENP-E (Putkey et al., 2002; Weaver et al., 2003).
We therefore proceeded to test whether the CENP-Q and CENP-E depletion phenotypes were
phenotypically similar in our established live cell-imaging assay, using cells expressing Histone2BeGFP/mRFP-#-Tubulin as described above (section 3.3). Cells were treated with CENP-E, CENPQ or control siRNA and imaged (Figure 3.8a). The phenotype of CENP-E siRNA appeared similar
to CENP-Q siRNA, with cells displaying considerable delay in chromosome congression and
anaphase onset with a sub-population of kinetochores remaining around the spindle pole.
Interestingly we noted that the unaligned chromosomes around the pole in CENP-E depleted cells
seemed more tightly clustered than those in CENP-Q siRNA treated cells (Figure 3.8a).

Given the similarity of the CENP-Q and CENP-E depletion phenotypes we investigated whether
CENP-Q was required for the loading of CENP-E to kinetochores using immunofluorescence. Cells
were treated with control, CENP-Q or CENP-E siRNA and then fixed, staining with antibodies
against CENP-E (to measure levels of the kinesin), CREST antisera as a kinetochore reference
and anti-#-tubulin antibodies. These cells were then imaged (15 "m at 0.2 "m intervals; Figure
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3.9a, c), analysis of the resulting images confirmed that treatment with siRNA targeting CENP-E
reduced the kinetochore bound CENP-E levels by 95.6% relative to CREST (Figure 3.9a,b).
Interestingly depletion of CENP-Q also reduced the levels of CENP-E on kinetochores by 80%
(Figure 3.9a, b). These data indicate that CENP-Q is required for normal loading of CENP-E onto
kinetochores. To ascertain whether CENP-Q and CENP-E were mutually dependent for
kinetochore loading we next carried out the reciprocal experiment treating cells with control, CENPQ or CENP-E siRNA oligos and staining with antibodies against the CENP-Q protein and CREST
antisera. We found, as would be expected, that treatment with CENP-Q siRNA reduced the levels
of kinetochore bound CENP-Q (82% reduction; Figure 3.9c,d). However, depletion of CENP-E did
not affect kinetochore binding by CENP-Q (Figure 3.9c,d). Thus, CENP-E requires CENP-Q for
kinetochore binding but not vice versa.

These results raised the question; what is the fate of the CENP-E protein in CENP-Q depleted cells
in which CENP-E is no longer kinetochore bound? To address this question we conducted
immunoblotting on whole cell liquid nitrogen prepared protein extracts, from control, CENP-Q and
CENP-E depleted cells in the presence and absence of the proteasome inhibitor MG132. Blots
were generated and probed with antibodies against CENP-E, detection revealed that levels of the
kinesin decreased upon treatment with CENP-Q siRNA, however, these levels were partially
restored upon treatment with MG132 (Figure 3.9e). Treatment with CENP-E siRNA to prevent
translation of the protein directly resulted in a reduction of CENP-E levels and, as expected,
treatment with MG132 was unable to rescue the protein levels. Taken together these results
suggest that when CENP-E is unable to bind the kinetochore due to the absence of CENP-Q, the
CENP-E protein is degraded by the proteasome.

To further characterise this loading relationship we next set out to determine whether our earlier
described CENP-Q siRNA rescue assay could restore CENP-E kinetochore binding. As before,
cells were treated with control or CENP-Q siRNA for 12 hrs and then transfected with the siRNAprotected CENP-Q-eGFP expression vector or a control vector for 48 hrs. After which cells were
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treated with MG132 for 90 min to prevent mitotic progression and fixed. These cells were stained
with anti-CENP-E and anti-CENP-A antibodies and imaged (Figure 3.10a). We first confirmed that
the siRNA rescue had restored chromosome alignment (as described above), the kinetochore
bound CENP-E levels were measured relative to CENP-A. The CENP-E levels were very similar in
control siRNA treated cells transfected with the eGFP control plasmid or the siRNA protected
CENP-Q-eGFP plasmid (Figure 3.10a,b). CENP-Q siRNA treated cells transfected with the control
plasmid had very little CENP-E bound at kinetochores (~9 % of control siRNA cells transfected with
control vector; Figure 3.10a,b). In contrast, cells treated with CENP-Q siRNA which had been
transfected with the CENP-Q-eGFP siRNA protected construct had over 6 times the level of CENPE at kinetochores (~62 % of control siRNA + eGFP; Figure 3.10a,b). This assay confirms that
CENP-E is specifically dependent upon the presence of CENP-Q for kinetochore loading.

3.9 CENP-E loading may require modulation of microtubule dynamics
by CENP-Q
It has been previously shown that CENP-E is enriched on kinetochores from which all microtubules
have been removed by nocodazole treatment, and on unattached kinetochores in prometaphase
(Hoffman et al., 2001). Given that we had established that CENP-E loading is normally dependent
upon the presence of CENP-Q we were curious whether the enrichment of CENP-E on unattached
kinetochores would also prove to be CENP-Q dependent. To investigate we treated control and
-1

CENP-Q depleted cells with 1 "g ml nocodazole overnight to remove microtubules and then fixed
these cells, labelling with anti-tubulin antibodies (to confirm microtubules were completely
removed), anti-CENP-E antibodies to detect levels of the kinesin and anti-CENP-A as a
kinetochore reference (Figure 3.11a). In our control cells we saw similar increases in CENP-E
levels to those reported by Hoffman and colleagues in both prometaphase and nocodazole treated
cells (Figure 3.11a,b, first and fourth columns of panel a, quantified in b). Surprisingly, we found
that treatment of CENP-Q depleted cells with nocodazole allowed CENP-E to bind kinetochores
(Figure 3.11a fifth column, quantification in 3.11b). Although the level of CENP-E in CENP-Q

84

!"#$%&'()*+
!

!"#$%"&',"-./'0
345.2676&1!2

!()*+,',"-./'0
&1!2

!()*+,',"-./'0
45.2676&1!2

45.26/
51!2'45.265

45.26/

45.265

&1!2

!"#$%"&',"-./'0
&1!2

"

'"%

'"#
'
!"&
!"%
!"$

!()*+,',"-./
0'45.2676&1!2

!()*+,',"-./
0'&1!2

!

!"#$%"&',"-./
0'45.2676&1!2

!"#

!"#$%"&',"-./
0'&1!2

89:"645.265'"9:&9,":;'<8)$)=

'"$

!"#$%&' ()*+' !"#$%&' ()*#+' ,-(./-' 01' !"#$%"' ,-.'
233/4015/0,-(.-4.-'
3).,0(.067'
)389-('
:!%6,0;-.<)04(=' >?' 10.85' 6584-(' 8<' ?@A' B3' (68.)49C' 01'
"#$%&'' ()*#+' ,-(./-' -D6-,)3-4<' )4' E-F8' ">' .-55(@'
!-55(' G-,-' <,-8<-H' G)<I' "#$%&'' ()*#+' 0,' "()*+(,()*#+' 10,' >A' I' 84H' <I-4' <,84(1-.<-H' G)<I' 84' ()*#+'
,-()(<84<' !"#$%&%-JK$' 0,' -JK$' -D6,-(()04' 658(3)H'
10,'8'1/,<I-,'LM'I@'N0',-H/.-'<I-'-11-.<'01'3)<0<).'(<89-'
04' 85)943-4<=' .-55(' G-,-' 8,,-(<-H' )4' 3-<86I8(-' G)<I'
OJ>PA'8<'8'>'BO'1)485'.04.-4<,8<)04'10,'Q?'3)4'10550G-H'
R7' 1)D8<)04@' !-55' G-,-' (<8)4-H' G)<I' L=S%H)83)H)40%A%
6I-475)4H05-' :T+$2U' T#+=' R5/-C' 84H' 6,0R-H' G)<I'
84<)R0H)-('898)4(<'!"#$%+'<0'38,V'V)4-<0.I0,-(':R5/-C'
84H'!"#$%"':,-HC@'W.85-'R8,'X'PB3@,/.'&/84<)1).8<)04'
01'!"#$%"'5-Y-5('04'V)4-<0.I0,-(')4'8'"#$%&'-()*#+'
,-(./-' -D6-,)3-4<@' !-55(' G-,-' <,-8<-H' G)<I' "#$%&''
()*#+'0,'"()*+(,-()*#+'10,'>A'I'84H'<I-4'<,84(1-.<-H'
G)<I' 84' ()*#+%,-()(<84<' !"#$%&%-JK$' 0,' 8' .04<,05'
-JK$'-D6,-(()04'658(3)H'10,'8'1/,<I-,'LM'I@'!-55('G-,-'
<,-8<-H'G)<I'>'BO'OJ>PA'10,'Q?'3)4'R-10,-'1)D8<)04'84H'
(<8)4)49' G)<I' T+$2' :R5/-C=' 84<)%!"#$%+' 84H'
84<)%!"#$%"' 84<)R0H)-(@' T8(I-H' 5)4-' )4H).8<-('
!"#$%&'5-Y-5(')4'"()*+(,-()*#+'<,-8<-H'.-55(@'",,0,'R8,'
X'WT@

MZ'

!"#$%&'()**
!

789:'/;,-%;?'B%&+-A&,-

1;<;=+>;?&'B%&+-A&,-

B+E;?'B%&+-A&,-

/C09B

/012.0

ĮWXEXOLQ
/012.0'/C09B

!"#$%"&,3"C1DF !'()*+,3"C1DF
2%;A&-+HI+3&
*@#'A?.*'
!"#$%"&,3"C1DF !'()*+,3"C1DF
!"#$%"&,3"C1DF !"#$%"&,3"C1DF !'()*+,3"C1DF *@#'A?.*'
1;<;=+>;?&
1;<;=+>;?&
789:
789:
*G@8'B+E;?
*G@8'B+E;?
789:

"

!"#$%&'()**'!"#$%&'()*%+,-./,'0#+%-/'+%-#123452#(%6%(-'+,-#7**85
0'9(8'+%-:%0:%# ,*.;%-# '9# :%((-# -/.,0%$# <,/=# 123452# >;+%%0?@#
&5(67 UHG  DQG ĮWXEXOLQ EOXH  DQWLERGLHV ,PDJHV DUH D
]SURMHFWLRQ IRFDOSODQHVDWPVSDFLQJ &HOOVDUHWUHDWHG
<,/=#!"#$%"&''+#!()*+,'-,A3B#.0$#%,/=%+#C!DE#>FG#=?@#0':'$.H'(%#
0K RUWD[RO 0K EHIRUHIL[DWLRQ6FDOHEDU P
+.-'I8.0/,9,:./,'0#'9#123452#(%6%(-#,0#:%((-#/+%./%$#<,/=#!"#$%"&''+#
!()*+,'VL51$DQGHLWKHU'062 K RUQRFRGD]ROH 0K 
EHIRUH IL[DWLRQ 'DVKHG OLQH LQGLFDWHV &(13( OHYHOV LQ !"#$%"&'
VL51$FHOOV'062(UURUEDUV 6'

'
&"$
&"#
&"'
&
!"%
!"$

789:

!'()*+
3"C1D'

!"#$%"&
3"C1D'

!'()*+
3"C1D'

!"#

!"#$%"&
3"C1D'

+,-"./012.0'",-&,3"-4'5+)$)6

&"%

1;<;=+>;?&
*@#'A?.*

JK#

CHAPTER 3 – Chromosome Congression is Promoted by
CENP-Q and CENP-E Dependent Pathways

depleted cells treated with nocodazole exceeded those in control-depleted cells treated with
DMSO, the level of CENP-E at kinetochores did not recover to the level measured in controldepleted cells treated with nocodazole (Figure 3.11b). Thus, CENP-E can bind kinetochores in the
absence of CENP-Q, but not to the same extent. In contrast, treatment of CENP-Q depleted cells
with 10 "M taxol, which stabilises microtubules, did not rescue CENP-E kinetochore loading
(Figure 3.11a, b). We also found that none of these treatments affected the levels of kinetochore
bound CENP-Q in control cells and we were unable to restore CENP-Q levels in cells treated with
CENP-Q siRNA (Figure 3.12a). These data suggest that CENP-Q is required to load CENP-E to
kinetochores but that this may be dependant on the status of K-MT as disrupting microtubules with
nocodazole allows rebinding of the protein. This finding is in agreement with previous work from
our laboratory that has shown CENP-Q depletion slows K-MTs plus-end turnover (Samora C.P.,
PhD Thesis, 2012). Indeed, in vitro TIRF assays demonstrate that although CENP-Q is able to
increase the frequency of microtubule catastrophe and rescue events, the speed of these growth
and catastrophe events are reduced (Samora C.P., PhD Thesis, 2012). Therefore, one possible
explanation for the reduction in CENP-E loading following CENP-Q depletion is that the resulting KMT state no longer allows CENP-E binding.

In support of this idea, depletion of the CCAN protein CENP-H has previously been shown to have
no effect on CENP-E kinetochore binding (Amaro et al., 2010), despite delocalising the CENP-O,P,-Q,-U sub-complex (Okada et al., 2006). This was surprising, given our earlier observation that
CENP-E kinetochore loading is dependent on CENP-Q, which would lead to the expectation that
CENP-H depletion would also prevent CENP-E kinetochore loading. However, depletion of CENPH has the opposite effect on kinetochore microtubule dynamics to CENP-Q depletion, increasing KMT plus-end turnover (Amaro et al., 2010). We therefore predicted that cells treated a double
siRNA against both CENP-Q and CENP-H would still load CENP-E, as the CENP-H phenotype
should dominate. We tested this hypothesis by treating cells with siRNA against CENP-Q and a
double siRNA treatment against CENP-Q and CENP-H. We then conducted immunofluorescence
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staining of CENP-E and found levels of CENP-E were increased in CENP-Q and CENP-H double
depleted cells compared to CENP-Q only depleted cells (Figure 3.13). This double depletion also
reduced the polar chromosome phenotype normally associated with CENP-Q depletion. As a
whole this indicates that although CENP-E loading is dependent upon CENP-Q, the dependency is
almost certainly not due to a physical interaction. It is likely that the dependency results from
modulation of K-fibre dynamics by CENP-Q, with rescue of CENP-E loading and chromosome
alignment by CENP-H depletion supporting this idea.

Previous work has also shown that CENP-E is dependent upon Kif18a for kinetochore loading,
possibly due to a direct or indirect physical interaction between Kif18a and CENP-E (Huang et al.,
2009). To confirm this report and as a further control for our CENP-E kinetochore loading
experiments, we proceeded to assay the effect of Kif18a depletion on levels of kinetochore bound
CENP-E. In line with these previous findings immunofluorescence showed that siRNA mediated
depletion of Kif18a greatly reduced the levels of kinetochore bound CENP-E (Figure 3.13a),

3.10 Fates of unaligned kinetochore pairs in CENP-Q and CENP-E
depleted cells
Our characterisation of the CENP-Q/CENP-E loading dependency raised a key question; was the
polar chromosome phenotype in CENP-Q depleted cells simply reflective of the unbinding of
CENP-E from kinetochores? To ascertain whether this was the case we wanted to determine if the
unaligned kinetochores in CENP-Q and CENP-E depleted cells behaved differently. We also
wanted to determine if there was a difference between the behaviours of unaligned chromosomes
with the same attachment status in the two depletions. To answer this question we first had to
develop a system for denoting whether kinetochore pairs were biorientated or non-biorientated. To
observe the behaviour of unaligned kinetochores we screened unperturbed HeLa K cells stably
expressing eGFP-CENP-A (kinetochore marker) and eGFP-Centrin1 (spindle pole marker).
Multiple examples of unaligned and polar kinetochores could be found in these cells, suggesting
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that errant chromosomes may be a relatively common feature of prometaphase (Figure 3.14a,b,c).
We next followed the fate of the unaligned kinetochores by imaging these cells every 7.5 sec for 10
min. We could observe sister pairs that were non-biorientated, because they were positioned
behind the spindle pole where biorientation is geometrically impossible (Figure 3.14a). Sister pairs
between the pole and plate, in which the sister-sister axis was at ~90º to the pole-pole axis, were
also scored as non-biorientated (Figure 3.14b, first panel, red and yellow lines respectively).
Biorientation would be highly unlikely with this geometry because kinetochores could not make
end-on attachments with microtubules coming from opposite spindle pole. Sister pairs between
pole and plate, in which the sister-sister axis was ' 45º from the pole-pole axis, were scored as
orientated (Figure 3.14b, second panel, red and yellow lines respectively). These sister kinetochore
pairs were scored as orientated because we cannot discriminate between biorientated kinetochore
pairs and non-biorientated kinetochore pairs which are aligned with the spindle axis. Therefore in
addition to biorientated kinetochores, this orientated state likely also contains sister pairs in which
one sister is mono-orientated and the second laterally attached (see Kapoor et al., 2006; and
schematic in Figure 3.15a chromosome 5).

During our 10 min movies we observed orientated kinetochore pairs move to the metaphase plate,
presumably by depolymerisation-coupled end-on pulling or lateral sliding. Non-biorientated sister
pairs could also be observed moving towards the metaphase plate, by lateral sliding (Figure 3.14c).
Non-biorientated sisters could also move to orientate themselves with the spindle so that the sistersister axis was in-line with the path of the K-fibre. This change could reflect either biorientation, or
the lateral attachment of monoorientated kinetochores as previously described (Kapoor et al.,
2006; Skibbens et al., 1993). This class of kinetochore sister-pairs thus congresses to the
metaphase plate by either lateral sliding or end-on pulling (Figure 3.14c).

We next tracked the fates of uncongressed kinetochore pairs in CENP-Q and CENP-E depleted
cells. Our earlier experiments suggested that imaging for 5 min would be sufficient to observe
congression events, and we imaged cells for 5 min every 7.5 sec. Using the criteria developed
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above we designated kinetochore pairs as non-biorientated or biorientated. The relative proportion
of biorientated and non-biorientated uncongressed kinetochores was very similar in CENP-Q and
CENP-E depleted cells, with ~80% occupying a non-biorientated state (Figure 3.15b). The fates of
these non-biorientated unaligned kinetochore pairs were also very similar, with the majority in both
cases (>90%) remaining stalled and unable to progress towards the spindle equator (Figure 3.15c,
images in Figure 3.16). In CENP-Q depleted cells the orientated kinetochore pairs were also
unable to congress and remained stalled (Figure 3.15d, images in Figure 3.16). However, in
CENP-E depleted cells (where CENP-Q remains kinetochore-bound) 80% of orientated sister pairs
were able to congress to the metaphase plate (Figure 3.15d, images in Figure 3.16). Because
CENP-E is essential for lateral sliding these congression events are almost certainly due to
biorientated kinetochores utilising depolymerisation-coupled pulling. In principle, this difference in
the ability of biorientated kinetochores to congress could be due to a greater reduction of
kinetochore bound CENP-E in CENP-Q siRNA treated cells compared to CENP-E siRNA treated
cells. However, the levels of CENP-E protein bound at kinetochores are in fact significantly lower,
being reduced by a further 15% following direct depletion of CENP-E with CENP-E siRNA
compared to CENP-Q siRNA treatment (t-test p=0.0148; Figure 3.9b, d).

To confirm the result that biorientated kinetochores are able to congress in the absence of
functional CENP-E we treated cells with the highly specific CENP-E inhibitor GSK923295 (Wood et
al., 2010). GSK923295 is an allosteric inhibitor of CENP-E kinesin ATPase activity and is therefore
able to inactivate CENP-E without the need to deplete the protein. This inhibition results from the
binding of GSK923295 to the loop-5 domin of CENP-E, which inturn prevents CENP-E from
releasing the inorganic phosphate generated by ATP hydrolysis. This causes CENP-E to become
tightly bound to microtubules in a rigor state, no longer able to walk along the microtubule lattice
(Wood et al., 2010). Previous studies have shown that 300 nM doses of GSK923295 added to cells
in culture are effective at inhibiting CENP-E (Wood et al., 2010). We found that such doses gave
similar results to siRNA mediated depletion of CENP-E, with almost 100% of non-biorientated
kinetochores remaining stalled (Figure 3.15e) and over 50% of orientated kinetochores able to

93

!"#$%&'()*+

*==

>=

5=

-=

,

-

6"/&0.78.%&9':;<'
,=

.%"&/010&2

(

"

/./3
4".%"&/010&2

BC@D3C
=

/./3
4".%"&/010&2

BC@D3E

!

