Regulation of the localization and activity of Mps1 kinase at the kinetochore

Lori B Koch

A dissertation
submitted in partial fulfillment of the

requirements for the degree of

Doctor of Philosophy

University of Washington
2018

Reading Committee:
Susan Biggins, Chair
Jihong Bai

Alexander Paredez

Program Authorized to Offer Degree:

Molecular and Cellular Biology



© Copyright 2018
Lori B Koch



University of Washington

Abstract
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Every time a cell divides, chromosomes must be segregated accurately between
daughter cells. Chromosome segregation defects are a hallmark of several major
diseases that threaten human health, including cancer and infertility. To be segregated,
chromosomes must make and maintain bioriented attachments to dynamic
microtubules of a bipolar spindle that forms in dividing cells. The kinetochore is the
protein complex that attaches chromosomes to microtubules and it serves as a
platform for multiple signaling pathways that promote accurate segregation. The
essential protein kinase Mps1 promotes biorientation through multiple mechanisms,
however the mechanism by which it associates with kinetochores to carry out these
processes is unclear. To address this, |, along with my collaborators, performed
reconstitution experiments with kinetochore complexes purified from budding yeast.
We found that kinetochore-microtubule attachment did not displace Mps1 bound to
kinetochores, as has been proposed. Instead, | showed that autophosphorylation

triggers Mps1 release and prevents re-binding to kinetochores. In addition, |



investigated whether Mps1 phosphorylation of kinetochores directly regulates
kinetochore-microtubule attachments. | found that Mps1 phosphorylation weakens
reconstituted kinetochore-microtubule attachments. | also provide evidence that Mps1
phosphorylation of microtubule-binding components of the kinetochore is required for
accurate chromosome segregation in cells. My work elucidates critical mechanisms of
Mps1 kinase regulation in budding yeast and future work should address whether such

mechanisms are conserved in other organisms.
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Chapter 1: Introduction

Every living organism is composed of cells and each cell contains the necessary
genetic information to reproduce. The process of cell division is vital for the
development and health of organisms. Mitosis is a cell division that results in two
daughter cells with identical genetic information. The specialized cell division meiosis
results in cells called gametes with half of the genetic complement, enabling sexual
reproduction via fusion of gametes from distinct parent organisms.

A chromosome, formed of a double-stranded helix of DNA wound around small
protein complexes called nucleosomes, is a basic unit of genetic information.
Nucleosomes are composed of four unique histone proteins: H2A, H2B, H3 and H4,
which are present in two copies each to form an eight-protein octamer. After a cell
commits to begin mitosis, the genetic information is replicated in S (‘synthesis’) phase,
forming two identical strands of DNA wound by nucleosomes. A ring-shaped protein
complex called cohesin is then loaded onto the chromosome to hold the two identical
sister chromatids together until they can be separated later. Duplication of the
centrosome, which nucleates and organizes microtubules that will form the
chromosome segregation apparatus known as the mitotic spindle, also begins during S
phase. During early M (‘mitosis’) phase, the chromosomes are dramatically re-
structured —untangled by topoisomerases and compacted by the condensin complex.
This restructuring ensures that chromosomes can be efficiently and accurately

segregated between daughter cells. Also during this time, the two centrosomes
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separate and move to opposite ends of the cell, all the while nucleating and anchoring
microtubules, to form a bipolar mitotic spindle.

Microtubules are dynamic polymers that grow and shrink through the addition
and subtraction of alpha/beta tubulin subunits. This intrinsic property of microtubules
to undergo periods of growth and disassembly sporadically has been termed dynamic
instability (1). Due to the asymmetry of alpha/beta tubulin subunits, microtubules are
polar; an alpha subunit caps the minus end and a beta tubulin tops the more dynamic
plus end. Centrosomes associate with microtubules primarily through their minus ends
while the plus ends are cytoplasmic.

Chromosomes attach to microtubules of the mitotic spindle through a protein
complex called the kinetochore. Even in the simple model organism of budding yeast
the kinetochore is composed of greater than 50 unique proteins, many of which are
present in multiple copies, making it a very large and intricate structure (2). At one end,
the kinetochore binds to a discrete location on each chromosome called the
centromere, distinguished cytologically as the major constriction point of the
duplicated chromosome. In budding yeast, the centromere is a defined sequence of
125 base pairs of DNA but in most eukaryotic organisms it is marked epigenetically,
meaning its recognition does not rely on a specific DNA sequence but instead on the
presence of specialized nucleosomes. The specialized nucleosome that forms the
centromeric foundation of the kinetochore contains an H3-variant called CENP-A.

At its other end, the kinetochore contacts the dynamic plus-ends of

microtubules. Each mammalian kinetochore can interact with 3-30 microtubules (3) but
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each kinetochore in budding yeast binds to a single microtubule (4), simplifying the

study of kinetochore-microtubule attachments.

Microtubule-binding components of the kinetochore

The portion of the kinetochore that interacts with the microtubule, referred to as
the outer kinetochore, consists of the KMN network, which includes the KNL1, Mis12,
and Ndc80 subcomplexes. Each of these complexes is present in multiple copies, with
approximately 6-7 Mis12 complexes, 7-8 Ndc80 complexes and 16-20 Damf
complexes in the budding yeast kinetochore counted through quantitative fluorescence
imaging (5). The 4-protein Mis12 complex, consisting of the Mtw1, Dsn1, Nnf1, Nsl1
proteins in budding yeast, does not directly contact microtubules but interacts with
proteins of the KNL1 and Ndc80 subcomplexes. In budding yeast the KNL1 complex
consists of the proteins KNL1%°¢'% and Kre28; in vertebrates KNL1 and ZWINT (6).
KNL1%°'% has been found to form a scaffold for the association of spindle assembly
checkpoint proteins with the kinetochore. This will be discussed further below. The
Ndc80 complex is the most conserved microtubule-binding component of the
kinetochore (7). Structurally, the Ndc80 complex is a rod with globular domains at
either end (8, 9). It is a heterotetramer consisting of two heterodimers: a Spc24/Spc25
dimer and an Ndc80/Nuf2 dimer (9). The Spc24/Spc25 heterodimer has a coiled-coil at
one end and globular heads that bind to the Mis12 complex at the other. The ends of
the coiled-coil domain of Spc24/Spc25 interact with the coiled-coil domain in
Ndc80/Nuf2 to tetramerize the complex (10). The globular calponin-homology (CH)

head of Ndc80 interacts directly with microtubules. The Ndc80 protein itself also has a
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positively charged, unstructured tail of 116 amino acids that is important for proper
kinetochore-microtubule attachments (11-14). This tail is essential in higher eukaryotes
but non-essential in budding yeast, likely due to redundancy with another microtubule-
binding complex, Dam1 (11, 12).

The Dam1 complex is an essential microtubule-binding element in yeast and the
recently characterized Ska complex of human cells appears to be a functional ortholog
(15-18). Dam1 complex is composed of 10 proteins (Ask1, Dad1, Dad2, Dad3, Dad4,
Dam1, Duo1l, Hsk3, Spc19, Spc34) and requires the KMN network and microtubules
for its localization to the kinetochore (19-21). Dam1 complex interacts directly with the
Ndc80 complex and recent work has made great progress in defining the precise
binding interface (13, 22, 23). Dam1 complex can oligomerize and form rings
containing 16 Dam1 complexes, which suggests a compelling model for tracking with
disassembling microtubule tips, which curve outward during disassembly (24, 25).
Oligomers with fewer or additional Dam1 complex subunits can be assembled in vitro,

and it remains unclear which oligomers are relevant in vivo (26).

Biorientation

The process of biorientation begins with the initial capture of kinetochores by
spindle microtubules and terminates with every chromosome equally attached to
microtubules from each of the two spindle poles, a configuration known as bioriented.
Kinetochores initially make attachments to the lateral sides of microtubules and are
then pulled toward the centrosome when the microtubules disassemble past the

kinetochore attachment point and kinetochores convert to a tip-attached state (27-30).
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In order for chromosomes to be segregated properly so that each daughter cell
inherits the correct complement of chromosomes, every chromosome must biorient.
However, additional attachment states occur such as: monotelic attachment, where
one sister kinetochore fails to attach to microtubules; syntelic attachment, where both
sister kinetochores are attached to a single centrosome; and merotelic attachment,
where one sister kinetochore is attached to microtubules from both centrosomes.
Merotelic attachments do not occur in budding yeast, where each kinetochore binds to
a single microtubule (4); however, they are frequently observed in the early stages of
mitosis in other organisms (31, 32). There are several different mechanisms to avoid
and correct these various incorrect attachment states. These mechanisms include
error-correction and the spindle assembly checkpoint, which will be discussed below.
Some evidence suggests that the back-to-back geometry or structure of
chromosomes promotes biorientation, however this mechanism is more difficult to

investigate (33-35).

Error-correction by the kinase Aurora B'"

One major mechanism that promotes biorientation is the selective
destabilization of incorrect attachments, which has been called error-correction.
Following detachment, the kinetochores then have a chance to make bioriented
attachments. The kinase Aurora B, called Ipl1 in budding yeast, is responsible for
destabilizing incorrect kinetochore-microtubule attachments (36-40). Aurora B""
phosphorylates microtubule-binding proteins of the kinetochore such as Ndc80 and

Dam1 (and Ska, in human cells) (39, 41-45). In vitro work has demonstrated that this
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phosphorylation reduces the strength of the attachment between these proteins and
the microtubule and it was also shown that phosphorylation of Dam1 reduces its
interaction with Ndc80 (26, 46-49). Phosphorylation of Dam1 and Ndc80 by Aurora B™"
also promotes microtubule disassembly and reduces the frequency of microtubule
rescue (50, 51). Purified kinetochores interact more robustly with assembling
microtubule tips, so promoting disassembly is an additional mechanism to detach the
kinetochore from the microtubule (50).

A popular model to explain Aurora B"™"s ability to distinguish bioriented
kinetochores is the spatial separation model. Aurora B"™' localizes to centromeres
throughout prometaphase when kinetochore-microtubule attachments are being
established. It has been proposed that the tension created by bioriented attachment
separates the centromeric Aurora B®" from its microtubule-binding substrates in the
outer kinetochore. Experiments in human cells with FRET probes consisting of
peptides containing the Aurora B™' consensus motif support this model (52). However,
some data suggests that the centromeric localization of Aurora B"™" is not required for
error-correction, calling into question this model (53). Recently, it has been suggested
that the activation of Aurora B induced by its clustering, at the inner centromere or
elsewhere, is the essential requirement for its error-correction activity rather than a

spatial separation model per se (54).

The kinase Mps1 promotes biorientation

The protein kinase Mps1 is another essential regulator of kinetochore-

microtubule attachments during the process of biorientation in prometaphase. Mps1
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kinase is present in eukaryotic organisms from budding yeast to humans, with the
notable exception of the nematode C. elegans, where it is thought that the Polo-like
kinase 1 (PIk1) takes over its role (55). Mps1 was identified in budding yeast as an
essential regulator of centrosome duplication, hence it’'s hame monopolar spindle 1
(56). However, its role in that process is less important in human cells (57). Subsequent
research uncovered that Mps1 activity is required to sustain the spindle assembly
checkpoint (58), which is a signaling pathway that prevents chromosome segregation
until every chromosome is bioriented (59). This will be discussed further below.

Careful studies in budding yeast using an analog-sensitive allele, mps17-as7,
which can be specifically inhibited using a bulky ATP analog, showed that sister
kinetochores do not biorient if Mps1 is inhibited (60, 61). Spindle assembly checkpoint
signaling is not required for this phenomenon (60). It was also demonstrated that Mps1
activity is required for proper localization of the Dam1 protein and for kinetochores to
properly interact with microtubules, consist with a loss of Dam1 kinetochore function
following inhibition of Mps1 (61-64).

There is evidence that Mps1 directs the localization and activation of Aurora B"™"
to promote biorientation in human cells (65) and, conversely, that Aurora B"™" activity is
required to promote proper Mps1 kinetochore localization (66, 67). However, other
observations indicate that Mps1 can promote biorientation independently of Aurora
B*" (60, 68, 69). More recent work in human cells has uncovered that Mps1
phosphorylates the Ska complex and that this phosphorylation destabilizes

kinetochore-microtubule attachments, suggesting that Mps1 plays a similar role to
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Aurora B"' in the error-correction process (70). This recent work suggests the

phosphatase PP2A-B56 reverses phosphorylation of Ska (70).

Mps1 kinase activates the spindle assembly checkpoint

The spindle assembly checkpoint arrests the cell cycle, preventing
chromosome segregation in anaphase, in response to incorrect kinetochore-
microtubule attachments. It does this by inhibiting the activity of the anaphase
promoting complex (APC), an E3 ubiquitin ligase which targets cyclin B, a cofactor of
the major mitotic kinase Cdk1, and the protein Securin®®' for destruction (59).

Securin™®!

prevents the protease separase from cleaving open the cohesin ring that
holds sister chromatids together. Unattached kinetochores are the scaffold for the
generation of a diffusible "wait" signal, the mitotic checkpoint complex (MCC), which
inhibits the APC in multiple ways (71).

Most of the spindle assembly checkpoint genes were identified in budding yeast
screens for mutants that did not arrest their cell cycle in response to microtubule-
depolymerizing drugs (72, 73). The checkpoint proteins Mps1, Bub3, Bub1, Mad1,
Mad2, and BubR1"#® |ocalize to unattached kinetochores (with the exception that
BubR1“2® js not detected at budding yeast kinetochores) (74). Fluorescence recovery
after photobleaching (FRAP) experiments showed that the localization of these proteins
to kinetochores is highly dynamic (75, 76). Observations from many different studies
have created a detailed outline of how the MCC —which consists of the proteins Mad2,

BubR14 Bub3 and Cdc20 -is formed and inhibits the APC. In brief, Bub3 and Bub1

form a complex (Bub3/Bub1), as does Mad1 and Mad2 (Mad1/Mad2), and these are
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recruited to unattached kinetochores. Mad2 exists in two conformations — named open
(O-Mad2) and closed (C-Mad?2) (77). C-Mad2 can bind to Mad1 or Cdc20 while O-
Mad2 only dimerizes with C-Mad2 (77, 78). Dimerzation of soluble O-Mad2 with
kinetochore-bound C-Mad2 (in complex with Mad1) converts it into the C-Mad2 form
which can then bind to Cdc20 and form part of the MCC (59).

An elegant genetic analysis determined that Mps1 is the most upstream
component of the spindle assembly checkpoint cascade (79). Since then, research has
uncovered the underlying mechanism. Mps1 phosphorylates threonines in so-called
MELT motifs in KNL1%°“'® to recruit the Bub3/Bub1 complex to kinetochores, with
Bub3 directly interfacing with KNL1%*°'% (80-84). In a second step, Mpsf
phosphorylates residues in Bub1 to recruit Mad1/Mad2 to the kinetochore (85, 86). In
human cells, the Rod1-Zwilch-Zw10 protein complex (RZZ), which requires
KNL1/ZWINT for its kinetochore localization, also appears to contribute to Mad1
kinetochore localization (59). In addition, two Kl motifs in human KNL1 directly interact
with BubR1"%/Bub1 and are important for efficient checkpoint signaling (84, 87).
Recently, it was found that Mps1 phosphorylates the threonine in a human-specific
SHT motif that lies C-terminal to the MELT motifs in KNL1 and that this enhances
recruitment of Bub3/Bub1 to kinetochores (88).

The kinetochore recruitment of Bub1 is also important for proper chromosome
segregation outside of checkpoint signaling. Bub1 kinase phosphorylates histone H2A
to recruit the centromeric protein Sgoi1, which promotes sister kinetochore

biorientation and Aurora B localization and activity (33, 89-95).
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Spindle assembly checkpoint silencing and Mps1 kinetochore localization

While molecular events that generate the MCC and inhibit the APC have been

worked out in detail, the events required for spindle assembly checkpoint silencing are

1 Glc7 1 Spc105

less clear. The phosphatase PP can reverse Mps1 phosphorylation of KNL
(80) and is important for proper checkpoint silencing (96, 97). In human cells, the
localization of the phosphatase PP2A-B56 to kinetochores, which is antagonized by
Aurora B""' phosphorylation of KNL1, promotes the kinetochore localization of PP1 (97).
Therefore, downregulating Aurora B"" activity toward KNL1 contributes to checkpoint
silencing. These observations may also explain why Aurora B"" activity is required for
spindle assembly checkpoint activation in response to tension defects in budding
yeast—potentially, PP19“" is prematurely localizing to kinetochores when Aurora B is
inactivated and silencing the checkpoint, making it appear to similar to a checkpoint
activation defect.

The position of Mps1 kinase at the top of the checkpoint cascade makes it an
obvious target to deactivate and thereby silence the checkpoint. In addition, Mps1
activity accelerates the rate limiting step of MCC formation—the conversion of Mad2 —
dramatically, making it a central regulator of SAC activity (98). Previous work found that
Mps1 is degraded by the APC and that overexpression of Mps1 in anaphase re-
activates the spindle assembly checkpoint (99). In addition, both overexpression of
Mps1 and tethering Mps1 to kinetochores in prometaphase leads to constitutive
checkpoint activation, despite apparently intact bioriented attachments (79, 100).

Mps1 localization at kinetochores correlates with spindle assembly checkpoint

activation, with the highest levels of kinetochore Mps1 on unattached or prometaphase
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kinetochores and lower levels observed at metaphase (75, 101, 102). Mps1 dimerizes
and autophosphorylates in trans and thus localization at kinetochores is thought to
provide a platform for the concentration of additional molecules of Mps1 that may be
activated further and/or reach Spc105/KNL1 to signal the SAC (100, 103-105).
Truncation analyses determined that regions of the extreme N-terminus of human
Mps1 are important for kinetochore localization (66, 106-110). Mps1 kinetochore
localization depends on the presence of Ndc80 protein and Mps1 binds to Ndc80 in
vitro (102, 106, 111).

Interestingly, a mutant of Mps1 lacking the first 100 amino acids that fails to
localize to kinetochores was capable of activating a checkpoint arrest in response to
nocodazole, suggesting that cytosolic Mps1 is capable of checkpoint activation (69).
However, the length of the arrest was reduced compared to cells expressing wild-type
Mps1 (69). This suggests that Mps1 kinetochore localization promotes its ability to

efficiently signal the spindle assembly checkpoint.

