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Chapter 1: General Introduction

Becoming Two from One:
The Cell–Division Cycle 
All organisms known to man, extant and extinct, have one thing in common 
irrespective of where they fall in the kaleidoscope of diversity and complexity that is 
life: they began their life cycle as a single cell. Cell division, the process by which a 
parental cell eventually splits into two daughters, is the ultimate biological purpose of 
any cell so that it may propagate its properties to future generations. It is an integral 
facet of existence for all living things; unicellular organisms divide as a type of asexual 
reproduction whereas in multicellular organisms, cell division facilitates a host of 
additional processes such as organismal development and growth as well as the 

repair and maintenance of the structural integrity of tissues.

Cell cycle, health and disease 
Cell division events are spaced apart by distinct phases through which the cells cycle. 

These phases are demarcated by the oscillating activities of several Cyclin dependent 

kinases (CDKs) that regulate the transition from one phase to the next. For instance, 

of special interest to this thesis is the Cyclin B1-CDK1 complex whose activity controls 

mitotic entry and exit1.  During each of the phases, certain processes take place, all of 

which are meant to prepare the cell to eventually divide. The cell cycle starts with a gap 

(G) phase, known as G1 in which the cell grows and displays increased biosynthesis to 

prepare for the arduous but all-important DNA replication that occurs in the synthetic 

(S) phase that follows. At the end of this phase, the genomic content of cells as well 

as the centrosomes which will later on aid in chromosome segregation have been 

duplicated and cells enter another gap phase called G2. Here, the cells again grow and 

prepare for the next and final phase of the cell cycle known as M-phase or mitosis, at 

the end of which two new cells will have been formed2. The cellular morphology of 

the Gap and S phases is relatively unaltered compared to the radical changes that can 

be observed during mitosis and are, thus, collectively named interphase (Figure 1A). 

Atypical cell cycle variations, in which the G1-S-G2-M order is not strictly followed, can 

be observed during certain stages in development in some organisms3. 

Mitosis facilitates the equal distribution of the previously replicated genetic material in 
the cell so that the newly formed daughter cells will have inherited an exact copy of the 
parental genome (2 x 23 chromosomes in humans). Genomic stability is imperative for 
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healthy cells to maintain homeostasis. Faulty mitosis can lead to the generation of cells 
with a karyotype that deviates from a multiple of the haploid set of chromosomes, a 
situation also known as aneuploidy and which is characterized by genetic imbalances4. 
Most aneuploidies that occur during development are not tolerated and cause 
embryonic lethality; however, some are viable and in humans cause syndromes with 
effects on growth and mental retardation, among other things5,6. The most well-known 
such condition is Down’s syndrome which is caused by an extra copy of chromosome 21 
(trisomy 21). Aneuploidy can also manifest later in life and have detrimental effects on 
an organism’s well-being. In fact, aneuploidy is considered to be a hallmark of cancer 
as it is present in the majority of human tumors7. It is thought that the chromosome 
gains and losses can lead to altered expression of oncogenes and tumor suppressor 

genes which may assist oncogenic transformation8–13. 

Mitosis
Given the importance of maintaining a stable genome and the staggering number 
of divisions that take place in a human body every day (rough estimates bring that 
number to 200-300 billion cell division events per day for an average human), mitosis 
is thus a highly regulated and heavily guarded process which can be further subdivided 
into distinct phases14,15 (Figure 1B). In prophase, chromosomes which were previously 
duplicated in S phase (also known as sister chromatids) and which are held together by 
ring-like protein complexes called cohesins16,17  start to condense by reorganizing the 
underlying chromatin structure. Chromosome condensation helps to preserve their 
integrity during the segregation process as well as increasing the efficiency of it and 
results in the recognizable X-shaped structure of chromosomes observed in humans18. 
At the same time, the centrosomes which were also duplicated in S phase mature, 
separate and migrate through the nucleus to take their place at opposite sides of it. 
These will serve as microtubule-nucleating centers from which the mitotic spindle 
will eventually be formed19. In this phase cells also detach from their environment 
and round up which enables more efficient chromosome capture by microtubules 
subsequently20. Prometaphase is heralded by the breakdown of the nuclear envelope 
(NEB) and it is in this phase that microtubules start to emanate from the centrosomes 
that form each of the two spindle poles. Aided by the nucleation of microtubules 
from the chromosomes themselves21,22, the mitotic spindle forms connections to 
chromosomes by interacting with specialized microtubule-binding interfaces that are 
built on each chromosome when they enter mitosis called kinetochores23 (Figure 1B). 

Forces are generated in the spindle by microtubule dynamics as well as the activity of  
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motor proteins and this drives the congression of microtubule-bound chromosomes to 

the middle of the mitotic spindle, also known as the metaphase plate24–26. Metaphase 
is the state in which all chromosomes are attached to the mitotic spindle and have 

aligned to this central plane (Figure 1B), allowing the transition to the next phase 

of mitosis, anaphase. In anaphase, the cohesin rings that kept the sister chromatids 

connected are cut open and the sister chromatids are dragged towards opposite 

poles (anaphase A)27 (Figure 1B). Subsequently, the centrosomes themselves start to 

move outwards towards the periphery of the cell and by doing so separate the two 

sets of chromosomes even further (anaphase B). In telophase, the nuclear envelope 

begins to reform around the segregated chromosomes which are now decondensing 

and the mitotic spindle is disassembled. In parallel, the plasma membrane starts to 

ingress until full physical abscission in cytokinesis results in the formation of two new 

daughter cells, genetically identical to each other and the cell they are derived from. 

Figure 1. Phases of the cell cycle and mitosis. (A) Cells cycle continously through 4 phases: G1, S, G2 
and mitosis (M). The fi rst three are collectively known as interphase (marked in orange). (B) Mitosis can 
be further subdivided into additional stages.  In prophase, the chromosomes inside the nucleus become 
condensed and sister chromatids are held together by cohesin. The nuclear envelope starts to degrade and 
centrosomes move apart. In prometaphase, microtubules emanating from the centrosomes make initial 
contacts with chromosomes (thin lines). Attachments are made to the outer (continues on next page)...
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Becoming Attached: 
The Chromosome-Microtubule Interaction Interface
Chromosome segregation is driven by the mitotic spindle and its orientation 

dictates the plane of division28. The first step towards a successful cell division is for 

chromosomes to form interactions with the spindle microtubules. To facilitate this, 

a large group of proteins work together to form a microtubule interaction surface at 

specialized chromosome regions. 

Centromeres and the inner kinetochore
In order for chromosomes to become attached to the mitotic spindle, cells build a 

multi-complex protein scaffold called the kinetochore (Figure 1C) which is able to bind 

microtubules. This structure assembles at specialized regions on chromosomes called 

centromeres (Figure 1C), which in most eukaryotic species consist of large arrays of 

repetitive DNA sequences29,30. In humans as well as other species these can be found on 

the chromosome constriction sites. Centromere identity is defined by the association 

of an evolutionary conserved variant of histone H3 called CENP-A with centromeric 

DNA, creating a special patch of chromatin organization in those regions31–36. 

Nucleosomes located in the centromere are able to recruit the CCAN, a 16-subunit 

complex which it named after the fact that some of the complex members can be 

found associated to centromeres throughout the entire cell cycle (Constitutive 

Centromere-Associated Network)37–42. Forming the backbone of the inner kinetochore, 

this supercomplex can be biochemically subdivided into 4 distinct subcomplexes: 

CENP-TWSX, CENP-OPQRU, CENP-LN and CENP-HIKM31,43. Last but not least, CENP-C 

serves as a scaffold for the latter 2 subcomplexes, which together bind and stabilize 

CENP-A-containing nucleosomes, contributing to the maintenance centromere 

identity31. While CENP-C and CENP-N can directly recognize CENP-A-containing 

nucleosomes39,44,45, CENP-T and CENP-W bind canonical H3-containing nucleosomes 

that are interspersed throughout the centromere region46,47 (Figure 2A). Although a 

number of other functions have been ascribed to members of the CCAN, perhaps the 

... (Figure 1, continues from previous page) kinetochore which is assembled on top of centromeric chromatin 
and linked to it via the inner kinetochore. In metaphase, all chromosomes are stably attached to the mitotic 
spindle (thicker lines) and have moved to a central plane in the cell. In anaphase, cohesin is cleaved and 
sister chromatids separate from each other and are pulled towards the spindle poles. Later stages include 
physical separation of the daughter cells by abcission of the plasma membrane (not shown). (C) Index of 
depicted mitotic components and structures.
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most important role is that of bridging the chromatin with the more outer layers of 

the kinetochore. Specifi cally, CENP-C and CENP-T form the foundations for the two 

main branches through which members of the main microtubule-binding machinery, 

the KMN network (comprised of the KNL1, MIS12 and NDC80 complexes) can be 

recruited42,48–53.

Microtubule binding by the outer kinetochore
The KMN network contains two distinct microtubule-binding modules54. KNL1, 

aft er which the complex that contains it is named, is a large, mostly unstructured 

protein. Domains located close to its C-terminus direct it to kinetochores, whereas 

repetitive motifs in its N-terminal region function as a docking platform for a number 

of diff erent signaling proteins that cooperate to ensure mitotic fi delity (and will 

be discussed in more detail in the following section)55. Apart from this, KNL1 also 

has a weak microtubule-binding capacity56,57. The other member of the complex, 

ZWINT-1, is important for KNL1 stability and as such, in promoting its recruitment to 

kinetochores58–60 (Figure 2B). 

Figure 2. Centromere and kinetochore architecture. Schematic model 
of how kinetochores are assembled over centromeres. (A)  Centromeres 
are characterized by the presence of CENP-A-containing nucleosomes that

interact with CENP-C and CENP-N. They are interspersed with canonical H3 nucleosomes that recruit 
CENP-T and CENP-W. Together these recruit the rest of the CCAN (orange-colored components). (B) CENP-C 
and CENP-T form the main branches for the recruitment  of the outer kinetochore components (green-
colored components). CENP-C forms connection to the MIS12 complex which in turn interacts with the 
KNL1 and NDC80 complexes, both of which can bind microtubules. CENP-T can either directly recruit the 
NDC80-C or do it through MIS12 (structures in grey). 
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The main microtubule-binding capacity, however, resides in the NDC80 complex 

(NDC80-C)54,61–65. Although based on weak isoelectric interactions, clustering of the 

NDC80-C on kinetochores is sufficient to create a load-bearing interaction able to 

withstand the pulling and pushing forces of the inherently unstable microtubule 

bundles observed in mammals66–74. The NDC80-C is a heterotetrameric complex, 

consisting of two heterodimers of SPC24-SPC25 and HEC1-NUF2 that form a long 

coiled-coil rod75–77. Is it able to directly bind to microtubules in vitro and depletion 

of any of the complex members in cells results in perturbation of the kinetochore-

microtubule attachments and prevents normal mitotic progression62–64,78. It is one of 

the outer-most complexes of the kinetochore which makes connections to the more 

inner complexes via the globular domains in the SPC24-SPC25 dimer whereas HEC1 

and NUF2 contain calponin homology (CH) domains that are directed towards the 

cytoplasm79 and together with the 80-residue-long tail of HEC1 are able to bind the 

lattice of microtubules54,80 (Figure 2B).

Due to the distribution of chromosomes in the nucleus at the onset of mitosis, most 

of them are likely to initially engage in lateral interactions with microtubules of the 

mitotic spindle20,81. Motor proteins can then help them slide along a specific subset 

of microtubules in order to congress and reach their destination at the metaphase 

plate26,82,83. These types of interactions are, however, not sufficient to support proper 

chromosome segregation come anaphase and therefore need to be converted to 

end-on attachments where only the microtubule plus tips are interacting with the 

kinetochore84.

Both the KNL1 and NDC80 complexes are linked to the CCAN via the 4-subunit MIS12 
complex (MIS12-C). Consisting of NNF1, MIS12, DSN1 and NSL1, the MIS12-C forms 
a tight rod51,52  that establishes the CENP-C-based centromere-microtubule axis 
by interacting on the one hand with the N-terminus of CENP-C42,51–53 in an Aurora 
B-dependent manner50,85,86 and on the other with the RWD domains in KNL1-C and 
NDC80-C87,88. The MIS12-C is also implicated in the CENP-T based axis, albeit to a lesser 
extent48,50,89. CENP-T is also able to directly interact with two copies of the NDC80-C 
and this is regulated via phosphorylation by Cyclin-dependent kinase 1 (CDK1)48,50,88,90–

92. Although the functional implications of having two parallel pathways to recruit 
NDC80-C are not fully understood, it seems that either of the two are able to form 
fully functional kinetochores as long as sufficient levels of NDC80-C are present on 

them89. Even though the MIS12-C does not bind microtubules itself, it does stimulate 

the microtubule-binding capacity of the KMN network in vitro54,56,57(Figure 2B). 
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Auxiliary kinetochore components
The core kinetochore components described above are supplemented with proteins 

whose levels change during the course of mitosis93. In early prometaphase, kinetochores 

exhibit great morphological plasticity, with modules that localize to the outer 

kinetochore oligomerizing to form crescent shapes known as the fibrous corona which 

were shown to promote initial microtubule capture.  These structures are removed 

once stable microtubule attachments are formed and in EM studies this appears as 

a low-density halo that is absent from microtubule-bound kinetochores94–98. Some 

of the proteins that localize to this extremely dynamic layer of the kinetochore are 

dynein recruiters such as the ROD/ZW10/ZWILCH (RZZ) complex and Spindly, dynein 

regulators such as CENP-F, CLIP-170 and others, the kinesins CENP-E and Kif2b as well 

as modifiers of microtubule dynamics such as the CLASP family of proteins26,99–103. 

In fact, kinetochore expansion and compaction was shown to be dependent on RZZ 

and Spindly93. Additionally, microtubule-plus end tracking proteins are recruited to 

modify microtubule behavior. These include but are not limited to Astrin, SKAP and 

MCAK104,105. Protein complexes with distinct evolutionary trajectories have also formed 

to track depolymerizing microtubules with organisms like budding yeast localizing the 

DASH or Dam1 complex to kinetochores and the SKA complex performing a similar 

function on mammalian kinetochores106–110. 

Becoming Bioriented: Factors that Ensure Mitotic 
Fidelity
To avoid the generation of aneuploid cells, chromosomes must establish exclusively 

a certain kind of attachments to the mitotic spindle. Cells need to be able to identify 

wrongful attachments and also be given enough time to correct them before anaphase 

ensues. This is made possible by the combined efforts of the error correction machinery 

which destabilizes erroneous attachments and the spindle assembly checkpoint (SAC) 

which is stimulated by the lack of attachments (Figure 3).

Biorientation and erroneous attachments
To ensure genomic stability, it is not sufficient for chromosomes to simply interact 

with the mitotic spindle during the division process, but rather they must do so in a 

specific configuration that will allow the sister chromatids of each chromosome to be 
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distributed to separate daughter cells. In order for this to occur, right at the moment 

before anaphase, each chromatid needs to be captured by microtubules emanating 

from only one of the two spindle poles whereas the sister chromatid that cohesion 

still connects it to, needs to be attached to microtubules from the opposite pole. This 

type of attachment to the spindle is referred to as amphitelic or bipolar (Figure 3B) 

and the chromosomes engaged in them have become bioriented. When all of the 

chromosomes have achieved end-on amphitelic attachments, the cell has reached the 

general state of biorientation and this is a strict requirement for the transition from 

metaphase to anaphase to take place. 

A number of factors make it challenging for the cell to rapidly reach biorientation. 

Paradoxically, even though faithful chromosome segregation is crucial for genomic 

stability, the process itself is largely based on stochastic events. Chromosomes are 

distributed in all kinds of orientations in the nucleus when mitosis begins in relation 

to the centrosomes and their kinetochores are able to interact with the entire 

lattice of the microtubules emanating from either spindle pole without being able 

to distinguish between them.  What is more, the kinetochore of a chromatid has no 

way of communicating to the kinetochore of its sister if it is bound to microtubules 

and which pole they are emanating from. These conditions therefore, together with 

the fact that multiple microtubules can bind to a kinetochore simultaneously, allow 

for the generation of alternative attachment configurations, which if left unresolved, 

can be problematic for the cell upon the onset of anaphase111,112 (Figure 3A).  These 

are: monotelic attachments where only one of the sister chromatids is attached to 

the mitotic spindle (Figure 3C), syntelic attachments where both sister chromatids 

are connected to the same pole (Figure 3D) and merotelic attachments where one 

kinetochore has microtubules bound to it that are emanating from both poles (Figure 
3E). Proceeding to anaphase in one of the above scenarios would likely result in 

chromosomes missegregating and the creation of aneuploid cells113,114.

Error correction – how erroneous attachments are 
destabilized
To ensure that cells don’t proceed to anaphase with non-bioriented chromosomes, 

certain checks and balances have evolved into play. One of these is the error correction 

process during which kinetochores that are engaged in erroneous attachment 

configurations undergo potentially multiple rounds of microtubule destabilization 

after which new attachment attempts are made until the bioriented attachment has 



18

Chapter 1: General Introduction

been successfully formed20,115.  The dissolution of incorrect attachments is catalyzed 

by the enzymatically active member of the Chromosomal Passenger Complex (CPC), 

the Aurora B kinase. Aurora B becomes localized to the inner centromere during 

prometaphase when chromosomes start to interact with the mitotic spindle with the 

help of its non-catalytic complex members, INCENP, Borealin and Survivin116–121. From 

there, it is able to phosphorylate a number of diff erent target substrates on the outer 

kinetochore with sites residing primarily on the tail of HEC1 and additionally on KNL1, 

the motor protein CENP-E and proteins of the SKA complex54,56,61,122–127. The tail of HEC1 

contains eight Aurora B target sites and one Aurora A site61,128,129. Once phosphorylated, 

each of these sites progressively neutralizes the positively charged region they are in. 

This reduces the tail’s aff inity for the intrinsically negative charge of the microtubules, 

resulting in destabilization of attachments once suff icient number of these sites is 

phosphorylated61,76,128,130. 

Figure 3. Types of kinetochore-microtubule attachments. (A) Connections between chromosomes and 
the mitotic spindle can be established in multiple conformations. (B) Before progressing to anaphase, all 
chromosomes need to achieve amphitelic attachments in which sister chromatids are attached exclusively 
to microtubules from opposite poles. (C-E) Erroneous attachments need to be corrected before the onset 
of anaphase. These include: (C) Monotelic attachments where only one of the sister chromatids is captured 
by the mitotic spindle. The lack of attachment on one sister chromatid activates the spindle assembly 
checkpoint (SAC); (D)  Syntelic attachments in which both sister chromatids are captured by microtubules 
of the same spindle pole;  (E) Merotelic attachments in which one sister chromatid is interacting with 
microtubules from both spindle poles. Both syntelic and merotelic attachments are recognized and 
destabilized by the error correction machinery.

How correct attachments are sensed and maintained 
Attachment destabilization by Aurora B needs to be prevented when stable bioriented 

attachments have been successfully formed. Initially, a spatial separation model 

was envisioned to explain how this happens. It has been established that when 

kinetochores engage with the spindle in a bioriented fashion, the forces exerted
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by the depolymerizing microtubules emanating from opposite poles cause sister 

kinetochores to come under tension and be pulled away from one another and from 

the centromere, a situation dubbed inter-kinetochore stretch71,131,132. Under the spatial 

separation model, sufficient stretch would cause the outer kinetochore components 

to be outside the reach of Aurora B, which localizes to the inner centromere, and thus 

attachments would be stabilized133,134. In situations where tension is lower, as is the case 

for monotelic or syntelic attachments, the stretch generated would not be enough to 

sufficiently separate Aurora B from its outer kinetochore targets and those attachments 

would be destabilized134. Later observations however have brought this model under 

dispute. Firstly, Aurora B has also been found to localize to kinetochores and not 

strictly to the centromere128,135,136 and secondly, the inner centromere localization of 

Aurora B was found not to be essential for its role in error correction137,138. What is 

more, certain merotelic attachments, in which the microtubules contributing to the 

erroneous attachment are few, would escape error correction if the spatial separation 

model were the sole explanation as sufficient tension could be generated113,116,139,140. 

At this point, it is important to take into account that Aurora B does not act in isolation, 

but in the general context of counteracting phosphatases that antagonize it and 

actively reverse the phosphorylations that Aurora B deposits. Sub-populations of the 

phosphatase PP2A-B56 complex localize to both the centromere and kinetochores and 

each pool supports specific functions141.  The kinetochore-localized pool of PP2A-B56 

counteracts Aurora B phosphorylations on KNL1 and this balance tips in favor of 

the phosphatase when correct attachments are made, though the exact molecular 

mechanism for this is not yet fully understood142–145. In their dephosphorylated state, 

these sits on KNL1, and in collaboration with the SKA complex are able to recruit 

Protein Phosphatase 1 (PP1) to the outer kinetochore, which in turn dephosphorylates 

more Aurora B substrates on kinetochores and promotes the stabilization of 

attachments56,57,146–150. Moreover, recent evidence shows that another CPC component, 

Borealin, is able to directly interact with microtubules bundles that lie close to 

centromeres in prometaphase and this interaction promotes the phosphorylation of 

outer kinetochore components by Aurora B in a tension-independent manner. This 

finding provides even more evidence for the existence of additional layers of error 

correction regulation than was previously thought151. 
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Activity of the APC/C dictates the duration of mitosis
The road to biorientation can sometimes be a long one. It is critical that cells be 

given enough time to reach that state so that chromosome segregation errors are 

avoided. The timing of the onset of anaphase depends on the rise in activity of the 

anaphase-promoting-complex/cyclosome (APC/C) which only comes about when 

its inhibitor, the mitotic checkpoint complex (MCC) is disassembled (Figure 4). The 

APC/C is a 16-subunit E3 ubiquitin ligase that directs important mitotic proteins to be 

degraded by the proteasome and in doing so, controls the transition from metaphase 

to anaphase152–154. It consists of three subcomplexes: the catalytic core, a platform and 

an “arc lamp”155–160 which all together surround a cavity that forms the interaction 

interface for the complex with multiple E2 ubiquitin-conjugating enzymes161,162 and 

coactivators. Substrate specificity is loaned to the complex by its coactivators CDC20 

and CDH1 with the first one being responsible for mitotic activity of APC/C and the 

latter taking over from mitotic exit onwards162–168.

 There are two essential mitotic regulators that the APC/CCDC20 targets for proteasomal 

degradation, promoting in this way the metaphase-to-anaphase transition. The first 

is the CDK1 co-factor, Cyclin B1. The Cyclin B1-CDK1 complex is essentially the driver 

of the mitotic state. As long as it remains active, it deposits a great number of mitosis-

specific phosphorylations which cause extensive cellular organization rearrangements 

and in general sustain the execution of mitotic processes168–170 (Figure 4A). The second 

is Securin, an inhibitor of a protease called Separase171,172 (Figure 4A). When allowed to 

perform its function, Separase cleaves the cohesin rings that keep the duplicated sister 

chromatids together173. The simultaneous degradation of these two factors which 

occurs when the APC/C becomes active (Figure 4B), drives cells out of the mitotic state 

and at the same time releases the sister chromatids from their confines, allowing them 

to be pulled to opposite sides of the cell by their attachment to the mitotic spindle174 

(Figure 4C). 

The spindle assembly checkpoint restrains APC/C 
activity in the presence of unattached kinetochores
When left unchecked, the APC/C will start degrading Cyclin B and Securin as soon 

as mitosis starts. It is therefore important that APC/C activity be dampened until 

correct attachments between chromosomes and the spindle have been formed and 

biorientation has been achieved. This is precisely the function of the spindle assembly 
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checkpoint (SAC), the last component of the systems that safeguard mitotic fi delity. 

The role of the SAC is to monitor the attachment status of kinetochores and in the case 

of unattached (or insuff iciently attached) kinetochores prevent mitotic progression175

(Figure 5A).  It does so by producing a diff usible inhibitor of the APC/C called the 

mitotic checkpoint complex (MCC). The MCC is comprised of the SAC signaling proteins 

BUBR1, BUB3 and MAD2 together with CDC20, the co-activator of the APC/C (Figure 
5B). This sequesters CDC20 and blocks its substrate recognition ability 176–178 but also 

forms a pseudo-substrate for APC/CCDC20 which precludes access to the complex’s 

Figure 4. APC/C activity promotes progression to anaphase and mitotic exit. Schematic model of the 
events leading to mitotic exit. (A) When cells enter mitosis, CDK1 and its coactivator Cyclin B are responsible 
for the deposition of many phosphorylations that promote the mitoticstate while Separase is inhibited 
by Securin. The Anaphase Promoting Complex/Cyclosome (APC/C) is inhibited by the mitotic checkpoin 
complex (MCC) and under these conditions mitotic progression is halted. (B) When all chromosomes have 
become bioriented, the cell is given the “GO” signal. The MCC is disassembled and the APC/C becomes active 
and causes the ubiquitination and subsequent degradation of Cyclin B and Securin by the proteasome. (C)
This leads to the inactivation of CDK1 and the liberation of Separase which is now able to cleave the cohesin 
rings that hold the two sister chromatids together, allowing mitotic exit to occur.
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substrate-binding cavity155,178–182. The SAC response, measured in MCC production 

rates, displays a rheostat like-behavior that scales according to the number of 

unattached kinetochores in a cell, with even a single unattached kinetochore being 

able to halt transition to anaphase183–186.  MCC production consequently ceases once 

all kinetochores become attached to the mitotic spindle. Intriguingly, the SAC only 

recognizes whether kinetochores are attached and not what kind of attachment 

it is187,188, although recently, it was reported that a transient delay in response to 

low tension states is mediated by BUB1 and BUB3 and this does not involve MCC 

production189. Tension is therefore predominantly sensed by the error correction 

machinery, making integration and proper communication between these two 

systems vital for maintaining a stable genome.

Figure 5. Unattached kinetochores elicit a SAC signal that halts mitotic progression. (A) MPS1 is 
recruited to unattached kinetochores where it generates a “STOP” signal. (B) MPS1 binds directly to  HEC1 
and from there it phosphorylates multiple sites on KNL1 which recruit BUB3:BUB1 and BUB3:BUBR1 dimers. 
BUB1 becomes phosphorylated by MPS1 and together with the RZZ complex recruits heterotetramers of 
MAD1:closed-MAD2 (CM2). MAD1 phosphorylation by MPS1 recruits open-MAD2 (OM2) where it becomes 
converted to its closed form, entrapping CDC20. Interactions between BUB3, BUBR1, C-MAD2 and CDC20 
lead to the formation of the mitotic checkpoint complex (MCC) which is able to inhibit APC/C activity and 
prevent the transition to anaphase.
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Molecular circuitry of SAC signaling
Generation and maintenance of a robust SAC signal involves a number of different 

proteins that can be categorized into the following groups: a) factors that are recruited 

to unattached kinetochores and impact on initiation of SAC signaling and production 

of the MCC (MPS1, BUB1, MAD1), b) their outer kinetochore binding partners (mainly 

components of the KMN network and the RZZ complex) and c) components of the MCC 

itself (BUB3, BUBR1, MAD2 and CDC20).  

The mitotic kinase MPS1 is the orchestrator of SAC signaling and provides a link 

between the attachment status of kinetochores and the production of MCC; it is 

recruited to unattached kinetochores and is excluded from them when microtubules 

bind. MPS1 has many targets on kinetochores and impinges on multiple levels of 

sequential protein recruitment190. The regulation of the kinetochore localization and 

activation of MPS1 as well as the ways in which MPS1 integrates the error correction 

and SAC pathways is the topic of Chapter 2 and therefore only the more downstream 

events of SAC signaling will be mentioned here. 

KNL1 is a crucial substrate of MPS1. It contains an array of repeated units  that 

harbor multiple motifs (TxxΩ, MELT and SHT) which are recognized and sequentially 

phosphorylated by MPS1191–200, leading to the recruitment of BUB3:BUB1 dimers 

which in turn recruit BUB3-BUBR1 dimers201–203. At this point the rest of the MCC 

members are recruited. MAD2 can exist in several structural conformations (open, 

closed and intermediate) depending on the positioning of a structural element called 

the seatbelt loop204,205. The seatbelt loop will eventually be catalyzed into enclosing 

CDC20 and locking it into the MCC.  Heterotetramers of MAD1:C-MAD2 are recruited to 

kinetochores via MPS1-dependent phosphorylation of BUB1190,206,207 and additionally 

by the RZZ complex208–210 where they catalyze the conversion of O-MAD2 to C-MAD2 in 

a prion-like manner176,177,211,212. This only leaves the recruitment and incorporation of 

CDC20. Low affinity CDC20-binding motifs are found in both BUB1 and BUBR1192,213–

216 and additionally MAD1 is also able to develop an affinity for CDC20 after being 

phosphorylated by MPS1190 (Figure 5B). 

Although most of SAC signaling that occurs in mitosis is facilitated by unattached 

kinetochores, it seems that they are not a strict requirement. In fact, recruitment and 

clustering of certain key players at non-kinetochore sites is sufficient to generate a 

signal that prevents mitotic exit. It is thought that SAC signaling can initiate on the 

nuclear envelope right before the onset of mitosis and this could serve as the cell’s 
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physiological mechanism for generating a starting amount of MCC that prevents the 

degradation of Cyclin B and Securin while kinetochores are still being built217,218. More 

artificially, recruiting KNL1 and MPS1 to non-kinetochore locations or clustering them 

in the cytoplasm was also able to generate a SAC signal that halted mitosis219. 