!"#$%&'9"?@A 3 3

/./34".%"&/010&2':*>,<

:(+<

!"#$%"'9"?@A F 3

/./34".%"&/010&2':*>=<

:(*<

5
*

!"#$%"'9"?@A

:FBC@D3EP'3BC@D3C<

-=
,=

&

>=

:3BC@D3EP'3BC@D3C<

5=

:FBC@D3EP'3BC@D3C<

!"#$%"'9"?@A

-=
,=

B./#%&99'0.
&K$10.%

=

Q%"&/010&2
H"/&0.78.%&9
:$/1I"#/&2<

-=
,=

N.O&'0.'G.I&

L01II&2

LM"078'0.
.%"&/010&2

=

>=
5=
-=
,=
=

L01II&2

5=

LM"078'0.
/./34".%"&/010&2

6"/&0.78.%&'G1"%9':;<'

*==

>=

B./#%&99'0.
&K$10.%

6"/&0.78.%&'G1"%9':;<'

*==

N.O&'0.'G.I&

L01II&2

@./34".%"&/010&2
H"/&0.78.%&9
:G.I1%'J'$/1I"#/&2<

B./#%&99'0.
&K$10.%

%

LM"078'0.'
.0"&/010&2

=

*==

N.O&'0.'G.I&

:3BC@D3EP'3BC@D3C<

L01II&2

5=

!"#$%&'9"?@A

6"/&0.78.%&'G1"%9':;<'

>=

Q%"&/010&2'H"/&0.78.%&9
:$/1I"#/&2<
!"#$%&'9"?@A

N.O&'0.'G.I&

*==

$

@./34".%"&/010&2'H"/&0.78.%&9
:G.I1%'J'$/1I"#/&2<

B./#%&99'0.
&K$10.%

6"/&0.78.%&'G1"%9':;<'

#

LM"078'0.'
/./34".%"&/010&2

+

RL6S,(,S+'(==/T

!"#$%&' ()*+' ,-.' !"#$%&'(") *$+*$,$-'(-.) '#$) /*($-'&'(/-) /0) 1-&2(.-$3) 4(-$'/"#/*$) +&(*,) 5('#(-) '#$) %('/'(")
,+(-32$6)72&"4)3/''$3)2(-$)*$+*$,$-',)+/2$8'/8+/2$)&9(,:)3/''$3)/*&-.$)2(-$,)*$+*$,$-'),(,'$*8,(,'$*)&9(,:)'#$)
;<=>) &-.2$) ?$'5$$-) '#$) ,(,'$*8,(,'$*) &9(,) &-3) '#$) ,+(-32$) +/2$8'/8+/2$) &9(,) @A#*/%/,/%$) BC) (-3("&'$,)
QRQELRULHQWDWLRQ7KHUHGXFHGDQJOH  RIFKURPRVRPHLQGLFDWHVELRULHQWDWLRQ&KURPRVRPHVDQG
DUHEHKLQGWKHSROHDQGWKHUHIRUHQRQELRULHQWDWHG&KURPRVRPHLVPRQRRULHQWDWHGE\WKHSROHSUR[L8
PDONLQHWRFKRUHDQGODWHUDOO\DWWDFKHGWRDQDGMDFHQWNILEUHE\WKHSROHGLVWDONLQHWRFKRUH',/.)D$*"$-'&.$)
/0) 1-&2(.-$3) 4(-$'/"#/*$) +&(*,) RFFXS\LQJ DQ RULHQWDWHG RU QRQELRULHQWDWHG VWDWH LQ +H/D FHOOV VWDEO\
H[SUHVVLQJH*)3&(13$H*)3&HQWULQ DIWHUWUHDWPHQWZLWK!"#$%&)/*)!"#$%"),(EFG6)F1%?$*,)5('#(-)
WKHEDUVLQGLFDWHQXPEHURINLQHWRFKRUHSDLUVQLQGHSHQGHQWH[SHULPHQWV,012.'H&'$,)/0)-/-8?(/*($-'&'$3)
@"C) /*) ?(/*($-'&'$3) @3C) 4(-$'/"#/*$) +&(*,) (-) I$J&) "$22,) VWDEO\ H[SUHVVLQJ H*)3&(13$H*)3&HQWULQ )
GXULQJDPLQPRYLHVDIWHUWUHDWPHQWZLWK&(134RU&(13(VL51$,&13.)H&'$,)/0)-/-8?(/*($-'&'$3)@$C)/*)
?(/*($-'&'$3)@0C)4(-$'/"#/*$)+&(*,)(-)I$J&)"$22,) VWDEO\H[SUHVVLQJH*)3&(13$H*)3&HQWULQ GXULQJD
PLQPRYLHVDIWHUWUHDWPHQWZLWKWKH&(13(LQKLELWRU*6.DWQ0DIWHUKRXUV

)

!"#$%&'()*+
!
!"#$%&'/"<=>

!"#$%"'/"<=>

"#BC=D?E

$'BC=D?E

"#BC=D?C

"#BC=D?C

6%"&7,8,&9
/F",:G',;
7;7?H";%"&7,8,&9
,-./

6%"&7,8,&9
:;7#%&//"7#

6%"&7,8,&9
/,8AA&9
,-./

7;7?@";%"&7,8,&9
/,8AA&9

,-./

,-./

*
,-51/

,-51/

,-51/

,-51/

*
,-01/

,-01/

,-01/

,-+./

*
,-*.1/

,-*.1/

,-01/

,-*.1/

*
,-*(1/

,-*(1/

,-*(1/

,-*.1/

*
,-*+1/

,-*+1/

,-*+1/

,-*(1/

*
,-*31/

,-*31/

,-*+1/

,-*31/

*
,-441/

,-441/

,-441/

,-*2./

!"#$%&' ()*+' !"#$%&'(
)*+',-./-0'(
1#,'2(
*+(
3!45678!( 2*94:( ,-.'
!"#$%&'( 10#$'2( 10-$(
$-;*'2( -1( )*+',-./-0'(
1#,'2( #1,'0( ,0'#,$'+,( <*,/(
3!4567( -0( 3!456!(
2*94:=( >0#+?'( ./';0-+2(
*+@*.#,'( %#*02( ,/#,( #0'(
-0*'+,#,'@( <*,/( ,/'( 2%*+@&'(
#"*2A(
B&C'(
./';0-+2(
*+@*.#,'( %#*02( ,/#,( #0'(
+-+6B*-0*'+,#,'@( #+@( </*,'(
./';0-+2( *+@*.#,'( </'0'(
@'2*?+#,*-+( -1( 2,#,'( *2(
C+.&'#0=( D'&&-<(
2,#02(
*+@*.#,'(2%*+@&'(%-&'(</'+(
;*2*B&'=(E*02,(.-&C$+(2/-<2(
#+( '"#$%&'( -1( #( B*-0*'+6
,#,'@( )*+',-./-0'( %#*0( *+( #(
3!4567(@'%&','@(.'&&A(,/'(
%#*0(@-'2(+-,(.-+?0'22A(BC,(
2<*,./'2(
,-(
#(
+-+6B*-0*'+,#,'@(
2,#,'=(
F'.-+@( .-&C$+( 2/-<2(
'"#$%&'( -1( #+( -0*'+,#,'@(
)*+',-./-0'( %#*0( ,/#,( 1#*&2(
,-( .-+?0'22( *+( 3!4567(
@'%&','@( .'&&2=( G+( .-+,0#2,A(
,/*0@( .-&C$+( 2/-<2( #+(
'"#$%&'( -1( #+( -0*'+,#,'@(
2*2,'0( %#*0( *+( 3!456!6
@'%&','@( .'&&2( ,/#,( #0'( 2,*&&(
#B&'( ,-( .-+?0'22( ,-( ,/'(
$',#%/#2'(%&#,'=(H/'(1-0,/(
.-&C$+( 2/-<2( #+( #&*?+'@(
+-+6B*-0*'+,#,'@(2*2,'0(%#*0(
,/#,( .#++-,( $-;'( ,-( ,/'(
$',#%/#2'(
%&#,'(
*+(
3!456!6@'%&','@( .'&&2=(
F.#&'( B#0( I( J( K$A( @#2/'@(
?0'L( &*+'( *+@*.#,'2( $',#6
%/#2'(%&#,'(B-C+@#0L=

*
,-411/

,-411/

,-411/

,-*31/

*
,-421/

,-421/

,-421/

,-4*./

*
,-(*1/

,-(*1/

,-(*1/

,-441/

*

MN(

CHAPTER 3 – Chromosome Congression is Promoted by
CENP-Q and CENP-E Dependent Pathways

congress (Figure 3.15f). One prediction from these data is that CENP-E depleted cells should have
a higher proportion of their uncongressed kinetochores trapped behind spindle poles, because
many biorientated pairs are able to congress and therefore would form a smaller proportion of the
uncongressed chromosome population. Indeed, 69.7% of uncongressed kinetochores reside
behind the pole in CENP-E depleted cells, compared to 50.4% in CENP-Q depleted cells. These
data suggest that a CENP-Q dependent (CENP-E independent) mechanism is required to move
biorientated kinetochore pairs to metaphase plate by depolymerisation-coupled pulling.

3.11 CENP-Q and CENP-E generate counter-forces on polar
chromosomes
Both CENP-Q and CENP-E function to align chromosomes that are unaligned but reside within the
region between the spindle pole and equator. However, behind the spindle pole the geometry of
microtubules is reversed, i.e. the plus-ends of astral microtubules are proximal to the cell cortex, in
contrast to K-fibres that have plus-ends proximal to the metaphase plate. If CENP-Q directs
depolymerisation-coupled pulling, it would move chromosomes behind the pole towards the pole,
while plus-end directed lateral sliding by CENP-E would move chromosomes anti-poleward. We
would thus predict that depletion of each protein would alter the positions of the kinetochore
population relative to the spindle pole. To test this hypothesis we treated cells with siRNA against
CENP-Q and CENP-E. These cells were then fixed and stained with antibodies against alphatubulin to mark the spindle and CREST antisera to indicate the positions of kinetochore pairs as
well as DAPI to stain chromatin. These cells were imaged and kinetochore pairs were scored as
proximal to the pole if they were located on the central mass of microtubules surrounding the pole,
or distal if they were clearly separated from the spindle and attached to astral-microtubules (see
pink and blue circles in Figure 3.17a). In CENP-E depleted cells the vast majority of kinetochore
pairs occupied a position proximal to the spindle pole, the same being true of kinetochores in cells
treated with the CENP-E inhibitor GSK 923295 (Figure 3.17b). In contrast, kinetochore pairs in
CENP-Q depleted cells were found in similar quantities proximal to and distal from the pole (Figure
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3.17b). This suggested that in the absence of CENP-E, polar kinetochores could be brought
proximal to the pole, however, presumably due to the loss of CENP-E lateral sliding these pairs
could not then be transported to the metaphase plate. In CENP-Q depleted cells the greatly
increased number of distal polar kinetochores attached to astral microtubules suggests that CENPQ is required to bring distal kinetochore pairs towards the spindle pole, most probably by end-on
pulling mechanisms. Double siRNA treatment against CENP-Q and CENP-E gave the same result
as CENP-Q depletion, with both proximal and distal polar kinetochores present. This result is
consistent with the finding that CENP-Q depletion removes both CENP-Q and CENP-E from
kinetochores.

In order to gain a more quantitative read-out of kinetochore distance from the pole we developed a
quantitative semi-automated assay, in which the Euclidian distance of every kinetochore was
measured from the centre of a monopole in CENP-Q and CENP-E depleted cells. Monopolar
spindles were used as the geometry of the monopole recreates the microtubule geometry behind
the pole. The centre of the monopole also provides a single point of reference. To generate
monopolar spindles, cells were treated with the Eg5 inhibitor monastrol to prevent centrosome
separation in prophase (Mayer et al., 1999). These cells were fixed and stained with antibodies
against CENP-A to mark kinetochores and gamma-tubulin to mark spindle poles as well as DAPI to
mark DNA. After imaging we used a macro created in Volocity 3D (PerkinElmer) to automatically
measure the Euclidian distance of each kinetochore to the monopole centre (Figure 3.17c). The
cumulative frequency plots of kinetochore-to-pole distances were calculated for each experiment.
The averages are shown in Figure 3.17d, e. These plots show that depletion of CENP-E resulted in
kinetochores being closer to the monopole compared to control cells (Figure 3.17d). We confirmed
this result by treating cells for 14 hrs with 300nM GSK925293, which inhibits CENP-E motor activity
by allosteric inhibition of ADP release, causing the kinesin to adopt a rigor bound state (Figure
3.17d). Conversely, kinetochores in CENP-Q depleted cells (which also lack the anti-poleward
CENP-E force) occupied a similar mean distance from the monopole to kinetochores in controldepleted cells, albeit with a much narrower standard deviation (Figure 3.17e). This suggested that
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after treatment with CENP-Q siRNA the absence of CENP-Q and CENP-E resulted in a net
balance of forces acting on the population of kinetochores. The removal of both CENP-Q
dependent depolymerisation coupled pulling and CENP-E dependent plus end motor activity
resulting in an average distance from the monopole simerlar to that seen in control cells. Taken
together, these data suggest that that CENP-E slides kinetochores towards microtubule plus-ends
regardless of microtubule geometry. Our data also suggests that CENP-Q dependent mechanisms
drive depolymerisation-coupled pulling that moves chromosomes towards or away from the pole
depending on the microtubule geometry. In both cases CENP-Q acts to move chromosomes closer
to the metaphase plate and thus facilitates chromosome congression.

3.12 Conclusion
Based on the results in this chapter we see that CENP-Q is essential to chromosome congression.
CENP-Q is also essential for the loading of CENP-E, a dependency that most likely derives from
the effects that kinetochore bound CENP-Q has on K-MT dynamics. The defects observed in
chromosome congression after depletion of CENP-Q are a composite, resulting from the loss of
CENP-Q and CENP-E from kinetochores. However, we find that although both proteins are
important for chromosome congression they each have distinct roles in the process. Perhaps most
importantly we find that CENP-Q is required for depolymerisation-coupled pulling of biorientated
kinetochore pairs whilst CENP-E is dispensable for this process, although essential for lateral
sliding. We also find that the two proteins have distinct effects on chromosomes around spindle
poles, with CENP-E being essential for transport away from the pole and CENP-Q being required
for transport towards the spindle pole, most likely by depolymerisation-coupled pulling. Both
activities are likely to be important for the rescue of chromosomes that become trapped around the
spindle pole.
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CHAPTER 4: Control of Metaphase Kinetochore
Dynamics by CENP-Q and CENP-E Dependent
Mechanisms

4.1 Introduction
For several decades it has been known that, following chromosome congression, sister
kinetochores oscillate at the spindle equator for several minutes prior to anaphase. This is the
metaphase stage of mitosis (Skibbens, 1993; Hughes & Swann, 1949). In human cells,
chromosomes oscillate for ~15 min prior to anaphase with an oscillatory half period of ~35 sec and
a full period of ~70 sec (Jaqaman et al., 2010). It is believed that these oscillations arise
predominantly as a result of K-MTs switching between growth and shrinkage and are required to
maintain chromosomes at the metaphase plate (Skibbens et al., 1993). However, other factors
such as plus-end directed chromokinesins present on chromosome arms, which interact with
spindle microtubules, also have a role in the generation of oscillations (Levesque & Compton,
2001). Furthermore, experiments using drug treatments, single miniature chromosomes and laser
ablation have shown that the kinetochore is the main factor powering alignment to the metaphase
plate and kinetochore/chromosome oscillations (Khodjakov et al., 1997; Skibbens et al., 1995;
Wise & Brinkley, 1997; Khodjakov & Rieder, 1996).

As cells approach anaphase, the amplitude of these oscillations decreases, as does the plus-end
turnover of K-MT, providing further evidence that the two are linked. Indeed, “freezing” microtubule
dynamics in established mitotic spindles by addition of the microtubule stabilising agent taxol has
previously been shown to abolish these oscillations (Jaqaman et al., 2010). Work in our laboratory
has closely examined these oscillations using high spatial and temporal resolution kinetochore
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imaging coupled with bespoke analysis software. By calculating the autocorrelation over the timeseries of displacements kinetochores make through the plane of the metaphase plate, it was
shown that the half-period of oscillations in human cells during metaphase was ~35 sec (Jaqaman
et al., 2010; see also Figure 4.1). Using this approach it was found that proteins which modulate KMT dynamics influence these oscillations, a key example being depletion of the plus-end directed
motor and depolymerase Kif18a, which results in an increase in the speed of sister kinetochore
centre position during oscillatory movements (Jaqaman et al., 2010), as also observed by Stumpff
and colleagues (Stumpff et al., 2008). Additionally the Jaqaman study found that depletion of the
non-motile depolymerase MCAK reduced the speed of sister kinetochore centre position
movements during oscillation at the metaphase plate, an effect also seen by Wordeman and
colleagues (Wordeman et al., 2007). Auto-correlation analysis reveals that depletion of either
MCAK or Kif18a increases the size of the first negative lobe of the autocorrelation and resulted in a
small shift in sister kinetochore-breathing autocorrelation, suggesting that both depletions have an
effect on kinetochore oscillations, albeit a modest one (Jaqaman et al., 2010).

Previous work has shown that CCAN is a major regulator of K-MT dynamics and kinetochore
oscillations. For example, depletion of the CENP-H CCAN subunit results in rapid plus-end turnover of K-MTs and a complete loss of kinetochore oscillations (Amaro et al., 2010); a similar effect
can be observed in cells depleted of the CENP-L protein (Mchedlishvili et al., 2012). Depletion of
the CENP-H subunit unbinds a number of other CCAN proteins including the CENP-O/P/Q/U subcomplex. These results are consistent with our findings in chapter 3, where we show that CENP-Q
has a key role in end-on pulling of unaligned biorientated kinetochore pairs. However, we do not
yet know whether depletion of CENP-Q alone is sufficient to abolish these oscillations. Given that
previous studies have shown that CENP-Q is able to directly bind to microtubules in vitro (Amaro et
al., 2010), and modulate MT dynamics in vitro and in vivo (Samora C.P., PhD thesis, 2012), we
hypothesised that the protein would be likely to play a key role in K-MT dependent aligned
kinetochore dynamics.

101

!"#$%&'()*
!
!"ı

+,"#-&.'/"-&01231%&4'5"-,"&%46
!"ı

7-8,"#-&.'/"-&01231%&4'51$0,"&%46
!"ı

'.(-#/*"*012)3+
#

Spindle
pole

!

*

$

'(')*+"
4(-*)3,53+*

9&08:384&':,80&
ZLGWK ı

#""%"."408-2&';&0<&&-'4"40&%'/"-&01231%&4
!""%'."408-2&'=%1>'4"40&%':8"%'2&-0%&'01'&?$801%
$""%"."408-2&'=%1>'/"-&01231%&'01'&?$801%
ı VWDQGDUGGHYLDWLRQRIWKHGLVWULEXWLRQRI&
6&"%"FKDQJHLQ[RYHUWLPH

*

"

$XWRFRUUHODWLRQRIVLVWHUFHQWUHLQ¨[

'(')*+"
,*-)+*

'*

@)D
'@)C
'@)(
'@

'@

'A@

'*@@

B">&',8#'546

'*A@

!"#$%&' ()*' +,-! "! #$%&'%((%)$*! '+,'+-+.)%)$/.! /0! 1$.+)/*2/'+! ,%$'-! %.#! $.)+'3-$-)+'! 1$.+)/*2/'+!
4$.1%&+!5&'++.!-,2+'+-!%.#!64%*1!-,'$.&-!'+-,+*)$7+489!$.!/:'!1$.+)/*2/'+!)'%*1$.&!%--%8!56%-+#!/.!
;%<%(%.!+)!%4=>!?@A@9=!B$.+)/*2/'+-!%'+!#+)+*)+#!%.#!)'%*1+#!/7+'!)$(+!:-$.&!(%C$(:(!$.)+.-$)8!
DE!-,/)!)'%*1$.&!)/!#+)+*)!)2+!+FGH3IJKH3"!-$&.%4=!B$.+)/*2/'+-!%'+!)'%*1+#!0/'!L!($.-!+7+'8!M=L!
-+*/.#-!5D@!C!@=L!N(!O3,4%.+-9=!P2+!(+)%,2%-+!,4%)+!$-!#+0$.+#!68!0$))$.&!%!,4%.+!)2'/:&2!)2+!)2+!
#$-)'$6:)$/.! /0! 1$.+)/*2/'+->! Q$)2! )2+! ($.$(:(! #$-)%.*+! 0'/(! )2+! (%C$(:(! ,/--$64+! .:(6+'! /0!
1$.+)/*2/'+-!564:+!#/))+#!4$.+9=!H%$'$.&!/0!-$-)+'!1$.+)/*2/'+-!5&'++.!-,2+'+-9!$-!6%-+#!/.!,'/C$($)8!
%.#! */:,4+#! (/)$/.=! R:4)$,4+! )'%*1$.&! ,%'%(+)+'-! %'+! )2+.! %:)/(%)$*%448! *%4*:4%)+#>! )2/-+! /0!
'+4%7+.*+!$.!)2$-!)2+-$-!%'+!4%6+4+#!%.#!#+-*'$6+#!6+4/Q=!P2+!(+)%,2%-+!,4%)+!Q$#)2!$-!#+)+'($.+#!
%-!)2+!-)%.#%'#!#+7$%)$/.!5ı !/0!)2+!#$-)'$6:)$/.!/0!!=!".8!1$.+)/*2/'+!,%$'-!Q$)2!!!,/-$)$/.!S!?ıDUH
*/.-$#+'+#!/:)4$+'-!5:.%4$&.+#9=!E+0$.$)$/.!/0!)'%*1$.&!,%'%(+)+'-!%-!4%6+4+#!%6/7+=!+.-!T*2+(%)$*!
/0!)2+!%:)/*/''+4%)$/.!/0!*2%.&+!$.!-$-)+'!*+.)'+!,/-$)$/.!5¨;9!/7+'!)$(+=!",,48$.&!)2+!%:)/*/''+4%)$/.!
0:.*)$/.!'+7+%4-!)2+!:.#+'48$.&!,+'$/#$*$)8!%.#!(+(/'8!$.!*2%.&+!/0!!!/7+'!)$(+!68!*/(,%'$.&!)2+!
*2%.&+!$.!,/-$)$/.!%)!+%*2!)$(+!,/$.)!)/!,'+7$/:-!)$(+!,/$.)-=!U.!:.,+'):'6+#!*+44-!)2+!:.#+'48$.&!
<:%-$3,+'$/#$*! (/)$/.! /0! !! (%.$0+-)-! %-!%! .+&%)$7+!4/6+! %)!VDL! -+*/.#-!5'+#! %''/Q! 2+%#9! %.#! %!
,/-$)$7+!4/6+!%)!VM@!-+*/.#-!5/'%.&+!%''/Q!2+%#9>!'+,'+-+.)$.&!)2+!2%40!%.#!0:44!,+'$/#!/0!-$-)+'3
A@?!
*+.)'+!,/-$)$/.!5!9!/-*$44%)$/.-!'+-,+*)$7+48=

CHAPTER 4 – Control of Metaphase Kinetochore Dynamics
by CENP-Q and CENP-E Dependent Mechanisms

In chapter 3, I reported that CENP-Q plays a key role in the recruitment of the CENP-E protein to
kinetochores. However, it seemed unlikely that the loss of CENP-E would affect aligned
kinetochore dynamics as previous work from our lab has demonstrated that depletion of CENP-E
did not affect metaphase oscillations, although it did result in a number of chromosomes becoming
trapped around the spindle poles (Jaqaman et al., 2010). This is consistent with the finding in
chapter 3 that CENP-E is dispensable for end-on pulling mediated alignment of biorientated
kinetochores to the metaphase plate. In contrast, recent work has shown that inhibition of CENP-E
with the small molecule inhibitor GSK923295 results in a sub-population of aligned kinetochores
“falling off” the metaphase plate (Gudimchuk et al., 2013). This led the authors to suggest that
CENP-E might have a role in the maintenance of metaphase kinetochore alignment. However, we
did not observe this phenotype in our earlier CENP-E depletion experiments (>25 movies observed
each at 5 min duration), nor was such a phenotype described in the Jaqaman study (Jaqaman et
al., 2010). The Gudimchuk study also showed that CENP-E was able to track depolymerising
microtubules in vitro and that inhibition of CENP-E in vivo prevented kinetochores from tracking
microtubules depolymerised by nocodazole treatment (Gudimchuk et al., 2013).

