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Abstract

The accurate segregation of the genome during mitosis is necessary for successful
cell division. Prior to anaphase the cell must ensure that all chromosomes are
properly attached, via large proteinaceous structures called kinetochores, to
microtubules of the mitotic spindle. Two related processes, spindle assembly
checkpoint signalling and error correction, have an essential role in promoting the
formation of proper microtubule attachments prior to anaphase onset. The kinase
Monopolar Spindle 1 (MPS1) dynamically localises to kinetochores to initiate spindle
checkpoint signalling in the absence of stable microtubule attachment, and
additionally promotes error correction at improperly attached chromosomes. This
thesis explores how the control of MPS1 localisation is controlled by kinase and
phosphatase activity, and microtubule binding, to fulfil its role in checkpoint
signalling and error correction. A new paradigm for how MPS1 localisation is coupled
to microtubule binding is established wherein the balance between Aurora B kinase
and Protein Phosphatase 2A-B56 determines MPS1 recruitment downstream of
microtubule binding. Furthermore, the molecular mechanisms of MPS1 binding to
the kinetochore are investigated, finding that auto-phosphorylation of the N-terminus
of MPS1 controls its steady-state levels at kinetochores without microtubules bound.
Beyond the mechanisms of MPS1 localisation to kinetochores, a detailed view of
the involvement of MPS1 in error correction is developed. New evidence is provided
that MPS1 participates directly in error correction, but that this attachment-
destabilising function is balanced by MPS1-dependent recruitment of PP2A-B56.
These findings highlight a complex interplay between MPS1, Aurora B, and PP2A-
B56 which serves to control checkpoint signalling and microtubule attachment

stability.
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Introduction

An overview of mitosis

The ability of a cell to make new copies of itself is essential for life. In Eukaryotes,
mitosis is the form of cell division which gives rise to two genetically identical
daughter cells. This process is the basis for the growth, development, and
maintenance of multicellular organisms. Dividing cells undergo cycles of growth and
duplication of organelles and the genetic material in interphase, followed by
partitioning of the replicated genome and organelles during mitosis and cytokinesis.
This thesis will focus on how the replicated genome is accurately segregated during

mitosis in human cells.

The nature of mitosis is the capture and segregation of chromosomes by the mitotic
spindle, resulting in the separation of paired sister chromatids such that each
daughter cell receives exactly one copy of each chromatid (Diagram 1). Mitosis
occurs in several stages which were originally characterised by distinct

morphologies of the mitotic spindle and chromatin [2—4].
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Diagram 1 — Overview of the stages of mitosis. See main text for full description.
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As cells enter mitosis, in prophase, DNA condenses to form mitotic chromosomes
which comprise two sister chromatids. Crucially, these replicated strands of DNA
remain paired at the centromeres via topological entrapment by cohesin [5-7].
During this phase, the proteinaceous kinetochore (literally “moving place”) fully
assembles atop the centromeres, such that each chromatid possesses one
kinetochore. These kinetochores serve to mediate most of the interactions between
the chromosomes and the mitotic spindle. The network of microtubules and other
proteins known as the mitotic spindle begins to form in this phase, nucleated from
two spindle poles. Additionally, in many organisms including humans, the nuclear
envelope is completely disassembled allowing the contents of the nucleus to mix

freely with the cytoplasm.

The extended period of pro-metaphase is characterised by the capture of
chromosomes by the mitotic spindle, and their alignment at a central axis known as
the metaphase plate. There are several mechanisms by which chromosomes are

“congressed” to the metaphase plate which will be discussed later.

Metaphase describes the brief period during which all the chromosomes are
congressed at the metaphase plate. This immediately precedes anaphase, during
which cohesion between sister chromatids is lost [8] and each chromatid of a pair is

pulled to opposing spindle poles by the mitotic spindle.

Telophase marks the end of mitosis — during which the chromosomes begin to
decondense and the nuclear envelope reforms. This is swiftly followed by

cytokinesis wherein the cell itself separates into two new cells.
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The importance of attachment geometry

The importance of the correct geometry of chromosome capture by the mitotic
spindle cannot be overstated. Attachment of each sister chromatid to opposing
spindle poles (amphitelic attachment/biorientation) is the only geometry which
ensures equal segregation of the genetic material (Diagram 2). Other states of
attachment (no attachment, monotelic attachment, syntelic, and merotelic) may lead
to missegregation events. Such errors are causative of structural and numeral
aneuploidy, leading to cell death or tumorigenesis. Thus, it is vital that every
chromosome achieves biorientation prior to anaphase onset. A mechanism known

as error correction detects and rectifies incorrect attachment geometries.
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Diagram 2 - Possible attachment geometries of chromosomes to the spindle poles. Shown are the
linkages between chromosomes and the spindle poles prior to anaphase onset (left) and the

consequent segregation pattern of chromatids during anaphase (right).
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Introduction to the spindle checkpoint

Temporal control of the phases of mitosis, as with all cell-cycle processes, is of great
importance. If a cell were to enter anaphase prior to the biorientation of every single
chromosome, then segregation errors would result (Diagram 3). A mechanism
known as the spindle assembly checkpoint (SAC) serves to ensure that anaphase
is only entered once metaphase has been achieved. Together, error correction and
the spindle assembly checkpoint ensure that cells only progress into anaphase after
all chromosomes are bioriented on the metaphase plate. These two processes form
the focus of this thesis — specifically the involvement of a protein kinase known as

monopolar spindle 1 (MPS1) in both.
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Diagram 3 — Premature entry into anaphase causes missegregation. If a cell with an unattached
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segregated to a specific spindle pole. As such, errors in chromosome copy number (bottom right)

could arise from missegregaton, leading to cell death or pathologies.
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Entry to, and exit from mitosis are controlled by CDK1-Cyclin B
activity

Cyclin Dependent Kinase (CDK)-Cyclin holoenzymes are the kinases which drive
transitions between cell cycle stages. The same is true for mitosis. Entry into mitosis
is triggered by the steady accumulation of Cyclin B in G2 [9,10] (Diagram 4 (1)).
Once a high enough threshold of Cyclin B is reached, CDK1-Cyclin B complexes
rapidly become active in a “switch-like” fashion which is the molecular basis of
mitotic entry (Diagram 4(2)). The existence of positive [11] and double-negative [12]
feedback loops controlling CDK1-Cyclin B activity is what causes this system to
exhibit such bistability [13]. These feedback loops also imbue this bistable system
with the property of hysteresis, meaning that the threshold of CDK1-Cyclin B activity
required to transition between states is dependent on the directionality of the
transition [14,15]. Therefore, once the transition to the high-activity state has
occurred, Cyclin B levels must fall to a great extent to trigger a transition back into
the low-activity state. The hysterestic bistability of CDK1-Cyclin B activation ensures
entry to mitosis is both rapid and effectively unidirectional. Once active, CDK1-
Cyclin B coordinates many of the events leading into mitosis — some of which will

be highlighted in later sections.

CDK1-Cyclin B activity is reciprocally linked to the activity of several phosphatases,
leading to a global state of high kinase activity and low phosphatase activity during
mitosis (Diagram 2). This results in high levels of phosphorylation between mitotic
entry and anaphase onset [16]. Protein Phosphastase 1 (PP1) subfamily
phosphatases are directly phosphorylated by CDK1-Cyclin B, resulting in their
inactivation [17]. In contrast, Protein Phosphatase 2A (PP2A) in complex with its
regulatory subunit B55 (PP2A-B55) is inhibited indirectly by the ENSA-Greatwall

17



pathway. Here, the Greatwall kinase is activated by CDK1-Cyclin B phosphorylation
[18,19], leading to the phosphorylation of Greatwall substrates ENSA [20] and
Arpp19 [21]. It is the phosphorylated forms of ENSA and Arpp19 which bind to and
thereby inhibit PP2A-B55. As PP2A-B55 and PP1 dephosphorylate CDK1 targets,
this additional layer of control ensures that the cell stays in a state of high CDK1-

Cyclin B activity during mitosis.

Cyclin B

A 2 CDK1 -
|
|

3 4
| |
|
|
|
|
|

PP2A-B55

Activity / protein level

Time

NEBD Metaphase Anaphase

Diagram 4 — Mitosis is underpinned by changes in the activity of CDK1-Cyclin B and phosphatases.
Prior to nuclear envelope breakdown (NEBD), in G2, Cyclin B protein levels (green) steadily
accumulate (1). At some threshold of Cyclin B level, CDK1-Cyclin B holoenzymes rapidly become
active (blue) in a switch-like fashion (2). This activation of CDK1-Cyclin B is reciprocally linked to the
activity of PP1 and PP2A-B55 phosphatases (magenta and purple). This switch is the molecular
basis for NEBD. Once chromosome biorientation is achieved at metaphase Cyclin B degradation
begins, causing CDK1-Cyclin B activity to fall (3). At some level of Cyclin B degradation sister
chromatid cohesion is lost marking the beginning of anaphase (4). The reactivation of PP1, then

PP2A-B55, as anaphase progresses serves to guide mitotic exit.
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Exit from mitosis, which is defined as anaphase entry onwards, is similarly linked to
Cyclin B levels [22]. Anaphase onset and the subsequent stages of mitosis occur
due to two related phenomena — loss of sister chromatid cohesion, and a switch into
a state of low CDK activity and high phosphatase activity. In both cases these events
are largely triggered by the proteasomal degradation of Cyclin B (Diagram 4(3)) [22].
Once a sufficient level of Cyclin B has been degraded, the cell enters anaphase
(Diagram 4(3)). At the metaphase-to-anaphase transition, the proteolytic destruction
of Cyclin B and Securin leads to cleavage of cohesin, permitting the loss of sister
chromatid cohesion in early anaphase (Diagram 5). This proteasomal destruction is
mediated by the ubiquitination of Cyclin B [23,24] and Securin [25], by the E3
ubiquitin ligase anaphase promoting complex/cyclosome (APC/C) in conjunction
with its coactivator CDC20 [26,27]. Prior to their proteasomal degradation (i.e.
before anaphase onset) Cyclin B and Securin maintain sister chromatid cohesion
by binding to and inactivating a protease called Separase [28,29]. After Cyclin B and
Securin are degraded, Separase can cleave the kleisin subunit of cohesin to abolish
the linkage of sister chromatids [30]. Thus, as Securin and Cyclin B levels fall at the
metaphase to anaphase transition, Separase is no longer inhibited and sister

chromatid cohesion is lost.
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Diagram 5 — Anaphase onset is triggered by the degradation of Cyclin B and Securin. Prior to
anaphase (top), Cyclin B and Securin directly inhibit the protease Separase. This inhibitory action
ensures that centromeric cohesin remains closed to maintain sister chromatid cohesion. Following
the destruction of Cyclin B and Securin by the proteasome following ubiquitination by APC/CCP¢20
Separase is no longer inhibited. Separase cleaves the Kleisin subunit of cohesin (bottom) to cause

the loss of sister chromatid cohesion and hence the onset of anaphase.
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The events from late-anaphase onwards are coordinated by the ordered
dephosphorylation of CDK1-Cyclin B targets. The inactivation of CDK1 at anaphase
onset allows the global re-activation of PP1 and PP2A-B55, which serve to guide
mitotic exit through anaphase, telophase, and cytokinesis. The activation of these
enzymes is temporally distinct, given that the existence of the ENSA-Greatwall
pathway causes a lag in PP2A-B55 activation [31] (Diagram 4). In addition to the
difference in activation kinetics of PP1 and PP2A-B55, their substrates are
dephosphorylated at different rates by virtue of differences in the motifs surrounding
target phosphorylated residues [32-34]. This temporal control of phosphatase

activation and substrate dephosphorylation forms the basis for ordering mitotic exit.

As with many CDK-Cyclin complexes, active CDK1-Cyclin B sets the stage for its
own inactivation; via the destruction of Cyclin B. This occurs by direct
phosphorylation of the APC/C by CDK1-Cyclin B, promoting its association with
coactivator CDC20 [35-37]. It transpires that the activation of APC/CCPC20 which
controls mitotic exit, is a key control point during mitosis — forming the target of the
spindle assembly checkpoint. Here, the spindle assembly checkpoint signalling
results in the production of a soluble inhibitor of APC/CCPC20 called the mitotic

checkpoint complex. This will be discussed in more detail in later sections.

Opposing its role in activating APC/CCP¢2°, CDK1-Cyclin B also has major roles in
keeping APC/CCPC20 inactive until the spindle checkpoint is satisfied. Namely CDK1-
Cyclin B activity is required for spindle checkpoint signalling [38], and
phosphorylation of CDC20 by CDK1-Cyclin B inhibits APC/CCP¢20 holoenzyme

assembly to prevent activity toward Cyclin B and Securin [38,39].
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In summary, the entry to and exit from mitosis is controlled a hysteristic bistable
switch controlling CDK1-Cyclin B activity. This is reciprocally linked to phosphatase
activity, such that the stages of mitosis leading up to anaphase see high CDK1
activity and low phosphatase activity, followed by low CDK activity and high
phosphatase activity post-anaphase. The switch to mitotic exit at the metaphase-to-
anaphase transition is triggered by APC/CCPC20 gctivation, causing the destruction
of Cyclin B and Securin. This culminates in the cleavage of cohesin and re-activation
of PP1 and PP2A-B55 to drive mitotic exit. The activation of the APC/C is the
functional target of the spindle checkpoint, which delays APC/CCPC20 activation to

give chromosomes more time to achieve biorientation.
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An introduction to the kinetochore

At the heart of chromosome capture is the kinetochore, which mediates interactions
between chromatin and microtubules of the mitotic spindle. Additionally, it has major
roles in error correction and the spindle checkpoint, as will be described in detail
later. The kinetochore is a complex of ~100 different proteins, which in higher
eukaryotes assemble in a regional fashion over centromeres. That is to say that
many copies of kinetochore proteins are clustered together over centromeric DNA
to form a surface with many binding sites for microtubules. Structurally and
functionally, the kinetochore can be divided into inner and outer regions (Diagram
6). These regions can be observed as two electron-dense disks in electron
micrographs, connected by a less dense layer [40]. The inner kinetochore binds to
chromatin constitutively and forms a platform for the outer kinetochore to assemble
on top of. The outer kinetochore assembles dynamically and serves as the point of
attachment for microtubules, as well as playing host to the proteins implicated in the
spindle assembly checkpoint, and some of the proteins implicated in error

correction.
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Diagram 6 — An overview of the organisation of the kinetochore. The CENP-C assembly pathway
(top) and CENP-T assembly pathway (bottom) are shown. Contact between the kinetochore and

microtubules is mediated by NDC80-C and KNL1.

The inner kinetochore, also known as the constitutive centromere associated
network (CCAN) is assembled atop centromeres throughout the cell cycle [41].
Centromeres in higher eukaryotes are defined epigenetically through the presence
of Histone H3 variant CENP-A [42]. The CCAN protein CENP-C directly binds

CENP-A [43,44] and forms a flexible linker between CENP-A and the rest of CCAN,
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which straddles and topologically entraps naked linker DNA [45,46]. This stable

platform of proteins serves as a receptor for components of the outer kinetochore.

The outer kinetochore comprises a core unit of proteins which assemble on the inner
kinetochore in late G2/prophase [47]. These proteins are kinetochore null lethal 1
(KNL1), and the missegregation 12 (Mis12) and nuclear division cycle 80 (NDC80)
complexes [48]. The Mis12 complex contains Mis12, PMF1, NSL1, and DSN1. The
NDC80 complex contains HEC1 (a.k.a. NDC80), NUF2, SPC24 and SPC25. These
are collectively known as the KMN (KNL1, Mis12-C, NDC80-C) network. Assembly
of the outer kinetochore occurs by two pathways in a cell-cycle controlled fashion.
In one pathway, CENP-C binds to the MIS12 complex in a manner dependent on
Aurora B phosphorylation of DSN1 [49,50]. In parallel pathway, the CCAN protein
CENP-T is phosphorylated at multiple sites by CDK1-Cyclin B which promotes
recruitment of the NDC80 and MIS12 complexes separately [51]. Thus, outer
kinetochore assembly is linked to cell cycle progression. This regional assembly of
the outer kinetochore results in the presence of ~240 NDC80-C at each human

kinetochore [52].

The outer kinetochore forms the point of attachment to spindle microtubules [53].
This mode of binding is “end-on”, meaning that the KMN network binds to the
dynamic tips (rather than the sides) of microtubules. It is the KMN network itself
which harbours microtubule-binding functionality, via KNL1 and the NDC80-C [54].
The NDC80-C is the major site of microtubule attachment at the kinetochore [55],
as evidenced by the observation that disruption of microtubule-NDC80-C
interactions severely impairs the ability of kinetochores to form attachments [56].
Specifically, HEC1 binds microtubules through its globular calponin homology

domain and unstructured positively charged N-terminal tail [57,58]. Quantitative
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fluorescence microscopy and electron tomography data indicate that in human cells
around 10 microtubules bind simultaneously to a single kinetochore [59,60],

coordinated by ~14 NDC80-C each [52].

In mammals, a highly dynamic fibrous structure called the corona additionally
assembles atop the outer kinetochore in the absence of microtubule attachment
[61-63]. The corona is a highly interconnected mesh which is capable of self-
expansion and comprises the RZZ-complex, MAD1-MAD2, CENP-F, and the motor
proteins CENP-E and Dynein [64—68]. The corona assembles atop the KMN
network, possibly due to the recruitment of MAD1 to KNL1-bound BUB1 [69]. The
primary function of the corona is to produce a large surface which can facilitate the
capture of spindle microtubules. Specificallyy, CENP-E and Dynein can mediate
lateral attachment to and sliding along microtubules to promote chromosome
congression (described below). Furthermore, CENP-E can facilitate the conversion
of such lateral attachments into the more stable end-on configuration described

previously [70].
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Chromosome capture and congression

Chromosomes come together (congress) on the metaphase plate. To this end,
several distinct mechanisms work together to achieve the movement of
chromosomes (Diagram 7). Chromosomes which quickly find end-on, amphitelic
attachment are pushed and pulled to the metaphase plate by microtubule
polymerisation and depolymerisation [71-73]. Alternatively, chromosomes can slide
laterally along microtubules toward the plus end at the metaphase plate in a manner
dependent on the motor protein CENP-E [74—76]. This latter mechanism seems to

be particularly important for chromosomes near the spindle poles.

Depolymerisation
—

Polymerisation

Lateral
sliding
g

+end

Diagram 7 — Chromosome congression occurs through distinct mechanisms. End-on attached
chromosomes (top) are pushed and pulled to the metaphase plate by the polymerisation and
depolymerisation of microtubules. Laterally attached chromosomes (bottom) can be moved along

microtubules to the plus-end by the motor protein CENP-E.
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The spindle assembly checkpoint

The spindle assembly checkpoint guards against the premature onset of anaphase
by delaying APC/CCPC20 activation in response to the presence of kinetochores
which are not end-on attached to microtubules [77]. In this way, mitotic progression
is halted until all kinetochores are stably attached to microtubules. The spindle
assembly checkpoint is triggered in a kinetochore-autonomous fashion — i.e.
kinetochores act independently to initiate SAC signalling. This phenomenon is
explained by the fact that each kinetochore can locally generate a diffusible inhibitor
of the APC/C, called the mitotic checkpoint complex (MCC), which will freely diffuse
through the cell. Assembly of the MCC, which comprises BUBR1, BUB3, MAD2 and

CDC20, is largely orchestrated by the kinase MPS1 (Diagram 8).
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Diagram 8 — Kinetochores which are not end-on attached generate a diffusible inhibitor of APC/CCPC20
to delay anaphase onset. MPS1 localises to kinetochores which do not have end-on microtubule
attachment and activates by trans auto-phosphorylation (1). Active MPS1 phosphorylates sites on

the kinetochore which cause the accumulation of checkpoint proteins (2). Many of these checkpoint
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proteins are also phosphorylated by MPS1, leading to their association into the MCC (3). The MCC
freely diffuses throughout the cell to inhibit APC/CCPC20 activity toward Cyclin B and Securin, thus

delaying anaphase onset.

The mechanism by which the MCC inhibits APC/CCP¢20 s two-fold. The MCC itself
contains CDC20 [78], the crucial co-activator of the APC/C required for cyclin B and
securin ubiquitination. CDC20 in the MCC is unable to productively bind the APC/C,
thus preventing assembly of active APC/CCPC20 [79,80]. Additionally, the MCC itself
binds directly to the APC/CCPC20 as a pseudosubstrate inhibitor [81-84]. Thus, the
presence of assembled MCC keeps APC/CCPC20 in an inactive state by sequestering

CDC20 and directly inhibiting the APC/C.

The generation of MCC is catalysed by the local clustering and precise spatial
positioning of several “checkpoint proteins” (including all members of the MCC) on
the surface of the outer kinetochore. Many of these checkpoint proteins were
discovered in two contemporaneous screens in S. cerevisiae for genes involved in
maintaining a mitotic arrest in the presence of spindle-poisons (which led to the
generation of unattached kinetochores). These screens revealed the mitotic arrest
deficient (MAD) and budding uninhibited by bezimidazoles (BUB) proteins [85,86].
Additional checkpoint proteins are the APC/C co-activator and MCC member
CDC20, which was discovered in an S. cerevisiae screen for mutants defective in
the cell division cycle [87]. CDC20 mutants showed defects in anaphase onset
because the APC/C cannot be fully activated [88]. This dual role of CDC20 — both
an inhibitor and activator of the APC/C, explains why it did not show up in initial
screens for checkpoint proteins. While MAD1, MAD2, BUB1, BUBR1, BUB3 and
CDC20 are at the core of MCC assembly, several other factors are required to

promote their clustering and productive association. Perhaps most importantly the
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kinase activity of monopolar spindle 1 (MPS1) is essential for the mitotic checkpoint

[89].

MPS1 localises to kinetochores where it initiates the recruitment of the other
checkpoint proteins to the kinetochore and phosphorylates them to control their
precise spatial positioning [90-93] (Diagram 9). Initially, phosphorylation of Met-Glu-
Leu-Thr (MELT) motifs on KNL1 by MPS1 provide a docking site for the BUB1-BUB3
complex [94-96] (Diagram 9 (1)). BUB1-BUBS3 is already complex with BUBR1-
BUB3 via a pseudo-symmetric interaction [97]. Thus, MPS1 phosphorylation of
KNL1 causes the accumulation of BUB1-BUB3 — BUBR1-BUB3 at kinetochores.
The association of BUB1 and BUBR1 tetratricopeptide repeat (TPR) domains with

Kl motifs on KNL1 serves to strengthen this interaction [98].

MAD1-MAD2 exists as a dimer-of dimers, and their recruitment to the kinetochore
occurs via two separate pathways — via BUB1, and via the RZZ complex [99—-102].
The main recruitment pathway relevant for checkpoint signalling is via a direct
interaction between the RLK motif of MAD1 and BUB1 [69,103,104], which is
promoted by MPS1 phosphorylation of the BUB1 conserved domain 1 (CD1)
following a priming phosphorylation by CDK1 [104-106] (Diagram 9(2)). As
mentioned, MAD1-MAD2 additionally forms part of the fibrous corona by association
with the RZZ complex. This latter recruitment pathway only seems to be required for

checkpoint function during prolonged mitotic arrest [101].

CDC20 is bound by both MAD1 and BUB1. MPS1 phosphorylates MAD1 at its C
terminus to promote its interaction with the N-terminal tail of CDC20 [104,107]
(Diagram 9(3)). Meanwhile, the C-terminal WD40 domain of CDC20 associates with

the ABBA motif of BUB1 [108] (Diagram 9(%)). In this way, the C-terminal tail of
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CDC20 is unfurled to reveal its MAD2-interacting motif (MIM), permitting MAD2 to
bind to CDC20 to begin assembly of the MCC [109-111]. These phosphorylation-
dependent associations between different checkpoint proteins result in the precise
spatial positioning of CDC20 such that it is in a productive conformation for
association with MAD2 [109-111] (Diagram 9(5)). This association with MAD2 is the
rate limiting step in MCC formation [112,113] and requires the closure of a flexible
loop domain around the MAD?2 interaction motif (MIM) of CDC20. This loop-closure
occurs via so-called templating, in which a molecule of MAD2 in the open
conformation (O-MAD2) binds to the MAD1-bound MAD2 which is in the closed
conformation (C-MADZ2) [114]. This binding event induces the O-MAD2 to adopt the
closed conformation. The CDC20 MIM is positioned adjacent to this constitutively
associated C-MAD2 molecule, allowing for the simultaneous binding of O-MAD2 to
CDC20 and C-MAD2 to produce a C-MAD2-CDC20 complex [109-111]. Once
assembled, BUBR1-BUBS3 rapidly associates with this subcomplex to compete MCC

formation.
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Diagram 9 — MPS1 phosphorylations direct the assembly of checkpoint proteins. See main

text for full details.
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Beyond MPS1 several other kinases have roles in checkpoint signalling, notably
CDK1-Cyclin B and PLK1. The presence of these kinases at kinetochores is
promoted by MPS1 activity, and through multiple positive feedback loops they
mutually reinforce each other (Diagram 10). CDK1-Cyclin B localises to
kinetochores via MAD1 [115,116], which in turn is dependent on MPS1 activity via
phosphorylation of KNL1-MELT motifs and BUB1-T461. CDK1-Cyclin B feeds back
to promote MPS1 localisation via phosphorylation of MPS1-S281[117], which will be
discussed in further detail later. Additionally, CDK1-Cyclin B phosphorylates BUB1-
S459 to prime the MPS1 BUB1-S461 phosphorylation [104—106] thereby promoting
its own localisation. PLK1 localises to the kinetochore by binding to phosphorylated
BUB1/BUBR1 [118—120]. MPS1 promotes PLK1 localisation via the phosphorylation
of KNL1 MELT motifs to recruit BUB1/BUBR1. CDK1 phosphorylation of BUB1-
pT609 then promotes the interaction between PLK1 and BUB1. Localised PLK1
activity then reinforces the activation of MPS1 by contributing to MPS1 T-loop
phosphorylation and reinforces MELT motif phosphorylation by directly
phosphorylating them alongside MPS1 [121-123]. Thus, MPS1 triggers recruitment
of PLK1 and CDK1-Cyclin B to kinetochores, which all mutually reinforce one

another’s localisation and function.
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Diagram 10 — Positive feedback loops between MPS1, PLK1, and CDK1. See main text for full

details.

As described above, MPS1 orchestrates spindle assembly checkpoint signalling at

kinetochores. The importance of MPS1 localisation as a trigger for the rest of

checkpoint signalling can be demonstrated by tethering MPS1 to kinetochores via

fusion to MIS12. In this scenario kinetochores aberrantly localise checkpoint

proteins and are unable to stop checkpoint signalling [124], highlighting the role of

MPS1 as a principal regulator of checkpoint signalling. The control of spindle

checkpoint signalling at individual kinetochores can thus be largely reduced to if

MPS1 is localised to the kinetochore or not. Understanding how MPS1 localisation

is controlled by end-on microtubule binding is therefore key to understanding how

kinetochores make the decision to signal or not.
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Everything MPS1

Discovery and structure

MPS1 was originally discovered in an S. cerevisiae screen for conditional mutants
that were defective in centrosome replication [125]. Subsequently, two screens for
dual-specificity kinases in humans identified MPS1 — naming the gene dual
specificity kinase TTK (TTK), and phospho-tyrosine picked threonine kinase (PYT)
[126,127]. MPS1 kinases are widely conserved throughout Eukaryotes, except for
some nematode lineages [128]. Interestingly, PLK1 completely takes over the
function of MPS1 in these nematodes to control the spindle checkpoint [128]. Many
of the phosphorylation targets are unchanged, which is not surprising given that

MPS1 and PLK1 have extremely similar consensus motifs [129].

MPS1 in humans is a 97kDa, 857 amino acid, dual specificity protein kinase
[126,127] which phosphorylates serine and threonine residues in vitro at consensus
E/D-x-T motifs [129,130]. MPS1 comprises several domains/regions; an N-terminal
extension (NTE) [131], tetratricopeptide repeat (TPR) domain [131-133], middle
region (MR) [134], and the highly-conserved C-terminal kinase domain [126,127]
(Diagram 11). Most of MPS1 is predicted to be unstructured, except for the TPR and

kinase domains — which are well folded [133,135].

Weak helical 7-helix
propensity bundle Unstructured Two-lobe globular

791 857
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Diagram 11 — Human MPS1 comprises several functional domains. See main text for full details.
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Involvement in the spindle checkpoint

The first hint that MPS1 was involved in the spindle checkpoint came from its initial
discovery in S. cerevisiae, wherein conditional MPS1 mutants did not show a cell
cycle arrest — unlike other mutants with spindle pole body duplication defects [125].
These observations were bolstered by experiments demonstrating that conditional
MPS1 mutants could not maintain a mitotic checkpoint arrest in the presence of the
spindle poison nocodazole, which should activate the spindle checkpoint [89].
Shortly thereafter, overexpression of MPS1 in S. cerevisiae was shown to induce a
checkpoint arrest, which was dependent on the presence of the MAD and BUB
checkpoint  proteins [107]. The essential involvement of MPS1
homologues/paralogs in the spindle checkpoint were subsequently replicated in S.
pombe, X. laevis, and human cell lines [136-138]. If MPS1 is required for
centrosome duplication in human cells was a subject of debate for some years,

concluding that this function of MPS1 is not conserved in humans [136,139,140].

