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1.Abstract

The kinetochore is a conserved eukorytic organelle, pivotal during the cell cycle. In order to
partition chromosomes equally during division, it provides a microtubule attachment platform
that facilitates correct sister chromatid sorting and segregation. It is a complex structure,
which in vertebrate cells is assembled during the course of the cell cycle from more than a
hundred proteins onto a specialized chromosomal locus, the centromere. Many of these
protein components are well conserved between yeast and man, most prominently those of
the core microtubule attachment platform, the KMN network. Some of the centromere
proximal proteins of the vertebrate CCAN have established homologues in the budding yeast
Ctf19 complex but overall conservation appears weaker between these two protein networks.
This could be due to different mechanisms yeast and vertebrate cells use to define the
centromere locus. However, our bioinformatic analysis indicated hitherto unknown yeast
CCAN homologues, including known Ctf19 complex proteins, budding yeast centromeric
proteins and proteins that had not yet been identified as centromeric constituents in yeast.
Here | aim to substantiate our theory, that the CCAN is a protein network conserved between
yeast and man, through biochemical and proteomic analysis of recombinant and native
proteins. Furthermore | investigate potential cell cycle dependent regulation of budding yeast
CCAN proteins by CDK1. | found a number of functionally conserved relations within the
budding yeast CCAN, supporting conservation of this protein network. | also identified a
number of CDK1 phosphorylation sites within the budding yeast CCAN, the most striking

being a cluster of CDK1 sites at the amino-terminus of SCCENP-U.



Das Kinetochor ist eine konservierte eurkaryotische Organelle welches eine Schllsselrolle
im Zellzyklus spielt. Um die Chromosomen wahrend der Zellteilung gleich aufzuteilen fungiert
es als Mikrotubuli-Bindungsplattform, die das korrekte Sortieren und Segregieren der
Schwesterchromatiden ermdglicht. Es ist ein komplexes Gefiige das, beispielsweise in
Wirbeltier-Zellen, im Laufe des Zellzyklus aus Uber einhundert verschiedenen Proteinen an
einem speziellen chromosomalen Locus, dem Zentromer, zusammengefigt wird. Viele
dieser Protein-Bausteine sind wohl konserviert zwischen Pilzen und Menschen. Die zentrale
Mikrotubuli-Bindungsplattform, das KMN Netzwerk, ist vermutlich das bemerkenswerteste
Beispiel. Einige der Zentromernahen Proteine des Wirbeltier-CCAN's besitzen bekannte
homologe im Ctf19-Komplex der Backerhefe, allerdings scheint die Konservierung zwischen
diesen beiden Proteinnetzwerken insgesamt geringer. Ein Grund hierfir mdgen die
unterschiedlichem Mechanismen sein mit denen Hefezellen und Wirbeltierzellen den Locus
ihres Zentromeres definieren. Unsere Bioinformatische Analyse jedoch wies auf bis dato
unbekannte CCAN homologe in Hefe hin, einschlief3lich bekannter Ctf19-Komplex Proteine,
Proteine des Hefe-Zentromeres und Hefeproteine die noch nicht als Zentromerproteine
identifiziert wurden. Hier untermauere ich unsere Theorie, das das CCAN ein zwischen Hefe
und Mensch konserviertes Proteinnetzwerk ist, durch biochemische und proteomische
Analyse von rekombinanten und nativen Proteinen. Weiterhin untersuche ich eine mogliche
Zellzyklus-abhangige Regulation des Hefe-CCAN's durch CDK1. Ich fand einige funktionell
konservierte Zusammenhange innerhalb des Hefe-CCAN's was eine Konservierung dieses
Proteinnetzwerkes bestatigt. Weiterhin identifizierte ich einige von CDK1 phosphorylierte
Stellen innerhalb des Hefe-CCAN's, wovon eine Ansammlung dieser am Amino-Terminus

von ScCENP-U das hervorstechendste Merkmal ist.



2.Introduction

2.1 Preface

Walther Flemming, writing the first textbook on nuclear division, carefully noted that nuclear
division is likely important for cell division as nuclear division can occur without cell division
but the reverse is never observed!'. Almost 150 years later, the importance of nuclear
division in either mitosis or meiosis can hardly be overstated. As the genome contains the
information to make a new organism, be it through cell division in unicellular organisms or
fusion of two gametes into a zygote that will ultimately develop into a human, it is paramount
that each cell or gamete receives the full information of an entire genome and no part of it in
excess. Errors during mitosis may lead to death of the individual in the case of a single celled
organism or cancer in humans'?. Meiotic errors in turn are a leading cause for pregnancy

loss and developmental defects!..

Faithful segregation of the complete duplicated genome into both daughter cells is a
formidable problem for a eukaryotic cell as their genome comes encoded on a number of
chromosomes, which it cannot discern or count®®. To overcome this, it employs an
ingenious strategy: after replicating its chromosomes, the resulting two identical copies, the
sister chromatids, remain cohesed®. Cohesed chromosomes are subsequently attached to
microtubules (MTs) of the mitotic spindle. The spindle is a bipolar structure and each pole
defines a location within one of the future daughter cells, as cytokinesis will take place on a
plane between both poles. Of the two sister chromatids, each one only attaches to one of the
two opposite poles yielding a bioriented chromosome. This effectively sorts sister chromatids
and targets one of them to each daughter cell. Once sorting is complete, cohesion between

the two sisters is resolved and complementary chromatids move to opposite poles.

This work concerns itself with the budding yeast kinetochore. Kinetochores (KTs) are pivotal
during mitosis as they integrate many of the functions required for faithful chromosome
segregation. They not only provide a load bearing attachment point for spindle microtubules
but also regulate the dynamics of the attached MTs. Importantly, they harbor an error
correction mechanism to resolve erroneous attachments, the occurrence of which is
increased by miniscule perturbations, such as small drops in temperature. When sister
chromatids separate, the cell loses its ability to tell them apart. To ensure that anaphase only
initiates once sorting is complete, kinetochores generate a checkpoint signal until all
chromosomes are bioriented I'%. Additionally, KTs are able to nucleate MTs and drive spindle
assembly in absence of dominant microtubule organizing centers (MTOCs) such as
centrosomes. Lastly, components of the kinetochore participate in an epigenetic mechanism

that directs inheritance of the centromere locus.



Budding yeast affords the opportunity to study mitosis and specifically the kinetochore in a
simplified system. Although its mitosis is morphologically very different from animal mitosis,
many of the key components and mechanisms are conserved. Recently this list has been
extended as bioinformatic analysis suggests extensive conservation of centromeric or inner
kinetochore proteins between yeast and vertebrates. The constitutively centromere
associated network (CCAN) of vertebrates appears to correspond to the budding yeast Ctf19
complex and the Sim4 complex of fission yeast!'!. Here | aimed to firstly investigate
interactions between Ctf19 complex proteins and other kinetochore proteins, DNA and
microtubules to refine existing models of kinetochore assembly. Secondly | sought to support
the notion that the CCAN is conserved between humans and budding yeast experimentally,
by finding conserved interactions within the CCAN and between CCAN and other

kinetochore proteins.

2.2 Cell cycle and mitosis in budding yeast

Mitosis in budding yeast differs from the animal system in a few important points. The mitotic
spindle is assembled intra-nuclear. The poles are defined by spindle pole bodies (SPB),
budding yeast centrosome equivalents, situated inside the nuclear envelope (NE). During
mitosis, SPBs bracket a spindle that spans the nucleus while projecting astral MTs towards
the cell cortex'">™. The spindle is assembled before DNA replication is complete and the site
of cytokinesis is not defined by astral microtubules or the midzone, but is predefined to be
where the bud extrudes from the mother cell. The spindle aligns along the mother bud axis
and cytokinesis takes place at the bud neck, the bridge connecting mother and bud after

chromosomes have Segregated“5-181-

Generally, the cell cycle is divided into S and M phase, the time when DNA replicates and
the time when mitosis and cytokinesis occur, respectively. Gap phases, G1 following M
phase and G2 following S phase, separate S and M phase. Budding yeast does not have a
clearly defined G2 phase and S and M partially overlap"® 2. In G1 the future bud site is
specified by placement of cortical landmark proteins and a precursor of the SPB assembles
next to the mother SPB on a projection along the cytoplasmic face of the NE termed a half
bridge!™ %24 Further, chromosomal origins are licensed for replication by assembly of a
Pre-replicative complex (PreRC) during G1¥°?"]. Once the decision to duplicate is made,
cells become insensitive to mating pheromones and are committed to mitosis, unable to
undergo the alternative meiotic pathway until the current cell cycle has completed® .
Commitment happens when a point in time termed START is traversed and S phase is
initiated. This triggers three independent processes, SPB separation and spindle assembly,
budding, which entails polarization of the actin cytoskeleton towards the bud site and

polarized secretion, and DNA replication through conversion of PreRCs into pre-initiation
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complexes (PrelCs) and then into replisomes by loading of DNA polymerasel'* 2% 1. 23 26. 30-
¥l Following the previous division, the old SPB faces away from the bud scar and needs to
reorient towards the bud site, in haploid cells placed next to the previous bud site * .
Astral MTs emanating from the old SPB and the half bridge interact with cortical myosin
through the MT +end binding protein ScEB1 and the APC (Adenomatous polyposis coli)
related protein Kar9. This allows the transport of astral MTs and thereby pulls the SPB
towards the bud site along the same actin cables used for polarized secretion which supplies
the bud site with membrane and cell wall material®" ***°. During this time the spindle is

asymmetric, only one of the two SPBs accumulates Kar9 and is targeted towards the bud™"
44]

Budding yeast enters M phase before S phase is completed, the spindle assembles and
swiftly contacts kinetochores that have assembled on the early replicating centromeres!*.
Many of the hallmarks of the 5 mitotic phases are absent in budding yeast. During prophase
chromosomes do condense but not to the same extent as in other systems, they do not

(12,13, 461 " Furthermore in animals the

become visible under light or electron microscopy
transition into prometaphase is marked by nuclear envelope breakdown (NEBD), followed by
the individual biorientation of all chromosomes. NEBD never happens in budding yeast as
the nucleus remains intact throughout mitosis®*’l. During prometaphase bioriented
chromosomes do not congress to form a defined metaphase plate, which marks the onset of
metaphase in animal cells”® *l. Once DNA replication is complete and all chromosomes
have bioriented, anaphase A is initiated, drawing chromosomes to the pole along shortening
MTs, followed by anaphase B as the spindle expands into the bud™**®. The latter is aided by
cortical Dynein pulling astral MTs of both SPBs into either mother or bud® *°. Once
anaphase has completed, during telophase, the spindle is fully disassembled and the

nucleus pinches off, followed by cytokinesis at the bud neck.

Some peculiarities of budding yeast prometaphase need to be mentioned. In addition to not
displaying the same extent of chromosome condensation, centromeres in budding yeast
separate as soon as they have become bioriented in an event termed transient separation®"
*2 In animals and budding yeast the Cohesin complex mediates sister chromatid cohesion.
Cohesin is a ring-shaped complex that is loaded during replication and is thought to entrap

both sisters topologically®®**”

. Animal Cohesin is removed by two pathways prior to
anaphase, the prophase pathway in which polo like kinase (Plk1) removes Cohesin along
chromosome arms but spares two points of cohesion flanking the centromere. This last point
of contact is severed at anaphase onset as seperase becomes active and permits chromatid
separation. The pool of Cohesin at the centromere is specifically protected from Plk1 by
Shugoshin (Sgo), which recruits Protein phosphatase 2A (PP2A) to counteract phos-

4 [68-64]

phorylation by Plk . Budding yeast removes all Cohesin by Separase cleavage in
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anaphase of mitosis and requires Shugoshin for cohesion only in meiosis'® °®. Furthermore
in budding yeast Cohesin is loaded preferentially at the centromere and this requires a
number of kinetochore proteins. As kinetochores undergo transient separation, a region of at

least 18kb centered on the centromere seperates while cohesion is retained at arms!®" %2 ¢
68]

2.3 The cell cycle control system

It is readily apparent that the events of the cell cycle need to proceed in an ordered and
unidirectional fashion if they are to generate two viable daughter cells. Attempting
chromosome segregation before DNA replication has initiated or completed will lead to
aneuploidy or DNA damage. This illustrates two important points of the cell cycle control
machinery. Firstly it drives unidirectional progression through a strictly defined series of
events, some of which occur in parallel. Secondly it is gated at specific points during this
series to allow all required parallel events to complete. In budding yeast for example
budding, DNA replication and spindle assembly are independent parallel events. Each is
monitored by a checkpoint that retards anaphase until the event has completed, ensuring

that anaphase initiates only when all have completed® 2.

The cell cycle control system drives a cell forward through the cell cycle and the kinase
CDK1 is central to its function®®® ">7"l. CDK1 phosphorylation triggers many of the sequential
events, yet its levels remain constant through the cell cycle!® ™. CDK1 is activated by
binding to one of the 9 sequentially expressed cyclins®®. The earliest cyclin, CIn3, appears
during early G1 while CIn1 and CIn2 peak during late G1 before entry into S which roughly
coincides with the appearance of the first two B cyclins CIb5 and Clb6. Subsequently, Clb3
and Clb4 appear, followed by Clb1 and CIb2 which peak shortly before anaphase onset!'® "*
83.8592] gequential association with cyclins is one possibility to explain control of a temporally
ordered set of events by a kinase that does not change in abundance during the cell cycle. It
would require cyclins to confer substrate specificity or specific localization. This has been
demonstrated as CIn3 is primarily nuclear, CIn2 is also found in the cytoplasm, Clb4 localizes
to the new SPB and CIb2 also localizes to the bud neck at late mitosis** * %I, Furthermore,
a limited number of CDK1 substrates are preferentially targeted by the early Clb5-CDK1
rather than the late Clb2-CDK1, including Ase1 and Fin1 which have a role in stabilizing the
central spindle during anaphase B elongation but are detrimental to viability when a loss of
CDK1 phosphorylation allows them to bind the spindle before anaphase onset. Here
suppression by Clb5-CDK1, activation by Cdc14 and subsequent destruction by the APC
allows the restriction of their activity to a narrow window during anaphase B % A targeting
subdomain of CIb5, the hydrophobic patch (HP), is one factor for substrate specificity. Clb5-

HP interacts with RXL motifs to target CDK1 phosphorylation'®”. An alternative explanation
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for cell cycle regulation is that it is the rise in CDK1 activity that drives progression through
the cell cycle, triggering the appropriate events once the required kinase activity threshold
has been reached by accumulation of cyclins!'®". In line with this, CIb2 is a much more potent
activator for CDK1 than Clb5 *°l. Furthermore, only few CDK1 substrates are specifically
targeted by CIb5-CDKH1. In vivo, cyclins demonstrate considerable redundancy as a deletion
of 2 of the three G1 cyclins generates viable mutants. Similarly, deletion experiments with B-
type cyclins show that a single B cyclin, either CIb1 or CIb6, when overexpressed, is
sufficient to trigger all essential events during the cell cycle!® ™ % Sic1 serves as a model
for how increased CDK1 activity may trigger a response that is not elicited at low CDK1
activity levels. Sic1 contains a cluster of CDK1 sites. Increasing CDK1 activity
phosphorylates more sites within this cluster and it thus acts as a sensor that is responsive to

the level of CDK1 activity and targets Sic1 for degradation only above a certain threshold %2,

However, on-time appearance of the cyclins is required to maintain normal timing between
the events of the cell cycle. The G1 cyclins CIn1 and CIn2 normally trigger polarization of the
actin cytoskeleton and bud formation at the site specified during G1, duplication of the SPB
and render the cell insensitive to mating pheromones'® '%'% Clb5 and CIb6 in turn trigger
timely initiation of DNA replication at origins that have assembled a PreRC and
simultaneously inhibit assembly of further PreRCs®®® ® % Onset of DNA replication
additionally requires phosphorylation by the Dbf4 dependent kinase (DDK) Cdc7 which
associates with origins and promotes conversion from a Pre-RC to a Pre-IC. Analogous to
the activation of CDK1 by cyclins, Cdc7 kinase levels are constant but the activating cofactor
Dbf4 is a target of the APC/C and accumulates only after CDK1-dependent inactivation of
Cdh1-APC in S phase®®® """l |t was suggested that Dbf4 serves to target Cdc7 to
origins!"'®""8l_ CIb3 and ClIb4 trigger spindle assembly and are required for spindle polarity by
maintaining asymmetry of the SPBs!'> 3" 44 8.8l 'C|b1 and CIb2 are the final B cyclins to be
expressed and they are required for progression through and completion of mitosis after
spindle assembly, including Cohesin cleavage and ultimately B-type cyclin destruction by
Cdc20-APC. In addition they randomize actin polarity, switching back from polarized to
isotropic bud growth. Cyclin B destruction at anaphase re-focuses the actin cytoskeleton and

vesicular traffic towards the bud neck, the site of future cytokinesis!'® 2> 79 1191211,

Expression of cyclins is regulated firstly by transcription of sequential regulons and secondly
by ubiquitin mediated proteolysis through the SCF and APC/C ubiquitin ligases. CIn1 and
CIn2 as well as CIb5 and CIb6 are part of the late G1 regulon while CIb2 is part of the Clb2
regulon, transcribed at the end of S-phase. Positive feedback loops and feedback inhibition
of earlier regulons are thought to drive a switch-like transition from one regulon to the next,
and thereby into the next cell cycle stage, while simultaneously suppressing the previous®*