The results of the Gudimchuk study would suggest that CENP-E might play a role in maintenance
of kinetochore alignment at the cellular equator and in end-on pulling. However, it seems unlikely
that CENP-E preforms a role in the maintainiance of stable end-on attachemnts as the majority of
chromosomes align normally to the mentaphase plate where they remain in both CENP-E depleted
and inhibited cells (Jaqaman et al., 2010; Gudimchuk et al., 2013; this study Chapter 3).
Furthermore, the Jaqaman study also showed aligned kinetochores in CENP-E depleted cells
exhibit a normal inter-sister distance, suggesting normal tension across sister pairs, as would be
exerted by stable K-MT attachments (Jaqaman et al., 2010). The most likely explanation is that
differences between the Jaqaman and Gudimchuk studies could be a reflection of differences
between siRNA mediated depletion of CENP-E (Jaqaman et al., 2010) and the CENP-E rigor state
induced by addition of the GSK923295 CENP-E inhibitor (Gudimchuk et al., 2013). It is also
possible that the chromosomes observed “falling off” the metaphase plate in the Gudimchuk study

103

CHAPTER 4 – Control of Metaphase Kinetochore Dynamics
by CENP-Q and CENP-E Dependent Mechanisms

could represent kinetochores that were yet to from stable end-on attachments. At the time of
inhibitor addition these kinetochores may have still been laterally attached by CENP-E. In this
chapter we set out to examine the role of CENP-Q and CENP-E in the maintenance of aligned
kinetochore dynamics using a combination of siRNA mediated depletion and a small molecule
inhibitor of CENP-E.

4.2 CENP-Q is required for oscillations of congressed kinetochores
To assess the dynamics of congressed sister kinetochores in CENP-Q depleted cells (Figure 4.2a,
yellow bracket), we used our established kinetochore-tracking software, which tracks the 3D
position of sister kinetochores in high spatial and temporal resolution (Jaqaman et al., 2010; see
Figure 4.1 for summary of tracked parameters). This assay uses cells expressing eGFP-CENP-A
as a kinetochore marker (see Figure 4.1), as well as eGFP-Centrin1 to serve as a spindle pole
marker. To ascertain the effect of CENP-Q depletion on kinetochore dynamics, cells were treated
with siRNA against CENP-Q or a control for 48 hrs and then imaged every 7.5 sec during
metaphase. Imaging allowed clear visualisation of kinetochores at the metaphase plate in both
conditions. In CENP-Q depleted cells the characteristic population of unaligned kinetochores was
also present (Figure 4.2a, bottom panel). Initial attempts to track aligned kinetochores in CENP-Q
depleted cells with the tracking software version used in the Jaqaman study failed to accurately
define the plane of the metaphase plate. This failure resulted from the high number of unaligned
kinetochores in CENP-Q depleted cells, which prevented the automated identification of the
metaphase plate, even though the plate was clearly visible by eye. Plate identification is crucial as
the plane of the metaphase plate provides a reference frame for kinetochore motion (see Figure
4.1). Therefore our kinetochore-tracking software had to be adapted to allow correct fitting of a
plane through the metaphase distribution of kinetochores (see section 2.2.2).

We applied our modified tracking software to cells treated with control siRNA (example movie
frame in Figure 4.2a, top panel) and found that kinetochores in these cells underwent quasi-

104

!"#$%&'()*

'7

#

'87

!%&A$&4BC

'677

'687

9":&';<#'=+>
!"#$%"&'+",-.
!()*+,'+",-.

6877
6777

*)8
*
6)8
6
7)8

'877
'7

7

7)(

7)@

6)*

6)?

0
S"4&5GBJG%&'4G%:<;
RG+"5"G4'=F:>

S"4&5GBJG%&'4G%:<;
RG+"5"G4'=F:>

'

0

-1
-1.5
100

150
200
Time (s)

!"#$%"&'+",-.
!()*+,'+",-.
N%GO4"<4'PG5"G4

K

17)*

-0.5

50

Q"+5&%':&<4'+A$<%&E
E"+R;<B&:&45

K)8

!"#$%"&'+",-.

-2
0

7)8

0.5

7)(

%

'7

0

*

D45&%1+"+5&%'E"+5<4B&'=F:>

&

7)K

'7)(

'*777

outliers

7)*

!%&A$&4BC'=:"416>

'7)?

'*877

inliers

7)6

!()*+,'+",-.

7)@

7

inliers

0%GB&++"H&'I"4&5GBJG%&':GH&:&45
!"#$%"&
-./)0
23-01L
+",-.

!"#$%"&'+",-.
!()*+,'+",-.

*

!"#$%"&'+",-.

$
'6

34+&:M;&'<H&%<#&'=F: >

&/!0123-01.
&/!012&45%"46

$XWRFRUUHODWLRQRIVLVWHUFHQWUHLQ¨[

"

!

250

300

50

100 150
Time lag (s)

200

!()*+,'+",-.

-0.5
-1
-1.5
-2
-2.5
0

50

100

150
200
Time (s)

250

300

!"#$%&'()*'!"#$%&'()*+),&#-.*'/*0-()&#)123456)(&738'+,-)7-90-(-#.$.&:-)&%$;-()+0*%)<)%&#)=&:-5'-==)
%*:&-()*+)>-?$)@)'-==()(.$A=")-B90-((&#;)-CD45123458E-CD451-#.0&#F)G.*)%$0,),&#-.*'/*0-(E(9&#H=-)
9*=-(IJ)K-==*L)$00*L()&#H&'$.-)M#$=&;#-H),&#-.*'/*0-(J)N/-)&%$;-)&()$)O590*P-'.&*#)GFQ)+*'$=)9=$#-()$.)
QJ<)R%)(9$'&#;IJ)1-==)&#).*9)9$#-=)/$()A--#).0-$.-H)L&./)!"#$%"&)(&738S)'-==)&#)=*L-0)9$#-=)/$()A--#)
.0-$.-H) L&./) !'()*+) (&738J) T'$=-) A$0) U) VR%J)K-==*L) $#H) *0$#;-) A0$',-.() 0-90-(-#.) &#="&#;) ,&#-.*5
'/*0-() $#H) *M.="&#;) ,&#-.*'/*0-() 0-(9-'.&:-=") +.-)8M.*'*00-=$.&*#) *+) $=&;#-H) .0$',-H) ,&#-.*'/*0-) 9$&0)
(&(.-0) '-#.0-) 9*(&.&*#() $+.-0) .0-$.%-#.) L&./) !"#$%"&) (&738) $#H) !'()*+) (&738J) W#) ./-) 1*#.0*=) (&738)
$M.*'*00-=$.&*#)#-;$.&:-)=*A-)$.)$0*M#H)X<5V<)(-'*#H()G0-H)$00*LI)$#H)./-)9*(&.&:-)=*A-)$.)$0*M#H)YQ5ZQ)
(-'*#H()G*0$#;-)$00*LI)&#H&'$.-)./-)/$=+)$#H)+M==)9-0&*H)*+)*('&==$.&*#()0-(9-'.&:-="J)[('&==$.&*#()$0-)#*.)
90-(-#.)&#)!'()*+,(&738).0-$.-H)'-==(S)L&./)./-)#-;$.&:-):$=M-)$.)./-)+&0(.).&%-)(.-9)A-&#;)&#H&'$.&:-)*+)
0$#H*%) %*.&*#) GA=$',) $00*LIJ) +/-) \$0) '/$0.) *+) ./-) +0-]M-#'") *+) 90*'-((&:-) $=&;#-H) ,&#-.*'/*0-) 9$&0)
%*:-%-#.()GH-+&#-H)$()^)*0)%*0-)%*:-%-#.()&#)$)(&#;=-)H&0-'.&*#I)+0*%).0$',-H),&#-.*'/*0-()&#)'-==()
.0-$.-H) L&./) !"#$%"&) (&738) $#H) !'()*+) (&738J) +0-) _-$#) (]M$0-) H&(9=$'-%-#.) *+) $=&;#-H) .0$',-H)
,&#-.*'/*0-)9$&0(S)0-=$.&:-).*)\0*L#&$#)%*.&*#)&#)!"#$%"&)(&738)$#H)!'()*+)(&738).0-$.-H)'-==(J)+&-)
>&(.*;0$%)*+)$=&;#-H).0$',-H),&#-.*'/*0-)(&(.-0)9$&0)(-9$0$.&*#)H&(.$#'-()$+.-0).0-$.%-#.)L&./)!"#$%"&,
(&738) $#H) !'()*+) (&738J) +12#-) 2B$%9=-) $=&;#-H) .0$',-H) ,&#-.*'/*0-) 9$&0) .0$P-'.*0&-() +0*%) !"#$%"&,
(&738)G+I)$#H)!'()*+,(&738)G;I).0-$.-H)'-==(J

FQ<)

CHAPTER 4 – Control of Metaphase Kinetochore Dynamics
by CENP-Q and CENP-E Dependent Mechanisms

periodic oscillations back and forth about the metaphase plate as previously characterised
(Jaqaman et al., 2010). Autocorrelation analysis showed that these oscillations had half and full
periods similar to the half and full oscillatory periods identified in the Jaqaman study, which were
~35 and ~70 sec respectively (Figure 4.2b, green line; explanation of autocorrelation in 4.1b). We
then applied our modified tracking to CENP-Q depleted cells, where kinetochores were tracked
successfully now that the plane defining the metaphase plate was correctly positioned.
Autocorrelation analysis revealed that kinetochores in CENP-Q depleted cells failed to undergo
normal quasi-periodic oscillations, with the negative autocorrelation value at the first time lag being
indicative of random motion (see Jaqaman et al., 2010; Figure 4.2b, red line). Although these
autocorrelation plots are representative of thousands of kinetochores in multiple cells (see Table 9
below for n values of all tracking experiments), this behaviour can be clearly seen on the level of a
single kinetochore pair (Figure 4.2f, g).
Table 9 – n values for all tracking experiments
Condition

Number of cells

Control siRNA – 48 hrs
CENP-Q siRNA – 48 hrs
CENP-E siRNA – 48 hrs
CENP-E siRNA – 20 hrs
GSK923295 300 nM – 14 hrs
GSK923295 25 nM – 14 hrs
GSK923295 300 nM – 1 hr

50
31
82
29
26
28
22

Number of sister
kinetochore pairs
2187
1062
3235
1257
938
1424
831

Number of
experiments
4
3
6
2
3
1
1

To oscillate normally, kinetochores must make sustained movements in a single direction before
making a directional switch. As kinetochores in CENP-Q depleted cells do not oscillate, we
suspected that these sustained or processive movements would be disrupted. To assess whether
this was the case we used our kinetochore tracking data to measure the frequency of processive
kinetochore pair movements. We defined a processive movement as the motion of the kinetochore
pair sister centre position in the same direction for 4 time points or more (7.5 sec per time point).
We found that the frequency of processive movements was decreased by over 1/3 in CENP-Q
depleted cells when compared to control cells (Figure 4.2c). In accordance with the reduction in
processive movements we also found that the mean squared displacement (MSD) of kinetochore
sister centre positions was similar to that of Brownian motion, whereas kinetochores in control cells
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were more constrained (Figure 4.2d). This Brownian like MSD provides further evidence that
kinetochores in CENP-Q depleted cells are unable to make directed motion. This conclusion is
supported by the examination of single kinetochore pair tracks in CENP-Q depleted cells (Figure
4.2g), which appear to “jitter” rather than making the smoother oscillatory motions observed in
control kinetochore tracks (Figure 4.2f).

Further examination of kinetochore tracking data revealed that the metaphase plate thickness was
slightly increased in CENP-Q depleted cells (CENP-Q siRNA = 1.26 "m, control siRNA = 1.14 "m,
discussed below in 4.6), but inter-sister distance was normal (Figure 4.2e); the latter suggests that
kinetochores could still generate pulling forces. The presence of these pulling forces suggests that
kinetochores in CENP-Q depleted cells could still form normal end-on attachments with K-MTs.
However, the lack of periodic oscillations indicated that the coordination of K-MT dynamics was
likely to be perturbed. This is in agreement with recent work within our laboratory, which
demonstrated that depletion of CENP-Q caused the K-MT population to turn over 3-fold slower
compared to control cells (Samora C.P., PhD thesis, 2012). This disruption of K-MT dynamics is
likely the same reason that biorientated kinetochores cannot make processive movements to the
metaphase plate in CENP-Q depleted cells (chapter 3, Figure 3.15 & 3.16), and could lead to the
observed defects in aligned kinetochore motion.

4.3 CENP-E contributes to force generation by end-on attached
kinetochores
Our previous work has shown that depletion of CENP-E did not affect metaphase oscillations,
suggesting that in human cells CENP-E was only required for lateral sliding during chromosome
congression (Jaqaman et al., 2010). However, it was recently reported that inhibition of CENP-E
with GSK923295 leads to a subset of chromosomes moving away from the metaphase plate in
~50% of cells. This was interpreted as CENP-E having a role in maintaining biorientated
attachments (Gudimchuk et al., 2013). It is possible that this phenotype simply reflects a subset of
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aligned kinetochores that are still laterally attached and sensitive to perturbation of CENP-E.
Indeed, there is evidence that up to 11% of congressed kinetochores may remain laterally attached
within the metaphase plate for some time after initial congression (Shrestha & Draviam, 2013).
Gudimchuk and colleagues also showed that CENP-E inhibition prevented kinetochores from
tracking depolymerising microtubules, as well as demonstrating that CENP-E could track
depolymerising microtubules in vitro (Gudimchuk et al., 2013). This was interpreted as CENP-E
motors being required for depolymerisation-coupled pulling movements, in contrast to our finding in
chapter 3 that CENP-E was dispensable for this process.

To further investigate, we imaged and tracked kinetochores following depletion (by siRNA) or
inhibition of CENP-E with GSK923295 (see Figure 4.3a for example frames; see Table 9 for n
values). In contrast to our previous report (Jaqaman et al., 2010), we observed that kinetochores
no longer underwent periodic oscillations following depletion of CENP-E motors (Figure 4.3b,
example kinetochore pair tracks in f & g). We additionally found that compared to control cells, both
CENP-E depletion or inhibition resulted in a MSD closer to Brownian motion than that seen in
control cells (Figure 4.3c). This effect was most pronounced in cells treated with 300nM
GSK923295, however, neither treatment affected MSD to the same degree as CENP-Q siRNA.
Both the effects on oscillations and on MSD are consistent with the idea that CENP-E contributes
to force-generation at end-on attached kinetochores. However, in CENP-E depleted cells we saw
that the inter-sister kinetochore distance was not greatly effected, indicating that the disrupted
dynamics of aligned kinetochores was not due to a defect in K-MT attachment (Figure 4.3d). In
contrast we observed that kinetochore pairs in cells treated with 300 nM of the CENP-E inhibitor
GSK923295 for 14 h were hyper-stretched (mean = 1.15 ± 0.29 "m in GSK923295 compared to
0.90 ± 0.18 "m in control cells; Figure 13a,c). This difference may reflect the fact that while siRNA
mediated depletion removes CENP-E protein from cells by preventing translation, GSK923295
functions through allosteric inhibition of ADP release. GSK923295 therefore causes CENP-E motor
domain to become locked in a rigor microtubule-bound state (Wood et al., 2010). The observed
increase in sister-kinetochore separation suggests that kinetochore pairs are under increased
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tension after inhibition of CENP-E, providing evidence that K-MT attachments are stable. However,
the reason for the increased tension is unclear. It is possible that this phenotype is the result of offtarget effects of GSK923295 on other kinesisns. This seems unlikely, as GSK923295 has been
shown to be highly specific to CENP-E. Indeed, in vitro assays have shown that GSK923295 has
little effect on the kinesins KSP, Kif1A, MKLP1, RabK6, HSET and MCAK at 40 nM concentrations
whilst almost completely inhibiting CENP-E. In line with this high level of specific inhibition the
GSK923295 has been shown to inhibit CENP-E with a Ki of 3.2 ± 0.2 nM (Wood et al., 2010).

4.4 Kinetochores are sensitive to small variations in CENP-E
Although our data indicates some clear differences between CENP-E depletion and CENP-E
inhibition, in both conditions kinetochore oscillations were disrupted. This was in contrast to
previous work by our group that showed that depletion of CENP-E did not disrupt normal
kinetochore oscillations (Jaqaman et al., 2010). One possibility was previous tracking in CENP-E
depleted cells represented incomplete siRNA mediated depletion. We therefore repeated our
tracking experiments using a reduced CENP-E siRNA treatment time (from 48 h down to 20 h) in
order to partially deplete CENP-E protein. We confirmed partial depletion by immunofluorescence,
staining with antibodies against CENP-E and CENP-A, and found that 13.8% of kinetochore bound
CENP-E protein remained following partial siRNA treatment, compared to 3.5% following the full
siRNA treatment (t-test, p = 0.0001; Figure 4.4a). However, polar chromosomes were still abundant
in

partially

CENP-E

depleted

cells.

Following

confirmation

of

partial

depletion

by

immunofluorescence, cells stably expressing eGFP-CENP-A (kinetochore marker) and eGFPCentrin1 (pole marker) were treated with partial CENP-E siRNA and then tracked as before
(example frame in Figure 4.4b, bottom left panel; see Table 9 for n values). Following partial
depletion, our tracking data demonstrated that kinetochores continued to oscillate, whilst still
having polar chromosomes. Autocorrelation analysis revealed a negative lobe at ~35 sec denoting
the oscillatory half period and a positive lobe at ~70 sec denoting the oscillatory full period as
previously described in Jaqaman et al., 2010 (Figure 4.4a, b, c). Thus the data in the Jaqaman
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study almost certainly represented a partial depletion. Consistent with autocorrelation analysis,
based on the entire aligned kinetochore population, we also observed that tracks of single
kinetochore pairs’ oscillations were visible after partial depletion but not after full depletion (Figure
4.4g).

Our partial depletion experiments suggested that kinetochores were sensitive to relatively small
variations in the number of CENP-E motors. To confirm this, we treated cells with a high (300 nM)
or low (25 nM) concentration of the CENP-E inhibitor GSK923295 for 14 hrs. We imaged and
tracked these cells as described above. Consistent with our siRNA experiments we found that both
concentrations of inhibitor resulted in the formation of polar chromosomes (Figure 4.4b), but only
the high (300 nM) concentration abolished oscillations as detected by autocorrelation analysis
(Figure 4.4d). Consistent with these results we were also able to visualise single kinetochore pairs
undergoing oscillations after partial CENP-E inhibition with 25 nM GSK923295, but not after full
inhibition with 300 nM GSK923295 (Figure 4.4h). Thus, a small number of CENP-E molecules
aresufficient to sustain kinetochore oscillations in human cells, whereas much higher levels of
CENP-E protein are required to facilitate congression by lateral sliding. We also observed that
neither partial depletion nor partial inhibition of CENP-E affected kinetochore sister pair separation
(Figure 4.4e, f).

