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Abstract

Chromosome segregation is a mechanical process that requires assembly of the mitotic

spindle – a dynamic microtubule-based force-generating machine (Dumont & Mitchi-

son, 2009). Connections between chromosomes and the spindle are mediated by kine-

tochores, pairs of multi-protein complexes assembled on centromeric chromatin that

harness the pushing and pulling forces associated with microtubule dynamics to power

chromosome movement (Rago & Cheeseman, 2013). This structure is reported to be

compliant (Wan et al., 2009; Maresca & Salmon, 2009; Uchida et al., 2009; Dumont

et al., 2012; Drpic et al., 2015; Etemad et al., 2015; Tauchman et al., 2015; Magid-

son et al., 2016), which is the basis upon which it can transduce forces, and satisfy

mitotic checkpoints. However recent studies have suggested that the kinetochore is a

non-compliant linkage (Suzuki et al., 2014), while others negate the requirement for

intra-kinetochore stretch to allow onset of anaphase (Etemad et al., 2015; Tauchman

et al., 2015; Magidson et al., 2016). It is therefore crucial that the reasons for these

di�erences are elucidated, and a new model developed to explain regulatory pathways

sensitive to intra-kinetochore structure.

I have developed a novel semi-automated imaging assay to track kinetochore pro-

teins tagged with two di�erent coloured fluorescent proteins in 3D, coupled with a

detailed assay for measurement of the required correction for 3D chromatic aberration

directly from cells.

I reveal using three dimensional tracking that the kinetochore forms a non-compliant

linkage between centromeric chromatin and kintetochore spindle fibres. Instead the

outer kinetochore layer can swivel around the inner kinetochore/centromere, which re-

sults in a reduction in intra-kinetochore distance when viewed in lower dimensions, the

only 3D measurement thus far being by Etemad et al. (2015). I show that swivel pro-
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vides a mechanical flexibility that enables kinetochores at the periphery of the spindle

to engage microtubules. Swivel reduces as cells approach anaphase, explaining previ-

ous suggestions that the kinetochore needs to be stretched upon bi-orientation prior to

anaphase onset (Maresca & Salmon, 2009; Uchida et al., 2009). Reduction in swivel

suggests there is an organisational change linked to checkpoint satisfaction, and/or

changes required in kinetochore mechanochemistry before sister chromatid dysjunc-

tion. I show that Cdk1 inactivation is required to suppress kinetochore-microtubule

dynamics in anaphase, and therefore may mediate required changes in kinetochore

state.

Finally, my work opens up the possibility to map the 3D architecture of the kine-

tochore, and between di�erent domains within proteins and complexes. With such an

architectural understanding, it will now be possible to investigate the mechanisms of

organisational changes that occur during cycles of microtubule attachment and the

regulatory processes of error-correction and SAC activation/silencing.







Chapter 1

Introduction

1.1 Mitosis

Human cells are extraordinarily complex machines being built from thousands of pro-

teins with a wide range of functions. Perhaps the most important requirement for a cell

is to replicate and duplicate itself, and to do so with high fidelity and e�ciency. Indeed,

errors in these processes are linked to the development of cancer, ageing and multiple

human disease states. A fundamental part of this process is mitosis (nuclear division)

during which the duplicated chromosomes (sister chromatids) are segregated producing

two genetically identical daughter cells. Mitosis can be split into a number of di�erent

phases: during prophase the cell rounds up and the duplicated centrosomes (future

spindle poles) start to separate to opposite sides of the nucleus. Following nuclear

envelope breakdown (NEBD), the cell enters prometaphase and chromosomes make

first contact with dynamic microtubules that are nucleated by the two centrosomes.

These chromosome-microtubule interactions allow for the alignment of chromosomes

to the spindle equator, forming the classic “metaphase plate”. This process is termed

congression and is mediated by a number of key mechanisms. Once all chromosomes

have congressed to the spindle equator, the cell is in metaphase. Chromosomes in

most animal cells now exhibit movement towards and away from their attached spindle

poles. These movements require that the chromosomes bi-orientate – that is sister

chromatids are attached to microtubules nucleated from opposite spindle poles. This

is the only geometry compatible for accurate segregation, and cells have thus evolved

error-correction mechanisms to drive the bi-orientation process. At the same time, cells

1



Figure 1.1 Schematic of alignment and separation of sister chromatids in mitosis.
After DNA and centrioles have been replicated during S phase and before cells enter 
mitosis (interphase      prophase transition), DNA is condensed to form chromo-
somes. On entry into mitosis in prophase, nuclear envelope breaks down and asters 
begin to form from the centrioles. In prometaphase, spindle poles are at opposite 
ends of the cell. The mitotic spindle searches for and captures chromosomes via kine-
tochores, eventually aligning them at the metaphase plate. Once aligned, anaphase 
onset occurs as sister chromatids are separated towards opposite poles and the 
central spindle forms. The cellular membrane then constricts at the cell equator and 
a new nuclear envelope forms around the separate sets of sister chromatids.
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1.2. The Mitotic Spindle

also utilise a surveillance mechanism called the spindle assembly checkpoint (SAC) that

functions to prevent anaphase onset until all chromosomes are correctly attached to

microtubules in the bi-orientated state. Once this checkpoint is satisfied, the cell cycle

machinery is allowed to promote anaphase onset and each set of sister chromatids move

uniformly to opposite poles of the spindle. Next, the nuclear envelope re-forms around

the segregated chromosomes, the cell is divided (cytokinesis) and finally daughter cells

are physically separated by abscission (Figure 1.1).

1.2 The Mitotic Spindle

The complex set of chromosome movements that are required for the completion of

mitosis demand that there must be force-generating mechanisms that can power the

physical movements. This is achieved by the mitotic spindle (Figure 1.2), a large

bipolar array of dynamic microtubules. Microtubules are built from –- and —-tubulin

heterodimers that associate end-to-end forming protofilaments, which are themselves

organised into a hollow tube. Microtubules are polar, so that one end starts with –-

tubulin, known as the minus end, while the other end terminates with —-tubulin, known

as the plus end (Figure 1.2). Tubulin heterodimers can be added and removed from

either end of the microtubule giving rise to dynamic polymeric structures capable of

growing (or polymerising) and shrinking (or depolymerising). The transitions between

these states are termed catastrophe and rescue. Importantly, the polymerisation of mi-

crotubules allows energy to be stored in structural bonds between the tubulin subunits

in the lattice. This energy source is harnessed for doing work, i.e. the growth of micro-

tubules can generate pushing force, while the depolymerisation of microtubules has the

potential to generate pulling forces (for example if attached to a chromosome). Fur-

thermore, microtubules provide the tracks along which kinesin and dynein motors can

step. Such motorised transport can therefore also generate force and further contribute

to the movement of chromosomes during mitosis.

The mitotic spindle – at least in animal cells – requires the nucleation of micro-

tubules by centrosomes, which are composed of a centriole pair and a surrounding

3



Figure 1.2 Structure of microtubules and centrosomes.
The mitotic spindle consists of an array of microtubules nucleating from centrioles, 
which themselves predominantly consist of microtubules. Microtubules are orien-
tated so that their minus (–) ends are located at centrioles, and plus (+) ends grow 
outwards. Microtubules are constructed of α- and β-tubulin heterodimers, orientated 
so that α-tubulin is at the + end. Centrioles and the pericentriolar matrix make the 
centrosome. Diagram of microtubule adapted from McAinsh 2014. Diagram of 
centrioles adapted from Conduit et al. 2015.
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pericentriolar material (PCM). The centriole is duplicated during S-phase and is con-

structed from a cylindrical array of short microtubules (Figure 1.2). The PCM contains

proteins required for centriole duplication (Loncarek et al., 2008; for review see Doxsey

et al., 2005), and crucially, “-tubulin which nucleates spindle microtubules from their

minus end (Moritz et al., 1998; Schnackenberg & Khodjakov, 1998). This way, large

numbers of microtubules can grow from each centrosome forming a bipolar spindle with

plus ends orientated towards the opposite spindle pole (Figure 1.2). A number of these

project outwards to the cell cortex (astral microtubules) where they generate forces

that can re-position the spindle within the cell (reviewed in Lu & Johnston, 2013).

Although there is a population of free microtubules within the spindle, a subset forms

stable overlaps with microtubules nucleated from the opposite pole. These provide

structural integrity to the spindle. Of critical importance are the microtubules whose

plus ends connect to the chromosome – an event mediated by a large multi-protein

complex called the kinetochore, which assembles at the centromere of each sister chro-

matid. In human cells the kinetochore binds a parallel array of microtubules called the

kinetochore-fibre (k-fibre). There are between 12-24 microtubules per k-fibre (Comp-

ton, 2000; Rieder, 2005; Wendell et al., 1993) and this number tends to increase as cells

progress from prometaphase to metaphase (McEwen et al., 1997). The k-fibre is held

together along its length by a series of bridging complexes, which have been shown to

form a supportive mesh (Nixon et al., 2015). Loss of these factors has been shown to

reduce tension in the k-fibre (Cheeseman et al., 2013). In summary, the kinetochore

can be thought of as a coupled-mechanical system, in which kinetochores operate as a

key mechanical connector.

1.3 The Human Kinetochore

Human kinetochores are located at centromeric domains that range from ≥240 kb to

more than 4,000 kb in size. Direct observations by electron microscopy using chemical

fixation revealed that the kinetochore consists of a plate-like structure,that is around

300 nm wide and 150 nm deep (Jokelainen, 1967; Krishan & Buck, 1965; Comings
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& Okada, 1971; Roos, 1973). However high-pressure freezing, which better preserves

kinetochore structure, shows that the tri-laminar plate structure is likely to be an arte-

fact and that the kinetochore instead appears as a fibrous network (McEwen et al.,

1998; discussed in O’Connell et al., 2012). The first kinetochore proteins to be dis-

covered were CENP-A, CENP-B and CENP-C and was possible because the sera of

scleroderma patients recognised centromeres (Moroi et al., 1980; Fritzler et al., 1980;

Earnshaw & Rothfield, 1985). CENP-A is a histone H3 variant that forms a specialised

nucleosome that assembles into centromeric chromatin at G1 (Palmer et al., 1991; Sul-

livan et al., 1994; Jansen et al., 2007). This CENP-A chromatin is interspersed with

regions of histone H3 at the centromere (Blower et al., 2002) with a number of models

for the organisation of the domain proposed (Earnshaw, 2015).

The centromeric region contains repeated arrays of 171 base pair (bp) sequences

called –-satellite DNA sequences. Within –-satellite DNA there are 17 bp sequences

called the CENP-B box, which bind CENP-B (Masumoto et al., 1989). CENP-B

has recently been shown to bind directly the amino (N)-terminus of CENP-A (Fujita

et al., 2015; Fachinetti et al., 2015) and CENP-T (Hellwig et al., 2008), and to ensure

recruitment of optimal levels of CENP-C to the centromere (Fachinetti et al., 2015).

There have been contrasting views on whether CENP-B is required for faithful cell

division, some work observing errors in chromosome segregation (Ohzeki et al., 2002;

Fachinetti et al., 2015), but others suggesting that inhibition of CENP-B binding causes

no e�ect (Amor & Choo, 2002). From these founding members of the CENP family

the true extent of kinetochore protein number has been elucidated using a combination

of mass-spectrometry-based proteomics and genetic studies.

1.3.1 Constitutive Centromere-associated network (CCAN)

The kinetochore protein structure located proximal to the centromeric chromatin is the

constitutive centromere-associated network (human CCAN; Figure 1.3 A). This con-

sists of 16 proteins, each also named with the prefix ‘CENP’ (or centromere protein).

The CCAN was originally discovered by a�nity-purification of nucleosomes containing
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Figure 1.3 Structure of the consititutive centromere-associated network.
The consitutive centromere-associated network (CCAN; pink) within the kine-
tochore consists of an array of proteins prefixed with ‘CENP-’ (or centromere 
protein). A large number of CENPs interact with centromeric chromatin and are 
required for proper structure of the kinetochore, including connection to the KMN 
complex (blue).
(A) A structural map of the inner kinetochore, demonstrating interactions between 
CCAN components and sub-complexes. Direct contact between annotated proteins 
represents an interaction. Note that due to the complexity of the kinetochore, most, 
but not all, interactions are represented here.
(B) A map of dependencies of CCAN complexes on one another demonstrates the 
complexity in development and structure of the inner kinetochore. Dependency on 
localisation are represented by purple arrows, so that the purple arrow is pointing 
downstream in protein localisation dependency, i.e. the protein at the arrowhead 
depends on the presence of the protein before the arrow. Double-headed purple 
arrows represent a synergistic dependency of the pair of proteins/complexes.
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CENP-A (Foltz et al., 2006; Okada et al., 2006). At this stage the CCAN was origi-

nally called the CENP-A nucleosome-associated complex/CENP-A distal (NAC/CAD)

complex. Recent work has revealed that the CCAN can be separated into a series of

distinct sub-complexes with specific functional roles in the kinetochore:

The amino terminal of CENP-N makes a direct physical contact with its centromere

targeting domain (CATD) of CENP-A (Hellwig et al., 2011; Carroll et al., 2009). Re-

cent work demonstrated a conformational change in centromeric chromatin at the G1/S

transition which exposes CENP-A’s RG loop to facilitate recruitment of CENP-N (Fang

et al., 2015). CENP-N depletion inhibits the loading of CENP-A to centromeres dur-

ing G1 phase, which suggests that CENP-N is part of a feedback loop propagating

centromeric chromatin in dividing cells (Carroll et al., 2009). Loss of CENP-N also

causes problems in chromosome congression (Foltz et al., 2006), which is likely due

to CENP-N’s role in loading of other kinetochore proteins (Foltz et al., 2006; Carroll

et al., 2009, 2010). Furthermore, CENP-N forms a complex with CENP-L, which is also

responsible for the loading of other CCAN proteins (McKinley et al., 2015). Similarly

to CENP-N, depletion of CENP-L by RNA interference (RNAi) resulted in perturbed

chromosome congression (Mchedlishvili et al., 2012).

1.3.2 CENP-C and CENP-T

When CENP-N is bound to the N-terminus of CENP-A, its carboxy (C)-terminus is

bound to CENP-C (Carroll et al., 2010; Guse et al., 2011; Kato et al., 2013; Figure

1.3 A), which plays a central role in the recruitment of most other components of the

kinetochore (Hori et al., 2008; Milks et al., 2009; Gascoigne et al., 2011; Przewloka

et al., 2011; Hori et al., 2013; Basilico et al., 2014; Rago et al., 2015; Klare et al., 2015;

McKinley et al., 2015). Indeed, its depletion results in strong mitotic arrest (Suzuki

et al., 2014). CENP-C is targeted to the centromere by its disordered central region

(Song et al., 2002; Heeger et al., 2005; Milks et al., 2009; Tanaka et al., 2009; Carroll

et al., 2010), which recognises CENP-A’s hydrophobic C-terminal tail (Kato et al.,

2013). Its central region contains the CENP-C motif, which also recognises CENP-A
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nucleosomes (Kato et al., 2013). Furthermore, the C-terminus of CENP-C both binds

CENP-A (Carroll et al., 2010; Guse et al., 2011; Logsdon et al., 2015) and induces

homo-dimerisation (Cohen et al., 2008), while also recruiting a subunit of the CENP-A-

loading Mis18 complex, M18BP1 (Moree et al., 2011; Dambacher et al., 2014). CENP-

C has more recently been shown to be chaperoned to the centromere by the CENP-A

chaperone HJURP (Tachiwana et al., 2015), suggesting it has a key role in the initial

assembly of the kinetochore. Furthermore, CENP-C plays a role in outer kinetochore

assembly as its N-terminus binds directly to the MIS12 complex. This complex is

part of the major microtubule and checkpoint regulating KNL1-MIS12-NDC80 (KMN)

network within the outer kinetochore (Przewloka et al., 2011; Screpanti et al., 2011).

Interestingly, only ≥ 39% of the 215 CENP-C proteins per human kinetochore are

bound to the MIS12 complex and this only forms connections with ≥ 32% of the total

number of NDC80 complexes (Suzuki et al., 2014).

The remaining 68% of linkages between the inner and outer kinetochore are medi-

ated by CENP-T. This protein binds both centromeric chromatin and directly to the

Ndc80 complex (Hori et al., 2008; Nishino et al., 2012). More specifically, CENP-T

binds the N-terminal tail of CENP-A (Logsdon et al., 2015; Folco et al., 2015) and forms

a heterodimer with CENP-W (Prendergast et al., 2011), which interacts directly with

histone H3 but not CENP-A (Hori et al., 2008; Figure 1.3 A). Indeed, CENP-T has been

observed to be in proximity to histone H3 using super-resolution microscopy (Ribeiro

et al., 2010). CENP-T/W can also form a complex with a heterodimer of CENP-S

and CENP-X (Amano et al., 2009). Biochemical experiments suggest that the full

CENP-T complex can form a nucleosome-like structure (Nishino et al., 2012), which

preferentially dimerises to bind ≥100 bp DNA linkers between nucleosomes (Takeuchi

et al., 2014; Figure 1.3 A). In contrast to experiments showing no preference of binding

between pairs of histone H3 or CENP-A (Takeuchi et al., 2014), Förster resonance

energy transfer (FRET) experiments demonstrate the complex prefers to be in prox-

imity to histone H3 (Dornblut et al., 2014). The CENP-T complex also positively

supercoils DNA (Nishino et al., 2012), which is dependent on the CENP-T/W DNA
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binding sites only (Takeuchi et al., 2014). Additionally it has been suggested that not

all kinetochore-associated CENP-T/W dimers are present within the CENP-T/W/S/X

heterotetramer (Samejima et al., 2015a). This is likely given that CENP-S- and CENP-

X-deficient cells are viable (Amano et al., 2009) whereas removal of CENP-T/W causes

a strong mitotic delay (Hori et al., 2008; Prendergast et al., 2011; Suzuki et al., 2014).

Interestingly, removal of CENP-T from a mature kinetochore causes a much weaker

phenotype (Wood et al., 2016), which, along with the notion that CENP-T/W/S/X

may wrap centromeric DNA around itself (Fukagawa, 2012), supports the suggestion

that the CENP-T/W dimer has a role in establishing centromeric chromatin struc-

ture upstream of kinetochore assembly (Hori et al., 2008). In contrast, CENP-S/X

functions downstream of other CCAN proteins, but has also been shown to contribute

to localisation of outer kinetochore components (Amano et al., 2009). This explains

why CENP-S was discovered in a�nity purifications of CCAN proteins downstream of

CENP-T/W in kinetochore formation (Foltz et al., 2006). One such sub-complex of

the CCAN that localises upstream of CENP-S/X is the CENP-H complex. Its degra-

dation results in loss of CENP-S/X (Amano et al., 2009), but maintains localisation of

CENP-T/W (Hori et al., 2008).

1.3.3 Other CCAN sub-complexes

The CENP-H complex consists of CENP-H, -I, -K and -M (Figure 1.3 A) and is required

for e�cient chromosome congression and normal regulation of kinetochore-microtubule

(kMT) dynamics (Sugata et al., 1999; Nishihashi et al., 2002; McClelland et al., 2007;

Nishimura et al., 2009; Amaro et al., 2010; Suzuki et al., 2014). The inability to faith-

fully align chromosomes may be due to its role in loading of newly-synthesised CENP-A

(Okada et al., 2006), which would result in poorly-structured centromeric chromatin in

mitosis. On the other hand, it may be due to its association with CENP-T/W (Basil-

ico et al., 2014; Klare et al., 2015) or, more likely it essential role in recruitment of

the CENP-O complex (see below). While CENP-T/W binds DNA it also requires its

interaction with CENP-H/K to stably localise to kinetochores (McKinley et al., 2015).
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Thus any loss of the CENP-H complex would destabilise linkages between the inner and

outer kinetochore. Similarly, CENP-C also requires CENP-H for kinetochore-binding

although CENP-H to some extent also requires CENP-C (Fukagawa et al., 2001; Nishi-

hashi et al., 2002; Kwon et al., 2007; Milks et al., 2009; Carroll et al., 2010; Basilico

et al., 2014; Klare et al., 2015; McKinley et al., 2015). In fact, CENP-C binds the

CENP-H complex directly via a region in the N-terminus of CENP-C (Klare et al.,

2015). As a further interesting structural note, CENP-M doesn’t directly bind CENP-

H or -K, but is believed to be located within a concave region of the solenoid-shaped

CENP-I, an interaction which is key to loading of CENP-I/M to kinetochores (Basilico

et al., 2014). Together these findings imply a synergistic role for each protein complex

in the assembly of the kinetochore (Figure 1.3 B, purple arrows). This is supported by

observation of compromised inner-kinetochore structure when either CENP-C, CENP-

T, CENP-H or a combination of the three is depleted by RNAi in human cells (Suzuki

et al., 2014). Thus CENP-H/I/K/M, along with CENP-T and CENP-C are the central

linkers that physically connect the inner and outer kinetochore.

Four of the remaining five CCAN proteins, CENP-P, -O, -Q, and U (also called

PBIP1), form the CENP-O complex (Figure 1.3 A). The CENP-O complex contains

the only set of subunits within the CCAN that, upon their depletion, do not cause

the loss of any other inner kinetochore proteins (Hori et al., 2008; Kagawa et al.,

2014; Samejima et al., 2015a). Furthermore, when any other CCAN proteins or sub-

complexes are depleted by RNAi, the CENP-O complex no longer localises to kine-

tochores (Okada et al., 2006; Foltz et al., 2006; McClelland et al., 2007; Hori et al.,

2008). This result was confirmed recently in HeLa cells using deletion of the endoge-

nous genes by CRISPR/Cas9 (McKinley et al., 2015). The one exception is CENP-R,

which associates with the CENP-O complex directly and is not required for CENP-O

complex binding at the kinetochore (Hori et al., 2008). The CENP-O complex loads

to kinetochores during S phase, and is then thought to oligomerise, an idea supported

by the formation of CENP-Q octomers in vitro (Amaro et al., 2010), and an increase

in FRET signal between N- and C-termini of CENP-Q and CENP-U during late S
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phase (Eskat et al., 2012). The CENP-O complex has been suggested to associate

with a number of kinetochore proteins including CENP-L, -K (Eskat et al., 2012), the

C-terminus of Ndc80 in human cells (Hua et al., 2011), the CENP-H complex in DT40

cells (Minoshima et al., 2005), and the CENP-C and Mis12-Nnf1 homologues Mif2 and

Mtw1-Nnf1 in budding yeast (Hornung et al., 2014). In human cells CENP-U may

also form interactions with CENP-B/CENP-I based on FRET experiments (Hellwig

et al., 2009) and is a key targeting subunit for polo like kinase 1 (Plk1; Kang et al.,

2011a; Park et al., 2011; Bancroft et al., 2015; Park et al., 2015). The CENP-Q and

-U components have also been observed to directly bind microtubules in vitro (Amaro

et al., 2010), and contribute to chromosome congression (Foltz et al., 2006; Hori et al.,

2008; Kang et al., 2011a; Bancroft et al., 2015). Finally, the complex has been linked

to the generation of kinetochore-based pushing forces that contribute to the pushing

apart of centrosomes during prometaphase (Toso et al., 2009).

Interestingly, depletion of CENP-O complex subunits varies across cell types: mouse

ES cells are not viable after removal of CENP-U, whereas chicken DT40 and mouse

embryonic fibroblasts experienced mitotic defects that were not detrimental to cell

proliferation (Kagawa et al., 2014). Indeed knockout of any of the CENP-O complex

subunits from DT40 cells did not a�ect cell viability, all knockouts aside from CENP-R

resulting only in delayed mitotic progression albeit with increased numbers of uncon-

gressed chromosomes (Hori et al., 2008). In line with this, our experiments in human

cells show how CENP-O is important for chromosome congression (McAinsh et al.,

2006). Why conditional knock-outs of CENP-O were reported to have no phenotype

is unclear (Cheeseman, 2014). Most recently it was observed that other CCAN pro-

teins accumulate at kinetochores in CENP-O- or CENP-R-deficient DT40 cells, which

suggests the CENP-O complex regulates the size of the inner kinetochore without af-

fecting cell viability (Samejima et al., 2015a). This is in line with the original reports

of an increase in CENP-H/I//K/M following depletion of CENP-O in human cells

(McClelland et al., 2007).

Overall, the inner region of the kinetochore is home to an array of proteins with
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varying loading cycles through the cell cycle (Hemmerich et al., 2008). However the

multitude of protein-protein interactions within the complex possibly make this one of

the most di�cult systems within the kinetochore to unravel (Figure 1.3 B). It is worth

noting that there are other kinetochore proteins prefixed by ‘CENP’, including CENP-

E and CENP-F, however these are not part of CCAN being localised at the fibrous

corona, which is distal to the outer kinetochore. CENP-E’s role in search-and-capture

and congression processes is discussed below (see § 1.3.5).

1.3.4 Microtubule-binding Complexes

The inner kinetochore components build a platform upon which the outer kinetochore

can be assembled (Cheeseman & Desai, 2008). The main components of the CCAN me-

diating this linkage between the inner and outer kinetochore are CENP-C and CENP-

T, which bind components of the KNL1-MIS12-NDC80 (KMN) network (e.g. Rago

et al., 2015; Figure 1.4). Furthermore, the kinetochore also recruits the Ska complex

as part of the outer kinetochore (Gaitanos et al., 2009; Figure 1.4). While the CCAN

ensures e�cient assembly of the kinetochore to centromeric chromatin, the KMN and

Ska complex mediate attachment to the mitotic spindle through direct interactions

with microtubules. Therefore the localisation and regulation of the KMN is crucial for

faithful cell division.

The NDC80 complex is the major microtubule binding sub-complex within the

KMN network (DeLuca et al., 2004). It consists of four subnuits: Ndc80 (also called

Hec1), Nuf2, Spc24, and Spc25 (Wigge & Kilmartin, 2001; McCleland et al., 2004;

Cheeseman et al., 2006). Each of these four proteins contain globular domains at-

tached to extended coiled-coils that mediate the intra-complex interactions. Ndc80

and Nuf2 dimerise so that the calponin-homology domains in their N-termini are in

proximity with one another, Spc24 and Spc25 doing the same so that their C-terminal

heads are adjacent (Ciferri et al., 2005; Wei & Sorger, 2005). The N-terminal heads

of Ndc80/Nuf2 bind microtubules directly (DeLuca et al., 2006; Cheeseman et al.,

2006), potentially forming oligomers along the microtubule lattice (Alushin et al.,
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Figure 1.4 Structure of the microtubule-binding outer kinetochore.
The KNL1-MIS12-NDC80 (KMN; blue) is constructed upon the CCAN (pink) in the 
inner kinetochore. The NDC80 and KNL1 complexes bind microtobules, while the 
MIS12 mediates attachments between inner and outer kinetochore proteins. The 
SKA complex (green) also binds microtobules and associates with the KMN 
network. Microtubule-binding regions of each complex are shown in red.
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2010). Meanwhile their C-termini associate with the amino-terminal coiled-coils of

Spc24/25 to form a 50 nm length, dumb-bell shaped structure (Ciferri et al., 2005;

Wei & Sorger, 2005; Figure 1.5). The N-terminus of Ndc80 also contains an extension,

called the Ndc80 ‘toe’, which contains key regulatory sites that are phosphorylated by

Aurora-B (DeLuca et al., 2006; Nousiainen et al., 2006; Ciferri et al., 2008; Malik et al.,

2009; DeLuca et al., 2011). The number of sites phosphorylated in early mitosis is high

(DeLuca et al., 2011), but decreases to zero or one in metaphase, presumably as PP1

is recruited to the kinetochore (Zaytsev et al., 2014). The gradual dephosphorylation

of the toe increases the a�nity of Ndc80 for microtubules This way individual NDC80

complexes bind more tightly towards the end of metaphase leading to a stabilisation

of microtubule-kinetochore attachment (Zaytsev et al., 2015) (Guimaraes et al., 2008;

Miller et al., 2008). At the centromere-facing end of the complex, each Spc24 and Spc25

have RING finger, WD repeat, DEAD-like helicase (RWD) domains at their C-terminal

(Wei et al., 2006; Ciferri et al., 2008; Malvezzi et al., 2013; Nishino et al., 2013). These

domains bind the Nsl1 and Dsn1 subunits of the MIS12 complex (Petrovic et al., 2010;

Malvezzi et al., 2013; Aravamudhan et al., 2014). Spc24/25 also bind the N-terminus of

CENP-T in a mutually exclusive manner to MIS12, an association that is strengthened

by phosphorylation of CENP-T’s N-terminus (Nishino et al., 2013). Truncation, or ex-

pression of a non-phosphorylatable version of CENP-T diminishes the recruitment of

the KMN network (Rago et al., 2015). This connection is therefore important for the

linkage between the inner and outer kinetochore (Rago et al., 2015). Taken together

the NDC80 complex forms a rigid rod-like structure that binds microtubules and is

recruited to kinetochores via two redundant pathways (Mis12 and CENP-T).

In addition to binding the NDC80 complex, the MIS12 complex is also responsible

for binding additional components of the inner and outer kinetochore (Figure 1.4). It

is therefore considered a major “interaction hub” within the kinetochore. It assembles

from four subunits: Mis12, Dsn1, Nsl1, and Nnf1, forming a ≥ 22 nm-long complex

(Petrovic et al., 2010; Figure 1.5). The Nsl1 and Dsn1 subunits have been shown to

directly bind the NDC80 complex (Petrovic et al., 2010; Malvezzi et al., 2013; Arava-
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Figure 1.5 Structure of each complex in the outer kinetochore.
Schematics of the MIS12, NDC80, KNL1 and SKA complexes demonstrating the 
currently understood intra-complex structure. Calponin-homology (CH), RING 
finger, WD repeat, DEAD-like helicase (RWD), and microtubule- (MT-)binding 
domains of each complex are annotated. MELT motifs within Knl1 are also anno-
tated.

Spc24

Spc25

Ndc80

Nuf2 Ndc80
toeRWD

domains

Mis12

Nnf1

Nsl1

Dsn1

RWD
domain

Zwint

Knl1

MIS12 complex NDC80 complex

KNL1 complex SKA complex

MT-binding
domain

Ska2

Ska1

Ska3

CH
domains

MELT
motifs

Chapter 1 – Introduction

16



1.3. The Human Kinetochore

mudhan et al., 2014) while the MIS12 complex binds CENP-C’s N-terminus (Screpanti

et al., 2011) via the Nnf1 subunit (Przewloka et al., 2011). Similar to perturbation

of CENP-T’s linkage with outer kinetochore components, over-expression of a trun-

cated version of CENP-C devoid of its ability to bind centromeric chromatin resulted

in perturbed chromosome congression (Screpanti et al., 2011). When endogenous full-

length CENP-C was still present in these cells the truncated form competed for binding

to outer-kinetochore proteins causing mis-localisation of both the MIS12 and NDC80

complexes. Similar regions of the Nsl1 and Dsn1 subunits also bind an RWD domain in

Knl1’s C-terminus (Petrovic et al., 2014). This recruitment is important, as Knl1 plays

a central role in spindle assembly checkpoint (SAC) signalling through recruitment of

Bub3 (see section 1.4), recruitment of the PP1 phosphatase, as well as a minor role in

microtubule binding (Cheeseman et al., 2006; for review see Ghongane et al., 2014).

Moreover, Knl1 is required for the Aurora B-dependent phosphorylation of Ndc80 (Cal-

das et al., 2013). Knl1 forms a stable complex with Zwint-1 which stabilizes the binding

of the Rod-Zwilch-Zeste White 10 (RZZ) complex at kinetochores and contributes to

SAC function (see section 1.3.7 below; Wang et al., 2004; Kops et al., 2005; Kiyomitsu

et al., 2011).

MIS12 may make an additional contribution to kinetochore assembly: in budding

yeast Mtw1 (Mis12) and Nnf1 subunits of the MIND (Mis12) complex has been sug-

gested to interact with the inner-kinetochore COMA complex (De Wulf et al., 2003),

the equivalent of the human CENP-O complex (Hornung et al., 2011). This implies a

potential link between the MIS12 and CENP-O complexes in humans with their RWD

domains potentially mediating interaction with the MIS12 complex in a similar fashion

to Spc24/25 and Knl1 (Schmitzberger & Harrison, 2012).

A complex not considered part of the KMN network whose microtubule-binding

is required for faithful chromosome congression is the Spindle Kinetochore Associ-

ated (SKA) complex. This complex consists of three subunits: Ska1, Ska2, and Ska3

(Hanisch et al., 2006; Daum et al., 2009; Gaitanos et al., 2009; Raaijmakers et al.,

2009; Welburn et al., 2009; Ohta et al., 2010) and requires the presence of the NDC80
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complex for its recruitment to kinetochores (Gaitanos et al., 2009). Each of the three

subunits contain coiled-coil domains and form a W-shaped di-hetero-trimeric complex

with two distinct microtubule binding domains (Gaitanos et al., 2009; Jeyaprakash

et al., 2012; Figure 1.5). It is specifically thought to mediate depolymerisation-coupled

pulling with the purified complex being able to track depolymerising microtubules in

vitro (Welburn et al., 2009; Schmidt et al., 2012). As a consequence, its depletion

from kinetochores results in errors in microtubule attachment and chromosome con-

gression (Gaitanos et al., 2009; Raaijmakers et al., 2009; Welburn et al., 2009). Loss of

Ska1 or Ska2 also results in perturbation to normal timing of anaphase onset (Hanisch

et al., 2006; Daum et al., 2009), and has been suggested to stabilise NDC80 binding

(Jeyaprakash et al., 2012). Furthermore, Ska1 and Ska3 contain Aurora-B dependent

phosphorylation sites for regulation of binding to microtubules (Chan et al., 2012).

1.3.5 MAPs and Molecular Motors

A number of microtubule-associated proteins (MAPs) and molecular motors also asso-

ciate with the kinetochore. These proteins do not contribute to kinetochore structure

per sé, but instead regulate microtubule dynamics, and therefore contribute to chromo-

some congression, the ability of kinetochores to utilise microtubule-generated forces,

and spindle positioning. End binding (EB) proteins, which include EB1, EB2 and EB3,

(Bu & Su, 2001) are thought to have distinct functions during mitosis. EB1 binds poly-

merising microtubules at kinetochores (Tirnauer et al., 2002) and mediates focussing of

mitotic spindle fibres (Goshima et al., 2005). Furthermore, its depletion reduces kine-

tochore sister separation (Draviam et al., 2006). Meanwhile, CLASPs ensure exclusive

end-binding activity of EB1 (Grimaldi et al., 2014) and stabilises overlapping micro-

tubules in the mitotic spindle (Bratman & Chang, 2007). Plus-tip interacting proteins

(+TIPS) interact with molecular motors in order to regulate microtubule dynamics

(e.g. Ma�ni et al., 2009; Montenegro Gouveia et al., 2010). While not intensively

studied in mitosis, +TIPS clearly play a role in faithful cell division, and therefore

it will be important to elucidate their responsibilities in the future. For reviews, see
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van der Vaart et al. (2009).

Molecular motors are capable of using the cytoskeleton to move important resources

within the cell. During mitosis, molecular motors are also responsible for facilitating

accurate congression of chromosomes to the spindle equator. These motors include

CENP-E, dynein, Kif18a, MCAK and Kif2b. CENP-E is a plus-end directed motor,

dimerising via a coiled-coil domain and binding unattached kinetochores and k-fibres

through its N- and C-termini, respectively (Kim et al., 2008; Gudimchuk et al., 2013).

Once bound to an unattached kinetochore, CENP-E utilises its motor activity to glide

laterally along k-fibres to the metaphase plate (Kapoor et al., 2006; Cai et al., 2009),

independently of whether the kinetochore is unattached or mono-orientated (Cai et al.,

2009). It then tracks the microtubule tip until that kinetochore becomes bi-orientated

(Gudimchuk et al., 2013), as it is required in the conversion of lateral to end-on attach-

ment (Shrestha & Draviam, 2013). Its depletion or inhibition results in an increase in

polar chromosomes, demonstrating that it is required for complete chromosome con-

gression (Barisic et al., 2014; Bancroft et al., 2015). CENP-E’s coiled-coil region is

required for stable kMT attachments, demonstrating a role after bi-orientation (Vitre

et al., 2014). Dynein also plays a role in chromosome congression, however is instead

a minus-end directed motor capable of moving chromosomes towards the spindle poles

(Li et al., 2007; Yang et al., 2007). Once there, the kinetochore can more easily make

attachments to the mitotic spindle, then may be congressed to the metaphase plate

by CENP-E or by depolymerisation coupled pulling if bi-orientated. Dynein has also

been proposed to have roles in spindle positioning (O’Connell & Wang, 2000; Samora

et al., 2011), generation of stable kMT attachments (Ho�man et al., 2001; Yang et al.,

2007), and the stripping of various proteins from the kinetochore (Ho�man et al., 2001).

Kif18a and MCAK share the ability of MAPs to induce changes in microtubule dynam-

ics, while also containing motor domains. Kif18a is a plus-end directed motor (Mayr

et al., 2007) capable of binding microtubules and accumulating at plus-ends near the

kinetochore (Stump� et al., 2011; Weaver et al., 2011). However it is also located along

k-fibres, and has been suggested to regulate spindle length (Weaver et al., 2011); in-
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deed, its depletion results in elongated spindles (Mayr et al., 2007). At the kinetochore,

it inhibits microtubule activity (Bringmann et al., 2004; Mayr et al., 2007) in order

to ensure localisation of chromosomes at the spindle equator (Stump� et al., 2008,

2012). Unlike other motors mentioned here, MCAK is in fact a non-motile kinesin,

instead associating with the inner kinetochore to promote microtubule depolymerisa-

tion (Hertzer et al., 2003; Hunter et al., 2003). This depolymerase activity depends on

an interplay between MCAK’s N- and C-termini (Ems-McClung et al., 2007), and its

localisation depends on its C-terminus (Zong et al., 2016). It is utilised both in ensur-

ing that CENP-E-mediated lateral attachments can be removed once the kinetochore

becomes partially end-on attached (Shrestha & Draviam, 2013), and as part of Aurora

B-mediated error correction mechanisms during metaphase (see § 1.3.6). Kif2b, also a

depolymerase, localises to the outer kinetochore and plays the same role as MCAK in

correcting for erroneous kMT attachments during prometaphase.

1.3.6 Chromosome passenger complex

The chromosome passenger complex (CPC) binds centromeric chromatin and provides

a mechanism to ensure that chromosomes are correctly attached to spindle microtubules

at metaphase. In addition, the CPC is required for SAC function, mitotic chromosome

structure, and cytokinesis (reviewed in van der Horst & Lens, 2014). The CPC is com-

posed of Aurora B kinase, Survivin, Borealin and INCENP, and is highly conserved

within eukaryotes. Its localisation to the inner centromere during mitosis depends on

interaction of Survivin and Borealin with the N-terminus of the inner centromere pro-

tein (INCENP; Klein et al., 2006; Vader et al., 2006; Jeyaprakash et al., 2007) and

phosphorylation of histones H3 by Haspin kinase (Kelly et al., 2010; Wang et al., 2010;

Yamagishi et al., 2010) and H2A by the Bub1 kinase (Kawashima et al., 2010). Phos-

phorylation of H2A has been shown to recruit Shugoshin proteins, which contribute to

the localisation of not only CPC but other key proteins involved in error correction,

including MCAK and PP2A (Huang et al., 2007; Foley et al., 2011; Eshleman & Mor-

gan, 2014; Peplowska et al., 2014; Meppelink et al., 2015). INCENP then also binds

20



1.3. The Human Kinetochore

Aurora B via its C-terminus (Adams et al., 2000; Kaitna et al., 2000), allowing the

process of Aurora B activation (Xu et al., 2009). INCENP also contains binding sites

for —-tubulin (Wheatley et al., 2001) and heterochromatin protein 1 (HP1) (Ainsztein

et al., 1998; Nozawa et al., 2010; Kang et al., 2011b), which are required for correct

localisation of the CPC to microtubules and chromatin, respectively.

During mitosis, Aurora B binding to INCENP results in phosphorylation of IN-

CENP and auto-phosphorylation events, both of which increase its kinase activity

(Bishop & Schumacher, 2002; Honda et al., 2003). Full activation is thought to be

caused by a positive feedback loop within local centromeric chromatin, where there is

a high concentration of CPC (Kelly et al., 2007). Furthermore, Aurora B phospho-

rylates the kinase domain of Haspin, increasing its activity and therefore promoting

further incorporation of the CPC into centromeres (Wang et al., 2011). Additionally,

Aurora B phosphorylates Plk1 (Carmena et al., 2012), which then phosphorylates sites

in Survivin required for the activity of Aurora B (Chu et al., 2011). Therefore initial

activity of Aurora B initiates a feed-forward loop that sustains activity and localisation

of the CPC during mitosis, which is necessary for e�cient error correction at mitotic

kinetochores.

Active CPC destabilises and corrects erroneous attachments at mitotic kinetochores

and inhibition or depletion of Aurora B, or other CPC components, results in an in-

crease in merotelic and syntelic attachments (Gassmann et al., 2004; Hauf et al., 2003;

Lampson et al., 2004; Cimini et al., 2006). The mechanism by which Aurora B desta-

bilises attachments is through phosphorylation of multiple components of the outer

kinetochore. Specifically, Aurora B directly phosphorylates the N-terminus of Ndc80.