SAC silencing mechanisms – How cells suppress SAC 
signaling when attachments are made
Once all kinetochores are properly attached to the mitotic spindle, SAC signaling must 

be quenched to enable the transition to anaphase. Chromosome missegregations  

can occur not only due to deficient SAC signaling and incorrect attachments but 

also by having an overactive SAC as spending too much time in mitosis is known 

to lead to premature loss of cohesion between sister chromatids220–222.  Several 

silencing mechanisms act in parallel to ensure rapid inactivation of SAC signaling 

upon biorientation of all chromosomes and involve discontinuation of any new SAC 

signaling as well as the disassembly of existing effector molecules in the cell. These 

processes take place throughout the entirety of mitosis but only get the upper hand 

and exceed the synthesis rate of MCC when stable attachments are formed223–226.  This 

allows for rapid inactivation but also re-activation of signaling should the SAC need 

to be engaged again by loss of attachment. As MPS1 is such an important factor in 

generating the SAC signal, preventing access to its substrates is a major silencing 

mechanism and is the topic of Chapters 3 and 4 of this thesis and will therefore not be 

discussed further in this section. 

SAC signaling proteins that localize to kinetochores and participate in MCC production 

must be removed from there to disrupt the process. This is facilitated by the minus-

end-directed motor protein dynein which is recruited to kinetochores by the RZZ 

complex and its adaptor protein Spindly103,209,227–229. Stabilization of microtubule 

attachments allow dynein to transport or strip key proteins such as the RZZ complex 

itself and MAD1 and MAD2 from kinetochores towards the centrosomes by using the 

microtubules as a highway103,230–233. 

The reversal of MPS1- and Aurora B-deposited phosphorylations is also an important 

branch of the silencing process. As mentioned earlier, phosphorylated motifs on 

KNL1 are the binding hub for BUB proteins. Exclusion of MPS1 from kinetochores 

together with the influx of protein phosphatase 1 (PP1) upon the formation of stable 

attachments leads to dephosphorylation of these KNL1 motifs and subsequent failure 
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to form new MCC234,235.  Aurora B substrates are also targeted by PP1 contributing to 

the silencing process146. Finally, in humans and other species, another phosphatase, 

PP2A-B56 impinges on SAC signaling and is engaged in a feedback loop with PP1 that 

enables rapid signal switching145,236,237.

Kinetochore transformations may also play a role in diminishing SAC signaling175. 

Force-producing microtubule attachments not only pull sister kinetochores away from 

each other but also affect a single kinetochore’s inner architecture238,239. In yeast, end-

on attachments lead to the physical separation of Mps1 from its target sites on Knl1 

with the Dam1 complex functioning as a barrier that enhances this effect240. Though 

not much is known at this point, similar principles, not limited to the given example, 

may underlie the silencing process in other species as well.  

Finally, multiple mechanisms contribute to the destabilization and disassembly of 

MCC in the cell. APC15, one of the core subunits of the APC/C promotes the auto-

ubiquitination of the complex’s coactivator, CDC20, by disrupting its interaction with 

MAD2 in the MCC and releasing it223,224,241. Additionally, p31comet, a structural mimic 

of C-MAD2 together with the AAA-ATPase TRIP13 stimulate MCC disassembly by 

converting MAD2 from its closed form to the open one, thereby extracting it from the 

MCC242–249. 

Error correction and the SAC in concert – a brief overview
When a cell enters mitosis, all kinetochores are unattached and generate a robust 

SAC signal in order to rapidly create sufficient amounts of MCC to inhibit the APC/C 

which is by now also primed to start marking Cyclin B and Securin for degradation. 

As microtubules of the mitotic spindle start to capture chromosomes, SAC signaling 

is dampened from those kinetochores. If the connections to kinetochores prove to 

be end-on amphitelic attachments they will be stabilized and SAC signaling from 

those kinetochores will no longer contribute to the inhibition of the APC/C. If, on 

the other hand, attachments are of any other conformation, they will be sensed by 

the error correction pathway and destabilized, creating a transient unattached state 

which will cause the re-activation of SAC signaling from that kinetochore. After what 

could possibly be multiple rounds of trial and error, eventually all chromosomes will 

become bioriented and the SAC will be completely inactivated, allowing the APC/C to 

promote the destruction of its target substrates by the proteasome which will enable 

chromosome segregation to take place.   
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Scope of this Thesis
The work presented in this thesis aims to provide novel insights into spindle assembly 

checkpoint (SAC) signaling through the regulation of the kinetochore localization of 

a critical SAC kinase, MPS1. MPS1 is responsible for mounting a robust SAC signal in 

the presence of unattached kinetochores and is one of the major targets of the SAC 

silencing mechanisms, making it one of the guardians of chromosome segregation 

fidelity. Understanding in greater detail how MPS1 localizes to kinetochores and 

how it is removed upon microtubule attachment is therefore of great interest. Panels 

of MPS1 and other kinetochore proteins such as HEC1 and KNL1 were used in a 

knockdown-addback strategy that allowed structure-function studies via quantitative 

immunofluorescence microscopy and time lapse imaging and additionally in in vitro 

biochemical approaches. 

Outline
In Chapter 2 we take an in-depth look at the protagonist of the SAC, MPS1. We 

highlight its functions and its role as a point of convergence for regulation of both the 

SAC and error correction pathways. We gather and integrate all the latest information 

on MPS1’s spatiotemporal distribution in the cell with a focus on kinetochores and 

attempt to reconcile old and new observations to finally come up with a general model 

for how MPS1 becomes activated and localized in relation to the events that take place 

during a round of mitosis.

In Chapter 3 we address how MPS1 becomes removed from kinetochores when they 

become attached to the mitotic spindle, a key event in silencing the SAC and the 

transition to anaphase. We show for the first time in human cells that HEC1 is the direct 

binding partner for MPS1 on kinetochores and that microtubules compete with MPS1 

for binding to HEC1. This mechanism provides a direct link between the attachment 

status of a kinetochore and its ability to generate a SAC signal.

In Chapter 4 we examine the potential interplay between modules in MPS1’s 

N-terminal region. We find that Aurora B activity, a requirement for MPS1 kinetochore 

localization, regulates the direct interaction between the NTE and TPR modules of 

MPS1 and that this interaction is important for SAC silencing. By circumventing this 

regulatory interaction, we detect a stronger interaction between MPS1 and HEC1 and 

this leads to inefficient displacement of MPS1 by microtubules and defects in switching 
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off SAC signaling when attachments have been made. These results highlight the 

importance of keeping the dynamics of the MPS1-NDC80 interaction in check for SAC 

responsiveness to attachments.

In Chapter 5 we zoom in further to the N-terminal region of MPS1 and how it contributes 

to the regulation of its kinetochore localization. We find that a small stretch of residues 

in the NTE of MPS1 have an inhibitory effect on kinetochore localization of the protein 

which requires the residues preceding it to be alleviated and this functions via the 

TPR. Additionally, we discover that apart from its sequence-specific role in interacting 

with the NTE, the TPR also functions as a spacer domain between the two kinetochore 

localization modules of the protein and this promotes kinetochore recruitment. We 

go on to probe what levels of MPS1 on kinetochores are required for its functions in 

the SAC and in chromosome alignment and find that that the SAC is more tolerant to 

reduced levels of MPS1 on kinetochores. Already when MPS1 levels are reduced by 

25%, chromosome alignment and correction of erroneous attachments are affected 

whereas they need to be further reduced to more than 50% for SAC defects to be 

observed. This could indicate the order of events that take place on a molecular 

level when MPS1 levels start to decrease as microtubule attachments are formed in 

prometaphase. 

In Chapter 6 we summarize our findings and discuss them in the general context of the 

spindle assembly checkpoint and mitosis field. Open questions are highlighted and 

potential future research directions are proposed.  
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Abstract
Discovered in 1991 in a screen for genes involved in spindle pole body duplication, 

the monopolar spindle 1 (Mps1) kinase has since claimed a central role in processes 

that ensure error-free chromosome segregation. As a result, Mps1 kinase activity 

has become an attractive candidate for pharmaceutical companies in the search 

for compounds that target essential cellular processes to eliminate, for example, 

tumour cells or pathogens. Research in recent decades has offered many insights 

into the molecular function of Mps1 and its regulation. In this review, we integrate the 

latest knowledge regarding the regulation of Mps1 activity and its spatio-temporal 

distribution, highlight gaps in our understanding of these processes and propose 

future research avenues to address them.
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1. It’s got to be perfect - Faithful chromosome 
segregation by attachment error correction and the 
spindle assembly checkpoint
When a cell divides, the two resulting daughter cells each inherit an exact copy of its 

genetic content in order to maintain healthy cell function. Equal genome inheritance 

is driven by the mitotic spindle. Microtubules emanating from opposite poles of 

the spindle capture structures known as kinetochores on the two sister chromatids 

of chromosomes that were formed during the genome replication phase of the cell 

cycle. The sister chromatids separate only when every chromosome has achieved 

biorientation, a state in which one sister chromatid is attached to microtubules 

emanating from only one of the two poles while the other has attachments only to the 

other pole 250. The result is the distribution of a complete copy of the genome towards 

opposite ends of the dividing cell, allowing fission to generate genetically identical 

daughters 251. Compromised fidelity of chromosome segregation is implicated in a 

number of pathologies including cancer and in defects in embryonic development 
252–255. Given the approximately 3 x 1013 cell divisions needed to make a human 256 and 

the roughly 50 billion cell divisions that take place in the human body every day, the 

necessity for a surveillance and correction system that ensures faithful chromosome 

segregation becomes apparent. In eukaryotic organisms, this system is a coordinated 

effort of two processes: attachment error correction and the spindle assembly 

checkpoint (SAC). The SAC operates as a molecular surveillance mechanism that 

essentially monitors the attachment status of each kinetochore 187,257. Unattached 

kinetochores generate SAC signalling by forming a tetrameric protein complex known 

as the mitotic checkpoint complex (MCC). MCC prevents chromosome segregation 

and mitotic exit by inhibiting the anaphase promoting complex (APC/C) 178,258–260. 

When microtubules bind to kinetochores, SAC signalling from those kinetochores 

is switched off. Complete SAC silencing occurs once all kinetochores have achieved 

stable attachments, leading to termination of all MCC production, liberation of APC/C, 

and initiation of anaphase 261,262. The error correction pathway is intimately connected 

to the SAC. For example, any wrongly attached chromosome will be detached from 

microtubules, resulting in reactivation of SAC signalling. In addition, the main 

orchestrator of the error correction pathway, the Aurora B kinase, directly impacts 

SAC signalling in several ways, and a number of SAC components have important 
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roles in error correction 237,263,272,273,264–271.  Central in the connection of the processes 

is Mps1/TTK (hereafter referred to as Mps1), an evolutionary conserved kinase that is 

indispensable for error correction, and that is the chief conductor of the SAC 274. 

2. All about that kinase – Some Mps1 basics
A few years after the initial discovery of budding yeast Mps1 275 and its identification as 

a kinase 276, two human cDNA library screens for proteins recognized by anti-phospho-

tyrosine antibodies identified a kinase (named PYT (phospho-tyrosine picked 

threonine kinase) and TTK, respectively) that had homology to yeast Mps1 277,278. 

PYT/TTK was recognized as a serine/threonine kinase but was designated as a dual-

specificity kinase because of its ability to phosphorylate tyrosines in vitro. However, 

there is currently no evidence that functionally relevant phosphorylation events by 

Mps1 in cells occur on tyrosines. Mps1 does, however, have a strong in vitro preference 

for threonines over serines, and indeed, most Mps1 substrates are phosphorylated on 

threonines that lie in a PLK1-like E/D-x-T motif 279,280. The initial experiments describing 

a function for Mps1 linked it to an M-phase checkpoint: budding yeast Mps1 mutants 

were defective in their ability to arrest in response to spindle poisons, while Mps1 

overexpression caused spontaneous M-phase arrest 281,282.

Mps1 orthologues can be identified in all supergroups of eukaryotes and in all 

metazoa, with the exception of nematodes 283. All eukaryotic Mps1 orthologues have 

a similar C-terminal kinase domain (Figure 1, box 3) 284, but differ in their N-terminal 

sequences. In contrast to most fungi, vertebrate Mps1 proteins harbour an N-terminal 

tetratricopeptide repeat (TPR) domain (Figure 1, box 2), involved in regulating its 

subcellular localization to kinetochores and centrosomes. This domain is ancient but 

was lost in many eukaryotic lineages, for unknown reasons 285. The stretch of protein 

sequence between the TPR domain and the kinase domain is substantial, but little is 

known about its relevance. 

Though the SAC is essential in many but not all model organisms, Mps1’s involvement 

in a number of additional processes (such as error correction) makes it essential for cell 

viability in many of them, including human cells 286–288. It is expressed in the majority 

of proliferating tissues examined in humans (as found in a number of different studies 
289,290 and the Human Protein Atlas), and its protein and kinase activity levels are cell 

cycle- dependent: they peak in early mitosis and decline rapidly as cells re-enter 

the G1 phase of the subsequent cell cycle 291,292. Degradation of Mps1 at the end of 
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mitosis is subject to regulation by the APC/C-Cdh1, eff ectively ensuring irreversible 

suppression of the SAC pathway upon G1 entry 293. Mps1 levels are slowly regained 

during interphase, when it starts localizing to the nuclear envelope 292. Despite low 

activity in interphase, it was reported that interphasic functions for Mps1 exist, 

including a role in the G2 DNA damage response 294–296 and in centrosome duplication 
218,297–300. These fi ndings are somewhat controversial, and it will be important to show 

that acute inhibition of Mps1 during interphase impairs these processes. 

Figure 1. Domain organization and important features of human MPS1. The enzymatic domain is located 
near the C-terminus (box 3, depicted in complex with the small molecule inhibitor Cpd-5 to highlight the 
ATP-binding pocket). The other functionally characterized sequences are involved in MPS1 activation and 
kinetochore localization. The NTE and MR are both important for interactions with the NDC80 complex, 
but only the MR sequence is conserved in eukaryotes (box 1). The TPR domain (box 2) is involved in the 
regulation of MPS1 recruitment to kinetochores and has a structure similar to TPR domains of the SAC 
proteins BUB1 and BUBR1.
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3. Get busy - The orchestration of error correction 
and SAC by Mps1
Once activated in early mitosis 268, Mps1 starts an impressive multitasking feat, 

phosphorylating a number of substrates that simultaneously promote error correction 

and MCC production. Mps1 impacts on error correction by two main routes. Although 

not consistently seen in all conditions 218,301–303,  Mps1 can regulate Aurora B activity and 

localization 268,271. Mps1 additionally phosphorylates the Dam complex in yeast and the 

Ska complex in human cell lines. These complexes are analogous 110, and they promote 

attachment of kinetochores to dynamic microtubule plus-ends 108,304–306. Mimicking the 

phosphorylation of the Ska complex in cells destabilizes kinetochore-microtubule 

attachments, but whether it contributes to human MPS1’s role in error correction has 

not been directly tested. Given that a phospho-proteomics screen uncovered dozens 

of potential mitotic human MPS1 substrates, it may have yet more targets that impact 

microtubule attachments 305.

While Mps1 is busy ensuring error correction, it also initiates a cascade of events that 

lead to SAC activation. MCC production requires sequential recruitment of a number 

of SAC proteins to kinetochores eventually culminating in the local enrichment of all 

components of the MCC 193,198,201,307. Mps1 phosphorylates multiple residues on at least 

three proteins involved in this recruitment cascade (Knl1, Bub1 and Mad1) 190,206 and 

may subsequently also directly impact on MCC complex stability and APC/C binding 
308. For the remainder of this review, we will focus on the events leading to Mps1 

localization and activation, and we refer to several papers for more detailed insights 

into the SAC events downstream of Mps1 activity 190,194,198,207,309. 

4. Start it up – Molecular events leading to Mps1 
activation
Mps1 activity peaks in mitosis, and this likely relies on trans-autophosphorylation 

on several residues in the activation loop of Mps1 or close to it (P + 1 loop) 310–313. 

Chemically inducing Mps1 dimerization in cells is sufficient to activate the kinase 310. 

Mps1 indeed dimerizes in cells, and this promotes autoactivation 301. The mechanism 

by which Mps1 dimerizes is unknown, and studies have provided conflicting evidence 

as to whether the N-terminal region including the TPR domain is involved in this 285,314. 

The N-terminal region known as the N-terminal extension (NTE, see below) does 
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affect kinase activation in another way: by directly inhibiting the kinase domain 315. 

In any case, dimerization, oligomerization or clustering facilitates activation of Mps1, 

possibly by releasing NTE-mediated inhibition of the kinase domain and certainly 

by facilitating trans-autophosphorylation of the activation loop in Mps1. It is likely, 

albeit not formally shown, that this all takes place at kinetochores, which are required 

for mitotic Mps1 function. However, the initial activation may also occur elsewhere. 

Mps1 has an important role in establishing a pool of interphasic MCC 218, which 

may be important for restraining the APC/C until unattached kinetochores become 

competent for assembling the bulk of MCC 250. Assembly of interphase MCC complexes 

takes place on the nuclear pore complex (NPC) 217, where Mps1 and some other SAC 

components reside 292,316–318.  Mps1 is indeed imported into the nucleus prior to mitosis, 

possibly via a KKRGKK motif near its amino-terminus 277 or via two N-terminal import 

signals (although their position and orientation may be incompatible with import 

factor binding) 319. It seems likely therefore that at least some nuclear Mps1 activity is 

generated before kinetochores are assembled but it is unknown if that activity comes 

from an NPC-localized pool or, for example, from a diffusible nucleoplasmic pool of 

Mps1. Such insight will have to await activity biosensors and mechanistic information 

on how Mps1 localizes to the NPC.

5. Come together - How Mps1 binds kinetochores 
Once the nuclear envelope breaks down, Mps1 localizes to kinetochores, where 

its main substrates for error correction and the SAC reside. Initial studies mapped 

the kinetochore binding region of human MPS1 to its N-terminal 300 amino acids 
218,292,300,320–322. Sequence and structural analysis of this region identified three tandem 

TPRs capped by a seventh helix 314 that together form a TPR domain (Figure 1, box 2) 285 

with high structural similarity to TPR domains of the SAC proteins Bub1 323 and BubR1 
324–326. Our preliminary comparative genomics efforts indeed suggest that the Mps1 and 

Bub1/BubR1 TPR domains have shared ancestry, resulting from a duplication before 

the last eukaryotic common ancestor (van Hooff and Tromer 2018, unpublished). The 

three tandem repeats form a concave C-shaped cross-section, which in other TPR-

containing proteins are involved in ligand binding 285. To this day, however, no ligands 

have been identified for the Mps1 TPR domain. Ligand binding may also occur on the 

convex side, as it does for the Bub1 and BubR1 TPR domain interactions with Knl1 327,328. 

The TPR domain in vertebrate Mps1 proteins is preceded by an approximately 60 amino 

acid NTE with unknown structural properties and limited sequence conservation in 
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eukaryotes (Figure 1) 285. Both the TPR domain and the NTE possess an affinity for the 

kinetochore, but the NTE appears to provide the dominant localization potential 285,303. 

It is unknown what molecular features of Mps1 regulate its kinetochore localization in 

non-vertebrates, but a study in budding yeast suggested that its N-terminal regions are 

important for kinetochore-dependent functions 321.

In humans, the localization of MPS1 to kinetochores relies on the microtubule-binding 

NDC80 complex through two interaction sites 78,266,268,285,329–331. First, the N-terminal 

region of MPS1 containing the NTE and TPR domain and which harbors the main 

kinetochore-binding capacity directly binds to a region in the calponin homology 

domain of NDC80 complex subunit HEC1 261,262 (Figure 2E and 2F). The MPS1-interacting 

residues in HEC1 were mapped to a region close to the HEC1-microtubule interface 261. 

Second, a conserved motif in the mostly uncharacterized middle region (MR; Figure 
1, box 1) of MPS1 interacts with the CH domain of NUF2, the obligatory binding 

partner of HEC1 262 (Figure 2E). Although important for SAC activity, this interaction 

contributes little to the overall protein levels of MPS1 at kinetochores 262,303. However, 

inactive versions of MPS1 rely more heavily on the MR-NUF2 interaction 303, suggesting 

different interaction modes: an initial MR-NUF2 interaction that diminishes upon MPS1 

activation, leaving the NTE-HEC1 interaction to act as the predominant localization 

mode throughout mitosis 303. Although described as separate modes of interaction, 

there is no direct evidence against a model in which a single molecule of MPS1 can 

interact with the kinetochore via both interaction sites (Figure 2E). Nevertheless, the 

mechanism behind the functional significance of the MR-NUF2 interaction remains 

to be determined: while it affects the SAC, it does not appear to impact the steady-

state levels that active MPS1 can reach on kinetochores of nocodazole-treated cells 
262,303. Lastly, it cannot be excluded that MPS1 has additional binding partners on the 

kinetochore. However, if such interactions take place, they are likely of low affinity or 

affect a small pool of MPS1 and have so far never been observed. 

6. Under Control – Regulators of the interaction of 
Mps1 with kinetochores
Kinetochore localization of human MPS1 depends on the activity of Aurora B, 

which promotes rapid activation of SAC signalling at the onset of mitosis 266,268. The 

mechanism by which Aurora B impacts MPS1 localization is largely unknown. Aurora 

B stimulates MPS1-NDC80 interaction by releasing an inhibitory effect imposed on 
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the NTE by MPS1’s TPR domain 285 (Figure 2A,C). No direct Aurora B phosphorylation 

sites have been reported on NTE or TPR, so whether Aurora B does so directly or 

indirectly remains unknown. Aurora B may also stimulate MPS1-NUF2 interactions: 

at least in vitro, Aurora B frees the MR peptide-binding site on NUF2 from occupation 

by the tail of HEC1 262(Figure 2B,E). It will be of interest to examine if an Aurora 

B-insensitive (9A) version of HEC1 hampers efficient localization of inactive MPS1 

to prophase kinetochores. Recently, a mitotic role was uncovered for the guanine 

nucleotide exchange factor, ARHGEF17 332,333. In mitosis, ARHGEF17 brings MPS1 to the 

kinetochore independently of its Rho GEF catalytic activity (Figure 2D) 334. ARHGEF17 

forms a complex with inactive MPS1 to bring it to kinetochores, where the complex 

is disassembled after phosphorylation of ARHGEF17 by activated MPS1. There is no 

current insight into how the ARHGEF17-MPS1 interaction is established or regulated, 

but given the similar impact on MPS1 localization, it is possible that Aurora B is involved 

in this step (Figure 2D). 

MPS1 is heavily phosphorylated on its kinetochore localization module 169,310,312,335. At 

least some sites are modified through autophosphorylation, but no thorough analysis 

of their individual contributions to MPS1 function has been done. It is likely that one 

or more phosphorylated sites contribute to localization, as phosphorylation of the 

NTE-TPR module stimulates binding to the NDC80 complex in vitro 261. Other sites may 

impact on the release of MPS1 from kinetochores rather than initial binding 336 (see also 

§7 below). Yet more kinases can regulate MPS1: Cdk1, Chk2 and Map kinase all have 

at least one target residue on Mps1. Mutations of these residues interfered with the 

ability of Mps1 to either localize to kinetochores or to efficiently recruit downstream 

components of the SAC 337–341.

7. Let it go -  A suggestion for a revised model of Mps1 
release from kinetochores
Kinase-dead mutants of Mps1 and chemically inhibited Mps1 localize to higher 

levels on unattached kinetochores compared with their active counterparts 301,342–344; 

this spurred a model in which Mps1 activity promotes its release. Mps1 molecules 

display rapid turnover on kinetochores which decreases significantly when the 

kinase is inactivated, at least partially explaining its local accumulation under those 

conditions 342,345. The short residence time of Mps1 on kinetochores is important for 

normal mitotic progression, as preventing its release or perturbing the dynamics 
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of autophosphorylation on NTE or MR causes metaphase delays or chromosome 

segregation errors, respectively 303,336,342.  

The mitotic kinase Plk1 also contributes to the regulation of Mps1 release from 

kinetochores. Plk1 activity promotes Mps1 dissociation from kinetochores 346, and in 

vitro Plk1 can hit the same sites as Mps1 can, which is consistent with the fact that the 

optimal sequence of their phosphorylation targets is similar 279,346. In cells, inhibition of 

Plk1 activity leads to elevated Mps1 kinetochore levels as a result of slower turnover, 

similar to Mps1 inhibition. Interestingly, inhibition of both kinases has an additive 

effect, indicating that not only the shared target sites but also the ones that are specific 

for each kinase contribute to Mps1 turnover. As Plk1 localizes to kinetochores before 

mitosis 347, it may have a particularly important role in potentiating Mps1 functionality 

at the transition to mitosis or in its early phases 346.

The current model for how Mps1 dissociates from kinetochores assumes that release 

is actively promoted by Mps1. There is, however, an alternative model in which the 

different turnover rates of active and inactive molecules reflect different modes of Mps1 

interaction with the Ndc80 complex. As mentioned earlier, inactive MPS1 accumulates 

on kinetochores to higher levels than active MPS1. A recent study showed that the MR 

region contributes only to MPS1 kinetochore localization when the protein is inactive, 

but is dispensable for localization of active MPS1 (Figure 2E) 303. Deletion of the MR 

region did not, however, abolish all ability of inactive MPS1 to localize but appeared 

to abolish only the increase in localization seen when inactive MPS1 is compared to 

active MPS1 303. This suggests that while the NTE is predominantly responsible for the 

binding of active MPS1 to kinetochores, both the NTE and MR regions are involved in 

kinetochore binding of the inactive form (Figure 2E). As shown recently, activation of 

MPS1 leads to extensive conformational changes in the protein 315 which could affect 

the availability of its kinetochore-binding regions. When inactive, both the NTE and 

MR regions are available, resulting in relatively high affinity of MPS1 for the NDC80 

complex, and thus relatively long residence times on kinetochores and high steady-

state levels (Figure 2E). Activation of MPS1 subsequently causes it to adopt a different 

conformation 315 that potentially prevents the MR-NUF2 interaction, as recently 

suggested (Figure 2F) 303. The fully active MPS1 molecule now only interacts with 

the NDC80 complex via its NTE, lowering overall affinity for the NDC80 complex, and                 

thereby decreasing residence time and levels at mitotic kinetochores (Figure 2F). Under 

this model, therefore, MPS1 activity prevents the MR-NUF2 interaction from taking 

place by inducing conformational changes to the protein, rather than diminishing the 



40

Chapter 2: Leader of the SAC: Molecular mechanisms of Mps1/TTK regulation in mitosis

interaction between the NTE and NDC80 by phosphorylating the NTE. The functional 

implications of such regulation are that the longer kinetochore residence times of 

inactive MPS1 molecules could facilitate more efficient trans-autophosphorylation 

and thus promote their activation. Once active, switching to a mode of higher turnover 

of MPS1 molecules on kinetochores is important for rapid dampening of the SAC signal 

once microtubule attachments are formed (discussed in more detail in §8). 

8. Keep ‘em separated - Blocking access of Mps1 to its 
kinetochore substrates
In order for anaphase to initiate, SAC silencing needs to occur once all chromosomes 

have formed stable attachments to microtubules of the mitotic spindle 184,348. As 

Mps1 is the master regulator of SAC signalling in many different organisms, key to 

SAC silencing is to prevent it from phosphorylating its substrates. As expected, Mps1 

levels on kinetochores are drastically reduced once stable end-on attachment to 

microtubules is achieved 261, and forced presence of Mps1 on metaphase kinetochores 

leads to a failure to silence the SAC 342. A major mechanism for microtubule-dependent 

reductions in kinetochore MPS1 levels in humans is competition between MPS1 

and microtubules for overlapping binding sites. The NTE binds close to the NDC80-

microtubule interface (Figure 3A), and microtubules compete with NTE-NDC80 

interactions in vitro 261,262. In addition, microtubules also prevent interactions between 

NUF2 and an MR peptide 262. As MPS1 cycles dynamically on and off the kinetochore, 

it is probing the attachment status via its ability to re-bind. Once a microtubule has 

formed a stable end-on attachment, MPS1 is precluded from reaching its binding site 

on the kinetochore and thus phosphorylation of its substrates is prevented, leading to 

a discontinuation of SAC signalling (Figure 3B). Another potential consequence of this 

is that MPS1 molecules, now unable to cluster on kinetochores, cannot be efficiently 

reactivated once they become inactive.  MPS1’s ability to re-bind may also depend 

on Aurora B activity, and metaphase tension states may thus further ensure that re-

binding is prevented. Molecular insights into how Aurora B promotes MPS1 localization 

will determine whether this is the case.  

Residual low levels of Mps1 remain on metaphase kinetochores 261,349, yet this pool is 

unable to elicit a SAC response. The reasons for this are not fully known, but several 

mechanisms can be responsible. First, in budding yeast, the mechanical tension exerted 

on kinetochores by stably bound microtubules results in the physical separation of Mps1 
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kinase molecules from their substrates, with the Dam1 ring complex acting as a further 

potential barrier between kinase and substrates 240. This mechanism may not apply to 

human cells, as there is evidence not only for substantial cytoplasmic Mps1 activity 

but also for high Mps1 mobility, which is unlikely to be hampered by physical barriers 

to nearby substrates  218,350. Second, protein phosphatase 1 (PP1) (and possibly PP2A) 

is necessary to switch off SAC signalling by reverting Mps1 substrate phosphorylation 
57,194,199,236 and, at least in Drosophila cells, by directly inactivating the kinase 351. 