4.5 Inhibition of CENP-E perturbs normal CENP-E loading to aligned
kinetochores
Given the difference between partial and full doses of the CENP-E inhibitor GSK923295 and the
unexpected increase in sister kinetochore distance we next examined the effect of 300 nM
GSK923295 treatment on CENP-E levels and localisation in an effort to better understand the
observed phenotype. Interestingly, immunofluorescence with anti-CENP-E antibodies showed that
following treatment with GSK923295, the CENP-E protein accumulated on polar kinetochores
(Figure 4.5a, quantification in b), as previously characterised (Hoffman et al., 2001). These polar
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chromosomes result from the inactivation of the CENP-E motors and therefore represent a
population of chromosomes that are dependent upon CENP-E for congression. However, the
levels of CENP-E on aligned kinetochores were greatly reduced on congressed kinetochores
following GSK923295 treatment (Figure 4.5a, quantification in b; low CENP-E levels on aligned
kinetochores also reported in Gudimchuk et al., 2013). These data suggest an active motor domain
is necessary for the normal recruitment of CENP-E to aligned kinetochores. However, the reason
for the requirement of an active motor domain to facilitate aligned kinetochore CENP-E loading is
unclear. One possibility is the rigor state of the CENP-E motor results in the molecule being
stripped from the kinetochore by poleward microtubule flux. Another possibility is the active motor
domain facilitates K-MT plus-end localisation, rather than kinetochore localisation per se (see
discussion for details). In either case, the increased aligned inter-sister kinetochore distance in
GSK923295 treated cells shows that a few remaining motors, in a rigor state, are sufficient to
increase inter-sister kinetochore tension and disrupt normal aligned kinetochore dynamics.
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4.6 Depletions of CENP-Q and CENP-E and inhibition of CENP-E each
result in distinct aligned kinetochore phenotypes
Although the inhibition of CENP-E results in an increased inter-sister kinetochore distance; on first
inspection the aligned kinetochore phenotype arising from depletion of CENP-E seems similar to
that observed following CENP-Q depletion. However our kinetochore tracking data revealed
several key differences between the CENP-Q and CENP-E depletion phenotypes. Cells depleted
of CENP-E or treated with 300nM GSK923295 exhibit a decreased metaphase plate width of 0.82
"m and 0.88 "m respectively, compared to 1.14 "m in control cells (Figure 4.6a, right and middle
panels). In contrast CENP-Q depleted cells exhibit an increased metaphase plate width of 1.26 "m
(Figure 4.6b, left panel). This plate width is calculated by taking the standard deviation of sister
kinetochore centre positions relative to the plane of the metaphase plate; the value obtained is then
multiplied by 2 to represent the distribution on both sides of plane of the metaphase plate. The
increase in metaphase plate width observed in CENP-Q depleted cells suggests that that CENP-Q
depletion reduces the alignment of kinetochores at the metaphase plate, whereas depletion or
inhibition of CENP-E has the opposite effect.

Thus, plate width yields a well-defined difference between the CENP-Q depletion and CENP-E
depletion or inhibition phenotypes. This difference in phenotype is more significant when one
considers that cells lacking CENP-Q also lack CENP-E. It is likely that the increase in metaphase
plate width reflects the disruption of both end-on pulling and lateral sliding alignment mechanisms
in CENP-Q depleted cells. This would prevent kinetochores from aligning to the plate by lateral
sliding as well as maintenance of normal metaphase organisation by the tightly depolymerasecoupled pulling, which would normally give rise to metaphase oscillations. However, in CENP-E
depleted or inhibited cells, end-on pulling mechanisms remain functional (see chapter 3) facilitating
alignment of biorientated kinetochore pairs. This is supported by MSD data which shows that
aligned kinetochores in CENP-Q depleted cells move randomly (similar to Brownian motion)
whereas kinetochores in CENP-E depleted or inhibited cells are more constrained, indicating more
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directed motion (Figure 4.6c). The decrease in metaphase plate width in CENP-E depleted or
inhibited cells compared to control cells is therefore likely to result from the prolonged mitotic arrest
experienced by CENP-E depleted cells. This arrest may allow hyper alignment of biorientated
kinetochores still capable of directed motion by end-on pulling due to the extra time allowed, owing
to the prevention of anaphase onset by the population of polar chromosomes.

Given that our data shows clear differences in the distribution of sister centre position between
CENP-Q depletion and CENP-E depletion or inhibition, we next examined our data to ascertain if
this was the case for the distribution of individual kinetochores to the metaphase plate. Surprisingly
we found that depletion of CENP-E resulted in a bimodal normal distribution of kinetochores at the
metaphase plate (Figure 4.6b, middle panel), an effect that is even greater in cells treated with the
CENP-E inhibitor GSK923295 at 300 nM (Figure 4.6b, right panel). This bimodal distribution of
kinetochores is not observed in control or CENP-Q depleted cells (Figure 4.6b, left panel), and
likely reflects the tight organisation of kinetochores aligned at the metaphase plate due to a
prolonged mitotic arrest resulting from the presence of polar chromosomes. Additionally,
kinetochores in CENP-E depleted or inhibited cells do not undergo oscillatory movement. It is likely
that this bimodal distribution is not seen in control-depleted cells because of the presence of
kinetochore oscillations, which may abolish this bimodal distribution due to continued back and
forth motion of kinetochores about the plate. The larger plate width observed in control cells, would
also make any bimodality that was present less pronounced. Taken together this data shows key
differences in CENP-Q and CENP-E depletion or inhibition phenotypes. Despite the lack of
metaphase oscillations, biorientated kinetochores in CENP-E depleted or inhibited cells are
capable of tight alignment to the metaphase plate, likely because end-on pulling mechanisms
remain functional (as shown in chapter 3). The mitotic arrest caused by polar chromosomes would
give the biorientated kinetochores capable of alignment by end-on pulling extra time to align,
resulting in a tightly organised metaphase plate.

117

CHAPTER 4 – Control of Metaphase Kinetochore Dynamics
by CENP-Q and CENP-E Dependent Mechanisms

4.7 Acute inhibition of CENP-E perturbs chromosome oscillations
Our earlier experiments show that CENP-E is important in the oscillation of chromosomes aligned
at the metaphase plate. However, both the CENP-E depletion (48 hrs) and the inhibition of CENPE with 300 nM GSK923295 (14 hrs) represent chronic treatments. We therefore investigated the
effect of acute (1 hr) inhibition of CENP-E with 300 nM GSK923295 to ascertain whether this had
the same effect as chronic treatments. After 1 hr treatment with the inhibitor cells expressing
eGFP-CENP-A eGFP-Centrin1 were imaged as described in section 4.2. Visual inspection of these
movies showed that polar chromosomes indicative of CENP-E inhibition or depletion were clearly
visible (Figure 4.7a, right panel). Aligned kinetochores in these cells were tracked using our
tracking software. Autocorrelation analysis of kinetochore-sister centre position revealed that
kinetochores in cells treated with 300 nM GSK923295 for 1 hr no longer undergo the normal quasiperiodic oscillations seen in control cells (Figure 4.7b, red line), as indicated by the negative
autocorrelation value at the first time step was (Figure 4.7b, black arrow). Thus, the lack of
oscillations in cells treated with the inhibitor for 14 hours is not as a result of chronic treatment.
However, the autocorrelation analysis of kinetochores in cells treated with GSK923295 for 1 hr did
show the remnants of a negative lobe at ~30 sec suggesting that some number of kinetochores
may still be oscillating after a 1 hr treatment.

We next examined the distribution of sister-kinetochore pair centre positions relative to the plain of
the metaphase plate, the standard deviation of this value providing a measure of metaphase plate
thickness. This analysis revealed that cells treated with 300 nM GSK923295 for 1 hour had a
reduced metaphase plate width compared to control cells (0.98 "m and 1.14 "m respectively;
Figure 4.7c). This decrease in metaphase plate width is less than observed in the 14 hour inhibitor
treatments and depletion experiments (0.88 and 0.82 respectively; Figure 4.6a). The most striking
aspect of the 14 hr 300 nM GSK923295 treatment was the hyper-stretched inter-sister kinetochore
phenotype. However, we found that in 1 hour treated cells kinetochore-pairs were not hyperstretched (Figure 4.7d), with a mean inter-kinetochore distance of 0.889 "m compared to 0.876 µm
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CHAPTER 4 – Control of Metaphase Kinetochore Dynamics
by CENP-Q and CENP-E Dependent Mechanisms

in control cells. This represents, at most, a slight increase in inter-kinetochore distance and
suggests that the hyper-stretching phenotype only arises after longer treatments with GSK923295,
unlike the loss of normal oscillations and metaphase plate tightening, which arise rapidly.

4.8 Conclusions
In this chapter we have shown that CENP-Q is required for normal aligned kinetochore dynamics,
as depletion of the protein results in a loss of kinetochore oscillations and processive movements.
This effect could be seen both on the population level and on the level of individual kinetochore
pair trajectories. However, depletion of CENP-Q does not affect normal K-MT attachment as sister
kinetochore separation in CENP-Q depleted cells is normal. In contrast to previous work from our
laboratory (Jaqaman et al., 2010), we find that depletion of CENP-E also abolished aligned
kinetochore oscillations. We confirmed this result by treating cells with the CENP-E inhibitor
GSK923295 (300 nM), which also abolished oscillations. This difference in phenotype from the
previous study is almost certainly due to the data in the Jaqaman study representing a partial
CENP-E depletion, as partial depletion or inhibition of CENP-E still causes polar chromosomes but
aligned kinetochores continue to oscillate. Thus, small levels of active CENP-E are required to
drive oscillations whilst larger levels are necessary to drive congression by lateral sliding. We also
find that chronic treatments (14 hrs) with the CENP-E inhibitor GSK923295, which locks CENP-E in
a rigor state, results in increased inter-sister kinetochore distance, suggesting that rigor CENP-E
increases inter-sister kinetochore tension. However, 1 hr treatments with GSK923295 do not result
in this phenotype. Despite causing polar chromosomes we find that treatments with 300 nM
GSK923295 or depletion of CENP-E does not prevent organisation of kinetochores at the
metaphase plate, as plate width is actually decreased in comparison to control cells.
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CHAPTER 5: Discussion
5.1 Summary of findings
It is essential that chromosomes congress to the metaphase plate to enable accurate segregation
in anaphase. The majority of chromosomes are able to biorientate at the metaphase plate and
align by the almost “instantaneous” mechanisms described by Magdison and colleagues
(Magdison et al., 2011). However, it is essential that chromosomes that do not become biorientated
in this initial wave of attachment are able to congress to the metaphase plate. Thus at least two
rescue mechanisms exist to facilitate the alignment of such chromosomes; (1) the well
characterised lateral sliding of chromosomes to the metaphase plate by the kinesin 7, CENP-E as
described by Kapoor and colleagues (Kapoor et al., 2006), (2) depolymerisation-coupled pulling of
biorientated chromosomes (Skibbens et al., 1993). In chapters 3 and 4 we show that the CENP-Q
protein is essential for chromosome congression by both depolymerisation-coupled pulling and
lateral sliding. Moreover, we demonstrate that the recruitment of the lateral sliding kinesin CENP-E
to kinetochores requires CENP-Q. In chapter 4 we show how both CENP-Q and CENP-E
dependent mechanisms are important for the normal movement of end-on attached kinetochores.
However, despite causing polar chromosomes and disrupting oscillations we find that treatments
with 300 nM GSK923295 or depletion of CENP-E does not prevent organisation of kinetochores at
the metaphase plate. Based on these results, and the existing literature, we propose an updated
model of how kinetochores are captured and then congressed to the metaphase plate (see
sections 5.2 to 5.6 below). Our data also inform a modified view of how aligned biorientated
kinetochores make directed movements during metaphase, which give rise to oscillations.

5.2 Multi mechanism model for chromosome congression
Our data support a model in which there are at least two distinct mechanisms that drive the
congression of polar chromosomes (Figure 5.1). The first mechanism is the sliding of
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chromosomes along the lattice of existing K-fibres towards their plus-ends (plateward; see
chromosome 1 in Figure 5.1). These movements require CENP-E (Kapoor et al., 2006), and are
thought to increase the probability that mono-orientated kinetochore pairs engage microtubules
from the opposite pole, thus becoming biorientated. During this process mono-orientated
kinetochore pairs form lateral attachments with existing adjacent K-fibres through the unattached
kinetochore. CENP-E motors bound on this kinetochore then make processive plus-end directed
motion along the adjacent K-MTs, resulting in “towing” of the non-biorientated pair to the spindle
equator. Once kinetochores reach the equator they are then more likely to become biorientated
due to the increased number of MTs emanating from the opposite spindle pole (Kapoor et al.,
2006). Importantly we find that this lateral sliding is also dependent upon the CENP-Q subunit of
the CCAN, as CENP-Q facilitates kinetochore binding of CENP-E (see section 5.7).

In addition to its role in CENP-E recruitment, we also find a CENP-E independent role for CENP-Q
in a second chromosome congression mechanism. Unlike CENP-E, we find that CENP-Q is
required for the movement of orientated sisters to the metaphase plate (this study; Figure 5.1,
Chromosome 2). Importantly, it is the dependency relationship between CENP-E and CENP-Q that
allowed us to uncover the CENP-Q specific role in this process. In CENP-E depleted cells, where
lateral sliding can no longer occur, kinetochore pairs that are orientated with the spindle axis are
able to congress to the cellular equator. As this process occurs in the absence of CENP-E it cannot
be as a result of lateral sliding and therefore must represent biorientated attached chromosomes
that undergo depolymerisation-coupled pulling. However, in CENP-Q depleted cells, where both
CENP-Q and CENP-E are absent from kinetochores, this process no longer occurs. As this
process is unperturbed in CENP-E depleted cells it must represent a CENP-Q specific role in
chromosome congression.

In principle one could argue that this difference could be due a greater loss of CENP-E from
kinetochores in CENP-Q siRNA, compared to CENP-E siRNA treatments. However, the level of
CENP-E protein bound at kinetochores is in fact significantly less (15%) following depletion of
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CENP-E compared to CENP-Q (t-test p=0.0148; Figure 3.9). Moreover, inhibition of CENP-E with
300 nM GSK925293 gave a similar result, with almost 100% of non-biorientated kinetochores
remaining stalled and over 50% of orientated kinetochores able to congress (Figure 3.15).
Therefore these biorientated movements are clearly CENP-E independent and CENP-Q
dependent.

These CENP-Q-dependent movements are analogous to those described by Skibbens and
colleagues 20 years ago. In the Skibbens study, enhanced video-DIC microscopy was used to
show that biorientated kinetochores could undergo long duration motion to the spindle equator
(Skibbens et al, 1993). This motion is a consequence of one sister (facing the metaphase plate)
remaining in a poleward (P) moving state, while the other sister maintains an away-from-the-pole
(AP) state. It is now know that these movements are largely powered by the depolymerisation of KMTs attached to the P moving sister kinetochore (Khodjakov & Rieder, 1996; Dumont et al., 2012).
As sister kinetochores lacking CENP-Q are unable to sustain their P or AP state this results in the
observed stalling behavior and failure to congress. How CENP-Q contributes to P/AP movements
is discussed fully below (see section 5.5).

5.3 How do cells initially move chromosomes to spindle poles?
Existing models state that movement to the pole is necessary to increase the probability of forming
microtubule attachments due to the higher density of microtubules at the spindle poles (Skibbens
et al., 1993). This poleward transport may be powered by end-on pulling in the case of monoorientated kinetochore pairs (Khodjakov & Rieder, 1996; Skibbens et al., 1993; Hayden et al.,
1990), or dynein motor dependent minus end directed sliding in the case of laterally attached
kinetochores (Yang et al, 2007; Li et al., 2007). Once at the pole, kinetochore pairs can then
become mono-orientated or biorientated and congress by lateral sliding or depolymerisationcoupled end-on pulling respectively (Kapoor et al., 2006; Skibbens et al., 1993; see Figure 5.1a
chromosomes 1 and 2).
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However, the unique geometry behind the spindle pole presents kinetochores that become trapped
there with a unique challenge. The plus ends of astral microtubules terminate at the cellular cortex,
and as a result plus end directed transport of kinetochores moves them towards the cell cortex in
the opposite direction from the spindle equator (Figure 5.2a chromosomes 3). As predicted our
data shows that CENP-E-dependent sliding of kinetochores moves chromosomes that are behind
the pole further away from the pole and towards the plus-end of astral-microtubules (Figure 5.2a
chromosomes 3). If this activity were uncontrolled it would result in chromosomes becoming
trapped at the cell cortex, unable to congress. Therefore CENP-E activity must be tightly regulated,
this regulation could be mediated by the kinase Aurora A (Kim et al., 2010). The kinase is located
at the spindle pole, therefore CENP-E bound to kinetochores which are proximal to the spindle pole
becomes phosphorylated by Aurora A (Figure 5.2a, b). This phosphorylation of CENP-E has the
effect of decreasing the processivity of the kinesin along single microtubules. Thus, it is proposed
that CENP-E driven kinetochore movements along astral microtubules, which consist only of single
microtubules, are reduced (Kim et al., 2010). In addition to the CENP-E motor activity at the
kinetochore, chromosome arms are also pushed away from the pole by the polar ejection force
(Levesque & Compton, 2001; Rieder et al., 1986). This force is generated by the chromokinesin
Kid (kinesin-10 family), which localises to chromosome arms (Levesque & Compton, 2001). As the
kinesin walks towards microtubule plus ends it has the effect of generating anti-poleward force
(Stumpff et al., 2012).

Mechanisms must exist that counter these anti-poleward forces and bring chromosomes closer to
the spindle poles. Minus end-directed dynein motors can slide laterally attached kinetochores
towards the pole (Yang et al, 2007, Li et al., 2007). Based on our observations in mono-polar and
bipolar spindles we propose that there is a second CENP-Q-dependent process moving
chromosomes poleward (Figure 5.2a chromosome 4). Based on evidence in bipolar spindles,
which shows that CENP-Q is required for depolymerisation-coupled pulling and suggest that this
process is likely to reflect the effect of CENP-Q on mono-orientated kinetochores. It follows that the
failure of biorientated sister pairs to congress to the spindle equator is most likely due to defective
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P-kinetochore movement (depolymerisation-coupled pulling), rather than AP-kinetochore (pushing)
movement. This model is consistent with the current view that the force to drive
kinetochore/chromosome movement is generated at the poleward moving kinetochore (Khodjakov
& Rieder, 1996; Dumont et al., 2012).

5.4 Converting between attachment states
For CENP-Q dependent end-on pulling of chromosomes at the spindle pole they must first form
end-on attachments. For this reason it will be important to determine how kinetochores are
converted between lateral and end-on attached states. In this regard, recent work has revealed
that the transition from lateral attachment to an end-on configuration requires the microtubule
depolymerase MCAK and CENP-E (Shrestha & Draviam, 2013). MCAK is proposed to
depolymerise the microtubules back to the kinetochore, which is held in a laterally attached state
by CENP-E (Figure 5.2b chromosome 1). Lateral attachments rarely release, therefore this
depolymerisation is essential as it promotes mono-orientation of the kinetochore by bringing the
plus end of the microtubule proximal to the kinetochore (Figure 5.2b chromosome 2). This work,
along with our own findings, could explain why the polar kinetochores in CENP-E depleted cells are
unable to biorientate. Our data shows that polar kinetochores (and those around a monopole) are
positioned closer to the spindle pole in CENP-E depleted cells, this is further from the plus-ends of
microtubules due to the absence of CENP-E plus end directed motor activity. Thus the probability
of the astral-microtubule shrinking back far enough to reach the kinetochore is reduced. However,
Shrestha and Draviam suggest that the primary role of CENP-E may be the maintenance of stable
lateral attachments to allow efficient release of wall contacts and end-on attachment formation
(Shrestha & Draviam, 2013). It is also speculated in this study that the conversion from lateral to
end-on attachment may be a gradual process and that MCAK may also be important for promoting
end-on attachments by removing curved protofilaments that may otherwise prevent this process.
Indeed, other studies have shown that the absence of MCAK prevents the formation of normal end-
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on attachments, with its depletion leading to perturbed chromosome congression due to improper
kinetochore attachments (Kline-Smith et al., 2004).

Overall, current data suggests that kinetochores utilise poleward and anti-poleward mechanisms to
position themselves at the optimum distance from the spindle pole to promote biorientation.
However, much remains unknown about how polar chromosomes achieve biorientation after
forming end-on attachments behind the pole (Figure 5.2b – step denoted by “?”). Previous work in
D. melanogaster has shown that the polar ejection force generated by the chromokinesin Nod
(kinesisn-10) is able maintain stable monotelic end-on attachments (Cane et al., 2013). These
attachments are maintained because the anti-poleward force generated by the Nod kinesin on
chromosome arms generates sufficient tension upon the monotelic attachments to prevent error
correction by Aurora B kinase. Such a stabilisation mechanism may explain why monotelic
attachments, through depolymerisation-coupled pulling, are able to move poleward without being
released by Aurora B. If this is the case, then the question remains; how do these kinetochores
switch into a biorientated state?