Non-phosphorylatable mutants of Ndc80 display increased merotelic and syntelic at-

tachments (DeLuca et al., 2006, 2011), whereas phospho-mimetic mutants of Ndc80

fail to maintain stable attachment to microtubules (Guimaraes et al., 2008). This

broadly matches the phenotype of Aurora B inhibition with small molecules. Aurora

B also phosphorylates sites in Knl1, to reduce binding of PP1 to Knl1, and the SKA

complex (Welburn et al., 2010; Chan et al., 2012), which inhibits binding of SKA com-
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plex to microtubules. In vitro microtubule binding experiments support this model as

phospho-mimetic mutants of both Ska and Ndc80 complexes have lowered microtubule

binding a�nity (Cheeseman et al., 2006; Welburn et al., 2010). Interestingly, Aurora

B has been shown to promote phosphorylation of MCAK at the centromere (Andrews

et al., 2004; Lan et al., 2004; Tanenbaum et al., 2011), possibly via phosphorylation of

PLK1 (Shao et al., 2015) and the Kif2a and Kif18b motor proteins (Knowlton et al.,

2009; Tanenbaum et al., 2011). Aurora B has also been suggested to phosphorylate

MCAK directly to spatially and temporally regulate its function (Lan et al., 2004;

Zhang et al., 2007; Ems-McClung et al., 2013). Additionally, MCAK (and PP2A) cen-

tromere recruitment is promoted by Aurora B’s phosphorylation at multiple sites on

shugoshin-like protein, Sgo2, in humans (Tanno et al., 2010). Perturbation in MCAK’s

function causes problems in spindle assembly (Ems-McClung et al., 2007). Along with

MCAK, Kif2a and Kif18b are microtubule depolymerases, and therefore may act to

destabilise microtubules erroneously attached to kinetochores. This would therefore

contribute to the overall e�ciency of error correction.

It is currently thought that CPC kinase activity forms a gradient from the inner

centromere to spatially regulate error correction at the outer kinetochore. Accord-

ing to this model, bi-orientation of kinetochore pairs stretches the outer kinetochore

away from the centromeric pool, thereby gradually reducing the chance that Aurora B

kinase would interact with its substrates. Consistent with this, over-expression of Au-

rora B broadens these centromeric gradients and causes destabilisation of attachments

(Muñoz-Barrera & Monje-Casas, 2014). Alternatively, another model suggests that the

active pool of Aurora B is located proximal to the inner kinetochore at phosphorylated

histone H3 interspersed with CENP-A, but is instead capable of targeting Aurora B by

extending INCENP towards the outer kinetochore. This model requires that the outer

kinetochore moves out of reach of INCENP-bound Aurora B. This has been referred

to as intra-kinetochore stretch. In line with this hypothesis is that the level of outer

kinetochore protein Dsn1’s phosphorylation is dependent upon the length of INCENP’s

central –-helical domain (Samejima et al., 2015b).
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1.3.7 Spindle assembly checkpoint proteins

The SAC is required in all cells to ensure that every chromosome is aligned at the spin-

dle equator and correctly attached to the mitotic spindle. Once all chromosomes are bi-

orientated, the SAC becomes deactivated, allowing the cell to transition into anaphase

(for review see Agarwal & Varma, 2014). When activated, SAC proteins bind to the

outer kinetochore, and dissociate when the SAC is silenced. Knl1 contains a number

of conserved MELT repeats in the disordered domain between its microtubule- and

Zwint-binding regions, each of which are phosphorylated by Mps1 in order to promote

binding of SAC signalling proteins when MELT motifs are phosphorylated by Mps1 ki-

nase (Vleugel et al., 2013). The total number of MELT repeats is crucial for a su�cient

SAC signal, as non-phosphorylatable mutants fail to maintain the spindle checkpoint

(Zhang et al., 2014). Mps1 in fact works in conjunction with Plk1 (von Schubert et al.,

2015) to allow hierarchical loading of Bub3 (Primorac et al., 2013) and Bub1 (Brady

& Hardwick, 2000), which then promotes loading of BubR1 (Zhang et al., 2015). The

Mad1/Mad2 complex can then be loaded via a Mps1-dependent Bub1-binding site

within Mad1 (Brady & Hardwick, 2000; London & Biggins, 2014; Moyle et al., 2014).

In human cells, Mad1 and Mad2 localise to kinetochores independently of Knl1 (Silió

et al., 2015) by a mechanism that requires the RZZ complex (Bu�n et al., 2005; Kops

et al., 2005; Silió et al., 2015). It is then that, upon microtubule attachment, dynein

localised to the kinetochore by Spindly (Gri�s et al., 2007) strips Mad1, Mad2 and the

RZZ complex from kinetochores (Howell et al., 2001; Wojcik et al., 2001). Association

of Mad1/Mad2 to the kinetochore requires Ndc80, as it provides a binding site for

Mps1 kinase (Martin-Lluesma et al., 2002). In unattached budding yeast kinetochores,

Ndc80-bound Mps1 is located in proximity with Spc105 (Knl1 homologue), however

this spatial proximity is lost upon microtubule binding (Aravamudhan et al., 2014).

Mps1 association with Ndc80 occurs in direct competition with microtubule binding,

and therefore displaced when kinetochores engage microtubules (Ji et al., 2015; Hiruma

et al., 2015).

Throughout mitosis, Mad2 is present in the cell in either an open or closed con-
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formation (reviewed in Peters, 2006). Once located at the kinetochore, Mad2 is in its

closed conformation (C-Mad2), which promotes the conversion of open Mad2 (O-Mad2)

into its closed form. Any free C-Mad2 is associated as part of the mitotic checkpoint

complex (MCC), which consists of C-Mad2, Cdc20, BubR1 and Bub3 (Fraschini et al.,

2001; Hardwick et al., 2000; Sudakin et al., 2001). This forces Cdc20 into an inactive

form (Sudakin et al., 2001). However, upon silencing of the SAC, the MCC disassembles

and Cdc20 becomes active. It then targets the anaphase promoting complex (APC),

which initiates the degradation of the mitotic cyclin, CyclinB1. CyclinB1 is associated

with Cdk1 during mitosis to ensure its activity, however once CyclinB1 is degraded,

Cdk1 becomes inactive. In parallel, active Cdc20 induces the degradation of securin,

allowing the separase protein to become active. Separase then cleaves cohesin between

sister chromatids, allowing for their physical separation. Cdk1 phosphorylates a large

number of substrates in mitosis, including those involved in kinetochore structure, er-

ror correction, and SAC signalling (reviewed in Peters, 2006). Inactivation of Cdk1 at

anaphase onset ensures that its substrates become e�ciently dephosphorylated by pro-

tein phosphatases PP1 and PP2A, and therefore error correction and SAC signalling

are terminated. Indeed, maintenance of Cdk1 activity after sister dysjunction results

in re-localisation of Aurora B and Mad2 to kinetochores, and therefore destabilised

kMT attachments (for further analysis, see § 6; Vázquez-Novelle et al., 2014).

Importantly, while MAPs, molecular motors, and proteins involved in error correc-

tion mechanisms and spindle checkpoint activity do not contribute directly to kineto-

chore structure, their activity requires the full complement of inner and outer structural

proteins, and is regulated by the interaction of the outer kinetochore with microtubules.

Furthermore, CyclinB1 plays an important role in ensuring that Cdk1 activates these

mechanisms during prometaphase and metaphase, but is silenced at anaphase onset.

The structure and conformation of kinetochores has therefore been an important topic

of interest for many groups seeking to understand the mechanisms behind force gener-

ation at kinetochores, error correction, and SAC satisfaction.
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1.4 Kinetochore dynamics

A powerful way to understand kinetochore structure in relation to force generation and

attachment state, is to investigate their dynamic behaviour and then define the molec-

ular components required for specific mechanical events. Such dynamics have been

studied for decades with classic studies in the late 1980s using video enhanced di�eren-

tial interference contrast microscopy to lay out the key sets of chromosome movements

during mitosis in newt lung cells: first, kinetochores were observed to move rapidly to

their attached pole, presumably driven by lateral sliding and motors. Second, sister

kinetochores bi-orientate and move processively towards the spindle equator (congres-

sion). Third, once at the equator (and to some extent during congression), they exhibit

deterministic back-and-forth motion about the metaphase plate (Skibbens et al., 1993).

This phenomenon was termed chromosome directional instability. This may provide a

mechanism for kinetochores to maintain a chromosome’s position ready for anaphase

onset. It is the regulation of microtubule dynamics that allows the processive move-

ment and oscillation of sister kinetochores. Imagine the most basic situation, so that

a bi-orientated kinetochore pair is bound to only one individual microtubule each (as

would be the case in budding yeast). Also imagine that their orientation is such that a

straight line can be drawn through the kinetochore pair and both spindle poles, i.e. all

four bodies are co-linear. If this pair of kinetochores moves along that line in unison, one

kinetochore would move towards its spindle pole, while its sister would move away from

its pole (Figure 1.6 A). This implies that the poleward (P) moving (lead) kinetochore

is attached to a depolymerising microtubule, while the (trailing) away-from-the-pole

(AP) moving kinetochore is attached to a polymerising microtubule.

Recent advances in our understanding of kinetochore dynamics has come form the

use of fluorescent proteins (FPs) that can be fused to a marker (i.e. CENP-A), and that

when exposed to light of a given wavelength, will emit light of a di�erent wavelength.

This allows direct observation of the kinetochore positions in live cells (e.g. Jaqaman

et al., 2010; Amaro et al., 2010; Wan et al., 2012; Figure 1.6 A). Importantly, the size of

the kinetochore puts it below the di�raction limit of light and it will therefore appear
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Figure 1.6 Kinetochores exhibit quasi-periodic back-and-forth motion normal to 
the metaphase plate.
(A) Schematic of a kinetochore pair exhibiting back-and-forth motion. The leading 
sister kinetochore moves polewards (P; blue), and is attached to a depolymerising 
kinetochore-fibre (k-fibre). The trailing sister kinetochore moves away-from-the-pole 
(AP; red), and is attached to a polymerising k-fibre. This is demonstrated in the 
kymograph of eGFP-CENP-A HeLa cells (from Amaro et al. 2010). Scale bar = 2 μm.
(B) Metaphase plate is fit to all kinetochore coordinates, forming the yz-plane. Kine-
tochores move back-and-forth in the x-coordinate, i.e. normal to the metaphase 
plate. Scale bar = 500 nm. Top trajectory is a kinetochore pair’s centre x-coordinate 
(full line), and the x-coordinate of each sister (dashed lines). Bottom trajectory is the 
kinetochore pair’s sister separation, d. Error bars are standard deviation.
(C) Autocorrelation of change in kinetochore pair’s centre x-coordinate in live 
(black) and fixed cells (gold). Pink and purple arrows mark half- (approx. 35 s) and 
full-period (approx. 75 s) of oscillations in live cells, respectively.
(D) Autocorrelation of change in sister separation, d, in live (black) and fixed cells 
(gold). Purple arrow marks full period (approx. 35 s) of breathing in live cells.
Figures (B–D) are from Jaqaman et al. 2010.
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as a point source in a light microscope. Kinetochores thus appear as “point objects”,

which has allowed them to be accurately localised using semi-automatic algorithms.

This can be achieved using either the centre of mass of intensity (Jaqaman et al., 2010;

Amaro et al., 2010; Mchedlishvili et al., 2012; Vladimirou et al., 2013; Armond et al.,

2015a) or by fitting a Gaussian distribution (Wan et al., 2012; Dumont et al., 2012;

Burroughs et al., 2015; Armond et al., 2015b). The latter provides a more accurate

(sub-pixel) measurement of the spot centre and therefore kinetochore position (Church-

man et al., 2005). These methods of spot detection are used in many MATLAB-based

tracking programs, including U-track (Danuser lab, Harvard, USA) and KiT (Armond

et al., in press) developed during the last decade. Because the spindle is undergoing

rotations and translations within the cell it is important to ensure that a rotation-free

coordinates system is used to accurately track kinetochore movements. One way to

do this is by fitting a sheet to the distribution of kinetochore spot centres which can

provide the yz-plane. This means that any back-and-forth motion will occur in the

x-axis which is normal to the metaphase plate (Figure 1.6 B; Jaqaman et al., 2010).

Calculating the average autocorrelation of change in a kinetochore’s x-coordinate re-

vealed quantitatively that kinetochore back-and-forth motion is quasi-periodic with a

half period of around 35 s (Figure 1.6 C; Jaqaman et al., 2010). Furthermore, as in the

trajectory in Figure 1.6 B, the distance between kinetochores, d, changes (or ‘breathes’)

with half the period of this back-and-forth motion, as demonstrated by autocorrela-

tion and power analysis (Figure 1.6 D; Jaqaman et al., 2010; Wan et al., 2012. This

inter-kinetochore linkage fluctuates between 0.7 and 1.2 µm (Jaqaman et al., 2010;

Wan et al., 2012), consists of centromeric chromatin and is essentially stretched during

metaphase. Thus the inter-kinetochore distance is a proxy for the forces exerted on

the sister kinetochores.

The ability to collect large numbers of movies, semi-automatically locate spot cen-

tres, and track sister kinetochores through time has allowed thorough and unbiased

analysis of these parameters. Furthermore, it has allowed high-throughput analysis

of the e�ects of perturbations to kinetochores. In the case where microtubules are
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removed or their dynamics suppressed regular oscillations are eliminated; the same

is of course true when attachments are eliminated following depletion of the Ndc80

complex. Interestingly depletion of CENP-L and the CENP-H complex result in the

establishment of normal inter-kinetochore tension, but an inability for kinetochores

to regulate microtubule dynamics, as demonstrated by a loss of temporally-controlled

back-and-forth dynamics (Amaro et al., 2010; Mchedlishvili et al., 2012). On the other

hand, depletions of molecular motors MCAK, CENP-E and Kif18a don’t a�ect kineto-

chore oscillations, although kinetochore velocities and breathing are perturbed (Jaqa-

man et al., 2010). Furthermore, mutations in Ndc80 that prevent phosphorylation

of its microtubule-binding region result in damped kinetochore mobility and a ≥30%

increase in inter-kinetochore distance (DeLuca et al., 2011).

To date, the most detailed analysis of inter-kinetochore dynamics has come from

following the sub-pixel localisation of eGFP-CENP-A spot centres during movies of

metaphase with a time resolution of 2 s (Burroughs et al., 2015; Armond et al., 2015b).

This spatiotemporal resolution has enabled careful analysis of directional switches – an

important event that allows chromosomes to be manoeuvred about the mitotic spindle.

This work demonstrated that there is a bias towards directional switches being initi-

ated by the lead (P-moving) kinetochore in human cells, as shown previously in newt

lung and PtK1 cells (Skibbens et al., 1993; Wan et al., 2012). For a directional switch

to be characterised as a lead-initiated directional switch (LIDS), the lead sister changes

direction first to become AP, the second sister switching direction within an average

≥4.3 s. However, this analysis also revealed that trail-initiated directional switches

(TIDS) occurred. This has led to the formulation of a new model for sister kinetochore

communication and switching that did not involve a threshold tension sensor as previ-

ously suggested (Skibbens et al., 1993; Rieder & Salmon, 1994; Wan et al., 2012). In

the new model kinetochores are said to utilise mechanical clocks (presumably related to

time dependent changes in microtubule catastrophe and rescue) that are force-sensitive

(Burroughs et al., 2015). Analysis of such data with mathematical models is also now

allowing the (relative) forces generated by kinetochores to be determined from live cell
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movies (Armond et al., 2015b). Furthermore, these tracking assays can be combined

with a second marker to read-out events at single kinetochores. For example, EB1

has been used to quantify the levels of microtubule polymerisation at the kinetochore,

revealing only a small bias between sisters (Armond et al., 2015a).

1.4.1 Intra-kinetochore distance, �

In experiments attempting to understand dependency of kinetochore structure on

kinetochore dynamics, a second kinetochore protein can be tagged with a di�erently

coloured FP. This allows the centroids of two kinetochore subunits to be localised

using the same spot tracking methods described above. The distance between them

can then be derived giving intra-kinetochore distances that are termed ‘delta’ (or �).

The architecture of the human kinetochore in fixed cells has been elucidated, demon-

strating that measurements of � are typically in the range of ≥10’s of nanometres.

Given typical axial resolution of di�raction-limited spots (≥200 nm) and minimum

pixel sizes of ≥65 nm, these experiments demand considerable care and precision. In-

deed, a correction for the chromatic shift between di�erently coloured light is required,

and is typically measured using microspheres labelled with multiple fluorescent dyes

(e.g. as used in Dumont et al., 2012; Magidson et al., 2016). However, more recent

work used multiple fluorescent antibodies targeted to a common protein to calculate

chromatic shift (Etemad et al., 2015). Alternatively, to avoid the need for chromatic

shift calculation, � can be measured as the average of the inter-kinetochore distance as

measured between the pairs of di�erently-coloured fluorophores (Schittenhelm et al.,

2007; Maresca & Salmon, 2009; Uchida et al., 2009; Wan et al., 2009; Joglekar et al.,

2009; Varma et al., 2013; Suzuki et al., 2014; Tauchman et al., 2015; Drpic et al., 2015;

Figure 1.7). However, this assumes that all four fluorescent markers of a kinetochore

pair are co-linear, and therefore this measurement is e�ectively a 1D projection (hence-

forth called �
1D

). The architecture of the kinetochore as measured by Wan et al., 2009,

and later work investigating the architecture of the RZZ and Spindly (Varma et al.,

2013), and CCAN (Suzuki et al., 2014), used this method of � measurement. Of note,
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Figure 1.7 Intra-kinetochore distance measurements can be calculated by multiple 
methods, and in either living or chemically fixed cells.
Table of journal articles in which intra-kinetochore distances, Δ, have been calcu-
lated using different measurement methods: a 1D measurement which halves the 
difference of the inter-kinetochore measurements using each kinetochore marker (top 
row); a 2D measurement absent of z-directional information (middle); and a full 3D 
measurement (bottom). Asterisks demonstrate cases where measurement of Δ 1D 
has been corrected for tilt. These measurements are also divided by whether they 
were performed in living (left column) or chemically fixed (right) cells.

Fixed cells Live cells

1D

2D

3D

Schittenhelm et al, 2007
Wan et al, 2009*

Varma et al, 2013*
Suzuki et al, 2014*

Tauchman et al, 2015
Magidson et al, 2016*

Joglekar et al, 2009
Maresca & Salmon, 2009

Uchida et al, 2009
Varma et al, 2013*
Drpic et al, 2015

Civelekoglu-Scholey et al, 2013
Magidson et al, 2016

Dumont et al, 2012
Drpic et al, 2015

Etemad et al, 2015
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Figure 1.8 Reported intra-kinetochore distance measurements are inconsistent.
Intra-kinetochore distances as reported: (A) using 1D projection measurement, (B) 
in 2D, and (C) in 3D. Schematics demonstrate each measurement method, with 
CENP-A (green) and Ndc80 (red) used as an example. Measurements were derived 
from human (HeLa and RPE1; blue), marsupial (PtK1 and PtK2; red), and Dros-
ophila (S2; gold).
Distances here are reported by: Schittenhelm et al. 2007, Wan et al. 2009, Maresca 
and Salmon 2009, Varma et al. 2013, Civelekoglu-Scholey et al. 2013, Suzuki et al. 
2014, Tauchman et al. 2015, Etemad et al. 2015, Drpic et al. 2015, Magidson et al. 
2016.
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the authors observe that the kinetochore can be tilted relative to the sister-sister axis

and that this would a�ect the 1D measurement. This tilt e�ect is then corrected in

order to avoid any projection issues.

Using these measurements, a large-scale decrease in � (≥16 nm) was observed be-

tween the inner and outer kinetochore following treatment with taxol – a microtubule-

stabilising drug that eliminates microtubule-dependent pulling forces (Wan et al., 2009;

Figure 1.9). Kinetochores were also observed to tilt more following taxol treatment

(see Wan et al., 2009). This has been revisited and confirmed in recent correlative

light microscopy/electron microscopy experiments, where a decrease in � was ob-

served in chemically-fixed RPE1 cells using multiple fixatives after taxol treatment

(Magidson et al., 2016). Together, this implies that tension generated by kMTs results

in stretching of the kinetochore. In support of this, fixed cells treated with a range

of concentrations of nocodazole, which destabilises microtubules, therefore weakening

or completely destabilising kMT attachments, demonstrate a graded decrease in �
1D

with increased nocodazole concentration (Maresca & Salmon, 2009; Tauchman et al.,

2015). Additionally, hyper-stabilising Ndc80 binding to microtubules increases inter-

kinetochore tension (DeLuca et al., 2011), which also results in an increase in �
1D

(Tauchman et al., 2015). Although these measurements su�er from the 1D projection

issue, similar measurements in fixed HeLa cells were made in chromatic shift-corrected

3D imaging (Figure 1.7), deriving similar results (Etemad et al., 2015). Other work in

formaldehyde-fixed HeLa cells treated with 160 ng ml≠1 nocodazole concluded that �

decreased compared to untreated cells (Uchida et al., 2009). This observation is based

on a sub-population (≥15%) of untreated kinetochores exhibiting significant stretch in

� that no longer exists in nocodazole-treated cells. Furthermore, immuno-electron mi-

croscopy (EM) experiments after glutaraldehyde fixation of chicken DT40 cells demon-

strated a decrease in inner kinetochore proteins, but not the outer kinetochore (Suzuki

et al., 2011). More specifically, CENP-T was observed to stretch within the kineto-

chore when under tension, and therefore has a role in changes in intra-kinetochore

structure. Additionally, CENP-T, CENP-C and the CENP-H complex all have roles in
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Figure 1.9 Intra-kinetochore distances decrease under loss of tension.
Outer kinetochore components (e.g. the NDC80 complex) move 15 nm closer to the 
inner kinetochore (e.g. CENP-A) under loss of intra- and inter-kinetochore tension 
after taxol-treatment, as demonstrated here (Wan et al. 2009). Decreases between 
kinetochore subunits have been observed in multiple other works, either induced by 
perturbation of the system (Maresca & Salmon, 2009; Uchida et al. 2009; Drpic et 
al. 2015; Tauchmann et al. 2015; Etemad et al. 2015; Magidson et al. 2016), or by 
analysis of different kinetochore states during mitosis (Joglekar et al. 2009; Dumont 
et al. 2012; Drpic et al. 2015). 
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maintaining the structure of the kinetochore, their depletion causing hyper-extension

of the human kinetochore (Suzuki et al., 2014). �
1D

measured between CID (in-

ner kinetochore marker) and Ndc80 in Drosophila S2 cells treated with colchicine,

which destabilises microtubules, was observed to decrease relative to cells treated with

MG132, which arrests cells in a bi-orientated state in metaphase (Drpic et al., 2015). �

was also measured within individual kinetochores located at single chromatids in cells

with unreplicated genomes. Strikingly, despite the fact these chromatids can only form

monotelic attachments, kinetochores are still stretched relative to colchicine-treated

kinetochores. Interestingly, these measurements were performed in live cells, which are

the only measurements of their kind using spindle poisons. However, di�erences in

intra-kinetochore distances have been observed between P and AP kinetochores in live

PtK2 cells (Dumont et al., 2012). During kinetochore back-and-forth motion, P kine-

tochores are compressed (reduced �) compared to their trailing sister. This suggests

that the kinetochore is pulled by components further inside the kinetochore relative

to the Ndc80 binding site. However, this result contradicts multiple models of kine-

tochore microtubule attachment suggesting that the kinetochore would stretch under

pulling force from depolymerising microtubules (reviewed in Civelekoglu-Scholey et al.,

2013). Moreover, it is not consistent with the experiments described above in which

delta decreases on the loss of microtubule pulling forces. That the both CCAN and

Ndc80 linkages in the kinetochore are non-compliant (i.e. delta does not increase as

inter-sister increases) raises further questions over the exact conformational changes

occurring in the kinetochore and how these relate to force.

Alternatively, changes in � following the destabilisation or hyper-stabilisation of

kMT attachments have been suggested to represent changes in intra-kinetochore con-

formation. For example, budding yeast Mps1 changes localisation depending on the

kinetochore’s attachment status (Aravamudhan et al., 2014). More specifically, Mps1 is

in close proximity with Spc105 (Knl1 homologue) at unattached kinetochores, a prox-

imity that is lost upon attachment. This requires a conformational change in the outer

kinetochore in order to target the Mps1, which binds Ndc80’s N-terminus, to Knl1 –
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a change that may not be possible by simple loss of intra-kinetochore stretch. Addi-

tionally, outer kinetochore proteins in Xenopus laevis egg extracts involved in spindle

checkpoint signalling and lateral attachment (Mad1, Bub1, BubR1) have been ob-

served to expand along CENP-A-free chromatin, however this is much less pronounced

in human RPE1 cells (Wynne & Funabiki, 2015). Nevertheless, this expansion was

also observed in CENP-C, demonstrating potential conformational changes within the

inner kinetochore. These expansions were dependent upon activity of mitotic kinases,

which suggests that the kinetochore may experience conformation changes depending

on its phospho-state.

Traditionally it was believed that intra-kinetochore stretch was a requirement for

the satisfaction of the SAC (Maresca & Salmon, 2009; Uchida et al., 2009; Drpic et al.,

2015; Tauchman et al., 2015; Etemad et al., 2015). Based on experiments in fixed HeLa

cells, inter- and intra-kinetochore tension can be separated using su�ciently low doses

of nocodazole, doses which result in mitotic delay in cells lacking intra-kinetochore

stretch while maintaining inter-kinetochore tension (Uchida et al., 2009). Meanwhile,

decrease in measurement of �
1D

in live Drosophila S2 were associated with SAC signal

and increased phosphorylation of 3F3/2 (Maresca & Salmon, 2009), which is a signa-

ture of chromosomes that aren’t under tension. However, recent investigations into

�-dependent SAC signalling have revealed that stable kMT attachments are su�cient

to satisfy the human SAC. Expressing a mutant of Ndc80 with increased microtubule-

binding a�nity (9A-Ndc80) in HeLa cells demonstrates an increase in intra-kinetochore

stretch compared to kinetochores with wild-type Nd80 (Tauchman et al., 2015; Etemad

et al., 2015). Remarkably, cells expressing 9A-Ndc80 and treated with low doses of spin-

dle poisons (300 nM nocodazole and 20 nM taxol) exit mitosis after a delay. Meanwhile

� decreases significantly compared to untreated cells expressing 9A-Ndc80, and there-

fore intra-kinetochore stretch is not a requirement for SAC silencing. As a result the

model by which kinetochores sense bi-orientation needs revisiting.
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1.5 Aim of this thesis

Our current understanding is that the intra-kinetochore distances (delta) within the

kinetochore increase under force. That is the kinetochore is stretched. However, recent

work is challenging this view with some evidence suggesting that the kinetochore is

largely non-compliant (sti�). A major limitation of current investigations is that they

are not performed in live cells, and of those that are, � has not been measured in all

three dimensions. Therefore, in this thesis I will develop an assay to track live human

kinetochores expressing multiple fluorescent markers tagged to di�erent kinetochore

proteins in 3D. In order to ensure accurate 3D measurements of �, I will develop a

method of calculating sub-pixel measurements of chromatic shift in 3D. With this assay

in place, I aim to investigate individual kinetochore structure and dynamics throughout

mitosis.
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Chapter 2

Materials and Methods

2.1 Plasmid production

In order to produce the geneticin-resistant eGFP-CENP-A plasmid (pMC385; Fig-

ure 2.1 A), a pEGFP-C1 plasmid (pMC005; Clonetech) was modified by exchanging

the eGFP for eGFP-CENP-A (from pMC167; Jaqaman et al., 2010) using the NheI

and BamHI restriction sites. The production of the geneticin-resistant Ndc80-tagRFP

(pMC389) required multiple stages. Firstly, tagRFP was amplified by PCR from a

tagRFP-T-EEA1 plasmid (AddGene #42,635) using forward primer 5’-TCCGCTAGCATG-

GTGTCTAAGGGCGAA-3’ and reverse primer 5’-GAGCTCGAGATTAAGTTTGTGCCCCAGT-

TT-3’, and cloned into the pEGFP-N1 plasmid (pMC004; Clonetech) using NheI and

XhoI sites to produce a tagRFP-N1 plasmid (pMC388). Secondly, Ndc80 was amplified

by PCR from an Ndc80-mCherry plasmid (kind gift by E. Nigg) using forward primer

5’-ATCCGCTAGCATGAAGCGCAGTTCAGT-3’ and reverse primer 5’-GGATCCCGGGTGGA-

ACAGAACTTCCAG-3’ (Figure 2.1 B) – this amplification was cloned into pMC388 using

NheI and XmaI sites to produce the Ndc80-tagRFP plasmid (pMC389; Figure 2.1 B).

Plasmids pMC385, pMC388 and pMC389 were all confirmed by sequencing (Source

Bioscience). All plasmids are listed in Table 2.1.

2.2 Cell culture and cell line production

All HeLa-K cell lines were grown in DMEM media (Fisher) supplemented with 10%

foetal calf serum (Fisher), 100 µg ml≠1 penicillin and 100 µg ml≠1 streptomycin main-

tained in 5% CO2 in a humidified incubator at 37¶C. eGFP-CENP-A cells (MC024)
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A

Figure 2.1 eGFP-CENP-A and Ndc80-tagRFP plasmid production.
(A) Geneticin-resistant plasmid containing eGFP-CENP-A (pMC385) produced 
by replacing eGFP in pMC005 with eGFP-CENP-A in pMC167 using NheI and 
BamHI sites.
(B) Geneticin-resistant plasmid containing Ndc80-tagRFP (pMC389) produced 
by inserting Ndc80 (PCR product from pMC375) into tagRFP-N1 (pMC388) 
using NheI and XmaI sites.
For both (A) and (B), labelled are promoters (blue), genetic code for proteins 
(brown) and fluorescent proteins (appropriately coloured), drug resistance genes 
(orange) and PCR primers (black). Dashed boxes represent region of plasmid 
used to construct final plasmid, flanked by restriction sites used.
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Table 2.1 Details of plasmids used.

Plasmid
code Reference

pMC004

pMC005

pMC167

pMC386

pMC388

Encoded
protein

Drug
resistance

eGFP-N1

eGFP-C1

eGFP-CENP-A

tagRFP-T-EEA1

tagRFP-N1

kanamycin

kanamycin

ampicillin

kanamycin

kanamycin

G418

G418

puromycin

G418

G418

Clonetech

Clonetech

Jaqaman et
al. 2010

AddGene
#42,635

This work

Mammalian 
selection by

Plasmid
code Reference

pMC360

pMC385

pMC389

Encoded
protein

Drug
resistance

Bub3-eGFP

eGFP-CENP-A

Ndc80-tagRFP

kanamycin

kanamycin

kanamycin

G418

G418

G418

Virginia Silio

This work

This work

Used in plasmid production:

Used for transfection in HeLa-K cells:



were maintained in 0.1 µg ml≠1 puromycin (Fisher). mCherry-CENP-A cells (MC051)

were maintained in 0.3 µg ml≠1 puromycin. GFP-Dsn1 cells (a kind gift from J.

Welburn; MC113) needed no specific drug for maintenance. eGFP-CENP-A/mCherry-

Mis12 (MC093) and its parent cell line eGFP-CENP-A (MC092 – note that this cell line

is distinct to MC024) were a kind gift from T. Hirota. They were both maintained in

500 µg ml≠1 geneticin (Fisher), while the mCherry-Mis12 in MC093 was maintained in

0.25 µg ml≠1 puromycin. Cells expressing eGFP-CENP-O (MC132) were kindly gifted

by P. Meraldi, and were maintained in 300 µg ml≠1. eGFP-CENP-A/mCherry-CENP-

A (MC131), eGFP-CENP-A/eGFP-Centrin1 (MC060) and mCherry-CENP-A/eGFP-

CENP-P (MC072) cells were all maintained in 0.3 µg ml≠1 puromycin and 300 µg ml≠1

geneticin.

The eGFP-CENP-A/mCherry-CENP-A cell line was established by stable transfec-

tion of eGFP-CENP-A plasmid (pMC385) into cells stably expressing mCherry-CENP-

A (Armond et al., 2015a). This plasmid was transfected using FuGENE® 6 (Promega)

and single clones were selected by 300 µg ml≠1 geneticin (MC131). MC131 cells were

imaged overnight to ensure that mitotic timings were una�ected by the incorporation

of the eGFP-CENP-A (see § 3 for more information). All cells for live cell experiments

were cultured in FluoroDish tissue culture dishes with cover glass bottoms (WPI). All

cell lines are listed in Table 2.2.

2.3 Plasmid transfection

For transfections, plasmid DNA and 4.5 µl FuGENE® 6 (Promega) were allowed to

separately homogenise in 50 µl OptiMEM for 5 min, then combined for 30 min before

application to cells. DMEM not containing selection drugs was transferred to cells

prior to addition of transfection reagent to cultured MC024, MC060 or MC051 cells.

Ndc80-tagRFP (pMC389) and Bub3-eGFP (pMC360; produced by Virginia Silio) were

incubated at 1,000 ng of plasmid DNA per 1.5 ml of DMEM. Wild-type (WT; pMC373)

and non-degradable (ND; pMC374) forms of CyclinB1-mCherry, both kind gifts from

M. Petronczki, were incubated at 500 ng DNA per 1.5 ml DMEM. Transfection was



Maintenance

Table 2.2 Details of cell lines used.

Cell line
code Reference

MC024

MC051

MC060

MC072

MC092

MC093

MC113

MC131

MC132

eGFP-CENP-A

mCherry-CENP-A

eGFP-CENP-A
eGFP-Centrin1

mCherry-CENP-A
eGFP-CENP-P

eGFP-CENP-A

eGFP-CENP-A
mCherry-Mis12

GFP-Dsn1

eGFP-CENP-A
mCherry-CENP-A

eGFP-CENP-O

puromycin @ 0.1 ng ml–1

 

puromycin @ 0.3 ng ml–1

puromycin @ 0.3 ng ml–1

G418 @ 300 ng ml–1

puromycin @ 0.3 ng ml–1

G418 @ 300 ng ml–1

G418 @ 500 ng ml–1

G418 @ 500 ng ml–1

puromycin @ 0.25 ng ml–1

-

G418 @ 300 ng ml–1

puromycin @ 0.3 ng ml–1

G418 @ 300 ng ml–1

Jaqaman et
al. 2010

Armond et al. 
2015

Burroughs et al. 
2015

James Bancroft

Gerlich et al. 
2006

Uchida et al.
2009

Julie Welburn

This work

Amaro et al.
2010

Exogeneous gene(s)
Gene



Table 2.3 Details of transfection concentrations used.

pMC360

pMC373

pMC374

pMC385

pMC389

24 hr

24 hr

24 hr

24 hr

24 hr

1,000 ng

500 ng

500 ng

250 ng

1,000 ng

Plasmid
code

DNA in 1.5 ml 
medium Duration

eGFP-Bub3

WT CyclinB1-mCherry

ND CyclinB1-mCherry

eGFP-CENP-A

Ndc80-tagRFP

Gene



performed for 24 hr prior to nocodazole or taxol treatment, or prior to imaging for

untreated experiments. All information about transient transfections are located in

Table 2.3.

2.4 Drug treatments

Spindle perturbation experiments were performed by addition of nocodazole or taxol.

Nocodazole treatments were performed with either 100 nM or 3 µM nocodazole (Fisher)

for 16 hr prior to imaging. Taxol treatment was performed with 10 µM taxol (Tocris

Bioscience) for 1 hr prior to imaging. Synchronisation of cells in metaphase was started

immediately after transient transfection, and 30-36 hr before imaging. Cells were

incubated with 2 mM thymidine (Sigma) for 20-22 hr, before being released of drug

treatment for 10-12 hr, then 10 µM MG132 (Sigma) was added to cells for 2 hr, before

being releasing and imaged. For Aurora B inhibition experiments, 2 µM ZM1 was added

to cells for the final 1 hr of MG132 treatment. Drug treatments for synchronisation

and perturbation experiments are listed in Table 2.4.

2.5 Immunofluorescence

HeLa-K cells were prepared as above, except glass coverslips were used, and then fixed

with 0.5% glutaraldehyde for 10 min in MTSB-TX (MTSB and 0.5% Triton-X100).

Excess glutaraldehyde was reduced with 0.1% sodium borohydride (diluted in PBS)

for 7 min, and then blocked for 10 min in AbDil (TBS, 0.1% Triton-X100 and 20 mg

ml≠1 BSA). Cells were then incubated for 30 min with mouse –-tubulin (Sigma-Aldrich;

1:1000 dilution), then for a further 30 min with goat anti-mouse 647 nm AlexaFluor

(1:500 dilution) and DAPI (1:6000 dilution); all antibodies were diluted in AbDil bu�er.

Wash steps before and after antibody incubations were performed in TBS-TX (TBS and

0.5% Triton-X100). For imaging of immunofluorescence experiments, a single camera

was used. Cells were first identified by eye for DAPI signal. Both interphase cells

imaged for chromatic shift calculation and metaphase cells imaged for experiments in



Table 2.4 Details of drug concentrations used.

Source

nocodazole

MG132

taxol

thymidine

16 hr
16 hr

2 hr

1 hr

20–22 hr

Fisher

Sigma

Tocris Bioscience

Sigma

3 μM
100 nM

10 μM

10 μM

2 mM

Drug Purpose Concentration Duration

microtubule
destabilisation

(aligns at prophase)

inhibits
ubiquitinylation

(aligns at metaphase)

microtubule
hyperstabilisation

inhibits DNA
synthesis

(aligns at S phase)



50 ms

Table 2.5 Details of imaging setup, and number of cells obtained for each drug 
treatment, for immunofluorescence experiments.

Laser power

eGFP-
CENP-A

Cell
line Transient

Spatial
resol-
ution

Ndc80-
tagRFP

69.4 x
69.4 x
200 nm

525 nm
% exp.
5 50 ms

615 nm
% exp.
5 50 ms

expts
1

2

2

2

Antibody 
staining

αTubulin

615 nm
%
5

exp. cells
12

50

32

27

nDrug 
treat-
ment

-

3 μM 
noc.

100 nM 
noc.

10 μM 
taxol



§ 3.6 & 4.7 were imaged over 121 z-slices separated by 100 nm. Laser power in the 488,

561 and 640 nm wavelengths were set to 20%, with exposure time 50 nm per z-slice.

Details about data obtained from these experiments are located in Table 2.5.

2.6 Overnight live-cell imaging

All overnight movies in § 3 were acquired using a Personal Deltavision microscope

(Applied Precision, LLC) with a 40◊ 1.3 NA oil objective, with a Xenon light source

and a CoolSNAP HQ2 camera (Roper Scientific), controlled by SoftWorx (Applied

Precision, LLC). Camera pixels had an e�ective pixel size of 64.5 nm in the axial

directions, as measured by a microscopic ruler (Pyser SGI). For each experiment, 20

regions of interphase cells were manually located and marked. Fields of view were

imaged over 7 z-slices separated by 2 µm, for 12 hr every 3 min (241 time points). For

overnight movies of both plain HeLa-K cells and those expressing GFP-Dsn1, cells were

imaged in brightfield with power 32 % with 5 ms exposure. mCherry-CENP-A cells

were imaged for 632 nm excitation wavelength, which was set at 32 % power with 25 ms

exposure. For all other cell lines, cells were imaged for 525 nm excitation wavelength,

which was set at 32 % power with 5 ms exposure. Details about overnight movie data

obtained for each cell line are located in Table 2.6.

2.7 Live-cell imaging for tracking

All images and movies for tracking were acquired using a confocal spinning-disk mi-

croscope (VOX UltraView; Perkin and Elmer) with a 100◊ 1.4 NA oil objective and

two Hamamatsu ORCA-R2 cameras, controlled by Volocity 6.0 (Perkin and Elmer)

running on a Windows 7 64-bit (Microsoft) PC (IBM). Camera pixels had an e�ec-

tive pixel size of 69.4 nm in the axial direction, as measured using a microscopic ruler

(Pyser SGI). The two cameras were preliminarily aligned using Volocity by aligning

500 nm TetraSpeck™ fluorescence microspheres (Thermofisher) in the 488 and 561 nm

wavelengths. For live cell imaging, a common light path containing two wavelengths



Table 2.6 Details of imaging setup, and number of cells obtained, for overnight 
live cell experiments.

Laser power

eGFP-CENP-A
(MC024)

mCherry-CENP-A
(MC051)

eGFP-CENP-A/ 
mCherry-CENP-A

(MC132)

eGFP-CENP-A
(MC092)

eGFP-CENP-A/ 
mCherry-Mis12

(MC093)

HeLa-K
(MC009)

GFP-Dsn1
(MC113)

Cell line

161.3 x
161.3 x

2,000 nm

161.3 x
161.3 x

2,000 nm

161.3 x
161.3 x

2,000 nm

161.3 x
161.3 x

2,000 nm

161.3 x
161.3 x

2,000 nm

161.3 x
161.3 x

2,000 nm

161.3 x
161.3 x

2,000 nm

525 nm
% exp.
32

-

32

32

32

-

-

5 ms

-

5 ms

5 ms

5 ms

-

-

615 nm
% exp.
-

32

-

-

-

-

-

-

25 ms

-

-

-

-

-

time
2

2

2

2

2

1

1

space
308

483

340

297

112

135

103

Resolution

3 min

3 min

3 min

3 min

3 min

3 min

3 min

cellsexpt.

n
brightfield
% exp.
-

-

-

-

-

32

32

-

-

-

-

-

5 ms

5 ms



Table 2.7 Details of imaging setup, and number of cells obtained for each drug 
treatment, for live cell imaging experiments.

Laser power

eGFP-CENP-A 
(MC024)

eGFP-CENP-A
(MC024)

mCherry-CENP-A
(MC051)

mCherry-CENP-A/ 
eGFP-CENP-P

(MC072)

eGFP-CENP-O
(MC132)

eGFP-CENP-A
(MC092)

eGFP-CENP-A/ 
mCherry-Mis12

(MC093)

eGFP-CENP-A/
eGFP-Centrin1

(MC060)

eGFP-CENP-A/
eGFP-Centrin1

(MC060)

2 s

7.5 s

-

-

-

2 s

2 s

7.5 s

7.5 s

Transient
Resolution

Ndc80-mCherry

Ndc80-tagRFP

Bub3-eGFP

-

Ndc80-tagRFP

-

-

WT CyclinB1-
mCherry

ND CyclinB1-
mCherry

time space
138.1 x 
138.1 x 
500 nm

69.4 x 
69.4 x 
200 nm

69.4 x 
69.4 x 
100 nm

69.4 x 
69.4 x 
100 nm

69.4 x 
69.4 x 
100 nm

138.1 x 
138.1 x 
500 nm

138.1 x 
138.1 x 
500 nm

138.1 x 
138.1 x 
500 nm

138.1 x 
138.1 x 
500 nm

525 nm
% exp.
5

5

15

50

50

5

5

5

5

615 nm
% exp.
-

20

25

25

20

-

-

25

25

-

50 ms

50 ms

50 ms

50 ms

-

-

500 ms

500 ms

n

expt. cells
4

1

7

3

3

5

2

2

2

3

1

4

1

6

8

1

73

15

71

47

43

55

47

39

52

15

28

47

24

70

69

25

Drug 
treatment

-

3.3 μM noc.