Overview of thesis

Previously, a method for purifying intact kinetochores from budding yeast cells
was developed that enables dissection of the molecular requirements for specific
kinetochore functions (112, 113). In my thesis work, | aimed to use this method to
determine the mechanisms that promote Mps1 dissociation from kinetochores at
metaphase, thus shedding light on the requirements for spindle assembly checkpoint
silencing. | found that autophosphorylation is sufficient to prevent Mps1 binding to

purified kinetochores, indicating that localization is phosphoregulated. Secondly, |
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aimed to identify the function of Mps1 phosphorylation of Ndc80, which is a major
microtubule-binding protein. | found that Mps1 phosphorylation of Ndc80 weakens
kinetochore-microtubule attachments in vitro and promotes proper chromosome

segregation in vivo.
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Chapter 2: Regulation of the kinetochore localization of the

checkpoint kinase Mps1

2.1 Contributions of collaborators

Kwaku N. Opoku, Yi Deng, and Aimee Littleton performed experiments and
collected data included in this section. Nitobe London made preliminary observations
and contributed to the conceptualization of this project. Kwaku N. Opoku and Yi Deng
performed all of the TIRF imaging and analysis. Aimee Littleton purified kinetochores
that were analyzed by TIRF and contributed the Pds1 timecourses in Supplementary
Figure 2.2. Sue Biggins and Charles L. Asbury jointly directed and supervised the

project.

2.2 Summary

Accurate mitosis depends on a surveillance system called the spindle assembly
checkpoint. The checkpoint acts at kinetochores, which attach chromosomes to the
dynamic tips of spindle microtubules. When a kinetochore is unattached or improperly
attached, the kinase Mps1 phosphorylates kinetochore components, catalyzing the
generation of a diffusible ‘wait’ signal that delays anaphase and gives the cell time to
correct the error. When a kinetochore becomes properly attached, its checkpoint signal
is silenced to allow progression into anaphase. Recently, microtubules were found to
compete directly against recombinant Mps1 fragments for binding to truncated forms of

the major microtubule-binding kinetochore element, Ndc80c, suggesting a direct
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competition model for checkpoint silencing at properly attached kinetochores (102, 106).
Here, by developing single-particle fluorescence-based assays, we tested whether such
direct competition occurs in the context of native kinetochore particles isolated from
yeast. Mps1 levels were not reduced on kinetochore particles bound laterally to the
sides of microtubules, nor on particles tracking processively with disassembling tips.
Instead, we found that Mps1 kinase activity was sufficient to promote its release from
kinetochores in vitro. Mps1 autophosphorylation, rather than phosphorylation of other
kinetochore components, was responsible for this dissociation. Our findings suggest
that checkpoint silencing does not arise from a direct competition between Mps1 and
microtubules, and that phosphoregulation of Mps1 is a critical aspect of the silencing

mechanism.

2.3 Introduction

Chromosomes must be accurately segregated into daughter cells for the
development and survival of all organisms. However, the process is prone to errors
that must be detected and corrected to avoid chromosome missegregation events that
generate aneuploidy, a hallmark of cancers and other diseases (114). A surveillance
system called the spindle assembly checkpoint helps ensure faithful segregation by
preventing cell cycle progression until every chromosome has made proper bioriented
attachments to microtubules from opposite poles (59, 115). The checkpoint is initiated
by the hierarchical recruitment of proteins to the kinetochore, which subsequently
generates a soluble inhibitory signal that halts cell cycle progression. While the

activation of this “wait” signal has been extensively characterized, the events that
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trigger its deactivation remain unclear. Both premature and abnormally late spindle
checkpoint deactivation can lead to genetic abnormalities associated with cancer (116,
117), so understanding this mechanism is relevant to human health.

The conserved protein kinase Mps1 is the most upstream component of the
spindle assembly checkpoint and it also regulates sister kinetochore biorientation
through an independent mechanism (55). Mps1 expression is cell cycle regulated, with
peak protein levels appearing during prometaphase followed by degradation in
anaphase (99, 107). It localizes to kinetochores through binding to the microtubule-
binding protein Ndc80 (79, 111, 118), perfectly positioning it to sense and respond to
the attachment state of the kinetochore. Mps1 kinetochore localization is highly
dynamic, cycling on and off the kinetochore with a half-life of several seconds in
mammalian cells (75, 100). Tethering Mps1 to the central kinetochore leads to
constitutive activation of the spindle assembly checkpoint, suggesting that regulating
Mps1 kinetochore localization is critical for proper checkpoint signaling (70, 100, 101).
In addition, the level of Mps1 on kinetochores peaks in prometaphase when
attachments are being established and declines as bioriented attachments are
achieved at metaphase (75, 101, 119). Thus, it seems likely that the dissociation of
Mps1 protein from kinetochores is a key aspect of spindle assembly checkpoint
silencing.

A simple and elegant model for spindle checkpoint silencing posits that Mps1
and microtubules compete directly for binding to Ndc80, thus linking microtubule
attachment to checkpoint deactivation (102, 106). Although this model was supported

by biochemical data collected using recombinant proteins, it does not account for a
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residual pool of Mps1 that remains on bioriented metaphase kinetochores in cells (75,
101, 102). Other mechanisms have been proposed to explain the loss of Mps1
checkpoint activity upon biorientation, which invoke spatial or enzymatic regulation of
Mps1 (100, 101, 108, 120-124). Despite the evidence for multiple mechanisms that
control Mps1 localization and checkpoint activity, it has been difficult to discern their
relative importance or sequential order given the intertwined nature of events within
cells. Thus, the mechanism that causes Mps1 dissociation from microtubule-attached
kinetochores remains incompletely understood, despite its relevance to checkpoint
silencing.

To elucidate the mechanisms that control Mps1 dissociation from kinetochores,
we developed a unique in vitro reconstitution system with kinetochores purified from
budding yeast. Using single particle microscopy assays, we found that microtubules
and Mps1 do not compete directly for association with isolated native kinetochores.
Instead, our biochemical assays show that Mps1 kinase activity is sufficient for its
release from kinetochores. The key substrate appears to be Mps1 itself rather than
core kinetochore proteins. Together, these data lead us to propose that biorientation
promotes Mps1 autophosphorylation, which decreases the affinity of Mpsi1 for

kinetochores and contributes to checkpoint silencing.

2.4 Results

Kinetochores simultaneously bind to Mps1 and microtubules in vitro

We began by testing whether microtubule binding excludes Mps1 from isolated

kinetochores. We purified kinetochores by immunoprecipitation (IP) of the Dsn1
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kinetochore component from budding yeast cells expressing epitope-tagged Mps1,
which co-immunoprecipitates with kinetochore complexes (112). The kinetochores
were retained on the antibody-conjugated magnetic beads and then incubated with
fluorescently labeled taxol-stabilized microtubules or with unpolymerized tubulin
(Figure 2.1A). As negative controls, we also incubated beads lacking kinetochores with
tubulin or with microtubules. After the incubation, the beads were washed and the
relative levels of tubulin and Mps1 that remained associated with the bead-bound
kinetochores were analyzed by SDS-PAGE followed by fluorescence imaging and
immunoblotting (Figure 2.1A). As expected, the kinetochores bound to more tubulin in
the taxol-stabilized microtubules than unpolymerized tubulin, and this microtubule
binding required the Ndc80 protein (Supplementary Figure 2.1). However, there was
no change in the amount of Mps1 that remained associated with kinetochores in the
presence or absence of microtubule attachments (Figure 2.1A). These data suggest
that kinetochores can simultaneously bind Mps1 and microtubules, in apparent

contradiction to a competitive binding model.

A single particle method to measure Mps1 levels on individual
kinetochores

Because subpopulations of microtubule-bound and unbound kinetochores could
not be distinguished in our initial experiments, we developed a single-particle method to
visualize and quantify Mps1 levels on individual kinetochores. To control for
heterogeneity in the composition of purified kinetochores as well as the fact that

kinetochores contain multiple molecules of Ndc80 and Mps1 (41, 42, 125), we
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quantified the levels of the core kinetochore protein Mtw1 as well as Mps1. A previous
study counted roughly equal numbers of Mtw1 and Ndc80 molecules in the budding
yeast kinetochore (5). We created strains in which endogenous Mps1 and Mtw1 were
fused at their C-termini to SNAP and CLIP epitope tags (126, 127), respectively, for
labeling with bright, photostable organic fluorophores. Cells expressing Mtw1-CLIP
and Mps1-SNAP activated the spindle assembly checkpoint in response to the
microtubule-destabilizing drug nocodazole, confirming the functionality of the fusion
proteins (Supplementary Figure 2.2B). Kinetochores isolated from these cells were
dyed with SNAP-Surface-549 and CLIP-Surface-647, and then tethered sparsely to
coverslips for imaging by multi-color TIRF (total internal reflection fluorescence)
microscopy. Most of the particles were single-color, carrying Mtw1 but lacking Mps1,
with only a small fraction of particles, 20 + 5 %, carrying both Mps1 and Mtw1
(Supplementary Figure 2.2D).

Given the relatively poor colocalization, we sought to improve the recovery of
kinetochore-bound Mps1 to allow a better dynamic range for single particle
experiments. We found that kinetochore particles purified from a mutant dsn7-2D
strain, with the phosphomimetic mutations S240D and S250D that have previously
been shown to improve retention of outer kinetochore proteins (128, 129), contained
Mps1 more frequently. The fraction of phosphomimetic Dsn1-2D particles carrying
both Mps1 and Mtw1 was 47 + 6 % (Supplementary Figure 2.2D), more than double
the retention of wild-type. Particles with just one detectable Mps1 or Mtw1, identifiable
by their single-step photobleaching behavior, served as internal controls, allowing

normalization of particle brightness and estimation of the ratios of Mps1 to Mtw1
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molecules. On average, Dsn1-2D kinetochore particles carried 0.51 + 0.02 Mpsi
molecules per Mtw1, a ratio 5-fold higher than wild-type particles, which carried only
0.11 £ 0.02 Mps1 molecules per Mtw1 (Supplementary Figure 2.2E). We confirmed
that dsn7-2D cells have normal checkpoint function (Supplementary Figure 2.2A-B)

and used them for subsequent single particle experiments.

Individual kinetochores associate simultaneously with Mps1 and

microtubules

If Mps1 and microtubules compete directly for binding to the kinetochores, then
high-occupancy particles, carrying one or more Mps1 molecules per Mtw1, should be
inhibited from binding to microtubules. Conversely, the population of particles that do
bind microtubules should be enriched for low-occupancy particles. To test this, we
anchored taxol-stabilized microtubules to coverslips, introduced the labeled
kinetochores, and then allowed them to bind the sides of the filaments (Figure 2.1B)
(50, 112). Contrary to our expectation, microtubule-bound kinetochores had an even
higher Mps1 occupancy than unbound particles. The fraction of microtubule-bound
kinetochores that retained Mps1 was 96 + 3 % (Figure 2.1C), roughly double that of the
control unbound population (50 + 3 %). The microtubule lattice-bound kinetochores also
carried a higher number Mps1 molecules per Mtw1 molecule, 1.33 + 0.01 on average,
which was 3-fold higher than the ratio measured for the control unbound population,
0.45 = 0.01 (Figure 2.1D). Thus, microtubule attachment appears to select for, rather
than against the high-occupancy particles. We speculate that this higher retention of

Mps1 might occur because binding to microtubules selects for more complete
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kinetochore particles. Regardless, our observations indicate that isolated yeast
kinetochores can associate simultaneously with Mps1 and with the microtubule lattice in
a non-competitive manner.

While kinetochores initially associate with the lateral sides of microtubules, they
convert to end-on attachments during biorientation. Because the checkpoint is only
silenced when chromosomes have established bioriented end-on attachments (130),
we developed a single particle technique to analyze Mps1 association with tip-
attached kinetochores. Purified, labeled kinetochores were tethered to coverslips and
fluorescent taxol-stabilized microtubules were introduced into the chamber. Through
thermal diffusion, the ends of the microtubules tended to interact with the kinetochores
(Figure 2.2A). Surface-tethered kinetochores in the same fields of view that failed to
capture a microtubule served as internal controls. Nearly all of the kinetochores that
captured microtubule ends retained Mps1, 93 + 21 % (Figure 2.2B). A smaller fraction
of the control, unattached particles retained Mps1, 35 = 14 %, which was similar to the
retention observed in experiments without microtubules (Figure 2.1C, 2.2B). Together,
these data suggest that kinetochore attachment to the lateral surfaces or tips of

microtubules does not displace Mps1 from the kinetochore.

Individual kinetochores tracking disassembling microtubule tips retain
Mpsi1

Bioriented kinetochores in vivo attach persistently to dynamic microtubule tips,
an arrangement that allows them to harness tip disassembly to drive chromosome

movement (131, 132) and might also be important for silencing their checkpoint
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signals. To examine whether dynamic tip attachments are required to exclude Mps1
from kinetochores, we grew microtubules from coverslip-anchored seeds and allowed
purified, labeled kinetochores to attach laterally to the growing filaments. We then
induced microtubule disassembly by rapid buffer exchange to remove the free tubulin
(Figure 2.3A). When disassembling tips encountered individual kinetochore particles,
the particles began tracking with the tips and were usually carried all the way to the
coverslip-anchored seed (Figure 2.3B), as previously observed (112). Nearly all the tip-
tracking particles, 95 + 22 %, retained Mps1 throughout their movement (Figure 2.3C).
A similarly high level of Mps1 retention, 93 + 11 %, was seen for laterally attached
particles in the same fields of view (Figure 2.3C), consistent with the results using
taxol-stabilized filaments. These data show that kinetochore attachment to dynamic
microtubule tips does not dissociate Mps1 and suggests that spindle checkpoint

silencing is carried out through a different mechanism.

Activating Mps1 triggers its release from kinetochores

Microtubule binding did not release Mps1 from kinetochores in our
reconstitution experiments, yet Mps1 levels are clearly reduced on bioriented versus
unattached kinetochores in cells (75, 101, 107). Previous research in human cells found
that abrogating Mps1 activity with inhibitors increases the level of kinetochore-
associated Mps1 and also reduces Mps1 turnover at kinetochores, suggesting that
Mps1 release from kinetochores is phosphoregulated (100, 121-123). Additionally,
mutational analyses found that Mps1 autophosphorylation regulates its localization to

kinetochores, but there were conflicting observations on whether it aids or inhibits its
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kinetochore association (102, 108, 109). We hypothesized that Mps1 activity might be
sufficient to promote its release from isolated kinetochores and were able to test this
because Mps1 is the primary kinase activity that co-purifies with the isolated yeast
kinetochores (80). | therefore purified kinetochores carrying Mps1-SNAP and Mtw1-
CLIP, dyed them, and then treated them with or without ATP. | analyzed Mps1 levels
that remained associated with kinetochores as well as those that were released into the
supernatants via fluorescent gel imaging. ATP treatment was sufficient to release Mps1
from the purified kinetochores and the electrophoretic mobility of the released Mps1 was
clearly reduced (Figure 2.4A), suggesting it had become phosphorylated. To confirm
that the mobility shift was due to phosphorylation, | purified Mps1 itself, treated it with
ATP, and then added A-phosphatase. Indeed, an ATP-dependent mobility shift occurred
and was eliminated by phosphatase treatment (Figure 2.4B). These results show that
activating kinetochore-associated Mps1 triggers its autophosphorylation as well as its

release from kinetochores.

Mps1 autophosphorylation reduces its affinity for kinetochores

Mps1 phosphorylates several major kinetochore proteins in vitro (80, 111),
including Ndc80, making it unclear whether Mps1 release is due to phosphorylation of
sites on kinetochore proteins, on Mps1 itself, or both. To distinguish among these
possibilities, | independently manipulated the phosphorylation states of isolated
kinetochores and Mps1 and then tested whether they would associate in vitro.

First, | tested whether Mps1-mediated phosphorylation of kinetochores alters

their affinity for Mps1. | created phosphorylated kinetochores lacking endogenous
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Mps1 by incubating purified kinetochores with ATP (Figure 2.4C). Immunoblotting
confirmed the release of endogenous Mps1 (Supplementary Figure 2.3A) and an
electrophoretic mobility shift of Spc105, a known Mps1 substrate (80), served as a
readout for kinetochore phosphorylation by Mps1 (Figure 2.4D). To create de-
phosphorylated kinetochores for use as controls, | divided the ATP-treated
kinetochores and treated half with A-phosphatase. The phosphorylated and de-
phosphorylated kinetochores were then incubated with exogenous Mps1-V5 (~97kD)
that had been purified separately under high stringency conditions from
asynchronously growing yeast cells (Supplementary Figure 2.3B). | found that similar
amounts of exogenous Mps1-V5 bound to the kinetochores regardless of their
phosphorylation state (Lanes i and ii, Figure 2.4D), indicating that kinetochore
phosphorylation by Mps1 does not inhibit Mps1 from associating with kinetochores.

To test whether the affinity of Mps1 for kinetochores is reduced specifically by
autophosphorylation, | generated autophosphorylated Mps1-V5 by incubating the
purified kinase with ATP (Supplementary Figure 2.3B). De-phosphorylated kinetochores
lacking endogenous Mps1 were also prepared by sequential treatment with ATP and A-
phosphatase (Figure 2.4C, Supplementary Figure 2.4), and then incubated with either
native Mps1-V5 or in vitro autophosphorylated P-Mps1-V5. Strikingly, while native
Mps1-V5 bound well to the kinetochores, the autophosphorylated P-Mps1-V5 bound
poorly (Lanes iii and iv, Figure 2.4E, Supplementary Figure 2.4). Taken together, these
results demonstrate that autophosphorylated forms of Mps1 have lower affinity for

kinetochores.
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Phosphorylation of the kinetochore-binding domain promotes Mps1

release from kinetochores

We hypothesized that the phosphorylation sites required for Mps1 release
resided in its kinetochore localization domain. Although the regions of human Mps1
that mediate kinetochore localization have been determined (66, 107, 110), yeast Mps1
bears almost no homology to human Mps1 in the non-catalytic region. | therefore
ectopically expressed Mps1 truncations in cells to identify the yeast kinetochore
localization domain. The truncations lacked the Mps1 dimerization region to avoid
association with the endogenous full-length Mps1 (Figure 2.5A, (133)). | found that
ectopically overexpressed Mps1 N-terminus (1-400) did not associate with full-length
endogenous Mps1 (Figure 2.5B), as expected, but did co-purify with kinetochores
(Figure 2.5C), albeit weakly. This suggests that the N-terminus of yeast Mps1 contains
the kinetochore localization domain, similar to human Mps1 (66, 107, 110). In contrast
to the N-terminus, the Mps1 C-terminus (440-765) did not significantly co-purify with
kinetochores, despite its high protein level in the lysate (Figure 2.5D). Taken together,
these results suggest that the N-terminus of yeast Mps1 contains its major kinetochore
localization domain.