Aurora B normally prevents PP1 recruitment to kinetochore by phosphorylating its 

kinetochore-docking RVxF motif in Knl1 56,146. A decrease in outer kinetochore Aurora 

B activity thus promotes PP1 recruitment due to RVxF dephosphorylation. High PP1 

levels on bioriented kinetochores may have a relatively easy time inactivating the few 

residual molecules of Mps1 still localized there, as well as dephosphorylating Mps1 

substrates (Figure 3B). Cytoplasmic PP1 activity can further assist this process. 

9. All together now – A temporal model for human 
MPS1 function in mitosis 
Aside from a possible small pool of active MPS1 prior to mitosis, the majority of MPS1 

molecules are inactive. When kinetochores are assembled, MPS1 is recruited to the 

NDC80 complexes via its NTE and MR regions (Figure 2E). This causes kinetochore 

accumulation of inactive MPS1 molecules with relatively low turnover (Figure 2E), 

leading to peak MPS1 kinetochore levels in prophase 268. The long residence time 

facilitates trans-autophosphorylation, resulting in rapid activation of a substantial 

pool of MPS1. This pool is now proficient in eliciting a strong SAC signal around the 

time of nuclear envelope breakdown (Figure 3A). Activation of MPS1 now causes the 

MR-NDC80C interaction to diminish, increasing its turnover rate and decreasing its 

steady-state kinetochore levels (Figure 2F). This allows probing of the attachment 

state of chromosomes and facilitates MPS1 inactivation upon MT capture. When stable 

end-on kinetochore-microtubule attachments are formed, MPS1 is precluded from re-

binding to those kinetochores, reducing the overall SAC signal in cells (Figure 3B). As 

more and more kinetochores become attached, this signal is further dampened. In 

parallel, biorientation of chromosomes reduces Aurora B activity near kinetochores, 

promoting PP1 binding. PP1 then dephosphorylates Mps1 substrates and potentially 

directly inactivates any residual Mps1 molecules at or near kinetochores, essentially 

quenching the SAC signal emitted from these bioriented chromosomes (Figure 3B). 

Relocalization of MPS1 to attached kinetochores at this stage is severely hampered by 
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the microtubules, further ensuring that inactivated MPS1 can no longer be reactivated. 

When a sufficiently large pool of MPS1 is inactivated, all SAC activity is quenched and 

APC/C activity is initiated.

10. What else is there – Outstanding questions
We have outlined current knowledge on how localization and activity of the chief 

executive officer of the SAC, the kinase Mps1, is regulated. Understanding its role in the 

protection of genome stability is far from complete, however, and several key lacunas 

need to be filled. 

Though Mps1 activity peaks in mitosis, Mps1-dependent formation of MCC complexes 

already occurs in interphase. Very little is known about how and where this pool of 

Mps1 becomes activated. Answers will be greatly assisted by the development of a live 

biosensor assay, similar to those that clarified essential features of Aurora B activity 

dynamics 134. Upon entry into mitosis, Mps1 recruitment to unattached kinetochores 

is necessary for the wave of activation that is needed to mount a full SAC response. 

Several questions as to how this is achieved are as yet unanswered. How does 

dimerization of Mps1 occur and how does it affect the activation dynamics of the 

kinase? What are the steps leading to full activation of the kinase, and what are the roles 

of specific NTE and MR modifications? The recent finding of a possible inactive ‘prone-

to-autophosphorylate’ conformer of Mps1 involving the NTE implies an even more 

complex activation mechanism than currently envisioned 315. How exactly are Aurora B 

and ARHGEF17 involved in these initial Mps1-kinetochore interactions (Figure 2C,D)? 

Have all contributing factors been identified? Genetics and proteomics approaches 

have improved to such an extent that repeating several screens for SAC modifiers may 

yield novel players. Finally, non-kinetochore-bound Mps1 activity can generate a SAC 

signal and, in some cases, support a mitotic arrest 217–219. Is there, however, a role for 

such non-kinetochore Mps1 activity in the maintenance of a mitotic arrest after a full 

initial kinetochore-dependent SAC response has been mounted?   

Competition with microtubules ensures that Mps1 kinetochore levels become greatly 

reduced once stable attachments have been formed and this is a major SAC silencing 

mechanism. Once Mps1 is displaced from kinetochores, how exactly does inactivation 

take place and what are the dynamics of it? Nevertheless, a fraction of Mps1 remains 

bound to kinetochores even in the presence of stable attachments 261. This begs the 

question of where this residual Mps1 is binding and how much reduction of Mps1 
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levels is sufficient to tip the balance in favour of the phosphatases and switch off SAC 

signalling. Although HEC1 tail dephosphorylation is crucial for the establishment of 

stable microtubule attachments, not all HEC1 molecules at a human kinetochore 

(approximately 240 89) are completely de-phosphorylated and not all HEC1 molecules 

are attached to microtubules when anaphase ensues 352. Are the incompletely de-

phosphorylated HEC1 molecules the ones that retain MPS1 due to a lower affinity for 

microtubules? Is there a gradual reduction in Mps1 levels that tracks ever-increasing 

microtubule occupancy, or is there a more switch-like behaviour? Does SAC strength 

correlate with Mps1 kinetochore levels? Finally, how is removal of Mps1 from 

microtubule-bound kinetochores compatible with its role in error correction? Can 

error correction be maintained by, for example, less Mps1 activity than needed for 

the SAC, or are relevant error correction and SAC substrates affected differently by the 

same reductions in Mps1 activity?

Much progress has been made in recent years with regard to understanding the 

principles that underlie faithful chromosome segregation and normal mitotic 

progression. The importance of attachment error correction and the SAC in these 

processes and the involvement of Mps1 are undisputed. Elucidating the finer points 

of Mps1 regulation in the coming years will provide crucial insights into how genomic 

stability is ensured.
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Abstract
Cell division progresses to anaphase only after all chromosomes are connected to 

spindle microtubules through kinetochores and the spindle assembly checkpoint 

(SAC) is satisfied. We show that the amino-terminal localization module of the SAC 

protein kinase MPS1 (monopolar spindle 1) directly interacts with the HEC1 (highly 

expressed in cancer 1) calponin homology domain in the NDC80 (nuclear division 

cycle 80) kinetochore complex in vitro, in a phosphorylation-dependent manner. 

Microtubule polymers disrupted this interaction. In cells, MPS1 binding to kinetochores 

or to ectopic NDC80 complexes was prevented by end-on microtubule attachment, 

independent of known kinetochore protein-removal mechanisms. Competition for 

kinetochore binding between SAC proteins and microtubules provides a direct and 

perhaps evolutionarily conserved way to detect a properly organized spindle ready 

for cell division. 
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Introduction
Attachment of microtubules to kinetochores of meiotic and mitotic chromosomes is 

essential for segregating a single copy of the genetic material to each of the daughter 

cells during cell division. This process is surveyed by the spindle assembly checkpoint 

(SAC), which orchestrates the assembly of an anaphase inhibitor191,353 that delays 

mitotic progression until all kinetochores are attached to microtubules250,259. Stable 

interaction of microtubules to all kinetochores silences the SAC, allowing anaphase to 

proceed. A key unresolved question is how the SAC machinery distinguishes attached 

from unattached kinetochores. In metazoa, poleward transport of SAC proteins by the 

dynein motor complex may contribute to extinguishing kinetochore-SAC signaling 

when microtubules have attached230. However, kinetochore dynein is not widely 

conserved191,354, and SAC protein removal and silencing can occur without kinetochore 

dynein in human cells232,355. Kinetochore phosphatases are required to silence the 

SAC in fungi and metazoa235–237, but there is no evidence that they are regulated by 

microtubule attachment.

The SAC relies on the kinetochore-localized protein kinase MPS1 (monopolar spindle 

1). Failure to remove it from kinetochores prevents SAC silencing and timely anaphase 

onset342,356. The microtubule-binding NDC80 (nuclear division cycle 80) complex 

[NDC80-C, which consists of HEC1 (highly expressed in cancer 1), NUF2 (nuclear 

filament-related 2), SPC24 and SPC25 (spindle pole body component 24 and 25)] is 

needed for MPS1 localization to the kinetochores78,266,268,285,329. The N-terminal calponin 

homology (CH) domain of human HEC1 is essential for that interaction285, as also in 

Saccharomyces cerevisiae331,357.  The MPS1 tetratricopeptide repeat (TPR) domain 

and a 62-amino acid N-terminal extension (NTE) are required for localizing MPS1 to 

kinetochores285. 
 
Results

N-terminal modules in MPS1 interact directly with the 
NDC80 complex

To test whether the NTE-TPR localization module of MPS1 binds directly to the NDC80-C, 

we expressed 15N-labeled MPS1 N-terminal domain variants - namely MPS1TPR, MPS1NTE-

TPR and MPS1TPR-CTE (CTE, C-terminal extension) (Figure 1A and figure S1A) (for details 

on all constructs, see the supplementary materials and methods). The corresponding 
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1H-15N heteronuclear single quantum coherence spectra showed dispersed peaks, as 

expected for the TPR structure (Figure 1, B and C). The 1H-15N spectra recorded in the 

presence of the “Broccoli” variant of the NDC80-C (NDC80-CBroccoli 108), showed peak 

broadening, leading to the disappearance of many peaks (Figure 1, D and E and figure 
S1B), which is indicative of the formation of a complex with higher molecular mass. 

Peak changes were also observed for binding to the “Bonsai” complex (NDC80Bonsai 76), 

(Figure S1, C to E). 

We determined the strength of the interaction of the N-terminal localization module of 

MPS1 and NDC80-C by microscale thermophoresis (MST) (all affinities determined in 

this study are summarized in table S1). The same variants as those used for the nuclear 

magnetic resonance (NMR) experiments (Figure 1F and figure S2, A and B), and 

MPS1NTE-TPR-CTE (Figure 1G) showed weak binding affinities (3 to 11 µM) when titrated 

to fluorescently labeled NDC80Broccoli. Relatively higher affinity was observed for NTE-

containing constructs, consistent with our previous demonstration of NTE importance 

for MPS1 function285 and with NMR spectra that show more changes in the presence 

of the NTE (Figure 1E). Titrating NDC80Broccoli to fluorescently labeled full-length MPS1 

showed similar affinity to that of the TPR-containing constructs (~10 μM) (Figure S2C). 

However, when NDC80Broccoli was titrated to fluorescently labeled MPS1NTE-TPR-CTE, we did 

not observe clear binding (Figure 2A).  

MPS1 binding to the NDC80 complex is diminished in 
the presence of microtubules

The N-terminal localization module of MPS1 is heavily phosphorylated, and cyclin-

dependent kinase 1 (CDK1), Aurora B, Polo-like kinase 1 (PLK1), and MPS1 itself 

have been implicated in regulating localization of MPS1 to kinetochores76,268,285,331,335. 

Because most potential phosphorylation sites within NTE conform to an MPS1 

or PLK1 consensus sequence, we used recombinant MPS1 to phosphorylate the 

N-terminal MPS1 localization module. Whereas titrating NDC80-CBroccoli to labeled 

unphosphorylated MPS1NTE-TPR-CTE had resulted in no binding (Figure 2A), exposing 

NDC80-CBroccoli to phosphorylated, labeled MPS1NTE-TPR-CTE (pMPS1NTE-TPR-CTE) resulted in 

clear interaction with an affinity of ~150 nM (Figure 2A). The affinity of NDC80-CBroccoli 

to pMPS1TPR-CTE remained undetectable, indicating that the phosphorylation events 

leading to increased affinity are in the NTE. Phosphorylated full-length MPS1 had similar 

affinity (~210 nM) as pMPS1NTE-TPR-CTE for NDC80-CBroccoli (Figure S2D). In addition, the 



 51

3

Figure 1. Interaction of the N-terminal localization module of MPS1 with the NDC80 complex. (A)
Diagrams of MPS1 and NDC80-CBroccoli. (B to E) NMR spectra of [15N] MPS1 variants, alone or mixed with 
NDC80-CBroccoli. A ~10% molar excess of NDC80-C was used for the complex measurements. δ, chemical shift ; 
ppm, parts per million. (F and G) MST binding curves of MPS1 variants titrated against fl uorescent NDC80-
CBroccoli. Error bars show SDs from a triplicate experiment. KD, dissociation constant.
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interaction of pMPS1NTE-TPR-CTE with NDC80-CBroccoli was outcompeted by excess amounts 

of unlabeled MPS1NTE-TPR-CTE (Figure S3A), indicating that the unphosphorylated and 

phosphorylated forms at least partially share the interaction site. Finally, pMPS1NTE-TPR-

CTE also interacted with NDC80-CBonsai  (Figure S3B) as well as with only the CH domain 

of HEC1 (Figure 2B). Collectively, these results show that phosphorylation of the NTE 

of MPS1 increases aff inity toward NDC80-C by at least a factor of 20, and that a main 

MPS1 interaction site in the outer kinetochore exists in the HEC1 CH domain.

Figure 2. Diminished binding of phosphorylated MPS1 to the NDC80 complex by addition of 
microtubules. (A) MST binding curves for NDC80-CBroccoli titrated against the indicated fl uorescent MPS1 
variants. (B) MST binding curves for the glutathione S-transferase (GST)–HEC1 CH domain titrated against 
fl uorescent pMPS1NTE-TPR-CTE. (C) MST binding curves for NDC80-CBroccoli titrated against fl uorescent pMPS1NTE-

TPR-CTE, alone or with the addition of microtubules. Error bars show SDs from a triplicate experiment, except 
in (C) (duplicate experiment). MTs, microtubules; P, phosphate.

We next tested whether microtubules could directly prevent the interaction of MPS1 

to HEC1, which is known to contact microtubules76. Binding of either MPS1NTE-TPR-

CTE or pMPS1NTE-TPR-CTE to NDC80Broccoli was compromised by the presence of taxol-

stabilized microtubules, in a manner dependent on microtubule concentration and 

polymerization time (Figure 2C and fi gure S3, C and D). 
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MPS1 is delocalized from kinetochores in end-on 
microtubule attachments independently of dynein and 
phosphatase activity

To test whether competition between MPS1 and microtubules for NDC80-C binding also 

occurs in cells, we examined whether MPS1 and microtubules could bind kinetochores 

simultaneously. MPS1 amounts at kinetochores in prometaphase cells were high 

on unattached and laterally attached kinetochores but were almost undetectable 

on kinetochores that displayed clear end-on attachments (Figure 3, A and B). 

 Expression of the Phe258àAla258 mutant of Spindly, which specifically prevents 

activity of the kinetochore-localized pool of dynein232, did not prevent microtubule 

attachment from removing MPS1 from kinetochores (Figure 3, C and D), whereas it 

reduced the release of MAD1 (mitotic arrest deficient 1) and ZW10 (zeste white 10) 

(Figure 3D and figure S4A). Similar results were obtained by depletion of the dynactin 

subunits Arp1 or p150Glued 285,355  or by treatment of cells with the small-molecule dynein 

inhibitor ciliobrevin D358  (Figure S4, B to E). Ciliobrevin D caused high frequency of 

kinetochores bound to the microtubule lattice, and these kinetochores had substantial 

amounts of MPS1 (figure S4D). This verified that initial lateral attachments, which in 

animal cells do not involve the NDC80-C, did not dislodge MPS1 from kinetochores. 

Displacement of MPS1 from attached kinetochores coincided with dephosphorylation 

of one of its key SAC substrates, KNL1 (kinetochore null 1) (Figure 3D and figure 
S4A). Precluding localization of the main SAC-silencing phosphatase PP1 (protein 

phosphatase 1) to kinetochores by expressing KNL1-4A237, however, did not prevent 

microtubules from inhibiting MPS1 kinetochore binding (Figure 3, E and F). 

Decorating ectopic LacO arrays on the arm of chromosome 1 with LacI-tethered 

HEC1 was sufficient to localize endogenous MPS1 to those arrays in the absence of 

microtubules  (Figure 3G and figure S4F)285. Allowing microtubules from a monopolar 

spindle to engage in interactions with the LacI-HEC1 molecules on the LacO arrays 

resulted in delocalization of MPS1 (Figure 3G). Notably, the LacO arrays were devoid of 

dynein (figure S4F). These data support the hypothesis that MPS1 and microtubules 

compete for binding to NDC80-C in cells. 
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MPS1 binding to the NDC80 complex is abrogated by 
mutations in the CH domain of HEC1
To identify which residues in HEC1 bind MPS1, we reasoned that because of the 

preferential binding of phosphorylated MPS1, hydrogen donors within HEC1 were 

likely candidates. Based on the structure of NDC80-C bound to microtubules357, we 

designed four NDC80Broccoli mutants carrying clustered substitutions in the HEC1 CH 

domain, either directly in the interface with tubulin (M1) or peripheral to the interface 

Figure 3. Microtubule attachment–dependent delocalization of MPS1 from kinetochores, independent 
of dynein and phosphatase activity. (A to F) Representative images [(A), (C), and (E)] and quantifi cation 
(±SD) [(B), (D), and (F)] of protein immunolocalization in HeLa cells subjected to cold treatment [(A) and (B)], 
HeLa Flp-In cells expressing Spindly variants and treated with nocodazole [NOCO; green in (D)] or MG132 
[blue in (D)] for 1 hour [(C) and (D)], or HeLa Flp-In cells expressing KNL1 variants [(E) and (F)]. The arrow in 
(A) indicates a laterally attached kinetochore. Tub, tubulin; GFP, green fl uorescent protein; WT, wild type; 
DAPI, 4′,6-diamidino-2-phenylindole; F258A, Phe258→Ala258; 4A, KNL1-4A; L; lateral, U; unattached, E; end-
on attached. (G) Representative images and quantifi cation (±SD) of protein localization in U2OS-LacO cells 
expressing LacI-LAP-HEC1 and treated with nocodazole or STLC. Cells expressing comparable levels of the 
LacI proteins were selected for analysis. Asterisks indicate signifi cance (analysis of variance with Tukey’s 
multiple comparison test). **P < 0.01; ****P < 0.0001; ns, not signifi cant. Scale bars in (C), (E), and (G), 5 mm.
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(M2 to M4) (Figure 4, A and B). Whereas M1 and M3 displayed a similar aff inity for 

pMPS1NTE-TPR-CTE as wild-type NDC80Broccoli, M2 and, in particular, M4 had reduced aff inities 

(Figure 4C and fi gure S5A). M4 was compromised in recruiting endogenous MPS1 to 

LacO arrays (fi gure S5, B and C) and endogenous kinetochores (Figure 4D), and was 

unable to support a robust SAC response (fi gure S5D). However, M4 remained capable 

of binding microtubules in vitro and of supporting stable kinetochore-microtubule 

interactions in cells (fi gure S5E, F).  These fi ndings show that the HEC1-MPS1 interface 

is in close proximity to but is not identical to the HEC1-microtubule interface (fi gure 
S5G), and suggest that inhibition of MPS1-HEC1 interaction by microtubules is at least 

partly noncompetitive in nature.  

Figure 4. Mutations in the CH domain of HEC1 preclude MPS1 binding. (A and B) Surface view of the 
NDC80 complex bound to tubulin (Protein Data Bank identifi cation number: 3IZO) (A) or the HEC1 region 
close to tubulin (B), with the four HEC1 cluster mutants (M1 to M4) annotated in color. (C) Relative aff inity 
of the NDC80-CBroccoli mutants binding to pMPS1NTE-TPR-CTE. Error bars denote SD. (D and E) Representative 
images (D) and quantifi cation (±SD) (E) of protein localization in HeLa Flp-In cells expressing the indicated 
HEC1 variants and treated with nocodazole. ***P < 0.001; ****P < 0.0001. (F) Model for how microtubules 
inhibit signaling by the SAC kinase MPS1.
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Conclusions
Our data reveal a mechanism for how kinetochore-microtubule interactions inhibit 

production of the anaphase inhibitor. MPS1 directly binds the outer kinetochore NDC80-C in 

a phosphorylation-dependent manner, orchestrating SAC signaling by ensuring localization 

of SAC proteins and by promoting assembly and stability of the anaphase inhibitor359. As 

MPS1 cycles dynamically on and off the kinetochore342, end-on attachments of microtubules 

to the NDC80-C can directly prevent rebinding of MPS1 (Fig. 4F). To extinguish the SAC, 

delocalization of MPS1 likely needs to coincide with removal of key downstream SAC effectors 

from kinetochores and with dephosphorylation of its substrates and perhaps of MPS1237,267. 
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Experimental procedures
Protein purification: The following constructs were used: MPS1TPR (residues 62-

196, the TPR domain resolved in the crystal structure in 285), MPS1NTE-TPR (residues 

1-196, including the functionally important NTE), MPS1TPR-CTE (residues 62-239, that 

had yielded the protein we have originally crystalized, (14)), MPS1FL (residues 1-857), 

NDC80-CBroccoli (HEC1 residues 1-506 and NUF2 residues 1-348)108 and NDC80-CBonsai (a 

truncated chimeric SPC24-NUF2 and SPC25-HEC1 dimer)76, and HEC1CH (residues 82-

201). The proteins were purified as described76,108,285   with slight modifications. The 

resuspended cells were defrosted rapidly at room temperature. A few mg of crystal 

of lysozyme crystals were added and the sample was stirred for 30 minutes at 22°C. 

The lysate was further disrupted by EmulsiFlex (Avestin). Following centrifugation 

at 20000 r.p.m. for 25 minutes at 4 °C, supernatant was loaded a HisTrap HP column 

(GE Healthcare). After extensive washing with a buffer A (50 mM Tris-HCl, pH 7.6, 

300 mM KCl, 10 mM imidazole, 1 mM TCEP, 0.05% Tween20), the protein was eluted 

with 150 mM imidazole.  The samples were diluted with four-folds with a buffer B (50 

mM Tris-HCl, pH 7.6, 50 mM KCl, 1 mM TCEP and 0.05% Tween20) and loaded on a 

HiTrap Heparin HP column (GE Healthcare). After washing with a buffer B, the protein 

was eluted with 500 mM KCl. The sample was then loaded on a Superdex G75 16/60 
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HiLoad (GE Healthcare) pre-equilibrated in buffer C (50 mM Tris-HCl, pH 7.6, 100 mM 

KCl, 1 mM TCEP and 0.05% Tween20). The protein fractions were pooled together and 

concentrated.  The concentrations of MPS1 variants, NDC80-CBroccoli , NDC80-CBonsai were 

determined sprectrophotometrically with ε280nm = 9.97 mM-1 cm-1 , ε280nm = 69.22 mM-1 

cm-1 and ε280nm = 74.26 mM-1 cm-1 respectively.

Protein expression of 15N enriched MPS1 variants:15N-enriched MPS1 variants were 

produced as follows: The plasmids containing MPS1 constructs were transformed into 

Rosetta2 (DE3) strain (EMD Millipore). Single colonies were picked and inoculated into 

5 mL LB medium with 30 μg/mL kanamycin as well as 10 μg/mL chloramphenicol at 

37°C for 6 hours. 100 μL of the pre-culture was transferred to 100 mL 15N M9 minimal 

medium with the aforementioned antibiotics overnight at 37°C. 10 mL of M9 pre-

culture was transferred into 1 L of 15N M9 minimal media and grown at 37°C until 

OD600 = 0.4–0.6. Gene expression was induced by adding 0.5 mM IPTG and the cultures 

were allowed to grow at 22°C for 18 hours. Cells were harvested by centrifugation 

and resuspended in buffer A (50 mM Tris-HCl, pH 7.6, 300 mM KCl, 10 mM imidazole, 

1 mM TCEP, 0.05% Tween20 and 1 mM DNase). Samples were stored at –20°C before 

proceeding to the purification. 

NMR samples and experiments: NMR samples contained 30 µM 15N MPS1 variants 

with one molar equivalent of NDC80-CBroccoli in 50 mM Tris-HCl, pH 7.6, 100 mM KCl, 1 

mM TCEP, 0.05% Tween20 and 7% D2O. Two-dimensional 15N–1H HSQC spectra were 

recorded at 290 K on a Bruker Avance III HD 850 MHz spectrometer equipped with a TCI-

Z-GRAD cryoprobe. All NMR data were processed in NmrPipe and analyzed in CCPNMR. 

Thermophoresis: DY-495 labeled samples were made by incubating purified protein 

samples with freshly prepared TCEP in buffer C (50 mM Tris-HCl, pH 7.6, 100 mM KCl, 1 

mM TCEP and 0.05% Tween20) for 30 minutes on ice. The protein solutions were mixed 

with three molar equivalents of DY-495 maleimide (Dyomics) and incubated for two 

hours under room temperature. Surplus of DY-495 was removed by HisTrap HP column 

(GE Healthcare). After washing with a bind 360ing buffer (50 mM Tris-HCl, pH 7.6, 50 mM 

KCl, 5 mM imidazole, 1 mM TCEP, 0.05% Tween20), the protein was eluted with 150 mM 

imidazole.  

For the microtubule competition experiments tubulin was purchased from 

Cytoskeleton Inc and polymerized according to manufacturers instructions. For all 

competition experiments reactions were incubated overnight, with the exception of 

the time course whereas reactions were incubated for the indicated times.



58

Chapter 3: Competition between MPS1 and microtubules at kinetochores regulates spindle  
                    checkpoint signaling

The thermophoresis measurements were performed in a Monolith NT.115 (Nanotemper) 

using hydrophilic capillaries (Nanotemper, K003 Monolith™ NT.115 Hydrophobic 

Capillaries). Labeled samples were used at a final concentration of 50−100 nM in 

buffer C. The measurement was performed at 50% LED and 20% MST power, the laser-

on time was 30 sec and the off time was 5 sec. For all the measurements, 500−1200 

counts were obtained for the fluorescence intensity. The thermophoresis plus T-jump 

signal was used for creating the binding response curves according to360. The binding 

constants were quantified by non-linear fitting using the formulae described in 360, 

accounting for labeled component depletion, as implemented by the authors in Prism 

6 from GraphPad.

Phosphorylation of MPS1 variants: The isolated MPS1 variants were incubated with 

MPS1 full-length protein (Life technology) in the presence of 1 mM ATP and 1 mM 

MgCl2 overnight at room temperature. The samples were then loaded on a Superdex 

G75 16/60 HiLoad (GE Healthcare) pre-equilibrated in a buffer C. The protein fractions 

were pooled together and concentrated. The phosphorylation of MPS1 samples were 

verified by Western blot using the antibody against the phosphorylated MPS1 pTpS 

33/37 (Life technology). 

Mutagenesis: Site-specific mutants for HEC1 were created in NDC80Broccoli plasmid 

using the QuickChange (Stratagene). All constructs were validated by sequencing. 

Expression and purification were carried out as for NDC80-CBroccoli construct. The HEC1 

mutants created based on the structure were: M1: Y170E, T171E, H176E, H180E; M2: 

K81E, N87E, K89E; M3:K115E, S121E, K123E, K127E; M4: K146E, R153E, K156E.

Cell culture and Reagents. HeLa Flp-In and U2OS LacO cells were grown in DMEM 
supplemented with 9% FBS, pen/strep (50 mg/l) and L-glutamine (2 mM). Stable 

inducible cell lines were created using the T-Rex doxycycline-inducible Flp-In system 
(Invitrogen). Selection and maintenance of stable cells was done in medium supplemented 
with 200 μg/ml Hygromycin B (Roche) and 4 μg/ml blasticidin (PAA Laboratories). 
Protein expression was induced with 1 μg/ml doxycycline (Sigma‐Aldrich) for 24 hours. 
U2OS LacO cells were transfected 16 hours before the experiments with the BacMam 
system. Thymidine (2 mM), Nocodazole (830 nM), MG132 (10 µM), and STLC (10 
µM) were obtained from Sigma-Aldrich. Ciliobrevin D (50 mM) was purchased from 
Millipore, and it was used in DMEM with 2% FBS. 



 59

3

siRNAs: Cells were transfected with HiPerFect (Qiagen) according to the manufacturer’s 

instructions 48 hours before performing the experiments. siMock 20 nM (GAPDH; 

D-001830-01-50, Thermo Fisher Scientific), siSpindly 100 nM (J-016970-06-0050, 

Dharmacon), sip150Glued 40 nM, 5’-GUAUUUGAAGAUGGAGCAG-3’ (Dharmacon, 

Custom), siARP1 40 nM (Dharmacon, L-012074-00-0010), siKNL1 20 nM (CASC5 no. 5; 

J-015673-05; Thermo Fisher Scientific), siHEC1 120 nM, 5’-CCCUGGGUCGUGUCAGGAA-3’ 

(Thermo Fisher Scientific, custom). 

