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Abstract

Elucidating the mechanisms of kinetochore assembly using a novel assay

Jackie Lang
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Dr. Susan Biggins
Department of Biochemistry

Cells rely upon the kinetochore in order to segregate their chromosomes during every
cellular division. The kinetochore is a large, complex protein structure that must assemble onto
the centromeric region of the chromosome and attach to the spindle microtubules. Therefore, it is
imperative that cells accurately establish the centromere and build functional kinetochores in
order to ensure proper segregation of the DNA. The centromeric nucleosome is marked by the
conserved CENP-A histone. In order to restrict CENP-A®*** incorporation to the centromere, the
cellular levels of CENP-A®** in budding yeast are kept low by ubiquitination. T found that
CENP-A® is also post-translationally modified with SUMO, a small protein that is similar in
many ways to ubiquitin. CENP-A®** is sumoylated by the Sizl and Sizl E3 SUMO ligases, and
the sumoylation peaks during S phase of the cell cycle. I found that sumoylation does not effect

CENP-A® stability, but later work from another group suggested that sumoylation targets



CENP-A“*** for ubiquitination and subsequent degradation. It will be important to resolve these
discrepancies and understand how CENP-A“** is regulated by this novel post-translational
modification. In order to create a biochemical tool that could help address unanswered questions
such as this, I developed an assay to assemble kinetochores in vitro onto a centromeric template.
The cell-free assay I developed has the same fundamental requirements as kinetochore assembly
in vivo, including a dependency upon the CENP-A“*** chaperone, suggesting that a centromeric
nucleosome forms onto the DNA template. Importantly, this de novo assembly method is
sensitive to phosphoregulatory events and generates complete kinetochores that are capable of
binding to microtubules. I used this assay to address why kinetochores recruit the key
microtubule-binding Ndc80 complex through two pathways: the Mis12 complex and CENP-
T Although budding yeast CENP-T“™ is nonessential, I found that it becomes required for
Ndc80 complex recruitment and cell viability when the Mis12 complex pathway to assembly is
inhibited by phosphoregulation. Thus, CENP-T™' can independently recruit the Ndc80 complex
and is required to maintain intact kinetochores throughout the cell cycle. The potential
applications for the kinetochore assembly assay are numerous and extend to many fundamental

questions about centromere and kinetochore biology.
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CHAPTER 1. Introduction

1.1 KINETOCHORES AND CENTROMERES

1.1.1 The mitotic functions of kinetochores

Chromosomes must be accurately segregated to daughter cells during cell division to
avoid aneuploidy, a hallmark of birth defects and cancers [1]. Faithful segregation relies on the
attachment of chromosomes to spindle microtubules via the kinetochore, a conserved protein
complex that assembles at centromeres [2, 3]. Kinetochores must track dynamically growing and
shrinking microtubule tips, monitor for erroneous kinetochore-microtubule attachments, and
serve as the platform for the spindle assembly checkpoint [4, 5]. To carry out these many
functions, the kinetochore is a highly regulated, megadalton protein structure composed of many
subcomplexes (Figure 1.1). Although these subcomplexes must faithfully assemble onto the
centromere every cell cycle, the underlying mechanisms that regulate kinetochore assembly are
still not well understood.

Kinetochores are built on a specialized centromeric chromatin structure, in which
canonical histone H3 is replaced with a centromere-specific variant, CENP-A [6, 7]. The
constitutive centromere-associated network (CCAN) binds to this centromeric chromatin to form
the inner kinetochore, which includes ~15 proteins altogether. In addition to harboring the
primary recruitment site for the mitotic kinase, Aurora B, the inner kinetochore also serves as the
scaffold for outer kinetochore assembly [8, 9]. Another ~20 proteins comprise the outer

kinetochore, which mediates microtubule attachment [10]. Many additional proteins associate



with the outer kinetochore, including microtubule-associated proteins (MAPs), most components

of the spindle assembly checkpoint (SAC), and the protein phosphatase PP1 [2, 3].

Chromosome

CBF3 complex
CENP-ACse4 nucleosome
CENP-CMi2
CENP-QUOA complex
CENP-POCM complex

CCAN

CENP-TCnn1
Mis12 complex
KNL18pc105 complex

Ndc80 complex

Outer kinetochore

Dam1 complex

Microtubule
Figure 1.1. The kinetochore is a conserved protein structure that links centromeres to spindle
microtubules
A schematic of the budding yeast kinetochore with the subcomplexes listed on the right.

These accessory proteins are important for regulating some of the kinetochore’s crucial
functions. The kinetochore must be able to sense whether or not sister chromatids achieve
biorientation, a state in which the sister kinetochores are attached to microtubules from opposite
spindle poles [11]. Aurora B and the SAC proteins monitor for unattached or improperly
attached kinetochores, which will lack tension from opposing spindle forces. This lack of tension

ultimately leads to activation of the checkpoint, preventing progression of the cell cycle until all

kinetochores have established proper attachments [12]. PPl antagonizes Aurora B



phosphorylation of outer kinetochore proteins and, in budding yeast, the SAC proteins in order to
stabilize kinetochore-microtubule attachments and silence the checkpoint [13-17]. The
kinetochore thus ensures proper chromosome segregation in part through serving as the scaffold

for these many regulatory factors.

1.1.2 Centromere structure and function

Although the kinetochore is highly conserved, it assembles at one of the fastest evolving
regions of the genome, the centromere [18, 19]. There is, however, a defining mark that
characterizes functional centromeres in most organisms: the replacement of canonical histone H3
with a centromere-specific histone H3 variant, CENP-A [20]. Most eukaryotes have complex
“regional” centromeres composed of repetitive DNA stretches with interspersed CENP-A- and
H3-containing nucleosomes [21]. These centromeres recruit repeating subunits of the
kinetochore and each chromatid makes 3 to 30 attachments to the microtubules [22] (Figure
1.2). Some plants and animals have holocentromeres, where CENP-A nucleosomes span nearly
the entire length of the chromosome. In the model nematode C. elegans, these massive
centromeres are comprised of hundreds of dispersed centromeric sites, wherein individual
CENP-A nucleosomes are flanked by canonical nucleosomes [23]. In contrast, budding yeast
have a simple “point” centromere defined by a specific DNA sequence, a single CENP-A
nucleosome, and a single microtubule attachment site per chromatid [24]. While regional
centromeres and holocentromeres are maintained epigenetically, point centromeres are specified
by DNA sequence [25]. This great diversity of centromere organization is also reflected in

differences in kinetochore composition. For example, the evolution of holocentricity in insects



coincides with a loss of CENP-A, indicating that they have found an alternative way to link

centromeres to kinetochores [26].

Regional Centromere Holocentromere Point Centromere

Figure 1.2. Kinetochores assemble onto a broad array of centromere structures

Regional centromeres span several megabases of DNA and holocentromeres span entire chromosomes.
Each of these assembles numerous kinetochore units and attach to multiple microtubules per
chromosome. The point centromeres of budding yeast contain only a single CENP-A nucleosome onto
which single kinetochore unit assembles and attaches to one microtubule. Chromosomes are in green,
centromeres are in blue, kinetochores are in orange, and microtubules are in dark blue.

The centromeres of most eukaryotes are embedded in heterochromatin, a ‘closed’
chromatin structure. This type of chromatin is characterized by repressive histone H3 K9 di- or
trimethylation, the presence of heterochromatin protein 1 (HP1), and reduced transcription [27].
The dispersed sites of kinetochore nucleation within holocentromeres do not appear to be
surrounded by heterochromatin [27]. Instead the individual CENP-A nucleosomes are much like
the point centromeres of yeast, which lack the heterochromatic pericentromere found in higher
eukaryotes [27].

The pericentromere has been implicated in centromere and kinetochore function in
several ways. Heterochromatic pericentromeres have been postulated to serve as a barrier to

prevent the spreading of centromeres into active regions of the genome [28]. The well-positioned



H3-containing nucleosomes that flank CENP-A nucleosomes at point centromeres and
holocentromeres may be sufficient to fulfill this purpose, hence the lack of heterochromatin at
these pericentromeres [29]. The pericentromere is also the site of cohesion enrichment, which
promotes sister kinetochore biorientation by resisting pulling forces from the spindle
microtubules [30, 31]. In budding yeast, cohesin is recruited to the pericentromere by
kinetochore components, and a reduction in pericentromeric cohesin results in increased
chromosome loss [30-34]. Another way that pericentromeres contribute to chromosome
segregation is through the recruitment of regulators of kinetochore biorientation.
Phosphorylation of pericentromeric histone H2A by the mitotic kinase Bubl recruits Sgol [35-
37], a conserved protein that regulates kinetochore biorientation and functions as a tension sensor
[38-40]. Finally, the pericentromeric region may harbor additional CENP-A molecules, although
their function is unclear [41-43]. Whether the pericentromere contributes to the assembly of

kinetochores at point centromeres remains unknown.

1.1.3 The control of CENP-A localization

Because CENP-A nucleates kinetochore assembly, it is critical that CENP-A
nucleosomes are deposited at centromeres and not to ectopic loci. A key region of CENP-A that
dictates its centromeric localization and distinguishes it from canonical histone H3 is the CENP-
A targeting domain (CATD), which resides within the histone fold domain of CENP-A [44]. In
budding yeast, the CATD is recognized by the histone chaperone HIURP*™, which deposits
CENP-A, along with histone H4, to centromeres by recognizing part of the centromeric DNA

and other centromere-bound proteins [45-49].



CENP-A localization to chromatin is also controlled through ubiquitin-mediated
proteolysis, which prevents CENP-A from incorporating into the chromosome arms [50].
Ubiquitin is a small protein that, when covalently linked to lysine residues, can affect the
function or stability of the target protein [51]. Generally, polyubiquitination targets the protein
for proteasomal degradation, while monoubiquitination or multiubiquitination can alter the
protein’s localization or function [51]. Ubiquitination is facilitated by E1, E2, and E3 ligases,
which essentially function to activate ubiquitin in an ATP-dependent manner and transfer it to
the substrate. Budding yeast have only one E1 enzyme, Ubal, but there are 60-100 E3 enzymes,
which confer target specificity [51]. Pshl was the first E3 ubiquitin ligase reported to target
CENP-A“*** for degradation by the proteasome [52, 53]. It recognizes the CATD of CENP-A®**
and is important for preventing the ectopic localization of CENP-A“** to chromosome arms [52-
55]. Other E3 ubiquitin ligases have since been shown to regulate CENP-A“** stability: Ubrl,
Rceyl, and SIx5 [56-59]. Each of these ligases appear to function independently, and it is unclear

whether they target different pools of CENP-A“*** [59].

1.14 CENP-A nucleosome structure

In many organisms, CENP-A-containing nucleosomes are the defining mark of
centromeres and kinetochore nucleation. However, the structure of this specialized centromeric
nucleosome remains controversial [60]. The two most prevalent models are that CENP-A is part
of an octameric nucleosome, similar to canonical H3-containing nucleosomes, or that the CENP-
A nucleosome is a unique hemisome structure. Both octameric and hemisomal CENP-A®
nucleosomes can be reconstituted in vitro, but the stiff, AT-rich region of the centromere, where

CENP-A“** is deposited in vivo, can only stably form hemisomes in vitro [61]. According to the



hemisome model, a single copy of each H2A, H2B, H4, and CENP-A wrapped by DNA
comprise the centromeric nucleosome [60, 62-64]. The CENP-A nucleosome protects a smaller
region of DNA from micrococcal nuclease (MNase) digestion than canonical H3-containing
octamers, suggesting that this nucleosome may contain fewer histones [65, 66]. In support of
this, canonical H3 nucleosomes occupy ~147 bp of DNA, while the region of centromeric DNA
available for CENP-A“*** binding at point centromeres is only 80 bp in length due to DNA-
binding proteins creating barriers on either side [66]. However, ectopically incorporated CENP-
AS protects a larger ~135 bp of DNA, suggesting that a specialized nucleosome structure at the
centromere may be dictated by the available DNA and centromere-specific binding partners that
help distinguish the centromere [66]. Furthermore, centromeric nucleosomes have been reported
to induce positive supercoils on DNA in vivo, in contrast to the negatively supercoiled DNA
around H3 octamers [67]. Interestingly, both the positive supercoiling and the short, 80 bp region
of occupied DNA are consistent with the properties of canonical tetrameric nucleosomes in
archea [68, 69].

The ability of CENP-A“*** to form an octamer both in vitro and in vivo, has helped
support the CENP-A“*** octamer model. An octameric nucleosome contains two copies each of
histones H2A, H2B, H4, and either H3 or CENP-A wrapped by DNA [6, 70]. This model would
predict the localization of two CENP-A“** molecules to the point centromere. Fluorescence
imaging in vivo determined that there is enough CENP-A“*** signal at kinetochore clusters for
each centromere to be occupied by two CENP-A“** molecules [43]. However, it is not clear
whether all of the CENP-A“*** is incorporated into the nucleosome or whether some of it is

associating with the pericentromere, as discussed above.



1.2 THE STRUCTURE AND ASSEMBLY OF KINETOCHORES

1.2.1 An introduction to the kinetochore subcomplexes
The kinetochore is composed of conserved subcomplexes that assemble at centromeres
(Figure 1.1). Here, I introduce the core components in budding yeast, many of which are

conserved in humans.

Centromere (Cbf1, CENP-A“*, CBF3): The simple point centromere of budding yeast
is an approximately 125 bp region of DNA containing three centromere determining elements
(CDEL 11, and III) [71]. While CDEI is bound by the nonessential Cbfl protein and is therefore
dispensable [72-74], CDEII and III are both required for kinetochore specification. CDEIII binds
the yeast-specific CBF3 complex, which recruits the CENP-A“*** nucleosome by interacting with
its histone chaperone, HTURP*™™ [75-77]. The centromere-specific CENP-A histone (Cse4 in S.
cerevisiae) is part of a well-positioned nucleosome that prefers the AT-rich (~90% AT rich)

CDEII [65].

Inner Kinetochore (CENP-CM 7 -PORQUC oMA" _HIK, -LN): Within the inner
kinetochore, CENP-CM is crucial for recruitment of the rest of the constitutive centromere-
associated network (CCAN), and is the major linker to the outer kinetochore [78]. It binds to the
CENP-A“*** nucleosome and at least part of the CDEIIl DNA, as well as to the COMA
subcomplex and the outer kinetochore Mis12 complex [79, 80]. Aside from CENP-C™' the
only other essential components of the CCAN are the ‘OA’ members of the COMA complex,
which is necessary for maintaining the mitotic checkpoint response [81]. CENP-U*™' of the OA

complex appears to be another linker protein, as it binds directly to the outer Mis12 complex, but



also recruits the inner CENP-LN"+1mB complex [82-84]. The precise role of CENP-LN is
unclear, but in humans it may help specify the centromere by recognizing CENP-A [85]. The
CENP-HIK complex appears to have a conserved role recruiting CENP-T [86-89]. CENP-T™!
is a histone fold domain containing protein that can link directly to the outer kinetochore Ndc80

complex [90-93].

Outer Kinetochore (Mis12, Ndc80, KNLI**'”’>, Daml): The outer kinetochore is
composed primarily of the conserved KMN (KNL1, Mis12, Ndc80) network, which is the core
microtubule attachment site of the kinetochore [94]. The Mis12 complex serves as the ‘linker’
layer that connects the DNA-binding and microtubule-binding subcomplexes. It localizes to
kinetochores through both CENP-C™* and CENP-U*™" and also contains binding sites for both
the Ndc80 and KNL1°P' complexes [82, 83, 95, 96]. The Ndc80 and KNL1°"' complexes
each make direct contact with the microtubules [94]. The yeast-specific Dam1 complex displays
Ndc80- and microtubule-dependent localization to kinetochores [97]. Dam1 forms a ring around

microtubules [98] and is necessary to strengthen kinetochore-microtubule attachments [99].

1.2.2 Hierarchical assembly of the kinetochore

Many biochemical studies over the last two decades have identified and characterized the
discrete subcomplexes that comprise the kinetochore [2, 100]. By combining these data with the
effects of deleting or depleting of proteins in vivo, a rough map of protein-protein interactions
throughout the kinetochore can be generated [81, 100]. Based on these data, it is thought that the
kinetochore builds outward from the centromere and inner kinetochore to the microtubule-

binding interface [4]. It is also generally accepted that kinetochore assembly occurs in a



hierarchical manner by the stepwise recruitment of preformed subcomplexes [3, 81]. In support
of this, most subcomplexes require the presence of every member in order to form a stable
complex in vitro and to localize to kinetochores in vivo. Furthermore, kinetochore composition is
highly regulated based on the cell cycle stage and the state of microtubule attachment. For
example, metazoan CCAN and KMN load at different times [101], and attachment to
microtubules recruits the Dam1 complex [97]. All of these data point toward stepwise assembly
of the kinetochore as a more biologically attractive model than the mere binding of a
preassembled or static kinetochore. However, yeast kinetochores cluster, making impossible to
visualize individual kinetochores in vivo [102]. This has prevented the field from examining the
exact order of recruitment to the kinetochore and the precise stoichiometry of the components.
For instance, we still do not know whether larger assemblies, such as the KMN network, are
preformed before reaching the kinetochore, or whether each subcomplex binds individually
through carefully regulated steps. There is also little known about the order of recruitment within
the CCAN.

The cell cycle timing of kinetochore assembly differs greatly between yeast and higher
eukaryotes. Budding yeast kinetochores assemble almost completely during S phase, within
approximately five minutes after the replication fork passes through the centromere [103, 104].
Aside from this short window, yeast kinetochores are fully assembled and bound to
microtubules. The CCAN (constitutive centromere-associated network) in metazoans also
localizes to the centromere throughout the cell cycle, but the KMN does not localize to
kinetochores until mitosis [101]. This difference is caused, in part, by the different mechanisms
by which the cells complete mitosis. Yeast undergo a closed mitosis in which the nuclear

envelope remains intact throughout the cell cycle [105]. This is in contrast to open mitosis in
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metazoans, where the nuclear envelope breaks down at the entry into mitosis. The outer
kinetochore Ndc80 complex localizes to the cytoplasm for the majority of the cell cycle, and is
thus compartmentally separated from the centromere and inner kinetochore [106]. Its assembly at
the kinetochore requires both nuclear envelope breakdown and CDK activity [106]. A better
understanding of how the cell regulates kinetochore assembly and composition is necessary for

us to dissect the critical functions of the kinetochore.

1.2.3 The regulation of centromere and kinetochore assembly by post-
translational modifications

The N-terminal tails of CENP-A and the other histones are post-translationally modified
as a major form of epigenetic regulation. For example, histone H3 can undergo at least 17
different post-translational modifications (PTMs) and these function to regulate chromatin
condensation, gene expression, DNA replication, and cell differentiation [107]. A majority of
these modifications are acetylation, methylation, or ubiquitination of lysine or arginine residues.
Compared to H3, CENP-A has a decreased lysine content, and its arginine residues do not appear
to be modified [108]. CENP-A is therefore post-translationally modified to a far lesser extent
than H3. Interestingly, the histone-fold domain of CENP-A is fairly well-conserved across
species, while the N-terminus is the most variable region, sharing only 7% identity between
human and S. cerevisiae [108]. This may be a result of different regulatory needs of
epigenetically inherited regional centromeres and sequence-specific point centromeres. Still,
yeast CENP-A*** undergoes at least five types of modifications: acetylation, methylation,
phosphorylation, ubiquitination, and sumoylation [108]. These PTMs regulate the stability,

localization, and CCAN recruitment of CENP-A“** [108]. CENP-A“** is phosphorylated by
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at four sites, and this may function to destabilize kinetochores with defective
microtubule attachments [109]. Conversely, methylation of lysine 49 appears to be required for
recruiting kinetochore components to the centromere [110]. CENP-A“*** is also acetylated at
arginine 37, although the function of this modification has yet to be identified [109]. As
discussed above, deposition of the CENP-A“** nucleosome is regulated in part through
ubiquitination [52, 54, 55]. Sumoylation of CENP-A“*** may be involved in this process as well
[58, 111], which will be discussed in detail in Chapter 2.

Sumoylation of the centromere and kinetochore proteins appears to have a conserved role
in regulating mitotic chromosome segregation [112]. Like ubiquitin, SUMO (small ubiquitin-like
modifier) is a small protein that can be conjugated to lysine residues using a series of E1, E2, and
E3 SUMO ligases [113, 114]. It can impose diverse effects on its substrates, such as increasing
stability, altering binding partners, and marking for ubiquitination and subsequent degradation by
the proteasome [113-116]. SUMO was initially discovered in S. cerevisiae, when overexpression
of SUMO suppressed a temperature sensitive mutant of the inner kinetochore protein, CENP-
CM1117]. SUMO has also been identified in a screen for mutants with defects in chromosome
segregation [118], and a deletion of the yeast SUMO®™" leads to an early mitotic arrest [119]. By
fluorescence microscopy, SUMO localizes to mitotic centromeres and kinetochores in various
organisms, including Drosophila, Xenopus, and humans [120-122]. Although the cellular
localization of sumoylation has not been detected by immunofluorescence in yeast, many SUMO
substrates have been identified throughout the kinetochore by mass spectrometry, including
Cbfl, Ndc10, CENP-A®**, Survivin®"!, INCENP®"">, CENP-OM™' and Ndc80 [58, 123-125].
The function of sumoylation on most of these proteins is unknown. Preventing sumoylation of

the centromere-binding Ndc10 protein causes abnormal anaphase spindles and chromosome
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misseggregation [125], but how Ndc10 sumoylation is functioning on a molecular level has not
been discovered. It will be important for future studies to focus on the cell cycle regulation of
sumoylation and how it affects the assembly and function of kinetochores.

There is also evidence that some phosphorylation events from mitotic kinases can
regulate kinetochore assembly. Most phosphorylation sites on kinetochores function to regulate
microtubule attachments and the mitotic checkpoint, but several sites have been shown to
regulate kinetochore assembly [2, 3]. For example, the binding of the Mis12 complex to CENP-
CM s regulated by the conserved phosphorylation of two residues on Dsnl of the Misl2
complex [82, 83]. Localization of the inner kinetochore CENP-T"™ at kinetochores is also
phosphoregulated, in this case by the CDK, Mps1, and Aurora B kinases [90, 92, 126, 127]. A

better understanding of how these many post-translational modifications work together to

regulate the kinetochore will contribute to studies in vivo and in vitro.

1.2.4 Dual pathways to Ndc80 complex recruitment

The Ndc80 complex is a key microtubule-binding component of the kinetochore. It is
recruited to centromeres through two receptors: the Mis12 complex and CENP-T [90-92, 96,
127, 128]. The Mis12 complex (Mis12¢) pathway is initiated by CENP-C™* and CENP-U"™'
of the inner kinetochore and also recruits KNLIc of the outer kinetochore, thus forming the
KMN network (KNL1-Mis12-Ndc80) [82, 83], and also recruits CENP-LN“™1™5 [84, 94].
CENP-T is a histone fold domain (HFD) containing protein with a long, unstructured N-terminus
that reaches to the outer kinetochore to bind Ndc80c. CENP-T and the yeast homolog, Cnnl,
compete with Mis12c to bind to the same interaction surface of the Ndc80 complex [90-93]. In

humans, both CENP-C (which recruits Mis12¢) and CENP-T are essential, and in fact, each one
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alone is sufficient for outer kinetochore recruitment and microtubule binding when tethered to an
ectopic locus [127]. Similarly, the tethering of budding yeast CENP-T™' imparts partial
stability on acentric minichromosomes via Ndc80 recruitment [92], indicating that its role as an

T is nonessential in yeast,

alternative kinetochore platform is conserved. Although CENP-
CENP-T“" mutants display increased chromosome loss [92, 126]. Why the cells of many
organisms use two receptors for the Ndc80 complex has remained unclear.