Beyond depletion or conditional mutation of MPS1, a wealth of data has
demonstrated that the kinase activity of MPS1 is required for its role in the spindle
checkpoint. As with depletion of MPS1, chemical inhibition with a range of inhibitors
abrogates the spindle assembly checkpoint [90,92,93,141-145]. Likewise, mutation
of MPS1 to render it catalytically inactive also causes a failure of the spindle
checkpoint [137,146]. Given the reliance of the spindle checkpoint on multiple MPS1

phosphorylations, this dependence on MPS1 activity is not surprising.

MPS1 localisation to the kinetochore is essential for its role in triggering robust
checkpoint signalling. MPS1 has long been known to bind to kinetochores
[136,137,147,148], where it has an extremely rapid turnover of a few seconds [149].

Specifically, MPS1 binds to unattached kinetochores [147]. For some years, there
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was a debate as to if biorientation or mere microtubule attachment was required to
silence checkpoint signalling at kinetochores. It is now widely accepted that end-on
microtubule attachment is sufficient to cause kinetochores to stop localising MPS1
and to silence the spindle checkpoint [150-152]. Truncation of MPS1 to abolish
kinetochore localisation drastically impairs spindle checkpoint function, highlighting
the importance of local clustering of MPS1 for SAC signalling at the kinetochore
[131]. This specific localisation of MPS1 to unattached kinetochores, and
subsequent phosphorylation of key checkpoint targets, is widely considered the
molecular basis for the initiation of checkpoint signalling. MPS1 recruitment thus
serves to link the absence of end-on microtubule attachment to spindle checkpoint

signalling.
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Control of MPS1 activity

MPS1 localisation promotes MPS1 activation through trans-autophosphorylation.
The activity of MPS1 is regulated by autophosphorylation — primarily of residues
T676 and T686 in the T-loop of the kinase, which otherwise blocks the ATP-binding
pocket [135,146,153,154]. Wildtype MPS1 was observed to phosphorylate a kinase-
dead mutant at these residues, demonstrating that activation can occur in trans
[92,146]. Furthermore, inducing the dimerization of MPS1 in solution is sufficient to
cause auto-activation by this mechanism [146]. Together, these observations have
resulted in a model in which the local clustering of MPS1 at unattached kinetochores
promotes MPS1 activation through trans-autophosphorylation [146]. Mutation of
T676 and/or T686 to alanine results in weakened, not absent, kinase activity
[146,153—-155]. Such mutants exhibit a weakened checkpoint - displaying
chromosome missegregation defects and partial loss of the ability to hold an arrest
in nocodazole [146,153,155]. Conversely, hyper-active MPS1 with a phospho-
mimetic T-loop causes prolonged mitosis due to overactive checkpoint and error
correction pathways [155]. The dynamic regulation of MPS1 activity is thus linked to
MPS1 localisation and is important for ensuring normal checkpoint and error

correction function.
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Dynamic phosphorylation regulates MPS1 localisation to kinetochores

The localisation of MPS1 to unattached kinetochores is regulated by dynamic
phosphorylation events (Diagram 12). CDK1 — Cyclin B activity controls the temporal
window in which MPS1 can localise to kinetochores. CDK1 targets 4 sites in human
MPS1 [129]. Of these, serine 281 phosphorylation has been seen to be required for
MPS1 localisation — as mutation of this residue severely reduced the ability of MPS1
to localise to unattached kinetochores [117]. Without CDK1-Cyclin B
phosphorylation of S281, cells demonstrate an impaired spindle checkpoint and
slower kinetics of MPS1 kinetochore-localisation immediately following nuclear
envelope breakdown [115,117]. This phosphorylation is removed by PP2A-B55,
which only becomes active after the metaphase-to-anaphase transition — thus tying
the ability of MPS1 to localise and activate the spindle checkpoint to the activity of

CDK1-Cyclin B [117].

The kinase activity of Aurora B is an essential pre-requisite for MPS1 recruitment.
Inhibition of Aurora B prevents MPS1 recruitment to and subsequent activation at
kinetochores in a nocodazole arrest, causing a failure of the spindle assembly
checkpoint [156,157]. Partial inhibition of Aurora B combined with depletion of HEC1
were seen to synergise to abolish MPS1 recruitment and impair checkpoint function,
suggesting that Aurora B and HEC1 operate in the same pathway to recruit MPS1
[156,157]. The proposed molecular details of this pathway will be presented later in
this section with a view to the molecular interactions between MPS1 and the
kinetochore. MPS1 kinase activity feeds back on to MPS1 localisation. Inhibited
MPS1 accumulates on kinetochores [92,124] — demonstrating that MPS1 kinase

activity somehow opposes MPS1 kinetochore localisation. Both MPS1 and Aurora
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B phosphorylations at the kinetochore are opposed by the phosphatases PP2A-

B56, with contributions from PP1 [155,158—-162].

Diagram 12 — Kinase and phosphatase activity influence MPS1 localisation to unattached
kinetochores. Aurora B activity is required for robust MPS1 localisation. MPS1 activity negatively
feeds back onto MPS1 kinetochore localisation. PP2A-B56 opposes the activity of both Aurora B and

MPS1.
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MPS1 binds HEC1 and NUF2 through two different regions

MPS1 binds the kinetochore through two distinct molecular interactions. Early
truncation studies identified the first ~300 residues of MPS1, encompassing the
NTE, TPR and MR, as necessary and sufficient for kinetochore binding [140,147].
This fragment of MPS1 was reported to require two regions at either end for robust
kinetochore localisation. Specifically, loss of the first 55 amino acids (encompassing
the NTE), or loss of the region 240-301 (encompassing the MR) greatly reduced the
ability of this fragment to localise [147]. Knockdown of HEC1 or NUF2, either of
which results in the loss of both proteins from the kinetochore, ablates MPS1
localisation [140,163]. Indeed, MPS1 binds to both HEC1 and NUF2 through
different regions. The NTE binds HEC1 at its calponin homology domain [131]. The
specific interaction surface was mapped by the mutating clusters of residues on
HEC1 and observing the effect this had on MPS1 localisation or co-
immunoprecipitation with HEC1 [134,164]. These two studies concluded that the
NTE binds to HEC1 at, or immediately adjacent to, the patch of the HEC1 calponin
homology domain which binds microtubules. Pulldown assays have demonstrated
that the MR binds to the calponin homology domain of NUF2 [134]. Microtubule
binding to the NDC80-C is reported to sterically block both HEC1 and NUF2 from
binding MPS1 — leading to the so-called “competition model” of controlling MPS1
localisation in response to microtubule attachment [134,164]. This model will be

discussed in detail later.

The relative importance of the NTE-HEC1 and MR-NUF2 interactions for MPS1
localisation are unclear. Additionally, there are conflicting data and models as to how
these interactions are dynamically regulated by phosphorylation events. As

mentioned, early studies found that disruption of either region severely reduced the
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ability of a construct spanning amino acids 1-301 to localise to kinetochores [147].
One study reported that deletion of the MR had no effect on the localisation of
otherwise wildtype MPS1, whereas the MR was required for the localisation of
catalytically inactive MPS1 [165]. These findings are contradicted by a study in
which similar MR deletion mutants had no effect on the localisation of inhibited
MPS1 [134]. Finally, phosphorylation of the MR by CDK1-Cyclin B is a key
requirement for MPS1 localisation to kinetochores [117]. How phosphorylation of the
MR can be required if the whole domain is expendable for MPS1 localisation is
puzzling, unless phosphorylation of the MR is required to relieve an auto-inhibitory
effect. Regardless, the data on the importance of the MR for MPS1 localisation

under different conditions is unclear.

The NTE-HECH1 interaction is now thought to be of primary importance for MPS1
localisation. Deletion of the NTE, or NTE and TPR together is reported to abolish
the kinetochore localisation of inhibited MPS1 in nocodazole [131,134]. A different
study reported that MPS1 lacking the first 100 amino acids (encompassing the NTE
and part of the TPR) fails to localise to kinetochores in nocodazole [90]. However,
endogenous MPS1 was not depleted in this study, hence it is possible that the
presence of full length MPS1 could obscure the result. Finally, deletion of the NTE
is reported to weaken, but not fully abolish, spindle checkpoint signalling as
measured by the ability of cells to hold an arrest in nocodazole [90,131]. These data
suggest that MPS1 kinetochore localisation may not be a pre-requisite for some low-
level of spindle checkpoint signalling in cases where many kinetochores are

unattached.

43



Molecular models of the control of MPS1 binding interactions

How the various phosphorylation events which control MPS1 localisation work at
the molecular level is a subject of some debate. As mentioned, Aurora B kinase
activity is an important prerequisite for MPS1 kinetochore binding, and two different

mechanisms have been put forward for how this occurs.

Diagram 13 — 2 models for how Aurora B activity supports MPS1 localisation. (1) The N-terminal tail
of HEC1 sterically blocks the interaction between the MR of MPS1 and NUF2 (a). Phosphorylation
of the N-terminal tail of HEC1 frees NUF2 to interact with the MR (b). (2) The TPR domain of MPS1
blocks the NTE of MPS1 from binding to HEC1 (a). Aurora B activity frees the NTE such that it can

bind to HEC1 (b).
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One model proposes that Aurora B phosphorylation impacts binding between HEC1
and the NTE of MPS1 (Diagram 13 (1)). In this model, the TPR binds to the NTE
and prevents its association with HEC1. Indeed, the NTE and TPR have been
observed to interact by both NMR and chemical crosslinking [166,167]. Deletion of
the TPR, or expression of an additional NTE was reported to render MPS1
localisation insensitive to Aurora B inhibition [131,166]. However, the observation
that deletion of the TPR domain ablates the dependence of MPS1 localisation on
Aurora B activity could not be replicated (Gruneberg lab, unpublished). Overall, this
model posits that the binding of the NTE to the TPR and HEC1 are mutually
exclusive and somehow linked to Aurora B phosphorylation. There are no known
Aurora B phosphorylation sites on MPS1, and Aurora B does not phosphorylate
MPS1 in vitro [129]. It has therefore been suggested that Aurora B phosphorylates

an intermediate factor to control MPS1 localisation.

Another model (Diagram 13 (2)) proposes that Aurora B phosphorylates the tail of
HEC1 to promote MPS1 binding. /n vivo the mutation of Aurora kinase consensus
sites on HEC1 to alanine, mimicking constitutive dephosphorylation, were reported
to drastically reduce MPS1 kinetochore localisation [168]. Conversely, mutation of
these sites to aspartate were reported to increase MPS1 kinetochore localisation.
However, these results could not be replicated by other groups [1,131,134]. In vitro
there is evidence to suggest that the tail of HEC1 occludes the surface of NUF2 to
which the MR of MPS1 binds. Deletion of the HEC1 tail, or phospho-mimetic
mutation, greatly increased the ability of the MR to co-precipitate a soluble NDC80
complex [134]. The effect of the phosphorylation state of the HEC1 tail on MPS1

localisation remains controversial. In sum, there are mechanisms proposed for role
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of Aurora B in regulating both the MR-NUF2 and NTE-HEC1 interactions, but their

actual role in cells remains controversial.

The effect of MPS1 auto-phosphorylation on MPS1 kinetochore-affinity is
controversial (Diagram 14). Classically, MPS1 inhibition results in the accumulation
of MPS1 at unattached kinetochores [92,124]. There are both direct and indirect
explanations for this phenomenon. MPS1 contains a great number of auto-
phosphorylation sites, many of which cluster in the NTE [129,146,153,154,169,170].
There is contradictory evidence to suggest that auto-phosphorylation of some of
these sites directly modulate MPS1 kinetochore affinity. One study found that auto-
phosphorylation of MPS1 negatively regulated its ability to localise to kinetochores
in cells [171]. Specifically, mutation of several sites outside the kinase domain to
alanine caused a modest accumulation of MPS1 at kinetochores in a nocodazole
arrest, whereas mutation to aspartate partially reduced the accumulation of inactive
MPS1. These findings implicate auto-phosphorylation as a negative regulator of
MPS1 localisation. In apparent contrast to this study, in vitro binding data from
another publication showed that the first 240 amino acids of MPS1 (encompassing
the NTE and TPR) only bound detectably to NUF2-HEC1 after being phosphorylated
with recombinant MPS1 [164]. Such auto-phosphorylation of this region resulted in
a strong binding affinity (Ko = 140nM) compared to no binding without
phosphorylation. This latter result is surprising given that MPS1 inhibition, leading
to loss of MPS1 autophosphorylation, does increase MPS1 localisation in cells. A
recent study demonstrated that S. cerevisiae MPS1 binds NDC80 only weakly in
pull-down assays when auto-phosphorylated [172]. While S. cerevisiae MPS1 has

a very divergent N-terminus when compared to human MPS1, this study highlights
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that in other organisms MPS1 auto-phosphorylation is a key mechanism for

negatively regulating MPS1 kinetochore binding.

Auto-phosphorylation

or

Diagram 14 — MPS1 auto-phosphorylation is proposed to positively and negatively regulate MPS1

localisation. See main text for full details.

MPS1 activity may indirectly affect its localisation by causing the accumulation of
PP2A-B56 at kinetochores. As mentioned, MPS1 causes the accumulation of
BUBR1 at kinetochores by phosphorylating MELT motifs on KNL1 [94-96]. A pool
of PP2A-B56 binds BUBR1 directly via the BUBR1 KARD domain [158,173]. This
interaction is promoted by CDK1 and PLK1 phosphorylation of the KARD domain.
Thus, indirectly, MPS1 activity causes the accumulation of a BUBR1-localised pool
of PP2A-B56. This specific pool of PP2A-B56 dephosphorylates Aurora B targets,
the MPS1 T-loop, and MPS1 targets including KNL1-MELT motifs at the kinetochore
[155,158,160,174]. Therefore, MPS1 activity-dependent recruitment of PP2A-B56

promotes the opposition of MPS1 activation and kinetochore-localisation.
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Diagram 15 — PP2A-B56 opposes
MPS1 at multiple levels.
Kinetochore recruitment of BUBR1-
bound PP2A-B56 is MPS1
dependent. BUBR1-bound PP2A-

B56 opposes:

® MPS1 recruitment by Aurora B

@ MPS1 autoactivation

BUBR1 PP2A

® MPS1 phosphorylation of

downstream targets

Finally, there may be crosstalk between MPS1 auto-phosphorylation and MPS1
kinase activity. The NTE contains a motif which is reported to inhibit MPS1 kinase
activity unless phosphorylated [167]. This introduces the possibility that there is
feedback between the auto-phosphorylation dependent and independent

mechanisms by which MPS1 kinase activity regulates MPS1 localisation.
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Turning off the spindle assembly checkpoint

Turning off the spindle assembly checkpoint requires the concentration of MCC to
fall below some threshold to allow APC/CCPC20 gctivation. Two things must happen
for this to occur - kinetochores must stop generating new MCC, and existing MCC
must be disassembled. The disassembly of the MCC is continuous throughout
mitosis and is catalysed by the opening of C-MAD2 by the AAA+ ATPase TRIP13 in
concert with p31cemet [175-179]. The silencing of the spindle checkpoint is thus
largely determined by if any kinetochores are still actively generating MCC. To this
end, multiple mechanisms contribute to removing checkpoint proteins from attached

kinetochores to prevent MCC production.

A key feature of stopping MCC production at attached kinetochores is the removal
of MPS1 from those kinetochores [124]. The leading model for how this occurs is
via steric blocking of MPS1 binding sites at the kinetochore upon stable microtubule
attachment. This model of direct competition between microtubules and MPS1 for
kinetochore binding is supported by in vitro binding assays demonstrating mutually
exclusive, competitive binding [134,164]. However, more recent data has shown that
only around a third of NDC80-C are involved in binding microtubules at fully attached
kinetochores [180], suggesting that additional mechanisms must be at play to result
in the drastic reduction in MPS1 localisation observed upon microtubule binding.
Additionally, there exists a report of MPS1 localising to attached kinetochores during
anaphase if Aurora B localisation is maintained at centromeres — suggesting that
MPS1 can bind to attached kinetochores under certain circumstances in vivo [181].
Finally, there is direct in vitro data showing that using purified yeast proteins, MPS1

can bind kinetochores which are end-on attached [182]. Together, these
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observations call into question if competition alone can explain the changes in MPS1

localisation upon microtubule attachment.

Alongside removal of MPS1, the kinetochore substrates of MPS1, and Aurora B,
must be dephosphorylated to prevent checkpoint localisation. In humans, this
occurs primarily through the action of PP2A-B56 phosphatase, which removes
phosphorylations on KNL1-MELT motifs to help stop MCC production [160]. This
same pool of PP2A-B56 also dephosphorylates the T-loop of MPS1 to inactivate it
[155]. Contributions to substrate dephosphorylation are also made by PP1
phosphatases, which localise to SILK/RVSF motifs in the N-terminus of KNL1 in a
fashion opposed by Aurora B activity [161,162]. Thus, PP2A-B56 and PP1
contribute to the dephosphorylation of Aurora B and MPS1 substrates to stop

kinetochores from producing MCC.

An additional mode of local checkpoint silencing is the physical removal of MAD1 -
MAD2 complexes by the action of the motor protein Dynein in complex with the
adaptor protein Spindly [183—185]. This phenomenon, known as dynein-mediated
stripping, sees the MAD1-MAD?2 physically carried away from attached kinetochores
along the microtubule k-fibre. When this mechanism is disrupted, a delay in

checkpoint silencing is seen [185].

A final mechanism implicated in preventing kinetochores from triggering the spindle
checkpoint is the structural rearrangement of single kinetochores upon microtubule
binding. Early studies proposing this model suggested that stretching within the
kinetochore upon interaction with dynamic microtubules was a key mechanism
regulating checkpoint activation [186—188]. Here, the average distance between an

outer kinetochore component and an inner kinetochore/centromeric component was
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measured with nm precision using light microscopy. This notion has since been
called into question by subsequent studies showing that attachment of taxol-
stablised (i.e. non-dynamic) microtubules to the kinetochore can silence the
checkpoint, and studies which show that such measurements of intra-kinetochore
stretch are majorly impacted by large-scale structural deformations of the
kinetochore, hindering their interpretation [151,189,190]. There is, however, more
legitimate evidence that certain components of the kinetochore undergo
conformational changes upon microtubule binding (rather than being pulled by
microtubule-associated forces). At yeast kinetochores, structural re-arrangements
of KNL1 and HEC1 are proposed to physically separate Ndc80-bound MPS1 from
reaching MELT motifs on KNL1 upon microtubule binding [191]. Similarly, in human
cells, NDCB80 has been reported to be pulled away from the inner kinetochore upon
tensionless microtubule binding — raising the possibility that conformational changes
of the kinetochore upon microtubule binding may contribute to controlling checkpoint

signalling by separating regulatory components from one another [192].
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The Aurora kinases

The Aurora kinases A, B, and C have prominent roles in mammalian cell division.
Animals possess two mitotic Aurora kinases — A and B, which have core roles in
coordinating mitosis. Aurora A has prominent roles in establishing and maintaining
the mitotic spindle, whereas Aurora B is a key regulator of DNA condensation,
kinetochore-microtubule interactions, and cytokinesis. As Aurora A and B share
identical target consensus motifs, this difference in function is largely explained by
differences in binding partners - which results in unique sub-cellular localisation.
Aurora A is localised to the spindle poles and mitotic spindle by TPX2 [193]. Aurora
B is localised by the so-called chromosomal passenger complex (CPC) to various
regions as mitosis progresses (reviewed in [194]). Mammals additionally possess
Aurora C which arose via gene duplication of Aurora B and has roles in meiosis

rather than mitosis [195,196].

Aurora B forms an active complex with INCENP, Survivin and Borealin to form the
CPC (Diagram 16). Aurora B is activated upon binding to the IN-box of INCENP,
which causes allosteric restructuring of the Aurora B T-loop to ensure that Aurora B
is only active when in complex with the rest of the CPC [197]. The non-catalytic
subunits of the CPC are responsible for localising the complex [198]. INCENP,
Survivin and Borealin oligomerise by forming a 3-helical bundle [199] and all three
proteins bind work together to enrich CPC binding to centromeric DNA. Survivin
directly binds Histone 3 phospho-T3 [200-202], which is enriched at centromeres
through the activity of Haspin kinase. Borealin binds to Shugoshin [203], which is
localised to the centromere by BUB1 phosphorylation of Histone 2A T120 [204].
Finally, INCENP harbours an acidic patch which binds to chromatin and

microtubules [205,206]. These multivalent interactions reinforce each other to enrich
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CPC at centromeric chromatin between nuclear envelope breakdown and anaphase
onset, at which point the CPC is re-localised to the spindle midbody by MKLP2 to
coordinate late-anaphase [207]. Notably this relocalisation to the spindle midbody
requires that the CPC is first enriched at centromeres, allowing the recognition of

INCENP by MLKP2 [205].

Chromatin

|

Aurora B Shugoshin

!

Dimerization
Borealin
INCENP
Survivin

BIR
domain

Diagram 16 — Schematic of the CPC. Borealin, INCENP, and Survivin form a 3-helical bundle, and
contribute synergistically to the ability of the CPC to bind the centromere. The C-terminal IN-box of
INCENP binds to and activates Aurora B.

53



The tension sensing model of error correction

While localised to the centromere, Aurora B is a key player in error correction and
the spindle checkpoint. As mentioned, the only geometry of kinetochore-microtubule
attachment which will result in error-free segregation is amphitelic. The first
suggestion of how amphitelic attachments could be selectively stabilised was
proposed by Dietz, who posited that this geometry alone allows chromosomes to be
under “tension” [208]. The key idea is that by being pulled from opposite spindle
poles, tension can be generated across the whole chromosome, which may act as
the physical basis for sensing proper biorientation. Early evidence in support of this
tension-sensing theory came from micromanipulation studies whereby syntellically
attached chromosomes were tugged on to induce tension across the centromere
[209]. Despite a lack of biorientation, such tensioned syntelic attachments were
stable for hours (compared to minutes without tension). Since these experiments
much molecular detail on the mechanisms of tension-sensing and error correction

has been elucidated.

Aurora B activity destabilises kinetochore-microtubule attachments. Initial studies in
S. cerevisiae demonstrated that without Aurora B or INCENP (Ipl1 and Sli15 in
yeast) syntellic chromosomal attachments remained stable, implicating the CPC in
tension-dependent error correction [210]. These observations were replicated in
human cells by chemical inhibition of Aurora B — which highlighted its conserved
role in checkpoint signalling and error-correction [211]. Aurora B phosphorylates
multiple targets at the kinetochore, including many members of the KMN network
[212,213]. The target of Aurora B which seems to have the largest effect on
kinetochore-microtubule stability is HEC1 [54,57,214,215]. Early evidence for the

direct regulation of kinetochore-microtubule attachments by Aurora B came from a
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mix of cell biology and biochemistry. In microtubule pelleting assays between
NDC80-C and microtubules, incubation with active Aurora B kinase was seen to
weaken the interaction [54,57]. In cells, mutation of Aurora B target sites in the tail
of HEC1 to alanine, simulating a lack of phosphorylation, was seen to render
kinetochore-microtubule attachments unusually stable and resulted in the
stabilisation of incorrect attachment geometries [214,216]. Conversely, mutation of
the HEC1 tail to aspartate residues to mimic constitutive phosphorylation left cells

unable to form more than a few stable kinetochore-microtubule attachments [216].

The regulation of kinetochore-microtubule stability by Aurora B and tension came
together in the so-called spatial separation model [217,218] (Diagram 17). The
central idea is that Aurora B, which is centromere-localised, can only phosphorylate
HEC1 at the outer kinetochore in the absence of tension. Upon biorientation and the
consequent establishment of tension the outer kinetochore is pulled away from the
centromere — resulting in an inability of Aurora B to reach its outer-kinetochore
substrates. Experiments tethering a FRET-sensor to different positions along the
centromere-kinetochore axis demonstrated that when positioned at the outer
kinetochore, the sensor was more highly phosphorylated in the absence of tension.
Conversely, re-localising Aurora B so that it was closer to the outer kinetochore
resulted in higher FRET-sensor phosphorylation and microtubule destabilisation

[217].
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High tension

Unphosphorylated HEC1 has
high affinity for microtubules

@ Aurora B unable to @ Outer kinetochore is pulled

phosphorylate HEC1 tail away from inner centromere

OR

Low tension

@ Outer kinetochore
in closer proximity to Aurora B

@ Microtubule binding
is destabilised

@ Aurora B

phosphorylates HEC1 tail

Diagram 17 — Spatial separation model of tension sensing. See main text for full details.

This model of spatial separation, wherein Aurora B at the centromere is unable to

reach outer-kinetochore substrates upon tensioned attachment, is the most wide-

spread model of tension sensing. However, since the inception of the spatial

separation model, other possibilities for how tension stabilises microtubule

attachment or regulates Aurora B have been put forward. These models will be

briefly introduced below; their nuances are beyond the scope of this project but are

reviewed in [219]. Even without Aurora B, in vitro experiments using purified yeast

kinetochores showed that kinetochore-microtubule attachments are intrinsically

56



stabilised by tension [220]. Besides spatial separation, some models suggest that
the deformation of tension-sensing molecules, namely INCENP, CENP-E, and/or
PICH, at the kinetochore directly regulates the kinase activity of Aurora B [221-224].
In the opposing direction, the spatial separation of PP2A-B56 from the PP2A
inhibitor SET/TAF1, localised at the centromere, is proposed to contribute to error-
correction by changing the activity of the phosphatase which opposes Aurora B
[225,226]. At odds with the idea that Aurora B is physically separated from outer-
kinetochore targets, Aurora B has more recently been reported to localise to the
outer kinetochore [227,228], which has led to the proposal that a kinetochore-
localised pool of Aurora B is responding to tension [229]. In summary, many models
now exist to explain how Aurora B and tension are linked to kinetochore-microtubule
stability. While not all these models are mutually exclusive, this is an area of
continued debate over 6 decades after the idea of tension-sensing was first

introduced.
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Additional determinants of kinetochore-microtubule stability

The regulation of microtubule-kinetochore stability depends on more than Aurora B
phosphorylation of HEC1. Additional structural proteins, phosphatase activity, and
kinases also play key roles in regulating attachment stability. MPS1 has long been
reported to play a role in establishing biorientation. Depletion or inhibition of MPS1
in yeast and humans causes defects in chromosome biorientation [93,143,230,231].
In humans, the depletion of MPS1 was initially reported to cause the accumulation
of polar chromosomes with syntelic attachments — suggesting that the defects in
biorientation are specifically due to defects in error correction [231]. The mechanism
by which MPS1 participated in error correction was believed to be via MPS1-
dependent control of Aurora B activity [231], but this idea has since been called into
question [93]. Subsequent studies have produced observations on the phenotype
of MPS1 depletion or inhibition which conflict this original report as described in

detail below [93,165].

A popular assay used to assess defects in error-correction is that of the monastrol
washout [232-234] (Diagram 18). Here, the small-molecule inhibitor monastrol is
used to inhibit Kinesin-5 (Eg5), resulting in the collapse of the spindle into a
monopolar state [232]. Such spindles exhibit many chromosomes with a range of
attachment states — including syntelic attachments. The removal of monastrol allows
the spindle to re-establish bipolarity and continue mitosis as normal. The
persistence of syntelic attachments following the washout of monastrol is indicative

of an inability to correct erroneous kinetochore-microtubule attachments [234].
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Diagram 18 — Schematic of a monastrol washout experiment. See main text for full details.
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In such monastrol washout experiments, defects in chromosome biorientation are
seen when MPS1 is inhibited [93,165]. However, the phenotype is not one in which
syntelic attachments persist. Rather, unaligned chromosomes are seen which do
not have end-on microtubule attachment — suggesting the biorientation defect is due
to issues with chromosome congression, not error correction. Two explanations for
this observation have been put forth. Firstly, Loss of MPS1 activity will cause defects
in CENP-E recruitment, disrupting the CENP-E dependent Iateral-sliding
mechanism of chromosome congression [93,165]. In contrast to this idea, one study
reported no loss of CENP-E upon MPS1 depletion [231]. Secondly, the
accumulation of inactive MPS1 on unattached kinetochores has been proposed to
block microtubule binding to prevent chromosome congression by end-on
dependent mechanisms [165], consistent with the notion that MPS1 and
microtubules compete for kinetochore binding [134,164]. Despite the main
phenotype of MPS1 inhibition being congression defects, rapid targeting of MPS1
to the metaphase plate was seen to induce severe misalignment defects even when
Aurora B was inhibited [235]. This observation, along with the identification of a
molecular target for MPS1, SKAS3, re-affirms the notion that MPS1 is involved in
error correction [235]. How MPS1 inhibition or depletion does not produce defects
in error correction is thus seemingly paradoxical. Additionally, how MPS1 exerts a
local role in promoting error correction at attached kinetochores is incompatible with

the idea that such kinetochores possess no free binding sites to localise MPS1.

60



T

PP1
_ .‘...’.’“'
NDC80-C

Astrin-SKAP
complex

Diagram 19 — End-on attached microtubules are stabilised by a multitude of factors. The Astrin-SKAP
and SKA complexes bolster the interaction between the NDC80-C and microtubules. PP1 and PP2A-

B56 oppose the error-correcting activity of MPS1 and Aurora B kinases.