One potential mechanism would be that chromosomes reaching the pole were able to form
additional lateral attachments to nearby K-fibres via the unattached sister. These kinetochores
could then effectively “walk out” from behind the pole driven by CENP-E lateral sliding (Kapoor et
al., 2006). The high Aurora A kinase activity around the pole may also ensure that this CENP-E
driven sliding was directed along K-fibres rather than along astral microtubules (Kim et al., 2010;
see chapter 1, section 1.4.2). Alternatively, biorientation could be achieved by releasing monotelic
attachments once chromosomes have reached close proximity to the spindle pole. Once
unattached, the sister kinetochores would be able to form new, potentially biorientated,
attachments. However, this mechanism would require the tight control of the position at which the
chromosome was released. There is little known about how monotelic attachment release could be
tightly controlled based on position relative to the pole. One idea is that as the chromosome
approaches the pole the tension generated by the polar ejection force could be reduced, possibly
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mediated by Aurora A phosphorylation. This would reduce inter-kinetochore tension and allow
attachment destabilisation by the well characterised Aurora B mediated error correction pathway
(Welburn et al., 2010; Akiyosh et al., 2010; reviewed in Lampson & Cheeseman, 2011). However,
there is presently no evidence that the kinesin-10 family proteins responsible for generating the
PEF are phosphorylated by Aurora A. An alternative possibility is that as chromosomes approach
the spindle pole the stability of monotelic attachments are reduced directly by the high levels
Aurora A kinase activity rather than by Aurora B. Indeed there is evidence of overlapping roles of
Aurora A and Aurora B as these kinases have many phosphorylation targets in common
(Hochegger et al., 2013), and both kinases have very similar consensus target sequences
(Alexander et al., 2011).

5.5 How could CENP-Q contribute to depolymerisation-coupled
pulling?
Once an end-on attached state has been reached our data suggest that CENP-Q is required for
normal depolymerisation-coupled pulling. However, the reason for the requirement of CENP-Q is
unknown. One idea is that the CENP-Q protein directly regulates or coordinates the dynamics of
microtubule plus-ends within the K-fibre (see schematic in Figure 5.3a, b). This idea is supported
by evidence, which shows that CENP-Q is able to bind to microtubules in vitro (Amaro et al., 2010).
Furthermore, recent work in our lab also shows that CENP-Q is able to directly modulate
microtubule dynamics in vitro (Samora C.P., PhD thesis, 2012). Total internal reflection microscopy
(TIRF) assays show that addition of purified CENP-Q to dynamic microtubules increases the
transition frequency between catastrophe and rescue events. This is consistent with a model in
which CENP-Q increases the off-rate or exchange rate of tubulin heterodimers at K-fibre
microtubule plus-ends (Figure 5.3a).

However, in vitro TIRF assays also show that purified CENP-Q decreases the speed of microtubule
growth and shrinkage and that CENP-Q is able to track depolymerising microtubule plus-ends
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(Samora C.P., PhD thesis, 2012). This data may be consistent with an alternative mechanism;
CENP-Q could directly regulate microtubule dynamics by “capping” microtubule plus-ends and
block the addition of new tubulin heterodimers (Figure 5.3b). It is possible this activity could have
the effect of preventing rescue events during microtubule depolymerisation, ensuring that the Kfibre at the P sister was kept in a depolymerising state. Such sustained depolymerisation events
would be required to power sustained or “persistent” kinetochore movements in a single direction
powered by depolymerisation-coupled pulling.

These models, in which CENP-Q directly regulates K-MT dynamics are supported by live cell
assays, which show that depletion of CENP-Q reduces the turnover of K-MTs in live cells (Samora
C.P., PhD thesis, 2012). However, it has previously been shown that CENP-E depletion also
lowers the turnover of the K-MT population in a similar manner to the CENP-Q depletion (Maffini et
al., 2009). As CENP-E is also absent from kinetochores in CENP-Q depleted cells we are presently
unable to attribute the reduced K-fibre plus-end turnover specifically to the loss of CENP-Q.
However, depletion of CENP-Q does not affect the poleward flux of tubulin through the spindle
where as depletion of CENP-E results in a loss of poleward flux (Maffini et al., 2009), suggesting
that the effect of CENP-Q depletion on spindle dynamics is distinct from the CENP-E depletion
phenotype.

The alternative possibility is that CENP-Q indirectly affects depolymerisation-coupled pulling by
modulating the binding of other factors to kinetochores (Figure 5.3c). Loss of CENP-Q destabilises
the binding of four CCAN proteins (CENP-O/P/U/R) with which it forms the CENP-O sub-complex
(Hori et al., 2008b; Figure 5.4a, b). Of these proteins, CENP-U can also bind microtubules in vitro
(Hua et al., 2011), and could conceivably contribute to the observed phenotypes, although at
present there is no evidence that CENP-U modulates microtubule dynamics. Based on our finding
that CENP-E is absent from the kinetochores, it is also most likely that the same is true of the
Clasp proteins; CLASP1 and CLASP2, as they are dependent upon CENP-E for kinetochore
binding (Maffini et al., 2009; Figure 5.4a, b). It has also been shown that the effect of losing
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CLASP1 from kinetochores has the effect of perturbing both K-MT plus-end turnover and poleward
flux (Maffini et al., 2009). Furthermore, loss of CLASP1 is partially required for kinetochore loading
of polo like kinase (Plk) 1 (Maia et al., 2012; Figure 5.4 b).

5.6 Potential regulation by phosphorylation
The situation is further complicated as CENP-U (CENP-50/PBIP1) represents the major
kinetochore-loading platform for Plk1 to kinetochores (Kang et al., 2011). This interaction is
essential for facilitating the phosphorylation of both CENP-U and CENP-Q by Plk1 (Kang et al.,
2011). We found that Plk1 does not bind kinetochores in CENP-Q depleted cells (Figure 5.4b and
Figure 3.4c). This dependency likely reflects the interdependency of the CENP-O/P/Q/U proteins
for kinetochore loading (Hori et al., 2008b), i.e. depletion of CENP-Q causes loss of CENP-U,
which is the primary kinetochore-binding site of Plk1.

Loss of Plk1 does not, however, explain the loss of CENP-E from kinetochores since CENP-E
remains present at kinetochores following inhibition of Plk1 (Sumara et al., 2004). However, the
loss of kinetochore bound Plk1 could still contribute to the observed chromosome congression
defects in CENP-Q depleted cells. Previous studies have shown that loss of Plk1 from cells or
inhibiting the kinase with the small molecule inhibitor BI2536 results in failed centrosome
maturation and separation, resulting in monopolar spindles (Sumara et al., 2004; Lenart et al.,
2007; reviewed in Petronczki et al., 2008). However, in CENP-Q depleted cells Plk1 is lost
specifically from kinetochores and can still localise to the spindle poles (Figure 3.4c). Studies have
shown that loss of Plk1 specifically from kinetochores does not prevent centrosome separation and
bipolar spindle formation, although it does lead to congression defects (Hanisch et al., 2005).
Visual inspection of these images suggests that mis-aligned kinetochores are polar, similar to
those observed in CENP-Q depleted cells. Thus, we cannot exclude the possibility that loss of Plk1
from kinetochores contributes to the chromosome congression phenotype observed in CENP-Q
depleted cells. Interestingly, CENP-Q is phosphorylated in vivo on serine 50 (Rigbolt et al., 2011),
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and serine 249 (Olsen et al., 2010). The former site (DLSSE) being a possible match for the polo
kinase consensus sequence ([D/N/E]-x-[T/S]-[I/L/M/V/F/W/Y]; Alexander et al., 2011), although it is
known that the Plk1 consensus is also simerlar to that of Mps1 (Dou et al., 2011). I have conducted
some preliminary work to investigate the possibility that phosphorylation of these sites (potentially
by Plk1) is required for normal CENP-Q function. Expression of a CENP-Q-eGFP transgene, in
which these sites, along with their immediate neighbour serine residues, were mutated to alanine,
failed to rescue the polar chromosome phenotype of CENP-Q siRNA (Figure 5.5 for full details).
Visual inspection of CENP-E immuno-staining in these cells also suggested that this construct was
unable to restore kinetochore localisation of the kinesin (Figure 5.5b). Moreover, expression of a
phosphomimetic version of CENP-Q in which these serine residues were mutated to aspartic acid
was able to rescue the phenotype (see Figure 5.5 for full details). Visual inspection of CENP-E
immuno-staining in these cells suggested that CENP-E kinetochore binding was partly restored
(Figure 5.5b). This suggests that phosphorylation is important for CENP-Q function and that
constitutive phosphorylation is sufficient to maintain activity. Clearly, future work will involve
identifying whether this is through Plk1 activity and how these phosphorylation events alter the
function of CENP-Q. Because CENP-U must be kinetochore bound (CENP-Q would not bind
kinetochores in its absence) we predict that Plk1 is bound to kinetochores in the CENP-Q mutant in
which the potentially phosphoralated serine residues were substituted with alanine. This would rule
out Plk1-dependent phosphorylation of other kinetochore proteins being the cause of the
chromosome congression defects in CENP-Q depleted cells. In this regard, tethering Plk1 at
kinetochores slows the turnover of K-MT dynamics, whereas the opposite is true of CENP-Q as
loss of the protein from kinetochores slows K-MT plus-end dynamics (Samora C.P., PhD thesis,
2012; Liu et al, 2012). Thus, at least some aspects of the CENP-Q depletion phenotype are
independent of Plk1 activity.

5.7 Molecular mechanism required for CENP-E/Q recruitment
As described above, CENP-E requires CENP-Q for kinetochore binding; however, it seems unlikely
that CENP-Q recruits CENP-E via (direct or indirect) protein-protein interactions. This reasoning is
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based on two lines of evidence: (1) CENP-E remains bound to kinetochores in CENP-H or CENP-L
depleted cells, both of which being CCAN proteins required for CENP-Q binding to kinetochores
(McClelland et al., 2007; Amaro et al., 2010; Mchedlishvili et al., 2012). (2) The binding of CENP-E
to kinetochores in CENP-Q-depleted cells is partially restored on treatment with nocodazole or codepletion of CENP-H (this study; Figure 3.11 & Figure 3.13). Thus, CENP-E only requires CENP-Q
when K-MTs are present. One possibility is that the slower turnover of K-MTs in the absence of
CENP-Q has a negative effect on CENP-E binding, an effect that is suppressed by depolymerising
K-MTs with nocodazole. This mechanism is consistent with the observation that there is a
reduction in CENP-E kinetochore-binding as cells move from metaphase to anaphase, which is
correlated with a reduction in K-MT turnover (Zhai et al, 1995). Our ability to partially rescue CENPE levels in CENP-Q depleted cells by co-depleting CENP-H, which increases K-fibre plus-end turnover (Amaro et al., 2010), further supports this idea (Figure 3.13). However, the relationship
between K-MT stabilisation and CENP-E kinetochore binding is not as simple as it may first
appear, as CENP-E still binds kinetochores in taxol-treated cells (this study Figure 3.11 and
Hoffman et al., 2001). One possibility is that that the rescue of CENP-E levels by nocodazole
reflects the generation of additional CENP-E binding sites at the kinetochore that are independent
of CENP-Q.

Work by Huang and colleagues show that CENP-E kinetochore loading is also dependent upon
Kif18a, a report that is confirmed by our findings in chapter 3 (Figure 3.13; Huang et al., 2009). It is
therefore possible that CENP-Q depletion prevents CENP-E kinetochore binding by preventing the
binding of Kif18a to kinetochores. However, this seems unlikely as CENP-Q is also absent in
CENP-H depleted cells but CENP-E remains kinetochore bound (Amaro et al., 2010). The CENP-Q
depletion phenotype is also less severe than the Kif18a depletion phenotype; CENP-Q depleted
cells are able to form a metaphase plate whereas many Kif18a depleted cells do not (Figure 3.13;
Mayr et al., 2007; Huang et al., 2009; Mayr et al., 2011; Stumpff & Wordeman, 2007). CENP-Q
depletion also has the opposite effect on K-MT turnover to that observed after Kif18a depletion,
with Kif18a depletion increasing K-MT plus-end turnover and CENP-Q depletion reducing it
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(Manning et al., 2010; Samora C.P., PhD thesis, 2012). This finding, along with those discussed
above, show that there are clearly a series of complex positive and negative feedbacks between
the CCAN, microtubule dynamics and MAP/motor binding to kinetochores (summarised in Figure
5.4).

5.8 CENP-E is not simply a congression motor.
Our data show that kinetochores in CENP-E depleted cells are still able to congress by end-on
pulling (Figure 3.15 & 3.16) but are not able to undergo the oscillatory movements normally present
at metaphase (Figure 4.3). Unlike depletion of CENP-Q the depletion or inhibition of CENP-E does
not disrupt the organisation of chromosomes at the metaphase plate, instead resulting in a
decrease in metaphase plate width. This key difference from CENP-Q depleted cells likely reflect
our observation that in CENP-Q depleted cells both lateral sliding and end-on pulling mechanisms
are perturbed, whilst end-on pulling mechanisms are still functional in CENP-E depleted cells. It is
possible that this end-on pulling activity is sufficient to drive the tight alignment of biorientated
chromosomes at the metaphase plate. Indeed, mean squared displacement (MSD) analysis of
kinetochore movement in CENP-E depleted cells shows that kinetochores move less randomly
than those in CENP-Q depleted cells, despite lacking oscillations (Figure 4.6c). Thus, kinetochores
in CENP-E depleted or inhibited are capable of sufficient directed motion in the absence of
oscillations to align at the metaphase. It is possible that the extreme alignment of kinetochores at
the metaphase plate in these cells results from the extra time kinetochores have to align due to the
mitotic arrest resulting from the polar chromosomes caused by the absence of CENP-E activity.
This hyper-alignment in the absence of oscillations almost certainly gives rise to the biomodal
distribution observed in kinetochore normal position relative to the metaphase plate. This
distribution is not seen in control depleted cells because the kinetochores are not as tightly aligned
at the plate, additionally kinetochores in control depleted cells oscillate and it is likely that these
oscillations would disrupt any bimodality in kinetochore position.
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Our data also indicate that much lower levels of CENP-E are needed to maintain oscillations than
to facilitate congression by lateral sliding, as partial depletions of CENP-E did not perturb
oscillations but did result in the accumulation of polar chromosomes (Figure 4.4). Taken together,
these results suggest that CENP-E is required for force-generation when kinetochores are
biorientated at the spindle equator, whilst the protein is dispensable for the generation of force
during congression of unaligned biorientated sister kinetochores by depolymerisation-coupled
pulling. This finding is in contrast to recent work, which showed that CENP-E was required for
kinetochores to track depolymerising microtubules (Gudimchuk et al., 2013). However, in the
Gudimchuk study these depolymerisation events were observed in mono-polar spindles and were
induced by the addition of nocodazole, it is therefore possible that the gross nature of these drug
induced depolymerisation events are the cause of this difference. It would also be interesting to
ascertain whether the depletion of CENP-Q could also prevent kinetochores tracking
depolymerising microtubules under these conditions.

Previous work has shown that CENP-E levels decrease at kinetochores as they congress
(Hoffman et al., 2001) and this may go someway to explaining our observation that aligned sister
kinetochores are very robust to changes in motor number compared to those that are
uncongressed. Thus, a limited number of CENP-E motors are sufficient for aligned biorientated
kinetochores to generate normal force. This is in contrast to kinetochores lacking the CENP-Q
subunit of CCAN, which are unable to generate depolymerisation-coupled forces at both
congressed and uncongressed sister-kinetochore pairs.

The key remaining question is: why would depletion of the motor affect the oscillation of
biorientated kinetochores in the metaphase plate? We suggest that biorientated kinetochores may
undergo a switch during congression into a mode that requires CENP-E motor activity. This would
explain why CENP-E is not required for congression by end-on pulling but is required for
metaphase oscillations. Understanding the nature of the role of CENP-E in facilitating these
oscillations will be an important future direction. One potential mechanism is that the protein is
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required to modulate the tightly controlled microtubule dynamics that give rise to oscillations,
perhaps by ensuring sustained polymerisation at the AP sister kinetochore. This could reduce the
frequency of directional switch events by preventing the K-fibre attached to the AP kinetochore
from switching into a depolymerising state (Figure 5.6a). This idea is supported by in vitro
evidence, which shows that CENP-E has a stabilizing effect on dynamic microtubules increasing
plus-end elongation (Sardar et al., 2010). In vivo it has been shown that depletion of CENP-E
reduces mitotic spindle length, suggesting reduced spindle microtubule polymerisation (Maffini et
al., 2009). Although in vitro evidence suggests that this role may be a direct one, it is also possible
that such a function could be a result of CENP-E dependent recruitment of other factors in vivo
(represented by black box in Figure 5.6a). An alternative possibility is that CENP-E acts to increase
or control K-fibre plus-end turnover to allow modulation of growth and catastrophe events by other
factors (Figure 5.6b). In support of this idea it is known that depletion of CENP-E results in
decreased K-MT plus-end turnover (Maffini et al., 2009). However, depletion of CLASP proteins,
which are also dependent upon CENP-E for kinetochore binding also have the same effect on KMT plus-end turnover. Therefore this model should also consider an indirect role for CENP-E
(Figure 5.6b, represented by black box).

5.9 Chronic inhibition of CENP-E results in high tension between
kinetochore pairs
Locking CENP-E into a rigor state with the inhibitor GSK923295 also disrupted oscillations after
both acute (1 hr) and chronic (14 hr) treatments. Chronic treatments with 300 nM GSK923295 also
led to hyper-stretching of the inter-sister linkage, where as acute treatments resulted in only a
minimal increase in inter-kinetochore distance. The reason for this dramatic shift in force
generation upon chronic treatment with GSK923295 is unclear. We also see a large reduction in
the kinetochore bound levels of the motor after 14 hr treatment with the inhibitor (Figure 4.5). This
reduction was also observed after treatment of cells with the GSK923295 after only 15 min
(Gudimchuk et al., 2013). The levels of the motor are however greatly enriched on the polar
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chromosomes, which result from inhibition of CENP-E (Figure 4.5).

The reason for the reduction of CENP-E at aligned kinetochores is currently unknown, one
possibility is that the motor is stripped from the kinetochore by K-fibre poleward flux, as the rigor
bound motor would no longer be able to walk against the direction of the flux. An alternative
possibility is that the motor loads to the kinetochores by walking to the plus-end of K-fibres, which
are coincident with the kinetochore and therefore allows for efficient kinetochore loading. In vitro
experiments

demonstrate

that

CENP-E

motors

are

able

to

autonomously

track

polymerising/depolymerising microtubule tips (Gudimchuk et al., 2013), a property which would be
independent of kinetochore binding. However, this end tracking behavior requires both an active
motor domain and the C-terminal MT binding domain. It is therefore possible that at least part of
the decrease in CENP-E levels at kinetochores detected by immunofluorescence in the presence
of GSK923295, results from loss of a kinetochore proximal population of CENP-E at K-fibre ends
rather than kinetochore bound CENP-E. As CENP-E requires an active motor domain to track
microtubule plus ends the addition of the inhibitor would mean that any CENP-E molecules that
were not kinetochore bound but where instead tracking the plus-ends of microtubules proximal to
the kinetochore would be lost.

The surprising hyper-stretching of sister kinetochores after 14 hr treatment with the CENP-E
inhibitor GSK923295 likely represents increased tension between sisters (Figure 4.4). However, at
present we do not know the cause of this increased tension and why the effect is only seen after 14
hr treatment with GSK923295. Perhaps the simplest explanation for this phenotype is that the rigor
CENP-E motors form fixed links between kinetochore microtubules and the kinetochore (Figure
5.7b, representation of DMSO control in a). As these microtubules treadmill through minus-end
depolymerisation, excess pulling force would be exerted on the sister kinetochores by the Cterminal kinetochore-binding domain as the CENP-E motor domain is pulled towards the pole.
However, the low remaining levels of CENP-E at kinetochores after GSK923295 treatment makes
this idea seem less likely as each remaining motor would have to transfer a large amount of force
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to the kinetochore. Furthermore, one would also expect this process would occur quickly if flux
pulling CENP-E motors were the cause, and after 1 hr treatment kinetochores only exhibit a minor
increase in inter-sister distance.

An alternative possibility is that treatment with GSK923295 switches K-fibres attached to both
kinetochores into a net depolymerising state (Figure 5.7c). If this were the case, switching both Kfibres into a depolymerisng state would have the effect of pulling both sisters towards their
respective poles, resulting in increased inter-sister kinetochore tension. This switch to
depolymerisation at the K-fibres could conceivably result from the rigor CENP-E motors inducing
depolymerisation. However, such an effect would be unlikely to result from loss of CENP-E from
kinetochores as depletion of CENP-E does not result in increased inter-sister kinetochore
stretching. A further potential mechanism for the hyper stretching phenotype is that the CENP-E
motors remaining at the kinetochore, in a rigor state, have the effect of slowing plus-end
polymerisation whilst leaving depolymerisation at the pole unperturbed (Figure 5.7d). This would
have the effect of shrinking the K-fibres and thus causing the attached kinetochores to be pulled
towards their respective poles, generating tension. Other work has shown that a prolonged mitotic
arrest can result in cohesin ring fatigue, eventually resulting in sister chromatid separation (Daum
et al., 2011). However, this is unlikely to be the cause of increased inter-kinetochore distance after
14 hr GSK923295 treatment, as we do not see kinetochore pairs part, additionally DNA staining in
immunofluorescence experiments shows that chromosomes are intact. Further more, CENP-E and
CENP-Q depleted cells are also subject to similar mitotic arrests but do not exhibit such increased
inter-kinetochore distances.