Plasmids and BacMam system cloning: pCDNA5-FRT/TO-LAP-Spindlywt and pCDNA5-

FRT/TO-LAP-SpindlyF258A were a gift from A. Desai232. pCDNA5-FRT/TO-LAP-MPS1, 

pCDNA5-FRT/TO-GFP-HEC1WT and  pCDNA5-FRT/TO-LAP-KNL1 variants were described 

previously285.  pCDNA5-FRT/TO-GFP-HEC1 M2 and M4 were made by using short 

amplified fragments of the mutated regions of HEC1 from the NDC80Bonsai plasmid as 

primers in a Quickchange mutagenesis reaction with pCDNA5-FRT/TO-GFP-HEC1WT 

as template. For the BacMam system, HEC1 was amplified by PCR from pCDNA5-

GFP-HEC1285,358 and subcloned into the XhoI and XmaI sites of a modified version of 

pFASTBac1 (Life-technologies) harboring the CMV promoter followed by the LacI-

LAP fragment (gift of S. Lens) to give pFASTBac-LacI-LAP-HEC1. pFASTBac1-derived 

bacmids were used to produced recombinant baculovirus in Sf-9 insect cells.  

Knockdown, reconstitution experiments and BacMam transduction: HeLa cells 

were transfected with the indicated siRNAs and 16 hours later doxycyclin and thymidine 

were added for another 24 hours. Subsequently, cells were washed three times with 

PBS and released in fresh media with doxycycline for a further 8-10 hours, after which 

the different treatments for the indicated times were performed. U2OS LacO cells were 

directly plated in the presence of thymidine and 20 hours later they were transduced 

with the BacMam system. After 24 hours of thymidine synchronization, the cells were 

washed three times with PBS and released in fresh media with STLC or nocodazole for 

another 12 hours.

Immunofluorescence and Live-cell imaging: For immunofluorescence, cells plated 

on 12-mm coverslips were subjected to a pre-extraction treatment of 1 minute with 

37 °C PEMT (100 mM PIPES (pH 6.8), 1 mM MgCl2, 5 mM EGTA, 0.2 % Triton X-100) 

before proceeding to cell fixation for 10 minutes with 4 % paraformaldehyde/PBS. 

For cold-shocks, cells were first placed on ice-water for 8 minutes and subsequently 

pre-extracted with cold PEMT and fixated. Subsequently, coverslips were blocked 

in 3 % BSA/PBS for 1 h and primary antibody incubations were done overnight at 4 
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°C. Coverslips were washed in PBS/0.1 % TX-100 and subsequently incubated with 

secondary antibodies plus DAPI for 1 h at room temperature. Coverslips were washed 

twice in PBS and mounted using ProLong Gold antifade (Molecular Probes). Images 

were acquired on a DeltaVision RT and DeltaVision Elite Applied Precision, with a 

100×/1.40 NA U Plan S Apochromat objective (Olympus). 

Antibodies. MPS1–N terminal (05-682; EMD Millipore), α-tubulin (T5168, Sigma-

Aldrich), α-tubulin (PA5-29444; Thermo Fisher Scientific), CENP-C (PD030; MBL), GFP-

booster (ChromoTek), GFP (custom rabbit polyclonal raised against full-length GFP), 

MAD1 (a gift from A. Musacchio, MPI, Dortmund, Germany), Zw10 (ab21582; Abcam), 

DIC (D5167; Sigma), NUF2 (22108; Signalway Antibody), The phopho-MELT-KNL1 

antibody, directed against Thr1 180 of human KNL1 was raised in rabbits using the 

peptide MDLpTSSHTVMIC (Genscript). Secondary antibodies were goat anti–rabbit, 

anti–mouse and anti-Guinea pig Alexa Fluor 568 and 647 (Molecular Probes) for 

immunofluorescence experiments.

For live-cell imaging, cells were plated in 8-well chamber slides. One hour before 

imaging, cells were washed into Leibovitz L-15 media (Invitrogen) supplemented 

with 9% FCS, 2 mM L-glutamine, 100 U/ml penicillin and streptomycin, and treated as 

indicated. Image acquisition was performed on a DeltaVision core system equipped 

with a heated 37°C chamber, a CoolSNAP HQ2; Photometrics camera and a 100x/1.40 

NA U Plan S Apochromat objective. For deconvolution SoftWorx (Applied Precision/GE 

Healthcare) was used. For time-lapse imaging of mitosis duration, cells were plated 

in a 24-well plate and treated as indicated. Differential interference contrast (DIC) 

microscopy was performed on an Olympus IX81 inverted microscope equipped with 

a 10×0.30 NA CPlanFLN objective lens (Olympus), Hamamatsu ORCA-ER camera and 

Cell^M software (Olympus). 

Image analysis and quantification was  done using ImageJ and image preparation for figures 

was done using Photoshop and Illustrator CS5 (Adobe Systems). All graphs were created in 

Graphpad Prism 6.0d (GraphPad Software, La Jolla, CA, USA). An ImageJ macro was used to 

threshold and select all kinetochores and all chromosome areas (excluding kinetochores) 

using the DAPI and anti-kinetochore antibodies channels as described previously268,285. 

This was used to calculate the relative mean kinetochore intensity of various proteins 

([kinetochores–chromosome arm intensity (test protein)]/[kinetochores–chromosome 

arm intensity (CENP-C)]). Immunostainings on LacO arrays were quantified with a different 

macro designed to threshold and select the LacO arrays. Intensity of MPS1 was calculated 

([LacO–chromosome arm intensity (MPS1)]/ [LacO–chromosome arm intensity (GFP)]).
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Figure S1. (A) Schematic diagrams of MPS1, NDC80-CBroccoli and NDC80-CBonsai (B) Overlapped NMR spectra of 
[15N] MPS1TPR alone (blue) or mixed with NDC80-CBroccoli (red), as shown also separately in Figure 1; the yellow 
box indicates a zoom-in area, that is presented in higher detail to the right, indicating peak broadening that 
causes peaks to disappear; the 1D plot of peak height in the same spectrum indicates various eff ects on 
peak height and shape, that take place upon complex formation. A ~10% molar excess of NDC80-C was used 
for the complex measurements. (C-E) NMR spectra of [15N] MPS1TPR-CTE, alone or mixed with NDC80-CBroccoli or 
NDC80-CBonsai. A ~10% molar excess of NDC80-C was used for the complex measurements.

Supplementary information

Figure S2. MST binding curves 
of MPS1 variants titrated against 
fl uorescent NDC80-CBroccoli (A, B) 
or vice versa (C, D). Error bars 
show standard deviations from a 
triplicate experiment.
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Figure S3. MST-binding curves for: (A) NDC80-CBroccoli titrated against fl uorescently labeled pMPS1NTE-

TPR-CTE, alone and in the presence of three diff erent concentrations of non-phosphorylated MPS1NTE-TPR-CTE; 
(B) NDC80-CBonsai against fl uorescence labeled pMPS1NTE-TPR-CTE. The experiment was carried out twice with 
diff erent concentrations of NDC80-CBonsai; therefore, the standard errors are not shown; (C) MPS1NTE-TPR-CTE

titrated against fl uorescently labeled NDC80-CBroccoli, alone and in the presence of two concentrations of 
microtubules. (D) pMPS1NTE-TPR-CTE titrated against fl uorescently labeled NDC80-CBroccoli, alone and in the 
presence of tubulin allowed to polymerise in the presence of taxol for the indicated times. Error bars show 
standard deviations from a duplicate experiment.
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Figure S4. (A) Immunolocalization of the indicated proteins in HeLa cells expressing the indicated LAP-
Spindly variants, transfected with Spindly siRNA for 48 hours and treated with nocodazole or MG132 for 
1 hour. Quantifi cations can be found in fi gure 1D. (B) Immunolocalization of LAP-MPS1, DIC (dynein) 
and kinetochores (CENP-C) in HeLa cells depleted of the dynactin subunits p150Glued and Arp1 by siRNA 
transfection and treated in nocodazole or MG132 for 1 hour. (C) Graph displays total kinetochore intensities 
(±SD) of the indicated proteins relative to CENP-C. Mean ratios of nocodazole-treated cells were set to 1. 
(D) LAP-MPS1, tubulin and CENP-C immunolocalization in prometaphase HeLa cells treated with 50 μM 
Ciliobrevin D for 30 minutes and subjected to cold-shock treatment. ‘L’; lateral, ‘U’; unattached, ‘E’; end-on 
attached. (E) Selected frames of time-lapse analysis of mitotic HeLa cells transduced with BacMam H2B-
RFP and treated with DMSO or 50 mM of ciliobrevin D. (F) Representative images of protein localization in 
U2OS-LacO cells expressing LacI-LAP or LacI-LAP-HEC1 and treated with nocodazole. Bar, 5 μm.
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              Figure S5. (A) MST-binding curves for NDC80-CBroccoli with the indicated HEC1 CH domain mutations 
titrated against fluorescently labeled pMPS1NTE-TPR-CTE. (B, C) Representative images (B) and quantification 
(C) (±SD) of protein localization in U2OS-LacO cells expressing LacI-LAP-HEC1 variants and treated with 
nocodazole. Cells expressing comparable levels of the LacI proteins were selected for analysis. Asterisks 
(****: p<0.0001) indicate significance (ANOVA with Tukey’s multiple comparison test). (D) Time-lapse 
analysis of duration of mitotic arrest in nocodazole-treated Flp-in HeLa cells transfected with HEC1 siRNA 
and expressing the indicated HEC1 variants. Cells entered mitosis in the presence of the MPS1 inhibitor 
reversine (300 nM) to sensitize the SAC for HEC1 reduction. (E) MST-binding curves for polymerized 
microtubules titrated against fluorescently labeled variants of NDC80- CBroccoli. (F) Immunolocalization of 
the indicated proteins in HeLa Flp-In cells expressing the indicated GFP-HEC1 variants, transfected with 
HEC1 siRNA and treated with MG132 for 1 hour. Before fixation, cells were exposed to cold shock for 8 min 
to bias preservation of stable kinetochore microtubules. (G) A structural model of interaction of the MPS1 
NTE-TPR module with NDC80-C.





1Oncode Institute, Hubrecht Institute - KNAW and University Medical Center Utrecht,       
Utrecht, The Netherlands
2Division of Biochemistry, Netherlands Cancer Institute, Amsterdam, The Netherlands
3Department of Biochemistry, University of Cambridge, Cambridge, UK

Spyridon T. Pachis1, Yoshitaka Hiruma2, Eelco C. Tromer3, 
Anastassis Perrakis2, Geert J. P. L. Kops1

Cell Reports; 2019

InteractIonS Between n-terMInal ModuleS 
In MpS1 enaBle SpIndle checKpoInt SIlencInG

4Chapter



68

Chapter 4: Interactions between N-terminal modules in MPS1 enable spindle checkpoint silencing

Abstract
Faithful chromosome segregation relies on the ability of the spindle assembly 

checkpoint (SAC) to delay anaphase onset until chromosomes are attached to the 

mitotic spindle via their kinetochores. MPS1 kinase is recruited to kinetochores to 

initiate SAC signaling and is removed from kinetochores once stable microtubule 

attachments have been formed to allow normal mitotic progression. Here, we 

show that a helical fragment within the kinetochore-targeting N-terminal extension 

(NTE) module of MPS1 is required for interactions with kinetochores and forms 

intramolecular interactions with its adjacent tetratricopeptide repeat (TPR) domain. 

Bypassing this NTE-TPR interaction results in high MPS1 levels at kinetochores due 

to loss of regulatory input into MPS1 localization, inefficient MPS1 delocalization 

upon microtubule attachment, and SAC silencing defects. These results show that 

SAC responsiveness to attachments relies on regulated intramolecular interactions in 

MPS1 and highlight the sensitivity of mitosis to perturbations in the dynamics of the 

MPS1-NDC80-C interactions.

Graphical abstract
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Introduction
Genomic stability is a key feature of cellular homeostasis, and error-free chromosome 

segregation during mitosis is crucial for maintaining it 255. The spindle assembly 

checkpoint (SAC) safeguards this process by prohibiting cells from separating 

their duplicated chromosomes in anaphase until all of them are properly attached 

to microtubules of the mitotic spindle 175,353. The SAC is satisfied only when all 

chromosomes have made stable, bioriented attachments, a state in which each of the 

two sister chromatids is attached exclusively to microtubules emanating from opposing 

spindle poles. Any other attachment conformations are sensed and destabilized by the 

error correction machinery 115.  

Unattached kinetochores elicit a SAC response by the hierarchical recruitment of 

SAC components, including the BUBs (BUB1, BUB3 and BUBR1) and the MADs (MAD1 

and MAD2). Eventually, this leads to the production of a diffusible anaphase inhibitor 

known as the mitotic checkpoint complex (MCC) 177,178,211,309. The MCC is responsible 

for blocking activation of the anaphase promoting complex/cyclosome (APC/C)CDC20 

complex whose function is to promote the transition to anaphase.  SAC signaling 

is locally silenced when microtubules form stable attachments to a kinetochore, 

ultimately followed by full SAC satisfaction (MCC disassembly) when all chromosomes 

have achieved stable attachments 175,250,257,361. 

Monopolar spindle 1 (MPS1) kinase is the major orchestrator of SAC signaling 362. It 

is recruited to unattached kinetochores, where it autoactivates and subsequently 

phosphorylates its kinetochore substrates in order to recruit downstream SAC 

components and enable MCC production 291,310–312,353,359.  MPS1 phosphorylates multiple 

residues on at least three proteins involved in the recruitment cascade (Knl1, Bub1 

and Mad1) 190,193–196,206; subsequently, it may directly affect MCC stability and its binding 

to the APC/C 308. Besides its role in the SAC, MPS1 is also involved in the regulation 

of chromosome biorientation 268,271,302,305 and in the expansion of kinetochores in early 

prometaphase 93,363. 

   
MPS1 contains in its N terminus an N-terminal extension (NTE) sequence module 

followed by a tetratricopeptide repeat (TPR) domain. Although the NTE provides the 

predominant localization signal, both modules are involved in MPS1’s ability to localize 

to kinetochores via direct binding to members of the NDC80 complex 261,262,285,320,321,331. 

The mitotic kinase Aurora B plays an important role in promoting MPS1 kinetochore 

localization 266,268, at least partly by alleviating an inhibitory effect that the TPR imposes 
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on kinetochore binding via the NTE 285. MPS1 signaling at kinetochores diminishes 

upon microtubule binding due to competition between MPS1 and microtubules for 

binding to the NDC80 complex 261,262. Aided by high turnover of kinetochore MPS1 342,345, 

this results in reduced ability of MPS1 molecules to re-bind kinetochores once they are 

occupied by microtubules. In this way, SAC signaling is disrupted at its most upstream 

point - a mechanism that, alongside other ways of silencing the SAC, eventually causes 

full SAC inactivation and anaphase onset 143,175,237,240,245,246,248,249,257,351,194,223,224,230–232,235,236. 

The localization of MPS1 to kinetochores and the regulation thereof are crucial for the 

SAC, yet much is still unknown about the mechanisms that dictate it. Here, we set out 

to examine the potential interplay among the different N-terminal regions in MPS1 and 

determine how they regulate its kinetochore levels. We report the presence of a helical 

fragment in the NTE of MPS1 that is important for its kinetochore localization, and 

we detect a direct intramolecular interaction between the NTE and the TPR modules 

of MPS1. This interaction dampens MPS1 kinetochore binding, which we show is 

important for efficient SAC silencing. 

Results

A short helical fragment in the NTE is important for 
MPS1 kinetochore localization
Previous work determined the crystallographic structure of Mps162-239 allowing the 

identification of the TPR domain structure (PDB: 4B94, 4H7X, 4H7Y) 285,364. The last 

40 residues in that structure were not visible in the electron density maps and are 

thus presumably flexible or disordered. To gain more insight into the structure and 

properties of MPS1’s N-terminal kinetochore localization modules, we performed 

nuclear magnetic resonance (NMR) analysis on MPS11-239, containing both the NTE 

module (which was not present in the crystallized protein), and the C-terminal 

extension (CTE) of the TPR domain (the last 40 residues that were not modeled). 87% 

of the residues in MPS11-239 were successfully assigned to their corresponding NMR 

chemical shifts (figure S2A-C). From the assignment, it was evident that the NTE had 

chemical shifts characteristic of a flexible conformation. To further investigate that, 

we used the TALOS software 365 to predict secondary structure elements of the NTE 

based on the NMR spectra. TALOS confirmed that the NTE likely assumes a flexible 

conformation but also predicted (albeit with a low score) that residues 14-23 have 

the propensity to form a helix (Figure 1A). Alignment of animal NTE sequences shows 
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substantial divergence but relatively high conservation in key residues of the predicted 

helix (figure S1A). To examine the importance of this potential helical fragment, we 

designed a helix-disrupting point mutation in the NTE by substituting an asparagine 

residue in the middle for a proline residue (Figure 1A,B) and assessed the ability of 

MPS1 to localize to kinetochores of prometaphase cells treated with MPS1 inhibitor (to 

exclude potential secondary effects on localization via altered MPS1 activity) 342. MPS1 

carrying the N18P mutation showed greatly reduced kinetochore levels in cells treated 

with nocodazole (Figure 1C,D), without affecting protein stability fFigure S1B). The 

low kinetochore levels of MPS1N18P were similar to those of MPS1Δ60, a mutant in which 

the entire NTE is removed (Figure 1C,D) 285,303. Combining the N18P substitution with 

a deletion of the TPR domain (MPS1N18P-ΔTPR) abolished MPS1 kinetochore binding to a 

similar extent as deleting the entire NTE-TPR module (MPS1Δ200) (Figure 1C,D) 285. We 

next measured mitotic delays in cells treated with nocodazole and a low dose of the 

MPS1 inhibitor Cpd-5 (25 nM) 366 to uncover potential subtle differences in SAC strength 

among the different cell lines. In agreement with compromised localization, cells 

expressing MPS1N18P and MPS1N18P-ΔTPR were impaired in maintaining a mitotic arrest 

when treated with nocodazole (Figure 1E). Altogether, these data are consistent with 

a role for an N-terminal α helix in enabling the interaction between the NTE and the 

NDC80-C. 

The TPR domain and NTE of MPS1 interact
Our previous work suggested that regulation of MPS1 localization involves release of 

an inhibitory effect of the TPR domain on the NTE 285. To examine whether this could 

be via direct interactions between the two modules, we first assigned chemical shifts 

to MPS162-239 (Fig 2A). We then compared the 1H, 15N heteronuclear single-quantum 

correlation (HSQC) spectra of MPS11-239 and MPS162-239 to measure chemical shift 

perturbations (CSPs) (Fig. 2B), which we mapped onto the sequence and crystal 

structure of the TPR domain (Fig, 2C,D). The largest CSPs, indicative of interaction 

sites with the NTE, were observed at the convex outer surface of the TPR, mostly at 

the two N-terminal α helices (63−73 and 82−98) and considerably less so on the rest 

of the outer surface. Few CSPs were measured at the concave inner surface of the 

TPR. Surface conservation analysis of the TPR domain shows little overlap between 

the more conserved residues and those that display the largest CSPs in the NMR 

experiments (Fig 2E). This is not surprising, because residues that maintain the TPR 

fold are expected to be more conserved than those interacting with a divergent,   
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Figure 1. The NTE Contains a Short Helical Fragment that Is Important for MPS1 Kinetochore 
Localization (A) Secondary structure prediction of the NTE. The ‘‘Seq’’ row shows the prediction based on 
the primary sequence, the ‘‘NMR’’ row shows the prediction based on the generated NMR spectra, and the 
‘‘SCR’’ row is the confi dence score per position for predictions based on NMR. (B) Schematic representation 
and functional classifi cation of the diff erent MPS1 variants. (C and D) Representative images (C) and 
quantifi cation (D) of protein localization at kinetochores in nocodazole-treated and MPS1 inhibitor Cpd-
5 (250 nM)-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 
variants. The graph shows the mean kinetochore intensity (±SD) normalized to the values of MPS1WT. Each 
dot represents one cell, and all cells have been pooled from three independent experiments (WT, n = 195; 
Δ60, n = 118; N18P, n = 111; Δ200, n = 100; N18P-ΔTPR, n = 65). Asterisks indicate signifi cance (one-way 
ANOVA followed by Tukey’s test).(E) Time-lapse analysis of the duration of mitotic arrest in nocodazole-
treated and Cpd-5 (25 nM)-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the 
indicated LAP-MPS1 variants. The graph displays the mean values (±SD) from two independent experiments 
(n = 75 per condition). See also Figure S1.

largely unstructured NTE. To assess the contribution of electrostatic interactions to the 

interaction of the NTE with the TPR, we measured 1H, 15N HSQC spectra of the two MPS1 

variants upon titration of KCl (fi gure S3A,C). Whereas the chemical shift s of MPS162-239 

showed relatively small changes (fi gure S3A,B), notable spectral perturbations were 

observed for MPS11-239 (fi gure S3C,D), suggesting that the NTE-TPR interactions are
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largely electrostatic. The N-terminal region of the TPR domain on the convex outer 

surface, as well as the predicted helical residues in the NTE, showed relatively large CSPs 

upon KCl titration, confirming that these two regions are involved in the interaction 

(figure S3E-G). These experiments suggest that the flexible NTE can interact with the 

proximal side of the convex outer surface of the TPR domain and that this depends on 

electrostatic interactions.

Bypassing the NTE-TPR interaction leads to constitutively 
elevated levels of MPS1 on kinetochores
We next wished to examine the functional relevance of a regulated NTE-TPR interaction. 

Prior work showed that deletion of the TPR domain or the NTE affected the ability of 

MPS1 to bind kinetochores 285,303, precluding the use of such approaches to disrupt the 

NTE-TPR interaction. We were also unable to identify specific residues in NTE or TPR 

that affected NTE-TPR interaction without affecting their ability to bind kinetochores 

(data not shown). To bypass the NTE-TPR interaction without compromising the 

integrity of the NTE or TPR, we created MPS12xNTE, a version of MPS1 that contains 

an additional NTE fused to its N terminus (Figure 3A). As predicted, MPS12xNTE 

kinetochore levels were largely insensitive to inhibition of Aurora B kinase activity 

(Figure 3B,C). However, they were roughly two times higher than those of MPS1WT, 

and were additionally insensitive to inhibition of MPS1 activity, in contrast to MPS1WT 

(Figure 3B,C). Enhanced levels of MPS12xNTE on kinetochores and insensitivity to MPS1 

inhibition could not be explained by compromised kinase activity of MPS12xNTE 301,342–344, 

because cells expressing this mutant were able to efficiently support the SAC in cells 

treated with nocodazole and a low dose of Cpd-5 (Figure 3D). These results indicate 

that the interaction between the NTE and the TPR domain of MPS1 is important for the 

regulation of MPS1 kinetochore levels and that Aurora B affects them, at least partly, 

through the regulation of that interaction . 

The NTE-TPR interaction promotes MPS1 release from 
kinetochores

We next tried to understand the nature of the increased kinetochore localization of 

MPS12xNTE and its insensitivity to kinase regulation. Kinetochore levels of both MPS1WT 

and MPS12xNTE in cells treated with nocodazole were diminished upon knockdown 

of endogenous HEC1 by small interfering RNA (siRNA), confirming that MPS12xNTE 

kinetochore binding depends on the NDC80-C (figure S4A,B). To examine whether 
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Figure 2. NMR of MPS1 N-terminal Fragments Uncovers NTE-TPR Interactions (A) Schematic 
representation of the variants of MPS1 that were used. (B) Examples of spectra showing residues in the 
TPR that are aff ected by the presence of the NTE (shift s from blue to red). (C) Display of the chemical shift  
perturbations (CSPs) per residue in the sequence of the TPR-CTE region, color coded based on the CSP 
magnitude. (D) Projection of the CSPs onto the crystal structure of the TPR domain (in 3 orientations) 
following the same color coding as in (C). (E) Surface conservation of the TPR domain of MPS1, color coded 
per residue based on the sequence divergence in the species that were used (same 3 orientations as in D). 
See also Figures S2 and S3.

the elevated kinetochore levels of MPS12xNTE are a result of a higher binding aff inity 

between MPS1 and HEC1, we purifi ed full-length recombinant MPS1 variants from 

insect cells and titrated them to a fi xed concentration of fl uorescently labeled 

NDC80-CBonsai 76 in microscale thermophoresis (MST) experiments. MPS1WT binding to 

NDC80-CBonsai fi t a model  consistent with a single binding event with a Kd of ~300 nM
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(Figure 3E, left panel). However, the binding of MPS12xNTE to NDC80-CBonsai is best 

described by a model with two binding events: one with a Kd of ~400 nM and one of ~5 

nM (Figure 3E, right panel). Similar results were obtained when using shorter versions 

of MPS1 (1-377) (figure S4C). The appearance of the higher-affinity binding event is 

likely due to the added, unregulated NTE module. 

We next performed fluorescence recovery after photobleaching (FRAP) analysis of 
fluorescent MPS1 variants at single-kinetochore pairs of cells that were arrested in 
nocodazole to determine whether differences in residence times contribute to the 
differences in kinetochore levels.  We did so in the presence of MPS1 inhibitor (Cpd-
5) to exclude activity-related effects on its residence time 342. Consistent with the 
presence of a higher-affinity binding site on MPS12xNTE for NDC80-C, MPS12xNTE displayed 
significantly reduced turnover on kinetochores compared to MPS1WT (F test, p < 0.0001) 
with best-fit recovery half-times at 2.56 sec and 1.93 s, respectively (95% confidence 

intervals of half-time: WT 1.65-2.34 sec vs 2xNTE 2.19-3.0 sec) (Figure 3F). 

To determine the contribution of each NTE to kinetochore binding, we first introduced 
the N18P mutation to disrupt the helical fragments present in both NTEs (MPS1NTE1&2mut) 
(Figure 3A).  This severely compromised the ability of MPS1 to localize to kinetochores 
(Figure 3G,H). Whereas mutation of only the TPR-proximal NTE (MPS1NTE2mut) left 
localization of MPS1 largely unaffected, mutation of the apical NTE (MPS1NTE1mut) 
strongly reduced localization to levels similar to those of MPS1NTE1&2mut (Figure 3G,H). 
This observation argues that the increased levels of MPS12xNTE on kinetochores, as well 
as the higher binding affinity in the MST experiments, are mediated predominantly 
by the apical N-terminal NTE. Our data show that bypassing the NTE-TPR interaction 
removes kinase regulatory input into MPS1 localization and creates a higher-affinity 
binding site for NDC80-C, which in turn leads to higher residence time of MPS1 on 

kinetochores. 

Bypassing the NTE-TPR interaction causes SAC silencing 
defects
Removal of active MPS1 from kinetochores is a crucial step for silencing the SAC in 

metaphase 261,262,342. Because kinetochore release of MPS12xNTE is compromised, we next 

examined whether removal of MPS1 from metaphase kinetochores was affected, by 

arresting cells with the proteasome inhibitor MG132. In contrast to MPS1WT, MPS12xNTE 

displayed significant retention on metaphase kinetochores, at levels approximately 

half of those observed in nocodazole-treated cells expressing the mutant 
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Figure 3. Bypassing the NTE-TPR Interaction Abolishes Kinase Regulation of MPS1 Kinetochore 
Localization (A) Schematic representation of the MPS1 variants used. (B and C) Representative images (B) 
and quantifi cation (C) of protein levels at kinetochores in HeLa Flp-In cells transfected with MPS1 siRNA, 
expressing the indicated LAP-MPS1 variants and treated with nocodazole and the indicated inhibitors. 
The graph shows the mean kinetochore intensity (±SD) normalized to the values of MPS1WT in DMSO. Each 
dot represents one cell, and cells have been pooled from four independent experiments (WT_DMSO, n 
= 75; 2xNTE_DMSO, n = 72; WT_cpd5, n = 75; 2xNTE_cpd5, n = 75; WT_cpd5+ZM447439, n = 74; 2xNTE_
cpd5+ZM447439, n = 75). Asterisks indicate signifi cance (one-way ANOVA followed by Tukey’s test). (D) Time-
lapse analysis of the duration of mitotic arrest in nocodazole-treated and Cpd-5 (25 nM)-treated HeLa Flp-In 
cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The graph displays the 
mean values (±SD) from three independent experiments (n = 75 for all conditions). (E) MST binding graph 
generated by titrating MPS1WT (left  panel) or MPS12xNTE (right panel) to 50 nM of NDC80-CBonsai. One- or two-
site binding curves were fi tted, and an F test was performed to select a preferred model. (F) Quantifi cation 
of FRAP performed on individual kinetochore pairs of nocodazole-treated and Cpd-5 (250 nM)-treated 
HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The 
graph displays the mean fl uorescence intensity (±SEM) from two independent (continued on next page)...
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...(Figure 3, continued from previous page) experiments (WT, n = 45; 2xNTE, n = 42). (G and H) Representative 
images (G) and quantification (H) of protein levels on kinetochores in nocodazole-treated and Cpd-5 (250 
nM)-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. 
The graph shows the mean kinetochore intensity (±SD) normalized to the values of MPS12xNTE. Each dot 
represents one cell, and cells have been pooled from five independent experiments (2xNTE, n = 123; 
NTE1&2mut, n = 117; NTE1mut, n = 98; NTE2mut, n = 119). Asterisks indicate significance (one-way ANOVA 
followed by Tukey’s test). See also Figures S1 and S4.

(Figure  4A,B). Time-lapse imaging of cells going through a round of unperturbed 

mitosis revealed that MPS1 retention on metaphase kinetochores was accompanied by 

a mitotic arrest. Whereas around 95% of MPS1WT-expressing cells exited mitosis within 

80 min from nuclear envelope breakdown (NEB), only 40% of MPS12xNTE-expressing 

cells managed to complete mitosis even within 400 min (Figure 4C). The arrest was 

dependent on MPS1 activity (Figure 4C) and was consistently marked by elevated 

levels of KNL1-pT180, MAD1, and BUB1 on metaphase kinetochores. Although KNL1-

pT180 and BUB1 were present at roughly 70% of the levels observed in nocodazole-

treated cells, MAD1 was retained at only 15% (Figures 4D,E, S4D,E). 