The mechanism of CENP-T recruitment to the kinetochore is also poorly understood.
Initially, CENP-T was thought to be a novel nucleosome at centromeres, since the human protein
can interact with other HFD containing proteins to form a heterotetramer with structural
similarity to canonical nucleosomes [91, 128]. Together, they have the capability to bind and
partially wrap DNA in vitro [91, 128]. In addition, both the heterotetramerization and DNA
binding capabilities are necessary for assembling a functional kinetochore in vivo [128].
However, it was later found that CENP-T requires other CCAN members for it kinetochore
localization [86-89, 129-131]. Furthermore, the budding yeast CENP-TW<™WP!' do not
associate with CENP-S/XM"™M™2 a4 the DNA binding sites of CENP-T“™' overlap with those
of CENP-A“** [88]. These data have called into question whether CENP-T forms a unique
nucleosome structure at the centromere in vivo, and whether that structure is required for
kinetochore function.

In budding yeast, CENP-T™' enriches at kinetochores at the onset of anaphase as a
result of phosphoregulation [91, 126]. In order to then bind the Ndc80 complex, CENP-T™
must be dephosphorylated at a residue (serine 74) located in a key position within the binding
interface [92]. It is unclear why CENP-T“™ recruitment is temporally regulated and whether this

affects the Mis12 pathway of Ndc80 recruitment. However, Mis12c remains at kinetochores
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when CENP-T“™ binds, so it has been postulated that there is an “anaphase switch” in receptor
for the Ndc80 complex from Mis12¢ to CENP-T™' [91]. It has also been speculated that using
CENP-T“™ as a receptor provides a flexible kinetochore-microtubule attachment that is better
suited for transducing force and moving chromosomes.

Interestingly, although Misl2c and CENP-T were initially thought to be distinct,
mutually exclusive pathways for connecting the centromere to the outer kinetochore, a link
between the two has recently been found in humans. CENP-T recruits its own Ndc80c, but also
binds to Mis12c, bringing in an additional Ndc80c as part of the KMN network [132, 133]. It is
not yet clear whether the responsible Mis12c binding site is conserved on yeast CENP-T“"™ It
will be interesting to know whether CENP-T™! shares this linkage to the KMN network or
whether it is an independent Ndc80c recruitment pathway. These may have important
implications for why the yeast CENP-T“™' is nonessential. Many questions remain as to why a
second pathway for linking centromeres to kinetochores exists, what the precise role of CENP-T

is, and how its kinetochore association is regulated.

1.3 ASSAYS TO STUDY THE KINETOCHORE IN VITRO

1.3.1 Biochemical, structural, and functional assays

Numerous techniques in vitro have contributed to our understanding of how kinetochores
assemble onto centromeres and attach to microtubules [2, 3]. For example, recombinant
fragments of the CENP-CM*®2 protein were used to reveal that CENP-CM* binds to the CDEIII
region of budding yeast point centromeres [79]. Structural studies have also illuminated the
mechanistic details of some steps of kinetochore assembly. The crystal structure of the Mis12

complex explained how its recruitment to the kinetochore is regulated by Aurora B
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phosphorylation [82, 83]. Our lab previously developed a method to purify intact kinetochores
from yeast, which have allowed us to analyze kinetochores by electron microscopy (EM) to
visualize the outer kinetochore bound to microtubules [134, 135]. By using kinetochores purified
from mutant extracts, this study helped identify how the globular microtubule-binding domains
of the Ndc80 complex and the ring structure of the Dam1 complex work together to establish
kinetochore-microtubule attachments.

Purified kinetochores have also contributed to functional studies in vitro. By
manipulating kinetochore-bound beads using an optical trap, we can bind kinetochores to
microtubules on a glass slide and assay the strength of this attachment under different conditions
[135]. These studies have contributed considerably to our understanding of how tension affects
kinetochores. We learned that kinetochores exhibit a catch bond-like behavior, where increasing
tension, to a point, functions to stabilize kinetochore-microtubule attachments independently of
regulation by mitotic kinases [135, 136]. However, these biophysical assays have thus far only
tested the effect of putting tension across the outer kinetochore. In future studies, it will be
important to characterize how tension across the inner kinetochore, and even across the
centromeric nucleosome, impact the biophysical behavior of kinetochores and the catch bond-
like attachment. Although numerous additional studies have contributed to our understanding of
the kinetochore, we still do not know the structures of most of the subcomplexes, nor do we

understand how they all interact to form a functional kinetochore.

1.3.2 Kinetochore assembly techniques

It has been difficult to fully elucidate the regulation and requirements for kinetochore

assembly due to the difficulty in manipulating and directly assaying this process in vivo. Despite
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in vitro success in other fields, assembling functional replication and transcription machinery
[137, 138], no studies thus far have achieved complete assembly of the kinetochore de novo.
Attempts to assemble the budding yeast kinetochore in vitro began over 20 years ago, prior to the
discovery of many kinetochore components [139]. Naked centromeric DNA incubated in yeast
whole cell extract assembled components that conferred microtubule-binding capability, but
none of the outer kinetochore components were known at the time. It was later discovered that
the microtubule-binding factors that assembled were not outer kinetochore, but the Chromosomal
Passenger Complex, which assembles proximal to the DNA and can also bind microtubules [8].
Many years later, a study investigating the role of transcription in kinetochore assembly used a
DNA template of eight tandem repeats of the yeast centromere [138]. After incubation in extract,
assembly of the inner kinetochore was achieved, but no outer components bound to the DNA.

In other organisms, progress has been made with partial reconstitution systems in vitro.
Pre-formed arrays of CENP-A nucleosomes incubated in Xenopus egg extracts can assemble
particles capable of polymerizing microtubules and eliciting a mitotic checkpoint response when
the microtubules are depolymerized [140]. This assay enabled the study of the role of CENP-A
domains in centromere and kinetochore assembly, using CENP-A mutants that would be lethal in
vivo. Recently, the entire linkage between the CENP-A nucleosome and KMN was reconstituted
using recombinant proteins [141]. The researchers were able to define proteins that bound
specifically to CENP-A nucleosomes and characterize several binding interactions throughout
the kinetochore. While both of these methods have contributed greatly to the field, there are
some limitations. Both of these kinetochores are assembled onto pre-formed CENP-A-containing
octameric nucleosomes, but the structure of the CENP-A nucleosome in vivo is still controversial

and may have very different properties from those used in these experiments [60]. Also, the
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recombinant proteins used in the latter method lack post-translational modifications from the cell
that may regulate kinetochore assembly. Furthermore, the CENP-T pathway for Ndc80 assembly
is not present in the latter method and may not be present in the former method. Taking all these
factors into consideration, it is not clear whether these techniques mimic the assembly process in

Vvivo.

1.4 RESEARCH QUESTIONS

1.4.1 What is the function of CENP-A“*** sumoylation?

The importance of CENP-A“** ubiquitination in regulating CENP-A“** levels and
chromatin localization has become increasing clear in recent studies [52-55]. In Chapter 2, |
demonstrate that CENP-A“** is also post-translationally modified with SUMO, a novel
modification of the centromeric histone. The prospects of CENP-A“*** regulation by sumoylation
are intriguing, since SUMO can have a wide variety of effects on its substrates, including
regulating the substrates stability or binding partners. I find that the Sizl and Siz2 E3 SUMO
ligases are responsible for CENP-A“*** sumoylation. Furthermore, this modification is cell cycle
regulated, peaking during S phase. This coincides with the timing of CENP-A“** deposition, yet
I found no evidence to suggest that sumoylation alters the ectopic or centromeric localization of
CENP-A“***. It also does not appear to regulate the recruitment of kinetochore proteins to the
centromeric nucleosome. I compare my work to recent findings from another group and suggest

future work to determine the effect of sumoylation on CENP-A“** function.
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1.4.2 What are the requirements for kinetochore assembly in vitro?

The difficulty of manipulating or visualizing assembly of the kinetochore in vivo has left
the field with many unanswered questions. While kinetochores can assemble on pre-formed
nucleosomal arrays in Xenopus egg extracts [140], kinetochores have never been assembled de
novo on a DNA template. I therefore exploited the sequence-specific budding yeast centromere
to develop a DNA-based method to assemble kinetochores in vitro. In Chapter 3, I discuss the
development of this assay, highlighting the major findings that have the potential to influence
other biochemical work. Ultimately, kinetochore assembly in vitro by the method I developed
has the same fundamental requirements as in vivo. The assembly relies upon the CENP-A
chaperone, suggesting the formation of a centromeric nucleosome. I also demonstrate that the
assembly is a stepwise and cell cycle regulated process. Importantly, the assembled kinetochores
span from the DNA to the microtubule-binding interface and are functional for binding
microtubules. I can interrupt assembly using various kinetochore mutants or improve it through
phosphoregulation, indicating that this is a tunable assembly process that can be used to search

for additional regulatory events.

143 Why do cells use two pathways to recruit Ndc80?

I then used the assembly assay developed in Chapter 3 to investigate why kinetochores
recruit the microtubule-binding Ndc80 complex via two receptors: the Misl2 complex and
CENP-T“". Because this is a DNA-based method, I first address the long-standing question of
how CENP-T“™' is recruited to kinetochores. I demonstrate that CENP-T"™' has no detectable
independent DNA-binding capability, but rather it requires all other inner kinetochore

TCnnl

subcomplexes for its localization. I also find that the CENP- pathway becomes essential for
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Ndc80 recruitment and cell viability when the interaction between Mis12c and CENP-CM is
weakened due to a lack of Aurora B phosphorylation. I therefore propose that CENP-T"™
recruits Ndc80 independently of the Mis12c pathway and is required to keep kinetochores intact

as they undergo phosphoregulation.
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CHAPTER 2. An examination of the function of CENP-A®*

modification with SUMO

2.1 SUMMARY

Kinetochore formation requires centromere recognition, which is accomplished in part
through the replacement of canonical histone H3 with a centromere-specific histone H3 variant,
CENP-A. To restrict incorporation of the CENP-A“*** nucleosome to the centromere, the cellular
levels of CENP-A“* are regulated through ubiquitin-mediated proteolysis. In addition to
ubiquitination, I demonstrate that CENP-A“*** is also sumoylated and identify the responsible E3
SUMO ligases as Sizl and Siz2. I found that CENP-A“*** sumoylation peaks during S phase,
suggesting that it may be involved in CENP-A“** deposition or assembly of the kinetochore onto
the CENP-A®** nucleosome. However, sumoylation does not alter CENP-A“™* stability,
localization to ectopic chromatin, or interactions with other kinetochore proteins. Another group
has since proposed that the sumoylation is recognized by a SUMO-dependent ubiquitin ligase,
S1x5. I discuss their findings in relation to our data and propose the most parsimonious model for

CENP-A“*** sumoylation.

2.2 INTRODUCTION

Proper establishment of centromeric chromatin is required for kinetochore assembly and
the faithful segregation of chromosomes during cellular division. The conserved histone H3
variant, CENP-A, occupies functional centromeres in most eukaryotes and is therefore required

for viability [20]. To restrict incorporation of the CENP-A“** nucleosome to the centromere,
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CENP-A“*** levels in yeast are kept low through ubiquitin-mediated proteolysis. Although
several E3 ubiquitin ligases contribute to CENP-A“** ubiquitination, the Psh1 ligase is important
for regulating CENP-A“*** localization to chromatin [52-55]. In the absence of Pshl-mediated
ubiquitination, CENP-A“*** is stabilized and its cellular levels increase [52-55]. Pshl directly
binds the conserved chromatin-modifying FACT (facilitates chromatin
transcription/transactions) complex that destabilizes ectopic CENP-A“** nucleosomes to
facilitate the association of Psh1 with ectopically localized CENP-A“*** [55]. The overexpression
of CENP-A“*** in psh1 A cells results in ectopic spreading of CENP-A“*** into euchromatin and is
lethal to cells [52-55]. The reasons for lethality have not yet been fully elucidated, but the ectopic
incorporation of CENP-A“*** results in transcriptional misregulation that may contribute to the
lethality [54].

The search for other post-translational modifications that regulate CENP-A“* stability or
function has lead to the discovery of various modifications, including phosphorylation,
methylation, and acetylation [108]. I demonstrate here that CENP-A®** is also post-
translationally modified with SUMO, a small ubiquitin-like modifier. Like ubiquitin, SUMO is
covalently linked to lysine residues and has a broad range of functional consequences, such as
altering the interaction of its substrates with DNA or other proteins, or altering the proteins
stability by either protecting it from ubiquitination or by recruiting a SUMO-targeted ubiquitin
ligase [113-116]. Therefore, there are many potential functions of CENP-A“** sumoylation,
some of which may co-exist. First, sumoylation may tag CENP-A“** for ubiquitin-mediated
proteolysis, to degrade excess CENP-A“***. Second, sumoylation may function to stabilize

CENP-A“** by protecting it from ubiquitination and subsequent proteolysis, perhaps with
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specificity toward the centromere-bound pool. Third, sumoylation may alter the binding affinity
of CENP-A“*** toward the DNA or inner kinetochore components.

To investigate these possibilities, I first identified Sizl and Siz2 as the E3 SUMO ligases
responsible for CENP-A“*** sumoylation. Unlike ubiquitination, CENP-A“*** sumoylation does
not appreciably affect CENP-A“** stability. In agreement with this, the loss of Siz1/2-mediated
sumoylation is not toxic to cells when CENP-A®** is overexpressed. I found that CENP-A®**
sumoylation increases during S phase when CENP-A“** nucleosomes are deposited and
kinetochores assemble, suggesting that sumoylation may have a role in these processes. For the
sake of concisely outlining the differences between our findings and those that have since been
published by another group [58, 111], I will save the comparison of the two studies for the

discussion.

2.3 RESULTS

2.3.1 CENP-A““is sumoylated in vivo by the Sizl and Siz2 SUMO ligases

The cellular levels of CENP-A“*** are regulated by numerous E3 ubiquitin ligases [56-
59]. CENP-A®** that has been overexpressed and purified exhibits a ladder of slower-migrating
conjugates when analyzed by SDS-PAGE and immunoblotting (Figure 2.1A, left). Previous
work has identified these bands as ubiquitinated forms CENP-A“*** [52, 53]. Upon deletion of
PSHI, a CENP-A“**-specific E3 ubiquitin ligase, the ubiquitinated forms are replaced by a new
ladder of CENP-A“*** conjugates. SUMO (small ubiquitin-like modifier) is a good candidate
protein for this new ladder because, like ubiquitin, SUMO can form chains, and therefore a
ladder of upper conjugates. Furthermore, the SUMO protein has a mass of 11 kDa, which is

approximately the shift between the unmodified CENP-A“*** band and the first modified form of

23



CENP-A“***, Immunoblotting for the SUMO protein revealed that the slower-migrating forms of
CENP-A“** observed in pshIA cells are sumoylated conjugates (Figure 2.1A, right). There are
also low levels of CENP-A“*** sumoylation in wildtype (WT) cells, suggesting that sumoylation
occurs under normal conditions and also that ubiquitin and SUMO may compete for lysine
residues on CENP-A®***,

Sumoylation of CENP-A“** is not an artifact of CENP-A“** overexpression. The amount
of sumoylated CENP-A“*** forms relative to the unmodified form is comparable when CENP-
A® is expressed under the endogenous promoter (Supplemental Figure 2.1). Furthermore, an
allele of CENP-A“*** which has had all 16 of its lysines mutated to arginines (Flag-cse4-16R) is
unable to be modified with ubiquitin or SUMO, indicating that the Flag-tag is not sumoylated
(Figure 2.1B, lane 7).

I exploited the enhanced sumoylation in pshlA cells to identify the E3 SUMO ligase
responsible for CENP-A“** sumoylation. Budding yeast have only four E3 SUMO ligases: Cst9,
which is meiosis specific, Mms21, which has roles in DNA damage repair and is required for
viability, and Sizl and Siz2, which often work together and carry out a majority of the
sumoylation in budding yeast [115, 142]. I generated strains with pshlA, pGal-Flag-CSE4, and
either a SIZ1 deletion, a SIZ2 deletion, or a temperature sensitive allele of MMS21 (mms21-CH).
Overexpressed and purified CENP-A“*** from each strain revealed that no individual E3 SUMO
ligase mutant abolished sumoylation of CENP-A“*** (data not shown), so double E3 SUMO
ligase mutants were generated. In the pshlA sizl A siz2A, CENP-A“*** sumoylation was abolished
(Figure 2.1B, lane 4), indicating that the Sizl and Siz2 E3 SUMO ligases function together to

sumoylate CENP-A®**,
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Figure 2.1. CENP-A“** is sumoylated by the Sizl and Siz2 E3 SUMO ligases

(A) Flag-Cse4 was transiently overexpressed, immunoprecipitated from WT (SBY3), pGAL-3Flag-CSE4
(SBY8904), and pGAL-3Flag-CSE4 pshiD (SBY8903), and analyzed by immunoblotting with the
indicated antibodies. (B) Overexpressed Flag-Cse4 was immunoprecipitated and analyzed by the
indicated immunoblots from strains: WT (SBY3), pGAL-3Flag-CSE4 (SBY8904), pGAL-3Flag-CSE4
pshiD (SBY8903), pGAL-3Flag-CSE4 pshiD sizID siz2D cir0) (SBY11038), pGAL-3Flag-CSE4 psh1D
sizID mms21-CH (SBY10082), pGAL-3Flag-CSE4 pshiD siz2D mms21-CH (SBY11008), pGAL-Flag-
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cse4-16R (SBY11009), and pGAL-3Flag-CSE4 siz1D siz2D cir( (SBY11040). (C) Yeast cultures were
serial diluted and plated on the indicated media for a growth assay using strains: WT (SBY3), pshiD
(SBY8336), pGAL-3Flag-CSE4 (SBY8904), and pGAL-3Flag-CSE4 pshiD (SBY8903), pGAL-Flag-
cse4-16R (SBY11009), pGAL-3Flag-CSE4-16R pshiD (SBY11010), pGAL-3Flag-CSE4 sizID siz2D
cir0 (SBY11040), and pGAL-3Flag-CSE4 pshi1D sizlD siz2D cir0 (SBY11038).

I first asked whether removing Sizl/2-mediated sumoylation has a synthetic phenotype
with CENP-A“** overexpression. Overexpression of CENP-A“*** in the absence of Pshl-
mediated ubiquitination results in increased cellular levels of CENP-A“***, ectopic localization to
non-centromeric chromatin, and subsequent cell death [52-55]. Surprisingly, the lysine-free cse4-
16R allele is viable when overexpressed and can rescue the pshl/A mutant, even through cse4-
I6R is unable to be ubiquitinated and is stabilized relative to WT CENP-A“** [50, 52] (Figure
2.1C). This suggests that the lysine residues are leading to the observed lethality, so I asked
whether sumoylation of the lysines is responsible. Deletion of S7Z1/2 did not rescue the pshlA
phenotype, indicating that CENP-A“*** sumoylation may not be the cause of inviability.
However, since Sizl/2 are responsible for most of the sumoylation in budding yeast [142],

deleting them may cause pleiotropic effects that prevent cells from coping with excess CENP-

ACse4.

2.3.2 CENP-A“*** does not have a primary site of sumoylation

As the mediator of centromeric chromatin and kinetochore assembly, CENP-A“*** has
many binding partners, including other histones, the DNA, and various components in the inner
kinetochore [3]. Identifying the sumoylated residue(s) could indicate which binding interactions
may be affected by CENP-A“*** sumoylation as well as allow us to generate a separation of
function mutant that lacks only CENP-A“** sumoylation. Therefore, I overexpressed and

urified Flag-CENP-A*** from WT and pshlA mutants and analyzed the samples by mass
p g P
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spectrometry. This analysis revealed lysine 49 (K49), in the N-terminus of CENP-A“***, to be the
primary site of sumoylation (personal communication with Judit Villen). I therefore generated a
CENP-A“** allele with this residue mutated to arginine to prevent sumoylation (Flag-cse4-
K49R) and an allele with this residue as the sole lysine (Flag-cse4-15R(K49"7)). Purification of
these CENP-A“*** variants in a pshlA background showed that K49 is neither necessary nor
sufficient for CENP-A“*** sumoylation (Figure 2.2A).

I also looked for potential sites of sumoylation by searching for the consensus motif that
is frequently found in substrates (“W-K-X-E”, where W is a hydrophobic residue, X is any amino
acid, and K is the sumoylated lysine) [143-145]. A lysine residue at the C-terminus of CENP-
A®* (K215) fits the consensus motif. As with K49, I mutated and restored this residue, and the
adjacent K216, in a pshlA background. The Flag-cse4-K215/216R mutant showed a modest
reduction of the sumoylated form, but restoring these two sites (Flag-csed-14R(K215/216""))
was not sufficient to detect sumoylation on CENP-A“*** (Figure 2.2B). These data suggest that
K215 and K216 may contribute to the observed CENP-A“*** sumoylation, but are not sufficient
to cause the highly elevated levels of sumoylation in a psh/A mutant. Sizl1/2 may have a
preferred target site on CENP-A®* that I have not identified, and the overall levels of

sumoylation in the psh /A mutant may require a threshold number of lysine residues.
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Figure 2.2. CENP-A“** residues K215/216 contribute to total sumoylation levels

Overexpressed Flag-Cse4 was immunoprecipitated and analyzed by the indicated immunoblots from the
following strains: (A) pGAL-3Flag-CSE4 cir0 (SBY11029), pGAL-3Flag-CSE4 psh1D cir0 (SBY11025),
pGAL-3Flag-cse4-K49R  pshID cir0 (SBY11774), pGAL-3Flag-cse4-15R(K49"") pshID  cir0
(SBY11776), and pGAL-3Flag-cse4-16R cir0 (SBY11212). (B) pGAL-3Flag-CSE4 (SBY8904), and
pGAL-3Flag-CSE4 psh1D (SBY8903), pGAL-3Flag-cse4-K215/215R psh1D (SBY11023), pGAL-3Flag-
csed-15R(K215"") psh1D (SBY11020), pGAL-3Flag-cse4-14R(K215/216"") psh1D (SBY11021), and
pGAL-Flag-cse4-16R (SBY11009).

2.3.3 CENP-A“* sumoylation is cell cycle regulated

In order to help identify the role of sumoylation of CENP-A“** T asked whether this
modification is cell cycle regulated. I overexpressed and purified Flag-CENP-A“*** from WT and
pshilA cells that were grown asynchronously or arrested in G1, S phase, or mitosis (using o-

factor, HU, or nocodazole, respectively). In WT cells, the level of ubiquitinated CENP-A***
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remains unchanged throughout the cell cycle, consistent with the finding that CENP-A“*** has a
short half-life at all cell cycle stages [52] (Figure 2.3). By comparing the amount of sumoylated
forms relative to unmodified Flag-CENP-A“** (marked with an asterisk) in the psh/A mutant,
CENP-A“** sumoylation is lowest during G1 and highest during S phase. In budding yeast,
CENP-A“*** nucleosomes are deposited to the chromatin and kinetochores assemble during S
phase after the replication fork passes through the centromere [103, 104]. The S phase

enrichment of CENP-A“** sumoylation suggests that it may function to regulate CENP-A®**

deposition or its recruitment of the inner kinetochore.
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Figure 2.3. Sumoylation of CENP-A®* is cell cycle regulated
Cells were grown asynchronously or arrested at various stages of the cell cycle with alpha-factor (Gl
arrest), HU (S phase), and nocodazole (M). Flag-Cse4 was overexpressed, immunoprecipitated from

pGAL-3Flag-CSE4 cir0 (SBY11029) and pGAL-3Flag-CSE4 pshiD cir() (SBY11025), and analyzed by
the indicated immunoblots.
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2.34 Sumoylation does not affect CENP-A“*** stability

Like polyubiquitination, polysumoylation of proteins can ultimately target them for
proteasomal degradation [51, 116], so I reasoned that sumoylation may function as another
pathway to degrade CENP-A“**. Conversely, sumoylation can also function to stabilize proteins
[113, 114], in which case SUMO and ubiquitin may have opposing effects on the stability of
CENP-A“***. To assay CENP-A“*** stability, I briefly overexpressed Flag-CENP-A“***, inhibited
translation with cycloheximide, and analyzed the abundance of Flag-CENP-A** over time. As
has been reported, CENP-A“** was stabilized by the deletion of the E3 ubiquitin ligase, PSHI
[52-55]. (Figure 2.4A and 2.4B). Deletion of SIZI/2 had only a subtle effect on CENP-A®™*
stability that was variable across experiments. Generally, SIZ1/2 deletion in a WT background
either had no effect or slightly destabilized CENP-A“***. Because results were inconsistent over
many stability assays, I show two representative experiments, one in which CENP-A“*** is
destabilized in the siz//2A, and one in which it is unchanged (Figure 2.4A). In a pshlA
background, SIZI/2 deletion typically had no effect, but sometimes stabilized CENP-A®**
(Figure 2.4B). I postulated that the observed variability could result from analyzing
asynchronous cultures. Because sumoylation is highest in S phase, I performed the stability assay
from S phase arrested cells, when loss of sumoylation would have the largest effect. Again, there
was no significant change in the half-life of CENP-A“*** in the absence of Siz1/2 (Figure 2.4C).
I concluded that Sizl/2-dependent sumoylation does not have a significant effect on the

degradation kinetics of CENP-A“*,
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Figure 2.4. Sumoylation does not significantly affect the stability of CENP-A“**

(A) Flag-Cse4 was overexpressed for one hour before the addition of glucose and cycloheximide at time 0
minutes. Samples were collected at the indicated time points and cell lysates were analyzed by
immunoblotting for Flag and Pgkl as a loading control. Two experiments are shown (top and bottom).
The strains used were pGAL-3Flag-CSE4 cir0 (SBY11029) and pGAL-3Flag-CSE4 sizID siz2D cir0
(SBY11040). (B) Cse4 stability assays were performed the same as in (A), except Flag-Cse4 was
overexpressed for 30 minutes. The strains used were pGAL-3Flag-CSE4 pshID cir0 (SBY11025) and
pGAL-3Flag-CSE4 pshlD sizID siz2D cir0 (SBY11038). (C) Cse4 stability assays were performed as in
(A), except that cells were treated with hydroxyurea (HU) for two hours before the one hour galactose
induction. The strains used were pGAL-3Flag-CSE4 cir0 (SBY11029) and pGAL-3Flag-CSE4 sizlD
siz2D cir0 (SBY 11040).