5.10 Future directions
In this thesis I have shown that CENP-Q is required for depolymerisation-coupled pulling to drive
congression of biorientated chromosomes. I have also shown that kinetochore bound CENP-Q is
required to recruit CENP-E to kinetochores to facilitate congression by lateral sliding. Both CENP-
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Q and CENP-E are required to drive normal kinetochore metaphase oscillations, although the
levels of CENP-E required to drive oscillation are lower than those required to power congression
by lateral sliding. Despite these findings there are many interesting questions remaining to form the
basis of future work. One of the most important areas on which to focus will be to understand which
aspects of the CENP-Q phenotype result directly from depletion of CENP-Q and those that may be
the result of losing other protein components that are dependent on CENP-Q for kinetochorebinding (e.g. CENP-O/U/P, CENP-E, PLK1, CLASP1). Whether binding these factors is through
physical interaction or indirectly through changes in K-MT dynamcis will also need investigating. A
second key area is the potential phospho-regulation of CENP-Q (and other members of the CENPO sub-complex). This will involve determining how such modifications affect the function of the
protein in vitro and in vivo and identifiying which kinases are involved. Finally, our data points to
kinetochores being in different states when congressing: i.e. CENP-E activity is only required for
depolymerisation-coupled pulling when chromosomes are aligned. It will be important to determine
whether this reflects differences in kinetochore composition or is a consequence of
posttranslational modification. In this regard, it remains unknown how biorientated kinetochores
“know” that they have reached the spindle equator, and in this way, allow the efficient congression
of all chromosomes during mitosis. Determining how kinetochores make the transitions from a
monorientated state behind the pole to a biorientated state also remains a poorly understood
process. Elucidating the mechanisms kinetochores employ to make this transition will be important
in furthering our knowledge of chromosome congression.
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Abstract
Kinetochores are multi-protein megadalton assemblies that are required for attachment of microtubules to centromeres
and, in turn, the segregation of chromosomes in mitosis. Kinetochore assembly is a cell cycle regulated multi-step process.
The initial step occurs during interphase and involves loading of the 15-subunit constitutive centromere associated complex
(CCAN), which contains a 5-subunit (CENP-P/O/R/Q/U) sub-complex. Here we show using a fluorescent three-hybrid (F3H)
assay and fluorescence resonance energy transfer (FRET) in living mammalian cells that CENP-P/O/R/Q/U subunits exist in a
tightly packed arrangement that involves multifold protein-protein interactions. This sub-complex is, however, not preassembled in the cytoplasm, but rather assembled on kinetochores through the step-wise recruitment of CENP-O/P
heterodimers and the CENP-P, -O, -R, -Q and -U single protein units. SNAP-tag experiments and immuno-staining indicate
that these loading events occur during S-phase in a manner similar to the nucleosome binding components of the CCAN,
CENP-T/W/N. Furthermore, CENP-P/O/R/Q/U binding to the CCAN is largely mediated through interactions with the CENP-N
binding protein CENP-L as well as CENP-K. Once assembled, CENP-P/O/R/Q/U exchanges slowly with the free nucleoplasmic
pool indicating a low off-rate for individual CENP-P/O/R/Q/U subunits. Surprisingly, we then find that during late S-phase,
following the kinetochore-binding step, both CENP-Q and -U but not -R undergo oligomerization. We propose that CENP-P/
O/R/Q/U self-assembles on kinetochores with varying stoichiometry and undergoes a pre-mitotic maturation step that could
be important for kinetochores switching into the correct conformation necessary for microtubule-attachment.
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Introduction

Functionally, the CCAN is required for the efficient recruitment of
CENP-A into centromeric nucleosomes at the end of mitosis
[6,14,30,31] and the maintenance of centromeric chromatin, but
is also involved in chromosome alignment, kinetochore fiber
stability and bipolar spindle assembly [1,2,5,6,8,32–34]. The
CCAN was suggested to establish, in interphase, an inner
kinetochore structure which functions as an assembly platform
for KMN network proteins in mitosis, and only the KMN proteins
then connect the inner kinetochore to microtubules [3]. However,
ectopical CENP-T and -C alone are able to establish a functional
outer kinetochore [16,35] indicating that instead of being only a
structural platform, the CCAN seems to be a regulator of the
mitotic kinetochore-microtubule attachment [36].
The CCAN proteins CENP-U, -O, -P, -Q, and -R were
identified as a CCAN subclass (named CENP-O class proteins)

During mitosis, accurate chromosome segregation is essential
for the correct transmission of the genetic material to the daughter
cells. A multi-protein complex, the kinetochore, assembles at the
centromere of each chromatid in order to mediate this function.
Kinetochores contain an inner core that is present throughout the
cell cycle [1,2], and a set of outer kinetochore proteins that stably
associate with the inner core during mitosis [3,4]. The kinetochore
is built from two major conserved protein networks, (1) the CCAN
(constituitive centromere associated network) complex [5–13]
which is associated to centromeric nucleosomes [5,14–16] that
consist of repetitive a-satellite DNA containing the histone H3
variant CENP-A [17,18], and (2) the KMN network [7,19–27]
which directly connects the kinetochore to microtubules [3,28,29].
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[3,5,6,10,37]. CENP-PORQU proteins are non-essential showing,
when depleted, common mitotic defects and slower proliferation
rates [6,10,33,38]. Kinetochore localization of CENP-PORQU is
interdependent [5,10,36]. In chicken DT40 cells, and when these
genes are expressed in E. coli, CENP-O, -P, -U and -Q form a
stable complex to which CENP-R can associate [10]. These data
describe the CENP-PORQU complex as a stable unit which might
function as a structural element in the CCAN. However, CENPPORQU proteins have different protein specific functions: CENPU [39] as well as CENP-Q [36] are able to bind to microtubules,
only depletion of CENP-O seems to destabilise microtubule
bundles at kinetochores influencing bipolar spindle assembly
[34,39], and CENP-U interacts with Hec1, an interaction
negatively regulated by Aurora-B kinase [39]. In the complex,
CENP-P is closely associated with CENP-O, and CENP-U binds
to CENP-Q [10,40–42]. In order to resolve these different views,
we analysed protein binding, complex architecture and dynamics
of the human kinetochore CENP-PORQU sub-complex by
various in vivo techniques.

Materials and Methods

Palo Alto, CA, USA) based Destination vectors. As the result we
obtained expression vectors carrying the genes coding for CENP-Q,
-P, -O, and -R fused to the C-termini as well as to the N-termini of
EGFP and mCherry. In the constructed fluorescent proteins (FP)CENP-Q, -P, -O, and -R, the amino acid (aa) linker between the
fused proteins is SGTSLYKKAGFENLYFQGAT. Due to the
cloning protocol, the aa sequence TQLSCTKW is added to the Cterminal ends of FP-CENP-Q, -P, -O, and -R. In the constructs
where CENP-Q, -P, -O, and -R are fused to the N-termini of EGFP
respectively mCherry, the (aa) linker is TQLSCTKWLDPPVAT.
The cloning of CENP-U and -C [43] and CENP-N [44] have been
described previously. Vector pIRES2 used for the simultaneous
expression of EGFP and mRFP, was a friendly gift of J. Langowski
(Heidelberg). For expression of a mRFP-EGFP fusion protein, we
digested vector pmRFP-C1 with SnaBI and XmaI and ligated the
resulting 1012 bps DNA fragment containing mRFP into a 7106 bp
DNA obtained from a SnabI-XmaI digest of vector pH-G-C. In the
resulting Gateway expression vector pH-mR-G-C, the amino acid
linker between mRFP and EGFP is SGLRSRAQASNSAVDGTAGPVAT. Full length protein expression of the fusion constructs
was confirmed by Western Blots.

Plasmids

Live cell FRET measurements

Plasmids pIC133, pIC190, pIC141, pIC140, and pIC235
encoding LAP-CENP-K, -Q, -P, -O, respectively -R fusion
proteins were a kind gift of Dan Foltz and Iain Cheeseman. The
full length cDNA clone of CENP-L, IRAUp969 EO882D, was
from RZPD, Berlin, Germany). They were used for amplification
of full length CENP-K, -L, -Q, -P, -O, and -R by PCR (Expand
high fidelityPLUS PCR System, Roche, Penzberg, Germany)
applying forward primer 59-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCCACCATGGGCATGAATCAGGAGGATTTAGATCC -39 and reverse
primer 59- GGGGACCACTTTGTACAAGAAAGCTGGGTCTGATGGAAAGCTTCTAATCTTATT -39 for CENP-K, forward primer 59- GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCCACCATGGATTCTTACAGTGCACCAG -39 and reverse primer 59- GGGGACCACTTTGTACAAGAAAGCTGGGTCTCAATTTGAAAAATTGCCAGTTCTG for CENP-L, forward primer 59- GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCCACCATGGGCATGTCTGGTAAAGCAAATGCTTC -39 and reverse primer 59- GGGGACCACTTTGTACAAGAAAGCTGGGTAGATGCATCCAGTTTCTTATAGG
-39 for CENP-Q, forward primer 59- GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCCACCATGGACGCAGAGCTGGCAGA -39 and reverse
primer 59- GGGGACCACTTTGTACAAGAAAGCTGGGTGTTGTTCTCCTCTGCACAAAGC -39 for CENP-P, forward
primer 59- GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCCACCATGGAGCAGGCGAACCCTTT -39 and reverse primer 59- GGGGACCACTTTGTACAAGAAAGCTGGGTGGAGACCAGACTCATATCCAAC -39 for CENP-O, and forward primer 59- GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAAACCTGTATTTTCAGGGCGCCACCATGGGCATGCCTGTTAAAAGATCACTGAA -39 and reverse primer 5- GGGGACCACTTTGTACAAGAAAGCTGGGTGTTTAAAATGGCTTTAAGGAATTCA -39 for CENP-R. The CENP-Q, -P, -O, and -R harbouring
linear PCR fragments were transferred into vector pDONR221 by
BP recombination reaction (Invitrogen, Carlsbad, CA, USA). After
verification by sequencing (MWG Biotech, Ebersberg, Munich,
Germany), the genes were cloned by LR recombination reactions
into various modified pFP-C and pFP-N (BD Biosciences, Clontech,

FRET was measured by applying the acceptor photo-bleaching
method using the FRET pair EGFP-mCherry. Co-transfected
HEp-2 cells grown on coverslips were analyzed using a confocal
laser scanning microscope (LSM 510 Meta) and a C-Apochromat
636/1.2NA oil immersion objective (Carl Zeiss, Jena, Germany).
EGFP fluorescence was excited with the Argon 488 nm laser line
and analyzed using the Meta detector (ChS1+ChS2: 505–
550 nm). mCherry fluorescence was excited with the 561 nm
laser line (DPSS 561-10) and detected in one of the confocal
channels using a 575–615 nm band-pass filter. To minimize cross
talk between the channels, each image was collected separately in
the multi-track-mode, i.e. both fluorophores were exited and
recorded specifically and separately. Cells moderately expressing
both fusion proteins with comparable expression levels were
selected for analysis. Acceptor photo-bleaching was achieved by
scanning a region of interest (ROI) including up to five
centromeres of a nucleus 50 times (scans at 1.6 msec pixel time)
using the 561 nm laser line at 100% intensity. Bleaching times per
pixel were identical for each experiment, however, total bleaching
times varied depending on the size of the bleached ROIs. 4 donor
and acceptor fluorescence images were taken before and up to 4
images after the acceptor photo-bleaching procedure to assess
changes in donor and acceptor fluorescence. To minimize the
effect of photo-bleaching of the donor during the imaging process,
the image acquisition was performed at low laser intensities. To
compare the time course of different experiments, donor intensities
in the ROI were averaged and normalized to the intensity
measured at the first time point after photo-bleaching, and
acceptor intensities in the ROI were averaged and normalized to
the mean intensity measured at time points 2–4 before photobleaching. The FRET efficiency was calculated by comparing the
fluorescence intensity (IDA) before bleaching (in presence of the
acceptor) with the intensity (ID) measured after bleaching (in the
absence of the acceptor) according to E = 12IDA/ID. The FRET
efficiencies of numerous bleached and unbleached locations were
compared by a paired t-test (a = 0.05). The difference between the
means is a measure for the FRET-value, which was interpreted to
have occurred when the paired t-test revealed a statistically
significant difference between the two input groups with a p-value
below 0.001. A p-value .0.001 was interpreted as an indication
for insignificant FRET.
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In two cases, the acceptor-bleaching FRET data were
confirmed by additional fluorescence lifetime FLIM experiments.
In FLIM experiments, the donor fluorescence lifetime was
determined by time-correlated single photon counting (TCSPC)
in living human HEp-2 cells. For donor fluorescence excitation, a
pulsed picosecond diode laser (LDH Series, PicoQuant, Berlin,
Germany) with a frequency of 20 MHz along with a dedicated
driver (PDL Series, PicoQuant) was used. Via a fiber coupling
unit, the excitation light was guided into a confocal laser scanning
microscope (LSM 510 Meta). Laser power was adjusted to give
average photon counting rates of 104–105 photons/sec (0.0001–
0.001 photon counts per excitation event) or less to avoid pulse
pile-up. Images of 2566256 pixels were acquired with a 636 CApochromat water immersion objective (NA 1.20, Carl Zeiss).
Photons emitted by the sample were collected by the water
immersion objective and detected by a single photon avalanche
diode (PDM series, PicoQuant). The data were acquired by the
PicoHarp 300 TCSPC module (PicoQuant) working in the TTTR
mode (time-tagged time-resolved). To calculate the fluorescence
lifetime, the SymPhoTime software package (v4.7, PicoQuant) was
used. Selected areas of the images corresponding to single
centromeres (resulting in the fluorescence lifetime histograms) or
the sum of all centromeric regions were fitted by maximum
likelihood estimation (MLE). Depending on the quality of a fit
indicated by the value of x2, a mono- or bi-exponential fitting
model including background was applied. A model was rejected
when x2 exceeded a value of 1.5. In this way, the presence of
scattered light in few measurements could be identified and
separated. However, due to low photon numbers and too close
time constants, the simultaneous presence of two different donor
fluorescence lifetimes for complexes with donor-only and donor
plus acceptor in one centromere could not be separated by a biexponential fit. A donor fluorescence lifetime obtained from a
centromere in a cell co-expressing donor and acceptor molecules
was considered to be significantly different from the control
measurement, when the lifetime differed from the mean of the
control values by .3 standard deviations. The FRET efficiency
was calculated by comparing the donor fluorescence lifetime (tDA)
in the presence of the acceptor with the respective fluorescence
lifetimes (tD) of control measurements obtained in absence of an
acceptor following E = 12tDA/tD.

In order to determine cell cycle dependent CENP-O/Q/P levels,
HEp-2 or HeLa cells were synchronised by double-thymidine
block. Aliquots of equal cell numbers were taken after 2, 4, 6, 8
and 10 hrs after release and lysed. In the Western blot, CENP-O
[33], CENP-P [36] and CENP-Q (Rockland, Gilbertsville, USA)
are identified by specific primary antibodies which are then
detected by fluorescently labelled secondary antibody (Molecular
Probes, Eugene, USA). CENP-O/P/Q amounts are quantified by
the ODYSSEY Infrared Imaging System (LiCor, Lincoln, USA)
following the protocol of the manufacturer.

Fluorescence Cross-Correlation Spectroscopy (FCCS)
FCCS analyses [49,50] were performed at 37uC on an LSM
710 Confocor3 microscope (Carl Zeiss, Jena, Germany) using a CApochromat infinity-corrected 406/1.2 NA water objective.
U2OS cells were double transfected with vectors for the
simultaneous expression of EGFP and mCherry fusion proteins
and analysed. On cells expressing both fusion proteins at relatively
low and comparable levels, we selected spots for the FCCS
measurements in areas of the nucleoplasm which were free of
kinetochores. For illumination of the EGFP-fusion proteins, we
used the 488 nm laser line of a 25 mW Argon/2-laser (Carl Zeiss)
and for simultaneous illumination of the mCherry fusion proteins
a DPSS 561-10-laser (Carl Zeiss), both at moderate intensities
between 0.2 and 0.5%. The detection pinhole was set to a
relatively small diameter of 40 mm (corresponding to about 0.8
airy units). After passing a dichroic beam splitter for APDs
(avalange photodiode detector; NTF 565), the emission of
mCherry was recorded in channel 1 through a BP-IR 615–
680 nm bandpath filter by an APD (Carl Zeiss), whereas the
emission of EGFP was simultaneously recorded in channel 2
through a BP-IR 505–540 nm bandpath filter by a second APD.
Before each measurement, we analysed possible crosstalk between
the channels and used only cells without or with very little
crosstalk. In addition, measurements with autocorrelation values
below 1.06 for both, the mRFP channel as well as the EGFP
channel, were not further analysed. For the measurements, 10610
time series of 10 sec each were simultaneously recorded for
mCherry and for EGFP. After averaging, the data were
superimposed for fitting with the Fit-3Dfree-1C-1Tnw model of
the ZEN-software (Carl Zeiss), a diffusion model in three
dimensions with triplet function. Applying this procedure, we
obtained autocorrelations of channels 1 and 2 as well as the crosscorrelation of channels 1 versus channel 2. Before starting a set of
experiments, the pinhole was adjusted. As negative control, U2OS
cells were transfected with vector pIRES2, separately expressing
EGFP and mRFP as single molecules with fluorescence intensities
comparable to those in the FCCS analysis with CENP fusion
proteins. As a positive control, U2OS cells were transfected with
pH-mR-G-C expressing a mRFP-EGFP fusion protein, again with
fluorescence intensities comparable to those in the FCCS analysis
with CENP fusion proteins.

F3H
BHK cells containing a lac operator repeat array [45] were
cultured in DMEM medium with 10% FCS and seeded on
coverslips in 6-well plates for microscopy. After attachment, cells
were co-transfected with expression vectors for the indicated
fluorescent fusion proteins and a LacI-GBP fusion [46,47] using
polyethylenimine (Sigma, St. Louis, USA). After about 16 hrs cells
were fixed with 3.7% formaldehyde in PBS for 10 minutes,
washed with PBST (PBS with 0.02% Tween), stained with DAPI
and mounted in Vectashield medium (Vector Laboratories,
Servison, Switzerland).
Samples were analyzed with a confocal fluorescence microscope
(TCS SP5, Leica, Wetzlar, Germany) equipped with a 636/1.4
numerical aperture Plan-Apochromat oil immersion objective as
described [47]. DAPI, EGFP and mCherry were excited by
405 nm diode laser, 488 nm argon laser and 561 nm diodepumped solid-state laser, respectively. Images were recorded with
a frame size of 5126512 pixels.

Cellular imaging
In vivo and in situ cellular imaging including immuno-fluorescence, SNAP-tag analysis, FRAP, RICS and cell cycle sychronisation were conducted as described in Orthaus et al. [48,51],
Hellwig et al. [43,44] and McClelland et al [8]. For immunoflourescence, primary antibodies were used at 1:250 (PCNA),
1:300 (anti-CENP-Q), 1:250 (CREST) with DAPI at 1:2000.

Cell culture, transfection and Western Blots
HeLa, HEp-2 and U2OS cells (ATCC, Manassas, USA) were
cultured and Western blots were carried out as described [44,48].
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the absence of an acceptor as t = 2.4560.10 nsec. When the
acceptor is close, the donor life time decreases due to energy
transfer to the acceptor: for CENP-Q-EGFP/mCherry-CENP-P
we measured t = 2.0860.04 nsec and for CENP-P-EGFP/
mCherry-CENP-O we measured t = 2.1660.05 nsec. The FLIM
results (marked by ‘‘F’’ in Table 1) indicate the proximity between
CENP-Q and -P as well as between CENP-P and -O and confirm
our acceptor-bleaching FRET data. We conclude that in human
cells at kinetochores, CENP-O class proteins are in close proximity
to one another. In earlier studies we had detected FRET between
the CENP-U N-terminal region and the N-termini of CENP-B
and CENP-I, but not to the N-termini of CENP-A and CENP-C
[43].
If the orientation of the fluorophore dipole moment of the
acceptor relative to that of the donor were known, or at least one
of them would rotate freely faster than nanoseconds, a more
detailed distance between donor and acceptor could be deduced
from the measured EFRET values. In our live cell experiments
however, this information is not available to us. We therefore do
not deduce defined distance values but interpret the appearance of
FRET as an indication that donor and acceptor chromophores are
close to one another within 10 nm. Our FRET data depend on
which protein terminus is tagged: if the two protein termini are
clearly separated in space, a fluorophore fused to one terminus
might show FRET to another protein while the fluorophore fused
to the other terminus might not. In a number of cases, we could
not detect FRET between two fusion proteins. Measuring no
FRET signal might either be due to donor and acceptor
fluorophores being distal (.10 nm) or, alternatively, that donor
and acceptor dipole moments are oriented relative to one another
in an unfavorable way so that FRET cannot occur although donor
and acceptor are close. Therefore, observing no FRET signal
cannot be used for structural information.