We next examined whether weakened microtubule attachments due to the presence 

of elevated MPS12xNTE on metaphase kinetochores contributed to the mitotic arrest 

of the cells expressing this variant. Kinetochore-microtubule attachments were 

unaffected, as indicated by four observations. First, the time from NEB to metaphase 

was indistinguishable between cells expressing MPS1WT and those expressing MPS12xNTE 

(Figure 5A,B). Second, the time from metaphase to cohesion loss by cohesion fatigue 
367 in MG132-treated cells was likewise similar (Figure 5C). Third, total levels of cold-

stable tubulin of the mitotic spindle, as well as individual k-fiber intensities, were not 

substantially altered between cells expressing the two MPS1 variants (Figure 5D-F) and 

no obvious correlation existed between the level of MPS12xNTE on single kinetochores 

and the k-fiber intensity (Figure S4F). Lastly, the levels of astrin, a marker of stable end-

on attachments 368, were not reduced on metaphase kinetochores of cells expressing 

MPS12xNTE, even though MPS12xNTE was still present there at high levels  (Figure 5G,H). 

Altogether, these data show that bypassing the NTE-TPR interaction compromises 

the ability to silence the SAC by affecting the efficiency of MPS1 delocalization in 

metaphase without affecting microtubule attachments.

Discussion
The work presented in this study suggests an additional mechanistic aspect of SAC 

silencing whereby regulated intramolecular interactions in MPS1 are important in 

removing it from kinetochores when microtubule attachments are formed. More 
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Figure 4. Bypassing the NTE-TPR Interaction Prevents SAC Silencing (A and B) Representative images 
(A) and quantifi cation (B) of nocodazole-treated or MG132-treated HeLa Flp-In cells transfected with 
MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The graph displays the mean kinetochore 
intensity (±SD) normalized to the levels of MPS1WT in prometaphase. Each dot represents one cell, and cells 
were pooled from four independent experiments (WT_noco, n = 85; 2xNTE_noco, n = 90; WT_MG132, n = 
81; 2xNTE_MG132, n = 80). Asterisks indicate signifi cance (Student’s t test between the cell lines for each 
condition). (C) Time-lapse analysis of the duration of DMSO-treated or MPS1 inhibitor Cpd-5 (250 nM)-
treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The 
graph displays the mean values (±SD) from three independent experiments (n = 100 for all conditions). (D 
and E) Representative images (D) and quantifi cation (E) of the kinetochore levels of the indicated proteins 
in nocodazole-treated or MG132-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing 
the indicated LAP-MPS1 variants. The graph displays the mean kinetochore intensity (±SD) normalized 
to the levels of each protein in prometaphase MPS1WT-expressing cells. For each protein examined, cells 
were pooled from three independent experiments and each dot represents one cell (BUB1, n = 80 for all 
conditions; MAD1, n = 60 for all conditions). Asterisks indicate signifi cance (Student’s t test between diff erent 
cell lines for each protein and condition). See also Figure S4.

specifi cally, we uncover a short helical fragment in the NTE of MPS1 that is important 

for interaction with its kinetochore receptor. We also report a direct electrostatically 

mediated interaction between the TPR domain and the NTE of MPS1. An MPS1 version 

designed to bypass this interaction is no longer regulated by Aurora B or itself and 

is ineff iciently delocalized by microtubules in metaphase. A study using chemical 

crosslinking on recombinant MPS1 showed that crosslinks can be detected between 

the NTE and the TPR, confi rming that the modules interact in full-length MPS1 315. 

We envision a model in which the NTE and TPR transiently interact, preventing 

eff icient binding of MPS1 to kinetochores. The NTE-TPR interaction is diminished by 
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Figure 5. High Levels of MPS1 on Kinetochores in Metaphase Do Not Perturb Microtubule Attachments 
(A–C) Representative stills (A) and quantifi cations (B and C) of time-lapse movies of HeLa Flp-In cells 
transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. Cells were incubated with SiR-
DNA to visualize the chromatin and treated with either DMSO (WT and 2xNTE) or MG132 (WT only). Graphs 
in (B) and (C) display the absolute time in minutes (±SD). Each dot represents a cell, and cells were pooled 
from three independent experiments (n = 95 for both conditions) (B) or two independent experiments (WT, 
n = 20; 2xNTE, n = 56) (C). Student’s t test showed no signifi cant diff erences. (D–F) Representative images 
(D) and quantifi cations (E and F) of cold-stable microtubules and of the indicated proteins on attached 
kinetochores in MG132- treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated 
LAP-MPS1 variants. Graphs in (E) and (F) show quantifi cation (a.u. ± SD) of the total cold-stable tubulin 
levels (E) or of the intensity of individual k-fi bers in each cell line (F). Each dot represents a cell, and cells 
were pooled from three independent experiments (n = 70 for all conditions and measurements). Student’s 
t test showed no signifi cant diff erences. (G and H) Representative images (G) and quantifi cation (H) of the 
kinetochore levels of astrin in MG132-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing 
the indicated LAP-MPS1 variants. The graph displays the mean kinetochore intensity (±SD) normalized to 
the levels of astrin in MPS1WT-expressing cells. Cells were pooled from two independent experiments, and 
each dot represents one cell (n = 85 for both conditions). See also Figure S4.

Aurora B activity via unknown mechanisms, thereby enhancing aff inity of MPS1 for 

kinetochores (fi gure S5A). Once on kinetochores, the ability of the two modules to 

interact promotes MPS1 release and enables SAC silencing upon the formation of 

stable kinetochore-microtubule attachments (fi gure S5B). The apical NTE, which 

we added in MPS12xNTE, is likely not able to interact with the TPR and is thus always 

available for interaction with kinetochores, leaving the Aurora B input mute. At the 
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same time, the inability of this extra NTE to interact with TPR reduces release of 

MPS1 from kinetochores and decreases sensitivity to displacement by microtubules. 

Because the TPR domain has an important contribution to MPS1 kinetochore binding 

in addition to regulation of the NTE 285, it will be important to define this contribution, 

as well as the mechanisms by which MPS1 is regulated by both itself and Aurora B. 

The metaphase delay observed in MPS12xNTE-expressing cells is similar to previously 

tested conditions in which MPS1 was tethered to kinetochores via fusion to the MIS12 

protein 342. Consistently, both situations display elevated levels at kinetochores of SAC 

components downstream of MPS1 activity. However, MPS12xNTE appears to promote 

KNL1-MELT phosphorylation and BUB1 recruitment more efficiently than MAD1 

recruitment (Figures 4D,E, S4D,E). In addition, although MAD1 kinetochore levels 

were low on average in MPS12xNTE metaphase cells, they were quite variable among 

kinetochores, implying that only a subset of kinetochores was proficient in generating 

a strong-enough SAC response. MPS12xNTE may thus expose conditions in which the 

balance between SAC activating and SAC silencing mechanisms (kinase, phosphatase, 

and dynein) is near a tipping point. As such, MPS12xNTE may be a useful tool to examine 

which SAC silencing events are most sensitive to reductions in MPS1 and how. 

Previous work showed that MPS1 interacts with NDC80-C in two regions: the NTE-

TPR region interacting with HEC1, and the MR region, interacting with NUF2 261,262. 

The affinity of full length MPS1WT and of MPS11-377 produced in insect cells (and thus 

at least partially phosphorylated) for labeled NDC80-CBonsai in vitro is estimated here 

as ~400 nM, similar to what has been previously estimated in a different experimental 

configuration (270 nM) 261. Interestingly, MPS12xNTE showed a second binding event 

with about two orders of magnitude higher affinity (~5 nM), suggesting either the 

tighter binding of the second NTE compared to the one adjacent to the TPR domain, 

or the presence of a second, unknown binding site. Microtubules inhibit binding of 

MPS1 to NDC80-C, in an at least partly non-competitive manner 261,262. The MPS12xNTE 

variant, which is insensitive to the two most prominent regulators of MPS1-NDC80-C 

interactions (Aurora B and MPS1), is substantially displaced upon microtubule 

attachments. However, it does not reach the basal levels observed for MPS1WT and is 

maintained substantially on metaphase kinetochores without noticeable effects on 

microtubule occupancies. This supports a hypothesis that microtubules cause full 

dissociation of MPS1 from attached kinetochores by promoting NTE-TPR interactions, 

in addition to competing with the NTE-NDC80-C interaction, for example, by the 

kinetochore enrichment of phosphatases that act on the NTE 261.
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This study sheds more light on the complex relationship among MPS1, kinetochores, 

and microtubules and reveals that regulated intramolecular interactions in MPS1 act 

alongside the microtubule competition to efficiently displace MPS1 from kinetochores. 

The layer of regulation that we describe here is therefore important in ensuring smooth 

mitotic progression and in enabling SAC silencing once stable end-on microtubule 

attachments have been formed.
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Experimental procedures
Isotopically labelled compounds. 15NH4Cl, 13C6-glucose, D2O and 15N-asparagine were 

purchased from CortecNet (Voisins-Le Bretonneux, France)

Protein production. For the proteins used in the NMR experiments, 15N- and 15N, 
13C-enriched minimal media were prepared as described previously369. Uniformly 

isotopically enriched MPS1 samples were produced as following. The plasmids 

containing the constructs of MPS1 variants were transformed into the BL21(DE3) 

strain. A single colony was inoculated into 5 mL Lysogeny broth (LB) medium 

supplemented with 30 μg mL-1 kanamycin at 37 °C for 3 hours. 50 μL of the pre-culture 

was transferred into 50 mL of minimal medium and grown at 37 °C overnight.  10 mL 

of the pre-culture was then transferred into 1 L of minimal medium and grown at 37 

°C until OD600 reached ~0.6. Gene expression was induced with 0.5 mM Isopropyl β-D-

1-thiogalactopyranoside (IPTG) and the cultures were allowed to grow at 22 °C for 18 

hours. Cells were harvested by centrifugation and resuspended in 20 mM KPi, pH 7.5, 1 

mM TCEP (buffer A) supplemented with 300 mM KCl, 10 mM imidazole, and 1 mM DNase. 

Samples were stored at –20 °C before proceeding to purification. The resuspended 

cells were defrosted at room temperature. The sample was lysed by sonication at 
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50% amplitude for three minutes with Qsonica Sonicator Q700 (Fisher Scientific). 

The lysate was further disrupted by EmulsiFlex (Avestin). Following centrifugation at 

21,000 g for 20 minutes at 4 °C, the supernatant was loaded on a HisTrap HP column 

(GE Healthcare). After extensive washing in buffer A supplemented with 500 mM KCl 

and 5 mM imidazole, the protein was eluted in the same buffer, but now supplemented 

with 300 mM imidazole. The samples were diluted three-fold in buffer A with 50 mM 

KCl and loaded on a HiTrap Heparin HP column (GE Healthcare). After washing with 

the same buffer, the protein was eluted in buffer A containing 500 mM KCl. The sample 

was then incubated with 3C protease for affinity tag cleavage at 4 °C overnight. The 

sample was subsequently loaded on a HisTrap HP and HiTrap Heparin column and 

eluted in buffer A containing 500 mM KCl.  The elute was then loaded on a Superdex 

G75 16/60 HiLoad (GE Healthcare) preequilibrated in 20 mM HEPES/NaOH, pH 7.5, 

150 mM KCl, 1 mM TCEP and 7% D2O (buffer B). The protein fractions were pooled 

together and concentrated.  The concentration of the MPS1 samples were determined 

spectrophotometrically using ε280nm = 9.97 mM-1 cm-1. The purified proteins were 

aliquoted and stored at –80 °C.  15N asparagine labeled –labeled MPS1 samples were 

produced as a protocol adapted from Tong et al370. 

For the proteins used in the MST experiments, The 1xNTE (WT) and 2xNTE MPS1 

constructs (residues 1-377 and 1-808) were cloned into the pFastBac-HT B vector 

for insect cell expression. Recombinant baculovirus was generated following the 

manufacturer’s instructions (Invitrogen). Spodoptera frugiperda (Sf9) insect cells were 

infected with the baculovirus and allowed to grow for 72 hours at 27 °C. Cells were 

harvested by centrifugation and re-suspended in 50 mL of buffer A supplemented 

with 150 mM KCl and 10 mM imidazole and one tablet of Pierce™ Protease Inhibitor 

Tablets EDTA-free (Thermo Fisher Scientific). Samples were stored at –20°C before 

proceeding to purification. The re-suspended cells were lysed by sonication for one 

minute at 50% amplitude in a Qsonica Sonicator Q700 (Fisher Scientific). Following 

centrifugation at 21,000 g for 20 minutes at 4 °C, the supernatant was incubated with 

Ni2+ charged Chelating Sepharose Fast Flow resin (GE Healthcare) for 30 minutes at 

4 °C. After extensive washing in buffer A supplemented with 500 mM KCl and 5 mM 

imidazole, the protein was eluted in 15 mL of buffer A supplemented with 50 mM KCl 

and 300 mM imidazole. The eluent containing MPS1 was subsequently diluted two-

fold in buffer A with 50 mM KCl and loaded on a HiTrap Q HP column (GE Healthcare) 

After washing with the same buffer, the protein was eluted in buffer A containing 400 

mM KCl. The sample was then loaded on a Superdex G75 16/60 HiLoad (GE Healthcare) 
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pre-equilibrated in 20 mM HEPES/NaOH, pH 7.5, 150 mM KCl and 1 mM TCEP. The 

protein fractions were pooled together and concentrated to ~30 µM. The purified 

protein stored in 50 µL aliquots, flash-frozen by liquid nitrogen and stored at –80 °C.

NMR measurements and backbone assignment.The protein concentrations of the 

13C, 15N MPS1 #1-239 and 13C, 15N MPS1 #62-239 were 450 µM and 550 µM, respectively 

in buffer B. All NMR spectra were recorded on a Bruker AVIIIHD 850 spectrometer with 

a TCI-Z-GRAD cryoprobe at 298 K. The 3D HN(CA)CB, HNCA, HN(CA)CO, HNCO and 

HN(COCA)CB experiments were acquired for the backbone assignment. The data was 

processed using Topspin 3.1 (Bruker, Biospin) and spectral assignment and analysis 

was performed using CCPN analysis 2.1.5.371. 

Sequential assignments of the MPS1 TPR-CTE (residues 62-239) and NTE-TPR-CTE 

(1-239) domains were performed using combination of HN(CA)CB, HNCA, HN(CA)CO, 

HNCO and HN(COCA)CB. To refine the assignments, the MPS1 samples were selectively 

labeled with 15N asparagine. Finally 209 assignments, 87% of assignable residues, 

were made for the NTE-TPR-CTE construct. It can be noted that most of the peaks 

that could not be assigned lie in the region of the CTE motif, presumably due to the 

intermediate exchange dynamics for NMR timescale. Data for backbone assignments 

(H, N, Cα, Cβ, C) have been deposited to BMRB under codes  27641 (NTE-TPR-CTE) 

and  27642 (TPR-CTE).

Backbone torsion angle restrains calculation. Phi and psi backbone dihedral angle 

restraints were predicted by TALOS-N365 based on chemical shifts of backbone atoms 

H, N, Cα and Cβ. Only predictions with a majority consensus in the TALOS-N database 

and predictions that indicated a dynamic conformation were used for modeling and 

validation.

NTE-TPR sequence conservation. MPS1 orthologs were defined by searching 372  the 

Uniprot database (downloaded on December 6, 2018) and nr  (downloaded on 

December 6, 2018) with inhouse Hidden Markov Models of the TPR and kinase domain, 

using orthologous group-specific bitscore cut-offs that we previously established 60. 

Orthologs with sequence similarities above 98% were discarded and filtered based 

on relevant phylogenetic positions in the animal tree of life, trying to include as much 

diversity as possible. MPS1 orthologs for Lethenteron camtschaticum and Petromyzon 

marinus were found through an online tblastn search against their respective 

transcriptomes. The genes were subsequently predicted by the online AUGUST 

webserver, using pre-trained Petromyzon marinus-specific models 373. The resulting 
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set of sequences was aligned to human MPS1 using MAFFT with the option LINSI 374. 

Columns of the alignment that did not contain a residue of the human MPS1 were 

removed. The sequence logo was build using the skylign webserver with weighted 

counts and consensus coloring 375.

Microscale Thermophoresis and analysis. The thermophoresis measurements were 

performed as previously described (Hiruma et al284) with a slight modifi cation. The DY-

547P1 labelled NDC80-C Bonsai (∆Hec1 1-80)76 was used at a fi nal concentration of 50 

nM in the ATP buff er (20 mM HEPES, pH 7.4, 100 mM KCl, 1 mM ATP, 4 mM MgCl2, 1mM 

TCEP, 0.05% Tween20). The measurement was performed in duplicates at 20% LED 

and 40% MST power. The binding curves were fi tted with a standard one site model 

(equation 1) and two site model (equation 2) using non-linear regression in GraphPad 

Prism 6 (GraphPad Soft ware, Inc, USA). 

                                                                                                                                          [1]

                                                                                                                                                           [2]

with Y the response; Bmax the maximum response; X the inhibitor concentration; and 

bg the background response values. An extra sum-of-squares F test was performed 

with the simpler model being selected unless the p value was under 0.001 to determine 

which of the two models to select in each case.

Generation of stable cell lines. Plasmids were transfected into Flp-In HeLa cells 

using Fugene HD (Promega) according to the manufacturer’s instructions. To generate 

stably integrated HeLa Flp-In cell lines, with LAP -tagged genes stably integrated in 

the FRT site and TetR inducible, pcDNA5 constructs were co-transfected with pOG44 

recombinase in a 1:9 ratio and kept in hygromycin (Roche, 10843555001) selection for 

three weeks. 

Plasmids and cloning. pcDNA5-LAP-MPS1 (WT, Δ60, Δ200) plasmids were generated 

in ref 31. All other pcDNA5-LAP MPS1 constructs used in this study were generated from 

the WT plasmid by standard Gibson assembly protocol of PCR products with primers 

that either amplify the NTE ( to generate the 2xNTE) or that contain the desirable point 

mutations. pcDNA5-LAP-MPS1N18P-ΔΤPR  was generated by inserting the N18P mutation 

with the same strategy but using the pcDNA5-LAP-MPS1ΔTPR that was generated in ref 

31 as a template.

                                                                                                                                          [1]

                                                                                                                                                           [2]
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Knockdown, addback and additional cell treatments. For experiments with 

knockdown-addback of MPS1, siRNAs for GAPDH (as control, Dharmacon; D-001830-01-

05, 20nM) or MPS1 (custom, Dharmacon; 5’-GACAGAUGAUUCAGUUGUA-3’, 20nM) were 

transfected using RNAi Max (Thermo Fisher Scientific) according to manufacturer’s 

instructions. After 16 h of siRNA treatment, cells were arrested in S-phase by addition 

of thymidine (2 mM; Sigma-Aldrich cat. no. T1895). To induce expression of exogenous 

LAP-tagged proteins, doxycycline (1 μ g ml−1; Sigma-Aldrich cat. no.D9891) was added 

8 hours after the thymidine addition. After 24h of thymidine addition, cells were 

released and treated with the indicated drugs: ZM-447439 (2 μ M; Tocris Bioscience, 

cat. no. 2458); Cpd-5 (250 nM; gift from R. H. Medema, Netherlands Cancer Institute); 

nocodazole (3.3 μ M; Sigma-Aldrich cat. no. M1404). MG-132 (5 mM; cat. no. C2211) 

was only added 8-9 hours after thymidine release to first allow cells to enter mitosis. 

Cells were used for further experiments between 8–10 h after thymidine release. For 

simultaneous knockdown of HEC1 and MPS1, cells were first transfected with 40 nM 

siHEC1 (custom; Thermo Fisher Scientific; 5’-CCCUGGGUCGUGUCAGGAA-3’). After 24 

hours cells were transfected with a second round of 40 nM siHEC1 and a first round 

of 20nM siGAPDH or siMPS1. 16 hours later, cells were arrested in S-phase and the 

protocol continues as above.

Fixed cell immunofluorescence microscopy and image quantification. For 

immunofluorescence, HeLa Flp-In cells grown on 12 mm coverslip (no. 1.5) were 

permeabilized for 1 min with warm PEM buffer (100mM Pipes (pH 6.8), 1mM MgCl2 and 

5mM EGTA), followed by fixation for 10 min with 4% PFA in PBS. For analysis of cold-

stable microtubules, cells were placed on ice for 15 min prior to pre-extraction and 

fixation. After fixation, coverslips were washed three times with PBS and blocked with 

3% BSA in PBS overnight at 4oC. The next day, primary antibodies diluted in 3% BSA 

were added to the coverslips and incubated for 2 h at room temperature. Subsequently, 

cells were washed three times with 0.1% triton in PBS and incubated with secondary 

antibodies in 3% BSA for another hour at RT. Coverslips were then washed two times 

with 0.1% Triton in PBS followed by 2 min incubation with DAPI diluted in PBS, 

followed by two final washes in PBS. Coverslips were then mounted onto glass slides 

using Prolong Gold antifade. All images were acquired on a deconvolution system 

(DeltaVision Elite Applied Precision/GE Healthcare) with a × 100/1.40 NA UPlanSApo 

objective (Olympus) using SoftWorx 6.0 software (Applied Precision/GE Healthcare). 

Images were acquired as z-stacks at 0.2 μ m intervals and all images of similarly 

stained experiments were acquired with identical illumination settings. Images were 



86

Chapter 4: Interactions between N-terminal modules in MPS1 enable spindle checkpoint silencing

then deconvolved and maximum intensity projections were made using SoftWoRx. 

Cells were selected based on the mitotic shape of DAPI signal.

For quantification of images, a CellProfiler376 pipeline was used to threshold and select 

all kinetochores and all chromosome areas (excluding kinetochores) using the DAPI 

and CENP-C. This was used to calculate the relative average kinetochore intensity of 

various proteins ((kinetochores – chromosome arm intensity (kinetochore localized 

protein of interest))/(kinetochores– chromosome arm intensity (CENP-C))).

Live cell imaging and movie analysis. For simple live-cell imaging of mitotic timing in 

various conditions, cells were plated in 24-well plates and DIC filming started 6 hours 

after thymidine release on a Nikon Ti-E motorized microscope equipped with a Zyla 

4.2Mpx sCMOS camera (Andor) and 40× 1.3 NA objective lens (Nikon). Cells were placed 

in DMEM without phenol red (Sigma; D1145) supplemented with 9% FBS, penicillin-

streptomycin (50 μ g ml−1; Sigma P0781) and Ala-Gln (2 mM; Sigma G8541) and kept 

at 37 °C and 5% CO2 using a cage incubator and Boldline temperature/CO2 controller 

(OKO-Lab). In experiments with DNA visualization, SiR-DNA (Spirochrome, 100nM) was 

added right after thymidine release and images acquired were comprised of 8 z-slices 

separated by 2μm with the same timing as above. Fluorescence excitation was done 

using Spectra X LED illumination system (Lumencor) and Chroma-ET filtersets. 

Analysis of live-cell imaging experiments was carried out with Fiji software377. Time in 

mitosis for DIC movies was defined as the time between nuclear envelope breakdown 

(defined as cell rounding) and anaphase-onset or cell flattening. For movies where 

DNA was visualized, mitosis onset was defined as the first frame where chromatin 

condensation was observed.

Fluorescence recovery after photobleaching (FRAP). Cells were grown in 96-square-

well glass bottom dishes (Matriplate, Brooks). They were subsequently treated with 

siMPS1 and expression of MPS1WT or MPS12xNTE was induced. Cells were arrested in S 

phase with thymidine and after 24 hours released in nocodazole. 30 minutes before 

imaging, Cpd-5 was added to inactivate MPS1 and exclude activity dependent 

changes in turnover and MG132 to prevent cells from exiting mitosis. Mitotic cells were 

selected and images were acquired using a Yokogawa CSU-X1 spinning disk confocal 

attached to an inverted Nikon TI microscope with Nikon Perfect Focus system, 100× 

NA 1.49 objective, an Andor iXon Ultra 897 EM-CCD camera, and Micro-Manager378 and 

NovaLum software. The EYFP-based LAP tag of LAP-MPS1 was bleached using the 488-

nM laser line (Andor FRAP laser box) set to 100%. Areas centered on single kinetochore 
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pairs were bleached once at 100% laser power for 2,000 ms. Fluorescence intensity 

of the entire cell was acquired for 20 pre-bleach iterations and for 90 iterations after 

bleach with 100ms intervals. 

For each time point, the mean fluorescence intensity was measured in the area that 

encompassed kinetochore movement and in a similarly sized directly neighboring 

cytosolic area that was devoid of kinetochores throughout the experiment. Both 

areas were corrected for background, and the mean fluorescence of the cytosolic 

area was subtracted from the kinetochore area for each time point (area(KT-cyto)). For 

each measurement, the fluorescence intensity of the area(KT-cyto) in the timepoint 

before bleaching was set to 100%, and the measured postbleach area(KT-cyto) signal was 

normalized to this value. The signal from the bleached kinetochores was corrected 

for general cell-wise loss in fluorescence by measuring the decline in signal in a non-

bleached kinetochore pair. Recovery half-times were determined by nonlinear curve 

fitting based on a one-phase association followed by a plateau using Prism soft- ware 

(GraphPad Software).

Immunoblotting. Cells were collected by mitotic shake-off and lysed in 50 mM 

Tris-HCl (pH 7.5), 150 mM NaCl, 2% NP-40, 1 mM EDTA and protease inhibitor 

cocktail (Roche). Lysates were sonicated and centrifuged for 10′ at 20,000g at 4 °C. 

Supernatants were collected, supplied with Laemmli buffer and boiled for 5 minutes 

at 96 °C. Electrophoresis in SDS-acrylamide gel, transfer to nitrocellulose membranes 

and immunoblotting were performed using standard protocols. Western blot signals 

were detected by chemiluminescence using an Amersham Imager 600.

Antibodies. The following primary antibodies were used: CENP-C (polyclonal guinea 
pig, 1:2,000; MBL, Catalog#: PD 030), a-Tubulin (mouse monoclonal, 1:10,000; Sigma-
Aldrich, Catalog#: T5168), HEC1 (mouse monoclonal 9G3, 1:500; Thermo Fisher 
Scientific, Catalog#: MA1-23308), GFP (custom rabbit polyclonal raised against full-
length GFP as antigen, 1:10,000), GFP (mouse monoclonal, 1:1,000; Sigma, Catalog#: 
11814460001), MAD1 (mouse monoclonal, 1:1000; Merck Millipore, Catalog#: 
MABE867), BUB1 (rabbit polyclonal, 1:1,000; Bethyl, Catalog#: A300-373 A-1), Astrin 
(rabbit polyclonal, 1:1000; Bethyl, Catalog#: A301-511A), MPS1-NT (mouse monoclonal, 
1:1000; EMD Millipore, Catalog#: 05-682), KNL1-pT180 (custom rabbit serum against 
pT180). Secondary antibodies (Invitrogen Molecular Probes, all used at 1:600) were  
goat anti-guinea pig Alexa Fluor 647 (Catalog#: A21450), goat anti–rabbit Alexa Fluor 
488 (Catalog#: A11034), 568 (Catalog#: A11036), and anti–mouse Alexa Fluor 488 

(Catalog#: A11029) and 568 (Catalog#: A11031).
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Quantification and statistical analysis. Results from different experiments were 

pooled and no difference was observed between different experimental sets. 

The number of independent experiments and n values are specified in the figure 

legends. Two-tailed, unpaired t-tests or one-way ANOVA followed by Tukey’s test 

were performed to compare either two or multiple experimental groups respectively 

in immunofluorescence quantifications when experiments were repeated at least 

3 times (n refers to number of cells in these experiments). In those cases in which 

replicates were less than 3, no statistical analysis was performed.  Data are presented 

as mean ± s.d. All replicates showed similar results and a representative experiment 

was displayed. Significant differences between the curves fitted to the MST and FRAP 

data were inferred by performing extra sum-of-squares F tests. The comparisons 

most pertinent for the conclusions and p values for all statistical tests performed are 

annotated in the figures. Graphic representation of data as well as all statistical tests 

were done with GraphPad Prism 6 for Mac OS.  
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Supplementary information

Figure S1. The predicted helix in the NTE contains conserved residues, yet perturbing it doesn’t aff ect 
stability of the protein. Related to Figures 1 and 3. (A) Sequence conservation logo of the NTE region of 
MPS1 in animals. the information content is a measure of the invariance of each column whereas occupancy 
shows how oft en a residue is found in that position in all of the species used for the alignment. (B) Western 
blot of all MPS1-expressing cell lines used in this study. Samples with and without doxycycline were used to 
control the functionality of the inducible system. An antibody against GFP was used to probe the exogenous 
addback protein, whereas an antibody against MPS1 was used to validate the knockdown of the endogenous 
protein. Tubulin was used as a loading control. Digitally eliminated lanes have been annotated on the image.
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       Figure S2. NMR residue assignment of the MPS1 N-terminal region. Related to Figure 2. (A)
Assignment status aft er NMR of the MPS1 N-terminal region displayed on the amino-acid sequence. NMR 
assigned residues annotated in black, unassigned in grey. (B and C) NMR spectra of MPS1 N-terminal region 
and residue assignment (B) with zoom in on cluster of spectra (C). 