1221271 - Ubiquitin mediated destruction has an important role during two major, irreversible
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transitions in the cell cycle: commitment to mitosis at the G1/S transition and anaphase onset
at the M/G1 transition. During G1, the ubiquitin ligase APC/C (anaphase promoting
complex/cyclosome) with its co-activator Cdh1 targets B cyclins for destruction. An exception
is Clb5 that is not a target of Cdh1-APC/CI'?®"%  Simultaneously, Clb-CDK1s are
suppressed by the Clb-CDK1 inhibitor Sic1 in G1"3""*, Expression of CIn1 and CIn2 at the
end of G1 allows CIn-CDK1 dependent phosphorylation of Sic1, which targets it for
destruction by the SCF ubiquitin ligase!'® '** ¥ Decreasing CIb-CDK1 inhibition permits
Cdh1 phosphorylation by CDK1 releasing it from the APC/C and thereby shuts off B-type
cyclin proteolysis. This stabilizes B-type cyclins and permits progression into S and M phase.
After chromosomes have been replicated and bioriented on the mitotic spindle, silencing of
the spindle assembly checkpoint (SAC) permits the APC/C to use a second co-activator,
Cdc20, to target its substrates!". Intriguingly, Cdc20 binding to APC/C requires CDK1
phosphorylation and thereby cyclins set the stage for their own destruction"® "l |n addition
to B-type cyclins, Cdc20-APC/C targets the Separase inhibitor Securin for destruction!'*"-"3,
Separase in turn is a protease that cleaves the kleisin subunit of the Cohesin complex,
resolving sister chromatid cohesion!®® "%, Cleavage of the kleisin is the only event required
to trigger anaphase in budding yeast. However stabilization of the spindle during anaphase
B, mitotic exit and reentry into G1 requires destruction of cyclins and reversal of CDK1

phosphorylation by the phosphatase Cdc14®" ™

. Cyclin destruction during mitotic exit
proceeds in two steps, an initial phase that is mediated by Cdc20-APC/C and a later phase
mediated by the G1 APC/C, Cdh1-APC/C!"®.. Similarly, release of the CDK1-antagonizing
phosphatase Cdc14 from the nucleolus proceeds in two phases. Partial early release through
the FEAR pathway (Cdc14 early release) and the later full release through the mitotic exit
network (MEN)'? '3 | ke Cdc20-APC/C activity, Cdc14 release by the FEAR pathway
requires CDK1 activity. Cdc14 is sequestered in the nucleolus, bound to Net1. CDK1
phosphorylates Net1 to liberate Cdc14 but this is suppressed by the phosphatase PP2A until
anaphase onset. When the SAC is silenced and Separase is liberated from Securin, it
downregulates PP2A mediated dephosphorylation of Net1 by a mechanism distinct of its
protease activity and thereby permits CDK1 to release Cdc14!"**. Were the FEAR pathway
and Cdc20-APC the only mediators of mitotic exit, faling CDK1 activity would quickly
deactivate both, re-sequestering Cdc14 into the nucleolus and removing Cdc20 from APC/C,
leading to a failure to exit mitosis. Cdh1-APC/C and MEN allow cyclin B destruction and
reversal of CDK1 phosphorylation in absence of CDK1 activity. Cdc14-dephosphorylated
Cdh1 can bind to APC/C and target B-cyclins for destruction!?®!. Further the MEN triggers
full, CDK1 independent Cdc14 release in response to a number of stimuli, which in part
consist of signals generated by correct spindle positioning along the mother-bud axis thereby

forming the spindle-positioning checkpoint. The GTPase-like protein Tem1 is placed at the
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apex of this pathway and is thought to sense positional information from the spindle. It is
asymmetrically localized to the daughter-bound SPB and thought to be activated once it
enters the bud, triggering Cdc14 release through a signaling cascade consisting of cdc15
kinase and the Mob1/Dbf2 kinase complex which ultimately effects Cdc14 release!™*'*".
Falling CDK1 activity also allows the transcription factor Swi5 to re-enter the nucleus and

initiate Sic1 expression, contributing to Clb-CDK1 inactivation and allowing reentry into
G1[146,147]

2.4 The spindle assembly checkpoint

Chromosomes that have not correctly bioriented block the onset of anaphase through a
pathway termed the spindle assemble checkpoint (SAC). This is generally vital for survival as
disengaging sister chromatids before each one has become targeted to their respective pole
will lead to missegregation and a loss of genomic stability. Budding yeast represents one
exception to this rule. Here the SAC is not essential because its early spindle assembly
allows kinetochores to attach before DNA replication is complete. Therefore, in an
unperturbed cell cycle, budding yeast will have bioriented its chromosomes long before
chromosome segregation is attempted!*®. The intact SAC is able to block anaphase in the
face of a single unattached kinetochore!**'*". While the simplistic view is that a single
kinetochore generates an anaphase inhibitor potent enough to postpone anaphase
indefinitely or until apoptosis is triggered in response to a prolonged arrest, multiple inhibitory
mechanisms exist within the SAC. Further, a number of cases in which cells arrest either
only transiently or only in response to multiple unattached kinetochores have been reported.
One prominent example for this is found in the highly aneuploid HeLa cell line which is prone
to initiate anaphase when few chromosomes are unattached but robustly arrests when all are
unattached!®?. This would suggest that instead of a single inhibitory pathway generating an
"all or nothing"-response to a chromosome that has not bioriented, multiple pathways serve
to inhibit anaphase onset. A number of SAC proteins have initially been identified in budding
yeast and subsequently been found conserved in animals. These are Mad1, Mad2, Bub1,
Bub3 and Mps1 as well as Mad3 which in animals has fused to a Bub1 related kinase
domain and is therefore referred to as BubR1. Bub1, Mps1 and BubR1 are all active
kinases!’® 8 193199 " A deviation from this general statement is found in C.elegans, which
possesses a Mad3 homologue that does not have any kinase domain and does not possess

any Mps1 related kinase!"".

2.4.1 The SAC blocks anaphase by inhibiting Cdc20-APC/C

The transition from metaphase to anaphase requires activation of Cdc20-APC and the

degradation of its targets, Securin and B-type cyclins. The SAC blocks this transition by
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inhibiting Cdc20-APC/C. Among the core checkpoint proteins, 3 inhibitory mechanisms are
known. Bub1 is able to phosphorylate Cdc20 directly which inhibits Cdc20-APC/C in vitro.
This phosphorylation is however not required for a SAC arrest in vivo!"". The related BubR1
kinase also phosphorylates Cdc20, this is however not inhibitory!’?. Both BubR1"#** and
Mad2 can bind to different sites on Cdc20 individually and act as a stoichiometric Cdc20-
APC inhibitor. Inhibition of Cdc20-APC/C by Mad2 and BubR1"*® is synergistic and both
binding of Mad2 or BubR1"*®® enhances binding of the other!*"""l. The mechanism of
Cdc20-APC inhibition by BubR1"?® is well defined. It supplies degron motifs that compete
with bona-fide Cdc20-APC/C substrates for recognition. Additionally it promotes APC/C
mediated ubiquitination and destruction of Cdc20, and it has been suggested that it either
acts to position Cdc20 as an APC/C substrate or that its degron sequences act in trans!'’®
'82 |t is important to note that an active SAC is a steady state in which both Cdc20 and SAC
proteins are continuously synthesized and destruction of Cdc20 serves to tip the balance
towards an arrest!'®®. The ability of Cdc20 to bind to both, Mad2 and BubR1"#*® has fostered
the idea of a mitotic checkpoint complex (MCC) to be the soluble inhibitor generated by
unattached kinetochores. This complex consists of Mad2 bound to Cdc20 and a complex of
BubR1"% and Bub3 that binds to a second independent site on Cdc20 via BubR1Mad3 [184-186]

1Madds function as

The recent crystal structure of the fission yeast MCC corroborates BubR
pseudo-substrate inhibitor and demonstrates additionally that the full MCC shifts the position
of Cdc20 of the APC/C, disrupting a second, composite, degron receptor site!'®”!. However it
should be noted that a number of investigators have reported BubR1"**-Cdc20 and Mad2-
Cdc20 stoichiometries which are inconsistent with a single entity, the MCC, formed as the
product of a linear pathway. Most interesting, the amount of Mad2-Cdc20 relative to
BubR1"*%.Cdc20 appears related to the nature of SAC arrest!'* 18% 18818 15 Taxol arrested
cells which are generally presumed to be arrested because of low tension, the amount of
Mad2 associated with a Cdc20-BubR1"** complex is lower than in a Nocodazole arrest
where all kinetochores are unattached. Thus, the MCC, while isolatable from arrested
cells and reconstitutable in vitro, may either be a dynamic entity i.e. different subunits join
and leave at different timepoints or in response to different stimuli or alternatively it may be

one of multiple checkpoint complexes.

2.4.2 Activating the SAC

How do kinetochores sense mal-attachment and activate the SAC? Mechanistically this is
not well understood. Firstly it is known that the MCC assembles before mitosis in absence of
functional kinetochores, as soon as Cdc20 is expressed. To reconcile this with the idea of a
kinetochore generated signal it has been proposed that the MCC is assembled kinetochore-
independent in interphase to give a baseline timer, a minimum duration of mitosis.

Kinetochore-directed MCC assembly then extends this timer if it senses erroneous
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attachment by synthesizing additional MCC!'> '8 1911 | this vein, loss of Mad2, BubR1"2®
or the Mps1 kinase, which is required for MCC assembly in both interphase and mitosis,
significantly decrease the duration of mitosis while loss of Mad1, Bub1 or Bub3 do not!"®" 19|
To generate a SAC signal based on the MCC, kinetochores would have to catalytically
facilitate MCC assembly. Indeed an interesting catalytic mechanism has been partially
delineated over the past years. Mad2 can adopt either of two conformer states, open or
closed (O-Mad2 and C-Mad2), which slowly interconvert with a half life of about 9h in vitro.
Only C-Mad2 binds Cdc20 with high affinity and promotes BubR1"#®® binding. A tetramer
Mad1/C-Mad2 is recruited to unattached kinetochores and the C-Mad2 in the tetramer is able
to recruit additional O-Mad2. By an undefined mechanism that requires Mps1 kinase activity,
the Mad1-C-Mad2 complex promotes the conversion of bound O-Mad2 to Cdc20 binding C-
Mad2"%. In this model, unattached kinetochores would promote binding of Mad2 to Cdc20

and subsequently BubR1Y2®

would join the complex from the cytoplasm, supported by the
fact that while BubR1"°® is required for a SAC response, a cytoplasmic fragment containing
Cdc20 binding regions is sufficient'®. While in vitro isolated chromosomes amplify Cdc20-
APC inhibition only through Mad2 but not through BubR1, it is questionable if Mad2-directed
MCC assembly is the only active mechanism due to a number of reasons!"™* '*°l Firstly,
Mad1 and Mad2 leave the kinetochore as soon as it becomes end-on attached. In
experiments in which microtubule dynamics were perturbed by decreasing the temperature
to 23°C, cells arrest dependent on BubR1 and Mad2 for up to 80min although both Mad1 and
Mad2 were absent from the kinetochore!*®. Further, while in budding yeast the assembly of
the MCC in vivo seems linear insofar as Mad1 is required for Mad2 binding to Cdc20 and
Mad2 is required for Mad3 binding to Cdc20 but itself is independent of Mad3, in
D.melanogaster BubR1 or Mad2 can bind to Cdc20 in the absence of the respective other!'’”
1841 More important a loss of Mad2 in D.melanogaster fails initial establishment of a SAC but
when arrested by a proteasome inhibitor and released into Nocodazole later, a sustained
BubR1 dependent checkpoint is activel'®”.. Lastly, when one assays the turnover kinetics of
checkpoint proteins on vertebrate kinetochores, one observes that BubR1 and Cdc20, in
contrast to Mad2, show a similar biphasic recovery from photobleaching and for Cdc20 this is
dependent on BubR1!"®®!. The slower recovery phase of BubR1 and Cdc20 is similar to Mad2
recovery and this has been equated to the event of MCC formation. The fast phase in
contrast may equate to Cdc20 recruitment by BubR1. Cdc20 recruitment by BubR1 has been
directly demonstrated in D.melanogaster and appears likely in vertebrates where the
localization pattern of Cdc20 parallels that of BubR1. In detail, appearances of BubR1 and
Cdc20 on the kinetochore coincide temporally. While Mad2 is lost on attachment, BubR1 and
Cdc20 decrease only when tension is applied but persist at lower levels at kinetochores

through anaphase!'’" 982 Thuys it is debatable if generation of Mad2-Cdc20 at unattached
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kinetochores is the only pathway to synthesize MCC or if, for example, attached tensionless
kinetochores that have lost Mad2 may achieve this through an alternate pathway involving an
initial BubR1"2*-Cdc20 complex that is later joined by cytoplasmic Mad2. A further possibility
is the assembly of the entire MCC at the kinetochore, suggested by the fact that SAC
proteins upstream of BubR1"%*® and Mad2, namely Bub3 which binds Bub1 and BubR1"2%,
the Mad2 receptor Mad1 and Bub1, form a complex upon activation of the SAC that contains
neither Mad2 nor BubR1"?*® and could act as an assembly platform!'®> 2°". The function of
this complex however is unknown. Lastly the APC/C localizes to unattached kinetochores. It
localizes independently of Cdc20 and it has been argued that the APC itself may need to be

sensitized for inhibition by the checkpoint at the kinetochore [17% 199202,

2.5 The mitotic spindle
2.5.1 Microtubule dynamics and regulation by MT associated proteins

Microtubules are the basic building blocks of a mitotic spindle?®>?%!. These are tube-shaped
self assembling biopolymers formed from a/B-tubulin heterodimers®®2™ Within a MT,
tubulin heterodimers make head to tail longitudinal contacts forming elongated protofilaments
while lateral bonds between dimers serve to generate sheets of 13 protofilaments that close

into tubules®??. MTs display both structural and dynamic polarity?"

. They grow
preferentially and faster at one end, defined as the +end, while the -end requires a higher
tubulin concentration to initiate growth®*??® MTs differ from equilibrium polymers as
polymerization does not simply proceed until free subunit concentration drops below the
critical concentration. Rather they switch stochastically between polymerization and
depolymerization. This property is termed dynamic instability and is a result of tubulins'
GTPase activity and the conformational change it undergoes after hydrolyzing its bound
nucleotide®® 2% A GTP-tubulin heterodimer consists of two globular domains connected at

2312341 'In solution tubulin can exchange its nucleotide

an angle that increases on hydrolysis
while when incorporated into the MT lattice, exchange is blocked®*> %%l After assembly into
MTs, GTP tubulin converts to GDP tubulin. This renders its conformation less compatible
with the extended MT structure. Incorporated into the MT, a preferentially curved
protofilament is forced into an elongated conformation, which changes the lattice spacing of
the MT and stores elastic energy in the structure in the form of lattice strain®>® #*"- 2% Upon
depolymerization this energy is released as lateral bonds are broken and GDP-
protofilaments assume their preferred conformation, curling back from the shortening end®®*".
The stored elastic energy can be used to work, a shortening MT can pull two particles
together if they are stably anchored to opposite ends. Conversely the decrease of free

energy that drives polymerization allows a growing MT to push on particles located in its
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path!®%?*4 Because there is a lag between incorporation into the lattice and hydrolysis of
GTP, polymerizing MTs retain a region of GTP-tubulin crowing the growing end, a GTP
cap®*2*! Further, MTs grow by closure of a leading, polymerizing tubulin sheet!'* 246 247,
Both structures, the GTP cap and the leading sheet, are believed to be stabilizing structures.
The cap because its lateral bonds can hold the tips of protofilaments together against their
tendency to curl apart, the sheet because its curvature is closer to that of an individual
protofilament than a closed MT. A growing MT switches to shrinkage when hydrolysis
catches up with polymerization and the GTP cap is lost. A fast rate of sheet closure may lead
to a catastrophe as this stabilizing structure is lost. Very recently it has been reported that
MTs have an intrinsic aging mechanism and that longer MTs are more prone to undergo
catastrophe. Catastrophe requires at least three destabilizing events, possibly the acquisition

of lattice defects or structural changes in the polymerizing +end?*!

. In vivo, dynamic
instability is observable but MT dynamics are regulated by a plethora of microtubule
associated proteins. Generally mitotic microtubules are more dynamic than interphase
microtubules!™" 4% 250 Growth rate in vivo is faster than expected based on the cellular
tubulin concentration alone and at growth rates where one observes virtually no catastrophes
in vitro, they are frequent in vivo®>'?*!. Moreover, MTs are locally regulated, nucleated at
specific subcellular structures during mitosis, i.e. centrosomes or chromsomes, selectively
stabilized when they make contact with some structures, such as the kinetochore, or
destabilized when contacting other structures such as the bud neck in yeast®®. Lastly, motor
proteins and nonmotor proteins serve to crosslink MTs into bundles and sort them into a

defined fusiform structure, the mitotic spindle.

The y-tubulin ring complex (y-TuRC) is a well-established MT nucleator®®. The y-TuRC
contains the a/B-tubulin related y-tubulin®*”. y-Tubulin is thought to oligomerize into one turn
of a helix corresponding to the lattice spacing of a MT and allow assembly of a/B-tubulin on
top, providing a MT template and capping the -end to stabilize it against depolymerization!®*®
60 Budding yeast contains only a subcomplex of the y-TuRC, the y-tubulin small complex

(y-TuSC) which is thought to function similar to the y-TuRC!#*® %1,

MT +end dynamics and interaction with subcellular structures or surfaces is thought to be
primarily regulated by a number of MT +end localizing proteins or +tips'?®22%!. The prime +tip,
the calponin homology domain protein EB1, is able to autonomously track polymerizing
+ends by recognizing the GTP-cap of growing MTs. By interaction with other +tips, EB1
allows them to track +ends®>?® |n itself EB1 promotes dynamic instability. It binds to two
adjacent protofilaments, promoting polymerization, increasing growth rate and preventing
lattice defects. However, because it expedites leading sheet closure, this stabilizing structure
is shortened, rendering MTs prone to catastrophe®®?%. Clip170 is a second well

characterized but non-autonomous +tip. It requires EB1 and tyrosinated a-tubulin, the C-
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termini of both form a composite binding site for Clip170 at MT +ends'®” 22" Clip170 in
turn recruits p1509“®? of the Dynactin complex, rendering recruitment of Dynein/Dynactin to
+ends dependent on both EB1 and Clip170127528%,

The XMAP215/Dis1- and the CLASP- families are established MT polymerases®?®'%*?. Both
catalyze the addition of tubulin heterodimers to the +end. Under certain conditions XMAP215
can also catalyze the reverse reaction in vitro, removal of tubulin from ends. It increases both
growth and shrinkage rate of MTs and thereby renders them more dynamic!?®’%9,
Kinetochore-localized CLASP has been demonstrated to promote the incorporation of tubulin
at the +end of kMTs and it may do so specifically under tension, allowing a switch to kMT
growth in response to applied tension® ?*'l. CLASPs bound to MT walls are thought to
promote rescue if a depolymerizing MT +end passes by while XMAP215 decreases the

frequency of rescues!?* 288!,

Depolymerases induce MT shrinkage. OP18%®"™" may act by either sequestering tubulin
dimers or inducing catastrophe by increasing protofilament curvature at +ends. It's
mechanism of action is pH dependent®*?2%!, The kinesin-13 family has no motor activity and
induces depolymerization from either +end or -end. A kinesin-13 utilizes its ATPase activity
to trigger a catastrophe by inducing a GDP-tubulin protofilament like bend into the GTP-
protofilaments at the +end. This turns catastrophe into a one-step event®*® 292l |n contrast,
members of the kinesin-8 familiy are +end directed motors!*" 248300302 They are thought to
walk along a MT until they reach the +end where they stop. When reached by following
kinesin-8 motors, they are bumped off the tip, taking only one or two tubulin dimers with
them. This slows MT growth and promotes aging, inducing a catastrophe through the MT
inherent multistep process. Kinesin-8 family members are processive +end directed motors
and longer MTs recruit higher amounts of kinesin-8. Thus they act as length-dependent,

+end specific depolymerases.