The Astrin-SKAP complex and the SKA complex localise to end-on attachments to
stabilise them (Diagram 19). The SKA complex binds to both microtubules and
HEC1 to strengthen microtubule-kinetochore attachments [236-238]. This
crosslinking activity serves to strengthen the mechanical properties of the interaction
between microtubules and the NDC80-C [237]. The localisation of the SKA complex
has been linked to the activity of both error correcting kinases Aurora B and MPS1.
Aurora B phosphorylation of HEC1 has been proposed to modulate kinetochore-
microtubule stability via the SKA complex [239], whereas MPS1 phosphorylation of
SKAZ3 itself is proposed to impair its residency time on microtubules [235]. Like the
SKA complex, loss of the Astrin-SKAP complex compromises attachment stability

[240]. The Astrin-SKAP complex also binds to both microtubules and HEC1 to
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crosslink and stabilise kinetochore-microtubule attachments [241,242]. Aurora B is
likewise responsible for opposing the localisation of Astrin-SKAP to microtubule-

attached kinetochores [91,243].

Phosphatase activity stabilises kinetochore-microtubule attachment by
dephosphorylating Aurora B and MPS1 targets which otherwise destabilise
microtubule binding (Diagram 19). The BUBR1-localised pool of PP2A-B56 has
major roles in stabilising microtubule binding, as loss of B56, or disruption from
binding BUBR1, severely decreases the ability of cells to form stable kinetochore-
microtubule attachments and congress chromosomes to the metaphase plate
[158,173,174,244]. PP1 also contributes to attachment stability, though disruption of
PP1 has much milder phenotypes than that of PP2A-B56 — suggesting it has a more
minor role in human cells [161]. PP1 becomes enriched at attached kinetochores
through several mechanisms. PP1 binds directly to SILK and RVSF motifs on KNL1
when Aurora B activity is low, and is brought by several binding partners, such as
Astrin and KIF18A, to attached kinetochores [91,161,245]. Together, these
phosphatases oppose Aurora B and MPS1 activity to stabilise attachments, similar

to how they oppose Aurora B and MPS1 to silence local checkpoint signalling.

By localising PP2A-B56, the kinase activiies of MPS1 and PLK1 promote
attachment stability. As mentioned, the recruitment of BUBR1 to kinetochores is
MPS1-dependent [94-96], and the interaction between BUBR1 and B56 is PLK1-
dependent [120]. This dual role of MPS1 in both destabilising and stabilising
kinetochore-microtubule attachments is seemingly paradoxical. This incoherent
feed-forward loop likely constitutes a signal damping mechanism — increasing local
PP2A-B56 at unattached kinetochores to oppose local Aurora B and MPS1 activity

such that attachments can reform [235]. Additionally, this dual role of MPS1 may
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explain why depletion of MPS1 does not result in an error-correction phenotype
according to some studies [93,165]. Presumably the loss of MPS1 activity, which
will stabilise attachments, also decreases the concentration of localised PP2A-B56,

which will destabilise attachments.
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Thesis aims

In summary, MPS1 has major roles in checkpoint signalling and error correction, yet
many of the details are controversial or unclear. One key unsolved problem is how
MPS1 recruitment to kinetochores is regulated. As MPS1 has core roles in initiating
spindle checkpoint signalling and error correction, mechanistic detail of how MPS1
localisation is controlled will shed light on the molecular underpinnings of these
processes. A model of direct competition seems insufficient to fully explain how sub-
saturating microtubule binding can stop MPS1 localisation and silence local
checkpoint signalling. The notion that microtubule occupancy alone is sufficient to
stop MPS1 localisation will be re-addressed. How the activity of kinases and
phosphatases may factor in to MPS1 localisation downstream of microtubule

attachment will also be explored.

How MPS1, CDK1, and Aurora B elicit changes in the localisation of MPS1 is
controversial. Direct (auto-phosphorylation) and indirect (recruitment of other
factors) mechanisms may both explain how MPS1 kinase activity opposes its
kinetochore localisation. Regarding Aurora B, the molecular target which is
phosphorylated to promote MPS1 localisation remains unclear. Finally, the MR,
which must be phosphorylated by CDK1-Cyclin B for MPS1 to localise, is apparently
dispensable for MPS1 localisation This thesis will attempt to elucidate more
molecular detail on how these three kinases control MPS1 localisation, and how

their activities may integrate with one another.

There is clear evidence that MPS1 is involved in error correction. However, inhibition
of MPS1 produces a different phenotype than that of Aurora B with regards to
correcting syntelic attachments. This apparent discrepancy will be investigated. It is

possible that the recruitment of PP2A-B56 by MPS1 may cause the stabilisation of
64



microtubule-kinetochore attachments — thus obscuring the role of MPS1 in error
correction. Furthermore, the ability of MPS1 to localise to erroneous attachments to
promote error-correction is not compatible with the idea that MPS1 cannot bind
microtubule-attached kinetochores. By investigating the validity of the direct
competition model, a new understanding of how MPS1 mechanistically participates

in error correction will be generated.
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Materials and methods

Molecular biology

Human MPS1, HEC1 and BUBR1 were amplified from Human testis cDNA
(Marathon cDNA; Takara Bio Inc.) using Pfu polymerase (Promega). Mammalian
expression constructs were made using pcDNAS/FRT/TO vectors (Invitrogen),
modified to encode the EGFP- or mCherry-reading frames. To generate constructs
with  phospho-null  (N8A) or phospho-mimetic (N8D, N8E) MPS1
autophosphorylation sites, the first 300 base pairs of MPS1 were synthesized by
Twist Bioscience with the sites encoding amino acids Ser7, Thr12, Ser15, Thr33,
Ser37, Thrd5, Thr46 and Ser49 changed to encode either alanine (N8A), aspartic
acid (N8D), or glutamic acid (N8E) residues. HiFi assembly (NEB) was then used to
replace the first 300 base pairs of MPS1 with the synthetic fragments in expression
vectors. All other mutations were performed using the Quikchange method (Agilent).

Deletion of the MR (261-300) was performed by HiFi assembly (NEB).

Cell culture

HelLa cells, MPS1-GFP CRISPR Hela cells [246,247], Parental HeLa Flp-In cells
[248], and HEK293T cells were cultured in DMEM with 1% v/v GlutaMAX (Gibco)
containing 10% v/v bovine calf serum (“plain DMEM”) at 37°C and 5% CO2. HelLa
Flp-In TREx cell lines were maintained as above with the edition of 4 pg/ml
blasticidine and 200 ug/ml hygromycin B. HelLa Flp-In TREx cell lines with
endogenously tagged GFP-MPS1 were maintained with the edition of 0.2 ug/mi
puromycin, 4 ug/ml blasticidine, and 200 pg/ml hygromycin B. HeLa cells expressing
endogenously tagged MPS1-GFP as well as the rapamycin-dependent Aurora B

kinetochore targeting system were grown in DMEM with 1% [vol/vol] GlutaMAX (Life
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Technologies) containing 10% [vol/vol] bovine calf serum as well as 550 pg/mi

geneticin and 1 ug/ml Puromycin.

Sf9 cells were cultured in Grace’s Insect Media supplemented with 1% v/v
GlutaMAX (Gibco) and 10% v/v bovine calf serum, or unsupplemented Sf-900 Il
SFM (Gibco). Cells were grown as either adherent mono-layer cultures at 27°C, or

as suspension cultures in shaker flasks at 24°C. E. coli strains were grown in LB

supplemented with appropriate antibiotics and grown at 16-37°C.

Table 1 — Cell lines used in this study.

Cell line

Source

Hela S3

HelLa S3 with MPS1 endogenously tagged with GFP at
the C terminus

HelLa S3 with endogenously tagged with MPS1-GFP at
with Aurora-B kinetochore targeting system integrated at
AAVS1 locus

HelLa S3 Flp-In-TRex parental cells

HelLa S3 Flp-In-TREx GFP-MPS1 WT, KD, N8A, N8D,
N8E, 3A, 3D, 3E

Hela S3 Flp-In-TREx GFP-MPS1 S281A, S281D, A60,
AMR

Hela S3 Flp-In-TREx GFP-BUBR1 WT, LI/AA

HelLa S3 Flp-In-TREx B56 Delta

HeLa S3 Flp-In-TRex parental cells with MPS1
endogenously tagged with GFP at the N terminus

HelLa S3 Flp-In-TREx mCherry-BUBR1 WT, LI/AA - with
MPS1 endogenously tagged with GFP at the N terminus
Sf9 cells

HEK 293T

E. coli DH5a

E. coli JM109 pRIL

E. coli BL21

E. coli BL21 DE3
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HelLa cell line generation

HelLa cell lines with single integrated copies of the desired transgene were created
using the T-Rex doxycycline-inducible Flp-In system (Invitrogen, [248]) using
pcDNA5/FRT/TO vectors as follows. Parental HelLa Flp-In T-REx cells [248] were
seeded at 80,000 cells/well in plain DMEM in 6-well plates. After 24 hours wells were
transfected with 100 pl of Optimem (Gibco) plus 3 ul of TransIT-LT1 (Mirus), 100 ng
of the desired pCDNAS5/RT/TO construct, and 900 ng of pOG44 (for expression of
FIp-Recombinase). After 24 hours cells were trypsanised and plated onto 15 cm
plates in plain DMEM. After a further 24 hours a media exchange into plain DMEM
supplemented with 4 ug/ml blasticidine and 200 ug/ml hygromycin B was performed.
Media was exchanged every 3-4 days until colonies had formed. Single colonies
were picked and screened by fluorescence microscopy following 24 hour induction
with doxycycline (2 pM). Positive, homogenous clones were further validated by

Western blotting.

MPS1 was endogenously tagged at the N-terminus with GFP using CRISPR/Cas9
editing in HelLa cells already containing a single T-Rex doxycycline-inducible Flp-In
integration site using a previously described method [115,117]. In brief, homology
recombination cassettes containing the desired knock-in DNA with flanking regions
of homology of 1075 bp to the target locus were co-transfected with a version of
pSpCAS9(BB) (Addgene, #48139) containing the guide RNA sequence 5'-
TCTTTGATGCTAGTTAAAGT-3’ and modified to removed puromycin resistance.
The knock-in sequences harbour a puromycin resistance marker followed by a
glycine-serine rich flexible linker (GS), a P2A ribosome-skipping sequence, and the

EGFP protein sequence followed by a glycine-serine rich flexible linker (GS).
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Antibiotic-resistant clones were selected and successful modification was confirmed

by western blotting.

INCENP kinetochore recruitment by rapamycin addition was achieved by editing a
previously described system ([249], plasmid pERB109, Addgene #58280). This was
adapted by placing miRFKBP5_ Mis12-GFP-FKBP3 under doxycycline-inducible
expression and replacing GFP with a Myc tag. INCENP 47-918 was inserted after
mCh-FRB. 831 and 804 bp homology arms flanking the AAVS1 safe harbour locus
were also added, and the system was stably integrated into the AAVS1 safe harbour
locus of HelLa cells homozygously expressing MPS1 endogenously tagged with
GFP at the C-terminus by CRISPR/Cas9 knock-in, using the guide RNA sequence
5-GTTAATGTGGCTCTGGTTCT-3 ([250] Addgene constructs #72833 and

#72834).

siRNA-mediated protein depletion and doxycycline-induced

transgene expression

For siRNA cells were seeded at 50,000 cells/well in plain DMEM in 6-well plates.
siRNA transfection was performed 24 hours after cells were seeded, and 48 hours
before harvest/fixation. Transfection mixes were made as follows. Per well, 3-4 pl of
20 uM siRNA oligomers (Table 2) were added to Opti-MEM (Gibco) to a volume of
100 pl in an Eppendorf tube. In a separate tube, the equivalent volumes of
oligofecctamine (Invitrogen) and Opti-MEM (Gibco) were mixed. After 5 minutes the
two tubes were mixed together and incubated for a further 20 minutes before being

added drop-wise to wells.

To induce expression of genes integrated at the Flp-In locus, doxycycline

(InvivoGen) was added to 2 uM. For rescue experiments with MPS1, this was done
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concomitantly with siRNA addition. For rescue experiments with HEC1, this was

done 2 hours before siRNA addition. For rescue experiments with BUBR1, this was

done 6 hours before siRNA addition. A second induction was performed 24 hours

into the siRNA depletion.

Table 2 — Oligonucleotides used in this study.

Oligonucelotude

Source

Cat#

Control siRNA against GL2 (luciferase) (5'-
CGUACGCGGAAUACUUCGAUU-3)

Dharmacon

Cat#D-001100-01-
20

siRNA against MPS1 3'UTR (5'-
UUGGACUGUUAUACUCUUGAA-3', 5-
GUGGAUAGCAAGUAUAUUCUA-3', and 5-
CUUGAAUCCCUGUGGAAAU-3)

[117]

N/A

siRNA against HEC1 5’UTR (5'-
CCCUGGGUCGUGUCAGGAA-3)

[131]

N/A

siRNA against BUBR1 3'UTR (5'-
GCAATCAAGTCTCACAGAT-3)

[160]

N/A

On-target plus Smartpool siRNA oligos against
PPP2R5A (5-GCUCAAAGAUGCCACUUCA-3, 5-
CAAUACAAGUGCCGAAUAA-3', 5'-
UGAAUGAACUGGUUGAGUA-3, 5'-
GGAAAUGAAUGGCAAGCUU-3)

Dharmacon

Cat#L-009352

On-target plus Smartpool siRNA oligos against
PPP2R5B (5-CGCAUGAUCUCAGUGAAUA-3', 5'-
UCAAGUCGCUGUCUGUCUU-3’, 5'-
CAAACCAUCGUAUCACUGA-3', 5'-
GAACAAUGAGUAUAUCCUA-3’)

Dharmacon

Cat#L-009366

On-target plus Smartpool siRNA oligos against
PPP2R5C (5-GGAUUUGCCUUACCACUAA-3, 5'-
GGAAGAUGAACCAACGUUA-3', 5'-
CAUCAGAAUUUGUGAAGAU-3', 5'-
CAGAAGUAGUCCAUAUGUU-3")

Dharmacon

Cat#L-009433

On-target plus Smartpool siRNA oligos against
PPP2R5D (5'-GUACAUCGACCAGAAGUUU-3, 5'-
UCCAUGGACUGAUCUAUAA-3', 5-
UGACUGAGCCGGUAAUUGU-3’, 5-
GUAGGCAGAUCAACCACAU-3’)

Dharmacon

Cat#L-009799
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On-target plus Smartpool siRNA oligos against
PPP2R5E (5-UUAAUGAACUGGUGGACUA-3', 5-
GCACAGCUGGCAUAUUGUA-3, 5'-
GACACGCUAUCUGAUCUUA-3, 5'-
GGAUAAAGUAGACGGAUUU-3)

Dharmacon

Cat#L-008531

Silencer-Select siRNA oligo against BIRC5 (survivin)
5-GCAGGUUCCUUAUCUGUCA-3’

ThermoFisher

Cat#4390824

Drug treatments

Drug treatments were performed by addition of 100 pl of working dilutions to ensure

drugs were solubilised in water and could diffuse rapidly into cells.

Table 3 — Drugs used in this study.

Drug Supplier Cat#
AZ3146 — used at 2 yM, 10-60 min Tocris Bioscience Cat#3994
ZM447439 — used at 10 yM, 15-60 min Tocris Bioscience Cat#2458
Calyculin A — used at 25 nM, 6 min Tocris Bioscience Cat#1336
S-trityl-L-cysteine — used at 10 yM, 2 h Sigma-Aldrich Cat#164739-5G
Rapamycin — used at 500 nM, variable times Sigma-Aldrich Cat#R0395
MG132 — used at 20 uM, 30-90 min Santa Cruz Cat#sc-201270
Biotechnology
Monastrol — used at 100 uyM, 16 h Tocris Bioscience Cat#1305
5-iodotubercidin — used at 5 uM, 10-15 min Tocris Bioscience Cat#1745
AZD1152 — used at 10 uM, 60 min Selleck Cat#S1147
GSK923295 — used at 50 nM, 2 h Cayman chemical Cat#18389
Doxycycline — used at 2 uM, 48 h Insight Cat#sc-204743
SiR-Tubulin — used at 50 nM, 1 h prior to imaging Spirochrome Cat#SC002
SiR-DNA — used at 50 nM, 1 h prior to imaging Spirochrome Cat#SC007
Nocodazole — used at 0.6 — 6.6 uM, 5 min to overnight Merck Chemicals Ltd Cat#484728
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Cold treatment

Mitotic cells were cold treated by placing cell dishes on ice and replacing the existing
media with pre-chilled plain media. Cells remained on ice for 9 min and then were

fixed at room temperature.

Western blotting

Cells from 6-well plates were harvested for Western blotting by scrapping. Media
was transferred to 2 ml Eppendorf tubes and centrifuged at 800xg for 5 minutes.
Pellets were washed in PBS twice. Cells were lysed for 50 minutes at 4°C with lysis
buffer (20 mM Tris-HCI pH 7.5, 150 mM NaCl, 1% v/v IGEPAL, 1:100 protease
inhibitor cocktail (Sigma P8340), 1 mM PMSF). Lysates were centrifuged at
20,800xg for 15 minutes at 4°C. Clarified lysates were diluted to the same
concentration with lysis buffer and boiled in an appropriate volume of 5x sample
buffer (Bio-rad) for 8 minutes.

Protein samples were separated on SDS-PAGE gels and transferred to
nitrocellulose membranes using a Trans-blot Turbo system according to
manufacturer’s instructions (Bio-Rad). Membranes were blocked in blocking buffer
(5% w/v milk powder or BSA, 0.1% v/v tween-20, in PBS) for 1 hour. Membranes
were incubated with primary antibodies (Table 4) overnight at 4°C, except for blots
against Actin, which were blocked overnight. The following day membranes were
washed 3 x 10 minutes in PBS + 0.1% tween and incubated with the appropriate
HRP-conjugated secondary antibody (Jackson ImmunoResearch Laboratories Inc.)
at 1 ug/ml for 45 minutes at room temperature. Blots against Actin were incubated
with anti-actin HRP conjugated mAb (Abcam, [AC-15] (HRP)) for 45 minutes.

Membranes were washed as previous and incubated with Amersham ECL Western
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Blotting Detection Reagent according

to manufacturer’s

instructions (GE

Healthcare). Exposures were taken with Amersham Hyperfilm ECL (GE Healthcare).

Table 4 — Antibodies used in this study.

Antibody target

Source

Cat# and RRID

Astrin Rabbit pAb

[240] and this paper

N/A

BUB1 Rabbit pAb

Bethyl

Cat#A300-373A,;
RRID:AB_2065943

BUBR1 Rabbit pAb Bethyl Cat#A33-386A,;
RRID:AB_386097
CENP-C Guinea Pig pAb MBL Cat#PD030;

RRID:AB_10693556

CREST Human pAb

Antibodies Inc.

Cat#15-234-0001;
RRID:AB_2687472

HEC1 Mouse mAb (9G3.23) GeneTex Cat#GTX70268;
RRID:AB_371632
MAD1 Rabbit pAb GeneTex Cat#GTX105079;
RRID:AB_11173437
MPS1 Mouse mAb (N1) Abcam Cat#ab11108;
RRID:AB_297757
Myc Mouse mAb (pE10) Sigma-Aldrich Cat#M4439;
RRID:AB_439694
Phospho H3-T3 Rabbit pAb Cell Signalling Cat#9714;
RRID:AB_491018
p-Histone H3 Ser10 — pH3S10 Mouse mAb (6G3) Cell Signaling Cat#9706S;
RRID:AB_331748
Phospho H3-T120 Rabbit pAb Active Motif Cat#39392;

RRID:AB_2744670

Phospho-Aurora Kinase B (Thr232) Rabbit pAb

ThermoFisher

Scientific

Cat#600-401-677;
RRID:AB_2061641

Aurora B Kinase (AIM1) Mouse pAb

Cell signalling

Cat#3094;
RRID:AB_10695307

Phospho-TTK-T33/S37 Rabbit pAb

ThermoFisher

Cat#44-1325G;

Scientific RRID:AB_2533594
Survivin Rabbit pAb Abcam ab76424;
RRID:AB_1524459
Tubulin Mouse mAb (DM1A) Sigma-Aldrich Cat#T6199;

RRID:AB_477583
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(H+L)

Tubulin Rabbit mAb (EP1332Y) Abcam Cat#ab52866;
RRID:AB_869989

HURP Sheep pAb [242] N/A

KNL1 pT875 (pMELT) pAb [160] N/A

KNL1 Sheep pAb This paper N/A

GFP Sheep pAb Homemade Barr lab N/A

Kinastrin Sh pAb [240] N/A

Beta Actin Mouse mAb (AC-15) HRP conjugate Abcam Cat#ab49900;
RRID:AB_867494

Alexa Fluor® 647 AffiniPure Donkey Anti-Guinea Pig IgG | Stratech Cat#706-605-148;

RRID:AB_2340476

Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed | ThermoFisher Cat#A31570;
Secondary Antibody, Alexa Fluor™ 555 Scientific RRID:AB_2536180
Donkey anti-Sheep 1gG (H+L) Cross-Adsorbed | ThermoFisher Cat#A21436;
Secondary Antibody, Alexa Fluor™ 555 Scientific RRID:AB_2535857
Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed | ThermoFisher Cat#A31572;
Secondary Antibody, Alexa Fluor™ 555 Scientific RRID:AB_162543
Donkey anti-Mouse IgG (H+L) Highly Cross-Adsorbed | ThermoFisher Cat#A10035;
Secondary Antibody, Alexa Fluor™ 350 Scientific RRID:AB_2534011
Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed | ThermoFisher Cat#A10039;
Secondary Antibody, Alexa Fluor™ 350 Scientific RRID:AB_2534015
Donkey anti-Rabbit 1gG (H+L) Highly Cross-Adsorbed | ThermoFisher Cat#A31573;
Secondary Antibody, Alexa Fluor™ 647 Scientific RRID:AB_2536183
Donkey anti-Mouse 1gG (H+L) Highly Cross-Adsorbed | ThermoFisher Cat#A31571;
Secondary Antibody, Alexa Fluor™ 647 Scientific RRID:AB_162542
Donkey anti-Human IgG (H+L) Secondary Antibody | Bio-Techne Ltd. Cat#NBP2-
[DyLight 350] 60667UV;

RRID:AB_2556705

Peroxidase AffiniPure Donkey Anti-Rabbit IgG (H+L) Stratech Cat#711-035-152;
RRID:AB_10015282
Peroxidase AffiniPure Donkey Anti-Mouse IgG (H+L) Stratech Cat#715-035-151;

RRID:AB_2340771

Immunofluorescence staining

Cells seeded onto #1.5 thickness coverslips were fixed with PTEMF buffer (20 mM

PIPES-KOH pH 6.8, 0.2% v/v Triton X-100, 10 mM EDTA, 1 mM MgCI2, 4% v/v

formaldehyde) for 12 minutes at room temperature. Coverslips were incubated in
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blocking buffer (3% w/v bovine serum albumin, 0.1% v/v Triton X-100 in PBS) for a
minimum of 45 minutes. Coverslips were incubated face-down on 80 ul droplets of
primary antibodies in a humidified chamber for 1 hour. Following primary antibody
incubation coverslips were washed 3 x in PBS. Secondary donkey antibodies
against mouse, rabbit, guinea pig, or sheep, labelled with Alexa Fluor 405, Alexa
Fluor 555, or Alexa Fluor 647 (Molecular Probes) were used at 1:1000. Coverslips
were incubated face-down on 80 ul droplets of diluted antibodies in a humidified
chamber for 45 minutes. Coverslips were washed 3 x in PBS and 1 x in distilled
deionised water. For dry-mounting, coverslips were left to dry completely before
being mounted with 7 pl of Mowiol 4-88 (Sigma) according to manufacturer’s
instructions. For wet-mounting, coverslips were mounted onto droplets of

Vectashield Plus (2bscientific) and sealed with clear nail polish.

Fixed cell imaging

For some figures, cells were imaged on a DeltaVision Core light microscopy system
(GE Healthcare) using a 100%/1.4-NA objective fitted to an Olympus [IX-71
microscope stand. Standard filter sets for DAPI (excitation 390/18, emission
435/48), FITC (excitation 475/28, emission 525/48), TRITC (excitation 542/27,
emission 597/45), and Cy-5 (excitation 632/22, emission 676/34) were used to
sequentially excite and collect fluorescence images on a CoolSnap HQ2 CCD
camera (Photometrics) using the software package softWoRx (GE Healthcare).
Cells were imaged using a 0.2 ym interval and a total stack of 2 ym and deconvolved
for presentation using softWoRXx. For quantification, imaging was performed using a
60x%/1.35-NA oil-immersion objective on a BX61 Olympus microscope equipped with

filter sets for DAPI, EGFP/Alexa Fluor 488, 555, and 647 (Chroma Technology
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Corp.), a CoolSNAP HQ2 camera (Roper Scientific), and MetaMorph 7.5 imaging

software (GE Healthcare).

For intrakinetochore distance measurements, samples seeded on #1.5 thickness
coverslips were wet-mounted with Vectashield and imaged on an Olympus SoRa
spinning disk confocal microscope using a 60x/1.5-NA objective fitted to an Olympus
IX-83 microscope stand with 3.2 x optical zoom and a Yokogawa CSU-W1 SoRa
super-resolution spinning disk. Solid state lasers emitting 405 nm, 488 nm, 561 nm
and 633 nm were used. Images were captured with a Prime BSI sCMOS camera
(photometrics) using Olympus cellSens software package. Images were acquired
with a 0.24 um interval over a total distance of 4.8 um. Constrained iterative

deconvolution was performed on cellSens.

Live cell imaging

For experiments with the Aurora B kinetochore-targetting system, cells seeded on
circular glass bottom Fluorodish imaging dishes (World Precision Instruments) in
Fluorobrite media (ThermoFisher Scientific) supplemented with 10% FBS and 1x
GlutaMAX (ThermoFisher Scientific) were imaged at 37°C with 5% CO2 on an
Olympus SoRa spinning disk confocal microscope using a 60x/1.5-NA or 100x/1.45-
sNA objective fitted to an Olympus 1X-83 microscope stand with a Yokogawa CSU-
W1 SoRa super-resolution spinning disk. Solid state lasers emitting 405 nm, 488
nm, 561 nm, and 633 nm were used. Images were captured with a Prime 95B
sCMOS camera (photometrics) using Olympus cellSens software package.
Kinetochores of STLC arrested cells were imaged using the 100x/1.45-NA objective
as 1.3 ym stacks with intervals of 0.26 ym across a period of 15 minutes with 30
second intervals. STLC (10 uM) was added 4 hours prior to imaging. 10 ym stacks

with intervals of 0.5 ym of MG132/Nocodazole arrested cells were imaged using the
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60x/1.5-NA objective at intervals of 2 min over a total period of 22 minutes, with 100
ul PBS + Rapamycin added in the interval between the first a second timepoint. SiR-

Tubulin (50 nM) and Hoechst (4 uM) were added 1 hour prior to imaging.

For determining mitotic timings of GFP-MPS1 Flp-In cell lines, cells were seeded on
6-well #1.5H glass-bottomed dishes (Cellvis) in Fluorobrite media (ThermoFisher
Scientific) supplemented with 10% FBS and 1x GlutaMAX (ThermoFisher
Scientific). Imaging was performed using a 20x/0.75 NA air objective on an EVOS
M7000 (ThermoFisher) with software version 2.0.2094.0, equipped with an onstage
incubator and DAPI, GFP, Texas Red, and Cy5 light cubes. Cells were imaged at
37°C under 5% CO2 every 5 minutes for 12 hours. At each time point and stage
position a stack of 4 z-planes was taken spaced 3 ym apart were acquired. SiR-

DNA was added 1 hour prior to imaging.

For FRAP measurements of GFP-MPS1 Flp-In cell lines, cells were seeded on
35mm Fluorodish imaging dishes (World Precision Instruments) in Fluorobrite media
(ThermoFisher Scientific) supplemented with 10% FBS and 1x GlutaMAX
(ThermoFisher Scientific). Imaging was performed using an IX81 (Olympus) coupled
to an Ultraview Vox spinning disk confocal system (PerkinElmer) fitted with an EM-
CCD camera (C9100-13; Hamamatsu Photonics) and on-stage incubator (Tokai
Hit), using a 60%/1.42 NA oil immersion objective. Cells were imaged at 37°C under
5% CO2. Nocodazole was added to cells 1 hour prior to imaging. A 488 nm (GFP)
laser was used to image a single focal plane every 250 ms for 1 second prior to the
bleach step. Following this, the 488nm laser was used to perform a 1 second bleach
step at 100% power over a single kinetochore. Subsequently, images of the same

focal plane were taken every 250 ms for 60 seconds using the 488 nm laser.
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Immunoprecipitation

GFP-tagged WT, KD, N8A, N8D, and N8E MPS1 mutants, or GFP alone were
expressed and purified from HEK 293T cells. Per 15 cm dish, 107 cells in plain
DMEM were seeded. Cells were transfected 24 hours after seeding, and 36 hours
prior to harvesting. Per dish, transfection mix was prepared by mixing 8 ug of the
desired pCDNAS/RT/TO construct, 24 pl of TransIT-LT1 (Mirus Bio LLC, and 800 pl
of Opti-MEM (Gibco). This mix was incubated for 15 minutes before being added
drop-wise to cells. Nocodazole was added 12 hours prior to harvesting. Cells were
harvested by mitotic shakeoff and centrifuged at 400xg for 5 minutes. Pellets were
washed in PBS twice. Cells were lysed and the lysate clarified as described for the
Flp-In cells. Clarified lysates were each incubated with 50 pl (packed volume) of
Protein G Dynabeads (Invitrogen) and 8ug of sheep anti-GFP (homemade) per plate
for 1 hour at 4°C. Immunoprecipitates were washed four times with 1 ml of lysis
buffer, twice with 20 mM Tris-HCI pH 7.4, 300 mM NacCl, 0.1% v/v Triton X-100, and
twice with 20 mM Tris-HCI pH 7.4, 300 mM NaCl.