-

3 μM noc.

100 nM noc.

10 μM taxol

-

-

-

-

3.3 μM noc.

-

3.3 μM noc.

-

-

2 μM ZM1

traj.
6,547

286

333

372

240

162

N/A

N/A

N/A

516

1222

870

802

14,690

12,390

4,158

Cell line

50 ms

50 ms

50 ms

50 ms

50 ms

50 ms

50 ms

50 ms

50 ms



was split by a dichroic to each of the two cameras to allow simultaneous imaging of two

wavelengths. Cells were first identified using bright-field illumination to minimise pho-

totoxicity. Interphase cells imaged for chromatic shift calculation were imaged over 121

z-slices separated by 100 nm for a single image stack. Laser power in the 488 and 561

nm wavelengths were both set to 15% with exposure time 50 ms per z-slice. Metaphase

cells imaged for dual colour tracking were imaged over 61 z-slices separated by 200 nm,

for 5 min every 7.5 s (41 time points). Laser power in the 488 nm wavelength was

set to 5%. Laser power in the 561 nm wavelength was set to 20% over z-slices 26-41

(from the bottom of the cell, amounting to a 3 µm z-stack), and set to 0% for all other

z-slices to minimise phototoxicity. Exposure time was 50 ms per z-slice. Details about

data obtained from these experiments are located in Table 2.7.

2.8 Image processing and analysis

All confocal spinning-disk microscope images and movies were exported from Voloc-

ity 6.0 in .OME.TIFF format (The Open Microscopy Environment). All images and

movies were then deconvolved within Huygens 4.1 (SVI). eGFP-only movies were de-

convolved in the 488 nm wavelength using a point spread function (PSF) calculated

using the Huygens 4.1 PSF distiller (same as that used in Burroughs et al., 2015; Fig-

ure 2.2 A). Multiple-colour movies and images were deconvolved in the 488 and 561

nm wavelengths using PSFs calculated from 100 nm TetraSpeck™ fluorescent micro-

spheres (Invitrogen) also calculated using the Huygens 4.1 PSF distiller (Figure 2.2 B).

z-directional resolution of the PSF is defined by the z-resolution of the images of fluo-

rescent microspheres used to distil the PSFs – the PSF in Figure 2.2 A has z-resolution

of 500 nm, while those in Figure 2.2 B have z-resolution of 100 nm. Images were

deconvolved in the 640 nm wavelength using a theoretical PSF within Huygens 4.1.

Deconvolved images were exported from Huygens 4.1 in .r3d format (Applied Preci-

sion), and read into MATLAB (R2012a, Mathworks) using the loci-tools java library

(The Open Microscopy Environment). Chromatic shift was calculated as described

below. For tracking experiments, sister kinetochores in movies were detected for eGFP
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Figure 2.2 Point spread functions calculated using Huygens.
All point spread functions (PSFs) were calculated for the confocal spinning disk 
microscope, using Huygens Professional X11’s PSF distiller, using images of 100 
nm diameter tetraSpeckTM fluorescent microspheres.
(A) Image of PSF calculated by Ed Harry in 525 nm emission wavelength for 
deconvolution of single-channel movies with eGFP fluorescence, in the xy (top) 
and xz (bottom) planes. Scale bar = 200 nm.
(B) Image of PSFs in 525 and 615 nm emission wavelengths for deconvolution of 
dual-channel movies with eGFP and tagRFP/mCherry fluorescence, in the xy 
(top row) and xz (bottom row) planes. Scale bar = 200 nm.



signal, aligned, tracked and paired in MATLAB as previously described (Burroughs

et al., 2015). tagRFP fluorescence signal was originally detected within a hemispheri-

cal mask with 300 nm radius directed normal to the metaphase plate and away from

the sister pair centre; the hemisphere was centred at the eGFP coordinate, plus chro-

matic shift from the 488 to 561 nm wavelength. 3D Gaussians were then fit to tagRFP

spots to find sub-pixel spot centre coordinates (in the same way as is done for eGFP

signal), and corrected for chromatic shift. For more information, see § 5.3.

2.9 Delta (�) measurements

�
3D

was measured as the 3D Euclidean distance between eGFP and tagRFP spot

centres:

�
3D

=
Ò

�2

x

+ �2

y

+ �2

z

=
Ò

(x
eGFP

≠ x

tagRFP

)2 + (y
eGFP

≠ y

tagRFP

)2 + (z
eGFP

≠ z

tagRFP

)2

(2.1)

where �
i

are di�erences in eGFP and tagRFP coordinates in the ith-coordinate, for

i = (x, y, z), and x

c

, y

c

and z

c

are the individual coordinates in the cth-channel. Data

was filtered so that the z-component of �
3D

(distance between eGFP and tagRFP signal

from the same kinetochore) was no larger than 100 nm (half the z-pixel resolution).

�
1D

measurements were calculated as before (Maresca & Salmon, 2009; Drpic et al.,

2015; Tauchman et al., 2015),

�
1D

= d

tagRFP

≠ d

eGFP

2 ,

(2.2)

where d

c

is the Euclidean interkinetochore distance in the cth-coordinate. All statistical

tests were Mann-Whitney U tests.

Location of the centre of a spot is derived by fitting a 3D Gaussian to the decon-

volved spot. The uncertainty in this location, ‡

i,c

, can be approximated using (Waters



& Wittmann, 2014),

‡

i,c

= 1
2

ı̂ıÙ
A

s

2

i,c

N

c

+ a

2

i

12N

c

+
8fis

4

i,c

b

2

c

a

2

i

N

2

c

B

(2.3)

for i = (x, y, z) and c = (eGFP, tagRFP). In each coordinate c, s

i,c

is the standard

deviation of the spot in the i-coordinate, N

c

is the total number of photons within

the spot, a

i

is the pixel size in the i-coordinate, and b

c

is the average background

pixel intensity (Figure 2.3 A). The expression is halved in order to find the uncertainty

in a single direction from the fitted spot centre, i.e. to allow measurements to be

written in the form p±‡

p

for some measurement p. Analysis of coordinate-directed line

profiles through eGFP and tagRFP spots allowed derivation of the spot full width half

maximum (FWHM; Figure 2.3 B), which gave an approximation of the spot standard

deviations, s

i,c

. b

c

values were derived by averaging a region of the image not containing

spots, and N

c

was calculated by encasing spots within a region and multiplying the

total pixels by the average signal (Figure 2.3 A). Values derived from images of eGFP-

CENP-A and Ndc80-tagRFP yielded the values in Figure 2.3 C. This uncertainty is

≥3 % and ≥6 % of the pixel size for eGFP and tagRFP, respectively (demonstrated in

Figure 2.3 D).

The uncertainties in individual components of �
3D

, ‡

�

i

, were calculated using,

‡

2

�

i

= ‡

2

i,eGF P

+ ‡

2

i,tagRF P

.

Non-linear propagation of coordinate uncertainties required the general formula for

error propagation,

‡

2

f

=
A

df

dx

B
2

‡

2

x

+
A

df

dy

B
2

‡

2

y

+
A

df

dz

B
2

‡

2

z

. (2.4)

Using the assumption that �
x

= �
y

= �
z

, and therefore � =
Ô

3�
x

, the uncertainty

in measurement of �
3D

could be written,

‡

2

�3D = 4
3

A

‡

2

�

x

+ ‡

2

�

y

+ ‡

2

�

z

B

. (2.5)



Figure 2.3 Sub-pixel accuracy of eGFP and tagRFP 3D Gaussian spot fitting.
(A) Example image of a kinetochore expressing eGFP-CENP-A (left) and 
Ndc80-tagRFP (right) in the xy-plane, demonstrating source of measurements: 
pixel size, a = [ax, ay, az] = [69.4, 69.4, 200] nm; total photons, N; and background 
intensity, b. N is measured within the yellow dashed boxes.
(B) Intensity measured along a line profile in the y-direction through the centre 
of the eGFP (green) and tagRFP (red) spot in (A). The full width half maximum 
(FWHM) of the fluorescent spot in each coordinate yields the spread of the spot, 
s = [sx, sy, sz].
(C) Table of typical values obtained for N, b and s, and the values for uncer-
tainty, σ, in localisation of Gaussian-fitted eGFP and tagRFP spot centres, and 
subsequent measurements of d, Δx, Δy, Δz, Δ1D and Δ3D.
(D) Images of a kinetochore expressing eGFP-CENP-A and Ndc80-tagRFP in 
the xy- (top) and zy-planes (bottom), demonstrating uncertainty in localisation 
of the spot centres. Green and red pluses are centred at the Gaussian-fitted spot 
centre, and each of the plus’ lines has length equal to the uncertainty in the 
measurement in that coordinate. White dashed boxes represent location of the 
insets.
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Using the values given in Figure 2.3 C, ‡

�3D = 16.2 nm.

Similarly, to calculate uncertainty in the measurement of �
1D

, the steps above

were done in reverse. Using Equation 2.4, the equation for sister separation, d =
Ò

d

2

x

+ d

2

y

+ d

2

z

, and the assumption that d

x

= d

y

= d

z

, uncertainty in measurement

of d was calculated, ‡

2

d

c

= 8

3

(‡2

x,c

+ ‡

2

y,c

+ ‡

2

z,c

), for c = (eGFP, tagRFP). Linearly

propagating these values resulted in an uncertainty in �
1D

, ‡

�1D , with value 11.1 nm.

All of the above calculated uncertainties are given in Figure 2.3 C.

2.10 Swivel (Ë) measurement

Ë

swivel

was calculated using the dot product of the sister-sister and the intra-kinetochore

axes. y- and z-directional Ë

swivel

of a given kinetochore was calculated using the cosine

rule with the coordinates of the kinetochore’s tagRFP centre and the eGFP centres

of the kinetochore pair, in either the xy- or xz-plane. All statistical tests were Mann-

Whitney U tests, except for in Figure 5.13, where the F-test was used to compare

distribution variances of y- and z-directional Ë

swivel

.







Chapter 3

Cell Line Development

3.1 Background

To understand how the structure of the kinetochore correlates with its state, a method

typically used is to measure distances between di�erent kinetochore components, the

intra-kinetochore distance, �. This distance has been measured in a number of or-

ganisms, between di�erent pairs of kinetochore proteins, and during di�erent kineto-

chore processes (Figure 1.8). This is typically performed by fluorescence imaging of

cells expressing a pair of kinetochore proteins tagged with di�erent fluorophores. The

fluorescent spots are then localised, and the distance between the di�erent coloured

fluorescent proteins calculated. � has previously been measured between inner kineto-

chore protein CENP-C’s amino (N)-terminus and outer kinetochore-localised protein

Cdc20 in PtK2 cells, which revealed a di�erence in intra-kinetochore structure between

poleward (P) and away-from-the-pole (AP) moving kinetochores (Dumont et al., 2012).

This was also observed in � between Ndc80’s carboxy (C)-terminus and Cdc20 in the

same work. Intra-kinetochore distance has also been measured in live HeLa-K cells

expressing both eGFP-CENP-A at the inner kinetochore, and mCherry-Mis12 at the

outer kinetochore, which also yielded structural changes in the form of large stretches

in �. These stretches were correlated with a directional movement of CENP-A to-

wards its spindle pole (Uchida et al., 2009). In the same work, and similar experiments

in Drosophila melanogaster S2 cells (Maresca & Salmon, 2009), changes in � were

suggested to be crucial for progression into anaphase, the idea being that stretch is a

requirement to silence the spindle assembly checkpoint (SAC). A common feature of

59



these assays is a cell line expressing pairs of kinetochore proteins tagged with di�erent

fluorophores. I describe here my e�orts to develop a human cell line that would al-

low live tracking of intra-kinetochore measurements. In particular, we have sought to

ensure that such cell lines do not perturb kinetochore function as previously reported

(Mattiuzzo et al., 2011).

3.2 Ndc80’s C-terminus

Initially, I obtained the stable cell line used by the Hirota group to measure � in live

HeLa cells (Uchida et al., 2009). This cell line has eGFP fused to CENP-A’s N-terminus

and Mis12’s N-terminus tagged with mCherry. My analysis of this cell line showed that

chromosome congression was delayed and force generation at the lead kinetochore is

perturbed (for detail, see Appendix A). This cell line was therefore not used for live

measurements of �. My attention turned to other members of the microtubule-binding

KMN network within the kinetochore, which include Knl1 and the NDC80 complex.

The former is likely to be problematic, as Knl1 is a large (> 2, 300 amino acids) and

disordered protein, where its C-terminus is the only region with an ordered structure

(Caldas & DeLuca, 2014). As such, proteins associated with Knl1, or indeed Knl1 itself,

as an outer-kinetochore marker is likely to lead to more noise in measurements of intra-

kinetochore distances. In contrast, the NDC80 complex has been shown to be a sti�

element in the kinetochore (Suzuki et al., 2014). However, fluorescent labelling of the N-

terminus of Ndc80 produces errors in force generation and microtubule-binding a�nity

(Mattiuzzo et al., 2011). Therefore any region of the NDC80 complex required for

binding to kinetochore-microtubules (kMTs) or other kinetochore proteins was avoided

for fusing fluorescent protein. The C-terminus of Ndc80 (Ndc80-C), which is located

at the end of a coiled-coil region that binds the Spc24 subunit of the complex, was

originally chosen as a target for localisation of an mCherry fluorescent marker. In

order to maximise brightness and localisation of Ndc80 throughout movies, we also

used another red fluorescent protein, tagRFP. This has been shown to have better

quantum yield, resistance to photobleaching, and greater than 3◊ the brightness of



mCherry (Merzlyak et al., 2007). Plasmids containing these fusions were produced as

described in § 2. In these constructs, Ndc80 and its fluorescent marker were separated

by a 42-amino acid linker, which under full extension would have length ≥18 nm

(Berg et al., 2002, Figure 3.24); it was made to this length to reduce interference by

the fluorescent marker on the full NDC80 complex, which is essential as it has been

suggested that transient transfection of C-terminally tagged Ndc80 can be ine�cient

(Mattiuzzo et al., 2011). This construct could now be used as a marker for the outer-

kinetochore in cells that already express eGFP-CENP-A, allowing measurements of

intra-kinetochore distance in the direct linkage between the centromeric DNA (CENP-

A) and microtubule binding (Ndc80). Due to repeated failure to obtain a double stable

cell line, all Ndc80-tagRFP experiments were performed using transient transfection.

To ensure fusion of a fluorescent marker to Ndc80-C does not alter kinetochore

function, I next determined the dynamics of CENP-A using our established kinetochore

tracking and analysis pipeline (Jaqaman et al., 2010; Burroughs et al., 2015; Armond

et al., 2015b). These experiments were performed prior to the production of the Ndc80-

tagRFP construct, and therefore were performed using transient transfection of the

Ndc80-mCherry plasmid. Given the similarity in size of both fluorescent protein and

linker, it is assumed that Ndc80’s fusion to tagRFP produces no di�erence in e�ect

when compared to mCherry. Transfection of the mCherry plasmid in cells expressing

eGFP-CENP-A resulted in a range of expression of Ndc80-mCherry (Figure 3.1 A).

Metaphase cells were imaged for eGFP-CENP-A signal every 2 s for 5 min, and imaged

for mCherry signal at the first time point. Cells in these cultures that failed to express

Ndc80-mCherry were used as a control, as they had undergone the same incubation

with the transfection reagent but did not express the mCherry. Cells were divided

into one of three groups: no (Figure 3.1 A), low (Figure 3.1 B) and high expression

(Figure 3.1 C) of Ndc80-mCherry. eGFP-CENP-A signals were tracked in each movie

and sister kinetochores found. Next, the distance between eGFP-CENP-A signals at

each kinetochore pair, d, was calculated within cells expressing no Ndc80-mCherry,

low levels, and high levels of Ndc80-mCherry. The median (± standard error) distance
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Figure 3.1 Ndc80-mCherry can be transfected with a range of expression levels 
at kinetochores.
Example fluorescence images of eGFP and mCherry signal in eGFP-CENP-A 
cells after transient transfection of Ndc80-mCherry, with (A) no, (B) low, or (C) 
high expression of Ndc80-mCherry. Dashed white boxes represent location of 
kinetochore pairs within insets; white crosses are the Gaussian-fitted centres of 
eGFP signals. Schematics demonstrate the level of Ndc80-mCherry signal and 
the measurement of interkinetochore distance, d. Scale bars = 500 nm.
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Figure 3.2 Ndc80-mCherry incorporation does not affect overall kinetochore 
dynamics.
Example eGFP-CENP-A trajectories in cells transfected with Ndc80-mCherry, 
with: (A) no, (B) low, or (C) high expression of Ndc80-mCherry. Green lines 
represents each kinetochore’s position in the metaphase plate’s x-coordinate. 
Black lines represent 3D interkinetochore distance, d, for each kinetochore pair.
(D) Histogram of interkinetochore distance, d, for eGFP-CENP-A cells with no 
(blue; n = 155,100), low (gold; n = 155,015) and high expression (green; n = 
154,626) of Ndc80-mCherry. Values given are medians ± standard error.
(E) Autocorrelation of a kinetochore’s eGFP-CENP-A location in the metaphase 
plate’s x-coordinate for cells with no (blue), low (gold) and high expression 
(green) of Ndc80-mCherry. Each curve demonstrates periodic behaviour of a 
kinetochore’s location about the metaphase plate with half-period of approxi-
mately 35 s.



between sister kinetochores in cells expressing eGFP-CENP-A alone was 967 (± 1) nm

(n=155,100), while those also expressing low or high Ndc80-mCherry had median sister

separations 941 (± 1) nm (n=155,015) and 938 (± 1) nm (n=154,626), respectively

(Figure 3.2 D). Thus, only a small decrease in the distance between kinetochore pairs

was apparent when high Ndc80-mCherry expression was present. As a further test for

ability for kinetochore pairs to generate force e�ciently, the back-and-forth motion of

sister kinetochores about the metaphase plate was investigated. This was measured

by calculating the autocorrelation of change in a kinetochore’s metaphase plate x-

coordinate. Cells expressing no, low, and high levels of Ndc80-mCherry had the same

characteristic periodicity of kinetochores’ back-and-forth motion. All cells exhibited

an average half-period of 35-40 s, and the strength (or depth) of autocorrelation at the

half-period did not change (Figure 3.2 E).

There is a slight alteration in half-period in high Ndc80-mCherry expressing cells, so

this prompted me to investigate directional switches during kinetochore back-and-forth

motion in more detail. My lab has previously used a mathematical model of kinetochore

dynamics to investigate directional switches in detail Armond et al. (2015b). By fitting

the model to kinetochore coordinate data using Monte Carlo Markov chain (MCMC)

methods, distributions of values for each of the model’s parameters are produced. These

distributions give a best approximation of the model given the data. However, there

is an identifiability issue between the inter-kinetochore spring’s natural length, L, and

kMT polymerisation (+) and depolymerisation (≠) speeds, v±. To overcome this, a

measured distribution for L is required before running the model-fitting. A hidden

variable derived by the model-fitting is the state of each kinetochore-fibre (k-fibre).

This variable derives the probability that a directional switch was initiated by the lead

(or poleward, P) or trail (or away-from-the-pole, AP) kinetochore. Each directional

switch can then be classed as a lead-initiated directional switch (LIDS), trail-initiated

directional switch (TIDS) or joint directional switch (JDS). Once directional switch

times are found, average profiles of other variables, e.g. inter-kinetochore distance, can

be observed during each type of switch. HeLa-K cells exhibit a bias towards LIDS



and exhibit signature profiles in their inter-kinetochore distance during both LIDS and

TIDS (Burroughs et al., 2015; Armond et al., 2015b). These detailed analyses revealed

that the LIDS bias was lost in cells expressing mCherry-Mis12, and inter-kinetochore

profiles during LIDS and TIDS were perturbed (see Appendix A).

In order to calculate natural length of inter-kinetochore chromatin required be-

fore running the modelling in cells expressing Ndc80-mCherry, cells were incubated

with 3.3 µM nocodazole to deconstruct the mitotic spindle. This removed any inter-

kinetochore tension, and therefore provided the natural length. Kinetochores were

tracked using their eGFP-CENP-A signal (Figure 3.3 A), giving a distribution of

inter-kinetochore distances, d, in cells devoid of inter-kinetochore stretch. The me-

dian (± standard deviation) value of d measured in these cells was 749 (± 131) nm

(n = 106, 722); these values were used as enforced priors for the MCMC model-fitting.

After fitting the model to the kinetochore coordinate data, a variable for k-fibre state

for the pair of kinetochores can be extracted, so that this state changes at a directional

switch. With this, probabilities that either the leading or trailing kinetochore initiated

a directional switch can be calculated. A calculation of normalised probability that

a directional switch was lead-initiated (LIDS) was made, so that the more likely a

directional switch is a LIDS the closer the normalised probability is to 1. This way, a

LIDS could be defined as any normalised probability above 0.67 (i.e. is twice as likely

to be a LIDS than a trail-initiated directional switch (TIDS)), and a TIDS defined as

normalised probability below 0.33 (i.e. is twice as likely to be a TIDS than a LIDS). Of

all directional switches within cells not expressing Ndc80-mCherry (n = 968), 62.0%

were calculated as LIDS, while 17.3% were TIDS (Figure 3.3 C), yielding an expected

bias of 3.6:1 LIDS:TIDS (c.f. 3.8 for J-CENP-A in Figure A.3). Meanwhile, cells ex-

pressing both eGFP-CENP-A and low or high levels of Ndc80-mCherry also yielded

biases of 5.1:1 LIDS:TIDS (n = 391) and 4.3:1 LIDS:TIDS (n = 797), respectively

(Figure 3.3 C). While the bias for low expression appears larger than that of no and

high expression of Ndc80-mCherry, there is only a di�erence of ≥4% between the prob-

abilities of LIDS and TIDS between no and low expression levels. Furthermore, the
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Figure 3.3 Ndc80-mCherry incorporation does not affect kinetochore direc-
tional switching behaviour.
(A) Example image of eGFP-CENP-A cells after addition of 3.3 μM nocodazole. 
Dashed white box represents location of the kinetochore pair within inset; white 
crosses are the Gaussian-fitted spot centres. Schematic demonstrates the meas-
urement of interkinetochore distance, d. Scale bar = 500 nm.
(B) Histogram of interkinetochore distance, d, for eGFP-CENP-A cells after 
addition of 3.3 μM nocodazole (n = 106,722), providing a prior distribution for 
modelling natural length, L, of the interkinetochore ‘spring’. Values given are 
median ± standard error.
(C) Histogram of normalised probabilty a directional switch is lead-initiated for 
eGFP-CENP-A cells with no (blue; n = 968), low (gold; n = 391) and high 
expression (green; n = 797) of Ndc80-mCherry.
(D) Interkinetochore distance, d, about a LIDS for eGFP-CENP-A cells with no 
(blue; n = 584), low (gold; n = 245) and high expression (green; n = 447) of 
Ndc80-mCherry. Areas either side of each line represent the standard error of the 
mean.
(E) Interkinetochore distance, d, about a TIDS for eGFP-CENP-A cells with no 
(blue; n = 157), low (gold; n = 49) and high expression (green; n = 97) of 
Ndc80-mCherry. Areas either side of each line represent the standard error of the 
mean.



histograms of normalised LIDS probability in each case overlap considerably. To check

whether this increase in bias towards LIDS in low and high Ndc80-mCherry expressing

cells is not a significant e�ect, it was important to ensure that force generation on the

approach to directional switches was not perturbed.

In order to investigate force generation about directional switches, inter-kinetochore

distance, d, was calculated at the 10 time points both prior to and after a LIDS and a

TIDS, which would provide a proxy for the tension generated between the kinetochore

pair. Importantly, the rate of generation of inter-kinetochore tension on approach

to a LIDS was una�ected in cells expressing low and high levels of Ndc80-mCherry

(Figure 3.3 D). Furthermore, the profiles in d about a TIDS in low and high levels of

Ndc80-mCherry were una�ected (Figure 3.3 E), the only di�erence being a decrease

in inter-kinetochore distance ≥15 s prior to the TIDS. This is likely a consequence

of the low number of kinetochore pairs in low expressing cells exhibiting this type

of directional switch (n = 49), compared to both no expressing (n = 157) and high

expressing (n = 97) cells. Overall, the mCherry, and therefore presumably the tagRFP,

produces very little di�erence in coordination of directional switch behaviour in sister

kinetochore. Coupled with the observation that cells expressing both eGFP-CENP-A

and Ndc80-mCherry, and therefore Ndc80-tagRFP, exhibit the behaviour demonstrated

by cells expressing eGFP-CENP-A alone, eGFP-CENP-A cells transiently transfected

with Ndc80-tagRFP can be faithfully investigated for intra-kinetochore dynamics.

3.3 dual-tagged (dt)CENP-A

Previously published measurements of intra-kinetochore distances, �, have been on

the scale of 10’s of nanometres. Given that image pixel size will be a minimum of

69.4 ◊ 69.4 ◊ 100 nm, it is crucial that all potential sources of error are carefully

controlled for. Given that measurements of � will be made in cells expressing both

eGFP-CENP-A and Ndc80-tagRFP, one such source of error is chromatic shift of light

with di�erent wavelengths. The filters within the optical path of the spinning-disk

confocal microscope being used allow measurement of emission wavelengths of 525 nm



and 615 nm, allowing imaging of the eGFP and tagRFP fluorophores, respectively. In

order to accurately measure the chromatic shift between these two wavelengths from

the same source, we developed a HeLa-K cell line stably expressing both eGFP-CENP-

A and mCherry-CENP-A (dtCENP-A), as described in § 2. The use of mCherry as

the red fluorescent protein didn’t produce any di�erences, as the emission wavelength

being measured by the filter wheel was independent of the fluorophore. In order to

faithfully calculate chromatic shift using this cell line, we needed to ensure that the

cell line expressing both eGFP and mCherry in the centromeric chromatin would not

cause errors in mitosis. This could be directly observed by imaging cells every 3 min

for 12 hr, which would allow observation of timing of mitotic events. dtCENP-A cells

and cells expressing eGFP-CENP-A alone were imaged for eGFP signal, while cells ex-

pressing mCherry-CENP-A alone were imaged for mCherry signal as a further control.

Example images of cells progressing through nuclear envelope breakdown (NEBD),

metaphase plate formation and anaphase onset show very little di�erence in mitotic

timings in the three cell lines (Figure 3.4 A). Times of these events were manually

collated for two experiments for each cell line, and time di�erences calculated therein,

showing that indeed the population of cells in all three cell lines progress through mi-

tosis with very similar timings (Figure 3.4 B,C,D). More specifically: the mean (±

standard error) time taken for eGFP-CENP-A, mCherry-CENP-A and dtCENP-A

cells to progress from NEBD to metaphase plate formation were 17.5 (± 0.4) min,

17.9 (± 0.4) min, and 19.8 (± 0.4) min, respectively (Figure 3.4 B); the mean (± stan-

dard error) time taken for eGFP-CENP-A, mCherry-CENP-A and dtCENP-A cells to

progress from metaphase plate formation to anaphase onset were 13.5 (± 0.5) min,

15.2 (± 0.5) min, and 12.4 (± 0.4) min, respectively (Figure 3.4 C); and the mean (±

standard error) time taken for eGFP-CENP-A, mCherry-CENP-A and dtCENP-A cells

to progress from NEBD to anaphase onset were 31.0 (± 0.6) min, 33.1 (± 0.6) min, and

32.8 (± 0.6) min, respectively (Figure 3.4 D). This demonstrates that the dtCENP-A

cell line produces fluorescent signal at kinetochores without perturbation to a kineto-

chore’s normal function in mitosis, and therefore chromatic shift could be faithfully
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Figure 3.4 Incorporation of mCherry tag to CENP-A N-terminus produces no 
effect on mitotic timing.
(A) Example images of eGFP-CENP-A (top), mCherry-CENP-A (middle) and 
dtCENP-A (bottom) cells in mitosis, with NEBD (column 2), metaphase plate 
formation (column 4) and anaphase onset (column 5). Lines above plots denote 
which times are calculated for (B), (C) and (D). Scale bars = 5 μm.
(B) Cumulative frequency of time between NEBD and metaphase plate forma-
tion in eGFP-CENP-A (blue; n = 290), mCherry-CENP-A (gold; n = 454) and 
dtCENP-A (green; n = 322) cells. Values given are means ± standard error.
(C) Cumulative frequency of time between metaphase plate formation and ana-
phase onset in eGFP-CENP-A (blue; n = 286), mCherry-CENP-A (gold; n = 
460) and dtCENP-A (green; n = 315) cells. Values given are means ± standard 
error.
(D) Cumulative frequency of time between NEBD and anaphase onset in eGFP-
CENP-A (blue; n = 293), mCherry-CENP-A (gold; n = 456) and dtCENP-A 
(green; n = 327) cells. Values given are means ± standard error.



calculated using this cell line for experiments measuring intra-kinetochore distances.

3.4 Summary

In order to measure intra-kinetochore distances in human cells during mitosis, a pair

of kinetochore proteins fused to di�erent fluorescent markers can be imaged by fluo-

rescence microscopy. To ensure that calculations of intra-kinetochore distance are rep-

resentative of typical HeLa-K cells, kinetochore dynamics and/or mitotic progression

were investigated in all cells expressing multiple fluorophores to multiple kinetochore

proteins. This revealed that the incorporation of mCherry to the N-terminus of Mis12

results in perturbation in force generation at the lead kinetochore when a kinetochore

pair move in unison (see Appendix A). In fact, incorporation of any fluorophore to the

MIS12 complex may result in this perturbation, as delayed chromosome congression

is also observed in cells expressing Dsn1-GFP (see Appendix A). Nevertheless, I have

developed an assay in which cells expressing both eGFP-CENP-A and Ndc80-tagRFP

can be faithfully used for intra-kinetochore distance measurements. Expression of

Ndc80-mCherry in these cells has been carefully investigated with in-depth analysis

of directional switches, ensuring that the incorporation of the fluorophore yielded no

significant perturbations to kinetochore dynamics. With this in mind, I also developed

a HeLa-K cell line expressing both eGFP- and mCherry-CENP-A (dtCENP-A) in or-

der to accurately calculate chromatic shift between the measured eGFP and mCherry

emission wavelengths within a cellular environment. To this end, I developed an assay

to calculate accurate chromatic shift, ’, using dtCENP-A cells required to accurately

measure 3D intra-kinetochore distances.







Chapter 4

Calculating Chromatic Shift in 3D

4.1 Background

The physical separation of kinetochore components has previously been measured in

multiple organisms, and in all cases intra-kinetochore distances are typically 10s of

nano-metres (see Figure 1.8). Given such small di�erences being measured between

fluorescent spots of di�erent wavelengths, a careful appreciation of chromatic aberration

is first required. With a view to doing fluorescence imaging of pairs of kinetochore

proteins fused to di�erent fluorescent proteins (FPs), I will use a spinning disk confocal

microscope equipped with two charge-coupled device (CCD) cameras and a dichroic

beam splitter, allowing two wavelengths of light to be imaged simultaneously. This

would eliminate artefacts associated with “time e�ects”. However, through a 100◊

objective lens these CCD cameras have apparent pixel size of ≥ 69.4 nm, while profiles

through di�raction-limited fluorescent spots have standard deviations of 200-300 nm –

the combination of these two e�ects makes it crucial that all potential inaccuracies in

measurement of intra-kinetochore distances are considered. One source of inaccuracy

in the measurement of the distance between two di�erent-wavelength fluorescent spots

is the chromatic shift.

Chromatic shift is the observed di�erence in position of a fluorescent signal in

two di�erent wavelengths originating from the same source. This shift is caused by a

wavelength dependence of the refractive index of materials as electromagnetic waves

travel along the optical path, resulting in di�erent di�raction angles (basic principle

demonstrated in Figure 4.1). In the case where a point source emits both green and

73
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Figure 4.1 Schematic of axial and transversal chromatic shift between green and 
red light.
Light paths in 525 nm (green line) and 615 nm (red line) wavelengths travelling 
through a focussing lens onto a CCD camera, demonstrating both axial (A) and 
transversal (B) chromatic shift. Longer wavelength light has a larger refraction 
angle as it enters the lens, due to a decrease in refractive index, n, in glass rela-
tive to shorter wavelength light. This results in the red spot being unfocussed 
when the green spot is in focus (A), and/or green spots appear in a different loca-
tion that red spots on the CCD. Dashed spots represent location of observed 
spots.
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red light, the di�erence in position can occur either axially, where red signal would

appear unfocussed when green signal is in focus (Figure 4.1 A), or transversally, where

red signal would appear to be located in a di�erent position to green signal in a single

focal plane (Figure 4.1 B).

Designed to combat chromatic aberration, objective lenses are available in a num-

ber of forms (for review see Pawley, 2006, Chapter 7). Achromat lenses are designed to

remove chromatic aberration between two wavelengths, while removing spherical aber-

ration in a single wavelength. Fluorite (or neoflar) lenses can correct for up to three

wavelengths in both chromatic and spherical aberrations, while apochromat lenses im-

prove spherical aberrations in an additional wavelength again. Additionally, these

lenses produce curved image projections rather than a flat field, which can be reduced

significantly using either plan achromat, plan fluorite, or plan apochromat lenses. As

such, all experiments measuring sub-pixel distances in this thesis were performed on

a spinning disk confocal microscope installed with a 100◊ plan apochromat objective,

which is superior to all other objective lens designs. However, despite correction of

multiple sources of chromatic shift, objectives are designed to correct for specific wave-

lengths, meaning there remains a small, but significant, shift between any two of the

wavelengths being measured here. This chromatic shift needs to be quantified in all

three dimensions.

Given that no two microscopes and their optics can be constructed identically to

within nano-metre accuracy, the chromatic shift must be determined specifically for

each microscope. In order to measure the intra-kinetochore distance I use a two camera

setup, one to measure each of eGFP fluorescence (525 nm emission wavelength) and

tagRFP fluorescence (615 nm emission wavelength), imaging a sample where fluorescent

signals of both 525 nm and 615 nm emission wavelengths originate from the same

location. In order to measure the chromatic shift sub-pixel with maximum precision,

I tested the measurement of chromatic shift correction using fluorescent microspheres,

a traditional method of deriving chromatic shift, to ensure accurate correction of FPs

located at kinetochores in live cells.
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Figure 4.2 Fluorescent microspheres as used to calculate 3D chromatic shift.
(A) Example of 200 nm-diameter tetraSpeckTM fluorescent microspheres imaged 
in emission wavelengths of 525 nm and 615 nm. Top panel shows microscope xy 
plane, bottom panel shows microscope xz plane. Insets show regions denoted by 
white dashed boxes. Green crosses and red pluses show the Gaussian-fitted cen-
tres of 525 nm and 615 nm fluorescence signal, respectively. Scale bars = 5 μm 
for full image, 2 μm for both insets.
(B) Schematic demonstrating method of locating a 615 nm (red) spot based on 
location of 525 nm (green) spot. Dashed circle represents region of radius 300 nm, 
centred at green spot centre, within which to find brightest red spot. Green 
crosses represent Gaussian-fitted centre of green spot, red cross represents loca-
tion of brightest red pixel, and red plus represents Gaussian-fitted centre of red 
spot.
(C) Histograms of chromatic shift, ζ = [ζx, ζy, ζz], as measured from 525 nm to 
615 nm fluorescence. Distributions of ζx, ζy and ζz are shown in the top, middle 
and bottom panels, respectively. Values given are medians ± standard error.
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4.2 Fluorescent microspheres

Traditionally chromatic shift is calculated using fluorescent microspheres (e.g. Dumont

et al., 2012; Magidson et al., 2016), spheres of uniform diameter on the scale of the

point spread functions (PSFs) of fluorescent spots. They are stained with a number of

fluorescent dyes spanning the wavelengths typically used for cell biology-related imag-

ing assays. This allows imaging in multiple wavelengths of these point sources; thus the

relative shift can be determined of an object’s position as measured by each wavelength.

One such example are tetraSpeck™ fluorescent microspheres with a range of diameters

(100 nm up to 4 µm), which will be used for the experiments in this study. They are

labelled with four di�erent fluorescent dyes, but most importantly will allow imaging

of 525 nm and 615 nm emission wavelengths. As fluorescent microspheres were rela-

tively evenly distributed across the glass cover slip, and therefore gave a wide spread

of spots when observed in an image stack, they were used to calibrate the two cameras

during simultaneous imaging. Volocity® 6.1.3 (Perkin Elmer) has a dual camera cali-

bration method which utilises images of either 500 nm or 1 µm diameter tetraSpeck™

fluorescent microspheres to align the two cameras in the 525 nm and 615 nm emission

wavelengths in the xy-plane (z-directional alignment isn’t a feature of this in-built

calibration). Given that the previously reported distances between kinetochore sub-

units are sub-pixel measurements, I sought to further correct for chromatic shift after

calibration in order to utilise our sub-pixel spot finding assay (Burroughs et al., 2015).

In order to calculate sub-pixel chromatic shift between the 525 nm (green) and

615 nm (red) emission wavelengths on the dual camera setup, fluorescent microspheres

were imaged under the same setup for green and red signals with 100 nm z-resolution

(Figure 4.2 A). It is worth noting that the fluorescent beads are located in a common

focal plane, as all beads are located on the glass surface (Figure 4.2 A). Chromatic shift,

’ = [’
x

, ’

y

, ’

z

], was calculated as the 3D vector separating the measured green and red

spot centres, with direction towards the red signal (Figure 4.2 B,C). Spot centres were

localised by Gaussian mixture-model fitting (MMF), resulting in sub-pixel measure-

ments; green spot centres were first localised, and then red signal located within a



spherical mask of radius 300 nm centred at the green spot (Figure 4.2 B). Compil-

ing measurements of ’

x

, ’

y

and ’

z

across 10 image stacks of fluorescent microspheres

yielded median (± standard error) distances of 1.5 (± 0.7) nm, ≠1.0 (± 0.7) nm and

≠37.1 (± 0.3) nm, respectively (n = 9, 659; Figure 4.2 C). The population standard

deviation of measurements of ’

x

, ’

y

and ’

z

were ‡

x

= 68.6 nm, ‡

y

= 66.5 nm and

‡

z

= 32.0 nm, respectively. The standard deviation of measurements of ’

z

, ‡

z

, was

much smaller than the standard deviation of measurements of ’

x

and ’

y

. This di�er-

ence may represent variation in the measurements of ’ depending on its position in the

image stack. As the fluorescent microspheres are all glued onto the glass cover slip sur-

face, and therefore only cover a narrow range in the microscope’s z axis (Figure 4.2 A),

smaller variation would be observed, and therefore a narrower population standard

deviation. Nevertheless, axial (xy-plane) chromatic shift is precise to within the size of

one pixel, while lateral (z-directional) chromatic shift is precise to within a third of a

pixel. One limitation of this approach however is that I propose to correct for chromatic

shift of fluorescently-labelled objects in live cells, whose refractive index (n ≥ 1.33, like

water) di�ers from that of optical glue (n = 1.52) in which the fluorescent microspheres

in this experiment are embedded. Additionally, di�erent constituents within the cell

have di�erent microenvironments, and therefore may have di�erent e�ective refractive

indices, causing non-linear changes in di�raction of light through the cell. This could

result in a di�erence in chromatic shift as a result of sample thickness, as light needs

to travel through more cellular matter. Thus, fluorescent microspheres, which lack this

cellular environment, may not su�ciently correct for the chromatic shift from labelled

kinetochore proteins in live cells.

4.3 Using dtCENP-A to test fluorescent beads

In order to test whether the chromatic shift calculation calibration as determined from

fluorescent microspheres is su�ciently accurate for correcting the location of FPs in live

cells, I produced a cell line containing both eGFP- and mCherry-tagged trans-genes

of CENP-A (see § 4.3), a protein previously localised and tracked in time (Jaqaman



et al., 2010; Amaro et al., 2010; Wan et al., 2012; Mchedlishvili et al., 2012; Vladimirou

et al., 2013). Henceforth I shall refer to this cell line as dual-tagged (dt)CENP-A. In

this cell line, both the eGFP and mCherry fluorescence signals will be localised to

the centromere. If the chromatic shift correction is accurate, a kinetochore’s mCherry

signal should map onto its eGFP signal.

dtCENP-A cells were imaged in both 525 nm (green) and 615 nm (red) wavelengths

with data collected from 10 metaphase cells and 10 fields containing interphase cells

(Figure 4.3 A). Cells are in interphase for the majority of the cell cycle, and therefore

could be found in groups that filled the field of view. In contrast, mitosis is a rarer event

(even more so is metaphase), and therefore only individual cells could be imaged. eGFP

and mCherry spot centres were localised by Gaussian MMF, and the vector from green

to red fluorescence, ÷ = [÷
x

, ÷

y

, ÷

z

], was calculated, similarly to ’ (Figure 4.3 B,C). If

the chromatic shift correction, ’ = [’
x

, ’

y

, ’

z

], calculated using fluorescent microspheres

in Figure 4.2 B is su�ciently accurate, the median values of ÷

i

≠ ’

i

, for i œ [x, y, z],

should be consistent with being zero, any deviation from zero should be consistent with

experimental error in the measurement (see § 2.9 for theoretical measurement error).