We reasoned that mutating Mps1 autophosphorylation sites in the N-terminus to
prevent their phosphorylation should increase the affinity of Mps1 for kinetochores and
prevent its release from them. Previous genetic analyses demonstrated that the N-
terminus of budding yeast Mpsi1 mediates two essential functions, centrosome
duplication and biorientation (133). To avoid pleiotropic effects, | focused on a region

previously identified to be specifically required for biorientation, amino acids 151-200
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(133). Mass-spectrometry data indicated that four residues within this region are
phosphorylated in vivo (134). To test whether phosphorylation of this region releases
Mps1 from kinetochores, | mutated all 8 serines and threonines within it to alanine to
prevent their phosphorylation, generating the mps7-8A allele (Figure 2.5A). | found that
mps1-8A cells grew comparably to wild-type on rich media and media containing the
microtubule destabilizing drug benomyl (Supplemental Figure 2.5A). The latter
suggests that Mps1-8A is capable of activating the checkpoint and supporting faithful
chromosome segregation under conditions in which prolonged checkpoint activation is
required for full viability. Mps7-8A cells were also able to release from a spindle
assembly checkpoint arrest induced by nocodazole (Supplementary Figure 2.5B),
indicating that phosphorylation of these sites is not strictly required for checkpoint
silencing in vivo. However, | found that preventing phosphorylation of these sites
deaccelerated the kinetics of Mps1 release from kinetochores in vitro. To measure
Mps1 release kinetics, | isolated kinetochores from strains expressing wild-type Mps1
or Mps1-8A, incubated them with ATP for varying time periods, and then analyzed the
amount of Mps1 that remained bound to the kinetochores. While most of the wild-type
Mps1 was released from kinetochores by 4 minutes, a significant fraction of Mps1-8A
was retained on kinetochores at 4 and 20 minutes following the addition of ATP (Figure
2.5E, Supplementary Figure 2.5C). These observations demonstrate that
phosphorylation of the kinetochore localization domain in the N-terminus of Mps1

accelerate its release from kinetochores.
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Phosphorylation of Mps1 also promotes its association with kinetochores

To identify all of the phosphorylation sites that mediate release from
kinetochores, | mutated 8 additional potential phosphorylation sites in the extreme N-
terminus of Mps1, generating an mps7-16A allele (Table 1). Of the newly mutated sites,
5 (S22, T28, S50, T71, S203) were detected as phosphorylated in our unpublished
mass spectrometry data and 3 (T47, S129, T145) were selected because they resemble
an Mps1 consensus sequence (135). Using a plasmid shuffle assay, | found that cells
were viable with mps7-16A as the sole copy of MPS1 (136) (Figure 2.6A). However, |
found that mps7-716A behaved as a dominant negative in meiosis, causing nearly
complete spore inviability despite the normal appearance of tetrads (2/176 living
spores, Figure 2.6B). In analyzing the association of Mps1-16A with kinetochores
through co-immunoprecipitation, | found that less Mps1-16A associated with
kinetochores compared to wild-type, suggesting that the phosphorylation promotes
Mps1 kinetochore association (Figure 2.6C-D). Through growth assays, | observed that
mps1-16A cells grew poorly on media containing benomyl, consistent with a possible
spindle assembly checkpoint defect (Figure 2.7A). Next, | performed a spindle
assembly checkpoint silencing assay in mps7-16A versus wild-type cells and found
that mps17-16A cells silenced the checkpoint activated in response to nocodazole with
wild-type-like kinetics (Preliminary result: Figure 2.7C). This suggests that Mps1-16A
does not delay spindle assembly checkpoint silencing as might be expected if the
mutations only delayed Mps1 autophosphorylation-induced release from kinetochores.
Since Mps1-16A was hypomorphic for binding to kinetochores, the lack of a delay in

checkpoint silencing could possibly be due to a hypomorphic checkpoint activation not
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reflected by the levels of Securin®®' in the lysates from the nocodazole-treated cells.
Alternatively or in addition to this, it is possible that Mps1-16A is a less active kinase,
also weakening checkpoint activation and lowering the threshold needed for silencing.

| hypothesized that a constitutively catalytically inactive mutant, Mps1-D580A
(137), might have a stronger association with kinetochores than wild-type, in line with
observations following kinase inhibition in human cells (100, 121-1283). Surprisingly
however, | found that Mps1-D580A did not associate with kinetochores as strongly as
wild-type (Figure 2.6C-D). This observation suggests that Mps1 kinase activity
promotes its association with kinetochores. Similar to my findings with mps7-716A, |
found that mps7-D580A caused a growth defect (Figure 2.7B) and spore inviability in a
dominant negative manner (5/176 living spores, Figure 2.6B). | performed a spindle
assembly checkpoint silencing assay with MPS1/mps1-D580A and MPS1/MPS1
diploids and found that while wild-type cells silenced the checkpoint efficiently
following nocodazole washout, MPS1/mps1-D580A cells continued to signal the
checkpoint throughout the duration of the timecourse (Preliminary result: Figure 2.7D). |
speculate that the constitutively inactive Mps1-D580A may induce significant defects in
spindle pole body duplication or function that cause continuous activation of the

checkpoint despite its lowered levels on kinetochores.

Preliminary evidence that the mps7-R7170S mutant is defective in

kinetochore association and spindle assembly checkpoint signaling

Mps1-7 was isolated as a separation-of-function allele that appears to be

competent for the spindle pole body functions of Mps1 based on genetic data but it
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renders cells sensitive to the microtubule destabilizing drug benomyl, similar to spindle
assembly checkpoint mutants (62, 138). The single point mutation R170S was found to
cause the mps1-7 phenotype (138). Mps1-R170S is defective in meiotic chromosome
alignment and segregation (62) but has wild-type-like kinase activity in vitro (138). In a
preliminary experiment, | found that Mps1-R170S renders cells unable to activate the
spindle assembly checkpoint in response to nocodazole (Figure 2.7E). Because R170
lies within the kinetochore-binding domain of Mps1 | was characterizing, | tested
whether this mutation affects the association of Mps1 with kinetochores by purifying
kinetochores from mps71-R170S cells and analyzing the associated Mps1 by
immunoblotting. | found that Mps1-R170S failed to co-immunoprecipitate with
kinetochores (Figure 2.7F). It is possible that Mps1-R170S disrupts an essential
electrostatic interaction between the Mps1 N-terminus and kinetochores. Alternatively,
the mutation may reduce kinase activity in cells and this is not reflected by the in vitro
kinase assays, as has been recently demonstrated for a human Mps1 N-terminal

mutant (139).

2.5 Discussion

Mps1 initiates and sustains the spindle assembly checkpoint, so understanding
the regulation of its activity is paramount to understanding spindle checkpoint function.
The release of Mps1 from bioriented kinetochores in vivo (75, 101, 119), and evidence
that the duration of checkpoint signaling is modulated by Mps1 kinetochore
localization (70, 100, 101), together strongly suggest that regulating Mps1 kinetochore

localization is a key aspect of spindle assembly checkpoint function. Here, by
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developing in vitro assays to monitor spindle assembly checkpoint protein colocalization
with isolated yeast kinetochore particles, we show that native, kinetochore-bound Mps1
does not interfere with the attachment of the kinetochores to microtubules in several
different configurations, arguing against the direct competition model for checkpoint
silencing.

How is it that competition between Mps1 and microtubules for binding to Ndc80
was observed previously (102, 106) but not in our kinetochore reconstitution system? A
simple explanation (102, 106) is that previous studies used recombinant proteins and
fragments of the Mps1 N-terminus, which may not reconstitute the native binding
configuration or may lack regulatory elements present in the full-length Mps1. For
example, full-length, semi-phosphorylated Mps1 may have a higher affinity for
kinetochores, consistent with our observation that an N-terminal Mps1 fragment was
poorly associated with native kinetochores. Alternatively, the mechanism of Mps1
interaction with Ndc80 may vary across species. The N-termini of yeast and human
Mps1 are quite divergent but both human and yeast Mps1 bind to a relatively short and
highly conserved region of the N-terminus of Ndc80/Nuf2 (66, 111), suggesting that the
variation would likely be found in Mps1 itself. In addition, multiple Mps1-Ndc80
interaction surfaces that are regulated differently by microtubule binding to Ndc80
might exist in full-length Mps1. Indeed, within the N-terminus of human Mps1, three
distinct Ndc80c interaction domains have been described—the “N-terminal extension”
(@aa 1-62), the TPR domain (aa 63-192), and a region of the middle domain of the N-
terminus residues 261-300 (66, 102, 103, 106). However, recent biochemical analyses

on the interaction between full-length human Mps1 and the Ndc80 complex uncovered
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no evidence for cooperative binding, suggesting that Mps1 binds to Ndc80
preferentially through one major interaction site (102). Finally, multiple distinct pools of
Mps1 may exist in cells, perhaps distinguished by structural differences or post-
translational modifications, and certain pools might interact with kinetochores in
different ways. However, this hypothesis is not supported by FRAP data that showed
there is only a single, highly dynamic pool of Mps1 at mammalian kinetochores (75).

Our results show that Mps1 autophosphorylation promotes its release from
isolated yeast kinetochore particles. This observation is consistent with prior work in
human cells, where chemical inhibition of Mps1 causes its accumulation at
kinetochores (100, 103, 108, 121-123), and where phosphomimetic mutations in Mps1
reduce its levels at kinetochores (108). Therefore, autophosphorylation of Mps1 kinase
could be a conserved mechanism for promoting its release from kinetochores.
However, other evidence suggests that autophosphorylation of Mps1 might promote
its interaction with, rather than its release from the core kinetochore component Ndc80
(Figure 2.6) (102, 109). Given that Mps1 is heavily phosphorylated in mitotic cells, we
hypothesize that autophosphorylation of some sites might promote kinetochore
localization while phosphorylation of others might promote release (66, 99, 100, 102,
106, 107, 109, 140).

Our results lead us to speculate that molecular or physical events occurring
when sister kinetochores make end-on bioriented attachments might stimulate Mps1
autophosphorylation and release. Consistent with this possibility, a previous study
found that microtubules stimulate Mps1 kinase activity in vitro (110). It seems possible

that as a kinetochore interacts with a microtubule, a transient interaction between
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Mps1 and the microtubule might enable Mps1 autophosphorylation, lowering its affinity
for Ndc80. Alternatively, a conformational change in the kinetochore (101) that occurs
when it attaches to a microtubule might promote Mps1 autophosphorylation. In
addition, such a conformational change might distance Mps1 from its checkpoint
substrate KNL1/Spc105 (101). In this way, a conformational change in the kinetochore
caused by microtubule binding or tension could silence Mps1 checkpoint activity in
multiple ways—it might simultaneously block Mps1 activity toward checkpoint
substrates and redirect its activity toward itself, triggering its release from the
kinetochore.

Because autophosphorylation inhibits Mps1 kinetochore localization, re-
localization of Mps1 to kinetochores to continue checkpoint signaling while incorrect
attachments persist must require either dephosphorylation or the localization of new
molecules of Mps1. Recent evidence in Drosophila suggests that Mps1 is
dephosphorylated by PP1, however the PP1 recognition motif identified is not found in
yeast or human Mps1 (120). Mps1 protein levels on kinetochores are higher in
metaphase-arrested cells versus untreated metaphase cells, lending some support to
the idea that there is some degradation of Mps1 following auto-release from bioriented
kinetochores (101). Thus, it is possible that phosphorylated forms of Mps1 are
degraded in the time leading up to anaphase.

Consistent with our model of heightened Mps1 auto-activity during checkpoint
silencing, FRAP data suggests that Mps1 is more dynamic on metaphase versus
prometaphase kinetochores in mammalian cells (75). Additionally, prior studies have

reported that both yeast and human Mps1 remain hyperphosphorylated throughout a
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metaphase arrest where chromosomes biorient but are not segregated, suggesting
that Mps1 hyperphosphorylation is correlated with spindle assembly checkpoint
silencing (99, 107). Such a model in which overall checkpoint activity is tuned by the
phosphorylation state of Mps1 would fit well with kinetic evidence demonstrating that
spindle checkpoint signaling is graded rather than switch-like (59). In addition, a more
nuanced regulation of Mps1 kinetochore localization, which favors a decrease in Mps1
affinity rather than its complete loss from kinetochores, would better allow for rapid
checkpoint re-activation should an attachment be lost. In the future, the single
molecule assays we established here should be useful for further understanding how
microtubule attachment affects the activity and kinetochore localization of Mps1 and

other checkpoint proteins.

2.6 Materials and Methods

Yeast Methods

Standard media, microbial, and genetic techniques were used (141). Yeast
strains are isogenic with the W303 background and are listed in Table 3. Galactose
induction was performed by culturing cells in 2% lactic acid media until cells reached
at OD600 ~1.0, then cells were washed into 2% galactose media to induce pGAL-Myc-
MPS1 or pGAL-Myc-Mps1(1-400) expression for 2 hours prior to harvest. Spindle
assembly checkpoint silencing assays were performed by arresting cells with 10 pg/ml
nocodazole for 2 hours, washing cells 3 times in fresh media lacking nocodazole, then

resupending cells in YPDA (YEP + 2% glucose + 0.02% adenine) and taking samples
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at the indicated times. 1 pg/ml alpha factor was added to the cultures 40-50 minutes
after the beginning of the timecourse to prevent cells from entering a second cell cycle.
All experiments were repeated at least 2-3 times, except those indicated as

preliminary.

Purification of Native Kinetochore Particles and Mps1

Kinetochores were purified by IP from asynchronously growing yeast as
described in (112) with modifications to the lysis as described in (142). Mps1 was
purified by the same method except that the lysis buffer contained 0.75 M KCI and the

first wash buffer following the IP contained 1 M KCI.

Immunological techniques

Immunoblotting and detection using chemiluminescence was performed as
described in (142). Commercial antibodies used for immunoblotting were: 9E10
(Covance) at a 1:10,000 dilution for the Myc tag, anti-Flag M2 antibodies (Sigma-
Aldrich) at 1:3,000, anti-Pgk1 antibodies (Invitrogen) at 1:10,000, and anti-V5
(Invitrogen) at 1:5,000. Anti-Spc105 antibodies were used at 1:10,000 (Akiyoshi et al
2010). The anti-Ndc80 antibodies (OD4) were a kind gift from Arshad Desai and were
used at a 1:10,000 dilution. Silver-staining was performed using 4-12 % NuPAGE

Novex Bis-Tris gels (Invitrogen) and a SilverQuest silver-staining kit (Invitrogen).
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Kinase assays

Mps1 or kinetochores were purified and maintained on magnetic beads. Next,
they were washed once in buffer H/0.15 (112) without inhibitors and then incubated in
kinase buffer (28 mM HEPES pH 8.0, 2.8 mM MgCl,, 143 mM KCI, 14% glycerol, 0.1
mM EDTA, 0.5 mM EGTA, 0.1% NP-40, with or without 200 uM ATP) for the indicated
period of time in a 30 °C water bath. Following the kinase reaction, the beads were
washed once in buffer H/0.15 with protease and phosphatase inhibitors and then

proteins were eluted by boiling in SDS sample buffer.

Bulk binding assays

Kinetochores were purified and maintained on beads. As a control for the
binding assays, mock-treated beads were generated by performing an anti-Flag IP
from a wild-type yeast strain lacking a Flag-tagged protein. Phosphatase reactions
were performed with 1 mM MnCI2 and 200 units of lambda phosphatase (NEB) in
BHO0.15 buffer at 30 C for 20 minutes. Mock phosphatase reactions also included
phosphatase inhibitors (0.1 mM Na-orthovanadate, 0.2 pM microcystin, 2 mM -
glycerophosphate, 1 mM Na pyrophosphate, 5 mM NaF). To perform the Mps1
binding assays, kinetochores or mock-treated beads were incubated with purified
Mps1-V5 protein (either 1 or 5 ng) in buffer H/0.15 at 23 °C for 25 minutes. The
concentration of purified kinetochores in each reaction was 1-3 ng/ul of the central
kinetochore protein Dsn1. Following the binding reaction, Dynabead-associated
proteins were washed once in buffer H/0.15 and the proteins were then eluted by

boiling in SDS sample buffer.
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Analysis of individual fluorescent kinetochore particles

Native kinetochores were purified from asynchronously growing vyeast,
essentially as described in (112), and labeled with fluorescent dyes as in (127). For
examining the levels of Mps1 on unattached kinetochorse, purified kinetochores were
tethered sparsely to coverslips with antibodies that bound specifically to a 6xHis tag on
the Dsn1 protein. For examining Mps1 levels on laterally attached kinetochores, the
kinetochores were incubated with taxol-stabilized microtubules that had been
anchored to coverslips via anti-tubulin antibodies. @ To examine tip-attached
kinetochores, kinetochore particles tethered sparsely to coverslips with anti-His
antibodies were incubated with short, taxol-stabilized microtubules, which tended to
attach to the coverslip-tethered kinetochores by their ends. To examine tip-tracking
particles, dynamic microtubule extensions were grown from coverslip-anchored seeds
in the presence free kinetochores and then tubulin was removed by buffer exchange to
trigger microtubule disassembly. For all single-particle experiments, images were
recorded using an automated, multicolor total internal reflection fluorescence (TIRF)
microscope (143) and analyzed using custom routines written in LabView (National

Instruments) and IGOR Pro (Wavemetrics).
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Figure 2.1. Isolated kinetochores retain Mps1 when attached laterally to
microtubules.

(A) Kinetochores isolated (from SBY9190) bound to magnetic beads were either mock-
treated, incubated with unpolymerized fluorescent tubulin, or incubated with
fluorescent taxol-stabilized microtubules. The amount of tubulin retained after washing
the beads was assessed by fluorescence. Kinetochores (represented by Dsn1) and
kinetochore-associated Mps1 were detected by immunoblotting. (B) Fluorescence
images of individual kinetochore particles (from SBY15285) carrying Mps1-SNAP-549
(cyan) and Mtw1-CLIP-647 (red), tethered to a coverslip (top) or attached laterally to a
microtubule (green, bottom). Colors are offset vertically; cyan-red pairs are
colocalized, dual-color particles. (C) Percentages of kinetochore particles retaining
Mps1. Bars show means (+ SD) from N = 192 and 112 images of microtubule-attached

and coverslip-tethered particles, respectively. Histograms show corresponding
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distributions. (D) Approximate ratios of Mps1 to Mtw1 molecules, estimated from
particle brightness relative to the brightness of single Mps1-SNAP-549 and Mtw1-
CLIP-647 molecules. Bars show mean ratios (x SEM) from N = 14,189 and 7,830

laterally attached and coverslip-tethered particles, respectively. Histograms show

corresponding distributions.
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Figure 2.2. Kinetochores retain Mps1 when attached to microtubule tips.

(A) Fluorescence image of kinetochore particles (from SBY15285) carrying Mps1-
SNAP-549 (cyan) and Mtw1-CLIP-647 (red) tethered to a coverslip and exposed to
free, taxol-stabilized Alexa-488 microtubules (green). By thermal diffusion, the
filaments attached via their tips to the coverslip-tethered kinetochores. Colors are
offset vertically; cyan-red pairs are colocalized, dual-color kinetochore particles.
(B) Percentages of kinetochore particles retaining Mps1. Bars show means (+ SD)
from N = 28 images of 40 tip-attached and 366 coverslip-tethered particles.