235 Protein interactions within the kinetochore are unaffected by Siz1/2-
mediated sumoylation

In yeast, SUMO was initially discovered by its genetic interaction with CENP-CM*, one
of the first kinetochore proteins to assemble at the centromere [117]. Furthermore, modification
with SUMO can function to alter the binding partners of its substrates, so I asked whether

sumoylation regulates interactions between CENP-A“*** and inner kinetochore proteins. I first
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looked for gross differences in kinetochore composition upon SIZ1/2 deletion, since these ligases
may target the other kinetochore proteins that are sumoylated [58, 123-125]. 1 purified
kinetochores from WT and siz//2A strains by immunoprecipitating Dsnl-Flag, a middle
kinetochore protein. Weakened interactions within the inner kinetochore would confer a decrease
of CENP-A“* and inner kinetochore proteins. However, by silver stain analysis the overall
stoichiometry of the purified kinetochores remained unchanged (Figure 2.5A, left), and
immunoblotting against CENP-A“** and CENP-CM* showed no significant difference between
the strains (Figure 2.5A, right). Sumoylation of the centromere-binding protein, Ndc10, has
been postulated to destabilize kinetochores [125]. However, low levels of Ndc10 co-purify with
kinetochores [135], so I were unable to assay for this effect. By this method, there appears to be
no large-scale effect of sumoylation on kinetochore composition.

I then sought to directly test the interaction of CENP-A“*** with various inner kinetochore
proteins by purifying overexpressed Flag-CENP-A“*** and looking for the co-purification of
CENP-CM™ or CENP-N“". In both WT and psh/A mutant backgrounds, the deletion of SIZ1/2
appeared to promote the co-purification of CENP-CM*™ (Figure 2.5B), suggesting that level of
CENP-A“*** sumoylation does not regulate the stability of inner kinetochore interactions.
However, I noticed that CENP-CM" has upper conjugates that are abolished upon deletion of
Siz1/2, indicating that CENP-C™*™ may be sumoylated. This is particularly interesting since
SUMO was discovered in budding yeast as a suppressor of a CENP-CM temperature sensitive
mutant, and CENP-CM™ can be sumoylated in vitro [117, 146]. However, I could not detect
these slower-migrating forms when I purified CENP-CM"™-myc itself (data not shown), but the

possibility of CENP-CM* sumoylation should be further explored. These data suggest that either

CENP-CM*™ is not sumoylated, or that only the CENP-A“**-bound pool of CENP-CM® is
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sumoylated. Because CENP-A“** and CENP-CM® still interact strongly in siz//2A mutants,
sumoylation does not appear to regulate this interaction.

Removal of SIZI/2 also does not regulate the interaction between CENP-CM* and
CENP-N"™_ Surprisingly, PSHI deletion enhanced the association between CENP-N“" and
CENP-A“**, regardless of whether SIZ1/2 were deleted (Figure 2.4C). This suggests that Pshl
negatively regulates the interaction between CENP-A“* and CENP-N" through a

sumoylation-independent mechanism.

A < < B < <
% 2 @ @
3 s < < 4 <
= - N T N T
Z G z o NN NN
I« I«
S| Fiag (Dsn1) FENE EEns
& W S 3B a =26 Q
= = . Mif2  — Flag (Cse4)
.| Cse4 ——— g v mmem [ myc (Mif2)
immunoblots - myc (Mif2),
— — dark exposure
extract IP: Flag
C
e | Flag (Csed)
silver stain -— o = e = == myc (Chl4)
IP: Flag extract IP: Flag

Figure 2.5. CENP-A“** sumoylation does not alter inner kinetochore interactions

(A) Dsnl-Flag was immunoprecipitated from DSNI-6His-3Flag cir0 (SBY11323) and DSNI-6His-3Flag
sizID siz2D cir0 (SBY11290) and analyzed by silver stain (left) and immunoblotting (right). (B, C)
Overexpressed Flag-Cse4 was immunoprecipitated and co-purifying proteins were analyzed by the
indicated immunoblots. The strains used were (B) pGAL-3Flag-CSE4 MIF2-13myc cir0 (SBY11156),
pGAL-3Flag-CSE4 MIF2-13myc pshiD cir0 (SBY11157), pGAL-3Flag-CSE4 MIF2-13myc sizlD siz2D
cir0 (SBY11158), and pGAL-3Flag-CSE4 MIF2-13myc pshiD sizlD siz2D cir() (SBY11130). (C) pGAL-
3Flag-CSE4 CHL4-13myc cir0 (SBY11159), pGAL-3Flag-CSE4 CHL4-13myc pshiD cir0 (SBY11160),
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pGAL-3Flag-CSE4 CHL4-13myc sizID siz2D cirQ (SBY11161), pGAL-3Flag-CSE4 CHL4-13myc psh1D
siz1D siz2D cir0 (SBY11131).

2.4 DISCUSSION

2.4.1 Relating our findings to recent studies

Since the time that I was investigating CENP-A“**

sumoylation, another group published
related work, and I will outline the similarities and differences here [58, 111]. In agreement with
our findings, Ohkuni, et al. identified Siz1/2 as the E3 SUMO ligases for CENP-A“***, Although
I was unable to identify a key sumoylated residue, they identified K65 on CENP-A“*** as the
primary target of sumoylation. They reported that overexpressed cse4-K65R had a reduction, but
not complete abolition, of sumoylated conjugates. I note that their studies were performed with
WT PSHI, where sumoylation levels are low. Because I found that CENP-A*** sumoylation
levels are highly elevated in a pshlA, I speculate that SUMO and ubiquitin compete for lysines.
Under WT conditions, sumoylation may be restricted to key residues, potentially from
competition with Pshl. In the absence of Pshl ubiquitination, more residues become available
and Sizl1/2 may target additional sites for sumoylation. The high levels of CENP-A®**
sumoylation in a pshlA mutant could therefore have masked differences in our site mutants that I
may have seen in WT yeast. Given that the cse4-K215/216R that I tested showed a slight
reduction in sumoylation even in a pshl/A background, these residues may also serve as
important sumoylation sites under WT conditions. All potential candidate sites for sumoylation
should be tested in both WT and psh 1A mutant backgrounds to address whether they are primary
sites of sumoylation or only sumoylated opportunistically in the absence of ubiquitination.
Ohkuni et al. then postulate that SIx5, a SUMO-dependent E3 ubiquitin ligase,

Cse4

recognizes the sumoylation and ubiquitinates CENP-A~"" independently of Pshl. They found
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that SIx5 interacts with CENP-A“*** in vivo via co-immunoprecipitation, but do not demonstrate
whether this interaction depends on Siz1/2. Some cse4-K65R transformants had reduced binding
to SIx5, suggesting that sumoylation of this residue may promote the CENP-A“***-SIx5
interaction. However, the results were highly variable. To carefully examine whether SIx5
recognizes sumoylated CENP-A“***, this interaction should be tested in a siz//2A that completely
lacks CENP-A“** sumoylation, a pshIA that has highly elevated levels of CENP-A®
sumoylation, and cse4-16R that has neither ubiquitination nor sumoylation.

They found that the s/x5A and siz//2A mutants have inhibited growth when CENP-A“**
is overexpressed, much like the pshlA mutant, suggesting that they contribute to CENP-A®**
degradation. These data are in direct contrast to our findings that siz//2A has no growth defects
upon CENP-A“*** overexpression. This discrepancy is caused by their strains containing the 2-
micron plasmid that is parasitic in most lab strains of budding yeast. The 2-micron plasmid
encodes its own regulatory proteins to maintain itself at around 50 copies per cell, and this
maintenance mechanism is SUMO-regulated [147]. In siz//2A mutants, 2-micron accumulates at
up to 40-fold higher copy number than in WT cells, which is hypothesized to sequester
replication or segregation machinery [147]. Unless sizI/2A cells are cured of the 2-micron
plasmid, they are sick, displaying cold sensitivity and irregular colony shapes. Ohkuni et al. saw
a growth defect with siz1/2A because they were overexpressing CENP-A“*** from a 2-micron
plasmid. In addition, another group reported that the s/x5A mutant had no growth defect upon
CENP-A“** overexpression [59].

Their work then exclusively utilizes the s/x5A mutant as opposed to the siz//2A mutant
that I studied. If SIx5 acts as a SUMO-dependent ubiquitin ligase for CENP-A“***, these two

mutants should have similar effects on CENP-A“***, Our analysis of the effect of sumoylation on
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CENP-A“*** stability in both a WT and pshIA background yielded subtle and inconsistent
results. I concluded that sumoylation does not significantly affect the stability of CENP-A®**,
Ohkuni et al. reported that SLX5 deletion caused CENP-A“* to be stabilized. Although the
differences they published are also subtle, they concluded significance by quantifying the results
using only two replicates. Given the high variability I saw, many replicates would be required for
an accurate representation of the results. Another potential explanation for the difference in
findings is that SIx5 activity toward CENP-A®** is not SUMO-mediated, as there is evidence
that it can ubiquitinate non-sumoylated substrates [148]. Because the sumoylation of CENP-
A® is cell cycle regulated, and because the effect on stability is subtle, stability assays in
siz1/2A and six5A mutants should be performed in S phase arrested cells and quantified over
many experiments. Understanding whether sumoylation protects CENP-A“*** or leads to its

degradation is crucial for defining its cellular function.

2.4.2 Considering additional findings

In characterizing the sumoylation of CENP-A“*** T found that this modification is cell
cycle regulated, peaking during S phase. Comparatively, Pshl-mediated ubiquitination does not
fluctuate throughout the cell cycle, suggesting that this proteolysis pathway is constitutively
active to remove CENP-A“®* that has mislocalized to chromosome arms [55]. Because the
timing of CENP-A“*** sumoylation is markedly different, it seems unlikely that sumoylation
serves as a secondary pathway to degrade the same pool of CENP-A“*** that Pshl does.
Sumoylation of CENP-A“** is highest during S phase, when CENP-A“*** nucleosomes are
deposited. Siz1/2 may target excess CENP-A“*** in the vicinity of the centromere or may target

centromere-bound CENP-A“*. Either of these pools of CENP-A“*** would likely be smaller
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than that in chromosome arms, meaning far less sumoylation is required than Pshl-mediated
ubiquitination. This agrees with the relative levels of these two modifications on CENP-A“*** in
WT cells (Figure 2.1A). It will be important for future studies to define which pool of CENP-
A®* is sumoylated using better-suited methods, such as a mini-chromosome purification or a
DNA-based kinetochore assembly assay that will be described in the next chapter.

Whether sumoylation more broadly affects CENP-A“* deposition or stability in
chromatin should also be examined. I attempted to assay for the chromatin enrichment of
sumoylated CENP-A“** through various methods. First, I tried to visualize its DNA-localization
by performing chromatin spreads, whereby the non-soluble components of the nucleus are fixed
and stained by immunofluorescence. CENP-A“*** is normally present as clear foci in WT, but
localizes throughout the DAPI when overexpressed in a psh/A mutant. I also attempted to
compare the levels of CENP-A®** in the soluble and chromatin fractions of cell lysates. For a
more  detailed analysis of CENP-A“** localization, I performed chromatin
immunoprepcipitations (ChIP) on Flag-CENP-A“** and analyzed its abundance at several
euchromatic loci that exhibit consistent Flag-CENP-A“*** ectopic localization by quantitative
PCR [54]. Generally, deletion of SIZ1/2 had no widespread effect on the ectopic localization of
CENP-A“** (data not shown), but all of these experiments were preliminary and should be
repeated in the future. These experiments will help answer whether sumoylation plays a role in
CENP-A“*** localization to the euchromatin, or whether it is a result of CENP-A®*

mislocalization.
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243 A model for CENP-A“*** regulation by ubiquitin and SUMO

Under WT conditions, Psh1 appears to be the prominent ubiquitin ligase for CENP-A“*,
I found that in a pshlA mutant, ubiquitinated conjugates are not detectable and are replaced by
high levels of sumoylated CENP-A“**. Sizl and Siz2 are weak competitors for lysine
modification, but can sumoylate CENP-A“*** at low levels, perhaps at a precise, available
residue(s). SIx5 may recognize this sumoylation to ubiquitinate CENP-A“** independently of
Pshl. SIx5 appears to ubiquitinate CENP-A“*** to a much lesser extent than Psh1 does, because
in an s/x5A the upper ubiquitinated forms of CENP-A“*** are reduced but still detectable [58].
Whether SIx5 interacts only with sumoylated CENP-A“*** should be carefully tested as outlined
above. However, I note that there are slightly reduced levels of ubiquitinated CENP-A“*** forms
in the siz//2A mutant (Figure 2.1A, right), which may be due to a loss SIx5 ubiquitination.

Upon PSH] deletion, the bulk of CENP-A“** ubiquitination is abolished. Sizl and Siz2
may have increased access to lysine residues and sumoylate CENP-A“*** to very high levels,
likely with diminished site-specificity. However, this disagrees with their data that show similar,
low levels of CENP-A“*** sumoylation in WT and a pshIA mutant. The reason for such a striking
difference is unclear, since I see significantly enhanced CENP-A“*** sumoylation in a pshlA
mutant. Regardless, SIx5 should ubiquitinate the sumoylated CENP-A“** to target it for
degradation. However, I detect an abundance of sumoylated CENP-A“*** in a pshlA mutant.
SIx5 may be a limiting factor, or may only recognize sumoylation of a specific CENP-A“***
residue, perhaps K65 as identified by Ohkuni et al. If so, any effect of sumoylation on CENP-
A stability or function would only be distinguishable in WT cells and would be masked in the

pshiA mutant.
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Pshl and SIx5 may target different pools of CENP-A“***, Psh1 ubiquitinates mislocalized
CENP-A“*** throughout the cell cycle, and its activity is required for viability when CENP-A®**
is overexpressed. SIx5 may also ubiquitinate CENP-A“*** throughout the cell cycle, but the
sumoylated forms are enriched during S phase indicating that at least Sizl/2 activity toward
CENP-A“** is cell cycle regulated. Sumoylation may target a centromere proximal pool,
ensuring that multiple CENP-A“** nucleosomes do not get deposited in the wake of the
replication fork. Alternatively, sumoylation may target centromere-bound CENP-A“** and either
protect it from ubiquitination or promote its binding affinity to the inner kinetochore. Carefully
determining whether sumoylation leads to CENP-A“*** stability or degradation is pivotal to

distinguishing between these hypotheses.

2.5 MATERIALS AND METHODS

2.5.1 Yeast strain construction and microbial techniques

The Saccharomyces cerevisiae strains used in this study are listed in Supplementary
Table 2.1, and integrated plasmids are listed in Supplementary Table 2.2. Standard genetic
crosses and media were used to generate and grow yeast [149]. Gene deletions and epitope
tagged alleles (3Flag, 9myc) were constructed by standard PCR-based integration as described in
[150] and confirmed by PCR. Point mutants were made using site-directed mutagenesis and
confirmed by sequencing. The E3 SUMO ligase mutants were gifts from Xiaolan Zhao.

For all experiments with transiently overexpressed 3Flag-Cse4, cells were grown at 30 °C
in lactic acid media to log phase and induced with 2% galactose for 1.5 hours. For experiments
with mms21-CH mutants, cultures were shifted to 37 °C for the final two hours of growth. For

stability assays, 3Flag-Cse4 was overexpressed with 4% galactose for one hour in a WT
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background, or 30 minutes in the pshlA background. 50 ug/mL cycloheximide and 2% glucose
were added to the cultures at time = 0 minutes. All other liquid cultures were grown in yeast
peptone dextrose rich (YPD) media at room temperature to log phase. Cells were arrested in G1,
S phase, or mitosis by adding drug (10 ug/mL a-factor in DMSO, 0.2 M hydroxyurea, or 10
ug/mL Nocodazole in DMSO, respectively) to log phase cells in liquid culture for three hours
until at least 90% of the cells were shmoos (oa-factor) or large-budded (hydroxyurea and
Nocodazole).

Growth assays were performed by diluting saturated cultures 1:20 and from that making a
1:5 serial dilution series. This series was plated on yeast extract-peptone-dextrose (YPD) and

yeast extract-peptone-galactose (YPG) plates that were incubated at 23 °C.

2.5.2 Protein techniques
Whole cell extracts from stability assay samples were made by freezing cells in liquid
nitrogen and resuspending in SDS buffer. Cells were lysed using glass beads and a beadbeater

(Biospec Products), then clarified by centrifugation at 16,100 g for 5 minutes at 4 °C.

254 Protein biochemistry

Immunoprecipitation of Flag-tagged CENP-A“*** or Dsn1 were performed as described in
[135]. For all 3Flag-Cse4 immunoprecipitations, 5 mM N-Ethylmaleimide (NEM) was also
included in the lysis and washing buffers. Silver stains were performed by run running the
samples on NuPAGE 4-12% Bis-Tris protein gels (Invitrogen) and silver staining using

SilverQuest (Invitrogen).
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255 Immunological methods

Whole cell extract or samples were prepared as described above and separated by SDS-
PAGE. Proteins were transferred to a nitrocellulose membrane (BioRad) and standard
immunoblotting was performed. Primary and secondary antibodies were used as described in
[136]. Primary antibodies were used as follows: a-Flag M2 (Sigma-Aldrich Catalog #F3165)
1:3,000; a-myc (9E10, Covance Catalog #MMS-150R) 1:10,000; a-Pgkl (Invitrogen Catalog
#459250) 1:10,000; a-Smt3 1:3,000; a-Mif2 (OD2) 1:6,000; and a-Cse4 (9536) 1:500 [151].
The a-Mif2 antibody was a gift from Arshad Desai and the a-Smt3 antibody was a gift from
Pamela Meluh. HRP conjugated secondary antibodies were detected with Pierce enhanced
chemiluminescent (ECL) substrate and SuperSignal West Dura and Femto ECL (ThermoFisher

Scientific).
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2.7 SUPPLEMENTAL FIGURES

Flag-CSE4 psh1A
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Supplemental Figure 2.1. Endogenously expressed CENP-A“*** is sumoylated

Flag-Cse4 expressed from the endogenous promoter was immunoprecipitated from WT (SBY3), 3Flag-

CSE4 cse4D (SBY10111), and 3Flag-CSE4 cse4D pshiD (SBY10424) and analyzed by the indicated
immunoblots.
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2.8 SUPPLEMENTAL TABLES

Supplemental Table 2.1. Yeast strains used in this chapter
Complete genotypes of the Saccharomyces cerevisiae strains used are listed along with the strain number
to reference. All strains are isogenic with W303.

Strain Genotype L’:taes?;?::d
SBY3 MATa ura3-1leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1

SBY8336 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 psh1A

SBY8903 gﬁ'ﬁ;{;zﬁ; 1{)16;)431};?5/8/?;121\8/71)5(4URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 pSB1665
SBY8904 I;/Z,\;zggag:r .'1:571GAL-3FIag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 pSB1665
SBY10111 ll\)/ﬁ;'; Lé;a)e\’;-;.:..:.\?(I;Isﬁ/’—§SE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 lys2- can1-100 pSB1067
SBY10424 t/\)/(l’i;fa; Léfe&;i f(l;ls/g\y/l-)?if:&,‘?;g nll?/llf 3-112 his3-11 trp1-1 ade2-1 lys2- can1-100 pSB1067
SBY11009 Q/I\I/L\ST;CL;??:J O(I)) tc)a‘:\rl;-_\’jFlag-cse4- 16R:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 pSB1685
SBY11010 Qﬂfsgacgffj 5.5521;-_{;/22%—12394—16R:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 pSB1685
SBY11023 /;/I/Ii\;;Zu(r;zi-l:;% g/?)lér\’j{:;ag;z\;T-;((j rz /\5/1/)2( 16R:URAS3 leu2,3-112 his3-11 trp1-1 ade2- 0SB1781
SBY11025 2/;,27;2_31%?2; 1?16;3177-?5/6}?;121\8/1[)5(4035/43 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 pSB1665
SBY11029 MATa ura3-1::pGAL-3Flag-CSE4:URAS3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 pSB1665

can1-100 bar1-1 cirO
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SBY11038

SBY11040

SBY11130

SBY11131

SBY 11156

SBY11157

SBY11158

SBY11159

SBY11160

SBY11161

SBY11212

SBY11290

SBY11323

SBY 11774

SBY11776

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 psh1A::KanMX siz1A::KanMX siz2A::URAS3 cir0

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 siz1A::KanMX siz2A::URAS3 cir0

MATa ura3-1::pGAL-3Flag-CSE4:URAS3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 MIF2-13myc:HIS3 psh1A::KanMX siz1A::KanMX siz2A::URA3
cir0

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 CHL4-13myc:HIS3 psh1A::KanMX siz1A::KanMX siz2A::URA3
cir0

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 MIF2-13myc:HIS3 cir0

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 MIF2-13myc:HIS3 psh1A::KanMX cir0

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 MIF2-13myc:HIS3 siz1A::KanMX siz2A::URA3 cir0

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 CHL4-13myc:HIS3 cir0

MATa ura3-1::pGAL-3Flag-CSE4:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 CHL4-13myc:HIS3 psh1A::KanMX cirO

MATa ura3-1::pGAL-3Flag-CSE4:URAS3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2
can1-100 bar1-1 CHL4-13myc:HIS3 siz1A::KanMX siz2A::URA3 cir0

MATa ura3-1::pGAL-3Flag-cse4-16R:URA3 leu2,3-112 his3-11 trp1-1 ade2-1
LYS2 can1-100 bar1-1cir0

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

3Flag:URAS3 siz1A::KanMX siz2A::URA3 cir0

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

3Flag:URAS3 cir0

MATa ura3-1::pGAL-3Flag-cse4-K49R:URA3 leu2,3-112 his3-11 trp1-1 ade2-1
LYS2 can1-100 bar1-1 psh1A::KanMX cirO

MATa ura3-1::pGAL-3Flag-cse4-15R(K49""):URAS leu2,3-112 his3-11 trp1-1
ade2-1LYS2 can1-100 bar1-1 psh1A::KanMX cirO

pSB1665

pSB1665

pSB1665

pSB1665

pSB1665

pSB1665

pSB1665

pSB1665

pSB1665

pSB1665

pSB1685

pSB2052

pSB2053
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Supplemental Table 2.2. Plasmids used in this chapter
The relevant genes and markers on each plasmid used are listed.