Lastly, the assembly of a structure such as the mitotic spindle requires sorting and
crosslinking of MTs. This is accomplished by a number of nonmotor MT crosslinkers such as
APC (Adenomatous polyposis coli), NuMA, NuSAP, TPX2, HURP and molecular motors,
some of which have intrinsic crosslinking activity®**3'. HURP has the notable ability to
promote polymerization of an additional, stabilizing sheet of tubulin around a MT +end but it

B The tetrameric +end directed kinesin-5

is not clear if this is an in vitro effect entirely
motors are bipolar with two motor heads at either end. Although this conformation alone
allows them to crosslink MTs, additional non-motor MT binding domains have been recently
identified®'>3""]. The dimeric -end directed kinesin-14 family requires both the motor and the
additional N-terminal nonmotor MT binding sites to crosslink MTsP'®324 Kinesin-12 is
dimeric, +end directed and may be able to crosslink MTs when in complex with TPX2[32% 326,

The -end directed Dynein in turn binds to the Dynactin complex, which serves as a cargo
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adaptor and enhances processivity of Dynein®?" 3%l |n addition a complex of Lis1 and
NudE/L associates with Dynein/Dynactin and strengthens Dynein’s MT binding during its
ATP cycle, which is thought to adapt it for high loads®*3*. The largest subunit of the

Dynactin complex, p1509“®?, has non-motor MT binding and crosslinking activity®®** 3%,

2.5.2 Spindle assembly and kinetochore attachment in yeast and animals

A spindle contains up to three distinct populations of MTs that emanate from each of its two
poles with their +ends pointing outwards **3%l |nterpolar MTs (ipMTs) emanate from either
pole and overlap in the spindle midzone, kinetochore MTs (kMTs) connect each sister
kinetochore to one pole. Astral MTs (aMTs) are present only in astral spindles in which poles
are organized by MTOCs while they are absent from anastral meiotic spindles or mitotic
spindles of higher plants®*”. aMTs project away from the spindle, radial in centrosome-
containing spindles and as a bundle from yeast SPBs. They can mediate interaction with the

cortex, facilitating spindle positioning within the cell.

Both spindle assembly and structure are considerably more complex in metazoa compared
to budding yeast. Metazoan spindles may contain hundreds of MTs while budding yeast

contains only about 40, 32 kMTs for each of the 32 sister chromatids and about 8 ipMTs 133

30 Further, animal spindles assemble by two superimposed pathways; one driven by
centrosomes and one driven by chromosomes, while yeast only utilizes a single MTOC

driven pathway!®*'-**3,

Classical MTOC driven spindle assembly begins in prophase, when two microtubule
organizing centers (MTOCs), centrosomes in animals or SPB's in budding yeast, form a
central spindle by interdigitating ipMTs. In budding yeast this is accomplished by three
balanced forces. SPBs nucleate cytoplasmic aMTs and ipMTs through y-TuSC tethered to
receptors at both their cytoplasmic and nuclear face®**. Kinesin-5 is activated by CDK1,
crosslinks and pushes anti-parallel overlapping ipMTs apart, separating the SPBs. Kinesin-
14 in turn crosslinks ipMTs and provides a resisting force, counteracting spindle
elongation®**3%]. Astral pulling forces generated by Dynein are able to rescue mutants
defective in kinesin-5 driven spindle elongation but Dyneins role in spindle elongation is likely
limited to anaphase B where it serves mainly to pull the two nuclei into either mother or
bud®”. Once chromosomes have bioriented, kinetochores are placed under tension drawing
poles inward, evidenced by the stretched centromeric chromatin during normal metaphase

and the elongated spindles observed when kinetochores are defective!®* **°,

In animal spindles a similar collection of balanced forces drives spindle assembly. Initially,
centrosomes nucleate microtubules via y-TURC and begin separation during prophase,
which may not complete before NEBD, through transport along the Dynein-enriched NEP*™

31 In human cells kinesin-5 assists prophase separation by anti-parallel MT sliding!®***¢"!, At
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NEBD kinesin-14 is liberated from the nucleus and provides a resisting force against spindle
elongation by kinesin-52'8 360. 3623681 ‘owever, in contrast to yeast, Dynein/Dynactin localized
to +ends through Clip170, supplies the dominant collapsing force to counteract kinesin-5 in
vertebrates.®' 30 313671 15 addition kinesin-12 functions in parallel with kinesin-5 to push
poles apart®®®. With the release of nuclear spindle assembly factors the balance of forces
changes and if centrosomes have not separated sufficiently during prophase, they will
collapse into a monopolar spindle. Recently, a kinetochore derived pushing force has been
shown to promote bipolar spindle assembly specifically when centrosome separation does
not complete before NEBD. This force is generated by continuous growth of the kMT +end
anchored to the kinetochore which pushes the kMT -end outward®?. Like their yeast
counterparts, bioriented chromosomes in animal cells will ultimately be placed under tension,
resulting in a force resisting spindle elongation. Additionally, animal chromosomes are under
the influence of polar ejection forces, which derive from growing ipMTs impinging on
chromatin and chromatin bound +end directed kinesins®’®*"*l. The budding yeast SPB is a
relatively compact structure, where Microtubules are tethered, via intervening proteins, to a
central plaque consisting of a 2-dimensional crystalline lattice of Spc42!™ ¥4, Animal spindle
poles, centrosomal or acentrosomal, rely on active mechanisms that crosslink MT -ends to
focus them into poles and attach them to centrosomes if present. They may fracture under
abnormal traction or if a loss of spindle crosslinkers perturbs their integrity, yielding multipolar

spindlest73: 3761,

In prometaphase chromosomes are captured and bioriented on the spindle. Dynamic MTOC-
nucleated MTs probe the cyto- or nucleoplasm for kinetochores, a mechanism termed search
and capture®’” 38 If a single MT contacts a KT, the chromosome is transported poleward,
its kinetochore laterally attached to the MT wall®’?l. Budding yeast utilizes kinetochore-bound
kinesin-14 for this form of transport. Upon lateral attachment, kinesin-8 is released from the
kinetochore and, in complex with Stu2 of the XMAP215/Dis1 family of MT polymerases,

TI380, 381]

walks to the plus end and promotes rescue of this M . It may however undergo

catastrophe and depolymerize until it reaches the KT, whereupon either lateral attachment is
converted to an end-on attachment or the MT undergoes a Stu2 dependent rescue®®?.
Although this event can be observed when kinetochores are conditionally activated, it is
unclear to what extent search and capture takes place during unperturbed yeast mitosis as
centromeres replicate early and there is only a very transient detachment from SPB

ol45. 382]

nucleated MTs which in budding yeast persist throughout the cell cycl . Animal

chromosomes undergo search and capture after NEBD during normal mitosis, although
poleward movement after lateral attachment is mediated by kinetochore-tethered Dynein®’®
383.3841 Once at the pole, the close proximity facilitates end-on attachment of one kinetochore,

yielding a monoriented chromosome. In animals the monoriented chromosome can then be

19



pulled towards the spindle midzone by kinetochore tethered Kinesin-7 (CENP-E) where the
likelihood of an end-on attachment by MTs from the opposite pole is increased®* % End-
on attached kMTs are selectively stabilized, once both kinetochores of a chromosome have
attached, the chromosome is bioriented and congresses to the spindle equator where it
remains stably attached until anaphase onset. Budding yeast exclusively utilizes this
classical pathway for chromosome attachment, adding one twist: it can nucleate and tether
+end distal MTs at its kinetochores, independent of the y-TuSC, which then interact with
spindle MTs and are transported polewards to assist biorientation. These MTs are lost once

the +end of a SPB nucleated MT attaches?®®"!.

Animal cells employ a second pathway for spindle assembly, which is chromosome rather
than centrosome drivenf**'-34% 388 389 Here upon NEBD, MTs are nucleated with random
orientation in the vicinity of chromosomes. Subsequently, they become sorted and
crosslinked into two bundles with their +ends overlapping in the vicinity of the chromosomes
and their -ends projecting away, focused into two anastral poles lacking MTOCs.
Chromosomal spindle assembly is initiated by two independent pathways, a RanGTP

gradient emanating from chromosomes and the chromosomally located Aurora B kinase ®%

331 Aurora B kinase localizes to chromatin and locally downregulates kinesin-13 and
OP18/stathmin, permitting MT assembly®**3%!. A RanGTP gradient centered on chromatin is
generated by the chromosome bound Ran-GEF RCC1PF% 3% RanGTP in turn effects
localized release of kinesin-14, NuMA, NuSAP, HURP and TPX2 from Importin (306307 310. 312,
3984021 During chromosomal spindle assembly kinetochores are major MT nucleating sites
and bundles of kMTs termed kFibers direct spindle assembly®’” %A local accumulation of
RanGTP at the kinetochore induces nucleation of microtubules through the kinetochore-
localized nuclear pore Nup107-160 complex which tethers and activates y-TuRC in response
to RanGTPM% 4 RanGTP at the centromere is quickly hydrolyzed after MT nucleation by
recruitment of the nuclear export receptor Crm1 in complex with RanBP2 and RanGAP1,
which promotes local RanGTP hydrolysis and shuts off nucleation. Chromatin nucleated
MTs are amplified by microtubule dependent microtubule nucleation. The augmin complex
tethers y-TURC to existing MT walls and promotes further nucleation*®. The +end of a
subpopulation of kinetochore-nucleated MTs will become embedded into the kinetochore and
form kMTs. One may speculate that an outer kinetochore localized +end motor, such as
CENP-E, could assist herein. The +end MT crosslinker HURP, which is required for the
formation of kFibers, associates with kMTs and they elongate as tubulin is incorporated into
their plus end by CLASPs!'%% 291311 312.369. 403) ", M Ts form depolymerization resistant, highly
crosslinked bundles, termed kFibers*®*% HURP is found in a complex, termed EXTAH,
containing in addition TPX2, XMAP215, Aurora A and kinesin-5. It has been suggested that,

because this complex contains crosslinking, polymerase and sliding capabilities, it would be
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ideally suited to promote assembly of a bipolar spindle, coupling MT elongation with outward
movement of kMTsP'. However it is currently unclear if HURP is exclusively active on
kFibers. While overexpression of HURP induces ectopic cold-stable kFiber-like bundles, the
EXTAH complex was identified as a factor that promotes bipolar spindle assembly on
chromatin coated beads devoid of kinetochores®'" 3'?. No structural component of the
kinetochore is currently known to recruit HURP although it does show kinetochore specific
localization, slightly distal from the core kinetochore microtubule binding site, the KMN
network. A second crosslinker, APC (Adenomatous polyposis coli) localizes internal to the

KMN network. 1409410}

Sorting and assembly of chromosomally nucleated MTs into a spindle is mediated by a
similar set of factors involved in astral spindle assembly. Kinesin-5 preferentially generates
anti-parallel bundles and slides -ends apart but stalls once it reaches the +end. Kinesin-14,
which slides +ends apart, preferentially generates asters where -ends are clustered and
+ends lie distal®® 4113 Ag is the case with spindle elongation, Dynein functions in parallel
with kinesin-14 and in anastral spindles of Xenopus provides the major pole focussing
activity™'®. To generate a focused pole that can resist the applied forces the Dynein-Dynactin
complex, which itself has intrinsic crosslinking ability additionally transports the crosslinkers

TPX2 and NuMA polewards to support a stable structure %% 4144181

RanGTP and Aurora B generate anastral meiotic spindles, but they function superimposed
on the dominant MTOC-driven mechanism during mitosis. Chromosomally nucleated kMTs
are threaded into the spindle that assembles between the two centrosomes by Dynein
dependent poleward transport along ipMTs anchored at the centrosomes®’” 493 4124201 'Both
pathways cooperate, centrosomal MT nucleation is enhanced by the RanGTP pathway and
centrosomal MTs show directional growth towards chromatin suggesting that MT stabilizing

gradients of RanGTP and Aurora B downregulated depolymerases act as a guidance
System[377, 393, 421-423]

2.5.3 Poleward flux, kFibers and anaphase A

Considerable differences exist between the spindle dynamics of budding yeast and animals.
One is the formation of kFibers mentioned in the preceding paragraph. In budding yeast only
a single kMt attaches to each kinetochore!"® *?. -Ends are silenced, stably anchored to the y-
TuSC at the SPB and only +ends are dynamic*??. kMT dynamics during metaphase and
anaphase are more complex within the kFibers of animal cells. Firstly, kMTs and indeed all

(425, 4261 poleward flux describes a net movement of

spindle MTs undergo poleward flux
tubulin towards spindle poles and can in principle arise from two processes, either the motor
dependent transport of entire MTs towards the pole or simultaneous polymerization of a MT

+end and depolymerization at its —end, allowing tubulin to flux through the polymer. Both
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processes are active but the extent of their contribution to flux of kMts and ipMTs differs.
Anastral meiotic spindles contain a high number of ipMTs which flux dependent on kinesin-5.
It is thought that they are nucleated in the vicinity of chromosomes, then pushed out of the
midzone by kinesin-5, pulled polewards by Dynein and fed into the pole-localized kinesin-13
depolymerases MCAK and Kif2al*?"**. Dynein itself transports Kif2a poleward and thereby
is responsible for pole focusing, MT transport and the localization of depolymerase activity to
the pole®®®. In spindles in which ipMTs are less abundant, one observes a motor
independent flux that likely derives from kFibers fluxing by +end growth and depolymerization
of -ends anchored at the pole®?.. In line with this, most ipMTs are non-continuous and are
thought to form a tiling array while most kMTs are continuous between pole and
kinetochore®*® 340 4331 However it can't be excluded currently that ipMT and kMT flux may

occur by overlapping mechanisms!***.

kFibers are an integral structural component of the mitotic spindle and some of their roles
have already been mentioned. They push on incompletely separated centrosomes during
spindle assembly®®®*. Furthermore when spindles are placed under pressure, they elongate
and this elongation seems to be driven by pushing kFibers. When pressure is decreased,
kFibers resist a collapse of the spindle to its original size!®*. This creates a conceptual
problem. kFibers are thought to elongate when under tension and shrink in its absence**®.. A
dominant role in pushing poles apart would however require them to elongate in the absence
of tension. It is unknown how such a switch may be regulated. In addition kFibers display
significant autonomy. When severed from the pole and removed from the spindle, they

[437

maintain constant length and continue to flux**". A possible factor that allows them to flux

when disconnected from poles is Kif2a. Dynein-mediated poleward transport along kFibers

places it at the right location to promote kFiber -end depolymerization and thereby flux!**.

During anaphase A, budding yeast chromatids must move via a Pacman mechanism in
which kinetochores remain stably attached to depolymerizing +ends, dragging them towards
the pole because they do not exhibit flux and -end directed motors are not required for
anaphase A**!. Animal spindles in turn can utilize flux to power chromosome movement.
There are extreme cases in which kFibers continue to polymerize at the +end, while being
reeled in by depolymerization of pole anchored kFiber -ends**®. Human cells use both flux
and Pacman movement, a Pacman-flux mechanism, in which the kFiber shortens from both
ends. However, flux based anaphase A movement constitutes only a minor component of
poleward movement in human cells***l. Three models explain how a kinetochore may remain
attached to a shrinking MT +end and harness the energy stored in the microtubule lattice to
power chromosome movement. Biased diffusion posits that the force coupler is free to
diffuse along the MT lattice but a high energy barrier prevents it from falling off the +end. A

shortening MT +end will bias 1-dimensional diffusion towards the MT -end**?. The hill sleeve
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is a special case of biased diffusion and assumes closely spaced linear arranged tubulin
binding sites in the linker. The initial model was based on a sleeve encircling the MT.
Thermal motion will allow the MT to penetrate into the sleeve and every additional tubulin-
sleeve bond that is formed will decrease the free energy of the system. Therefore the sleeve
has a tendency to move towards the -end. However because for each additional bond to be
formed the entire sleeve must move along the MT, which requires all existing bonds to be
broken, there is a limit to how deep the MT can penetrate before the MT-sleeve bonds
become to stable to be broken by thermal energy. A hill sleeve coupler would therefore track
both growing and shrinking +ends and not diffuse freely along the MT*". Lastly the forced
walk model suggests that protofilaments curling back from the depolymerizing +end of a

shrinking MT impinge on the force coupler, pushing it backward along the MT**2.

2.5.4 Chromosome oscillation during animal prometaphase and metaphase

Budding yeast kinetochores immediately undergo transient separation following biorientation.
During transient separation kinetochores move uncoordinated, coupled to the +end dynamics
of their individual kMT"!. However, rarely does one kinetochore cross over into the other
half spindle. It is thought that a spatial catastrophe gradient is active and the frequency of
catastrophe increases with distance to the pole. At the same time, attached kinetochores
under tension promote rescue and elongation of their kKMT. Thus, whenever a KMT grows
toward the spindle equator, it is prone to catastrophe while when shrinking to close to the
pole it will undergo a tension dependent rescue™*®. The kinesin-8 Kip3 would be an ideal
candidate to generate such a catastrophe gradient. Surprisingly it appears to be the kinesin-5
Cin8, which in yeast is distributed in a gradient along spindle MTs and facilitates length
dependent depolymerization of kMTs!**. Kip3 in turn suppresses kMT plus end dynamics
ensuring KT clustering between the spindle midzone and pole, a role that is also emerging
for animal kinesin-8"**°!. During anaphase A however Kip3 may be shortening kMTs as a loss

of Kip-3 leads to lagging chromosomes!*°!.