Histograms show corresponding distributions.
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Figure 2.3. Kinetochores retain Mps1 when tracking with disassembling

microtubule tips.

(A) Schematic of the experiment. Dynamic microtubules were grown from coverslip-
anchored seeds and decorated with kinetochore particles. Then, disassembly was
induced by buffer exchange to remove free tubulin. (B) Selected frames (top) and
kymograph (bottom) showing a kinetochore particle (from SBY15285) tracking with the
disassembling tip of a microtubule (green) and carrying Mps1-SNAP-549 (cyan) and
Mtw1-CLIP-647 (red). Colors are offset horizontally. (C) Percentages of kinetochore
particles retaining Mps1. Bars show means (+ SD) from N = 21 recordings of 32 tip-
tracking and 213 laterally attached particles. Histograms show corresponding

distributions.
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Figure 2.4. Mps1 autophosphorylation inhibits its binding to kinetochores.

(A) An in vitro kinase reaction releases Mps1 from isolated kinetochores. Kinetochores
carrying Mps1-SNAP-549 (green) and Mtw1-CLIP-647 (red) (from SBY15285) were
immunoprecipitated on magnetic beads and incubated with or without ATP. Proteins
retained on beads and released into the supernatants were analyzed by SDS-PAGE
and fluorescent imaging. (B) The electrophoretic mobility shift caused by incubation of
Mps1 with ATP is due to phosphorylation. Exogenous Mps1 was purified (from
SBY12412) via immunoprecipitation under stringent conditions to remove co-purifying
proteins and then incubated with or without ATP. An aliquot of the ATP-treated sample
was subsequently treated with A-phosphatase. Resulting samples were analyzed by
immunoblotting. (C) Schematic illustrating preparation of Mps1-phosphorylated and de-

phosphorylated kinetochores for binding to exogenous Mps1. (D) Mps1 binds
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equivalently to Mps1-phosphorylated or de-phosphorylated kinetochores. Kinetochores
(from SBY9190) and control beads lacking kinetochores were prepared, incubated with
purified exogenous Mps1 (as diagrammed in C), washed, and then analyzed by
immunoblotting. (E) Autophosphorylated Mps1 fails to bind kinetochores. Immobilized
kinetochores (from SBY9190) and beads lacking kinetochores were treated sequentially
with ATP and then A-phosphatase, to release endogenous Mps1 and remove
phosphates. Subsequently they were washed and incubated with native Mps1, or with
autophosphorylated P-Mps1 (as diagrammed in C). Native Mps1 that had not been
autophosphorylated in vitro bound well to the kinetochores (lane ii)) with some excess
remaining in the supernatant (lane v). Autophosphorylated P-Mps1 bound poorly (lane

iv).
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Figure 2.5 - Mps1 N-terminal autophosphorylation regulates its association

with Kinetochores.

(A) Domain diagram of budding yeast Mps1. The N-terminus includes a domain
implicated in biorientation but not spindle pole body function (133). There are 8
potential S/T Mps1 autophosphorylation sites in this putative kinetochore localization
domain. (B) Mps1(1-400) does not associate with full length endogenous Mps1.
Endogenous full-length Mps1-V5 was immunoprecipitated from a yeast strain grown in
galactose to induce expression of Myc-Mpsi1(1-400) from an ectopic locus
(SBY16862). Co-immunoprecipitation was determined by immunoblotting. (C) The N-
terminus of Mps1 is sufficient for kinetochore binding. Yeast strains containing an
ectopic copy of full-length Myc-Mps1 (SBY17018) or Myc-Mps1(1-400) (SBY16862)
under the control of a galactose-inducible promoter were grown in galactose for 2
hours. Kinetochores were purified and analyzed for the association of Myc-Mps1 or
Myc-Mps1(1-400) by immunoblotting. (D) The C-terminus of Mps1 does not bind to
kinetochores. Kinetochores were purified from a yeast strain expressing Myc-Mps1
(SBY14108) or Myc-Mps1(440-765) (SBY13704) from an ectopic locus and analyzed

for the co-immunoprecipitation with kinetochores by immunoblotting. (E) Preventing
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phosphorylation of residues in the Mps1 N-terminus slows Mps1 auto-release from
kinetochores. Kinetochores were purified from yeast expressing either Myc-Mps1
(SBY17931) or Myc-Mps1-8A (SBY17274), retained on magnetic dynabeads, and
treated with ATP for the indicated period of time. Next, the supernatants and bead-
bound kinetochores were separated and the kinetochores were washed before

analysis of Dsn1 and kinetochore-associated Mps1 by immunoblotting.
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Figure 2.6. Characterization of mps7-16A and mps1-D580A.
(A) mps1-16A is viable. A strain containing mps1-16A and WT MPS1 on a centromeric

URAS plasmid (SBY17571) was struck for single colonies on a YPD plate. When single
colonies were grown, the plate was replica plated to -ura dropout media and media

containing 5’FOA which is toxic to URA3+ cells to assess whether cells with only mps1-
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16A were viable. (B) Catalytically dead mps1-D580A and mps1-16A, an N-term mutant,
disrupt meiosis in a dominant negative manner. Strains with two copies of WT MPS1
(cross 281 SBY17182 x SBY8476 and cross 296 SBY 17475 x SBY15099) form viable
spores (175/176 spores viable for cross 281, 169/176 spores viable for cross 296).
When a single parent strain has either catalytically dead mps1-D580A (cross 282
SBY17183 x SBY8476) or mps1-16A (cross 297 SBY17571 x SBY15099) in addition to
WT MPST1, there is dramatic spore inviability despite normal appearance of dissected
tetrads. (C) Preventing kinase activity or mutating phosphoreceptive residues in the N-
terminus of Mps1 abrogates kinetochore localization. Kinetochores were purified from
asynchronous yeast expressing WT Mps1 (SBY17383), Mps1-D580A (catalytically
inactive) (SBY17628), or Mps1-16A (SBY17629) in addition to WT Mps1 and analyzed
for the association of Mps1 with kinetochores by immunoblotting. The immunoblot
against the endogenous full length Mps1 in each strain is included here. (D) Replicate of
(C), with PDS1-Myc in the strain background. Strains used: SBY18316, SBY18317,

SBY18318.
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Figure 2.7. mps1-16A, mps1-D580A, and mps1-7 disrupt Mpsi
kinetochore function.

(A) mps1-16A cells grow poorly on media containing the microtubule-destabilizing drug
benomyl. Strains used: SBY18307, SBY18308. (B) Catalytically dead mps7-D580A
acts as a dominant negative to prevent cell growth at higher temperatures and in the
presence of benomyl. mps7-16A is recessive in mitotically dividing yeast. Strains
used: SBY17383, SBY17628, SBY17629. (C) Preliminary result: mps7-16A silences the
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spindle assembly checkpoint activated by nocodazole similarly to wild-type cells.
Strains used: SBY18319, SBY18320. (D) Preliminary result: Haploid yeast heterozygous
for catalytically dead mps7-D580A silence the spindle assembly checkpoint activated
by nocodazole more slowly than wild-type. Strains used: SBY18316, SBY18317. (E)
Preliminary result: mps7-7 cells have defects in activating the spindle assembly
checkpoint in response to nocodazole. Strains used: SBY1960, SBY12374. (F)
Preliminary result: Mps1-R170S weakly associates with purified kinetochores from

asynchronously growing yeast. Strains used: SBY9190, SBY13196.
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2.9 Supplementary Figures
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tubulin kinetochores

- = 4+ 4+ auxin
+ - 4+ - 4+ microtubules

S N S WS | DS 1

— —
e

. a-tubulin
- -

Ndc80-AID

Supplementary Figure 2.1 - Microtubule attachment to purified
kinetochores requires Ndc80.

Yeast expressing Ndc80-V5-AID (SBY12352) were grown to mid-log phase and then
500 mM of auxin or vehicle alone (DMSO) was added. Cells were harvested 2 hours
later. Kinetochores isolated from the lysates were bound to beads and either mock-
treated or incubated with taxol-stabilized microtubules. The levels of kinetochore
proteins and the amount of a-tubulin retained after washing the beads were assessed
by SDS-PAGE followed by immunoblotting.

60



A

wild-type DSN1 phosphomimeticdsn1-2D
kﬁz time: 0 20 40 60 80 100 120 140 160 180 O 20 40 60 80 100 120 140 160 180 min
97 — ~ D -~ ——- - e Pds1
45— w Pgk1
B wild-type DSN1-His-Flag phosphomimetic dsn1-2D-His-Flag
MPST1-SNAP MPS1-SNAP
MTWI1-CLIP MTW1-CLIP
Iﬁg time: 0 20 40 60 80 100 120 0 20 40 60 80 100 120 min
97 — | — T Wwis — i -~ - Pds1
457 Pgkl
C wild-type Dsn1 kinetochores D Mean colocalization (%) E Mean ratio, Mps1:Mtw1
0 50 100 0 1 2 3
kipetochore, Dsn1-2D z—i - Dsn1-2D I:I ‘ I
wild-type Dsn1 wild-type |EEEH wild-type | P
., 60 "
% | wild-type Dsn1 ﬁ 400 wild-type
b . phosphomimetic Dsn1-2D kinetochores £ 494 Dsn1-2D = 1 Dsn1
inetochore, . %
phosphomimetic 2 § ] B
5 /" Dsn1-2D é 20- 3 2001 Dsn1-2D
e o E
coverslip = z 1
0 T T 0 T T T T 7
, Mtw1-CLIP-647 0 >0 100 o 1 2 3
Colocalization (%) Ratio, Mps1:Mtw 1

Supplementary Figure 2.2 - Phosphomimetic Dsn1-2D improves retention
of Mps1 on isolated kinetochores without disrupting checkpoint silencing
in vivo.

(A and B) dsn1-2D cells silence the spindle assembly checkpoint with wild-type-like
kinetics. Yeast strains expressing wild-type Dsn1 or with phosphomimetic Dsn1-2D
were arrested in prometaphase by exposure for 3 hours to nocodazole. After
nocodazole was washed out of the media, samples were collected at indicated
timepoints and analyzed for the levels of Pds1 and Pgkil by SDS-PAGE and
immunoblotting. (A) Wild-type strain with DSN7-His-Flag, MPS1-SNAP, and MTW1-
CLIP (SBY16381), versus phosphomimetic strain with dsn1-2D-His-Flag, MPS1-SNAP,
and MTW1-CLIP (SBY16417). (B) Wild-type strain with DSN71 (SBY4880), versus
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phosphomimetic strain with dsn7-2D (SBY8066). (C) Schematic diagram (left) and
fluorescence images (right) of kinetochore particles carrying wild-type Dsn1 (top, from
SBY12571) or phosphomimetic Dsn1-2D (bottom, from SBY15285). Both were labeled
with Mps1-SNAP-549 (cyan) and Mtw1-CLIP-647 (red) and tethered to coverslips.
Colors are offset vertically; cyan-red pairs are colocalized particles. (D) Percentages of
kinetochore particles retaining Mps1. Bars show means (+ SD) from N = 111 and 108
images of wild-type and Dsn1-2D particles, respectively. Histograms show
corresponding distributions. (E) Approximate ratios of Mps1 to Mtw1 molecules,
estimated from particle brightness relative to the brightness of single Mps1-SNAP-549
and Mtw1-CLIP-647 molecules. Bars show mean ratios (+ SEM) from N = 8,863 and
6,891 wild-type and Dsn1-2D particles, respectively. Histograms show corresponding

distributions.
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Supplementary Figure 2.3 — Preparation of purified kinetochores and Mps1
for binding experiments.

(A) Preparation of kinetochores phosphorylated by Mps1 or de-phosphorylated and
lacking endogenous Mps1. Kinetochores were purified (from SBY9190) via
immunoprecipitation of Dsni1-His-Flag and maintained on beads. Control beads
lacking kinetochores were also generated by immunoprecipitation from a wild-type
strain lacking any tagged proteins (SBY3). Beads with or without kinetochores were
incubated in kinase buffer with or without ATP. The ATP-treated samples were then
divided and treated either with A -phosphatase or with A -phosphatase plus
phosphatase inhibitors. All samples were analyzed by SDS-PAGE and
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immunoblotting. (B) Full length Mps1 purified from budding yeast and induced to
autophosphorylate by treatment with ATP. Mps1-V5 was purified (from SBY12412) via
immunoprecipitation under stringent conditions to remove co-purifying proteins,
incubated with or without ATP, and analyzed by silver-stained SDS-PAGE.
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Supplementary Figure 2.4 - Purified native Mps1, but not

autophosphorylated Mps1, binds de-phosphorylated kinetochores lacking

endogenous Mps1.

Kinetochores (KTs) were purified (from SBY9190) via immunoprecipitation of Dsn1-His-
Flag and maintained on beads. Immunoprecipitation from a wild-type strain lacking
any tagged proteins (SBY3) generated control beads lacking kinetochores.
Immobilized kinetochores and control beads were incubated in kinase buffer with ATP
to release endogenous Myc-Mps1 (+ATP), washed, and then dephosphorylated with I-
phosphatase (+ATP +PPase). Following phosphatase treatment, kinetochores or
control beads were washed and incubated with either purified Mps1-V5 or
autophosphorylated P-Mpsi1-V5 (prepared as in Supplementary Figure 2.3B). All
samples were analyzed by SDS-PAGE and immunoblotting.
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Supplementary Figure 2.5. The N-terminus of Mps1 mediates binding to
kinetochores.

(A) mps1-8A does not render cells sensitive to the microtubule destabilizing drug
benomyl. mad2A (SBY15062) cells are sensitive to benomyl while strains with mps7-
8A (SBY17184) or WT MPS1 (SBY17366) are not. (B) Mps7-8A does not alter the
kinetics of spindle assembly checkpoint silencing. Strains expressing wild-type Mps1
(SBY17906) or Mps1-8A (SBY17909) were arrested in prometaphase with nocodazole.
Nocodazole was washed out and samples were collected at the indicated timepoints
following release into fresh media. Samples were analyzed for the levels of Securin
(Pds1) or a loading control (Pgk1) by SDS-PAGE and immunoblotting. (C) Input and

supernatant samples from the kinetochore kinase reaction in Figure 2.5E. Kinetochores
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were purified by IP of Dsn1 from strains expressing wild-type Myc-Mps1 (SBY17931)
or Myc-Mps1-8A (SBY17274) and incubated in kinase buffer with ATP for the indicated
period of time. Samples were analyzed by SDS-PAGE and immunoblotting. Shown
here are the input samples from the IPs and the supernatants from the kinase
reactions. The star indicates a background band in the lysate recognized by the Flag

antibody used to visualize Dsn1-His-Flag.
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Chapter 3: Mps1 phosphorylation of Ndc80 regulates

kinetochore-microtubule attachments

3.1 Contributions of collaborators

Krishna K. Sarangapani, Matthew P. Miller, and Abraham Gutierrez performed
experiments relevant to this project and collected data included in this section. Krishna
K. Sarangapani performed all laser trapping experiments and analysis and contributed
to project design. Matthew P Miller contributed data on the association of Dam1
complex with mps7-1 and ndc80-14A kinetochores in Figure 3.2C and Supplementary
Figure 3.1 Abraham Gutierrez purified native yeast Dam1 complex that was used in
selected laser trapping experiments, as noted. Sue Biggins and Charles L. Asbury

directed and supervised the project.

3.2 Summary

Mps1 activity ensures proper kinetochore-microtubule attachments but the
underlying mechanism is poorly understood. Mps1 phosphorylates many kinetochore
proteins, including those that directly interact with microtubules, such as Dam1 and
Ndc80. Since Aurora B"' phosphorylation of these proteins has been shown to
destabilize kinetochore-microtubule attachments, we hypothesized that Mps1
phosphorylation might also weaken attachments. We tested this by purifying
kinetochores from yeast, phosphorylating them with the co-purifying Mps1, and then

testing for their ability to maintain attachments to dynamic microtubules using laser
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trapping. We found that Mps1 phosphorylation of purified kinetochores weakens their
attachments to microtubules and that Ndc80 is an important substrate for this activity.
We characterized cell cycle progression and chromosome segregation in strains of
yeast with Mps1 phosphorylation sites in Ndc80 mutated to mimic or prevent
phosphorylation. We found that both types of mutations delayed cell cycle progression
in a spindle assembly checkpoint-dependent manner and resulted in chromosome
segregation defects. Our work suggests that dynamic Mps1 phosphorylation of Ndc80

is important for proper chromosome segregation.

3.3 Introduction

Duplicated chromosomes need to properly attach to microtubules so that they
are equally distributed into daughter cells. Only a bioriented attachment configuration,
where a chromosome is attached to microtubules emanating from each of the two
spindle poles, results in equal partitioning during segregation. Initially, kinetochores are
captured by the nearest microtubule and usually interact with its lateral surface before
attaching to the dynamic tip (30). Because this initial capture process occurs
somewhat randomly, chromosomes often make attachments to microtubules from only
one spindle pole or to more microtubules from one pole versus the other. Thus, proper
segregation of chromosomes depends on kinetochores making attachments that can
withstand microtubule dynamics and also on error correction systems that destabilize
incorrect kinetochore-microtubule attachments to give cells another chance to make

bioriented attachments.
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Inactivation of the kinase Aurora B®" causes a biorientation defect where many
chromosomes remain attached to only the mother centrosome and this results in gross
chromosome segregation errors (36-38). Previous work has demonstrated that Aurora
B"*" promotes biorientation by destabilizing attachments through phosphorylation of
kinetochore proteins, reducing their affinity for microtubules (39, 40, 42, 44, 48, 49, 51).
In addition, Aurora B"' phosphorylation of kinetochore proteins promotes
depolymerization of kinetochore microtubules and reduces the frequency of
microtubule rescue, further weakening attachments (50, 51). Finally, Aurora B"™"
phosphorylation may also inhibit interactions between key microtubule-binding
elements of the kinetochore, compromising attachment strength further (46, 47, 144).