Indeed, the median values (± standard deviation) calculated for metaphase dtCENP-

A cells were ≠10.1 (± 126.3) nm, ≠7.3 (± 112.2) nm and 15.7 (± 200.1) nm for the

x, y and z components, respectively (n = 530; Figure 4.3 B). However, a concern is

that the standard deviation in the population of ÷

z

measurements (‡
z

= 200.1 nm) for

metaphase is ≥ 2◊ the z-directional imaging resolution, demonstrating a wide range of

measurements. Furthermore, the median values of ÷

i

≠’

i

for interphase dtCENP-A cells

were 3.9 (± 82.2) nm, ≠3.8 (± 85.0) nm and ≠42.1 (± 112.0) nm for i = x, y and z,

respectively (n = 3, 571; Figure 4.3 C). Given that the population standard deviations

for ’

x

and ’

y

are similar to those for fluorescent beads, and the population standard

deviation for ’

z

is approximately that of one pixel, the chromatic shift measurement

is much more precise than in metaphase dtCENP-A cells. The correction in the x-

and y-coordinates is su�cient, as they each have an inaccuracy (3.9 and ≠3.8 nm)

less than the theoretical accuracy of measurements between green and red fluorescent
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spots (5.6 nm; Figure 2.3). However, there is a clear underestimate in the z-component

of ’. The underestimate in ÷

z

exposes an inability of the fluorescent microspheres to

correct 3D chromatic shift in live interphase HeLa-K cells, and therefore raises doubts

that they can correct chromatic shift in metaphase HeLa-K cells. Therefore, given

that the dtCENP-A cells contain multiple fluorophores localised to the same protein,

the dtCENP-A cell line was examined as a candidate for quantifying the chromatic

shift in the cellular environment; the issue is whether the broader distributions of the

distance between the two fluorophores in dtCENP-A (Figure 4.3 B, right) as compared

to fluorescent microspheres is a problem. Therefore I sought to develop my chromatic

shift assay by imaging dtCENP-A cells at 525 nm and 615 nm emission wavelengths.

4.4 Quantifying chromatic shift using dtCENP-A

Given that the eGFP and mCherry signals in dtCENP-A cells were not co-localised in

the z-direction based on the chromatic shift calculated from fluorescent microspheres,

dtCENP-A cells were investigated for calculating the chromatic shift between 525 nm

and 615 nm emission wavelengths themselves. However, ÷

z

as measured in metaphase

dtCENP-A cells yielded a broad distribution. To ensure that this wasn’t specific to

one experiment and therefore one batch of cells, image stacks of Ø5 metaphase cells

were captured as before over a number of experiments on di�erent days. Similarly, Ø5

fields of interphase dtCENP-A cells were also imaged on each occasion. As discussed

previously, eGFP was located using Gaussian MMF and the mCherry signal found

within a spherical mask of radius 300 nm centred at the GFP spot. The vector, ÷,

was calculated for each kinetochore, again pointing from the eGFP to the mCherry

signal. Given that the microscope setup may be subject to drift, the measurements

of ÷ were experiment-specific. In order to compare all experiments, each experiment’s

distributions in ÷

x

, ÷

y

and ÷

z

were normalised to zero by subtracting their median

measurement, ÷

i

for i œ [x, y, z], for that experiment – these distributions will be

referred to as centralised distributions. Each of the centralised distributions of ÷

i

,

for i œ [x, y, z], as derived from metaphase dtCENP-A cells were very broad when



compared to those derived from interphase dtCENP-A cells, particularly in the z-

direction (Figure 4.4). This is confirmed by the population standard deviation, ‡

i

,

for i œ [x, y, z], for each distribution, where interphase cells (blue; n = 36,727) yielded

smaller ‡

i

than those derived from metaphase cells (gold; n = 6,664) (Figure 4.4). Most

significantly, ‡

z

took values 59.1 nm and 120.0 nm for interphase and metaphase cells,

respectively, demonstrating that the broad distribution observed previously was not

specific to the experiment, and is indeed a consistent issue with metaphase dtCENP-

A cells. However, visual inspection of calculated measurements of ÷ highlighted a

potential quality issue, as some eGFP and mCherry spots appeared to be incorrectly

located in both interphase and metaphase dtCENP-A cells (e.g. Figure 4.5 A). It was

therefore crucial that measures for quality control were enforced in order to minimise

the occurrences of these events – these events could even be the cause for the broader

distribution in measurements of ÷

z

in metaphase cells.

In order to investigate events where ÷ has visibly been incorrectly calculated, vec-

tors for ÷ in the xy-plane were plotted onto images of interphase cells (Figure 4.5 A,

yellow vectors). It became apparent that there were two possible reasons for these

incorrect measurements: firstly, some eGFP signals were located nearby another eGFP

signal of similar signal, however they were accompanied by mCherry signals with very

di�erent intensity signals. Sometimes the result of this was that the same mCherry

signal was localised for both eGFP spots and the lower-intensity spot ignored (Fig-

ure 4.5 A, yellow vector labelled †). This resulted in erroneous measurement of ÷ for

both pairs of eGFP-mCherry markers, as the Gaussian MMF assumed that there were

two Gaussians contributing to the brighter signal. To reduce the number of these in-

stances, any eGFP spots located within 750 nm in 3D from another eGFP spot were

removed from the calculation of chromatic shift (Figure 4.5 B). A second apparent

source of erroneous ÷ measurement were extremely low eGFP signals (Figure 4.5 A,

yellow vector labelled ú). These instances were removed by removal of all eGFP spots

below a certain intensity threshold, so that all eGFP spots with intensity below 25% of

that of the image’s maximum eGFP spot intensity were removed from the chromatic
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Histograms of residuals in measured ηx, ηy and ηz, calculated using interphase 
(blue; n = 36,727) and metaphase (gold; n = 6,664) dtCENP-A cells. Residuals 
are calculated relative to the median in each coordinate, i, for each experiment, 
ηi, resulting in distributions centred at 0. Values given are distribution standard 
deviations, σ.
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Figure 4.5 Chromatic shift calculation in interphase cells can be improved by 
removal of interfering and low-brightness spots.
(A) Image of interphase dtCENP-A showing the chromatic shift between eGFP 
and mCherry signal. White arrows point from eGFP to mCherry signal. Yellow 
arrows demonstrate false positive measurements: (*) vector originating from a 
GFP spot of low intensity; (†) vector originating from GFP signal not distinct 
from a neighbouring GFP spot. Scale bars = 750 nm.
(B) Quality control imposed on GFP signal, so that: (left) GFP spots must be 
separated by at least 750 nm; and (right) GFP signal intensity must be higher 
than 25% of the maximum intensity spot in the image.
(C) Histograms of residuals in measured ηx, ηy and ηz, calculated using all raw 
data (blue; n = 36,727) and quality-controlled data (gold; n = 5,922) from inter-
phase dtCENP-A cells. Residuals are calculated relative to the median in each 
coordinate, i, for each experiment, ηi, resulting in distributions centred at 0. 
Values given are standard deviation, σ, of the distribution.



shift calculation (Figure 4.5 B). Indeed, centralised distributions of ÷

i

in interphase

cells, for i œ [x, y, z], were improved after quality control, where standard deviations of

the centralised distributions, ‡

i

, decreased by 14.9%, 9.1% and 29.3% for i œ [x, y, z],

respectively (Figure 4.5 C). Quality control therefore proved incredibly important in

ensuring accurate determination of the chromatic shift using dtCENP-A cells, yielding

its biggest improvement in the z-direction. I hypothesised then that this method of

quality control could also help improve the standard deviations of centralised distri-

butions of ÷ in metaphase dtCENP-A cells, and therefore the accuracy of the median

measurement of ÷.

In order to check initially whether restricting nearest-neighbour distance and eGFP

intensity in ÷ measurements from metaphase dtCENP-A cells would improve the ac-

curacy of their measurement, vectors of ÷ in the xy-plane were plotted on images of

metaphase dtCENP-A cells (Figure 4.6 A, yellow vectors). Like interphase cells, er-

roneous measurements appeared to occur as a consequence of both the localisation of

a neighbouring mCherry signal rather than its own counterpart (Figure 4.6 A, yellow

vector labelled †), and also vectors originating from eGFP spots with low intensity

(Figure 4.6 A, yellow vector labelled ú). To check whether removal of these erroneous

measurements could also decrease the ÷

i

(i œ [x, y, z]) distribution’s variance, and per-

haps rectify the large uncertainty in z-directional ÷ measurements, quality control was

imposed on metaphase dtCENP-A cell data. The criteria were slightly loosened as the

amount of metaphase cell data was much smaller than for interphase cells (n = 6, 664

vs. 36,727, respectively): eGFP spots had to be at least separated by 750 nm and

eGFP spots with an intensity smaller than 33% of the maximum eGFP spot inten-

sity were removed (Figure 4.6 B). Comparing centralised distributions in ÷

i

between

metaphase cells before and after these measures of quality control yielded smaller stan-

dard deviations in ÷ in x, y and z, where ‡

i

decreased by 30.7%, 13.7% and 29.2% for

i œ [x, y, z], respectively (Figure 4.6 C). However, despite the decrease in population

standard deviation measured for ÷

z

, the distribution was still broad whilst appearing

to contain multiple peaks. Therefore, even after quality control, z-directional mea-



surements of chromatic shift, ÷

z

, from metaphase dtCENP-A cells had a clear large

standard deviation (Figure 4.6 C, right). In contrast, population standard deviations

of chromatic shift, ÷

i

(i = [x, y, z]), from interphase dtCENP-A cells were improved

after quality control to within almost half a pixel in each coordinate (Figure 4.5 C).

This di�erence may be a result of the di�erence between cellular environment within

interphase and metaphase cells – metaphase cells contain a well-organised spindle and

condensed DNA in chromosomes, whereas interphase cells contain a nuclear envelope,

outside which is the main population of microtubules. Therefore, light may expe-

rience chromatic shift to a di�erent extent in metaphase as compared to interphase

cells. On the other hand, the average axial chromatic shift (÷
x

and ÷

y

) calculated in

both interphase and metaphase cells for a single experiment were consistent to within

measurement accuracy (Figure 4.3). The only di�erence measured between each cell

type was in ÷

z

. I therefore wanted to utilise the superior precision in measurement of

chromatic shift in interphase cells to apply to each experiment in § 5. Firstly, I sought

to optimise the precision of measurements of chromatic shift in interphase dtCENP-A

cells.

4.5 Spatial chromatic shift: The xy-plane

Another anomaly was observed in interphase dtCENP-A cells that was potentially

contributing to the ÷ variance; for example there is a suggestion of bi-modality in the

’

y

distribution (Figure 4.7 B, blue). This bi-modality was also observed in images of

fluorescent microspheres imaged on the same day (Figure 4.7 B, gold). This observation

hints that there are regions of the xy image plane that have di�erent y-directional

chromatic shift. In order to investigate this, images of interphase dtCENP-A cells were

divided in the xy image plane into 5 ◊ 5 equally-sized regions, and the average axial

chromatic shift, ’

xy

, measured within each region. Arrows representing the vector for

the average ’

xy

= [’
x

, ’

y

] were plotted at the centre of each region and scaled in length

dependent on the vector’s magnitude. It is clear that chromatic shift is non-constant

across the image plane (Figure 4.7 D). The change in chromatic shift across the image
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Figure 4.6 Only axial chromatic shift calculation in metaphase cells can be 
improved by removal of interfering and low-brightness spots.
(A) Image of metaphase dtCENP-A showing the chromatic shift between eGFP 
and mCherry signal. White arrows point from eGFP to mCherry signal. Yellow 
arrows demonstrate false positive measurements: (*) vector originating from a 
GFP spot of low intensity; (†) vector originating from GFP signal not distinct 
from a neighbouring GFP spot. Scale bars = 750 nm.
(B) Quality control imposed on GFP signal, so that: (left) GFP spots must be 
separated by at least 750 nm; and (right) GFP signal intensity must be higher 
than 33% of the maximum intensity spot in the image.
(C) Histograms of residuals in measured ηx, ηy and ηz, calculated using all raw 
data (blue; n = 6,664) and quality-controlled data (gold; n = 794) from meta-
phase dtCENP-A cells. Residuals are calculated relative to the median in each 
coordinate, i, for each experiment, ηi, resulting in distributions centred at 0. 
Values given are standard deviation, σ, of the distribution.
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Figure 4.7 Bimodal distributions in ζ are produced by non-linearity of ζ across 
the xy plane.
(A,B,C) Histograms of: (A) ζx; (B) ζy; and (C) ζy demonstrating potential 
bimodal distributions in chromatic shift calculation, observed in distributions of 
ζ measured in both interphase dtCENP-A cells (blue; n = 1,028) and fluorescent 
microspheres (gold; n = 2,485).
(D) Regional chromatic shift between eGFP and mCherry across xy imaging 
plane of dtCENP-A cells. White arrows are averaged vectors pointing from 
eGFP to mCherry signals for each region. Scale bar = 5 μm.
(E) 2D histograms of ζi, i ∈ [x,y], against position in the j’th coordinate, j ∈ [x,y], 
from images of dtCENP-A (n = 1,028). Red denotes higher frequency, blue 
denotes lower frequency.
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plane could also be visualised by plotting 2D histograms of chromatic shift in the x- or

y-direction against position in each coordinate (Figure 4.7 E). The 2D histograms of ’

y

against position reveal the source of the bi-modal distribution: ’

y

exhibits a sinusoidal-

like distribution with y-direction, so that ’

y

takes values ranging 100 nm depending

on whether the fluorescent microsphere is at the top, centre or bottom of the image

plane. A sinusoidal pattern could be a result of the two-camera alignment method

built into Volocity®, where the patterns observed may be the residual signal after

minimisation of misalignment using sinusoidal mathematical formulae. Nevertheless,

it is important to identify these variations and adjust imaging protocols accordingly.

This analysis suggests that chromatic shift correction requires a non-linear spatial map

for the chromatic shift. However if images are within a small region of the full image

plane, it may be possible to assume that the chromatic shift is constant within that

region. This may be possible for correction of single cells which can be localised within

a smaller region of the full image plane. Therefore I sought to investigate whether

chromatic shift appears constant within a region of the image plane large enough to

image all eGFP-CENP-A spots once in a metaphase plate during mitosis.

Metaphase cells can be imaged within a region a ninth of the area of the full

image plane (Figure 4.8 A, shown for example in the centre when the image plane

is divided into 3 ◊ 3 regions). This means that, should chromatic shift be constant

within a region, metaphase cells can be placed within that region and potentially more

precisely corrected for chromatic shift. In order to minimise variation in ’ in each

the x- and y-coordinates, the profiles observed in the 2D histograms in Figure 4.7 E

must be horizontal. For example, in the bottom right panel of Figure 4.7 E, the profile

in ’

y

against y-position is steepest at the extremes of the y-coordinate. However, it

reaches a stationary point in the centre of the image plane. Therefore mitotic cells are

best located at the centre of the image y-axis. Furthermore, observation of ’

x

in the

x-direction (Figure 4.7 E, top left panel) suggests that there is a relatively constant

chromatic shift across all values of x-coordinate (except for the extreme left and right

of the image plane). However, ’

x

has a smaller spread of values within the central
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third, and therefore a mitotic cell located within this region of the image x-axis may

incur relatively constant chromatic shift. Based on this hypothesis, I wanted to check

that the bi-modality in the distribution of measurements of y-directional chromatic

shift decrease, ideally to a uni-modal distribution when restricted, within the central

region.

Distributions of ’

x

and ’

y

in the central third were compared to measurements

made across the entire image plane (Figure 4.8 C). After restricting chromatic shift

measurements to the central region, the distribution in ’

y

appeared to contain a single

peak, which resulted in a large change in the measured median for ’

y

. The bimodal

distribution in ’

y

measured across the image plane has a median (± standard error)

measurement of 45.7 (± 1.2) nm (n = 1, 028), however median y-directional ’ in the

central region of the image plane is 75.4 (± 1.8) nm (n = 148; Figure 4.8 C) – nearly

a 30 nm di�erence, corresponding to nearly half a pixel. Additionally, the distribution

standard deviation of ’

y

decreased from 38.5 nm for measurements across the image

plane, to 21.9 nm in the central third, demonstrating that the measurement of ’

y

in

the central third of the image plane does indeed provide a more precise measurement

of ’. A final note is that the precision in the measurement of of ’

x

was also greatly

improved – the distribution standard deviation of ’

x

across the entire image plane was

134.7 nm, which decreased dramatically to 26.8 nm when measured within only the

central region. This was accompanied by a change in median (± standard error) mea-

surement of ’

x

from ≠21.0 (± 4.2) nm when measured across the entire image plane

(n = 1, 028), to ≠30.0 (± 2.2) nm when restricted to the central region (n = 148), again

demonstrating the heterogeneity in the chromatic shift across the image. Therefore,

limiting chromatic shift measurements to a region su�cient to accommodate a mitotic

HeLa-K cell provides a su�cient approximation of chromatic shift measured in both x-

and y-coordinates microscope coordinates. Given that chromatic shift can vary depen-

dent on its localisation in the xy image plane, it seems natural to also ask if chromatic

shift is dependent on focal depth, i.e. dependent on the microscope’s z-coordinate. It

is especially important here as the interphase dtCENP-A cells being used for deter-



mination of chromatic shift are located in a di�erent focal plane to the centre of the

metaphase cells requiring correction of chromatic shift. Interphase cells are relatively

flat to the glass cover slip surface, whilst cells become round at the start of mitosis

and therefore their centre of mass moves upwards away from the surface. I therefore

decided to investigate the possibility that chromatic shift may change dependent on

position in the z-direction.

4.6 Spatial chromatic shift: z-depth

I wanted to examine whether chromatic shift, ’, in each the microscope x-, y- and

z coordinates was dependent on focal depth. An extrapolation of ’, specific to each

coordinate, might be required if ’ changes with z-coordinate. Furthermore, this could

possibly explain why fluorescent microspheres, which are located on the glass cover

slip (Figure 4.9 A), cannot correct for z-directional chromatic shift, ’

z

, in interphase

dtCENP-A cells (Figure 4.3 B). In order to determine whether ’ changes with micro-

scope z-coordinate, the distance of the eGFP spot centre relative to the glass cover slip

on which cells are grown is needed. This was approximated by using the lowest spot

detected (smallest value of z) in each image as z = 0, i.e. the location of the glass cover

slip. This means that eGFP spots located within a metaphase cell would have a larger

value of z-coordinate on average than an eGFP spot located within an interphase cell.

To visualise any changes in ’ with focal depth, 2D histograms were plotted of ’

in each the microscope x-, y- and z-coordinate against position in z. Measurement of

correlation coe�cients, r, for each coordinate yielded little correlation between x- and

y-directional chromatic shift and position in the focal plane; the correlation coe�cients

measured were r = 0.070 for ’

x

, and r = 0.076 for ’

y

, with probabilities of significance

p = 0.025 and p = 0.014, respectively. However, there was a much stronger correlation

between ’

z

and z position, where the correlation coe�cient was r = 0.332, which

was highly significant, p < 10≠4. The low correlation of the x- and y-directional

chromatic shift with z-position demonstrates that ’

x

and ’

y

do not vary much with focal

depth. However the observed correlation between ’

z

and z-position demonstrates that
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Figure 4.9 z-directional chromatic shift correction varies with depth.
(A) Dual colour fluorescence images of 200 nm-diameter fluorescent microspheres 
(left) and dtCENP-A cells (right) in the xz plane. Horizontal blue lines are 
located in the focal plane at the centre of metaphase cells, interphase cells, and 
microspheres. Location of glass cover slip has been approximated manually. Scale 
bar = 2 μm.
(B) 2D histograms of ζx (left), ζy (centre), and ζz (right) against position in 
microscope z-coordinate, measured upwards from the glass cover slip, for all 
spots in the imaging plane (n = 1,028). Red indicates high frequency, blue indi-
cates low frequency. White lines are best fit lines by minimising absolute residu-
als, and values given are gradients ± 95% confidence interval, coefficients of 
determination, R2, correlation coefficients, r, and probability of significance, p.
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’

z

changes with focal depth – this means that there may be a required adjustment in ’

z

,

but not ’

x

or ’

y

, to properly correct for the chromatic shift in metaphase cells located

further away from the glass cover slip. The dependence of ’

z

with z is consistent with a

linear increase with sample depth, and therefore a straight line can be fit through the 2D

histogram in order to calculate a projected value for chromatic shift at larger values of ’.

Fitting a straight line through the data, by minimising absolute residuals, for ’

z

against

z-position yielded a gradient (± 95% confidence interval) of 10.2 ± 0.3 nm µm≠1.

This reveals that the value for ’

z

measured in interphase dtCENP-A cells needs to be

increased in order to correct for chromatic shift observed in metaphase dtCENP-A cells

at larger z-coordinates. Additionally, setting the z-coordinate of the lowest GFP spot

detected to zero yielded a ’

z

-intercept, ’

0

= ≠104.5 (i.e. the value for ’

z

at the cover

slip). The correction can be calculated using the average distance between interphase

and metaphase cells in the z-direction – therefore I determined the average distance of

interphase and metaphase dtCENP-A cells away from the glass cover slip.

In order to calculate a correction for ’

z

between the z-coordinates of interphase and

metaphase cells, the distance between these focal planes needs to be multiplied by the

gradient of the straight line through the 2D histogram of ’

z

against z-position (Figure

4.9 B). The median value of ’

z

calculated for dtCENP-A interphase cells, using only

points within the central third of the xy image plane, was ≠79.8 ± 5.2 nm (Figure

4.10 A). This value for ’

z

corresponds to the centre of all interphase cells. Using the

linear relationship calculated in Figure 4.9 B between ’

z

and position in z,

’

z

= 10.2 ◊ (z-position) ≠ 104.5,

the centre of interphase cells can be calculated as 2.42 µm above the cover slip. An

interesting observation is that the z-directional chromatic shift calculation made using

fluorescent microspheres had a median of ≠38.8 nm, which, using the same equation in

reverse, would imply the microspheres are located 6.44 µm above the cover slip. Given

that this is highly unlikely, there must be additional factors (such as refractive index)

other than ’ dependence on z that results in an inaccurate calculation of ’ using the

fluorescent microspheres.
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Figure 4.10 Adjustment of z-directional chromatic shift correction from inter-
phase to metaphase cells’ focal plane.
(A) Fluorescence image of dtCENP-A cells in xy plane with central region anno-
tated, and histogram of ζz for all spots in the imaging plane (blue; n = 1,028) and 
spots in the central xy region (gold; n = 148). White dashed lines divide each of 
the x and y coordinates into three regions, and the red box surrounds the central 
region. Values given are medians ± standard error. Scale bar = 5 μm.
(B) Fluorescence image of dtCENP-A cells in the xz plane, and 2D histogram of 
position in the z-direction, measured upwards from the glass cover slip, against 
ζz. Closed white dashed lines show the approximate outline of an interphase and 
a metaphase cell. Full white line is the best fit line by minimising absolute residu-
als, as calculated in Figure 4.9 B. The bottom yellow line is located at the aver-
age centre of all interphase cells, the top yellow line at the average centre of 
metaphase cells. Yellow values given are average distance of interphase cells 
above the glass slide, and average distance between these two lines (n = 12). 
White values given are (gradient of white line x average distance between inter-
phase and metaphase cell centres) ± 95% confidence interval.
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In order to calculate the cell-specific distance of metaphase cells from the glass

cover slip for each chromatic shift measurement, the z-depth as determined by the

focus drive itself would instead be correlated with ’

z

. However, this information was not

included in image metadata or Volocity® raw data. Therefore, I manually measured the

distance between metaphase cells and the glass cover slip using fluorescence imaging.

Image stacks of metaphase dtCENP-A cells were imaged over 24 µm in z. This gives

a su�cient enough range in z-direction to ensure that both the glass cover slip and

metaphase cells were incorporated within image stacks. Images were then produced

in the xz- or yz-plane, and the glass cover slip located at the eGFP spot closest to

the bottom of the image (Figure 4.10 B). Circles manually centred at metaphase cells

were drawn to give the central point of the metaphase plate. The distance between the

lowest GFP spot and the circle’s centre gives the distance between metaphase cells and

the cover slip. Distance measurements were calculated over 12 images (Figure 4.11),

giving an average distance of metaphase cell centres above the cover slip as 10.09 µm

(n = 12; Figure 4.10 B). Given the calculated distance of interphase cells above the

cover slip, 2.42 µm, the average distance measured between interphase dtCENP-A cells

and metaphase dtCENP-A cells was 7.67 µm (Figure 4.10 B). On the assumption that

metaphase cells are located on average this distance from the glass cover slip across all

experiments, the adjustment to interphase cell-derived ’

z

required for use in metaphase

cells is:

(gradient of ’

z

vs. z position) ◊ (distance from interphase to metaphase)

= 10.2 ◊ 7.67

= 78.2 ± 2.1 nm.

Therefore, given that the median measurement of ’

z

from interphase cells was ’

z

=

≠79.8 nm, the corrected value for ’

z

for use in metaphase cells was ≠79.8 + 78.2 =

≠1.7 nm. This was demonstrated in graphical form by plotting a 2D histogram of each

eGFP spot’s position in z against the z-directional chromatic shift, ’

z

, for all eGFP

spots within the central region of the xy image plane (Figure 4.10 A). By plotting the

calculated line of best fit through the data, and extrapolating up to the average centre



of metaphase cells, the value for ’ is as expected.

This adjustment gives a final median (± standard error) measurement of chromatic

shift, ’ = [≠30.0, 75.4, ≠1.7] ± [2.2, 1.8, 5.6] nm, where the z-directional standard er-

ror was calculated as the propagation of the standard error in median measurement

(5.2 nm) and the error in adjustment of ’

z

(2.1 nm). A final check will be required to

ensure that this does indeed correct for chromatic shift observed in metaphase HeLa-K

cells expressing both green (e.g. eGFP) and red (e.g. mCherry, tagRFP) FPs. How-

ever, given that the distribution standard deviation of ’

z

measured using metaphase

dtCENP-A cells was on the scale of z-directional image sampling, metaphase cells could

not be used to mediate the final check for chromatic shift accuracy using this assay.

Instead, average kinetochore pair conformation within a mitotic spindle will be used

to determine accuracy of chromatic shift (see § 5.4).

4.7 Summary

I have developed an assay to use interphase cells expressing both eGFP and mCherry

fluorophores attached to CENP-A to calculate the 3D chromatic shift correction ap-

propriate for live cell imaging. This assay utilises specific regions of the image plane

in order to minimise error in the chromatic shift correction. It also corrects for a de-

pendence of the z-directional chromatic shift on the height above the glass cover slip,

important here in extrapolating the correction to metaphase cells. All calculations of

chromatic shift are given in Table 4.1. I have also demonstrated that pre-prepared flu-

orescent microspheres, such as the example used in this study, may be unsatisfactory

for measurement of 3D chromatic shift correction of live cells – in fact they were unable

to correct either interphase or metaphase HeLa-K cells. Not only do the microspheres

su�er due to a dependence of z-directional chromatic shift on focal plane, but they

exhibit a di�erent value for ’

z

than that expected based on their location on the glass

cover slip surface. This means that other methods used for 3D chromatic shift mea-

surement, such as fluorescent microspheres suspended in agarose should be checked for

their ability to correction chromatic aberration in live cells.
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However, the assay developed here is not perfect. Ideally the chromatic aberration

correction should be determined in cells with a similar shape to the cells under study,

e.g. using metaphase dtCENP-A cells to calibrate the chromatic aberration would be

preferable to using interphase cells, which are closer to the cover slip. This would

remove the requirement for an adjustment in ’

z

between the interphase and metaphase

cell focal planes. However, interphase cells provided a more accurate and precise system

for calibration due to higher intensity of eGFP and mCherry signals, as z-directional

chromatic shift measured in metaphase cells yielded a relatively broad distribution

(Figure 4.3 A). This di�erence in intensity is likely due to the subset of interphase

cells in G1 phase which contain twice the levels of CENP-A as those just prior to G2,

so that each G2 and mitotic kinetochore contains half the CENP-A present at the

centromere of the original chromosome during its preceding G1 phase (Jansen et al.,

2007; Schuh et al., 2007). Additionally, unlike the eGFP-CENP-A cell line used in

§ 5 to measure intra-kinetochore distances, a large number of metaphase cells within

the dtCENP-A cell line had chromosomes with eGFP signal visible along chromosome

arms (Figure 4.3 A), which is a consequence of over-expression of exogenous eGFP-

CENP-A beyond that which can be localised at kinetochores. A benefit of both G1

and G2 interphase cells is that their chromosomal DNA is not yet condensed, and

any over-expressed eGFP-CENP-A signal is therefore dispersed throughout the cell.

The increased intensity of eGFP-CENP-A at G1 kinetochores and the dispersion of

over-expressed eGFP-CENP-A in interphase cells increase the signal-to-noise ratio of

kinetochore signals during interphase compared to metaphase.

In order to develop a system whereby metaphase cells can be used for calibration of

the chromatic shift, cells within the dtCENP-A cell line can be selected for lower eGFP-

CENP-A expression levels. With eGFP- and mCherry-CENP-A signals located at only

the kinetochore, spot finding would be improved and distance measurements made more

accurate. Another option is to utilise fluorescent dyes that target specific constructs,

e.g. SNAPtag or HaloTag. Production of a HeLa-K cell line expressing HaloTag-CENP-

A, so that it is only located at kinetochores, would allow targeting of fluorescent dyes



to CENP-A. The simultaneous addition of both green and red fluorescent dyes would

allow imaging of both colours at the same locus. This approach would require the cells

to express only one exogenous protein, unlike the double-stable dtCENP-A cell line

which expresses two. Furthermore, di�erent combinations of fluorescent dyes could

be used simultaneously to correct for the chromatic shift between, say, red and far

red wavelengths. Nevertheless, with an accurate and precise cell-based chromatic shift

correction assay using dtCENP-A cells, it was now possible to accurately measure intra-

kinetochore distances in metaphase HeLa-K cells expressing both eGFP-CENP-A and

Ndc80-tagRFP.



ζz

Table 4.1 Calculated chromatic shift, ζ, for each experiment in § 5.

Drug Treatment Date
Chromatic Shift, ζ (nm)

n
ζx ζy

–18.7 ± 39.4
17.4 ± 36.1
7.6 ± 55.8

–12.1 ± 32.8
7.2 ± 43.0
9.1 ± 36.9
–8.4 ± 43.3

–11.8 ± 42.3
11.8 ± 32.3
5.1 ± 40.9

–2.9 ± 36.7
9.1 ± 36.9
–0.6 ± 37.6

4.7 ± 41.1
–0.2 ± 32.6
–2.5 ± 33.5
–6.1 ± 40.4
24.0 ± 31.3

114
139
164
157
91
108
191

143
48
62

76
108
210

72
97
137
75
86

1.2 ± 13.0
12.6 ± 15.4
3.5 ± 30.6

–54.5 ± 26.1
12.6 ± 20.7
–1.8 ± 19.5
1.7 ± 21.6

4.6 ± 21.0
10.1 ± 11.8
4.4 ± 23.4

–1.1 ± 20.7
–1.8 ± 19.5
–6.0 ± 33.3

–29.5 ± 21.5
–49.0 ± 18.0
–41.7 ± 23.6
–30.8 ± 21.6
–44.7 ± 21.9

5.2 ± 10.8
41.3 ± 11.7
10.7 ± 23.0
10.3 ± 18.4
–0.5 ± 14.5
0.7 ± 25.8
–7.7 ± 25.9

–37.0 ± 16.1
–27.0 ± 10.7
–4.3 ± 27.2

–28.8 ± 15.6
0.7 ± 25.8
12.7 ± 33.5

18.9 ± 15.4
–12.5 ± 16.0
–9.3 ± 18.2
12.0 ± 16.1
40.2 ± 13.1

Untreated

3μM nocodazole

100nM nocodazole

10μM taxol

29/10/2014
30/10/2014
12/11/2014
23/01/2015
06/03/2015
13/03/2015
02/04/2015

19/03/2015
26/03/2015
22/04/2015

10/03/2015
14/03/2015
24/04/2015

12/01/2015
06/02/2015
10/02/2015
11/02/2015
13/02/2015





Chapter 5

Kinetochores Are Swivel Joints

That Mediate Microtubule

Attachments

5.1 Background

In an attempt to understand how kinetochores read their environment in order to regu-

late dynamics during mitosis, recent studies have measured intra-kinetochore structure

with dynamics. This is typically achieved by tagging multiple kinetochore proteins with

di�erent coloured fluorescent markers. The kinetochore is smaller than the di�raction

limit of light, and therefore each kinetochore protein appears as a point source within

the kinetochore structure. The two fluorescent markers then allow measurement of

intra-kinetochore distance, �.

However, one problem with this approach is the variety in experimental setup.

Furthermore, there are a number of di�erent analysis methods used, and therefore

multiple di�erent results are derived for the same distance measurement (Figure 1.8).

For example, due to the di�culty in producing stable cell lines over-expressing two

exogenous genes encoding di�erent kinetochore proteins, most analyses of this kind are

performed in chemically-fixed cells. This means that the dynamics of intra-kinetochore

distances have not been investigated in detail. Furthermore, of the few studies inves-

tigating intra-kinetochore distances in live cells, � has either been measured in 2D,

or measured under the pretence of a co-linear approximation. The measurement us-

103



ing co-linear approximation, called �
1D

, requires that, for a kinetochore pair, all four

fluorescent markers (that is one of each fluorescent protein (FP) on each kinetochore)

are located along a common axis. However, this measurement is useful as it elimi-

nates the need for correcting images of two di�erent wavelengths for chromatic shift.

Nevertheless, regardless of measurement method, upon bi-orientation, kinetochores are

stretched, so that intra-kinetochore distance decreases when inter-kinetochore tension

is lost (Maresca & Salmon, 2009; Uchida et al., 2009; Wan et al., 2009; Tauchman et al.,

2015; Etemad et al., 2015; Drpic et al., 2015; Magidson et al., 2016). However, this has

been challenged both by the observation that the kinetochore is non-compliant under

force (Suzuki et al., 2014), and that PtK2 kinetochores moving poleward are counter-

intuitively compressed compared to away-from-the-pole (AP) kinetochores (Dumont

et al., 2012).

However, one limitation to all of these measurements is they are not measured in

3D in live cells. To this end, I sought to develop a novel 3D assay to perform live

cell imaging of two di�erent fluorescent markers bound to di�erent proteins within the

kinetochore, both fluorophores imaged simultaneously using a dual camera setup. To

enable this, in § 4 I developed an assay to accurately calculate chromatic shift in 3D.

5.2 Establishing the assay

In order to measure intra-kinetochore distances, Ndc80, a subunit of the NDC80 com-

plex, was chosen as an outer kinetochore marker for tracking outer kinetochore dynam-

ics relative to eGFP-CENP-A (an inner kinetochore marker) 4D tracking assay. These

kinetochore markers allow measurement of a direct linkage between the centromeric

chromatin (CENP-A) and the microtubule-binding apparatus (Ndc80-C). A plasmid

containing Ndc80 with tagRFP attached to its carboxy (C)-terminus was transiently

transfected into HeLa-Kyoto (HeLa-K) cells expressing eGFP-CENP-A. The incorpora-

tion of a fluorophore to the carboxy-terminus of Ndc80 could perturb its function; thus

I determined using detailed analyses of kinetochore dynamics that it did not cause any

perturbations (see § 3.1). Upon 24 hr transient transfection of Ndc80-tagRFP, visual



Ndc80-tagRFP

eGFP-CENP-A   Ndc80-tagRFP

eGFP-CENP-A

Ndc80-tagRFP

x’

C

m
icr

os
co

pe
 z’

-a
xi

s (
μ
m

)

B

metaphase plate

tagRFP
eGFP

eGFP

eGFP

eGFP-CENP-A
channel

z’

+5
+4
+3
+2
+1
0

–1
–2
–3

+6

+4
+3

+1

m
icr

os
co

pe
 z’

-a
xi

s (
μ
m

)+5

+2

0
–1

–3
–2

–4
–5

x’

z’

A

–6

x’
y’

eGFP-CENP-A
Ndc80-tagRFP

(z-projection: 1 μm)

Figure 5.1 Imaging of successful localisation of Ndc80-tagRFP to kinetochores.
(A) Image of HeLa-Kyoto cell in metaphase expressing both eGFP-CENP-A and 
Ndc80-tagRFP in the x’y’-plane. The blue dashed line represents the metaphase 
plate, the white dashed box represents the kinetochore pair shown in images on 
the right. The whole-cell image is a 1 μm projection in z, while images of the 
kinetochore pair are single z-slices. Scale bars = 500 nm.
(B) Schematic diagram of a cell in metaphase in the x’z’-plane, with green and 
red circles representing eGFP-CENP-A and Ndc80-tagRFP kinetochore-
localisation, respectively. Thick and thin grey lines are kinetochore- and non-
kinetochore-microtubules, respectively.
(C) An example of a cell imaged by the same method as represented in (B). The 
bar to the right demonstrates in which z-slices fluorescent signals have been 
imaged (green = eGFP, red = tagRFP). Scale bar = 500 nm.
In both (B) and (C), red dashed lines respresent the z-slices between which the 
tagRFP is excited, while eGFP is excited across the full z-stack. The blue dashed 
line represents the metaphase plate.
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inspection of the kinetochores showed that tagRFP signal was localised “outside" of

the eGFP signal for the majority of kinetochores, meaning that the Ndc80-tagRFP was

localised as expected (Figure 5.1 A). All images were deconvolved using measured point

spread functions (PSFs; Figure 2.1), and corrected for chromatic shift as described in

§ 4.

In order to ascertain the dynamics of the intra-kinetochore distance during metaphase

oscillations, both eGFP and tagRFP signals need to be tracked for a suitable duration

at high enough temporal resolution. Previous work tracking eGFP-CENP-A have been

able to image cells as often as every 2 s for 5 min, over a 12 µm imaging stack with

resolution 500 nm, without the eGFP signal significantly photobleaching (Burroughs

et al., 2015; Armond et al., 2015b). However, intra-kinetochore distances are of the

order 10’s of nanometres, so that 3D measurements of these distances require optimal

resolution in all three dimensions. Images would therefore need to be taken every

200 nm in the microscope’s focal axis (z’-axis). In order to ensure minimal photo-

bleaching of each fluorophore, and to minimise phototoxicity to cells, time resolution

was balanced with laser power used for fluorophore excitation. Cells expressing both

eGFP-CENP-A and Ndc80-tagRFP were imaged for 5 min every 7.5 s for the eGFP

signal, over a 12 µm imaging stack with resolution 200 nm in the z’-axis. This z range

for the stack was required to obtain accurate fitting of the metaphase plate at each

time point. However, tagRFP signal could only be imaged in the central 3 µm of the

spindle in the z

Õ-direction (Figure 5.1 B), as imaging for tagRFP over the entire stack

resulted in both phototoxicity to cells and photobleaching of the tagRFP signal. How-

ever, enough of the z

Õ-direction was imaged to ensure su�cient coverage of kinetochore

near the mid-plane for localisation of the tagRFP spots (Figure 5.1 C). By imaging

both eGFP and tagRFP signals, with signal intensity maintained over 5 min movies,

eGFP and tagRFP spot centres could now be located using our established Gaussian

mixture-model fitting (MMF) spot finding and tracking algorithms (Burroughs et al.,

2015).



5.3 Tracking the tagRFP signal

To develop a dual marker tracking assay, I wanted to make the most of the already-

established assay for locating eGFP spots in live cell imaging (Burroughs et al., 2015).

Due to a lower signal-to-noise ratio and a broader point spread function in tagRFP’s

emission wavelength compared to that of eGFP (Figure 2.2 B), attempting to inde-

pendently search for tagRFP spots yielded a smaller number of spots than that for

eGFP spot detection. Therefore, I developed an algorithm that uses the location of

eGFP spots in tracked kinetochore sister pairs to restrict the search for the tagRFP

signal. Specifically, the eGFP spots were found by Gaussian MMF for every time point

throughout each movie (Figure 5.2 A (i)), then tracked through time and tracks paired

to allow allocation of sister kinetochores, as described previously (Jaqaman et al., 2010;

Armond et al., 2015b). The metaphase plate, and associated coordinate system is de-

fined at each time point.

In order to locate the tagRFP signal accurately, a mask was constructed in the

expected vicinity of the outer kinetochore. The tagRFP signal is located outside the

eGFP signal (Figure 5.1), and so a semi-circular mask with radius 300 nm was placed

in the direction of the spindle pole to which the kinetochore is anticipated to be bound

(Figure 5.2 A (i)). The mask was then shifted by the chromatic shift, ’

GFPætagRFP

,

calculated using HeLa cells expressing both eGFP- and mCherry-CENP-A. This en-

sured that the centre of the tagRFP spot was more likely located within the mask

(Figure 5.2 A (ii)). The brightest pixel in the tagRFP signal within each of these

masks were recorded per time point, and used as first approximations of spot centres

for 3D Gaussian MMF across entire stacks. The number of tagRFP spots was fixed so

that a maximum one tagRFP spot could be located per eGFP (Figure 5.2 A (iii)). The

sub-pixel coordinates of tagRFP spot centres were then corrected back for chromatic

shift (Figure 5.2 A (iv)). For eGFP spots for which there is little or no neighbour-

ing tagRFP signal, a spot was not allocated. For eGFP spots with good neighbouring

tagRFP signal, both GFP and tagRFP spot centres are accurately located, as confirmed

by visual inspection (Figure 5.2 B). With an array of eGFP and tagRFP coordinates,
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Figure 5.2 TagRFP spot successfully localised within mask located at eGFP 
spot centre.
(A) Schematic demonstrating the localisation of given kinetochore’s (KT1) 
tagRFP signal within a mask after eGFP spot centre location (green crosses) and 
sister allocation:
(i) A semi-circular mask (black dashed semi-circle) of radius 300 nm is created 
pointing perpendicular to the metaphase plate (blue dashed line) and away from 
the kinetochore’s sister (KT2).
(ii) The mask is translated by the chromatic shift (black arrow) from eGFP to 
tagRFP wavelengths (ζeGFP  tagRFP) calculated in § 4, and maximum intensity 
tagRFP signal found (red plus).
(iii) The centre of the tagRFP signal (red plus) is located by Gaussian MMF 
(dashed Gaussian profile).
(iv) The coordinates translated by the chromatic shift (black arrow) from 
tagRFP to eGFP wavelengths (ζtagRFP   eGFP).
(B) Example image of a kinetochore pair with eGFP spot centres (green crosses) 
and tagRFP spots’ localisation (red pluses) using the method described in (A). 
Scale bars = 500 nm.
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intra-kinetochore distance could now be calculated per kinetochore. In order to ensure

minimal error in � measurement, I sought to control for the quality of the obtained

spot centre coordinates before analysing the derived intra-kinetochore measurements.