In contrast to the uncoordinated movements in budding yeast, animal kinetochores undergo
coordinated oscillations. Oscillation is observed on monoriented chromosomes and on
bioriented chromosomes in spindles that display a low flux rate. It has been suggested that at
high flux rates tension is sufficient to switch both kinetochores to permanent polymerization.
However at lower flux rates polymerization from one kinetochore is sufficient to balance the
net loss of tubulin polymer to pole localized depolymerases. In this case one of the two sister
kinetochores is attached to a polymerizing kFiber while the other kFiber is depolymerizing
and the two kinetochores switch between growth and shrinkage coordinately, leading to

436, 447, 448
o ! ]

chromosome oscillation back and forth on the metaphase plat . During one

oscillation period the centromere remains stretched, but the magnitude of this stretch
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increases and the shrinking kFiber at the leading KT undergoes rescue when stretch is
maximal, suggesting that at this point tension has increased far enough to switch both KTs to
polymerization. The trailing KT switches to depolymerization after a short lag, when tension
has sufficiently decreased™® **%l. If both kinetochores have an equal probability to switch to
depoylmerization when tension is low, one would expect directional movement, on average,
to cancel out and the chromosome to oscillate around a relatively stable position. A number
of factors have been identified that affect oscillation and some of them, such as Sgo2 and
MCAK, accumulate specifically on the leading kinetochore while CENP-I accumulates on the
trailing kinetochore 1" %4 Thus, oscillation may be molecularly controlled rather than just a
stochastic switch between growth and shrinkage of the kFibers. Principally, oscillation
appears to be driven by two motors. The two kinesin-13s, MCAK and Kif2b, promote
oscillation. The kinesin-8 Kif18A in turn dampens oscillations, which contrasts with the
established role of kinesin-8s as depolymerases!*®**"l. Kif2b and MCAK are temporally
controlled, Kif2b is only active in prophase while MCAKs activity is restricted to

458, 459
el

metaphas I, The observed temporal regulation of Kif2b and MCAK is likely a response

to applied tension and therefore not globally restricted to prometaphase or metaphase but

rather regulated at individual kinetochores in response to attachment state 14°®462]

2.6 The kinetochore

The kinetochore integrates many of the mitotic functions described including spindle
assembly, SAC signaling and chromosome congression. It may not be surprising then that
animal kinetochores are complex machines thought to contain over 100 different
components*®**% The repeat subunit model states that the large animal kinetochores are
compound structures formed by multiplication of autonomous core structures which are
functionally equivalent*®”). Budding yeast kinetochores are thought to constitute a single copy
of this core structure for a number of reasons: budding yeast kinetochores only attach to a
single microtubule while human kinetochores attach to ~25. Animal kinetochores can fracture
but retain core functions, such as the ability to bind MTs and align on the metaphase plate,
demonstrating that they can be subdivided®”). Additionally, not only are the identities of core
kinetochore components conserved, but their relative stoichiometry and localization within
the kinetochore are too*®®*’". Classical electron micrographs depict the animal kinetochore
as a trilaminar structure, two electron dense circular layers separated by an electron-
translucent layer. One of the two electron dense layers, the inner plate, abuts the chromatin,
while kMTs terminate in the outer plate. Corona fibers project distal from the outer plate!*’?.
This appearance is an artifact of chromosome dehydration during conventional sample
preparation and new techniques visualize the outer plate as a mat-like structure abutting the

centromere, embedded in a clear ribosome free zone surrounding the outer plate!”®. Fibrils
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emanating from this mat contact kMTs directly, but there is no apparent repetitive motif that
would correspond to a core structure®’. Although an artifact, the classical plate structure
serves well for comparative localization studies and descriptive purposes as it illustrates an
important point. Kinetochores assemble in a hierarchical manner during the animal cell cycle
and a chromatin-bound base recruits microtubule binding components to interact with the
spindle. The structural kinetochore can conceptually be split into 3 parts, the chromatin
proximal CCAN (constitutively centromere associated network), which is recruited by the
CENP-A containing centromeric nucleosome, the KMN network (Knl1-Mis12-Ndc80), which
provides the core microtubule binding site within the kinetochore required for end-on
attachment and additional outer kinetochore/corona proteins that facilitate initial lateral and
the conversion to end-on attachment, many of which are recruited by the KMN network!".. It
is important to note that this model is an oversimplification, as multiple examples for a
bypass of this hierarchy exist, the formin mDia3 for example binds directly to both,

centromeric histones and microtubules®’® 4771

. It does, however, present a convenient
framework for discussion. While the KMN network is conserved between yeast and animals,
further outer kinetochore/corona proteins are not. Recently, Dr.Alexander Schleiffer was able
to demonstrate new, albeit distant, homologies among the budding yeast Ctf19 complex, the
fission yeast Sim4 complex and the vertebrate CCAN suggesting that this supermolecular

network may too be conserved almost entirely between yeast and human.

2.6.1 The KMN network

Because of the central position of the well-investigated KMN network within the kinetochore
and its role as core microtubule binding site, it is well suited as an entry point for this
discussion!®’®l. It consists of two complexes, the Ndc80 complex (NDC80C) and the Mis12
complex (MIS12C) and additionally the protein Knl1. Budding yeast Mtw1 and MTW1C will
be referred to as ScMis12 and ScMIS12C, budding yeast Spc105 as ScKnl1. NDC80C is a 4
protein complex consisting of Ndc80, Nuf2, Spc24 and Spc25. Ndc80 and Nuf2 both contain
CH-domains at their N-termini and dimerize via their C-terminal coiled coil (CC) regions. The
C-termini of Spc24 and Spc25 fold into a globular domain that contains a groove lined with
conserved hydrophobic residues. N-terminal CC-domains of Spc24 and Spc25 allow
tetramerization with the CC domains of Nuf2/Ndc80 generating an elongated complex in
which the two globular heads formed by Ndc80/Nuf2 and by Spc24/25 are separated by an
elongated flexible rod domain*’®*** An internal loop disrupts Ndc80's CC domain and
introduces a kink into the rod close to the Ndc80/Nuf2 head . The Spc24/25 head connects
the NDCB80C to the rest of the KMN network while the Ndc80/Nuf2 head binds microtubules
directly*’® 48488 MT binding requires a number of conserved lysine residues in both CH
domains as well as a short tail domain extending N-terminally from the Ndc80 CH domaint®.

Human NDCB80C binds MTs cooperatively and is able to oligomerize on the MT lattice. In
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electron-tomographic reconstructions the Ndc80 CH domain can be observed to contact the
gap between a- and B-tubulin monomers, both within and between dimers. The Nuf2 head
does not directly contact the lattice but might be involved in electrostatic interactions with the
lattice. Additionally it was suggested that the Ndc80 tail mediates oligomerization of NDC80C
on the lattice by interaction with a Nuf2 head of an adjacent NDC80C"*® "I Oligomerization
of Ndc80/Nuf2 heads on the MT lattice is an important feature, as it may explain how a
filamentous mat-like kinetochore reorganizes in response to kMT attachment and may
provide multiple linearly arranged tubulin binding sites, forming a pliable hill sleeve which on
the one hand needs to closely appose tubulin binding sites to the MT wall but on the other
hand must adapt to the curling end of a shrinking kMT**? %94 Because the Ndc80 CH
domain contacts the gaps between tubulin monomers, it’s binding to MTs is conformation
sensitive. This has been suggested to be the basis of NDC80C's biased diffusion. Rather
than the progressive loss of Ndc80 binding sites by loss of tubulin dimers at the +end of a
depolymerizing MT, protofilament curling progressively occludes binding sites!*®'.. In contrast
to the NDC8O0C, little structural information is available on Knl1. Its C-terminus is required for
localization to the kinetochore and binds to the MIS12C*"®. NDC80C and Knl1 target to
kinetochores independently in budding yeast and humans but NDCB80C localization is
dependent on Knl1 in C.elegans ¥9“%! |mportantly, like NDC80C, Knl1 has intrinsic MT-
binding activity®*’® ***. The final KMN subcomplex is the heterotetrameric MIS12C complex,
consisting of Mis12, Dsn1, Nnf1 and Nsl1, which has the shape of an asymmetric dumbbell.
The structural contributions of the individual components in MIS12C are less clearly defined
as for NDC80C, but the larger globular domain of the dumbbell is composed of Dsn1, Mis12
and Nsl1, the latter of which extends into the smaller globular domain together with Nnf19",
MIS12C binds both the c-terminal region of Knl1 and the Spc24/25 head of the NDC80C.
Crosslinking experiments suggest that a Dsn1/Nsl1 dimer binds to Spc24/25 while
Mtw1/Nnf1 in turn connects the KMN network to the kinetochore!”® *®8l. Affinity purification of
an epitope tagged ScDsn1 yields a supercomplex of ScNDC80C, ScMIS12C, ScKnl1 and
Kre28, a protein that has been suggested to be the yeast homologue of Zwint-1. This
supercomplex is equi-stoichometric, containing one copy of each, ScCNDC80C, ScMIS12C
and ScKnl1, which suggests that the KMN network may comprise a linking fiber that is
recruited to the kinetochore en bloct*® %l A similar supercomplex is present in Xenopus cell
lysates, supporting this idea*®®. Thus, in a model of the KMN network, the Mtw1 complex
serves to connect the microtubule binding NDC80C and Knl1 to the inner kinetochore, which
is consistent with NDCB80C localizing to the outer plate and MIS12C localizing to the central

plate in vertebrate kinetochores™® %",
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2.6.2 Outer kinetochore and corona components

A number of proteins that are either recruited by the KMN network or, at least in part, by the
underlying CCAN localize to the outer plate and corona fibers of the kinetochore. These
serve to facilitate initial lateral attachment, kinetochore mobility on the microtubule wall and
subsequently the conversion to end-on attachment by the KMN network. Lateral attachment
and poleward transport of an animal chromosome is facilitated by kinetochore-tethered

Dynein[379’ 383, 384]

. Dynein and Dynactin recruitment requires the KMN network, the RZZ
complex (Rod1-ZW10-Zwilch), Spindly and Zwint-1%°%°%l_ Zwint-1 may have up to 3 contact
points on the KMN network, binding to NDC80C, MIS12C and Knl-1 and it recruits the RZZ
via a direct interaction with Z\W1Q%: 504 506, 510513 "}t tharehy links the RZZ complex to the
KMN network, which in turn recruits Dynein and Dynactin. Because ZW10 interacts with both
p50¥MaMtN of the Dynactin complex and the Dynein intermediate chain, it is likely responsible
for their independent recruitment to unattached kinetochores. However, multiple pools of

st60: 907, 511 "gnindly recently was identified as an additional

Dynein may exist at kinetochore
factor required for Dynein/Dynactin recruitment and demonstrated to require the RZZ
complex for localization®®® % %"l Because direct interactions between the RZZ and both
Dynein and Dynactin have been described, it is not yet clear if Spindly simply provides an
additional link between RZZ and Dynein/Dynactin or if it has a regulatory role in Dynein/
Dynactin recruitment. The RZZ complex has been suggested to suppress KMN network
microtubule binding as loss of Spindly leads to a severe end-on attachment defect that can

B8 Once a kinetochore is able to

be partially rescued by the loss of the RZZ complex
support tension, Dynein/Dynactin are no longer recruited and stream away along the kFiber,
stripping the RZZ complex and SAC proteins from the kinetochore in the process. In contrast
to poleward transport of chromosomes, stripping of outer kinetochore/corona proteins by

nl®1¢%2% Removal of the RZZ complex requires Spindly and is

Dynein does require Dynacti
thought to activate the KMN network, facilitating a hand over from lateral to end-on
attachment. A second Dynein recruitment pathway rests on CENP-F. CENP-F recruitment is
independent from the NDCB80C but requires Knl1, Bub1, which is recruited to Knl1 and
possibly CENP-H/I/K of the underlying CCAN although the latter is disputed. Because Bub1
does not require CENP-H/I/K to localize, these may be two individual requirements.?%%,
CENP-F has MT binding activity and recruits Lis1, Nde1 and Ndel1. Nde1 is required for
Dynein recruitment and Dynein mediated stripping®®® °*. CENP-F, like the RZZ complex, is
stripped by Dynein following end-on attachment®®?”). Monooriented chromosomes can
congress to the metaphase plate through the kinetochore bound +end directed kinesin-7
CENP-EP® 3% Human CENP-E appears to be recruited to kinetochores through interaction
with NDC80C and to a lesser extent through interaction with BubR1. It contains a SUMO

interacting motif required for its localization and both Nuf2 and BubR1 are SUMOylated®®*®.
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Additional requirements for CENP-E recruitment have been described, such as the
kinetochore localized Septin-7 and CENP-F, which is partially required for CENP-E
localization and interacts with CENP-E® %2531 | jke the RZZ, Spindly, CENP-F, and SAC

proteins, CENP-E is stripped by Dynein from end-on attached kinetochores!®'®!.

None of the discussed outer kinetochore/corona components are present at the budding
yeast kinetochore®®?. Instead, it recruits two kinesin motors. The kinesin-14 Kar-3 may be
linked to the MTW12C via Cik1 and allows poleward transport of laterally attached KTs
analogous to Dynein in animal systems. The kinesin-8 Kip3 transports Stu2 to MT +ends
promoting a rescue event®®" 4453 An interactor for Kip3 at the kinetochore has not yet

been suggested.

2.6.3 The Dam1 and Ska complexes

NDCB80C is critical for end-on attachment and recruits two complexes that are similarly
required for end-on attachment and that have been suggested to be functional but not
evolutionary homologues, the animal Ska complex (SKA-C), composed of Ska1-3, and the
yeast specific heterodecameric Dam1 complex (DAM1C)3% 5343441 "End-on attachment and
recruitment of both complexes requires the Ndc80 internal loop!®" 8% 5431 Both SKA-C and
DAM1C can couple beads to depolymerizing MT +ends facilitating movement!®** %46 547
While both SKA-C and DAM1C oligomerize on the MT lattice, the structure of a DAM1C
oligomer is much more striking as it forms ring or helix like structures on a MT walll®>* 348 5491,
This has inspired the idea that it may serve to act as a force coupler, either through biased
diffusion or by forced walk, remaining connected to the kinetochore via NDC80QC[242 440. 442, 550.
5l DAM1C and ScNDC80C interact and bind microtubules cooperatively®®®* ***, ScCNDC80C
binding to microtubules is highly sensitive to physiological salt concentrations and shows no
specificity for +ends. Further, SCNDC80C only weakly binds to the DAM1C. However, in
presence of microtubules and the DAM1C, ScNDC80C-MT interaction is strongly enhanced
and NDC80C in complex with DAM1C is now able to track shrinking +ends. Interaction with

DAM1C may obviate the need for SCNDC80C oligomerization in budding yeast.

2.6.4 The constitutive chromatin associated network (CCAN)

The Constitutive Centromere Associated CCAN network defines a group of 16 proteins
recently identified in vertebrate kinetochores by their co-purification with the centromeric
nucleosome®***%® These proteins localize internal to the KMN network and remain at the
kinetochore during interphase in contrast to outer kinetochore and corona components™"
9 Earlier genetic studies and more recent biochemical studies in budding yeast identified
the 12 kinetochore proteins of the Ctf19 complex and in a number of publications sequence

homologies between the budding yeast Ctf19 complex, the fission yeast Sim4 complex and
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the vertebrate CCAN have accumulated, most recently expanded by Dr. Alexander
Schleiffer!*6® 532560571 'The fy|| list of putative orthologues is given in Table1. SCCENP-W is
included in this list for clarity although its identification and characterization is undertaken and
described later in this work. Notably, CCAN proteins with the exception of CENP-C have not
been found in D.melanogaster or C.elegans®’?. Vertebrate CCAN proteins were assigned to
groups depending on the requirements for their centromere localization, biochemical
interactions and their requirement for cell viability. In vertebrate cells, many CCAN proteins
are essential, though loss of some members of the CCAN has a less severe effect on
viability. CENP-C and the CENP-T/W complex target kinetochores independently but require
the centromeric nucleosome for localization. Chicken cells that have lost either CENP-C or

CENP-T/W stop proliferating after 36-48 hrs and undergo apoptosis®®*® *"**"],

Table 1: CCAN protein orthologues in vertebrates, budding and fission yeast

Vertebrate S.cerevisiae S.pombe
CENP-C: CENP-C Mif2 Cnp3
CENP-T/W: CENP-T Cnn1 Cnp20
CENP-W Wip1 SPAC17G8.15
CENP-H/I/K: CENP-I Ctf3 Mis6
CENP-H Mcm16 Fta3
CENP-K Mcm22 Sim4
CENP-N/M/L: CENP-N Chi4 Mis15
CENP-M
CENP-L ImI3 Fta1
CENP-Q/U/P/O/R: CENP-Q Okp1 Fta7
CENP-U Ame1 Mis17
CENP-P Ctf19 Fta2
CENP-O Mcm21 Mal2
CENP-R
CENP-S/X: CENP-S YOLO086W-A SPBC2D10.16
CENP-X YDL160C-A SPCC576.12¢c
Unassigned: Nkp1 Ftad
Nkp2 Cnl2
Ftab
Fta6