Figure S3. The NTE-TPR interaction is electrostatic. Related to Figure 2. (A and B) NMR spectra of 
MPS162-239 (A) and examples of individual residue spectra (B) in diff erent KCl concentrations. (C and D)
NMR of MPS11-239 (C) and examples of individual residue spectra (D) in diff erent KCl concentrations. (E)
Quantifi cation of the chemical shift  perturbations (CSPs) per residue in the NTE-TPR-CTE region between 
the lowest and highest KCl concentrations, colour-coded based on the MPS1 fragment used. (F) Display of 
the CSPs onto the sequence of the N-terminal region per residue, colour-coded based on the CSP magnitute. 
(G) Projection of the CSPs onto the crystal structure of the TPR domain in 3 orientations, following the same 
colour-coding as in (F).

Figure S3, Pachis et al
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Figure S4. High levels of MPS12xNTE on kinetochores depend on the NDC80-C and the N-terminal 
region of MSP1 and cause substrate phosphorylation without preventing microtubule binding. Related 
to Figures 3, 4 and 5. (A and B) Representative images (A) and quantification (B) of the kinetochore levels of 
the indicated proteins in nocodazole-treated HeLa Flp-In cells transfected with MPS1 and GAPDH (control) 
siRNA or with MPS1 and HEC1 siRNA and expressing the indicated LAP-MPS1 variants. The graph displays 
the mean kinetochore intensity (±s.d.) normalized to the levels of each protein in MPS1WT-expressing cells 
treated with control siRNA. Each dot represents one cell and the experiment was performed two times 
(control, n=45 for all conditions; siHEC1_WT, n=53; siHEC1_2xNTE, n=33). (C) MST binding graph generated  
by titrating shorter versions (1-377) of MPS1WT (left panel) or MPS12xNTE (right panel) to 50nM of NDC80Bonsai. 
One- or two-site binding curves were fitted and F test was performed to select a preferred  model. (D and 
E) Representative images (D) and quantification (E) of the kinetochore levels of KNL1-pT180 in nocodazole- 
or MG132-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 
variants. The graph displays the mean kinetochore intensity (±s.d.) normalized to the levels of the KNL1-
pT180 in prometaphase MPS1WT-expressing cells. Cells were pooled from two independent experiments and 
each dot represents one cell (n=40 for all conditions). (F) Correlation plot of the kinetochore levels of LAP-
MPS1 with k-fiber intensity on individual kinetochores, from HeLa Flp-In cells transfected with MPS1 siRNA 
and expressing the indicated LAP-MPS1 variants. LAP-MPS1 kinetochore levels were normalized to the levels 
of MPS1WT. Each dot represents one kinetochore and measurements were pooled from three independent 
experiments (n=70 for both conditions).

Figure S4, Pachis et al
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Figure S5. Model for regulation of kinetochore localization of MPS1 via an NTE-TPR interaction. 
Related to Figures 2,3,4 and 5. (A) In MPS1WT the NTE and TPR transiently interact, preventing eff icient 
binding of MPS1 to kinetochores. The NTE-TPR interaction is diminished by Aurora B acitivity, allowing 
MPS1 to bind kinetochores. Once on kinetochores, the ability of the two modules to interact promotes 
MPS1 release and leads to dynamic turnover of MPS1 on kinetochores. (B) When microtubules form stable 
attachments to kinetochores, the NTE-TPR interaction is promoted more strongly. This prevents MPS1 from 
binding kinetochores anymore and enables SAC silencing to occur.
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Chapter 5: The spindle assembly checkpoint but not attachment error correction is robust  
                     to reductions of MPS1 on kinetochores

Abstract
Error-free chromosome segregation requires the formation of bipolar attachments 

between the kinetochores of chromosomes and the microtubules of the mitotic 

spindle. To achieve this, the error correction machinery destabilizes erroneous 

attachments and the spindle assembly checkpoint (SAC) delays anaphase onset 

until all kinetochores are stably attached. MPS1 kinase is an important factor for the 

function of both processes. It localizes to unattached kinetochores predominantly 

via modules in its N-terminal region and it is displaced when microtubules become 

attached, allowing mitotic progression to take place. Here we show that the N-terminal 

localization modules of MPS1 contain more functionalities than previously described. 

Apart from a kinetochore-binding region, the N-terminal extension (NTE) of MPS1 

also contains a region with the potential to inhibit localization to kinetochores. 

Additionally, we uncover a role of the TPR domain in MPS1 kinetochore recruitment 

that is independent of its exact sequence or structural fold. These discoveries allowed 

us to assemble a panel of MPS1 variants with various kinetochore levels to probe 

differential sensitivities of the processes it regulates under these conditions. Whereas 

attachment error correction is sensitive to reductions of MPS1 on kinetochores, the SAC 

can tolerate higher reductions. This finding could provide insights into the molecular 

events that take place when MPS1 levels on kinetochores become physiologically 

reduced due to microtubule attachments. 
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Introduction
The inheritance of a single and complete copy of the genetic content of the parental 

cell by each of the daughters during every round of division is the cornerstone of 

genomic stability maintenance255. Accurate segregation of chromosomes is facilitated 

by their bipolar attachment to the mitotic spindle, a configuration in which each of the 

duplicated sister chromatids interacts exclusively with microtubules emanating from 

opposing spindle poles175,353. To ensure the fidelity of the process, a cellular surveillance 

mechanism has evolved that prevents anaphase onset until all chromosomes are 

captured by the spindle206,250,309. Erroneous attachments, which could lead to the 

unequal distribution of chromosomes among the forming daughter cells, are detected 

by the cell and subsequently destabilized115. These processes are executed by the 

spindle assembly checkpoint (SAC) and error correction protein networks. 

SAC signaling is generated on unattached kinetochores, the microtubule-binding 

interface on chromosomes. The eventual output takes the form of a diffusible inhibitor 

of anaphase known as the mitotic checkpoint complex (MCC)177,178,211,309. SAC signaling 

is a multi-step process that involves the hierarchical recruitment of the BUB and MAD 

groups of proteins to kinetochores, a subset of which eventually form MCC complexes. 

These inhibit the anaphase promoting complex/cyclosome (APC/C) complex, whose 

function promotes mitotic exit. The SAC signaling output of a kinetochore depends 

on the number of microtubules that are stably bound to it and multiple microtubules 

(>10) are required to completely switch off the generation of MCC from that 

kinetochore67,79,130,185,379,380.  Complete SAC silencing and mitotic exit take place when all 

kinetochores in a cell are sufficiently bound by microtubules187,188,379.

The error correction process is carried out by the Chromosomal Passenger Complex 

(CPC) and it involves the destabilization of erroneous microtubule attachment 

configurations such as syntelic attachments (both sister chromatids connected 

to the same pole) and merotelic attachments (both poles connected to the same 

sister chromatid)20,115,116. This is made possible by the phosphorylation of a number 

of different outer kinetochore substrates by the enzymatically active component of 

the CPC, the Aurora B kinase56,61,122–127. Inefficient phosphorylation of its targets, in 

combination with enhanced phosphatase activity which counteracts Aurora B on 

kinetochores that are under tension, lead to the eventual stabilization of bipolar 

attachments133,134,142,143,145. This subsequently satisfies the SAC and mitotic progression 

is promoted. 
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Monopolar Spindle 1 (MPS1) kinase is a major point of convergence between the SAC 

and error correction. It is instrumental in establishing SAC signaling on unattached 

kinetochores, to which it is recruited285,312,359. Once on kinetochores, it autoactivates and 

phosphorylates multiple components of the signaling cascade (KNL1, BUB1, MAD1), 

stimulating their recruitment and enabling MCC production190,193–196,206. Furthermore, 

MPS1 also targets substrates that are involved in error correction and chromosome 

alignment. Borealin, one of the CPC subunits, is phosphorylated by MPS1 and this 

stimulates Aurora B’s intrinsic kinase activity271. In addition, MPS1 directly modifies 

the hinge region of the SKA complex305, which  plays an important role in tethering 

kinetochores to the dynamic plus ends of microtubules108,304. 

Kinetochore localization of MPS1 is mediated predominantly by its N-terminal 

region which contains an N-terminal extension module and a tetratricopeptide 

repeat (TPR) domain285,320,321,331. MPS1 directly binds to the NDC80 complex on outer 

kinetochores261,262 via a helical fragment in the NTE module (residues 15-25), and its 

ability to do so is regulated by intramolecular interactions of this same region with the 

neighboring TPR domain381. Aurora B activity is required to disrupt this interaction and 

allow proper kinetochore localization of MPS1266,268,285,381. The N-terminal region of MPS1 

has also been implicated in the autoactivation process315. Additional NDC80-C binding 

capability is provided by a motif in the middle region (MR) of MPS1262,303. Maintaining 

proper MPS1-NDC80-C interaction dynamics is crucial for efficient displacement 

of MPS1 from kinetochores upon microtubule attachment381 - one of the major SAC 

silencing mechanisms which provides a direct link between the attachment status of 

kinetochores and the discontinuation of MCC production261,262. 

In this study we further explore the properties of the N-terminal modules of MPS1 

and discover they possess novel functionalities. We utilize these findings to examine 

how attachment error correction and the SAC react to reduced levels of MPS1 on 

kinetochores.
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Results

The NTE module of MPS1 harbors a region that inhibits 
its kinetochore localization

The N-terminal region of MPS1 contains modules that contribute to kinetochore 

localization of the protein. Previously, we showed that the NTE contains a helical 

fragment (residues approx 15-25)  which is crucial for binding to the NDC80 complex 

on kinetochores381. This same region in the NTE also interacts with the TPR domain 

and this is a point of regulation in which Aurora B activity impinges268,285,381. We thus 

reasoned that truncated MPS1 variants lacking this helical fragment (Δ30, Δ50) would 

phenocopy variants with a non-functional NTE such as the N18P or Δ60 variant285,381 

(Figure 1A). To our surprise, however, small but significant differences between 

variants could be detected. Whereas MPS1Δ50 and MPS1Δ60 were still able to localize 

to kinetochores in nocodazole-treated cells to approximately 20% of MPS1WT levels, 

MPS1Δ30 was significantly more compromised (Figure 1B,C). The residual levels of 

MPS1Δ50 and MPS1Δ60 on kinetochores are presumably facilitated by the interaction 

of the TPR and/or MR modules with kinetochores. Kinetochore levels of MPS1Δ30, on 

the other hand, which actually contains more of the NTE sequence, were more similar 

to those of MPS1Δ200, a mutant lacking both the NTE and TPR modules (Figure 1A,B). 

Protein stability was not responsible for the differences in kinetochore levels, as all 

MPS1 variants were expressed at similar levels (Figure S1A). The differences observed 

between the Δ30 and Δ50/Δ60 MPS1 variants were independent of indirect effects 

on MPS1 activity342, as they persisted when cells were additionally treated with high 

doses of the MPS1 inhibitor Cpd-5366 (Figure 1D,E).  Next, we determined whether the 

subtle differences in kinetochore localization of the various mutants were reflected 

on a functional level by impacting SAC strength. For this, we measured mitotic delays 

in cells treated with nocodazole and low doses of Cpd-5 (25nM) to further sensitize 

the SAC and uncover subtle differences between the different cell lines. In agreement 

with the differences in kinetochore levels, cells expressing MPS1Δ30 were more severely 

impaired in maintaining a mitotic arrest compared to cells expressing MPS1Δ50 and 

MPS1Δ60 (Figure 1F). Cells expressing MPS1Δ30, however, still displayed minimal levels 

of SAC activity compared to cells expressing MPS1Δ200 (Figure 1F). These data are 

consistent with a role for residues 31-50 in inhibiting residual TPR- and MR- mediated 

kinetochore recruitment of MPS1. 
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Figure 1. The NTE contains a kinetochore localization-inhibiting region. (A) Schematic representation of 
the module organization in MPS1 and a summary of the N-terminal mutants used. (B and C) Representative 
images (B) and quantifi cation (C) of protein levels at kinetochores in HeLa Flp-In cell lines transfected with 
MPS1 siRNA, expressing the indicated LAP-MPS1 variants and treated with nocodazole. The graph shows 
the mean kinetochore intensity (±SD) normalized to the values of MPS1WT. Each dot represents one cell, 
and cells have been pooled from three independent experiments. Asterisks indicate signifi cance (one-way 
ANOVA followed by Tukey’s test). (D and E) Representative images (D) and quantifi cation (E) of protein 
levels at kinetochores in HeLa Flp-In cell lines transfected with MPS1 siRNA, expressing the indicated LAP-
MPS1 variants and treated with nocodazole MPS1 inhibitor Cpd-5 (250nM). (continued on next page)...
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Inhibition of MPS1 kinetochore localization by residues 
31-50 depends on the TPR domain
Our previous work demonstrated that the NTE and TPR of MPS1 can interact and 

this interaction impedes MPS1 kinetochore levels381. To determine whether the 

inhibition imposed by residues 31-50 acts via the TPR domain, we incorporated the 

NTE truncations in MPS1NTE2mut, a mutant that contains 2 copies of the NTE module 

(the 2nd module is inactivated by an N18P mutation) and is no longer regulated by the 

TPR (Figure 2A). As previously reported, MPS1NTE2mut displayed enhanced kinetochore 

localization compared to MPS1WT in cells treated with nocodazole and the MPS1 

inhibitor381. Introduction of the various NTE truncations to this MPS1 variant greatly 

reduced the protein’s ability to localize to kinetochores (Figure 2B,C). However, 

differences could no longer be observed among any of the truncated NTE variants 

(NTE1Δ30-ΝΤΕ2mut, NTE1Δ50-ΝΤΕ2mut, N18P) (Figure 2B,C), suggesting that the inhibition 

imposed by the 31-50 region relies on the ability of the NTE to interact with the TPR. 

Consistent with this, all three mutants displayed similar SAC strengths when cells 

were filmed in the presence of nocodazole and low doses of MPS1 inhibitor (Figure 
2D). Next, we investigated the effects of removing residues 31-50 from the NTE of 

MPS1 (Figure 2E). We hypothesized that if this region exhibits an inhibitory effect on 

kinetochore localization of the protein, removing it could lead to enhanced kinetochore 

levels of MPS1. On the contrary, MPS1Δ31-50, a mutant of MPS1 that lacks residues 31-50, 

displayed slightly lower kinetochore levels compared to MPS1WT (Figure 2F,G). This 

reduction, however, was not strong enough to cause an effect on SAC functionality as 

cells expressing this mutant were able to fully support a mitotic arrest when treated 

with nocodazole and low doses of MPS1 inhibitor (Figure 2H).  

Our results suggest that the inhibitory effect on Mps1 function imposed by residues 

31-50 rely on interactions of this region with the TPR. It remains unclear whether this 

inhibition blocks the ability of the TPR to directly bind kinerochores or, alternatively, 

to interact with intermediate recruitment factors. Removing these residues from MPS1 

has no noticeable effect on SAC signaling in conditions where unattached kinetochores 

are present. 

...(Figure 1, continued from previous page) The graph shows the mean kinetochore intensity (±SD) 
normalized to the values of MPS1WT. Each dot represents one cell, and cells have been pooled from three 
independent experiments. Asterisks indicate significance (one-way ANOVA followed by Tukey’s test). (F) 
Time-lapse analysis of the duration of mitotic arrest in nocodazole-treated and Cpd-5 (25 nM)-treated 
HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The graph 
displays the mean values (±SEM) from three independent experiments.
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Figure 2. Inhibition via the region 30-50 in the NTE relies on the TPR domain.  (A) Schematic 
representation of the MPS1 variants used. (B and C) Representative images (B) and quantifi cation (C) 
of protein levels at kinetochores in HeLa Flp-In cell lines transfected with MPS1 siRNA, expressing the 
indicated LAP-MPS1 variants and treated with nocodazole and Cpd-5 (250 nM). The graph shows the mean 
kinetochore intensity (±SD) normalized to the values of MPS1WT. Each dot represents one cell, and cells have 
been pooled from three independent experiments. Asterisks indicate signifi cance (one-way ANOVA followed 
by Tukey’s test). (D) Time-lapse analysis of the duration of mitotic arrest in nocodazole-treated and Cpd-
5 (25 nM)-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 
variants. The graph displays the mean values (±SEM) from three independent (continued on next page)...
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The TPR domain also has a sequence-independent 
function in promoting MPS1 kinetochore localization 

The crystal structure of the TPR domain of MPS1 has been previously determined 

(PDB ID 4B94, 4H7X, 4H7Y)285,314 and NMR experiments have demonstrated that the 

NTE and TPR interact to regulate SAC signaling and silencing381. However, the TPR 

domain was very often lost from MPS1 homologs throughout eukaryotic evolution285. 

Additionally, common ancestry with the TPR domains of BUB1 and BUBR1 predicts 

that the TPR in MPS1 posseses  ligand-binding capability (convex surface of the TPR in 

BUB proteins interacts with KI motifs in KNL1). However, we have so far been unable 

to discover any such ligands by biochemical and proteomics approaches (data not 

shown). This made us wonder whether the TPR could be fulfilling a more structural 

role in MPS1. To investigate this, we replaced the TPR domain with a domain from the 

giant muscle protein titin (domain I1) and compared it to the WT protein or to a variant 

lacking the TPR (ΔΤPR) (Figure 3A). Titin I1 is of a similar size to the TPR domain 

but completely unrelated on a structural level as it assumes  a beta-barrel-like fold 

(PDB ID 1G1C)382. To our great surprise, whereas MPS1ΔTPR was severely compromised 

in localizing to kinetochores in cells treated with nocodazole and MPS1 inhibitor 

(Figure S1A), MPS1TPRàI1 substantially rescued kinetochore localization of the protein 

to approximately 50% of MPS1WT levels (Figure 3B,C). The rescue was reflected more 

strongly when measuring SAC strength in cells expressing the different MPS1 variants 

and treated with nocodazole and low doses of MPS1 inihibitor. Cells expressing 

MPS1TPRàI1 were almost identical to MPS1WT-expressing cells in their ability to maintain 

a mitotic arrest in response to nocodazole (Figure 3D). These results suggest that the 

TPR domain, besides having sequence-specific roles in regulating MPS1 kinetochore 

levels, also has a structural tole, perhaps in providing the correct spacing of functional 

regions of MPS1.

...(Figure 2, continued from next page) experiments. (E) Schematic representation of the MPS1Δ30-50. (F and 
G) Representative images (F) and quantification (G) of protein levels at kinetochores in HeLa Flp-In cell lines 
transfected with MPS1 siRNA, expressing the indicated LAP-MPS1 variants and treated with nocodazole and 
Cpd-5 (250 nM). The graph shows the mean kinetochore intensity (±SD) normalized to the values of MPS1WT. 
Each dot represents one cell, and cells have been pooled from three independent experiments. Asterisks 
indicate significance (one-way ANOVA followed by Tukey’s test). (H) Time-lapse analysis of the duration 
of mitotic arrest in nocodazole-treated and Cpd-5 (25 nM)-treated HeLa Flp-In cells transfected with MPS1 
siRNA and expressing the indicated LAP-MPS1 variants. The graph displays the mean values (±SEM) from 
three independent experiments.
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Figure 3. The TPR domain has a kinetochore localization-promoting role that is independent of its 
helical fold. (A) Schematic representation of the MPS1 variants used and the crystal structures of MPS1’s 
TPR domain and Titin I1 domain. (B and C) Representative images (B) and quantifi cation (C) of protein 
levels at kinetochores in HeLa Flp-In cell lines transfected with MPS1 siRNA, expressing the indicated LAP-
MPS1 variants and treated with nocodazole and Cpd-5 (250 nM). The graph shows the mean kinetochore 
intensity (±SD) normalized to the values of MPS1WT. Each dot represents one cell, and cells have been pooled 
from three independent experiments. Asterisks indicate signifi cance (one-way ANOVA followed by Tukey’s 
test). (D) Time-lapse analysis of the duration of mitotic arrest in nocodazole-treated and Cpd-5 (25 nM)-
treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The 
graph displays the mean values (±SEM) from three independent experiments.
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The spindle assembly checkpoint is only affected by 
substantially reduced levels of MPS1 on kinetochores
Our panel of mutants of the NTE and TPR modules not only enabled the mechanistic 

insights described above, but also allowed us to utilize the fact that many of them 

localize to kinetochores to different extents to investigate potential differential 

sensitivities of the SAC and error-correction mechanisms to reduced MPS1 kinetochore 

levels. For this, we selected a panel of MPS1 variants with different kinetochore 

localization efficiencies, from high to low (Figure 4A). As a summarizing measurement 

for the mitotic exit dynamics we observed previously among the different MPS1 cell 

lines, we looked at the percentage of cells that were unable to sustain a nocodazole 

arrest for 400 minutes and had consequently exited mitosis in that timeframe. We found 

that cells can tolerate at least up to 50% reduction in the kinetochore levels of MPS1 

without compromising SAC functionality as cells expressing MPS1WT, MPS1Δ31-50 and 

MPS1TPRàI1 all displayed minimal levels of mitotic exit when treated with nocodazole 

and low doses of MPS1 inhibitor (Figure 4B). Cells expressing MPS1Δ60, MPS1Δ30 and 

MPS1Δ200 exhibited progressively higher levels of mitotic exit, consistent with their 

inability to efficiently localize to kinetochores (Figure 4B). Cells expressing MPS1Δ200 

showed similar mitotic exit levels to cells that do not express any MPS1, confirming 

previous observations that completely losing MPS1 from kinetochores abolishes all 

SAC functionality (Figure 4B).  As an additional measurement for the dependence of 

SAC strength on MPS1 kinetochore levels, we measured mitotic duration in cells going 

through a round of unperturbed mitosis during which the SAC becomes progressively 

satisfied. We reasoned that cells may be more prone to exit mitosis prematurely when 

expressing a variant of MPS1 that is deficient in binding kinetochores that additionally 

are only partially occupied by microtubules. Again, we found that cells were able to 

maintain normal mitotic timing (approx. 40 minutes) when they had as much as a 50% 

reduction in MPS1 kinetochore levels (Figure 4C). Shorter mitotic timing was only 

observed in cells expressing MPS1Δ60 or variants that localized to kinetochores less 

strongly (Figure 4C). Since a number of SAC proteins are MPS1 substrates, we looked 

at the ability of these lower levels of MPS1 on kinetochores to still recruit downstream 

SAC components by determining the corresponding levels of KNL1-pT180, BUB1 

and MAD1 (Figure 4D). We observed that the levels of KNL1-pT180 deposition and 

the subsequent recruitment of BUB1 and MAD1 followed the reductions in MPS1 

levels, albeit to a less pronounced extent (Figure 4E). When plotting the kinetochore 

levels of each of the three components (KNL1-pT180, BUB1, MAD1) in relation to the 
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Figure 4. Substantial reduction of MPS1 on kinetochores is needed to aff ect the SAC. (A) Table 
summarizing the panel of MPS1 variants used and their ability to localize to kinetochores, ordered from 
highest to lowest. (B) Quantifi cation summarizing the ability of HeLa Flp-In cells transfected with siRNA 
and expressing the indicated LAP-MPS1 variants to sustain a mitotic arrest for 400 minutes when treated 
with nocodazole and low doses of Cpd-5 (25 nM). The graph displays the average percentage of mitotic exit 
(±SEM) from three independent experiments. (C) Quantifi cation of the duration (continued on next page)... 
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corresponding kinetochore levels of MPS1, it appeared that especially BUB1 levels 

were resistant to initial reductions in MPS1 on kinetochores but subsequently followed 

suit (Figure 4F). We also noticed that the lower levels of MAD1 in cells expressing 

MPS1Δ30 and MPS1Δ200 were not uniformly distributed among all kinetochores but 

rather a subset of them retained the ability to recruit MAD1. Altogether, this data 

suggests that the SAC can tolerate reductions in MPS1 activity on kinetochores. At 

least 20% of the maximal levels of MPS1 and 50% of the maximal levels of downstream 

SAC components on kinetochores are required for full SAC functionality when all 

kinetochores are unattached. 

Chromosome alignment is sensitive to slight reductions 
in MPS1 levels on kinetochores

To examine if attachment error correction displayed a similar sensitive to reduced 

levels of MPS1 on kinetochores as the SAC did, we used the same panel of MPS1-

expressing cell lines and studied the effects on chromosome alignment. First, we 

filmed cells expressing the different MPS1 variants going through mitosis with no 

drugs added and observed their ability to align all chromosomes before proceeding 

to anaphase. Once in anaphase we scored the presence of lagging chromosomes or 

chromosome bridges in between the two segregating packs of DNA. We also scored the 

“cut” phenotype which is characteristic of MPS1 knockdowns in which chromosomes 

remain condensed and are only split in two by the incoming cleavage furrow during 

cytokinesis (Figure 5A). We find that although cells expressing MPS1WT and MPS1Δ30-50 

displayed basal levels of misaligned or misegregating chromosomes in anaphase, 

cells expressing MPS1TPRàI1 displayed a significant increase in mitotic errors. These 

became progressively more pronounced in cells expressing MPS1 variants that localize 

less well to kinetochores with MPS1Δ200-expressing cells making almost as many 

errors as control cells with no MPS1 being expressed (Figure 5B). Since MPS1TPRàI1-

expressing cells displayed no measurable SAC defects, we assume that the increase 

in mitotic errors is caused by impaired error correction. For the rest of the mutants 

...(Figure 4, continued from previous page) of unperturbed mitosis in HeLa Flp-In cells transfected with 
siRNA and expressing the indicated LAP-MPS1 variants. The graph displays the average time in minutes 
(±SEM) from three independent experiments. (D and E) Representative images (D) and quantification (E) 
of the kinetochore levels of the indicated proteins in nocodazole-treated HeLa Flp-In cells transfected with 
MPS1 siRNA and expressing the indicated LAP-MPS1 variants. The graph displays the mean kinetochore 
intensity normalized to the levels of each protein in MPS1WT-expressing cells. For each protein examined, 
cells were pooled from three independent experiments and each dot represents one cell. (F) Correlation 
plot of the average kinetochore levels of the indicated proteins to the average kinetochore levels of LAP-
MPS1 in nocodazole-treated HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated 
LAP-MPS1 variants, normalized to the levels of each protein in MPS1WT-expressing cells. 
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however, it was difficult to determine the cause of the mitotic errors since the SAC 

was also impaired and it is possible that cells were simply not given enough time to 

correct faulty attachments. To circumvent this, we used MG132 to prevent mitotic 

exit. In order to have sufficient cells to analyze we first arrested cells in mitosis with 

monopolar spindles by using monastrol383 and upon washout of the drug we forced 

them to error-correct attachments as the spindle became bipolar (Figure 5C). Around 

70% of cells expressing MPS1WT were able to fully align their chromosomes within 120 

minutes following the monastrol washout while only 40% of MPS1Δ31-50- and MPS1TPRàI1-

expressing cells were able to achieve full alignment (Figure 5C,D). The chromosome 

alignment defects were more pronounced in cells expressing the MPS1 variants that 

localize even less to kinetochores with only 20% of MPS1Δ200-expressing cells being 

able to align all chromosomes (Figure 5D). Taken together, these data confirm a 

strong contribution of MPS1 to the correction of improper attachments. Since even 

a 25% reduction of MPS1 on kinetochores observed with the MPS1Δ31-50 variant was 

sufficient to significantly impair chromosome alignment, our data further suggest that 

this process is affected by relatively small decreases in the kinetochore levels of MPS1. 

Discussion
The work presented in this study provides novel mechanistic insights into the 

regulation of MPS1’s kinetochore localization via its N-terminal modules and 

uncovered a differential requirement for MPS1 levels on kinetochores for its various 

functions to be fulfilled. 

Previously we showed that the NTE harbors a helical region which is likely responsible 

for the direct interaction with the NDC80 complex381. Here we report the presence of 

an additional region in the NTE, encompassing residues 31-50 which has the potential 

to inhibit the kinetochore localization of MPS1 via its secondary kinetochore-binding 

modules (TPR, MR). It is not, however, clear whether cells utilize this mode of inhibition 

under physiological conditions and how exactly this is controlled. If indeed they do, 

it likely only exerts a mild effect, as the primary kinetochore localization capability 

is provided to MPS1 by the helical fragment in the NTE preceding the region in 

question261,285,381. Because the ability of the MR to bind kinetochores has been linked to 

the activity state of the kinase262,303, it is possible that this region in the NTE is involved 

in regulating the MR contribution in response to kinase activation. We further show 

that bypassing the NTE-TPR interactions by use of the previously published MPS1NTE2mut 
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variant381, causes the diff erential phenotypes of the various NTE truncation variants to 

cease to exist. This suggests that the inhibitory eff ect of this region in the NTE is in 

some way dependent on the ability of the module to interact with the TPR domain. 