Plasmids Description

pSB1067 3Flag-CSE4, URA3

pSB1665 pGal-3Flag-CSE4, URA3

pSB1685 pGal-3Flag-cse4-16R, URA3
pSB1781 PGAL-3Flag-cse4-K215/216R, URA3
pSB1960 PGAL-3Flag-cse4-15R(K215"7)
pSB1961 pGAL-3Flag-cse4-14R(K215/216"7)
pSB2052 PGAL-3Flag-cse4-K49R

pSB2053 pGAL-3Flag-cse4-15R(K49"7)
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CHAPTER 3. An assay to assemble kinetochores de novo reflects the

fundamental properties of assembly in vivo

3.1 SUMMARY

The kinetochore is a megadalton-sized assembly of proteins. To elucidate the underlying
mechanisms of how such a large complex is formed, I developed an assay to assemble
kinetochores de novo using centromeric DNA and budding yeast extracts. Assembly in vitro has
the same basic requirements as assembly in vivo, including the need for the CENP-A“**
chaperone, HTURP®™™ suggesting the formation of a centromeric nucleosome. This method
generates kinetochores that contain components of all kinetochore subcomplexes and exhibit
microtubule-binding activity. Furthermore, assembly is cell cycle regulated and is enhanced by
mitotic phosphorylation of the Dsnl kinetochore protein. Assembling kinetochores de novo in
yeast extracts provides a powerful and genetically tractable method to elucidate critical

regulatory events in the future.

3.2 INTRODUCTION

Chromosome segregation depends on the kinetochore, the machine that establishes force-
bearing attachments between DNA and spindle microtubules. Kinetochores are formed every cell
cycle via a highly regulated process that requires coordinated assembly of multiple
subcomplexes on specialized chromatin. The complexity of regional centromeres, the difficulty
in visualizing kinetochore assembly in vivo, and the inability to fully replicate the process in

vitro has rendered many questions about kinetochore assembly inaccessible. First, it is unclear
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whether DNA replication is required for kinetochore assembly [103, 104]. Second, while many
protein-protein interactions within the kinetochore have been identified, the hierarchy of
subcomplex assembly, protein-protein requirements, and regulatory processes remain poorly
understood. Third, because centromeres in vivo are in the context of pericentromere, and because
extra CENP-A molecules have been detected near the centromere [41-43], it remains
controversial whether a single centromeric nucleosome is sufficient for assembly, or whether the
pericentromere is also required. A cell-free assay to assemble kinetochores de novo would allow
us to begin addressing these fundamental questions.

Substantial progress in understanding kinetochore assembly has been made using partial
reconstitution systems in vitro. For example, pre-formed nucleosomal arrays incubated in
Xenopus egg extracts assemble microtubule-binding elements that allowed the identification of
events required to initiate kinetochore assembly [140]. Furthermore, the binding selectivity of
some kinetochore proteins for CENP-A nucleosomes (over H3 nucleosomes) was recently
determined by reconstituting the entire linkage between the CENP-A nucleosome and KMN
[141]. To identify additional events that regulate kinetochore assembly, I set out to develop a
reconstitution system that combines the strengths of these previously developed methods with
the added ability to genetically manipulate the system and maintain post-translational
modifications. To do this, I used budding yeast because they have a simple “point” centromere
that is defined by a ~125 bp specific DNA sequence and a single microtubule attachment site per
chromosome [4, 24]. The kinetochore subcomplexes and functions are largely conserved,
including the specialized chromatin structure containing CENP-A“*** that serves as the platform

for kinetochore assembly (Figure 3.1A).

47



I therefore developed a method to assemble the kinetochore onto centromeric DNA in
vitro. Ultimately, the assembly assay has the same fundamental features as kinetochore assembly
in vivo and can be improved or inhibited by using mutant extracts. Strikingly, the entire
kinetochore can assemble on a single centromeric nucleosome without any surrounding
pericentromeric chromatin, consistent with recent work showing that KMN can link to a single
centromeric nucleosome [141]. The efficiency of assembly is sensitive to phosphoregulation and
is highest in extracts from cells arrested in S-phase and mitosis, consistent with the timing of
assembly in vivo. The assay utilizes the two conserved pathways for Ndc80 recruitment, and the
assembled kinetochores are competent to attach to microtubules in vitro. In summary, this is the
first method for complete assembly of the kinetochore de novo, and it can be used to address

many questions about centromere and kinetochore biology.

33 RESULTS

3.3.1 Defining conditions for kinetochore assembly in vitro

Previous studies showed that tandem arrays of the yeast centromere can assemble a
portion of the inner kinetochore, but the outer kinetochore was not present [138]. I instead
utilized a minimal DNA template of a single centromere sequence in order to better replicate
kinetochore assembly in vivo. Because our lab had previously determined conditions to purify
intact kinetochores from cells [135], I reasoned that these extract conditions may be permissive
for kinetochore assembly de novo. I therefore prepared yeast whole cell extracts by our
established method and incubated it with various naked DNA templates. The centromeric
template contains the chromosome III centromere (117 bp) and ~70 bp of pericentromeric DNA

on each side (referred to as “CEN3”; Figure 3.1B). As negative controls, I used a template
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(CEN3™") with mutations in the centromere-determining element III (CDEIII) region of DNA
that abolishes kinetochore assembly in vivo by preventing the CBF3 complex from binding [75,
152]. Additionally, I used a 500 bp DNA template from within the E. coli ampC gene that
encodes for the enzyme [-lactamase.

Because intact kinetochores have been measured to be ~126 nm [134], I reasoned that
kinetochore assembly might be sterically hindered by saturating large, 2.8 wm diameter
Dynabeads with the ~84 nm DNA template. To test this, I conjugated the DNA templates to
beads either before or after incubation in extract and analyzed the DNA-binding protein Ndc10
by immunoblotting. Far less Ndc10 was detected when conjugating DNA to the beads after the
assembly reaction, suggesting that proteins may be binding the DNA and blocking its ability to
successfully conjugate to the beads (Figure 3.1C).

I therefore established the following general protocol for the kinetochore assembly assay:
whole cell extracts are pre-incubated with excess non-specific competitive DNA to sequester
DNA-binding proteins, centromeric DNA on beads is added and incubated to allow for
assembly, the beads are washed, and bound proteins are eluted and analyzed (Figure 3.1D).
Numerous parameters were tested to optimize the reaction conditions for assembly in vitro, with
the measurements for success being improved assembly on the CEN3 template and reduced
binding on the CEN3™" template. The results of a subset of the optimized conditions are
summarized in Table 3.1. Factors that led to the most significant improvements in assembly will
be discussed below, as they have the potential to also contribute to other cell-free biochemical
assays. Optimized conditions that are specific to the assembly assay will not be discussed in

detail, but include the type and concentration of competitive DNA, the ratio of beads to extract,
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the temperature and duration of the assembly reaction, and the length of the centromeric DNA

templates.
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Figure 3.1. Establishing a protocol to assemble kinetochores in vitro

(A) A schematic of the budding yeast kinetochore. The listed subcomplexes are ordered based on physical
interactions from DNA-proximal to microtubule-proximal components, and the yeast proteins in each
kinetochore subcomplex are shown on the right. (B) DNA templates for the assembly assay include
500bp from the E. coli ampC gene that encodes for b-lactamase (green) as a negative control, the 117 bp
chromosome III centromere (CEN3), or a mutant CEN3 (CEN3™") containing three point mutations in the
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CBF3 binding site (red ‘X’). The three centromere-determining elements (CDEs) are indicated and ~70
bp of flanking pericentromeric DNA on either side is shown (grey). The DNA templates also contain
linker DNA (purple) before the biotinylation (red star) at the 3° end of the centromere. (C) Whole cell
extract from NDCI0-3HA CSE4-3FLAG cse4D CHL4-13myc (SBY11618) was incubated with the
indicated templates. DNA templates were bound to beads either before or after the assembly reaction.
Ndc10 was analyzed by immunoblotting with an a-HA antibody. (D) To assemble kinetochores in vitro,
yeast whole cell extract is first pre-incubated with competitive DNA. Then, DNA templates conjugated to
beads are added to the extract and incubated at room temperature for assembly. The beads are then
washed and bound proteins are eluted and analyzed.
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Table 3.1. Conditions tested to optimize the kinetochore assembly assay
Results from various assembly or extract conditions were given a rating of one to four (‘+’) relative to
one another. Optimal conditions currently used in the assembly assay are highlighted in blue.

Condition Details Assembly on CEN3 Cleanliness on CEN3™"
Order of CEN conjugation to beads |DNA on beads pre-assembly + N/A
DNA on beads post-assembly Sisiaty N/A
DNA template length 250 bp +++ +H++
500 bp (extra room on 3') +++ +++
500 bp (extra room on 5') +++ +4++
750 bp +++ ++
Competitive DNA poly dI-dC T+ T
sonicated salmon sperm DNA +H++ 4+
CEN DNA:competitive DNA ratio 1:1 +H++ ++
1:10 ++++ +++
1:30 ++++ ++++
1:100 +++ ++++
Bead:extract ratio 1:3 +++ ++++
1:10 +++ ++++
1:25 ++++ ++++
Assembly temperature 4°C +++ N/A
23°C ++++ N/A
30 °C +++ N/A
Assembly duration 30 min ++ N/A
60 min ++++ N/A
120 min ++++ N/A
Lysing method bead beating ++ +
freezer mill At e,
Salt of the buffer KCI and MgCl, + +H++
KGlutamate and Mg(OAc), +H++ ++
Salt concentration 125 mM +H++ ++
175 mM ++++ +++
225 mM +++ ++++
Mg(OAc), concentration 4 mM +++ ++++
6 mM ++++ +++
9 mM +++ +4++
pH 7.6 ++++ ++++
8 +++ +++
Phosphatase inhibitors + +++ ++++
- ++++ ++++
ATP regenerating system + +++ ++++
- ++++ ++++
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3.3.2 Improving the biochemical activity of cell extracts

Our group had previously found that the commonly used salt concentration of 300 mM
would not support the purification of intact kinetochores from cells [135]. In developing the
assembly assay, not only did I lower the salt concentration, but I also exchanged potassium
chloride for potassium glutamate, a more gentle salt utilized in other in vitro assays [137, 153].
Changing this parameter resulted in the largest improvement in our assay (Figure 3.2A).
Additionally, lowering the pH of the buffer to a more physiological level helped prevent binding
to the CEN3™" template. To further improve our extract conditions, I also compared various cell
lysing methods. Bead beating involves adding glass beads to cells resuspended in lysis buffer
and essentially vortexing them in a 4 °C room. This method can allow extracts to warm to high
temperatures, which can lead to protein denaturation. Freezer mills keep samples submerged in
liquid nitrogen throughout the lysing procedure and therefore generate high quality extracts
particularly suited for biochemical work. Pulverizing cells using a freezer mill resulted in far
better assembly in vitro than when lysing using a bead beater (Figure 3.2B). Not only was there
increased binding of several kinetochore proteins to the CEN3 template, but there was less
background binding to the negative control template.

Although yeast CENP-A“*** deposition by its chaperone does not require ATP, some
protein-protein interactions throughout the kinetochore are regulated by phosphorylation [82, 83,
90, 92, 126, 127, 154-156]. To ask whether ATP promotes assembly in vitro, I supplemented the
extracts with ATP and an ATP regenerating system of creatine phosphatase and creatine
phosphokinase. Kinetochore assembly was largely unaffected, even slightly reduced, by addition
of the ATP regenerating system (Figure 3.2C). By incubating our extracts with radiolabeled

ATP, [y-*P] and looking for phosphorylated proteins by autoradiography, I found that our
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extracts have substantial kinase activity even in the absence of the ATP regenerating system
(Supplemental Figure 3.1). These data suggest that the additional ATP is not required for

efficient assembly, so I did not include ATP and the regenerating system in subsequent assembly

assays.
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Figure 3.2. Improving extract conditions through lysis method and buffer

(A) Whole cell extract from CSE4-3FLAG cse4D OKPI-3HA NDC80-3V5 (SBY12036) was prepared
using a buffer containing either potassium chloride and magnesium chloride or potassium glutamate and
magnesium acetate, each at a pH of 7.6 or 8. The extracts were used for kinetochore assembly assays for
the indicated duration (in minutes). Diluted whole cell extract (left) and DNA-bound proteins (right) were
analyzed by immunoblotting with the indicated antibodies. (B) Extract from CSE4-3FLAG cse4D OKP1I-
3HA NDC80-3V5 (SBY12036) was prepared by lysing cells using a beat beater or a freezer mill.
Assembly assays were performed on the indicated DNA templates and analyzed by immunoblotting. The
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double asterisks next to some CEN3 templates indicate assembly reactions that were performed using
freeze-thawed extracts rather than fresh extracts. (C) Kinetochores were assembled from dsni-
8§240/250D-3Flag dsnlD NDCS80-3V5 DAMI-9myc (SBY12178) extracts in the presence or absence of
ATP and an ATP regenerating system. Bound proteins were analyzed by the indicated immunoblots.

Finally, I attempted to improve assembly by compensating for limiting proteins. In order
to achieve DNA replication in vitro, the pre-replication complex members Cdc6 and the Mcm2-7
replicative helicase must be purified, activated and supplemented into the reaction [137]. I
wondered whether similar measures had to be taken to achieve kinetochore assembly in vitro.
The Mis12 complex (Misl2c) is a lowly abundant in cells and was initially undetectable in the
assembled kinetochores, suggesting that limiting amounts of Misl2¢ may inhibit outer
kinetochore assembly. I used several approaches to increase Misl12¢c abundance, but none were
able to improve the efficiency of in vitro assembly; I supplemented extracts with either
recombinant Misl2c or native Misl2c purified from yeast, overexpressed the entire Misl2
complex in yeast, and also attempted two-step reactions, following the assembly with an
incubation with purified yeast kinetochores, which are purified via a Mis12¢ component and are

enriched for outer kinetochore (data not shown).

333 Assembled kinetochores span the kinetochore

With the conditions optimized and kinetochore assembly assay functioning efficiently, I
first performed a detailed compositional analysis of the assembled kinetochores. An assembly
reaction was performed using an extract prepared from asynchronously growing wildtype (WT)
cells and analyzed by immunoblotting against representative components of most kinetochore
subcomplexes. Within 30 minutes of assembly, every protein assayed bound specifically to
centromeric DNA (Figure 3.3). Inner kinetochore components are generally saturated within 30

minutes, while outer kinetochore proteins require longer to reach saturation. To compare the
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efficiency of assembly in various mutants and conditions, I analyzed assembly on CEN3 DNA at
two time points hereafter.

To further analyze the composition of the assembled particles, I performed mass
spectrometry. I detected 39 out of 49 core kinetochore proteins at higher coverage levels on
CEN3 DNA relative to either ampC DNA or CEN3™ DNA (Table 3.2). In support of
centromeric nucleosome assembly, CENP-A“** was specifically enriched on CEN3 DNA.
Importantly, I detected components from all known kinetochore subcomplexes on CEN3 DNA,
including the CENP-T“™ protein, indicating that both pathways to Ndc80 recruitment are
present. The only proteins that were not detected are small proteins that are components of
subcomplexes that were otherwise detected in the MS (for example, Dad2 in the Daml
complex). Together, these data suggest that all kinetochore complexes assemble on centromeric

DNA under the conditions I developed.
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Figure 3.3. Assembled kinetochores are centromere specific and span the entire kinetochore

The optimized assembly assay was performed using WT whole cell extracts prepared from a CNNI-3V5
DSN1-3Flag DAM1-9myc strain (SBY17228) and DNA-bound proteins were analyzed by the indicated
immunoblots.
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Table 3.2.
kinetochores

Kinetochores were assembled on ampC, CEN3™", or CEN3 DNA from an asynchronous WT DSNI-3Flag
(SBY14441) extract and analyzed by LC/MS/MS mass spectrometry. The table indicates the human
ortholog (if applicable) of each yeast protein, the percent coverage, and the number of unique and total

Components from each of the core subcomplexes are detected on assembled

peptides detected from each assembly. I included the only detected microtubule-associated protein.

ampC CEN3™! CEN3
Subcomplex Yeast_ Huma_n % Uniq_ue Total_ % Uniq_ue Total_ % Uniq_ue Total_
Protein Protein Coverage Peptides Peptides Coverage Peptides Peptides Coverage Peptides Peptides
CCAN Cbf1 Cbf1 Not present 62.7 30 77 59.3 29 60
Cbf3 Ndc10 11.4 7 8 32.9 23 26 63.2 78 194
Cep3 3.5 1 2 15.3 8 9 34.2 25 76
Ctf13 27 1 1 18.4 5 5 46 22 38
Skp1 28.4 3 3 19.6 2 2 41.8 12 24
Nucleosome |Cse4 CENP-A 131 3 3 24.5 6 8 49.8 10 31
Hta2 H2A 35.6 7 20 35.6 5 13 35.6 6 19
Htb2 H2B 45 8 18 39.7 7 29 39.7 7 29
Hht1 H3 5.1 1 1 5.1 1 1 Not present
Hhf1 H4 45.6 7 11 56.3 8 19 46.6 8 13
Nucleosome |Psh1 3.9 1 1 Not present Not present
Associated Scm3 HJURP Not present 6.3 1 1 28.3 8 10
CPC Ipl1 Aurora B Not present Not present 23.7 8 10
Sli15 INCENP |7 2 2 14.8 6 7 64.3 54 13
Bir1 Survivin 15.1 10 1 22.6 14 17 59.2 70 177
NblI1 Borealin Not present Not present 76.7 6 1
Mif2 Mif2 CENP-C Not present 9.7 4 4 58.7 29 39
OA Okp1 CENP-Q Not present 20.9 7 9 42.6 21 34
Ame1 CENP-U Not present 20.4 5 6 61.4 22 41
CM Ctf19 CENP-P Not present 6.8 2 2 44.7 21 31
Mcm21 CENP-O Not present 10.3 3 4 65.8 26 39
ImI3 ImI3 CENP-L Not present Not present 60.8 13 19
Chl4 CENP-N Not present 7.9 3 3 371 16 19
Nkp1 Not present 26.9 4 6 57.6 17 28
Nkp2 Not present 15 2 4 55.6 7 10
Ctf3 Mcm16 CENP-H Not present 22.7 2 3 48.6 7 1
Ctf3 CENP-| Not present 53 3 3 23.7 17 27
Mcm22 CENP-K Not present 25.5 3 4 81.6 18 27
Cnn1 Cnn1 CENP-T Not present Not present 45.7 13 18
Wip1 CENP-W Not present Not present 39.3 2 2
Mhf1 CENP-S 48.9 4 4 48.9 3 7 40 2 5
Mhf2 CENP-X 43.8 4 8 47.5 4 6 28.8 3 4
Outer Mtw1 Mtw1 Mis12 Not present Not present 22.8 4 4
Kinetochore Nnf1 PMF1 Not present Not present 13.9 2 2
Nsl1 Nsl1 Not present Not present 241 3 3
Dsn1 Dsn1 Not present Not present 7.3 2 2
Ndc80 Ndc80 HEC1 Not present Not present 28.4 15 16
Nuf2 NUF2 Not present Not present 32.8 12 13
Spc24 SPC24 Not present Not present 57.3 8 8
Spc25 SPC25 Not present Not present 271 5 5
Spc105 Spc105 KNL1 Not present Not present 5 3 3
Kre28 Zwint1 Not present Not present Not present
Dam1 Dam1 Not present Not present 10.8 2 2
Dad1 26.6 1 1 26.6 1 2 26.6 1 1
Dad3 Not present Not present Not present
Ask1 Not present Not present 8.2 1 1
Duo1 Not present Not present 7.3 1 1
Hsk3 15.9 1 1 15.9 1 1 15.9 1 1
Spc19 Not present Not present 8.5 1 1
Spc34 Not present Not present 4.7 1 2
Dad2 Not present Not present Not present
Microtubule- Dad4 Not present Not present Not present
Associated |MAPs Stu2 CHTOG 3.5 2 2 Not present Not present

Proteins
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3.34 Kinetochore assembly in vitro is a hierarchical process that depends
upon CBF3
I next asked whether the assembly assay reflected requirements in vivo.
Kinetochore assembly is initiated by the binding of the CBF3 complex to CDEIII, which
facilitates the deposition of CENP-A“*** [46, 76]. All kinetochore proteins except Cbfl, which
binds directly to CDEI [72, 73], require the Ndc10 component of the CBF3 complex for their
localization in vivo [157]. 1 therefore tested the requirement for CBF3 by performing the
assembly assay with extracts prepared from WT cells and an ndcl0-1 temperature sensitive
mutant. Similar to the negative controls, the assembly reaction was completely inhibited on the
CEN3 DNA in the ndcl0-1 extracts (Figure 3.4A). Together, these data indicate that the
assembly reaction is initiated by CBF3, consistent with the requirements for assembly in vivo.
Kinetochore assembly is a hierarchical process wherein inner kinetochore subcomplexes
recognize and bind the centromere and recruit outer kinetochore subcomplexes [3, 158]. Because
intact kinetochores can be purified from similar extracts, I reasoned that assembly in vitro may
not be a stepwise process, but instead a simultaneous binding event of a pre-assembled, soluble
kinetochore. To test this, I performed a time course of assembly and assayed components
spanning from inner to outer kinetochore. Generally, outer kinetochore proteins took far longer
to bind the DNA and reach maximal levels than the DNA-proximal proteins (Figure 3.4B). For
example, the DNA-binding protein Ndc10 bound at nearly saturated levels within 10 minutes,
but the microtubule-binding KNL1°"*'% protein was not detectable until 30 minutes and requires
60 minutes to reach saturation. These data suggest that assembly in vitro and in vivo share the

same fundamental feature of assembling in a stepwise manner.
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Figure 3.4. Kinetochore assembly in vitro is a CBF3-dependent, stepwise process

(A) Extracts from a DSNI-6His-3Flag strain (SBYS8253) or a DSNI-6His-3Flag ndcl0-1 strain
(SBY8361) shifted to the non-permissive temperature were used for assembly assays. DNA-bound
proteins were analyzed by immunoblotting with the indicated antibodies. Extracts in Supplemental Figure
3.2A. (B) Kinetochore assembly assays were performed for the indicated durations using extract from
dsnl1-S240/250D-3Flag dsnlD NDCS80-3V5 DAMI-9myc (SBY12178) and analyzed by the indicated
immunoblots.

3.3.5 Kinetochores assemble on a single CENP-A nucleosome

Kinetochore assembly in vivo requires a CENP-A nucleosome, so I tested whether
CENP-A“** requires its chaperone HJURP*™ for deposition [46, 47, 159]. To do this, I
generated cells containing an auxin-inducible degron (AID) allele of SCM3, scm3-AID, which
targets the protein for proteasomal degradation when the TIR1 F-box protein and the hormone
auxin are present [160]. Although I could not detect HIURP**™ protein in extracts due to low
intracellular levels, I concluded that the protein was degraded because the cells were inviable

when plated on auxin (Supplemental Figure 3.3). I prepared extracts from scm3-AID strains

(with or without T/R1) treated with auxin and performed the assembly assay. As expected for the
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most upstream protein in the assembly pathway, Ndc10 associated with CEN3 DNA in the
presence or absence of HIURP**™ (Figure 3.5A). However, CENP-A“*** and all other CCAN
components assayed no longer associated with CEN3 when HIURP*™ was depleted. This strict
requirement for CENP-A“** recruitment by its chaperone suggests that CENP-A“*** is forming a
functional nucleosome in vitro.