Sources for the assigned orthologues are: Schleiffer et al, 2012, McClelland et al, 2007, Meraldi et al 2006
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Further downstream the CENP-H/I/K and the CENP-L/M/N group of proteins localize to
kinetochores interdependently. CENP-K, CENP-H and CENP-I knockouts impact viability
severely with cells ceasing to proliferate after 36-48hrs while CENP-M knockouts are less
severe and cells stop proliferating after 72 hrs?®*® *®l |nterestingly, it has been shown that
CENP-H/I/K is required for centromere localization of CENP-C during interphase but not
mitosis®"*.. Conversely, during kinetochore assembly onto frog sperm chromatin, which likely
represents a de novo kinetochore assembly onto the centromeric nucleosome, CENP-C is
required to recruit CENP-H/I/KP™.. In fission yeast localization of both, CENP-L/M/N and
CENP-H/I/K group proteins, depends partially on CENP-C and CENP-T, suggesting a two-
pronged recruitment pathway®®®. Similarly, both CENP-T and CENP-C depletion lead to a
loss of CENP-H from HelLa centromeres and CENP-N can be recruited by ectopically
tethering the N-terminus of either CENP-T or CENP-C to a chromosomal site®®’”). Lastly, both
CENP-H/I/K and CENP-L/M/N are required for recruitment of the CENP-S/X complex and the
CENP-Q/U/O/P/R complex, which localize independently of one another. Chicken cells that
have lost CENP-Q/U/O/P/R components are viable and continue to proliferate at an
increased generation time. An apparent cell type specific difference has been observed for
loss of CENP-S/X, which in chicken cells only leads to minor mitotic defects while strong
congression defects are observed in HelLa cells®®". As a rule, if any of the members of a
given group or complex is lost, all members of the respective group as well as the
downstream groups/complexes are lost from the centromere. Exceptions to these localization
requirements are CENP-M, which in chicken DT40 cells but not in human cells additionally
requires the CENP-Q/U/P/O/R complex but is not required for CENP-L localization, as well
as CENP-R, which can be lost from the CENP-Q/U/P/O/R complex without delocalizing the
other members from the centromere °°> 5% %82 gypporting localization data, the CENP-T/W,
CENP-S/X and the CENP-Q/U/P/O/R complexes have been biochemically demonstrated to
form stable complexes®’® 8" %8 CENP-T/W are histone fold proteins, as are CENP-S/X!""
576. 5811 CENP-C is a DNA binding protein®®*®%! ScCENP-U was initially described as an
actin-related protein  (Arp100)°®. CENP-C and CENP-N have additionally been
demonstrated to bind directly to centromeric nucleosomes!®®” °®8 All investigated vertebrate
CCAN proteins localize to the inner kintochore, between centromeric nucleosomes and the
KMN network, suggesting a DNA proximal structure possibly corresponding to the inner

el*70.991. 559 ‘The only known exception to this is CENP-T. While its histone fold is located

plat
at the inner kinetochore, its flexible N-terminal domain stretches towards the outer
kinetochore®". In budding yeast subcomplex identity may be conserved, but recruitment
dependency and the loss-of-function impact on viability seems to have been turned upside
down with respect to the vertebrate and fission yeast CCAN. ScCENP-Q/U, whose

vertebrate counterparts have a mild effect on cell viability when lost, are the only essential
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CCAN proteins in budding yeast®® %9 The nonessential members of ScCCAN were
identified initially in genetic screens for factors that are required for faithful chromosome
transmission. It appears that ScCENP-P/O mutants have the most severe defect in
chromosome segregation, while an intermediate defect is observed for SCCENP-N and a
relatively weak defect for ScCENP-H/I’/K and ScCENP-LP*. A quadruple deletion of
ScCENP-P and ScCENP-H/I/K, which is expected to remove all ScCCCAN components
except SCCENP-Q/U, is viable and shows no additive phenotypes!®® %75 ScCENP-Q and
ScCENP-U are interdependent for centromere localization and required for targeting of
ScCENP-O/P. ScCENP-Q/U and ScCENP-O/P have been suggested to form dimeric
subcomplexes and to associate into a SCCENP-Q/U/P/O complex following transition of
STARTHE3 569 391 gome of these observations parallel those in vertebrates. In both,
vertebrates and budding yeast, depletion of CENP-Q also affects CENP-U protein levels
while a loss of CENP-O affects CENP-P protein levels*®® %¥2 ScCENP-Q/U is the most
upstream complex within the budding yeast CCAN and requires the CBF3 complex as the
most upstream factor in budding yeast kinetochore assembly. The CBF3 complex is required
for localization of the centromeric nucleosome and ScCCENP-C and indeed all other known
components of the yeast kinetochore. The evolutionary origins of the CBF3 complex are
mysterious, but, because it is only found in budding yeasts where it plays a pivotal role in
kinetochore assembly, its appearance may underlie the change in CCAN recruitment
hierarchy®*?. ScCCENP-C in turn is required for recruitment of CENP-P. As ScCCENP-P/O are
lost in SCCENP-Q/U mutants it seems reasonable to propose that SCCENP-C is required for
CENP-Q/U recruitment?®® %' %92 gcCENP-O/P are required to localize ScCCENP-N/L and
both SCCENP-O and ScCENP-N are required to target SCCENP-I to kinetochores. SCCENP-
N may be in complex with SCCENP-L because the latter requires SCCENP-N to localize and
this if conserved would be equivalent to the vertebrate CENP-N/M/L group. ScCCENP-| has
been suggested to form a complex with SCCENP-H and ScCENP-K by yeast two hybrid
analysis, the putative budding yeast equivalent of the vertebrate CENP-H/I/K group!®®® %67- %93,
When epitope-tagged ScCCAN proteins are purified from budding yeast, they are isolated in
a complex named the Ctf19 complex, after one of its components, SCCENP-O°""® . The Ctf19
complex does not contain SCCENP-C but does contain SCCENP-Q/U/P/O, also known as
COMA complex, SCCENP-N/L, ScCCENP-H/I/K and additionally Nkp1 and Nkp1 for which no
homologies have been established. Additionally, affinity-purified Ctf19 complex contained
ScMis12 as the only KMN member. Conversely, affinity-purified ScMis12 proteins co-purify
ScCCAN members and ScCENP-CI®® %92 %9 This would suggest that either the ScCCCAN
interacts with the KMN network or that the established subcomplex architecture is not
absolute and kinetochore proteins may exist in multiple distinct assemblies. Similar to the
vertebrate CCAN, the Ctf19 complex and ScCENP-C co-purifiy with the centromeric
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nucleosome®®. Recently, Dr. Alexander Schleiffer proposed budding yeast Cnn1 and the
products of the uncharacterized ORFs YDL086W-A and Yol160C-A to be homologous to
CENP-T, CENP-S and CENP-X respectively. This led us to believe that most of the
vertebrate CCAN was conserved in budding yeast and we renamed the Ctf19 complex to
ScCCAN, incorporating the novel homologues. However while ScCENP-T®™' has been
localized to the kinetochore, SCCENP-T, ScCENP-S and ScCENP-X had not yet been
detected in association with the Ctf19 complex!"" “¢*!. Furthermore, for reasons explained in
the results section, a budding yeast CENP-W orthologue eluded identification by a

bioinformatics approach.

2.6.5 The CCAN as a recruitment platform for outer kinetochore assembly

With the CCAN located between centromeric nucleosome and the outer kinetochore, it
seems plausible that one of its functions would be to supply a binding platform for outer
kinetochore components including the KMN network. Loss of function studies, however, have
yielded ambiguous results. A number of publications argue CENP-C, CENP-T, CENP-S,
CENP-H/I/K and CENP-M depletions to have an effect on centromere targeting of KMN
components. Specifically CENP-C depletions lead to a corresponding loss of MIS12C with a
less pronounced effect on NDC80C®®. Conversely, CENP-T, CENP-S and CENP-H/I/K
depletions strongly, but not fully, loose NDC80C localization but have a weak effect on
MIS12C localization. Knl1 kinetochore localization is decreased when either CENP-C,
CENP-T/W or CENP-H/I/K is depleted 1¥%* 577 %81 5%l Thjs asymmetry in KMN network
recruitment is also observed when either CENP-C, which recruits high amounts of MIS12C
and Knl1, or CENP-T, which recruits high amounts of Ndc80, are force-localized to ectopic
chromosomal loci and argues against recruitment of the KMN network as a single entity.
CENP-I depletions further lose Mps1 and Mad1 and Mad2 from the kinetochore. This is not
unexpected as Mps1 requires NDCB80C to localize while Mad1 and Mad2 require NDC80C to
be retained at kinetochores against Dynein mediated stripping. CENP-| is also required to
recruit Dynactin and possibly CENP-F but not Bub1 or BubR1 and surprisingly not the RZZ
complex or CENP-E which do require NDC80C. CENP-C in turn is required CENP-E and to a
lesser extent NDC80C as well as both Mad1, Mad2, Bub1 and BubR1. Note that Mad1,
Mad2 and BubR1 require Bub1 for localization. CENP-C is furthermore required for RZZ
complex and Dynactin recruitment*®" 24 379 3%] GENP-| recruitment weakly depends on
MIS12C only during mitosis, which is interesting as the major MIS12C recruitment factor,
CENP-C, depends on CENP-| for localization only during interphase but not mitosis!®> %%
9 One study in budding yeast suggests that SCCCAN, ScMTW12C and ScNDC80 target to
kinetochores independently on the grounds that temperature sensitive ScNdc80, ScMis12 or

ScCENP-Q do not loose localization of the respective other complexes*®®. Another study
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suggests interdependence; ScMIS12C is lost in the absence of SCCENP-Q and vice versa.
ScNDCB80C in turn requires ScMIS12C for kinetochore localization!®®!.

2.6.6 Recruitment and tension/attachment sensitivity of kintochore-bound

kinases

A number of kinases localize to kinetochores and regulate kinetochore assembly, attachment
state and SAC signaling. These include Aurora B, Mps1 and Bub1 in budding yeast and
additionally Polo-like kinase 1 (Plk1), BubR1, CDK1 and Nek2a in animals. Localization of
many of these kinases is strongly interdependent in animals, connected by multiple feedback
loops in which one kinase increases either activity or localization of the other. In yeast
however, a relatively simple linear recruitment pathway has been delineated. Here Mps1 is
likely recruited to NDCB80C. Phosphorylation of unattached NDC80C by Aurora B may
promote but not be required for Mps1 recruitment, as is the case in vertebrates. 9% Mps1
in turn phosphorylates Knl1, which allows binding of Bub1** €%l This linear pathway may be
conserved in animals as some studies suggest that NDC80C is required to recruit Mps1,
Aurora B accelerates but is not required for recruitment of Mps1 to unattached kintochores
and Bub1 is not required for Mps1 recruitment. Mps1, NDC80C, Aurora B and Knl1 in turn
would be required to recruit Bub1!191: 496 523, 531, 603, 606, 607] 'tjq\yever, significant discord exists
on this subject as other studies argue Bub1 localization to be codependent with Mps1 in
Xenopus extract or independent of either NDC80C or Mps1 in human cell lines. Furthermore,
Bub1 persists at kinetochores into anaphase while Mps1 needs to be released before
anaphase onset!'®" 931 602.608:612] "4 iq phossible that additional localization pathways exist, that
localization dependency changes during the course of mitosis or that feedback loops obscure
results. In animals three feedback loops have been identified that allow Bub1, Mps1, Plk1
and Haspin kinase to potentiate Aurora B localization and activity. Aurora B localizes in a
complex termed the centromeric passenger complex (CPC) including Survivin, Borealin,
INCENP and Aurora B itself®”®. The CPC recognizes two histone phosphorylation marks,
namely phosphorylated H3T3, which is generated by Haspin kinase and read by Survivin,
and Bub1 phosphorylated H2A, in humans on T120, read by Shugoshin which in turn binds
to Survivin®'*®'%l. Because Haspin is recruited to Cohesin by Pds5, its H3pT3 mark is placed
along the long axis of condensing chromsosomes while the Bub1 placed H2ApT130 spans
the inner centromere, the chromatin between two kinetochores. It is thought that the CPC
localizes to the intersection of these two marks at the inner centromere. The animal CPC can
amplify its own localization by a feedback loop in which it phosphorylates Haspin, increasing
its activity, by a feedback loop in which Mps1 promotes Bub1 mediated formation of
H2ApT130 and a feedback loop including Plk1 which enriches the CPC on unaligned

chromosomes in a Plk1 and Aurora B dependent manner®®%?2 The latter Plk1 feedback
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loop may also be reasonably direct as Plk1 is phosphorylated and activated by Aurora B*%!.
Mps1 can further phosphorylate Borealin, enhancing Aurora B activity and phosphorylation of
the CPC by CDK1 is required for it to bind Shugoshin®® ®'"l_ Subtle hints suggest that there
may be additional factors active in targeting animal CPC. A construct that contains a full
length Survivin but only the N-termini of INCENP and Borealin does not target centromeres,
suggesting an involvement of Borealins C-terminus'®*. Furthermore under tension the CPC
partially re-localizes from the centromere to the inner kinetochore and a second binding site
has been invoked to explain this®®. In contrast to animals and fission yeast, budding yeast
CPC localization appears to be controlled by none of the described pathways. Neither
Haspin nor Bub1 are needed for its recruitment to centromeres. However, budding yeast
Survivin binds directly to the Ndc10 subunit of CBF3 %2 5261 Because INCENP and Aurora B
but not Survivin are lost from centromeres when ScCENP-U is absent a second interaction
between ScCENP-U and the CPC, distinct from the interaction between CBF3 and Survivin,

has been suggested.?".

Plk1 appears on animal centromeres before Aurora B. It binds phosphoepitopes via its polo-
box binding domain. These epitopes are either generated by proline-directed kinases such
as CDK1 or by PIk1 itself. The latter is known as self-primed recruitment and thought to
amplify the localization of Plk1 via a product activated feed-forward mechanism while non-
self-priming recruitment by CDK1 would be responsible for initial recruitment®?® % CDK1
primed binding sites are found on INCENP, Bub1 and on BubR1 while self primed binding
sites are found on CENP-U and the Dynein/Dynactin associated NudC'®**%%*!_ A |oss of NudC
has been described to lose focused localization of Plk1 to the centromere while a loss of
CENP-U leads to a loss of Plk1 from interphase centromeres but only to a decrease from
mitotic centromeres. While BubR1 does not appear to be generally required for PIk1
recruitment, a loss of Bub1 reduces Plk1 at the centromere and INCENP has been described
as absolutely required for PIk1 recruitment.

1Mad3 are debated. It

Similarly to Bub1, the requirements for kinetochore recruitment of BubR
is generally agreed upon that recruitment of BubR1 requires Bub1, Bub3 and Knl1. However,
results conflict, even in the same cell line, as to whether Mps1 and Aurora B are required for

its recruitment[160, 192, 496, 522, 530, 531, 606, 608, 610, 636-639]

Lastly, in animals, CDK1 localizes to kinetochores via cyclinB1. No binding partner at the
kinetochore is known, but it requires the NDC80C and surprisingly Mad2, which is thought to

have no role in attachment besides SAC signaling®*®- "],

Some of the introduced kinases demonstrate either tension or attachment sensitive behavior.
This behavior manifests either in the tension or attachment dependent phosphorylation of

substrates or in tension or attachment dependent localization. Bub1 and BubR1 display
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tension sensitivity and their levels decrease as kinetochores come under tension. Bub1,
additionally, is attachment sensitive and is partially lost from kinetochores upon attachment.
CDK1 and Mps1 are attachment sensitive and lost from attached kinetochores!®'" 4.
Tension sensitive phosphorylation is established for both Aurora B and Plk1. Aurora B
phosphorylates, among others, NDC80C in response to a lack of tension while these
phosphoepitopes are lost when tension is applied®? 3. Although not all of its targets are
phosphorylated in a tension dependent manner, Plk1 generates the 3F3/2 epitope on BubR1
which is lost under tension®? 54®4l The basis of Aurora B's tension sensitivity is well
investigated. Within the CPC, Aurora B is bound to the C-terminal IN box of INCENP, while
the N-terminus of INCENP forms a three helix bundle with Survivin and Borealin, required for
the centromere localization of the CPC. INCENP is thought to form a long flexible bridge
between kinase activity and centromere targeting activity of the CPC and thereby to act as a
"nanoruler". It tethers Aurora B to the centromere and limits its range. Once tension is
applied to the kinetochore it stretches, moving Aurora B substrates out of Aurora B's

e[466, 569, 624, 648-652

rang 1. The basis of Plk1’s tension sensitivity is not known yet.

2.6.7 Regulation of kKMT dynamics, attachment and error correction

The kinetochore components introduced above facilitate and regulate attachment, kMT
dynamics and error correction. Error correction is an important component of a system that
relies on stochastic encounters of microtubules with kinetochores to achieve biorientation of
chromosomes. The error correction mechanism reverses failed, syntelic, attachments in
which both kinetochores are attached to a single pole. It discriminates between correctly and
incorrectly attached kinetochores by their ability to support tension. Only amphitelic
attachment, in which each kinetochore is pulled to one of the opposing poles, is stabilized.
Syntelic attachments are destabilized by the tension sensitive Aurora B kinase [©38 653662
This entails phosphorylation of KMN components, the N-terminus of Ndc80 implicated in MT
binding and oligomerization on the MT lattice, the MT binding domain of Knl1 and the Dsn1
subunit of the MIS12C, decreasing the KMN networks' affinity for MTs*’8 969 643. 6631 |
budding yeast Aurora B additionally phosphorylates DAM1C, severing its link to NDC80C
and thereby to the kinetochorel®®% %69 652 664 6631 The gnimal SKA-C is phosphorylated by
Aurora B and this inhibits its KMN dependent accumulation at kinetochores, suggesting a
similar mechanism controlling interactions between the KMN network and Ska complex®®.
Under tension, DAM1C/SKA-C and the KMN network are stretched away from the inner

kinetochore and separated from Aurora B kinase, stabilizing the amphitelic attachment.

Cells that attach multiple kMTs to their kinetochores, such as animal cells or fission yeast,
face an additional problem, merotelic attachments, in which one kinetochore is attached to

both poles. To overcome this they employ additional error correction mechanisms. Release
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of kMTs from the KMN network is a specific response to tension. Merotelic attachments in
contrast generate significant tension as two portions of the KT are stretched to opposite
poles, rendering them invisible to the SAC !, Thus, the stimulus that activates merotelic
error correction is currently ill defined. In addition to mere release of a kMT, animal cells are
able to induce KMT depolymerization, either of an entire kFiber or of individual kMTs within a
kFiber. The first is observerved for syntelic chromosome attachments, which, after moving to
the pole, depolymerize an entire kFiber, freeing the kinetochore for MT capture from the
other polel®®. The second may be a continuous process in which individual kMTs are
released from the KT and then re-grow, while the rest of the bundle remains attached,
resulting in net turnover of the stable kFiber +end®®®. kFiber +ends show a high turnover in
prometaphase, a lower turnover in metaphase which then abruptly decreases further at
anaphase onset!*®® "% Prometaphase turnover has been ascribed to the kinesin-13 Kif2b,
while the slower metaphase turnover has been ascribed to the activity of MCAKM*?. Because
a loss of Kif2b leads to a failure to correct syntelic attachments, an error that presumably
arises early during prometaphase, Kif2b is thought to facilitate the destabilization of an entire
kFiber. In contrast, a loss of MCAK allows correction of syntelic attachments but leads to an
accumulation of merotelic attachments and therefore MCAK is thought to be active during a

456, 459, 6711 |4 ig

less stringent error correction phase later in prometaphase congressio
questionable if the error correction mechanism actively senses merotelic attachments.
Aurora B is enriched at merotelic attached KTs and recruits additional MCAK, however
because both MCAK and the CPC recruiting Sgo2 are also enriched at leading KTs of
bioriented chromosomes this may not be a specific effect!**? 2. One may speculate that a
nonselective turnover of individual kMTs by MCAK allows the abnormally stretched and
distorted kinetochore to reorient slowly under the applied tension until one of the two kFibers
"wins out", generating either a amphitelic or syntelic attached chromosome!*". Kinesin-13
based error correction remains under control of Aurora B. Kif2b is evicted under tension by
astrin and astrin localization in turn is negatively regulated by Aurora B in absence of
tensiont*>® 4°%_ Aurora B phosphorylation further inhibits MCAK activity and MCAK relocalizes
from the centromere to the inner kinetochore under tension, potentially escaping inhibition by

Aurora BH¢! 673

. Therefore, Aurora B regulates a tension dependent switch to an error
correction phase that deals mainly with merotelic attachment. It is interesting to note that the
two kinesin-13s implicated in error correction are those that drive chromosome oscillation.
Oscillation may be a result of MT turnover by Kif2b and MCAK and a manifestation of error
correction. As only a subset of chromosomes oscillate, those located centrally in the spindle,
there appears to be no requirement for oscillation per sel*® #¥7- €57 74 Mps1 is involved in

error correction and biorientation in both yeast and man. In vertebrate cells Mps1 operates
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upstream of Aurora B and displays a similar loss of function phenotype, the inability to
correct syntelic attachments. Thus it may act via its feedback pathway on Aurora B,

Beyond error correction, a number of factors promote the formation of stable kFibers and
stable attachments. These include components of the SAC, Bub1, Bub3 and BubR1e®,
structural components of the kinetochore, such as the KMN network and the CCAN as well
as MAPs such as EB1, APC and CLASPs. Although relations among these components are

not well defined, some regulatory pathways are beginning to emerge.