5.4 Quality control of � measurements

The intra-kinetochore distance, � = [�
x

, �
y

, �
z

], between eGFP-CENP-A and Ndc80-

tagRFP was calculated as the magnitude of the 3D vector directed from the eGFP spot

centre to the tagRFP spot centre for a given kinetochore pair (Figure 5.3 A). These

are given in the coordinate system defined by the metaphase plate and the microscope

z-direction; the metaphase plate forms the yz-plane, and the x-coordinate points in

the direction of the normal of the metaphase plate towards the rightmost spindle pole

(Figure 5.3 A). To ensure maximum accuracy of measurements of � in the microscope

z-direction, the tagRFP centres were required to be located within the same z-plane of

the corresponding eGFP centre. More specifically for these experiments, the tagRFP

centre needed to be within half the z-resolution of the eGFP centre, i.e. � can take

a maximum magnitude of 100 nm in the microscope z

Õ-axis (Figure 5.3 B). Any spot

pairs that failed this criterion were not used in the analysis. For all experimental data

from here on, � will have been filtered in this way.

In order to check that the tagRFP spot was being faithfully localised by the localised

search around eGFP spot centres, and that quality control measures were only including

correctly localised tagRFP spots for analysis, trajectories of eGFP and tagRFP spot

centres in the x-coordinate were examined. The example trajectory in Figure 5.3 C

demonstrates that a kinetochore pair’s tagRFP signals were localised outside of their

eGFP signals, as expected for the inner-outer kinetochore orientation. Furthermore,

the estimates of � throughout these trajectories, for pairs that passed quality control,

(Figure 5.3 C, full blue lines) were ≥ 100 nm, while those time points removed by

quality control were typically considerably larger than this value (Figure 5.3 C, dashed

blue lines). This suggested that the quality control measures were successfully filtering

out poor quality data.
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Figure 5.3 Inter- and intra-kinetochore distance measurements.
(A) Example kinetochore pair (KT1 and KT2) with eGFP (green crosses) and 
tagRFP (red pluses) spot centres, and a schematic of the coordinate system and 
distances measured between the eGFP (green circles) and tagRFP (red circles) 
spot centres therein. Blue dashed arrow represents the metaphase plate (and 
yz-plane), black dashed arrow represents the x-axis. Black full arrows represent 
distances Δ1, Δ2 and d measured in 3D. Grey lines represent kinetochore microtu-
bules. Scale bar = 500 nm.
(B) Schematic demonstrating quality control of measurements of Δ in the 
z-direction, where the distance between eGFP (green circles) and tagRFP (red 
circles) must be less than half the z-pixel resolution (100 nm). The kinetochores 
on the left and right would pass and fail quality control, respectively.
(C) An example trajectory of a kinetochore pair’s eGFP (green line) and tagRFP 
(red line) signals throughout a movie. 3D measurements of Δ for kinetochores 
KT1 (top) and KT2 (bottom) are made for each time point (blue lines). Full and 
dashed lines represent time points that passed and failed quality control, respec-
tively.
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The absence of bias in the cell orientation within the microscope focal plane pro-

vides a quality control check on the chromatic aberration correction. In fact it implies

that the inner-outer kinetochore orientations should be symmetric within the x, y, z

coordinate system. Specifically, kinetochores pairs are expected to be aligned on av-

erage along the x-axis, i.e. one kinetochore points towards one spindle pole, and the

other kinetochore points towards the other. Additionally, it would be expected that

their k-fibres would be, on average, aligned along the x-axis; therefore, the vector be-

tween the inner and outer kinetochore would be, on average, aligned along the x-axis

(Figure 5.4 A). This implies that the distribution of �
y

across all kinetochores should

be centred at zero, up to measurement error. The same argument can be made in

the z-direction, so that the distribution of �
z

should also be centred at zero (Figure

5.4 A). This was indeed the case, with median (± standard error) values for �
y

and �
z

being 8.8 (± 1.0) nm and 2.9 (± 0.9) nm, respectively (n = 4, 291 each; Figure 5.4 B).

Although these are significantly di�erent from zero (p < 10≠4 in each case), primarily

because of the high sample sizes, the medians are within acceptable tolerance indicating

that chromatic aberration has been corrected to within 9 nm. Furthermore, sister kine-

tochores’ outer regions are pointing in opposite directions relative to the centromere,

so that the inner-to-outer kinetochore vectors should be, on average, anti-parallel for a

kinetochore pair. Measuring direction-dependent values for �
x

should yield a distribu-

tion that is symmetrical about zero with two modes with approximate means ±100 nm.

Indeed, a bimodal distribution was observed, and �
x

had a median of 5.4 (± 1.2) nm

over all experiments (n = 4, 291; Figure 5.4 B). Given that my intra-kinetochore mea-

surements satisfy the three kinetochore-pair orientation symmetry criteria, I conclude

that the chromatic shift correction is su�ciently accurate for measurements of intra-

kinetochore distance in mitotic cells expressing eGFP-CENP-A and Ndc80-tagRFP.

Crucially this confirms that z-directional chromatic shift is accurately calculated us-

ing the interphase to metaphase cell extrapolation as described in § 4. Given this

assay, I sought to investigate intra-kinetochore distances between CENP-A and Ndc80,

obtaining the first live 3D measurements between these kinetochore subunits.
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Figure 5.4 Chromatic shift correction results in symmetrical distribution of Δ 
in each coordinate.
(A) Schematic of the average expected orientation of a kinetochore’s eGFP-
CENP-A (thick green circles) and Ndc80-tagRFP (thick red circles) distribution 
in both the xy- (top) and xz-planes (bottom). Dashed red circles represent exam-
ples of Ndc80-tagRFP orientation relative to eGFP-CENP-A by biological and 
experimental variation, and dashed arrows represent their distance from the 
expected average. Full arrow represents average expected distance in the 
x-direction for a kinetochore attached to the right-most spindle pole. Grey lines 
represent kinetochore-microtubules, black crossed circles represent spindle poles.
(B) Histograms of measurements of Δx (light blue), Δy (purple) and Δz (magenta; 
n = 4,291 each). Values given are medians ± standard error.
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5.5 Analysis of � in metaphase

Intra-kinetochore distances, �, have only previously been measured in 3D by Etemad

et al. (2015), however these experiments were performed in chemically-fixed cells treated

with the proteasome inhibitor MG132. There is thus a gap in our understanding of

the intra-kinetochore distance in live (dynamic) cells, which I am in a position to

tackle with my novel dual-fluorophore assay. Firstly, I addressed the issue of the intra-

kinetochore distance between CENP-A and Ndc80 in live cells during metaphase. On

HeLa-K cells expressing eGFP-CENP-A and Ndc80-tagRFP, the distribution of the

3D intra-kinetochore distance had a median � (± standard error) of 98.0 (± 0.9) nm

(Figure 5.5 A). This is at least 60% larger than predicted from previously published

measurements (Wan et al., 2009; Maresca & Salmon, 2009; Varma et al., 2013; Suzuki

et al., 2014; Tauchman et al., 2015; Magidson et al., 2016). However, as mentioned,

previously published measurements have been projected into two dimensions, or at

best only one. Those measurements projected into 1D were used as a measure of 2D

� whilst avoiding a requirement for chromatic shift correction. However this mea-

surement can only produce a 2D measurement of � on both kinetochores if all four

signals lie on a common vector in the xy-plane, and each kinetochore has the same

measurement of �. Therefore, this measurement is ultimately 1D, as the distance

is e�ectively projected onto the sister-sister axis. This is the reason for calling this

measurement �
1D

. The lower dimensionality of �
1D

and �
2D

will provide a source of

increase in my distance measurements, however, to ensure that my data complement

previously reported measurements, I measured �
1D

. The 1D projection of intra-

kinetochore distance onto the sister-sister axis was calculated using the 2D distance

between a kinetochore pair’s eGFP spots, d

GFP

, and its tagRFP spots, d

tagRFP

, specif-

ically �
1D

= dtagRFP≠dGFP
2

(Figure 5.5 A). It is also worth noting that �
1D

could take

a negative value if d

tagRFP

< d

GFP

. The distribution of measurements for �
1D

gives a

median (± standard error) value of 57.9 (± 1.1) nm (n = 1, 002; Figure 5.5 A), which

is consistent with measurements reported by Wan et al. (2009), demonstrating that

this assay can recapitulate previous results. This gave confidence that my assay can
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Figure 5.5 Δ3D demonstrates a previously underestimated measurement of 
intra-kinetochore distance, which is invariant under tension.
(A) Schematics of measurements of Δ for a given kinetochore pair using tradi-
tional (1D; top) and full 3D (bottom) methods of measurement, and a histogram 
of measurements for both the 1D (gold; n = 1,002) and 3D (blue; n = 4,291) 
methods. Green and red circles represent eGFP and tagRFP signals, respec-
tively. Black arrows represent the distances measured between fluorescent mark-
ers for each method. Values given are medians ± standard error.
(B) A 2D histogram of 3D intra-kinetochore distance, Δ, against sister separa-
tion, d (n = 4,291). Values given are correlation coefficient, r, and probability of 
significance, p.
(C) Histogram of 3D measurements of Δ for all kinetochores (blue; n = 4,921) 
and only kinetochores that exhibit oscillating trajectories (gold; n = 2,317). 
Values given are mediands ± standard error.



accurately measure 3D intra-kinetochore distances in live cells, and therefore I sought

to investigate whether there was any correlation between �
3D

and dynamic kinetochore

behaviour.

Firstly, I wanted to understand the degree of compliancy in the linkage between

CENP-A and Ndc80. It has recently been observed in fixed cells that the human kine-

tochore’s binding apparatus is a rigid structure (Suzuki et al., 2014). If the kinetochore

were not rigid, i.e. it formed a compliant linkage between chromatin and kinetochore-

microtubules (kMTs), there would be a correlation between force applied by kMTs on

the kinetochore, and �. Inter-kinetochore distance is observed to stretch when bi-

orientated, interpreted to mean the kinetochore pair is under tension. Therefore, when

under tension, a compliant kinetochore would yield a positive correlation between �

and sister separation. However, no correlation is observed when all time points in this

time series are pooled, with correlation coe�cient, r = ≠0.019 (n = 4, 291, p = 0.214;

Figure 5.5 B). This implies that the linkage between CENP-A and Ndc80 is rigid,

and therefore supports the observations of Suzuki et al. (2014). It is important to

recognise, though, that these values of � represent all kinetochore states across all

observed kinetochore dynamics. Indeed, much of the published work seeking to under-

stand kinetochore dynamics focus on kinetochore pairs exhibiting oscillatory motion,

and therefore coordinated force generation between the sister kinetochores. In order

to check whether kinetochores exhibiting pseudo-periodic oscillatory behaviour have a

di�erent conformation, all trajectories without clear oscillatory motion were manually

removed from analysis. This resulted in a median (± standard error) intra-kinetochore

distance, � = 95.2 (± 1.0) nm (n = 2, 317), which interestingly is significantly smaller

than the 98.0 nm measured in all trajectories (Figure 5.5 C; p < 10≠4). Despite

this di�erence, the correlation coe�cient between � and inter-kinetochore distance

was r = ≠0.055, (p = 0.008, n = 2, 317) suggesting a lack of correlation, and there-

fore the CENP-A-to-Ndc80 linkage in kinetochores involved in directed motion is also

rigid. The primary chromatin-microtubule binding structure within kinetochores is

non-compliant, however there is a di�erence in � measurement when observing only



kinetochores exhibiting directed chromosome motion.

The failure to detect a correlation between conformation and force may be due

to the fact that I have averaged over di�erent states of the kinetochore during the

oscillation. Changes in � between poleward (P) and away-from-the-pole (AP) mov-

ing kinetochores has been previously investigated in PtK2 cells (Dumont et al., 2012),

where P kinetochores were observed to be compressed compared to AP. In order to

investigate the di�erence in � between all kinetochores and only those oscillating,

kinetochores at each time point were subdivided into 4 classes: kinetochores that ex-

perienced prolonged movement towards the spindle pole to which they are bound, i.e.

poleward moving or P; those that experienced prolonged movement away from their

spindle pole, i.e. away-from-the-pole moving or AP; any time points between adjacent

P and AP runs, known as switch points or S; and those that could not be charac-

terised as P, AP or S, known as nondescript or N (Figure 5.6 A). In order to classify

a kinetochore as P or AP at a given time point, it was required that it should be one

of at least three consecutive time points moving in the same direction. Furthermore,

directional switches are special events during a kinetochore’s back-and-forth motion,

as it is during this time that it needs to enforce a change in microtubule dynamics.

Therefore it is possible that conformational changes may occur at directional switches.

To ensure that these are not incorporated in datasets with P or AP movement, two

time points at P/AP transitions were classified as a switch event, or S. All other time

points were considered nondescript, or N. Dividing kinetochores into these classes, I

sought to investigate whether P and AP kinetochores had di�erent intra-kinetochore

distances in their eGFP-CENP-A to Ndc80-tagRFP linkage in HeLa cells. In contrast

to PtK2 cells, P and AP kinetochores were not observed to exhibit any di�erence in �;

the median for � in P kinetochores was 95.0 (± 1.7) nm, and the median for � in AP

kinetochores was 93.3 (± 2.1) nm (Figure 5.6 B, top left). As would be expected, the

values for � in P and AP kinetochores were similar to that measured for oscillating

kinetochore pairs (�
oscillating

= 95.2 nm). Indeed, those time points for which kineto-

chores were classified as nondescript (N), and therefore would not have contributed to
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Figure 5.6 Δ smaller on directionally-biased kinetochores.
(A) An example trajectory for a single kinetochore’s eGFP (green) and tagRFP 
(red) signal, with labelled direction or behavioural state. Kinetochores can be 
labelled as poleward (P) moving, away-from-the-pole (AP) moving, experiencing 
a directional switch (S) or as non-descript (N) if none of the above. Black dots 
are linked together for each time point that the kinetochore is in the state along 
the line on which it is located.
(B) Histograms of Δ for kinetochores that are P (left column; n = 458), AP 
(middle column, top row; n = 503) or N (right column, middle row; n = 3,165). 
The bottom row compares each column to all kinetochores that do not share its 
status. Column and row data are shown in blue and gold, respectively. Values  
are medians ± standard error. All statistical tests are Mann-Whitney U tests.
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oscillatory trajectory measurements, had a median for �
N

= 99.4 (± 1.1) nm, which

was significantly di�erent to � for P kinetochores (p = 1.13 ◊ 10≠2; Figure 5.6 B, mid-

dle left), AP kinetochores (p < 10≠4; Figure 5.6 B, middle centre), and all kinetochores

not classed as N (p < 10≠4; Figure 5.6 B, bottom right). Furthermore, � measured

in P kinetochores is significantly di�erent to all non-P kinetochores (p = 4.76 ◊ 10≠2;

Figure 5.4 B, bottom left), and � measured in AP kinetochores is significantly di�erent

to all non-AP kinetochores (p < 10≠4; Figure 5.6 B, bottom centre). However, in both

of these cases, it would be expected that the number of data points contributing to

the subset of N kinetochores is large enough compared to both P and AP kinetochores

that combining P or AP with N kinetochores would mask the distributions of P and

AP anyway. An additional note, the number of time points counted as directional

switches was significantly lower than those measured in each of the other cases, and

therefore no analyses were derived from this class. Nonetheless, these analyses do raise

an important question: why do PtK2 kinetochores exhibit a di�erence in � between

P and AP movement, but HeLa-K cells exhibit no significance?

Measurements in PtK2 cells have shown that P kinetochores are compressed rela-

tive to AP kinetochores (�
p

= 38 nm vs. �
AP

= 43 nm; Dumont et al., 2012); this

result was significant with p = 10≠5, but is in contrast to the measurements described

above (Figure 5.6 B, top left). There are a number of potential reasons for these dif-

ferences. Firstly, the method of classification for P and AP trajectories used in their

work included all time points for which a kinetochore was moving in one direction, i.e.

not accounting for switch events. Furthermore, their measurements were obtained by

a 2D measurement assay rather than in 3D. In order to test whether their method of

measurement could be the cause of the P, AP di�erences, I tested each of the method-

ological di�erences in turn, and then their combination. Firstly, P and AP trajectories

were instead defined to include time points at each end of the P or AP run, previously

classified as either S or N (Figure 5.7 A, solid lines). Measurements of � in P, AP

and N kinetochores by this method produced very little di�erence in median measure-

ments, and did not result in a significant di�erence between P and AP kinetochores
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Figure 5.7 Method of Δ measurement as in Dumont et al. gives the same results.
(A) A trajectory for a single kinetochore’s eGFP (green) and tagRFP (red) 
signal, with labelled direction or behavioural state. Kinetochores can be labelled 
as poleward (P) moving (blue), away-from-the-pole (AP) moving (gold), experi-
encing a directional switch (S), or as non-descript (N) if none of the above. Dots 
represent time points in each kinetochore state, and are linked together during 
trajectories in each state. Dashed and full lines represent state allocation satisfy-
ing this work’s and the work of Dumont et al.’s (2012) criteria, respectively.
(B) Histogram of Δ3D in P (blue; n = 750) and AP (gold; n = 822) kinetochores 
using the state-allocation method used in Dumont et al. (2012), where time 
points about switch events are not omitted from directional data.
(C) Histogram of Δ2D in P (blue; n = 335) and AP (gold; n = 362) kinetochores.
(D) Histogram of Δ2D in P (blue; n = 555) and AP (gold; n = 586) kinetochores 
using the state-allocation method used in Dumont et al. (2012).
All values given are medians ± standard error. All statistical tests are Mann-
Whitney U tests.
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(p = 0.317; Figure 5.7 B). Furthermore, significant di�erences between N and P or

AP kinetochores are retained (p
P vs. N

< 10≠4; p
AP vs. N

< 10≠4), and therefore the

P/AP-classification cannot explain the di�erences in the P vs. AP analyses between

these two assays. In order to test whether 2D measurements would produce a sig-

nificant di�erence between P and AP kinetochores, I measured all kinetochores in 2D.

Dumont et al. (2012) required that both fluorescent markers on a pair of kinetochores

were within the same z-plane. All � measurements analysed in this thesis have been

filtered so that a tagRFP signal is required to be within 100 nm (half the resolution in

the z-direction) from the matching eGFP signal. Therefore all fluorescent markers are

e�ectively within the same z-plane. This allows comparison between my measurements

and those in Dumont et al. (2012) by projecting all � measurements onto the xy-plane

(henceforth called �
xy

). However, this yielded no significant di�erence between P and

AP kinetochores, with median (± standard error) �
xy,P

= 78.6 (± 2.5) nm (n = 335)

and �
xy,AP

= 75.9 (± 3.6) nm (n = 362), with p = 0.589 so there is no evidence of a

di�erence (Figure 5.7 C). This means that dimensionality (projected measurements) is

also not the cause for the di�erence in P vs. AP intra-kinetochore measurements be-

tween this work and the work of Dumont et al. (2012). As a final precaution, I checked

whether the di�erence was in fact a consequence of both the P/AP-classification and

2D measurement methods. In order to do this, measurements of �
xy

in P and AP

kinetochores as derived using the Dumont et al. (2012) classification method were

compared to one another. Sure enough, there was no significant di�erence between

�
xy

in P and AP kinetochores, with median values �
xy,P

= 76.5 (± 2.2) nm (n = 555)

and �
xy,AP

= 75.9 (± 2.5) nm (n = 586; p = 0.981; Figure 5.7 D).

Analysis of the intra-kinetochore distance, �, in this case defined as the Euclidean

distance between chromatin-embedded CENP-A and microtubule-binding Ndc80, ex-

hibits no correlation with inter-kinetochore tension or kinetochore state. This suggests

that the direct kinetochore-mediated linkage between centromeric DNA and kMTs is

sti�, which supports recent observations in HeLa cells. However, this also contradicts

previous observations in PtK2, HeLa and Drosophila S2 cells (Dumont et al., 2012;



Wan et al., 2009; Maresca & Salmon, 2009). This raises the possibility that other ob-

servations using intra-kinetochore distance measurements, for example dependence of

� on attachment status, may also be di�erent, and need checking within the context

of this intra-kinetochore 3D measurement assay.

5.6 � dependence on attachment status

Intra-kinetochore distance has been investigated with and without microtubule attach-

ment in a number of chemically-fixed cell types (Drosophila S2: Maresca & Salmon,

2009; HeLa: Uchida et al., 2009; Tauchman et al., 2015; Etemad et al., 2015; RPE1:

Magidson et al., 2016). In each of these publications, cells were treated with nocodazole

in order to destabilise the mitotic spindle – this results is a loss of the intra-kinetochore

stretch. Each study describes a decrease in kinetochore stretch once tension across the

kinetochore is perturbed. However, I observed that kinetochores are non-compliant

under force (Figure 5.5 B), which contests the idea that kinetochores relax after de-

tachment of kMTs. I therefore wanted to understand if � varied when the mitotic

spindle architecture is perturbed. In order to investigate � measurements between

CENP-A and Ndc80 with attachment state, either nocodazole or taxol were added to

cells prior to imaging. As mentioned, high doses of nocodazole (> 1 µM) completely

destabilises microtubules structure, resulting in the loss of the mitotic spindle. Alter-

natively, low doses of nocodazole (< 300 nM) maintains the mitotic spindle, however

tension cannot be generated between kinetochores as microtubule dynamics are sup-

pressed. Meanwhile, 10 µM taxol treatment hyper-stabilises bonds between –- and

—-tubulin, and therefore kinetochores maintain attachment to k-fibres. However dy-

namics of kMTs after taxol-treatment are also perturbed. Therefore higher doses of

nocodazole will assess intra-kinetochore distances under complete loss of attachment

and loss of inter-kinetochore tension, while low nocodazole doses will allow investigation

into � measurement under weakened kMT attachment and loss of inter-kinetochore

tension. Finally, taxol will be able to yield information on the intra-kinetochore dis-

tances upon stabilised binding.



Firstly, I confirmed using immunofluorescence that my nocodazole and taxol treat-

ments produced the expected e�ect on spindle architecture. HeLa-K cells stably ex-

pressing eGFP-CENP-A and transiently expressing Ndc80-tagRFP were subject to

3 µM nocodazole or 100 nM nocodazole for 16 hr, or 10 µM taxol for 1 hr prior to

imaging. Cells were fixed with glutaraldehyde at the time at which they would be

imaged for measurements of �, and stained with anti-–-tubulin primary antibody and

an anti-mouse AlexaFluor-647 secondary antibody (Figure 5.8 A). Glutaraldehyde fix-

ation has been shown to better preserve structures when compared to formaldehyde

fixation, and therefore will give a better impression of kinetochores and their micro-

tubules (Magidson et al., 2016). Mitotic spindle intensity in cells treated with 3 µM

nocodazole was decreased to 3.8% that of untreated cells (p < 10≠4), demonstrating

that this dose would provide an appropriate treatment for the measurement of � when

there is no microtubule attachment. Furthermore, 100 nM nocodazole and 10 µM taxol

treatments resulted in a decrease in mitotic spindle intensity to 72.8% and 67.6% of

that of untreated metaphase cells, respectively (Figure 5.8 B). This provided me with

assays to measure intra-kinetochore distance within kinetochores bound to perturbed

spindles.

Now that I had a treatment to either remove, slightly destabilise or hyper-stabilise

the mitotic spindle, I sought to ensure that kinetochore dynamics were altered as a

consequence of the loss of force generation in perturbed spindles. Live mitotic cells

expressing both eGFP-CENP-A and Ndc80-tagRFP were imaged over 3D stacks for

eGFP and tagRFP signal as before to allow measurement of � after the addition of

either 3 µM nocodazole, 100 nM nocodazole, or 10 µM taxol (treatment and imaging

times as above). eGFP and tagRFP spots were localised as before, and kinetochores

filtered so that the z-component of � is no larger than 100 nm, or half the z-resolution.

To quantify kinetochore dynamics, and thus indirectly the microtubule dynamics within

k-fibres, I calculated the autocorrelation of the change in displacement normal to the

metaphase plate, x (see Figure 5.3 A). Kinetochores are observed to exhibit quasi-

periodic back-and-forth motion about the metaphase plate (e.g. Jaqaman et al., 2010;
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Figure 5.8 Nocodazole and taxol treatments result in a loss of kinetochore 
dynamics and a loss of centromeric tension.
(A) Images of cells expressing eGFP-CENP-A and Ndc80-tagRFP after different 
drug treatments and labelling α-tubulin with AlexaFluor-647. Drug treatments 
are: untreated metaphase (top row); 3 μM nocodazole (second row); 100 nM 
nocodazole (third row); and 10 μM taxol (bottom row). All images of α-tubulin-
Alexa647 have common contrast to allow direct visual comparison. Each image 
is a 2 μm projection in z. Scale bars = 2 μm.
(B) Quantification of α-tubulin-Alexa647 intensity in raw images of cells as 
imaged in (A) for untreated metaphase (n = 12), 3 μM nocodazole (n = 50),    
100 nM nocodazole (n = 32) and 10 μM taxol (n = 27). Distributions have been 
normalised to intensity measured in untreated cells. Error bars represent stand-
ard error. Horizontal lines demonstrate statistical significance by Mann-Whitney 
U tests between the spanned drug treatments (*** is p < 10–4; n.s. = no signifi-
cance).
(C,D,E) Autocorrelation in the inter-kinetochore distance, d, for untreated meta-
phase cells (blue) compared against (gold): (C) 3 μM nocodazole; (D) 100 nM 
nocodazole; and (E) 10 μM taxol.



see Figure 1.7). Furthermore, autocorrelation of change in the inter-kinetochore dis-

tance, d, shows that there are oscillations with quasi-periodicity with twice the pe-

riodicity to that of the back-and-forth motion. This is called breathing, and is due

to the di�erence in polymerisation and depolymerisation speeds at each kinetochore

(Wan et al., 2012). In the drug treatments used above, microtubules should no longer

be dynamic. Because x is a metaphase plate coordinate, which is absent in 3 µM noco-

dazole, autocorrelation of change in d was instead calculated in each drug treatment

and compared to untreated cells. Untreated metaphase cells had a breathing period of

≥ 25 s, however periodic behaviour in d measurements was lost under each the 3 µM

nocodazole (Figure 5.8 C), 100 nM nocodazole (Figure 5.8 D), and 10 µM taxol (Fig-

ure 5.8 E) treatments. This demonstrates that each perturbation resulted in loss of

microtubule dynamics, and therefore loss of force generation by kMTs. I next sought

to measure 3D distances between kinetochore markers in each of these treatments in

order to assess kinetochore structure in di�erent microtubule attachment states.

Incubating cells with 3 µM nocodazole for 16 hr completely destabilises the mitotic

spindle, and therefore kinetochores are completely unattached. Unattached kineto-

chores can no longer generate inter-kinetochore tension, and therefore a decrease in

sister separation is observed. Cells treated with 3 µM nocodazole had median value of

inter-kinetochore distance, d = 698 (± 2) nm (n = 3, 669; p < 10≠4), which decreased

from 930 (± 3) nm in untreated metaphase cells (n = 4, 291; Figure 5.9 A).

It has been previously observed that nocodazole causes a decrease in intra-kinetochore

distance, � (Maresca & Salmon, 2009; Uchida et al., 2009; Tauchman et al., 2015;

Etemad et al., 2015; Magidson et al., 2016). However, the kinetochore has also been

shown to be a non-compliant structure (Suzuki et al., 2014), confirmed here (Figure

5.5 B). In order to investigate this discrepancy, I measured live 3D intra-kinetochore

distances with complete loss of microtubule attachments, for the first time. Measuring

the 3D Euclidean distance between eGFP-CENP-A and Ndc80-tagRFP in cells treated

with 3 µM nocodazole produced a median measurement of � of 103.1 (± 1.4) nm (n =

3, 669). Crucially, this value is significantly larger than that in untreated metaphase



cells (98.0 nm; p < 10≠4; Figure 5.9 B, left). This measurement contradicts all previous

reports measuring intra-kinetochore distances under loss of attachment. This includes

that of Etemad et al. (2015), which is the only other assay that has provided measure-

ments of � in 3D, albeit in fixed cells. All other measurements, however, were made by

projecting the intra-kinetochore distance into 2D, or onto the sister-sister axis to give

�
1D

. Measurement of �
1D

in untreated cells provided an underestimate of the 3D mea-

surement of intra-kinetochore distance (Figure 5.5 A). Therefore measurement of �
1D

in

3 µM nocodazole-treated cells will also be underestimated compared to that measured

in 3D. Interestingly, there was a substantial decrease in �
1D

, median 28.4 (± 2.0) nm

in 3 µM nocodazole compared to 57.9 (± 1.1) nm in untreated (Figure 5.9 B, right),

which reproduces previous observations that the (projected) intra-kinetochore distance

decreases in nocodazole treatment. This suggests that the projection of kinetochores

into 1D not only underestimates the intra-kinetochore distance, but the degree of un-

derestimate is condition-dependent. As mentioned earlier, the 1D projection requires

that all four kinetochore markers are aligned along the sister-sister axis in order that the

1D projection method provides an accurate 2D measurement of the intra-kinetochore

distance. Visual inspection of kinetochore pairs in nocodazole-treated cells revealed

that there are a number of cases where the outer kinetochore spots are not on the

same axis as the eGFP spots (Figure 5.9 C). In fact, in these cells, a large number of

kinetochore markers were not lying perfectly co-linear, i.e. the Ndc80-tagRFP signal

can be located by as much as 90¶ to the sister-sister axis (eGFP-CENP-A axis). This

is a degree of freedom that has not been investigated in kinetochores. Most previous

reports of intra-kinetochore distance have ignored this degree of freedom, and have

therefore incurred an underestimate since the outer kinetochore can rotate about the

inner kinetochore in 3D (Figure 5.9 C). The authors of Wan et al. (2009) describe a

similar rotation, which they call “tilt”. This is measured as the angle tended between

the sister-sister axis and the short axis of elliptical signals. An elliptical signal is inter-

preted as a plate-like structure of the kinetochore, and therefore defines its orientation.

While they attempted to correct their measurements of �
1D

for tilt, it was not su�-
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Figure 5.9 Complete loss of microtubule attachment does not decrease Δ3D.
(A) Histograms of d3D for untreated metaphase (blue; n = 4,291) and 3 μM 
nocodazole-treated (gold; n = 3,669) cells. Schematics demonstrate the measure-
ment of d. Statistical tests are Mann-Whitney U. Values given are medians ± 
standard error.
(B) Histograms of Δ3D (left) and Δ1D (right) for untreated metaphase (blue; n3D = 
4,291, n1D = 1,002) and 3 μM nocodazole-treated (gold; n3D = 3,669, n1D = 696) 
cells. Schematics demonstrate the measurements of Δ. Statistical tests are 
Mann-Whitney U. Values given are medians ± standard error.
(C) A kinetochore pair in mitosis after 3 μM nocodazole treatment, demonstrat-
ing an example of non-co-linearity of green and red pairs of kinetochore markers 
(eGFP = green crosses; tagRFP = red pluses). Schematics represent the meas-
urements of Δ1D (top) and Δ3D (bottom) for this kinetochore pair. eGFP-CENP-A 
and Ndc80-tagRFP are represented by green and red circles, respectively. The 
resulting 1D and 3D intra-kinetochore measurements are compared, demonstrat-
ing the possibility for an underestimate in Δ1D for kinetochore pairs in this orien-
tation. Scale bars = 500 nm.



cient to rescue the result I have here. Therefore, �
3D

does not decrease upon 3 µM

nocodazole treatment, but in fact may increase (Figure 5.9 B, left).

I next sought to measure �
3D

after 100 nM nocodazole-treatement. Measurements

of d first demonstrated the loss of inter-kinetochore tension, decreasing to 865 (± 4) nm

(n = 3, 128) from 930 nm in untreated cells. This is a smaller decrease compared to the

higher dose of 3 µM nocodazole, possibly due to a small subset of microtubules that

can generate pulling forces on kinetochores (Figure 5.10 A). Interestingly, as with the

3 µM nocodazole dose, 3D � increased to 106.7 (± 1.1) nm (n = 3, 128; Figure 5.10 B,

left) in cells treated with 100 nM nocodazole. This was significantly di�erent to �
3D

measured in untreated cells (p < 10≠4). Once again, previous work has described a

decrease in intra-kinetochore distance in nocodazole doses as low as 100 nM (Uchida

et al., 2009; Tauchman et al., 2015; Etemad et al., 2015). However a couple of these

results were based upon the 1D measurement of �, �
1D

, which I have already shown

results in an underestimate of the intra-kinetochore distance when kinetochores are

completely unattached to microtubules. Calculating �
1D

in cells treated with 100 nM

nocodazole resulted in a significant decrease from 57.9 nm down to 44.6 (± 2.0) nm

(n = 648; Figure 5.10 B, right), p < 10≠4. The increase observed in �
3D

implies

that a weakening of microtubule attachments can produce a similar increase in intra-

kinetochore length to that observed under complete loss of microtubule attachment.

This suggests that loss of inter-kinetochore tension alone is responsible for the observed

increase.

In order to confirm this, an acute dose of 10 µM taxol was used to hyper-stabilise

microtubules in the mitotic spindle. As mentioned, this acts to stabilise kMT at-

tachments, however it results in a loss of kinetochore dynamics and inter-kinetochore

tension (Jaqaman et al., 2010). Indeed, after addition of 10 µM taxol, 3D measure-

ment of inter-kinetochore distance d decreased to 757 (± 3) nm (n = 2, 324; Figure

5.11 A). Taxol has previously been shown to decrease intra-kinetochore distances by

≥ 16 nm, including the distance between CENP-A and the NDC80 complex (Wan

et al., 2009). This suggests that there is a large conformational change within the
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(A) Histogram of d3D for untreated (blue; n = 4,291) and 100 nM nocodazole-
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urement of d. Statistical tests are Mann-Whitney U. Values given are medians ± 
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(B) Histograms of Δ3D (left) and Δ1D (right) for untreated (blue; n3D = 4,291, n1D 
= 1,002) and 100 nM nocodazole-treated (gold; n3D = 3,128, n1D = 648) cells in 
metaphase. Schematics demonstrate the measurements of Δ. Statistical tests are 
Mann-Whitney U. Values given are medians ± standard error.
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Figure 5.11 Stabilised kinetochore-microtubule attachment under loss of inter-
kinetochore tension does not reduce Δ3D.
(A) Histogram of d3D for untreated (blue; n = 4,291) and 10 μM taxol-treated 
(gold; n = 2,324) cells. Schematic demonstrates the measurement of d. Statistical 
tests are Mann-Whitney U. Values given are medians ± standard error.
(B) Histograms of Δ3D (left) and Δ1D (right) for untreated (blue; n3D = 4,291, n1D 
= 1,002) and 10 μM nocodazole-treated (gold; n3D = 2,299, n1D = 522) cells. Sche-
matics demonstrate the measurements of Δ. Statistical tests are Mann-Whitney 
U. Values given are medians ± standard error.



kinetochore upon loss of inter-kinetochore tension. However, this report was based on

measuring �
1D

, and therefore likely su�ers an underestimate similar to that demon-

strated under other treatments. However, measuring �
3D

in taxol-treated cells gave a

median of 99.4 (± 1.1) nm (n = 2, 299), not significantly di�erent to untreated cells

(p = 0.302; Figure 5.11 B, left). Furthermore, measuring �
1D

gave a significant de-

crease (p < 10≠4) compared to untreated cells, 42.8 (± 1.6) nm (n = 522; Figure

5.11 B, right) – reproducing the decrease reported by Wan et al. (2009). This indicates

that kinetochores do not exhibit any di�erence in �
3D

under loss of inter-kinetochore

tension and therefore the increase in �
3D

after nocodazole treatment is a consequence

of either loss, or weakening, of kinetochore attachment to the k-fibre. Previous re-

ports that used a projected distance to analyse the intra-kinetochore distance failed to

discriminate these e�ects because the projection introduced artefacts that result in a

reduction of �
1D

in all drug treatments (Figure 5.9 B, 5.10 B, 5.11 B, all left). As was

demonstrated for kinetochores in 3 µM nocodazole-treated cells, not all kinetochores

are aligned so that their inner and outer kinetochore markers are located along a single

axis. Therefore any measurement of �
1D

su�ers a projection onto the sister-sister axis.

Based on the observed decreases of �
1D

in all three drug treatments, I hypothesised

that the kinetochore marker axis is undergoing varying levels of rotation depending on

the treatment.

5.7 Intra-kinetochore swivel

In order to quantify kinetochore rotations, I defined kinetochore swivel as the rotation

of the kinetochore marker axis relative to the sister axis. A kinetochore’s swivel, Ë

swivel

,

was defined as the absolute angle tended by the line through the eGFP and tagRFP

marker signals, the marker-marker axis, and the vector connecting the paired sister

kinetochore’s eGFP-CENP-A signals, the sister-sister axis (Figure 5.12 A). Measuring

swivel across all kinetochores in untreated metaphase cells gave a median (± standard

error) of 51.6¶ (± 0.5¶). This reveals that human kinetochores are capable of outer-

kinetochore rotation during metaphase. Projecting �
3D

onto the sister-sister axis using
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Figure 5.12 The outer-kinetochore is capable of swivel, a phenomenon more 
apparent under loss of microtubule pulling forces.
(A) Example images of kinetochores in untreated metaphase (top) and 3 μM 
nocodazole-treated (bottom) cells expressing eGFP-CENP-A and Ndc80-
tagRFP. Green and red crosses represent eGFP and tagRFP spot centres, respec-
tively. Schematics demonstrate the images to their left, and the angular measure-
ments that can be calculated, with green and red circles representing eGFP and 
tagRFP signals, respectively. Measurements of swivel, ϑswivel, are shown in blue 
and demonstrated by blue curved arrows; twist, ϑtwist, are shown in black and 
demonstrated by black curved arrows; dashed green lines are sister-sister axes; 
dashed black lines are marker-marker axes; dashed blue arrow represents the 
metaphase plate (or yz-plane); black arrow represents the x-axis. Scale bars = 
500 nm.
(B) Histograms of ϑswivel for untreated (blue; n = 4,291), compared with: 3 μM 
nocodazole- (middle left; n = 3,669); 100 nM nocodazole- (middle right; n = 
3,128); and 10 μM taxol- (right; n = 2,299) treated cells in metaphase. Values 
given are medians ± standard error. Statistical tests are Mann-Whitney U.



this angle gives an approximation of the 1D intra-kinetochore distance �
1D

, giving an

estimate of 60.9 nm in untreated cells similar to �
1D

. This measurement is only equal

to �
1D

when the vectors between the two eGFP signals and the two tagRFP signals

are parallel. As can be seen in the example for 3 µM nocodazole, this isn’t necessar-

ily the case. There are also events where Ë

swivel

> 90¶. It remains to be determined

whether these extreme events are due to erroneous microtubule attachments, for exam-

ple merotelic or syntelic attachments, that may physically pull the outer kinetochore

around the inner kinetochore towards the opposite pole.

I next quantified the swivel under the di�erent treatments to determine whether

swivel can explain the observed changes in �
1D

. In all drug treatments, median swivel

significantly increased relative to untreated metaphase cells (p < 10≠4 in each case).

Cells exposed to the highest dose of nocodazole had the largest increase in swivel with

a median (± standard error) of 75.3 (± 0.7) ¶ (n = 3, 669; Figure 5.12 B). The 100 nM

nocodazole treatment resulted in a median of 66.4 (± 0.7) ¶ (n = 3, 128; Figure 5.12 B).

Furthermore, after 10 µM taxol treatment, kinetochores increased the median swivel

to 60.5 (± 0.7) ¶ (n = 2, 299; Figure 5.12 B). These swivel measurements are in 3D,

and therefore swivel measurement is a�ected by the lower resolution in the z-direction,

i.e. subject to higher error for kinetochores swivelling into the z-axis. This would

be especially important in nocodazole-treated cells, where kinetochore pairs exhibit

a larger range of orientations. In order to investigate this quantitatively, swivel was

deconstructed into y and z components. Measurements of Ë

y-swivel

or Ë

z-swivel

were

calculated within the relevant 2D plane using polar coordinates and thus a sign (and

therefore a direction relative to the x-axis) could be assigned. Untreated cells had

median values of 8.6 ¶ and ≠2.8 ¶ for y- and z-directional swivel, respectively. This

demonstrates that the Ndc80-tagRFP are located on average pointing away from the

centromeric chromatin, and towards their spindle pole (Figure 5.4 A), within a small

error of swivel measurement. This provides further confirmation that chromatic shift

correction was su�ciently accurate.