To dephosphorylate immunoprecipitated material, the beads were resuspended in
50 upl of 1x PMP buffer (New England Biolabs), 1 mM MgCl> and 1 pl of A-
phosphatase (New England Biolabs) and incubated at 30°C for 30 minutes.
Following this, beads were washed as previous, then twice in 1XMEB buffer. 5 pl
aliquots (packed volume) of beads were made and stored as a 1:1 slurry in 1XMEB

buffer with 50% v/v glycerol at -20°C.
Radiokinase assays

Aliquots of immunoprecipitated dephosphorylated GFP-MPS1 were resuspended in
20 pl of reaction buffer (200 uM ATP, 1 mM DTT, 50 mM KCI, 10 mM MgCl2 15 mM

EGTA, 20 mM Na B-glycerophosphate, and 1 uCi [*?P]y-ATP per reaction) plus 1 ug
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of purified GST-KNL1728-1200 per reaction. Reaction mixes were incubated at 30°C
for 60 minutes with agitation. At the end of the incubation the liquid phases were
pipetted into separate tubes. Beads were resuspended in 50 pl of 1 x sample buffer
and 12.5 ul of 5x sample buffer was added to the liquid phases. Samples were boiled
for 8 minutes and run on SDS-PAGE gels. Gels were Coomassie stained with
InstantBlue (Sigma-Aldrich) and dried. Exposures to reveal *?P incorporation were

taken using.
Purification of GST-KNL 17281200

A 1 | culture of LB plus 50 pg/ml ampicillin and 1% w/v D-glucose was inoculated
with 10 ml of overnight culture of JM109 pRIL harbouring KNL1728-1200 jn pGEX-5X-
1 and grown at 37°C. At ODeoo = 0.6 expression was induced by the addition of IPTG
to 400 uM for 3 hours. Cells were harvested by centrifugation (4000xg, 15 min) and
washed twice with PBS. Cells were resuspended in 20 ml of lysis buffer (50 mM
Tris-HCI pH 7.4, 300 mM NaCl, 1.5% v/v N-lauryl sarcosine, 1 mM DTT, and 1 mM
EDTA) supplemented with 1:100 protease inhibitor cocktail (Sigma P8340),
lysozyme (20 U/ml, Merck), and 0.5 mg/ml lysozyme (Sigma) for 20 minutes on ice.
Cells were lysed by homogenisation using an Emulsi Flex C5 (Avestin) by passing
the suspension through 5 times with 15,000 psi backpressure. The lysate was
clarified by centrifugation (35,000xg, 45 minutes, 4°C) and mixed with 0.5 ml
(packed volume) of Glutathione-Sepharose 4B (Cytiva). After 2 hours the beads
were pelleted and transferred to a 20 ml gravity flow column (Econopak). The beads
were washed with 60 bead volumes of lysis buffer, 40 bead volumes of wash buffer
1 (50 mM Tris-HCI pH 7.4, 300 mM NaCl, 0.1% v/v N-lauryl sarcosine, 1 mM DTT,
and 1 mM EDTA), 80 bead volumes of wash buffer 2 (50 mM Tris-HCI pH 7.4, 300

mM NaCl, 1 mM ATP, 1 mM MgClz2, 1 mM DTT, and 1 mM EDTA), and 40 bead

79



volumes of wash buffer 3 (60 mM Tris-HCI pH 7.4, 300 mM NaCl, 1 mM DTT, and 1
mM EDTA). Elution fractions were collected by incubating the beads for 10 minutes
with 2 ml of elution buffer (50 mM Tris-HCI pH 7.4, 300 mM NaCl, 30 mM reduced
glutathione) per fraction. Fractions of interest were pooled and dialysed overnight
into 50 mM Tris-HCI pH7.4, 150 mM NaCl, and 1 mM DTT. Glycerol was added to
10% vl/v to the dialysed fractions prior to concentrating to 0.18 mg/ml. Aliquots were

made and snap-frozen prior to storage at -80°C.

Purification of NDC80Bons?

A 11 culture of LB plus 50 ug/ml ampicillin was inoculated with 10 ml of overnight
culture of BL21 pRIL harbouring NDC808B°s@ in a pST39 co-expression vector and
incubated at 37°C. At ODeoo = 0.5 cells were transferred to 18°C for 1 hour before
expression was induced by the addition of IPTG to 100 uM for 18 hours. Cells were
resuspended in 20 ml of lysis buffer (60 mM Tris-HCI pH 7.6, 300 mM NaCl, 1 mM
DTT, and 1 mM EDTA) supplemented with with 1:100 protease inhibitor cocktail
(Sigma P8340), lysozyme (20 U/ml, Merck), and 0.5 mg/ml lysozyme (Sigma) for 20
minutes on ice. Cells were lysed by homogenisation using an Emulsi Flex C5
(Avestin) by passing the suspension through 5 times with 15,000 psi backpressure.
The lysate was clarified by centrifugation (35,000xg, 45 minutes, 4°C) and mixed
with 0.5 ml (packed volume) of Glutathione-Sepharose 4B (Cytiva). After 2 hours
the beads were pelleted and transferred to a 20 ml gravity flow column (Econopak).
The beads were washed with 30 bead volumes of lysis buffer and 10 bead volumes
of cleavage buffer (50 mM Tris-HCI pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 mM DTT).
To elute by cleavage, beads were incubated overnight in 3 ml of cleavage buffer +
50U Prescission protease (Cytiva) at 4°C. The following morning the flowthrough

was collected, and the column washed with 2 bead volumes of cleavage buffer to
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collect all cleaved protein. The elutions were pooled and glycerol added to 10% v/v.
To further purify the complex by SEC, the sample was centrifuged (35,000xg, 45
minutes, 4°C) to remove precipitates prior to loading on a HiLoad Superdex 16/600
G75 pre-equilibrated with SEC buffer (25 mM Tris-HCI pH 7.6, 150 mM NaCl, 1 mM
EDTA, 1 mM DTT, 5%(v/v) glycerol). 1 ml fractions of interest were pooled,

aliquoted, and snap frozen prior to storage at -80°C.

Purification of NDC8(QBrocolli

A 1 | culture of LB plus 50 pg/ml ampicillin and 1%(w/v) D-glucose was inoculated
with 10 ml of overnight culture of BL21 DE3 harbouring NDC808™¢%li in a pGEX-6P-
2 co-expression vector and incubated at 37°C. At ODeoo = 0.5 cells were transferred
to 18°C for 1 hour before expression was induced by the addition of IPTG to 100 uM
for 18 hours. Cells were resuspended in 20 ml of lysis buffer (20 mM Tris-HCI pH 8,
300 mM NaCl, 1%(v/v) Triton X-100, and 5 mM imidazole) supplemented with 1:100
protease inhibitor cocktail (Sigma P8340), lysozyme (20 U/ml, Merck), and 0.5
mg/ml lysozyme (Sigma) for 20 minutes on ice. Cells were lysed by homogenisation
using an Emulsi Flex C5 (Avestin) by passing the suspension through 5 times with
15,000 psi backpressure. The lysate was clarified by centrifugation (35,000xg, 45
minutes, 4°C) and mixed with 0.5 ml (packed volume) of Ni-NTA agarose (Qiagen).
After 1.5 hours the beads were pelleted and transferred to a 20 ml gravity flow
column (Econopak). The beads were washed with 80 bead volumes of lysis buffer,
40 bead volumes of wash buffer 1 (60 mM Tris-HCI pH 8, 300 mM NaCl, 0.1%(v/v)
Triton X-100, and 20 mM imidazole), and 20 bead volumes of wash buffer 2 (50 mM
Tris-HCI pH 8, 300 mM NaCl, and 20 mM imidazole). Protein was eluted by multiple
additions of 2 ml of IMAC200 (20 mM Tris-HCI, pH 8.0, 300 mM NacCl, and 200 mM

imidazole). Elution fractions of interest were pooled and dialysed overnight into 20
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mM Tris-HCI, pH 7.5, 150 mM KCI, and 1 mM DTT. Dialysed protein was
concentrated to a total volume of 500 pl using a Vivaspin 20 10,000 MWCO
concentrator and separated by SEC on a Superdex 200 10/300 GL column
equilibrated with 20 mM Tris-HCI, pH 7.5, 150 mM KCI, and 1 mM DTT, collecting
0.3 ml fractions. Fractions of interest were pooled and concentrated to 0.25 mg/ml,

aliquoted, and snap-frozen prior to storage at -80°C.

MPS1 full-length purification from insect cells

Recombinant baculoviruses encoding His-TEV-MPS1 constructs were generated
(Expression systems) and used to infect 8 x 15 cm dishes containing 2 x 107 insect
cells each. 66 hours after infection cells were harvested by knocking and centrifuged
at 500xg for 4 minutes. Pellets were washed twice in PBS then lysed in 8 ml each
of lysis buffer (IMAC5 (20 mM Tris-HCI, pH 8.0, 300 mM NaCl, and 5 mM imidazole)
plus 1% v/v Triton X-100, 1:100 protease inhibitor cocktail (Sigma P8340), 0.2 mM
PMSF, 40 mM Na B-glycerophosphate, 10 nM calyculin A, and 100 nM okadaic acid)
for 20 minutes at 4°C. Lysates were centrifuged at 20,800xg for 20 minutes. Clarified
lysates were incubated with 2 ml of Ni-NTA agarose beads (Qiagen) for 1 hour 30
minutes at 4°C. Bead-lysate mixes were transferred to 20 ml gravity-flow columns
(Econopak) and washed once with lysis buffer, once with IMAC5 plus 1% v/v Triton
X-100, once with IMAC20 (20 mM Tris-HCI, pH 8.0, 300 mM NaCl, and 5 mM
imidazole) plus 1% v/v Triton X-100, and four times with IMAC20. Protein was eluted
by multiple additions of 2 ml of IMAC200 (20 mM Tris-HCI, pH 8.0, 300 mM NacCl,
and 5 mM imidazole). Elution fractions of interest were pooled and dialysed
overnight into 20 mM Tris-HCI, pH 8.0, 300 mM NaCl, and 1 mM DTT in the presence
of 10 U of TEV protease (New England Biolabs). Glycerol was added to the dialysed

samples to 10% v/v. Samples were concentrated to a volume of 150 ul using a
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Vivaspin 20 50,000 MWCO concentrator and separated by SEC on an analytical
Superose 6 10/300 GL column equilibrated with 20 mM Tris-HCI, pH 8.0, 300 mM
NaCl, 1 mM DTT and 10% v/v glycerol, collecting 0.5 ml fractions. Fractions of
interest were pooled and concentrated as previous before snap-freezing. Samples,
previously purified by SEC, were diluted to 1 mg/ml and analyzed by SEC-MALS.
Experiments were performed at room temperature during SEC on an analytical
Superose 6 10/300 GL column, equilibrated with 20 mM Tris-HCI, pH 8.0, 300 mM
NaCl, and 1 mM DTT. Elution was monitored via static light-scattering (DAWN
HELEOS 8+; Wyatt Technology), differential refractive index (Optilab T-rEX; Wyatt
Technology) and UV (SPD-20A; Shimadzu) detectors. Data were analysed using

the ASTRA software package (Wyatt Technology).
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Purification of GST-MPS17-30

A 11 culture of LB plus 50 ug/ml ampicillin was inoculated with 10 ml of overnight
culture of BL21 pRIL harbouring MPS1'-3% in pGEX-5X-1 and grown at 37°C. At
ODesoo = 0.6 expression was induced by the addition of IPTG to 400 uM for 3 hours.
Cells were harvested by centrifugation (4000xg, 15 min) and washed twice with
PBS. Cells were resuspended in 20 ml of lysis buffer (50 mM Tris-HCI pH 7.4, 300
mM NaCl, 1.5% v/v N-lauryl sarcosine, 1 mM DTT, and 1 mM EDTA) supplemented
with 1:100 protease inhibitor cocktail (Sigma P8340), lysozyme (20 U/ml, Merck),
and 0.5 mg/ml lysozyme (Sigma) for 20 minutes on ice. Cells were lysed by
homogenisation using an Emulsi Flex C5 (Avestin) by passing the suspension
through 5 times with 15,000 psi backpressure. The lysate was clarified by
centrifugation (35,000xg, 45 minutes, 4°C) and mixed with 0.5 ml (packed volume)
of Glutathione-Sepharose 4B (Cytiva). After 2 hours the beads were pelleted and
transferred to a 20 ml gravity flow column (Econopak). The beads were washed with
60 bead volumes of lysis buffer, 40 bead volumes of wash buffer 1 (50 mM Tris-HCI
pH 7.4, 300 mM NaCl, 0.1% v/v N-lauryl sarcosine, 1 mM DTT, and 1 mM EDTA),
80 bead volumes of wash buffer 2 (50 mM Tris-HCI pH7.4, 300 mM NaCl, 1 mM
ATP, 1 mM MgClz, 1 mM DTT, and 1 mM EDTA), and 40 bead volumes of wash
buffer 3 (50 mM Tris-HCI pH 7.4, 300 mM NaCl, 1 mM DTT, and 1 mM EDTA).
Elution fractions were collected by incubating the beads for 10 minutes with 2 ml of
elution buffer (50 mM Tris-HCI pH 7.4, 300 mM NaCl, 30 mM reduced glutathione)
per fraction. Fractions of interest were pooled and dialysed overnight into 50mM
Tris-HCI pH 7.4, 150 mM NaCl, and 1 mM DTT. Glycerol was added to 10% v/v to
the dialysed fractions prior to concentrating to 4 mg/ml. Aliquots were made and

snap-frozen prior to storage at -80°C.
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Image processing and analysis

Image processing and analysis was performed using the Fiji distribution of ImageJ
[251]. For figures, images acquired on a DeltaVision Core light microscopy system
or Olympus BX61 microscope, were deconvolved and maximum-projected.
Channels were subject to linear contrast adjustment. Within each figure contrast

adjustment of each channel is the same between conditions and merges.

Quantification of kinetochore-localised signals were performed on images of cells
from a BX61 Olympus microscope which were cropped to 250 x 250 px and sum
projected. Kinetochore intensities for each fluorescence channel were determined
by placing 8 px-diameter circular ROIs at the maxima of individual non-overlapping
kinetochores and measuring the mean pixel intensity of each channel within said
selections. Where possible 20 kinetochores were measured per cell. Background
measurements were derived by taking an equivalent number of pixels as were in
the ROI which were as close as possible to the ROI without overlapping with
kinetochores. In brief, a binary mask of kinetochore signal was generated by
performing a tophat transform of the CENP-C channel and thresholding using an
iterative intermeans method [252]. Pixels were radially selected from outside the
kinetochore ROI and, if not overlapping with signal in the binary kinetochore mask,
added to a new background ROI. Once 52 px had been incorporated into the
background ROI the mean pixel intensity of each channel within said ROl was

measured.

To measure the total amount of signal on chromatin a binary mask of chromatin
based on Hoechst staining was generated. The area of this mask and mean signal
was measured, as was the average signal in an adjacent area of cytoplasm. The

mean background signal was subtracted from that within the chromatin mask and

85



multiplied by the total area of chromatin. To measure the amount of signal with
respect to kinetochores, the position of kinetochores as determined by the same
method as described in the previous paragraph, was used to generate a Euclidian
distance map. Distances from this map were measured based on a binary chromatin
mask, as was the signal in fluorescence channels. After substracting background
signal, the intensities at each pixel could be extracted, alongside the distance from

a kinetochore as per measurements from the Euclidian distance map.

Data analysis was performed in Rstudio [253] using the Tidyverse collection of
packages [254]. Kinetochore signal intensities were background-adjusted by
subtracting the background signal on a channel-by-channel basis. Next, the mean
intensity of the channel of interest was divided the mean intensity of the CENP-C
channel on a per-kinetochore basis. The mean kinetochore localization intensities
were then calculated for each cell. Normalization was performed within repeats by
dividing each cell’s mean kinetochore localization intensity by that of the group

which was being normalized to.

Analysis of kinetochore MPS1-GFP and mCherry-FRB-INCENP47918 from live
imaging was performed by placing five 8 pixel-diameter circular ROIs over MPS1
positive kinetochores at the first timepoint they were visible. The same ROIs were
then measured at previous timepoints. ROIs were moved where needed at
subsequent timepoint to track the same kinetochores. Background measurements
were taken from 5 chromatin free cytoplasmic regions. Where no MPS1 positive
kinetochores were visible, ROls were taken from 5 points of the mitotic plate, as
defined by Hoechst staining. Chromosome misalignment was measured by
generating a rectangular ROI at timepoint 0 which covered the metaphase plate as

defined by Hoechst staining, and measuring the intensity of Hoechst staining. A
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second measurement was taken of the total level of Hoechst staining in the cell (the
cell boundary defined by cytoplasmic GFP signal). A third measurement was made
of the average background intensity outside of the cell, which was multiplied by the
area of either the metaphase plate ROI of whole cell ROI, and subtracted from those
values. A percentage of chromatin outside of the metaphase plate could then be
ascertained and reported as percent of chromosomes that are misaligned. This was
performed for each timepoint, with the rectangular ROl measuring the area of the
metaphase plate moved where needed to be covering what remained of the
metaphase plate and so as to be perpendicular with the spindle axis, as defined by
SiR-Tubulin staining. Where chromosome misalignment was severe and SiR-
Tubulin staining demonstrated that no microtubules remained in the vicinity of the
area previously occupied by the metaphase plate, the level of chromosome

misalignment was set as 100%.

Analysis of GFP-MPS1 mitotic timings on live cell data was performed on maximum
projections of movies. DNA morphology was used to record at which timepoints cells

entered NEBD or anaphase.

Analysis of GFP-MPS1 FRAP measurements was performed using an in-house
Imaged macro. Movies in which the kinetochores drifted out of the focal plane at any
point were discarded. At each timepoint, following background correction, the signal
from the bleached ROI was divided by that of the whole cell to correct for general
photobleaching. This metric was then normalised to the average of that from the 4

pre-bleach timepoints. A single exponential fit was used to determine ti/2 timings.
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Statistical analysis

All statistical analysis was performed using GraphPad Prism version 9.2.0 for
Windows (GraphPad Software, San Diego, California USA, www.graphpad.com).
Each cell measured was considered as a biological replicate (n), hence mean
measurements calculated for each cell were used for statistical analysis. At least
three independent repeats of each experiment were performed, with statistical
analysis performed using a sum of biological replicates from all independent
experiments. The precise n numbers (where n is the number of cells analysed) is

indicated in the figures.

Data sets were tested for normal distribution via a D'Agostino-Pearson omnibus K2
test. If all groups in an experiment were normally distributed, then the means were
compared using a parametric statistical test as follows. If only two groups were
compared then an unpaired 2 tailed t-test was used (with Welch'’s correction if the
groups had unequal standard deviations). If more than two groups were compared
with equal standard deviations a one-way ANOVA was used, which if rejected was
followed by a Tuckey’s multiple comparisons test. If more than two groups were
compared with unequal standard deviations a Brown-Forsythe ANOVA was used,

which if rejected was followed by a Dunn’s multiple comparisons test.

If all groups did not exhibit a normal distribution then medians were compared using
a non-parametric statistical test as follows. If only two groups were compared then
a Mann-Whitney test was used. If more than two groups were compared then a
Kruskal-Wallis test was used, which if rejected was followed by a Dunn’s multiple
comparisons test. Graphs display the meant SEM. p-values are shown on graphs
as follows: p > 0.05 = not significant (n.s.), p<0.05="* p<0.01 =** p<0.001=

"**,p<0.0001 = ***.
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Results 1 — MPS1 recruitment is controlled by

kinases and phosphatases

The removal of MPS1 from kinetochores upon microtubule attachment is a crucial
mechanism to stop SAC signalling [124]. The leading model is that microtubules
physically compete with MPS1 for kinetochore binding, and thus sterically block
MPS1 binding sites at attached kinetochores [134,164]. This model alone does not
account for the observation that sub-saturating microtubule occupancy can satisfy
checkpoint signalling, or that only a third of NDC80-C molecules are involved in
directly binding microtubules at attached kinetochores [180,255]. It is therefore likely
that additional mechanisms couple MPS1 recruitment to microtubule occupancy,
possibly involving the network of kinases and phosphatases which is already known
to control MPS1 localisation to unattached kinetochores (Diagram 12). This chapter
will explore the importance of these additional mechanisms for regulating MPS1

localisation, especially regarding the response to end-on microtubule attachment.

MPS1 and microtubules can simultaneously bind kinetochores

A model where microtubule occupancy is sufficient to prevent MPS1 localisation is
falsifiable by the observation of end-on attached kinetochores which recruit MPS1.
To this end, the amount of kinetochore-localised MPS1 was measured by
fluorescence microscopy in HelLa cells expressing endogenously tagged MPS1-
GFP [115,117]. Due to the resolution limit of light microscopy and the dense packing
of microtubules within the mitotic spindle, simply observing tubulin immunostaining
is not sufficient to confidently assign the attachment status of kinetochores. End-on
attached microtubules exhibit increased stability in comparison to other spindle

microtubules, which can be exploited to selectively depolymerise microtubules
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which are not stably bound by kinetochores [256]. Therefore, to ensure that the end-
on attachment status of kinetochores could be confidently assigned, cells were
chilled on ice for 9 minutes prior to fixation to remove non-k fibre microtubules. Cells
were then stained for tubulin to visualise k-fibres, and CENP-C to visualise
kinetochores. To create a variety of kinetochore-microtubule attachment statuses,
cells were treated with the following drugs prior to cold-treatment and fixation.
Nocodazole causes the depolymerisation of microtubules and was used to generate
a scenario in which all kinetochores are unattached [257]. MG132 is a short
synthetic peptide which inhibits the proteasome [258]. In the context of this assay,
MG132 prevents destruction of Cyclin B which results in an enrichment of cells at

metaphase when all kinetochores are end-on attached.

Without cold-treatment, MPS1-GFP displayed the expected localisation in response
to microtubule attachment. In nocodazole-treated cells, where all kinetochores are
unattached, MPS1 robustly localised to kinetochores (Figure 1A, B). Conversely, in
MG132-treated cells, where all kinetochores are end-on attached, MPS1 levels were
drastically reduced to near undetectable levels (Figure 1A, B). Remarkably, in cells
which were cold-treated prior to fixation, MPS1 readily localised to kinetochores to
an equal level, regardless of microtubule attachment status. The localisation of
MPS1 to end-on attached kinetochores is in direct conflict with a model in which

microtubule occupancy alone stops kinetochores from binding MPS1 [134,164].

To investigate the localisation behaviour of MPS1 in response to microtubule
attachment and cold treatment in the same cell, cells were arrested with monopolar
spindles. This was achieved through use of the small molecule inhibitor STLC to
prevent Kinesin-5 from producing pushing forces at antiparallel spindle microtubules

[259]. Thus, the bipolar spindle collapses into a monopole. Such monopolar spindles
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exhibit a wide range of chromosome attachment states, as the absence of tension
across sister kinetochores results in repeated cycles of microtubule binding and
release [232]. Due to the mix of attachment statuses, an alternative method of
assigning attachment status without cold treatment was required. Therefore, the
binding of Astrin to kinetochores was used as a marker of end-on attachment
[91,240]. In cells which were not cold treated, MPS1-GFP localised clearly to Astrin-
negative (i.e. unattached) kinetochores, and was weakly localised at Astrin-positive
(i.e. end-on attached) kinetochores (Figure 1C, D). As previous, following cold
treatment MPS1 localised to an intermediate level to all kinetochores, regardless of
the presence of Astrin (Figure 1C, D). Together, these results demonstrate that
competition with microtubules is not the only mechanism which prevents a
kinetochore from localising MPS1. Therefore, additional mechanisms must exist to

couple microtubule occupancy to MPS1 binding.
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Figure 1 — MPS1 and microtubules can simultaneously bind kinetochores

A)

B)

C)

Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 uM) or MG132 (30 min, 20 yM) and fixed (37°C) or incubated on ice for 9 min and then
fixed (4°C). Cells were immunostained for CENP-C and tubulin.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

Hela cells expressing endogenously tagged MPS1-GFP were arrested with STLC (2 h, 10
MM) and fixed (37°C) or incubated on ice for 9 min and then fixed (4°C). Cells were
immunostained for CENP-C and Astrin.

92



D) Quantification of the mean amount of MPS1 kinetochore localisation of cells in (C). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show mean+ S.E.M.

If microtubule attachment is just the initial step in preventing MPS1 localisation to
kinetochores, a short-lived intermediate state of end-on attached kinetochores
which still localise MPS1 should be rarely observable in unperturbed mitosis. To this
end, HeLa MPS1-GFP cells were fixed and stained for Astrin and CENP-C. Cells in
late pro-metaphase were imaged and the amount of kinetochore-localised MPS1
measured in relation to the presence of Astrin — indicating end-on attachment. At
Astrin-negative kinetochores, MPS1 was robustly localised (Figure 2). At Astrin-
positive kinetochores, many kinetochores exhibited greatly reduced MPS1 signal.
However, a small subset which clearly had Astrin foci robustly localised MPS1 —
suggesting the presence of the postulated transition state (Figure 2). This
observation is consistent with a model in which additional steps control MPS1

localisation downstream of microtubule attachment.
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Figure 2 — Astrin-positive kinetochores which robustly localise MPS1 can be rarely observed
in unperturbed mitosis

A) Example kinetochores from a late-prophase Hela cell expressing endogenously tagged
MPS1-GFP and immunostained for CENP-C and Astrin. End-on attachment is assigned by
the presence of Astrin.

B) Histogram of MPS1 levels at individual kinetochores from cells as in (A), categorised by the
presence or absence of Astrin foci.
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MPS1 auto-activation is suggested to be intrinsically linked to kinetochore-
localisation and checkpoint signalling [135,146,153,154]. Indeed, tethering MPS1 to
kinetochores produces aberrant checkpoint signalling [124]. This raises the
possibility that the MPS1 localised to attached kinetochores in cold-treated cells is
active and can promote checkpoint signalling. To investigate this idea, cells were
treated with nocodazole, MG132, or STLC, cold treated, and fixed. Staining of
MPS1-pT676 was used to address the activation status of MPS1, as
phosphorylation of the T-loop indicates active MPS1 [124]. Staining of the
checkpoint protein MAD1 was used to address the ability of MPS1 to localise
checkpoint proteins. Surprisingly, MPS1 at attached kinetochores displayed
markedly lower pT676 staining than at unattached kinetochores (Figure 3A, B).
Likewise, while MAD1 was robustly localised to unattached kinetochores, it was
undetectable at attached kinetochores (Figure 3C, D). Together, these observations
suggest that although MPS1 is localised to attached kinetochores in cold-treated
cells, it is not fully active and cannot robustly localise checkpoint proteins. This
observation suggests that MPS1 localisation and activation may be separable
phenomena. A caveat of using MAD1 to assess checkpoint protein localisation is
that dynein-mediated stripping should still occur in this scenario. Therefore, looking
at the localisation of the BUB proteins, which are not subject to stripping, would have

been a better readout of checkpoint protein localisation.
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Figure 3 — In cold treated cells MPS1 is less active at attached kinetochores

A) Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 uM), MG132 (30 min, 20 uM), or STLC (2 h, 10 uM) prior to cold treatment and fixation.
Cells were immunostained for MPS1-pT676, CENP-C, and Astrin.
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B) Quantification of the mean amount of pT676 kinetochore signal of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
C) Cells as treated in (A) stained for MAD1, CENP-C, and Kinastrin.
D) Quantification of the mean amount of MAD1 kinetochore signal of cells in (C). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
The direct observation of a state in which end-on attached kinetochores localise
MPS1 show that steric competition alone does not prevent MPS1 localisation upon
microtubule attachment. Additional mechanisms must be involved. As discussed
(Diagram 12), there are several enzymes which control MPS1 localisation to
unattached kinetochores. Namely, MPS1 itself, Aurora B, CDK1-Cyclin B, and
PP2A-B56 [92,117,124,155-157,159,160]. It is conceivable that changes to the
network of these factors is what ultimately controls if a kinetochore will localise
MPS1 or not. If this is true, then perturbation of these kinases and phosphatases
should re-produce the observation of MPS1 at end-on attached kinetochores,
without cold treatment. The observation that temperature strongly affects the
localisation behaviour of MPS1 is consistent with the idea that chemical reactions
are involved in ultimately controlling MPS1 binding. Another possibility is that low-
temperature favours a particular conformational state of the kinetochore which
prevents MPS1 removal. The rest of this chapter explores the perturbation of MPS1,

PP2A-B56, and Aurora B in turn, and the effect of this on MPS1 localisation to

unattached and end-on attached kinetochores.
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Exploring the contribution of MPS1 kinase activity to localisation

Chemical inhibition of MPS1 causes its accumulation at unattached kinetochores
[92,124]. To investigate the contribution of MPS1 activity to MPS1 localisation in the
context of microtubule attachment, MPS1-GFP HelLa cells were arrested with
nocodazole, MG132 or STLC and subject to a short treatment with MPS1 inhibitor
prior to fixation. Astrin was used as a marker for end-on attachment. As previously
reported, MPS1 at unattached kinetochores accumulated upon inhibition (Figure 4A,
B). At attached kinetochores, MPS1 localisation was also increased by inhibition —
to levels equivalent to uninhibited MPS1 at unattached kinetochores (Figure 4A, B).
MPS1 levels under conditions of inhibition were still sensitive to microtubule
attachment, suggesting that MPS1 activity feeds into, but does not solely determine,

the loss of MPS1 from kinetochores upon microtubule binding.