Centromeric nucleosomes can be detected in the surrounding pericentromeric region in
vivo [41-43], leading to debate about whether a single CENP-A“** nucleosome is sufficient for
kinetochore assembly [43, 161, 162]. I therefore performed the assembly assay using a shorter
180 bp template that contains ~30 bp of DNA on either side of the centromere. CENP-A**
levels were similar on both templates, and the entire kinetochore formed in both cases (Figure
3.5B). Together, these data suggest that a single, well-positioned centromeric nucleosome is

sufficient for kinetochore assembly in the absence of surrounding pericentromeric DNA.
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Figure 3.5. Assembled kinetochore particles contain a single, chaperone-dependent CENP-A“*
nucleosome
(A) A DSNI-3Flag scm3-EGFP-AID strain (SBY16440) and a DSNI-3Flag scm3-EGFP-AID OsTIRI-
myc strain (SBY 16438) were treated with auxin and the extracts were used for assembly assays. DNA-
bound proteins were analyzed by immunoblotting for the indicated proteins. Extracts in Supplemental
Figure 3.2B. (B) Extract from a DSNI-3Flag CNNI-3V5 DAMI-9myc (SBY17228) strain was used for
assembly assays with 180 bp or 250 bp centromeric DNA templates and DNA-bound proteins were
analyzed by the indicated immunoblots.
3.3.6 Assembly in vitro is regulated by the cell cycle and phosphorylation
Kinetochore assembly is regulated during the cell cycle and occurs during S phase in
budding yeast [103, 104], although it isn’t clear whether this reflects a requirement for active
DNA replication or another S phase event. During mitosis, CENP-T“™ levels peak at
kinetochores due to phosphoregulation [91, 126]. To test whether the assembly assay is subject
to cell cycle regulation, WT cells were grown asynchronously or arrested in G1, S phase, or

mitosis, and the extracts were used for in vitro assembly assays. Assembly is least efficient in

extracts from cells arrested in G1 and most efficient in S phase and mitosis (Figure 3.6A),

63



consistent with cell cycle regulation that occurs in vivo. As expected, the CENP-T™ pathway is
noticeably enhanced in kinetochores assembled from mitotic extracts. I also note that there
appears to be a preference for the assembly of slower-migrating forms of CENP-C™® during S
phase and mitosis, which may reflect post-translational modifications.

A conserved mitotic phosphorylation event that promotes kinetochore assembly is Aurora
B-mediated phosphorylation of Dsnl, which promotes the interaction between Misl12c and the
inner kinetochore protein CENP-CM'™ [82, 83, 154-156]. To test the effects of this
phosphorylation on kinetochore assembly in vitro, I made extracts made from a dsnl-S240D,
S§250D (dsnl-2D) phosphomimetic mutant [154]. While the innermost CCAN proteins were
present at equivalent levels, the dsn-2D assembled kinetochores showed a strong enrichment for
outer kinetochore proteins beginning with the Misl2 complex itself when assayed by
immunoblotting and mass spectrometry (Figure 3.6B and Table 2). To directly quantify the
difference between WT and dsnl-2D assembly reactions, I performed quantitative mass
spectrometry (qMS) using tandem mass tag labeling [163]. Although the qMS data does not
allow us to analyze the stoichiometry of components within one sample, I was able to compare
relative protein levels between WT and dsn/-2D assembled kinetochores. Similar to the
immunoblot analysis, there was a strong enrichment of outer kinetochore proteins (3- to 7-fold
enrichment) in the dsn/-2D assembled kinetochores while the CCAN levels were similar to WT
assembled kinetochores (Figure 3.6C). Together, these data indicate that our assembly assay in
vitro reflects requirements known for assembly in vivo and is sensitive to critical post-

translational modifications.

64



o\ e g‘be'
o© N4 X
= o EXANNY WT dsn1-2D
(2]
3 5 3 3 5 s s
© 5y Sgzize Bgsshsc R2gg gtes
(2]
5 &3 DIoLLun LDouooog SLoy oo
S_5%§ QOO0OO000 OOOOOO TOO0O0 8000
(ORI 60 30 60 60 30 60 60 30 60 60 30 60 Min 60 60 30 60 60 60 30 60 Min
CBF3 ’————‘ ’ - — . Prp— ——‘ ’ - ——-—.‘ Ndc10
’- --‘ ’ —— - —— —...‘ ’ — —_‘ Cse4d
CENP-C ’,_ _._‘ ’ — 2 - e ’ o - Mif2
CENP-PO ’—--—-‘ ’ e - — —Q‘ ’ — - —‘4 Ctf19
CENP-T [ = =em| [ === o — = ~wm| Cnn1 (V5)
Mis12 || | == —— — ] - ==e=| Dsni (Flag)
(== [ == —— e | ’ o~ ——| Ndc80
KNL1 ’»—--—\ ’ -t e \ } - o ....\ Spc105
b 323
Dam1 ’--—.—‘ ’ ~ by e . ‘ ’ —— -‘{ Dam1 (myc)
extract assembly assay assembly assay
C
3
> 25+
]
2 ) l
7/
S 4
‘5, 101
)
5
g 57
c
o
c
2 05 2227 3S8PT © 5o 28 2% 53 9NN fEEf Siu: 8935 8% ru95eoliay
2 Lokx 9 S 2 Ef ES ¥¥ 80 ££££ 2524 82900 =9 TRNSHOOD®
T © zGcm OFf T ©< Og §0 22 575 G333 5224 zZga (‘%x 8oo<aTrggon
v © 2 O - o - -
@ a 9 & % 7 = g
8 5 ¢ ¢ g = : :
O W )
O O

Figure 3.6. Kinetochore assembly in vitro is regulated by the cell cycle and phosphorylation

(A) Kinetochores were assembled using extract from WT cells (DSNI-3Flag CNNI1-3V5 DAMI-9myc
(SBY17227)) that were either asynchronously growing or arrested in G1 (with alpha factor), S phase
(with hydroxyurea), or early mitosis (with benomyl). Diluted whole cell extracts and DNA-bound
proteins were analyzed by immunoblotting with the indicated antibodies. (B) Assembly assays were
performed using extracts prepared from benomyl-arrested DSNI-3Flag CNNI-3V5 DAMI-9myc
(SBY17228) and dsni-2D-3Flag CNNI-3V5 DAMI-9myc (SBY17234) strains on the indicated DNA
templates and analyzed by immunoblotting with the indicated antibodies. Extracts in Supplemental Figure
3.2C. (C) Assembly assays were performed using extracts from DSNI-3Flag (SBY 14441) and dsni-2D-
3Flag (SBY14151) on CEN3 DNA. Assembled proteins were labeled with tandem mass tags and
analyzed by quantitative mass spectrometry. For each protein, the relative abundance in dsn/-2D
assembled kinetochores was divided by the relative abundance in WT to calculate the fold enrichment in
the dsnl-2D assembled kinetochores.
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Table 3.3. Outer kinetochore assembly is enhanced by Dsn1 phosphorylation

Kinetochores were assembled on the indicated DNA templates from an asynchronous dsnl-2D-3Flag
(SBY14151) extract and analyzed by mass spectrometry as in Table 3.2. I included the detected
microtubule-associated proteins.

ampC CEN3™! CEN3
Subcomplex Yeast. Huma.n % Uniq.ue Totall % Uniq.ue Totall % Uniqye Total.
Protein Protein Coverage Peptides Peptides |Coverage Peptides Peptides |Coverage Peptides Peptides
CCAN Cbf1 Cbf1 Not present 65 27 53 59.3 30 92
Cbf3 Ndc10 21.2 2 14 245 19 22 58.9 68 563
Cep3 20.6 8 9 15.3 8 10 34.5 21 111
Ctf13 2.7 1 1 12.3 5 5 40.6 21 71
Skp1 8.8 1 2 222 3 3 443 11 32
Nucleosome |Cse4 CENP-A 20.5 5 5 14 4 6 49.3 10 34
Hta2 H2A 35.6 5 13 35.6 7 20 35.6 5 34
Htb2 H2B 39.7 7 18 39.7 7 31 31.3 6 29
Hht1 H3 Not present 5.1 1 1 Not present
Hhf1 H4 56.3 9 11 56.3 8 16 55.3 8 22
Nucleosome |Psh1 74 2 2 Not present Not present
Associated Scm3 HJURP Not present Not present 30.5 8 17
CPC Ipl1 Aurora B Not present Not present 24.5 9 15
Sli15 INCENP 11 4 5 219 10 11 62.6 61 221
Bir1 Survivin 20.2 13 15 255 17 20 64.3 7 257
Nbl1 Borealin 23.3 1 1 21.9 1 1 61.6 7 19
Mif2 Mif2 CENP-C Not present 13.7 5 5 55.7 27 54
OA Okp1 CENP-Q Not present 22.7 8 9 43.6 21 50
Ame1 CENP-U Not present 28.7 5 5 54.9 19 43
CM Ctf19 CENP-P Not present 9.8 3 3 423 17 41
Mcm21 CENP-O Not present 25.8 7 8 48.6 23 42
ImlI3 ImI3 CENP-L Not present 15.5 3 3 60.8 13 28
Chi4 CENP-N Not present 7.2 3 3 29 12 21
Nkp1 Not present 26.5 4 6 58 18 35
Nkp2 Not present 15 2 3 35.9 5 14
Ctf3 Mcm16 CENP-H 14.9 1 1 19.9 2 2 44.8 6 12
Ctf3 CENP-I Not present 4 2 2 13.9 12 19
Mcm22 CENP-K Not present 14.6 2 2 74.9 17 34
Cnn1 Cnn1 CENP-T Not present Not present 271 8 11
Wip1 CENP-W Not present Not present 211 2 2
Mhf1 CENP-S 48.9 3 4 48.9 4 9 211 2 2
Mhf2 CENP-X 62.5 7 8 47.5 4 4 28.8 2 3
Outer Mtw1 Mtw1 Mis12 Not present 18.7 4 4 48.1 13 21
Kinetochore Nnf1 PMF1 Not present 16.9 2 2 30.3 10 13
Nsl1 Nsl1 Not present 15.3 2 2 69 15 21
Dsn1 Dsn1 Not present 13.4 4 4 39.2 21 31
Ndc80 Ndc80 HEC1 Not present 18.5 8 9 56.4 37 63
Nuf2 NUF2 Not present 15.7 6 6 51 27 42
Spc24 SPC24 Not present 38.5 4 5 63.4 12 26
Spc25 SPC25 Not present 8.1 1 1 37.6 8 10
Spc105 Spc105 KNL1 Not present 3.1 2 2 459 41 60
Kre28 Zwint1 Not present 8.3 2 3 29.4 7 11
Dam1 Dam1 Not present Not present 21.6 5 6
Dad1 26.6 1 1 26.6 1 1 37.2 2 4
Dad3 Not present Not present 29.8 2 3
Ask1 Not present Not present 21.2 3 4
Duo1 Not present Not present 18.2 4 4
Hsk3 15.9 1 1 15.9 1 1 15.9 1 1
Spc19 Not present Not present 30.3 4 6
Spc34 Not present Not present 315 6 11
Dad2 Not present Not present Not present
Dad4 Not present Not present Not present
Microtubule- [MAPs Stu2 CHTOG Not present Not present 33.6 23 31
Associated Bim1 Not present Not present 17.7 4 5
Proteins Slk19 Not present Not present 1.6 1 1
Bik1 Not present Not present 10 3 4
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3.3.7 Phosphoregulation of kinetochore assembly

Because the dsn/-2D mutant had such a striking impact on outer kinetochore assembly, I
sought to identify additional, novel phosphoregulated binding events throughout the kinetochore
that I could exploit to further improve assembly. To globally test the role of phosphorylation in
kinetochore assembly, I treated dsnl/-2D extracts with lambda phosphatase to remove
phosphorylation prior to assembly. I also treated assembled dsn/-2D kinetochores with lambda
phosphatase post-assembly to analyze the effect on kinetochore stability. Strikingly, only the
DNA-binding Ndc10 protein is able to assemble when extracts have been dephosphorylated
(Figure 3.7A). Dsnl-2D assembled kinetochores are also highly destabilized when treated with
lambda phosphatase, but are stable when incubated with phosphatase inhibitors. Unlike with the
pre-treated extracts, this destabilization begins with CENP-CM*, while CENP-A“** remains
stably bound to the centromere. This suggests that CENP-A“*** may require phosphorylation for
its deposition, but not to remain at the centromere once bound. These data also suggest that there
may be phosphorylation throughout the kinetochore that promotes its assembly and/or stability.
Certainly, the binding of CENP-A“*** and CENP-C™' appears to be phosphoregulated.

Aurora B™' is responsible for the Dsnl phosphorylation that promotes assembly, but
numerous mitotic kinases could contribute to the observed kinetochore stability. To test the
contributions of various kinases to kinetochore assembly, I performed the assay using extracts

from temperature sensitive mutants of Aurora B!

, the SAC protein Mpsl, and the cell cycle
regulator Cdk1“® (ipll-1, mpsi-1, and cdc28-3). Inactivating Mpsl or Cdk1““*® had little
impact on assembly, each showing slightly increased or decreased assembly efficiency,

respectively (Figure 3.7B). Preventing Aurora B™' phosphorylation resulted in the strongest

defect in kinetochore assembly in vitro, particularly of the CENP-CM* and CENP-A“*** proteins,

67



which are reported substrates of Aurora B™' phosphorylation in vivo [109, 164, 165]. The
assembly of KNL1°7'® is also reduced, which could be a result of direct phosphoregulation, or
indirect regulation through reduced assembly of the more DNA-proximal components. The ip/!-
I mutant does not inhibit assembly to the same extent as lambda phosphatase treatment,
suggesting that other kinases contribute to assembly or that there was residual Aurora B!
activity. However, inactivating Aurora B™" had a significant impact on assembly, so I turned my

Ipll 1. -
P kinase.

attention to the Aurora B

Upon improper kinetochore-microtubule attachments, Aurora B senses the lack of tension
across kinetochores through a mechanism that remains controversial [166]. It phosphorylates
numerous sites in the outer kinetochore, many of which have been shown to directly destabilize
attachment by introducing a negative charge near the microtubule attachment interfaces [94, 167,
168]. Aurora B phosphorylation of Dsnl is the first and only known example of Aurora B
phosphorylation that functions to promote kinetochore assembly rather than destabilize
microtubule attachments. Because Dsnl assembly should be reduced in the absence of Aurora
B™!"" phosphorylation, inner kinetochore proteins at the centromere may be destabilized. This
could explain the observed decrease of CENP-A“** and CENP-C™M* in the assembled ipll-I
kinetochores. To determine whether Dsnl is the only Aurora B target important for kinetochore
assembly, I assembled WT and dsn-2D kinetochores with and without degraded Aurora B™"'-
AID and analyzed the bound proteins by quantitative mass spectrometry. Outer kinetochore
assembly is enhanced in dsnl-2D extract, as I have seen, and degrading Aurora B"™! in these
cells significantly reduces outer kinetochore assembly (Figure 3.7C). These data indicate that

Dsnl is not the only Aurora B™" target whose phosphorylation contributes to kinetochore
y g phosphory

assembly.
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This and other mass spectrometry experiments did not provide useful phosphorylation
data with which to narrow our search for key Aurora B targets. However, Aurora B has a
conserved consensus motif of [RK]X[ST][ILVST], so I employed a targeted approach to identify
candidate residues [169]. I was particularly interested in inner kinetochore proteins, which do not
contact the microtubules and are therefore better candidates for Aurora B substrates whose
phosphorylation enhance assembly rather than destabilize kinetochore-microtubule attachment. I
searched for Aurora B sites in the essential, conserved components of the CCAN. The sites |
tested in CENP-A®**, CENP-CM™ and CENP-U*™! are summarized in schematics in
Supplemental Figure 3.4.

CENP-A“***; CENP-A®** has four Aurora B consensus sites (S22, S33, S40, and
S105) that are phosphorylated in vivo [109]. Most of these sites are in its N-terminal tail, where
histones are heavily regulated by post-translationally modification. Phosphorylation of these sites
has been postulated to destabilize kinetochores, because the phosphomimetic mutant, CENP-
A““_4D, has a synthetic phenotype with temperature sensitive inner kinetochore mutants [109]. I
found that both the phosphomimetic mutant and phosphonull mutant (to prevent
phosphorylation) impaired assembly to the same extent, indicating that one or both of the
mutants were hypomorphic (data not shown).

CENP-CM:  CENP-CM* contains five potential sites of Aurora B! phosphorylation.
S10 and S13 are in the Mis12 binding domain, but no phosphorylation has been reported at these
sites. S54, S98, and S154 are all in an uncharacterized region. S54 and S154 are phosphorylated
in vivo [164, 165], and there are no reports of S98 phosphorylation. I generated alleles with
various combinations of the five sites mutated to mimic or block phosphorylation. Because some

of these mutants were reported to be lethal or sick [165], I expressed them from an ectopic locus
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and replaced the endogenous CENP-CM"” with a degron (CENP-CY°-AID) or a temperature
sensitive allele (mif2-3). In both cases, the low levels of non-degraded endogenous CENP-CM
somewhat confounded our results, but I found no evidence for an effect on kinetochore
assembly. I also did not see a sick phenotype in any of the mutants, so integrated some of the
mutants at the endogenous locus, but still did not see an effect on assembly or viability. Finally, I
combined some of the mutants with a CENP-T“*™' deletion to inhibit the second pathway to
outer kinetochore assembly, thereby sensitizing the genetic background to defects in kinetochore
assembly. The CENP-C""-554/984 may have impaired assembly in cnnlA, but this was difficult
to interpret due to poor degradation of CENP-CM™_AID (data not shown). Additionally, the
CENP-C"”-S544 mutants exhibited slight temperature and benomyl sensitivity, however this
was also covering the CENP-C™?_AID allele and should be tested more carefully (data not
shown).

CENP-U*™!': CENP-U"™' has one potential, unreported Aurora B"™" site, T5, which is
located within the Misl2 binding domain. I assayed kinetochore assembly in the
phosphomimetic and phosphonull mutants at the endogenous locus in numerous genetic
backgrounds (WT, dsni-2D, and cnnlA) and in mitotic arrests. However, I did not find a strong
or consistent effect on assembly (data not shown).

Taken together, Aurora B contributes to kinetochore assembly, primarily through Dsnl
phosphorylation. Additional phosphorylated proteins may contribute, but these require further

testing to confirm their role in kinetochore assembly.
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Figure 3.7. Kinetochore assembly is regulated by phosphorylation

(A) Extract from dsnl-2D-3Flag dsnlD NDC80-3V5 DAMI1-9myc (SBY14146) was used for assembly
assays. Left, extracts were treated with phosphatase inhibitors or lambda phosphatase prior to assembly.
Right, assembled kinetochore were washed and incubated with phosphatase inhibitors or lambda
phosphatase. Bound proteins were analyzed with the indicated immunoblots. (B) Temperature sensitive
mutants of mitotic kinases were shifted to the non-permissive temperature and the resulting extracts were
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used in assembly and analyzed by immunblotting. The strains used were: NDC80-13myc (SBY6992),
ipl1-321 NDCS80-13myc (SBY5426), mpsl-1 DSNI-3Flag NDC80-13myc (SBY9205), and cdc28-13
(SBY1891). Extracts in Supplemental Figure 3.2D. (C) Assembly assays were performed using extracts
from IAA-treated yeast strains: DSNI-3Flag (SBY14441), DSNI-3Flag ipli-3HA-AID TIRI
(SBY14123), dsni-2D-3Flag (SBY14151), and dsni-2D-3Flag ipl1-3HA-AID TIRI (SBY14142). The
assembled kinetochores were labeled with tandem mass tags and analyzed by quantitative mass
spectrometry. For each sample, the relative abundance of each protein was divided by the relative
abundance in the WT sample to calculate the fold enrichment. The dotted line indicates the level of
assembly from WT extracts.

3.3.8 Assembled kinetochores are capable of binding microtubules

One of the most fundamental activities of the kinetochore is microtubule binding, so I
next tested whether the assembled kinetochores are competent to attach to microtubules. I
assembled kinetochores in extracts made from dsni-2D cells, as well as extracts depleted of the
major microtubule-binding component Ndc80 as a control [94, 170]. Because the Chromosomal
Passenger Complex (CPC) can mediate microtubule binding when bound to centromeric DNA in
vitro [8], I also performed the experiment in extracts depleted of INCENP®"®, the CPC scaffold
protein [171, 172]. Although the AID-tagged proteins were significantly depleted from cells after
auxin addition (Figure 3.8A), low levels of Ndc80 remained that were capable of assembling in
vitro (Figure 3.8B). However, the residual levels were not sufficient for the proteins to perform
their recruitment functions since Dam1 was absent in the ndc80-AID assembled kinetochores and
Aurora B™ was absent from the s/i/5-AID assembled kinetochores [171, 173, 174]. I incubated
the assembled kinetochores with either taxol-stabilized microtubules or free tubulin as a negative
control. Microtubules bound much more robustly than free tubulin to the assembled dsni-2D
kinetochores (Figure 3.8B). Although the single mutants did not significantly alter microtubule
binding, the double ndc80-AID slil5-AID mutant kinetochores were not able to bind
microtubules. Thus, kinetochores assembled in vitro are capable of binding to microtubules

through the established microtubule-binding interfaces.
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Figure 3.8. Assembled kinetochore particles bind to microtubules

(A) Samples were taken were taken before and after auxin treatment, and the Ndc80-3V5-AID
and Sli15-3HA-AID proteins were analyzed by immunoblotting. (B) Assembly assays were performed
using extracts from the following strains: dsnl-2D-3Flag DAM1-9myc OsTIRI (SBY14343), dsni-2D-
3Flag DAMI-9myc OsTIRI ndc80-3V5-AID (SBY14336), dsnl-2D-3Flag DAMI1-9myc OsTIRI slil5-
3HA-AID (SBY14890), and dsnl-2D-3Flag DAMI-9myc OsTIRI ndc80-3V5-AID slil5-3HA-AID
(SBY17238). All strains were arrested in benomyl and treated with auxin before harvesting. The
assembled kinetochores were then incubated with buffer, free tubulin, or taxol-stabilized microtubules.
The free tubulin and the microtubules contained alexa-647-labeled tubulin. DNA-bound proteins were
analyzed by immunoblotting with the indicated antibodies, and the tubulin and microtubules were
analyzed by fluorescence imaging. The Ndc80-3V5-AID protein migrates slower than untagged Ndc80.

Extracts and tubulin input in Supplemental Figure 3.2E.
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3.4 DISCUSSION

3.4.1 Kinetochores can be assembled de novo

I developed an assay using centromeric DNA and whole cell yeast extracts to assemble
kinetochores de novo. Although similar assays incubating yeast centromeric DNA in extracts
were previously developed, none achieved assembly of the outer kinetochore [8, 138, 139]. By
altering the extract conditions, I was able to assemble all known kinetochore subcomplexes on a
centromeric DNA template. Outer kinetochore assembly was dramatically enhanced when the
extracts were made from cells expressing a conserved phospho-mimetic mutant that promotes
kinetochore assembly in vivo [82, 83, 154-156]. In addition, the assembly assay utilizes both
conserved pathways for Ndc80 recruitment, and the assembled kinetochores are competent to
attach to microtubules in vitro.

A number of criteria indicate that the assay I developed reflects kinetochore assembly de
novo. First, the assembly of all kinetochore proteins depends on the CBF3 complex, which is
required to initiate assembly in vivo [76]. Second, assembly occurs in a hierarchical manner from
inner to outer kinetochore [3, 81]. Third, CENP-A association with the template requires its
chaperone [46, 47, 159]. Histone H2A, H2B, and H4 are also present, suggesting that a
centromeric nucleosome forms on the DNA. Fourth, outer kinetochore protein recruitment
depends on the inner kinetochore proteins [158, 175]. Fifth, kinetochore assembly is more
efficient in extracts made from cells arrested in S phase or mitosis. Although it was previously
shown that yeast kinetochores assemble during S phase, it was not clear if assembly required
DNA replication [103, 104]. Because replication cannot occur in extracts without sequential
kinase treatment [137], our assay shows that active DNA replication is not a strict requirement

for kinetochore assembly.
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3.4.2 A single CENP-A“*** nucleosome is sufficient for kinetochore assembly

A single well-positioned CENP-A“** nucleosome occupies the CDEII region of the
centromere [65, 66, 162, 176], but there are additional CENP-A“*** molecules in the
pericentromeric region [41-43]. This has led to controversy about the number of CENP-A
nucleosomes sufficient for kinetochore assembly [177]. Here, I demonstrate that a single
centromeric nucleosome is sufficient to assemble a kinetochore capable of binding to
microtubules, consistent with recent biochemical reconstitutions that showed a single CENP-A
nucleosome is sufficient to link some CCAN components to the KMN complex [141]. The DNA
template I used can only assemble one nucleosome, and histones H2A, H2B, H4, and CENP-A
are present. Therefore, surrounding pericentromeric chromatin is not required for kinetochore
assembly in vitro, although it contributes to kinetochore function in vivo [178]. In the future, the
use of longer DNA templates in our assembly assay will be useful for further exploring the

functions of pericentromeric chromatin.