Results
CENP-O class proteins form a tightly packed complex
In chicken DT40 cells, the CENP-O class proteins form a tight
kinetochore sub-complex [10]. Here we analysed the CENP-O
class protein packaging at kinetochores in living human cells by
measuring which proteins are in close proximity. We tagged all
five CENP-O class proteins with fluorescent proteins, either EGFP
or mCherry, at either termini, and confirmed by live cell imaging
in human U2OS cells that all tagged CENP-O class proteins
localise to kinetochores during interphase and mitosis, consistent
with published results [5,6,10,33,36,39]. This kinetochore localisation was independent of which terminus of the CENP proteins
was tagged.
Then, by FRET we measured the proximity between chromophores tagged to CENP-O class proteins. FRET between the
donor fluorophore (here: EGFP) and the acceptor fluorophore
(here: mCherry) can only generate a positive result when the
distance between donor and acceptor is less than ,10 nm. When
FRET occurs, both the intensity and lifetime of the donor
fluorescence decrease while the intensity of the acceptor emission
increases. We measured the FRET donor fluorescence intensity
with or without photo-inactivation of the acceptor (acceptorphoto-bleaching FRET, AB-FRET) and, in order to confirm our
AB-FRET results, in two cases also the donor fluorescence lifetime
(FLIM). In AB-FRET, the acceptor chromophore is destroyed by
photo-bleaching, thereby preventing FRET from the donor to the
acceptor. Thus, when the donor is in close proximity to the
acceptor (sufficient for FRET, ,10 nm), photo-bleaching of the
acceptor results in an observable increase in donor fluorescence. In
our experiments, two separate kinetochore locations were identified in each image (marked ‘‘1’’ and ‘‘2’’; Fig. 1A and 1D). In spot
‘‘2’’ the acceptor (CENP-R-mCherry (Fig. 1A), CENP-P-mCherry
(Fig. 1D)) was photo-bleached, while spot ‘‘1’’ was not photobleached, serving as an internal control for any non-FRET effects.
During bleaching of the acceptor (CENP-R-mCherry) in spot 2,
the donor (EGFP-CENP-U) fluorescence intensity significantly
increased indicating that FRET occurred between EGFP-CENPU and CENP-R-mCherry (Fig. 1B). Careful quantification
indicated that such FRET transfer occurred in 60% of the cases,
yielding a FRET efficiency EFRET between 6 and 18% (40
bleached spots in 18 cells, black bars in Fig. 1C). The unbleached
control spots show a narrow fluorescence variation Evar around
zero (39 bleached spots in 18 cells, grey bars in Fig. 1C). The
EFRET distribution is significantly different from the Evar control
distribution (p,0.001). Such experiments demonstrated that the
majority of pairs gave a positive FRET signal suggesting that the
CENP-PORQU subunits are closely associated (see Table 1).
Importantly, a number of pairs did not show FRET: We detected
no FRET between EGFP-CENP-Q/CENP-P-mCherry (Fig. 1D–
F). Here, after acceptor-bleaching, the donor fluorescence did not
increase (Fig. 1E) and the distribution of the EFRET values (black
bars, Fig. 1F) superimposes with the distribution of the Evar control
values (grey bars). Furthermore, we did not observe FRET
between EGFP-CENP-P/CENP-O-mCherry and between EGFPCENP-U/CENP-O-mCherry (see Table 1). For CENP-Q-EGFP
and mCherry-CENP-P and for CENP-P-EGFP and mCherryCENP-O, we confirmed these results by measuring FRET at
kinetochores in the lifetime domain (FLIM) by time-correlated
single photon counting (TCSPC) using the same fluorescent
protein FRET pair EGFP-mCherry. This approach is less error
prone compared to acceptor-bleaching FRET in the intensity
domain, however, it is considerably more elaborate and timeconsuming. We determined the CENP-Q-EGFP donor lifetime in
PLOS ONE | www.plosone.org

PORQU undergoes a post-loading oligomerisation step
Recombinant CENP-Q that is expressed and purified form E.
coli lysates, exists as a soluble homo-octameric complex [36]. We
therefore asked if CENP-Q oligomerises at kinetochores in living
human cells. Indeed, we observed FRET at kinetochores between
the N-termini of CENP-Q and between its C-termini in interphase
cells, suggesting that CENP-Q oligomerises when kinetochorebound. In order to find out when in the cell cycle CENP-Q
oligomerizes, we carried out cell cycle dependent FRET
measurements between C- and N-termini of CENP-Q (see
Table 1, Fig. 2). U2OS cells were synchronised by double
thymidine block and released into S-phase. Subsequent cell cycle
phases were identified by CENP-F and PCNA staining. We found
no FRET in G1, early and mid S-phase, however, we detected a
significant FRET signal in late S-phase for both, the CENP-Q Nand C-termini, and in G2 for the CENP-Q N-termini (Fig. 2).
Consistent with this, quantitative immuno-flourescence demonstrates that CENP-Q protein levels increase at kinetochores during
S-phase and become maximal in late S-phase (see below). We also
detected a FRET proximity between two CENP-U N-termini at
kinetochores in late but not in early or middle S-phase (data not
shown).

PORQU proteins show multiple pair-wise interactions
Then we asked which of the CENP-O class proteins is able to
interact with other protein members of this class. In the
mammalian three-hybrid (F3H) assay applied here [46,47], EGFP
tagged CENP-O class proteins (bait) were recruited to the lac
operator repeat array by the GFP-binding protein fused to the Lac
repressor (GBP-LacI) forming a green spot in the nucleus (Fig. 3).
4
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Figure 1. Acceptor-bleaching FRET of the protein pairs EGFP-CENP-U/CENP-R-mCherry (FRET signal) and EGFP-CENP-Q/CENP-PmCherry (no FRET signal). Typical HEp-2 cell nuclei are displayed in (A) and (D) showing centromere location of all four CEN proteins. Two of these
locations, spot 1 and spot 2 in each of the two graphs, were selected for fluorescence intensity analysis before and after acceptor bleaching (see
enlargements below). Spot 1 served as control and showed no detectable intensity change. At spot 2, the acceptor fluorophore mCherry was
bleached (compare pre-bleach and post-bleach in (A) and (D)). In (B) and (E), the time course of the fluorescence intensity of the donor and the
acceptor of both FRET pairs are shown. The acceptor intensities in the ROI (‘‘region of interest’’; open squares) were averaged and normalized to the
mean intensity measured at the three time points before bleaching. The donor intensities in the ROI were averaged and normalized to the intensity
measured at the time point after bleaching. Bleaching of the acceptor resulted in a fluorescence intensity increase of the donor (black dots) for EGFPCENP-U (B) indicating the presence of FRET (see arrow), but no fluorescence intensity increase for EGFP-CENP-Q (E) indicating the absence of FRET. (C)
and (F): Donor fluorescence intensity variation observed during acceptor bleaching normalized to the intensity measured at the first time point after
bleaching. Control: spot 1 (acceptor not bleached) yielding Evar (grey bars), FRET measurement: spot 2 (acceptor bleached) yielding EFRET (black bars).
For protein pairs indicated, number of observed single cases (grouped into Evar or EFRET value ranges of 4%) displayed versus values of Evar or EFRET. (C)
EGFP-CENP-U (donor) and CENP-R-mCherry (acceptor): distribution of EFRET (40 bleached kinetochores) is clearly distinct from the distribution of Evar
(39 non-bleached kinetochores) indicating FRET. (F): EGFP-CENP-Q (donor) and CENP-P-mCherry (acceptor): distribution of EFRET (52 bleached
kinetochores) superimposes the distribution of Evar (51 non-bleached kinetochores) indicating no FRET.
doi:10.1371/journal.pone.0044717.g001

Co-expressed mCherry-tagged CENP-O class proteins (prey) may
either interact with the EGFP-tagged protein at the lac operator
array (visible as red spot and yellow in the overlay) or may not
interact resulting in a disperse distribution. For each mCherry
fusion, EGFP was used to control for unspecific interactions. In the
upper two rows of Fig. 3A, the clear interaction between EGFPCENP-O and mCherry-CENP-P as well as EGFP-CENP-P and

mCherry-CENP-O are shown. The lower two rows show the
corresponding results for CENP-O and CENP-Q. While EGFPCENP-Q did not interact with and recruit mCherry-CENP-O to
the lac spot, we found a very weak interaction in the reverse
combination. Such differences for reverse combinations might be
explained by sterical hindrance at the interaction site due to the
attachment to GBP-LacI for one but not the other tagged terminal
region. All results of this F3H interaction assay are listed in
Table 2. The results of this CENP-O class protein interaction
analysis indicate strong interactions between particular members
of this class (Fig. 3B). CENP-O, -P and -Q each are able to
strongly recruit and thus specifically bind two, while CENP-U and
-R are able to recruit three of the remaining four proteins. In
addition, CENP-U and CENP-R are able to bind to themselves.
We detected homo-interaction of CENP-R also by a Yeast-twoHybrid (Y2H) assay. CENP-U binding to itself is supported by our
FRET data indicating close proximity between CENP-U Ntermini in late S-phase (see above). Our data that CENP-P is
closely associated with CENP-O, and CENP-U with CENP-Q,
agree well with published results [10,41,42]; here we detected an
additional weaker interaction between CENP-Q and CENP-R.
However, none of the CENP-O class proteins is able to recruit all
four other proteins of this class which would be expected when the

Table 1. FRET interactions between CENP-O class proteins.

EGFP fusion

mCherry fusion

p

FRET

EGFP-CENP-P

mCherry-CENP-O

,0.001

++

EGFP-CENP-P

CENP-O-mCherry

0.093

2

CENP-P-EGFP

mCherry-CENP-O

,0.001

++F

CENP-P-EGFP

CENP-O-mCherry

,0.001

++

EGFP-CENP-Q

mCherry-CENP-O

,0.001

++

EGFP-CENP-Q

CENP-O-mCherry

,0.001

++

EGFP-CENP-Q

mCherry-CENP-P

,0.001

++

EGFP-CENP-Q

CENP-P-mCherry

0.724

2

EGFP-CENP-Q

mCherry-CENP-Q

,0.001

++

CENP-Q-EGFP

CENP-Q-mCherry

,0.001

++

CENP-Q-EGFP

mCherry-CENP-P

,0.001

++F

EGFP-CENP-U

mCherry-CENP-O

,0.001

++

EGFP-CENP-U

CENP-O-mCherry

0.655

2

EGFP-CENP-U

mCherry-CENP-P

0.003

+

EGFP-CENP-U

CENP-P-mCherry

,0.001

++

EGFP-CENP-U

mCherry-CENP-Q

,0.001

++

EGFP-CENP-U

mCherry-CENP-R

,0.001

++

EGFP-CENP-U

CENP-R-mCherry

,0.001

++

CENP-U-EGFP

mCherry-CENP-P

,0.001

++

EGFP-CENP-B

CENP-Q-mCherry

,0.001

++

EGFP-CENP-O

mCherry-CENP-K

,0.001

++

CENP-O-EGFP

mCherry-CENP-K

0.004

+

EGFP-CENP-R

mCherry-CENP-K

,0.001

++

CENP-R-EGFP

mCherry-CENP-K

,0.001

++

EGFP-CENP-U

mCherry-CENP-K

,0.001

++

CENP-U-EGFP

mCherry-CENP-K

0.167

2

EGFP-CENP-U

mCherry-CENP-U

,0.001

++

CENP-N-EGFP

mCherry-CENP-K

,0.001

++

Figure 2. Cell cycle-dependent FRET between CENP-Q C- (grey
bars) and N-termini (white bars). In late S-phase and G2, significant
FRET is observed (p,0.001). In G1, early and mid S-phase, no FRET is
observed (p.0.005).
doi:10.1371/journal.pone.0044717.g002

The FRET pair EGFP-mCherry is used. ‘‘F’’ indicates that for these fusions FRET
was detected also by FLIM. ++: strong FRET, +: weak FRET, 2: no FRET.
doi:10.1371/journal.pone.0044717.t001

PLOS ONE | www.plosone.org

6

September 2012 | Volume 7 | Issue 9 | e44717

CENP-PORQU

CENP-N (see Table 1). These results place CENP-K inbetween
CENP-N and the CENP-PORQU proteins.

complex pre-forms in the nucleoplasm. Furthermore, ectopic
recruitment to the lac operator repeat array obviously is not strong
enough to enable indirect binding: e.g. CENP-L recruits CENP-R,
and CENP-R recruits CENP-Q, but CENP-L is not able to attrack
CENP-Q to this site. Thus, this F3H assay is, to a large extent,
specific for direct interactions.

PORQU does not preassemble in the cytoplasm
In order to analyse CENP-PORQU complex pre-assembly, in
interphase we measured the mobility of the five CENP-O class
proteins in the nucleoplasm of human U2OS cells by Raster
Image Correlation Spectroscopy (RICS) [54] and found fast
mobility between 4.7 and 5.9 (615%) mm2/sec. The proteins are
thus more mobile than other inner kinetochore proteins [44,55].
The experimental variation of the measured mobilities, however,
does not allow for a conclusion on multimerisation. We therefore
performed Fluorescence Cross-Correlation Spectrometry (FCCS)
studies to determine if CENP-O class proteins form hetero-dimers
in the nucleoplasm. In double-transfected U2OS cells we analysed
various protein pairs: EGFP-CENP-O/mCherry-CENP-P, EGFPCENP-P/mCherry-CENP-Q, EGFP-CENP-R/mCherry-CENPQ,
EGFP-CENP-Q/mCherry-CENP-Q,
CENP-O-EGFP/
mCherry-CENP-Q, EGFP-CENP-U/mCherry-CENP-Q, EGFPCENP-R/mCherry-CENP-R,
EGFP-CENP-R/CENP-RmCherry,
CENP-U-EGFP/CENP-U-mCherry,
CENP-UEGFP/mCherry-CENP-U
and
EGFP-CENP-U/mCherryCENP-O. For these protein pairs we found unequivocal crosscorrelation only between CENP-O and CENP-P. From 12 cells,
all 12 showed cross-correlation indicating that CENP-O and
CENP-P move together, i.e. they are part of one and the same
complex in the nucleoplasm outside kinetochores. The crosscorrelation analysis (Fig. 4A) resulted in a correlation of 1.020
(Fig. 4A, insert b) indicating that 29% of the molecules are comigrating in the nucleoplasm. As negative control, U2OS cells
were analysed separately expressing EGFP and mRFP as single
molecules. The cross-correlation curve (Fig. 4B) resulted in a value
of 1.001 (Fig. 4B, insert b) indicating the absence of any
complexation between EGFP and mRFP. As a positive control,
U2OS cells were transfected with pH-mR-G-C expressing a
mRFP-EGFP fusion protein. Cross-correlating the two channels
against each other, we obtained a value of 1.029 indicating that
about 50% of the molecules are detected as a complex (Fig. 4C).
We obtained similar cross-correlation values for the fusion EGFPmCherry, in agreement with results of Kohl et al. [56]. For such
fusion proteins, 100% cross correlation should be observed. The
lower value of 50% could be explained by a much slower
maturation and lower stability of mRFP compared to EGFP:
EGFP molecules bound to an immature mRFP are interpreted by
FCCS as free molecules. Thus, cross-correlation values seem to
underestimate the percentage of co-migrating molecules. Consequently, hetero-dimerisation of EGFP-CENP-O and mCherryCENP-P probably is higher than the calculated 20–30%, we
estimate 40–60%.
In 2 out of 12 analyzed cells, a weak cross-correlation (,10%)
was observed for CENP-Q and CENP-R indicating that in a few
cases CENP-Q and CENP-R co-migrate in the nucleoplasm
outside kinetochores. The other analyzed protein pairs showed no
cross-correlation demonstrating that the CENP-PORQU complex
does not pre-form in the nucleoplasm outside kinetochores.
CENP-R and CENP-U are able to bind to themselves at an
ectopic chromatin site (see above). However, by FCCS we did not
detect any cross correlation, clearly indicating that these proteins
do not stably aggregate in the nucleoplasm. Recombinant CENPQ can oligomerise to octamers [36] and, when kinetochore-bound,
oligomerises in late S-phase, as detected by FRET (see above). In
the nucleoplasm, however, CENP-Q does not form di- or
multimers, as shown here by FCCS. This FCCS result is
confirmed by the absence of a FRET signal between two tagged

CENP-PORQU subcomplex contacts other CCAN proteins
Kinetochore localization is determined by CENP-A which is
recognized by CENP-N and CENP-C [14–16]. CENP-L binds to
the C-terminal region of CENP-N in vitro [14] and CENP-K
kinetochore localisation depends on the presence of CENP-N and
-C [5,8,14,52]. We therefore asked, if these kinetochore proteins,
being directly or closely linked to CENP-A, are able to recruit
single CENP-PORQU proteins or the whole complex to an
ectopic chromatin site in human cell nuclei in vivo. We studied the
interaction of CENP-C, -L, -K and -N with CENP-PORQU
proteins by F3H; the results are listed in Table 2 and displayed in
Fig. 3B. CENP-N shows binding to CENP-R and some weak
binding to CENP-U, however, only for mCherry-tagged CENP-N
(prey) while EGFP-tagged CENP-N (bait) does not show any
interaction with CENP-PORQU proteins. CENP-L shows strong
binding to CENP-R and moderate binding to CENP-U (strong in
one, weak in the other version; see Table 2) and very weak binding
to CENP-C (only in one orientation). Furthermore, RFP-tagged
CENP-L also shows weak interactions with CENP-Q and CENPK. Next to CENP-L, also CENP-K shows strong interactions with
CENP-PORQU proteins: CENP-K strongly interacts with CENPO and -U, moderately with CENP-R (strong in one, weak in the
other version; see Table 2), and in one version weakly with CENPQ. CENP-K also weakly binds to itself. By Y2H we detected an
interaction between CENP-K and CENP-O, consistent with
results of McClelland et al. [8], and an interaction between
CENP-K and CENP-H, supporting data of Qui et al. [53],
however no interaction had been detected by Y2H between
CENP-O and either CENP-H or CENP-N [8]. We thus conclude
that to some extend CENP-N, but more efficiently CENP-L and
even more so CENP-K mainly recruit CENP-O, -U and -R to
kinetochores but much less so CENP-Q, and not CENP-P. This
finding agrees with results of Okada et al. [6] who observed in
human and DT40 cells that the localization of CENP-O, -P, -Q
and -H was disrupted in CENP-K and CENP-L depleted cells.
Our results extend their observations by identifying the pairwise
interactions responsible for the observed data: Potentially CENP-P
and CENP-Q are disrupted from CENP-K and -L depleted cells
due to being members of the CENP-PORQU complex and not
due to specific protein-protein interactions. Similarly, the dependence of CENP-U kinetochore localization on the presence of
CENP-H and -I [38] might be explained by CENP-H and -I being
required for CENP-K binding which then recruits the CENPPORQU complex. F3H yields more direct data on protein-protein
interactions than depletion experiments which by their very nature
also influence the presence of proteins down-stream of the
depleted protein.
We observed no recruitment to the ectopic chromatin site of any
CENP-PORQU protein by CENP-C. Furthermore, CENP-L and
-N do not recruit all five CENP-PORQU proteins, again
indicating that the CENP-PORQU complex does not pre-form
in the nucleoplasm.
We confirmed these F3H results by FRET studies. We
measured the close neighbourhood of CENP-K to several
CENP-PORQU proteins and to CENP-N, and found proximities
between the N-terminus of CENP-K with both termini of CENPR, the N-termini of CENP-O and -U and to the C-terminus of
PLOS ONE | www.plosone.org
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Figure 3. Centromere protein interactions analyzed by F3H assay. (A) EGFP tagged centromere proteins (bait, green) were recruited to the
lac operator repeat array by the GFP-binding protein fused to the Lac repressor (LacI-GBP). Co-expressed mCherry tagged centromere proteins (prey,
red) may either interact with the GFP-tagged protein (yellow in the overlay) or may not interact resulting in a disperse distribution. Upper two rows:
interaction between EGFP-CENP-O and mCherry-CENP-P, EGFP-CENP-P and mCherry-CENP-O. Lower two rows: EGFP-CENP-Q did not interact with
and recruit mCherry-CENP-O to the lac spot, but shows a weak interaction in the reverse combination. For all results see Table 1. Bar: 5 mm. (B): Strong
F3H interactions are displayed (++: thick lines, +: thin lines). Black bars: interactions between CENP-PORQU proteins, red arrows: recruitment of CENPPORQU proteins by CENP-K, -L, and -N. CENP-C is not able to recruit any of the CENP-PORQU proteins (data see Table 2).
doi:10.1371/journal.pone.0044717.g003
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Table 2. F3H analysis of CENP-O class protein interactions.