NMR experiments with the N-terminal modules of MPS1 did indeed uncover direct 

interactions between the NTE and TPR but not specifi cally in region 30-50. This could 

indicate that normally the presence of the fi rst 30 residues in the NTE prevent this 

inhibition from taking place or that such an interaction only manifests under certain 

phosphorylation states of the protein since both the NTE and TPR are known to be 

heavily phosphorylated (auto- and otherwise). Repeating the NMR experiments with 

Figure 5. Slight reduction in MPS1 kinetochore levels aff ects chromosome alignment. (A and B) 
Representative stills (A) and quantifi cation (B) of the types of mitotic errors that are observed in HeLa 
Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 variants going through 
unperturbed mitosis. The graph displays the average percentage of cells of each cell line exhibiting each type 
of mitotic error and the results are pooled from two independent experiments. Cells were incubated with 
SiR-DNA prior to imaging to visualize the chromatin. (C and D) Representative stills (C) and quantifi cation 
(D) of the ability of HeLa Flp-In cells transfected with MPS1 siRNA and expressing the indicated LAP-MPS1 
variants to fully align their chromosomes aft er a monastrol washout. Cells were synchronized and incubated 
in monastrol for 2 hours aft er which monastrol was washed out and the cells were released into MG132 to 
prevent mitotic exit. The graph displays the average percentage of cells of each cell line (±SEM) that are able 
to fully align their chromosomes within 2 hours aft er the monastrol washout and the results are pooled 
from two independent experiments. Prior to monastrol addition, cells were incubated in SiR-DNA in order 
to visualize the chromatin. 
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MPS1Δ30 or with the full-length protein in different phosphorylation states could provide 

further insights into the mechanism of this inhibition. The same region of the NTE was 

previously attributed a direct function in kinase activation as a study by Combes et 

al315 showed that removing it affected MPS1 activity levels. We propose that the effects 

observed in the above study could be the result of slight alterations in the kinetochore 

localization of MPS1 when this region is mutated. At least in our experimental setup, 

no effects on overall SAC output could be detected when this region was removed, 

even with the addition of low doses of MPS1 inhibitor to further sensitize the system.

The TPR domain of MPS1 plays an important role in the kinetochore recruitment of 

the protein as removal of the domain drastically diminishes its kinetochore levels. 

Whether this is due to direct kinetochore-binding capability of the domain or due to 

a role in interacting with intermediate recruitment factors remains an open question. 

Even though evolutionarily it is considered to belong to the same family as the TPR 

domains in the SAC proteins BUB1 and BUBR1, basic differences in its structure 

compared to these domains make it unlikely that they all employ the same ligand-

binding strategy285. This, in combination with its patchy phyletic distribution, made 

us question whether this domain in MPS1 also had a structural role in kinetochore 

localization of the protein. Indeed, we find that replacing the TPR with a different 

domain of similar size but unrelated structure (Titin I1) significantly rescued 

kinetochore recruitment of the protein.  We can envision this happening in one of two 

ways: either the different localization modules of MPS1 need to be sufficiently spaced 

apart in order for them to be able to bind their respective NDC80 binding partners, 

or the two regions have an affinity for one another and in the absence of the TPR are 

constitutively interacting and blocking each other. We favor the second model, as 

completely removing the MR doesn’t have such drastic effects on the kinetochore 

levels of MPS1. As such, we would not expect the inability of both modules to bind at 

the same time to have such a detrimental effect on MPS1’s kinetochore recruitment. 

As the rescue with MPS1TPRàI1 is not complete, we attribute the reduced kinetochore 

localization to the TPR’s sequence- and fold-specific roles.

Our mutational studies generated a panel of MPS1 variants with altered kinetochore 

localization capabilities and enabled us to take a different approach in which we probe 

what levels of MPS1 activity on kinetochores are required for its functions there. We 

reason that the reduced levels of these MPS1 variants on kinetochores, can in some ways 

resemble situations of intermediate  microtubule attachment where MPS1 is partially 
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displaced. As such, these MPS1 variants may provide insights into the effects that these 

reductions have on the SAC and chromosome alignment. However, the compounding 

effects of the kinetochore transformations that occur and of the phosphatases that 

become enriched at kinetochores in intermediate microtubule attachments, force 

us to be reserved in our interpretation of this data. We find that in both conditions 

of completely unattached kinetochores by use of nocodazole and in intermediate 

attachment during normal prometaphase, cells can tolerate even up to 50% reduction 

in MPS1 kinetochore levels from the onset of mitosis without any noticeable effects 

on SAC functionality. In the future, it will be interesting to test whether this holds up 

in conditions that lead to only a few unattached kinetochores, such as taxol. In any 

case, our results so far indicate that extensive microtubule attachment is required to 

set mitotic exit into motion and explains how cells can remain in a mitotic state until 

all chromosomes are sufficiently attached. 

Conversely, we observe a more immediate effect of lowering MPS1 kinetochore levels 

on chromosome alignment both when cells are allowed to proceed to anaphase 

and also when they are blocked in metaphase and given enough time to correct 

any improper attachments. It is not known exactly what the extent of microtubule 

attachment necessary to observe a decrease in MPS1 kinetochore levels is, but these 

results indicate that as soon as that point is reached, the activity of the error correction 

machinery starts to become affected. Consequently, this could provide an additional 

mechanism that contributes to the stabilization of attachments as soon as they are 

sufficient to start displacing MPS1. Conceptually, the inactivation of error correction 

prior to the SAC makes sense as the destabilization of microtubule attachments once 

mitotic exit has become inevitable could have dire consequences on the fidelity 

of chromosome segregation. It does however, lead to a puzzling question: if error 

correction is so sensitive to perturbations in MPS1 levels, how do erroneous atatchments 

such as syntelics and merotelics, which presumably displace MPS1 to some extent, 

become corrected? Part of the answer could lie in the microtubule occupancy that 

such attachment configurations allow. Perhaps, in a syntelic or merotelic orientation, 

not enough microtubules can become attached simultaneously to cause a reduction in 

MPS1 levels and as such, error correction would remain highly active. In the future, it 

will be of great interest to determine the levels of MPS1 on kinetochores with different 

microtubule attachment types but also occupancies and to subsequently measure the 

phosphorylation of relevant SAC and error correction substrates.  
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This study delves further into the characterization of the N-terminal modules’ 

contribution to kinetochore localization of MPS1 and highlights the complexity of 

regulation that relies on these modules. Furthermore, we utilize some of the mutants 

generated for our structure-function studies to investigate the required levels of 

MPS1 on kinetochores for its different roles. and discuss Our results contribute to 

our understanding of the molecular events that take place on kinetochores during 

progressive microtubule attachment and which eventually lead to the complete 

inactivation of both the SAC and error correction to allow mitotic progression.
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Experimental procedures
Cell culture and generation of stable cell lines. HeLa Flp-In cells were grown in 

Dulbecco’s modified Eagle medium (DMEM; Sigma D6429) supplemented with 9% 

tetracycline-free fetal bovine serum (FBS), penicillin-streptomycin (50 μ g ml−1; Sigma 

P0781) and Ala-Gln (2 mM; Sigma G8541) at 37 °C and 5% CO2. Live-cell imaging was 

performed in DMEM without phenol red (Sigma; D1145) supplemented with 9% FBS, 

penicillin-streptomycin (50 μ g ml−1; Sigma P0781) and Ala-Gln (2 mM; Sigma G8541). 

Plasmids were transfected into FlpIn HeLa cells using Fugene HD (Promega) according 

to the manufacturer’s instructions. To generate stably integrated HeLa Flp-In cell lines, 

with LAP -tagged genes stably integrated in the FRT site and TetR inducible, pcDNA5 

constructs were co-transfected with pOG44 recombinase in a 1:9 ratio and kept in 

hygromycin (Roche, 10843555001) selection for three weeks. 

Plasmids and cloning. pcDNA5-LAP-MPS1 (WT, Δ60, Δ200, ΔΤPR) plasmids were 

generated by Nijenhuis et al285 and the NTE2mut variant was generated by Pachis et 

al381. All other pcDNA5-LAP MPS1 constructs used in this study were generated from 

the WT or NTE2mut plasmid by standard Gibson assembly protocol of PCR products 

with primers that either partially amplify the NTE or the Titin I1 domain.

Knockdown, addback and additional cell treatments. For experiments with 

knockdown-addback of MPS1, siRNAs for GAPDH (as control, Thermo Fisher 

Scientific; D-001830-01-50, 20nM) or MPS1 (custom, Thermo Fisher Scientific; 

5’-GACAGAUGAUUCAGUUGUA-3’, 20nM) were transfected using RNAi Max (Thermo 

Fisher Scientific) according to manufacturer’s instructions. After 16 h of siRNA 

treatment, cells were arrested in S-phase by addition of thymidine (2 mM; Sigma-

Aldrich cat. no. T1895). To induce expression of exogenous LAP-tagged proteins, 

doxycycline (1 μ g ml−1; Sigma-Aldrich cat. no.D9891) was added 8 hours after the 

thymidine addition. After 24h of thymidine addition, cells were released and treated 

with the indicated drugs: Cpd-5 (250 nM; gift from R. H. Medema, Netherlands Cancer 

Institute); nocodazole (3.3 μ M; Sigma-Aldrich cat. no. M1404). MG-132 (5 mM; cat. no. 

C2211) was only added 8-9 hours after thymidine release to first allow cells to enter 

mitosis. Cells were used for further experiments between 8–10 h after thymidine 

release. 

Fixed cell immunofluorescence microscopy and image quantification. For 

immunofluorescence, HeLa Flp-In cells grown on 12 mm coverslip (no. 1.5) were 

permeabilized for 1 min with warm PEM buffer (100mM Pipes (pH 6.8), 1mM MgCl2 
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and 5mM EGTA), followed by fixation for 10 min with 4% PFA in PBS. After fixation, 

coverslips were washed three times with PBS and blocked with 3% BSA in PBS 

overnight at 4oC. The next day, primary antibodies diluted in 3% BSA were added to 

the coverslips and incubated for 2 h at room temperature. Subsequently, cells were 

washed three times with 0.1% triton in PBS and incubated with secondary antibodies 

in 3% BSA for another hour at RT. Coverslips were then washed two times with 0.1% 

Triton in PBS followed by 2 min incubation with DAPI diluted in PBS, followed by two 

final washes in PBS. Coverslips were then mounted onto glass slides using Prolong 

Gold antifade. All images were acquired on a deconvolution system (DeltaVision Elite 

Applied Precision/GE Healthcare) with a × 100/1.40 NA UPlanSApo objective (Olympus) 

using SoftWorx 6.0 software (Applied Precision/GE Healthcare). Images were acquired 

as z-stacks at 0.2 μ m intervals and all images of similarly stained experiments were 

acquired with identical illumination settings. Images were then deconvolved and 

maximum intensity projections were made using SoftWoRx. Cells were selected based 

on the mitotic shape of DAPI signal.

For quantification of images, a CellProfiler376 pipeline was used to threshold and select 

all kinetochores and all chromosome areas (excluding kinetochores) using the DAPI 

and CENP-C. This was used to calculate the relative average kinetochore intensity of 

various proteins ((kinetochores – chromosome arm intensity (kinetochore localized 

protein of interest))/(kinetochores– chromosome arm intensity (CENP-C))).

Live cell imaging and movie analysis. For DIC live-cell imaging of mitotic timing in 
various conditions, cells were plated in 24-well plates and DIC filming started 6 hours 
after thymidine release with 4 minute intervals on a Nikon Ti-E motorized microscope 
equipped with a Zyla 4.2Mpx sCMOS camera (Andor) and 40× 1.3 NA objective lens 
(Nikon). Cells were kept at 37 °C and 5% CO2 using a cage incubator and Boldline 

temperature/CO2 controller (OKO-Lab).

 In experiments with DNA visualization, cells were plated in glass-bottom 96-well plates 
and SiR-DNA (Spirochrome, 100nM) was added right after thymidine release. Images 
were comprised of 5 z-slices separated by 2.5 μm with 3 minute intervals and were 
acquired on an Andor CSU-W1 spinning disk (50 µ m disk) with 60× oil objective lens 
(Nikon) using an Andor iXon-888 EMCCD camera. For chromosome alignment assays, 
monastrol was added 6 hours after thymidine release and kept on cells for 3 hours, 
after which it was washed out by washing 5 times with warm medium and cells were 
imaged directly after. Cells were kept at 37 °C and 5% CO2 using a cage incubator and 

Boldline temperature/CO2 controller (OKO-Lab).
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Analysis of live-cell imaging experiments was carried out with ImageJ software. Time in 

mitosis for DIC movies was defined as the time between nuclear envelope breakdown 

(defined as cell rounding) and anaphase-onset or cell flattening. For movies where 

DNA was visualized, mitosis onset was defined as the first frame where chromatin 

condensation was observed.

Immunoblotting. Cells were collected by mitotic shake-off and lysed in 50 mM 

Tris-HCl (pH 7.5), 150 mM NaCl, 2% NP-40, 1 mM EDTA and protease inhibitor 

cocktail (Roche). Lysates were sonicated and centrifuged for 10′ at 20,000g at 4 °C. 

Supernatants were collected, supplied with Laemmli buffer and boiled for 5 minutes 

at 96 °C. Electrophoresis in SDS-acrylamide gel, transfer to nitrocellulose membranes 

and immunoblotting were performed using standard protocols. Western blot signals 

were detected by chemiluminescence using an Amersham Imager 600.

Antibodies. The following primary antibodies were used: CENP-C (polyclonal guinea 

pig, 1:2,000; MBL, Catalog#: PD 030), a-Tubulin (mouse monoclonal, 1:10,000; Sigma-

Aldrich, Catalog#: T5168), GFP (custom rabbit polyclonal raised against full-length GFP 

as antigen, 1:10,000), GFP (mouse monoclonal, 1:1,000; Sigma, Catalog#: 11814460001), 

MAD1 (mouse monoclonal, 1:1000; Merck Millipore, Catalog#: MABE867), BUB1 (rabbit 

polyclonal, 1:1,000; Bethyl, Catalog#: A300-373 A-1), MPS1-NT (mouse monoclonal, 

1:1000; EMD Millipore, Catalog#: 05-682), KNL1-pT180 (custom rabbit serum against 

pT180). Secondary antibodies (Invitrogen Molecular Probes, all used at 1:600) were  

goat anti-guinea pig Alexa Fluor 647 (Catalog#: A21450), goat anti–rabbit Alexa Fluor 

488 (Catalog#: A11034), 568 (Catalog#: A11036), and anti–mouse Alexa Fluor 488 

(Catalog#: A11029) and 568 (Catalog#: A11031).

Statistics and reproducibility. Results from different experiments were pooled and no 

difference was observed between different experimental sets. Two-tailed, unpaired t 

tests or one-way ANOVA followed by Tukey’s test were performed to compare either two 

or multiple experimental groups respectively in immunofluorescence quantifications 

when experiments were repeated at least 3 times. In those cases in which replicates 

were less than 3, no statistical analysis was performed. Data are presented as mean 

± s.d. All replicates showed similar results and a representative experiment was 

displayed. The comparisons most pertinent for the conclusions and p values for all 

statistical tests performed are annotated in the figures. Graphic representation of data 

as well as all statistical tests were done with GraphPad Prism 6 for Mac OS.
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Supplementary information

Figure S1. No MPS1 variants display protein stability issues. (A) Western blot of all MPS1-expressing cell 
lines used in this study. Samples with and without doxycycline were used to control the functionality of the 
inducible system. An antibody against GFP was used to probe the exogenous protein addback, whereas an 
antibody against MPS1 was used to validate the knockdown of the endogenous protein. Tubulin was used 
as a loading control. Digitally eliminated lanes have been annotated on the image.
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Summary
Error correction and the spindle assembly checkpoint (SAC) are two systems that 

work closely together and whose functions are intertwined on many levels to ensure 

that cells maintain a stable genome generation after generation. The focus of this 

thesis is on the mitotic kinase MPS1. MPS1 is a critical component of the SAC which 

is recruited to kinetochores that lack attachment to the mitotic spindle. It initiates a 

signaling cascade that localizes SAC components to kinetochores and gives the cells 

enough time to form stable bipolar attachments between their chromosomes and 

spindle microtubules. As MPS1 has been the focus of many studies, we attempted 

to conceptually bridge the various findings regarding the regulation of MPS1 activity 

(both in initiating and suppressing SAC signaling) and its subcellular localization in 

mitosis. Furthermore, we identified HEC1, a component of the NDC80 complex, as a 

direct binding partner of MPS1 on mammalian kinetochores and provided conclusive 

evidence that microtubules compete with MPS1 for binding to HEC1. We also showed 

that regulated intramolecular interactions between different modules of MPS1 play 

an important role in the ability of microtubules to displace MPS1 from kinetochores 

and silence the SAC. Further mutational analysis of the N-terminal modules of MPS1 

uncovered that they possess multiple functions. Apart from a HEC1-binding sequence, 

the NTE also contains a region that inhibits kinetochore localization of the protein. 

Meanwhile, the TPR domain regulates kinetochore localization of MPS1 not only via its 

interaction with the NTE but also by acting as a spacer between the NTE and a region 

that comes after it. Furthermore, we found a differential requirement for MPS1 levels 

on kinetochores in order for it to fully support its various functions. Here, we discuss 

the overarching themes in MPS1 biology in the context of our research and the future 

of the field. 
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MPS1 – kinetochore interaction

Kinetochore-binding modules in MPS1 

MPS1 relies on the CH domain of HEC1, a member of the NDC80 complex, to 

bind to kinetochores and this has been demonstrated repeatedly and in different 

organisms78,291,331,384. In Chapter 3 we provided conclusive evidence that HEC1 is a 

direct binding partner of MPS1 on kinetochores of human cells. The NTE-TPR module 

of MPS1 interacts with residues that were mapped back to a region adjacent to the 

microtubule-binding module in the CH domain of HEC1. Additionally, a conserved 

motif located in the middle region (MR) of MPS1 binds to NUF2, another NDC80 

complex member262. This binding mode, however, seems to be more prominent when 

MPS1 is inactive303. In Chapter 2 we posited that different interaction modes between 

MPS1 and kinetochores might be relevant in the context of the different phases 

of mitosis. In early mitosis, when most MPS1 molecules are still inactive, stronger 

binding to the NDC80-C via both the N-terminal and MR modules could facilitate rapid 

autoactivation of a large pool of MPS1, sufficient to elicit a robust SAC response to the 

multiple unattached kinetochores that are present. Later in mitosis and once MPS1 is 

active and a SAC signal has been mounted, higher turnover of MPS1 on kinetochores 

would provide a sensitive perception of the attachment status of kinetochores. Tighter 

binding between inactive MPS1 and kinetochores could also be relevant for the re-

activation of the SAC in a scenario where attachments become compromised after 

the checkpoint has been satisfied.  An implication of this model is thus, that the MR 

module is more important in activating the SAC in early mitosis and/or in case of loss of 

attachment in metaphase. It would therefore be interesting to confirm our prediction 

by using mutants lacking this region in assays that test SAC strength by their ability to 

maintain an arrest by the addition of nocodazole either from the onset of mitosis or 

after cells have reached metaphase and compare them to situations in which MPS1 

is inefficiently or partially activated (or inhibited). Additionally, monitoring cyclin B 

degradation or having a live readout for MPS1 activity could highlight potential defects 

in SAC activation in early mitosis in mutants lacking the MR. In Chapter 5 we found 

that a region encompassing residues 31-50 of the NTE of MPS1 has the potential to 

inhibit the residual kinetochore localization that exists when the predominant NTE-

mediated kinetochore binding is incapacitated. This region could therefore play a role 

in allowing or preventing the MR from interacting with kinetochores under different 

activity states of MPS1.
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Kinase input in the kinetochore localization of MPS1

The requirement of Aurora B activity for MPS1 kinetochore localization is a well-

established one268,385. On the one hand, Aurora B stimulates the MR-NUF2 interaction 

by making the binding site on NUF2, which was formerly occupied by the HEC1 tail, 

available, and on the other hand, it releases a TPR-imposed inhibition on the kinetochore 

recruitment of the protein285. In Chapter 4 we took this a step further and showed that 

the inhibition takes the form of a direct NTE-TPR interaction which blocks NTE binding 

to kinetochores.  A number of ways in which the inhibition could be alleviated by 

Aurora B activity can be envisioned. Firstly, Aurora B may directly phosphorylate either 

or both of the N-terminal modules in MPS1 to disrupt their interaction and release 

the NTE. However, no known Aurora B target sites have been reported and there is 

no obvious candidate for such a site based on sequence alone, making this option 

rather improbable. Secondly, Aurora B could phosphorylate the kinetochore receptor 

of MPS1, HEC1, or a recruiter of MPS1 and in doing so, promote their interaction and 

disrupt the NTE-TPR binding. The known Aurora B target sites on the HEC1 tail are 

not involved in MPS1 recruitment as mutating them doesn’t affect MPS1 kinetochore 

levels285. Phosphorylation of the CH domain, although not impossible, doesn’t seem 

likely as we showed that Aurora B activity is not necessary for the interaction of HEC1 

and MPS1 when the NTE-TPR interaction is bypassed. ARHGEF17 was identified as a 

recruiter of MPS1334 and although the region of MPS1 responsible for their interaction 

is not known, it is possible that Aurora B phosphorylates ARHGEF17 and promotes its 

binding to the N-terminal modules of MPS1, disrupting NTE-TPR binding in this way. 

Imaging and pulldowns with various truncation or domain-deletion mutants of MPS1 

and kinase inhibitor treatments are necessary to identify the ARHGEF17-interacting 

region and whether their interaction is regulated by Aurora B. The same principle could 

hold true for, as of yet, unidentified recruiters of MPS1 and so, methods that allow 

the identification of transient protein-protein interactions, such as TurboID proximity 

labeling386 or releasable photo-cross-linking strategies387 could be valuable tools in 

identifying such factors. Thirdly, Aurora B could regulate the NTE-TPR interaction 

indirectly, by the exclusion of PP1 from kinetochores. Aurora B phosphorylates 

SSILK and RVSF motifs on KNL1 and this excludes PP1 from binding to them56,146. If 

PP1 causes MPS1 to assume a kinetochore-localizing-deficient form in which the 

NTE and TPR interact, then Aurora B could counteract it by excluding PP1 from 

kinetochores. Unpublished data from our lab supports this notion by showing that 
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PP1 depletions or the expression of KNL1 4A, a mutant that cannot interact with PP1, 

renders MPS1, at least partially, insensitive to Aurora B inhibition. If this is the case, 

the question of which kinase deposits the phosphorylations on the NTE-TPR region 

that are antagonized by PP1 remains open. An obvious way to proceed, no matter 

which scenario is true, is to perform quantitative phospho-proteomic experiments 

with MPS1, the NDC80 complex and all identified intermediate recruitment factors to 

determine which phosphorylations are sensitive to Aurora B inhibition and test them 

further by expression of phospho-mutants. 

What is certain is that the N-terminal localization modules of MPS1 are indeed heavily 

phosphorylated in mitosis169,279,310,312,335,388 and in Chapter 3 we showed that, at least in 

vitro, phosphorylation of this region by MPS1 itself enhances the kinase’s binding to 

the NDC80-C. However, mass-spec analysis of the pre-phosphorylated MPS1 fragment 

used in these binding assays showed that not only the known autophosphorylation 

sites were phosphorylated, but also many additional ones, likely due to promiscuous 

phosphorylation caused by the excess amount of active kinase in the reaction (data 

not shown). This makes it hard to discern whether MPS1 autophosphorylation of 

the NTE-TPR region is physiologically relevant in cells, especially given the fact that 

MPS1 and PLK1, another mitotic kinase, share a preference for similar target sites346. 

It is also not yet clear whether it is phosphorylation of the NTE, the TPR or both that 

stimulates binding to the NDC80-C and whether the phosphorylated residues have 

a higher binding affinity to the complex or phosphorylation simply helps MPS1 

adopt an NDC80-C-binding-proficient conformation by the disruption of the NTE-

TPR interaction. More extensive biochemical assays with purified components will 

help shed light onto these questions. Pre-phoshorylation of a mutant recombinant 

MPS1 in which all phosphorylation candidates in the TPR have been mutated to their 

phospho-dead form and vice versa will provide insights as to which module needs 

to be phosphorylated whereas pre-phosphorylation of recombinant MPS12xNTE and 

repeating the binding assay will help tackle the second question. Since the effects of a 

regulated NTE-TPR interaction is circumvented in this mutant, if the binding to NDC80-C 

is further stimulated by pre-phosphorylation it will indicate that phosphorylation of 

the region does more than just disrupt this intramolecular interaction.

Other reported phosphorylation sites on MPS1 conform to a CDK1 consensus 

motif169,170,310,312,335,340,342,389,390. Of these sites, S281 in humans and S283, the equivalent 

site in the Xenopus homolog, are validated CDK1 targets341,391. Interestingly, while 

phosphorylation of the first site affects the kinetochore localization of the protein but 
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not its activity, the inverse was reported for the latter, indicating that even though 

phosphorylation of this site is a conserved event, its function may have diverged. 

Nevertheless, in both cases, overall activity of the SAC is reduced when phosphorylation 

of this site by CDK1 is prevented. A discrepancy emerges when comparing the phospho-

dead mutant of this site (S281A) to a mutant lacking the MR region (ΔMR) that this 

site is located in. The S281A mutation leads to a drastic reduction in the kinetochore 

levels of MPS1391 whereas the ΔMR seems to affect only the kinetochore levels of 

inactive MPS1 and mildly, at that. Differences in the methods employed to knock down 

endogenous MPS1 and their efficiency in the two studies could potentially account for 

some of the contradicting results. In vitro, phosphorylation of S281 only moderately 

stimulates the MR-NUF2 interaction262.  As MPS1 is also subject to activity-dependent 

conformational restructuring315, it is tempting to imagine that, in cells, the S281A 

mutation exerts a dominant negative effect which promotes a kinetochore-localizing-

deficient conformation. In any case, CDK1-dependent activation and/or kinetochore 

recruitment of MPS1 is a conceptually attractive model, as CDK1 is already active from 

the onset of mitosis and could be the trigger that kickstarts SAC signaling. Whether 

this dependency is equally strong throughout mitosis is an interesting point for further 

research.

Does SAC signaling require continuous MPS1 activity on 
kinetochores after it has been established?

It is clear that MPS1’s ability to localize to kinetochores is crucial for the establishment 

of a robust SAC signal; mutants of MPS1 lacking the kinetochore-binding module 

are not able to impose a nocodazole-induced arrest and cells are able to exit mitosis 

even in the complete absence of microtubule attachments. This has likely to do with 

the inability of a sufficiently large pool of MPS1 to autoactivate if it cannot cluster 

at kinetochores. It is not clear, however, whether MPS1 activity at kinetochores is 

required continuously once the first big wave of SAC activation has occurred or if cells 

can tolerate reductions in kinetochore activity, potentially via compensation from an 

active cytoplasmic pool. 

Addressing such a question requires the ability to intervene at specific moments 

during the progression of mitosis and greater temporal control than that allowed by 

classical cell biology approaches. Knockdowns deplete protein levels throughout the 

cell cycle whereas small molecule inhibitors inactivate all molecules of enzymatically 
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active proteins and don’t allow for the dissection of different pools and their relevant 

contribution to a process. Even the use of more elegant techniques such as degron-

tagging of proteins which allow more flexibility in the timing of degradation can still be 

limiting in the sense that they, again, affect all pools of those proteins. To this end, we 

began to develop a method to conditionally deplete kinetochores of specific proteins 

at desired timepoints during mitosis. Difficulties in generating a homogeneous cell 

line that stably expresses all the necessary components, unfortunately, hampered 

substantial advancement of this project within the timeframe of the thesis. Preliminary 

testing of the individual parts that comprise the method, however, showed promising 

results for its future development.

“Kinetochore SNIPER” is a combination of previously developed methods that consist 

of protein fusions to members of the CCAN or KMN network which will ensure their 

constitutive presence on kinetochores, rapalog-induced dimerization of the human 

FKBP and FRB proteins392 and dimerization-induced activation of a split TEV protease393. 

The cornerstone of this method is the split TEV system developed by Gray et al.393. The 

two TEV fragments (NTEV and CTEV) are able to display high protease activity upon 

dimerization via the FRB-FKBP system with minimal levels of background activity (i.e. 

in the absence of rapalog). Fusion of one of the two TEV fragments to a kinetochore 

component would allow its persistent presence on kinetochores and, in doing so, 

would be priming the system for kinetochore-enriched TEV protease activity upon the 

addition of rapalog (Figure 1A). Finally, engineering TEV recognition sites in a protein 

of interest that localizes to kinetochores, would allow cleavage to occur at the TEV 

site when the protease activity rises (Figure 1B). Versatility of the system lies in the 

ability to fuse one of the TEV fragments to different components of the inner our outer 

kinetochore or even maybe centromeres, depending on the localization the target 

protein in each case. Potential challenges which may need troubleshooting include 

the dimerization kinetics of the split TEV in the context of kinetochores, background 

protease activity, activation and cleavage efficiency (extremely relevant in proteins of 

interest with high turnover) and the accessibility of the engineered TEV recognition 

sequences in the proteins of interest.

Incorporating a TEV site behind the kinetochore-binding module of MPS1 would 

therefore allow us to interrogate the requirement for persistent kinetochore-based 

signaling for SAC maintenance. Using this setup, initial SAC activation in response 

to nocodazole-induced unattached kinetochores could take place normally. 

Upon addition of rapamycin and removal of MPS1 from kinetochores, mitotic exit 
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dynamics would be measured and compared to a condition in which MPS1 remains 

on kinetochores. Perhaps even more relevant to the attachment states found in 

prometaphase cells, when SAC activity has already been established, would be the use 

of drugs that produce a few unattached kinetochores such as low doses of nocodazole 

or taxol. 