There are two pathways by which MPS1 activity could feed back onto MPS1
localisation (Figure 4C) — directly via auto-phosphorylation [171,172], and indirectly
via recruitment of downstream checkpoint proteins - for example BUBR1-bound
PP2A-B56 [94-96,158,173]. To isolate the influence of auto-phosphorylation, the
strategy of mutating residues in MPS1 to alanine (to mimic constitutive
dephosphorylation) or glutamate or aspartate (to mimic constitutive
phosphorylation) was used (Figure 4D). The NTE is reported to be the main
kinetochore-binding domain of MPS1 in vivo [131,134], and it contains 8
autophosphorylation sites [129,171] (Figure 4D). N-terminal autophosphorylation at
a subset of these sites has shown to modulate MPS1 localisation [172,260]. This
mechanism could explain why inactive MPS1 accumulates at unattached
kinetochores [124], and why inactive MPS1 localises to attached kinetochores

(Figure 4A, B). To investigate these possibilities, all 8 auto-phosphorylation sites in
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the NTE were mutated to either alanine (N8A), aspartate (N8D) or glutamate (N8SE)

(Figure 4D).
A DNA B C
Tubulin Tubulin
CENP-C MPS1 MPS1 Control MPS 16y

Nocodazole

MG132

®+MPS1i

Auto- Indirect
phosphorylation mechanism(s)
] I
MPS1KT
0.0- heckpoin
Noc MG132 Chec PO —
a5 15 proteins

n= 16 18 12 15

P = - B

S

™ : Phospho-null
\ N e Kinase
Qo

Phospho-mimetic
(N8D/NS8E)

Figure 4 — Inhibited MPS1 localises to end-on attached kinetochores

A)

B)

C)

D)

Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 uM) and MG132 (30 min, 20 uM) (Noc condition), or MG132 alone (30 min, 20 uM)
(MG132 condition), and treated with or without MPS1i (AZ3146, 10 min, 2 uM). Cells were
fixed and immuno-stained for CENP-C and Tubulin.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A). Each
dot represents one cell, data pooled from 2 biological repeats. Bars show meant S.E.M.
Schematic demonstrating how MPS1 kinase activity my directly (through auto-
phosphorylation) or indirectly (through the recruitment of downstream checkpoint proteins)
may feed back onto MPS1 kinetochore localisation.

Schematic showing the principle behind mutation of MPS1 N-terminal auto-phosphorylation
sites.
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Stable, inducible, HeLa cell lines were made using the Flp-In TREx system [145] to
express wildtype (WT), kinase-dead (KD) or the phospho-mutant GFP-tagged
transgenes from a single genomic locus. Experiments using these cells utilise an
“‘RNAI rescue” strategy, wherein endogenous MPS1 is depleted through siRNA and
replaced by induction of GFP-tagged MPS1 mutants. Cells were treated with
siMPS1 (targeting the 3’ UTR) or siControl (targeting luciferase, GL2), and with or
without doxycycline induction (Figure 5A). In all cell lines endogenous MPS1 was
efficiently depleted by siMPS1 (Figure 5A, +siMPS1), and GFP-MPS1 mutants were
efficiently expressed upon induction (Figure 5A, +dox). Thus, these cell lines and
this experimental setup can be used to replace endogenous MPS1 with GFP-tagged

MPS1 mutants within a short period of time.

If phosphorylation of the N-terminus does alter MPS1 binding to the kinetochore, the
steady-state levels of MPS1 at unattached kinetochores should be altered upon their
mutation. Furthermore, mutation of these sites should over-ride the increase in
MPS1 localisation upon inhibition. To test these hypotheses, an RNAI rescue
strategy was employed as described. Cells were arrested in mitosis in the absence
of microtubules by treatment with the spindle-poison nocodazole, prevented from
entering anaphase with the proteasome inhibitor MG132, and treated with or without
MPS1 inhibitor prior to fixation. Cells were fixed and stained for the kinetochore

protein CENP-C (Figure 5B).

In the absence of MPS1 inhibitor (Figure 5B top panel, C orange dots), MPS1WT
was clearly visible at kinetochores. MPS1KP |ocalised 3 times as strongly as
MPS1WT  as previously reported [92,124]. MPS1N8A |ocalised as strongly as
MPS1XP, suggesting that dephosphorylation of the NTE does increase MPS1

localisation. Conversely, MPS1N8P to around 80% the level of MPS1WVT, though this
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difference was not significant. MPS1N8E |ocalised to around 50% the level of
MPS1WT. These data re-affirm the idea that phosphorylation of these sites
modulates MPS1 localisation. The difference between the D and E mutants could

be a result of how well these sites mimic phosphorylated S/T.

It is possible that other MPS1-activity dependent mechanisms modulate MPS1
localisation to unattached kinetochores, specifically localisation of PP2A-B56 [94—
96,158,173] and the feedback of NTE phosphorylation onto MPS1 kinase activity
[167]. The addition of MPS1 inhibitor (MPS1i, Figure 5B lower panel, C blue dots)
allowed this possibility to be explored. Upon addition of MPS1i, MPS1"T |ocalised
to the same extent as MPS1KP, confirming the effectiveness of the inhibition. For
MPS1XP there was no further increase in localisation upon inhibition — as expected
given this mutant is already inactive. MPS1N8A displayed the same phenotype as
MPS1KP. This observation alone does not rule-out other effects of MPS1 inhibition,
as MPS1N8A may already saturate kinetochore-binding sites such that no further
increase in localisation can be observed. Crucially, MPS1N8YE showed no change
in localisation upon MPS1 inhibition — strongly suggesting that N-terminal
autophosphorylation is the main factor which causes the accumulation of inactive

MPS1 at unattached kinetochores (Figure 5B, C).
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Figure 5 — MPS1 N-terminal autophosphorylation modulates MPS1 recruitment to unattached
kinetochores

A) Anti-MPS1 Western blot of HeLa Flp-In TREXx cells treated with siMPS1 or siControl and +
doxycycline (2 pM) to induce GFP-MPS1 transgene expression for 48 hours. Actin is used
as a loading control.

B) HelLa Flp-In TREx cells depleted of endogenous MPS1 and expressing GFP-MPS1
transgenes were arrested with nocodazole (2 h, 0.6 yM) and MG132 (30 min, 20 yM) and
treated with or without MPS1i (AZ3146, 10 min, 2 uyM). Cells were fixed and immuno-stained
for CENP-C.

C) Quantification of the mean amount of MPS1 kinetochore localisation of cells in (B). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

It has been suggested that inactive MPS1 does not require the kinase activity of
Aurora B to localise to kinetochores [171], but contradictory observations have been
made by other groups [93]. To investigate if Aurora B activity is required for the
localisation of inactive MPS1, HelLa cells expressing endogenously tagged MPS1-
GFP were arrested in nocodazole and MG132 to trap cells in mitosis with unattached
kinetochores. Cells were then treated with combinations of MPS1 and Aurora kinase
inhibitors (Figure 6A). MPS1 or Aurora B inhibition alone had the expected results —
MPS1 levels increased upon MPS1 inhibition and were greatly decreased upon
Aurora B inhibition (Figure 6A, B). The combination of MPS1 and Aurora B inhibition
resulted in extremely weak MPS1 localisation to the same level as Aurora B

inhibition alone (Figure 6A, B). Thus, MPS1 seems to require Aurora B activity

regardless of its activity state.

To investigate if the strongly-localising MPS1N8A and MPS1KP still required Aurora
B activity to localise, an RNAI rescue assay was used to express MPS1WT/KD/N8A jny
the absence of endogenous MPS1. Cells were arrested with nocodazole and
MG132 to trap cells in a state with no attachments, and treated with or without
Aurora kinase inhibitor. Staining for Aurora B target H3pS10 [261] was used to
confirm successful inhibition of Aurora B (Figure 6D). MPS1KD/N8A|gcalised ~2.5x

more strongly than MPS1WT (Figure 6D, E), as previously observed (Figure 6B, C).
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As expected, all constructs localised weakly upon Aurora kinase inhibition (Figure
6D, E), confirming that their localisation is still dependent on Aurora B activity.
These observations are consistent with the idea that MPS1 auto-phosphorylation

acts downstream of Aurora B activity to control MPS1 localisation.
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A) Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 uM) and MG132 (30 min, 20 yM) and treated with or without MPS1i (AZ3146, 15 min,
2 uM) and with or without AurBKi (ZM447439, 15 min, 10 uM). Cells were fixed and immuno-
stained for CENP-C and BUBR1

B) Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

C) Quantification of the mean amount of BUBR1 kinetochore localisation of cells in (A). Each
dot represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

D) HelLa Flp-In TREx cells depleted of endogenous MPS1 and expressing GFP-MPS1
transgenes were arrested with nocodazole (2 h, 0.6 yM) and MG132 (30 min, 20 yM) and
treated with or without AurBKi (ZM447439, 15 min, 10 uM). Cells were fixed and immuno-
stained for CENP-C and histone 3 phospho-serine 10.

E) Quantification of the mean amount of MPS1 kinetochore localisation of cells in (D). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

It is possible that the inhibition of MPS1 may have consequences for the localisation
and/or activity of Aurora B. MPS1 has been proposed to directly regulate the kinase
activity of Aurora B [231]. Additionally, the inhibition of MPS1 would be expected to
interfere with one of the pathways by which the CPC is enriched at the centromere.
One centromeric mark which supports the localisation pattern of Aurora B is
H2ApT120. This phosphorylation is carried out by BUB1 and creates a binding site
for Shugoshin [262] — which in turn binds to the Borealin subunit of the CPC [263].
As BUB1 kinetochore recruitment is MPS1 activity-dependent [94—-96], loss of MPS1
activity may ultimately lead to a loss of the centromeric enrichment of the CPC. To
investigate these possibilities, cells arrested in nocodazole were treated with DMSO,
MPS1 inhibitor, or Aurora B inhibitor as previous. Immunostaining was used to
assess the level of H2A-pT120 phosphorylation. Upon inhibition of MPS1 or Aurora
B, the level and centromeric-enrichment of H2A-pT120 was drastically reduced,
presumably due to the loss of BUB1 localisation (Figure 7A, B). Despite this loss of
H2A-pT120, the centromeric enrichment of Aurora B was unaffected (Figure 7C, D).
The total amount of Aurora B on chromatin was not decreased upon inhibition of

MPS1 or Aurora B — rather it went up by a small, but statistically significant amount

upon MPS1 inhibition (Figure 7C, E). Thus, despite the loss of H2A-pT120 upon
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MPS1 inhibition, there was no loss of Aurora B localisation under these assay
conditions. The activity status of Aurora B was assessed by staining the T-loop of
Aurora B and the phosphorylation of Aurora B target H3-S10 [261]. Unlike inhibition
of Aurora B, inhibition of MPS1 caused no change in Aurora B activation, as
assessed by T-loop staining, or Aurora B activity, as assessed by H3-S10
phosphorylation (Figure 7C, G-H). Thus, under these assay conditions MPS1

inhibition does not decrease or grossly alter Aurora B localisation.
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Figure 7 — MPS1 inhibition does not compromise the localisation or activity of Aurora B

A) Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 uM) and MG132 (30 min, 20 pM) and treated with or without MPS1i (AZ3146, 15 min,
2 uM) and with or without AurBKi (ZM447439, 15 min, 10 uM). Cells were fixed and immuno-
stained for CENP-C and H2A-pT120.

107



B) Plot of the Aurora B signal on chromatin as a function of distance from a kinetochore from
cells in (A).

C) Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 yM) and MG132 (30 min, 20 upM) and treated with or without MPS1i (AZ3146, 15 min,
2 uM) and with or without AurBKi (ZM447439, 15 min, 10 uM). Cells were fixed and immuno-
stained for Aurora B and Aurora B-pT232.

D) Quantification of (C). The ratio of the mean Aurora B signal within 1 pm of a kinetochore to
that >1um from a kinetochore. Each dot represents one cell, data pooled from 3 biological
repeats. Bars show mean+ S.E.M.

E) Quantification of (C). The total amount of Aurora B on chromatin is plotted. Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

F) Quantification of (C). The total amount of Aurora B-pT232 adjusted to the total amount of
Aurora B is plotted. Each dot represents one cell, data pooled from 3 biological repeats. Bars
show meanz S.E.M.

G) Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 uM) and MG132 (30 min, 20 yM) and treated with or without MPS1i (AZ3146, 15 min,
2 uM) and with or without AurBKi (ZM447439, 15 min, 10 uM). Cells were fixed and immuno-
stained for H3pS10.

H) Quantification of (G). The total amount of H3-pS10 signal is plotted. Each dot represents one
cell, data pooled from 3 biological repeats. Bars show mean+ S.E.M.

The observations so far demonstrate that N-terminal autophosphorylation
decreases the ability of MPS1 to localise to unattached kinetochores. Hence, it may
play a role in preventing MPS1 accumulation at attached kinetochores — as seen
upon inhibition of MPS1 (Figure 4). To examine this possibility, the localisation of the
MPS1 transgenes was observed in cells which have both end-on attached and
unattached kinetochores. Cells were arrested in mitosis in the presence of a
monopolar spindle, fixed, and stained for the kinetochore protein CENP-C and

Astrin.

MPS1WT was present at unattached but not attached kinetochores as expected
(Figure 8A, B). All other mutants showed similar sensitivity to microtubule binding
(Figure 8A, B). This demonstrates that microtubule binding prevents MPS1
localisation upstream of N-terminal autophosphorylation. In contrast to MPS1N8A
MPS1XP still localised to attached kinetochores to the same level as MPS1WT at
unattached kinetochores, as has previously been observed (Figure 8A, B). This

suggests that the kinase activity of MPS1 may have some role in preventing MPS1
108



localisation to attached kinetochores which is separate to N-terminal auto-
phosphorylation. Further supporting the idea that MPS1 auto-phosphorylation is
subordinate to microtubule attachment, MPS1NéA | like MPS1WT does not localise to

bioriented kinetochores at the metaphase plate (Figure 8C, D).

Inactive MPS1 has a different phenotype than MPS1N8A — namely it localises to
attached kinetochores (Figure 4, Figure 8A, B). Additional evidence that MPS1KP
has a different behaviour to MPS1N8A was observed by measuring the turnover of
the MPS1 mutants in nocodazole arrested cells by FRAP. MPS1N8A (t12 = 3.7s)
displayed insignificant differences in turnover from MPS1WT (t12 = 2.9s), whereas
the turnover of MPS1KP (t12 = 6.4s) was almost double, as previously reported [124]
(Figure 8E). The difference in half-lives between MPS1KP and MPS1N8A suggests
that additional mechanisms are at play in regulating the dynamics of MPS1 binding
to kinetochores, seemingly without altering the steady-state levels which these
mutants localise to. Together, these observations demonstrate that the localisation
of inactive MPS1 to attached kinetochores, and the decreased turnover of inactive
MPS1, are not due to N-terminal auto-phosphorylation. Therefore, some other target
of MPS1 must be responsible for these phenomena — possibly the MPS1-dependent
kinetochore pool of PP2A-B56 (Diagram 15). The contribution of PP2A-B56

recruitment will be addressed later in the chapter.

109



A B
. wT KD N8A N8D NSE 37 .nggﬁgged
Q .
LE) o - n.:s.
— —
awm X -
- I ) N A A
c o 14+ Iy
< ~. ~..:. o **.**
‘I 7 T
L ® . . > ;
M < - °
T T T T 1
WT WT KD 8A 8D 8E
C D
Noc MG132
WT N8A WT NSA 4
o
=
o
Lo
)
o
=z
nl}
3)
<(..nn
z
a
10pm
Noc MG132
E
< 1004 AN ey
P
©
>
§ WT (n=25) :I*
o KD (n=28)-"|3
% —o-N8A(n=26)
0 T I T I T I
0 20 ] 40 60
Time (s)

Figure 8 — MPS1 N-terminal auto-phosphorylation acts downstream of end-on attachment

A) Monotelic kinetochore pairs. HeLa Flp-In TREx cells depleted of endogenous MPS1 and
expressing GFP-MPS1 transgenes were arrested with STLC (2 h, 10 pM) and MG132 (30
min, 20 yM). Cells were fixed and immuno-stained for CENP-C and Astrin.

B)

Quantification of (A). The mean amount of MPS1 kinetochore localisation at Astrin-positive

(attached) kinetochores are plotted and compared to Astrin-negative (unattached)
kinetochores in WT-expressing cell. Each dot represents one cell, data pooled from 3
biological repeats. Bars show meant S.E.M.

C) Hela Flp-In TREXx cells depleted of endogenous MPS1 and expressing the indicated GFP-
MPS1 transgene were arrested with nocodazole (2 h, 0.6 uM) and MG132 (30 min, 20 uM)
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E)

(Noc condition), or MG132 alone (30 min, 20 uM) (MG132 condition). Cells were fixed and
immuno-stained for CENP-C.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (C). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

Plots of averaged fluorescence recovery after photobleaching of single kinetochores. HelLa
Flp-In TREXx cells depleted of endogenous MPS1 and expressing the indicated GFP-MPS1
transgene were arrested with nocodazole (2 h, 0.6 yM) and MG132 (30 min, 20 uM). Single
kinetochores from cells were bleached and fluorescence recovery recorded. Data pooled from
3 biological repeats.
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Physiological consequences of altered MPS1 levels

The data so far suggest that N-terminal autophosphorylation fine-tunes the level to
which MPS1 will accumulate at unattached kinetochores but does not alter the
behaviour of MPS1 localisation in response to microtubule attachment. Functionally,
it is unclear what advantage localising MPS1 to a specific level to checkpoint-active
kinetochores might have. To explore potential functional consequences of perturbing
N-terminal auto-phosphorylation, mitotic progression of the Flp-In cells expressing
different MPS1 mutants was observed by live-cell imaging following RNAi rescue
(Figure 9A, B). The median time from nuclear envelope breakdown to anaphase
onset was measured based on DNA morphology. Upon siMPS1, NEBD-ANA was
reduced from the usual 45 minutes to 25 minutes, demonstrating an abrogated
checkpoint resulting from knockdown of MPS1 (Figure 9A, B). Rescue with MPS1WT
gave the expected time of 45 minutes. Rescue with MPS1KP decreased mitotic
timing to 15 minutes — indicative of a complete loss of the spindle checkpoint (Figure
9A, B). In this situation, mitotic timing was even shorter than in non-rescued cells;
possibly because MPS1KP may compete any residual endogenous MPS1 away from
kinetochores, causing a further loss of checkpoint. MPS1N8AD did not have
significantly different timings than MPS1VT. However, MPS1N8E which localises to
50% the level of MPS1WT showed a significant decrease in median mitotic timing to
35 minutes (Figure 9A, B). This suggests a largely functional checkpoint (as some
rescue is observed compared to MPS1 depletion alone), but a subtle decrease in

the strength of the checkpoint.

It is possible that a 2-fold reduction in MPS1 levels, seen in for MPS1NéE would

decrease the strength of the checkpoint. To test the effect of altered MPS1 levels on
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spindle checkpoint signalling, the recruitment of checkpoint protein BUBR1 to
kinetochores was studied. It has been suggested that the concentration of
checkpoint proteins in a cell can be limiting for MCC production [264]. That is to say
that when multiple kinetochores are unattached, there is no increase in the overall
rate of MCC production as more kinetochores initiate SAC signalling. To avoid a
scenario in which free checkpoint proteins are limiting, cells were arrested such that
a small subset of kinetochores were not attached to microtubules. This was
achieved by inhibiting the motor protein CENP-E, which causes a few chromosomes
to become stuck at the spindle poles by preventing lateral chromosome congression
[265] (Figure 9C). As anticipated, at unattached kinetochores with no rescue, rescue
with MPS1KP, or at attached kinetochores in rescue with MPS1WT, the levels of
BUBR1 were significantly reduced compared to unattached kinetochores in the
rescue with MPS1WT (Figure 9C, D). BUBR1 localisation at unattached kinetochores
was the same between MPS1N8 and MPS1WT, demonstrating that increases in
MPS1 level do not increase the levels of BUBR1. There was no significant reduction
in the levels of BUBR1 at unattached kinetochores between rescue with MPS1N8D/E
and MPS1YT. These data suggest that BUBR1 can reach similar steady-state levels
regardless of the weakened or enhanced localisation of the MPS1 NTE phospho-
mutants. Given that multiple checkpoint proteins need to be phosphorylated by
MPS1 for efficient MCC production (Diagram 9), the idea that decreased levels of
MPS1 could slow MCC production and thereby weaken the checkpoint is still

possible.
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Figure 9 — Perturbation of MPS1 auto-phosphorylation sites has subtle effects on mitotic
progression
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A)

B)

D)

Dot plot of mitotic timings (nuclear envelope break down to anaphase) in HeLa Flp-In TREx
cells depleted of endogenous MPS1 (- condition) or depleted of endogenous MPS1 and
expressing the indicated GFP-MPS1 transgene. Each dot represents one cell, data pooled
from 3 biological repeats. Bars show median and interquartile range.

Cumulative frequency plot of data in (F) within the first 3 hours of NEBD.

Hela Flp-In TREX cells depleted of endogenous MPS1 and expressing the indicated GFP-
MPS1 transgene were arrested with CENP-E inhibitor (GSK923295, 2 h, 50 nM) and MG132
(30 min, 20 uM). Cells were fixed and immune-stained for CENP-C, BUBR1, and Astrin.
Quantification of the mean amount of BUBR1 kinetochore localisation of cells in (D). Each
dot represents one cell, data pooled from 2 biological repeats. Bars show meant S.E.M.
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N-terminal auto-phosphorylation does not modulate MPS1 kinase

activity

It has been suggested that autophosphorylation of the N-terminus of MPS1
regulates the kinase activity of MPS1 [167]. In this model, the NTE inhibits the kinase
activity of MPS1 when unphosphorylated. Upon phosphorylation, inhibition is
relieved and MPS1 is proposed to become fully active. This model predicts that NSA
will display decreased kinase activity, and N8D and E will display increased kinase
activity. To test these hypotheses, the kinase activity of MPS1 was assayed in vitro.
For a physiologically relevant substrate for MPS1, a fragment of KNL1 containing 8
MELT motifs (amino acids 728-1200) [160] was purified from bacteria as a GST-

fusion protein (Figure 10A, B).

To obtain purified MPS1 protein, GFP-MPS1 constructs were overexpressed in
mitotic HEK293T cells and purified by immunoprecipitation with anti-GFP antibodies
(Figure 10C). This resulted in clean GFP-MPS1 bound to Dynabeads (Figure 10C,
Pre A-PPase). As the MPS1 mutants display different levels of MPS1 kinetochore
localisation, they may have different initial activation states in the lysate of mitotic
HEK293T cells. To overcome this confounding variable, the immunoprecipitated
GFP-MPS1 was dephosphorylated completely prior to the kinase assay. A-PPase
treatment efficiently removed phosphorylations on GFP-MPS1, evidenced by a
downshift of the band in SDS-PAGE (Figure 10C, Post A-PPase). The beads were

then washed thoroughly to remove A-PPase prior to the kinase assay.
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Figure 10 — Preparation of purified GST-KNL17281200 and GFP-MPS1 for kinase assays
A) Schematic showing GST-KNL1728-1200, MELT motifs in KNL1 are indicated by purple squares.

T875 at one such MELT motif is indicated as a phospho-specific antibody against this site
exists.

B) Coomassie gel of affinity purification of GST-KNL1723-12% from bacteria with glutathione
agarose. Elutions were performed by addition of reduced glutathione. Equivalent volumes of
each fraction are loaded on the gel, except for the final lane in which 1ug of the pooled elution
fractions is loaded.

C) Coomassie gel of anti-GFP IP from mitotic HEK293T cells expressing GFP-MPS1WT. After
IP beads were treated with lambda-phosphatase to dephosphorylate MPS1 before copious
washing to remove phosphatase.

To check that the phosphatase treated GFP-MPS1 could still become active and
phosphorylate targets in cis and trans, a kinase assay comparing non-
dephosphorylated and dephosphorylated WT MPS1 was carried out (Figure 11A,
B). Purified GFP-MPS1, pre-treated with or without phosphatase, was mixed with
GST-KNL1 and incubated in the presence or absence of ATP. In the absence of ATP,
western blotting for MPS1-pT33/S37 confirmed the efficacy of the lambda
phosphatase treatment (Figure 11B). Upon incubation with ATP, the GFP-MPS1
without phosphatase pre-treatment efficiently phosphorylated itself — seen by an
upshift of the band by Coomassie staining (Figure 11A) and an increase in MPS1-
pT33/S37 signal (Figure 11B). Furthermore, this GFP-MPS1 was able to
phosphorylate KNL1 weakly but detectably at T875. GFP-MPS1 pre-treated with
phosphatase was also able to phosphorylate itself and KNL1, albeit to a lesser

extent (Figure 11A, B). This experiment verified that the phosphatase-treated GFP-

MPS1 could still become active under these assay conditions.

To compare the kinase activity of the various GFP-MPS1 constructs, they were
immunoprecipitated and dephosphorylated as previous (Figure 10C). The ability of
the treated GFP-MPS1 proteins to auto-phosphorylate and phosphorylate GST-
KNL1728-1200 was assayed by 3°P incorporation (Figure 11C-E). MPS1WT

phosphorylated itself and GST-KNL1728-1200 g5 expected (Figure 11C-E). The lack of
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phosphorylation by MPS1XP demonstrated that this kinase activity was due to
MPS1, and not a contaminating kinase (Figure 11C-E). As the NTE phospho-
mutants have a different number of phosphorylatable residues, the substrate
concentration of unphosphorylated residues is different from that of WT. Therefore,
it is most pertinent to compare these mutants to each other, and to a construct
lacking the entire NTE (MPS1469), rather than to MPS1WT. There were no large
differences in the extent of MPS1 auto-phosphorylation or phosphorylation of GST-
KNL 17281200 (Figure 11C-E). These data suggest that the mutation or deletion of the

N-terminal autophosphorylation sites in MPS1 does not affect MPS1 kinase activity.
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Figure 11 — Mutation of NTE auto-phosphorylation sites does not grossly alter kinase activity

A) Coomassie gel of cold kinase assay (90 min, 30°C) with immunoprecipitated GFP-MPS1
pre-treated with or without lambda-phosphatase and purified GST-KNL1728-1200 Reaction

WT KD A60 8A 8D 8E

mixes were incubated with or without ATP.

B) Western blots of samples in (A) for total MPS1, pT33/S37-MPS1, total KNL1, and pT835-

KNL1 (pMELT).

C) Coomassie gel (top) and autoradiogram (bottom) of radioactive kinase assay between
proteins and GST-KNL1728-1200,
immunoprecipitated from mitotic HeLa cells and dephosphorylated on-bead by lambda
phosphatase treatment as in 3B. GFP-MPS1 on-beads was incubated with GST-KNL 172

indicated GFP-MPS1

GFP-MPS1

1200 for 1 h at 30°C in the presence of y-32P ATP.

D) Quantification of 3P signal from MPS1 normalised to total MPS1 from 3 technical replicates.
E) Quantification of 32P signal from GST-KNL1728-1290 normalised to total MPS1 from 3 technical

replicates.
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The opposing activities of PP2A-B56 and Aurora B control MPS1

localisation in response to end-on attachment

MPS1 and PP2A-B56 participate in a negative feedback loop via BUBR1

MPS1 participates in a negative feedback loop with BUBR1-bound PP2A-B56
(Diagram 15). Thus, MPS1 indirectly recruits a pool of kinetochore-localised PP2A-
B56 which stabilises microtubule-kinetochore attachments and opposes SAC
signalling and MPS1 localisation [155,158-160]. One explanation for the
appearance of inhibited MPS1 at attached kinetochores is a reduction in
kinetochore-localised PP2A-B56. To investigate the relationship between MPS1
activity, attachment status, and BUBR1 localisation, HelLa cells expressing
endogenously tagged MPS1-GFP were arrested in STLC and MG132 to trap cells
in mitosis with attached and unattached kinetochores (Figure 12A). Without MPS1
inhibitor, MPS1 and BUBR1 localised to unattached kinetochores as expected
(Figure 12A-D). At Astrin positive kinetochores, MPS1 localised weakly, and BUBR1
levels were decreased to 50% (Figure 12A-D). Upon MPS1 inhibition, MPS1
localised ~2.5x as strongly as expected, and BUBR1 levels were further reduced to
~25% regardless of attachment status (Figure 12A-D). These data confirm that
BUBR1 localisation can still be decreased upon MPS1 inhibition at attached

kinetochores and suggest that PP2A-B56 levels will be similarly affected.