3.4.3 Phosphoregulation of kinetochore assembly

I found that phosphorylation plays a key role in the assembly and stability of
kinetochores. Several kinases may be responsible for this stabilization, but Aurora B™" appears
to have the strongest effect. Aurora B phosphorylation is linked to destabilizing erroneous
kinetochore-microtubule attachments. Because Aurora B is active when kinetochores are
improperly attached to microtubules, it is intriguing that its phosphorylation can also promote
assembly of kinetochore components, which may assist in establishing proper attachments. Our

Ipll

search for additional Aurora B"" targets that regulate kinetochore assembly was inconclusive for

a number of potential reasons. Many of these experiments were performed before I appreciated
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the impact of cell cycle stage regulation on assembly in vitro. Any mutants that have the
potential to impact growth rate or checkpoint function should be arrested to ensure that the cell
cycle stage is normalized across strains. In the next chapter, I show that the CENP-T"™' pathway
to Ndc80 recruitment can compensate for perturbations in the Mis12 complex pathway. Deleting
CENP-T“™ therefore generates a sensitized background to better detect defects in kinetochore
assembly. Although some phosphomutants were assayed in a cnniA background with no effect,
the remaining mutants should undergo this same test. Additionally, these phosphomimetic
proteins may be poor mimics of phosphorylation or the mutations may partially disrupt the
proteins’ function through an unrelated mechanism.

The phosphoregulation of kinetochore assembly may also be more nuanced and dynamic
than I realize. Phosphorylation of Dsnl strongly enhances assembly, suggesting that it may
function as a switch to recruit more outer kinetochore as cells enter mitosis. Other
phosphorylated substrates may have more subtle, non-switch-like effects and may require being
tested combinatorially to detect their impact. Finally, I consider the possibility that Dsnl is the
only target of Aurora B that promotes assembly of the kinetochore, and is therefore an important

regulatory switch in establishing proper microtubule attachments.

3.4.4 Future directions, other implications, and conclusions

One clear difference between the assembly assay and assembly in vivo is the duration of
the process. Yeast kinetochores assemble within approximately five minutes after the replication
fork passes through the centromere during S phase [103, 104]. This speed is facilitated in part by
the disassembled proteins remaining locally concentrated near the centromere for rapid

reassembly of the kinetochore [103]. In our in vitro system, not only are kinetochore proteins
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dispersed in the extract, but they are also diluted with buffer and with cytoplasmic proteins, as I
use whole cell rather than nuclear extracts. In the future, nuclear extracts may improve the
efficiency and specificity of the assembly assay.

The development of a kinetochore assembly assay de novo has helped to define
biochemically active extract conditions. These conditions can be applied to other in vitro studies
as well. For example, purifying kinetochores from extracts lysed by freezer mill in the assembly
buffer helps to remove contaminating spindle pole body components, which has confounded the
study of kinetochore-associated motor proteins. Our assay is complementary to a previously
developed assembly method using preassembled chromatin templates and frog egg extracts
[140], but provides the advantage of using a genetically tractable system. A partial reconstitution
system using recombinant human proteins helped define the protein specificity of CENP-A
nucleosomes, but was lacking post-translational modifications, such as phosphorylation which I
found as a key regulator of kinetochore assembly and stability. In the future, our assembly assay
will be useful for directly examining the role of other post-translational modifications in
kinetochore assembly. Our assembly assay also builds upon previous work in budding yeast,
where a DNA template of a tandem repeats of the centromere was able to assemble the inner
kinetochore. By using a single copy of the centromere, our kinetochore assembly assay will
allow us to pursue single molecule techniques to study individual kinetochores in the future.
Current studies and future prospects that will utilize the kinetochore assembly assay will be

discussed in the final chapter.

3.5 MATERIALS AND METHODS

3.5.1 Yeast strain construction and microbial techniques
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The Saccharomyces cerevisiae strains used in this study are listed in Supplementary
Table 3.1. Integrated plasmids are listed in Supplementary Table 3.2. Standard genetic crosses
and media were used to generate and grow yeast [149]. Gene deletions, AID alleles, and epitope
tagged alleles were constructed at the endogenous loci by standard PCR-based integration as
described in [150] and confirmed by PCR. DSNI-3Flag and dsnl-2D-3Flag were generated by
PCR amplification part of the DSNI gene, the Flag tags, and URA3 from plasmids pSB1113 and
pSB1115, respectively. The PCR products were transformed into yeast, and the transformants
were confirmed by sequencing. Point mutants were made using site-directed mutagenesis and
confirmed by sequencing. By Western blot analysis, most mutant proteins were expressed at
normal levels.

All liquid cultures were grown in yeast peptone dextrose rich (YPD) media. Cells were
arrested in G1 or S phase by adding drug (10 ug/mL a-factor in DMSO or 0.2M hydroxyurea,
respectively) to log phase cells in liquid culture for three hours until at least 90% of the cells
were shmoos (a-factor) or large-budded (hydroxyurea). To arrest cells in mitosis, log phase
cultures were diluted 1:1 with liquid media containing 60 ug/mL benomyl and grown for another
three hours until at least 90% of cells were large-budded.

Temperature sensitive alleles (ndcl0-1, ipl1-321, mpsi-1, cdc28-13) were inactivated by
diluting log phase cultures 1:1 with 37 °C liquid media and shifting the cultures to 37 °C for 2
hours.

For strains with auxin inducible degron (4/D) alleles, all cultures used in the experiment
were treated with 500 uM indole-3-acetic acid (IAA, dissolved in DMSO) for the final 60
minutes of growth (scm3-AID, ndc80-AID, and slil15-AID) or for the final two hours (ip/1-AID)

as described in [136, 160].
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Growth assays were performed by diluting log phase cultures to OD600 ~1.0 from which
a 1:5 serial dilution series was made. This series was plated on YPD plates that were top-plated

with either DMSO or 500 uM IAA plates and incubated at 23 °C.

3.5.2 Protein techniques

Whole cell extracts for immunoblotting were made by freezing cells in liquid nitrogen
and resuspending in SDS buffer. Cells were lysed using glass beads and a beadbeater (Biospec
Products), then clarified by centrifugation at 16,100 g for 5 minutes at 4 °C.

To test the ATP regenerating system, extracts were incubated at room temperature for 30
minutes with 8 mM ATP, 0.165 uM ATP, [y->*P] (Perkin Elmer, Catalog BLU 502A), and
either control Buffer L, phosphatase inhibitors (0.1 mM Na-orthovanadate, 0.2 uM microcystin,
2 mM B-glycerophosphate, 1 mM Na pyrophosphate, and 5 mM NaF), or the ATP regenerating
system (46 mM creatine phosphate (Roche Catalog #621-714) and 1.6 units of creatine
phosphokinase (Sigma C3755). 4x SDS sample buffer was added to the extracts. Samples were
run on a NuPAGE 4-12% Bis-Tris protein gel (Invitrogen) that was subsequently dried and used

for autoradiography.

353 Preparation of DNA templates, Dynabeads, and competitive DNA

Plasmid pSB963 was used to generate the ampC and CEN3 DNA templates and pSB972

mut

was used to generate the CEN3™" template used in this study. DNA templates were generated by
PCR using a 5’ primer with pericentromeric homology upstream of the centromere and a

biotinylated 3 primer with linker DNA, an EcoRI restriction site, and pericentromeric homology

downstream of the centromere. The latter primer was ordered from Invitrogen with a 5’
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biotinylation. Sequences of the primers used to PCR amplify the DNA templates are listed in
Supplementary Table 3.3.

The PCR product was purified using the Qiagen PCR Purification Kit and conjugated to
Streptadivin-coated Dynabeads (M-280 Streptavidin, Invitrogen) for 2.5 hours at room
temperature, using 1 M NaCl, 5 mM Tris-HCI (pH7.5), and 0.5 mM EDTA as the binding and
washing buffer. Per 1 mg (100 uL) of beads, I conjugated 1.98 ug/mg of the 180 bp templates,
2.75 ug/mg of the 250 bp centromeric templates, or 5.5 ug/mg of the 500 bp ampC template to
have equivalent numbers of templates on beads. After washing 3 times, the beads were stored in
10 mM HEPES-KOH and 1 mM EDTA at 4 °C until use. Competitive DNA was made by
sonicating 5 ug/mL salmon sperm DNA in dH,O. The sonicated salmon sperm DNA was stored

at -20 °C in between uses.

3.54 Kinetochore assembly assay

For a standard kinetochore assembly in vitro, cells were grown in 600 mL of liquid YPD
media to log phase and harvested by centrifugation. All subsequent steps were performed on ice
with 4 °C buffers. Cells were washed once with dH,O with 0.2 mM PMSF, then once with
Buffer L (25 mM HEPES pH 7.6, 2 mM MgCl,, 0.ImM EDTA pH 7.6, 0.5 mM EGTA pH 7.6,
0.1 % NP-40, 175 mM potassium glutamate, and 15% Glycerol) supplemented with protease
inhibitors (10 pg/ml leupeptin, 10 pg/ml pepstatin, 10 pg/ml chymostatin, 0.2 mM PMSF), and 2
mM DTT. Cells were resuspended in Buffer L according to the following calculation: OD of
culture x number of mL of culture harvested = number of uL of Buffer L. This suspension was
then snap frozen in liquid nitrogen by pipetting drops directly into liquid nitrogen. These dots

were then lysed using a Freezer/Mill (SPEX SamplePrep), using 10 rounds that consisted of 2
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minutes of bombarding the dots at 10 cycles per second, then cooling for 2 minutes. The
subsequent powder was thawed on ice and clarified by centrifugation at 16,100g for 30 minutes
at 4 °C. The resulting soluble whole cell extracts (WCE) generally have a concentration of 50-70
mg/mL. The dots, powder, and WCE were stored at -80 °C if needed. 5 uL of WCE were saved
in a sodium dodecyl sulfate (SDS) buffer for immunoblot analysis.

Typically, 750 uL of whole cell extract was incubated on ice for 15 minutes with 24.75
ug sonicated salmon sperm DNA (30-fold excess competitive DNA relative to the DNA template
on beads). Then, 30 uL of beads pre-conjugated with DNA were added, and the reaction was
rotated constantly at room temperature for 30-90 min. The reaction was stopped on ice by
addition of 3-5 times the reaction volume of Buffer L. The beads were then washed once with 1
mL Buffer L supplemented with 33 ug/mL of competitive DNA, then 3 more times with 1 mL
Buffer L. Bound proteins were eluted by resuspending the beads in 75 uL of SDS buffer, boiling
the beads at 100°C for 3 minutes, and collecting the supernatant. Samples were stored at -20 °C.
Bound proteins were examined by immunoblotting, described below. All experiments were

repeated two or more times to verify reproducibility and a representative result is reported.

3.5.5 Changes in earlier versions of the assay

To bind DNA templates to the beads post-assembly (as in Figure 3.1C), extracts were
incubated with free DNA templates for one hour at 30 °C. Dynabeads were washed once in lysis
buffer and added to the extract for three hours at 4 °C. The beads were washed and proteins were
eluted as described above. For the assembly using DNA conjugated to beads, the assembly

reaction was carried out at room temperature for 20 minutes.
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Early assembly assays were performed using Buffer H (25 mM HEPES pH 8, 2 mM
MgCl,, 0.1 mM EDTA pH 8, 0.5 mM EGTA pH 8§, 0.1 % NP-40, 150 mM potassium chloride,
and 15% Glycerol) [135]. Some early assays also contained phosphatase inhibitors (0.1 mM Na-
orthovanadate, 0.2 pM microcystin, 2 mM [B-glycerophosphate, | mM Na pyrophosphate, and 5
mM NaF) and/or 6.5 mM ATP and the ATP regenerating system (46 mM creatine phosphate
(Roche Catalog #621-714) and 1.6 units of creatine phosphokinase (Sigma C3755).

Extracts for the assembly assay were initially generated by lysing cells by bead beating.
Cells were resuspended in lysis buffer as described above and lysed using glass beads and a
beadbeater (Biospec Products), for 4-8 x 30 second rounds of bead beating, resting on ice for two
minutes between rounds. Extracts were clarified by centrifugation at 16,100 g for 30 minutes at 4
°C.

Extracts were phosphatase treated prior to assembly by adding 1 mM MnCl,, 1x Protein
Metallophosphatases (PMP) buffer, and either phosphatase inhibitors or 6.6 units/ul. lambda
phosphatase (New England Biolabs Catalog #P0753L). The mixture was incubated for 45
minutes 30 °C before proceeding with the assembly assay protocol. For post-assembly treatment,
assembled kinetochores were resuspended in 1 mM MnCl,, 1x PMP buffer, and either
phosphatase inhibitors or 6.6 units/uL. lambda phosphatase. The mixture was incubated for 45
minutes 30 °C before washing twice with Buffer L and eluting the DNA-bound proteins in SDS

buffer.

3.5.6 Immunological methods

Whole cell extract or samples were prepared as described above. Techniques used for

SDS-PAGE gels and immunoblotting with primary and secondary antibodies are described in
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2.5.5. Primary antibodies were used as follows: a-Flag M2 (Sigma-Aldrich Catalog #F3165)
1:3,000; a-myc (9E10, Covance Catalog #MMS-150R) 1:10,000; a-HA (12AC5, Roche Catalog
#1-583-816) 1:10,000; o-V5 (Invitrogen Catalog #R960-25) 1:5,000; a-Pgkl (Invitrogen
Catalog #459250) 1:10,000; a-Ndc10 (OD1) 1:5,000; a-Cse4 (9536) 1:500 [151], a-Mif2 (OD2)
1:6,000; a-Ctf19 (OD10) 1:15,000; a-Ndc80 (OD4) 1:10,000; a-Spcl05 (PAC4065) 1:10,000;
and o-Ipll (OD121) 1:300. The a-Ndcl0, a-Mif2, a-Ctf19, a-Ndc80, and a-Ipll antibodies
were generous gifts from Arshad Desai. HRP conjugated secondary antibodies were detected
with Pierce enhanced chemiluminescent (ECL) substrate and SuperSignal West Dura and Femto
ECL (ThermoFisher Scientific). Note that the immunoblot exposures vary to best represent
differences across extracts or assembly samples. The levels of proteins in input extracts and

assembly samples can therefore not be directly compared.

3.5.7 Bulk microtubule-binding assay

Microtubules were polymerized at 37 °C for 15 minutes using a 1:50 mixture of Alexa-
647-labeled and unlabeled bovine tubulin in polymerization buffer [BRB80 (80 mM PIPES, 1
mM MgCl,, 1| mM EGTA, pH 6.8), | mM GTP, 5.7% (v/v) DMSO, and an additional 4 mM
MgCl,]. The polymerization was stopped with the addition of BRB80 and 10 mM taxol.
Microtubules were sheared by pulling them through a 27 1/2G needle 10 times, and then pelleted
by room temperature centrifugation for 10 minutes at 170,000 g. Polymerized microtubules were
resuspended in BRB80 with 10 mM taxol to approximately 14.4 mM, based on the initial amount
of tubulin. Serial dilutions of both the polymerized microtubules and the equivalent amount of
initial tubulin mixture were run on an SDS-PAGE gel and analyzed by fluorescence imaging

with a Typhoon Trio (GE Healthcare). The amount of tubulin that successfully polymerized was
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estimated to ensure that comparable amounts of free tubulin and microtubules were introduced to
the assembled kinetochores. Assembled and washed kinetochores on beads were resuspended in
room temperature Buffer L with 0.9 mg/mL K-casein, 20 uM taxol, and either ~5 nM tubulin or
polymerized microtubules. This reaction was incubated at room temperature with constant
rotation for 45 minutes, then washed twice with room temperature Buffer L, resuspended in SDS
buffer, and eluted by boiling. Bound tubulin or microtubules were detected by fluorescence

imaging.

3.5.8 Mass spectrometry

Following the standard assembly protocol and washes, assembled kinetochores were
washed twice with 1 mL of 50 mM HEPES pH 8, then resuspended in ~60 uL of 0.2% RapiGest
SF Surfactant (Waters) in 50 mM HEPES pH 8. Proteins were eluted by gentle agitation at room
temperature for 30 minutes. A small portion of the eluate was added to SDS buffer and analyzed
by SDS-PAGE and immunoblotting and/or silver staining. The remaining sample was snap
frozen in liquid nitrogen and sent to the Taplin Mass Spectrometry Facility for LC/MS/MS
analysis, or to Thermo Fisher Scientific Center for Multiplexed Proteomics at Harvard Medical
School (TCMP@HMS) for TMT labeling and MS3 analysis.

For samples sent to the Fred Hutch Proteomics Facility (Figure 3.7C), 5 mM TCEP was
added and samples were incubated for 30 minutes at 55 °C. Then, 20 mM lodoacetamide in 50
mM HEPES pH 8 was added and samples were incubated for 30 minutes in the dark at room
temperature. Finally, trypsin was added to an approximately 50:1 protein-to-protease ratio and
samples were incubated overnight at 37 °C. To label samples with Tandem Mass Tags (TMT)

(Thermo Fisher Catalog #90119), 12.3 uL anhydrous acetonitrile then 8.2 uL. of the TMT Label
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Reagent were added to each 50 uL sample, such that the final acetonitrile concentration was
approximately be 30% (v/v). The reaction was incubated for 1 hour at room temperature. Then 4
uL. of 5% hydroxylamine was added to each sample and incubated for 15 minutes at room
temperature to quench reaction (calculation based on total volume of reaction, rather than
amount of TMT added). The differentially labeled samples were combined at equal volumes and

stored at -20 °C before being sent to the Fred Hutch Proteomics Facility for MS3 analysis.
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3.7 SUPPLEMENTAL FIGURES
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Supplemental Figure 3.1. Cell extracts have kinase activity

Extract from CSE4-3FLAG cse4D OKPI-3HA NDC80-3V5 (SBY12036) was incubated with ATP, [ g-
*?P] and buffer, phosphatase inhibitors, or an ATP regenerating system, as indicated. Extracts were run on
an SDS-PAGE gel and analyzed by autoradiography.
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Supplemental Figure 3.2. Whole cell extracts from selected figures

Whole cell extracts were immunoblotted with the indicated antibodies from experiments (A) Figure 3.4A,
(B) Figure 3.5A, (C) Figure 3.6B, (D) Figure 3.7B, and (E) Figure 3.8B. In (E), free tubulin and
microtubule inputs are loaded at 1:5 and 1:20 of the amount introduced to assembled kinetochores.
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YPD + DMSO YPD + auxin

WT
DSN1-3Flag
DSN1-3Flag scm3-AlD

DSN1-3Flag scm3-AID TIR1

Supplemental Figure 3.3. Degradation of HIURP>™ is lethal to cells

The Scm3-AID protein is degraded in the presence of both auxin and OsTIRI, resulting in lethality.
Saturated cultures were serial diluted and plated on the indicated media. The strains used are WT (SBY4),
DSNI-3Flag (SBY14441), DSNI-3Flag scm3-EGFP-AID (SBY16440), and DSNI-3Flag scm3-EGFP-

AID OsTIRI-myc (SBY16438).

HFD
DNA
Mis12 binding binding dimerization
CENP-CMif2 H

Mis12 binding

CENP-UAmet1 _

Supplemental Figure 3.4. Testing other candidates for Aurora B! phosphorylation
A schematic of the candidate Aurora B target proteins and their functional domains. The reported or

predicted sites of Aurora B phosphorylation that I tested are indicated with black lines.
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3.8 SUPPLEMENTAL TABLES

Supplemental Table 3.1. Yeast strains used in this chapter
Complete genotypes of the Saccharomyces cerevisiae strains used are listed along with the strain number
to reference. All strains are isogenic with W303.

. Integrated
Strain Genotype plasmids
SBY4 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1
SBY 1891 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 cdc28-13
SBY5426 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 NDC80-
13myc:KanMX ipl1-321

SBY6992 MATa ura3-1leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 NDC80-
13myc:KanMX

SBY8253 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-6His-
3Flag:URA3

SBY8361 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-6His-
3Flag:URA3 ndc10-1

SBY9205 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:KanMX NDC80-13myc:KanMX mps1-1
MATa ura3-1::CSE4-3Flag:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-

SBY1618 100 bar1-1 cse4D::KanMX NDC10-3HA:URA3 CHL4-13myc:HIS3 pSB1067
MAT a ura3-1::CSE4-3Flag:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-

SBY12036 100 bar1-1 cse4::KanMX OKP1-3HA:HIS3 NDC8O0-3V5:HIS3 pSB1067

SBY12178 MATa ura3-1::dsn1-2D(5240/250D)-3Flag:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 SB1115
lys2- can1-100 bar1-1 dsn1D::KanMX NDC80-3V5:HIS3 DAM1-9myc:TRP1 P
MATa ura3-1leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-

SBY13958 100 bar1-1 ip1-3HA-IAA17:KanMX pSB2271

SBY14086 MATa ura3-1leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1- pSB2271
100 bar1-1

SBY14093 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 ip1-3HA-
IAA17:KanMX
MATa ura3-1leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-

SBY14123 100 bar1-1 DSN1-3Flag:URA3 ip1-3HA-IAA17:KanMX pSB2271

SBY14142 MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1- pSB2271

100 bar1-1 dsn1-2D(S240/250D)-3Flag:URA3 ip1-3HA-IAA17:KanMX
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SBY14146

SBY14151

SBY14336

SBY14343

SBY 14441

SBY14890

SBY16438

SBY16440

SBY17227

SBY17228

SBY17234

SBY17238

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 dsn1-
2D(S240/250D)-3Flag:URA3 NDC80-3V5:HIS3 DAM1-9myc:TRP1

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 dsn1-
2D(S240/250D)-3Flag:URA3

MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-
100 bar1-1 dsn1-2D(S240/250D)-3Flag:URA3 ndc80-3V5-IAA7:KanMX DAM1-
9myc:TRP1

MATa ura3-1leu2,3-112::.pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-
100 bar1-1 dsn1-2D(S240/250D)-3Flag:URA3 DAM1-9myc:TRP1

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

MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-
100 bar1-1 dsn1-2D(S240/250D)-3Flag:URAS3 sli15-3HA-IAA17:KanMX DAM1-
9myc:TRP1

MATa ura3-1 leu2,3-112 his3-11::TIR1-myc:HIS3 trp1-1 ade2-1 LYS2 can1-100
bar1-1 DSN1-3Flag:URA3 scm3-EGFP-AID:KanMX

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 scm3-EGFP-AID:KanMX

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 DAM1-9myc:TRP1 CNN1-3V5:KanMX

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 DAM1-9myc:TRP1 CNN1-3V5:KanMX

MATa ura3-1leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 dsn1-
2D(S240/250D)-3Flag:URA3 DAM1-9myc:TRP1 CNN1-3V5:KanMX

MATa ura3-1 leu2,3-112::pGPD1-OTIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-

100 bar1-1 dsn1-2D(S240/250D)-3Flag:URA3 ndc80-3V5-IAA7:KanMX sli15-3HA-

IAA17:KanMX DAM1-9myc:TRP1

pSB2271

pSB2271

pSB2271

pSB1934

pSB2271
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Supplemental Table 3.2. Plasmids used in this chapter
The relevant genes and markers on each plasmid used are listed.