mCherry\EGFP

CENP-O

CENP-P

CENP-Q

CENP-R

CENP-U

CENP-K

CENP-L

CENP-N

CENP-C

CENP-O

2

++

2

++

2

+

2

2

2

CENP-P

+

2

+2

+2

+

2

2

2

2

CENP-Q

+2

2

2

+

+

2

2

2

2

CENP-R

++

+2

+

++

++

+2

++

2

2

CENP-U

2

+

++

++

++

++

+2

2

2

CENP-K

++

2

+2

+

++

+2

2

2

2

CENP-L

2

2

+2

+

+

+2

2

2

+2

CENP-N

2

2

2

+

+2

2

2

2

2

CENP-C

2

2

2

2

2

2

2

2

2

GFP-tagged CENP-O class proteins, CENP-K, -L, -N and -C (rows) were bound to ectopic chromosomes sites. When RFP-tagged CENP-O class proteins, CENP-K, -L, -N and C (lines) were recruited to these proteins, this was visible by a yellow dot. Signal intensity at the nuclear spot was used an indicator for interaction strength. ++, +: strong
interaction; +2: weak interaction; 2: no interaction.
doi:10.1371/journal.pone.0044717.t002

fluorescently labelled with TMR-star for 30 min and fixed for
examination. No TMR-star fluorescence was detected indicating
that SNAP-CENP-O is not loaded in G1 (Fig. 5C). Overall these
experiments suggest a time window of S-phase to G2 for CENP-O
loading to kinetochores. Also for CENP-T and -W [61], CENP-N
[44] and CENP-U [62] loading to kinetochores in S-phase was
observed.
Our recent work showed that CENP-T and -W [61] as well as
CENP-N [44] are loaded to human kinetochores by slow loading
dynamics, mainly during the second half of S-phase. This is in
contrast to CENP-A which is loaded at the end of mitosis and G1
[55,60]. We speculated that the CENP-O class proteins might also
be loaded slowly, mainly in S-phase. We thus studied the dynamic
binding of these EGFP-tagged CENPs by Fluorescence Recovery
After Photobleaching (FRAP) in living human U2OS cells. For
none of the five CENP-O class proteins, at any cell cycle phase, we
could detect fluorescence recovery within 150 sec after bleaching,
indicating rather stable kinetochore binding of all five proteins,
consistent with observations of Minoshima et al. [38] for CENP-U.
We then studied fluorescence recovery of these five proteins during
the cell cycle in a longer time frame, now over 4 hours. Different
cell cycle phases were identified by staining with CENP-F and by
co-expressing mRFP-PCNA for identifying S-phase and its subphases [63,64], as recently described [44,55,65]. In G1, all five
CENP-O class proteins show complete recovery; four proteins
have an exchange rate (t1/2) of about one hour while only CENPR exchanges slower with t1/2 = 2 hrs. In S-phase and G2, CENPO, -P and -Q show partial recovery values of 40 to 80% with a
slower exchange rate compared to G1 of about 2 hrs (see Table 3
and Fig. 6; in same cases for CENP-O and -P, the recovery only
allows to estimate the final recovery level (values in brackets)).
These recovery amplitudes are in the same range of values as for
those of CENP-T and -W (7068%) [61] and CENP-N (4566%,
see Table 3) [44]. The slow recovery times during the second half
of S-phase coincide with the slow recovery times of CENP-T and W (t1/2 = 70610 min) [61], but are slower than the exchange of
CENP-N (t1/2 = 3867 min) [44]. In G2, CENP-P and -Q seem to
show slightly faster recovery times compared to S-phase. The
FRAP dynamics of CENP-U and -R are distinct from that of
CENP-O, -Q and -P. CENP-U shows 100% recovery throughout
the cell cycle with the exception of late S-phase when most of
CENP-U (7162%) is immobile (the remaining 29% of CENP-U
exchange with t1/2 = 5068 min). Our FRET data indicate that
CENP-U di- or multimerises in late S-phase. This CENP-U self-

CENP-Q in the nucleoplasm outside kinetochores (data not
shown).
These data show that, with the two exceptions CENP-O/-P and
CENP-Q/-R, the pairwise CENP-O class protein interactions
detected by F3H do not result in a homo- or hetero-dimerisation
of these proteins stable enough for FCCS detection. Since these
proteins do not pre-aggregate, they must enter the nucleoplasm as
single proteins. CENP-O, -P, -Q and -R are small enough
(molecular weights ,34 kDa) for not needing a nuclear localisation domain (NLS) for entering the nucleus. Only CENP-U is
larger (47.5 kDa) and indeed contains two NLS [57,58].

PORQU loads onto kinetochores in S-phase and form a
stable subcomplex
We next asked when during the cell cycle the CENP-PORQU
complex assembles. By applying SNAP-tag technology, we
determined at which cell cycle phase CENP-O is loaded to the
kinetochore. The SNAP protein tag can catalyze the formation of
a covalent bond to a benzyl-guanine moiety coupled to different
fluorescent or non-fluorescent membrane-permeable reagents
[59]. This tag allows pulse-chase experiments at a single protein
level. Consistent with previous data [60], we detected TMR-star
fluorescence on SNAP-CENP-A only in G1 cells, confirming that
CENP-A is specifically loaded in G1, while we observed a time
window of mid G1 to G2 for CENP-N binding and loading to
kinetochores [44]. Here we transfected a SNAP-CENP-O
construct. After double-thymidine and aphidicolin block release
and applying the same protocol, we found SNAP-CENP-O
present at kinetochores of G2 cells (Fig. 5A), indicating that
CENP-O is loaded onto kinetochores in or before G2. To extend
our temporal analysis to further phases of the cell cycle, we
repeated these experiments in U2OS cells since these cells have a
longer cell cycle: 12 hrs after release and following the same
experimental procedure, U2OS cells can be analysed in late-Sphase. Here, TMR-star fluorescence for SNAP-CENP-O was
already detected in late S-phase as judged by PCNA-GFP
fluorescence (Fig. 5B). Thus, CENP-O assembles at kinetochores
already in late S-phase or earlier. Finally, to measure the earliest
time point at which CENP-O can assemble into kinetochores,
SNAP-CENP-O transfected HeLa cells were arrested in mitosis
for 12 hrs by a nocodazole block and quenched with BTP for
30 min. 4 hrs after quenching, the cells were released from
nocodazole arrest. Further 5 hrs later, SNAP-tagged CENP-O was
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absence of photobleaching, and 1 sec (inserts a2) indicating the
absence of larger protein aggregates. The cross-correlation analyses are
amplified in inserts b. (A) EGFP-CENP-O and mCherry-CENP-P indicate
complex formation in the nucleoplasm (amplitude of cross-correlation/
amplitude of mCherry signal: 29%). The amplitude of the crosscorrelation curve A(CC), relative to the diffusion-related amplitude of
one of the autocorrelation curves A(AC) of EGFP or mCherry, is a
measure of binding or dynamic colocalization [49,50]. According to this
ratio of amplitudes A(CC)/A(AC), up to 20–30% of nucleoplasmic CENPO and -P are hetero-dimers. Count rates were recorded simultaneously
for both fluorophores. The count rate detected in a 10 sec measurement (insert a1) demonstrates the absence of photobleaching, while
the count rate in a 1 sec resolution time scale (insert a2) indicates the
absence of larger protein aggregates. The autocorrelations yielded
1.069 and 1.073 for EGFP-CENP-O and mCherry-CENP-P, respectively.
The cross-correlation analysis (with a magnified scale of G(t); insert b)
resulted in a correlation of 1.02 indicating that 29% of the molecules are
co-migrating in the nucleoplasm. (B) EGFP and mCherry expressed as
single non-fused proteins (negative control) do not show any crosscorrelation (A(CC)/A(EGFP) = 0%). The count rates (inserts a1 and a2)
indicate the absence of photobleaching and larger proteins. The
autocorrelations yielded 1.316 and 1.116 for EGFP and mRFP,
respectively. The cross-correlation curve (with a magnified scale of
G(t), insert b) resulted in a value of 1.001 indicating the absence of any
complexation between EGFP and mRFP. (C) mRFP-EGFP fusion protein
(positive control) shows cross-correlation (A(CC)/A(mRFP) = 49%). The
count rates indicate that photobleaching and the presence of larger
protein aggregates can be excluded (inserts a1, a2) and that the
autocorrelations of EGFP (1.06) and mRFP (1.09) were comparable to
the values obtained for EGFP-CENP-O and mCherry-CENP-P. Crosscorrelating the two channels against each other, we obtained a value of
1.029 indicating that about 50% of the molecules are detected as a
complex (with a magnified scale of G(t) in insert b).
doi:10.1371/journal.pone.0044717.g004

assembly could reduce CENP-U exchange at the kinetochore in
late S-phase, explaining the high immobile fraction detected by
FRAP. This CENP-U/-U interaction seems not be mediated by
Plk1 since Plk1 binding to kinetochores occurs during late G2 [41].
Our data indicate that CENP-Q and CENP-U form di- or
oligomers after kinetochore binding before the onset of mitosis,
potentially denoting a conformational change.
Different from the behaviour of the other four proteins, for all
cell cycle phases CENP-R shows recovery values of 100% with
slow loading times of 2 to 3 hrs (Table 3). Thus, CENP-R recovery
is considerably slower than that of the other four CENP-O class
proteins. The observed distinct dynamical behaviour of the
CENP-O class proteins indicates that the complex does not bind
to the kinetochore as a pre-formed complex in the nucleoplasm
and that these proteins retain distinct dynamic behaviour also
when bound to the kinetochore.

Cell-cycle dependent protein abundance
The CCAN protein CENP-N shows varying abundance in the
cell with a maximal protein level at kinetochores in late S-phase
[8,44]. Furthermore, the presence of CENP-U at HeLa kinetochores increases during late G1 and early S-phase, remains high
through late S and G2 and decreases strongly during M-phase
[40]. For human CENP-O, a decrease in kinetochore presence
down to about 60% from interphase to mitosis was detected by
immuno-fluorescence [33]. Here we extended these CENP-O data
and measured the cell cycle dependent amount of CENP-O
relative to tubulin in HEp-2 cells by Western blot 2, 4, 6 (S-phase),
8 (G2), and 10 hours (M-phase) after release from a double
thymidine block (Fig. 7A). The cellular amount of CENP-O
remains rather stable from G1/S over the entire S-phase, is
reduced already in G2 and reduces further in M-phase, consistent
with findings of McAinsh et al. [33]. A corresponding Western blot

Figure 4. FCCS measurements displaying G versus lag time.
Red: mCherry (A, B) or mRFP (C), green: EGFP, black: auto-correlation.
Count rates are displayed over 10 sec (inserts a1) indicating the
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Figure 5. CENP-O loading to kinetochores measured by the SNAP-tag technology. (A) Top: schematic representation of the performed
experiment. Below: representative images of cells showing TMR-star fluorescence for SNAP-CENP-O in G2, M-phase and the following G1. Cell cycle
phases G2 (CENP-F staining of the whole nucleus) and mitosis (specific kinetochore binding of CENP-F) are clearly identified. (B) The same experiment
as in (A) was performed with U2OS cells stably expressing PCNA-GFP. SNAP-CENP-O fluorescence appears at kinetochores in late S-phase as judged
from cellular PCNA distributions. (C) Top: schematic representation of the performed experiment. Below: representative images of cells expressing
SNAP-CENP-O showing no fluorescence at kinetochores during G1. CENP-O is thus loaded to kinetochores in S-phase.
doi:10.1371/journal.pone.0044717.g005

CENP-N subunit directly binds the CENP-A CATD region of the
CENP-A containing nucleosome while the CENP-C subunit binds
the C-terminal tail of CENP-A [14–16]. In addition to these
CENP-A binding mechanisms, CENP-T/W/S/X form a unique
centromeric chromatin structure next to histone H3 containing
nucleosomes that supercoils DNA [9,12,61]. If we are to fully
understand the pathways and mechanisms that allow a mature
kinetochore to assemble, it will be crucial to define how these
chromatin-interacting complexes recruit the other 11 CCAN
subunits. Of these subunits the CENP-PORQU were reported to
form a stable complex when being expressed in E. coli [10],
whereas the CENP-H, -I, -K, -L and -M (CENP-H class) are not
known to associate into any stable sub-complexes [8]. Dependency
experiments show that CENP-PORQU requires the CENP-H
class for kinetochore binding but not vice versa [5,6,8,14,52]. The

analysis was conducted for CENP-P and CENP-Q: The level of
CENP-P decreases from late S-phase through G2 to M-phase
(Fig. 7B, D), whereas CENP-Q displayed stable protein levels from
G1/S into mitosis (Fig. 7C, D). In contrast to the constant level of
CENP-Q levels in the cell, immune-fluorescence detected an
increase of the amounts of CENP-Q at kinetochores during Sphase, reaching a maximum in late S-phase and strongly
decreasing in G2 (Fig. 7E, F).

Discussion
The centromeric histone H3 variant CENP-A is the central
marker of centromere location and inherits this location to
daughter cells [55]. The kinetochore recognizes this epigenetic
mark, in part, through the CCAN network of proteins. The
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kinetochores is maximal in late S-phase for CENP-Q, as shown
here, and at late S-phase and G2 for CENP-U [40]. This variance
of protein abundance in the cell and at kinetochores supports our
conclusion that the CENP-PORQU complex assembles from
proteins with individual behavior, and might indicate a varying
stoichiometry of the CENP-PORQU proteins in the complex.
The reported stable interaction of CENP-PORQU in E. coil
lysates [10] suggests that these proteins may form a pre-assembled
complex in the nucleoplasm before loading onto kinetochores in Sphase. We show here, however, by FCCS that the CENPPORQU subunits do not exist as a single preformed complex prior
to kinetochore-binding. Instead, in the nucleoplasm, we can only
detect a CENP-O/P (to an amount of about 50%), and, to a very
minor extent, a CENP-Q/R heterodimer. However, by F3H we
could show that each CENP-PORQU subunit can recruit two or
three other proteins of this group to an ectopic chromosomal site.
This confirms that these proteins specifically interact with each
other in mammalian cells. One caveat of this experiment is that
CCAN proteins might be specifically modified at centromere
locations. These centromere specific modifications would be
absent at the ectopic chromosomal site, potentially influencing
protein interactions. Since pair-wise binding is weak in most cases,
the strong kinetochore binding of the CENP-PORQU subunits
(identified by slow FRAP recovery times) supports multi-fold
CENP-PORQU interactions at the kinetochore. No single subunit
of CENP-PORQU can recruit all other subunits, further
supporting our finding that the complex does not pre-form in
the nucleoplasm. Our FRAP experiments, consistent with previous
studies [38], show that the cell cycle dependent turnover of CENPP/O/Q is similar but distinct from the behavior of CENP-U and
CENP-R. This indicates that the CENP-PORQU sub-complex
does not behave as a single unit but instead is an ensemble of
autonomously behaving proteins.
Our FRET measurements show that the CENP-PORQU
proteins, once bound and incorporated into the inner kinetochore
structure, are positioned in close proximity to one another.
Previously, we reported that the amino-terminus of CENP-U was
in close proximity to the amino-terminus of CENP-B and CENP-I,
but not to the amino-terminus of CENP-A and CENP-C [43].
This indicates that, to some extent, CENP-PORQU is imbedded
within the CCAN complex. Moreover, not all FRET connectivities should be thought of as occurring necessarily within a single
CCAN inner kinetochore complex (intra-CCAN FRET). It is
possible that some observed FRET proximities may reflect protein
neighborhoods between two different adjacent CCAN complexes
(inter-CCAN FRET). Such inter-CCAN interactions are likely,
given super-resolution experiments that support models in which
kinetochores are formed from multiple adjacent microtubule

Figure 6. Fluorescence recovery after photobleaching of EGFPCENP-P in mid S-phase. Normalised mean fluorescence values of 55
kinetochores taken in time steps of 30 min over 4 hours. Recovery
levels off, indicative of an about 40% immobile fraction.
doi:10.1371/journal.pone.0044717.g006

working model thus involves the stepwise recruitment of CENPN/CENP-TWSX&CENP-HIKLM&CENP-PORQU [2]. In
line with this, CENP-L can bind directly to CENP-N in vitro
[14] and may be involved in stabilising CENP-N binding to the
CENP-A nucleosome [44]. We now show by F3H that CENP-N,
CENP-K and CENP-L are all, to some extent, capable of
recruiting CENP-O, -U and -R to an ectopic chromosomal site,
whereas CENP-C is not directly involved in CENP-PORQU
binding. The next step will be to identify the physical interactions
that mediate this assembly reaction.
The CENP-PORQU proteins assemble at kinetochores during
S-phase. For example, newly synthesized CENP-O is incorporated
in S-phase and remains at the kinetochore during mitosis
(although levels decrease, consistent with previous findings [33])
into the following G1 where they can exchange slowly and to near
completion (however, without exchange with newly synthesized
CENP-O). During the cell cycle, the CENP-PORQU proteins
show different protein abundance in the cell: while CENP-Q
protein levels do not change from G1/S to M-phase, the levels of
CENP-O and -P decrease, CENP-P levels already during S-phase
but those of CENP-O only after S-phase. The protein amount at
Table 3. Long term FRAP results for the CENP-PORQU proteins.

Cell cycle

CENP-O
rec/%

CENP-P
t1/2/min

rec/%

CENP-Q
t1/2/min

CENP-U

CENP-R

rec/%

t1/2/min

rec/%

t1/2/min

rec/%

t1/2/min
125615

G1

100

71615

100

77615

90610

57610

100

72615

100

early S

(45)

-

(70)

-

5966

118615

100

163640

100

147620

mid S

(40)

-

6266

8165

6566

125630

100

93615

100

160615

late S

75615

131630

49610

103610

7568

136615

2962

5068

100

180620

G2

(80)

-

5668

7865

6466

90614

100

7668

100

137620

rec: fluorescence recovery relative to the initial fluorescence value before bleaching, t1/2: time for half height recovery (in min). Recovery values in brackets: estimated
recovery value; for these data, a t1/2 value could not be determined.
doi:10.1371/journal.pone.0044717.t003
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Figure 7. Levels of CENP-O/P/Q total protein during the cell cycle. (A) Quantitative immunoblot of CENP-O relative to a-Tubulin. Protein
amounts are measured at G1/S (0 h), 2, 4, 6, 8 and 10 hrs after release from the double thymidine block in synchronised human HEp-2 cells. CENP-F
and PCNA staining identify the time points 2, 4, and 6 hrs as S-phase, time point 8 hrs as G2 and 10 hrs as M-phase. The cellular amount of CENP-O
reduces in G2 and further in M-phase. (B, C) Quantitative immuno-blots of CENP-P and CENP-Q protein levels relative to a-Tubulin at 0 (G1/S), 2 (early
S), 4 (middle S), 6 (late S-phase), 8 (G2) hrs after release from double thymidine block in synchronized HeLa cells. Cycle stages were attributed from
FACs analysis, PCNA staining and phase contrast microscopy (data not shown). (D) Representative immunoblots showing CENP-P, CENP-Q, Cyclin-B1
and a-Tubulin at the 0 (G1/S), 2 (early S), 4 (middle S) hrs time points and cells arrested in mitosis with nocodazole (16 hrs). (E) Quantitative fourcolour immuno-flourence using anti-CENP-Q (red), CREST (green), DAPI (blue) and anti-PCNA (far red) antibodies in the same cells used in panel B.
Pixel intensities of CENP-Q (signal – background) at kinetochores (n = 50 from 5 cells) are shown for each time point after release from double
thymidine block (E) and representative images (F). CENP-Q loads onto kinetochores during S-phase reaching maximal binding in late S-phase (6 h).
Scale bar = 5 mm.
doi:10.1371/journal.pone.0044717.g007

binding and before mitosis, we detected FRET between the
CENP-Q carboxy- as well as amino-terminal regions, indicating
homo-di- or oligomerisation. We could not detect such homodimerisation at an ectopic chromosomal site, and found by FCCS
that CENP-Q migrates as a monomer in the nucleoplasm,
showing that the oligomerization event occurs at kinetochores.
This self-association of CENP-U and -Q might hint towards the
presence of more than one of these proteins (CENP-U, -Q) in one
CCAN complex, indicating a varying stoichiometry in the
complex. Alternatively, these proteins might make inter-CCAN
interactions with themselves. Such an interaction between
different CCAN complexes might induce or stabilize centromere
specific chromatin structures and/or microtubule binding sites

binding sites [66–68]. We expect that three-dimensional inner
kinetochore model building will allow us to evaluate and explore
these ideas.
The multifold interactions of the CENP-PORQU proteins
result in stable binding of these proteins to kinetochores,
suggesting a self-assembly mechanism [69]. In this regard,
CENP-U and CENP-R are able to homo-dimerise at an ectopic
chromosomal site (see Table 2), although we could not detect
homo-dimerisation from our FCCS measurements. Nevertheless,
upon kinetochore binding and before mitosis, these proteins are
proximal to themselves, as detected by FRET between CENP-U/U. Human CENP-Q, when expressed in E. coli, oligomerises into
octameric complexes [36]. In late S-phase, after kinetochore
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[70]. The latter hypothesis is attractive given that both CENP-Q
and CENP-U bind directly to microtubules in vitro [36,39]. We
speculate that this self-association of CENP-Q and -U after
kinetochore binding is a pre-mitotic maturation process that might
switch kinetochores into the correct conformation for microtubule
attachment.
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