Among structural kinetochore components, the NDCB80C is absolutely required for kFiber
formation and loss of MIS12C or Knl1 decreases the number of stable kFibers, in line with
their requirement for end-on attachment!*®® 3% 675 6761 'An Ndc80 mutant that is immune to
Aurora B phosphorylation and error correction displays dampened chromosome oscillations
while antibody injections against Ndc80 abolish oscillation and lead to increased tension,
suggesting that attachment stability increases when NDCB80C cannot be released from
kMTs!" 621 | oss of the CCAN groups CENP-H/I/K and CENP-L/M/N, which have a role in
but are not absolutely required for NDC80C recruitment, surprisingly leads to the opposite
phenotype, hyperstable kFibers*". Therefore, CENP-H/I/K and CENP-L/M/N appear to have
destabilizing function on kFibers. When CENP-O is depleted, kFibers indeed become
unstable, dependent on CENP-H/I/K and CENP-L/N/MF™. f this was due to an effect on
NDC80C, CENP-O could inhibit CENP-H/I/K’s and CENP-L/N/M’s action on the NDC80C.
Supporting this idea, vertebrate CENP-U is degraded by ubiquitin mediated destruction
before the onset of anaphase in response to CENP-U phosphorylation by Plk11°%% ¢33 Thijs
could conceptually be a regulatory mechanism affecting kFiber dynamics. This line of
argument, however, is troubled by the fact that while CENP-O depletions do show increased
NDC80C recruitment to the kinetochore that is dependent on CENP-H/I/K and CENP-L/M/N
and both CENP-H and CENP-U have been shown to interact with Ndc80, Ndc80 contains the
MT binding domain of the NDC80C, not its kinetochore localization domain and an increase
of NDC80C on a kinetochore would be predicted to increase, rather than decrease, kMT
stability®’® ¢7767% Because a loss of CENP-H had no effect on recruitment of kinetochore
components known to affect KMT stability such as Aurora B, Shugoshin, MCAK, Bub1,
BubR1, Kif18a or CENP-F and because CENP-Q was demonstrated to bind MTs directly, it
has been suggested that the CCAN's effect on kFiber stability may be direct rather than
mediated through the KMN network or other kinetochore proteins. However, not all

kinetochore localized potential MT regulators have been exhaustively tested yet!>" 5%,

While KkMT destabilizing mechanisms have been described, i.e. release and
depolymerization, mechanisms that promote stabilization are still very much speculative.
Conceptually, this could happen by simply escaping the error correction mechanism when

tension is applied. Furthermore, classical theoretical biochemistry demonstrates that applying
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traction to a MT +end promotes growth and disfavors shrinkage®*®. Molecularly, the kinesin
CENP-E can promote ATP-dependent MT growth, while CLASPs and the yeast Dam1
complex support MT elongation under tension[®®: 2! 80 881 " Ajthough this would explain
stable attachment and polymerization under tension, together with current models of error
correction it does not account for a range of effects. Firstly, in absence of attachment, the
KMN network should be Aurora B phosphorylated and initial MT capture therefore should be
suppressed. The kinase Nek2a has recently been described as a factor that increases
NDC80C affinity for MT by phosphorylation and may allow NDC80C attachment to MTs
despite being phosphorylated by Aurora B. However upstream regulators of Nek2A are so far
unknown!®®, Secondly, the observed kFiber pushing on poles as well as the maintenance of
stable kFibers attached to kinetochores on monopolar spindles or after severing kFibers from
poles should, according to current models, not exist. In the absence of tension these

structures should undergo Aurora B based error correction and be released from the KT.

An emerging pathway that opposes Aurora B mediated kFiber destabilization and promotes
stable kFibers rests on BubR1, Bub1 and Bub3, the latter two being required for localization
of BubR1. In absence of either the occurrence of lateral attachments increases over the
observed end-on attachments to stable kMTs. Aurora B has been demonstrated to operate
antagonistic to BubR1 as inhibition of Aurora B rescues unstable kFibers in BubR1 depleted
cells®3*%] BubR1 receives upstream input and its kinase activity has been reported to be
enhanced by multiple factors, by binding of CENP-E, weakly by a CDK1 priming
phosphorylation and strongly by the Plk1 phosphorylation following priming phosphorylation
by CDK1 ¢ 8l Therefore Bub1, Bub3 and BubR1 may integrate multiple signals to
stabilize kFibers and they are well positioned within the kinetochore to do so. Bub1 and
BubR1"2® bind to Knl1 and interact individually with Bub3™"%® % QOne recently identified
mechanism by which BubR1 opposes Aurora B mediated kFiber destabilization operates by
counteracting Aurora B phosphorylation via Plk1 and Protein phosphatase 2A (PP2A). Like a
loss of Bub1, Bub3 and BubR1, a loss of Plk1 leads to increased lateral attachments and
BubR1 phosphorylation by Plk1 is required for chromosome alignment %92 pjk1
phosphorylates the kinetochore attachment regulator domain (KARD) of BubR1 that
promotes PP2A recruitment, leading to dephosphorylation of Aurora B substrates in the KMN
and placing the kinetochore in an attachment competent state. This work also questioned the
long established kinase activity of BubR1 and suggested it to be a pseudokinase that,
although it retains a catalytic triad in humans, has lost its kinase activity. BubR1's previously
described kinase activity may be entirely due to contaminating kinases and its scaffold
function may be more important®®® %4 |ndeed the involvement of BubR1's possible kinase
activity has been debated for some time. Surprisingly, PP2A depletion can be rescued by

inhibiting PIk1 and PP2A reciprocally controls Plk1 localization to the kinetochore, likely by
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dephosphorylating PBDs. The role of this apparent feedback inhibition remains to be
investigated but suggests upstream components in this pathway®®. BubR1 additionally
interacts with CENP-E via its kinase domain and both are found in complex with the kinesin-8
Kif18a!®® %! Furthermore BubR1, Bub1 and Bub3 are found in complex with APC and
BubR1 is required for APC recruitment. APC is a highly specific substrate for phosphorylation
by Bub1 and possibly BubR1 although the mentioned recent evidence against BubR1's
kinase activity now questions the latter’®® %71 APC in turn interacts with EB1 and the formin
mDia3 and all three bind MTs directly. On top of that, mDia3 binds to the centromeric
nucleosome by direct interaction with CENP-A""" %l No comprehensive study to date
investigates the relationship among all of these components. It is therefore unclear if they are
part of the PIk1-BubR1-PP2A kFiber stabilizing pathway or act in parallel. APC, EB1 and
BubR1 were initially described to be active in the same kFiber-stabilizing pathway, but a
recent study demonstrates that in absence of APC, kFibers become hyperstable,
counterintuitive, given APC's crosslinking and MT stabilizing function in vitro and in vivo at
the cell cortex®? 6% 69701 This may be explainable by APC’s association with MCAK in
Xenopus, although in human cells over-expression of Kif2b, but not MCAK, rescues

hyperstable kFibers!*'% 669,

Animal kinases regulate not only error correction and kFiber stability but also the recruitment
and ejection of kinetochore proteins in response to attachment state. Mps1 is required for the
initial localization of the RZZ complex but not its maintenance at unattached kinetochores.
CENP-E recruitment requires Bub1 and is partially dependent on BubR1 while Mps1
requirement is debated (530 53" 606. 607, 609, 683, 688, 702-706] ‘g1 js also required for recruitment of
CENP-FP?2 53U Ayrora B is required for recruitment of both CENP-E and the RZZ complex,
which is not surprising, as it localizes Mps1 and Bub1. However it has a direct role in at least
the recruitment of the RZZ complex as Aurora B phosphorylation of Zwint-1 is required for
recruitment of RZZ and, downstream, of Dynein and Dynactin®" ¢ 77l Ayrora B's role in
the recruitment of MCAK and Kif2b has been mentioned previously*®® ¢”?! |n addition, Plk1 is
required for Kif2b localization and activation’®®. Furthermore, Plk1 phosphorylates Dynein,
decreasing its affinity for ZW10 and promoting binding to Dynactin, inducing Dynein

mediated stripping of kinetochore components?®'* %2,

Taking these observations together, one may imagine a mechanism in which a Plk1 based
early and an Aurora B based late pathway regulates kMT attachment. Initially, Plk1 places
Dynein/Dynactin in a stripping competent state, promotes kFiber attachment and stabilization
to the KMN network by antagonizing Aurora B via BubR1 and PP2A as well as early error
correction via Kif2b. Following initial end-on attachment, Dynein stripping commences,
removing BubR1 and permitting Aurora B phosphorylation. Aurora B inhibits further loading

of RZZ in response to tension, deactivates Kif2b mediated error correction by permitting
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astrin to localize to the kinetochore and activates MCAK and KMN dependent error

correction.

The work demonstrating CENP-H/I/K's involvement in kFiber dynamics additionally showed
that kFibers were not only hyperstable following a loss of CENP-H, but that kFiber flux was

entirely absent*®"

. While +end kFiber turnover and kinetochore movement speed was
increased, chromosomes ceased coordinated oscillations. Similarly, loss-of-flux and loss of
oscillation phenotypes have been described for a number of factors active in error correction,
some of which do interact with the CCAN. Aurora B is required for flux and oscillation and in
its absence kFibers become hyperstable!®’.. A loss of Shugoshin leads to unstable kFibers,
which may be explained by one of its additional roles, recruitment of PP2AI™* €93 709]
Antibody injection against Shugoshin produced a phenotype very similar to Aurora B/MCAK
or CENP-H depletions, a loss of oscillation, hyperstable kFibers and an absence of flux. Loss
of MCAK or Kif2b leads to a loss of KMT turnover and oscillations. More specifically loss of
Kif2b leads to an absence of oscillations of mono-oriented chromosomes, while a loss of
MCAK has been described to decrease KT movement speed and to interfere with oscillation
of bioriented chromosomes because kinetochores become unable to sustain poleward

movement[427, 453, 456].

Interestingly, MCAK and Sgo2 display kinetochore localization
reciprocal to CENP-I during oscillation, concentrating at the leading kinetochore while CENP-
| is increased at the trailing kinetochore!®" **4. If both MCAK and CENP-H/I/K have kFiber
destabilizing activity, this would suggest that in order for chromosomes to move or oscillate,
leading and trailing kFibers need to be differentially destabilized. An alternate mechanism for
oscillation would be for all MTs of a kFiber to switch coordinately between growth and
shrinkage, allowing the entire kFiber at the leading KT to shrink while the kFiber at the trailing
KT grows. Such a mechanism has become untenable with the demonstration that two thirds
of the kMTs within a kFiber are depolymerizing even when a kFiber grows and an alternative
model suggests that a subpopulation of kMTs needs to be detached from kinetochores to

permit oscillation!**” 719,

Although the CCAN'’s influence on kFiber stability has been suggested to be independent of
Aurora B and downstream effectors such as MCAK and NDCB80C, direct interactions
between CENP-H and both Ndc80C and MCAK have been demonstrated®®”). As mentioned
previously, when tension is applied to a kinetochore, Aurora B and MCAK delocalize from the
centromere to the inner kinetochore and a second binding site has been suggested. Because
MCAK relocalization requires dephosphorylation of Aurora B generated phosphoepitopes this
positional shift is not simply a response to kinetochore stretching under tension!**? 46",
Speculatively, the vertebrate CCAN may play a role in relocalization of MCAK and/or Aurora
B to the kinetochore but not be absolutely required for its localization to the centromere. This

is based on an observation in budding yeast. Here as, previously mentioned, the CBF3
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complex is absolutely required and ScCENP-U is partially required for CPC recruitment.
ScCENP-O in turn has been suggested to promote the timely eviction of the CPC from the
centromere in response to Cdc14 release by the FEAR. Ndc10 of the CBF3 complex,
ScSurvivin and ScCCENP-O are SUMOylated. SUMOylation of SCCENP-O is not required for
kinetochore recruitment of the CPC but may rather play a role in its eviction at anaphase,
hinting at a possible SUMOylation pathway that includes the ScCCCAN and regulates CPC
localization!”"""*3l. Similarly, Boralin in human cells is SUMOylated by RanBP2, though a role
for this modification is not clear”™. The human CCAN, specifically CENP-I and -H are
SUMOylated, however a loss of SUMOylation leads to a loss of CENP-H/I/K from the

kinetochore and the expected gross kinetochore assembly defect! ',

Lastly, the effect a loss of CCAN complexes has on kFiber stability affects the force balance
required to form a bipolar spindle. The appearance of multipolar spindles by centrosome
fragmentation has been described for depletions of CENP-H/I/K and CENP-M, as is often
observed when traction on kFibers is high enough to shatter centrosomes [°>* 56. 578, 597. 716]
The opposite phenotype arises in CENP-Q/U/P/O/R complex depletions. A loss of CENP-P
or CENP-O induces monopolar spindles. A depletion of either the CENP-H/I/K or the CENP-
L/M/N group rescues not only unstable kFibers but also the monopolar spindle phenotype,
underscoring the antagonistic relationship between CENP-Q/U/P/O/R and both CENP-H/I/K
and CENP-L/M/N. The bipolarization defect resulting from a CENP-O depletion arises from
an inability to generate kFiber pushing during prometaphase to separate centrosomes and is
not specific to CENP-O, as it is also observed when NDC80C, CENP-E or both MCAK and
Kif2a are lost. As double depletion of Kif2a and MCAK abolish flux, flux is thought to be
required for prometaphase centrosome separation. Flux is however not required for
chromosome oscillation®®® 37> 4*°1 Thys, the activity that destabilizes kFibers and induces
monopolar spindles rests on CENP-H/I/IK and CENP-L/M/N. The multipolar spindle
phenotype in CENP-H/I/IK and CENP-L/M/N group depletions also suggests either an
underlying or independent activity responsible for spindle pole shattering possibly due to

traction®®’% 7171,

Together these observations present a complex and incompletely defined interaction network
regulating attachment and detachment of animal kinetochores. Budding yeast chromosome
dynamics are less complex and many of the factors active at animal kinetochores are either

not conserved or not present on yeast kinetochores®*?

. Specifically, many kinetochore
components that mediate early attachment, conversion to end-on attachment and oscillation
in animals, including CENP-E, CENP-F, Nde1, Lis1, Dynein/Dynactin, Polo-like kinase, APC,
Kif2b and MCAK are absent from budding yeast kinetochores. This may be due to its
simplified prometaphase in which kinetochores are captured shortly after centromere

replication as well as the requirement for only a simple error correction mechanism for
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syntelic attachments. Yet, in addition to kMT capture and biorientation promoted by the KMN
network and DAM1C and its regulation by Aurora B, a second pathway has been suggested
to act independently of Aurora B through Bub1, Shugoshin and Mps1. A hint at how Mps1
would promote biorientation is provided by the observation that Mps1 is required to "lock" the
DAM1C onto KMT +ends, but it is not known if this is an activity of Mps1 alone or the entire
pathway. In addition to ScBub1, loss of ScBub3 and ScMad3 leads to a chromosome
transmission fidelity defect. It will be interesting to determine whether the role of ScBub1,
ScBub3 and ScMad3 in chromosome segregation is in any way reminiscent of that of Bub1,
Bub3 and BubR1 in animals’'®"?"l. The role of the budding yeast CCAN in chromosome
biorientation is not well investigated. Initial characterization demonstrates that all
nonessential SCCCAN proteins show chromosome transmission fidelity defects when lost®®"
964,588 | oss of SCCENP-Q/U leads to a biorientation and error correction defect explained by
ScCENP-U's role in budding yeast CPC recruitment®®’). More recently a weak biorientation
defect upon loss of SCCENP-P has been demonstrated. The basis for this is a defect in
centromeric loading of Cohesin observed upon loss of SCCENP-O/P or ScCCENP-L/N, which

then likely leads to misorientation of sister kinetochores!®® "%,

2.6.8 Involvement of the structural kinetochore in SAC activation.

Although recruitment of SAC proteins to kinetochores is often used as a proxy for SAC
activity in the literature, it cannot be directly equated with a SAC arrest. Mad1 and Mad2
leave the kinetochore before anaphase while Bub1 and BubR1 persist at low levels into
anaphasel'®® ¢12 723 Kinetochore recruitment of SAC proteins depends firstly on upstream
binding partners within the kinetochore and regulating kinases such as Aurora B and
secondly is, by incompletely defined mechanisms, sensitive to attachment state and tension
on the kinetochore. The observation that, in animals, kinetochore localization of Mad1 and
Mad2 is responsive to attachment while localization of Bub1, Bub3 and BubR1 is responsive
to tension has sparked a debate over whether the SAC is silenced by attachment or

tensionl’?* 72

. An enticingly simple model states that the SAC proper only recognizes
unattached kinetochores!®!. The error correction mechanism in turn stabilizes kinetochore-
microtubule attachments that support tension while it severs microtubule attachments to
kinetochores that do not support tension and thereby coverts them back into their unattached
state in which they generate a SAC signal. Mad1 and Mad2 display a localization behavior
that is consistent with this idea, they are lost upon attachment even if tension on the
kinetochore is reduced by treatment with Taxol. Alternatively, the SAC may be able to sense
both, unattached and tensionless kinetochores, directly. In line with this idea, BubR1 is
partially lost from the kinetochore when under tension but remains at high at attached,

tensionless kinetochores. Bub1 and Bub3 in turn have been described as both attachment
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and tension sensitive as their kinetochore localization decreases moderately upon

attachment and strongly when tension is applied!'°®: 167 196. 612,703,723, 726-730]

