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Abstract

The control of mitotic progression by kinetochore-microtubule attachments

Jonathan Kuhn

To maintain genomic integrity, the Spindle Assembly Checkpoint (SAC) prevents
anaphase onset until all chromosomes attach to the mitotic spindle in a bioriented fashion. The
generation of SAC signal at individual kinetochores is controlled by the amount of localization of
the SAC protein Mad1l. In this work, | ask how kinetochores detects and counts correct
microtubule attachments to control Madl localization and thus prevent mitotic errors. There are
two long-standing candidate signals that turn off the checkpoint — the binding interaction
between kinetochores and microtubules and the tension generated on kinetochores by attached
microtubule pulling forces. It has been difficult to analyze the independent contribution of these
signals to Madl loss because they are closely associated in space and time. Using live imaging,
I demonstrate that mammalian kinetochores under tension but lacking plus-end microtubule
attachments remain Mad1-positive, indicating that tension is not sufficient for SAC satisfaction. |
then use laser ablation to show that kinetochores that are attached to microtubules but not
under tension are Mad1l-negative, proving that tension is not necessary for SAC satisfaction.
Finally, having shown that kinetochores detect microtubule binding to control Mad1 levels, | ask
how many attachments are required to turn off the checkpoint. By limiting the number of
possible kinetochore-microtubule attachments, | show that while individual kinetochores bind
15-25 microtubules at metaphase, they are capable of complete — albeit slow — Madl loss with
four or less attachments. Taken together, my data show how kinetochores detect spindle

attachments, how they process them quantitatively, and how they respond in real time.
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Understanding these properties of kinetochore signaling is critical for understanding kinetochore

structure and biochemistry and how cells manage to divide in an accurate and robust manner.
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Chapter 1: Controlling mitotic

progression



I. Principles of cellular decision-making

The process of decision-making is a fundamental part of life at all scales. We as
organisms decide when to eat, where to live, and who to associate with. Individual cells must
also make complex and important decisions, like where to migrate, what shape to adopt, and
when to divide. Across scales, the basic concept of decision-making is identical: organisms
accept inputs from the surrounding environment, process them, and output a decision. On the
whole-organism level, decision-making is simple to understand: for example, if we look at a
piece of fruit and see mold, we decide not to eat it. On smaller length-scales, this problem
becomes more convoluted: how can a cell which possesses no brain or eyes process inputs

and make choices?

In order to respond to their environments, cells have created a multitude of methods to
detect and process inputs. In order to move towards a chemical cue (e.g. food or a bacterium),
cell surface receptors must interact with that cue and activate actin polymerization locally (to
produce force in the direction of the cue) while preventing it globally (to allow movement in a
specific direction) (Devreotes et al., 2017). How the cell processes these chemical cues
guantitatively is critical to cell function: an overly sensitive response could lead to constant
activation in response to false positives, while an overly stringent one could lead to cells missing
important cues. Like all signaling networks, the quantitative properties of this response is
controlled by the structure of the biochemical network its associated with, in this case linking
signal detection to actin polymerization (Devreotes et al., 2017; Lim et al., 2013). Understanding
the quantitative relationship of input and output is therefore critical for understanding the

biochemical network, and vice versa.

In addition to chemical cues, cells must also be able to respond to their mechanical
environment. For example, developing axons use ion channels that respond to changes in force
in order to detect the stiffness of their local environment and grow towards their respective
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target neurons (Koser et al., 2016). The aforementioned ion channel, Piezol, detects force by
undergoing a conformational change under force that leads to channel-opening (Saotome et al.,
2018; Zhao et al., 2018). Similarly, application of tensile force across cell adhesion protein Talin
leads to the exposure of binding sites in the molecule which can recruit proteins important for
responding to increases in substrate stiffness. How — and if — different biological structures

respond to force affects nearly every aspect of cell’s life, from differentiation, to growth, to birth.

One critical cellular process which presents a critical decision-making challenge is cell
division. Knowing when to divide and when not to is critical for tissue development and
homeostasis as well as mutation prevention. The stakes of this decision are extremely high —
genome segregation is irreversible and errors can lead to cell death and disease. How cells
combine chemical and mechanical cues to make this choice correctly has been a basic and

long-standing question within cell biology for over a century.

Il. Ensuring accurate cell division

The division of individual cells is a fundamental part of the life cycle across all
organisms. Unicellular bacteria reproduce via cell division, while multicellular organisms like
humans must produce trillions of cells as raw material to build and maintain complex tissue
structures. While the specific details may differ, the general principles of cell division remain
constant: cells must first create a copy of their genome and then separate the two genomes so
that each cell gets one copy. This presents two fundamental challenges that cells must
overcome in order to divide successfully: First, cells must ensure they copy their genome before
completing cell division. Second, cells must partition their two genome copies such that, when
they divide, each daughter cell gets exactly one copy. A mistake in either of these processes

can lead to cell death or dangerous mutations. While these two processes are tightly coupled in



bacteria (Haeusser and Levin, 2008), chromosome replication and segregation in eukaryotes
occur in distinct phases separated in time (Harashima et al., 2013). In order to divide
successfully, cells must be able to choose when to enter and exit these stages — a decision-
making problem that requires cells to integrate spatial, temporal, and mechanical information

robustly and accurately.

After replicating their DNA, somatic cells enter into mitosis and prepare to separate their
genomes. Upon mitotic entry (prophase) the individual chromosomes composed of genetically
identical sister chromatids within the nucleus and (in metazoans) enter the cytoplasm and begin
to move independently of one another. The mitotic spindle, the microtubule-based machine
which moves chromosomes, organizes these chromosomes by moving them to the middle of
the cell during metaphase and orienting them with one chromatid attached to one side of the
spindle and one chromatid attached to the other — a process known as biorientation. Then, the
sister chromatids split apart as the cell enters anaphase and the spindle pulls chromatids to the
opposing sides of the cell which eventually become two daughter cells. Because the gain or loss
of chromosomes (aneuploidy) is a serious error which leads to cell death and disease (Giam
and Rancati, 2015), the cell must be able to prevent anaphase onset (sister chromatid

segregation) until all chromosomes are properly bioriented.

To ensure accurate chromosome segregation, the cell has developed a system known
as the Spindle Assembly checkpoint (SAC) which prevents anaphase onset until all
chromosomes are correctly attached to the mitotic spindle (London and Biggins, 2014c). The
first reports of the SAC date back to 1936, when it was observed that treating tissues with
microtubule-depolymerizing drug colchicine leads to accumulation of cells arrested in mitosis
due to spindle defects (Levan, 1938; Ludford, 1936). It was later shown that a single unaligned
chromosome in a healthy spindle could delay anaphase until it was properly aligned (Zirkle,

1970). It was not until the 1990s that the mechanism of the anaphase delay became more clear:



when a chromosome is not correctly oriented, the SAC prevents the degradation of Cohesin, the
protein that physically holds sister chromatids together (Uhlmann et al., 1999). In order for the
SAC to preserve genomic integrity, the cell must somehow be able to detect chromosome

biorientation. How are cells able to monitor the spatial organization of their chromosomes?

Ill. Detecting correct kinetochore attachment

SAC signaling is controlled by a protein machine known as the kinetochore. The
kinetochore is a complex of variable size composed of >100 different proteins which connects
sister chromatids to microtubules (Musacchio and Desai, 2017). In 1995, a series of key laser
ablation experiments identified the kinetochores of unaligned chromosomes as the source of the
“‘wait-anaphase” signal (Rieder et al., 1995). Concurrently, it was determined that almost all
proteins involved in the SAC response localized to the kinetochores of unattached and
incorrectly attached kinetochores (Chen et al., 1996; Li and Benezra, 1996; Taylor and McKeon,
1997). Later, it was shown that the kinetochore localization of one specific SAC protein, Mad1,
is necessary and sufficient to generate the diffusible signal that inhibits Cohesin degredation
and delays anaphase onset (De Antoni et al., 2005; Maldonado and Kapoor, 2011).
Understanding how kinetochores know when to recruit and release Madl is therefore critical for

understanding how cells prevent mitotic errors.

Historically, the kinetochore has been proposed to detect both mechanical and chemical
signals to control anaphase onset. Early work using micromanipulation suggested the
application of tension across the DNA between the two sister kinetochores (a region known as
the centromere) of unaligned chromosomes can trigger anaphase onset (Li and Nicklas, 1995).
The hypothesis that centromere tension turns off the SAC is an attractive one from first
principles: because spindle microtubules exert a pulling force on kinetochores, a kinetochore
pair attached to opposite poles would come under tension while a pair with only one attachment
or a pair where both sisters are attached to the same pole would not. However, other evidence
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suggests that instead of tension, kinetochores control the SAC by monitoring their own binding
to spindle microtubules. For example, pharmacological treatments that depolymerize
microtubules lead to Mad1 kinetochore localization, while treatments that maintain attachments
but prevent centromere tension generation do not (Waters et al., 1998). The debate over which
of these two inputs — tension or attachment — controls Mad1 localization and therefore mitotic
progression has persisted for decades after these initial observations (London and Biggins,
2014d; Pinsky and Biggins, 2005). There are even two distinct (although not exclusive)
molecular models for how kinetochores could turn off the SAC based on what signal
kinetochores detect (Aravamudhan et al., 2015; Hiruma et al., 2015; Ji et al., 2015). Parsing
which of these two signals are important is critical for understanding how the kinetochore

functions as a signaling platform.

A variety of complications have made separating and assessing the impacts of tension
and attachment on SAC signaling extremely difficult. These two potential signals are intrinsically
linked — kinetochore-microtubule attachments are required to generate tension, and kinetochore
pairs at low tension levels lose microtubule attachments as way of correcting erroneous
attachment (Lampson and Cheeseman, 2011). Also, kinetochore pairs can experience both
tension and attachment through a variety of structures and molecules: Tension can applied
across the centromere (interkinetochore tension) or within the structure of one individual
kinetochore (intrakinetochore tension) (Maresca and Salmon, 2009; Uchida et al., 2009).
Kinetochores can attach to the plus-ends of microtubules through outer kinetochore protein
Hec1/NDC80 (end-on attachments) or to the sides of microtubules through a variety of motor
proteins (lateral attachments) (Foley and Kapoor, 2013). Distinguishing between these different
modes of tension and attachment is critical, because they have different molecular and
mechanical origins and therefore implications for kinetochore function. Finally, both of these

properties are variable and highly dynamic during mitosis (Magidson et al., 2011; McEwen et al.,



1997). Tools to monitor and perturb tension and attachment types and assess their impact on

Mad1 localization and checkpoint signaling are crucial for understanding the SAC response.

In chapter 2, | describe our efforts to parse the impact of tension and attachment on
checkpoint signaling by imaging kinetochore pairs and SAC activation in live dividing cells. By
monitoring tension, attachment, and Mad1 localization on kinetochore pairs as they biorient, we
are able to quantitatively describe the loss of Mad1 on individual kinetochores for the first time
and assess which physical changes cause the SAC to turn off. We show that neither tension nor
lateral microtubule attachment is sufficient for Mad1 loss. It is only upon the formation on an
end-on microtubule attachment the SAC is satisfied and Mad1l leaves in a rapid one-step
process. These findings demonstrate that kinetochores must acquire attachment or tension
through a specific kinetochore module — Hecl and its associated proteins — to turn off the SAC.
This constrains the molecular models of kinetochore error detection and Mad1 removal and

provide insight into how kinetochores ensure that they are bioriented prior to SAC satisfaction.

IV. How do kinetochores count microtubules?

Identifying what input the kinetochore uses to make decisions is important, but in order
to understand how the kinetochore functions as a signaling platform it is critical to understand
how it processes attachment information quantitatively. How do kinetochores decide when they
have enough microtubule attachments, or enough tension from end-on attachments, to turn off
the SAC? In budding yeast, this problem is simple: each kinetochore only binds one microtubule
(Peterson and Ris, 1976). Mammalian kinetochores are much more complex: each kinetochore
binds 15-25 microtubules at metaphase with ~250 Hecl subunits. How these kinetochores
count attachment information is intimately linked to the physical structure and network

architecture of the kinetochore and has important implications for how cell division functions.



The question of how biological systems count and process quantitative information is a
fundamental and longstanding one. For example, human cells are able to count how many X-
chromosomes they possess and transcriptionally deactivate all but one (Avner and Heard,
2001). Cells can also tune their regulatory networks to produce different behaviors, from dimmer
switch (analog) responses, to switch-like (digital) responses, to more complex adaptation and
timer behaviors (Lim et al., 2013). While we understand many of the molecules involved in the
SAC response, we understand very little about their overall behavior as a network and its

downstream consequences for cell division.

While there have been some observations, including in chapter 2, that Madl loss is
activated on kinetochores with less than a full complement of microtubule attachments (DeLuca
et al., 2003; Dudka et al., 2018; Sikirzhytski et al., 2018), the constantly fluctuating number of
microtubule attachments within cells make assessing the quantitative relationship between
Madl and attachment number difficult. In chapter 3, | describe a system we developed to
control and fix the number of kinetochore-microtubule contacts on individual kinetochores at a
steady state. Our findings reveal that kinetochores are able to shut off the SAC with very few — 4
or less — microtubule attachments, indicating that the relationship between attachment and
Mad1l localization is switch-like and sensitive. Interestingly, we also observe that low
microtubule occupancy slows the rate of Madl loss, suggesting a mechanism through which a
highly sensitive checkpoint avoids responding to errant attachments. Finally, we show that this
response is mediated solely through microtubule attachment, not the tension generated by
pulling forces. Together, these findings illustrate what signals the kinetochore detects, how it’s
processing machinery works, and suggests mechanisms for how mitosis can be both accurate

and robust.



V. Observing and perturbing kinetochores in mammalian cells.

One of the primary reasons why such fundamental questions about kinetochores
remain unanswered is that their structure is extremely difficult to analyze and they functions are
difficult to perturb. Imaging kinetochore structure with conventional light microscopy is
impossible: mammalian kinetochores are dense, composed of 100s of proteins, and only around
200 nm along the chromosome-spindle axis. Analyzing their mechanical and chemical
properties outside of the cell where manipulation is easy is also extremely difficult: to this point,
a mammalian kinetochore has not been successfully purified or reconstituted. Therefore, special
techniques are required in order to image the kinetochore structure in vivo and to perturb their
function in real time during cell division. In chapter 4, we describe methods to both image and
physically perturb kinetochores in mammalian cells. We discuss specific technical
considerations for two techniques our laboratory specializes in: sub-pixel resolution imaging of
kinetochore deformations in living cells and using cellular compression to exert forces on
spindles and kinetochores. We intend this as resource for those in the field that want to gain

deeper insight about the structural arrangement and mechanical abilities of the kinetochore.



Chapter 2: Spindle assembly checkpoint
satisfaction occurs via end-on but not

lateral attachments under tension
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Abstract:

To ensure accurate chromosome segregation, the spindle assembly checkpoint
(SAC) prevents anaphase until all kinetochores attach to the spindle. What signals the SAC
monitors remains unclear. We do not know the contributions of different microtubule attachment
features, or tension from biorientation, to SAC satisfaction in normal mitosis — or how these
possible cues change during attachment. Here, we quantify concurrent Mad1 intensity, reporting
on SAC silencing, and real-time attachment geometry, occupancy, and tension at individual
mammalian kinetochores. We show that Mad1 loss from the kinetochore occurs in switch-like
events with robust kinetics, and that metaphase-like tension across sister kinetochores is
established just before Mad1l loss events at the first sister. We demonstrate that CenpE-
mediated lateral attachment of the second sister can persistently generate this metaphase-like
tension prior to biorientation, likely stabilizing sister end-on attachment, yet cannot induce Mad1l
loss from that kinetochore. Instead, Mad1l loss begins after several end-on microtubules attach.
Thus, end-on attachment provides geometry-specific molecular cues, or force on specific

kinetochore linkages, that other attachment geometries cannot provide.

Introduction:

The spindle assembly checkpoint (SAC) ensures correct partitioning of the
genome (London and Biggins, 2014c; Musacchio and Salmon, 2007) by preventing the onset of
anaphase until all sister kinetochores are attached to the spindle (Rieder et al., 1995). The level
of SAC proteins at kinetochores regulates cell cycle progression (Collin et al., 2013; Dick and
Gerlich, 2013; Heinrich et al., 2013). Specifically, the removal of Mad1 from attached
kinetochores controls the anaphase-inhibitory signal (Maldonado and Kapoor, 2011). Both

tension from biorientation (MclIntosh, 1991) and microtubule attachment have been proposed to
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control Mad1 loss from kinetochores in mammalian cells (Etemad and Kops, 2016; Pinsky and
Biggins, 2005). While tension across the centromere is not essential for SAC satisfaction
(O’Connell et al., 2008; Rieder et al., 1995), tension within (and across) a single kinetochore
may be (Maresca and Salmon, 2009; Uchida et al., 2009). Across which linkages tension could
be monitored, and whether that tension would be necessary, sufficient, or neither, remains
unclear (Etemad et al., 2015; Magidson et al., 2016; Smith et al., 2016; Tauchman et al., 2015).
Instead, or in addition, the SAC may monitor the presence of microtubules or of a specific
attachment feature such as whether the kinetochore binds to the end (end-on) or side (lateral) of
microtubules (i.e. geometry), how many microtubules it binds (occupancy), and the timescale

over which it remains attached to any — or a given —microtubule (lifetime).