A potential drawback of this setup is the fact that MPS1 displays high turnover rates 

on kinetochores, requiring very high TEV eff iciency to ensure a substantial reduction 

of MPS1 levels on kinetochores.  Alternatively, a TEV site could be engineered behind 

the CH domain of HEC1, the binding partner of MPS1 on kinetochores. As HEC1 is 

more stably incorporated in the outer kinetochore, cleaving off  the MPS1-interacting 

module might produce a more penetrant phenotype.

Figure 1. The Kinetochore SNIPER system. (A) 
In the abscence of rapalog, one fragment of a 
split TEV protease is fused to FKBP, a kinetochore 
component which localizes it constitutively to 
kinetochores and tagged with tag A, while the 
second part of the split TEV is tagged with tag 
B and fused to FRB and is cytoplasmic. At the 
same time a protein of interest that localizes 
to kinetochores and is detectable by tag C has 
been modifi ed to contain a TEV recognition 
sequence (yellow box) between the kinetochore-
binding region A and another protein region B. 
(B) Upon the addition of rapalog to the system, 
FKBP dimerizes with FRB, recruiting the second 
part of the split TEV to kinetochores and can be 
visualized by the accumulation of tag B signal at 
kinetochores. When the two parts of the split TEV 
come together, protease activity is stimulated 
and can cleave the protein of interest at the 
engineered TEV recognition site. This leads to the 
removal of region B of the protein of interest from 
kinetochores and can be visualized by the loss of 
tag C signal.

MPS1 in SAC silencing
Competition with microtubules 
Suff icient removal of MPS1 activity from kinetochores is a key step in silencing the 

SAC and allowing mitotic progression to take place. In Chapter 3 we showed that the 

primary mechanism for achieving this is a form of, at least to some extent, competitive 

binding between MPS1 (mediated by the NTE) and microtubules to HEC1 (also shown
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by 262). In both studies, residues on, or adjacent to, the microtubule-binding interface 

of HEC1 displayed reduced interaction capability with MPS1. In Chapter 4, we were 

able to show that, actually, MPS1 and microtubules don’t bind to exactly the same 

region in HEC1. Enhancing the MPS1-NDC80-C interaction, by means of adding an NTE 

module in MPS1, led to substantial retention of MPS12xNTE on metaphase kinetochores 

while still being able to interact with the full complement of microtubules. This rather 

implies, that in a normal situation it is the combined effects of the rapid turnover of 

MPS1 on kinetochores and steric hindrance imposed by microtubules that leads to the 

preclusion of MPS1 in metaphase. It is possible that the added flexibility provided by 

the second NTE leads to a different positioning of the rest of the domains in MPS1 in 

relation to the NDC80-C in such a way that the steric hindrance effects by microtubules 

are reduced.  

Additionally, Ji et al showed that the interaction of the MR module of MPS1 with the 

CH domain of NUF2 is also inhibited by microtubules262. Although the exact dynamics 

and mechanics of this have yet to be ascertained, it seems unlikely that this form of 

competition between MPS1 and microtubules occurs extensively in cells, especially 

taking into consideration their model for how Aurora B impacts the MR-NUF2 

interaction. According to their model, in order for MR and NUF2 to interact, the HEC1 

tail needs to be phosphorylated by Aurora B.  However, it is also known that when 

the HEC1 tail is phosphorylated by Aurora B, microtubule attachments are rapidly 

destabilized, making MPS1 displacement less likely to occur. If anything, their model 

supports the notion that an MR-NUF2 interaction is more relevant in early mitosis 

when attachments are immature and the HEC1 tail is still heavily phosphorylated and 

by extension, when many molecules of MPS1 are still inactive.

Even though MPS1 kinetochore levels in metaphase are drastically reduced, they 

are not completely diminished. It’s not clear if the residual molecules of MPS1 on 

metaphase kinetochores are still active and how these potentially basal activity 

levels might continue to play a role in the different functions of MPS1 in the SAC and 

error correction. Next to this, it is still not understood where these MPS1 molecules 

are bound. Not all HEC1 molecules are completely dephosphorylated and bound to 

microtubules when anaphase ensues352, so it is possible that these are the molecules 

that continue to recruit MPS1 due to a lower affinity for microtubules. Strikingly, recent 

findings in our lab showed that even 50% microtubule occupancy is sufficient to make 

SAC protein levels virtually undetectable at kinetochores379. An inherent flexibility in 

kinetochore architecture has been proposed to facilitate this by allowing only a few 
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microtubules to make contacts with most of the microtubule-binding complexes175 

which are arranged in a lawn-like macrostructure89,352. In this study, SAC protein levels 

on kinetochores were determined in relation to increasing microtubule attachment 

states and two response types were observed which correlated to the already known 

mechanisms of delocalization for the proteins in each group379. 

The corresponding MPS1 kinetochore levels in these intermediate attachment states 

were, however, not determined and it will be of great value to do so. Nonetheless, some 

predictions can be hazarded. Preliminary results obtained from FRAP microscopy 

suggest that inhibited MPS12xNTE  displays reduced turnover compared to active 

MPS12xNTE (data not shown), as has been similarly observed for active vs inactive MPS1WT 

342. This difference in turnover, however, is not accompanied by a significant increase in 

kinetochore levels of MPS1 in these two conditions (seen in Chapter 4) as is observed, 

for example, between MPS1WT and MPS12xNTE due to their altered turnover381. An obvious 

explanation for this is that all available HEC1 molecules on kinetochores already 

become saturated by MPS12xNTE in its active form and as such, reducing its turnover 

further will not lead to an observed increase in kinetochore levels. From this, and 

based on the relative kinetochore levels of MPS1WT and MPS12xNTE observed in Chapter 
4 (MPS12xNTE is localized to kinetochores ~3-fold more than MPS1WT), we can extrapolate 

that in a situation of complete lack of attachment, such as nocodazole or very early 

mitosis, approximately 30% of HEC1 molecules on a kinetochore are bound by MPS1WT. 

A prediction is therefore, that in low microtubule occupancy states, MPS1 levels might 

not be severely affected and the kinase will still be able to deposit its phosphorylations 

on KNL1 and recruit downstream SAC components relatively efficiently, which is 

indeed what the authors find for pMELT and BUB1379. This is further confirmed by our 

results in Chapter 5 which show that even half of MPS1WT kinetochore levels (only 15% 

of HEC1 molecules are occupied by MPS1) are able to fully support SAC activity. On the 

other hand, proteins that are stripped by dynein which is brought to kinetochores by 

microtubules, such as MAD2 and ZW10, show a more immediate delocalization effect, 

even at very low levels of microtubule attachment. Of course, these observations may 

vary between different cell lines and is something that should be investigated. Even 

so, these data, and in combination with the observation that the SAC functions as a 

rheostat that depends on the amount of recruited MAD2185, offer new insights into the 

sophisticated mechanisms of SAC responsiveness to attachments. Low microtubule 

occupancy has an immediate effect on the overall SAC signaling output via the instant 

reduction in MAD2 kinetochore levels so that if these attachments become stabilized, 
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the SAC can be rapidly silenced. At the same time, more upstream SAC components, 

such as MPS1 and BUB1, are able to remain at kinetochores at relatively high levels, 

so that in the case of those attachments being destabilized, MCC production can be 

rapidly stimulated to support the number of unattached kinetochores in the cell. 

 In any case, monitoring the delocalization pattern of MPS1 will not only tell us how 

SAC silencing is regulated at its most upstream point but also, more generally, will 

provide insights into how a few microtubules can interact with the NDC80 complex 

landscape. Such experiments have proven to be challenging by the inconsistent 

nature of endogenous MPS1 immunostainings, but with the advancement of CRISPR/

Cas9 technologies, investing in endogenous tagging of the MPS1 locus would be 

worthwhile. In the interest of having a sensitive readout for even very low levels 

of MPS1 on kinetochores, tags that would allow signal amplification, such as the 

SunTag394 might be worth looking into.

NTE-TPR interaction
Although competition with microtubules is the major mechanism for MPS1 

displacement from kinetochores upon attachment, in Chapter 4 we discovered 

a requirement for an intramolecular interaction in MPS1 that contributes to SAC 

silencing via the aforementioned mechanism. We found that this interaction is subject 

to regulation by Aurora B by promoting MPS1 to adopt a kinetochore-localizing-

proficient form in which the NTE and TPR no longer interact. On the flip side, we found 

that the ability of this interaction to take place is important in maintaining proper 

interaction dynamics between MPS1 and the NDC80-C so that microtubules can 

efficiently displace MPS1. If indeed kinase activity releases the NTE-TPR interaction 

so that MPS1 may bind kinetochores, then it stands to reason that phosphatase 

activity can function in the opposite direction. Presumably this interaction is able to 

take place and promote the release of MPS1 from kinetochores even in the absence 

of high phosphatase activity, as MPS1 displays rapid turnover in a nocodazole state. 

Perhaps, phosphatase activity can lock the NTE-TPR interaction in place and prevent 

these molecules of MPS1 from rebinding kinetochores, an effect that would become 

stronger as kinetochores become enriched with phosphatases as microtubule 

occupancy increases. Indeed, an indication of this can be found back in Chapter 3 
where we tested how known silencing mechanisms affect MPS1 levels in metaphase. 

We observed a slight but significant increase in MPS1 kinetochore levels in metaphase 

when expressing a mutant of KNL1 that is not able to recruit PP1 (KNL1 4A).
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In order to uncover the functional relevance of the NTE-TPR interaction that was 

discussed above, we engineered MPS12xNTE, a mutant containing 2 NTE modules 

adjacent to the TPR. The principle behind it is that while the TPR-proximal NTE 

should still be regulated by this intramolecular interaction, the distal one should not. 

Indeed, we found that this mutant displays silencing defects and we attribute this to 

the unregulated TPR. Formally, however, we haven’t shown that the distal NTE does 

not interact with the TPR, which would be substantial proof for the validity of our 

model. A “cleaner” way to prove the same concept would be to recapitulate the 2xNTE 

phenotypes with point mutants of either the NTE or TPR which would specifically only 

disrupt the interaction between the two. To achieve this, a number of single point 

mutants and combinations thereof were designed based on the results of the NMR of 

the N-terminal region of MPS1 that was performed in Chapter 4 (Figure 2, residues in 

red). These were charge-reversal mutations, side chain-removal mutations to prevent 

contact between residues or affecting putative phosphorylation sites. Unfortunately, 

when expressed in cells, none of the mutants showed any of the enhanced kinetochore 

localization phenotypes observed with the 2xNTE. On the contrary, all mutations were 

either neutral or had detrimental effects either on expression of the protein or its 

kinetochore recruitment (data not shown). We believe that this is due to the fact that 

the regions involved in the NTE-TPR interaction are also crucial for the recruitment 

or interaction of MPS1 with kinetochores. In the NTE, the TPR-interacting residues 

reside in a predicted helix which we also show is crucial for binding to NDC80-C. As 

for the TPR, it likely has additional functions that are perturbed when the structure of 

this domain is compromised. Interestingly, in Chapter 5 we found that the TPR also 

contributes to kinetochore localization of MPS1 in a manner independent of its helical 

fold. In any case, the search for such mutations ought not to be abandoned, as they 

would allow the NMR experiments to be repeated with these MPS1 mutants and more 

elegantly link enhanced kinetochore localization effects and silencing defects to an 

inability between the two modules to interact. 

Inactivation of MPS1
Presumably, in order for SAC silencing to occur, MPS1 not only needs to be displaced 

from kinetochores but also has to be inactivated. Since activation of MPS1 is dependent 

on phosphorylation of the activation loop, removal of those phosphorylations will 

lead to its inactivation. In Drosophila, PP1 has been proposed to directly inactivate 

MPS1351 but there is no clear evidence as of yet that this is a conserved function in 
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mammals too. Exactly where MPS1 becomes inactivated remains to be seen too as it 

could be potentially coupled to its displacement from kinetochores - if indeed PP1 has 

a role in keeping MPS1 displaced by promoting the NTE-TPR interaction, it is possible 

that it has a simultaneous role in dephosphorylating the activation loop. 

The requirement for continuous PP1 presence on kinetochores for SAC silencing 

could be investigated with the kinetochore SNIPER system. The PP1 binding site on 

kinetochores is located in an N-terminal region of KNL1. Inserting a TEV recognition 

site behind the PP1 recruitment module in KNL1 would therefore allow stable bipolar 

attachments to be formed initially and upon the addition of rapalog, the loss of PP1 

from kinetochores would be induced. It would be of great interest to see: a) what 

happens to attachments if the kinase-phosphatase balance is lost aft er tension-

conferring stable bipolar attachments have been made and b) if there is an immediate 

Figure 2. Residues in the NTE-TPR modules that have been mutated and expressed in cells. (A) Display 
of NMR chemical shift  perturbations (CSPs) between diff erent KCl concentrations onto the NTE-TPR-CTE 
sequence, color-coded based on the CSP magnitude (taken from chapter 4). Residues marked in red have 
been mutated, either individually or in various combinations and expressed in cells. (B) List of mutations 
tested.
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re-recruitment of SAC components, implying that low residual levels of MPS1 are 

always sustained at kinetochores to keep the system primed for re-activation in the 

case of loss of attachment.

In any case, the dynamics of MPS1 inactivation and how this affects its various 

substrates at different locations in the cell remains to be determined and could be 

addressed by the development of an MPS1 activity reporter. Results from such 

experiments, however, would require cautious interpretation, as rightly stressed by 

Saurin395. Reporter readouts only ever reflect the net effect of kinases and phosphatases 

on the reporter and as such, changes in phosphatase activity at different subcellular 

locations need to be considered too. Further research is required to understand, on a 

molecular level, how phosphatases recognize and dephosphorylate their target sites, 

and potentially utilize it to disentangle kinase from phosphatase input on FRET-based 

reporters.  Our results in Chapter 5 indicate that the error correction substrates of 

MPS1 are more sensitive to perturbations in MPS1 levels than the SAC ones, so it will 

be interesting to see if this is reflected in a shifted kinase-phosphatase balance at the 

relevant subcellular locations for each of the substrate groups.

Concluding remarks 
Overall, the work presented in this thesis provides mechanistic insights into the role 

of MPS1 in SAC signaling and silencing. We uncover novel aspects, not only of the 

interaction between MPS1 and the NDC80 complex at kinetochores, but also of its 

eventual removal once microtubule attachments are formed. Even though much is 

already known about the roles of MPS1 in chromosome segregation, many of the finer 

details of its regulation remain to be elucidated. Our findings constitute a contribution 

to our understanding of the processes of SAC signaling and chromosome segregation 

and form the basis for the advancement of fundamental research in these fields in the 

years to come.
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English Summary

Mitosis and chromosome segregation
Cell division or mitosis is a crucial biological process which ensures the propagation 

of cellular properties in future generations of cells in all organisms. In humans it is 

important for development and growth, as well as the replenishment of cells that 

die naturally or are injured every day. Mitosis, the final phase of a single cell cycle, 

is preceded by a number of distinct phases, collectively known as interphase, which 

prepare the cell to divide.

Most heritable information is encoded in DNA, the genetic material of the cell. 

Chromosomes are the structural units of DNA and human cells contain 46 of them 

(23 are inherited from the mother and 23 from the father). For cells to remain healthy 

and be able to execute all of their biological processes, it is imperative that all of the 

chromosomes are replicated and then distributed equally between the two daughter 

cells that arise after every cell division. Genetic imbalances brought about by the 

faulty segregation of chromosomes is responsible for a multitude of developmental 

syndromes and diseases. Aneuploidy, the situation in which a cell does not contain an 

exact copy of the parental genome (it could contain more or less chromosomes) is one 

of the hallmarks of cancer with the majority of human cancers containing aneuploid 

cells.

Kinetochores, the SAC and error correction
Due to its extreme importance, chromosome segregation is highly regulated and 

complex process which is driven by the mitotic spindle. The spindle is comprised of 

microtubules whose role is to make contacts with chromosomes, capture them and 

eventually drag duplicated chromosomes (or sister chromatids) to opposite poles of 

the cell, ensuring the inheritance of a full set of chromosomes by the two daughter 

cells. The contact points for microtubules on chromosomes are called kinetochores. 

These are large protein scaffolds comprised of multiple complexes that are built on 

top centromeric DNA just before mitosis begins. 

Microtubule-kinetochore contacts can occur in many different configurations, but 

only a certain kind of attachments (amphitelic) can lead to the equal distribution 

of chromosomes. For this reason, cells have evolved systems that monitor the 

attachment status of each sister chromatid kinetochore, and can intervene and 
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destabilize erroneous attachments when they are detected, allowing cells to attempt 

the formation of the right kind of attachments anew.  These are the spindle assembly 

checkpoint (SAC) and error correction pathways respectively. 

Monopolar spindle 1 (MPS1) is a key upstream player in SAC signaling which, in the 

presence of unattached kinetochores, is responsible for the hierarchical recruitment 

of downstream SAC components which eventually form a diffusible inhibitor of mitotic 

progression. When microtubules form stable attachments to kinetochores, MPS1 

becomes displaced, SAC signaling is interrupted and mitotic progression is able to 

take place.

Aurora B, the catalytically active component of the error correction pathway, 

phosphorylates  proteins in the outer kinetochore, and causes the destabilization of 

microtubule attachments. Amphitelic attachments lead to kinetochore transformations 

and the simultaneous recruitment of phosphatases that antagonize Aurora B activity, 

so that the outer kinetochore Aurora B targets can no longer be phosphorylated 

and the attachments will be stabilized. The SAC and error correction communicate 

with each other with many proteins playing a role in both pathways and regulatory 

feedback loops keep activity of the two systems interwound. This ensures that mitotic 

progression only takes place when all chromosomes are properly attached to the 

mitotic spindle.

The research performed for this thesis
Our work provides new insights into SAC signaling, its eventual inactivation and its ties 

to error correction, with MPS1 being at the epicenter of the research performed. 

In Chapter 2 we take an in-depth look at the protagonist of the SAC, MPS1. We 

highlight its functions and its role as a point of convergence for regulation of both the 

SAC and error correction pathways. We gather and integrate all the latest information 

on MPS1’s spatiotemporal distribution in the cell with a focus on kinetochores and 

attempt to reconcile old and new observations to finally come up with a general model 

for how MPS1 becomes activated and localized in relation to the events that take place 

during a round of mitosis.

In Chapter 3 we address how MPS1 becomes removed from kinetochores when they 

become attached to the mitotic spindle, a key event in silencing the SAC and the 

transition to anaphase. We show for the first time in human cells that HEC1 is the direct 
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binding partner for MPS1 on kinetochores and that microtubules compete with MPS1 

for binding to HEC1. This mechanism provides a direct link between the attachment 

status of a kinetochore and its ability to generate a SAC signal.

In Chapter 4 we examine the potential interplay between modules in MPS1’s 

N-terminal region. We find that Aurora B activity, a requirement for MPS1 kinetochore 

localization, regulates the direct interaction between the N-terminal extension (NTE) 

and tetratricopeptide repeat (TPR) modules of MPS1 and that this interaction is 

important for SAC silencing. By circumventing this regulatory interaction, we detect a 

stronger interaction between MPS1 and HEC1 and this leads to inefficient displacement 

of MPS1 by microtubules and defects in switching off SAC signaling when attachments 

have been made. These results highlight the importance of keeping the dynamics of 

the MPS1-NDC80 interaction in check for SAC responsiveness to attachments.

In Chapter 5 we zoom in further to the N-terminal region of MPS1 and how it 

contributes to the regulation of its kinetochore localization. We find that a small stretch 

of residues in the NTE inhibit the kinetochore localization of MPS1. Normally, the 

preceding residues which are present in the full-length protein alleviate this inhibition 

and this whole regulatory step somehow functions via the TPR domain. Additionally, 

we discover that apart from its sequence-specific role in interacting with the NTE, 

the TPR also functions as a spacer domain between the two kinetochore localization 

modules of the protein and this promotes kinetochore recruitment. We go on to probe 

what levels of MPS1 on kinetochores are required for its functions in the SAC and in 

chromosome alignment and find that that the SAC is more tolerant to reduced levels 

of MPS1 on kinetochores. Already when MPS1 levels are reduced by 25%, chromosome 

alignment and correction of erroneous attachments are affected whereas they need 

to be further reduced to more than 50% for SAC defects to be observed. This could 

indicate the order of events that take place on a molecular level when MPS1 levels 

start to decrease as microtubule attachments are formed in prometaphase. 

In Chapter 6 we summarize our findings and discuss them in the general context of the 

spindle assembly checkpoint and mitosis field. Open questions are highlighted and 

potential future research directions are proposed.
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Nederlandse Samenvatting

Mitose en chromosoom segregatie
Celdeling of mitose is een belangrijk biologisch proces waarbij cellulaire eigenschappen 
worden doorgegeven aan toekomstige generaties van cellen in alle organismen. Voor 
mensen is mitose belangrijk voor ontwikkeling en groei, maar ook voor de vervanging 
van alle cellen die dagelijks een natuurlijke dood sterven of beschadigd raken. Mitose 
is de laatste fase van celdeling; hiervoor gaat de cel door een aantal specifieke fasen. 

Deze fasen vallen onder de interfase, waarin de cel zich voorbereidt om te delen.

De meeste erfelijke informatie is vastgelegd in DNA, het genetische materiaal van de 
cel. Chromosomen zijn de structurele eenheden van DNA; menselijke cellen hebben 
46 chromosomen (de helft hiervan wordt geërfd van de moeder en de andere helft 
van de vader). Alle chromosomen moeten verdubbeld en gelijk verdeeld worden 
tussen de dochtercellen die ontstaan na elke celdeling; dit is essentieel voor een 
cel om gezond te blijven en om al zijn biologische taken uit te voeren. De ongelijke 
verdeling van chromosomen die ontstaat bij een verkeerde chromosoom segregatie 
is verantwoordelijk voor een groot aantal ontwikkelingssyndromen- en ziektes. 
Aneuploïdie, de situatie waarbij een cel een andere hoeveelheid chromosomen bevat 
dan de ouderlijke cel (meer of minder), is een kenmerk van kanker; aneuploïde cellen 

komen voor bij de meerderheid van verschillende soorten kanker in mensen.

Kinetochoren, de SAC en error correction 
Zoals hierboven omschreven, is gelijke chromosoom segregatie heel belangrijk 
voor een cel. Daarom wordt dit proces strak gereguleerd, waarbij de mitotische 
spoel de drijvende kracht is. Deze spoel bestaat uit microtubuli die de verdubbelde 
chromosomen, ook wel zusterchromatiden genoemd, vangen. Vervolgens trekken de 
microtubuli de zusterchromatiden uit elkaar, om ze daarna naar de twee tegenover 
elkaar gelegen uiteinden van de cel te slepen; hierdoor krijgen beide dochtercellen 
een volledige chromosomenset. De plekken waar microtubuli aan chromosomen 
binden heten kinetochoren. Dit zijn grote eiwitbouwsels, bestaande uit verschillende 
eiwitcomplexen, die op centromerisch DNA worden gebouwd vlak voordat mitose 
begint.

Microtubulus-kinetochoor verbindingen komen voor in verschillende vormen, maar 

slechts één hiervan (de amfitelische) leidt tot een gelijke chromosoomverdeling. 

Daarom hebben cellen tijdens de evolutie meerdere systemen ontwikkeld die de 
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verbindingsstatus van elke kinetochoor in de gaten houden, en zo nodig ingrijpen. 

Wanneer kinetochoren bijvoorbeeld verkeerde contacten maken met microtubuli, 

worden deze gedestabiliseerd zodat de juiste verbindingen alsnog gemaakt kunnen 

worden. Deze systemen zijn respectievelijk de spindle assembly checkpoint (SAC) en 

error correction pathways.

Monopolar spindle 1 (MPS1) is een zeer belangrijk upstream onderdeel van SAC 

signalering; in het geval van ongebonden kinetochoren zorgt MPS1 voor een 

hiërarchische opbouw van downstream SAC onderdelen, die uiteindelijk een 

diffuseerbare remmer van mitotische progressie vormen. MPS1 wordt verstoten 

als microtubuli een stabiele verbinding hebben gevormd met alle kinetochoren. Dit 

verstoort SAC signalering, zodat mitose verder kan gaan.

Aurora B is een katalytisch actief onderdeel van de error correction pathway. 
Deze component fosforyleert eiwitten in de buitenste laag van de kinetochoor en 
destabiliseert hierbij verbindingen met microtubuli. Amfitelische verbindingen leiden 
tot veranderingen in de kinetochoor, waardoor fosfatases worden aangetrokken. 
Deze fosfatases gaan de werking van Aurora B tegen, zodat eiwitten in de buitenste 
laag van de kinetochoor niet meer worden gefosforyleerd; hierdoor stabiliseren 
verbindingen tussen de kinetochoor en microtubuli. De SAC- en error correction 
pathways communiceren met elkaar, waarbij veel eiwitten een rol spelen in beide 
systemen. Daarnaast blijven de acties van beide pathways met elkaar verweven 
dankzij regulerende feedback loops. Op deze manier kan mitose alleen doorgaan als 

alle chromosomen op de juiste manier vastzitten aan de mitotische spoel.

Het onderzoek uitgevoerd in dit proefschrift
Ons werk biedt nieuwe inzichten in SAC signalering, de uiteindelijke inactivatie 
hiervan en zijn relaties met error correction, waarbij MPS1 de centrale rol speelt in het 

uitgevoerde onderzoek.

In Hoofdstuk 2 gaan we diep in op MPS1, de hoofdrolspeler van de SAC. We benadrukken 

zijn functies en de manier waarop hij zowel de SAC- als de error correction pathway 

reguleert. We verzamelen en integreren de recentste informatie over de cellulaire 

lokalisatie van MPS1 in tijd en ruimte, met de nadruk op kinetochoren. Hierbij 

proberen we oude en nieuwe observaties samen te voegen om uiteindelijk bij een 

algemeen model uit te komen; dit model beschrijft hoe MPS1 wordt geactiveerd en 

hoe het lokaliseert in verhouding tot gebeurtenissen die tijdens mitose plaatsvinden.
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In Hoofdstuk 3 gaan we in op het mechanisme waardoor MPS1 wordt verwijderd van 
kinetochoren als ze aan de mitotische spoel vast komen te zitten; dit is een cruciale 
gebeurtenis om de SAC uit te zetten en om door te gaan naar anafase. We laten voor 
de eerste keer in humane cellen zien dat HEC1 een directe bindingspartner is van 
MPS1 op kinetochoren, en dat microtubuli concurreren met MPS1 om aan HEC1 te 
binden. Dit mechanisme biedt een direct verband tussen de verbindingsstatus van een 

kinetochoor en zijn vermogen om een SAC signaal af te geven.

In Hoofdstuk 4 onderzoeken we de mogelijke communicatie tussen modules uit het 
N-terminale deel van MPS1. We zien dat activiteit van Aurora B, een vereiste voor MPS1 
kinetochoor lokalisatie, de directe interactie reguleert tussen de N-terminal extension 
(NTE) en de tetratricopeptide repeat (TPR) modules van MPS1, en dat deze interactie 
belangrijk is voor SAC  signalering. Door deze interactie te omzeilen, nemen we een 
sterkere interactie waar tussen MPS1 en HEC1. Dit leidt tot een inefficiënte verwijdering 
van MPS1 door microtubuli en fouten in het uitzetten van SAC signalering, nadat 
stabiele verbindingen zijn gemaakt. Deze resultaten benadrukken hoe belangrijk de 
regulatie van de dynamische MPS1-HEC1 interactie is, voor een correcte reactie van de 

SAC op stabiele verbindingen tussen de kinetochoor en microtubuli.

In Hoofdstuk 5 zoomen we verder in op het N-terminale deel van MPS1, en hoe dit 
deel bijdraagt aan de regulatie van kinetochoor lokalisatie. We zien dat een kleine 
opeenvolging van residuen in de NTE een remmend effect heeft op de kinetochoor 
localisatie van MPS1. Normaal gesproken wordt deze remming opgeheven door 
residuen die daarvóór liggen; deze regulatiestap loopt op een bepaalde manier via 
het TPR domein. We ontdekken ook we dat de TPR, naast zijn specifieke rol in de 
interactie met de NTE, functioneert als spacer gebied tussen de twee kinetochoor 
lokalisatie modules van MPS1; dit bevordert de recruitering van de kinetochoor. 
Hierna onderzoeken we welke hoeveelheden van MPS1 op kinetochoren nodig zijn 
voor zijn functies in de SAC en in de uitlijning van chromosomen. We concluderen dat 
de SAC toleranter is bij verminderde hoeveelheden MPS1 op kinetochoren; bij een 
vermindering van 25% worden chromosoom uitlijning en error correction al beïnvloed, 
maar een vermindering van meer dan 50% nodig is om SAC fouten waar te nemen. Dit 
zou kunnen wijzen op de volgorde van gebeurtenissen die plaatsvinden op moleculair 
niveau, wanneer MPS1 hoeveelheden afnemen terwijl stabiele verbindingen met 

microtubuli worden gemaakt tijdens prometafase.

In Hoofdstuk 6 vatten we onze bevindingen samen en bespreken we deze in de 

algemene context van het SAC- en mitose veld. We benadrukken onbeantwoorde 

vragen en mogelijkheden voor potentieel toekomstig onderzoek.
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