Plasmids Description

pSB963 WT CEN3, 8LacO, TRP1

pSB972 Mutant CEN3 (CCG->AGC CEN mutant), 8 LacO, TRP1
pSB1067 CSE4, URA3

pSB1113 DSN1-3Flag, URA3

pSB1115 dsn1-2D(S240/250D)-3Flag, URA3

pSB1934 pADH1-TIR1-9myc, HIS3 (integrating)

pSB2271 pGPD1-TIR1, LEUZ (integrating)

Supplemental Table 3.3. Oligonucleotides used in this chapter
The sequence and purpose of each primer used to generate DNA templates is listed.

Primer Sequence (5' to 3') Purpose
biotin-

SB3882 GGTTCTGGTGGTTCTGGTGGTTCTGGTGAATTCAGCAATAAACCAGCCA 500 bp ampC template
GCCGGAA

SB3883 TTTTCCAATGATGAGCACTTTTA 500 bp ampC template
biotin-

SB3878 GGTTCTGGTGGTTCTGGTGGTTCTGGTGAATTCAAACAACCGCCGGCTT 250 bp CEN3 or CEN3mut template
CCACCA

SB3880 ATCAGCGCCAAACAATATGGAA 250 bp CEN3 or CEN3mut template
biotin-

SB5521 GGTTCTGGTGGTTCTGGTGGTTCTGGTGAATTCCCATTCAATGAAATATAT 180 bp CEN3 or CEN3mut template
ATTTCTTACTATTTCT

SB5522 GCTATTCATTGAAAAAATAGTACAAATAAG 180 bp CEN3 or CEN3mut template
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CHAPTER 4. A kinetochore assembly assay reveals the role of the

CENP-T pathway in budding yeast

4.1 SUMMARY

Kinetochores use two pathways to recruit the key microtubule-binding Ndc80 complex:
the Mis12 complex and CENP-T. Although CENP-T has a histone-fold domain, the mechanism
of CENP-T recruitment to the kinetochore and the differential contributions of the Ndc80
recruitment pathways to kinetochore function are unclear. I therefore used the kinetochore
assembly assay described in Chapter 3 to address these questions and found that yeast CENP-
T assembles downstream of all DNA-proximal kinetochore proteins. Furthermore, although
the CENP-T™' pathway is non-essential in yeast, it becomes essential for cell viability and
Ndc80c recruitment when the Mis12 pathway is crippled by defects in mitotic phosphorylation.
These data suggest that CENP-T™' can independently recruit sufficient levels of Ndc80c and

ensures maximal kinetochore function at anaphase. Our assembly assay provides a method to

elucidate additional regulatory events that control kinetochore assembly.

4.2 INTRODUCTION

In order to mediate chromosome segregation, kinetochores must establish force-bearing
attachments to the spindle microtubules. The Ndc80 complex is a key microtubule-binding site
within the kinetochore, because it directly mediates attachment and recruits additional
attachment factors, such as the Ska complex in vertebrates and its functional ortholog Dam1 in

fungi [94, 97, 170, 174, 179]. Interestingly, there are two parallel kinetochore receptors for
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Ndc80c: the Mis12 complex and CENP-T [90-92, 96, 127, 128]. The Mis12 complex interacts
with the KNL1 and Ndc80 complexes to create a larger network called KMN (KNLI1-Mis12-
Ndc80) [94]. CENP-T, a histone-fold domain containing protein, recruits Ndc80c via the same
interaction surface on the Ndc80 complex that binds Misl2c [90-93]. Although Misl2c and
CENP-T each contribute to Ndc80c recruitment in vivo [92, 127], it has been unclear why cells
employ two competing receptors for the Ndc80 complex and whether the CENP-T protein is
another histone variant at centromeres. Dual pathways for Ndc80 recruitment are also used in
yeast, although the CENP-T ortholog, Cnnl, is not essential for viability [91, 126]. However,
CENP-T"™ contributes to kinetochore function because mutants display increased chromosome
loss, and the tethering of CENP-T"™ imparts partial stability to acentric minichromosomes via
Ndc80 recruitment [92, 126]. In yeast, CENP-T™ localization to kinetochores peaks in mitosis
as a result of phosphoregulation [91, 126], but it is unclear why its recruitment is cell cycle
regulated and whether this affects the Mis12 pathway of Ndc80 recruitment.

We have been unable to directly assay the function and regulation of the CENP-T“™
pathway, because our previously developed method to purify kinetochores from the Misl2
complex does not contain the CENP-T“™' pathway. However, in the previous chapter, I found
that the assembled kinetochores include CENP-T"™"'. Furthermore, CENP-T“™" assembly on the
centromeric template shows the same cell cycle regulation as its assembly in vivo, enriching
during mitosis [91, 126]. I applied this assay to identify the requirements for CENP-T™
assembly and find that it requires all other inner kinetochore subcomplexes, suggesting it is distal
to the DNA. CENP-T“™ also has no detectable independent DNA-binding capability, further
supporting that it does not function as a novel nucleosome at centromeres. I discovered that the

CENP-T“™ pathway is required for Ndc80c recruitment and cell viability when the Mis12c
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pathway is impaired by defects in conserved mitotic phosphoregulation [154-156]. CENP-T""!
is therefore a redundant Ndc80 recruitment pathway that is required to maintain kinetochore
integrity throughout dynamic changes in phosphoregulation. Taken together, I have established a
kinetochore assembly assay that identifies a critical function for the yeast CENP-T“"™' pathway
and that provides a powerful method to identify other key regulatory events required for

kinetochore assembly and function in the future.

4.3 RESULTS

4.3.1 CENP-T"™ kinetochore localization is distal to centromeric DNA

A conserved feature of kinetochore assembly is the recruitment of Ndc80 via two
complexes: Misl2c and CENP-T“™. The mechanism of CENP-T™ recruitment to the
kinetochore has been controversial. CENP-T“™"' and its partner CENP-W have histone fold
domains (HFD) and can tetramerize with two additional HFD proteins, CENP-S/X, to form a
nucleosome-like structure in vitro [91, 128, 180]. The human proteins require their
heterotetramerization and DNA-binding capabilities to assemble a functional kinetochore in vivo
[128], leading to the model that CENP-T™' forms a unique centromeric chromatin structure.
However, CENP-T“™ localization to kinetochores requires other CCAN proteins, suggesting it
may not directly bind to centromeric DNA [87-89, 129-131].

To address these issues, I used our DNA-based method to analyze the requirements for
CENP-T“™ recruitment. The CCAN is composed of distinct subcomplexes and the physical
interactions between them have been mapped using co-immunoprecipitation experiments [88,
91]. To map the CENP-T™' assembly pathway on centromeric DNA, I performed the assembly

assay from cells containing a representative mutant of each conserved CCAN subcomplex that
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had been arrested in mitosis. CENP-T™' is absent or severely reduced in all inner kinetochore
mutants tested (Figure 4.1A-C), indicating that CENP-T“™ does not have independent DNA-
binding properties in our assay conditions. In addition, CENP-T“"™ appears to be the most distal
component of the CCAN because every other subcomplex is required for its kinetochore

localization (Figure 4.1D).
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Figure 4.1. CENP-T" localization to the kinetochore requires the CCAN

(A-C) Assembly assays were performed on the indicated DNA templates using extracts prepared from
cells arrested in benomyl. The strains used in (A) were also shifted to the non-permissive temperature for
three hours before harvesting: DSNI-3Flag CNNI1-3V5 (SBY17230), DSNI-3Flag CNNI1-3V5 cse4-323
(SBY17770), and DSN1-3Flag CNN1-3V5 mif2-3 (SBY17603). The strains used in (B) were treated with
auxin for three hours before harvesting: DSNI-3Flag CNN1-3V5 (SBY17230), DSN1-3Flag CNN1-3V5
okp1-3V5-AID OsTIRI1 (SBY17764), DSNI1-3Flag CNNI1-3V5 mem22D (SBY17460), and DSNI-3Flag
CNNI-3V5 chi4D (SBY17607). The strains used in (C) were benomyl treated only: DSNI-3Flag CNNI-
3V5 (SBY17230) and DSNI-3Flag CNNI-3V5 mecm21D (SBY18304). (D) A schematic distinguishing the
proteins involved in the CENP-T™ and Mis12 recruitment pathways.
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4.3.2 Kinetochore assembly in vitro utilizes both pathways to Ndc80
recruitment

It has been unclear how CENP-T™! facilitates kinetochore assembly in yeast, because
Ndc80 levels are not noticeably reduced by the loss of CENP-T™' in vivo [91, 126]. We
therefore performed the assembly assay in a cnnlA extract and found that Ndc80 levels are
slightly reduced, suggesting that CENP-T"™" contributes to Ndc80 recruitment (Figure 4.2). We
next compared this to the role of Misl12¢ in Ndc80 recruitment by performing the assay in an
extract from which dsnl-AID had been degraded. Here, Ndc80 assembly is considerably reduced
but not absent. To test whether the residual Ndc80 is due to CENP-T“™| we analyzed assembly
from a cnnl A dsnl-AID double mutant and found that Ndc80 recruitment is abolished. Together,
these data show that the de novo assay uses both pathways of assembly and that CENP-T"™"!

contributes to Ndc80 recruitment independently of the Mis12 complex.
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Figure 4.2. Kinetochore assembly utilizes two pathways for Ndc80 recruitment
Kinetochores were assembled using extract from WT, dsnl-AID, cnnlD, or dsnl-AID cnnlD double
mutant cells that were arrested in benomyl and treated with auxin: DSNI-3Flag Cnnl-3V5 OsTIRI
(SBY17548), DSN1-3Flag cnnlD OsTIRI (SBY17546), dsni-3HA-AID Cnni-3V5 OsTIRI (SBY17544),
and dsni1-3HA-AID cnniD OsTIRI (SBY17380). Extracts in Supplemental Figure 4.1A. Credit: Adrienne
Barber.
4.3.3 CENP-T“™ is essential for Ndc80 recruitment when Misl2c lacks
mitotic phosphorylation

Although CENP-T“™ contributes to Ndc80 recruitment, Mis12¢ is clearly the major
Ndc80 receptor in budding yeast [91, 126]. Consistent with this, Mis12c is essential for viability
while CENP-T“™ is non-essential, leading to the question of why yeast have retained the CENP-
T pathway. I hypothesized that CENP-T“™ may compensate for downregulation of the

Mis12c pathway when the conserved Aurora B sites on Dsnl are dephosphorylated. Although

yeast cells lacking the Aurora B phosphorylation sites (dsn/-2A4) are inviable due to low Dsnl
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protein expression, mutating an additional Cdkl site (serine 264) restores protein levels and
viability (dsnl-3A4) [154, 181]. Because dsnl-34 blocks the interaction between Misl2c and
CENP-CM T postulated that this linkage is not essential due to compensation by the CENP-
T pathway. Consistent with this, I found that dsn-34 and cnnlA are synthetic lethal (Figure
4.3A), indicating that CENP-T“"™ becomes essential when the Mis12 pathway is misregulated.
To confirm this, I crossed dsni-34 to additional mutants in the CENP-T™' pathway (deletions
of CENP-KM™ and CENP-N“"™). These deletions are also synthetically lethal with dsni-34
(Figure 4.3A), indicating that the entire CENP-T"™! pathway is essential for viability when the
interaction between Dsnl and CENP-CM* is crippled by a lack of Aurora B phosphorylation.

I hypothesized that the synthetic lethality exhibited in the double mutant strain is due to a
defect in Ndc80 recruitment. To test this, I attempted to generate a conditional double mutant
strain to analyze Ndc80 assembly. However, a cnni-AID allele was hypomorphic and exhibited
synthetic lethality with dsn/-34 even in the absence of auxin (data not shown). I therefore
generated an mem22-AID allele that blocks CENP-T“™ assembly (Supplemental Figure 4.2).
The growth of the mcm22-AID dsni-34 double mutant was slow without auxin and inviable
when auxin was added (Figure 4.3B) or when CENP-T“"™! was V5-tagged. To analyze Ndc80
recruitment, I performed the assembly assay from extracts made from the single and the double
mutant cells treated with auxin. Because I expected the double mutant to be deficient for Ndc80
recruitment, I reasoned that the mitotic checkpoint might be compromised and therefore arrested
cells in S phase rather than mitosis. As expected, the dsn/-34 extracts showed a considerable
decrease in Ndc80 assembly as well as the other KMN components, Dsnl and KNL1%'%
(Figure 4.3C). Strikingly, Ndc80 recruitment was further reduced in the dsni-34 mem22-AID

13pe105

double mutant. Despite this reduction in Ndc80, KNL assembly appears unaffected by
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CENP-KM™* degradation, suggesting that the CENP-T™' pathway may specifically recruit
Ndc80 and not the full KMN network. Together, our data suggest that the CENP-T"™! pathway
is required to recruit critical levels of Ndc80 complex to kinetochores when the interaction

between the Mis12¢ and CENP-CM™ is compromised.

100



DSN1/dsn1-3A

DSN1/dsn1-3A

DSN1/dsn1-3A

CNN1/cnn1A MCM22/mecm22A CHL4/chl4A
tetrads tetrads tetrads
1
2
3
4
5
6
7
dsn1-3A dsn1-3A dsn1-3A
O cnni1A O mcm22A O chl4A
B .
YPD + DMSO YPD + auxin
DSN1 TIR1
00 B » . DSN1 TIR1 mem22-AlD
Q0O H & dsn1-3A TIR1
® & o ° dsn1-3A TIR1T mem22-AlD
C D
Cse4d
ap
\ NN H4
((\’Ifl'P ey 2" H2A
W (S C H2B
E K R H v Okp1 Nkp1
HO DO HO® HO O HO® Mif2 B .
Sgg22s 228233 L § 0t S
OO0 000 OOOOOO : . .
90 45 90 90 45 90 90 45 90 90 45 90 Min | -
Mtw1
Nsl1 ;
| | Cses Dsn1 Imi3
—v—1 T , Spc105 Bl Chi4
CENP-C ’ - G e e == Mif2 Kre28 5 Nd-CBO w
* Mcm16
CENP-PO ] —ae wmaw. . w—as _._\ Ctf19 SNuf224 Ctf3
C.
Ms12 [ mam  sses — =] Fiag(Dsn1) Spe25 Memz2
] —— = — \ Ndc80 , Cnn1
Mis12¢c Wip1
KNL1 ’ o e 5 ‘ Spcl05 pathway '
Ndc80
assembly assay Nuf2
Spc24
CENP-TCnnt
pathway Spez5

Figure 4.3. Cells require CENP-T™ when the Mis12 pathway is impaired
(A) A dsnl-34 strain (SBY14170) was crossed to cnniD (SBY13386), mcm22D (SBY6997), and
chl4D (SBY8788). The meiotic products (tetrads) of the resulting diploids are oriented left to right,
haploid spores were genotyped, and double mutants are indicated with circles. (B) A dsni-34 mcm22-AID
double mutant is sick but viable until treated with auxin. Serial dilutions of the following yeast strains
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were plated on the indicated media: DSNI-3Flag OsTIRI (SBY14131), DSNi1-3Flag mem22-3HA-AID
OsTIR1 (SBY18044), dsnl-34-3Flag OsTIRI (SBY14169), and dsni-34-3Flag mcm22-3HA-AID
OsTIRI (SBY18034). (C) Assembly was performed with extracts from HU-arrested strains that were
treated with auxin: SBY 14131, SBY 18044, SBY 14169, and SBY 18034. Extracts in Supplemental Figure
4.1B. (D) The sequential order of kinetochore subcomplex recruitment to the DNA, as determined from
our data and from (Pekgoz Altunkaya et al., 2016). Dotted lines indicate physical interactions.

4.4 DISCUSSION

4.4.1 CENP-T"™ localization at kinetochores is distal to the centromere

Kinetochores recruit the microtubule-binding complex Ndc80 through both the Misl12
complex and CENP-T"! [90-93]. The position of CENP-T“™' within the kinetochore has been
unclear because it can form a nucleosome-like structure with CENP-W/S/X in vitro [128].
However, the CENP-T“™ and CENP-A“*** DNA-binding sites overlap in yeast [88], suggesting
that CENP-T“™ may not directly contact the centromere. I found that all CCAN subcomplexes
analyzed are required for CENP-T“™ kinetochore localization, consistent with work analyzing
its localization in human cells [87-89, 129-131]. These data indicate that CENP-T“™ is distal to
the centromere and does not have intrinsic DNA binding activity under our assay conditions. In
addition, T did not detect CENP-S/XM"? specifically binding to centromeric DNA, suggesting
they are not yeast kinetochore components.

I combined our data with known physical interactions of each subcomplex to map the
order of the pathway from CENP-A“** to CENP-T“™ (Figure 4.3D) [88]. I propose that the OA
complex is the bifurcation point of the Mis12c and CENP-T“"™ assembly pathways, because the
CENP-Q°*"! mutant perturbed the assembly of both KMN and CENP-PO“"*M™2! "while the
other CCAN subcomplexes specifically altered only the CENP-T™' pathway. The CENP-T™
recruitment pathway is therefore comprised of the CENP-PO (CM complex), CENP-HIK, and

CENP-LN complexes. I note that all of the non-essential, conserved yeast kinetochore proteins
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are specific to the CENP-T pathway, providing an explanation for why the yeast kinetochore

contains both essential and non-essential proteins.

4.4.2 Functions of the CENP-T“™' pathway in budding yeast

In human cells, the CENP-T pathway recruits Ndc80 both directly and indirectly. The
CENP-T protein directly binds to two Ndc80 complexes and recruits a third via a phospho-
regulated interaction with a Mis12 complex that is also bound to an Ndc80 complex [132, 133].
CENP-T knockdown in human cells results in severely decreased Mis12 and KNL1 complexes at
kinetochores and a defect in the spindle checkpoint [127, 155]. In contrast, I did not find
evidence for the recruitment of KMN by CENP-T™' in budding yeast, consistent with data
showing that CENP-T™ does not interact with the Mis12 complex [91]. The CCAN mutants I
assayed that specifically inhibit the CENP-T™' pathway did not alter Mis12 or KNL1%'%
assembly. A lack of linkage between CENP-T™' and the Mis12 complex in yeast may also
explain why CENP-T“™ is non-essential and does not contribute to spindle checkpoint signaling
[91, 126]. It will be important to further analyze the relationship between the yeast Misl2
complex and CENP-T"™ in the future.

The Mis12 pathway is responsible for the majority of Ndc80 recruitment in yeast, so it is
surprising that yeast cells are viable when the conserved phosphorylation sites that mediate the
interaction between Mis12¢ and CENP-CM? are mutated [82, 83, 154-156]. Here, I discovered
these cells are viable because they use the CENP-T™' pathway to assemble a functional
kinetochore. When the CENP-T"™ pathway is eliminated in cells lacking Dsn1 phosphorylation,
Ndc80 levels are significantly reduced. A deletion of CENP-T"" has synthetic phenotypes with
CMif2

two other mutants that cripple Mis12c assembly: a CENP- truncation lacking its Mis12c
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binding site and a temperature sensitive allele of NNFI in the Mis12 complex [126, 182]. Taken
together, these data suggest that the CENP-T™' assembly pathway is required to recruit critical
levels of Ndc80 when the function of the Mis12 pathway is reduced. This may explain why the
highest levels of CENP-T“™ at the kinetochore occur at anaphase [126]. In addition to
increasing the load-bearing potential of kinetochore-microtubule attachments by recruiting more
Ndc80, this may reinforce kinetochore stability when Aurora B-mediated phosphorylation of
Dsnl is removed. In addition, switching to an Ndc80-recruiting pathway that does not recruit
KMN may also help silence the spindle assembly checkpoint, as KNLI is the critical scaffold for
the SAC.

The development of a kinetochore assembly assay de novo has allowed us to map the
remaining unknown hierarchy of CCAN recruitment to the kinetochore. In future work,
quantitative mass spectrometry can help us refine this assembly map by analyzing the effect on
every protein. I also used the assay to define the two pathways that assemble Ndc80 at
kinetochores. Our assembly assay will provide a method to assess the biophysical and structural
properties of each Ndc80 recruitment pathway to better understand how cells maintain

kinetochore-microtubule attachments to ultimately ensure accurate chromosome segregation.

4.5 MATERIALS AND METHODS

4.5.1 Yeast strain construction and microbial techniques

The Saccharomyces cerevisiae strains used in this study are listed in Supplementary
Table 4.1. Integrated and replicating plasmids are listed in Supplementary Table 4.2. Standard
genetic crosses and media were used to generate and grow yeast [149]. Gene deletions, AID

alleles, and epitope tagged alleles were constructed at the endogenous loci by standard PCR-
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based integration as described in [150] and confirmed by PCR. The dsni-34-3Flag strains were
generated the same way as DSNI-3Flag and dsni-2D-3Flag, described in 3.5.1 from plasmid
pSB1142.

All liquid cultures were grown in yeast peptone dextrose rich (YPD) media. Cells were
arrested in S phase by adding 0.2M hydroxyurea to log phase cells in liquid culture for three
hours until at least 90% of the cells were large-budded. To arrest cells in mitosis, log phase
cultures were diluted 1:1 with liquid media containing 60 ug/mL benomyl and grown for another
three hours until at least 90% of cells were large-budded.

Temperature sensitive alleles (cse4-323 and mif2-3) were inactivated by diluting log
phase cultures 1:1 with 37 °C liquid media supplemented with 60 ug/mL benomyl and shifting
the cultures to 37 °C for 3 hours before harvesting.

For strains with auxin inducible degron (4/D) alleles, all cultures used in the experiment
were treated with 500 uM indole-3-acetic acid (IAA, dissolved in DMSO) for the final 60
minutes of growth (dsni-AID and mcm21-AID) as described in [136, 160]. For the experiment
that included okpl-AID (Figure 4.1B), all log phase cultures were diluted 1:1 with media
containing benomyl and IAA such that the final concentrations were 30 ug/mL benomyl and
500uM TAA. After two hours, another 150 uM TAA was added, and cultures were harvested after
one more hour. For the experiment in Figure 4.3C, 0.2M hydroxyurea and 500uM TAA was
added to log phase liquid cultures. After two hours, another 150 uM IAA was added, and
cultures were harvested after one more hour.

Growth assays were performed by diluting log phase cultures to OD600 ~1.0 from which
a 1:5 serial dilution series was made. This series was plated on YPD plates that were top-plated

with either DMSO or 500 uM IAA plates and incubated at 23 °C.
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4.5.2 Protein techniques
Whole cell extracts for immunoblotting were made by freezing cells in liquid nitrogen
and resuspending in SDS buffer. Cells were lysed using glass beads and a beadbeater (Biospec

Products), then clarified by centrifugation at 16,100 g for 5 minutes at 4 °C.

4.5.3 Kinetochore assembly assay

Preparation of DNA templates, Dynabeads, and competitive DNA and the kinetochore
assembly assay were performed at described in sections 3.5.3 and 3.5.4. Sequences of the
primers used to PCR amplify the DNA templates are listed in Supplementary Table 4.3. All
experiments were repeated two or more times to verify reproducibility and a representative result

is reported.