We do not know what physical changes ultimately trigger Madl loss and, critically, we do
not know how changes in tension and attachment features map to those of Mad1 at individual
kinetochores during mammalian spindle assembly. One barrier is that to this point we have only
visualized tension, attachment and SAC signaling together in fixed cells. Challenges to live
imaging these dynamics include concurrently visualizing individual kinetochores moving in 3D,
dim microtubule structures, and dim Mad1 — and doing so at high resolution over long periods.
Since tension and attachment candidate cues both evolve during mitosis (Magidson et al., 2011;
McEwen et al., 1997), and often co-vary and go through short-lived intermediates, uncoupling
their contributions has been difficult. In particular, it is not yet clear if lateral attachments, which
utilize motors rather than Ndc80 for binding microtubules, are able to trigger SAC silencing
(Cheeseman and Desai, 2008; Kops and Shah, 2012; Nezi and Musacchio, 2009), and whether
the answer to this is based on the specificity of their molecular interface, or to a different stability
or force-generating ability. Determining which kinetochore interfaces can and cannot trigger
SAC silencing upon binding to, or being pulled on by, microtubules is essential to understanding

what the kinetochore monitors to control cell cycle progression.
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Here, we develop an approach to quantitatively map in real-time the structural dynamics
of centromere tension, attachment geometry, and attachment occupancy onto those of Mad1
signaling at individual mammalian kinetochores during spindle assembly. Together, our work
reveals the space-time trajectory of a sister pair to SAC silencing, and indicates that
engagement of microtubule ends is the trigger for SAC silencing. We demonstrate that CenpE-
based lateral attachments can generate long-lived force, and are thus well-suited to stabilize
end-on attachments before biorientation, but they cannot satisfy the SAC. Thus, end-on
attachment must provide specific molecular cues — or force on a specific linkage — to control the

SAC that other persistent, force-generating attachments cannot provide.

Results and discussion:

To measure the real-time kinetics of Mad1 depletion once initiated at individual
kinetochores, we used a two-color reporter consisting of EYFP-Madl and CenpC-mCherry (Fig.
2.1A). Madl localization is necessary and sufficient for SAC activation (Maldonado and Kapoor,
2011), its N- or C-terminal EYFP fusions behave similarly (Shah et al., 2004), and Mad1 binding
and dissociation kinetics are well understood on unattached — but not attached — kinetochores
(Dick and Gerlich, 2013; Howell et al., 2004; Shah et al., 2004). In turn, CenpC is a stable
kinetochore component (Shah et al., 2004). The ratio of Mad1 to CenpC intensities controls for
variation in kinetochore size and for out of focal plane movements. We imaged this reporter live
over four focal planes with ~10 s resolution in mammalian PtK2 cells. These cells are ideal to
track kinetochores and map physical attachment and tension changes as they are large, flat,
and have few chromosomes. We tracked individual kinetochores from prophase or
prometaphase to metaphase using CenpC-mCherry, and quantified reporter intensities (Fig.

2.1A).
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We found that Madl levels at individual kinetochores are stable during spindle assembly
(Mad1-ON state), until they drop sharply to background (Mad1-OFF state) while CenpC levels
stay constant (Fig. 2.1A, B, Video 1). While there may be short-lived fluctuations in Mad1 levels
that we cannot detect, we did not find intermediate steady-states with intensities between those
of Mad1-ON and -OFF states, and did not observe any significant re-recruitment of Mad1 upon
the completion of Mad1l loss. To determine the distribution of Mad1 loss rates, we aligned all
Madl loss events in time at the start of Mad1l loss (t=0). This revealed that Mad1l loss kinetics
are switch-like and strikingly similar over kinetochores and cells (n=46 kinetochores in 17 cells;
Fig. 2.1C). The kinetics of Mad1l loss are well fit by a single exponential (t1/2=79 s, R2=0.97,
Fig. 2.1C), with only a marginal fit improvement with a double exponential (R2=0.99). This
suggests that the process of removing Mad1 from kinetochores has one rate-limiting step. This
single event could, for example, be the turnover of phosphorylation marks involved in recruiting

Madl (Nijenhuis et al., 2014), or Mad1 removal by dynein (Howell et al., 2001).

To probe the events that govern Mad1 loss, we examined Mad1 removal at individual
kinetochore pairs and in different conditions. Mad1 loss events at each sister were broadly
distributed in time (10.6+£9.5 min apart; Fig. S2.1A), and thus pairs with a single SAC-satisfying
sister exist (Gorbsky and Ricketts, 1993), and were broadly distributed in in space (Fig. 2.1D,
S1B). While this distribution in space does not have a large effect on the distribution in time (Fig.
S2.1C), it follows a particular pattern: the first sister in a pair to satisfy the SAC began losing
Mad1 close to its spindle pole, often as it transitioned from poleward to away-from-pole
movement; meanwhile, the second sister began losing Madl at a different location (p=0.0009),
close to the metaphase plate, and typically after a sharp movement towards the plate that also
aligned (Magidson et al., 2015) sisters along the pole-to-pole axis (Fig. S2.1D). Despite these
differences, Madl loss events at the first and second kinetochores had indistinguishable kinetics

after the onset of Mad1 loss (Fig. 2.1E). We then asked what physical properties of the
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kinetochore, if any, regulated this rate-limiting step in Mad1l loss. We hypothesized that tension
or attachment, both proposed to be required for Mad1 loss, tune kinetics of Mad1 removal after
its onset. To test this hypothesis, we imaged Mad1 in cells with monopolar spindles (Fig. S2.2A-
B) which have lower tension (Fig. S2.2D), and in cells expressing Hecl1-9A-mRuby2 (Fig.
S2.2C) which have higher tension (Fig. S2D) and microtubule occupancy (Zaytsev et al., 2014).
We use centromere stretch (interkinetochore (K-K) distance) as a reporter of tension: while
centromere stretch is not itself necessary for SAC satisfaction, changes in centromere stretch
imply changes in load on the k-fiber and across at least some kinetochore linkages. Despite
these tension differences, Mad1 loss kinetics remained unchanged in monopoles (p=0.15, n=20
kinetochores, Fig. 2.1E; Video 2) and Hec1-9A cells (p=0.95, n=18 kinetochores; Fig. 2.1E).
This suggests that after the onset of Madl loss, the rate of loss is insensitive to tension and
attachment occupancy levels; once the SAC satisfaction decision is made, the kinetochore

silences the SAC in a stereotypical event.

To gain insight into what events initiate Madl loss, we quantified how tension and
attachment change before and around these stereotypical Mad1l loss events. We began by
measuring the K-K distance of a sister pair before and during Mad1 loss (Fig. 2.2A-C, Video 3).
In all cases mapped, the K-K distance of a single chromosome increased just before the first
sister lost Madl (Fig. 2.2B-C): it started at 1.06 + 0.06 um for t<-2 min, indistinguishable
(p=0.46) from that in nocodazole (n=10 pairs), and increased (p=0.008) to 2.14+0.32 um by t=0,
the start of Mad1 loss (Fig. 2.2D). The K-K distance as Mad1l leaves the first kinetochore is
higher in bipoles than in monopoles (2.14+0.32 um versus 1.20+£0.03, p=0.02; Fig. 2.2D and
S2C), suggesting that an opposing force other than polar ejection force acts prior to silencing
the first kinetochore in normal, bipolar mammalian mitosis. The K-K distance increase just
before Mad1 loss, in all cases measured (Fig. 2.2E), is consistent with — but does not imply —

tension across the kinetochore being necessary to initiate Mad1 loss. However, kinetochore
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pairs persist at a metaphase-level of tension (p=0.55) for minutes without Madl loss at the
second sister (1.89+0.19 pm for t<-2 min, n=19 pairs; Fig. 2.2D) with no significant tension
increase (p=0.96) at t=0 (1.89+£0.14 um). Thus, neither microtubule attachment nor the
transmission of force (i.e. load-bearing) across the kinetochore, from chromosome to

microtubule, is sufficient to satisfy the SAC in normal dividing cells.

To uncover how kinetochores form persistent force-generating attachments without
satisfying the SAC, we concurrently quantified Mad1 intensity and the position and intensity of
microtubules at kinetochores in live cells. We expressed EYFP-Madl and mCherry-tubulin (Fig.
2.3A, Video 4). On pairs with one Mad1-ON sister (K2, orange), the Mad1-ON sister was
associated with a microtubule bundle whose intensity continued past the kinetochore rather than
terminating at it (Fig. 2.3A, Video 4). This is consistent with motor-driven lateral kinetochore-
microtubule attachments, which we identified as cases where i) the tubulin intensity is equal on
both sides of a kinetochore (Fig. 2.3B) and where ii) there is centromere tension (Kapoor et al.,
2006) confirming productive microtubule engagement. We detected the same intermediates
(pairs under tension with one lateral, Mad1-ON kinetochore, and one Mad1-OFF kinetochore) in
fixed PtK2 cells stained for endogenous Mad2 (Fig. S2.3A-C, n=17 pairs), validating EYFP-
Mad1l as a live-cell reporter. Despite interactions with lateral microtubules (Fig. 2.3A-C) and high
tension for long periods (Fig. 2.3D), the levels of Madl on these kinetochores did not change

(n=8 kinetochores; Fig. 2.3E).

Consistent with the lateral attachments imaged being powered by CenpE, a plus-end-
directed kinesin, rigor inhibition of this motor with GSK-923295 (Wood et al., 2010) (Fig. 2.3F)
generated kinetochore pairs stuck near a pole that failed to congress (Fig. 2.3G). These pairs
remained with one laterally attached, Mad1-positive sister (Magidson et al., 2015) (n=10
kinetochores; Fig. 2.3H, Video 5), under some, albeit reduced, centromere tension (Fig. 2.3lI).

Thus, stable lateral microtubule-kinetochore attachments that generate long-lived metaphase
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centromere tension levels exist during normal mitosis, are mediated by CenpE, and are not
sufficient to (even partially) satisfy the SAC. If the SAC monitors tension across the kinetochore,
it must do so across a kinetochore linkage that is not put under sufficient load in these lateral

attachments.

Finally, to probe how microtubule attachment geometry and occupancy changed before
and around Madl loss, we imaged three-color cells expressing EYFP-Madl1 and CenpC-
mCherry, and stained with the far-red microtubule dye SiR-Tubulin (Lukinavicius et al., 2014)
(Fig. 2.4A, Video 6). We captured Madl loss events for the second kinetochore in a pair, and
concurrently quantified (Fig. 2.4A, B) the dynamics of Mad1l intensity (Fig. 2.4C), microtubule
attachment geometry and occupancy (Fig. 2.4D) and centromere tension (Fig. 2.4E) at single
kinetochores. Strikingly, signature Mad1 loss events (Fig. 2.4C) always coincided with a sharp
increase in end-on microtubule occupancy levels (n=21 kinetochores; Fig. 2.4B, D). As the first
several microtubule ends bind from t=-100 s to t=0 (p=0.003; Fig. 2.4D), there is no
corresponding decrease in Mad1 levels (Fig. 2.4C). After several end-on microtubules have
bound, which we estimate to be half a mature kinetochore-fiber (thus about 10-12 microtubules
in PtK cells (McEwen et al., 1997)), Madl loss then initiates (t=0), before end-on attachment
levels reach their mature kinetochore-fiber levels at around t=100 s (p=0.001). Over this same

time period, there was no change in centromere tension on these kinetochores (Fig. 2.4E).

Consistent with end-on attachments maturing during Mad1 loss, SKAP-AEB-tdTomato —
which specifically binds kinetochores with mature attachments (Schmidt et al., 2010) — began to
localize at kinetochores as EFYP-Mad1 left and apparent end-on attachments (SiR-tubulin)
formed (Fig. S2.3D, n=13 pairs). Together, our work indicates that the trigger for Madl loss is
kinetochore engagement to microtubule ends, and that this engagement provides a unique,
geometry-specific cue — whether molecular or physical — that other persistent force-generating

attachments cannot provide.
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Many elegant studies have used genetic and chemical perturbations to change tension
and kinetochore-microtubule attachments, and thereby probe the events triggering Mad1l
depletion. Here, our approach was to image naturally occurring centromere tension and
attachment changes during spindle assembly — and to map those to the real-time kinetochore
SAC silencing response. This allowed us to map a trajectory of events, that is likely one of a

few, leading to SAC satisfaction in unperturbed cells (Fig. 2.5).

The contributions of tension and attachment (lifetime, geometry, occupancy) have been
hard to decouple. Here, we identify a long-lived state with high centromere tension and no
detectable end-on attachment. Consistently, Mad1 had been found at some laterally-attached
kinetochores in fixed cells (Dick and Gerlich, 2013; Drpic et al., 2015; Magidson et al., 2015;
Shrestha and Draviam, 2013); however, whether the captured attachments were stable and
generated sustained force — and therefore if end-on geometry was the only missing element of a
correct attachment — was not known. While lateral attachments have been proposed to help
SAC protein stripping (Howell et al., 2000) and lateral attachments satisfy the SAC in budding
yeast (Krefman et al., 2015; Shimogawa et al., 2010), end-on attachment is necessary for SAC
satisfaction in mammalian cells. The pathways that control dynein-dependent SAC protein
stripping may also help confer end-on geometric specificity (Gassmann et al., 2010; Matson and
Stukenberg, 2014) in mammals. Mammalian cells are thought to use both dynein-dependent
and -independent pathways for Madl1 removal (Gassmann et al., 2010) and their individual
contributions to this process are not yet clear. Finally, what are the minimal attachment events
sufficient for SAC satisfaction? We find that Mad1 loss begins without a full complement of
microtubules; further, the different kinetics of k-fiber formation and Mad1 loss suggest that there
is not simply a linear relationship between them. Mapping the precise relationship between
microtubule occupancy and SAC signaling will require tools to disrupt the rapid k-fiber formation

(McEwen et al., 1997) we observe.

18



In unperturbed mitosis, we never observed Mad1l loss prior to tension generation. Our
data strongly suggests that lateral attachments, which may be differently sensitive (Kalantzaki et
al., 2015) to destabilization at low tension, facilitate end-on attachment formation by generating
tension (Foley and Kapoor, 2013; Khodjakov and Pines, 2010; King and Nicklas, 2000; Nezi and
Musacchio, 2009; Nicklas et al., 2001) prior to biorientation. While polar ejection forces may
generate tension across these kinetochores (Cane et al., 2013; Drpic et al., 2015), higher
tension levels may be needed for stabilization. Methods to decouple attachment and tension
across the kinetochore will be needed to determine if the latter is necessary for SAC
satisfaction. Ciritically, the inability of persistent force-generating lateral attachments to satisfy
the SAC ensures that only bioriented attachments both stabilize kinetochore-microtubule
interactions and satisfy the SAC to control cell cycle progression. The imaging approach we
developed, employed in different molecular backgrounds and with different fluorescent SAC
reporters, should help uncover the cascade of events linking end-on microtubule engagement to

SAC satisfaction.

Upon attachment, several mechanisms may confer plus-end specificity. For example,
the plus-end may engage a geometry-specific kinetochore interface because of its unique
structure and dynamics, or plus-end geometry may allow kinetochore components to engage
with more microtubules. Intriguingly, Mps1, a kinase upstream of Mad1 localization (London and
Biggins, 2014a), is regulated in an end-on specific manner. Lateral attachments through CenpE
may not compete with Mps1 for Ndc80 binding (Hiruma et al., 2015; Ji et al., 2015), or may not
access the proper kinetochore interface to pull Mps1 away from its substrates (Aravamudhan et
al., 2015). The dynamics of SKAP localization we observe (Fig. S2.3D) suggest a decrease in
Aurora B and/or an increase in PP1 activity (Schmidt et al., 2010) once end-on attachments
form, consistent with a model where end-on attachment specifically triggers a shift in the

phosphorylation state of outer kinetochore substrates.
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If tension-based deformations within a kinetochore are important for SAC signaling, our
findings suggest that these deformations must be highly specific to end-on microtubule
attachments. Further, our work suggests that if tension is sensed, it would likely be sensed at a
linkage outside of the junction where CenpE- and Ndc80-based attachments both transmit force
(i.e. bear load) to the centromere (Fig. 2.5, Boxes 1-2). Looking forward, it will be important to
determine what kinetochore structural and biochemical changes take place when lateral and

end-on attachments form.
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Figures and figure legends:
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Figure 2.1: Mad1 loss at individual mammalian kinetochores is a switch-like process with
robust, stereotypical single exponential kinetics.

(A) Timelapse imaging (maximum intensity projection) of representative SAC satisfaction
kinetics (EYFP-Mad1, green) at individual kinetochores (CenpC-mCherry, magenta) during
spindle assembly in a PtK2 cell. Full circles identify first (K1, blue) and second (K2, orange)
sisters in a pair to lose Madl, and white dashed circles identify spindle poles. Scale bars=3 pm
(large) and 1 pm (zoom), and t=0 indicates the start of Madl loss on K1.

(B) Mad1 (solid green) and CenpC (dashed magenta) intensities for K1 in (A) around SAC
satisfaction. Timelapse (bottom) of K1 at 13 s intervals. Scale bar=1 pum.

(C) Individual traces, mean and SEM of the Mad1-to-CenpC intensity ratio (1) over time (t)
around SAC satisfaction, with traces synchronized at t=0.

(D) Distribution of the fractional position along the pole-to-pole axis ((k-polenear)/(pole-pole))
where kinetochores start to lose Mad1l. Dashed lines indicate the mean position for each sister.
The first sister (K1) loses Mad1l close to its pole and the second sister (K2) near the metaphase
plate.

(E) Mean and SEM (top) of the Mad1-to-CenpC intensity ratio with t=0 Mad1 loss start, and
distribution (bottom) of times to reach a threshold intensity ratio, in bipolar cells, different
kinetochores (K1 and K2) in these cells, in monopolar spindles (STLC-treated) which have lower
tension, and Hecl-9A-expressing cells which have higher tension and attachment levels. In all
cases, Mad1 loss kinetics are indistinguishable from control (n.s. is for p>0.05).
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Figure 2
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Figure 2.2: Kinetochores are under metaphase-level tension prior to Mad1 loss, but
tension across the kinetochore is insufficient to initiate Mad1l loss.

(A) Timelapse imaging (maximum intensity projection) of SAC satisfaction kinetics (EYFP-
Mad1) concurrently with K-K distance (CenpC-mCherry) showing representative changes in
centromere tension relative to Mad1 loss (start at t=0, followed by arrows) on K1 (blue) and K2
(orange) from PtK2 cell in Fig. 2.1A.
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(B) K-K distance over time for the pair in (A), with smoothing over a 3-timepoint window, and t=0
(dashed lines) indicating the start of Mad1 loss for K1 (blue) and K2 (orange).