The key Aurora B"™' substrate appears to be the major microtubule binding
protein Ndc80/Hec1 because preventing its phosphorylation causes significant errors
in chromosome segregation in human cells (42). Although Aurora B*' phosphorylation
of Ndc80 is conserved across eukaryotic organisms from yeast to human cells,
preventing Aurora B"' phosphorylation of Ndc80 in budding yeast only causes a mild
phenotype in cells (43), despite decreasing the strength of kinetochore-microtubule
interactions in vitro (50). Genetic evidence suggests that this is due to redundancy with
the other microtubule-binding complex in budding yeast, Dam1 (11). Interestingly,
Dam1 is also a substrate of Aurora B"™' and this phosphorylation inhibits Dam1
complex function in promoting attachments in cells and in vitro (26, 39, 41, 45, 46, 48,
50). More recent work has uncovered that Aurora B"™' phosphorylation of the Ska
complex, an apparent functional ortholog of the Dam1 complex in higher eukaryotes,

also destabilizes attachments by inhibiting Ska complex binding to kinetochores (145).
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The conserved protein kinase Mps1 is also required for accurate biorientation in
both budding yeast and human cells, independently of its role in the spindle assembly
checkpoint (60, 61, 146). In mammalian cells, Mps1 phosphorylation of the plus-end
directed motor CENP-E aids chromosome alignment (147) and recent work has
uncovered that Mps1 phosphorylation of the Ska complex destabilizes kinetochore-
microtubule attachments (70). Mps1 phosphorylation of Dam1 in budding yeast
appears to promote proper kinetochore-microtubule interactions (64) and inhibition of
Mps1 kinase activity during meiosis decreases the co-localization of Dam1 with
kinetochores, suggesting that Mps1 activity is required for proper Dam1 function (62,
63). Finally, while it has been suggested that Mps1 activates Aurora B*" (65, 146),
other evidence indicates that their activities in promoting biorientation are separable
(68, 69).

To determine the effect of Mps1 phosphorylation of kinetochores on
kinetochore-microtubule attachment independently of Aurora B*', we employed a
reconstitution system. We previously demonstrated that Mps1 is the primary kinase
that co-purifies with budding yeast kinetochores and that this co-purifying Mps1
phosphorylates purified kinetochores in vitro (80). Mps1 phosphorylates several
kinetochore proteins, including Ndc80 and Dam1, and the effects are not well
understood. We hypothesized that Mps1 phosphorylation of kinetochores weakens
attachments and in this work we present evidence to support this. We identify Ndc80
as the key substrate for this effect. Consistent with this, cells that carry mutations in

Mps1 phosphorylation sites in Ndc80 exhibit defects in mitotic progression and
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chromosome segregation. Together, our work suggests that Mps1 phosphorylation of

Ndc80 is important for proper mitosis and contributes to the error correction process.

3.4 Results
Phosphorylation of purified kinetochores reduces kinetochore-microtubule

attachment strength

We hypothesized that Mps1 phosphorylation of kinetochores may destabilize
kinetochore-microtubule attachments, given the similarity between the Mps1 and
Aurora B®" biorientation defect. To test this directly, | purified kinetochores, treated
them with ATP to induce Mps1 phosphorylation, and we tested their ability to attach to
microtubules in vitro using laser trapping. | isolated the kinetochores from budding
yeast as previously described, via affinity purification of a Flag epitope tag on Dsn1,
which is part of the Mis12"""° complex (112). Dsn1 was also tagged with 6His (Dsn1-
6His-3Flag) to enable linking to polystyrene beads in the laser trapping. Following the
initial purification, | retained the kinetochores on beads and divided them into three. |
eluted one sample from the beads immediately by incubation with excess Flag peptide,
creating an untreated sample of kinetochores as a control (Figure 3.1A-B, Lane i). For
the remaining samples, | either stimulated Mps1 to phosphorylate kinetochores by
treatment with ATP in a kinase buffer or withheld the ATP in the kinase buffer in a mock
treatment (Figure 3.1A). After the kinase treatment, | either removed phosphorylation by
incubating with lambda phosphatase or maintained phosphorylation by treating the
kinetochores with lambda phosphatase plus phosphatase inhibitors (Figure 3.1A-B,

Lanes ii-iv). | then eluted the kinetochores from the beads by incubating with Flag
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peptide. | determined that there were no major alterations in the composition of the
purified kinetochores by PAGE and silver-staining (Figure 3.1B).

My colleague Krishna linked the purified kinetochore particles to polystyrene
beads (0.44-0.56 ym diameter) to manipulate them using a laser trap (Figure 3.1C) (50,
112, 127). The density of kinetochore particles decorating the beads was adjusted by
mixing 6 pM beads with different amounts of purified kinetochore material,
corresponding to Dsn1 concentrations of 5-10 nM (Dsn1:bead ratios of 800:1 to
1600:1) so as to ensure single particle interactions (50, 112, 127). The kinetochore-
decorated beads were introduced into a chamber containing dynamic microtubules
grown from stable, coverslip-anchored seeds. Beads were captured with the laser and
brought to the tip of a dynamic microtubule. A computer-controlled laser trap was
used to apply precise tensile forces to the kinetochore-microtubule interaction in the
direction of microtubule growth. Bead-trap separation was initially kept constant (pre-
load regime) and then automatically increased at a constant rate until the kinetochore-
microtubule attachment ruptured (ramp regime). This process was repeated to
generate rupture force distributions for each type of kinetochores.

Consistent with our previous work, we found that untreated wild-type
kinetochores ruptured from microtubules at an average force of 9.52 + 0.46 pN (Figure
3.1D Lane i). Similarly, kinetochores that went through a mock kinase and then mock
phosphatase treatment ruptured from microtubules at an average of 9.69 + 1.01 pN
(Figure 3.1D Lane ii, Figure 3.1E). In support of our initial hypothesis, we found that it
required markedly less force to rupture phosphorylated kinetochores from

microtubules, at an average of 4.65 + 0.27 pN (Figure 3.1D Lane iii, Figure 3.1E). We
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also found that removing phosphorylation through a subsequent incubation with
lambda phosphatase increased the average rupture force to nearly wild-type levels,
8.85 + 0.61 pN (Figure 3.1D Lane iv, Figure 3.1E). This latter observation suggests that
the reduction in rupture force caused by ATP treatment is due to phosphorylation itself

and not to other changes that might occur, such as in kinetochore composition.

Mps1 activity is responsible for the phosphorylation-dependent decrease

in kinetochore-microtubule attachment strength

Although our previous work strongly suggests that Mps1 is the primary kinase
responsible for in vitro phosphorylation of purified kinetochores, we tested whether
Mps1 activity was responsible for the phosphorylation that reduced the ability of ATP-
treated kinetochores to maintain attachments to dynamic microtubules. To this end, |
isolated kinetochores from mps7-1 cells grown at the restrictive temperature to
inactivate the kinase and also from wild-type cells grown in the same way as a control.
Following the initial purification, | divided each type of kinetochores and treated half
with a kinase buffer with ATP or a kinase buffer lacking ATP. | then eluted the
kinetochores with Flag peptide. These kinetochores appear to maintain wild-type
composition when analyzed by PAGE and silver-staining (Figure 3.2A).

We tested the ability of these kinetochores to maintain attachments to
microtubules using the rupture force assay. Again, we found that treatment with ATP
reduced the strength required to rupture the wild-type kinetochore-microtubule
attachment, this time to an average rupture force of 7.27 + 0.68 pN (Figure 3.2B) while

wild-type mock treated kinetochores ruptured at an average of 9.59 + 1.34 pN (Figure
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3.2B). Interestingly, we found that both mock and ATP treated Mps1-1 kinetochores
ruptured at similar average forces, 5.10 + 0.62 pN and 5.12 + 0.42 pN respectively
(Figure 3.2B).

Notably, the rupture force of mock treated Mps1-1 kinetochores was
significantly lower than wild-type. This is consistent with our observations that a
reduced amount of the Dam1 complex proteins Dam1 and Ask1 co-purify with Mps1-1
kinetochores (Figure 3.2C, Supplementary Figure 3.1A). Previous work demonstrated
that purified kinetochores lacking functional Damic have reduced average rupture
forces (112). Because of this, we reasoned it might be possible that the reduced
rupture forces due to the lack of Dam1 complex might mask any differences in
attachment strength due to ATP treatment of kinetochores. To rule out this possibility,
we added 2nM separately purified native yeast Dam1 complex into the laser trap
chamber containing kinetochore-coated beads and dynamic microtubules (i.e. after the
kinetochores had been mock or ATP-treated) and repeated the laser trapping
experiments with Mps1-1 kinetochores. We found that the average rupture force of
mock treated and ATP treated Mps1-1 kinetochores increased to 10.67 + 0.90 pN and
10.68 + 0.72 pN respectively, consistent with the addition of Dam1 improving the
strength of kinetochores that have less Dam1 (Figure 3.2D). The results also suggest
that Mps1 activity is required for the reduction in attachment strength observed when
purified kinetochores are treated with ATP. Overall, our results thus far suggest that
Mps1 phosphorylation of purified kinetochores reduces their ability to stay bound to

microtubules under tension.
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Mps1 phosphorylates Ndc80 to weaken kinetochore-microtubule

attachments

Mps1 phosphorylates the microtubule-binding kinetochore proteins Dam1 and
Ndc80 (64, 111). However, evidence from several studies suggests that Mps1 activity
promotes Dam1 kinetochore function rather than disrupts it (62-64). Given this, we
hypothesized that Ndc80 may be the substrate which Mps1 phosphorylates to weaken
attachment strength of purified kinetochores (111).

Although some evidence suggested that the ability of kinetochores to bind to
microtubules was not abolished by mutations in Ndc80 that mimic Mps1
phosphorylation (111), we reasoned that Mps1 phosphorylation of Ndc80 might still
weaken attachments and that such a weakening may not be detectable by the
previous assays or may be masked by compensatory pathways in vivo. To test this
hypothesis directly, | purified kinetochores from ndc80-74A cells, which have the Mps1
phosphorylation sites in Ndc80 mutated to alanine to prevent their phosphorylation
(Figure 3.3A) (111), and tested whether treatment with ATP would still reduce
kinetochore-microtubule attachment strength using the rupture force assay. Our
hypothesis was that the attachment strength of Ndc80-14A kinetochores
phosphorylated by Mps1 should be higher than that of wild-type kinetochores
phosphorylated by Mps1 if Mps1 phosphorylation of Ndc80 weakens kinetochore-
microtubule attachments. Thus, we purified kinetochores with wild-type Ndc80-HA or
Ndc80-14A-HA and incubated them in a kinase buffer with or without ATP. First, |
analyzed their composition by PAGE and silver staining and found that they appear

similar to the wild-type kinetochores analyzed previously (Figure 3.3B). However, |
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found that Ndc80-14A-HA kinetochores co-purify with a reduced amount of the Dam1
complex protein Ask1 (Figure 3.3C), similar to Mps1-1 kinetochores.

Because my colleague found that very few Ndc80-14A-HA kinetochores were
able to bind to microtubules in the early steps of the rupture force assay, we added
separately purified native yeast Dam1 complex to kinetochores in the laser trap. After
the addition of Dam1 complex, we found that the mock treated wild-type Ndc80-HA
kinetochores ruptured at an average of 11.51 + 0.82 pN but that wild-type Ndc80-HA
kinetochores treated with ATP had a lower average rupture force of 6.98 + 0.58 pN
(Figure 3.3D). Thus, the addition of Dam1 complex in the laser trap does not appear to
mask the ability of Mps1 phosphorylation to weaken the kinetochore-microtubule
attachment but does appear to increase the overall ability of kinetochores to attach to
microtubules. When we analyzed Ndc80-14A-HA kinetochores with additional Dam1
complex, we found that mock treated Ndc80-14A-HA kinetochores ruptured at an
average of 9.98 + 0.67 pN and that Ndc80-14A-HA treated with ATP ruptured at an
average of 9.19 = 0.53 pN (Figure 3.3D). These results suggest that Ndc80 is a primary
target that Mps1 phosphorylates to weaken kinetochore-microtubule attachments.

To address the possibility that Mps1 kinase is not active on Ndc80-14A-HA
kinetochores, | analyzed the electrophoretic mobility of the Mps1 substrate Spc105
following ATP treatment of the kinetochores (Figure 3.3E). | found that Spc105
migrated slightly slower, consistent with it being phosphorylated, when kinetochores
were treated with ATP than it did when they were mock treated, on wild-type as well as
Ndc80-14A kinetochores (Figure 3.3E). These results indicate that Mps1 appears

comparably active on wild-type and Ndc80-14A kinetochores.
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Mps1 phosphorylation of Ndc80 is not required for spindle assembly

checkpoint signaling

Given our results thus far, we hypothesized that Mps1 phosphorylation of Ndc80
might promote chromosome segregation in vivo, playing a role in error-correction
alongside Aurora B"'. A previous study reported that ndc80-714A cells were defective
in sustaining a spindle assembly checkpoint arrest in response to nocodazole (111),
complicating the interpretation of the phenotype of the Ndc80 phospho-mutant.
However, when | tested the ability of ndc80-74A cells to activate the spindle assembly
checkpoint in response to nocodazole, | found that ndc80-74A cells could sustain a
checkpoint arrest comparably to wild-type, as determined by the stability of the
anaphase inhibitor Securin®®' (Figure 3.4A). In addition, ndc80-14A mad2A double
mutants grew poorly compared to each of the ndc80-74A and mad2A single mutants,
suggesting that ndc80-74A cells have a defect that is not due to loss of spindle
assembly checkpoint function (Figure 3.4B). | note that ndc80-74A cells grew poorly in
the presence of the microtubule-destabilizing drug benomyl, as previously observed
(Figure 3.4B) (111). | also found that ndc80-714A cells grew poorly at higher
temperatures compared to wild-type (Figure 3.4B).

| performed timecourses to assess whether ndc80-74A cells transited through
the cell cycle at a rate similar to wild-type. Interestingly, | found that ndc80-74A cells
entered anaphase at a significantly delayed rate compared to wild-type (Figure 3.4C).

This delay appears at least partially caused by a spindle assembly checkpoint arrest,
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as the cell cycle profile of ndc80-714A mad2A double mutants appeared similar to that
of mad2A cells (Figure 3.4C).

A previous publication found that mimicking phosphorylation of the 14 mapped
Mps1 sites in Ndc80 (the ndc80-14D allele) was lethal and rescued by deleting spindle
assembly checkpoint signaling, leading the authors to conclude that the
phosphorylation functioned in spindle assembly checkpoint signaling (111). However,
using a plasmid shuffle assay, | did not find that preventing spindle assembly
checkpoint signaling allowed ndc80-74D cells to grow without a wild-type copy of
NDCS80 (Figure 3.5A). Colonies did appear after several days in the ndc80-74D bub1A
and ndc80-14D mad3A double mutants, however these likely contain suppressor
mutations (Supplementary Figure 3.2). Therefore, | conclude that ndc80-74D cells are

not inviable solely due to spindle assembly checkpoint signaling.

Mimicking Mps1 phosphorylation of Ndc80 activates the spindle assembly

checkpoint and leads to chromosome missegregation

| tested whether mimicking constitutive Mps1 phosphorylation of Ndc80 led to a
spindle assembly checkpoint arrest by conditionally expressing ndc80-74D as the sole
source of NDC80 and performing a timecourse of a synchronized cell cycle. To do this
| tagged the wild-type copy of NDC80 needed for viability of ndc80-714D cells with an
auxin-inducible degron (AID) (148). | arrested control and ndc80-14D cells in G1 and
then released into media containing auxin to degrade the wild-type Ndc80-AID protein.
| found that cells expressing Ndc80-14D were arrested in metaphase throughout the 2-

hour timecourse while wild-type cells entered anaphase around 75 minutes (Figure
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3.5B). These data are consistent with ndc80-14D cells experiencing a prolonged
spindle assembly checkpoint arrest.

To determine whether ndc80-14D cells were activating the spindle assembly
checkpoint due to a kinetochore-microtubule attachment defect, | measured the fidelity
of the segregation GFP-labeled chromosome 8 in ndc80-14D NDC80-AID mad2A cells
(149). | synchronized control and ndc80-14D cells in G1 and then released into media
with or without auxin. | collected samples throughout the timecourse and fixed them
with formaldehyde for microscopy. | found that ndc80-714D NDC80-AID mad2A cells
missegregated chromosome 8 at a rate higher than the wild-type strain even when
auxin was not added to the media (Figure 3.5C). Additionally, when auxin was added
and the wild-type Ndc80 protein was degraded (data not shown), ndc80-74D caused a
notable chromosome segregation defect (Figure 3.5C).

To determine whether the Ndc80-14A and Ndc80-14D phosphomutant proteins
are incorporated into kinetochores similarly to wild-type, | constructed diploid strains
that expressed wild-type Ndc80, Ndc80-14A, or Ndc80-14D in addition to Ndc80-AID.
| arrested these cells in mitosis by treating them with benomyl and then degraded the
wild-type Ndc80-AID allele by adding auxin to the media. | purified kinetochores from
these cultures and found that the incorporation of Ndc80-14D protein into kinetochores
is severely reduced compared to wild-type, regardless of whether the wild-type
Ndc80-AID protein is degraded or not (Figure 3.5D). This result suggests that
phosphorylation of Ndc80 by Mps1 might destabilize the interaction of Ndc80 with
kinetochores. It also suggests that the chromosome segregation defect observed in

the earlier experiments is likely caused by the lack of Ndc80-14D protein in
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kinetochores. Interestingly, the incorporation of Ndc80-14A protein into kinetochores
appears comparable to wild-type, suggesting that preventing Ndc80 phosphorylation

does not compromise the association of Ndc80 with kinetochores (Figure 3.5D).

Preventing Mps1 phosphorylation of Ndc80 compromises chromosome
segregation

Given our observation that Mps1 phosphorylation of Ndc80 regulates
kinetochore-microtubule attachments in vitro, we hypothesized that it may also
regulate attachments in cells. We tested this by measuring the fidelity of chromosome
segregation in ndc80-14A cells. To do this, | analyzed the segregation of GFP-labeled
chromosome VIII in ndc80-14A versus wild-type cells in a mad2A background, to
ensure that the strains were in anaphase at the same time during a synchronized cell
cycle. | arrested the cells in G1 using alpha factor, then washed out the alpha factor
and released them into rich media and collected samples throughout the cell cycle,
fixing them with formaldehyde. | found that by 150 minutes following release from G1,
almost all cells were in anaphase as judged by the segregation of DAPI-stained DNA
between the daughter cells. In the samples from this time, | counted the number of
cells in which GFP-labeled chromosome VIII was segregated correctly into daughter
cells or which had both copies in only one daughter (either appearing as a single focus
or 2 foci) (Figure 3.6A). By this time, 15 percent of ndc80-14A cells had missegregated
chromosome VIII (one daughter cell was missing a GFP focus), while this was only

observed in 2 percent of wild-type cells (Figure 3.6B). | measured an even higher rate
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of chromosome missegregation in ndc80-14A cells at 37 °C, consistent with the
growth defect observed at that temperature (Figure 3.6C).