To verify that PP2A-B56 levels at kinetochores follow that of BUBR1, the localisation
of BUBR1 and B566 was measured in HeLa Flp-In cells transiently expressing GFP-
B560. Cells were arrested with nocodazole and treated with or without MPS1
inhibitor prior to fixation and staining for CENP-C and BUBR1 (Figure 12E). As

previous, BUBR1 levels were reduced to ~25% upon MPS1 inhibition (Figure 12E,
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F). GFP-B566 localised weakly to kinetochores without MPS1 inhibition and fell to
~25% upon MPS1 inhibition (Figure 12E, G). To probe how attachment status fits
with PP2A-B56 levels, the experiment was repeated with a monopolar spindle
(Figure 12H). It was observed that GFP-B566 localised much more weakly to
unattached kinetochores in STLC than in nocodazole, despite no obvious change in
BUBR1 level. This was not formally quantified, so remains an anecdotal
observation. The changes in BUBR1 localisation mirrored that previously seen
(Figure 12A, D, H, I). Upon microtubule attachment B560 levels fell to ~50% (Figure
12H, J). Upon MPS1 inhibition, GFP-B560 levels fell further to ~25% (Figure 12H,
J). Together, these data demonstrate that even though BUBR1 and PP2A-B56
recruitment decreases upon microtubule attachment, their levels are decreased
even further without the activity of MPS1. Thus, the appearance of MPS1 at attached
kinetochores upon inhibition or inactivation (Figure 4, Figure 8) could be due to a

reduction in PP2A-B56 at these attached kinetochores.
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Figure 12 — MPS1 activity is required to localise BUBR1 and B56 to attached kinetochores

A)

B)
C)

D)

E)

J)

Hela cells with endogenously tagged MPS1-GFP were arrested with STLC (2 h, 10 yuM) and
MG132 (30 min, 20 uM) and treated with or without MPS1i (AZ3146, 10 min, 2 uM). Cells
were fixed and immuno-stained for CENP-C, Astrin, and BUBR1.

Enlarged monotelic kinetochore pairs from (A).

Quantification of (A). The mean amount of MPS1 kinetochore localisation at Astrin-positive
(attached) or Astrin-negative (unattached) kinetochores is plotted. Each dot represents one
cell, data pooled from 3 biological repeats. Bars show mean+ S.E.M.

Quantification of (A). The mean amount of BUBR1 kinetochore localisation at Astrin-positive
(attached) or Astrin-negative (unattached) kinetochores is plotted. Each dot represents one
cell, data pooled from 3 biological repeats. Bars show mean+ S.E.M.

Hela Flp-In TREXx cells expressing a GFP-B565 transgene were arrested with nocodazole
(2 h, 0.6 uM) and MG132 (30 min, 20 uM) and treated with or without MPS1i (AZ3146, 10
min, 2 uM). Cells were fixed and immuno-stained for CENP-C and BUBR1.

Quantification of the mean amount of BUBR1 kinetochore localisation of cells in (E). Each
dot represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
Quantification of the mean amount of GFP-B560 kinetochore localisation of cells in (E). Each
dot represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
Hela Flp-In TREXx cells expressing GFP-B56 & were arrested with STLC (2 h, 10 yuM) and
MG132 (30 min, 20 uM) and treated with or without MPS1i (AZ3146, 10 min, 2 uM). Cells
were fixed and immuno-stained for CENP-C, Kinastrin, and BUBR1.

Quantification of the mean amount BUBR1 kinetochore localisation of cells in (H) at
Kinastrin-positive (attached) or Kinastrin-negative (unattached) kinetochores. Each dot
represents one cell, 1 biological repeat. Bars show meant S.E.M.

Quantification of the mean amount of GFP-B56d kinetochore localisation of cells in (H) at
Kinastrin-positive (attached) or Kinastrin-negative (unattached) kinetochores. Each dot
represents one cell, 1 biological repeat. Bars show meant S.E.M.
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PP2A-B56 is required to stop MPS1 localising downstream of microtubule

attachment

One possible explanation for the accumulation of inactive MPS1 at attached
kinetochores is that reduced levels of PP2A-B56 will be localised to said
kinetochores (Figure 12), potentially resulting in an inability of the kinetochore to
transition into a state which does not bind MPS1. To test the notion that phosphatase
activity could be required to stop MPS1 localisation to attached kinetochores, the
localisation of MPS1 with and without the PP1/PP2A-family inhibitor calyculin A was
examined. HelLa cells expressing endogenously tagged MPS1-GFP were arrested
with either nocodazole and MG132 or MG132 alone (Figure 13A). Following a brief
treatment with or without calyculin A, cells were fixed and stained for CENP-C,
tubulin, and DNA. Without Calyculin A, MPS1 was present at unattached
kinetochores, and weakly localised to attached kinetochores (Figure 13A, B).
However, upon calyculin A treatment, MPS1 localised to unattached and attached
kinetochores to the same level (Figure 13A, B). This observation was confirmed in
cells arrested with a monopolar spindle (Figure 13C, D). Together, these
observations demonstrate that the activity of a PP1/PP2A phosphatase is required

downstream of microtubule attachment to stop the kinetochore from binding MPS1.
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Figure 13 — Phosphatase activity is required downstream of microtubule binding to prevent

MPS1

localisation

A) Hela cells with endogenously tagged MPS1-GFP were arrested with nocodazole (2 h, 0.6

B)

puM) and MG132 (30 min, 20 uM) (Noc condition), or MG132 alone (30 min, 20 yM) (MG132
condition) and treated with or without PP1/PP2Ai (Calyculin A, 6 min, 25 nM). Cells were
fixed and immuno-stained for CENP-C and tubulin.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

C) Hela cells with endogenously tagged MPS1-GFP were arrested with STLC (2 h, 10 yM) and

D)

MG132 (30 min, 20 yM) and treated with or without PP1/PP2Ai (Calyculin A, 6 min, 25 nM).
Cells were fixed and immuno-stained for CENP-C and Astrin.

Quantification of (C). The mean amount of MPS1 kinetochore localisation at Astrin-positive
(attached) or Astrin-negative (unattached) kinetochores is plotted. Each dot represents one
cell, data pooled from 3 biological repeats. Bars show mean+ S.E.M.
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BUBR1-bound PP2A-B56 has been heavily implicated in dephosphorylating outer-
kinetochore targets and opposing the activities of Aurora B and MPS1[155,158—
160]. To investigate if the BUBR1-bound PP2A-B56 was the specific pool of
phosphatase required for loss of MPS1 localisation upon microtubule attachment,
HeLa-Flp-In cells with point mutations in BUBR1 which prevent it from binding B56
were made in an endogenously tagged GFP-MPS1 background. This BUBR1
mutant L669A, L672A (hereafter referred to as BUBR1A4) does not detectable bind
B56 [159,160]. An RNAI rescue assay was employed whereby endogenous BUBR1
was depleted, and induction of mCherry-BUBR1WT or the B56-binding defective
mCherry-BUBR1YA4 was induced. Western blotting confirmed that endogenous
BUBR1 could be depleted and mCherry-BUBR1 could be inducibly expressed as
expected (Figure 14A). Cells were arrested with monopolar spindles prior to fixation
and immunostained for CENP-C and Astrin, or CENP-C and HURP [266] (Figure
14B). In the wildtype rescue, MPS1 was localised as expected (Figure 14B, C).
However, upon rescue with mCherry-BUBR1YA4 MPS1 localised to all kinetochores
regardless of attachment status, to the same level as in the wildtype rescue at
unattached kinetochores (Figure 14B, C). Furthermore, in cells expressing mCherry-
BUBR1YAA BUBR1 was recruited to attached kinetochores (Figure 14B, D).
Presumably, this is because MPS1 is present at those kinetochores to
phosphorylate MELT motifs, and PP2A-B56 is not present to dephosphorylate those
MELT motifs. As this pool of PP2A-B56 has been reported to stabilise kinetochore-
microtubule attachments [159], the binding defective mutant would be expected to
have far fewer kinetochore-microtubule attachments. Indeed, there were far fewer

attached kinetochores with the B56 binding mutant (Figure 14E). These data show
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that the localisation of PP2A-B56 via BUBR1 is required for kinetochores to stop

localising MPS1 downstream of microtubule attachment.
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Figure 14 — BUBR1-bound PP2A-B56 is required downstream of microtubule binding to
prevent MPS1 localisation

A) Anti-BUBR1 Western blot of HeLa Flp-In TREXx cells with endogenously tagged GFP-MPS1
treated with siBUBR1 or siControl and + doxycycline (2 pM) to induce mCherry-BUBR1
transgene expression for 48 hours. Actin is used as a loading control.

B) Monotelic kinetochore pairs. HeLa Flp-In TREXx cells with endogenously tagged GFP-MPS1
depleted of endogenous BUBR1 and expressing mCherry-BUBR1 transgenes were arrested
with STLC (2 h, 10 uM) and MG132 (30 min, 20 yM). Cells were fixed and immuno-stained
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C)

E)

for CENP-C and HURP (a marker of stable k-fibres, left 2 columns) or CENP-C and Astrin
(right 2 columns).

Quantification of (B). The mean amount of MPS1 kinetochore localisation at Astrin-positive
(attached) or Astrin-negative (unattached) kinetochores is plotted. Each dot represents one
cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

Quantification of (B). The mean amount of MPS1 kinetochore localisation at Astrin-positive
(attached) or Astrin-negative (unattached) kinetochores is plotted. Each dot represents one
cell, data pooled from 2 biological repeats. Bars show meant S.E.M.

Quantification of (B). The percentage of kinetochores showing Astrin foci. Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
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Aurora B activity promotes MPS1 localisation downstream of

microtubule attachment

The data gathered thus far suggest a model in which the ability of a kinetochore to
localise MPS1 is determined downstream of microtubule attachment in a
phosphorylation-dependent manner. BUBR1-localised PP2A-B56 appears to be the
relevant phosphatase and is known to oppose both Aurora B and MPS1
phosphorylation at the kinetochore [155,158—-160]. What is being dephosphorylated
by PP2A-B56, and what this unknown target is being phosphorylated by remains to
be determined. An obvious candidate for the kinase is Aurora B — as it is known that
Aurora B activity is a crucial prerequisite for MPS1 localisation [156,157]. If Aurora
B target phosphorylation does control MPS1 localisation, then increasing the level
of Aurora B phosphorylation at kinetochores should over-ride the loss of MPS1 at

attached kinetochores.

To increase the level of Aurora B substrate phosphorylation rapidly and transiently
at attached kinetochores, a rapamycin-based system to recruit proteins of interest
to kinetochore was used [249] (Figure 15A). This approach revolves around the use
of rapamycin to hetero-dimerise the proteins FKBP and FRB. By fusing FKBP and
FRB to different proteins, addition of rapamycin causes the dimerization of those
proteins. In this experiment, FKBP was fused to MIS12, and FRB to an IN-box
containing fragment of INCENP which lacked the first 46 amino acids required for
centromere localisation [198] (Figure 15A). Thus, active INCENP-bound Aurora B
can be rapidly localised to the outer kinetochore. If phosphorylation of an Aurora B
target(s) controls MPS1 localisation downstream of microtubule binding, increasing
Aurora B activity in this way at attached kinetochores should result in the
appearance of MPS1. Cells expressing endogenously tagged MPS1-GFP,
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alongside the rapamycin-based system, were arrested with MG132 (to enrich for
metaphase plates) and treated with or without rapamycin for 2 minutes (Figure 15B).
Addition of rapamycin was sufficient to recruit mCherry-FRB-INCENP#7-°18 to the
metaphase plate and resulted in a significant increase in the level of active Aurora
B at kinetochores (Figure 15B, C). Thus, this system can successfully be used to
rapidly recruit active Aurora B to kinetochores. Examining the localisation of MPS1-
GFP in MG132-arrested cells upon rapamycin addition, it was seen that MPS1-GFP
was recruited at a high level after 2 minutes of rapamycin edition in a fashion
dependent on Aurora B activity (Figure 15D, E). Given the roles of Aurora B and
MPS1 in error correction [210,211,231,235], it was important to test if end-on
kinetochore-microtubule attachments were maintained in these conditions, and that
the appearance of MPS1-GFP was not simply due to the generation of unattached
kinetochores. Repeating the experiment with cold-treatment to selectively visualise
stable microtubule attachments revealed no difference in the proportion of cells
which maintained a cold-stable metaphase plate 2 minutes after rapamycin addition
(Figure 15F, G). This observation confirmed that an increase in Aurora B activity at

kinetochores can cause MPS1 accumulation, regardless of microtubule-occupancy.
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Figure 15 — Aurora B activity controls MPS1 localisation downstream of MT attachment

A)

B)

C)

D)

E)

Schematic of the rapamycin-dimerisation system used to recruit active Aurora B to the outer
kinetochore.

HelLa cells expressing endogenously tagged MPS1-GFP and the Aurora B kinetochore-
targeting system were arrested with MG132 (30 min, 20 yM) and treated with or without
rapamycin (2 min, 500nM). Cells were fixed and stained for Aurora B pT232 and CREST as
a marker of kinetochores.

Quantification of (B). The total Aurora B-pT232 signal within 1um of a kinetochore. Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

Hela cells expressing endogenously tagged MPS1-GFP and the Aurora B kinetochore-
targeting system were arrested with MG132 (30 min, 20 uM), treated with or without
rapamycin (2 min, 500nM) and with or without AurBKi (ZM447439, 15 min, 20 uM). Cells
were fixed and stained for Myc and Astrin.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (D). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

Hela cells expressing endogenously tagged MPS1-GFP and the Aurora B kinetochore-
targeting system were arrested with MG132 (30 min, 20 uM), treated with or without
rapamycin (2 min, 500nM), incubated on ice for 9 min and fixed. Cells were stained for
CENP-C.

Quantification of the percentage of cells in (F) with cold-stable bistable spindles.
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Given that MPS1 was localised to attached kinetochores under these conditions, it
was conceivable that spindle-checkpoint signalling could be initiated despite the
presence of end-on microtubule attachment. To test this hypothesis, cells were
arrested with either nocodazole or MG132, treated with or without rapamycin, and
the localisation of checkpoint proteins BUB1, BUBR1, or MAD1 measured by
immunostaining (Figure 16A-C). Without rapamycin, the checkpoint proteins
localised robustly to kinetochores in nocodazole, whereas they localised
significantly less (BUB1, BUBR1) or not at all (MAD1) in MG132 (Figure 16A-F).
Upon addition of rapamycin, the checkpoint proteins were all seen to localise
robustly to attached kinetochores in MG132 (Figure 16A-F). Therefore, MPS1
localisation and checkpoint signalling can both be decoupled from microtubule
binding by increasing local Aurora B activity. These observations highlight the

importance of removing MPS1 from kinetochores to stop localised MCC production.
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Figure 16 — MPS1 at attached kinetochores can recruit checkpoint proteins

A)

Hela cells expressing endogenously tagged MPS1-GFP and the Aurora B kinetochore-
targeting system were arrested with nocodazole (2 h, 0.6 uM) or MG132 (30 min, 20 uM),
and treated with or without rapamycin (2 min 500 nM). Cells were fixed and stained for
CENP-C and MAD1.

Cells treated as in (A) stained for CREST and BUB1.

Cells treated as in (A) stained for CREST and BUBR1.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
Quantification of the mean amount of MAD1 kinetochore localisation of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
Quantification of the mean amount of BUB1 kinetochore localisation of cells in (B). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
Quantification of the mean amount of BUBR1 kinetochore localisation of cells in (C). Each
dot represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
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What is the target of Aurora B which controls MPS1 localisation

Unveiling the identity of the molecular target of Aurora B / PP2A-B56 is vital to
understanding how changes in microtubule binding are relayed to MPS1 binding
and checkpoint activation. An attractive candidate is the N-terminal tail of MPS1
binding partner HEC1. HEC1 has been described as a target of Aurora B
[54,57,214,215], and indeed phosphorylation of the tail has been published as the
mechanism of recruiting MPS1 to kinetochores [168]. However, these observations
have not been replicated by other groups [131]. During this study, the Gruneberg
lab was also unable to replicate the observation that HEC1 tail phosphorylation
impacts the localisation of MPS1, or the dependence of MPS1 localisation on Aurora
B activity [1]. These data show that Aurora B must have other targets required for
MPS1 recruitment. It is possible that there are multiple targets of Aurora B which are
required for MPS1 localisation, and perturbation of a single target will not be
sufficient to cause aberrant MPS1 behaviour. However, it has recently been
confirmed that the HECA1 tail is predominantly a target of Aurora A kinase, not Aurora
B, and that phosphorylation of these sites are rarely saturated [267]. Furthermore,
some of these sites are more highly phosphorylated at end-on attached
kinetochores [267,268]. Therefore, it is unlikely that phosphorylation of the HECA1

tail by Aurora B is a physiologically relevant target for controlling MPS1 localisation.

We noticed that there were 3 cryptic Aurora B consensus motifs on MPS1 itself
which were phosphorylated on immunoprecipitated MPS1 (data not shown). These
sites are adjacent to the middle region — S345, S346, and S393. To investigate the
relevance of these sites for MPS1 localisation, phosphonull (3A) and
phosphomimetic (3D, 3E) mutants were made and integrated into Flp-In cells. To

validate the cell lines, cells were treated with siMPS1 or siControl, and with or
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without doxycycline induction (Figure 17A). In all cell lines endogenous MPS1 was
efficiently depleted by siMPS1 (Figure 17A, +siMPS1), and GFP-MPS1 mutants
were efficiently expressed upon induction (Figure 17A, +dox). Cells were subject to
RNAI rescue and arrested with nocodazole and MG132 to generate unattached
kinetochores, and treated with or without Aurora kinase inhibitor. Cells were fixed
and immunostained for CENP-C and H3pS10 to indicate Aurora B activity (Figure
17B). An internal experimental control demonstrated that RNAi depletion of
endogenous MPS1 was efficient (Figure 17D). As expected, MPS1WVT was present
at kinetochores in the absence of Aurora B inhibitor (AurBKi), and weakly localised
with its addition (Figure 17B, C). H3pS10 staining was lost in AurBKi conditions,
indicating successful inhibition of Aurora B. All phosphomutants phenocopied
MPS1WT — showing no change in MPS1 localisation when unperturbed, and a
dependence on Aurora B activity (Figure 17B, C). These data suggest that these
sites have no impact on the localisation behaviour of MPS1, and are likely not the
physiologically relevant targets of Aurora B. Again, it is possible that there are
several such targets and mutation of individual targets is not sufficient to override
Aurora B dependence. Additionally, it is unclear whether these sites are
phosphorylated by Aurora B, and no evidence exists which would suggest that

Aurora B phosphorylates MPS1 in vitro [129].
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Figure 17 — Mutation of putative Aurora B sites in MPS1 do not change MPS1 behaviour or
dependency on Aurora B activity

« GFP-MPS1

+« MPS1
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A) Anti-MPS1 Western blot of HeLa Flp-In TREXx cells treated with siMPS1 or siControl and +
doxycycline (2 uM) to induce GFP-MPS1 transgene expression for 48 hours. Actin is used
as a loading control.

B) HelLa Flp-In TREx cells depleted of endogenous MPS1 and expressing GFP-MPS1
transgenes were arrested with nocodazole (2 h, 0.6 yM) and MG132 (30 min, 20 yM) and
treated with or without AurBKi (ZM447439, 15 min, 20 uM). Cells were fixed and immuno-
stained for CENP-C and histone 3 phospho-serine 10.

C) Quantification of the mean amount of MPS1 kinetochore localisation of cells in (B). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

D) Internal control from (B). Anti-MPS1 Western blot of HeLa Flp-In TREx cells treated with
siMPS1 or siControl and expressing GFP-MPS1"T for 48 hours. Actin is used as a loading
control.
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Exploring the requirements of Aurora B localisation and activity

for MPS1 kinetochore recruitment

How the spindle checkpoint is silenced, if not by direct competition between MPS1
and microtubules for kinetochore binding, is an open question. The data gathered
in this project so far suggests that microtubule binding is somehow coupled to a
change in the balance of Aurora B kinase and PP2A-B56 phosphatase activities.
Prior to microtubule kinetochore attachment, the kinetochore is presumably in a
state in which Aurora B activity is greater than that of PP2A-B56. Upon microtubule
binding, the kinetochore will transition to a state in which PP2A-B56 activity
predominates. There are several possibilities for how this might be mechanistically

achieved:

e Changes in the local concentration of the enzymes
e Changes in the activity of the enzymes

e Changes in kinetochore conformation to change substrate accessibility

These possible mechanisms are not mutually exclusive. Regarding changes in local
concentration of enzymes, BUBR1 and PP2A-B56 levels were seen to fall by 50%
upon microtubule attachment (Figure 12). This is initially counterintuitive, given that
one might expect PP2A-B56 levels to increase to favour substrate de-
phosphorylation. It has been proposed that the higher levels of PP2A-B56 at
unattached kinetochores serve as a signal-damping mechanism such that the
checkpoint can be deactivated and microtubules can re-bind [235]. A long-standing
model in the field is that of spatial separation of Aurora B from targets at the
kinetochore upon tensioned microtubule attachment [217,218]. The idea being that

the outer kinetochore is physically pulled away from Aurora B which is restricted to
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the inner centromere, thereby preventing Aurora B from reaching its targets at the
outer kinetochore. While this tension sensing mechanism does seem to be plausible
for stabilising biorientation, stopping MCC generation at kinetochores does not
require tension [151]. Indeed, microtubule attachment in the absence of tension, as
in a monopolar spindle, is sufficient to cause the loss of MPS1 localisation (Figure
1). It has been suggested that microtubule binding to the kinetochore is sufficient to
cause structural rearrangement, regardless of tension [192]. Therefore, the mere
binding of microtubules to a kinetochore may favour a state in which Aurora B is
separated from targets at the outer kinetochore. It should be stressed that this is

different from the tension caused by pulling across sister kinetochores.

Regarding changes in the activity of the enzymes, models for modulating the activity
of Aurora B and PP2A-B56 have been put forward in the context of tension sensing
[219]. Some of these mechanisms may also be at play at tensionless attachments,
given that the kinetochore is proposed to undergo structural rearrangement.

However, this has not been investigated in this context.

To investigate the idea that a decrease in the local concentration of Aurora B might
be the trigger for a transition into a PP2A-B56 dominant state, a strategy to rapidly
deplete Aurora B from the centromere was devised. A major contribution to the
centromeric enrichment of Aurora B, and the CPC, is the phosphorylation of histone
3 at threonine 3 by Haspin [200—-202]. By inhibiting Haspin, H3pT3 should be rapidly
dephosphorylated and the centromeric enrichment of Aurora B lost. If a decrease in
the local concentration of Aurora B is sufficient to cause the loss of MPS1, then
MPS1 localisation should be abolished. To test this hypothesis, HelLa cells
expressing endogenously tagged MPS1-GFP were arrested with nocodazole and

MG132 an treated with or without Haspin inhibitor prior to fixation. Cells were fixed
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and immunostained for Aurora B (Figure 18A) or H3pT3 (Figure 18C). Without
Haspin inhibition, H3pT3 was present on chromatin and Aurora B was enriched at
centromeres (Figure 18A-E). Haspin inhibition reduced H3pT3 to nearly
undetectable levels (Figure 18C) and caused Aurora B to localise diffusely to
chromatin (Figure 18A, B, D). A metric for centromeric enrichment was calculated
as the ratio of Aurora B within 1Tum of a kinetochore compared to that >1um from a
kinetochore (Figure 18D), which showed a near-complete loss of centromeric
enrichment upon Haspin inhibition. Additionally, the total level of Aurora B on
chromatin fell to ~60% (Figure 18E). These observations confirm that Haspin
inhibition causes the loss of centromeric Aurora B recruitment [200-202]. Notably,
these observations contrast with reports that inhibition or knockout of Haspin causes
Aurora B to re-localise from the centromere to the kinetochore [227,228]. This
kinetochore localisation may only manifest upon loss of Haspin activity on longer
timescales, as the inhibition period used in one study was 30minutes, compared to

the 10 minutes used here [227].

Without Haspin inhibition, MPS1 localised clearly to kinetochores, and this
localisation was not reduced upon Haspin inhibition (Figure 18A, F). Rather, the
level of MPS1 at kinetochores increased by a small amount (Figure 18A, F). This
data suggests that a reduction in Aurora B activity, by loss of centromeric
enrichment, is not sufficient to cause unattached kinetochores to stop localising
MPS1. Indeed, a recent paper found that centromeric enrichment of Aurora B was
not required for a functional spindle checkpoint [228]. To validate these results, the
experiment was repeated with monopolar spindles (Figure 18G). Again, the
centromeric enrichment of Aurora B was virtually abolished upon Haspin inhibition

(Figure 18G). Furthermore, there was a large increase in the percentage of Astrin-
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positive kinetochores (Figure 18G, H), suggesting that the centromeric enrichment
of Aurora B strongly contributes to destabilising kinetochore-microtubule
attachments. Unattached kinetochores still localised MPS1 to the same level with
Haspin inhibition as without (Figure 18G, I, J). Interestingly, these data suggest that
the level of Aurora B required for MPS1 localisation may be lower than that required

to destabilise microtubule attachments.
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Figure 18 — Loss of centromeric Aurora B enrichment is not sufficient to stop MPS1
localisation to unattached kinetochores

A)

B)

Hela cells with endogenously tagged MPS1-GFP were arrested with nocodazole (2 h, 0.6
pM) and MG132 (30 min, 20 yM) and treated with or without Haspin-I (5-iodotubercidin, 10
min, 10 uM). Cells were fixed and immuno-stained for AurBK and CENP-C.

Plot of the Aurora B signal on chromatin as a function of distance from a kinetochore from
cells in (A).

Quantification of H3pT3 in cells treated as in (A). Each dot represents one cell, data pooled
from 3 biological repeats. Bars show meant S.E.M.

Quantification of (A). The ratio of the mean Aurora B signal within 1um of a kinetochore to
that >1um from a kinetochore. Each dot represents one cell, data pooled from 3 biological
repeats. Bars show meanz S.E.M.

Plot of the total Aurora B signal on chromatin from cells in (A). Each dot represents one cell,
data pooled from 3 biological repeats. Bars show meant S.E.M.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.

Hel a cells with endogenously tagged MPS1-GFP were arrested with STLC (2 h, 10 yuM) and
MG132 (30 min, 20 uM) and treated with or without Haspin-i (5-iodotubercidin, 10 min, 10
pMM). Cells were fixed and immuno-stained for AurBK, Astrin and CENP-C.

Quantification of the percentage of kinetochores showing Astrin staining in (C). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
Enlarged monotelic kinetochore pairs from (G).

Quantification of (G). The mean amount of MPS1 kinetochore localisation at Astrin-positive
(attached) or Astrin-negative (unattached) kinetochores is plotted. Each dot represents one
cell, data pooled from 3 biological repeats. Bars show mean+ S.E.M.

When measuring the proportion of end-on attached kinetochores by examining cold-

stable microtubule attachments, an increase in the level of attachments was

observed upon Haspin inhibition (Figure 19A, B). However, it was noticed that the

number of attachments produced by this metric was consistently lower than that by

Astrin staining (Figure 19C). This was surprising given that cold-stability and Astrin-

localisation should both be markers of end-on attachment. It is possible that during

cold-treatment some end-on attachments are in fact lost. Leaving cells on ice for

longer periods of time is known to reduce the number of attachments, to the extent

that no microtubules will persist (Gruneberg lab, unpublished).
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Figure 19 — Haspin inhibition increases the level of kinetochores with cold-stable
microtubules in a monopolar spindle

Hela cells with endogenously tagged MPS1-GFP were arrested with STLC (2 h, 10 yuM) and
MG132 (30 min, 20 uM) and treated with or without Haspin-i (5-iodotubercidin, 10 min, 10
puM). Cells were cold treated, fixed and immuno-stained for tubulin and CENP-C.
Quantification of the percentage of kinetochores showing with cold-stable microtubules in
(A). Each dot represents one cell, data pooled from 3 biological repeats. Bars show meanz+
S.E.M.

Reproduced from Figure 18H. Quantification of the percentage of kinetochores showing
Astrin staining from cells treated identically to (A) but without cold-treatment and stained for
Astrin. Each dot represents one cell, data pooled from 3 biological repeats. Bars show mean+
S.E.M.
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To investigate the differences between these two metrics directly, the proportion of
kinetochores with Astrin foci or cold-stable microtubules was quantified in the same
STLC-arrested cells (Figure 20). Haspin and Aurora B inhibitions were used to
generate different levels of end-on attached kinetochores to allow comparison
across a range of values. As expected, the number of Astrin foci or cold-stable
microtubules increased as Aurora B function was progressively perturbed by Haspin
inhibition and direct inhibition (Figure 20A, B). The number of Astrin-positive foci was
unchanged by cold-treatment in all cases (Figure 20A, B), suggesting that if the
proportion of end-on attachments changes during cold treatment, this is not reflected
by changes in Astrin localisation. Consistently, across cells and drug inhibitions,
Astrin-foci were fewer than cold-stable microtubules (Figure 20A, D). Despite this,
the two metrics correlated well. These results demonstrate that there are systematic
differences between using cold-stable microtubule attachment and the presence of
Astrin as a marker of end-on attachment. It is conceivable that some end-on

attachments are lost during cold treatment, which do not lose Astrin staining.
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Figure 20 — Astrin foci are consistently more numerous than cold-stable microtubules

A) Hela cells expressing endogenously tagged MPS1-GFP were arrested with STLC (2 h, 10
pM) and MG132 (30 min, 20 yM) and treated with DMSO, Haspin-I (5-iodotubercidin, 15 min,
10 uM), or AurBKi (ZM447439, 15 min, 10 yM). Cells were either fixed straight away (-cold
treatment) or cold treated and then fixed (+cold treatment). Fixed cells were immuno-stained
for tubulin, Astrin and CENP-C.

B) Quantification of the percentage of kinetochores showing Astrin staining in (A). Each dot
represents one cell, data from 1 biological repeat. Bars show meant S.E.M.

C) Quantification of the percentage of kinetochores with-cold stable microtubules in (A). Each
dot represents one cell, data from 1 biological repeat. Bars show meant S.E.M.