(C) Mean and SEM of K-K distance over time plotted relative to Mad1l loss start (t=0) for each of
K1 (left) and K2 (right).

(D) K-K distance at all timepoints before t=-2 min for K1 and K2, at t=0 for K1 and K2, and at
reference points in separate experiments (metaphase kinetochores and 10 uM nocodazole).
Measurements for K2’s t=-2 min do not include any data before K1’s t=0.

(E) Fraction of pairs with a K-K distance crossing > 1.5 pm as time evolves relative to Mad1l loss
start at K1 (t=0).
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Figure 2.3: Lateral attachments generating long-lived metaphase-level centromere
tension do not satisfy the SAC.

(A) Timelapse imaging (maximum intensity projection) of representative SAC satisfaction
kinetics (EYFP-Mad1) and microtubule attachment (mCherry-Tubulin) in a PtK2 cell. K2 (orange
circle) sits along the side of a neighboring kinetochore-fiber, suggesting a lateral attachment, but
remains Mad1-positive while its sister K1 (blue circle) loses Madl. Bottom images display the
analysis depicted in (B). Scale bars=3 pm (large) and 1 pum (zoom), and t=0 indicates movie
start.

(B) Analysis of microtubule geometry comparing the tubulin intensity (integrated linescans)
inside (Tubin) and outside (Tubout) the pair in (A). The intensity difference is high on K1,
indicating an end-on attachment, and is near zero on K2, indicating a lateral attachment.

(C) Individual, mean and SEM of Tubout-Tubin for K1 (blue) and K2 (orange) in pairs where K2
begins Mad1-positive.

(D) Individual, mean and SEM of K-K distances for the traces in (C).
(E) Individual, mean and Mad1l intensity for K1 (end-on, blue) and K2 (lateral, orange) in (C-D).

(F) Timelapse imaging (maximum intensity projection) of representative SAC inactivation
kinetics (EYFP-Mad1) and microtubule attachment (SiR-Tubulin) at a kinetochore pair (CenpC-
mCherry) in a PtK2 cell where some kinetochores are locked in a CenpE-mediated lateral
attachment (90nM GSK-923295 CenpE inhibitor) for >15 min. Scale bars=3 pm (large) and 1
pm (zoom), t=0 indicates movie start.

(G-H) Analysis (individual, mean and SEM) of (G) fractional position along the pole-to-pole axis
(see Fig. 2.1D), (H) Mad1-to-CenpC intensity ratio and (I) K-K distance for such K2 kinetochores
highlighted in (F), where t=0 indicates movie start. Dashed black lines in (I) indicate reference
average K-K distances (same data as Fig. 2D) for pairs in nocodazole (lower) and at metaphase

(upper).

26



Figure 4
A Cc

1.5 .
Tub $) i )
e u\\OL.( d’ ; g g : ?;21 lllqnetochores,
o I ‘o= 88 - cells
End-on /Y J) . d) 3 = _.C|_,> 1 :
Lateral 8 T :
R :
E ]
SiR-Tub M) 5= :
WEGRE min:s p 2% o :
o 2 0 2 4 6 8
£ 6000 ,
S < 4000 , R
25 2000 - v
37 ! *
gs L A
g = _2000 "1
. 2 0 2 4 6 8
o\ C
(=g =
o= .
L2 .
= =) 5 28 o L
< 2000 [~Tub,, | T2000[ | T2000[ E2 2 0 2 4 6 8
Z1500| U0, | 24500 S\ | 21s00| / M| E =
2 | 2 J | @ .2 E 3
$ 1000 o 1000 = o 1000 . 3 > !
—— —— -— ®
= 1 0 1= 4 0 1= -1 0 1 42 1 I
3 s }3 0 1 N
Linescan position (um) 2 2 0 2 4 6 8

Time (min)

Figure 2.4: Mad1 loss begins rapidly after end-on attachment initiation and before a full
kinetochore-fiber forms.

(A) Timelapse imaging (maximum intensity projection) of a representative kinetochore pair's
SAC satisfaction kinetics (EYFP-Mad1; Mad1 loss start at t=0), attached microtubules’ geometry
and intensity (SiR-Tubulin) and centromere tension (CenpC-mCherry) in a PtK2 cell. Dotted
lines illustrate analysis shown in (B). Scale bars=1 pum.

(B) Microtubule attachment geometry (and occupancy) analysis as an end-on attachment forms,
corresponding to images in (A). A negative value indicates that the kinetochore is near the end
of its lateral microtubule track.

(C-E) Concurrent quantification (mean, SEM) of (C) Mad1-to-CenpC intensity ratio, (D)
microtubule attachment geometry (Tubout- Tubin), and (E) tension (K-K distance) around SAC
satisfaction, with t=0 indicating the start of Mad1 loss on K2. Boxed numbers map to images in
(A). Mad1 loss starts rapidly after end-on attachment initiation, when less than (* p<0.01,
pairwise t-test) a full complement of microtubules are bound.
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Figure 5
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Figure 2.5: Model for attachment trajectory and triggering cue leading to SAC silencing of
sister kinetochores.

In the trajectory we map, the first kinetochore (K1, blue circle) loses Mad1l (green star) and
satisfies the SAC near its pole, The second kinetochore (K2) laterally attaches through CenpE
(red motor), generating tension that can stabilize end-on attachment of K1 — helping K1 bypass
tension-based inhibition of initial end-on attachments. Despite being able to transmit force and
bear load from the outer to inner kinetochore (Box 1, gold), this attachment does not induce
Madl loss at K2. CenpE pulls the pair towards the metaphase plate, where K2 forms end-on
microtubule attachments and rapidly loses Mad1. SAC satisfaction must be triggered by a
geometry-specific cue unique to end-on attachment that CenpE-based attachments (even
persistent force-generating ones) cannot supply. This cue could, for example, be binding
interactions specific to end-on attachments, or deformation of a linkage that only bears sufficient
load in an end-on attachment (Box 2, gold).
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Supplemental figures and legends:

Figure S1
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Figure S2.1: Characterization of Mad1 loss trajectories on sister kinetochores, related to
Figure 2.1.

(A) Distribution of time delays between first (K1) and second (K2) sisters in a pair to lose Mad1,
from events such as Fig. 2.1A. Sisters satisfy the SAC at different times, with variable delays.

(B) Representative kinetochore position trajectories (K1, left; K2, right) around Mad1 loss start
(*), with dashed line indicating the average position at the start of Mad1 loss (from (Fig. 2.1D)),
and color-coding depicting the time since movie start (K1) or time since K1’s Mad1 loss start
(K2).

(C) Distribution of time delays in (A) relative to pair position on the pole-to-pole axis when K1
loses Mad1l. While there is a small negative correlation (p=-0.309, Pearson correlation
coefficient), it is not significant (p=0.056).

(D) Mean and SEM of the angle of kinetochore pairs relative to the pole-pole axis relative to
Mad1l loss start (t=0) for K1 (blue) and K2 (orange).
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Figure S2.2: Observing Mad1 loss kinetics in in different tension and attachment
scenarios, related to Figure 2.1.

(A) Timelapse imaging (maximum intensity projection) of representative SAC satisfaction
kinetics (EYFP-Mad1) in a PtK2 monopolar cell with reduced kinetochore tension (CenpC-
mCherry, 5 uyM STLC). One kinetochore (orange circle) pivots towards the pole (dashed white
circle) and loses Mad1, while the other (blue circle) pivots away and recruits Madl. Scale
bars=3 um (large) and 1 um (zoom), and t=0 indicates the start of Mad1 loss.

(B) Timelapse imaging (maximum intensity projection) of representative SAC satisfaction
kinetics (EYFP-Mad1) and attachment status in a PtK2 monopolar cell (5 uM STLC). One
kinetochore, either detached or laterally attached (orange circle), pivots towards the pole, forms
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an end-on attachment, and loses Mad1, while the other (blue circle) begins end-on attached,
pivots away from the pole, and recruits Madl1. Scale bars=3 um (large) and 1 pm (zoom), and
t=0 indicates the approximate start of Mad1l loss.

(C) Timelapse imaging (maximum intensity projection) of representative SAC satisfaction
kinetics (EYFP-Mad1) in a PtK2 cell with increased kinetochore tension and attachment levels
(Hecl1l-9A-mRuby?2 expression). Scale bars=3 um (large) and 1 um (zoom), and t=0 indicates
the start of Madl loss on the orange kinetochore. SiR-Tubulin was used to visualize
microtubules (not displayed).

(D) K-K distance (white bars in (A) and (B)) in pairs with at least one Madl-negative kinetochore
in bipolar (Fig. 2.1A), monopolar (A) and Hec1-9A-mRuby2 (B) spindles (* p<0.01, ** p<0.05).
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Figure S3
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Figure S2.3: Characterizing Mad1-OFF and Mad1-ON attachments with an endogenous
SAC reporter and with SKAP recruitment, related to Figures 3 and 4.

(A) Immunofluorescence imaging (sum intensity projection) of endogenous Mad2 together with
kinetochores (CREST) and microtubules in a wild type PtK2 cell. Sister kinetochores are under
tension, with one (blue circle) end-on attached and Mad2-OFF, and the other (orange circle)
laterally attached and Mad2-ON. Bars indicate linescan areas and arrows indicate linescan
direction. Scale bars=3 um (large) and 1 um (zoom). (B) Microtubule attachment geometry
analysis across the two highlighted kinetochores in (A). Circles indicate the maximum CREST
intensity in the same linescan. (C) Comparison of the K-K distance and Mad2/CREST intensity
ratio of the highlighted kinetochore pair and of end-on, Mad2-OFF kinetochore pairs in the same
cell. (D) Timelapse imaging (maximum intensity projection) of a representative kinetochore
pair's SAC satisfaction kinetics (EYFP-Mad1; movie start at t=0), attached microtubules’
geometry and intensity (SiR-Tubulin) and attachment status (SKAP-AEB-tdTomato; (Kern et al.,
2016)) in a PtK2 cell. SKAP does not localize to Mad1-positive kinetochores under tension,
suggesting a lateral attachment, and kinetochores recruit SKAP, reporting on mature, end-on
attachments, as they lose Mad1.

Materials and methods

Cell culture and transfection: PtK2 EYFP-Mad1 cells (Shah et al., 2004) (gift from Jagesh
Shah, Harvard Medical School) and wild type PtK2 cells were cultured as previously described
(Elting et al., 2014). For imaging, cells were plated on 35 mm dishes with #1.5 poly-d-lysine

coated coverslips (MatTek) and media was switched to identical media without phenol red 24 h
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prior to imaging. Cells were transfected using Fugene6 or Viafect (Promega) and imaged 36-48
h after transfection with mCherry-a-tubulin (gift from Michael Davidson, Florida State University),
mCherry-CenpC (gift from Aaron Straight, Stanford University), SKAP-AEB-tdTomato (gift from
lain Cheeseman, Massachusetts Institute of Technology and the Whitehead institute), or Hecl-
9A-mRuby2 (mRuby?2 (gift from Michael Davidson) was swapped for EGFP in Hec1-9A-EGFP

(Guimaraes et al., 2008)(qgift from Jennifer DeLuca, Colorado State University).

Drug and dye treatments: To make monopolar spindles, 5 yM STLC (Sigma-Aldrich) was
added 15 min before imaging (10 mM stock). To rigor CenpE to microtubules, 90 nM GSK-
923295 (MedChem Express) was added 15 minutes before imaging (30 uM stock) (Magidson et
al., 2015). To visualize tubulin as a third color, 100 nM SiR-Tubulin dye (Cytoskeleton, Inc.) was
added 1 h prior to imaging (1 mM stock), along with 10 uM verapamil (Cytoskeleton, Inc.; 10

mM stock) to prevent dye efflux.

Immunofluorescence: For Immunofluorescence, cells were fixed in 95% methanol with 5 mM
EGTA for 1 min. The following antibodies were used: mouse anti-a-tubulin DM1 (1:1,000;
Sigma-Aldrich), human anti-centromere (CREST; 1:25; Antibodies, Inc.), rabbit anti-rat
kangaroo-Mad?2 (1:100), mouse and rabbit secondary antibodies conjugated to Alexa 488 and
647 respectively (1:500; Invitrogen), and a human secondary antibody conjugated to DyLight

405 (1:100, Jackson ImmunoResearch Laboratories).

Imaging: Live imaging was performed on an inverted (Eclipse Ti-E; Nikon), spinning disk
confocal (CSU-X1; Yokogawa Electric Corporation) microscope as previously described (Elting

et al., 2014) for two-color imaging. For three- and four-color imaging, a Di01-T405/488/568/647
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head dichroic (Semrock) was used, along with 405 nm (100mW) and 642 nm (100 mW) diode
lasers, and ET455/50M and ET690/50M emission filters (Chroma Technology Corp). Cells were
imaged by phase contrast (200-400 ms exposures) and fluorescence (40-75ms exposures) in
four z-planes spaced 350 nm apart every 13-30 s, with a 100x 1.45 Ph3 oil objective through a
1.5x% lens (Metamorph 7.7.8.0; Molecular Devices). All live images were collected at bin=2 (to
improve imaging contrast for dim Mad1 and microtubule structures), 5x pre-amplifier gain, and
no EM gain (210 nm/pixel). Cells were imaged at 30 °C, 5% CO2 in a closed, humidity-
controlled Tokai Hit PLAM chamber. The only image processing done prior to display were
maximum intensity projections at each timepoint and (for videos only) linear scaling up of the
image size in ImageJ. Fixed cell images (Fig. S2.3A-C) were acquired 200 nm apart with bin=1,
and images are displayed as sum intensity projections of all frames where the highlighted pair

was visible.

Data Analysis:

Tracking: Kinetochore pairs were visually identified by coordinated motion and selected for
analysis if they stayed away from other kinetochores and if at least one sister lost Mad1 during
the movie. All further analysis was done within Matlab (Mathworks). If mCherry-CenpC was
present, kinetochores were tracked using SpeckleTracker (Wan et al., 2012a); if it was not
present (Fig. 2.3), kinetochore tracking was done manually using Mad1, tubulin, and phase

contrast images and custom software. Spindle poles were tracked manually.

Intensity measurements: To measure EYFP-Madl and mCherry-CenpC intensities at each time
point, movies were thresholded by setting to zero all pixels <2 standard deviations above image
background at the first frame. For each time point, the intensities of all pixels in a 5x5 pixel

(1.05x1.05 pm) box around the kinetochore were summed together over all planes. The same
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operation was performed at areas outside the spindle and subtracted from the kinetochore

intensity. Time points with no detectable CenpC were not analyzed.

To calculate tubulin intensity around a given kinetochore (Figs. 2.3 and 2.4), two intensity
linescans (1.5 um long) were taken perpendicular to the sister kinetochore axis: one positioned
0.7 um towards the centromere (Tubi,) and one 0.7 um away from the centromere (Tubou). TO
synchronize traces to the beginning of Madl loss, traces were examined visually to locate the
time where Mad1 levels dropped while CenpC levels stayed constant, and t=0 was set for the
time point immediately before such Mad1l loss began. The Mad1-to-CenpC ratio was then
normalized to the average ratio from -100 s to O s. In Figs. 2.3E and 2.3H (no Mad1 loss),
intensities were normalized to K2's Mad1 intensity in the first 100 s and 300 s of the trace,
respectively. Immunofluorescence intensities were measured on sum intensity projections using
a 3 pixel (0.315 pm) wide linescan for tubulin and a 10x10 pixel (1.05x1.05 um) box for Mad2

and CREST.

Other measurements: Kinetochore-to-pole distances (Fig. 2.1D) were calculated by projecting
where an individual kinetochore fell on the pole-to-pole axis. The “near” pole was designated as

the pole closest to K1 at the time of K1's Mad1 loss start.

Statistics: Data are expressed as mean + SEM. Calculations of p-values (Student’s t-test) were

done in StatPlus.
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Chapter 3: Mammalian kinetochores
count attached microtubules in a

sensitive and switch-like manner



Abstract:

The Spindle Assembly Checkpoint (SAC) prevents anaphase until all kinetochores
attach to the spindle. Each mammalian kinetochore binds many microtubules, but how many
attached microtubules are required to turn off the checkpoint, and how the kinetochore monitors
microtubule numbers, are not known — and central to understanding SAC mechanisms and
function. To address these questions, here we systematically tune and fix the fraction of Hecl
molecules capable of microtubule binding. We show that Hecl molecules independently bind
microtubules within single kinetochores, but that the kinetochore does not independently
process attachment information from different molecules. Few attached microtubules (20%
occupancy) can trigger complete Mad1 loss, and Madl loss is slower in this case. Finally, we
show using laser ablation that individual kinetochores detect changes in microtubule binding,
not in spindle forces that accompany attachment. Thus, the mammalian kinetochore responds
specifically to the binding of each microtubule, and counts microtubules as a single unitin a
sensitive and switch-like manner. This may allow kinetochores to rapidly react to early

attachments and maintain a robust SAC response despite dynamic microtubule numbers.