Treatment of yeast cells with nocodazole depolymerizes microtubules but most
kinetochores maintain attachments to short, intact microtubules from the centrosomes
of the collapsed spindle. Previous studies used the time it takes cells to segregate
chromosomes following nocodazole treatment and washout as a readout for the ability
of cells to biorient chromosomes and correct errors (33, 93). | repeated this
experimental strategy to assay the ability of ndc80-74A cells to correct attachment
errors, biorient, and segregate chromosomes. | analyzed the segregation of DAPI-
stained chromosomes and found that while 63 percent of wild-type cells had
segregated all of their chromosomes by 80 minutes after nocodazole was washed out,
only 23 percent of ndc80-14A cells had done so by that time (Preliminary result: Figure
3.6D). Together, our chromosome segregation data suggests that preventing Mps1
phosphorylation of Ndc80 causes minor defects in chromosome segregation that are

exacerbated when cells are challenged.

Mimicking Mps1 phosphorylation of Ndc80 is lethal due to hyperactive

error-correction by Aurora B""

Mimicking constitutive Mps1 phosphorylation of Ndc80 with the ndc80-14D
mutant led to hyperactivation of the spindle assembly checkpoint, likely due to
improper kinetochore-microtubule attachments. Therefore, | reasoned that the
additional Mps1 present on Ndc80-14D kinetochores, observed in my kinetochore

purifications (Figure 3.5D), continues to recruit Bub1 to kinetochores to signal the
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checkpoint. This additional Bub1 kinase might then recruit additional Sgo1, which has
been shown to be important for Aurora B activation (33, 92). Therefore, | speculated
that extended error-correction by activated Aurora B®' might be responsible for the
severe chromosome missegregation phenotype and lethality of ndc80-14D cells.

To test this, | constructed double mutant strains with ndc80-14D and mutants of
the Bub1-Sgo1-Aurora B"" biorientation pathway and tested for their growth in the
absence of a wild-type copy of NDC80 using a plasmid shuffle assay. To our surprise, |
found that a few different SGO7 mutant alleles, including sgo7-700 and sgo7-3A,
rescued the growth of ndc80-14D cells (Figure 3.7A). Sgo7-100 was isolated as a
mutant defective in activating the spindle assembly checkpoint in response to tension
defects (93). Sgo1-3A (Y47A, Q50A, S52A) is defective in binding to the catalytic
subunit of the phosphatase PP2A, which is also involved in biorientation (150, 151). |
backcrossed the initial sgo7-700 ndc80-14D double mutant and confirmed that sgo7-
100 alone was responsible for the rescue of ndc80-14D (data not shown). Additionally,
| found that large tags on Sgo1, including 3GFP and 6HA, also suppressed the ndc80-
14D lethality, suggesting that generally compromising Sgo1 function is sufficient for the
rescue (Supplementary Figure 3.3B). Sgo1-700-6HA, which is defective in localizing the
condensin complex to centromeres, also suppressed ndc80-714D but it is unclear
whether this is due to the mutation in SGO7 or the 6HA tags (33) (Supplementary
Figure 3.3A). The bub1Akinase mutant, which lacks the C-terminal kinase domain, also
suppressed the inviability of ndc80-74D (Supplementary Figure 3.3A). Bub1 kinase
activity is required to recruit Sgo1 so this is consistent with that pathway being

involved in the death of ndc80-14D cells (89). Next, | found that a ndc80-714D BUBS-
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3GFP double mutant strain was viable (Supplementary Figure 3.3B). Because Bub3
forms a complex with Bub1, it is possible that the bulky 3GFP tag on Bub3 might
reduce Bub1 kinase localization at kinetochores. This might in turn reduce the ability of
Bub1 kinase to recruit Sgo1, again implicating this pathway in the death of ndc80-74D
cells. | constructed various other ndc80-14D double mutants but did not see that they
rescued the lethality of ndc80-74D (Supplementary Figure 3.3C-D).

Since | had observed high levels of chromosome missegregation in ndc80-74D
cells earlier, | tested whether chromosome segregation defects persisted in sgo7-700
ndc80-14D double mutants. | synchronized cells in G1 using alpha factor, then
released into fresh media and collected samples throughout the cell cycle. In anaphase
cells, | analyzed the segregation of GFP-labeled chromosome VIl into daughter cells.
By 150 minutes from G1 release, | found that sgo7-700 and sgo7-700 ndc80-14D cells
had missegregated chromosome VIl at a similar rate, which was much lower than the
missegregation rate observed for ndc80-14D NDC80-AID cells (Figure 3.7B).

| had previously observed that Ndc80-14D did not associate with kinetochores
as well as wild-type or Ndc80-14A. Therefore, | tested whether kinetochore association
was restored in the viable ndc80-14D bub1Akinase cells by purifying kinetochores and
analyzing the levels of Ndc80 by immunoblotting. | found that the levels of Ndc80-14D
in kinetochores appeared similar to wild-type in the bub1Akinase background (Figure
3.7C). This suggests that whatever defect was causing lack of incorporation of Ndc80-
14D in cells that require wild-type Ndc80 for viability is remedied by reducing the

activity of the Bub1-Sgo1-Aurora B®" biorientation pathway.
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| hypothesized that extended or hyperactive Aurora B"™' activity may be
responsible for the death of ndc80-14D cells. | constructed a ndc80-14D ipl1-321
double mutant strain and found that it could grow in the absence of wild-type NDC80
at the permissive temperature, confirming this hypothesis (Figure 3.7D). Even at the
permissive temperature, Ipl1-321 has lower kinase activity than wild-type. As before, |
backcrossed the ndc80-14D ipl1-321 strain and confirmed that jp/7-327 alone was
responsible for the rescue of ndc80-14D (data not shown). Together, my data suggests
that ndc80-14D causes cell death due to elevated activity of the Bub1-Sgo1-Aurora
B"*" biorientation axis, which is triggered by kinetochore-microtubule attachment

defects.

3.5 Discussion

While it has been known that Mps1 activity is required for sister kinetochore
biorientation for over a decade (60, 61), the underlying mechanism has remained
elusive. In our work, we found that Mps1 phosphorylation of kinetochores, and
specifically of Ndc80, reduces the strength of kinetochore-microtubule attachments in
vitro. In addition, | showed that both mimicking and preventing Mps1 phosphorylation
of Ndc80 causes a chromosome segregation defect in cells. My genetic data suggests
that mimicking Mps1 phosphorylation of Ndc80 activates Aurora B"™', which also
suggests that the phosphorylation causes kinetochore-microtubule attachment errors.
Taken together, our data suggest that Mps1 plays a role in destabilizing kinetochore-
microtubule attachments through phosphorylating Ndc80, in a manner reminiscent of

the error-correction activity of Aurora B™".
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One obvious and potential issue with this model is the fact that both Mps1 and
Aurora B"" single mutants have strong biorientation defects (36, 38, 60, 61).
Inactivation of either kinase causes dramatic chromosome segregation defects and cell
death (36, 38, 60, 61). In human cells, there is evidence that Mps1 and Aurora B"™"
activity are interdependent, providing a possible explanation for the lack of
compensation in single mutants (65-67, 146). However, there is also evidence that they
are independent (60, 68, 69). One possible explanation for lack of Aurora B™"
compensation in mps7-1 mutants could be due to the low Dam1 protein levels on
mps1-1 kinetochores. It seems possible that Aurora B®" may not be able to correct
biorientation errors as efficiently when one of its substrates in that process is
compromised. Conversely, in Aurora B*" mutants, additional PP1%" is recruited to
kinetochores and this may remove Mps1 phosphorylation (152, 153).

Irrespective of whether Mps1 and Aurora B"' activity are changed in single
mutants of either kinase, it is clear that preventing Mps1 phosphorylation of Ndc80
causes a defect in cell cycle progression that is ameliorated by preventing spindle
assembly checkpoint signaling. Additionally, preventing this phosphorylation also
induces chromosome segregation errors. This missegregation might be caused by a
defect in Dam1 complex function, as we observed that Dam1 complex proteins were
less strongly associated with kinetochores isolated from mps7-1 as well as ndc80-14A
cells. It might also be caused by a direct weakening of Ndc80-microtubule interactions,
as suggested by our laser trapping data with Ndc80-14A kinetochores in the presence
of additional Dam1 protein. Regardless of the precise mechanism, our results that

Mps1 phosphorylation of Ndc80 disrupts kinetochore-microtubule interactions are
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consistent with recent findings in human cells that Mps1 phosphorylation of the Ska
complex destabilizes attachments (70).

Previous studies have suggested that Mps1 promotes biorientation through
localizing Bub1 kinase and Sgo1 (154-156) and we provide additional evidence of this
in our study. We found that the cell death caused by mimicking constitutive Mps1
phosphorylation of Ndc80 could be rescued by mutations in Bub1 kinase, Sgo1 and
Aurora B"". Thus, in addition to directly regulating the strength of kinetochore-
microtubule attachments, Mps1 phosphorylation of Ndc80 might also indirectly
promote Aurora B"'-mediated error correction. One study found that overexpression
of SGO17 was sufficient to rescue cell death caused by inactivation of Mps1 following
centrosome duplication in budding yeast, where the spindle assembly checkpoint is
non-essential (154). This might suggest that enabling Sgo1 localization is the primary
role of Mps1 in promoting biorientation. However, inactivation of Mps1 results in a
biorientation defect far worse than that seen in SGO7 mutants, suggesting that the
rescue enabled by SGOT7 overexpression is likely due to a compensatory mechanism
that is not up-regulated wild-type cells.

Because 3 of the 14 Mps1 phosphorylation sites were previously found to be
phosphorylated by Aurora B®" kinase (specifically, T21, S37, and T74), it remains to be
rigorously tested whether both kinases contribute to the phosphorylation of these sites
in vivo and what proportion of the phenotype of the ndc80-74A mutant is due to the
lack of phosphorylation of the Aurora B"" sites. A previous study found that mutating
S37 specifically is important for the benomyl sensitivity phenotype the ndc80-7A

mutant, which prevents Aurora B"™' phosphorylation of Ndc80 (43). However,
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preventing phosphorylation of S37 alone did not render cells sensitive to benomyl,
making it unclear whether the identify or number of available phosphorylation sites is
important for specific phenotypes (43). Other studies have suggested that the number
of phosphorylation sites, rather than their specific position in the tail of Ndc80,
determines the ability of Ndc80 to interact with microtubules, at least in vitro (49).
However, it has recently been shown that different phosphorylation sites in the Ndc80
tail are regulated differently in cells, with some becoming dephosphorylated at
metaphase and others remaining phosphorylated throughout the cell cycle (157, 158).
This implies that specific sites need to be phosphorylated or dephosphorylated at
specific times in the cell cycle for proper chromosome alignment and segregation to
occur. Future dissection of the dynamics of phosphorylation of specific Mps1 and
Aurora B™ sites in Ndc80 within cells should reveal the precise requirements for
proper chromosome segregation. By uncovering that Mps1 phosphorylation of Ndc80

regulates attachment strength, our study sets the stage for these investigations.

3.6 Materials and Methods
Yeast Methods

Standard media, microbial, and genetic techniques were used (141). Yeast
strains are listed in Table 3. Spindle assembly checkpoint activation (Pds1 stability)
assays were performed by arresting haploid MATa cells in G1 with 1 pg/ml alpha factor
for 3-4 hours then releasing into fresh media with 10 pg/ml nocodazole. Samples of the
culture were taken at the indicated times and whole cell extracts were prepared by

bead-beating lysis and boiling in SDS sample buffer. For synchronous cell cycle
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experiments (for Pds1 stability and chromosome segregation assays), cells were
arrested in G1 with 1 pg/ml alpha factor for 3-4 hours and then washed into fresh
media. 1 pg/ml alpha factor was added to the cultures 40-50 minutes after the
beginning of the timecourse to prevent cells from entering a second cell cycle. All cells
were grown at room temperature, 23 °C, unless otherwise indicated. For the
chromosome segregation assay at 37 °C, cells were shifted to 37 °C starting at time
zero following alpha factor washout. For the nocodazole washout experiment, cells
were incubated in media with 10 pg/ml nocodazole for 2 hours, then washed into
media lacking nocodazole and samples were taken at the indicated times. For the
chromosome segregation analysis of ndc80-74D cells, haploid strains were
synchronized in G1 with 1 ug/ml alpha factor for 3 hours and 500uM indoleacetic acid
(IAA, auxin) was added 1 hour before the alpha factor was washed out. Following this 3
hour alpha factor/1 hour IAA arrest, cells were washed into fresh media containing
500uM |IAA to continue degrading Ndc80-AID throughout the timecourse.
Chromosome segregation analysis of GFP-labeled chromosomes and DAPI staining
were performed as described in (142). For the kinetochore IPs from Ndc80
heterozygous diploids, the indicated yeast strains were arrested for 2 hours in 30 ug/ml
benomyl, then the culture was divided and 500uM IAA was added to half for 1 hour
before harvesting (83 hours in benomyl, 1 hour in IAA total). The other half was
harvested immediately after 2 hours in benomyl. All experiments were repeated a

minimum of twice, with the exception of those that are indicated as preliminary.
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Kinetochore purifications

Kinetochores were purified by IP from asynchronously growing yeast as
described in (112) with modifications to the lysis as described in (142). The
concentration of purified kinetochores was estimated by comparing the intensity of the
Dsn1 or Dsn1/Ndc80-HA band in samples of the kinetochores with that of BSA
standards in silver-stained PAGE gels. The concentration of Dsn1, or Dsn1 and Ndc80-

HA, from each preparation of kinetochores ranged from 1-3 ng/ul.

Treatment and preparation of purified kinetochores and Dam1

Kinetochores were purified as normal and then maintained on magnetic beads.
Next, they were washed once in buffer H/0.15 (112) without any inhibitors and then
incubated in kinase buffer (28 mM HEPES pH 8.0, 2.8 mM MgCl,, 143 mM KCI, 14%
glycerol, 0.1 mM EDTA, 0.5 mM EGTA, 0.1% NP-40, with or without 200 uM ATP) for
30 minutes in a 30 °C water bath. Following the kinase reaction, the beads with
kinetochores were washed once in buffer H/0.15 with protease inhibitors (20 pg/mL
final concentration for each of leupeptin, pepstatin A, chymostatin and 200 pyM
phenylmethylsulfonyl fluoride) and phosphatase inhibitors (0.1 mM Na-orthovanadate,
0.2 uM microcystin, 2 mM B-glycerophosphate, 1 mM Na pyrophosphate,5 mM NaF).
For the phosphatase treatment of kinetochores, bead-bound kinetochores were then
incubated in buffer H/0.15 with 1 mM MnCI2 buffer (NEB) and 200 units of lambda
phosphatase (NEB) at 30 T for 20 minutes. Mock phosphatase reactions also included

phosphatase inhibitors (concentrations as above). Following treatments, kinetochores
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were eluted from beads with 0.5mg/ml 3x Flag peptide in bufferH/0.15 with protease
and phosphatase inhibitors.

Dam1 complex was purified by immunoprecipitation of Dad1-3Fflag from
SBY 12464321 using the same protocol as that used to purify kinetochores, except with
bufferH/0.4 (0.4M KCI) used in the first set of washes following the IP instead of
bufferH/0.15. The concentration of purified Dam1 complex was estimated by

comparing the intensity of Dad1-3Flag to a series of BSA standards on a silver-stained

gel.

Laser-trapping of purified kinetochores

Laser trapping was performed essentially as described in (50). In brief,
streptavidin-coated polystyrene beads were conjugated with anti-His antibodies and
incubated with His-tagged purified kinetochores. Kinetochore-decorated beads were
tested for binding to dynamic microtubules grown from GMPCPP seeds using a laser
trap using custom control software. Records of bead position were recorded using
customized LabView software and analyzed with IGOR Pro. For the experiments with
additional Dam1 complex protein added into the trap chamber, Dam1 complex was

added to a final concentration of 2nM.

Immunological techniques

Immunoblotting and detection using chemiluminescence was performed as
described in (142). Commercial antibodies used for immunoblotting were: 9E10

(Covance) at a 1:10,000 dilution for the Myc tag, anti-Flag M2 antibodies (Sigma-
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Aldrich) at 1:3,000, anti-Pgk1 antibodies (Invitrogen) at 1:10,000, anti-HA (12CAS5,
Roche) antibodies at 1:10,000, and anti-V5 (Invitrogen) at 1:5,000. Anti-Spc105
antibodies were used at 1:10,000 (Akiyoshi et al 2010). The anti-Ndc80 antibodies
(OD4) were a kind gift from Arshad Desai and were used at a 1:10,000 dilution. Silver-
staining was performed using 4-12 % NuPAGE Novex Bis-Tris gels (Invitrogen) and a

SilverQuest silver-staining kit (Invitrogen).
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(A) Schematic of preparation of in vitro phosphorylated and de-phosphorylated
kinetochores for characterization by laser trapping. (B) Silver-stained PAGE of
kinetochores (purified from SBY8253) following treatments as indicated in A. (C)
Diagram of laser trapping of purified kinetochores and microtubules. (D) ATP treatment
reduces the average rupture force of the kinetochore-microtubule attachment while
treatment with 1 phosphatase following ATP treatment returns the average rupture
force to a nearly wild-type level. Mean rupture forces for purified kinetochores
prepared as in A. Asterisks indicate untreated kinetochores while the minus sign
indicates that a mock treatment (either in ATP or PPase buffer) was performed. N=3.

(E) Example traces from the laser trapping experiments summarized in D.
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Figure 3.2. Mps1 activity is responsible for the phosphorylation-dependent

decrease in kinetochore-microtubule attachment strength.
(A) Silver-stained PAGE of kinetochores purified from wild-type (SBY8253) and mps17-1

(SBY8726) cells shifted to the restrictive temperature for 2 hours prior to harvest. (B)
Mps1 activity is required for the reduction in rupture force following treatment of

purified kinetochores with ATP. Mean rupture forces for the kinetochores prepared as
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in A. N=3. (C) Kinetochores purified from mps7-1 cells (SBY8938) have less Dam1
protein than wild-type cells (SBY10274). (D) Addition of separately purified native yeast
Dam1 complex (from SBY12464) to kinetochores post-purification increases the
rupture forces of kinetochores overall but does not affect mps7-7 kinetochores treated

with ATP differently than those which were not treated with ATP.
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Figure 3.3. Mps1 phosphorylation of Ndc80 weakens kinetochore-
microtubule attachments.