D) Quantification of the percentages of kinetochores with Astrin foci or cold-stable microtubules
in (A). Each dot represents one cell, data from 1 biological repeat. Bars show mean + S.E.M.
Measurements from the same cell are paired, indicated by the lines between dots.
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A decrease in local concentration of Aurora B by inhibiting Haspin was insufficient
to stop MPS1 from localising to unattached kinetochores (Figure 18). This
observation alone is not consistent with a model whereby conformational changes
upon microtubule attachment to move Aurora B away from the outer kinetochore is
solely responsible for stopping MPS1 localisation. To investigate a more extreme
decrease in the level of Aurora B, the chromatin localisation of Aurora B can be
completely abolished by depleting Survivin [201]. HelLa cells expressing
endogenously tagged MPS1-GFP were treated with siGL2 or siSurvivin at different
concentrations and for different lengths of time to establish optimal depletion
conditions (Figure 21A). Survivin was efficiently depleted in all cases (Figure 21A).
For subsequent experiments the 48-hour timepoint was chosen to try and minimise
secondary effects of Survivin depletion. Following siRNA treatment, cells were
arrested with nocodazole and MG132, fixed, and stained for CENP-C, Aurora B, and
DNA (Figure 21B). As expected, Aurora B chromatin localisation was practically
undetectable in cells treated with siSurvivin (Figure 21B, C). MPS1 levels were
significantly reduced in cells treated with siSurvivin (Figure 21B, E), suggesting that
the localisation of Aurora B to chromatin is important for supporting MPS1
localisation. Many cells treated with siSurvivin showed roughly doubled DNA content
(Figure 21B, D), suggesting that Survivin was sufficiently depleted during the
previous mitosis to cause cytokinesis to fail. The fact that these cells had already
been through an aberrant mitosis prior to observation may have introduced
confounding variables which could have affected MPS1 localisation. MPS1 levels
did not decrease as drastically as when Aurora kinases were inhibited, or to the
levels at end-on attached kinetochores. It would be interesting to inhibit Aurora B in

a repeat of this experiment to see if MPS1 levels reduce further even when Aurora
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B is not localised to chromatin. Together, these observations suggest that the spatial
separation of Aurora B from substrates is not sufficient to control if a kinetochore will
or will not localise MPS1. Interestingly, they also suggest that centromeric
enrichment of Aurora B is not required for normal levels of MPS1 kinetochore

localisation.
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Figure 21 — Mitotic chromatin-localisation of Aurora B is required for robust MPS1 recruitment
to unattached kinetochores

A) Western blot of HelLa cells treated with the indicated amount of siGL2 or siSurvivin for the
indicated times. Membranes were probed for Survivin or Actin.

B) Hela cells expressing endogenously tagged MPS1-GFP were treated with siGI2 or
siSurvivin and arrested with nocodazole (2 h, 0.6 yM) and MG132 (30 min, 20 uM). Cells
were fixed and stained for Aurora B, CENP-C and DNA.
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C) Quantification of the total Aurora B signal on chromatin from cells in (B). Each dot represents
one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
D) Quantification of the total DNA signal from cells in (B). Each dot represents one cell, data
pooled from 3 biological repeats. Bars show meant S.E.M.
E) Quantification of the mean amount of MPS1 kinetochore localisation of cells in (B). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show mean+ S.E.M.
The assays so far have addressed the importance of centromeric Aurora B
enrichment for MPS1 recruitment at kinetochores which are already signalling. It is
possible that the transition between signalling and non-signalling states exhibits
hysteresis — requiring different thresholds of Aurora B activity depending on the
direction of the transition. To investigate if centromeric enrichment of Aurora B is
required for the rapid initiation of checkpoint signalling, a checkpoint-reactivation
assay was used [117] (Figure 22A). Here, cells are treated with MG132 to arrest
mitosis at metaphase. Following inhibitor treatment, a high dose of nocodazole is
added to cells to ablate microtubule attachments. The ability of these kinetochores,
which are transitioning from an attached to unattached state, to recruit MPS1 is then
observed. Without any inhibition, MPS1 was robustly localised to kinetochores
following nocodazole treatment (Figure 22B, C). Addition of Aurora B inhibitor prior
to addition of nocodazole resulted in nearly undetectable levels of MPS1, as
expected (Figure 22B, C). Inhibition of Haspin resulted in an intermediate level of
MPS1 recruitment, suggesting that centromeric enrichment of Aurora B supports
rapid and/or robust MPS1 recruitment at the initiation of checkpoint signalling. It
would be interesting to observe the kinetics of MPS1 recruitment in this assay to

see if there is a lag in recruitment and/or differences in the level of MPS1 recruited

following nocodazole addition.
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Figure 22 — Centromeric enrichment of Aurora B is required for robust MPS1 localisation
during the initiation of checkpoint signalling

A)

B)

Schematic of experiment. Cells are arrested with attached kinetochores using MG132, and
then treated with a high dose of nocodazole to rapidly generate unattached kinetochores.
Hela cells with endogenously tagged MPS1-GFP were arrested with MG132 (90 min, 20
pM), treated with DMSO, AurBK-i (ZM447439, 10 min, 10 yM), or Haspin-i (5-iodotubercidin,
10 min, 10 uM), and subsequently treated with nocodazole (6.6 mM, 5 min). Cells were fixed
and immuno-stained for and CENP-C.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (B). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
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The previous observations raise the interesting possibility that different thresholds
of Aurora B activity might be required for MPS1 localisation and destabilisation of
kinetochore-microtubule attachments to occur. That is to say that lower levels of
Aurora B activity seem to support localisation but alter the steady-state level of
attachments in a monopolar spindle (Figure 18). If this is true, then increasing
concentrations of Aurora B inhibitor should produce increases in kinetochore-
microtubule attachments, and decreases in MPS1 localisation, at different
thresholds. To this end, a titration of Aurora B inhibitor ZM447439 was performed on
HelLa cells expressing endogenously tagged MPS1-GFP (Figure 23). As a readout
for MPS1 localisation, cells were arrested in nocodazole and MG132 prior to
inhibition to ensure microtubule attachment was not a confounding variable (Figure
23A). Cells treated in this manner were also stained for H3pS10 — a canonical
Aurora B substrate, as independent confirmation of Aurora B inhibition. To assess
the level of stable end-on attachments, cells were arrested in STLC and MG132
prior to Aurora kinase inhibition and stained for Astrin to allow the percentage of
Astrin-positive kinetochores to be quantified (Figure 23B). As anticipated, increasing
concentrations of ZM lead to the disappearance of H3pS10 signal (Figure 23A, C)
with an ICso of ~2uM (Figure 23C). MPS1 levels also decreased as ZM concentration
increased (Figure 23A, B, C) with an ICso of ~3uM (Figure 23C). Interestingly,
increases in the number of kinetochore-microtubule attachments were apparent
from a very low level of Aurora B inhibition, with an ICso of ~0.6uM (Figure 23B, C).
These data support the idea that different thresholds of Aurora B activity may be
required for error correction and MPS1 localisation. However, it should be noted that
ZM447439 will also inhibit Aurora A at higher concentrations. This may in turn

influence kinetochore-microtubule attachments as Aurora A has important roles in
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regulating spindle size [267]. Therefore, this line of inquiry warrants further

investigation with more specific Aurora B inhibitors before drawing firm conclusions.
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Figure 23 — The steady-state level of end-on attachments is more sensitive to Aurora B
inhibition than MPS1 localisation is

A) Hela cells expressing endogenously tagged MPS1-GFP were arrested with nocodazole (2
h, 0.6 yM) and MG132 (30 min, 20 pyM). Cells were treated with the indicated concentration
of ZM447439 for 15 min prior to fixation and staining for H3pS10, CENP-C and DNA. Them
mean+S.D. of MPS1KT or total H3pS10 signal per condition is shown within the relevant
image.

B) Hela cells expressing endogenously tagged MPS1-GFP were arrested with STLC (2 h, 10
pMM) and MG132 (30 min, 20 uM). Cells were treated with the indicated concentration of
ZM447439 for 15 min prior to fixation and staining for Astrin, CENP-C and DNA. The
meantS.D. percentage of kinetochores with Astrin staining is shown within the relevant
image.

C) Dose-response curves from (A) and (B).
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The basis by which microtubule attachment causes MPS1 to stop localising to
kinetochores remains unclear. The data thus far suggest that a simple reduction in
the local levels of Aurora B, as might be expected by a conformational change of
the kinetochore upon microtubule binding, is insufficient to stop MPS1 recruitment.
Additional changes based around a conformational change of the kinetochore, such
as regulation of substrate availability, or changes in PP2A-B56 activity, could also
participate in the loss of MPS1. What is different between those rarely observable
end-on attached kinetochores which recruit MPS1 and those which don’t may be
insightful (Figure 2). To investigate if end-on attached kinetochores with MPS1
display conformational differences from those which do not recruit MPS1, the
average distance between CENP-C and the N-terminal CH domain of HEC1 was
measured at individual kinetochores. This technique has been used to show that
microtubule binding alone is sufficient to induce conformational changes in HEC1

[192] (Figure 24A.).

These distances (sub-100nm) are well below the diffraction limit of light microscopy.
Thus, the technique relies on labelling 2 kinetochore proteins with different
fluorophores and finding the centroids of the resulting diffraction-limited foci. These
centroids can be determined with nm-scale precision, and thus used to determine
the average distance between the 2 populations of proteins at single kinetochores.
Chromatic aberrations heavily impact the precision of this technique, and the data
presented here was corrected for chromatic aberrations using the software
Chromagnon [269,270]. Here, samples with the same target labelled in two different
channels are used to calculate differences in translation, rotation, and magnification
between the two channels. The resultant transform can then be applied to raw

images to counteract the relative positional error between channels caused by
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chromatic aberrations. Furthermore, kinetochores which had a larger than 50nm
displacement in the z-axis were discarded from analysis, due to the increased error

introduced by the poor spatial resolution inherent to this axis.

To test the technique, Hela cells expressing endogenously tagged MPS1-GFP were
arrested with nocodazole (unattached kinetochores, no tension), MG132 (attached,
tensioned kinetochores), and STLC (mix of attachment statuses, no tension). Cells
were stained with a polyclonal CENP-C antibody, and a monoclonal antibody
against the N-terminal CH domain of HEC1. A subset of coverslips were stained for
HEC1 with secondary antibodies in both the red and far-red to correct for chromatic
aberration. After correction, the mean distance between HEC1 and HEC1 in control
cells was 29.6nm (Figure 24B). The expected value for this measurement is Onm,
and thus 29.6nm represents the noise floor of this technique. In the absence of
microtubule attachment (a nocodazole arrest), the mean distance between CENP-
C and HEC1 was 44.8nm (Figure 24B). At attached, tensioned kinetochores this
distance was increased to 72.6nm (Figure 24B). This change of 27.8nm is very close
to the 25.3nm change observed by a recent study using a state-of-the-art iteration
of this technique [192]. In STLC, due to the mix of attachment states, one would
expect to see a bimodal distribution of unattached (44.8nm) and attached (72.6nm)
populations. Unfortunately, this was not the case, likely due to the high variance of
the measurements. Rather the measurements from STLC-arrested cells were
normally distributed, with a mean distance of 51.9nm (Figure 24B). Thus, trying to
confidently assign the distance between CENP-C and HEC1 at the rare end-on
attached MPS1-positive kinetochores is not feasible. The use of ultrastructure

expansion microscopy [271] to physically enlarge kinetochores did not solve this
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issue (data not shown). Consequently, this line of inquiry was deemed not worth

pursuing.

A

+Microtubule [o=NXeX. M

~57nm
B
120 =
110 ¢ . .
£ 100= ¢ . 2 :
[ Fd 3 °
~ = ¥ » L . ° °
023- . REB g
o . . o8 S a LB
Z 70_ """"'. """ é "'§"%"g"s"'£{.’"‘ "'?""!"'3""."" 726nm
Ll 60= = ° Qo * - g ‘:‘ by
O 3r2~, ---------- &‘% R S & --dle-- 51.9nm
' 50 2 a0 ; =+
3 ° -
5 40 &4'2,-1?’. - I N I 44.8nm
Al = ; ° ° s - [ 3 o
Q s+ §g ---------------- % .-’f;*f:; 4 29.6nm
104 ¥ B et
0 | O I I D I O I D I I L
NTvT DO .Y.Y N9 %% Kk b o A
DTN NGO OO O O OO
(}‘K (}* O N AT A A AR
&Y TR L
%O

Figure 24 — Intrakinetochore distance measurements

A) Schematic showing conformational changes in HEC1 upon microtubule binding and the
associated distances reported by [192].

B) Plot of distance measurements across conditions and cells. Each dot represents one
kinetochore. Data from nocodazole arrested cells are pooled due to low n numbers of
kinetochores aligned along the lateral plane in this condition. Bars show error + S.E.M.

158



Results 2 - Revisiting the molecular mechanism of
how MPS1 binds kinetochores

The relative binding contributions of the NTE and MR are activity

dependent

Understanding the molecular detail of how MPS1 binds to kinetochores is necessary
for understanding how MPS1 kinetochore-binding is regulated. Two separate
molecular interactions have been implicated in how MPS1 binds to the kinetochore.
The first interaction is between the NTE and HEC1, and the second interaction is
between the MR and NUF2 [134,164,168]. As HEC1 and NUF2 are obligate binding
partners, and the NTE and MR are distinct domains, it is theoretically possible for
both interactions to occur simultaneously. In vivo the interaction between the NTE
and HEC1 is thought to be the most important [131,134]. Indeed, the deletion of the
entire MR has been reported to have no effect on MPS1 localisation [134]. The
seeming lack of requirement for the MR is puzzling, given that phosphorylation of
S281 in the MR by CDK1-Cyclin B is a pre-requisite for MPS1 localisation [117].
There are two solutions to this apparent contradiction. One is that the MR inhibits
MPS1 localisation unless it is phosphorylated — thus deletion of the MR or phospho-
mimetic mutation of S281 would support MPS1 localisation. The other solution is
that there are different requirements for the MR depending on the activity status of
MPS1. This is because experiments whereby the MR was deleted were done in the
presence of MPS1 inhibitor reversine, whereas experiments with S281A mutants
were done without MPS1 inhibition. Therefore, it would be insightful to directly

compare MPS1 constructs lacking the MR (MPS12MR) NTE (MPS1260), or with

159



S281A mutations (MPS1521A MPS15281D) " in the presence or absence of MPS1

inhibitor (Figure 25A).

As in previous experiments, an RNAIi rescue assay was performed to replace
endogenous MPS1 with these various GFP-MPS1 transgenes. As expected,
endogenous MPS1 could be successfully replaced with the GFP-MPS1 transgenes
(Figure 25B). Additionally, two clones of each mutant were tested for induction and
subsequently used in future experiments (Figure 25C). The efficacy of MPS1
depletion was assessed by treating cells with siControl or siMPS1. Cells were
arrested with nocodazole and MG132, fixed, and stained for BUBR1 (Figure 25D).
Depletion of MPS1 was very effective — evidenced by the large reduction in BUBR1

kinetochore localisation to ~25% in almost all cells (Figure 25D, E).
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Figure 25 — Generation of MPS1 deletion and S281A phospho-mutant Flp-In cells

A) Schematic showing the main domains of MPS1 and location of S281. Domain boundaries
are indicated by amino acid number.

B) Anti-MPS1 Western blot of HeLa FIp-In TREX cells treated with siMPS1 or siControl and *

doxycycline (2 uM) to induce GFP-MPS1 transgene expression for 48 hours. Actin is used
as a loading control.

C) Anti-MPS1 Western blot of HeLa Flp-In TREXx cells treated with + doxycycline (2 uM) to
induce GFP-MPS1 transgene expression for 48 hours. Actin is used as a loading control.
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D) Hela Flp-In TREx cells were treated with siMPS1 or siControl for 48 hours. Cells were
arrested with nocodazole (2 h, 0.6 yM) and MG132 (30 min, 20 uM), fixed, and stained for
BUBR1 and CENP-C
E) Quantification of the mean amount of BUBR1 kinetochore localisation of cells in (D). Each
dot represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
The localisation of these mutants with and without MPS1 inhibitor to unattached
kinetochores was examined by IF. Cells were arrested in mitosis in the absence of
microtubules by treatment with nocodazole and MG132, and treated with or without
MPS1 inhibitor prior to fixation (Figure 26). Cells were fixed and stained for the
kinetochore protein CENP-C, and checkpoint protein BUBR1 to assess any potential
downstream consequences of changes in MPS1 localisation (Figure 26A). For ease

of comparison, the levels of kinetochore-localised MPS1 with and without MPS1

inhibitor are presented separately (Figure 26B, C) and together (Figure 26D).

Without MPS1 inhibitor, MPS1WT |ocalised to kinetochores as expected (Figure 26A,
B, D). Surprisingly, deletion of the NTE did not change the level of MPS1 localisation
(Figure 26A, B, D). This result was unexpected given that the NTE has been
reported to be necessary for MPS1 kinetochore-localisation [90,131,134,147] (albeit
in truncated forms of MPS1 or under conditions of MPS1 inhibition). Conversely,
deletion of the MR, or S281A mutation, showed a significant decrease in MPS1
levels (Figure 26A, B, D), as has previously been reported for MPS15281A[117]. There
was no significant difference between MPS1528'0 and MPS1WT, as previously
reported [117] (Figure 26A, B, D). All constructs were able to recruit BUBR1 to the
same level (Figure 26A, E), suggesting that these changes in MPS1 localisation are
not severe enough to prevent phosphorylation of MELT motifs. A construct lacking
the entire kinetochore-binding domain (amino acids 1-305) would have been useful

as a negative control for MPS1 kinetochore-localisation.
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To investigate if the localisation pattern of the mutants was different in conditions of
MPS1 inactivity, cells were treated with MPS1 inhibitor. Upon MPS1 inhibition,
BUBR1 localisation was significantly reduced in all mutants, showing that MPS1 had
been efficiently inhibited (Figure 26A, E). MPS1WT |ocalised 2x as strongly with
inhibitor, as expected (Figure 26A, C, D). MPS12¢° |ocalised more weakly under
these conditions (Figure 26A, C, D). This observation is consistent with the idea that
activity-dependent changes in MPS1 localisation are mediated through auto-
phosphorylation of the NTE. Strikingly, both MPS12MR and MPS1528'A |ocalised
strongly upon addition of MPS1 inhibitor, despite extremely weak localisation in the
absence of MPS1 inhibitor (Figure 26A-D). This localisation was not as strong as
inhibited MPS1WT, although this was only significantly different for MPS15281A,
Inhibited MPS15281D |ocalised to the same extent as inhibited MPS1WT (Figure 26A,

C, D).

These data show that seemingly conflicting data on the requirement for S281
phosphorylation, and the dispensability of the MR, and are reconcilable through the
conditions under which the experiments were performed — namely with or without
MPS1 inhibition. In unperturbed conditions (no MPS1 inhibitor), the presence and
phosphorylation of the MR contribute greatly to MPS1 localisation, whereas the NTE
appears dispensable. Alone, these observations would implicate the MR as the main
kinetochore-binding domain. However, the addition of MPS1 inhibitor shows the MR
to be dispensable for kinetochore localisation, whereas the NTE appears to be the
main kinetochore-binding domain. This difference in the contribution of the NTE and
MR is potentially explainable by the status of NTE phosphorylation. Under non-
inhibited conditions, MR-binding seems to predominate, perhaps as the NTE

exhibits a level of phosphorylation which decreases its affinity for the kinetochore
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(Figure 5). Conversely, in conditions of MPS1 inhibition the dephosphorylated NTE
may bind the kinetochore more strongly, to the extent that contributions from the MR

are no longer needed.
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Figure 26 — Kinetochore-binding domain contributions to MPS1 localisation are activity-
dependent

A)

B)

C)

D)

E)

HelLa Flp-In TREx cells depleted of endogenous MPS1 and expressing GFP-MPS1
transgenes were arrested with nocodazole (2 h, 0.6 yM) and MG132 (30 min, 20 yM) and
treated with (bottom) or without (top) MPS1i (AZ3146, 10 min, 2 uM). Cells were fixed and
immuno-stained for CENP-C and BUBR1.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A) treated
without MPS1 inhibitor. Each dot represents one cell, data pooled from 3 biological repeats.
Bars show meant S.E.M.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A) treated
with MPS1 inhibitor. Each dot represents one cell, data pooled from 3 biological repeats.
Bars show meant S.E.M.

Quantification of the mean amount of MPS1 kinetochore localisation of cells in (A). Each dot
represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
Quantification of the mean amount of BUBR1 kinetochore localisation of cells in (B). Each
dot represents one cell, data pooled from 3 biological repeats. Bars show meant S.E.M.
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Investigating binding between MPS1 and the NDC80-C in vitro

To further investigate the contributions of the various domains and their
phosphorylation status, in vitro binding assays between MPS1 and the NDC80
complex would be insightful. Other studies have used purified HEC1 or NUF2, or
truncated NDC80-C constructs. The two most widely used truncated NDC80-C
constructs are “bonsai” and “broccoli”. Bonsai comprises fusions of HEC1-SPC25,
and NUF2-SPC24, such that their globular domains are linked by truncated coiled-
coil domains [57] (Figure 27A). Broccoli contains HEC1 and NUF2, with their C-
terminal coiled-coiled region slightly truncated [272] (Figure 28A). NDC80B°"sa' was
successfully purified to a high level of purity from E. coli (Figure 27). Size exclusion
chromatography revealed that the two peptides formed a soluble complex as

expected (Figure 27B, C).

NDC80Bccoll  was purified in a similar manner, although suffered a major
contaminant at ~70kDa — most likely HSP70 (Figure 28). Moving forward, it was
decided that the pure, soluble NDC808°"s@ would be preferable to use in binding

assays.
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Figure 27 — Purification of NDC80-CBonsai
A) Schematic of the GST-NDC80-CBos@ construct.

B) Chromatogram of affinity-purified NDC80-CBorsal,. GST-NDC80-CBosa was affinity purified
from E. coli on glutathione-sepharose, eluted by on-bead cleavage with Prescission
protease, and subject to size exclusion chromatography on a HiLoad Superdex 16/600 G75

column.
C) Coomassie gel of fractions collected at the indicated
indicated in green were pooled and concentrated.
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D) Coomassie gel of 2 ug of SEC purified NDC80-CB°s@' from (C).
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Figure 28 — Purification of NDC80-CBroceo
A) Schematic of the NDC80-CBoceell construct.

B) Chromatogram of affinity-purified NDC80-CBroceeli. NDC80-CBroceell was affinity purified from
E. coli on Ni-NTA agarose, eluted with imidazole, dialysed overnight, and subject to size
exclusion chromatography on Superdex 200 10/300 column.
C) Coomassie gel of fractions collected at the indicated elution volume from (B). Fractions
indicated in green were pooled and concentrated.
D) Coomassie gel of 2 ug of SEC purified NDC80-CBce from (C).
The in vivo assays presented so far show that auto-phosphorylation of the NTE alter
the level to which MPS1 localises to unattached kinetochores (Figure 5). Similarly,
differences in localisation strength were observed for MPS1528'A and constructs
lacking the NTE or MR (Figure 26). It would therefore be expected that such
constructs would have different binding strengths for HEC1 and/or NUF2. To
investigate the ability of MPS1 constructs to bind NDC80-C, a pulldown assay
between immunoprecipitated GFP-MPS1 constructs and purified NDC808B°nsai was
performed, like other studies [134,165]. GFP-MPS1 constructs, or GFP alone, was
immunoprecipitated on Protein G Dynabeads as previous (Figure 10). Following
blocking or no blocking with BSA, beads coated in the GFP species were incubated
with NDC808Bersai gt a 10:1 molar ratio, before gentle washing and analysis by SDS-
PAGE. From the input lanes, the various GFP constructs were immunoprecipitated
with roughly equal efficiency (Figure 29A, Inputs). Unfortunately, in all cases,
including the negative control, NDC808B°s@ (indicated by bands for HEC1-SPC24
and NUF2-SPC25) bound strongly to the beads (Figure 29A, IP lanes). These
results indicate that the beads are likely too sticky for this assay, and an alternative

approach should be used. Other studies have used NDC80-CBer@ as bait in such

assays with more success [165].
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Figure 29 — Attempt at co-immunoprecipitation assay using purified GFP-MPS1 and NDC80-
CBonsai

A) Protein G Dynabeads were used to immunoprecipitate the indicated GFP construct from
mitotic HEK293T cells as in Figure 9. Beads coated in GFP/GFP-MPS1 were incubated at
a 10:1 molar ratio with purified NDC80-CB°"s? for 2 hours at 4°C. After washing, beads were
boiled in sample buffer, run on and SDS-PAGE gel, and bound proteins were visualised by
Coomassie stain. The assay was performed with or without pre-incubation of the GFP-
coated beads with BSA as a blocking step.
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To generate MPS1 constructs with different, or no, tags for use in binding assays,
full-length MPS1 or the kinetochore-binding domains (amino acids 1-305) of MPS1
were purified. MPS1'-3% was purified from E. coli as a GST-fusion protein to a
moderate level of purity (Figure 31). Full-length MPS1WT and MPS1XP was
successfully purified from insect cells (Figure 32). SEC-MALS of MPS1VT revealed
possible monomeric and dimeric populations of MPS1, consistent with the notion
that MPS1 can dimerise [92,132] (Figure 32B, C). The purification of these soluble
MPS1 constructs lay the groundwork for future work investigating the binding

interactions between MPS1 and NDC80-C.
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Figure 30 — Purification of GST-MPS1'-3% from bacteria
37 —
A) Schematic of the GST-MPS1'-3% construct.
B) Coomassie stained gel showing the affinity purification of GST-
MPS1'"-305 on Glutathione-Sepharose. Elutions were performed by
the addition of reduced glutathione.
o5 N C) Coomassie stained gel loaded with 1 pg of pooled, dialysed, and
s concentrated elution fractions.
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Figure 31 — Purification of MPS1YT and MPS1XP from insect cells

A) Coomassie stained gel loaded with MPS1VT and MPS1XP purified from insect cells. Sf9 cells
transfected with baculovirus to cause expression of His-MPS1WT or His-MPS1KP were lysed
and centrifuged to remove cell debris. His-tagged proteins were purified by affinity
chromatography on Ni-NTA agarose. Elutions were performed by addition of imidazole.
Elution fractions were pooled and dialysed overnight in the presence of TEV protease to
remove the His-tag. Dialysed samples were concentrated and purified further by size
exclusion chromatography on a Superose 6 10/300 GL column. Fractions of interest were
pooled and concentrated.

B) MPS1WT from (A) was analysed by SEC-MALS on a Superose 6 10/300 GL. The elution
profile is plotted, with corresponding molecular weights of eluting species as determined by
MALS.

C) Coomassie gel of fractions collected at the indicated elution volume from (B).
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Revisiting the role of MPS1 in error correction

MPS1 inhibition does not produce a phenotype which suggests

defects in error correction

The role of MPS1 in error correction is not fully clear. The first report of a role for
MPS1 in error correction in human cells was that inhibition of MPS1 led to the
stabilisation of syntelic attachments [231]. In subsequent studies using monastrol
washout assays (Diagram 18), inhibition or depletion of MPS1 has been reported to
cause phenotypes more reminiscent of defects in congression than error-correction
[93,165] - namely, uncongressed chromosomes without microtubule attachments.
Despite this, MPS1 has been shown to have a direct role in error correction when

ectopically recruited to attached kinetochores [235].

To verify the phenotype of MPS1 inhibition on error-correction a monastrol washout
experiment was performed [232-234] (Figure 32). Here, cells are arrested using
monastrol — which like STLC inhibits kinesin 5 to arrest cells with a monopolar
spindle [232]. Consequently, cells exhibit a range of attachment geometries (Figure
32A). The monastrol is then removed by washing the cells with media — allowing
spindle bipolarity to recover in the presence of MG132 to prevent anaphase entry.
The ability of chromosomes to congress to the metaphase plate, and for the aberrant
attachment geometries to be corrected, can then be assessed (Figure 32A). As a
positive control for the assay, cells were released into DMSO such that error
correction and congression could occur unperturbed. As a negative control, cells
were released into Aurora B inhibitor. Release in the absence of inhibition resulted
in the formation of metaphase plates with few unaligned or unattached kinetochores

(Figure 32B-D). Inhibition of Aurora B predictably caused massive defects in error
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correction [234]. While most kinetochores were attached to microtubules, an
abundance of these attachments were to the same spindle pole — causing
misalignment of these chromosomes with syntelic attachments (Figure 32B-D).
Release into MPS1 inhibitor resulted in the alignment of most chromosomes to the
metaphase plate, but a small proportion of kinetochores remained at the spindle
poles, without microtubule attachment (Figure 32B-D). This phenotype is
reminiscent of a CENP-E inhibition as has been previously noted [93,165]. Together
these observations confirm that simple inhibition of MPS1 does not produce defects
in error correction, despite the clear evidence for the direct involvement of MPS1 in

error correction in other situations.
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Figure 32 — Different phenotypes from perturbation of MPS1 and Aurora kinases in a monastrol
washout

A. Schematic showing the principle behind a monastrol washout experiment. Monopolar
spindles generate attachment errors. After washout of monastrol, spindle bipolarity recovers
and the ability of cells to congress chromosomes and correct attachment errors is assessed.

B. Hela cells were arrested in monastrol (100 uM, 16 h). The proteasome was inhibited with
MG132 (30 min, 20 yM) prior to several rounds of media replacement to remove monastrol.
Cells were released into media containing the indicated drug and allowed to recover for 60
minutes before cold treatment, fixation, and staining for CENP-C, Tubulin, and DNA.