Introduction:

The Spindle Assembly Checkpoint (SAC) protects genomic integrity by preventing
anaphase until all kinetochores stably attach to the spindle (Rieder et al., 1995). Unattached
kinetochores, and certain improperly attached ones, recruit Mad1l and Mad2, which generate an
anaphase-inhibitory signal (De Antoni et al., 2005; Chen et al., 1998; Maldonado and Kapoor,
2011). The attachment of microtubule plus-ends (“end-on” attachments) is required for removing
Madl/Mad?2 from kinetochores, and consequently for cell cycle progression (Chen et al., 1998;
Waters et al., 1998). About 15-25 end-on microtubules bind mammalian kinetochores at

metaphase (McEwen et al., 1997; Wendell et al., 1993), but how many microtubules are
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necessary for Mad1/2 loss, and how the kinetochore measures microtubule number, are not
known. Yet, determining how the kinetochore detects and responds to varying microtubule
numbers is critical to understanding the mechanisms and function of this signaling platform.
While we have a growing understanding of the individual molecules that give rise to the
mammalian kinetochore, how they function together, as an ensemble in vivo, remains poorly
understood. Kinetochores bind microtubule plus-ends through a dynamic subset of Hecl
molecules (of the Ndc80 complex) (Cheeseman et al., 2006; DelLuca et al., 2006; Yoo et al.,
2018), and in metazoans kinetochore-microtubule binding triggers dynein to “strip” Mad1/2 away
from kinetochores (Howell et al., 2001; Wojcik et al., 2001). In budding yeast kinetochores,
which only bind one microtubule (Peterson and Ris, 1976), attachments may trigger and be
detected by Mps1 kinase being displaced or blocked from its substrates (Aravamudhan et al.,
2015). Loss of Mps1 activity prevents Mad1/2 kinetochore recruitment and is required for SAC
satisfaction (Hewitt et al., 2010; Jelluma et al., 2010; London and Biggins, 2014b; Maciejowski
et al., 2010; Santaguida et al., 2010). In mammalian kinetochores, mechanisms to reduce Mpsl
activity and thereby permit and potentially activate Mad1/2 loss (Hiruma et al., 2015; Jelluma et
al., 2010; Ji et al., 2015) must operate over a disordered kinetochore “lawn” binding many
microtubules (Zaytsev et al., 2014). The necessary and sufficient microtubule occupancy levels
needed for Mad1/2 loss will drive kinetochore function: triggering anaphase with too few bound
microtubules could increase mitotic errors (Dudka et al., 2018), and waiting for too many
microtubules could cause mitotic delays, and thereby DNA damage and cell death (Orth et al.,
2012; Uetake and Sluder, 2010). Previous work indicates that kinetochores bound to few
microtubules can have low Mad2 levels at early prometaphase (Sikirzhytski et al., 2018), and
that Mad1/2 can leave kinetochores with reduced (DeLuca et al., 2003) microtubule occupancy
(50% (Dudka et al., 2018; Etemad et al., 2018; Kuhn and Dumont, 2017)). Accessing SAC
signaling at lower steady-state microtubule occupancies is challenging without perturbing
proteins involved in the SAC (DeLuca et al., 2003; Martin-Lluesma et al., 2002), and capturing
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attachment intermediates is difficult since microtubules rapidly attach during kinetochore-fiber
(k-fiber) formation (David et al., 2018; Kuhn and Dumont, 2017; Sikirzhytski et al., 2018). To
understand how the kinetochore counts microtubules, we need to externally tune and fix the
normally dynamic number of attached microtubules. Finally, understanding how microtubule
occupancy regulates SAC signaling requires defining what element of microtubule attachment is
detected by the SAC at individual kinetochores. Both kinetochore-microtubule binding (Etemad
et al., 2015; O’Connell et al., 2008; Rieder et al., 1995; Tauchman et al., 2015; Waters et al.,
1998) and attachment-generated tension (Janssen et al., 2018; Maresca and Salmon, 2009;
Mclintosh, 1991; Uchida et al., 2009) have been proposed to be detected by the SAC, and
decoupling their closely-linked contributions (Akiyoshi et al., 2010; Sarangapani and Asbury,
2014) is needed to identify how kinetochores count microtubules.

Here, we develop a “mixed kinetochore” system to tune and fix the fraction of Hec1
kinetochore molecules within the kinetochore lawn that are capable of microtubule binding. We
demonstrate that the number of bound microtubules scales linearly with the number of
functional binders, indicating a lack of binding cooperativity between the hundreds of Hecl
molecules (Johnston et al., 2010a; Suzuki et al., 2015) within the native kinetochore. We then
show that kinetochores with as low as 20% of metaphase microtubule occupancy can trigger
complete Madl loss, indicating that the kinetochore makes its decision as a single unit, not
through independent subunits. However, Mad1 loss under low occupancy occurs more slowly,
which may give early attachments time to mature before complete Madl loss.

Finally, by acutely removing spindle forces we show that individual kinetochores detect changes
in microtubule binding, not in pulling forces that occur with attachment. Together, our data
demonstrate that microtubule binding itself activates Mad1 loss, and that it does so in an all-or-
none decision with a temporally tuned response. These findings provide a quantitative
framework for understanding SAC signaling: they constrain mechanisms for how the
kinetochore monitors and responds to microtubule occupancy, and suggest how it can rapidly
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react to new attachments and yet maintain a robust SAC response despite dynamic microtubule
occupancy.

Results:

To vary the number of steady-state microtubule attachments at kinetochores, we
designed a system to vary, fix and quantify the fraction of Hecl molecules at kinetochores
capable of strong microtubule binding (Fig. 3.1A). To this end, we depleted endogenous Hecl in
HelLa cells using an inducible CRISPR-based system (Fig. S3.1 A-C)(McKinley and
Cheeseman, 2017), and co-expressed weak-affinity Hec1-9D-FusionRed and metaphase-like
affinity Hec1-1DBA-EGFP (Hecl-1D) (Fig. 3.1A) (Zaytsev et al., 2014). In contrast to changing
Hecl-microtubule interactions over the entire lawn, this “mixed kinetochore” system preserves a
fraction of Hecl-microtubule interactions with native affinity (Zaytsev et al., 2014) and native
SAC signaling (Hiruma et al., 2015; Ji et al., 2015). In this “mixed kinetochore” assay, the
fraction of EGFP (Hecl1-1D) vs FusionRed (Hec1-9D) at each kinetochore sets microtubule
affinity (Fig. 3.1A). Notably, EGFP and FusionRed intensities varied far more between cells
than within a given cell (Fig. S3.1D, F = 175, p = 10%?°for EGFP, F =59, p = 10'** for Fusion
Red, One-Way ANOVA), suggesting that variability in protein expression more than kinetochore
assembly gives rise to the spread of kinetochore compositions we observe.

We first used this “mixed kinetochore” assay to map how microtubule occupancy scales
with the number of binding-competent Hecl molecules. If microtubule binding were highly
cooperative, creating broadly tunable microtubule occupancy steady-states would be difficult
(Fig. 3.1A). To map the relationship between functional Hecl numbers and microtubule
occupancy, we prepared “mixed kinetochore” cells as above, and added the proteasome
inhibitor MG132 for 1 hr to increase the fraction of kinetochores that reach steady-state
occupancies. We then fixed and stained cells for microtubules, EGFP (Hec1-1D), and

FusionRed (Hec1-9D). As expected, cells highly expressing Hec1-1D (and ‘Hec1-1D alone’
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cells) formed robust microtubule attachments and cells highly expressing Hec1-9D (and ‘Hec1-
9D alone’ cells) did not (Fig. 3.1B, Fig. S3.1E). As the fraction of Hec1-1D increased,
attachments produced more force as measured by the inter-kinetochore (K-K) distance (Fig.
3.1C, Spearman’s rho=0.35 p=10-21), and the intensity of end-on microtubule attachments rose
in a smooth, graded way well fit by a linear relationship (Fig. 3.1D, r?> = 0.57, p=10%) mixed
kinetochores having microtubule occupancies between those of ‘Hec1-9D alone’ and ‘Hec1-1D
alone’ cells. This suggests that Hec1 subunits bind microtubules independently of each other,
with weak or no cooperativity in the in vivo native kinetochore, similar to some (but not all
(Alushin et al., 2010)) in vitro measurements despite different binding geometries and molecular
contexts (Cheeseman et al., 2006; Ciferri et al., 2008; Volkov et al., 2018; Zaytsev et al., 2015).
Thus, this “mixed kinetochore” system can tune and fix kinetochore-microtubule numbers in a
graded and quantifiable way.

We then used this “mixed kinetochore” system to map how kinetochores with different
fractions of strong microtubule-binding Hecls coordinate a SAC response, and how many
microtubules attachments are needed for complete Mad1l loss (Fig. 3.2A). If Hecl molecules in
the outer kinetochore “lawn” (Zaytsev et al., 2014) function as independent subunits for SAC
processing, we expect Madl levels to gradually go down as more Hecls bind microtubules (Fig.
3.2A, top). Alternatively, if the kinetochore integrates information from all Hecl binding sites as
a single unit, Madl levels could suddenly drop to zero (undetectable) as more Hecls bind
microtubules and a threshold occupancy level is crossed (Fig. 3.2A, middle and bottom). To
distinguish between these scenarios and others, we treated Hecl-depleted cells expressing
Hec1-9D or Hec-1D or varying mixtures of both with MG132 for 1 hr and then fixed and stained
cells for Mad1, GFP (Hec1-1D), and FusionRed (Hec1-9D) (Fig. 3.2B). In the “mixed
kinetochore” system, cells with high Hec1-9D had many more Mad1-positive kinetochores than
cells with high Hec1-1D (Fig. 3.2B-C, Fig. S3.2A). While Hec1-9D cells have no or delayed
anaphase entry (Sundin et al., 2011), individual kinetochores can lose Mad1l; indeed, ~60% of
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kinetochores in high Hec1-9D cells had no detectable Madl (Fig. 3.2C). This same trend
applies in cells expressing ‘Hec1-1D alone’ or ‘Hec1-9D alone’ (Fig. 3.2C, S2A). This
distribution of kinetochore intensities is consistent with a single unit, switch-like decision to lose
Mad1l in response to microtubule attachment (Fig. 3.2A, bottom). While some kinetochores
remain unattached (Fig. 3.2A, purple) or in the process of Mad1 loss (Fig. 3.2A, orange), Madl
reaches undetectable levels even at the lowest microtubule occupancy levels we can reach with
“mixed kinetochores” (Fig. 3.2C). Consistently, we detected kinetochores that are capable of
reaching undetectable Mad1 levels even in cells expressing ‘Hec1-9D alone’ (Fig. 3.2C, S2A).
In contrast, in an independent subunit model we would expect the minimum Mad1l intensity at
low occupancy to be high, and to then decrease gradually as occupancy increases (Fig. 3.2A,
top). Thus, the decision to trigger Mad1 loss is made at the level of the whole kinetochore by a
single unit, rather than at the level of kinetochore subunits (Fig. 3.2A).

To estimate how many microtubules were attached at the lowest Hec1-1D levels
sampled in the “mixed kinetochores”, we used the relationship between microtubule
attachments we obtained in parallel (Fig. 3.1, Fig 2D). Assuming that an EGFP fraction of 1
corresponds to Hec1-1D only expression, and thus a wild type affinity kinetochore (Zaytsev et
al., 2014), we estimate that the attached microtubule number in the lowest Hec1-1D fraction
reached in mixed cells is about 23% of normal metaphase levels, corresponding to about 4 out
of 17 microtubules (Fig. 3.2D) (Wendell et al., 1993). Using different assumptions in this
estimation yields values between 2 and 4 microtubules (Fig. S3.2B), significantly lower than
previous estimates (Dudka et al., 2018; Etemad et al., 2018; Kuhn and Dumont, 2017), likely
because we can now generate lower steady-state microtubule occupancy levels. The sensitivity
of the checkpoint to microtubule attachment — fully turning off at a small fraction of a full
metaphase complement — indicates that the kinetochore must not only respond as single unit,

but amplify small changes in microtubule occupancy across its entire structure. Thus, while
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Hecl molecules independently bind microtubules (Fig. 3.1), they do not independently process
microtubule attachment cues to regulate the SAC (Fig. 3.2).

Previous work indicates that once the kinetochore triggers the start of Mad1l loss, Madl
leaves with stereotyped single exponential kinetics (Kuhn and Dumont, 2017). These kinetics
are likely governed by one rate-limiting step, but the nature of this step and if it is regulated are
not known. Above, we show that kinetochores with lower microtubule occupancy can trigger
complete Madl loss, and here we use live imaging to ask whether microtubule occupancy levels
regulate the rate of Mad1l loss (Fig. 3.3A). Determining whether microtubule occupancy only
regulates the Mad1 loss trigger or also its rate can have implications for both the SAC’s
molecular underpinnings and cellular role. To test how lowering steady-state microtubule
occupancy affects Mad1l loss rates, we expressed Hecl-9D-FusionRed in PtK2 cells where
endogenous Hecl was depleted by RNAIi (Guimaraes et al., 2008; Long et al., 2017), and
monitored EYFP-Madl loss dynamics during attachment formation (visualized using SiR-
Tubulin (Lukinavi€ius et al., 2014)) (Fig. 3.3B). A decrease in K-K distance versus wild type cells
(Fig. 3.3C, 1.49+0.03 vs 1.87+0.04 um, p = 10®) and in kinetochore-microtubule attachment
intensity (Fig. 3.3D, p = 10'%%) confirms the expected reduction in kinetochore-microtubule
affinity. While the Mad1 loss rate does not increase with higher microtubule occupancy (Kuhn
and Dumont, 2017), we find that it decreases with decreased occupancy (Fig. 3.3E-F, ti» = 190
s in Hec1-9D vs 62 s in wild type, Video 1), and yet decreased occupancy kinetochores are still
capable of losing Mad1 to undetectable levels (Fig. 3.3 B, E). Together, our data indicate that
low microtubule occupancy regulates the rate at which Madl is lost from kinetochores and the
SAC is thereby satisfied (Fig. 3.3), but not the decision to satisfy the SAC (Fig. 3.2).

To understand how microtubule occupancy regulates Mad1 localization, it is necessary
to define what element of microtubule attachment the SAC detects. Hec1-microtubule binding
(Etemad et al., 2015; O’Connell et al., 2008; Rieder et al., 1995; Tauchman et al., 2015; Waters
et al., 1998) and the tension generated by spindle pulling forces (Janssen et al., 2018; Maresca
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and Salmon, 2009; Uchida et al., 2009) have been proposed to be the cues detected by the
SAC. Tension across the centromere is not required for Mad1 removal (Fig. 3.4A) (Etemad et
al., 2015; O’Connell et al., 2008; Rieder et al., 1995; Tauchman et al., 2015; Waters et al.,
1998), but tension within an individual kinetochore, which is harder to remove, may be
necessary. For example, unpaired kinetochores in cells undergoing Mitosis with an Unreplicated
Genome (MUG) and kinetochores in monopolar spindles can still be under tension given spindle
pulling forces on kinetochores and pushing forces on chromosome arms (Fig. 3.4A) (Cane et
al., 2013; Maresca and Salmon, 2009; Rieder et al., 1986; Uchida et al., 2009). To determine
whether the SAC responds to force across an individual kinetochore, we used laser ablation to
acutely and persistently remove spindle pulling forces without detectably perturbing microtubule
occupancy. By cutting the k-fiber close to its kinetochore, we minimized spindle connections and
forces (Elting et al., 2017; Kajtez et al., 2016), and without these the ablated k-fiber (stub)
cannot pull to move kinetochores. We expressed EGFP-tubulin and Hec1-EGFP in PtK2 cells
(in a Hecl RNAI background) to assist ablation and response tracking. If Mad1/2 loss requires
spindle pulling forces, acutely removing them on attached kinetochores should re-recruit
Mad1/2. To allow time for recruitment (~1.5 min) (Dick and Gerlich, 2013; Pines and Clute,
1999), we persistently prevented force generation from k-fiber-spindle reincorporation (Elting et
al., 2014; Sikirzhytski et al., 2014) by repeatedly ablating the k-fiber and partially knocking down
NuMA (Elting et al., 2014), essential for reincorporation (Hueschen et al., 2017). As predicted,
during ablation the K-K distance dropped to nocodazole-like values (1.11+0.04 um) (Fig. 3.4B-
C), the disconnected kinetochore persistently moved away from its pole (Fig. 3.4D) (Khodjakov
and Rieder, 1996a), and we could not detect significant microtubule intensity between the k-
fiber stub and spindle body (Fig. 3.4B, Video 2). Thus, the above approach removes productive
force generation at individual kinetochores.

To assess SAC signaling after prolonged loss of force, we fixed each ablated cell 3-5
min after the initial cut, stained for Mad2, kinetochores, and tubulin (Fig. 3.4E, top) and re-
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imaged each ablated cell. Consistent with force removal, ablating k-fibers led to a decrease in
K-K distance compared to control pairs in the same cell (Fig. 3.4F, 1.12+0.04 vs 2.0920.05 pm,
p=10+), but had indistinguishable K-K distance from pairs in nocodazole-treated cells
(1.12+0.04 vs 1.11+0.04 um, p=0.40). K-fiber microtubule intensity appeared unchanged after
ablation (Fig. 3.4G, p=0.42), implying that the timescale of any force-based microtubule
destabilization is longer than the time we allow. There was no detectable increase in Mad2
intensity at kinetochores bound to the ablated k-fiber versus controls with no ablation in the
same cell (Fig. 3.4E, top, and 4H, p=0.45), while unattached kinetochores in nearby cells had
higher Mad2 intensity (Fig. 3.4E, bottom, and 4H, p=10*). In contrast, kinetochores in
nocodazole-treated cells rapidly re-recruit Madl after k-fibers begin to depolymerize (Fig.
S3.3A-B). We conclude that the SAC does not detect changes in spindle pulling forces and that
microtubule binding itself controls Mad1 localization. Thus, microtubule binding is specifically
detected, binding events are independent of each other, and yet the kinetochore monitors
microtubule occupancy as a single unit.

The kinetochore processes input microtubule attachment signals to produce an output
SAC signal controlling cell cycle progression. While we can now better define attachment input
signals (Waters et al., 1998), the output signal (Mad1 localization (Chen et al., 1998; Maldonado
and Kapoor, 2011)), and kinetochore structure and biochemistry underlying the SAC, how inputs
are detected and how inputs and outputs are quantitatively related remain poorly understood.
By developing an approach to tune and fix attachment inputs, here we quantitatively map inputs
to SAC outputs (Fig. 3.5): the kinetochore detects as input the binding (Fig. 3.4) of microtubules
which independently attach to its subunits (Fig. 3.1), and processes these inputs as a single unit
to ‘compute’ an output response (Fig. 3.2) and response rate (Fig. 3.3). Together, our findings
provide a quantitative framework for understanding SAC signaling, and have implications for

both the mechanisms driving the SAC and their cellular function.
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Using “mixed kinetochores”, we asked how the disordered kinetochore “lawn” works as
an ensemble to control k-fiber formation and kinetochore decision-making. We find that the
number of k-fiber microtubules scales linearly with functional Hecl numbers (Fig. 3.1), indicating
a lack of binding cooperativity. In contrast, the relationship between microtubule binding and
SAC decision-making is switch-like and sensitive (Fig. 3.2): many kinetochores in our assay
cannot reach metaphase levels of microtubule occupancy, and yet still lose Mad1, as full
occupancy kinetochores do. Because kinetochore subunits do not bind microtubules
cooperatively (Fig. 3.1), this sensitive behavior must be created downstream of microtubule
attachment. Feedback between SAC kinases and phosphatases could, for example, amplify
small decreases in kinase activity upon the binding of a few microtubules, creating a switch-like
Mad1l loss initiation response which communicates attachment information over the whole
kinetochore (Funabiki and Wynne, 2013; Nijenhuis et al., 2014; Saurin et al., 2011).