How would localization of SAC proteins be rendered responsive to the attachment state?
One possibility is an attachment or tension sensitive recruitment to kinetochores. Aurora B is
a candidate factor for this regulated recruitment. Mps1 as one upstream SAC kinase may be
able to sense unattached kinetochores independently, possibly by binding to NDC80C,
because although its recruitment is accelerated by Aurora B, Aurora B is not absolutely
required for its localization. Bub1, the second upstream SAC Kkinase, localizes to
kinetochores independent of Aurora B in yeast but possibly dependent on Aurora B in
animals. Because of the recruitment of Bub1 through Mps1 phosphorylation on Knl1 in yeast,
Aurora B may have an indirect effect on Bub1 recruitment through Mps1 here but in animals

d[531, 601-603, 607, 655]. Localization

requirement of Mps1 for Bub1 recruitment is still debate
requirements of the SAC proteins Bub3 and BubR1 are not fully clear. It is generally agreed
upon that Bub1 and Bub3 are required to recruit BubR1 to the kinetochore, however, like for
Bub1, a requirement for Mps1 in vertebrate BubR1 recruitment is debated. Furthermore,
Bub3 may recruit Bub1 or conversely be either co-dependent or fully dependent on Bub1 for
recruitment6?: 191 423, 522, 530, 609, 636, 637, 685, 689, 704, 731] ‘The recruitment dependency of Bub1 and
BubR1 on Aurora B suggested by some authors could prove to be a tension sensitive
mechanism rooted on the CPC. Supporting this, tension dependent phosphorylation of
ScMad3 by ScAurora B is required for a tension dependent SAC arrest in budding yeast.
However a substantial amount of authors argue against a requirement for Aurora B in Bub3
and BubR1 recruitment in animals!®®: 638 639 732. 7331 A gjternative explanation would be a
loss of these proteins in response to tension. BubR1 is stripped from the kinetochore by
Dynein, Bub3 has been found to interact with dynein light chain 3 and both BubR1"*** and
Bub3 have been found in complex with Spindly®®'> *'® 7 Notably, in fission yeast but not
animals, Bub3 is not required to establish a SAC arrest but has a role in silencing the SAC
after chromosome alignment’**.. A third mechanism rendering the SAC responsive to tension
that is not based on localization has been suggested, following the observation that, under
tension, NDC80C and Knl1 shift their relative position. Here it is thought that a signaling
complex consisting of Bubs bound to Knl1 and other SAC proteins, such as Mad1, Mad2 and
Mps1, bound to NDC80C is turned off as the two KMN components separate under
tension”®. Although Bub1 is known to phosphorylate Mad1 and a complex of Bub1, Bub3
and Mad1 has been described, the binding partners of Mad1 and Mad2 at the kinetochore
are far from clear!’® %", While a yeast two-hybrid interaction between Mad1 and Ndc80 has
been described, NDC80C is, at least, not its only recruitment factor in vivo because a loss of
NDCB80C does not lead to a failure of Mad1 and Mad2 to localize. Rather, in absence of

NDC80C, Mad1 and Mad2 are not retained against Dynein-mediated stripping which initially
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created the impression that it was lost from kinetochores®* *1. A second possible recruiting
factor for Mad1 and Mad2 is the RZZ complex as its absence leads to a loss of Mad2 from
vertebrate kinetochores °°® 7 Because RZZ localization requires NDC80C and Mad?2
localizes in absence of NDC80C, the RZZ complex again is either not a direct interaction
partner or not the only one®. A third possibility is Mad1’s and Mad2's interaction with the
nuclear pore subcomplexes (NPC). During interphase, Mad1 and 2 localize to NPCs, which
in yeast requires the Nic96 complex containing Nic96, Nup53, Nup59, Nup157, Nup170,
Nup188 as well as a nuclear basket complex consisting of Mip1, MIp2, Nup1, Nup2, Nup60.
Mad1 and Mad2 are found associated with Nic96 complex members in co-
immunoprecipitations. The nuclear export receptor Crm1, which in animals is required for
kinetochore loading of the Nup107-160 complex, as well as RanGTP and a nuclear exclusion
sequence on Mad1 are required to load Mad1 onto unattached yeast kinetochores. A Mad1
NES mutant however retains an active SAC, despite Mad1's inability to localize to
kinetochores, underscoring that SAC protein localization does not absolutely correlate with

SAC activation!”*%7*

Both Mad1 and Mad2 require Mps1 and Bub1 for their recruitment and Mps1 is required for
0-Mad2/C-Mad2 turnover!'®* 191 522,523, 531, 609, 637, 702, 7041 "\\/hile Mps1 localizes to unattached
kinetochores and is required to recruit Mad1 and Mad2 it does not need to be at the
kinetochore to accomplish this!®?® €' €31 \When Mps1 is rendered cytoplasmic by Aurora B
inhibition, Mad2 appears at KTs after a delay and the initial onset of cyclin B degradation is
halted, producing a stable SAC arrest. Mps1 overexpression induces a SAC arrest despite
correct attachment of all chromosomes and can do so in absence of kinetochores. Mps1 is
activated by trans-autophosphorylation and leaves the kinetochore swiftly, dependent on its
own kinase activity. Thus, in response to a lack of attachment, Aurora B concentrates Mps1
at kinetochores to expedite its activation, though it may autoactivate slowly at unattached
kinetochores or in the cytoplasm!®® ¢ 744746l 'Based on this, recruitment and release of
Mps1 has been suggested to supply the cytoplasm with active Mps1 in response to SAC

activation, potentially providing a SAC signal upstream of MCC assembly 2°2.

Recruitment of SAC proteins to the KMN network would suggest that it is, together with the
KMN recruiting CCAN network, required for SAC signaling. However, while a loss of
NDC80C and Knl1 in both yeast and animals abolishes the SAC, a loss of MIS12C only
impairs the SAC and cells arrest if all kinetochores detach but fail to maintain arrest!®" 43 4%
594, 597, 675, 676, 7471 The requirement of CCAN proteins for SAC signaling has been extensively
mapped in budding yeast!*’® 8% 675 748 gy rprisingly, not a single SCCCAN protein, not even
ScCENP-C, has been found to be required for a SAC arrest although the employed
temperature sensitive alleles may be hypomorphic in this respect. The only known

kinetochore proteins that abolish SAC signaling in budding yeast when lost are ScCNDC80C,
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ScKnl1 and the CBF3 complex. To observe a loss of SAC signaling in response to loss of
Ndc80C components in budding yeast, one needs to either inactivate Spc24 or Spc25 or
both Nuf2 and Ndc80. This may be either due to residual or redundant function of the
remaining NDC80C components. It has, however, been reported that SCCENP-U mutants

display a defect in maintaining a robust arrest’®®’!

. During general characterization of
vertebrate CCAN proteins, no CCAN protein was found absolutely required for a SAC arrest,
although a loss of CENP-C or Plk1 phosphosites on CENP-U impaired the SACP>® 3% 558,576,
*%2 Closer investigation demonstrated a SAC arrest to be impaired in CENP-O and CENP-|
depletions. CENP-O displays a loss of SAC only under very stringent depletion while under
CENP-I depletion, the SAC is unable to arrest mitosis during an unperturbed cell cycle but
does so when all kinetochores are detached by Nocodazole treatment. It appears that after
depletion of CENP-I, cells become polyploid during the first failed mitosis, accumulating
sufficient chromosomes, and thereby kinetochores, to arrest robustly the subsequent

mitosis®?" 7171,

2.7 Centromere inheritance in animals and budding yeast

When the budding yeast centromere was isolated and defined as a ~125bp genomic DNA
element that was sufficient to direct kinetochore assembly, it was speculated that animal
centromeres may similarly be genetically defined*®. 30 years later this appears highly
unlikely as no animal centromere-defining sequence has been found, although low efficiency
kinetochore assembly is observed on human type a-l satellite DNAY**7%3 The genetically
defined centromere of budding yeast appears to be a relatively recent evolutionary

5321 |n animals the location of a centromere is

acquisition and an exception to the rule
predominantly epigenetically defined. This is firstly evidenced by the occurrence of
neocentromeres on chromosomal loci that have no significant similarity to the repetitive DNA
sequences found at animal centromeres. While these neocentromeres are functional,
inherited over multiple generations and recruit all proteins expected for an active centromere,
including centromeric nucleosomes, CCAN proteins, KMN components and SAC proteins,
the original centromere locus is silent and recruits none of these factors!”>*"*%. A second well
established system in which epigenetic effects on centromere activity are observed is fission
yeast. Here, when the genomic centromere sequence is abbreviated, centromeres switch
between active and inactive states and inherit the current state over a number of

generations!"®%

Assembly of a kinetochore on a centromere that is defined by sequence is conceptually very
simple. A DNA binding protein may recognize the centromeric sequence and recruit
downstream kinetochore components. Budding yeast kinetochores assemble in such a

manner. Ilts ~125bp centromeric consensus sequence is subdivided into 3 linearly arranged
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elements, CDEI, CDEIl and CDEII"®". The 26bp CDEIIl sequence is absolutely essential for
kinetochore function and is recognized by CBF3, which directs downstream kinetochore
assembly. The CBF3 complex consists of Ndc10, Cep3, Ctf13 and Skp1 and is a recent
acquisition of a family of budding yeasts, including S.cerevisiae, which have evolved
genetically defined point centromeres. CBF3 is the most upstream factor in kinetochore
assembly and required for recruitment of all other kinetochore proteins including the
centromeric nucleosomel*®® %68 762767 ‘\while CDEIII is essential for kinetochore formation, it
requires in addition at least a fragment of the AT rich CDEIl element which is located
between CDEI and CDEIII"®®. A body of evidence indicates that CDEIl is bound by the single
centromeric nucleosome present in yeast kinetochores!’®*”’?. The 8bp CDEI element is
recognized by the homodimeric bHLH family transcription factor CBF1. Its exact role at the
centromere is unclear but an effect on nucleosome positioning, DNA topology and a direct
interaction between CBF1 and the CDEIIl binding CBF3 complex have been

dl773-782]

demonstrate . The latter implies the CDEIl element to form a loop around the

centromeric nucleosome that is secured by interaction of CBF1 and CBF3.

Although CBF3 is critical for kinetochore assembly, thus far no interactions with structural
components of the kinetochore have been described. Its role has recently become clearer
with the identification of the HIURP/Scm3 protein family. HHURP/Scm3 family proteins are
histone chaperones that facilitate loading of the centromeric nucleosome at the
centromere’®7®1. Scm3 and CBF3 interact and thereby CBF3 may facilitate sequence
specific targeting and loading of centromeric nucleosomes during S-phase!”®®. Subsequently,
structural kinetchore components would assemble on top of this nucleosome as it is the case
in vertebrates, where the centromeric nucleosome is the most upstream factor for
kinetochore assembly®®. Vertebrate CENP-C and CENP-N have been demonstrated to
interact with the centromeric nucleosome and this may be the first step in CCAN assembly at

ol587. 588]

the kinetochor The budding yeast centromeric nucleosome is required for

recruitment of at least SCCENP-C, which is in turn required for localization of SCCENP-OP%2,

Epigenetic inheritance requires a mark other than DNA to define centromere location. The
prime candidate to provide this mark is CENP-A, the centromeric histone found to replace
canonical Histone H3 in centromeric nucleosomes!’®*7%? Animals and most yeast do not
possess a CBF3 complex and here CENP-A is the most upstream factor in kinetochore
protein recruitment. Kinetochore assembly on sperm chromatin vividly illustrates its
presumed function as a mark. In frog and bovine spermatogenesis canonical nucleosomes
are stripped from the genome and replaced with protamines. CENP-A however is

quantitatively retained and after fertilization directs assembly of a kinetochore!®”® 73!,

An epigenetic mark would require a mechanism to direct its own persistence and inheritance.

In contrast to budding yeast, CENP-A levels at the vertebrate centromere decrease by 50%
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following DNA replication and are subsequently replenished, replication independent, during
early G177 Thus a mechanism for a cell cycle specific deposition of CENP-A exists.
Identification of factors involved in deposition of CENP-A in model systems other than
budding yeast suggest that it is a three step process that encompasses licensing, loading
and maintenance of CENP-A in G1. Fission yeast Mis18 has two vertebrate orthologs,
Mis18a and Mis18B. Mis18a and Mis18p together with Mis18BP1 form the vertebrate Mis18
complex (Mis18C)"**7%*l Mis18BP1 is absent in fission yeast and only Mis18BP1 is present
in C.elegans. Mis18C localizes to kinetochores at telophase, slightly before HHURP. Mis18C
is believed to prime the centromere for subsequent loading of CENP-A by HJURP and force
localizing of either HJURP or Mis18a to ectopic sites can induce kinetochore assembly®*
81 Two additional Histone chaperones may be involved in loading, RbAp46/48 which bind
H4 and Nucleophosmin 1 which binds to all core histones!’®* 78 799802 The priming event
may include histone modifications as a deacetylase inhibitor or a centromere tethered
histone acetylase domain are able to rescue loss of vertebrate Mis18C but not HJURP""
801 Later factors in CENP-A deposition are the remodeling and spacing factor (Rsf) and
MgcRacGAP. Rsf localizes to centromeres at mid G1, MgcRacGAP at late G1. A loss of Rsf1
appears to lead to a defect not in recruitment but in loading of CENP-A as it becomes more
amenable to salt extraction. MgcRacGAP, a GTPase activating protein appears to act late in
G1 and is required to maintain loaded CENP-A. It's likely target at the centromere is Cdc42

and a loss of Cdc42 mimiks the decrease of CENP-A when MgcRacGAP is depleted!®®® 84,

What is the role of the CCAN in epigenetic centromere inheritance? In addition to these
priming, loading and maintenance factors, the vertebrate and fission yeast CCAN are
required for CENP-A deposition. Vertebrate CENP-N and CENP-C bind directly to
centromeric nucleosomes. CENP-A binding by CENP-N is required to load CENP-A.
Additionally, vertebrate CENP-H/I/K and CENP-M as well as fission yeast CENP-I have been
demonstrated to be necessary for CENP-A loading!®® °®"- 8l |nterestingly the CCAN in
fission yeast defines a specialized chromatin domain that spreads over introduced
sequences, between heterochromatin boundaries at both sides, in sum suggesting that the
CCAN governs temporally and spatially restricted loading of CENP-A onto the centromere
[799, 806. 8071 " Although budding yeast directs CENP-A loading to the centromere via CBF3
during S-phase, the ScCCCAN may retain a vestigial function in CENP-A deposition. Cells that
loose ScCENP-N are defective in activating a conditional centromere but capable of

propagating previously activated centromeres over multiple generations!°®: 808-809]

CENP-N binds to the CENP-A targeting domain(CATD). CENP-A is related to Histone H3
and when the CATD is grafted onto H3, this chimeric histone localizes to the centromere and
directs kinetochore assembly in absence of CENP-AB'"8"] Other proteins have been found
to bind the CATD as well, including the HHURP/Scm3 family and Psh1, an E3 ubiquitin ligase
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that targets ectopic CENP-A for degradation®®®® ®48%l |n contrast to CENP-A loading by
HJURP, ubiquitination of CENP-A by Psh1 evicts CENP-A from ectopic chromosomal loci.
Thus the centromeric locus may be defined by targeted loading of CENP-A via HHURP/Scm3
and via local protection of CENP-A from global degradation as recently suggested for
C.albicans®?. The CCAN may collaborate with HJURP/Scm3, as centromere localization in
fission yeast requires CENP-K and CENP-I"®!. Furthermore in vertebrates CENP-C
modulates Mis18BP1 recruitment to the centromere. More specifically it interacts directly with
Mis18BP1 and is required to recruit Mis18BP1 to the centromere at telophase and to inhibit
recruitment of Mis18BP1 to the centromere in interphase®®. Extending this to the known
requirement of CENP-H/I/K for recruitment of CENP-C to interphase but not mitotic
centromeres and the requirement of CENP-H/I/K for CENP-N localization, which in turn
decreases by 80% during the course of mitosis up until metaphase, one may speculate about
an indirect role of CENP-H/I/K in controlling CENP-A loading by regulating localization of the
two CENP-A binding CCAN components, CENP-C and CENP-NP" 7l |t is interesting to
note that organisms in which no CCAN components other than CENP-C have been
identified, D.melanogaster and C.elegans, also possess no known HJURP/Scm3

homologues[532, 783, 821, 822]

. Although the budding yeast centromere is defined by DNA
sequence, one epigenetic effect has been noted, the loading of Cohesin. The budding yeast
centromere acts as an enhancer of Cohesin loading. This requires SCCENP-A, ScCCENP-C,
ScMIS12C, ScCENP-O/P, ScCCENP-N/L and possibly SCCENP-H/I/K. Furthermore it requires
the Smc2/4 Cohesin loader complex to localize to centromeres and localization of Smc2/4 is
impaired in SCCENP-O mutants. SCCENP-A, SCCENP-C or Ndc10 mutants cause decreased

Cohesin loading at newly activated centromeres, but not established centromeres!®” 67 68 5.

722, 823, 824]
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3. Results
3.1 In vivo characterization of the budding yeast CCAN

To investigate interactions among ScCCAN subcomplexes and between ScCCAN
subcomplexes and other kinetochore components, | employed two parallel strategies. Firstly
| constructed yeast strains in which one member of the SCCCAN was fused to a tandem
affinity tag at its genomic locus. TAP-tag fusions were constructed for a representative
member of each putative SCCCAN subcomplex as well as for all newly assigned proteins.
Following strain construction and verification of correct integration of the tag, | purified each
bait protein from 24l of exponentially growing liquid culture. Subsequently the affinity-purified
samples were analyzed by our in-house mass-spectrometry facility in order to identify co-
purifying kinetochore proteins and posttranslational modifications. Similar experiments have
been performed previously, but only with single SCCCAN members and not systematically!*
92 | reasoned that by comparison, one may observe differential association of kinetochore
proteins with SCCCAN subcomplexes, which in turn would provide clues to their overall
connectivity. Because | did not observe a convincing association of the putative CENP-T
homologue with any kinetochore protein under standard conditions, this initial experimental
approach was expanded and | performed a second set of purifications of all bait proteins
under lower ionic strength. Thus, each of the 6 bait proteins was purified twice, in presence
of either 100mM or 300mM NaCl. In a second approach, | expressed ScCCAN
subcomplexes from a polycistronic bacterial vector in order to purify sufficient amounts of
recombinant protein to perform direct binding assays. Because cloning into this vector is
sequential, the possible orders in which one can perform the construction of a full vector with
reasonable effort are limited. | chose the proteins to tag in vivo according to their
compatibility with the cloning process for bacterial expression so that | would be able to tag
and purify the same bait proteins in both approaches, yielding comparable data. A schematic
description of the bait proteins and their position within the putative SCCCAN subcomplexes
is given in Figure 1. Figure 2B shows a silver stained SDS-PAGE for each ScCCAN
purification performed. 15ul of the three elutions performed for each purified native ScCCCAN
protein as well as 7.5yl of boiled beads after elution were applied to the Gel. Figure 2A
shows a comparative SDS-PAGE of the entire remaining bead fraction, 77.5ul for each
purification. While this is not representative for the samples analyzed by mass spectrometry,
as these bead samples were collected after elution, it does allow comparison of remaining
band patterns on the same scale. The inset shows the tentatively assigned band identities.
The strongest band in each sample was assumed to be the bait protein while the remaining
untagged proteins were assigned according to molecular weight in case of ScCENP-I,
ScCENP-K and ScCENP-L and their relative migration distance in relation to SCCENP-U,
inferred from recombinant protein in the case of SCCENP-Q, ScCCENP-P and ScCENP-O.
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Figure1. Purification rationale
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Figure 1) This figure displays the putative grouping of budding yeast CCAN proteins into subcomplexes based on

published interactions of both yeast and vertebrate CCAN proteins and assuming conservation of subcomplex

architecture. The corresponding yeast gene is denoted in superscript, the emboldened protein names denote all

constructed TAP-tag fusions.