C. Quantification of the number of kinetochores with cold-stable microtubules from cells in (B).
Data pooled from 2 biological repeats. Bars show mean + S.E.M.

D. Quantification of the number of unaligned kinetochores and their attachment status. Data
pooled from 2 biological repeats. Bars show mean + S.E.M. n = 20.
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MPS1 and Aurora B cooperate to destabilise kinetochore-

microtubule attachments

Direct evidence for the role of MPS1 in error-correction comes from experiments
where it was rapidly ectopically localised to MIS12 [235]. In such an instance, the
metaphase plate was seen to quickly fragment as MPS1 destabilised kinetochore-
microtubule attachments [235]. The observation that MPS1 can be localised to
attached-kinetochores through its endogenous binding partner via rapamycin-
mediated recruitment of Aurora B provided another system to examine this
phenomenon (Figure 15). HelLa cells expressing endogenously tagged GFP-MPS1
and the INCENP rapamycin-targeting system were arrested at metaphase and then
treated with rapamycin. The recruitment of INCENP and GFP-MPS1, and the
subsequent stability of the metaphase plate was observed by live cell imaging
(Figure 33A). Recruitment of INCENP and GFP-MPS1 was near instantaneous
upon addition of rapamycin, as previously established with fixed cell imaging (Figure
33A, B). After a few minutes, the metaphase plate fragmented as microtubule-
kinetochore attachments were destablised (Figure 33A, B). This is unsurprising
given that both Aurora B and MPS1 promote error correction. Curiously,
chromosomes typically stayed attached to one spindle pole and were pulled toward
said spindle pole (data not shown). This observation is in line with a report
suggesting that Aurora B only promotes the release of microtubules at kinetochores
under tension — instead promoting microtubule depolymerisation at

tensionless/monotelic attachments [273].

To probe the role of MPS1 in this process of microtubule release, the experiment
was repeated with and without MPS1 inhibitor (Figure 33C). As previous, in control
cells the metaphase plate fragmented after a few minutes of rapamycin addition
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(Figure 33C, D). This was markedly slowed when MPS1 was inhibited,
demonstrating that even when large amounts of Aurora B were ectopically localised
to the outer kinetochore, MPS1 activity still played a major role in destablising
microtubule attachments (Figure 33C, D). These observations constitute further
direct evidence that MPS1 works alongside Aurora B to cause microtubule turnover

in a timely manner, alongside that already reported [235].
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Figure 33 — MPS1 acts in concert with Aurora B to destablise kinetochore-microtubule
attachments

A) HelLa cells expressing endogenously tagged MPS1-GFP and the Aurora B
kinetochore-targeting system were arrested with MG132 (30 min, 20 yM) and
imaged by live-cell microscopy. Tubulin and DNA were visualized with SiR-Tubulin
and Hoechst. Rapamycin (500 nM) was added at the indicated timepoint.
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B)

C)

Quantification of (A). The level of mCherry-FRB-INCENP or MPS1 at kinetochores,
and the percentage of misaligned chromosomes are plotted over time as mean
values + S.E.M.

HelLa cells expressing endogenously tagged MPS1-GFP and the Aurora B
kinetochore-targeting system were arrested with MG132 (30 min, 20 pM) and
imaged by live-cell microscopy in the presence (+MPS1i) or absence (-MPS1i) of
MPS1i (AZ3146, 2 uM). Tubulin and DNA were visualized with SiR-Tubulin and
Hoechst. Rapamycin (500 nM) was added at the indicated timepoint.

Quantification of (C). The percentage of misaligned chromosomes over time are
plotted as mean values £ S.E.M.
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Changes in PP2A-B56 recruitment upon MPS1 inhibition

counterbalance the microtubule-destabilising function of MPS1

Given that MPS1 clearly contributes to the destabilisation of kinetochore-
microtubule attachments [235] (Figure 33), it is surprising that inhibition of MPS1
does not give rise to syntelic chromosomes in a monastrol washout [93,165] (Figure
32). This may be a result of other consequences of inhibiting MPS1 — specifically a
drop in kinetochore-localised PP2A-B56 (Figure 12). Here, the loss of attachment-
destabilising MPS1 activity would be counteracted by the loss of attachment-

stabilising PP2A-B56 activity.

MPS1i
S T @

Kinetochore-microtuble
attachment stability

— MPS1i

®

Diagram 20 — MPS1 inhibition may have both positive and negative effects on kinetochore-
microtubule attachment stability. Aurora B and MPS1 activity destabilises kinetochore-microtubule
attachments (top arrows). However, MPS1 activity causes the recruitment of PP2A-B56, leading to
the stabilisation of attachments (bottom arrows). MPS1 activity may therefore have opposite effects
on attachment stability via these two pathways, both of which would be affected by MPS1 inhibition.
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To perturb the balance of MPS1 and PP2A-B56, it would be preferable to affect the
activity of one enzyme more than the other without inhibiting MPS1. An increase in
the total level of MPS1 activity will push the balance of MPS1 - PP2A-B56 toward
MPS1 activity. This is essentially what has been observed for the ectopic recruitment
of MPS1 to the metaphase plate [274]. A simple strategy to increase the level of
MPS1 activity is to overexpress MPS1. HelLa cells with randomly integrated GFP-
MPS1 under a doxycycline-inducible promoter were used to overexpress MPS1
(Figure 34). To assess the effect of overexpressing MPS1 on the steady-state levels
of kinetochore-microtubule attachments, cells were arrested with a monopolar
spindle with or without induction of GFP-MPS1 expression. The number of cold-
stable microtubule attachments or Astrin-positive foci was used to quantify the
percentage of end-on attachments (Figure 34). Using both metrics, the proportion
of kinetochores with end-on attachments was significantly decreased upon induction
of GFP-MPS1 overexpression (Figure 34). These observations provide further
evidence that MPS1 contributes to the destabilisation of kinetochore-microtubule
attachments. Furthermore, they support the notion that the increase in microtubule-
attachment stability upon MPS1 inhibition is balanced by a decrease in stability from

loss of PP2A-B56.
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Figure 34 — Overexpression of MPS1 is sufficient to disrupt the proportion of
end-on attachments in a monopolar spindle

A) HelLa cells harbouring randomly integrated, inducible GFP-MPS1 were
treated with or without doxycycline (24 h, 2 yM) and arrested with monastrol
(100 pM, 16 h) and MG132 (30 min, 20 pM). Cells were fixed and stained for
BUBR1, CENP-C, and Kinastrin.

B) Quantification of the percentage of kinetochores with Astrin foci in (A).

C) HelLa cells harbouring randomly integrated, inducible GFP-MPS1 were
treated with or without doxycycline (24 h, 2 yM) and arrested with monastrol
(100 uM, 16 h) and MG132 (30 min, 20 uM). Cells were cold treated, fixed,
and stained for Tubulin, CENP-C, and DNA.
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D) Quantification of the percentage of kinetochores with cold-stable
microtubules in (B).

An alternative, and more insightful strategy, to unpick the relative contributions of
MPS1 and PP2A-B56 to attachment stability is to examine the effect of MPS1
inhibition on attachment stability in the absence of kinetochore-bound PP2A-B56.
This approach removes the microtubule-stabilising PP2A-B56 pathway, allowing the
effect of MPS1 inhibition on attachment stability to be isolated. To remove this factor,
the BUBR1 B56-binding mutant can be used as previous (Figure 14). A summary of
the different combinations of PP2A-B56 presence and MPS1 inhibition are outlined

below.

In the absence of perturbations (wildtype BUBR1 and no MPS1 inhibition), Aurora
B and MPS1 will destabilise attachments. MPS1-dependent recruitment of PP2A-
B56 will oppose this activity of Aurora B and MPS1 (Diagram 21A). Inhibition of
MPS1, in the presence of BUBR1WT, will disrupt MPS1 destabilisation of
attachments, and cause the loss of PP2A-B56 (Diagram 21B). The loss of PP2A-
B56 will result in Aurora B activity being unopposed. Removing kinetochore-
localised PP2A-B56 using BUBR1YA* will disrupt PP2A-B56 opposition of Aurora B
and MPS1, while maintaining the destabilising activity of these kinases (Diagram
21C). Inhibition of MPS1 in the presence of BUBR1YA* will remove the MPS1
destabilising activity from the system (Diagram 21D). In summary, this experimental
design enables the two opposing pathways by which MPS1 regulates attachment

stability to be separated.
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Diagram 21 — Network diagrams of the relationships between Aurora B, MPS1, and PP2-B56
regarding attachment stability. Transparent lines represent abrogated interactions. See main text for
full detail.

HelLa Flp-In cells harbouring GFP-BUBR1WT or GFP-BUBR1"A* were treated with
siBUBR1 or siControl, and with or without doxycycline induction (Figure 35A).
Endogenous BUBR1 could be efficiently replaced using this strategy. As a control
for BUBR1 depletion, cells were treated with siControl or siBUBR1, arrested with
monastrol, and stained for BUBR1 (Figure 35B). BUBR1 was practically
undetectable in most cells upon treatment with siBUBR1, confirming the efficacy of
the depletion (Figure 35B, C). To assess kinetochore-microtubule attachment
stability, the number of end-on attachments were examined in a monopolar spindle
(Figure 35D, F) or following monastrol washout (Figure 35E, G), with and without

MPS1 inhibition.

First, the result on steady-state levels of attachments in a monopolar spindle will be
described. In cells expressing endogenous BUBR1 (mock depletion and no
induction) the level of Astrin-positive kinetochores was unchanged following MPS1
inhibition (Figure 35D, F). The same was true for cells depleted of endogenous
BUBR1 and expressing GFP-BUBR1"T, demonstrating that chemical inhibition of
MPS1 has no effect on the steady-state level of end-on attachments in a monopolar
spindle (Figure 35D, F). These observations are consistent with the notion that the

attachment stabilising and de-stabilising activities of MPS1 are balanced.

Cells expressing GFP-BUBR1YA* displayed markedly reduced Astrin-positive
kinetochores as expected [159] (Figure 35D, F). In this scenario, inhibition of MPS1
now caused a significant increase in the number of Astrin-positive kinetochores
(Figure 35D, F). This observation demonstrates that MPS1 does destabilse

kinetochore-microtubule attachments, and this destabilising activity is usually
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counteracted by MPS1-dependent recruitment of PP2A-B56. Notably, the level of
Astrin-positive kinetochores here did not reach that of GFP-BUBR1WT. This may be
because inhibition of MPS1 does not reduce the levels of PP2A-B56 at kinetochores

as drastically as BUBR1A, However, this was not investigated.

Following monastrol washout, cells mock-treated or expressing GFP-BUBR1WT in
the absence of MPS1 inhibition efficiently made bioriented attachments to the
metaphase plate as expected (Figure 35E, G). Upon MPS1 inhibition in mock-
treated GFP-BUBR1"“T-expressing cells, a subset of unattached kinetochores
accumulated at spindle poles as previously seen (Figure 35E, G, Figure 32). GFP-
BUBR1YA4 expression resulted in a severe decrease in the number or kinetochore-
microtubule attachments, which was now increased by MPS1 inhibition (Figure 35E,
G). This result was not statistically significant owning to the high variance of the level
of end-on attachments made. However, the data presented here are from a single
biological repeat — the addition of future repeats will likely show a statistically
significant difference in phenotype. Notably, BUBR1YT and BUBR1YA* did not
display the same phenotype upon MPS1 inhibition (Figure 35F-H). The reason for
these differences is unclear, but may come down to the residual level of PP2A-B56
at kinetochores. This remains to be investigated. Together, these observations
further confirm that MPS1 does destabilise kinetochore-microtubule attachments,
but this activity is opposed, and hence masked, by MPS1-dependent recruitment of

PP2A-B56.
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Figure 35 — MPS1 activity has a dual role in causing microtubule-kinetochore stabilisation and
destabilisation

A)

B)

F)
G)

Anti-BUBR1 Western blot of HeLa Flp-In TREXx cells treated with siBUBR1 or siControl and
1 doxycycline (2 uM) to induce GFP-BUBR1 transgene expression for 48 hours. Actin is used
as a loading control.

Hela Flp-In TREX cells were treated with siBUBR1 or siControl, arrested with STLC (60 min,
10 uM) and MG132 (30 min, 20 uM), fixed, and stained for BUBR1 and CENP-C.
Quantification of the mean amount of BUBR1 kinetochore localisation of cells in (B). Each
dot represents one cell, data pooled from 3 biological repeats. Bars show median + .Q.R.
Hela Flp-In TREXx cells were treated with siControl (mock) or siBUBR1 and doxycycline (2
MM) to induce expression of GFP-BUBR1 WT or LIAA for 48 hours. Cells were arrested in
monastrol (100 uM, 16 h). The proteasome was inhibited with MG132 (30 min, 20 yM) prior
to the addition of DMSO or MPS1i (AZ3146, 2 uM, 60 min). Cells were fixed and stained for
CENP-C, Astrin, and DNA. The percentage of kinetochores with Astrin foci are plotted. Each
dot represents one cell, data from 1 biological repeat. Bars show mean + S.D.

Hela Flp-In TREXx cells were treated with siControl (mock) or siBUBR1 and doxycycline (2
MM) to induce expression of GFP-BUBR1 WT or LIAA for 48 hours. Cells were arrested in
monastrol (100 pM, 16 h). The proteasome was inhibited with MG132 (30 min, 20 yM) prior
to several rounds of media replacement to remove the monastrol. Cells were released into
media containing with or without MPS1i (AZ3146, 2 uM) and allowed to recover for 60
minutes before fixation, and staining for CENP-C, Astrin, and DNA. Each dot represents one
cell, data from 1 biological repeat. Bars show median + |.Q.R.

Representative cells from (D).

Representative cells from (E).
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Discussion

Direct competition between MPS1 and microtubules is not
sufficient to prevent MPS1 localising to end-on attached

kinetochores

MPS1 has a crucial conserved role in initiating spindle checkpoint signalling in
response to the presence of kinetochores which have not achieved end-on
attachment. Ensuring that MPS1 localises to unattached kinetochores and does not
bind to end-on attached kinetochores, is the basis of this function. Previous models
suggest that in human cells MPS1 and microtubules compete for binding sites at the
kinetochore — thus MPS1 is sterically blocked from binding the kinetochore upon
end-on attachment [134,164]. This study has provided evidence in five different
scenarios of robust MPS1 localisation to kinetochores with cold-stable microtubules
and/or Astrin foci, indicating end-on attachment. MPS1 can be seen at attached
kinetochores after; cold-treatment (Figure 1), inactivation of MPS1 (Figure 4, Figure
8, Figure 12), inhibition of PP2A/PP1 phosphatase activity (Figure 13), loss of
BUBR1-bound PP2A-B56 (Figure 14), and following the ectopic recruitment of
active Aurora B to the outer kinetochore (Figure 15). Together, these observations
demonstrate that additional mechanisms centred around phosphorylation control if
a kinetochore will localise MPS1, independent of end-on attachment [134,164]
(Diagram 22). This represents a fundamental shift in the understanding of how
MPS1 localisation, and thus the checkpoint-signalling status of a kinetochore, is

controlled.
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Diagram 22 — A model of changes in MPS1 localisation during end-on attachment (red arrows) and
error correction (green arrows).
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MPS1 activity feeds back onto MPS1 localisation behaviour

through two distinct mechanisms

There are at least two separable effects on MPS1 localisation from
inhibiting/inactivating MPS1 — N-terminal auto-phosphorylation, and the recruitment
of BUBR1-bound PP2A-B56. Firstly, auto-phosphorylation of the N-terminus of
MPS1 is responsible for fine-tuning the level to which MPS1 localises to unattached
kinetochores[171] (Figure 5). Mutation of all 8 auto-phosphorylation sites in the NTE
was sufficient to increase (MPS1N8A) or decrease (MPS1N8PE) MPS1 |ocalisation to
unattached kinetochores, and rendered MPS1 localisation insensitive to MPS11
inhibition (Figure 5). Thus, the long-standing observation that MPS1 inhibition
increases the level of MPS1 at kinetochores is explained in large part by
phosphorylation of the NTE, as was previously suggested [92,124,171]. However,
these mutations did not change the loss of MPS1 from kinetochores upon end-on
attachment (Figure 5) or their dependency on Aurora B activity (Figure 6). This
demonstrates that N-terminal auto-phosphorylation is subordinate to attachment
status. These mutants thus provide a tool to examine the consequences of having
different steady-state levels of MPS1 at checkpoint-active kinetochores. There was
little consequence on the level of BUBR1 recruitment or mitotic progression because
of having ~2.5 times as much MPS1 at unattached kinetochores. Conversely, having
~0.5x the normal level of MPS1 at unattached kinetochores did speed up
progression through mitosis, but did not have a significant effect on BUBR1

recruitment to unattached kinetochores (Figure 9).

The second effect on MPS1 localisation resulting from inactivation or inhibition of
MPS1 is the localisation of MPS1 to attached kinetochores (Figure 4). This suggests
that some MPS1 activity-dependent mechanism beyond N-terminal
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autophosphorylation feeds in to stopping MPS1 localisation to attached
kinetochores. MPS1 inhibition will result in the loss of checkpoint proteins — thereby
causing several changes in the local environment of the kinetochore. An attractive
candidate for what is lost upon MPS1 inhibition to cause MPS1 localisation to
attached kinetochores is BUBR1-bound PP2A-B56 [94-96,158,159,173]. Indeed,
direct chemical inhibition of PP2A and PP1 family phosphatases caused MPS1 to
localise strongly to attached kinetochores (Figure 13), as did the ablation of the B56-
BUBR1 interaction via point mutation of BUBR1 (Figure 14). To directly test this
hypothesis, it would be interesting to over-ride the MPS1 dependency of PP2A-B56
recruitment and see if inhibition of MPS1 still causes attached kinetochores to recruit
MPS1. Perhaps this could be achieved by localising PP2A-B56 to MIS12 using the
established rapamycin-dimerisation system [249]. Another difference between
abrogating MPS1 activity and perturbing N-terminal autophosphorylation was that
MPS1KP had a roughly doubled half-life compared to MPS1WT/NéA (Figure 9). It would
be interesting to see if the half-life of MPS1 is similarly increased in the absence of

BUBR1-bound PP2A-B56 by using the BUBR1 B56-binding mutants [159].

195



MPS1 localisation is controlled by Aurora B and PP2A-B56

downstream of microtubule attachment

Whether or not a kinetochore will recruit MPS1 is determined downstream of end-
on attachment by the opposing activities of Aurora B and PP2A-B56 (Diagram 22).
The inhibition of PP2A/PP1 phosphatases, or loss of the BUBR1-bound pool of
PP2A-B56, caused the accumulation of MPS1 at end-on attached kinetochores
(Figure 13, Figure 14). Thus, BUBR1-bound PP2A-B56, which is known to have
roles in dephosphorylating Aurora B and MPS1 targets, is required for kinetochores
to stop localising MPS1. As MPS1 localisation is dependent on Aurora B activity
[156,157], the relevant target(s) of PP2A-B56 here are likely to be those of Aurora
B. Rapidly recruiting active Aurora B to the outer kinetochore was sufficient to cause
MPS1 localisation prior to the loss of end-on attachment (Figure 15). This
demonstrates that Aurora B controls MPS1 localisation downstream of end-on
attachment and reinforces the notion that PP2A-B56 likely dephosphorylates Aurora

B targets to cause kinetochores to stop localising MPS1.

A crucial open question is what the substrate of Aurora B and PP2A-B56 is which
controls MPS1 localisation. MPS1 directly binds to HEC1 and NUF2 [131,134],
hence it would be reasonable to assume that these are the relevant target. In
particular, phosphorylation of HEC1 by Aurora B has been proposed to increase the
affinity of NDC80-C for MPS1, increasing MPS1 kinetochore localisation [134,168].
However, these observations could not be replicated by the Gruneberg group and
others, as phospho-null mutation of these sites did not prevent MPS1 localisation
[1,131,134]. Furthermore, these sites on HEC1 seem to be phosphorylated by
Aurora A at attached kinetochores in cells, as opposed to by Aurora B at unattached
kinetochores [267,268]. Therefore, HEC1 is unlikely to be the relevant target for
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determining MPS1 localisation. Mutation of Aurora kinase sites in NUF2 similarly
had no effect on MPS1 behaviour ([275], Gruneberg lab, unpublished). It is tempting
to speculate that Aurora B could phosphorylate MPS1 directly to control its
localisation. However, there is no evidence as yet that Aurora B phosphorylates
MPS1, and mutation of putative Aurora B sites in MPS1 in this study caused no
changes in the level of MPS1 localisation or dependency on Aurora B activity [129]
(Figure 17). Therefore, it remains unclear how the MPS1 localisation is coupled to

the activity of Aurora B and PP2A-B56.

Another exciting unanswered question is what aspect of end-on attachment causes
changes in the balance of Aurora B and PP2A-B56 to result in the loss of MPS1
recruitment. There are multiple mechanisms which may be at play which are not
mutually exclusive. Presumably an increase in PP2A-B56 levels would promote the
switch of the kinetochore to a state which does not localise MPS1. However, PP2A-
B56 levels are decreased at attached kinetochores following the loss of MPS1, and
the subsequent decrease in BUBR1 levels (Figure 12). PP1 phosphatases are
recruited to attached kinetochore by multiple pathways. However, in human cells
depletion of PP1 does not cause major issues in checkpoint silencing or prevent

MPS1 loss from attached kinetochores ([275], Gruneberg lab unpublished).

A drop in Aurora B activity or concentration could similarly cause the kinetochore to
transition into a state in which MPS1 does not localise. A conformational change in
the kinetochore which physically separates Aurora B (at the centromere) from its
substrates (presumably at the outer kinetochore) could cause a drop in the local
concentration of Aurora B. Indeed, microtubule binding alone is proposed to alter
the conformation of HEC1 [192]. However, an attempt to simulate a decrease in

Aurora B by rapidly ablating the centromeric enrichment of the CPC was insufficient
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to cause kinetochores to stop MPS1 (Figure 18). Therefore, a model in which spatial
separation of Aurora B from kinetochore substrate upon microtubule binding is the
sole mechanism of preventing MPS1 localisation to attached kinetochores is unlikely
to be true. Interestingly, the centromeric enrichment of Aurora B does seem
necessary for the rapid accumulation of MPS1 at the onset of checkpoint signalling
(Figure 22). This observation suggests that once kinetochores are signalling, Aurora
B levels can drop to a great extent without causing kinetochores to lose MPS1. It
would be interesting to see if the conformation of the kinetochore is different at those
rarely-observed attached kinetochores which localise MPS1 compared to those
which do not. Unfortunately, the method of trying to measure the distance between
HEC1 and CENP-C used in this study was too noisy to allow this to be examined

(Figure 24).

In summary, microtubule binding is coupled to MPS1 recruitment via the diametric
activities of Aurora B and PP2A-B56. Upon end-on attachment, some aspect of this
signalling axis must change to alter the ability of the kinetochore to recruit MPS1,

but what precisely happens remains a key unanswered question.
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The binding of MPS1 to the kinetochore occurs through 2 regions

in an activity-dependent fashion

It is widely accepted that the interaction between the NTE and HEC1 is the
predominant determinant of MPS1 kinetochore-localisation [90,131,134]. How
CDK1-Cyclin B phosphorylation of the MR at S281 could be required for MPS1
localisation given reports that the MR is dispensable for MPS1 localisation was an
open question [117,134]. The tendency of some studies to use MPS1 inhibitor, and
others not to, when assessing how MPS1 localises to kinetochores was a major
confounding variable when reconciling the published literature. By carefully re-
examining the localisation of MPS1 constructs lacking the NTE or the MR, or with
S281A or S281D mutations in the presence or absence of MPS1 inhibitor, a nuanced
picture of MPS1 localisation has been revealed (Figure 26). Without MPS1 inhibitor
the MR seems to contribute strongly to the localisation of MPS1, as does
phosphorylation of the MR by CDK1. Surprisingly, in these conditions deletion of the
NTE did not effect MPS1 levels — suggesting that either it is not the major
kinetochore-interactor, or that the MR can compensate for the loss of the NTE
(Figure 26). Conversely, upon inhibition the NTE appears to be the major
kinetochore-interacting domain. Here deletion of the MR or mutation of S281 to
alanine caused only a small reduction in localisation when compared to WT MPS1
(Figure 26). Given that when MPS1 is inhibited the NTE is likely to be less
phosphorylated, it is possible that in these conditions the NTE can bind more
strongly to the kinetochore and support MPS1 localisation despite the loss of the
MR (Diagram 23). To test this hypothesis, MPS1 constructs lacking the MR and with
the N-terminal sites mutated to glutamate could be used. If the NTE can support

strong kinetochore-binding in the absence of the MR because it is not
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phosphorylated, phospho-mimetic mutation of the NTE (to N8E) should ablate
MPS1 localisation. Future work involving measuring binding between purified MPS1
and kinetochore proteins will help to fully elucidate the relationships between NTE

and MR kinetochore-binding and the regulation of these interactions.

2 GG P
hdha
Active MPS1 N NTE TPR s VR
NTE phosphorylation
leads to weak HEC1-NTE
interaction
HEC1 NUF2
P
Inactive MPS1 N NTE TPR s VR
Unphosphorylated NTE
leads to strong HEC1-NTE
interaction
HEC1 NUF2

Diagram 23 — Model for how changes in activity status of MPS1 may affect the relative strengths of
NTE-HEC1 and MR-NUF2 binding
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MPS1 activity stabilises and destabilises microtubule attachment

through different mechanisms

How MPS1 could exert error-correction functionality without binding to attached
kinetochores was puzzling [134,164]. The findings in this study demonstrate that
that MPS1 can bind to attached kinetochores — resolving this issue. Furthermore, at
syntelic chromosomes undergoing error correction, MPS1 was observed to localise
to kinetochores prior to the loss of microtubule attachment [1] (Diagram 22). This
suggests that during error correction, MPS1 localises to kinetochores prior to loss
of attachment to assist Aurora B in destabilising attachments. Furthermore, even
after localising active Aurora B ectopically to the outer kinetochore, the kinase
activity of MPS1 contributed significantly to attachment destabilisation (Figure 33).
These observations corroborate the idea that MPS1 directly contributes to the
resolution of incorrect attachments and the generation of unattached kinetochores.
It is therefore not intuitive, why inhibition of MPS1 during error correction assays
does not result in a similar phenotype to inhibition of Aurora B (stabilisation of

syntelic attachments) (Figure 32) [93,165].

The feedback loop between MPS1 and PP2A-B56 can explain why MPS1 inhibition
does not give a more severe phenotype during error correction assays. While
inhibiting MPS1 will cause attachments to be less stable, the indirect effect of
decreasing PP2A-B56 levels will cause attachment to be more stable (Diagram 20).
These mechanisms result in no change in steady-state attachment levels in a
monopolar spindle, and no issues with error correction in a monastrol washout upon
MPS1 inhibition (Figure 35, Figure 32). By removing BUBR1-bound PP2A-B56, the
role of MPS1 in destabilising attachments can be revealed (Diagram 21). Here, loss
of PP2A-B56 resulted in severely decreased numbers of end-on attachments as
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expected — presumably as both Aurora B and MPS1 are unopposed (Figure 35). In
this scenario, the inhibition of MPS1 revealed its role in destabilising kinetochore-

microtubule attachments (Figure 35).

Precisely how PP2A-B56 opposes the error correction function of MPS1 was not
addressed by the assays in this study. There are multiple potential explanations for
how steady-state levels of attachments are affected by the MPS1 — PP2A-B56

signalling axis:

1. The rate of attachment loss is altered

2. The rate of attachment formation is altered

In the first scenario, at kinetochores undergoing error-correction the loss of MPS1
activity should slow the destabilisation of microtubules, but the loss of PP2A-B56
could increase the rate of microtubule destabilisation by lowering the threshold of
Aurora B activity required to cause microtubule turnover. In the second scenario, the
loss of PP2A-B56 from unattached kinetochores may make the rate of attachment
formation slower, as such kinetochores may exhibit higher levels of microtubule-
destabilising Aurora B phosphorylations. These two processes, rate of attachment
formation and rate of attachment destabilisation, may both be affected. Assays

which directly measure these rates would be insightful.

One curious observation during the course of this study is that the process of error-
correction is not solely guided by lack of tension across the chromosome. At syntelic
chromosomes undergoing error correction, the recruitment of MPS1 and
subsequent loss of attachment only occurred at one kinetochore of a pair [1]. How
attachment of both kinetochores is sensed, and how the choice for only one

kinetochore of the pair to undergo microtubule turnover is made is unclear.

202



Functionally the stabilisation of monotelic attachments is beneficial — as such
chromosomes still have the chance to become bioriented. It is increasingly clear that
inputs other than tension also feed into error correction, and the question of how this

more complex decision making is made is fascinating [219].

Together, the findings presented here move the field toward a deeper understanding
of the molecular underpinnings of checkpoint signalling initiation and error
correction. By unpicking how MPS1 localisation is influenced by end-on attachment
and dynamic phosphorylation events a new set of questions about how checkpoint
signalling, and error correction are regulated have been generated. Key areas for
future study are understanding how end-on attachment is coupled to MPS1 binding
via Aurora B and PP2A-B56. Such an understanding will elucidate a new level of
molecular detail for how MPS1 is removed from kinetochores upon microtubule

attachment, and recruited to attached kinetochores to facilitate error correction.
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