There are two recent models for how microtubule binding could reduce Mps1 kinase
activity: a competition model where microtubules occupy Mps1 binding sites (Hiruma et al.,
2015; Ji et al., 2015) and a displacement model where binding distances kinases from
substrates (Aravamudhan et al., 2015; Hengeveld et al., 2017). Consistent with both models,
microtubule attachment may also increase the kinetochore recruitment of phosphatases which
oppose Mpsl (Sivakumar et al., 2016) and are required for SAC satisfaction (Pinsky et al.,
2009; Vanoosthuyse and Hardwick, 2009). The signal amplification we observe can explain
how, in a binding competition model, metaphase kinetochores with highly variable microtubule
occupancy (McEwen et al., 1997) and residual Mps1 localization (Howell et al., 2004) lose
Mad1l. The observation that Mad1 is not re-recruited to tensionless kinetochores (Fig. 3.4)
indicates biochemical (e.g. binding or conformational change) rather than force-based structural
signal detection — and supports the idea that signal integration is also biochemical. In a

displacement model, our data suggest that displacement does not reflect relevant changes in
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spindle forces across an individual kinetochore, consistent with observations that changes in
intra-kinetochore deformations are not themselves force-dependent (Magidson et al., 2016).

While the decision to complete Madl loss is switch-like (Fig. 3.2), we find that the
kinetics of Madl removal can be tuned by the number of attached microtubules (Fig. 3.3). The
Mad1l loss process, dependent on dynein stripping of its binding partner Spindly in mammals
(Barisic et al., 2010; Gassmann et al., 2010; Howell et al., 2001), is likely controlled by one rate-
limiting step (Kuhn and Dumont, 2017). Mad1l loss may for example slow down at weakly
attached kinetochores because there are fewer dynein tracks available for stripping Mad1.
While we know that dynein stripping is regulated by kinetochore protein Cenp-I (Matson and
Stukenberg, 2014), how microtubule attachment controls this process is not clear. The
discrepancy between the effect of kinetochore-microtubule occupancy on steady-state Madl
localization (on-off relationship) and on Mad1 loss kinetics (gradual relationship) suggests that
different signaling nodes downstream of Mps1 regulate Mad1l steady-state levels and loss
kinetics. Previously, neither changing centromere tension nor increasing microtubule occupancy
affected Mad1 loss rates (Kuhn and Dumont, 2017), suggesting that with more microtubules
wild type kinetics are limited by dynein concentration or kinetochore biochemistry, rather than
the number of microtubule tracks.

In addition to their mechanistic implications, our findings suggest how kinetochore signal
arrival and processing can contribute to accurate and robust chromosome segregation. First,
independent binding of kinetochore subunits to microtubules (Fig. 3.1) may help prevent
reinforcement of incorrect attachments. Second, by having a low threshold occupancy for Mad1
loss (Fig. 3.2), cells may ensure that attachments rapidly and robustly turn off the kinetochore’s
SAC response. Because metaphase microtubule occupancy is highly variable (McEwen et al.,
1997), a high microtubule threshold occupancy for Mad1l loss could lead to transient reactivation
at individual bioriented kinetochores; this could result in metaphase delays and consequent
DNA damage and cell death (Orth et al., 2012; Uetake and Sluder, 2010). However, low
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occupancy at anaphase leads to increased segregation errors (Dudka et al., 2018) and a higher
probability that unstable, incorrect attachments could lose Mad1 and allow anaphase entry.
Thus, and third, slowing Mad1 loss on kinetochores with low microtubule occupancy (Fig. 3.3)
may prevent rapid Mad1 loss on transient, incorrect attachments and provide time for error
correction mechanisms to act (Tanaka et al., 2002). Looking forward, uncovering the
mechanisms determining the rate of Mad1 loss and the number of required kinetochore-
microtubules for Madl loss will not only reveal the basis for kinetochore signal processing, but

enable us to probe its impact on accurate and timely chromosome segregation.
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Figures and figure legends:
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Figure 3.1: Kinetochore-microtubule occupancy scales linearly with the number of
functional Hecl subunits.

(A) Schematic depicting experimental design and expected outcomes. After deleting
endogenous Hecl, strong (Hec1-1D, blue) and weak (Hec1-9D, pink) microtubule-binding
mutants are expressed. Cells randomly receive different fractions of functional binders, and
therefore have different microtubule occupancies. Depending on whether Hecl subunits bind
microtubules cooperatively or independently, microtubule attachment may change rapidly or
gradually.

(B) Immunofluorescence imaging (maximum intensity projection) of microtubule attachments
(tubulin), Hec1-1D intensity (anti-EGFP), and Hec1-9D intensity (anti-mKate, binds to
FusionRed) in Hecl knockout cells expressing Hecl1-1D-EGFP and Hecl-9D-FusionRed. Cells
were treated with 5 uM MG132 to accumulate them at a metaphase spindle steady-state. The
two highlighted examples were taken from the same coverslip, where the top has a high Hec1-
1D to -9D ratio and the bottom a low ratio. Scale bars=3 um (large) and 1 um (zoom).

(C-D) Mean of cellular EGFP fraction for each cells vs mean cellular K-K distance (C) and mean
cellular kinetochore microtubule intensity (D) from Hec1 knockout cells in (B) with “mixed
kinetochores” (n=345 pairs, 690 kinetochores, 23 cells; purple) and cells with control 1D-alone
(n=270, 540, 18; blue) and 9D-alone coverslips (n=300, 600, 20; pink) (Fig. S3.1D). Error
bars=SEM. All data displayed was acquired at the same time for all conditions and with the data
in Fig. 3.2.
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Figure 2
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Figure 3.2: The number of attached microtubules regulates steady-state Mad1l
localization in a switch-like, highly sensitive manner.

(A) Schematic depicting models for kinetochore signal integration and expected outcomes. The
kinetochore either processes microtubule attachments as many individual units (top) or as one
single unit (switch-like) with a high (middle) or low (bottom) threshold. On the cellular scale, we
expect three kinetochore populations: completely unattached (purple), attached and in the
process of losing Madl (orange), and at attached steady-state Madl levels (red).

(B) Immunofluorescence imaging (maximum intensity projection) of SAC activation (Mad1),
Hec1-1D intensity (anti-EGFP), and Hec1-9D intensity (anti-mKate, binds to FusionRed) in Hecl
knockout cells expressing both Hecl-1D-EGFP and Hecl-9D-FusionRed. Cells were treated
with 5 pM MG132 to accumulate them at a metaphase spindle steady-state. The two examples
are cells on the same coverslip where the top has a high Hec1-1D to -9D ratio and the bottom a
low ratio. Kinetochores in both conditions are capable of recruiting (left zoom) and losing (right
zoom) Mad1l. Scale bars=3 um (large) and 1 um (zoom).

(C) Fraction EGFP vs Mad1 intensity from “mixed kinetochore” cells in (B) (n=930 kinetochores,
31 cells; purple) and cells with control 1D- (n=720, 24; blue) and 9D- (n=750, 25; pink) alone
(Fig. S3.2C). Red line indicates the fraction of kinetochores with Mad1 intensities one standard
deviation (dashed black lines) greater than average Mad1 intensity on Hec1-1D kinetochores.

(D) Fraction EGFP vs Madl intensity (B-C) or average end-on attached microtubule numbers
(Fig. 3.1B-D) for Hec1-1D, and Hec1-1D + Hec1-9D conditions. Blue line indicates linear fit for
fraction EGFP vs kinetochore-microtubule intensity (r>=0.57, p=10%). X’s indicate the points
along the fit used for the calculation of attached microtubule number (red = average fraction
EGFP for the lowest fraction EGFP cell in "mixed kinetochores” in which some kinetochores are
Mad1l-negative, green = fraction EGFP of 1). Calculation of the number of microtubules at the
weakest binding “mixed kinetochores” without Mad1 uses the average number of microtubules
in a metaphase k-fiber from Wendell et al., 1993 (see methods). All data displayed was
acquired at the same time for all conditions and with the data in Fig. 3.1. Alternative estimation
methods lead to similar estimates (Fig. S3.2B).
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Figure 3.3: Lowering microtubule occupancy at a kinetochore slows down the process of
Mad1l loss.

(A) Schematic of how the number of attached microtubules could influence two different
properties of Mad1l loss: the decision to complete loss and the speed of loss.

(B) Timelapse imaging (maximum intensity projection) of representative Madl loss kinetics
(EYFP-Mad1) and microtubule attachment (SiR-Tubulin) in a Hec1-RNAIi PtK2 cell with
decreased kinetochore-microtubule affinity (Hec1-9D-FusionRed). Scale bars=3 um (large) and
1 um (zoom), and t=0 indicates the start of Mad1l loss on the orange-circled kinetochore.

(C) Individual (circles) and average (lines) K-K distance in wild type (n=21 pairs) and Hec1-9D
(n=38) cells. K-K distance is reduced in Hec1-9D vs wild type cells.

(D) Individual (circles) and average (lines) kinetochore-microtubule intensity normalized to
cellular astral microtubule intensity in Hec1-9D (n=22 cells) and wild type cells (n=14 cells).
Kinetochore microtubule intensity is reduced in Hec1-9D cells vs wild type cells.

(E-F) Mean, SEM, and individual trace (E) of the orange-circled kinetochore in (B) of the Mad1-
to-Hec1l intensity ratio with t=0 being the Mad1l loss start, and (F) distribution of times to reach a
50% intensity ratio of initial Mad1-to-Hec1, in wild type (n=21 kinetochores) and in Hec1-9D-
expressing (n=46) cells. Reducing steady-microtubule occupancy lowers Mad1 loss rates. Wild
type data taken from Kuhn and Dumont 2017, JCB and acquired in a parallel experiment (*;
p<0.005, 2-sided Mann-Whitney U test).
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Figure 4
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Figure 3.4: The mammalian SAC does not detect changes in spindle pulling forces at
individual kinetochores.

(A) Schematic of different spatial arrangements used to probe the role of tension in the SAC.
After biorientation, both centromere and kinetochore are under force (left). Preventing
biorientation in monopolar or MUG spindles removes force (red) across the centromere but
force (red) can still be generated across the kinetochore through polar ejection forces generated
by chromokinesins (purple) (middle). By removing pulling force using laser ablation (‘X’), force
can in principle neither be generated across the centromere nor kinetochore.

(B) Timelapse imaging) of microtubule attachments (EGFP-tubulin) and kinetochores (Hec1-
EGFP) in a metaphase PtK2 cell under Hecl RNAI + partial NuMA RNAI during the mechanical
isolation of the highlighted k-fiber (circles) using laser ablation (red X, t=0). Bottom: schematic
and zoom of highlighted pair. Scale bars=3 um (large) and 1 um (zoom).

(C) Mean, SEM, and individual K-K distance of pairs before and after ablation (time of fixation is
approximately 30 s from the end of trace). Vertical dashed line marks first ablation. Horizontal
dashed line marks the average K-K distance in 5 uM nocodazole (n=30 kinetochores). Example
in (B) is the purple trace.

(D) Normalized distance along the pole-to-pole axis for disconnected kinetochores before and
after ablation. Dashed line marks first ablation, and X’s indicate ablation position. Example in (B)
is the purple trace.

(E) Immunofluorescence imaging (maximum intensity projection) of microtubule attachment
(tubulin), kinetochores (CREST), and SAC activation (Mad2) at (top) the cell in (B) and (bottom)
a prometaphase cell on the same dish at approximately t=3:40. Scale bars=3 um (large) and 1
pm (zoom).

(F-H) Individual (circles) and average (lines) (F) K-K distance, (G) k-fiber intensity, and (H) SAC
activation (Mad2/CREST, normalized to prometaphase intensity) at ‘ablated’ kinetochores (n=5),
same-cell controls without ablation (n=30), and prometaphase cells on the same dish (n=20).
There is no SAC activation and no change in attachment intensity on sister kinetochores
attached to an ablated k-fiber and ablation reduces K-K distance to a value similar to that in
nocodazole (p=0.40).
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Figure 5
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Figure 3.5: The mammalian kinetochore integrates attachment input signals in a sensitive
and switch-like manner.

Microtubules bind kinetochore attachment subunits independently rather than cooperatively,
leading to a wide range of kinetochore-microtubule attachment numbers (left) (Fig. 3.1). The
speed of this response, the loss of Madl, is sensitive to the number of microtubules attached
(middle): Madl loss rates are slow at weakly attached kinetochores (Fig. 3.3), and reach a
maximum at kinetochores with wild type attachment numbers (Kuhn and Dumont, 2017).
However, kinetochores with very low microtubule occupancy are still capable of fully removing
Mad1 (Fig. 3.2), resulting in a decision-making process that is highly sensitive and switch-like
(right). The combination of switch-like decision-making and a tunable response rate is well-
suited to allow cells to rapidly exit mitosis while preventing errors.
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Supplemental figures and legends:

Figure S1
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Figure S3.1: Hec1-1D, but not 9D, rescues spindle defects after Hecl depletion; related to
Fig. 3.1.

(A) Western blot of Hecl and tubulin abundance in cells with a stably-expressed doxycycline-
inducible Cas9 and Hecl sgRNA (McKinley and Cheeseman, 2017).

(B) Immunofluorescence imaging (maximum intensity projection) of microtubules (tubulin),
kinetochores (CREST) and Hecl intensity in + and -dox Hecl1 knockout cells. Scale bars=3 pm.
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(C) Hec1l depletion quantified by immunofluorescence of mitotic cells with or without doxycycline
fixed after 1 hour of 5 uM MG132 treatment to prevent premature anaphase onset in Hecl-
depleted cells. 92/100 induced cells exhibited no detectable Hecl kinetochore localization.

(D) Hecl1-1D-EGFP and Hecl-9D-FusionRed intensity at individual kinetochores in Hec1l-
depleted cells expressing both mutants. Colors indicate different cells (n=23 cells, with 30
kinetochores/cell). The variation between cells is far higher that variation within cells (F = 175, p
= 102?for EGFP, F = 59, p = 10**for Fusion Red, One-Way ANOVA).

(E) Immunofluorescence imaging (maximum intensity projection) of microtubule attachments
(tubulin), Hec1-1D intensity (anti-EGFP), and Hec1-9D intensity (anti-mKate, binds to
FusionRed) in Hecl knockout +dox cells expressing Hec1-1D-EGFP of Hec1-9D-FusionRed.
Cells were treated with 5 pM MG132 to accumulate cells at a metaphase spindle steady-state.
Hec1-1D expression, but not -9D, rescues the spindle structure defects in (B).
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Figure S2
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Figure S3.2: Hec1-1D, but not 9D, allows for robust Mad1 loss after Hec1 depletion;
related to Fig. 3.2.

(A) Immunofluorescence imaging (maximum intensity projection) of SAC activation (Mad1l),
Hecl-1D intensity (anti-EGFP), and Hecl-9D-FusionRed intensity (anti-mKate, binds to
FusionRed) in Hecl knockout cells expressing Hecl-1D-EGFP or Hec1-9D-FusionRed. Cells
were treated with 5 uM MG132 to accumulate cells at a metaphase spindle steady-state. Hecl-
1D expression, but not -9D, allows Mad1 loss to undetectable levels on most kinetochores.
Some kinetochores in Hec1-9D-expressing cells are capable of losing Mad1. Scale bars=3 um
(large) and 1 pm (zoom).

(B) Table displaying different possible assumptions for choosing the parameters to estimate the
number of microtubules at the weakest binding kinetochores without Mad1. Varied parameters
include where the wild type (“high”) and minimum (“low”) attachment quantities are set. The first
parameter set is identical to Fig. 3.2D. While these assumptions produce slightly different
values, they are all significantly lower than previous estimates and likely represent a maximum,
not a minimum, threshold value.
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Figure S3
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Figure S3.3: Mad1 re-recruitment is associated with microtubule loss; related to Fig. 3.4.