4.54 Immunological methods

Whole cell extract or samples were prepared as described above. Techniques used for
SDS-PAGE gels and immunoblotting with primary and secondary antibodies are described in
2.5.5. Primary antibodies were used as in section 3.5.6. HRP conjugated secondary antibodies
were detected with Pierce enhanced chemiluminescent (ECL) substrate and SuperSignal West
Dura and Femto ECL (ThermoFisher Scientific). Note that the immunoblot exposures vary to
best represent differences across extracts or assembly samples. The levels of proteins in input

extracts and assembly samples can therefore not be directly compared.
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A B
Q
<
Q N
3 ;
s £
Q3 Q<<
a< 4 NN
~ ST % 855
=538 = £33
 ad Ndc10 o~ o=y | Ndc10
Mif2 s v | Mif2
v wow | Ctf19 e e | CHf19
S| cont (vs) %|g—wwemm==| Dsn1 (Flag)
| Ndc80 * R Ndcso
ww cnwem| Spc105 e e e e [ SPC105
extract from extract from
Figure 4.2 Figure 4.3C

Supplemental Figure 4.1. Whole cell extracts from selected figures

Whole cell extracts were immunoblotted with the indicated antibodies from experiments (A) Figure 4.2
and (B) Figure 4.3C.
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Supplemental Figure 4.2. Mcm22-AID degradation prevents CENP-T<™

assembly

(A) Mcm22-3HA-AID is efficiently degraded after 60 minutes of auxin treatment. The same cells were
used to make extract for the assembly assays in (B). The strains are DSNI-3Flag CNNI-3V5 OsTIRI
(SBY18040), DSNI-3Flag CNNI-3V5 mcm22-3HA-AID OsTIRI (SBY18042), and dsnl-34-3Flag
CNNI-3V5 OsTIRI (SBY18028). (C) Mcm22-3HA-AID degradation for the experiment in Figure 4.3C.
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4.8 SUPPLEMENTAL TABLES

Supplemental Table 4.1. Yeast strains used in this chapter
Complete genotypes of the Saccharomyces cerevisiae strains used are listed along with the strain number
to reference. All strains are isogenic with W303.

Integrated
and
[replicating]
plasmids

Strain Genotype

SBY6997 MATa ura3-1 leu2,3-112 his3-11 TRP1 ade2-1 LYS2 can1-100 BAR1 mem22A::HIS3

SBY8788 MATa ura3-1leu2,3-112 his3-11 trp1-1 ade2-1 lys2A can1-100 bar1-1 chl4A::HIS3 [PRS315]

SBY 13386 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 cnn1A::KanMX

MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-100

SBY14131 bar1-1 DSN1-3Flag:URA3 pSB2271
MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-100
SBY14169 bar1-1 dsn1-3A(S240/250/264A)-3Flag:URA3 pSB2271
SBY14170 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 dsn1-
3A(S240/250/264A)-3Flag:URA3
SBY17230 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 CNN1-3V5:KanMX
MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-100
SBY17380 bar1-1 dsn1-3HA-IAA7:KanMX cnn1A::HIS3 pSB2271
SBY17460 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 CNN1-3V5:KanMX mcm22A::HIS3
MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-100
SBY17544 bar1-1 dsn1-3HA-IAA7:KanMx CNN1-3V5:KanMX pSB2271
MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-100
SBY17546 bar1-1 DSN1-3Flag:URA3 cnn1A::HIS3 pSB2271
MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-100
SBY17548 bar1-1 DSN1-3Flag:URA3 CNN1-3V5:KanMX pSB2271
SBY17603 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 CNN1-3V5:KanMX mif2-3
SBY17607 MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 CNN1-3V5:KanMX chl4A::HIS3
SBY17764 MATa ura3-1 leu2,3-112 his3-11::pGPD1-TIR1:HIS3 trp1-1 ade2-1 LYS2 can1-100 pSB2273

bar1-1 DSN1-3Flag:URA3 CNN1-3V5:KanMX okp1-3V5-IAA7:KanMX
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SBY17770

SBY18028

SBY18034

SBY18040

SBY18042

SBY18044

SBY18304

MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 CNN1-3V5:KanMX cse4-323

MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 can1-100 bar1-1
dsn1-3A(S240/250/264A)-3Flag:URA3 CNN1-3V5:KanMX

MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-100 SB2271
bar1-1 dsn1-3A(S240/250/264A)-3Flag:URA3 mcm22-3HA-IAA7(1-125):KanMX P
MATa ura3-1leu2,3-112::pGPD1-TIR1:LEUZ2 his3-11 trp1-1 ade2-1 LYS2 can1-100
bar1-1 DSN1-3Flag:URA3 CNN1-3V5:KanMX

MAT o ura3-1 leu2,3-112::.pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-100
bar1-1 DSN1-3Flag:URA3 CNN1-3V5:KanMX mem22-3HA-IAA7(1-125):KanMX

MATa ura3-1 leu2,3-112::pGPD1-TIR1:LEU2 his3-11 trp1-1 ade2-1 LYS2 can1-100 SB2271
bar1-1 DSN1-3Flag:URA3 mem22-3HA-IAA7(1-125):KanMX P
MAT e ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 DSN1-
3Flag:URA3 CNN1-3V5:KanMX mcm21A::HIS3
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Supplemental Table 4.2. Plasmids used in this chapter
The relevant genes and markers on each plasmid used are listed.

Plasmids Description

pRS315 LEU2, CEN, ARS [replicating]

pSB963 WT CENS, 8LacO, TRP1

pSB972 Mutant CEN3 (CCG->AGC CEN mutant), 8 LacO, TRP1
pSB1113 DSN1-3Flag, URA3

pSB1115 dsn1-2D(S240/250D)-3Flag, URA3

pSB1142 dsn1-3A(S240/250/264A)-3Flag, URA3

pSB2271 pGPD1-TIR1, LEU2

pSB2273 pGPD1-TIR1, HIS3

Supplemental Table 4.3. Oligonucleotides used in this chapter
The sequence and purpose of each primer used to generate DNA templates is listed.

Primer Sequence (5' to 3') Purpose
biotin-

SB3882 GGTTCTGGTGGTTCTGGTGGTTCTGGTGAATTCAGCAATAAACCAGCCA 500 bp ampC template
GCCGGAA

SB3883 TTTTCCAATGATGAGCACTTTTA 500 bp ampC template
biotin-

SB3878 GGTTCTGGTGGTTCTGGTGGTTCTGGTGAATTCAAACAACCGCCGGCTT 250 bp CEN3 or CEN3mut template
CCACCA

SB3880 ATCAGCGCCAAACAATATGGAA 250 bp CEN3 or CEN3mut template
biotin-

SB5521 GGTTCTGGTGGTTCTGGTGGTTCTGGTGAATTCCCATTCAATGAAATATAT 180 bp CEN3 or CEN3mut template
ATTTCTTACTATTTCT

SB5522 GCTATTCATTGAAAAAATAGTACAAATAAG 180 bp CEN3 or CEN3mut template
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CHAPTER 5. Conclusions and Perspectives

In this dissertation I outlined my findings on a novel post-translational modification of
the centromeric histone, compared it to studies that have since been published, and presented the
most parsimonious model to fit the data provided. Additionally, I have described the
development of the first cell-free assay to assemble kinetochores completely de novo. I used this
assay to investigate numerous aspects of kinetochore assembly: the phosphoregulation of
assembly, the order of CCAN recruitment to the centromere, and the role of the CENP-T
pathway to Ndc80 localization. Below, I discuss exciting prospective questions we can now

address using the kinetochore assembly assay.

FUTURE PROSPECTS FOR THE KINETOCHORE ASSEMBLY ASSAY

The kinetochore assembly assay developed here will provide the field with a more
complete toolkit with which to investigate the biology of centromeres, kinetochores, and the
mitotic checkpoint. This is the first method by which to obtain kinetochores that (a) assemble
completely de novo onto a naked DNA template, (b) span from the DNA to the microtubules,
and (c) include native post-translational modifications important for kinetochore assembly and/or
stability. Prior to this, the ability to purify intact yeast kinetochores has allowed us to pursue
many studies that would have otherwise been impossible. However, the purified kinetochores are
generally depleted of inner kinetochore, and therefore do not contain DNA or the mitotic kinase

Ipll

Aurora B”" [135]. Conversely, the assembly assay generates kinetochores that are enriched for

inner kinetochore, and is therefore a complementary method. For instance, a colleague studying

Ipll

the mechanism of Aurora B function was unable to address some questions using the

kinetochore purifications and had to instead use the kinetochore assembly assay, because the
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P and its primary

assembled kinetochores contain high levels of endogenous Aurora B
recruitment factors.

The assembly assay is also particularly amenable to studying the properties of the
centromere and the CENP-A nucleosome. Although the yeast centromere is sequence specific,
there is variability in centromeric sequence across the 16 chromosomes. The assembly assay was
optimized using the centromere from chromosome III, but a colleague has begun using other
centromeres and has found differences in assembly efficiency. One potential reason is that the
centromeres have differential binding affinities for the non-essential Cbfl protein that binds the
CDEI region of the centromere [72, 73]. Cbfl is a transcription factor that is required for
transcription of the centromere [138]. My colleague is interested in the role of centromeric
transcription and of the transcripts themselves. Although many factors may be involved in this
process, it is intriguing that the centromere itself harbors a transcription factor binding site. A
detailed analysis of how DNA sequence divergence relates to assembly efficiency in vitro can
reveal important aspects of centromere function, such as defining a “strong” centromeric
sequence that promotes transcription and/or protein binding. This will extend early work that
tested the ability of mutated centromeres to impart copy number regulation on centromeric
plasmids [183]. Two major advantages of working in vitro are that the DNA templates can be
easily altered, for instance by mutating the CDEI sequence, and the extracts can be easily
manipulated, for example by treatment with RNase to test the role of transcripts. Furthermore,
the effects of sequence divergence on kinetochore assembly will not be confounded by the
presence of pericentromere, like it would be in vivo.

Point centromeres are unique in that CENP-A“*** deposition occurs through sequence-

specificity rather than epigenetic inheritance. The CBF3 complex recruits CENP-A“*** by
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binding the CENP-A“** chaperone, but it is unclear whether this is its only role at the
centromere. Current work in the lab is testing whether the requirement for the CBF3 complex
can be bypassed by performing the assembly assay with pre-formed CENP-A“*** octamers or
CENP-A“** nucleosomes. These experiments will address other important questions about
centromere biology as well. Is the centromeric DNA sequence required for kinetochore
assembly, or can any DNA suffice, such as the 601 DNA used to generate CENP-A“**
nucleosomes in vitro [184]? Is DNA required at all, or is a CENP-A“*** octamer sufficient? Can
a CENP-A®** octamer or octameric nucleosome assemble the kinetochore, or must it be a
hemisome? We can also learn whether CENP-A“*** deposition is the key cell cycle regulated
event if the temporal regulation of kinetochore assembly is bypassed by using preassembled
nucleosomes. The assembly assay provides the most direct method by which to investigate these
fundamental queries.

In Chapter 3, I show that assembly in vitro is a stepwise process. In Chapter 4, I used the
assembly assay to map the hierarchal order of recruitment within the CCAN. Although this bulk
assay contributed greatly to our understanding of protein recruitment, adapting the assay to study
individual kinetochores will provide greater mechanistic detail. We aim to directly observe the
stepwise order of recruitment to individual kinetochores at single molecule resolution using total
internal reflection fluorescence (TIRF) microscopy. A member of a collaborating lab (the Asbury
lab at the University of Washington) is developing a method to fix the centromeric DNA to glass
slides, flow whole extract over it, and visualize the assembly process by TIRF. Centromeres are
clustered in vivo, so this will provide the first and only way to visualize the assembly of
individual kinetochores [102]. This will contribute to my work because it will address which

complexes are preassembled prior to binding the centromere as well as allow for the
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stoichiometry of components to be measured. It will also serve as the foundation for elucidating
the regulation of kinetochore assembly.

The assembled kinetochores will also contribute to structural and biophysical studies. We
are now optimizing a method to cleave the DNA from the beads post-assembly, leaving the
assembled kinetochores intact on the centromere. We are beginning to use TIRF microscopy to
determine the stoichiometry of the assembled kinetochores by analyzing the colocalization and
signal intensities of fluorescently labeled DNA and proteins. Eventually, we aim to use the
cleaved assembled kinetochores for electron microscopy (EM). Previously, EM of purified
kinetochores provided insight into the structure of the outer kinetochore bound to microtubules
[134]. The assembled kinetochores are enriched for inner kinetochore and could therefore
provide important structural information about the structure of the poorly characterized CCAN
bound to the centromeric chromatin. The EM can also be done in a stepwise manner, using inner
kinetochore mutants to define the structures and contributions of individual subcomplexes.

Finally, we are working toward testing the biophysical properties of the assembled
kinetochores. Using the purified kinetochores, microtubule-binding and force-bearing properties
are measured across the outer kinetochore, from the Mis12 complex to the microtubule-binding
interface [135]. The assembled kinetochores will allow us to apply tension across the entire
length of the kinetochore by conjugating the kinetochores to beads through the DNA. These
studies could potentially reveal important differences when complete kinetochores come under
tension. Furthermore, the assembled kinetochores contain both pathways to Ndc80 recruitment,
while the purified kinetochores contain only the Mis12c pathway. We can now address questions
about the differential contributions of the two pathways to the force-bearing properties of

kinetochores. The assembled kinetochores also provide the advantage of binding high levels of
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the CPC, which harbors the tension sensor, Aurora B*". The kinase activity of Aurora B
should destabilize microtubule-attachments under low tension, but mechanistically how this
works is controversial [166]. The assembled kinetochores provide and easily manipulated in
vitro system to elucidate how Aurora B reaches its substrates.

In summary, the in vitro kinetochore assembly assay I developed will serve as a useful
biochemical tool to investigate many outstanding questions in the field, and will be a major step

toward understanding how the cell regulates assembly of the kinetochore. I am excited to see

what the Biggins lab discovers in the coming years using the assay.
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Appendix A: The E3 ubiquitin ligase, Pshl, negatively regulates

assembly of the OA/CM complexes

Al Psh1 negatively regulates the binding of OA/CM to DNA

As I tested inner kinetochore mutants in assembly, I included a deletion of PSHI, an E3
ubiquitin ligase that regulates CENP-A“*** levels [52-55]. Although Pshl targets ectopically
incorporated CENP-A®**, it has also been detected at centromeres by chromatin
immunoprecipitation [50, 53]. I postulated that a psh/A mutant might cause an increase of
CENP-A“*** binding, either to only the CEN3™' DNA, or to the CEN3 DNA as well.
Surprisingly, CENP-A“*** binding to either template was unaffected by the deletion of PSH]
(Figure A.1A). However, numerous other kinetochore proteins bound at increased levels to
CEN3 and even more so to CEN3™' DNA, including CENP-Q®*', CENP-P“"") Ndc80,
KNL1%7'% ‘and CENP-T™ (Figure A.1A and data not shown). To better define which proteins
were affected by PSHI deletion, I analyzed the assembled kinetochores by quantitative mass
spectrometry. WT and pshlA assembly assays on the CEN3 template were analyzed separately
from those on the CEN3™" template. Consistent with immunoblot results, the strongest effect of
PSH]I deletion is enhanced assembly on CEN3™" template (Figure A.1B). CENP-A“** and
CENP-CM* binding levels are largely unchanged in the pshlA mutant assembly, but the OA and
CM complexes are both considerably upregulated. Based on our previous analysis of inner
kinetochore recruitment (Figure 4.3D), assembly in the pshlA mutant is upregulated beginning

with the OA complex (Figure A.1B).
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Figure A.1. Pshl negatively regulates assembly of the OA/CM complexes

(A) Assembly assays were performed using extracts from OKPI-3HA NDCS80-3V5 (SBY12038) and
OKPI-3HA NDC80-3V5 pshiD (SBY13116). Whole cell extracts and DNA-bound proteins were
analyzed by the indicated immunoblotting. (B) Assembly assays from WT (SBY4) and pshiD
(SBY11473) were labeled with tandem mass tags and compared on CEN3 DNA or on CEN3™ DNA by
quantitative mass spectrometry. For each protein, the relative abundance in the psh/D mutant assembly
was divided by the relative abundance in WT assembly to calculate the fold enrichment. The dotted line
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indicates the level of assembly from WT extracts. (C) Kinetochores were assembled from extracts PSHI-
13myc pshlD (SBY10303), pshl-C45/50S-13myc pshiD (SBY17020), and pshiD (SBY8336) on the
indicated DNA templates. Extracts and DNA-bound proteins were analyzed by the indicated
immunoblots. Credit: Adrienne Barber.

These data explain observations from Chapter 2 that I could not understand at the time.
Purified Flag-CENP-A®** co-immunoprecipitated significantly more CENP-N“™ in pshlA
mutants (Figure 2.5C). Because | saw this effect whether or not SIZ1/2 were also deleted, the
enhanced interaction is not due to the increased sumoylation in a psh/A mutant. Taken together,
these data suggest that Psh1 negatively regulates an interaction somewhere between CENP-A“**
and CENP-N“"_likely at the OA or CM complex.

If OA is upregulated, I would expect to see the upregulation of both Ndc80 pathways,
and therefore the entire KMN. Indeed, I saw an increase of both Ndc80 and KNL1%P¢'%
indicating that OA binding is upregulated, and therefore both assembly pathways are enhanced.
However, I have not ruled out the possibility that Pshl regulates CM assembly. Until recently,
COMA was considered a single complex with two essential components (OA) and two
nonessential components (CM). Our work and other recent studies make it clear that although
tightly bind one another they are functionally separable [182]. However, preliminary quantitative
mass spectrometry data show that the OA complex is reduced but not absent in a CM mutant
assembly. This suggests that although CM assembles downstream of OA, it may help to stabilize
OA at the centromere (data not shown). I therefore need to distinguish which of these complexes
is negatively regulated by Pshl by combining psh/A with a CM mutant (mcm21A) or an OA

mutant (okp [-AID) and assaying the assembly of the opposite complex.
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A2 Psh1 catalytic activity may be required to regulate OA/CM

To better understand mechanistically how Pshl negatively regulates OA/CM binding, I
asked whether Pshl required its catalytic activity. CENP-A®** is the only reported target of
Pshl, despite efforts in the lab to find other substrates. I wondered whether the assembly
phenotype of the pshlA mutant was due to loss of Pshl-mediated ubiquitination or loss of a
novel Pshl function, such as directly blocking binding interactions. To test this, I performed the
assembly assay from a catalytic-dead Pshl mutant (psh/-CD). Similar to pshlA mutant
assembly, the Pshl catalytic-dead mutant caused enhanced assembly and aberrant binding to the
CEN3™" DNA beginning with OA/CM (Figure A.1C). This would suggest that the catalytic
activity of Pshl is required to negatively regulate OA/CM binding, but it is unclear whether the
Pshl catalytic-dead mutant has other defects in its structure or function. The mutant protein is
stable, since its cellular levels are similar to those of WT Pshl (data not shown). However, in
contrast to studies that have detected Pshl at centromeres in vivo, 1 have only detected Pshl
binding to the negative control templates, but not to the CEN3 template [50, 53] (data not
shown). I therefore cannot ask whether this localization pattern is perturbed in the mutant. The
mutations in pshl-CD strongly affect its ability to bind CENP-A“*** [53, 55]. I therefore cannot
distinguish whether the negative regulation of OA/CM requires CENP-A“*** binding or catalytic
activity. It will be important to better characterize the catalytic-dead mutant in order to resolve
these two possibilities.

If Pshl catalytic activity is required to negatively regulate kinetochore assembly, I
hypothesized that a member of the OA/CM complexes may be a novel substrate of Pshl
ubiquitination. CENP-P“™® consistently shows a slight mobility shift in the psh/A mutant

assembled kinetochores, characteristic of modification with phosphate. Interestingly,
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phosphorylation can in some cases help an E3 ubiquitin ligase identify its substrate [51]. To test
whether CENP-P“™ is a novel target of Pshl ubiquitination, I analyzed CENP-P“™"® from the
stability assays performed in Chapter 2. Preliminary results showed no difference in CENP-P"
stability in a pshIA mutant (data not shown). Because changes in CENP-A®** stability are more
casily detected when CENP-A“** is overexpressed, future experiments should consider

overexpressing each of the OA/CM complex components to analyze changes in their stability

upon PSH1 deletion.

A3 Considering other mechanisms of negative regulation by Psh1

Because the catalytic-dead Psh1l mutant needs to be tested further, I also considered the
possibility that Pshl affects OA/CM binding through an alternative mechanism, such as blocking
physical interactions. The OA complex binds has non-specific DNA binding affinity, such that
recombinant OA co-purifies with bacterial DNA [182]. Additionally, OA and Pshl each interact
with CENP-A®** [52, 53, 182]. I wondered whether Pshl blocks OA from binding non-
centromeric DNA, and if so, whether CENP-A“** was required for this inhibition.

I attempted to test several aspects of this model. First, I asked whether Pshl alters the
DNA-binding affinity of OA by incubating recombinant OA complex and Psh1 with centromeric
DNA on beads. Unfortunately, OA bound to the negative control beads without DNA (data not
shown). Next, I asked whether OA and Pshl interact, and whether the interaction is dependent
upon CENP-A®**. To test this in vitro, 1 incubated recombinant Pshl with recombinant OA
conjugated to beads, but Psh1l bound to negative control unconjugated beads (data not shown). I
also attempted to address the question in vivo by purifying CENP-U*™'-V5 (‘A” of the OA

complex) and looked for the co-immunoprecipitation of Psh1-Flag. Pshl and CENP-U*"'-V5
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interact strongly when extracts are clarified using a low-speed spin, but show no association with
a high-speed spin clarification (data not shown). Future experiments will perform the same
purification with low speed clarified extracts in both WT and a temperature sensitive CENP-
A®* mutant (cse4-323). These experimental conditions should be optimized in the future, as

these are key questions to determine the role of Psh1l in OA/CM complex regulation.

A4 Conclusions

After identifying OA as the potential bifurcation point of assembly in Chapter 4, I
identified a novel regulator of OA complex assembly, Pshl. The catalytic activity of Pshl
appears to be required to negatively regulate the binding of OA/CM to DNA. Future work should
test whether a member of OA/CM are subjected to Psh1-mediated ubiquitination and subsequent
proteolysis, which could reveal a novel Pshl substrate.

The observed interaction between Pshl and the OA complex should also be further
characterized. Does this interaction require CENP-A“***? Does Psh1 block the ability of OA to
bind DNA? Interestingly, preliminary experiments show that in a psh/A mutant assembly, the
OA complex binds aberrantly to the CEN3™ DNA but not to the ampC DNA (Figure A.1C).
One clear difference between these templates is that the CEN3™ DNA contains the binding site
for the Cbfl protein. While attempting to ask whether Cbfl is required for the aberrant assembly
in a pshlA mutant, we discovered that pshiA and cbfIA are synthetic lethal. A colleague is
beginning to investigate the role of Cbfl in kinetochore assembly, and this work should
contribute to our understanding of how Pshl and Cbfl interact. Furthermore, Pshl is not
evolutionarily conserved, suggesting that this regulation may be specific to point centromeres.

This may also explain the difference in aberrant OA binding to the two negative control
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templates. Finally, because the OA complex affects both pathways to Ndc80c assembly, it will

be interesting to know whether this extra level of regulation contributes to the CENP-T™

pathway of kinetochore assembly being nonessential in yeast.

AS Strains used in Appendix A

Supplemental Table A.1. Yeast strains used in Appendix A
Complete genotypes of the Saccharomyces cerevisiae strains used are listed along with the strain number
to reference. All strains are isogenic with W303.

Integrated

Strain Genotype plasmids

SBY4 MATao ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1

SBY8336 MATa ura3-1leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1 psh1A::KanMX

MATa ura3-1::pPSH1-PSH1-13myc:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2

SBY10303  211-100 bar1-1 psh1A:KanMX pSB1714
MATa ura3-1 leu2,3-112 his3-11 trp1-1 ade2-1 LYS2 can1-100 bar1-1

SBY11473 psh1A::KanMX

SBY12038 MATa ura3-1leu2,3-112 his3-11 TRP1 ade2-1 LYS2 can1-100 BAR1 OKP1-
3HA:HIS3 NDC80-3V5:HIS3

SBY13116 MATa ura3-1leu2,3-112 his3-11 TRP1 ade2-1 LYS2 can1-100 BAR1 OKP1-
3HA:HIS3 NDC80-3V5:HIS3 psh1A::KanMX

SBY17020 MATa ura3-1::pPSH1-psh1-C45/50S-13myc:URA3 leu2,3-112 his3-11 trp1-1 ade2-1 pSB2026

LYS2 can1-100 bar1-1 psh1A::KanMX

Supplemental Table A.2. Plasmids used in Appendix A
The relevant genes and markers on each plasmid used are listed.

Plasmids Description
pSB1714 pPSH1-PSH1-13myc, URA3
pSB2026 pPSH1-psh1-C45/50S-13myc, URA3
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