(A) Diagram of the Ndc80/Nuf2 heterodimer with 14 Mps1 phosphorylation sites
indicated. Sites were identified by a combination of in vitro and in vivo mass
spectrometry in Kemmler et al 2009. Underlines indicate sites that are phosphorylated

by Aurora B"". (B) Silver-stained PAGE of kinetochores purified from NDC80-HA (WT
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NDC80) (SBY11808) or ndc80-14A-HA cells (SBY13086) and treated with ATP post-
purification as indicated. Note that Dsn1 and Ndc80 run at the same MW when Ndc80
is HA tagged. (C) Ndc80-14A kinetochores have a reduced level of the Dam1 complex
protein Ask1. Immunoblot of kinetochores purified from WT NDC80-HA (SBY12076)
and ndc80-14A-HA cells (SBY12039) expressing tagged Aski. (D) Mps1
phosphorylation of Ndc80 mediates the ATP-dependent weakening of attachments.
Mean rupture forces required to rupture kinetochore-microtubule bonds for the
kinetochores prepared as in B. Additional separately purified yeast Dam1 complex
(from SBY12464) was added since Ndc80-14A kinetochores have limited Dam1
following purification. (E) Mps1 remains active on Ndc80-14A kinetochores.
Immunoblot of purified kinetochores from cells expressing WT NDC80-HA (SBY11808)
and Ndc80-14A-HA (SBY13086) and treated as in B. Treatment of both WT and
Ndc80-14A kinetochores with ATP causes a mobility shift upward of Spc105, a known
target of Mps1.
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Figure 3.4. Mps1 phosphorylation is not required for spindle assembly
checkpoint signaling.

(A) Ndc80-14A cells maintain a spindle assembly checkpoint arrest in response to
nocodazole. The indicated yeast strains were arrested in G1 for 3 hours using alpha
factor, then the alpha factor was washed out and the cells were resuspended in media

containing 10 ug/ml nocodazole. Samples were taken at the indicated timepoints and
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analyzed for Pds1 and Pgk1 by immunoblotting. Strains used: SBY17648, SBY17624,
SBY17807, SBY17895. (B) Ndc80-14A shows synthetic sickness with mad2A and
grows poorly at 37 °C and in media containing benomyl. 5-fold serial dilutions of
cultures of the indicated strains of yeast were plated on YPD plates without or with 5
Hg/ml benomyl and grown at the indicated temperatures. Strains used: SBY17901,
SBY17898, SBY18141, SBY18208. (C) Ndc80-14A causes a spindle assembly
checkpoint-dependent delay in cell cycle progression. The indicated yeast strains
were arrested in G1 for 3 hours using alpha factor, then the alpha factor was washed
out and the cells were resuspended in rich media. Samples were taken at the indicated
timepoints and analyzed for Pds1 and Pgkil by immunoblotting. Strains used:
SBY17648, SBY17624, SBY17807, SBY17895.
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Figure 3.5. Mimicking constitutive Mps1 phosphorylation of Ndc80
activates the spindle assembly checkpoint and causes chromosome
missegregation.

(A) Ndc80-14D cells are not inviable due to constitutive spindle assembly checkpoint

signaling. 5-fold serial dilutions of the indicated strains were plated onto YPD, -ura, or
FOA plates and grown at 23 °C. Strains used: SBY15149, SBY9453, SBY15087. (B)
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Ndc80-14D cells activate the spindle assembly checkpoint. Cultures of the indicated
strains were arrested in G1 with alpha factor for 4 hours, then released into fresh
media. Samples were taken at the indicated timepoints and analyzed for Pds1 and
Pgk1 by immunoblotting. Strains used: SBY15096, SBY15206. (C) Mimicking
constitutive Mps1 phosphorylation of Ndc80 causes chromosome missegregation. The
indicated yeast strains were arrested in G1 using alpha factor for 4 hours and then
washed into fresh media. Samples were collected and fixed with formaldehyde for
analysis of the segregation of GFP chromosome VIIl in large budded cells at the
indicated timepoints. Error bars show SD from 2 biological replicates. Segregation was
analyzed in a minimum of n=100 cells for each strain and condition. Strains used:
SBY15829, SBY15830. (D) Ndc80-14D does not incorporate into kinetochores
properly. Diploid yeast expressing Ndc80-V5-AID as well as WT, Ndc80-14A, or
Ndc80-14A were arrested as large budded cells using benomyl for 180 minutes. In the
last 60 minutes, 500 u M auxin was added to the media to degrade Ndc80-V5-AID.
Cells were harvested and kinetochores were purified and analyzed for the indicated
proteins by immunoblotting. Representative of 2 biological replicates. Strains used:
SBY12549, SBY12550, SBY12570.
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Figure 3.6. Mps1 phosphorylation of Ndc80 is important for proper

chromosome segregation.

(A-C) Ndc80-14A causes chromosome segregation defects. Cultures with the
indicated genotypes were synchronized in G1 with alpha factor for 3 hours, then
released into rich media at the indicated temperature. Timepoints were collected, fixed
with formaldehyde, and total DNA was DAPI stained. By 150 minutes, the majority of
cells had segregated their DNA between the daughter cells. A minimum of 200 cells of
each genotype and growth condition were analyzed for segregation of GFP-labeled
chromosome 8 by fluorescent microscopy in the sample from the 150 timepoint.
Strains used: SBY18141, SBY18208. (A) Representative images of correctly
segregated and missegregated chromosome categories. (B) Anaphase segregation of
GFP-labeled chromosome 8 in mad2A and mad2A ndc80-14A cells grown at 23 °C. (C)
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Anaphase segregation of GFP-labeled chromosome 8 in mad2A and mad2A ndc80-
14A cells grown at 37 °C. (D) Preliminary result: Ndc80-74A cells recover poorly after
treatment with nocodazole. Cultures of yeast with the indicated genotypes were
treated with 10 pg/ml nocodazole for 2 hours and then washed into fresh media and
samples were taken at the indicated timepoints and fixed with formaldehyde. Total
DNA was DAPI stained. DAPI segregation was analyzed at each timepoint and the
percent of cells with 2 DAPI masses, 1 in each daughter cell, is plotted. A minimum of

100 cells were analyzed for each timepoint. Strains used: SBY17564, SBY17565.
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Figure 3.7. The Bub1 kinase-Sgo1-Aurora B"' biorientation pathway is
responsible for cell death caused by mimicking constitutive Mps1

phosphorylation of Ndc80.

(A) The sgo7-100 and sgo7-3A alleles suppress the lethality of ndc80-14D. 5-fold serial
dilutions of the indicated strains were plated onto YPD, -ura, and FOA media. Strains
used: SBY18446, SBY9453, SBY14429, SBY15524. (B) sgo7-100 rescues the
chromosome segregation defect of ndc80-74D. Cells were synchronized in G1 with
alpha factor and washed into fresh media. Samples were collected during a
synchronous cell cycle. Alpha factor was added back at budding to prevent a
subsequent cell cycle. Segregation of GFP-labeled chromosome 8 was analyzed by

flourescent microscopy and DAPI staining for selected timepoints. Chromosome
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missegregation was defined as 1 or 2 visible GFP foci in only 1 daughter cell. Strains
used: SBY15246, SBY16224. N=2. (C) Ndc80-14D incorporates into kinetochores
comparably to WT in the bub1Akinase background. Kinetochores were purified through
IP of Dsn1 and association of the indicated proteins was analyzed by immunoblotting.
Strains used: SBY15333, SBY 15442, SBY15444. (D) ip/1-321 suppresses the inviability
of ndc80-14D. 5-fold serial dilutions of the indicated strains were plated onto YPD, -
ura, and FOA media. Strains used: SBY 18446, SBY9453, SBY18561.

3.9 Supplementary Figures
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Supplementary Figure 3.1. Dam1 complex function is reduced in mps1-1

and ndc80-14A cells.
(A) mps1-1 kinetochores (from SBY12090) have less Ask1 protein than wild-type
(SBY12088) kinetochores. Strains with only Ask1 tagged (SBY1772) or Dsn1 tagged
(SBY8253) are shown on the left. (B) ndc80-74A is synthetic lethal with ask7-3. Haploid

yeast were mated, sporulated and dissected. Tetrads are arrayed in rows. (left) Tetrads

dissected from an ask7-3 heterozygote. (crossed SBY8366 x SBY11809) (right) Tetrads

dissected from a diploid heterozygous for ndc80-74A and ask7-3 (crossed SBY8366 x
SBY10572). The inviable cells inherited both ndc80-14A and ask1-3.
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Supplementary Figure 3.2. Preventing spindle assembly checkpoint

signaling does not rescue ndc80-14D.

Plasmid shuffle assay. 5-fold serial dilutions of cultures of the indicated strains of yeast
were plated on YPD , -ura, and FOA plates. All strains contained a CEN/URA plasmid
with wild-type NDC80. ndc80-14D colonies growing at Day 7 likely contain suppressor
mutations. Strains used from top to bottom: SBY15149, SBY9453, SBY15139,
SBY17991, SBY17993, SBY15087, SBY11334.
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Supplementary Figure 3.3. Plasmid shuffle assay to determine if additional

biorientation mutants rescue ndc80-14D

(A) Mutations in the Bub1 kinase-Sgo1 biorientation pathway suppress lethality caused
by ndc80-14D. 5-fold serial dilutions of the indicated strains were plated on YPD, -ura,
and FOA media. Strains used: SBY18446, SBY9453, SBY14429, SBY15524,
SBY 15526, SBY18187, SBY15033. (B) Tags on Sgo1 and Bub3 suppress ndc80-14D
lethality. 5-fold serial dilutions of the indicated strains were plated on YPD, -ura, and
FOA media. Strains used: SBY18446, SBY9453, SBY15033, SBY18195, SBY18196,
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SBY18186. (C) Condensin and cohesin mutants do not suppress the lethality caused
by ndc80-14D. 5-fold serial dilutions of the indicated strains were plated on YPD, -ura,
and FOA media. Strains used: SBY18446, SBY9453, SBY15221, SBY15420,
SBY15421, SBY15384, SBY15395. (D) Various additional biorientation mutants or
hypomorphic alleles do not suppress the lethality caused by ndc80-14D. 5-fold serial
dilutions of the indicated strains were plated on YPD, -ura, and FOA media. Strains
used: SBY18446, SBY9453, SBY18188, SBY15148, SBY15061, SBY15134,
SBY16554, SBY15129.
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Supplementary Figure 3.4. ndc80-14A and ip/1-327 do not additively
compromise growth.

5-fold serial dilutions of the indicated strains were plated to YPD or YPD + 5 ug/ ml

benomyl media and grown at the indicated temperatures. Strains used: SBYS3,
SBY630, SBY14424, SBY17684.
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Chapter 4: Conclusions and Perspectives

In this dissertation | present the results of my investigations into the
mechanisms that regulate Mps1 localization at the kinetochore. | found that Mps1
association with native kinetochore complexes isolated from budding yeast is not
disrupted when kinetochores bind to microtubules in multiple different configurations.
Instead, | found that Mps1 autophosphorylation prevents it from binding to
kinetochores and | identified several potential phosphorylation sites in the N-terminus
of Mps1 that mediate its release from kinetochores in vitro. Mutation of additional
potential phosphorylation sites in the N-terminus reduced Mps1 co-
immunoprecipitation with kinetochores, suggesting that phosphorylation of certain
sites promotes kinetochore association while phosphorylation of others mediates
release. In support of this hypothesis, | found that a constitutively catalytically inactive
allele of Mps1, Mps1-D580A, consistently had a reduced association with kinetochores
compared to wild-type in cells expressing an additional wild-type Mps1. In the future,
mutating additional combinations of potential phosphorylation sites in the Mps1 N-
terminus and examining the ability of those mutant proteins to associate with
kinetochores should identify which sites are important for Mps1 binding versus release
from kinetochores. However, it is also possible that mutation of the N-terminus of
Mps1 reduces its kinase activity. If so, mutations may indirectly prevent release rather
than indicate that the mutated sites are involved in kinetochore association per se. To
address this issue, it will be important to measure the kinase activity of specific Mps1

mutants in order to draw more precise conclusions about residues required for Mps1-
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kinetochore binding. Recent results suggest that human Mps1 has an auto-inhibitory
domain in its N-terminus, consistent with such a possibility (139). Given that co-
immunoprecipitations can only give a static depiction of the ability of proteins to
remain bound together, the ability of specific Mps1 mutants to associate with purified
kinetochores would be better investigated using a more sensitive and potentially
dynamic technique such as TIRF microscopy. This would enable a quantitative
estimate of the number of mutant Mps1 molecules that can associate with purified
kinetochore particles. Additionally, it may be possible to observe binding and release
of fluorescently labeled Mps1 to purified kinetochores. This would reveal the kinetics
of binding and release and would better characterize the effects of specific point
mutations.

In my thesis work, | aimed to identify a mechanism by which Mps1 promotes
biorientation independently of the spindle assembly checkpoint. | found that Mps1
phosphorylation of kinetochores weakens kinetochore-microtubule attachments in vitro
and that Ndc80 is the relevant substrate for this effect. | also found that Mps1
phosphorylation of Ndc80 is important for proper chromosome segregation in cells
because either preventing or mimicking the phosphorylation causes chromosome
missegregation. Because preventing Mps1 phosphorylation of Ndc80 with the ndc80-
14A allele reduced the association of Dam1 complex with kinetochores, it will be
important to determine whether Dam1 localization at kinetochores is reduced in ndc80-
14A cells. This can be visualized by fluorescently tagging Dam1 or through visualizing
epitope-tagged Dam1 complex proteins via immunofluorescence. Such a result would

help determine whether the chromosome missegregation observed in ndc80-74A cells
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is primarily due to a Dam1 complex localization defect. If the localization of Dam1
complex appears like wild-type, however, we still could not completely rule out a Dam1
complex defect but it would more strongly suggest that Mps1 phosphorylation
influences attachments directly through an effect on Ndc80 function.

Interestingly, | found that mutation of the Bub1-Sgo1-Aurora B biorientation
pathway rescues the lethality caused by ndc80-74D, which mimics constitutive Mps1
phosphorylation of Ndc80. These results suggest that ndc80-74D causes an
attachment or biorientation defect that is detected by this biorientation pathway. In the
future, whether Ndc80-14D directly weakens attachments can be measured by
purifying kinetochores from viable double mutants (such as ndc80-74D ipl1-321) and
measuring their attachment strength using the laser-trapping assay. Chromosome
missegregation rates were similar between ndc80-714D sgo1-100 and sgo7-100 cells at
150 minutes following G1 release. This latter is consistent with the ability of double
mutant cells to grow and suggests that activity of the Bub1-Sgo1-Aurora B pathway
is primarily responsible for the death of ndc80-74D cells, as opposed to an intrinsic
attachment defect caused by ndc80-74D. Overall, my results suggest that Mps1 and
Aurora B"™' phosphorylation of Ndc80 both weaken kinetochore-microtubule
attachments and that Mps1 phosphorylation of Ndc80 serves as an indirect
mechanism to promote error correction by Aurora B"".

In the future, it will be interesting to compare the effect of Mps1 versus Aurora
B*" phosphorylation of specific sites in Ndc80 on kinetochore-microtubule
attachments using kinetochore purifications and laser trapping. Based on my

observation that ip/7-321 rescues ndc80-14D, | hypothesize that Mps1 and Aurora B"*"
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phosphorylation will additively weaken attachments and that potentially Aurora B™"
phosphorylation weakens attachments more dramatically than Mps1 phosphorylation.
Additionally, directly comparing the chromosome missegregation rates of specific
phospho-mutants in cells will give a better comparison of the importance of each type
of phosphorylation to chromosome segregation. | look forward to further research
aimed at addressing these remaining questions on how Mps1 and Aurora B*" influence

kinetochore-microtubule attachments.
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Tables

Table 1. List of relevant phospho-mutant alleles

Allele Mutated residues Source Plasmid
dsn1-2D S240D S250D Akiyoshi et al| pSB1104
2013

mps1-8A  |S153A S159A T162A T163A T173A T175A S185A |this study pSB2642
T195A

mps1-16A |S22A, T28A, T47A, S50A, T71A, S129A, T145A, |this study pSB2850
S153A, S159A, T162A, T163A, T173A, T175A,
S185, T195A, S203A

ndc80-14A |S4A T5A S6A T21A S22A S37A T38A T43A T74|Kemmler et|pSB1848
T79 T82 S205A T248A T252A al 2009

ndc80-14D (S4D T5D S6D T21D S22D S37D T38D T43D|Kemmler et|pSB1577
T74D T79D T82D S205D T248D T252D al 2009

ndc80-7A |T21A S37A T54A T71A T74A S95A S100A Akiyoshi et al| pSB1336

2009
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Table 2: Plasmid List

Plasmid Number Description Source
pSB116 PHIS3-pCUP1-GFP12-Lacl12 HIS3 Biggins et al 1999
integrating
pSB205 PDS1-18Myc LEUZ integrating Shirayama et al 1998
pSB209 pPGAL-12Myc URAS integrating Biggins Lab
pSB563 PASK1-ASK1-Myc HIS3 integrating Eliredge Lab
pSB1104 DSN1-2D HIS3 integrating Akiyoshi et al 2013
pSB1172 LacO(256) 2kb from CENVIII, near QCR10 Ng et al 2009
integrating
pSB1302 pPNDC80-NDC80 URA3 CENVI replicating Akiyoshi et al 2009
pSB1577 pPNDC80-ndc80-14D-3HA-KANMX6- Kemmler et al 2009
(pSK981) Ndc80term integrating
pSB1590 DSN1-6His-3Flag URAS3 integrating Akiyoshi et al 2010
pSB1821 SNAP HPHMX Aaron Hoskins, Moore Lab, U
Mass Med
pSB1824 CLIP KANMX Aaron Hoskins, Moore Lab, U
Mass Med
pSB1848 pPNDC80-ndc80-14A-3HA-KANMX6- Kemmler et al 2009
(PSK1039) Ndc80term integrating
pSB1934 pPRS303-pADH1-0OsTIR1 HIS3 integrating Gottschling Lab, Calico
pSB2046 3V5-KANMX URAS3 Amon Lab
pSB2067 pFA6a-3V5-I1AA17-KANMX Leon Chan, Weis Lab UC
Berkeley
pSB2141 pPMPS1-10Myc-MPS1 TRP1 KANMX Winey Lab, UC Davis
integrating
pSB2188 pPGALT-12Myc-MPS1-3'UTR URA3 this study
integrating
pSB2192 pPMPS1-10Myc-mps1-R170S-3'UTR TRP1 this study
KANMX integrating
pSB2222 TRP1 single integration Leon Chan, Weis Lab, UC
Berkeley
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pSB2286

pSB2378

pSB2397

pSB2439
pSB2591

pSB2642

pSB2643
pSB2708

pSB2850

pPMPS1-10Myc-mps1A2-439-3'UTR TRP1
KANMX integrating
pNDC80-NDC80-3V5-IAA7 TRP1 single
integration

pPMPS1-10Myc-MPS1-3'UTR TRP1 single
integration

DSN1-2D-6His-3Flag URAS3 integrating
pPGALT-12Myc-mps1A401-765-3'UTR URAS3
integrating

pPMPS1-10Myc-mps1-8A-3'UTR TRP1 single
integration

pPMPS1-MPS1 URA3 CENVI replicating
pPMPS1-10Myc-mps1-D580A-3'UTR TRP1
single integration
pPMPS1-10Myc-mps1-16A-3'UTR TRP1

single integration

this study

Matthew P. Miller, Biggins Lab

this study

Lang et al, under revision

this study

this study

this study
this study

this study
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Table 3: Strain List