(A) Timelapse imaging (maximum intensity projection) of representative SAC activation kinetics

(EYFP-Mad1) and microtubule attachment (SiR-Tubulin) on kinetochores (CenpC-mCherry) in

PtK2 cells after treatment with 10 uM nocodazole. Nocodazole addition does not immediately

depolymerize microtubule attachments. Madl is re-recruited on individual kinetochores rapidly

only once attachments start to disappear at t=0. Scale bars=3 um (large) and 1 um (zoom).
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(B) Mean and SEM of kinetochore-microtubule attachment intensity and Mad1-to-CenpC ratio at
kinetochores in nocodazole-treated cells. Mad1l starts to re-localize to kinetochores only once
tubulin depolymerizes, and it does so rapidly (<1 min) (n= 3 cells, 8 kinetochores).
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Materials and methods:

Cell culture and transfection:

PtK2 EYFP-Madl (Shah et al., 2004) (gift from Jagesh Shah) and wild type cells were
cultured in MEM (Thermo Fisher, Waltham, MA) supplemented with sodium pyruvate (11360;
Thermo Fisher), nonessential amino acids (11140; Thermo Fisher), penicillin/streptomycin, and
10% heat-inactivated fetal bovine serum (FBS) (10438; Thermo Fisher). Tet-on inducible
CRISPR-Cas9 Hela cells (Hecl knockout cells, gift from lain Cheeseman, Whitehead Institute)
were cultured in DMEM/F12 with GlutaMAX (10565018; Thermo Fisher) supplemented with
penicillin/streptomycin, 5 ug/mL puromycin, and tetracycline-screened FBS (SH30070.03T,;
Hyclone Labs, Logan, UT). Cas9 expression was induced by the addition of 1 uM doxycycline
hyclate 48 hr before fixation. Knockout was confirmed by Western Blot and the accumulation of
mitotic cells after doxycycline addition. Cell lines were not STR-profiled for authentication. All
cell lines tested negative for mycoplasma. Cells were maintained at 37°C and 5% CO,. For
imaging, cells were plated on 35 mm #1.5 glass-bottom dishes (poly-d-lysine coated, MatTek,
Ashland, MA; Fig. 3.3, Fig. S3.3), 25 mm # 1.5 glass etched coverslips (acid cleaned and poly-
L-lysine coated; G490; ProSciTech, Kirwan, AUS; Fig. 3.1), or 25 mm # 1.5 glass coverslips
(acid cleaned and poly-L-lysine coated; 0117650; Marienfeld, Lauda-Konigshofen, DEU; Fig.
3.1, 3.2, S3.1, S3.2). Cells were transfected with EGFP-Tubulin (Clontech, Mountain View, CA,
discontinued), Hec1-WT-EGFP (gift from Jennifer DeLuca, Colorado State University), mCherry-
CenpC (gift from Aaron Straight, Stanford University), Hec1-8AS8D-EGFP (1D-EGFP; gift from
J. DelLuca, Colorado State University), and Hec1-9D-FusionRed (FusionRed (gift from Michael
Davidson) was swapped for EGFP in Hec1-9D-EGFP (gift from Jennifer DeLuca, Colorado
State University)) using ViaFect (E4981; Promega, Madison, WI) 48 hr (HeLa) or 72 hr (PtK2)
before imaging. For siRNA knockdown, cells were treated with 100 nM siRNA oligos (Sigma-

Aldrich, St. Louis, MO) and 4 pl oligofectamine (12252011; Thermo Fisher) either 24 hr (Fig.
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3.3) or 6 hr (Fig. 3.4) after transfection (66 or 48 hr before imaging, respectively). The following
oligos were used: siNuMA: 5-GCATAAAGCGGAGACUAAA-3' (Elting et al., 2017); siHec1 5'-

AATGAGCCGAATCGTCTAATA-3’ (Guimaraes et al., 2008).

Immunofluorescence:

For “ablate and fix” experiments (Fig. 3.4) and Hecl knockout confirmation (Fig. S3.1),
cells were fixed in 95% methanol + 5 mM EGTA for 1 min on ice. Cells were then blocked at
room temperature for 1.5 hrin TBST (50 mM Tris, 150 mM NacCl, 0.05% Triton X100, pH 7.6) +
2% BSA. Primary and secondary antibody incubations were done in blocking solution for 1 hr
and 30 min, respectively. Between each step, 4-5 washes in TBST were performed. For “mixed
kinetochore” immunofluorescence (Fig. 3.1, 3.2, S3.1, S3.2), cells were pre-extracted in PHEM
(120 mM PIPES, 50 mM HEPES, 20 mM EGTA, 4 mM Magnesium Acetate, pH 7) + 1% Triton
X-100 for 20 s then fixed for 15 min in PHEM + 4% PFA (freshly dissolved from powder) at
37°C. Cells were then permeabilized in PHEM + 0.5% IGEPAL-CA-630 for 10 min and blocked
in PHEM + 0.05% Triton X-100 + 2% BSA for 1 hr at room temperature. Both the primary and
secondary antibody incubations were done in block solution at 37° for 1 hr. Between each step
(excluding pre-extraction), 4-5 min washes in PHEM + 0.05% Triton X-100 were performed,
PFA staining protocol adapted from (Suzuki et al., 2018). For all experiments, cells were
mounted in ProLong Gold (P10144; Thermo Fisher) and stored in the dark at 4 °C. The following
antibodies were used: mouse anti-a-tubulin DM1 (1:1,000; T6199; Sigma-Aldrich), human anti-
centromere (CREST; 1:25; discontinued; Antibodies Inc., Davis, CA), rabbit anti-rat kangaroo-
Mad?2 (Deluca et al., 2018; Kuhn and Dumont, 2017) (1:100), mouse anti-Hec1 (9G3; 1:100,
ab3613; Abcam), rabbit anti-mKate (recognizes FusionRed) (1:200; TA150072; OriGene,
Rockville, MD), mouse anti-hsMad1 (1:300; MABE867; EMD-Millipore, Burlington, MA), rabbit
anti-alpha-tubulin (1:200; ab18251; Abcam, Cambridge, UK), camel anti-EGFP conjugated to
Atto488 (1:100; added during secondary; gba-488; ChromoTek, Hauppauge, NY), anti-mouse
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secondary antibodies (1:500) conjugated to Alexa-488 (A11001; Invitrogen, Carlsbad, CA) or
Alexa-647 (A21236; Invitrogen), anti-rabbit secondary antibodies (1:500) conjugated to Alexa-
488 (A11008; Invitrogen), Alexa-568 (A11011; Invitrogen) or Alexa-647 (A21244; Invitrogen),
and a human secondary antibody conjugated to DyLight 405 (1:100; 109-475-098; Jackson

ImmunoResearch Laboratories, West Grove, PA).

Drug and dye treatments:

To depolymerize spindle microtubules (Fig. S3.3), 5 uM nocodazole (M1404; Sigma-
Aldrich) was added 10 min prior to fixation (Fig. 3.4) or 10 uM was added at the indicated time
(Fig. S3.3). To prevent anaphase onset (Fig. 3.1, 3.2, S3.1, S3.2) cells were treated with 5 pM
MG132 (474790; EMD-Millipore) 1 hr prior to fixation. To visualize tubulin as a third color (Fig.
3.3), 100 nM SiR-Tubulin dye (cy-sc002; Cytoskeleton, Inc., Denver, CO) was added 1 hr prior

to imaging, along with 10 uM verapamil (V4629; Sigma-Aldrich) to prevent dye efflux.

Imaging:
Microscope settings: All imaging was performed on an inverted (Eclipse Ti-E; Nikon, Tokyo,
JPN), spinning disk confocal (CSU-X1; Yokogawa Electric Corporation, Tokyo, JPN)
microscope. Single color live imaging (Fig. 3.4) was performed with a Di01-T488-13x15x0.5
(Semrock, Lake Forest, IL) head dichroic along with a 488 nm (120 mW) diode laser, an
ET500LP emission filter (Chroma, Bellows Falls, VT), and an iXon3 camera (Andor Technology,
Belfast, UK; bin=1, 105 nm/pixel). For these experiments, cells were imaged in phase contrast
(400 ms exposure) and fluorescence (60 ms exposure) in 3 z-planes spaced 700 nm apart
every 7.5-15 s with a 100x 1.45 Ph3 oil objective through a 1.5x lens with 5x pre-amplifier gain
and no EM gain (Metamorph 7.7.8.0; Molecular Devices, San Jose, CA).

Three-color live imaging (Fig 3.3, S3.3) was performed with a Di01-T405/488/568/647
head dichroic (Semrock) instead, along with 561 nm (150 mW) and 642 nm (100 mW) diode
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lasers and different emission filters (ET525/50M, ET630/75M, and ET690/50M; Chroma). Cells
were imaged by phase contrast (200 ms exposure) and fluorescence (40-75 ms exposure) in
four z-planes spaced 350 nm apart every 13-30 s and at bin=2 (to improve imaging contrast for
dim Madl and microtubule structures; 210 nm/pixel). All live PtK2 cells were imaged at 30 °C,
5% CO: in a closed, humidity-controlled Tokai Hit (Fujinomiya, JPN) PLAM chamber.

For fixed cell imaging (Fig. 3.1, 3.2, 3.4, S3.1, S3.2) a 405 nm (100 mW) laser was
added along with an ET455/50M emission filter (Chroma) and two emission filters were changed
to ET525/36M and ET600/50M (Chroma). Cell images were acquired in z-slices 300 nm apart
with bin=1 and laser powers, exposure times, and EM Gain optimized (but not changed
between cells) to fill as much of the dynamic range of the camera as possible without saturation.
For mixed kinetochore experiments (Fig. 3.1, 3.2), all acquisition settings for EGFP and
FusionRed were kept identical. To assess the efficiency of Hecl knockout in Hecl knockout
cells (Fig. S3.1), we fixed cells stained for Hecl, kinetochores, and microtubules were assessed
visually using these same imaging conditions.

Ablation Protocol: Laser ablation (20 3-ns pulses at 20Hz) with 551nm light was performed
using the MicroPoint Laser System (Photonic Instruments, Belfast, UK). Images were acquired
more slowly prior to ablation and then acquired more rapidly after ablation (typically 7.5 s prior
and 15 s after). Successful k-fiber ablation was verified by loss of tension across the centromere
(Fig. 3.1). To prevent k-fiber reincorporation into the spindle (Elting et al., 2014; Sikirzhytski et
al., 2014), the spindle area around the k-fiber was also ablated concurrently and the minus-end
of the k-fiber was re-ablated periodically prior to fixation.

Cell selection: For laser ablation (Fig. 3.4), metaphase cells with minor pole-focusing defects
and wavy spindle morphology, indicative of partial NuMA knockdown, and visible Hec1-EGFP
expression were chosen. In addition, Hecl knockdown was confirmed by the lack of k-fibers and
irregular motion of chromosomes in EGFP-negative cells. For imaging Mad1 loss (Fig. 3.3),
prometaphase cells with moderate Mad1-EFYP expression, high Hec1-9D-FusionRed
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expression, and low average K-K distances (to indicate lack of strong attachments) were
chosen. Hecl knockdown was confirmed by the lack of k-fibers and irregular motion of

chromosomes in FusionRed-negative cells.

Data Analysis:
Tracking and feature identification: For live ablation experiments (Fig. 3.4), kinetochores (Hec1-
EGFP) and poles (EGFP-tubulin) were tracked by hand using a custom-made Matlab

(Mathworks, Natick, MA) GUI (available here: https://github.com/DumontLab/Image-Analysis-

Gui). Pairs were then included in further analysis if they exhibited prolonged decrease in K-K
distance after ablation. For nocodazole addition experiments (Fig. S3.3), kinetochores (CenpC-
mCherry) and k-fibers (SiR-tubulin) were tracked by hand in a custom Matlab GUI using the
plane of brightest CenpC intensity (for kinetochores) or SiR-tubulin (for k-fibers). For live
imaging of Mad1l intensity (Fig. 3.2), kinetochores were tracked as previously (Kuhn and
Dumont, 2017), using Matlab program SpeckleTracker (Wan et al., 2012b). For analysis of fixed
images (Fig. 3.1, 3.2, 3.4, S3.1, S3.2), kinetochores were identified by hand in a custom Matlab
GUI using the plane of brightest Hecl or CREST intensity and K-fibers were identified as
bundles of tubulin intensity (where applicable).

Intensity measurements: Fixed kinetochore intensities (Fig. 3.1, 3.2, 3.4, S3.1, S3.2) were
measured in Matlab by summing pixel intensities in a 7x7 (0.73x0.73 um) box centered at the
indicated coordinate. To calculate the Mad2/CREST ratio (Fig. 3.4) and Mad1 kinetochore
intensity (Fig. 3.2), intensities were background-corrected by dividing (Fig. 3.4) or subtracting
(Fig. 3.2) the kinetochore intensity by the average of three background intensities. To calculate
the fraction EGFP (Fig. 3.1, 3.2), the kinetochore EGFP intensity (background subtracted) was
divided by the sum of the kinetochore EGFP and FusionRed intensity (both background
subtracted). To avoid negative numbers, corrected intensities less than zero were recorded as
zero. To calculate tubulin intensity on a given kinetochore, two 0.5 pm long intensity linescans
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were taken for each kinetochore: one (Tubi,) perpendicular to the kinetochore-kinetochore axis
0.25 pm away from the kinetochore towards its sister, and one (Tuboyu) perpendicular to the
kinetochore-microtubule axis 0.25 um away from the kinetochore towards the microtubule. The
microtubule attachment intensity is the difference between Tubou. and Tubi,. To account for
variance in staining between coverslips, all tubulin intensities were normalized to the intensity of
a 7x7 pixel box centered on the spindle pole.

To determine Madl loss rates (Fig. 3.3), we measured EYFP-Mad1l and FusionRed-
Hec1-9D intensities at each timepoint following a protocol identical to the one used to measure
Madl loss rates previously (Kuhn and Dumont, 2017). In short, movies were thresholded by
setting to zero all pixels <2 standard deviations above image background at the first frame. For
each time point, the intensities of all pixels in a 5x5 pixel (1.05x1.05 um) box around the
kinetochore were summed together over all planes. We do not detect significant bleaching over
the course of the movie. t=0 was set to the time for each kinetochore where Madl intensity
started decreasing while Hecl intensity stayed constant, and intensities were normalized to the
average intensity for t=-100 to t=0 (Kuhn and Dumont, 2017). To determine the relative
microtubule attachment intensity in Hec-1-9D and wild type cells, two points were placed along
k-fibers and astral microtubules in these same cells using a custom Matlab GUI, and then a 1
pum intensity linescan was taken perpendicular to a line between these two points. To correct for
background, a similar linescan was drawn in the cell periphery and subtracted from both values.
To normalize for different cellular SiR-tubulin levels, all k-fiber intensities in a cell were
normalized to an average cellular astral microtubule intensity.

To determine Madl1 accumulation timing relative to kinetochore-microtubule attachment
loss after nocodazole addition (Fig. S3.3A-B), we measured EYFP-Madl and CenpC-mCherry
at every timepoint by summing all pixel intensities across all planes in a 5x5 pixel (1.05x1.05
pm) box centered at the indicated kinetochore coordinate. To measure k-fiber intensity, an
intensity linescan was taken along a 1 um line perpendicular to a line drawn between the
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kinetochore coordinate and its corresponding k-fiber coordinate, 1 um away from the
kinetochore. t=0 was set to the time for each kinetochore where k-fiber intensity started
decreasing, and intensities were normalized to the average intensity for t=-100 to t=0. All code

used in intensity calculations available at https://github.com/JonAKuhn/Mitosis-intensity-

measurements and https://github.com/DumontLab/Image-Analysis-Gui.

Statistics: Data are expressed as mean + SEM. Calculations of p-Values (Mann-Whitney U and
one-way ANOVA) and correlation coefficients (Spearman rank-order) were done using Scipy
and Numpy Python modules. To calculate the relationship between the fraction EGFP and the
number of attached microtubules, a linear regression (least-squares) was applied to the data
using Scipy. The lower limit of fraction of a metaphase attachment is calculated as the ratio
between attachment numbers at the lowest average fraction EGFP cell with Madl1-negative
kinetochores in the mixed population from Fig. 3.2 and the attachment number at fraction
EGFP=1. Alternative calculations (Fig. S3.2) instead used the average fraction EGFP in the
Hecl-1D-alone population for the denominator or the average fraction EGFP in the Hec1-9D-
alone population for the numerator. Sample sizes were determined by the number of cells that
fulfilled listed criteria out of an initial dataset (Fig. 3.3, 4) or by the number of detectably

expressing cells on a coverslip (Fig. 3.1, 3.2).
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Chapter 4: Imaging and physically
probing kinetochores in live dividing

cells



Abstract

The kinetochore mediates chromosome segregation at cell division. It is the macromolecular
machine that links chromosomes to spindle microtubules, and is made of more than 100 protein
species in mammalian cells. Molecular tools are presently revealing the biochemical interactions
and regulatory mechanisms that ensure proper kinetochore function. Here, we discuss two
approaches for imaging and physically probing kinetochores despite mitotic cell rounding and
rapid kinetochore dynamics. First, we describe how mild spindle compression can improve
kinetochore imaging, and how stronger compression can mechanically perturb the spindle and
kinetochores. Second, we describe how simultaneously imaging two-colored kinetochore
reporter probes at sub-pixel resolution can report on kinetochore structural dynamics under
cellular forces. We hope that the experimental details we provide here will make these two
approaches broadly accessible and help move forward our understanding of kinetochore

function — and make these approaches adaptable to the study of other cellular structures.

Introduction:

The kinetochore:

During cell division, the two daughter cells must inherit exactly one copy of each chromosome.
Errors can lead to cell death or cancer in somatic cells or developmental disorders in the
germline. Chromosome segregation is mediated by the kinetochore, a 100nm-sized
macromolecular machine that anchors chromosomes to microtubules in the spindle. The
kinetochore regulates chromosome segregation and generates forces for chromosome
movement. We now know most of the proteins that make up the kinetochore — more than 100 of
them in mammalian cells (Cheeseman and Desai, 2008) — and are currently uncovering the
kinetochore’s underlying biochemical interactions and regulatory mechanisms. In parallel, we

have begun to elucidate how kinetochores generate and respond to mechanical force.
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Mechanical forces assemble the spindle (Karsenti and Vernos, 2001), move chromosomes
within it (Nicklas, 1983), and stabilize and correct kinetochore-microtubule attachments (Nicklas
and Koch, 1969). Force has also been proposed to regulate chromosome segregation (Li and
Nicklas, 1995). To understand how kinetochores generate and respond to force, we need
approaches for imaging kinetochore movement and structural dynamics under different forces,
and externally perturbing mechanical forces. Here we focus on two such approaches that are

conceptually simple and can be applied to live mammalian cells.

Mammalian cells — challenges:

While there are many powerful genetic and biochemical techniques available in mammalian
cells, the fact that mammalian cells round up at mitosis and that kinetochores are located deep
within the cell make imaging and mechanical perturbations based on physical contact (such as
with microneedles) difficult. In addition, kinetochores move rapidly, often in and out of a chosen
focal plane over time, making it difficult to follow the movement of individual kinetochores over
long periods. Kinetochores can also change their tilt angles with respect to the coverslip over

time, confounding attempts to image molecular-scale rearrangements within kinetochores.