In order to check whether nocodazole and taxol treatment also caused an increase
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Figure 5.13 Broadening of the projected swivel distributions under drug treatment.
Rose diagrams of ϑy-swivel (top row) and ϑz-swivel (bottom row) for untreated meta-
phase cells (blue; n = 4,291), compared with cells treated with (gold): 3 μM noco-
dazole (middle left; n = 3,669); 100 nM nocodazole (middle right; n = 3,128); and 
10 μM taxol (right; n = 2,299). Values given are standard deviations. Standard 
deviations are statistically compared using F-tests.



in y-directional swivel independent of z-swivel, standard deviations, ‡, of the y- and

z-swivel distributions were calculated. Kinetochores exhibited a significant increase

in ‡ for Ë

y-swivel

in cells treated with 3 µM nocodazole (p < 10≠4, F-test), increasing

from 56.4 ¶ (n = 4, 291) to 89.0 ¶ (n = 3, 673; Figure 5.13). Therefore, kinetochores

have more pronounced swivel after drug treatment, an increase that is also observed in

the xy-plane. Further to this, the 100 nM nocodazole treatment yielded a distribution

of Ë

y-swivel

with ‡ = 80.5 ¶ (n = 3, 128), while 10 µM taxol treatment resulted in a

smaller increase with a ‡ of 72.5 ¶ (n = 2, 299). Similarly, in the z-direction, untreated

metaphase cells had a spread in measurements of Ë

z-swivel

with a standard deviation

of 60.8 ¶. As expected, Ë

z-swivel

distributions for the 3 µM and 100 nM nocodazole

treatments had increased standard deviations of 94.6 ¶ and 87.8 ¶, respectively, and an

increase in ‡ to 81.0 ¶ in 10 µM taxol. Recall in all this analysis that the kinetochores

are filtered so that the eGFP-CENP-A and Ndc80-tagRFP signals are within 100 nm

in z, thus Ë

y-swivel

and Ë

z-swivel

will not have identical distributions.

The outer kinetochore layer can rotate about the centromeric chromatin. This is

observed to be most pronounced when a kinetochore is no longer bound to a micro-

tubule. This gives implications for a role of swivel during prophase and prometaphase,

i.e. at a time when kinetochores are establishing attachments to spindle poles. However

I now wanted to understand the role of kinetochore swivel during metaphase.

5.8 Swivel dynamics across the metaphase plate

I first chose to investigate the spatial distribution of the kinetochore swivel. Given that

� could only be measured across a range of 3 µm in the z-axis, I chose to investigate

swivel in the xy plane relative to position in the mitotic spindle. Therefore y-directional

swivel was investigated with respect to the kinetochore’s position in the metaphase

plate’s y-axis. The metaphase plate was divided into three regions to allow comparison

of kinetochores at the centre and the periphery. Any kinetochores further than 4 µm

either side of the centre of the metaphase plate in the y-direction were defined as

peripheral kinetochores, while those less than 4 µm from the centre were defined as
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Figure 5.14 Swivel may allow kinetochores to maintain attachment at the 
periphery of the mitotic spindle.
(A) Example image of a cell divided into its metaphase plate’s centre and periph-
ery. The blue dashed line represents the metaphase plate, and the white line 
marks its central point. The perpendicular white dashed lines spaced 4 μm either 
side of the central point separate the central third (centre) and the outside two 
thirds (periphery). Each of the images of kinetochore pairs are shown inside 
white dashed boxes, with appropriate labels. Green crosses and red pluses repre-
sent the centre of eGFP and tagRFP spots, respectively. Thick white lines 
through the kinetochore pairs represent both sister-sister and marker-marker 
axes. Values given are . Scale bars = 500 nm.
(B) 2D histogram of ϑy-swivel against position in the y-axis (n = 4,291). Dashed 
white lines represent the divisions between plate centre and periphery. White line 
represents the best fit 3-fold polynomial, with coefficient of determination, R2.
(C) Bar plots of median values for |ϑy-swivel| comparing kinetochores in the centre 
(n = 2,746) and the periphery (n = 1,545). Range bars are standard error. Statis-
tical test is Mann-Whitney U test.
(D) Example images of kinetochore pairs at the metaphase plate centre (top) and 
periphery (bottom) in cells expressing eGFP-CENP-A and Ndc80-tagRFP after 
labelling α-tubulin with AlexaFluor-647. White dashed lines are sister-sister 
axes, blue dashed lines are kinetochore-microtubule axes for each kinetochore. 
Scale bars = 500 nm.



central (Figure 5.14 A).

By visual inspection, central kinetochores exhibited less pronounced swivel as com-

pared to those at the periphery (Figure 5.14 A). Most significantly, both sister kine-

tochores at the periphery almost always exhibited y-directional swivel in the same

direction, towards the spindle poles (Figure 5.14 A, right panel). To quantify this, a

2D histogram of Ë

y-swivel

against position in the y-axis was plotted, and the periphery

and centre regions annotated (n = 4, 291; Figure 5.14 B). On approach towards the

periphery of the metaphase plate, kinetochores exhibited a clear change in Ë

y-swivel

.

The increase in Ë

y-swivel

with decreasing y, and the decrease in Ë

y-swivel

with increasing

y, shows that peripheral kinetochores begin to rotate their outer components towards

their associated spindle pole. This is more clearly represented by a degree-3 polyno-

mial of best fit (minimising absolute residuals of the equation ay

3 + by

2 + cy + d = 0

with the data), where R2 = 0.97 demonstrates that this distribution fits well to the

data. To provide a statistical comparison of swivel at kinetochore in the centrals

and the peripheral regions, absolute values of Ë

y-swivel

were measured for each re-

gion. Central kinetochores had a median (± standard error) y-directional swivel of

29.3 (± 0.7) ¶ (n = 2, 746), while those in the periphery had a median (± standard

error) of 37.7 (± 0.9) ¶ (n = 1, 545). These were significantly di�erent with p < 10≠4

(Figure 5.14 C). The most likely explanation for the outer kinetochore to point towards

the spindle poles is in order to engage microtubules emanating from that direction. In

order to test this hypothesis, cells expressing eGFP-CENP-A and Ndc80-tagRFP were

fixed with glutaraldehyde. AlexaFluor-647 was then targeted to –-tubulin by anti-

body staining, allowing direct observation of kMTs. This revealed that microtubules

approaching peripheral kinetochores do not approach perpendicular to the metaphase

plate, in contrast to those in the centre (Figure 5.14 D). In each of the cases shown

in Figure 5.14 D, the microtubule and intra-kinetochore (marker-marker) axes are

co-linear. This was observed to be true in almost all kMT attachments not only in un-

treated cells, but also in 100 nM nocodazole and 10 µM taxol treatments (Figure 5.15).

This result implies that a kinetochore’s angle of swivel is constrained by its k-fibre, and



Figure 5.15 Marker-marker axes appear to correlate with kinetochore-
microtubule axes.
Example images of kinetochores in cells expressing eGFP-CENP-A and Ndc80-
tagRFP after targetting AlexaFluor-647 to αTubulin for untreated cells (top 
three rows), and cells treated with 3 μM nocodazole (fourth row), 100 nM noco-
dazole (fifth row), and 10 μM taxol (sixth row). Green, white and blue dashed 
lines represent sister-sister, marker-marker and kinetochore-microtubule axes, 
respectively. Scale bars = 200 nm.
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therefore suggests a kinetochore may experience swivel passively once bi-orientated.

Intra-kinetochore distance, �, correlates with spindle assembly checkpoint (SAC)

activity (Maresca & Salmon, 2009; Uchida et al., 2009). Various drug and RNA in-

terference (RNAi) conditions revealed a decrease in intra-kinetochore distance results

in an active SAC, and therefore kinetochores require a stretch in � in order to allow

anaphase onset. However, more recent work has demonstrated that, despite a loss of

intra-kinetochore stretch, stable kinetochore attachments can satisfy the spindle check-

point (Tauchman et al., 2015; Etemad et al., 2015; Magidson et al., 2016). Some of

these results depended on the 1D measurement of �, and therefore su�ers the issue

of projection onto the sister-sister axis as discussed above. I hypothesised then that

swivel may instead play a role in the approach to anaphase onset. As all measurements

of � in untreated cells used in this work were measured during metaphase, there is

no specific reference point for time until anaphase onset. However, it has previously

been observed that the metaphase plate thins as a cell progresses through metaphase

(Jaqaman et al., 2010). Therefore metaphase plate thickness provides a proxy for time

until anaphase onset. Metaphase plate thickness was defined as the standard deviation

of all sister kinetochore pair centres for a given time point. After calculating plate

thicknesses for all time points, they were divided into three groups: plate thicknesses

greater than 0.65 µm were defined to represent early metaphase, those smaller than

0.45 µm were considered to be late metaphase, and those between the two values were

considered to be in middle metaphase. Firstly, 2D histograms of �
1D

and �
3D

against

plate thickness were plotted (n = 3, 056 for 1D, n = 4, 291 for 3D; Figure 5.16 A). Cor-

relation analysis of �
1D

yielded a negative correlation coe�cient, r = ≠0.166, which

was significant (p < 10≠4). The negative correlation suggests that (projected) intra-

kinetochore distance decreases with increasing plate thickness. Indeed, kinetochores in

early metaphase had a median (± standard error) �
1D

of 51.8 (± 1.6) nm (n = 974),

which increased significantly to 61.2 (± 1.5) nm in late metaphase (n = 860, p < 10≠4;

Figure 5.16 B). Importantly, this matches the suggestion of Maresca & Salmon (2009)

that intra-kinetochore distance stretches prior to anaphase onset, which was consid-



ered a necessary step in silencing the SAC. However, the same analysis on 3D intra-

kinetochore distance, �
3D

, derived no significant correlation between the �
3D

and plate

thickness (r = 0.023, p = 0.137). Furthermore, there was no significant di�erence in

median �
3D

throughout metaphase (p = 0.693), where early and late metaphase kine-

tochores had median (± standard error) �
3D

of 99.9 (± 1.9) nm (n = 1, 361) and

98.9 (± 1.3) nm (n = 1, 208; Figure 5.16 B), respectively. Therefore 3D measurements

of intra-kinetochore distance reveal that kinetochores do not stretch prior to anaphase

onset, and once again the 1D projection measurement of � has yielded misleading

results.

Kinetochore swivel causes a decrease in measurements of �
1D

due to projection onto

the sister-sister axis, while 3D measurements show that kinetochores are in fact non-

compliant. Therefore the decrease in �
1D

between early and late metaphase could be a

result of decreased swivel in late metaphase. 2D histograms of 3D kinetochore swivel,

and its projections in the xy- and xz-planes, were plotted against plate thickness.

The relationship between 3D swivel and plate thickness had a positive correlation

coe�cient, r = 0.088, which was significant (p < 10≠4; Figure 5.16 C). This suggests

that kinetochore swivel increases with plate thickness, or more importantly it decreases

with progression through metaphase. This supports the hypothesis that an increase

in �
1D

observed as cells progress through metaphase is in fact caused by a decrease

in Ë

3D-swivel

. As expected, 3D swivel significantly decreased between kinetochores in

early and late metaphase (p < 10≠4; Figure 5.16 D). Despite the correlation between

plate thickness and 3D swivel, the correlation coe�cients between plate thickness and

either Ë

y-swivel

or Ë

z-swivel

were both r = 0.005, demonstrating no significant correlation

(p > 0.70 in both cases; Figure 5.16 C). However, calculating median Ë

y-swivel

and

Ë

z-swivel

on kinetochores in early and late metaphase yielded a significant di�erence

between the two populations (p < 10≠4; Figure 5.16 D), supporting the observation that

3D swivel decreases on approach to anaphase. Therefore intra-kinetochore stretch does

not increase on approach to anaphase onset, but instead the degree of swivel decreases

as the cell progresses through metaphase. I now wanted to investigate whether this
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Figure 5.16 Δ does not correlate with metaphase timing, however ϑswivel does.
(A) 2D histograms of Δ1D (left; n = 1,002) and Δ3D (right; n = 4,291) against 
metaphase plate thickness, which serves as a proxy for progression through meta-
phase. Dashed white lines represent the divisions of early (plate thickness = 0.65 
mm) and late metaphase (plate thickness = 0.45 mm). Values given are correla-
tion coefficients, r, and probability of correlation, p.
(B) Bar plots of median Δ1D and Δ3D in early (n1D = 302, n3D = 1,361) and late 
(n1D = 295, n3D = 1,208) metaphase. Range bars represent standard error. Hori-
zontal lines represent Mann-Whitney U tests (*** represents p < 10–4).
(C) 2D histograms of |ϑy-swivel| (left), |ϑz-swivel| (centre) and ϑ3D-swivel (right) against 
metaphase plate thickness (each n = 4,291). Values given are correlation coeffi-
cients, r, and probability of correlation, p.
(D) Bar plots of median |ϑy-swivel|, |ϑz-swivel| and ϑ3D-swivel in early (n = 1,361) and 
late (n = 1,208) metaphase. Range bars represent standard error. Horizontal 
lines represent Mann-Whitney U tests (*** represents p < 10–4).
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decrease in degree of swivel is a relaxation of peripheral kinetochores.

Given that kinetochore swivel measured at the cell periphery is larger than in central

kinetochores, it was possible that the observed decrease in swivel through metaphase

was due to a smaller swivel at peripheral kinetochores in late metaphase. Temporal

and spatial behaviour of kinetochore swivel was investigated by dividing kinetochores

firstly into central and peripheral kinetochores, and then by plate thickness to derive

whether they are in early, middle or late metaphase. As in the spatial swivel analysis,

Ë

y-swivel

was used in order to allow comparison of peripheral and central kinetochores. A

3D histogram was plotted for Ë

y-swivel

against position in y and plate thickness (Figure

5.17 A). A sheet was fit through the data, which fit a degree-3 polynomial for correlation

between y-directional swivel and position in y, and a linear correlation between swivel

and plate thickness (R2 = 0.95, n = 2, 987). Interestingly, the correlation between

y-directional swivel and position in y observed in Figure 5.14 B was maintained across

the spectrum of plate thicknesses, showing that peripheral kinetochores exhibit larger

swivel angles throughout metaphase. However, as plate thickness decreased, the range

of swivel also decreased. Kinetochores at the periphery of the metaphase plate exhibited

a decrease in median values of absolute Ë

y-swivel

from 45.6 (± 1.9) ¶ in early metaphase

(n = 455), to 33.5 (± 1.4) ¶ in late metaphase (n = 460; Figure 5.17 B). Meanwhile,

kinetochores at the centre of the plate also exhibited a decrease in median absolute

Ë

y-swivel

from 33.5 (± 1.3) ¶ in early metaphase (n = 906), to 23.1 (± 1.2) ¶ in late

metaphase (n = 748; Figure 5.17 B). Both central and peripheral kinetochores exhibited

statistically di�erent swivel measurements between early and late metaphase, with

p < 10≠4 in each case. This decrease was observed directly in metaphase plates with

both high and low plate thicknesses. The examples in Figure 5.17 C are the most

peripheral pair of kinetochores in the plate, and therefore those most strongly a�ected

by peripheral swivel. The kinetochore pair located at the periphery of a late metaphase

plate had swivel angles much smaller than those at the periphery of an early metaphase

plate. Interestingly, the decrease in swivel at peripheral kinetochores primarily occurred

between early and middle metaphase, whereas central kinetochores exhibited decrease
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Figure 5.17 Spatial distribution of swivel is maintained as it decreases through 
metaphase.
(A) Best fit sheet through data with axes x’’ = plate thickness, y’’ = position in 
y and z’’ = ϑy-swivel (n = 4,291). Sheet is fit with a degree-1 polynomial in x’’z’’, 
and a degree-3 polynomial in y’’z’’, with coefficient of determination, R2.
(B) Bar plots of median |ϑy-swivel| for central and peripheral kinetochores in early 
(ncentral = 906, nperipheral = 455), middle (ncentral = 1,092, nperipheral = 630) and late 
metaphase (ncentral = 748, nperipheral = 450). Range bars represent standard error. 
Horizontal lines represent Mann-Whitney U tests (*** represents p < 10–4).
(C) Example images of kinetochore pairs at the metaphase plate periphery 
during early metaphase (left; plate thickness = 0.67 μm) and late metaphase 
(right; plate thickness = 0.22 μm). Green crosses and red pluses represent centre 
of eGFP and tagRFP spots, respectively. Green and white dashed lines represent 
sister-sister and marker-marker axes, respecively. Values given are ϑy-swivel. Scale 
bars = 500 nm.

peripheral kinetochore pairs



in swivel primarily between middle and late metaphase. This suggests that kinetochores

in the peripheral regions of the metaphase plate may prime themselves for anaphase

onset more quickly than in the centre, however further investigation is required to better

understand SAC activity with respect to spindle architecture and time remaining in

metaphase.

5.9 Other Intra-kinetochore Linkages

The kinetochore’s linkage between eGFP-CENP-A and Ndc80-tagRFP is rigid un-

der changing levels of tension and attachment status. However it is capable of rota-

tion about the sister-sister axis, which results in a misleading interpretation of intra-

kinetochore distances using 1D projection methods. Kinetochore swivel, while not ex-

plicitly mentioned, can be observed in previous work with di�erent marked kinetochore

proteins in di�erent kinetochore sub-complexes (e.g. Uchida et al., 2009; Tauchman

et al., 2015). This gives support that the entire kinetochore is capable of this rotation.

However, to investigate this in 3D with accurate chromatic shift correction, cells ex-

pressing other pairs of kinetochore proteins tagged with FPs were imaged and processed

in the same way as the assay developed here. Firstly, CENP-A was paired with Bub3,

which localises to MELT motifs along the length of Knl1 in the outer kinetochore. Bub3

therefore should be localised a similar distance from CENP-A as Ndc80. A Bub3-eGFP

plasmid was transiently transfected into mCherry-CENP-A cells and imaged for a single

image stack. Bub3-eGFP was observed to swivel about mCherry-CENP-A, suggesting

that the entire outer kinetochore region can rotate (Figure 5.18 A). Next, in order to

investigate whether kinetochore swivel is restricted only to outer kinetochore proteins,

a cell line expressing mCherry-CENP-A and eGFP-CENP-P was imaged over a sin-

gle z-stack. CENP-P is a subunit of the constitutive centromere-associated network

(CCAN), which is part of the inner region of the kinetochore, i.e. it is localised closer

to CENP-A than Ndc80. Swivel events were also observed between the centromeric

chromatin and inner region of the kinetochore (Figure 5.18 B). This implies that the

kinetochore may swivel as a complete entity. As a further measure, CENP-O, which



is part of the same subcomplex of the kinetochore as CENP-P, was observed relative

to Ndc80-tagRFP. This was achieved by transient transfection of Ndc80-tagRFP into

CENP-O-eGFP cells and imaged over a single image stack. Once again, swivel was

observed between CENP-O and Ndc80 (Figure 5.18 C), which demonstrates that kine-

tochore swivel is a degree of freedom important for the entire kinetochore structure.

These measurements however cannot distinguish whether or not the kinetochore can

deform, so that the outer kinetochore would exhibit di�erent swivel angles with the

centromeric chromatin and CCAN sub-complex. In order to investigate di�erences in

swivel angles between the kinetochore sub-complexes, kinetochores would have to be

imaged with three (or more) kinetochore proteins tagged with three (or more) di�erent

FPs.

Given the presence of a number of image stacks of cells expressing di�erent pairs

of kinetochore proteins tagged with di�erent FPs, preliminary measurements of 3D

intra-kinetochore measurements could be obtained as for eGFP-CENP-A and Ndc80-

tagRFP. The centre of green and red fluorescent spots were located using Gaussian

MMF in all experiments shown in Figure 5.18. �
3D

was then measured between each

pair of fluorescent markers and filtered so that �
z

was no larger than 100 nm as before.

The median (± standard error) �
3D

between mCherry-CENP-A and Bub3-eGFP was

143.5 (± 5.7) nm (n = 337; Figure 5.19 A), suggesting that Bub3 is on average located

outside of Ndc80. Furthermore, eGFP-CENP-P was localised a median distance of

125.5 (± 4.9) nm outside mCherry-CENP-A (n = 877; Figure 5.19 B). Finally, median

� between CENP-O-eGFP and Ndc80-tagRFP was 90.9 (± 2.1) nm (n = 2, 050),

which implies that the C-terminus of CENP-O is localised relatively closely to CENP-

A. However, the measurements locating Bub3 and CENP-P are based on a relatively

small number of data points when compared to those measured here between CENP-

A and Ndc80. Additionally, the presence of positive tails in their distributions may

be skewing median measurements. Visual inspection of the distribution suggests that

peak values in each distribution derive measurements closer to 120 nm in Bub3-C to

CENP-A-N distance, and 80 nm in both CENP-P-N to CENP-A-N and CENP-O-
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C to Ndc80-C measurements (Figure 5.19; blue dashed arrows). Nevertheless, these

preliminary measurements demonstrate that the assay developed in this chapter is

capable of allowing us to finally begin to understand the 3D architecture of the human

kinetochore in live cells.

5.10 Summary

Here I have shown that the kinetochore sca�old binding chromosomes to microtubules

is capable of deformations in 3D during mitosis. However, these deformations occur

in a novel degree of freedom not previously investigated in kinetochore structure or

dynamics. Once bound to microtubules, kinetochores do not undergo changes in intra-

kinetochore distance, �, only exhibiting (≥ 8 nm) increase in length once their kMTs

are destabilised and detachment can occur. Instead, kinetochores are capable of ro-

tations, called swivel, between multiple inner and outer kinetochore proteins. Upon

drug additions, which seek to inhibit kMT force generation capabilities, kinetochore

swivel is increased. Increased swivel can explain the previously observed decrease in

1D measurements of � after both nocodazole (Maresca & Salmon, 2009; Tauchman

et al., 2015) and taxol treatment (Wan et al., 2009). As their measurements of � are

in fact a pseudo-projection of the kinetochore pair onto the sister-sister axis, an event

of large kinetochore swivel results in an underestimate of intra-kinetochore measure-

ment. Further to this, kinetochore pairs at the periphery of untreated mitotic spindles

exhibit swivel in the direction of their spindle pole, demonstrating a requirement of

swivel for metaphase kinetochores. This swivel both in the centre and at the periphery

of the spindle decrease as a cell progresses through metaphase, representing either a

requirement of reduced swivel in order to deactivate the SAC, or a maturation step

upon SAC satisfaction and reduction in Cdk1-CyclinB1 activity.





Chapter 6

Control of Directional Switching by

Kinetochore Phosphorylation

6.1 Background

Sister kinetochores exhibit coordinated dynamics during metaphase and congression

(Skibbens et al., 1993), however after the onset of anaphase, sister chromatids are now

independent bodies that exhibit directed motion only towards their spindle pole. Dur-

ing interphase, CyclinB1 is associated with Cdk1, however Cdk1’s activity is inhibited

by PP2A and Wee1 (Mueller et al., 1995). In order to drive the cell into mitosis PP2A

activity is inhibited in a kinase-dependent manner (for review see Krasinska et al.,

2011). This inhibits Wee1’s phosphorylation of its sites on Cdk1 (McGowan & Russell,

1993), these sites instead becoming dephosphorylated by Cdc25 (Dunphy & Kuma-

gai, 1991; Gautier et al., 1991). Complete anaphase onset relies on the degradation

of CyclinB1, as their dissociation inhibits Cdk1’s activity. In parallel with CyclinB1

degradation, securin is also degraded in order to allow activation of the protein sep-

arase (Clute & Pines, 1999). This initiates cleavage of cohesin rings between sister

chromatids, and therefore allowing sister chromatids to be segregated (Wheatley et al.,

1997; Hagting et al., 2002). Interestingly, it has been shown that if CyclinB1 degreda-

tion is slowed, cells are still able to enter anaphase (i.e. sisters separate). However, this

is not a normal anaphase because sister chromatids remain at the spindle equator in

a metaphase-like plate (Wolf et al., 2006). More recently, work in the Petronczki and

other labs has shown that proteins responsible for spindle assembly checkpoint (SAC)

149



signalling and error correction relocalise to kinetochores during this pseudo-anaphase

(Vázquez-Novelle et al., 2014; Rattani et al., 2014; Kamenz & Hauf, 2014; Clijsters

et al., 2014). They suggest that continued error correction destabilises kinetochore-

microtubule (kMT) binding, resulting in enhanced movement of chromosomes during

pseudo-anaphase. Alternatively, their data could suggest that kinetochores remain

in a phosphorylated, metaphase-like state while the cell is in an anaphase state. In

this chapter I investigated this using kinetochore tracking in collaboration with the

Petronczki group.

6.2 A common coordinate system for mitosis

To follow kinetochore dynamics in anaphase, we required a marker for spindle poles.

In the absence of a metaphase plate or sister-sister linkage in anaphase, spindle poles

provide a reference frame for individual kinetochores. We first sought to confirm the

reported pseudo-anaphase phenotype (Vázquez-Novelle et al., 2014; Rattani et al.,

2014; Kamenz & Hauf, 2014; Clijsters et al., 2014) in cells expressing kinetochore

and spindle pole markers. Cells expressing eGFP-CENP-A (kinetochore) and eGFP-

Centrin1 (spindle pole) were transiently transfected with either wild-type (WT) or non-

degradable (ND) CyclinB1-mCherry (Figure 6.1 A; both provided by Mark Petronczki).

Cells were treated with thymidine in order to align cells in G2 phase of the cell cycle,

and then MG132 in order for cells to be aligned just prior to anaphase onset. As

expected, during metaphase in both cells expressing WT or ND CyclinB1, kinetochores

were aligned at the metaphase plate and CyclinB1-mCherry was present throughout

the cell (Figure 6.1 A; left column). Cells expressing WT CyclinB1 showed depleted

levels of CyclinB1-mCherry during late anaphase and kinetochores were segregated into

two organised plates of sister chromatids (Figure 6.1 A; right column). As previously

reported, presence of ND CyclinB1-mCherry throughout the cell during anaphase at

levels similar to metaphase meant that kinetochores were no longer capable of moving

uniformly towards each spindle pole (Figure 6.1 A; right column). Visual inspection of

cells in late or pseudo-anaphase imaged every 7.5 s confirms that kinetochores exhibit
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Figure 6.1 Overexpression of non-degradable CyclinB1 results in no changes to 
periodic behaviour observed in kinetochore position.
(A) Example images of cells co-expressing eGFP-CENP-A and eGFP-Centrin1 
after transient transfection with wild-type (WT) CyclinB1-mCherry (top row) or 
non-degradable (ND) CyclinB1-mCherry. Levels of mCherry signal are shown in 
both metaphase (left column) and late anaphase (right column) for each form of 
CyclinB1. eGFP signal is shown over a 1 μm z-projection, mCherry signal is 
shown for a single z-slice. Hollow-headed arrows point towards manually-selected 
spindle poles. Scale bars = 2 μm.
(B) Schematic demonstrating measurement of x and b using eGFP-CENP-A 
(hollow green circles) and eGFP-Centrin1 (crossed green circles) location. Blue 
dashed arrow represents the metaphase plate.
Autocorrelation curves of x (blue) and b (gold) for cells expressing: (C) WT 
CyclinB1 and (D) ND CyclinB1, demonstrating no difference in periodic behav-
iour in metaphase between WT and ND CyclinB1. Arrows represent half-period.



more movement during pseudo-anaphase as compared to late anaphase.

To quantify this alteration in kinetochore movement, I tracked kinetochores during

metaphase. The metaphase plate typically provides a coordinate system for obser-

vation of kinetochore dynamics during metaphase. In this coordinate system, the

metaphase plate is the yz-plane, and its normal is therefore the x-coordinate (Fig-

ure 6.1 B). However, during late and pseudo-anaphase, the metaphase plate is ab-

sent. By measuring the distance between each sister kinetochore and its spindle pole,

the kinetochore (k)-fibre length, b, can be determined (Figure 6.1 B). This measure-

ment allows comparison of kinetochore movement dynamics between metaphase and

anaphase. Kinetochores have been observed to exhibit quasi-periodic back-and-forth

motion about the metaphase plate (e.g. Jaqaman et al., 2010). This motion can be

quantified by measuring the autocorrelation of change in a kinetochore’s position in

metaphase plate x-coordinate. If the spindle poles remained relatively fixed during

metaphase, it would therefore be expected that the kinetochore-pole distance, b, would

also exhibit quasi-periodic behaviour for a given kinetochore in metaphase. In order

to investigate this hypothesis, kinetochores and spindle poles were tracked for their

eGFP-CENP-A and eGFP-Centrin1 signals, respectively, in movies of cells express-

ing WT CyclinB1-mCherry; both x-coordinates and distance b were calculated for

each kinetochore during metaphase. The autocorrelation of change in x-coordinate for

all kinetochores was plotted (Figure 6.1 C, blue), demonstrating that kinetochores in

eGFP-CENP-A/eGFP-Centrin1 cells exhibit back-and-forth motion with half period

of ≥ 40 s. In order to compare this with potential periodicity in b, the autocorrela-

tion of change in b was calculated for the same kinetochores during metaphase (Figure

6.1 C, gold), which yielded quasi-periodic changes in kinetochore-pole distance with half

period very similar to that observed in the x-coordinate. This demonstrates that b dis-

tance can be used to represent the temporally regulated dynamics of kMTs, which will

allow characterisation of kMT dynamics during late and pseudo-anaphase. In order to

ensure that the expression of ND CyclinB1-mCherry does not perturb a kinetochore’s

ability to regulate kMT dynamics, autocorrelation of changes in both metaphase plate



normal position, x (Figure 6.1 D, blue), and kinetochore-pole distance, b (Figure 6.1 D,

gold), were plotted. There is very little di�erence in the quasi-periodic behaviour of

each distance or coordinate measurement, and the expression of ND CyclinB1 during

metaphase does not change quasi-periodicity of kinetochore position and kMT dynam-

ics. Thus I have a distance measurement, b, that will be independent of metaphase

plate presence, which allows investigation of the observed motion of kinetochores during

pseudo-anaphase.

6.3 Dynamic kinetochores in pseudo-anaphase

I next investigated how expression of ND CyclinB1-mCherry would a�ect kinetochore

(k-fibre) dynamics after anaphase onset. Spindle pole (eGFP-Centrin1) and kineto-

chore markers (eGFP-CENP-A) were tracked in anaphase cells expressing either WT

or ND CyclinB1-mCherry. Given the disordered distribution of kinetochores in pseudo-

anaphase cells, spindle poles were carefully located by thorough inspection of eGFP

signal in both space and time, spindle pole trajectories only being allocated when com-

pletely sure. Visual inspection of spindle pole and kinetochore trajectories in cells in

late anaphase (Figure 6.2 A, top) demonstrated very little movement relative to their

spindle pole over a 2 min trajectory, as expected. Green and red trajectories in Figure

6.2 A represent the position of each kinetochore during the 1 min before (green) and af-

ter (red) the time point of the image shown. However, kinetochores in pseudo-anaphase

exhibited movement both towards and away from its spindle pole over the 2 min (Fig-

ure 6.2 A, bottom). To quantify this movement, the kinetochore-pole distance, b, was

measured in late and pseudo-anaphase cells. Calculation of autocorrelation in change in

b during late anaphase showed that kinetochores exhibited a slowly decreasing negative

autocorrelation (Figure 6.2 B, blue), which is representative of a gradual decrease in b

over time. This represents the slow movement of the kinetochores towards their spindle

pole expected in late anaphase. Performing the same autocorrelation of change in b

for kinetochores in pseudo-anaphase revealed quasi-periodic behaviour in kinetochore-

pole distance. Moreover, this behaviour retained the half-period of ≥ 40 s exhibited



by kinetochores in their b-distance during metaphase (Figure 6.2 B, gold). Both the

observation of trajectories away from the spindle pole and the temporal regulation of

a kinetochore’s position make it di�cult to suggest that kinetochores are losing at-

tachment to k-fibres. Kinetochore speeds during trajectories towards and away from

the spindle pole were calculated to investigate further. If a kinetochore detaches from

its k-fibre, it would be expected that its velocity away from its spindle pole would be

di�erent, if not much smaller, than the motion generated by microtubule pulling forces

(at kinetochores moving towards their spindle pole). Velocity measurements were only

measured at kinetochores moving towards or away from its spindle pole over at least two

consecutive time steps (spanning 15 s). Taking velocity between consecutive 7.5 s time

points produced a distribution of velocities for either poleward (P; a decrease in b) or

away-from-the-pole (AP; an increase in b) movement. Kinetochores in pseudo-anaphase

exhibited median (± standard error) velocity measurements of 1.93 (± 0.03) µm min≠1

for AP kinetochores, and ≠2.01 (± 0.03) µm min≠1 for P kinetochores. Therefore any

movement towards the pole exhibits the same dynamics as any movement away from

the pole, demonstrating that AP movement is likely caused by a polymerising k-fibre.

Interestingly, metaphase cells expressing ND CyclinB1-mCherry had median velocity

for AP and P kinetochores of 1.09 (± 0.01) µm min≠1 and ≠1.14 (± 0.01) µm min≠1, re-

spectively, which are significantly smaller than those in pseudo-anaphase (Figure 6.2 C,

comparing pairs of gold bars). Kinetochores during pseudo-anaphase also exhibit faster

velocities than kinetochores in both metaphase and late anaphase in cells expressing

WT CyclinB1 (Figure 6.2 C, comparing blue bars to the right-most gold bars). Given

pseudo-anaphase kinetochores retain the quasi-periodic behaviour of metaphase kine-

tochores, this increase in kinetochore velocity may simply be a result of a change in

force balance. Kinetochores in metaphase are linked to another kinetochore through

centromeric chromatin, so therefore experience more opposing forces through tension

within centromeric chromatin, friction caused by the physical bonds between kine-

tochore proteins and k-fibres, and drag of chromosome arms. After anaphase onset,

drag forces on a chromosome may be halved upon separation of the two sister chro-
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matids. Additionally, there is no longer a linkage between kinetochores in anaphase,

and therefore inter-kinetochore tension acting against kinetochore movement will be

lost. Therefore it may be that kinetochores in pseudo-anaphase may now be able to

cause faster polymerisation and depolymerisation of their k-fibres, and therefore can

travel faster about the cell. I therefore investigated how stabilising kMT attachment

might a�ect this growth speed.

6.4 Stabilising kMT binding

To investigate whether kinetochores are experiencing less drag in pseudo-anaphase due

to loss of its linkage with its sister, an Aurora B inhibitor, ZM1, was added to cells in

order to increase drag during microtubule polymerisation and depolymerisation. Au-

rora B typically destabilises binding of Ndc80 to microtubules by phosphorylating its

binding region, however Aurora B inhibition will act to ensure this region is dephospho-

rylated. eGFP-CENP-A/eGFP-Centrin1 cells expressing ND CyclinB1-mCherry and

treated with ZM1 were imaged in metaphase and anaphase. Metaphase kinetochore

dynamics were observed after ZM1 treatment in order to ensure it caused the expected

e�ect. Kinetochores expressing a mutant form of Ndc80, acting to stabilise attachment

to microtubules (9A-Ndc80), exhibit dampened oscillations during metaphase (DeLuca

et al., 2011). Therefore it would be expected that Aurora B inhibition would produce

the same phenotype. The autocorrelation of a kinetochore’s change in metaphase plate

normal position, x, was calculated to observe kinetochore back-and-forth motion. As

previously reported, the quasi-periodicity of kinetochores in metaphase were retained

after stabilisation of Ndc80-microtubule binding, with half-period ≥40 s. Furthermore

a shallower first trough demonstrates an expected dampening of these oscillations (Fig-

ure 6.3 A). Therefore Aurora B was being successfully inhibited using 2 µM ZM1.

After anaphase onset, Aurora B activity inhibited in parallel with maintained Cdk1

activity also resulted in a pseudo-anaphase state, so that kinetochores were unable

to uniformly move towards their attached spindle pole (Figure 6.3 B). Furthermore,

like untreated pseudo-anaphase kinetochores, they exhibited back-and-forth motion
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Figure 6.3 Kinetochore speed during periodic movement increases in psuedo-
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(A) Autocorrelation in x during metaphase for cells without (blue) and with 
(gold) treatment with 2 μM ZM1. Blue and gold arrows represent half-periods.
(B) Example images of kinetochore motion relative to its spindle pole in pseudo-
anaphase with Aurora B inhibition (2 μM ZM1). White dashed boxes represent 
regions shown in the right column. Left column shows full cell z-projections, right 
column shows single z-slices. Hollow-headed arrows locate manually-selected 
spindle poles. Green and red lines represent the previous and next 8 time points, 
respectively. Scale bars = 2 μm.
(C) Autocorrelation in b during pseudo-anaphase for cells without (blue) and 
with (gold) treatment with 2 μM ZM1. Blue and gold arrows represent half-
periods.
(D) Comparison of median kinetochore speed at either kinetochores moving 
towards (–) or away from (+) their spindle pole. Measurements were made in 
pseudo-anaphase, comparing cells not treated (left) or treated with 2 μM ZM1 
(right). Significance test was a Mann-Whitney U test (*** represent p < 10–4).
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towards and away from their spindle pole (Figure 6.2 B), supporting the idea that

kinetochores maintain attachment to their k-fibre during pseudo-anaphase. However,

calculating the autocorrelation of change in kinetochore-pole distance, b, in Aurora B-

inhibited pseudo-anaphase revealed a significant increase in half-period of kinetochore

back-and-forth motion, from ≥40 s in untreated pseudo-anaphase to ≥75 s after Aurora

B inhibition (Figure 6.3 C). This suggests that Aurora B can a�ect an individual kine-

tochore’s ability to regulate microtubule dynamics, yet is somewhat suppressed when

coupled to its sister during metaphase. In order to understand whether increased drag

causes a di�erence in kinetochore speeds, kinetochores were measured for speed towards

and away from the spindle pole in pseudo-anaphase after Aurora B inhibition. The

speed of kinetochores decreased to ≠1.83 (± 0.02) µm min≠1 on P kinetochores, and

1.75 (± 0.02) µm min≠1 for AP (Figure 6.3 D). This is a significant decrease compared

to untreated pseudo-anaphase kinetochores (p < 10≠4), which implies that a kineto-

chore’s speed upon loss of linkage with its sister is dependent upon drag forces from

its microtubule-binding sca�old. Notably, the speed of pseudo-anaphase kinetochores

after Aurora B inhibition is still significantly larger than those in metaphase.

6.5 Summary

Prior to a normal anaphase in HeLa cells, CyclinB1 is degraded, meaning that Cdk1

can no longer phosphorylate its targets which are dephosphorylated at anaphase on-

set by mitotic protein phosphatases (Bollen et al., 2009; Wurzenberger et al., 2012).

However, when CyclinB1 is no longer degraded and Cdk1 remains active, cells enter

an anaphase-like state, called pseudo-anaphase. Sister chromatids are separated in

pseudo-anaphase, however can no longer be uniformly moved towards opposite spindle

poles. Instead kinetochores move towards and away from their spindle pole. I have

discovered here that kinetochores in pseudo-anaphase exhibit quasi-periodic behaviour

in their kinetochore-to-spindle pole distance, b, which is not observed in normal late

anaphase. Furthermore, I have shown that the half-period of this behaviour is similar

to that found in metaphase, suggesting that kinetochores are in a metaphase-like state,



even after the cell has progressed into anaphase. However, kinetochores are capable of

faster movement towards and away from spindle poles during pseudo-anaphase when

compared to metaphase. This increase could be due to a decrease in drag on the

kinetochores as they move about the cell, as Aurora B inhibition, which stabilises kine-

tochore binding to microtubules, reduces the speed of kinetochores, albeit not down

to metaphase speeds. Furthermore, I discovered that Aurora B inhibition maintains

quasi-periodic back-and-forth motion of kinetochores in pseudo-anaphase, however with

an almost doubled half-period compared to those observed in both an untreated and

Aurora B-inhibited metaphase. How a kinetochore is capable of directional switching

in the absence of inter- or intra-kinetochore tension will be interesting to solve. Fur-

thermore, it is important to understand the mechanism behind Aurora B’s e�ect on

the directional switching frequency, whether directly or through phosphorylation of

kinetochore proteins.





Chapter 7

Discussion

7.1 �3D measurement in live cells

In this thesis, I have developed a 3D semi-automated live cell imaging assay to track

kinetochore proteins tagged with two di�erent coloured fluorophores. Using this as-

say I have discovered that kinetochores form a non-compliant linkage between cen-

tromeric chromatin and the microtubule via the NDC80 complex. This challenges a

long-standing model that kinetochores stretch upon attachment to microtubules which

exert pulling forces. Crucially, this work di�ers from previous studies as it measures

intra-kinetochore distances in 3D from living cells. Live intra-kinetochores distances

have either been measured in 2D (Dumont et al., 2012; Drpic et al., 2015), or af-

ter a 1D projection of � on the sister-sister axis (Maresca & Salmon, 2009; Uchida

et al., 2009). These methods su�er from projection into either the 2D plane or the

sister-sister axis (as in the 1D projection). As the work in this thesis demonstrates,

kinetochores experience dynamic rotation in all three dimensions, which would there-

fore result in an underestimate of � when projected into either one or two dimensions

(Figure 7.1). This is already apparent when comparing published work that uses the

same cell line (Drosophila S2 cell line expressing fluorescently-tagged CID and Ndc80),

but di�erent analysis methods (Maresca & Salmon, 2009; Drpic et al., 2015). Using

the 1D projection method (62 nm; Maresca & Salmon, 2009), � was 40% shorter than

2D measurements (103 nm; Drpic et al., 2015). This demonstrates the extent of the

potential underestimate derived from projecting � by even just one dimension.

There is also emerging evidence that the fixation used may have a significant e�ect

161



Figure 7.1 Intra-kinetochore distance is underestimated by measurements in lower 
dimensions due to intra-kinetochore swivel.
Swivel events in 3D allow for the outer kinetochore to rotate about the inner kine-
tochore, meaning that the intra-kinetochore axis is no longer co-linear with the 
sister-sister axis. Measurements of Δ in 1D or 2D result in an underestimate of intra-
kinetochore distances due to these swivel events, as demonstrated above in the 
distance between CENP-A and the NDC80 complex.
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on � measurements. Recent work in RPE1 cells showed that � measurements di�er

between chemical fixatives (Magidson et al., 2016). � measured in 2D between CENP-

T and Ndc80 in cells after formaldehyde-fixation (60 nm) were 25% smaller than those

in cells after glutaraldehyde-fixation (80 nm). However, e�ects on � measurements

are not consistent within a given fixation method. Experiments in paraformaldehyde-

fixed human cells using di�erent � measurement methods gave rise to similar distances

(Wan et al., 2009; Etemad et al., 2015). Both the 3D- and 1D projection-based mea-

surements of � between CENP-C and Ndc80’s amino (N)-terminus was ≥80 nm for

metaphase kinetochores, and ≥60 nm when inter-kinetochore tension was perturbed.