Strain

Genotype

Integrated and

[Replicating]

SBY3

SBY630

SBY1772

SBY1960

SBY4880

SBY8066

SBY8253

SBY8366

SBY8476

SBY8726

SBY8938

SBY9190

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1A

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 BAR1 ipl1-321

MATa ura3-1 leu2,3-112 his3-11::ASK1-Myc:HIS3
trp1-1 ade2-1 LYS2 can1-100 bari1-1

MATa ura3-1 leu2,3-112 his3-11 trp1-11 ade2-1 LYS2 SB205

cani-100 BAR1 PDS1-Myc:LEU2 DAM1-9Myc:TRP1
MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
cani-100 bar1-1 PDS1-18Myc:LEU2

MATa ura3-1 leu2,3-112 his3-11::dsn1-2D:HIS3 trp1-1 pSB1104, pSB205

ade2-1 LYS2 can1-100 bar1-1 PDS1-18Myc:LEU2
dsn1A:KANMX

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ask1-3 DSN1-6His-3Flag:URA3
MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3 mps1-1
MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3 DAM1-
9Myc:TRP1 mps1-1

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
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can1-100 bar1-1 DSN1-6His-3Flag:URA3
mps1A:KANMX:10Myc-MPS1:TRP1

SBY9453 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2  [pSB1302],
can1-100 bar1-1 ndc80-14D-3HA:KANMX [NDC80 pSB1577
URA3 CEN Vi]

SBY10274 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3 DAM1-
9Myc:TRP1

SBY10572 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 pSB1848
can1-100 bar1-1 ndc80-14A-3HA:KANMX DSN1-6His-

3Flag:URA3
SBY11334 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2  [pSB1302],
can1-100 bar1-1 ndc80-14D-3HA:KANMX pSB1577

mad3A::HIS3 [NDC80 URA3 CEN VI]

SBY11808 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3 NDC80-
SHA:KANMX

SBY11809 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3 NDC80-
SHA:KANMX

SBY12039 MATa ura3-1 leu2,3-112 his3-11::ASK1-Myc:HIS3 pSB563, pSB1848

trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-6His-
3Flag:URA3 ndc80-14A-3HA:KANMX

SBY12076 MATa ura3-1 leu2,3-112 his3-11::ASK1-Myc:HIS3 pSB563
trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-6His-
3Flag:URA3 NDC80-3HA:KANMX

SBY12088 MATa ura3-1 leu2,3-112 his3-11::ASK1-Myc:HIS3 pSB563
trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-6His-
3Flag:URA3
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SBY12090 MATa ura3-1 leu2,3-112 his3-11::ASK1-Myc:HIS3 pSB563
trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-6His-
3Flag:URA3 mps1-1

SBY12352 MATa ura3-1 leu2,3-112 his3-11::pADH1-OsTIR1- pSB1934
myc:HIS3 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:KANMX NDC80-3V5-1AA17:KANMX
mps1A:KANMX:10Myc-MPS1:TRP1

SBY12374 MATa ura3-1::mpsi1-7 leu2,3-112 his3-11 trp1-1 ade2- SB205
1 LYS2 can1-100 BAR1 mps1A::KANMX PDS1-
Myc:LEU2

SBY12412 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 MPS1-3V5:KANMX

SBY12464 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DAD1-3Flag:TRP1

SBY12549 MATa/a ura3-1/ura3-1 leu2,3-112/leu2,3-112 pSB1934
his3::pGPD1-OsTIR1-Myc:HIS3/his3-11 trp1-1/trp1-1
ade2-1/ade2-1 LYS2/LYS2 can1-100/can1-100 bar1-
1/bar1-1 DSN1-3FLAG:KANMX/DSN1-3FLAG:KANMX
mps1A:KANMX:pMPS1-10Myc-
MPS1:TRP1/mps1A::KANMX:pMPS1-10Myc-
MPS1:TRP1 NDC80-3HA:KANMX/NDC80-3V5-
IAA17:KANMX

SBY12550 MATa/a ura3-1/ura3-1 leu2,3-112/leu2,3-112 pSB1848,
his3::pGPD1-OsTIR1-Myc:HIS3/his3-11 trp1-1/trp1-1 pSB1934
ade2-1/ade2-1 LYS2/LYS2 can1-100/can1-100 bar1-
1/bar1-1 DSN1-3FLAG:KANMX/DSN1-3FLAG:KANMX
mps1A:KANMX:pMPS1-10Myc-
MPS1:TRP1/mps1A::KANMX:pMPS1-10Myc-
MPS1:TRP1 ndc80-14A-3HA:KANMX/NDC80-3V5-
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IAA17:KANMX

SBY12570 MATa/a ura3-1/ura3-1 leu2,3-112/leu2,3-112
his3::pGPD1-OsTIR1-Myc:HIS3/his3-11 trp1-1/trp1-1
ade2-1/ade2-1 LYS2/LYS2 can1-100/can1-100 bar1-
1/bar1-1 DSN1-3FLAG:KANMX/DSN1-3FLAG:KANMX
mps1A:KANMX:pMPS1-10Myc-
MPS1:TRP1/mps1A::KANMX:pMPS1-10Myc-
MPS1:TRP1 ndc80-14D-3HA:KANMX/NDC80-3V5-
IAA17:KANMX

SBY12571 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3 MTW1-
CLIP:KANMX MPS1-SNAP:HPH

SBY13086 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 DSN1-6His-3Flag:URA3 ndc80-14A-
3HA:KANMX

SBY13196 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 mps1A::KANMX:10Myc-mps1-
R170S:TRP1 DSN1-6His-3Flag:URA3

SBY13704 MATa ura3-1 leu2,3-112 his3-11::pADH1-OsTIR1-
myc:HIS3 trp1-1::pMPS1-10Myc-mps1A2-
439:TRP1:KANMX ade2-1 LYS2 can1-100 bar1-1
DSN1-6His-3Flag:URA3 MPS1-3V5-1AA17:KANMX

SBY14108 MATa ura3-1 leu2,3-112 his3-11::pADH1-OsTIR1-
myc:HIS3 trp1-1::pMPS1-10Myc-MPS1:TRP1:KANMX
ade2-1 LYS2 can1-100 bar1-1 DSN1-6His-3Flag:URA3
MPS1-3V5-1AA17:KANMX

SBY14424 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14A-3HA:KANMX

SBY14429 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2

pSB1577,
pSB1934

pSB1848

pSB2192

pSB1934,

pSB1590,

pSB2286

pSB1934,

pSB2397

pSB1848

[PSB1302],
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can1-100 bar1-1 ndc80-14D-3HA:KANMX sgo1-
100:KANMX [NDC80 URA3 CEN VI]

SBY15033 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX SGO1-
3GFP:HIS3 [NDC80 URA3 CEN VI]

SBY15061 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX
pds1A:LEU2 [NDC80 URA3 CEN VI]

SBY15062 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 mad2A::HIS3

SBY15087 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX
mad2A::KANMX [NDC80 URA3 CEN Vi]

SBY15096 MATa ura3-1 leu2,3-112 his3-11::pGPD1-OsTIR1:HIS3
trp1-1::pNDC80-NDC80-3V5-IAA7:TRP1 ade2-1 LYS2
can1-100 bar1-1 PDS1-Myc:LEU2

SBY15099 MATa ura3-1 leu2,3-112 his3-11::pGPD1-OsTIR1:HIS3
trp1-1 ade2-1 LYS2 can1-100 bar1-1 PDS1-Myc:LEU2

SBY15129 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX MPS1-3V5-
IAA17:KANMX [NDC80 URA3 CEN V1]

SBY15134 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX dam1-3A
(S257A, S265A, S292A):HPH [NDC80 URA3 CEN VI]

SBY15139 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX
bub1A::HPH NDC80:URA3 [NDC80 URA3 CEN VI]

SBY15148 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX

pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577

pSB1934,
pSB205, pSB2378

pSB205

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577
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cdc55A::HPH NDC80:URA3 [NDC80 URA3 CEN V]

SBY15149 MATa ura3-1 leu2,3-112 his3-11::pGPD1-OsTIR1:HIS3 [pSB1302],
trp1-1::pNDC80-NDC80-3V5-IAA7:TRP1 ade2-1 LYS2 pSB1577,

can1-100 bar1-1 ndc80-14D-3HA:KANMX [NDC80
URA3 CEN Vi]

SBY15206 MATa ura3-1 leu2,3-112 his3-11::pGPD1-OsTIR1:HIS3
tro1-1::pNDC80-NDC80-3V5-IAA7:TRP1 ade2-1 LYS2

can1-100 bar1-1 ndc80-14D-3HA:KANMX PDS1-
Myc:LEU2

SBY15221 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX smc4-1
[NDC80 URA3 CEN VI]

SBY15285 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 dsn1-2D-6His-3Flag:URA3 MTW1-
CLIP:KANMX MPS1-SNAP:HPH

SBY15384 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX scc2-4
[NDC80 URA3 CEN V1]

SBY15395 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX SMC4-
Myc:TRP1 [NDC80 URA3 CEN Vi]

SBY15420 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX mcd1-1
[NDC80 URA3 CEN VI]

SBY15421 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX ycg1-2
[NDC80 URA3 CEN VI]

SBY15524 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX sgo1-3A

pSB2378
pSB2378,

pSB1577, pSB205

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577
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(Y47A, Q50A, S52A):HPH [NDC80 URA3 CEN VI]

SBY15526 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2  [pSB1302],
can1-100 bar1-1 ndc80-14D-3HA:KANMX sgo1-700- pSB1577
63HA:TRP1 [NDC80 URAS3 CEN Vi]

SBY15829 MATa ura3-1 leu2,3-112::pGPD1-OsTIR1:LEU2 his3- pSB116,

11::pCUP1-GFP12-Lacl12:HIS3 trp1-1::pNDC80- pSB1577,
NDC80-3V5-IAA7:TRP1 ade2-1 LYS2 can1-100 bar1-1 pSB2378,
CENVIII-LacOs:TRP1 mad2A::KANMX pSB1172
SBY15830 MATa ura3-1 leu2,3-112::pGPD1-OsTIR1:LEU2 his3- pSB116,
11::pCUP1-GFP12-Lacl12:HIS3 trp1-1::pNDC80- pSB1577,
NDC80-3V5-IAA7:TRP1 ade2-1 LYS2 can1-100 bar1-1 pSB2378,
ndc80-14D-3HA:KANMX CENVIII-LacOs:TRP1 pSB1172

mad2A::KANMX

SBY16381 MATa ura3-1, leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 pSB205
can1-100 bar1-1 DSN1-6His-3Flag:URA3 MTW1-
CLIP:KANMX MPS1-SNAP:HPH PDS1-18myc:LEU2

SBY16417 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 pSB205
can1-100 bar1-1 dsn1-2D-6His-3Flag:URA3 MTW1-
CLIP:KANMX MPS1-SNAP:HPH PDS1-18myc:LEU2

SBY16554 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2  [pSB1302],
can1-100 bar1-1 ndc80-14D-3HA:KANMX DAM1- pSB1577
9Myc:TRP1 [NDC80 URA3 CEN VI]

SBY16862 MATa ura3-1::pGAL-12Myc-mps1A401-765:URA3 pSB2591
leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100
bar1-1 DSN1-6His-3Flag:URA3 MPS1-3V5:KANMX

SBY17018 MATa ura3-1::pGAL-12Myc-MPS1:URAS3 leu2,3-112  pSB2188
his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
6His-3Flag:URA3 MPS1-3V5:KANMX

SBY17182 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2397
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10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
MPS1-3V5:KANMX

SBY17183 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2708
10Myc-mps1-D580A:TRP1 ade2-1 LYS2 can1-100
bar1-1 MPS1-3V5:KANMX

SBY17184 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2642
10Myc-mps1-8A:TRP1 ade2-1 LYS2 can1-100 bar1-1
mps1A::KANMX

SBY17274 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2642
10Myc-mps1-8A:TRP1 ade2-1 LYS2 can1-100 bar1-1
DSN1-6His-3Flag:URA3 mps1A:KANMX

SBY17366 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2397
10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
mps1A::KANMX

SBY17383 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2397
10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
DSN1-6His-3Flag:URA3 MPS1-3V5:KANMX

SBY17475 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2397,
10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1 [pPSB2643]
mps1A:KANMX [MPS1 URA3 CEN VI]

SBY17564 MATa ura3-1 leu2,3-112 his3-11::pCUP1-GFP12- pSB116,
Lacl12:HIS3 trp1-1 ade2-1 LYS2 can1-100 bar1-1 pSB1848,
ndc80-14A-3HA:KANMX CENVIII-LacOs:TRP1 pSB1172

SBY17565 MATa ura3-1 leu2,3-112 his3-11::pCUP1-GFP12- pSB116, pSB1172

Lacl12:HIS3 trp1-1 ade2-1 LYS2 can1-100 bar1-1
NDC80-3HA:KANMX CENVIII-LacOs:TRP1

SBY17571 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2850,
10Myc-mps1-16A:TRP1 ade2-1 LYS2 can1-100 bar1- [pSB2643]
1 mps1A::KAN [MPS1 URA3 CEN VI]
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SBY17624 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 NDC80-3HA:KANMX mad2A::HIS3
PDS1-Myc:LEU2

SBY17628 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1-
10Myc-mps1-D580A:TRP1 ade2-1 LYS2 can1-100
bar1-1 MPS1-3V5:KANMX DSN1-6His-3Flag:URA3

SBY17629 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1-
10Myc-mps1-16A:TRP1 ade2-1 LYS2 can1-100 bar1-
1 MPS1-3V5:KANMX DSN1-6His-3Flag:URA3

SBY17648 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 NDC80-3HA:KANMX PDS1-
Myc:LEU2

SBY17684 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14A-3HA:KANMX ipl1-321

SBY17807 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14A-3HA:KANMX PDS1-
Myc:LEU2

SBY17895 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14A-3HA:KANMX
mad2A::HIS3 PDS1-Myc:LEU2

SBY17898 MATa ura3-1 leu2,3-112 his3-11::pCUP1-GFP12-
Lacl12:HIS3 trp1-1 ade2-1 LYS2 can1-100 bar1-1
ndc80-14A-3HA:KANMX CENVIII-LacOs:TRP1
spc110A::SPC110-mCherry:HIS3

SBY17901 MATa ura3-1 leu2,3-112 his3-11::pCUP1-GFP12-
Lacl12:HIS3 trp1-1 ade2-1 LYS2 can1-100 bar1-1
NDC80-3HA:KANMX CENVIII-LacOs:TRP1
spc110A::SPC110-mCherry:HIS3

SBY17906 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1-

pSB205

pSB2708

pSB2850

pSB205

pSB1848

pSB1848, pSB205

pSB1848, pSB205

pSB116,
pSB1172,
pSB1848

pSB116, pSB1172

pSB2397, pSB205
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SBY17909

SBY17931

SBY17991

SBY17993

SBY18141

10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
DSN1-3Flag:KANMX mps1A::KAN PDS1-18Myc:LEU2
MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1-
10Myc-mps1-8A:TRP1 ade2-1 LYS2 can1-100 bar1-1
DSN1-3Flag:KANMX mps1A::KAN PDS1-18Myc:LEU2
MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1-
10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
DSN1-6His-3Flag:URA3 mps1A:KANMX

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX
bub3A::HPH [NDC80 URA3 CEN VI]

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX
mad1A::HIS3 [NDC80 URA3 CEN VI]

MATa ura3-1 leu2,3-112 his3-11::pCUP1-GFP12-
Lacl12:HIS3 trp1-1 ade2-1 LYS2 can1-100 bar1-1
NDC80-3HA:KANMX mad2A::HIS3 CENVIII-
LacOs:TRP1 spc110A::SPC110-mCherry:HIS3

SBY18186 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2

can1-100 bar1-1 ndc80-14D-3HA:KANMX BUB3-
3GFP:HIS3 [NDC80 URA3 CEN VI]

SBY18187 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2

can1-100 bar1-1 ndc80-14D-3HA:KANMX
bub1Akinase:HPH [NDC80 URA3 CEN V]

SBY18188 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2

can1-100 bar1-1 ndc80-14D-3HA:KANMX rts1A::HPH
[NDC80 URA3 CEN VI

SBY18195 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2

can1-100 bar1-1 ndc80-14D-3HA:KANMX SGO1-

pSB205, pSB2642

pSB2397

[PSB1302],

pSB1577

[PSB1302],
pSB1577

pSB116, pSB1172

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577

[PSB1302],
pSB1577
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63HA:TRP1 [NDC80 URA3 CEN V]
SBY18196 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2  [pSB1302],

can1-100 bar1-1 ndc80-14D-3HA:KANMX SGO1- pSB1577
3V5:HIS3 [NDC80 URA3 CEN VI]

SBY18208 MATa ura3-1 leu2,3-112 his3-11::pCUP1-GFP12- pSB116,pSB1172,
Lacl12:HIS3 trp1-1 ade2-1 LYS2 can1-100 bar1-1 pSB1848

ndc80-14A-3HA:KANMX mad2A::HIS3 CENVIII-
LacOs:TRP1 spc110A::SPC110-mCherry:HIS3

SBY18307 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2397
10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
mps1A::KANMX

SBY18308 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2850
10Myc-mps1-16A:TRP1 ade2-1 LYS2 can1-100 bar1-
1 mps1A:KANMX

SBY18316 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB2397, pSB205
10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
MPS1-3V5:KANMX DSN1-6His-3Flag:URA3 PDS1-
Myc:LEU2

SBY18317 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB205, pSB2708
10Myc-mps1-D580A:TRP1 ade2-1 LYS2 can1-100
bar1-1 MPS1-3V5:KANMX DSN1-6His-3Flag:URA3
PDS1-Myc:LEU2

SBY18318 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB205, pSB2850
10Myc-mps1-16A:TRP1 ade2-1 LYS2 can1-100 bar1-
1 MPS1-3V5:KANMX DSN1-6His-3Flag:URA3 PDS1-
Myc:LEU2

SBY18319 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1- pSB205, pSB2397
10Myc-MPS1:TRP1 ade2-1 LYS2 can1-100 bar1-1
mps1A:KANMX PDS1-Myc:LEU2
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SBY18320 MATa ura3-1 leu2,3-112 his3-11 trp1-1::pMPS1-
10Myc-mps1-16A:TRP1 ade2-1 LYS2 can1-100 bar1-
1 mps1A:KANMX PDS1-Myc:LEU2

SBY18446 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 NDC80-3HA:KANMX [NDC80 URA3
CEN VI]

SBY18561 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 ndc80-14D-3HA:KANMX ipl1-321
[NDC80 URA3 CEN VI]

pSB205, pSB2850

[PSB1302],
pSB1577

[PSB1302],
pSB1577
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