Chapter overview:

In this chapter we first describe a simple approach utilizing an agarose pad and
micromanipulator for compressing dividing mammalian cells and their spindles. Mild
compression brings kinetochores closer to the coverslip to improve imaging, and brings the
spindle and kinetochore-microtubule axis roughly parallel to the coverslip. In turn, medium
compression directly flattens the spindle, confining all kinetochores to a smaller volume,
bringing more kinetochores into the same focal plane, and limiting kinetochore movement in and
out of focus. Even stronger compression can limit chromosome movements, externally
controlling — and increasing — the cellular forces that kinetochores experience. Second, we
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describe the use of simultaneous two-color sub-pixel imaging of kinetochore reporter probes. In
combination with mild compression to help confine and align kinetochores, this allows

monitoring structural kinetochore dynamics in real time under different cellular forces.

Spindle compression to image and perturb kinetochores:

Historical context:

Several mechanical approaches have been used to probe chromosome segregation in live cells:
some to improve imaging, and others to mechanically perturb mitotic cells and their
macromolecular machines. Examples of mechanical approaches to improve live cell imaging
include: coating coverslips (e.g. with Poly-L-Lysine) to help keep dividing cells flat; confining
dividing cells in PDMS devices of different heights (Le Berre et al., 2012); and laying an agar
pad on top of a cell to reduce mitotic rounding and movement (Fukui et al., 1987; Pereira et al.,
2009) Examples of physical perturbation approaches include microneedles to exert and
measure tension on individual chromosomes and kinetochores in insect spermatocyte cells
(Nicklas and Staehly, 1967; Nicklas, 1983); optical tweezers to move chromosomes inside
mammalian cells (Liang et al., 1991); and laser ablation to probe kinetochore motility
(Khodjakov and Rieder, 1996b), kinetochore signaling (Rieder et al., 1995) and spindle
mechanics (Snyder et al., 1991). We note that outside live cells, optical tweezers have given us
unprecedented access to kinetochore-microtubule attachment mechanics (Akiyoshi et al.,

2010).

Motivation:
Here we describe how spindles can be compressed in live mammalian cells using a
micromanipulator to controllably and reversibly press an agarose pad down on the cell (Figure

4.1). Unlike some methods of mechanical perturbation, spindle compression is compatible with
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high resolution live imaging and indeed improves image quality. Furthermore, spindle
compression requires little equipment besides a micromanipulator, and is fully compatible with
cell health. Mild compression has been used to improve conditions for sub-pixel kinetochore
imaging (Dumont et al., 2012), medium compression to study the response of spindle size to
mechanical force (Dumont and Mitchison, 2009), and strong compression to exert extraordinary
forces on kinetochores (Dumont et al., 2012). Below, we provide protocols for culturing cells in
preparation for compression, preparing agarose pads, the experimental setup we use for
compression, and details on executing and monitoring compression. We end this section with

tips for troubleshooting common issues.

Methods:

Choice of cell line: Protocols in this chapter will focus on one type of mammalian cells: rat
kangaroo kidney epithelial (Ptk2) cells. These already remain relatively flat at mitosis, and have
a small number of chromosomes — just 13 of them (Brinkley and Humphrey, 1969) — which are
large and thus easy to image and distinguish from one another. They are amenable to RNAI,
transfections and other molecular techniques (Guimaraes et al., 2008; Stout et al., 2006). Based
on our experience, we anticipate that compression will work in a variety of cell types, and is

easiest in flatter cells.

Cell culture: We culture Ptk2 cells in MEM (Invitrogen 11095) supplemented with sodium
pyruvate (Invitrogen 11360), nonessential amino acids (Invitrogen 11140),
penicillin/streptomycin, and 10 % qualified and heat-inactivated fetal bovine serum (Invitrogen
10438). We plate cells on #1.5 25 mm round coverslips (HCI-cleaned, poly-L-lysine coated), and
image them in Leibovitz's L-15 medium with L-glutamine without phenol red (Invitrogen 21083)
with antibiotics and serum as above. When culturing Ptk2 cells, we recommend keeping cell
confluency between 40 % and 90 %. When plating cells on coverslips for imaging, we typically
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dilute them to about 60 % confluency and grow them for two days prior to imaging. Hallmarks of
healthy cells include a high fraction of mitotic cells (rapidly growing population), flat cells
(including mitotic ones) that establish strong junctions with neighbors and display a “football-

shaped” spindle area free of mitochondria, reflecting high microtubule density.

Agarose pad preparation: Begin by mixing a solution of PBS and 2 % ultrapure agarose
(Invitrogen 15510). The agarose concentration is chosen such that the pad is rigid enough to
compress a large area of cells, and compliant enough for compression to be robust, easy and
safe to perform. Boil this solution in the microwave until clear. Let cool for 5 min, and then use a
plastic bulb pipet to fill a 60 mm plastic tissue culture dish with agarose solution around 2—3 mm
deep (68 ml). Let the agarose solution cool until it appears “cloudy” and has solidified. Cut the
agarose into 10-15 mm-wide squares, making sure to exclude any piece of agarose that
touches the edge of the plate and curves up (such that the pad has uniform thickness). Store
these squares in imaging media (described above) and let them sit overnight at 4 °C before
using, so that they can equilibrate with the imaging media. At 4 °C, the pads will last at least one
week. Before using any agarose pads on cells, warm them to the imaging temperature (we use
29-30 °C) immediately before imaging. If combining compression with pharmacological
treatments (e.g. taxol), incubate the pads overnight in imaging media supplemented with the
desired drug concentration. Adding a drug to, or washing a drug out from, a currently

compressed cell may not be possible on a rapid timescale.

Experimental setup: We perform live imaging on a Nikon Eclipse Ti inverted microscope with
100X 1.45 Ph3 oil objective through a 1.5X lens yielding 105 nm/pixel. Before, during and after
compression, we image cells by phase contrast and spinning disk confocal (Yokogawa CSU-X1)
fluorescence imaging every few seconds on an Andor iXon3 camera, and keep cells in focus
with the Nikon Perfect Focus System. We mount an oil hydraulic fine micromanipulator
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(Narashige MO-202) and coarse manipulator directly to our automated stage (ASI MS-2000
XYZ) (Figure 4.2). We attach a metal rod (2 mm wide) to the fine micromanipulator to directly
contact the agarose pad. We image cells at 29-30 °C in a homemade heated aluminum
coverslip holder accepting 25 mm round coverslips that allows access of the micromanipulator
rod to the coverslip at shallow angles. To facilitate access of the rod to the coverslip, it is easier

to use a low numerical aperture (NA) condenser (we use 0.52 NA).

Before spindle compression: Mount the coverslip in its temperature-controlled holder, fill the
holder with 3—4 ml of 30 °C media, and mount the holder on the microscope. Use phase
contrast imaging to locate a good cell for compression and imaging, and center it in the field of
view. The ideal cell to compress (Figure 4.3) and image will be as flat as possible prior to
compression so that additional flattening perturbs as little as possible, have significant contact
with neighboring cells but still have cell-free space around it to flatten (an area about 80 %
confluent is ideal for this) and have a clear spindle region. It is critical that the cell to be
compressed is away from the coverslip edges so that the agarose pad can be centered over it,
and the micromanipulator rod can access it (Figure 4.2). After finding a good cell, gently deposit
the agarose pad on top of the coverslip by placing it in the media. Once the pad has dropped
onto the coverslip, gently nudge the side with tweezers to put the center of the pad directly
above the objective. Next, position the micromanipulator rod by hand so that the rod end is
directly above the objective and is touching the media but not the pad. Position the rod at as
shallow an angle as possible (Figure 4.2). Take care to ensure that the micromanipulator Z-
control knob is adjusted to the top of its range, so that the rod will have sufficient range to reach
the pad. Then, finely adjust the position of the rod using fine micromanipulator X- and Y-control

knobs to ensure it is centered above the cell (looking through the Bertrand lens is helpful).
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Spindle compression: Once the rod is centered, slowly begin lowering it using the
micromanipulator Z-control knob. If imaging is needed during compression, we typically send
80% of phase contrast imaging light to the camera and 20% to microscope eyepieces as these
have a bigger field of view than the camera and thus allow more careful monitoring of
compression progress. As the micromanipulator rod is lowered, the phase contrast image may
begin to darken; if so, the condenser must be lowered as the rod is lowered to preserve Koehler
illumination. Continue lowering the rod until particles in the media begin to rush (as seen
through the eyepieces), reflecting first contact of the rod with the pad. From this point, only
lower the rod a few microns at a time. The first sign that downward force is being exerted on the
cell is that the spindle and chromosomes will spread outward. Adjustments to the focal plane
are also typically necessary during compression as the position of the spindle with respect to

the coverslip changes.

Choice of compression levels: We consider three compression levels, each with a different
effect and purpose. Compression extent is fully under micromanipulator control, and is
reversible. The extent of compression can simply be monitored by the surface area of the cell as
viewed in phase contrast imaging, and can be further characterized by monitoring spindle
thickness via 3D imaging (Z-stacks). While we do not know the precise amount of force that
compression applies to the spindle, we estimate it to be on the order of hundreds of

nanoNewtons (Dumont and Mitchison, 2009).

i.  To achieve mild compression (Figure 4.1B), lower the rod but stop right when the cell
begins to bleb. This level of compression (typically 100-150 pym of micromanipulator
travel from the point of first contact of the rod and pad) flattens the cell mildly, brings the
spindle and kinetochores closer to the coverslip without flattening the spindle, and aligns
the spindle with the coverslip axis without affecting chromosome motion — making it
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easier to follow kinetochores over time. The response of the cells to this compression
level is reversible when the compression force is removed.

To achieve medium compression (Figure 4.1C), continue lowering the rod for a few
microns after the cell begins to bleb (after which it may or may not continue to bleb).
Medium compression flattens the spindle: it widens the spindle (passively, over seconds)
and lengthens it (actively, over minutes) up to 40%, and does not affect kinetochore
motility dynamics or inter-kinetochore distance, a proxy for kinetochore tension (Dumont
and Mitchison, 2009). Medium compression improves imaging (Figure 4.4): it confines all
kinetochores to a smaller volume to image, brings more kinetochores into the same focal
plane and limits kinetochore movement in and out of the focal plane. For example, in
one study we found that Ptk2 spindles were about 5—7 ym in height (from top to bottom
kinetochore-fibers) before and 3—4 um in height after this level of compression (Dumont
and Mitchison, 2009). As the pad is deformable, this can require 10 um or more of
micromanipulator travel beyond mild compression in our conditions. The response of the
cell and spindle to this compression level is typically reversible.

To achieve strong compression (Figure 4.1D), continue lowering the rod until some
chromosomes can no longer move freely because cell height is not sufficient. This can
require an additional 10 um or more of micromanipulator travel beyond medium
compression in our conditions. In addition to improving imaging as for milder
compression, strong compression effectively pins down some of the chromosomes to
the coverslip, while microtubules are still exerting pulling forces on kinetochores: strong
compression can prevent one kinetochore from moving, while its sister kinetochore is
free to move, yielding inter-kinetochore distances significantly above the normal range
(Dumont et al., 2012). This results in extraordinary forces being exerted on kinetochores,
and thus serves as a means to mechanically perturb kinetochores inside live cells. If

such strong compression force is removed quickly by raising the rod rapidly, the spindle



response is not reversible; however, if compression is removed more slowly (over > 10
S), the spindle responds more reversibly. For strong compression, be particularly

cautious to align the rod on top of the cell and objective to avoid cracking the coverslip.

For all three compression levels, we generally lower the compression rod over 10-20 s, and
keep it down in position for as long as we want to image or perturb the cell. For compression
levels (i) and (ii), anaphase entry is not significantly delayed during or after compression.

Monitoring the time to anaphase entry is excellent practice.

After spindle compression: After compression is no longer needed, raise the rod upward with
the micromanipulator. If other cells are to be used in the area of the compressed cell, raise the
micromanipulator rod slowly to encourage reversible responses to compression removal.
Importantly, make sure to never move the rod or the pad in X-Y while a cell is under
compression as this could shear cells off the coverslip. First raise the micromanipulator rod

before moving it in the X-Y plane.

Troubleshooting tips:

i) Poor phase contrast image in compressed cells: Both the agarose pad and
micromanipulator rod are in the transmitted light path and can thus affect phase contrast
imaging. Koehler illumination should be maintained for good phase contrast generation,
which in our experience may require bringing the condenser down during compression.
Having about a 1.5 cm high pool of imaging media in the holder (several milliliters of media

in our holder) is also helpful, and makes imaging more robust to media evaporation.

ii) Difficulty maintaining compression: If compression is not maintained and the cell rounds
up during compression, this suggests that the area being compressed is not directly over the

cell. Either the rod or pad is not directly above the objective. Slowly release compression
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and correctly center the rod and pad in the X-Y plane. Cells at the edge of the coverslip may

be hard to compress, either because the rod or pad center cannot reach them.

iii) Cell death upon compression: When compressing, cell bleb expansion and retraction are
often observed and are expected and normal. However, excessive blebbing and lack of bleb
retraction indicate compression is too strong for cell health maintenance. In particular, if the
cytoplasm slowly leaks or suddenly bursts — leading to cell death — this indicates that the

compression level was too strong.

iv) Coverslip cracking upon compression: If this occurs, it is most likely because the rod or
pad is miscentered and not above the cell and objective. If the cell does not begin to
compress shortly after the media rushes when the pad is brought down, raise the rod, re-

center the rod and pad, and try again.
Imaging kinetochore dynamics at sub-pixel resolution via two-color reporter probes
Historical context:

In the previous section we described spindle compression as a method to improve kinetochore
imaging under cellular forces and to externally perturb these forces. Here, we describe a
method for monitoring the structural dynamics of kinetochores under force in live cells. Most of
what we know about the global organization of mammalian kinetochores has come from
electron microscopy, which reveals a multilayered structure (Dong et al., 2007): an inner plate at
centromeric chromatin and outer plate near microtubule plus-ends. In turn, biochemical analysis
has revealed information on relative positions of different kinetochore proteins between

chromatin and microtubules (Cheeseman and Desai, 2008). Until a few years ago, obtaining
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high resolution positional data with molecular specificity presented a major challenge: while
kinetochore proteins could be tagged with fluorescent markers, the distance between chromatin-
binding and microtubule-binding kinetochore proteins (about 100 nm) is below the diffraction
limit of light. FRET (Forster resonance energy transfer) only informs on distances smaller than
10 nm. The application of Gaussian-fitting to find the center of diffraction-limited objects (Yildiz
et al., 2003) and the distance between them (Churchman et al., 2005) now provides us with a
means to use light imaging to position kinetochore proteins with respect to each other, and to

measure linkage deformations under different conditions.

Motivation

Here we describe an adaptation of SHREC, single molecule high-resolution colocalization
(Churchman et al., 2005), to measure the distance between two groups of differently colored
reporter probes within a single kinetochore in live mammalian cells, which we refer to as “intra-
kinetochore distance” (Wan et al., 2009). SHREC in fixed cells has revealed the architecture of
the mammalian kinetochore-microtubule attachment site with 5 nm accuracy (Wan et al., 2009).
Three key features make kinetochore live cell SHREC possible: i) the high copy number of most
protein species within one kinetochore means that enough photons can be collected with
genetically-encoded fluorescent proteins; ii) the natural orientation of the kinetochore-
microtubule axis roughly parallel to the coverslip axis makes it possible to measure intra-
kinetochore distances along this axis; iii) the cyclical nature of kinetochore movements in
mammalian metaphase chromosome oscillations makes data averaging possible by providing
clear synchronization points. However, challenges to live kinetochore SHREC measurements
are significant: kinetochores are found deep inside round mitotic cells, move up and down — and
can tilt — with respect to the imaging plane, and move fast; in addition, not all copies of the same
protein may localize in a similar manner. Yet, using live kinetochore SHREC, it has been
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possible to relate structural dynamics and different microtubule forces (Dumont et al., 2012;
Joglekar et al., 2009). Below we describe cell preparation, the experimental setup, imaging, and
basic data analysis guidelines for live kinetochore SHREC, and mention key questions to

consider in data interpretation.

Methods

Gaussian-fitting for sub-pixel resolution: If a single fluorescent molecule is imaged, it forms a
diffraction limited image of width A/(2NA), with A the wavelength of light and NA the collection
objective numerical aperture. If we fit the image to a 2D Gaussian, the mean corresponds to the
position of the single molecule. The standard error of the mean, which reflects our ability to
estimate the mean, will depend on photon noise, the effect of the detector’s finite pixel size, and
background noise (Thompson et al., 2002; Yildiz et al., 2003). Thus, for improved accuracy we
must collect as many photons as possible and choose a camera carefully. Although Gaussian-
fitting approaches were developed for single molecules, they have been applied to groups of
kinetochore proteins: there are several copies of each kinetochore protein per microtubule
(Johnston et al., 2010b), and multiple microtubules per mammalian kinetochore (20-25 in Ptk
cells, (McEwen et al., 1997)), and thus there are a couple to a few hundred copies of some
proteins at each mammalian kinetochore. As discussed below, care must be taken to
understand the assumptions behind the use of a single-molecule technique for groups of

molecules.

Choice of cell line and reporter probes: We focus on Ptk2 rat kangaroo kidney epithelial cells for
the same reasons as for spindle compression. To measure intra-kinetochore distances via live

SHREC, two reporter probes (Figure 4.5A) should be chosen such that i) the labeled
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kinetochore proteins are expected to be sufficiently distant from each other (50 nm and above
are good starting points) — based on protein distances in fixed cells (Wan et al., 2009) and
related biochemical data — for live SHREC to robustly resolve this distance; ii) they are fused to
fluorescent proteins with non-overlapping spectra; iii) they can be expressed at high enough
levels in cells without adversely affecting function, to get high photon counts and a good
estimate of the Gaussian center; iv) they are not known to bind anywhere else near
kinetochores, as this could affect Gaussian-fitting (e.g. to microtubules in a kinetochore-
independent manner). In addition, to aid in data interpretation on the relationship between intra-
kinetochore distances and microtubule forces we recommend choosing reporter probes which
take on structural (as opposed to regulatory) roles at kinetochores when possible given above

constraints.