On the other hand, � measured in fixed human cells between CENP-A and the N-

terminus of Ndc80 using the 1D projection method (105 nm; Wan et al., 2009) was

25% shorter than that measured in 2D (143 nm; Magidson et al., 2016). One pos-

sibility is that chemical fixation may have stronger e�ects on di�erent sub-structures

of the kinetochore. Indeed, electron microscopy of chemically-fixed cells suggests that

the outer kinetochore is compacted following protein cross-linking (O’Connell et al.,

2012). Despite this, measurements of �
1D

between CENP-C’s amino terminus and

Ndc80-C are no di�erent between live cells and cells after paraformaldehyde fixation

(Varma et al., 2013). It is also apparent that the distance between CENP-A (sister

kinetochores) di�ers in live and fixed cells. The median distance is ≥1 µm in live cells,

and increases by 60% following fixation (e.g. Magidson et al., 2016). This is an over-

looked issue in mitosis research. Therefore, � measurements may su�er – or simply be

incorrect – depending on which linkages are being studied and the fixation used.

Chemical fixation and reduced dimensionality therefore call into question the mea-

surements of intra-kinetochore distances in fixed cells treated with mitotic spindle

poisons. The assay developed in this thesis reveals that kinetochores do not stretch

following microtubule attachment, or even when under tension when bi-orientated.

Whilst this appears to contradict many studies it is in fact consistent with the data

reported by Uchida et al. (2009). Although they report that � decreases in nocoda-

zole, closer inspection of the distribution of � measurements between CENP-A and



Mis12 in HeLa cells reveals a di�erent story, appearing to remain relatively unchanged

before and after 160 ng ml≠1 nocodazole treatment (Uchida et al., 2009, Figure 1 B).

The authors avoid quoting average � measurements, instead suggesting that there was

an increased incidence of stretched kinetochores when attached to the mitotic spin-

dle. However, here kinetochores were considered stretched when its � measurement

was larger than 95% of measurements calculated after nocodazole-treatment. Crucially,

they observed only 15% of untreated kinetochores being stretched relative to this limit,

meaning 85% of all untreated kinetochores have nocodazole-like � measurements. This

therefore supports the result derived in this thesis that kinetochores do not stretch un-

der establishment of kinetochore-microtubule (kMT) attachment and inter-kinetochore

tension.

Additionally, the observation of an decrease in intra-kinetochore distance when a

kinetochore pair is under tension is consistent with the observation by Dumont et al.

(2012) that poleward (P) kinetochores are compressed relative to away-from-the-pole

(AP) kinetochores in 2D. P kinetochores experience pulling force from the kinetochore-

fibre (k-fibre), and therefore would be expected to stretch under the model that kine-

tochores are compliant. However, the compression on the P kinetochore observed in

PtK2 cells could not be reproduced in � measurement between CENP-A and Ndc80

in HeLa cells. The reason for this may be that the compression was instead observed

using CENP-C as an inner kinetochore marker. CENP-C has more recently been

shown to contribute to 32% of linkages with the NDC80 complex, while 61% of its

constituents potentially have a structural role in the inner kinetochore (Suzuki et al.,

2014). Therefore the observed compression could instead represent a conformational

change in inner-kinetochore structure of the P kinetochore, perhaps required to coun-

teract the pulling forces from the depolymerising k-fibre. Alternatively, the di�erence

could originate in experimental methods, as cells were compressed under 2% agarose gel

pads to increase the number of kinetochores in one imaging plane. Cells were charac-

terised as viable based on the presence of metaphase oscillations, a microtubule-dense

mitotic spindle, and the ability to enter anaphase – criteria also satisfied by J-CENP-



A/Mis12 cells that experience perturbed chromosome congression (see Appendix A).

Another source of error could be the projection of � into the xy-plane, ignoring e�ects

of z-directional swivel, however this is less likely as my 2D measurements also cannot

reproduce their result. A final di�erence is that my coordinates for eGFP-CENP-A

and Ndc80-tagRFP are corrected for chromatic shift in the z-direction, including an

appreciation for chromatic shift’s dependence on focal depth. Nevertheless, it will be

interesting to investigate the dynamic CENP-C to Ndc80 linkage in more detail to

better understand its importance in human cells during kinetochore oscillations.

My data reveals that � increases at nocodazole-treated kinetochores. Meanwhile

measurements of � in Uchida et al. (2009) still represents a decrease in intra-kinetochore

distance under loss of kinetochore attachment, albeit very small. However, their �

measurements were calculated using the 1D projection, and therefore su�er the under-

estimate due to projection. Given our observation that nocodazole-treated kinetochores

su�er more from this projection issue than untreated kinetochores, their data might in

fact represent a slight increase in � after nocodazole-treatment. Furthermore, recent

electron microscopy of human kinetochores before and after taxol-treatment suggests a

compaction of the outer kinetochore upon application of force (Magidson et al., 2016).

Crucially, this would explain our observation of an increase in � in nocodazole-treated

cells. The physical mechanism behind this compaction is not yet understood, however it

may represent a conformational change upon establishment of kMT attachment. Mps1

kinase, which directly competes with microtubules for binding to Ndc80’s N-terminus

(Ji et al., 2015; Hiruma et al., 2015), is re-localised upon microtubule attachment in

budding yeast kinetochores (Aravamudhan et al., 2014). The intra-kinetochore mecha-

nism mediating this re-localisation of Mps1 may represent such a change in conforma-

tion. Indeed, many di�erent combinations of kinetochore proteins have been used to

measure intra-kinetochore distances, some of which may reveal conformational changes

within the kinetochore. The assay developed here now provides the tools to be able to

faithfully deconstruct live 3D structural changes of the kinetochore, if any, throughout

mitosis.



7.2 The mechanism and purpose of swivel

A key finding from this work is kinetochores are able to swivel, that is rotate relative to

the sister-sister axis. However, the mechanism behind this rotation is unclear. On one

hand, it could represent a full rotation of the entire kinetochore – which was reported

previously by Wan et al. (2009) and called “tilting”. In this situation the distribution of

CENP-A and Ndc80 rotate in unison (Figure 7.2 A). Alternatively, outer kinetochore

subunits may move around the distribution of CENP-A nucleosomes at the centromere.

We call this event outer layer remodelling (Figure 7.2 B).

Kinetochore tilt, parameterised as �, was previously discussed as a possible cause

for underestimate of � measurements using the 1D projection method (Wan et al., 2009,

Supplementary Figure S3; shown for swivel in Figure 7.1). They observed correlated

rotation of the inner and outer kinetochore, based on measurement of the long and

short axes of elliptical fluorescent signal. Crucially, kinetochores after taxol-treatment

are more tilted relative to the sister-sister axis than untreated kinetochores, consistent

with my observation of increased swivel. This was also confirmed recently in RPE1

cells (Magidson et al., 2016), where tilt was instead parameterised as kT ilt. However,

tilt was not su�cient to completely correct for rotation of the intra-kinetochore axis

away from the sister-sister axis, and therefore their “corrected” measurements of � in

taxol remained smaller than those in untreated kinetochores. Their correction method

relies on fitting a line through the distribution of �
1D

against average tilt on both

kinetochores in each pair, so that measurement of zero tilt would provide the corrected

measurement of �. However, if tilt was the only factor causing any underestimate

in � after 1D projection, the measurement of � at 90¶ tilt should be zero, as the

two kinetochore proteins would be projected on top of one another. However, this

is not the case in their analyses. For example measurement of � between CENP-

A and Ndc80 at 90¶ tilt yields � = 77 nm. This implies that, while tilting of the

kinetochore exists, it cannot completely explain the underestimate in � measurement

after 1D projection. Therefore, it is likely that the outer kinetochore can remodel

itself around inner kinetochore subunits. In fact, preliminary observation of untreated



Figure 7.2 Swivel can be manifested by either tilt or re-modelling.
In the case of a swivel event, a kinetochore may have rotated in one of two ways.
(A) As has been previously observed (Wan et al. 2009; Magidson et al. 2016), the 
entire kinetochore can rotate in unison. This is known as ‘tilt’, and has been previ-
ously parameterised as both Θ (Wan et al. 2009) and ktilt (Magidson et al. 2016).
(B) Additional proposed form of observed rotation, where outer kinetochore rotates 
about the inner kinetochore, which rotates about the centromeric chromatin, known 
as ‘re-modelling’.
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HeLa kinetochores expressing eGFP-CENP-A and Ndc80-tagRFP using 3D structured

illumination microscopy (SIM) demonstrates that tilt and swivel do not necessarily

correlate (Smith and McAinsh, unpublished observations). However, more 3D-SIM

experiments observing the distribution of each kinetochore component in live cells is

required to determine the correct mechanism, if not a combination of the two.

The intra-kinetochore axis corresponds with the k-fibre axis suggesting that swivel

occurs as a consequence of external forces applied by microtubule dynamics. This is

supported by the observation that swivel was more pronounced in taxol-treated cells

where microtubule dynamics are suppressed (Figure 5.11). This swivel was significantly

smaller than that in either high or low doses of nocodazole. This demonstrates that

microtubule-attachment is su�cient to limit the amount of swivel from the kinetochore.

Furthermore, mitotic spindle architecture is perturbed after taxol-treatment, decreas-

ing in length (Snyder & Mullins, 1993). With spindle poles closer to the kinetochores,

the angle at which k-fibres approach metaphase kinetochores (and therefore angle of

swivel) may be larger (Figure 7.3), and may therefore explain the increase compared

to untreated metaphase cells. Remodelling of the outer kinetochore layer would require

dissociation and re-association of inner-to-outer kinetochore linkages. One idea is that

mitotic kinase activity may be required to destabilise the binding of CENP-C and -T

with outer kinetochore proteins. This implies that tilting may be the most favourable

mechanism for the observed swivel. However, given that previous observations of tilt

cannot fully account for underestimates in � measured in taxol-treated cells (given �

is fixed), swivel may require an active process. A recently observed redistribution of

outer kinetochore proteins on chromosome arms would allow remodelling of the outer

kinetochore. In Xenopus egg extracts and RPE-1 cells, CENP-C was distributed within

chromatin neighbouring the centromere when treated with nocodazole (Wynne & Fun-

abiki, 2015). This CENP-C signal is therefore located in regions where Ndc80-tagRFP

was observed to swivel. This may provide a mechanism by which subunits of the KNL1-

MIS12-NDC80 (KMN) complex can rotate around centromeric chromatin, and more

importantly be localised inside of the CENP-A, manifesting as swivel (Figure 7.4). Fur-



Figure 7.3 Occurrences of swivel within the spindle.
Swivel events occur throughout the mitotic spindle, but are more pronounced (i) at 
kinetochores at the spindle periphery, (ii) when not bound to a kinetochore-fibre, and 
(iii) potentially after taxol-treatment (dashed spindle, spindle poles and outer kine-
tochore) as a consequence of shorter spindle length, and therefore spindle architec-
ture. 

(iii) untreated (—) vs.
taxol-treatment (---)

(i) engaging spindle
periphery

(ii) complete
unattachment



thermore, given that the spreading of CENP-C either side of the centromere decreases

in the absence of multiple mitotic kinases (Mps1, Aurora B, Plk1), and is deregulated

by PP1 phosphatase, swivel could be actively regulated and/or deregulated. This

would also explain the gradual decrease in swivel during metaphase, at a time when

kinetochores become gradually dephosphorylated by protein phosphatases. This could

be tested by, for example, inhibition of Aurora B. However, to avoid consequential

intra-kinetochore “stretch” due to hyper-stabilisation of Ndc80 microtubule-binding,

its inhibition would need to be investigated either in nocodazole-treated cells or cells

expressing an Ndc80 mutant with lower microtubule-binding a�nity.

Importantly, allowing kinetochores the ability to swivel increases the likelihood of

encountering microtubules during search-and-capture in prometaphase. CENP-E in

the fibrous corona has been observed to form crescent-shaped collars in the absence

of microtubules (Thrower et al., 1996; Yao et al., 1997; Ho�man et al., 2001). The

formation of crescent-shapes have been investigated in balancing speed and accuracy

of search-and-capture at the start of mitosis (Magidson et al., 2015), however outer

kinetochore swivel with a constant plate size has not yet been investigated. Modelling

of search-and-capture with this in mind, and comparing to knowledge of typical time

in this process in live cells, may allow predictions for certain parameters in the mech-

anism, such as friction of rotation. Additionally, investigation of swivel in unattached

kinetochores with improved temporal resolution would allow characterisation of the

kinetics of swivel. This would give an indication whether swivel is a passive or active

process, where rotation may be more deterministic if active, or free if passive.

The absence of intra-kinetochore stretch challenges current models of error correc-

tion by the CPC, each of which rely on the physical movement of Aurora B’s outer-

kinetochore substrates away from the pool of CPC at the inner centromere (Lampson

& Cheeseman, 2011). However, swivel provides a perfect alternative, which if anything

allows a more clear-cut model. Instead of merotelic attachment manifesting itself as

a, say, ≥ 15 nm decrease in distance between the inner centromere and outer kineto-

chore, this model would allow erroneously attached kinetochores to swivel into direct



Figure 7.4 Re-modelling may occur within centromeric, or neighbouring, chromatin.
Kinetochore re-modelling may occur as a consequence of (A) movement of outer 
kinetochore subunits within the already-established inner centromere, and/or 
(B) due to previously reported PP1-deregulated recruitment of CENP-C to extra-
centromeric chromatin, forming binding sites for the KMN.
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contact with the concentrated pool of Aurora B (Figure 7.5). This model would en-

force a bias in kinetochore orientation so that the outer kinetochore would favour distal

positioning from the inner centromere. This supports the current model for e�cient

error correction: the concentration gradient model, in which microtubule-binding com-

ponents of the outer kinetochore making erroneous kMT attachments are more more

likely to be localised closer to the concentrated CPC pool at the inner centromere.

However, the only di�erence is that erroneous attachment leads to > 90¶ swivel, which

would be would more easily move these outer kinetochore components in the vicinity

of the CPC pool than a decrease in delta. Another model for CPC’s mechanism of

error correction, the “dog leash” model, suggests that the INCENP/Survivin/Borealin

complex, which binds H3 and H2B nucleosomes immediately proximal to the kineto-

chore, can extend to the outer kinetochore in order to target Aurora B to its substrates.

However, another reason for this extension may be to target Aurora B to substrates

in the inner kinetochore. For example, Aurora B phosphorylates MCAK in order to

promote its depolymerase activity (Shao et al., 2015). MCAK is located at the inner

centromere during metaphase, and therefore the “dog leash” model would promote

MCAK’s activity, increasing frequency of catastrophe within the k-fibre. Therefore the

“dog leash” model may play a role in destabilising attachments when the kinetochore

swivels, but instead has a primary role in regulating microtubule dynamics via inner

kinetochore-localised mitotic motors.

7.3 Cdk1-dependent kinetochore state

Overall, the favoured mechanism for actively distributing inner kinetochore linkers to

outer components requires activity from mitotic kinases, and deregulation by protein

phosphatases. These phosphatases become most important at anaphase onset when

the Cdk1 kinase becomes inactive, at which time PP1 and PP2A dephosphorylate the

kinetochore. Ine�cient degradation of CyclinB1 allows sister chromatid dysjunction,

however sisters are no longer uniformly segregated (Wolf et al., 2006). Cells become

arrested in what is called pseudo-anaphase. As has been published (Vázquez-Novelle



Figure 7.5 Swivel allows easier interaction with error correction machinery.
In the case of merotelic attachment, a kinetochore may experience deformation.
(A) Current model of error correction relies on a movement of the outer kinetochore  
(Ndc80-tagRFP; red) towards the chromosome passenger complex (CPC; gold). 
This brings erroneous contacts into a small portion of the CPC pool. White arrows 
represent measured delta distances.
(B) Proposed model of error correction dependent on swivel of outer kinetochore 
about the centromeric chromatin (eGFP-CENP-A; green) so that a larger propor-
tion of erroneous contacts can reach the CPC pool for phosphorylation (yellow stars) 
of Aurora B’s target sites. White arrows represent measured delta distances, where 
each the two arrows have the same magnitude.
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et al., 2014), work in this thesis demonstrates how Cdk1 activity in pseudo-anaphase

causes individual kinetochores to exhibit back-and-forth motion towards and away

from their spindle pole. This behaviour has the same characteristic half-period as os-

cillations exhibited by kinetochore pairs about the spindle equator during metaphase.

These oscillations are caused by regulation of microtubule dynamics. However, during

normal anaphase these movements are suppressed, perhaps due to a switching o� of

microtubule rescue at anaphase onset. Accompanying experiments by Lola Vázquez-

Novelle (see Vázquez-Novelle et al., 2014) demonstrated that Aurora B remains at

kinetochores in pseudo-anaphase. Their interpretation of the observed back-and-forth

motion of pseudo-anaphase kinetochores is therefore that kMT attachments are desta-

bilised by Aurora B’s kinase activity. This was based on the assumption that loss

of inter-kinetochore tension (sisters are separated in pseudo-anaphase) results in loss

of intra-kinetochore stretch, and therefore the error correction pathway would be ac-

tive. However, the result that the human kinetochore does not stretch under force now

contradicts this assumption.

The hypothesis that kMT attachments were destabilised during pseudo-anaphase

was contradicted by a number of observations. Firstly kinetochores exhibited tempo-

rally regulated back-and-forth motion, which would be very unlikely if kinetochores

became continuously unattached from their k-fibres. Next, kinetochores had simi-

lar speed of movement both towards and away from the spindle pole during pseudo-

anaphase. An unattached kinetochore would be unlikely to drift away from the spindle

pole with speeds similar to that generated by depolymerising microtubules. Finally,

back-and-forth motion continued in inhibition of Aurora B activity, which acts to sta-

bilise kinetochore attachments to its k-fibres.

However, this does not represent a complete loss of CPC activity. For example,

kinetochores may experience more pronounced swivel as they are pushed away from

the spindle pole by their attached k-fibres. Based on my suggestion of an adjusted

concentration gradient model of error correction, increased swivel would increase in-

teraction between the outer kinetochore and Aurora B (Figure 7.5). Therefore at-



tachment between the outer kinetochore and kMTs may be destabilised. This would

promote detachment of kinetochores from their k-fibres. However, as described above,

this is not likely, and therefore it is unlikely that kinetochore swivel increases during

pseudo-anaphase. However, this requires direct observation to confirm this. An al-

ternative possibility may be explained using the polar ejection force (PEF), as these

forces may also remain in pseudo-anaphase. During metaphase, the PEF is medi-

ated by chromokinesins, which are plus-directed motor proteins that bind chromosome

arms (Rieder et al., 1986). These chromokinesins then direct chromosomes towards

the spindle equator during metaphase. If there are PEFs during psuedo-anaphase,

they would be working in the same direction as forces from polymerising k-fibres (away

from the spindle poles), and therefore any potential swivel caused by drag forces on

chromosomes would be eliminated. In this situation, only the “dog leash” model of

error correction can take place, as the outer kinetochore is not in the vicinity of the

inner centromere. Therefore Aurora B can mediate, but no longer destabilise, kMTs

attachments. This could explain the ability for kinetochores to exhibit back-and-forth

motion during pseudo-anaphase. In support of this, the inhibition of Aurora B in

pseudo-anaphase resulted in longer time between directional switches in kinetochore

back-and-forth motion. MCAK is phosphorylated by Aurora B during metaphase in or-

der to promote its depolymerase activity. Inhibition of Aurora B would therefore cause

reduced depolymerase activity at k-fibres, so that the frequency of rescues is decreased,

which would result in longer duration between directional switches, as observed.

A novel observation in this work is that kinetochores temporally regulate micro-

tubules in their k-fibres to generate back-and-forth motion in the absence of their

sister. Therefore kinetochores do not require tension in order to initiate directional

switches. This supports proposed models of an intrinsic “tension-clock” mechanism

within kinetochores that determines a common rate of directional switching on each

sister kinetochore (Burroughs et al., 2015; Figure 7.6 A). During metaphase, the pres-

ence of tension between kinetochores acts to accelerate the P kinetochore clock, while

it stabilises (slows) the AP clock. With e�cient tension generation, this causes a dis-



Figure 7.5 Intrinsic kinetochore clock mechanism depends on Aurora B activity.
(A) The recent tension-clock model of kinetochore directional instability (Burroughs 
et al. 2015) suggests that kinetochores have intrinsic timing between directional 
switches. Clock timing correlates with inter-kinetochore tension, so that it is slowed 
at the trailing sister (AP, red), and accelerated at the leading sister (P, blue). The 
average oscillation period remains that of a clock unaffected by tension.
(B) After sister chromatid dysjunction, Cdk1 activity results in normal clock timing 
with phosphorylated clock-defining kinetochore subunits (yellow stars). Due to lack 
of tension, clocks are unaffected and oscillate with the same average frequency.
(C) Alternatively, Cdk1 deactivation allows dephosphorylation of kinetochore subu-
nits, including those defining clock timing, resulting in an infinitely stabilised clock.
(C) After Aurora B inhibition, the intrinsic clock is stabilised by partial decrease in 
phosphorylated timing-defining kinetochore subunits. One idea is its effect on 
MCAK’s depolymerase activity.
Figure adapted from Burroughs et al. 2015.
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tinction between the two clocks’ timing, and a bias towards lead-initiated directional

switches (LIDS) is established. During anaphase, Cdk1 is deactivated and multiple

substrates within the kinetochore become dephosphorylated. The kinetochore’s sup-

pressed kMT dynamics can then be interpreted as a hyper-stabilisation of the clock,

resulting in all kinetochores becoming P (Figure 7.6 B, right). However, when Cdk1

activity is high during pseudo-anaphase, kinetochore substrates usually dephosphory-

lated during anaphase remain phosphorylated, and the clock is no longer destabilised

(Figure 7.6 B, left). Due to lack of tension between sister chromatids (after dysjunction)

the kinetochore clocks are no longer stabilised or accelerated depending on kinetochore

state, however still maintains oscillation frequency consistent with that in metaphase.

During pseudo-anaphase in which Aurora B kinase activity is inhibited, oscillations are

made less frequent (≥ 2◊ unperturbed psuedo-anaphase). The loss of Aurora B activ-

ity therefore may result in a partial dephosphorylation of the kinetochore in pseudo-

anaphase, resulting in stabilisation of the kinetochore clock, and therefore longer time

between directional switches (Figure 7.6 C). This suggests a testable hypothesis that

directional switches may be a�ected by Aurora B substrates, which may be regulated

by the “dog leash” error correction method described above.

7.4 Summary

Investigation of the structure of individual kinetochores in 3D during mitosis demon-

strate that kinetochores form a sti� linkage between centromeric chromatin. Instead,

kinetochores can swivel relative to the sister-sister axis, which has previously been

wrongly interpreted as a loss of intra-kinetochore stretch, �. This is due to a pro-

jection of 3D � into one or two dimensions. Swivel may occur through a couple of

mechanisms. Swivel may be the rotation of the entire kinetochore, meaning that in-

ner and outer kinetochore proteins would rotate together. This has previously been

observed in fixed cells, and is called tilt (Wan et al., 2009; Magidson et al., 2016).

However, tilt cannot completely explain the observed decrease in � in lower dimen-

sions, and therefore another mechanism for swivel must exist. Additionally to tilt, it is



possible that the outer kinetochore layer rotates about the inner kinetochore. This is

called remodelling. I now propose a phosphorylation-driven mechanism to describe this

novel form of rotation within kinetochores. This allows the kinetochore to form new

sites for kMT attachment in region of chromatin neighbouring the centromere. In this

case, CENP-C is recruited, which then recruits microtubule-binding outer kinetochore

proteins. Additionally, kinetochore swivel requires an adjustment to current models

of error correction mechanisms. Rotation of outer kinetochore substrates of Aurora

B caused by extreme erroneous attachment moves these substrates directly into the

inner centromeric pool of CPC. Meanwhile, the “dog leash” method of error correc-

tion would instead be a regulator of kMT dynamics through mitotic motors, such as

MCAK, phosphorylated by Aurora B. These dynamics are regulated during mitosis

by a complex array of kinases, which upon anaphase onset are deactivated to suppress

intra-kinetochore clock mechanisms capable of regulating microtubule dynamics during

mitosis.
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Appendix A

Investigating cells expressing mCherry-Mis12

Given our interest in investigating � in human cells, we requested access to the cell line

investigated in Uchida et al. (2009), which investigated the distance between eGFP-

CENP-A and mCherry-Mis12 in HeLa-K cells. We obtained both J-CENP-A/Mis12

and its parent cell line (J-CENP-A; expressing eGFP-CENP-A alone) from the Hirota

lab (Tokyo, Japan) – these were named HeLa-J cells to distinguish from our own HeLa-

K eGFP-CENP-A cell line. Upon receipt of these cell lines, we checked that they were

behaving in mitosis as expected.

In order to ensure that cells were capable of progressing through mitosis in the ex-

pected time and with the expected frequency of chromosome congression or segregation

errors, both J-CENP-A and J-CENP-A/Mis12 cells were imaged for eGFP-CENP-A

signal over 12 hr every 3 min (Figure A.1 A). This allows measurement of average

time taken to progress from nuclear envelope break down (NEBD) to metaphase plate

formation and anaphase onset. J-CENP-A cells progressed from NEBD to metaphase

plate formation in an average (± standard error) 18.5 (± 0.4) min (Figure A.1 B), and

34.7 (± 0.8) to progress to anaphase (Figure A.1 D). However, J-CENP-A/Mis12 cells

su�ered a severe delay in chromosome congression timing relative to J-CENP-A (Figure

A.1 B), taking 51.2 (± 2.5) min, i.e. more than 2.5◊ as long, to congress its final chro-

mosome. Furthermore, after 40 min, all chromosomes had been aligned in J-CENP-A

cells, however > 10% of cells contained unaligned chromosomes in J-CENP-A/Mis12

cells after 2 hr. Secondly, J-CENP-A/Mis12 cells experienced a delay in anaphase

onset once the metaphase plate had been formed, taking 25.2 (± 1.8) min (Figure

A.1 C), which compares to 16.6 (± 0.7) min in J-CENP-A cells (Figure A.1 C). How-
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Figure A.1 Delay in chromosome congression and anaphase onset when 
mCherry N-terminally tagged to Mis12.
(A) Example images of J-CENP-A (top row) and J-CENP-A/Mis12 (bottom 
row) cells in mitosis, with NEBD (column 2), metaphase plate formation (column 
4) and anaphase onset (column 5). Full white arrowheads denote incidences of 
unaligned chromosomes; hollow white arrowheads denote incidences of delayed 
chromosome segregation. Lines above plots denote which times are calculated for 
(B), (C) and (D). Scale bars = 5 μm.
(B) Cumulative frequency of time between NEBD and metaphase plate forma-
tion in J-CENP-A (blue; n = 295) and J-CENP-A/Mis12 (gold; n = 99) cells. 
Values given are means ± standard error.
(C) Cumulative frequency of time between metaphase plate formation and ana-
phase onset in J-CENP-A (blue; n = 290) and J-CENP-A/Mis12 (gold; n = 93) 
cells. Values given are means ± standard error.
(D) Cumulative frequency of time between NEBD and anaphase onset in 
J-CENP-A (blue; n = 288) and J-CENP-A/Mis12 (gold; n = 95) cells. Values 
given are means ± standard error.
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ever it is possible that the delay in chromosome congression in J-CENP-A/Mis12 cells

contributes to this e�ect. As a consequence of these delays, J-CENP-A/Mis12 took

an extra 30 min to progress from NEBD to anaphase onset (Figure A.1 D), and only

≥ 80% of cells were capable of entering anaphase within 2 hr of NEBD. Given such

delays, we hypothesised that kinetochores were not capable of generating the forces

required to e�ciently move kinetochores about the cell. In order to investigate this

hypothesis, we sought to track kinetochores in live cells and measure their dynamics.

In order to investigate the congression defects in cells expressing mCherry-Mis12,

both J-CENP-A and J-CENP-A/Mis12 cells were imaged for eGFP-CENP-A signal

every 2 s for 5 min in order to allow tracking of kinetochores for analysis of kinetochore

dynamics. This signal was measured over a 12 µm z-stack every 500 nm, allowing

imaging of kinetochores across the majority of the metaphase plate. Using our es-

tablished kinetochore tracking assay (Burroughs et al., 2015), kinetochore signal was

located using Gaussian mixture model fitting (MMF), tracked through time, and sister

kinetochores assigned (Figure A.2 A,B). All kinetochores could then be represented by

coordinates within a coordinate system defined by the metaphase plate: the y- and z-

coordinates define the plane that is the metaphase plate, and therefore the x-coordinate

defines the normal to the plate. Knowing the location of both sisters in a kinetochore

pair allowed measurement of inter-kinetochore distance, d. Upon bi-orientation, the

centromeric chromatin binding two kinetochores is stretched under tension, which is

represented by an increase in d. Measured in both J-CENP-A (n = 73, 523) and J-

CENP-A/Mis12 cells (n = 121, 845), d was slightly decreased in the cells expressing

mCherry-Mis12 (Figure A.2 C). As J-CENP-A/Mis12 cells cannot generate normal

levels of inter-kinetochore tension, this may represent a small perturbation to the kine-

tochore’s ability to generate force. Additionally, kinetochores typically exhibit quasi-

periodic oscillations with half-period ≥35-40 s in the direction of the spindle poles

(e.g. Jaqaman et al., 2010). This can be measured by calculating the autocorrelation

of a kinetochore’s change in x-coordinate, i.e. in the direction of the spindle poles.

Measuring this autocorrelation for J-CENP-A cells yields quasi-periodic behaviour of
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Figure A.2 Overall dynamic kinetochore motion largely unchanged by mCherry 
tag to N-terminus of Mis12.
eGFP-CENP-A signal in: (A) J-CENP-A and (B) J-CENP-A/Mis12 cells were 
located and tracked over time, demonstrating back-and-forth motion of the kine-
tochore. Dashed white boxes locate pairs of eGFP spots shown in top-right 
boxes; white crosses are located at the Gaussian-fitted spot centres. Schematics 
denote the 3D interkinetochore distance, d, measured between eGFP signals. The 
normal distance of each spot from the metaphase plate, x, and d are plotted over 
time for each kinetochore pair in top-right boxes. The dashed lines represent the 
time point at which these kinetochores are shown. Scale bars = 500 nm.
(C) Histograms of d for J-CENP-A (blue; n = 73,523) and J-CENP-A/Mis12 
(gold; n = 121,845). Values given are median ± standard error.
(D) Autocorrelation in x for J-CENP-A (blue) and J-CENP-A/Mis12 (gold), 
demonstrating a small difference in periodic behaviour in x.
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individual kinetochores with half-period ≥50 s (Figure A.2 D). Meanwhile kinetochores

in J-CENP-A/Mis12 cells also exhibited quasi-periodic behaviour, albeit slightly less

pronounced, as the first trough in the autocorrelation was deeper for J-CENP-A cells

(Figure A.2 D). More importantly, the half-period of oscillation for J-CENP-A/Mis12

cells was ≥40 s. This means that kinetochores expressing mCherry-Mis12 exhibit di-

rectional switches more frequently than its parent, which could represent a decrease

in binding strength of kinetochores to kinetochore-microtubules (kMTs). This would

perturb a kinetochore’s ability to generate force. Increased directional switch frequency

could instead represent a perturbation in the intra-kinetochore ‘clock’ hypothesised to

set this frequency (Burroughs et al., 2015). In order to investigate this, we decided to

investigate force generation at directional switch events in J-CENP-A/Mis12 cells.

To investigate directional switches, we fit a simplistic mathematical model of a

kinetochore pair to the kinetochore coordinate data as in Armond et al. (2015b). Fit-

ting was performed using a Monte Carlo Markov chain (MCMC) process, which de-

rives probability distributions for a number of variables within the model. One such

variable is the status of each sister’s kinetochore-fibre (k-fibre), which reveals the in-

dividual timing of directional switches at each sister kinetochore. This means that

for each directional switch it can be measured whether it was the leading (or pole-

ward, P) or trailing (or away-from-the-pole, AP) kinetochore that initiated the switch.

This allows a comparison between lead-initiated (LIDS) and trail-initiated directional

switches (TIDS). However, due to an issue of identifiability within the model between

a kinetochore’s natural length, L, and microtubule-polymerisation/-depolymerisation

speeds, v±, a distribution for L first needs to be calculated. This distribution can then

be enforced in the MCMC model fitting, allowing the model fitting to better explore

values for v±. L was measured in J-CENP-A and J-CENP-A/Mis12 cells after 16 hr

incubation in 3.3 µM nocodazole (Figure A.3 A), which results in the complete loss of

kMTs and therefore inter-kinetochore tension. As before, the centre of eGFP-CENP-A

signal was accurately localised by Gaussian MMF and tracked, and distributions for

inter-kinetochore distance, d, calculated, which would represent the inter-kinetochore
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Figure A.3 Force generation is perturbed by N-terminal tagging of Mis12.
(A) eGFP-CENP-A signal in J-CENP-A (left) and J-CENP-A/Mis12 (right) 
cells treated with 3.3 μM nocodazole were located and tracked over time. Dashed 
white boxes locate the kinetochore pair in the top-right boxes; white crosses 
mark the Gaussian-fitted spot centres. Schematics demonstrate 3D interkine-
tochore distance, d, between a pair’s eGFP centres. Scale bars = 500 nm.
(B) Histogram of interkinetochore distance, d, for nocodazole-treated J-CENP-A 
(blue; n = 112,653) and J-CENP-A/Mis12 (gold; n = 24,400) cells. Values given 
are median ± standard error.
(C) Histograms of normalised LIDS probability for J-CENP-A (blue; n = 1,761) 
and J-CENP-A/Mis12 (gold; n = 2,767) switch events. Vertical black dashed 
lines divide regions where switch events are considered LIDS, TIDS and JDS. 
Values given are percentage of data points within each region.
Profiles of sister separation, d, about: (D) LIDS and (E) TIDS for nocodazole-
treated J-CENP-A (blue; nLIDS = 868; nTIDS = 211) and J-CENP-A/Mis12 (gold; 
nLIDS = 868; nTIDS = 749) cells.
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distance under lack of tension. These distributions had mean (± standard deviation)

of 753.4 (± 100.7) nm for J-CENP-A, and 741.9 (± 125.0) nm for J-CENP-A/Mis12

(Figure A.3 B) – these values were then used as priors for the MCMC in each cell line.

The MCMC model fitting then yielded probabilities that each directional switch was

a LIDS or TIDS.

By measuring a normalised probability that a directional switch event was a LIDS

(so that the more likely a directional switch is a LIDS, the closer the normalised prob-

ability is to 1), it was possible to observe the distribution of LIDS compared to TIDS.

Previous observations in HeLa-K cells expressing eGFP-CENP-A have shown that cells

exhibit a bias towards LIDS (Burroughs et al., 2015), which was again observed in cells

also expressing spindle pole marker eGFP-Centrin1 (Armond et al., 2015b). Impor-

tantly, in J-CENP-A cells, 54.5% of directional switches were lead-initiated, compared

to only 14.2% that were TIDS (a ratio of 3.8:1, c.f. 3.8:1 observed in Armond et al.,

2015b; Figure A.3 C), which is as expected from previous measurements. However,

upon incorporation of mCherry-Mis12 to kinetochores, the bias was e�ectively lost, so

that 35.4% of directional switches were LIDS, and 30.6% TIDS (a ratio of 1.2:1; Figure

A.3 C). This represents either an increase in the number of TIDS or a decrease in the

number of LIDS or a combination, as the number of joint directional switches remained

almost the same (31.3% in J-CENP-A compared to 34.0% in J-CENP-A/Mis12; Fig-

ure A.3 C). An increase in TIDS frequency could be due to a perturbation to tension

generation in the centromeric chromatin. The tension-clock model suggested by Bur-

roughs et al. (2015) suggests that tension stabilises the clock on the trail sister, while

it accelerates the clock at the lead sister, therefore encouraging a LIDS. However, loss

of tension may result in a smaller bias between the two clocks, and therefore more oc-

casions for LIDS. In order to investigate tension generation before directional switches,

inter-kinetochore distance, d, was measured at the time points about LIDS (Figure

A.3 D) and TIDS (Figure A.3 E). This revealed an inability for a kinetochore pair in

J-CENP-A/Mis12 cells to generate inter-kinetochore tension to the same amplitude or

at the same rates as observed in J-CENP-A, which may explain the decrease in median
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measurement of sister separation in J-CENP-Mis12 cells compared to its parent cell

line. Remarkably, prior to a TIDS in J-CENP-A/Mis12 cells, the inter-kinetochore dis-

tance decreases prior to the directional switch, which means that the lead kinetochore

is moving more slowly than the trailing sister. Therefore it is likely that more TIDS are

observed because of an inability for kinetochores to generate su�cient tension prior to

directional switches. Furthermore, it suggests that 30.6% of directional switches (i.e.

those that are TIDS) in J-CENP-A/Mis12 cells are a consequence of perturbed force

generation by the lead kinetochore. This explains the delay in chromosome congression

in J-CENP-A/Mis12 cells relative to J-CENP-A, and explains why some kinetochore

pairs are unable to generate the expected inter-kinetochore tension. However, it is

unclear what the reason is for this perturbation, as it could be due to either: (a) the

fusion of a fluorophore to the MIS12 complex; (b) fusion to the Mis12 subunit specif-

ically; or (c) an over-expression of Mis12 at the kinetochore. As such, we sought to

investigate which of the three scenarios could be the most likely cause.

In order to check whether the perturbation in force generation was specifically

caused by fusing a fluorophore to the Mis12 constituent of the MIS12 complex, we

looked to obtain a cell line that expressed another constituent of MIS12 fused to a flu-

orophore. Obtained from the Welburn lab, a HeLa-K cell line expressing MIS12-protein

Dsn1 with GFP fused at its C-terminus was imaged for mitotic timings. Unfortunately,

the Dsn1-GFP signal was not strong enough to allow imaging of GFP signal over 12 hr

to allow visualisation of metaphase plate formation; this also meant that tracking of

kinetochore signal was not possible. However, Dsn1-GFP cells were instead imaged

in brightfield and investigated for timing of cell rounding (at the start of mitosis)

and anaphase onset (Figure A.4 A); plain HeLa-K cells were used as a control. Plain

HeLa-K cells exhibited average timing between cell rounding and anaphase onset of

32.0 (± 0.9) min (Figure A.4 B), which is analagous to timing between NEBD and

anaphase onset in J-CENP-A cells (Figure A.1 D). However, cells expressing Dsn1-

GFP experienced a delay in mitotic timing to 50.6 min (Figure A.4 B) – while this is

not as severe a delay as the cells expressing mCherry-Mis12 (64.7 min; Figure A.1 D),
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this still demonstrates that incorporating a fluorescent marker to constituents within

the MIS12 complex appears to cause a delay in mitosis. It does however remain possible

that over-expression of MIS12 constituents could cause the observed delays. Neverthe-

less, these cell lines could not be faithfully used for investigation of intra-kinetochore

distance measurements, and therefore another outer-kinetochore marker needed to be

investigated.
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Figure A.4 Incorporation of GFP to another MIS12 constituent results in a 
similar delay within mitosis.
(A) Example images of plain HeLa-K cells (top) and Dsn1-GFP (bottom) cells in 
brightfield as they progress through mitosis, with cell rounding (column 2) and 
anaphase onset (column 5). Line above plots denotes which times are calculated 
for (B). Scale bars = 5 μm.
(B) Cumulative frequency of time between cell rounding and anaphase onset in 
plain HeLa-K (blue; n = 135) and eGFP-Dsn1 (gold; n = 102) cells. Values given 
are means ± standard error.
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Appendix B

Inhibition of Cdk1 inactivation at anaphase onset

My supervisor was approached by Mark Petronczki (Cancer Research UK, London)

with a view to collaborate on a prospective journal article that had been compiled by

his post-doctoral fellow and the lead author, Lola Vázquez-Novelle. Their analyses had

suggested that kinetochores moved relative to their spindle pole more in late anaphase

when Cdk1 remained active – given our laboratory’s expertise in kinetochore tracking,

Mark sought help in tracking these movements in late anaphase to investigate this

hypothesis. Andrew asked if I would like to work alongside Lola, an o�er which I

gladly accepted. In the final published article, I contributed to Figures 2 E and S2 F,

and sections of the text pertaining to these figures.

In order to produce these results, both Lola and I prepared and imaged cells in

order to allow tracking of eGFP-CENP-A and eGFP-Centrin1 signals in cells that

either expressed wild-type (WT) or non-degradable (ND) CyclinB1-mCherry. Cells

were imaged in metaphase and late anaphase in both cases – presence of ND CyclinB1

after anaphase onset resulted in a so-called pseudo-anaphase. I performed the track-

ing of eGFP signals, manually located spindle poles, and performed analyses of the

kinetochore’s metaphase plate position, x, and kinetochore-to-spindle pole distance, b.

These analyses allowed quantification of a kinetochore’s ability to continue periodic

directional switches after anaphase onset when Cdk1 activity remains high. Further-

more, though it is not stated explicitly in the text, kinetochores were capable of these

directional switches independent of their sisters – this is important as many current

models of force generation depend upon inter- and/or intra-kinetochore tension. For

further investigation into this work, see § 5.1.
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Summary

Two mechanisms safeguard the bipolar attachment of chro-
mosomes in mitosis. A correction mechanism destabilizes
erroneous attachments that do not generate tension across
sister kinetochores [1]. In response to unattached kineto-
chores, the mitotic checkpoint delays anaphase onset by
inhibiting the anaphase-promoting complex/cyclosome
(APC/CCdc20) [2]. Upon satisfaction of both pathways, the
APC/CCdc20 elicits the degradation of securin and cyclin B
[3]. This liberates separase triggering sister chromatid
disjunction and inactivates cyclin-dependent kinase 1
(Cdk1) causing mitotic exit. How eukaryotic cells avoid the
engagement of attachment monitoring mechanisms when
sister chromatids split and tension is lost at anaphase is
poorly understood [4]. Here we show that Cdk1 inactivation
disables mitotic checkpoint surveillance at anaphase onset
in human cells. Preventing cyclin B1 proteolysis at the
time of sister chromatid disjunction destabilizes kineto-
chore-microtubule attachments and triggers the engage-
ment of the mitotic checkpoint. As a consequence, mitotic
checkpoint proteins accumulate at anaphase kinetochores,
the APC/CCdc20 is inhibited, and securin reaccumulates.
Conversely, acute pharmacological inhibition of Cdk1 abro-
gates the engagement andmaintenance of themitotic check-
point upon microtubule depolymerization. We propose that
the simultaneous destruction of securin and cyclin B elicited
by the APC/CCdc20 couples chromosome segregation to the
dissolution of attachment monitoring mechanisms during
mitotic exit.