Expression of reporter probes: Two reporter probes must be expressed either using transient
transfection or infection, or in stable cell lines. For example, we have recently used transient
transfection to express Hecl-EGFP or EYFP-Cdc20 (outer kinetochore proteins) and CenpC-
mCherry (inner kinetochore protein) in Ptk2 cells (Figure 4.5B—C): we transfect cells on a 25mm
coverslip in a 6-well plate using 0.5 ug of each plasmid with 3 ul Fugene6 (Promega E2693)
with 2.5 ml of media without antibiotics. Cells are either plated on coverslips 24 h before
transfection, or plated and transfected together. Cells are imaged 36—48h post-transfection in
imaging media as described above. Cells expressing one probe will typically also express the

other, and using the above protocol we find that 30-50% of cells express both probes.

Experimental setup: We use the setup described for spindle compression, with a Yokogawa
CSU-X1 spinning disk confocal with 488 nm and 561 nm diode lasers (100-150 mW lasers,
used at a fraction of their power) and add a DualView (Photometrics, Chroma 565dcxr dichroic
and ET525/50M and ET630/75M emission filters) module for simultaneous EGFP or EYFP and
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mCherry camera acquisition (Figure 4.5B—C). We have confirmed the lack of channel crosstalk
with EGFP or EYFP and mCherry (Semrock Yokogawa dichroic Di01-T405/488/561). We use
an Andor iXon3 camera with 5X pre-amp gain and no EM gain: EGFP or EYFP and mCherry
are simultaneously excited, and emissions collected simultaneously on each camera half.
Simultaneous imaging is critical because of fast kinetochore movements at mammalian mitosis

(if kinetochores move at 1 um/min, this means 17 nm each second!).

Before live cell imaging — two-color bead registration: Before the distance between two different
kinetochore protein populations can be measured with EGFP/EYFP and mCherry probes, one
must map chromatic aberrations (how the same object appears in two different colors) over the
field of view (Figure 4.6A). To do this, we mount scattered TetraSpeck 100 nm beads
(Invitrogen T-7279) to a coverslip surface and simultaneously image the same beads in both
green and red channels. We then use the 2D-Gaussian-fitted centers (Isqcurvefit, Matlab) of
these beads in both channels to create a position-dependent 2D transform (we find that
Matlab’s cp2tform with polynomial degree 2 works well) that accounts for chromatic aberrations
(Churchman et al., 2005). This transform can then be applied to other bead slides to probe its
error. If performance is satisfactory, it can then be used to register (i.e. correctly align and
relatively position) EGFP/EYFP and mCherry kinetochore images together and ultimately
measure intra-kinetochore distances. In our experience, it is helpful to perform this bead

registration every day before beginning imaging.

Sub-pixel resolution kinetochore imaging via two-color reporter probes: We use phase contrast
to find metaphase cells without bleaching fluorophores, and then confocal imaging to assess
whether both probes are expressed, and whether their expression level (i.e. collected photon
count) is high enough for needed localization accuracy. For CenpC-mCherry and Hecl-EGFP or
EYFP-Cdc20, we typically collect 4000—7000 photons/kinetochore (which we can estimate using
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the electron-to-photon conversion factor obtained after camera calibration), and the signal-to-
noise ratio (SNR) is typically 15-20 (SNR=Imax/\(Imax+b2), with Imax the maximum pixel
photon count and b the background photon standard deviation). Once a proper cell has been
identified, we perform medium compression (as described above) to i) bring more kinetochores
in the same plane, which means faster data collection; ii) limit out of plane movement, which
allows us to follow a single kinetochore pair over long times as it experiences different forces; iii)
help align the kinetochore-microtubule axis to the coverslip, since this is the axis along which we
measure distance. We typically wait a few minutes between compression start and imaging
start. At every time point, we acquire a phase contrast image to monitor cell health and
associate kinetochores in pairs (a proxy for tension) by identifying chromosomes, and a
simultaneous two-color confocal image to monitor the distance between the two kinetochore
probes (Figure 4.6B). Images are acquired at 105 nm/pixel (bin=1), and exposure times are kept
as short as possible to avoid blurring the distributions due to movement. Because we attempt to
follow the same kinetochore over long times as microtubule forces change, we do not typically
collect Z-stacks to avoid photobleaching, and thus only perform Gaussian fitting in 2D. If Z-

stacks can be acquired, Gaussian fitting in 3D has the advantage of reporting on kinetochore tilt.

Data analysis for sub-pixel resolution kinetochore imaging: After data collection, we begin by
tracking each kinetochore’s position over time (SpeckleTracker, Matlab program written by
Xiaohu Wan), and then determine the centroids of the Hec1-EGFP or EYFP-Cdc20 and CenpC-
mCherry probes at each time point by fitting a 2D Gaussian (Isqgcurvefit, Matlab) in a 10x10
pixel box (Figure 4.6C-D). Applying the two-color bead registration map to the EGFP/EYFP and
mCherry images, we then find the inter-probe distance at each time (Figure 4.6E): this distance
fluctuates broadly over time, and thus we pool together inter-probe distances from different

times, kinetochores and cells in conditions we believe to be similar (Figure 4.6F). Metaphase
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chromosome oscillations can be used as a system where averaging can be performed over
well-defined periodically recurring events: for example, in recent work we found that the inter-
probe distance was different by an average of 8 nm in kinetochores moving toward and away
from the spindle pole (Figure 4.6E—F) (Dumont et al., 2012). To validate such conclusions, it is
essential to check whether individual kinetochores behave — on average — like the means do.
We calculate inter-probe distance as the mean of the Gaussian fit of the distance distribution,
and note that because the inter-probe distance cannot be negative, this can overestimate the
inter-probe distance — particularly for small distances (Stirling Churchman et al., 2006). In our
conditions, we measure the standard deviation of the inter-probe distance distribution to be
about 20 nm, and this includes contributions from centroid determination with limited photon
counts (4-6 nm accuracy for our conditions (Mortensen et al., 2010)), two-color registration map
estimation errors (target registration error as high as 7 nm in our tests (Churchman et al.,
2005)), map application to inhomogeneous environments deep inside the cell, and biological

variation (Dumont et al., 2012).

Key considerations for interpretation of inter-probe distances:

i) Meaning of the Gaussian center and of inter-probe distances

It is important to keep in mind that the Gaussian-fit center of many copies of the same
kinetochore protein does not necessarily correspond to the location of all protein copies (Figure
4.7A). If protein copies are tightly clustered, mean localization will not be affected; however, if
protein copies are too scattered, then assumptions behind Gaussian fitting break down (Wan et
al., 2009). In an extreme example, if the protein copies were distributed in a bimodal distribution,
the centroid could be in a region where few protein copies actually reside. The position of the

centroid reflects the position of the center of mass of a group of proteins.
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i) Contributions of non-structural factors to changes in inter-probe distances

While it is tempting to interpret changes in inter-probe distance as structural changes within the
kinetochore, other events may lead to inter-probe distance changes. Most notably, both
kinetochore tilt with respect to the coverslip and changes in protein binding sites at the
kinetochore could lead to apparent inter-probe changes. First, given that most microtubules
terminate at the kinetochore within a 30 nm band along the microtubule axis (McEwen and
Heagle, 1997) and that microtubule plus-ends are located in a 400 nm diameter circle in Ptk
kinetochores (McDonald et al., 1992), one can estimate the amount by which tilt would be
expected to widen the kinetochore probe image standard deviation (Dumont et al., 2012). While
such tilt has thus far been insufficient to explain observed changes in distance between
Gaussian centers, its possible effects must always be considered (Figure 4.7B). Second,
dynamic changes in protein binding may always contribute to apparent inter-probe distance
changes (e.q. if reporter proteins bound different sites on the kinetochore over time; Figure
4.7C), and such possibilities can be carefully evaluated by measuring changes in parameters
such as protein intensities, recovery kinetics after photobleaching, and Gaussian standard

deviations over time.

Conclusion and outlook

Mammalian cells round up when they divide, and many key structures that mediate division are
highly dynamic. Together, these make imaging and physically probing cell division structures
difficult. In this chapter, we have presented two conceptually simple methods to image and
physically probe kinetochores in live dividing mammalian cells: i) spindle compression improves
imaging inside round cells, and stronger compression can be used as a tool to mechanically

perturb the spindle and kinetochores; ii) in turn, sub-pixel imaging of kinetochore linkages can
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probe kinetochore structural dynamics under cellular forces. We hope that the experimental
details we provide, as well as our open discussion of common technical and interpretation
pitfalls, will make these two approaches broadly accessible — and together move forward our
understanding of kinetochore function. Lastly, we note that these methods — once adapted —

may help us image and physically probe other cellular structures.

91



Figures and figure legends:
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Figure 4.1: Spindle compression.

(A) Experimental sketch for spindle compression. A micromanipulator presses a rod down on an
agarose pad to compress the cells below it.

(B) Mild compression flattens the cell, brings the spindle and kinetochores closer to the
coverslip, and aligns the spindle with the coverslip axis — making it easier to follow kinetochores
over time (Dumont et al., 2012).

(C) Medium compression (Dumont and Mitchison, 2009) widens and lengthens the spindle,
does not affect kinetochore motion and tension, and improves imaging by bringing more
kinetochores into focus and limiting their movement in and out of the focal plane.

(D) Strong compression improves imaging and pins down some of the chromosomes to the
coverslip, preventing them from moving and resulting in inter-kinetochore distances significantly
above the normal range (Dumont et al., 2012). Part (A) adapted from (Dumont and Mitchison,
20009).
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Figure 4.2: Experimental setup for spindle compression.

The shallow angle of the micromanipulator rod and coverslip holder walls allow the rod access
to the agarose pad (highlighted with a white dotted rectangle). The micromanipulator is attached
directly to the stage, and positioned in the center of the objective and pad.
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Figure 4.3: Choosing a cell for spindle compression.

Phase contrast images of an (A) ideal and (B) non-ideal Ptk2 cell for spindle compression. An
ideal cell remains flat at mitosis prior to compression, and has space available around it to
increase its surface area upon compression. Note that in phase contrast imaging a healthy
spindle appears as a clear “football-shaped” region around chromosomes.
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Figure 4.4:

Images of a Ptk2 cell (A) before and (B) during medium spindle compression: phase contrast
(A, B) and spinning disk confocal EYFP-Cdc20 (A, B’) images. Compression increases cell
area, spindle width and length, number of in-focus chromosomes and kinetochores (from about
10 to about 22). A Z-stack of confocal images was acquired (350nm between planes) and a
maximum intensity projection along the Y-Z plane (A* and B*) confirms that kinetochores are
confined to a narrower volume slice during compression. Intensities should be compared with
care between images in (A) and (B) as 5 min of imaging separates them; during this time,
photobleaching takes place and Cdc20 localization changes as mitosis progresses (Howell et
al., 2004). Intensity display scaling was adjusted for YZ planes (to show cell shape changes as
revealed by cytoplasmic EYFP-Cdc20). All XY images in this figure were acquired with 2x2
binning, yielding 210 nm/pixel.
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Figure 4.5: Simultaneously imaging two kinetochore reporter probes in live cells.

(A) Reporter probes must be chosen with care and here we depict the expected position (Wan
et al., 2009) of two probes we have used: CenpC-mcherry (probe #1) and EYFP-Cdc20 (probe
#2).

(B) To monitor kinetochore structural dynamics live, both probes are simultaneously imaged on
each half of the camera by using a dichroic to separate emission photons from each probe.

(C) Simultaneous imaging of CenpC-mcherry (top, probe #1) and EYFP-Cdc20 (bottom, probe
#2) on two camera halves. The identified kinetochore pair will be analyzed in Figure 4.6. Part
(C) adapted from (Dumont et al., 2012).
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Figure 4.6: Measuring kinetochore inter-probe distances.

(A) We image two-color beads in both green and red channels, and find the transform f(x,y) that
maps Gaussian-fitted position differences in both channels.

(B) Enlarged two-color image of the kinetochore pair identified in Figure 4.5C (left = triangle,
right = circle).
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(C) Each kinetochore probe leads to an image that is fit to a 2D Gaussian (which we find has a
standard deviation of about 160 nm along the microtubule axis, slightly larger than 100 nm
beads (Dumont et al., 2012)).

(D) Tracks of one kinetochore’s (the right one in (B)) two probes (EYFP-Cdc20 and CenpC-
mCherry, as for (E) and (F)), moving during chromosome oscillations (dashed lines = reversals).

(E) Inter-probe distance versus time from the tracks in (D), highlighting poleward (P, red) and
away-from-pole (AP, blue) movement.

(F) As an example measurement, we show data suggesting that kinetochores are in different
structural states during poleward and away-from-pole movement. Histograms of inter-probe
distances over different times, kinetochores and cells for poleward (red) and away-from-pole
(blue) movement: 47+20 nm poleward (n=525) and 55£19 nm away-from-pole (n=569). Parts
(B), (D—F) adapted from (Dumont et al., 2012).
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Figure 4.7: Considerations for interpreting inter-probe distances.

(A) The Gaussian-fit center of many copies of the same kinetochore protein does not
necessarily correspond to the location of all protein copies. Protein copies that are tightly
clustered will not affect mean localization, but if protein copies are too scattered then
assumptions behind Gaussian fitting break down (Joglekar et al., 2009; Wan et al., 2009). Also,
non-structural factors can lead to apparent changes in inter-probe distances, such as (B) tilt of
the inter-probe axis with respect to the coverslip and (C) dynamic changes in probe binding
sites (such as recruitment to a new binding site, as depicted here). In the text we provide
pointers for evaluating the effects of (B—C).
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Chapter 5: Conclusions
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In order to segregate chromosomes accurately, cells must coordinate the alignment and
attachment of dozens of independent chromosomes over large areas. To this end, the cell uses
the chromosome-microtubule attachment point as a signaling platform. In the SAC, the
kinetochore acts as a subcellular computer: it accepts inputs from the environment, processes
them, and produces an output controlling cell cycle progression. To understand this computer, it
is critical to understand not just the inputs and outputs but also how the “hardware” (kinetochore
structure) and “software” (network of biochemical interactions) interact to produce the SAC’s
guantitative behavior. While interest in this subject is long-standing, it is extremely difficult in

practice to systematically analyze structures as complex and dynamic as the kinetochore.

In this dissertation, | asked how kinetochore detect and process attachment information.
In chapter 2, | used live cell imaging to probe what inputs the kinetochore accepts. We
uncovered a critical intermediate state where kinetochore pairs are under tension and one sister
is Mad1-negative and end-on attached and one is Madl-positive and laterally attached. This
allowed us to demonstrate that neither kinetochore-microtubule attachment or tension are
sufficient for SAC satisfaction. Instead, a specific attachment geometry — end-on attachments
likely mediated through Hecl — is needed for SAC satisfaction. Prior to this work, the fact that
tension was not sufficient for Mad1 loss and that only specific attachments turned the SAC off
had not been clearly demonstrated. Additionally, the actual process of Madl loss had not
previously been captured. The kinetics of this behavior give us valuable insight into the Mad1

loss response: it is rapid, irreversible, and likely governed by one rate limiting step.

In chapter 3, | further clarify what specific inputs the kinetochore detects and analyze
how the kinetochore’s hardware and software tune the SAC response quantitatively. Our unique
“mixed kinetochore” assay allowed us to both probe the binding behavior of individual Hecl
heads on the kinetochore and to quantify the relationship between attachment and Mad1

localization. Interestingly, individual kinetochore subunits function independently in microtubule
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binding, but all coordinate a single SAC response. While there were some suggestions that the
SAC could turn off at attachment numbers below metaphase levels, the high degree of
sensitivity and switch-like behavior we show had not previously been observed. We also show
that kinetochores can modulate the rate of Mad1l loss in response to reduced attachment
numbers, a potential way for kinetochores to decrease their “false positive” rate. Finally, we
show conclusively that tension — even tension applied across Hecl and its associated proteins —
is not needed for Mad1 loss. While this has become the increasingly favored position in the

field, the acute removal of pulling forces on kinetochores had not previously been possible.

While understanding how the kinetochore functions as a computer and the cell makes
correct decisions are exciting conceptual questions on their own, they are also urgently
important for human health. Understanding how mitotic errors can arise and how to prevent
them is critical because these errors drive both oncogenesis and tumor evolution (Giam and
Rancati, 2015). Indeed, some of the most effective cancer treatments are anti-mitotics and rely
on the SAC for their efficacy (Yamada and Gorbsky, 2006). It is only with the knowledge of what
the kinetochore detects, and how molecules in the SAC function, that we can accurately target
mitosis and treat these diseases. Much of this same logic applies to other diseases: a variety of
genetic disorders are caused by errors in meiosis (where the SAC is also functional). By
understanding the kinetochore decision-making process, it is possible in the future that we may

be able to predict or even prevent this mistakes before they happen.

Looking forward, it will be critical to better explain how the kinetochore functions
guantitatively as an ensemble. As a practical matter, our field tends to conceptually separate
kinetochore processes like error detection (the SAC), error correction, and microtubule binding
and capture. In reality, these pathways are tightly linked to one another in complex ways which
can evolve over the course of mitosis. It is only by combining finer tools to tune kinetochore

mechanics and composition with quantitative modelling of the kinetochore interaction network
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that we move forward from a parts list to a deeper understanding of this macromolecular
machine. A few specific outstanding questions about kinetochore and SAC function are
particularly exciting: First, what molecular and/or spatial properties make the SAC so sensitive
to microtubule attachments? By analyzing how the threshold number of attachments to turn off
the SAC changes after mutating key structural proteins and kinases, we can ascertain how
kinetochore function is set and can be modified. Second, how do other critical kinetochore
processes, like error correction, respond to changes in kinetochore attachment and tension in
live dividing cells? Finally, do different cell types and organisms alter their sensitivity to
microtubule attachments to fit their natural environment? For example, does a 2 um C. elegans
kinetochore require more microtubule attachments to shut off the SAC than a 100 nm human
kinetochore? Exploring these questions will help us understand the kinetochore better in a

theoretical, evolutionary, and medical context.
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