Results and Discussion

Sister chromatids are held together until the metaphase-to-
anaphase transition by a protein complex called cohesin [5].
After the destruction of securin, cleavage of cohesin by
separase triggers the segregation of sister chromatids during

anaphase. Cohesin cleavage also presumably abrogates the
kinetochore tension that satisfies kinetochore attachment sur-
veillance pathways. This raises the question of how eukaryotic
cells avoid the potentially catastrophic action of these path-
ways during sister chromatid segregation at anaphase [4].
Recent work has shown that the artificial cleavage of cohesin
in mitosis engages the mitotic checkpoint and destabilizes
microtubule-kinetochore attachments [6, 7]. Eukaryotic cells
may have solved this ‘‘anaphase problem’’ by entirely
disabling these surveillance mechanisms at anaphase onset
[8, 9]. The removal of Aurora B kinase, the tension sensor at
kinetochores, from chromosomes at anaphase onset and the
degradation of the checkpoint kinase Mps1 could contribute
to this phenomenon [6, 8, 9]. Work in yeast cells, Drosophila
embryos, and frog extracts has suggested that Cdk1-cyclin
B, the enzyme that drives cells into mitosis, could act as an
upstream regulator of the mitotic checkpoint [6, 7, 10–13].
The inactivation of Cdk1 through cyclin B proteolysis at
anaphase onset could therefore disable attachment-moni-
toring pathways when sister chromatids split.
To investigate this hypothesis, we expressed a nondegrad-

able (ND) version of cyclin B1 in HeLa Kyoto cells (ND cyclin
B1-mCherry) (Figure 1). This mutant cyclin B1 protein (R42A
and L45A) cannot be marked for proteolytic degradation by
the anaphase-promoting complex/cyclosome (APC/CCdc20)
ubiquitin ligase [3, 14]. Although Cdk1-cyclin B can inhibit sep-
arase [15], previous studies inDrosophila embryos and human
cells have found that expression of a moderate level of ND
cyclin B arrests cells in mitosis with separated sister chroma-
tids [10, 16, 17]. Image quantification in our experiments re-
vealed that both wild-type (WT) and ND cyclin B1 transgenes
were expressed at levels close to the endogenous counterpart
in the majority of cells (Figure S1A available online) (0.5-fold to
2-fold of endogenous cyclin B1).
WT cyclin B1 was degraded at the metaphase-to-anaphase

transition, and cells underwent successful cell division before
exiting mitosis (Figure 1A). In contrast, after alignment of chro-
mosomes at the metaphase plate with normal kinetics, cells
expressing ND cyclin B1 failed to degrade the transgenic pro-
tein. Cells with moderate levels of ND cyclin B1 subsequently
displayed erratic chromosome movements and remained
permanently arrested in mitosis (Figure 1A) (38/41 cells). The
maintenance of this state, which we refer to as pseudoana-
phase, was dependent on continuous Cdk1 activity (Fig-
ure S1B). The onset of pseudoanaphase in cells expressing
ND cyclin B1 occurred with a timing that was comparable to
anaphase onset in control cells (Figure S1C). This is in stark
contrast to chromosome scattering caused by cohesion
fatigue [18, 19], which takes several hours to occur in meta-
phase-arrested cells (Figure S1D).
Chromosome spread analysis and fluorescence in situ hy-

bridization experiments revealed that sister chromatids were
split in pseudoanaphase cells (Figures 1B and 1C). The loss
of sister chromatid cohesion in pseudoanaphase cells, but
not in cells lacking the cohesin protector protein Sgo1 [5],
could be suppressed by addition of the proteasome inhibitor
MG132 (Figures 1B, S1E, and S1F). Furthermore, chromosome
scattering occurred concomitantly with the degradation of
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Figure 1. Expression of Moderate Levels of Nondegradable Cyclin B1 Separates APC/CCdc20 Activation and Sister Chromatid Disjunction from Cdk1
Inactivation

(A) Time-lapse series and kymograph of H2B-EGFP HeLa cells expressing wild-type (WT) or nondegradable (ND) cyclin B1-mCherry. While 93% of cells
expressing ND cyclin B1 arrested in mitosis, all cells expressing WT cyclin B1 exited mitosis (n > 40 cells from three independent experiments). The first
time frame after nuclear envelope breakdown (NEBD) corresponds to t = 0 min. See also Figure S1.
(B) Chromosome spreads of cells expressing NDcyclin B1 that were synchronously released intomitosis and treatedwith DMSO (control) or the proteasome
inhibitor MG132 (10 mM) for 4 hr (n > 299 spreads from 3 independent experiments). See also Figures S1E and S1F.
(C) Fluorescence in situ hybridization (FISH) analysis of the centromeres of trisomic chromosomes 6 and 8. Distance between the closest centromeres
was measured on 3D pictures (n > 29 cells). Depletion of Sgo1 was used as a control for loss of sister chromatid cohesion.
(D) Analysis of securin degradation. Confocal live-cell imaging of H2B-iRFP HeLa cells expressing securin-EGFP andWT or ND cyclin B1-mCherry is shown.
Time = 0 min was set to the first frame after anaphase onset. See also Figure 3A.
(E) Immunofluorescence (IF) analysis and quantification of mitotic cells expressing ND cyclin B1 and transfectedwith either nontargeting control (NTC) small
interfering RNA (siRNA) or siRNA duplexes targeting separase (n > 152 cells from three independent experiments). See also Figure S1G.
Scale bars represent 10 mm. See also Figure S1.
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securin and within a short time after removal of MG132 (Fig-
ures 1D, 3A, and S1D). Importantly, chromatid scattering in
cells expressing ND cyclin B1 was abolished by depletion of
separase (Figures 1E and S1G). Our observations suggest
that the transition frommetaphase to pseudoanaphase in cells
expressing ND cyclin B1 involves APC/C-dependent proteoly-
sis and separase-dependent disjunction of sister chromatids,
a situation closely resembling normal anaphase onset. Thus,
expression of moderate levels of ND cyclin B1 separates
APC/CCdc20 action and anaphase onset from the inactivation
of Cdk1. In line with this interpretation, the tension sensor at
kinetochores, Aurora B kinase [1], whose removal from chro-
mosomes at the metaphase-to-anaphase transition depends
on Cdk1 inactivation [20], remained associated with centro-
meres in pseudoanaphase cells (Figure S2A). Cells expressing
ND cyclin B1 therefore provided a suitable model to investi-
gate the consequences of separase-induced sister chromatid
disjunction in the absence of Cdk1 inactivation.

First, we scrutinized the localization of mitotic checkpoint
proteins, which in early mitosis mark unattached kinetochores
or kinetochores that lack tension [1, 2]. When stable bipolar
attachments are formed at metaphase, mitotic checkpoint
proteins dissociate from kinetochores and subsequently
become undetectable at this location in anaphase [8]. Accord-
ingly, kinetochore localization of mitotic checkpoint proteins
was undetectable (Mad1, Mad2, and Mps1) or low (Bub1 and
BubR1) in ND cyclin B1-positive metaphase cells (Figures 2A
and S2B–S2D). In contrast, we found that Mad1, Mad2,
Bub1, BubR1, and Mps1 were all recruited to kinetochores in
pseudoanaphase cells that express ND cyclin B1 (Figures 2A
and S2B–S2D). Kinetochore localization of Mad2 in pseudoa-
naphase cells was abrogated upon treatment of cells with re-
versine, an inhibitor of the mitotic checkpoint kinase Mps1
[21] (Figure 2B), and upon inhibition of Aurora B kinase (Fig-
ure S2E). Imaging of cells expressing ND cyclin B1 revealed
the formation of Mad2-EGFP foci on chromosomes within
10 min (12/16 cells) or 15 min (4/16 cells) of pseudoanaphase
onset (Figure 2C). Mad2-EGFP remained undetectable on
chromosomes in cells that underwent anaphase while degrad-
ing WT cyclin B1, despite marking unaligned chromosomes in
early mitosis (Figure 2C). These results suggest that separase-
dependent cohesin cleavage and sister chromatid separation
cause the re-engagement of the mitotic checkpoint pathway
if cyclin B1 proteolysis is prevented and Cdk1 remains active
at anaphase onset.

Mad1 and Mad2 kinetochore recruitment is thought to
reflect partial or complete lack of microtubule attachment
[1, 2]. The chaotic chromatid movements and the localization
of Mad1 and Mad2 to multiple kinetochores that is observed
upon sister splitting in cells expressing ND cyclin B1 raise
the possibility that kinetochore-microtubule attachments are
unstable in pseudoanaphase. To test this, we analyzed the sta-
bility of kinetochore fibers using cold treatment. Exposure to
low temperature allows the preservation of stable kinetochore
fibers in metaphase and anaphase cells but eliminates
compromised attachments, such as those in cells treated
with the Polo-like kinase 1 inhibitor BI 2536 (Figure 2D).
Although kinetochore fibers in cells expressing ND cyclin B1
were cold resistant at metaphase, microtubule stability was
dramatically reduced in the pseudoanaphase state (Figure 2D).
Furthermore, tracking experiments revealed that kinetochores
in pseudoanaphase cells failed to show persistent directional
movement toward the closest spindle pole and underwent
directional switches (Figures 2E and S2F). In vivo analysis of

kinetochore architecture in yeast found that anaphase kineto-
chores adopted a relaxed configuration, possibly reflecting a
loss of tension [22]. Our results suggest that, if cyclin B is
not degraded, sister chromatid separation at anaphase onset
could cause the erroneous destabilization of microtubule
attachments at tensionless kinetochores and, subsequently,
the untimely recruitment of mitotic checkpoint proteins.
Next, we tested whether these responses to sister chro-

matid separation in pseudoanaphase cells can lead to the
inhibition of the APC/CCdc20. To address this question, we
analyzed the level of the APC/CCdc20 substrate securin and
the assembly of the mitotic checkpoint complex (MCC) over
time in cells expressing either WT or ND cyclin B1 (Figure 3).
The MCC is a key biochemical effector of the mitotic check-
point and is composed of BubR1, Mad2, Bub3, and the
APC/C cofactor Cdc20 [2]. In cells expressing WT cyclin B1,
both securin and cyclin B1 were degraded at the metaphase-
to-anaphase transition (Figure 3A). In cells expressing ND
cyclin B1, securin was degraded at the time of chromosome
scattering, but subsequently its protein levels rose again,
albeit slowly and not reaching mitotic peak levels (Figure 3A).
Coimmunoprecipitation of Cdc20 and Mad2 suggested that
cells expressing ND cyclin B1 reassemble the APC/CCdc20 in-
hibitor MCC after undergoing sister chromatid separation (Fig-
ure 3B). Importantly, inhibition of Mps1 kinase at the time of
pseudoanaphase onset prevented subsequent MCC forma-
tion and securin accumulation (Figures 3C, 3D, and S3). These
data suggest that although both WT and ND cyclin B1-
expressing cells activate the APC/CCdc20 and degrade
APC/C substrates at the time of sister disjunction, mainte-
nance of Cdk1 activity in ND cyclin B1-positive cells past the
metaphase-to-anaphase transition elicits inhibition of the
APC/CCdc20. Prevention of cyclin B1 proteolysis at anaphase
onset appears to be sufficient to cause mitotic checkpoint
engagement and APC/CCdc20 inhibition in response to cohesin
cleavage. The corollary of this conclusion is that the inactiva-
tion of Cdk1 just prior to anaphase onset in normal cells could
be responsible for preventing untimely checkpoint engage-
ment caused by sister chromatids splitting.
To test this hypothesis and corroborate the link between

Cdk1 activity and mitotic checkpoint surveillance, we con-
ducted acute pharmacological perturbation experiments in
mitotic cells. As a proxy for mitotic checkpoint engagement,
we used the rapid recruitment of Mad2-EGFP to kinetochores
upon microtubule depolymerization by nocodazole (Figures
4A, 4B [upper panel], and S4A). Addition of the Cdk inhibitor
flavopiridol about 2 min prior to or at the time of nocodazole
application prevented the localization of Mad2-EGFP to kinet-
ochores (Figures 4A and 4B [middle panel]). We noticed that
flavopiridol treatment also slowed down the depolymerization
of microtubules and dissolution of the metaphase plate after
nocodazole treatment (Figure S4B). This effect, however, is
unlikely to account for the absence of Mad2 recruitment,
because the protein also failed to accumulate at kinetochores
at time points when the spindle was largely disassembled (Fig-
ures 4B [middle panel] and S4B) and in cells with a disorga-
nized metaphase plate (Figure 4A). Furthermore, we found
that chemical inhibition of Cdk1 after microtubule depolymer-
ization resulted in the loss of Mad2-EGFP from chromosomes
within 15 min (Figure 4B, lower panel). These results suggest
that Cdk1 activity is required for both mounting and maintain-
ing a mitotic checkpoint response in human cells. The effects
of chemical Cdk1 inhibition did not depend on proteolysis of
other factors because addition of flavopiridol prevented or
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Figure 2. Preventing Cyclin B1 Proteolysis at the Time of Sister Chromatid Separation Causes Recruitment of Mitotic Checkpoint Proteins to Kinetochores
and the Destabilization of Microtubule-Kinetochore Attachments

(A) Mad1 and Mad2 localization was analyzed by IF in cells expressing ND cyclin B1-mCherry (n > 149 cells from three independent experiments). See also
Figures S2A–S2D for Aurora B, Bub1, BubR1, and Mps1 localization.
(B) Mad2 localization was analyzed by IF 2 hr after MG132 release in cells expressing ND cyclin B1-mCherry. DMSO or reversine (0.5 mM) was added 40 min
after release from MG132 arrest (n > 149 cells from three independent experiments). See also Figure S2E for effect of Aurora B inhibition.
(C) Confocal live-cell imaging of Mad2-EGFP H2B-iRFP HeLa cells expressing WT or ND cyclin B1-mCherry. Mad2 foci on chromosomes, indicated by
arrowheads, are detected 4.7 6 3.8 min after anaphase onset (t = 0 min) (n = 16 cells from more than three independent experiments).
(D) Microtubule stability was analyzed by IF in cells using cold treatment. Integrated intensities of cold-resistant a-tubulin were measured and background
corrected in EGFP-CENPAHeLa cells that were either transfected with ND cyclin B1-mCherry or treated for 2 hr with 100 nMBI 2536 (n > 101 cells from three
independent experiments). Tubulin intensities per cell are normalized to the average tubulin intensity inmetaphase cells in each experiment and displayed in
a scatter dot plot (right). Horizontal black lines represent the mean. p values were calculated using a two-tailed t test. Scale bars represent 10 mm.
(E) Analysis of kinetochore and spindle pole (indicated by arrowheads) trajectories in late anaphase cells (WT cyclin B1) and in pseudoanaphase cells (ND
cyclin B1). Images are representative of six late-anaphase and nine pseudoanaphase cells analyzed. Scale bars represent 5 mm. See also Figure S2F.
See also Figure S2.
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(A) Frames of confocal live-cell imaging of H2B-iRFP HeLa cells expressing securin-EGFP andWT or ND cyclin B1-mCherry are shown (left). The integrated
intensities of securin-EGFP and cyclin B1-mCherry were measured, background corrected, and normalized to the maximum-intensity value obtained per
cell. Measurements in different cells were aligned to t = 0 min as the first frame after anaphase onset. The graph displays the mean intensity of securin and
cyclin B1 (right). Error bars represent the SD of the analysis of nine cells per condition (from three experiments). The scale bar represents 10mm.
(B) Coimmunoprecipitation analysis ofmitotic checkpoint complex (MCC) formation in cells expressingWT or ND cyclin B1. Cdc20was immunoprecipitated
from extracts prepared from nocodazole-arrested (Noc) and MG132-arrested cells at t = 0 min as well as from cells released from metaphase for the indi-
cated times. Mad2 and Cdc20 intensities were analyzed in whole-cell extracts (WCE) and the precipitated fraction (IP) by fluorescent immunoblotting. The
Mad2/Cdc20 ratio in the IP fraction was determined, normalized to the ratio at 0 min, and plotted (right). Due to the degradation of Cdc20 in WT cyclin
B1-expressing cells, the amount of IP fraction loaded was adjusted for comparable amounts of Cdc20. The percentage of metaphase cells was determined
using time-lapse analysis (n > 102 cells).
(C) Analysis of MCC formation as in (B). Cells expressing ND cyclin B1 were treated with DMSO or 0.5 mM reversine 40 min after MG132 release.
(D) Securin-EGFP accumulation in pseudoanaphase cells depends onMps1 kinase. One hour after release from nocodazole (30 ng/ml), cells expressing ND
cyclin B1 were treated with DMSO or reversine (0.5 mM). The graph is as in (A) (n = 9 cells per condition from three independent experiments).
See also Figure S3.
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Scale bars represent 10 mm. See also Figure S4 for microtubule depolymerization kinetics.
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abolished the localization of Mad2-EGFP to kinetochores in
the presence of MG132 (Figure 4). This indicates that the
dephosphorylation of Cdk1 substrates causes the direct or in-
direct dissolution of mitotic checkpoint surveillance and high-
lights cyclin B as a key APC/CCdc20 substrate for this regulation
at the metaphase-to-anaphase transition.

We found that the central event of anaphase, the separase-
dependent disjunction of sister chromatids, can lead to the
destabilization of kinetochore attachments and the engage-
ment of a mitotic checkpoint response with potentially delete-
rious consequences. Our experiments suggest that eukaryotic
cells avoid this by coordinating separase activation with the
termination of attachment surveillance mechanisms. This is
achieved through the action of the APC/CCdc20 that elicits the
simultaneous destruction of securin and cyclin B. This
coupling could render late metaphase cells refractory to the
loss of tension caused by cohesin cleavage upon anaphase
initiation and contribute to the irreversibility of mitotic exit
[23]. Experiments in mouse zygotes have led to similar conclu-
sions, suggesting conservation of this mechanism [24]. While
cell-cycle surveillance mechanisms are generally considered
to exist in two states, engaged or satisfied, our work highlights
a third state in which amechanism has been disabled and is no
longermonitoring cellular events. The transition from the satis-
fied to the disabled state of the mitotic checkpoint most likely
occurs very briefly before anaphase entry, as acutely detached
chromosomes remain proficient in recruiting Mad2-EGFP and
inhibiting APC/CCdc20 throughout most of metaphase [25, 26].

Studies in Drosophila and yeast cells have shown that
reversal of Cdk1 activity prevents engagement of the mitotic
checkpoint in response to artificial sister chromatid disjunc-
tion [6, 7]. Our work suggests that cyclin B1’s destruction
stabilizes kinetochore attachments and terminates mitotic
checkpoint surveillance after anaphase onset. Separase-
induced sister chromatid separation can elicit the inhibition
of APC/CCdc20 if Cdk1 is not inactivated concomitantly. This
raises the possibility that if the mitotic checkpoint is not
disabled in anaphase, the reaccumulation of securin and
cyclin B could interfere with chromatid separation and mitotic
exit. However, after sister chromatid splitting in ND cyclin B1-
expressing cells, securin-EGFP, as well as the endogenous
APC/CCdc20 substrates cyclin B1 and securin, did not reaccu-
mulate significantly within a short timeframe (Figures 3A and
3B). The slow reaccumulation could be linked to the require-
ment for resynthesis and to only partial and slow inhibition of
APC/CCdc20 [26, 27], which may help protect mitotic exit from
the adverse effects of untimely mitotic checkpoint engage-
ment in anaphase. Nevertheless, failure to degrade cyclin B
at anaphase onset in mouse zygotes causes mitotic check-
point-dependent inhibition of APC/CCdc20 substrate degrada-
tion [24], suggesting physiological importance of mitotic
checkpoint dissolution by Cdk1 inactivation.

The loss of stable kinetochore attachments that we ob-
served upon chromatid separation in the presence of Cdk1
activity in human cells could result in chromosome nondis-
junction events and lead to aneuploidy. Recent work showed
that the degradation of cyclin A increases the stability of kinet-
ochore-microtubule attachments between prometaphase and
metaphase [28]. Kinetochore fiber stability further increases in
anaphase cells [29]. We detected destabilization of kineto-
chore-microtubule attachments, as judged by Mad2 recruit-
ment to unattached kinetochores, within 10 min of sister
chromatid splitting in the presence of ND cyclin B1. Thus,
cyclin B proteolysis and the reversal of Cdk1-dependent

phosphorylation are likely to be crucial for the generation of
stable kinetochore-microtubule attachments that underlie
the correct partitioning of sister chromatids in anaphase [30].
In combination with previous studies [6–8, 10–12], this work

establishes Cdk1-cyclin B as a switch that sets up mitotic
checkpoint surveillance as cells enter mitosis and disables
surveillance during anaphase. Cdk1-dependent localization
of Aurora B to centromeres [8], together with additional Cdk1-
controlledeffects at kinetochores, is likely to sustain themitotic
checkpoint. In the future, it will be important to identify these
additional substrates whose phosphoregulation confers direct
or indirect Cdk1 control over mitotic checkpoint surveillance
and the stability of kinetochore-microtubule attachments.

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and four figures and can be foundwith this article online at http://dx.doi.org/
10.1016/j.cub.2014.01.034.
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Figure S1 (Related to Figure 1). Expression of moderate levels of ND cyclin B1-
mCherry causes proteolysis-dependent chromosome scattering and a Cdk activity-
dependent mitotic arrest 
(A) Levels of transgenic cyclin B1-mCherry (WT or ND) and endogenous cyclin B1 
were measured by IF in cells arrested in prometaphase by addition of nocodazole (50 
ng/ml) (n>101 cells). Cyclin B1-mCherry levels in transfected cells were normalized to 
the mean level of endogenous cyclin B1 in mitotic cells and are shown in a scatter plot 
(right). Horizontal black lines in the scatter plot represent the mean value. 



 

(B) Time-lapse series and kymograph of cells expressing ND cyclin B1-mCherry that 
were treated at t = 0 min with flavopiridol or DMSO (control). 100% of cells treated 
with flavopiridol exited mitosis in comparison with 0% of control cells (n>5 cells). 
(C) Timing of anaphase onset or chromosome scattering separation in cells expressing 
WT or ND cyclin B1-mCherry, respectively. The graph displays the time from NEBD 
to the anaphase onset or chromosome scattering (n>40 cells, in 3 independent 
experiments). Black lines in the dot plot mark the median. 
(D) Analysis of time-lapse series of H2B-EGFP HeLa cells expressing WT or ND 
cyclin B1-mCherry that were arrested in metaphase (MG132 for 2 h) and subsequently 
(t  = 0 min) released into anaphase/pseudo-anaphase, or kept in presence of MG132 
(n>29). Horizontal black lines represent median in the scatter dot plot. 
(E) IF analysis of centromeres in mitotic cells expressing ND cyclin B1-mCherry 
(n>299 cells from 3 independent experiments). Cells were synchronously released into 
mitosis and then treated with DMSO (control) or MG132 for 4 hours. 
(F) Chromosome spread analysis of cells transfected with Sgo1 siRNA. Cells were 
synchronously released into mitosis and treated with DMSO (control) or MG132 for 4 
hours (n>299 spreads from 3 independent experiments). Scale bars represent 10µm. 
(G) Immunoblot analysis of protein extracts prepared from nocodazole-arrested cells 
expressing ND cyclin B1-mCherry that were transfected with NTC siRNA or siRNA 
duplexes targeting separase. 
  



 

 
Figure S2 (Related to Figure 2). Kinetochore recruitment of mitotic checkpoint 
proteins and oscillatory kinetochore movements in pseudo-anaphase cells 
 (A) IF analysis of Aurora B, (B) Bub1, (C) BubR1 and (D) Mps1 localization in 
metaphase and pseudo-anaphase cells expressing ND cyclin B1-mCherry (n>149 cells 
from 3 independent experiments).  
(E) Mad2 localization was analyzed by IF 2 h after MG132 release in cells expressing 
ND cyclin B1-mCherry. Aurora B kinase inhibitor ZM447439 (2 µM) [S1] was added 



 

40 min after release from MG132 arrest (n>149 cells from 3 independent experiments). 
Scale bars represent 10 µm. 
(F) Autocorrelation analysis [S2] of the change in distance b (see schematic) over time 
for late anaphase (WT cyclin B1; n=21) and pseudo-anaphase cells (ND cyclin B1; 
n=30). Half-period of oscillation is indicated by orange arrow. Autocorrelation analysis 
of the spindle pole-to-kinetochore distance over time, confirmed that there 
is oscillatory motion in pseudo-anaphase compared to normal late anaphase. 
 
 
 
 
 
 
 
 
 

 
 
 
Figure S3 (Related to Figure 3). Securin-EGFP accumulation in pseudo-anaphase 
cells depends on Mps1 kinase activity 
Frames of live-cell imaging of HeLa cells stained with Hoechst 33342 expressing 
securin-EGFP and ND cyclin B1-mCherry are shown. 1 h after release from nocodazole 
(30 ng/ml) cells expressing ND cyclin B1 were treated with DMSO or reversine (0.5 
µM). 
 
  



 

 
 
Figure S4 (Related to Figure 4). Kinetics of spindle depolymerization upon acute 
flavopiridol and nocodazole treatment 
HeLa cells expressing H2B-mCherry and mEGFP-α-tubulin were arrested in metaphase 
with MG132 and imaged by 3D-confocal live-cell microscopy. Nocodazole (1 µg/ml) 
and flavopiridol (20 µM) were added acutely during imaging as indicated by the 
arrowheads. Images show single confocal z sections of representative cells. Time = 0:00 
min:sec at the first drug addition. 
(A) Spindle depolymerization upon nocodazole addition. 
(B) Spindle depolymerization upon flavopiridol and nocodazole addition. Cells were 
acutely treated for 100 sec with flavopiridol prior to nocodazole addition. Scale bars, 10 
µm. 
  



 

Supplemental Experimental Procedures 
	
Cell Culture, Synchronization and Drug Treatment 
HeLa Kyoto, HeLa H2B-EGFP and HEK 293FT cells were grown as described in [S3]. 
HeLa Mad2-EGFP cells (a kind gift by Tony Hyman) [S4] were grown in medium 
supplemented with 500 µg/ml G418. HeLa GFP-CENPA (kindly gifted by P. Lenart [S5, 
6]) were grown in medium supplemented with 0.4 µg/ml puromycin. Medium 
containing 200 µg/ml hygromycin B was used to grow HeLa H2B-iRFP (kind gift from 
K.C. Su). HeLa Mad2-EGFP H2B-iRFP cells were grown in medium supplemented 
with 500 µg/ml G418 and 200 µg/ml hygromycin B. HeLa Kyoto H2B-mCherry Mad2-
EGFP monoclonal cells were described previously [S7] and grown in medium 
supplemented with 500 µg/ml G418 and 0.5µg/ml puromycin. Medium containing 300 
µg/ml G418 and 0.3 µg/ml puromycin was used for growth of HeLa Kyoto EGFP-
CENP-A EGFP-Centrin1 cells as previously described [S8]. For all the experiments 
(except Figures 4 and S4) cells were arrested for 20-22 h with 2 or 2.5 mM thymidine 
and subsequently synchronously released into mitosis for 8 to 17 h. For Figure 3B, 8 h 
after release a second thymidine arrest was performed and cells were subsequently 
synchronized at the metaphase-to-anaphase transition using a nocodazole-MG132 
protocol according to [S3]. Drug concentrations used were 10 µM MG132 (Sigma), 15 
µM flavopiridol (except in Figures 4B and S4, 20 µM flavopiridol) (Sigma), 100 nM BI 
2536 [S6], 30 ng/ml nocodazole (Sigma) (Figures 3D and S3), 50 ng/ml nocodazole 
(Figures 3B, 3C, S1A and S1G), 1 µg/ml nocodazole (Figures 4 and S4), and 0.5 µM 
reversine (Sigma) [S9], and 2 µM ZM447439 (Tocris Bioscience) [S1]. 
 
siRNA Depletion, Plasmid Transfection and Lentivirus Infection. 
The following siRNA duplexes were transfected at a final concentration of 20 nM using 
Lipofectamine RNAiMax (Invitrogen): Non targeting control (NTC, negative universal 
control siRNA medium GC), separase #1 (Thermo Scientific siGENOME D004104-01), 
separase #2 (Invitrogen Stealth HSS114543), Sgo1 (Invitrogen Stealth HSS135742). 
siRNA duplexes were transfected into cycling cells 24 hours prior to plasmid 
transfection and synchronization with thymidine (Sigma) (Figures 1E and S1G) or 
immediately prior to thymidine treatment (Figures 1C and S1F). Cycling cells were 
transfected using FuGene HD (Roche) with plasmids for expression of cyclin B1-
mCherry WT (wild type) or ND (non-degradable, carrying the two D-box motif point 
mutations R42A and L45A) (kindly provided by J. Pines [S10]) (Figures 1, 2, 3A-C, S1 
and S2) or in which the first 87 amino acids have been deleted '��-cyclin B1 (Figures 
3D and S3), and pIRES-securin-EGFP [S11] (Addgene, 26464) (Figures 1D, 3A, 3D 
and S3) just prior to synchronization with thymidine. Transfection efficiency of ND 
cyclin B1-mCherry was determined for experiments in Figures 1B, 1C and 2D. More 
than 70% of mitotic cells were expressing the transgenic proteins 17 h after thymidine 
release and more than 50% of MG132-treated mitotic cells were transgene-positive 
(n>200 mitotic cells in each experiment). Viral particles were collected at 24 and 48 h 
after HEK 293FT cells were transfected with pLVX-IRES-Puro-cyclin B1-mCherry 
(WT or ND) and the two second generation packaging system plasmids psPAX2 



 

(Addgene, 12260) and pMD2.G (Addgene, 12259) using Lipofectamine 2000 
(Invitrogen). HeLa Kyoto cells were infected with lentiviral particles in presence of 8 
µg/ml polybrene (Sigma) 30 minutes after released from the first thymidine block. 
Infection efficiency was determined after nocodazole treatment for WT cyclin B1-
mCherry (>89%) and for ND cyclin B1-mCherry (>60%) (n>207 cells in each 
experiment) (Figure 3B and 3C). 
 
Antibodies, dyes and FISH probes 
Primary antibodies used for immunofluorescence were mouse monoclonal anti-D-
tubulin (B512, Sigma, 1:500), rabbit polyclonal anti-Aurora B (ab2254, Abcam, 1:500), 
mouse monoclonal anti-Bub1 (clone 4H5, MBL International, 1:200), sheep anti-BubR1 
(kindly provided by S. Taylor [S12], 1:1000), human CREST anti-centromere (HCT-
0100, Immunovision, 1:1000), mouse monoclonal anti-cyclin B1 (GNS1, Sc-245 Santa 
Cruz Biotechnology, 1:400), rabbit anti-cyclin B1 (H-433, Sc-752, Santa Cruz 
Biotechnology, 1:500), mouse monoclonal anti-GFP (clones 7.1 and 13.1, Roche, 
1:1000), mouse monoclonal anti-mCherry (632543, Living Colors, 1:1000), mouse 
monoclonal anti-Mps1 (clone N1, Invitrogen, 1:500), rat monoclonal anti-RFP (5F8, 
Chromotek, 1:400) and Alexa 488-conjugated mouse monoclonal anti-Mad1 (clone 
BB3-8, kindly provided by A. Musacchio [S13], 1:600). Cross-adsorbed secondary 
antibodies conjugated to Alexa 488, Alexa 594, Alexa 568 or Alexa 647 (Molecular 
Probes, Invitrogen) were used for detection. EGFP was detected in fixed cells using 
GFP-booster_Atto488 (Chromotek). DNA staining in fixed and living cells was 
performed using 1 µg/ml DAPI and 1 µM Hoechst 33342, respectively (Molecular 
Probes). Primary antibodies used for immunoblotting were mouse monoclonal anti-
Cdc20 (clone BG1.3, kindly provided by Julian Gannon), mouse monoclonal anti-cyclin 
B1 (GNS1, Sc-245 Santa Cruz Biotechnology, 1:1000), mouse monoclonal anti-
GAPDH (clone 6C5, ab8245, Abcam, 1:50,000), mouse monoclonal anti-Mad2 (610678, 
BD Transduction Laboratories, 1:500), rabbit polyclonal anti-Mad2 (A300-301A, 
Bethyl laboratories, 1:1000), mouse monoclonal anti-securin (DCS-280, ab3305, 
Abcam, 1:500) and mouse monoclonal anti-separase (XJ11-1B12, ab16170, Abcam, 
1:200). Goat Hrp-conjugated secondary antibodies (GE Healthcare) were used for ECL 
detection and Dylight®-conjugated secondary antibodies for fluorescent 
immunoblotting (5257, anti-mouse IgG 800 and 5366, anti-rabbit IgG 680, Cell 
Signalling). Quantitative immunoblotting was analyzed on a LI-COR® Odyssey 
scanner. For MCC immunoprecipitation, mouse monoclonal anti-Cdc20 (p55 CDC H-7, 
Santa Cruz Biotechnology) was covalently coupled with Dynabeads® (Novex). For 
FISH (Fluorescence in situ hybridization), probes for the centromeres of chromosomes 
6 (LPE 06G, Cytocell aquarius) and 8 (LPE 08R, Cytocell aquarius) were used. 
 
Immunofluorescence 
HeLa Kyoto and HeLa Mad2-EGFP were fixed with 4% formaldehyde at RT for 20 
minutes and processed for immunofluorescence microscopy (IF) as described [S6]. The 
fixation solution was prepared in PBS (Figure S1A and S1E) or in PHEM buffer 
containing 0.2% Triton X-100 (Figures 2A, 2B and S2). Prior to fixation, 5 seconds pre-



 

extraction in PHEM containing 0.2% Triton X-100 was performed for Mps1 staining 
(Figure S2D). Cold treatment (cells were kept on ice for 20 minutes) and cold-resistant 
microtubule analysis were performed according to [S6] (Figure 2D). 
 
Chromosome Spreads 
Chromosome spreads of HeLa Kyoto cells were obtained by incubating mitotic cells in 
a hypotonic solution (DMEM:filtered deionized water at 1:2 ratio) for 6 min at room 
temperature (RT). Subsequently, cells were fixed with Carnoy's buffer (freshly made) 
for 15 min at RT and spun down, this fixation step was repeated four times. The 
suspension of cells in Carnoy's buffer (100 µl) is dropped on a clean slide from about 80 
cm distance and let dry at RT. DAPI (1µg/ml) was added with the mounting solution 
(ProlongGold, Invitrogen) (Figures 1B and S1F). 
 
Fluorescent In Situ Hybridization 
Fluorescence in situ hybridization (FISH) was performed following Cytocell’s 
instructions. Briefly, cells were grown on a coverslip and fixed with Carnoy's buffer (15 
min at RT), washed with 2x SSC (saline sodium citrate), dehydrated in an ethanol series 
(70%, 80%, 100%) and air-dried. FISH probes (mixed with hybridization solution, 
provided by Cytocell aquarius) were added to a slide and the coverslip with cells was 
placed on top and sealed with rubber solution glue. Denaturation was performed for 2 
min at 77oC, and the slide was incubated overnight at 37oC for hybridization in a humid 
and lightproof container. Subsequently, the coverslips were washed once in 0.25 x SSC 
for 2 min at 73oC and twice in 2 x SSC with 0.05% Tween 20 for 30 sec at RT. Samples 
were mounted using ProlongGold (Invitrogen) with 1µg/ml DAPI (Figure 1C). 
 
Microscopy of Fixed Samples 
Images were acquired on a Zeiss Axio Imager M1 microscope using Plan Neofluor 
40x/1.3 oil objective lens (Figures 2D quantification and S1A) and Plan Apochromat 
63x/1.4 oil DIC objective lens (Zeiss) (Figures 1B, 1C, 1E, 2A, 2B, 2D, 4A, S1E, S1F, 
and S2) equipped with an ORCA-ER camera (Hamamatsu) and controlled by Volocity 
5.5.1 software (Improvision). Images are displayed as maximum-intensity projections of 
deconvolved z planes (generated by Volocity's iterative restoration function) that were 
acquired in 0.1 µm sections (Figures 1C, 1E, 2A, 2B, 2D, 4A, S1E, and S2) or as a 
single plane (Figures 1B, S1A, S1F and mCherry images in Figures 2A, 2B and S2). 
 
Live-Cell Imaging 
Culture medium was changed to phenol-red-free CO2-independent medium prior to start 
recording. Frames were acquired using an EC Plan Neofluor 40x/1.30 oil DICIII 
objective lens on an Axio Observer Z1 microscope (Zeiss) controlled by SimplePCI6 
software equipped with a full-enclosure environmental chamber heated to 37oC (Digital 
Pixel Imaging) and an ORCA 03GO1 camera (Hamamatsu) (Figures 1A, S1B, S3, and 
images for quantification in Figures 3A, 3D, S1C and S1D). Frames were recorded as 
three z planes (5µm apart) every 3 min (Figures 1A and S1C), every 3.5 min (Figure 
S1B), every 4 min (Figure 3A and Figure S1D, for image quantification) or every 10 



 

min (Figure 3D and S3). Single z planes are displayed for DIC and cyclin B1-mCherry, 
whereas a maximum intensity projection is shown for H2B-GFP in Figures 1A, S1B 
and S3. For Figures 1D, 2C and 3A, frames were acquired as z planes (2.5 µm apart) 
every 6 min (Figures 1D and 3A, shown pictures) or as z planes (1 µm apart) every 5 
min (Figure 2C) at 37oC using a Nikon TE2000 microscope equipped with a Plan Fluor 
60x/1.4 DIC H lens (Nikon), a PerkinElmer ERS Spinning disk system, a CSU22 
spinning disk scanner (Yokogawa), a IEEE 1394 Digital CCD C4742-80-12AG camera 
(Hamamatsu) and controlled by Volocity 6.0.1 software (Perkin Elmer). Images are 
displayed as maximum-intensity projections of central z planes. For Figure 2E, frames 
were acquired using a Nikon TiE microscope coupled with a Plan-Apochromat 
100x/1.49 UV-C lens (Nikon), an UltraVIEW Vox system, CSU-X1-A3 spinning disk 
scanner (Yokogawa), a IEEE 1394b-2002 Digital CCD ORCA-R2 camera 
(Hamamatsu) and controlled by Volocity 6.1.2 software (Perkin Elmer); image stacks 
consisted of 25 z planes (0.5 µm apart) every 7.5 s imaged at 37oC. Tracking of EGFP-
labelled CENP-A and Centrin1 was performed using the previously described Maki 
tracking software [S14]. Autocorrelation curves were calculated as previously described 
[S2].	 For Figures 4B and S4, culture medium was changed to DMEM without phenol-
red and riboflavin to reduce auto-fluorescence. 9 z planes (1.6 µm apart) were obtained 
by confocal live cell microscopy every 100 sec on a customized Zeiss LSM780 
microscope using a 40x 1.4 N.A. Oil DIC Plan-Apochromat objective (Zeiss), 
controlled by ZEN 2011 software. The microscope was equipped with an EMBL 
incubation chamber (European Molecular Biology Laboratory), providing a humidified 
atmosphere at 37°C with 5% CO2. Processing of images was performed using ImageJ64 
1.43u and Fiji (ImageJ 1.48d) software [S15]. 
 
Image Quantification 
For Figures 2D, 3A and 3D, D-tubulin, securin-EGFP and cyclin B1-mCherry integrated 
cellular intensities were measured and background corrected. In Figure S1A, the relative 
levels of cyclin B1-mCherry in each cell were calculated as follows: the mean cyclin B1 
intensity of non-transfected cells (mCherry-negative) was subtracted from the mean 
cyclin B1 intensity of an individual transgene expressing cell (mCherry-positive). The 
resulting value was normalized to the mean cyclin B1 intensity of non-transfected cells 
(mCherry-negative) after background correction. All these measurements were 
performed in 16-bit single in-focus z plane images using ImageJ64 1.43u software. For 
Figure 4B, microscopy images were processed and analyzed using Fiji. Mad2-EGFP 
intensity in chromatin regions was measured in average intensity projections of the 
middle 6 z-sections. Chromatin regions were automatically determined in maximum 
intensity projections of the respective 6 z-sections using a Fiji macro: images were 
converted using a HiLo lookup table, then the threshold was auto-adjusted with 
"method=Moments white" and finally a selection at the respective area was created. To 
calculate Mad2-EGFP increase over cytoplasm the cytoplasmic EGFP background and 
image background were measured in Mad2-EGFP average intensity projections. 
 
  



 

Immunoprecipitation 
HeLa Kyoto cells infected and synchronized in mitosis as indicated before were lysed in 
Buffer A (50 mM Tris pH 8.0, 150 mM NaCl, 0.5% NP-40, 1 mM DTT, 1 µM okadaic 
acid, 1 µM MC-LR and a protease inhibitor tablet from Roche). Protein concentrations 
were adjusted to 4.8 mg/ml and 1.2 mg lysates were incubated with 15 µl Dynabeads® 
Protein A magnetic beads (Novex) coupled to Cdc20 antibodies for 1h at 4°C. After 3 
washes in buffer A, proteins were eluted by incubating the beads in sample buffer for 10 
minutes at 95°C. Proteins were finally resolved by SDS-PAGE and transferred to PVDF 
membranes.  
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