Figure 2. SDS-PAGE of tandem affinity purifications
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Figure 2A) This figure displays a SDS-PAGE of the contents remaining on beads after tandem affinity purification

and elution. It allows comparison of the major bands found in each sample but is not representative for the

samples analyzed by mass spectrometry. These are shown in Figure 2B.
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Figure 2B ) After purification, each sample was eluted three times in 60pl 0,1M Glycine pH 2. 15yl of each elution
were loaded onto the gel while the remaining 45ul were analyzed by mass spectrometry. Following the third
elution, 7,5 pl beads were boiled and the 4 samples, 3 elutions and the remaining bead bound protein were
analyzed by SDS-PAGE to judge suitability for mass spectrometry and elution efficiency.
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Protein identification data for all analyzed samples is summarized in Figure 3. Figure 3A
displays structural kinetochore proteins that co-purify with the respective CCAN proteins. A
few relationships are readily apparent. Firstly, the KMN network components do not co-purify
as a single entity. Rather the ScMIS12C is found to associate with all established, but not the
novel SCCCAN components while SCNDC80C and low levels of ScKnl1 are exclusively found
associated with SCCENP-T. Secondly, as in previous publications, the SCCCAN components
ScCENP-U, ScCENP-H and ScCENP-N purify as a tight complex, containing all of the
established ScCCAN proteins, allowing no further conclusion about their subcomplex
architecture from presence or absence alone. Thirdly the putative ScCENP-T is found in
association with most established ScCCAN proteins but only under low purification
stringency. These purifications also identified a candidate protein for the budding yeast
homologue of CENP-W, the product of a small, uncharacterized open reading frame
YDR374W-A, which we have subsequently termed Wip1. Furthermore the putative SCCENP-
X co-purifies with a substantial number of ScCCAN proteins under low stringency,
suggesting a weak or transient interaction with the established ScCCCAN components. The
results for the putative yeast CENP-S homologue are less clear as it only associates with
ScCENP-U and ScCENP-T. Note that both, SCCENP-S and ScCENP-X associate with each
other and are found in low stringency ScCENP-T purifications. Remarkably, SCCENP-C is
found only in high, not low stringency ScCCENP-T samples while the only other SCCCAN
protein that co-purifies SCCENP-C, SCCENP-U does so regardless of the stringency applied.
Lastly, while all three established ScCCAN components, ScCENP-U, ScCENP-N and
ScCENP-H associate with all core histones and the CENP-A ubiquitin ligase Psh1, ScCCENP-
A itself is only found in ScCCENP-U purifications.

Additional proteins of interest that copurify with ScCCCAN components are summarized in
Figure 3B. Note that exclusively the putative SCCENP-S homologue associates with three
proteins involved in DNA repair Mph1, Msh2 and Msh3. Mph1 is a DEAH-box DNA helicase
and a homologue of human FANCM, part of the Fanconi anemia complex!®?® 8%
FANCM/Mph1has been suggested to promote replication fork regression and recombinatorial
repair after the fork stalls due to replicational stress®®%. Reasons for replication fork
stalling are varied but include lack of nucleotides or interstrand crosslinks®*®. Importantly
however, FANCM associates with CENP-S/X (also known as MHF1&2) which promote
FANCM DNA binding and replication fork regression®*. Thus, although only ScCENP-X
displays association with the SCCCAN and only ScCENP-S associates with Mph1/FANCM
we believe this corroborates conservation of CENP-S/X between human and yeast. The
reason for the differential association of SCCENP-S/X in this experiment is not known but it is
possible that multiple pools of CENP-S/X exist and that tagging either of the two

discriminates between these two pools.
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Of the nuclear pore complex proteins identified in these purifications, Nup60 is interesting as
it is part of the nuclear basket complex that associates with Mad1. Additionally RanGTPase
(Gsp1) and the exportin Crm1 were detected. However other NPC proteins were present in
the ScCCAN purifications that are components of NPC subcomplexes that have not
previously been implicated in Mad1/2 recruitment. Therefore it is likely that these proteins
constitute contaminations rather than a specific association!”*?. Lastly a number of potentially
regulatory kinases are found to co-purify with SCCCAN proteins. This includes the Dbf4/Cdc7
DDK kinase complex found to associate with SCCENP-H and ScCENP-N, CIb5-CDK1 found
to associate with SCCENP-T and Cka1/Ckb1 of the casein kinase Il complex found to
associate with SCCENP-U and ScCENP-N.

Although all established ScCCAN proteins purified in a tight complex, precluding any
inference to ScCCAN subcomplex architecture, the established ScCCAN bait proteins
ScCENP-U, ScCENP-H and ScCENP-N did appear to enrich for peptides corresponding to
proteins of the suggested subcomplexes. Label-free quantitative mass spectrometry has
emerged as an alternative to SILAC, ITRAQ or similar label based quantification. While it is
currently not possible to predict signal strength of a given protein based on its primary
sequence, some of the parameters measured during protein identification correlate with
protein concentration. Among these, the total number of acquired spectra, demonstrates a
very good linear correlation with relative protein abundance (r*=0,9997)®%! Although in
absence of standards no absolute quantification is possible, a relative quantification in
multiple samples, such as those resulting from my purifications, is. It needs to be said
however that applying this method would, strictly speaking, firstly require validation with a
protein complex of known assembly and secondly would have to be performed in replicates
to determine the magnitude of error involved. Both are beyond the scope of this work and
thus the following analysis serves only to visualize the relative abundance of peptide spectra
for a given protein, which in turn may serve as a rough guide for potential relations within the

ScCCAN that may be fruitful to investigate by more precise assays.

For a relative quantification of kinetochore proteins in the samples analyzed, the number of
peptide spectra acquired per protein in a given sample was normalized to the total number of
peptide spectra acquired for all proteins in that sample. Then, pooling the data from either
high or low stringency purifications, the normalized peptide number of a given protein in one
purification was divided by the sum of the normalized peptide numbers of a given protein in
all three purifications, SCCENP-U, ScCENP-H and ScCENP-N. This yields an enrichment
factor (EF) describing the enrichment for peptides of a given co-purifying protein when
purifying one of the three baits. An exemplary calculation for the enrichment factor of a given

bait protein "x" in the purification of SCCENP-U is given in equation 1.
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Figure 3. Summary of protein identification
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Figure 3A/B) Summary of proteins found to co-purify with SCCCAN bait proteins. The color code denotes
identification in samples that were obtained after purification under high stringency (300mM NacCl), low stringency
(100mM NaCl) or both. Figure 3A focuses on structural kinetochore proteins while Figure 3B focuses on proteins
involved in replication, chromatin assembly as well as potentially regulatory proteins.
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Equation 1) Exemplary calculation of the enrichment factor for protein X in a tandem affinity purification using
ScCENP-U as bait. X is a given co-purifying protein, EF(x)sccenp-u is the enrichment factor for X in a purification
sample using ScCENP-U as a bait. PSsccenp-u(x) is the number of recorded peptide spectra for X from a
ScCENP-U purification sample while PSsccenp-u(total) is the sum of all peptide spectra recorded for a SCCENP-U

purification sample.

This approach assumes an average amount of a co-purifying protein to be present in
purifications of the ScCCCAN, regardless if SCCENP-U, ScCCENP-H or SCCENP-N are used as
a bait. Any increase above or decrease below this average amount reflects a stronger or
weaker association with the bait protein in question. The enrichment factor thus describes
peptide enrichment of a co-purifying protein by association of one of the bait proteins. To
sum up individual contributions of bait proteins to enrichment, a coordinate system was
generated using three unit vectors that represent an association with one of the three bait
proteins as basis. To place a co-purifying protein in this coordinate system, each of the three
enrichment factors was multiplied with the corresponding bait unit vector and the three
resulting vectors were added together. The resulting coordinates for both stringency
conditions are shown in Figure 4. The positions within these coordinate systems neither
describe a spatial relation nor suggest direct interactions. They are merely a comparative
measure for the relative increase of identified peptides, which is presumed to be due strength
of association of an individual co-purifying protein with one of the three bait proteins. Note
the similarity of both independent data sets. The components of SCCENP-N/L and ScCENP-
H/I/K cluster closely. Similarly, all subunits of the established four protein ScMIS12C cluster
together. There appears to be little association of ScMIS12C and ScCENP-N/L while
ScMIS12C, especially ScNnf1 associates strongly with SCCENP-U and to a lesser extent
with SCCENP-H.
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Figure 4.
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Figure 4) A vector representation, illustrating the relative association of a co-purifying protein with one of the
three bait proteins, SCCENP-U,-H and -N. Note that, as mentioned in the text, this serves only to illustrate
increased peptide spectra specific to a bait protein and does not necessarily reflect a structural assembly or direct
interaction. Each of the dots denotes the end of a vector beginning at the center of the coordinate system,
generated by adding the three vectors that result from multiplying the bait unit vector with the corresponding
enrichment factor. Small dots denote proteins that were detected co-purifying with only one bait protein and thus
are found at the end of the respective bait unit vector. Circles denote proteins that were found in two purifications
and are thus located on a vertex connecting the ends of the two bait protein unit vectors. Large dots denote
proteins that were found to associate with all 3 bait proteins. Known and putative subcomplexes were color-coded
as a visual aid. Figure 4A uses data from three independent purifications of ScCCENP-U, ScCENP-H and
ScCENP-N performed at high stringency (300mM NaCl). Figure 4B uses data from independent low stringency
purifications (100mM NaCl) of SCCENP-U, ScCCENP-H and ScCENP-N.
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3.2 Identification of Wip1 as the budding yeast CENP-W homologue.

As mentioned in the preceding paragraph | identified the product of a small, uncharacterized
open reading frame, YDR374W-A as co-purifying with SCCENP-T as well as SCCENP-H. At
this time Dr. Alexander Schleiffer had proposed yeast homologues for CENP-T, CENP-S and
CENP-X based on distant sequence homology to the vertebrate proteins. A potential yeast
CENP-W homologue however eluded these efforts. Using YDR374W-A as a candidate Dr.
Schleiffer demonstrated it to be a CENP-W related histone fold protein which we named
Wip1 (W-like protein)'". Figure 5 displays a multiple sequence alignment of Wip1 with
CENP-W orthologues. Secondary structure prediction suggests three consecutive helices,
characteristic of a histone fold. Helix 1 is divergent in budding yeast, which explains why

purely bioinformatical methods failed to identify Wip1.

Figure 5. Multiple sequence alignment of Wip1 with
CENP-W orthologues
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Figure 5) Multiple sequence alignment of Wip1, the putative budding yeast CENP-W homologue by Dr. Alexander
Schleiffer. Note the predicted three helices, characteristic for a histone fold. Also observe the low sequence

conservation of Wip1 in helix 1 which impeded identification by bioinformatic means.

If Wip1 is indeed the budding yeast CENP-W ortholog, two predictions can be made. Firstly,
that it should be a kinetochore protein. Secondly, because the two vertebrate histone fold
proteins CENP-W and CENP-T form a dimeric complex and are interdependent for
localization to the kinetochore, a similar relation should be observable in yeast®®. Figure 6
demonstrates both predictions to be true. A GFP tagged Wip1 expressed from its native
locus localizes to the kinetochore throughout the cell cycle as evidenced by co-localization
with the kinetochore marker Nuf2. Furthermore localization requires ScCENP-T as it is
abolished in a ScCCENP-T deletion strain. A recent publication suggests ScCCENP-T copy
number at the kinetochore to increase from 6 to 20 during anaphase. | have not noticed
increase of the Wip1-GFP signal between different cell cycle stages, however | did not

perform any quantification of fluorescence intensity!®*®!.
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Figure 6. Localization of SCCENP-W"*" and
dependence on ScCCENP-TC!
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Figure 6A) GFP fused SCCENP-W"*" was found to co-localize with Nuf2 at the kinetochore throughout the cell
cycle. Figure 6B) Localization of SCCENP-W"*" depends on ScCENP-T®™" and is abolished when ScCENP-

T is deleted.
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3.3 Cloning of ScCCCAN subcomplexes for bacterial expression

To generate recombinant proteins with which | could perform in vitro binding assays | chose
to clone the established ScCCAN proteins into two different co-expression systems,
preserving the putative subcomplex composition. | aimed to co-express all components of
the putative ScCENP-Q/U/P/O, ScCENP-N/L or ScCCENP-H/I/K complexes, each from an
individual vector. The components of SCCENP-Q/U/P/O and those of ScCCENP-H/I/K were
cloned into individual polycistronic pST39 vectors with the tagged protein taking up the last
cassette, allowing for an easy change of the tag type®™’.. Multiple tagged versions were
generated, according to the schematic in Figure 7A-D. Expression required an intron in
ScCENP-O to be removed. This was accomplished by reverse transcription of TRIzol®
extracted total RNA and subsequent PCR amplification of the cDNA using ScCENP-O
specific primers. The resulting construct was cloned into pET3aTr. Subcloning of SCCENP-O
and ScCENP-H required removal of two EcoRI restriction sites in SCCENP-P and one Sacl

site in SCCENP-H (See materials and methods).

The components of the ScCENP-N/L complex were cloned into a pCOLADuet-1 dual
expression vector according to Figure 7E-F®%!. Kanamycin resistance of the pCOLADuet-1-
ScCENP-N/L vector allows co-transfection and expression with either pST39-ScCENP-
Q/U/P/O or pST39-ScCENP-H/I/K vectors. The final constructs with their respective tags are
listed in Figure 7G. Two different tags on each complex allow ColP experiments with any
combination of complexes. Lastly | planned the cloning strategy in such a way that the
construction of a composite vector containing all 9 proteins according to Figure 7H was
possible. While the size of the vector approaches technical limits, the DAM1C has been
cloned onto a single vector using a similar strategy and yielding a vector in a similar size
range®®®. This composite vector could however not be completed due to the limited time. For
reasons unknown, the efficiency by which the pCOLADuet-1-CENP-L/N vector could be
isolated by Miniprep was so low that it was only barely visible on an ethidium bromide gel.
However this vector and all other described vectors were sequenced and found to contain
the desired genes. Furthermore the CENP-L/N vector expresses efficiently as demonstrated

later.
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Figure 7. Cloning strategy for SCCCAN

subcomplexes
~ R
ET3aTr Ndel riction si for cloning into th
MCS of pET3aTr and casseltes
subsequently transferred into pST39
Gene 5'site | 3'site |cassette
ScCENP-P | Ndel | BamHI 1
ScCENP-U| Ndel | Kpnl 2
ScCENP-O| Ndel | BamHI 3
ScCENP-Q| Kpnl Kpnl 4
ScCENP-K | Ndel | BamHI 1
ScCENP-I | BamHI | BamHI 2
écCENP-H Ndel Kpnl 3 )
&
< gt e ‘gs?‘ ‘eﬁj;:b
FIEFL s
— — — — ——
-—
—
— S —
pST39-CM: ScCENP-O/P -|_ScCENP-P_|H [{ ScCENP-O |-
pST39-AO: ScCENP-Q/U + ScCENP-Q [ |{ ScCENP-U |

pST39-COMA: ScCENP-O/PIQU |- ScCENP-P H |{ sccENP-0 | |{ sccenp-a | | sccene-u |
PST39-CMM: SCCENP-HIIK - sccenpk H |{ sccenpi [ [{ ScCENP-H |

cassette 1 jmmml cassette 2 jum cassette 3 cassette 4
fxbal Bamt) EcoR! Hingil) Sacl Kol BspEl M)

Figure 7A) Schematic representation of the transfer vector pET3aTr and the restriction sites used to clone each
of the 7 genes described here into one individual vector. Figure 7B) Analytical digestion of all constructed transfer
vectors. Figure 7C) Scheme illustrating the composition of the constructed polycistronic complex expression
vectors. Figure 7D) Analytical digestion of the constructed polycistronic complex expression vectors.
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Figure 7E/F) Schematic representation of the pCOLADuett-1 vector and the restriction sites used to construct a
ScCENP-N/L expression vector. Figure 7G) List of the generated expression vectors encoding CCAN
subcomplexes and the respective tag variants. Figure 7H) Planned, uncompleted composite expression vector
encoding all established ScCCCAN proteins. Vector maps were adapted from Song Tan, 2001(pET3aTr/pST39)
and the product brochure (pCOLADuet-1; Merck)

3.4 Determining expression conditions

During initial bacterial expression it was noted that while ScCENP-P/O, ScCENP-Q/U,
ScCENP-Q/U/P/O and ScCENP-L/N could be expressed, ScCENP-H/I/K could not.

Furthermore bacterial cultures in which SCCENP-Q/U/P/O expression was induced over night
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at 18°C, according to a standard protocol, would often cease growth. To investigate this and
to find suitable expression conditions for ScCENP-H/I/K, | screened through different
expression times and temperatures (Figure 8). For this screen, an exponentially grown pre-
culture was split into smaller cultures. Expression was induced and the cultures were
incubated at 4 different temperatures, 18°C, 24°C, 30°C and 37°C. At three timepoints, after
3h, 6h and 12h, samples were taken, sonicated and the soluble protein remaining in the
supernatant after centrifugation was analyzed by western blotting. For the blots, SCCENP-O
and ScCENP-U were probed with Anti-6xHis antibodies, SCCENP-N was probed with an
Anti-FLAG antibody and CENP-H was probed with a Strep-Tactin HRP conjugate. Note that
expression of SCCENP-Q/U/P/O and ScCENP-P/O decreases growth rate significantly and at
higher rates appears to be toxic. A shorter expression of 5 hours at 24°C was adopted.
Expression of SCCENP-Q/U or CENP-L/N did not have any adverse effects on growth and
could be induced at 37°C for 6 hrs. Lastly no condition was found at which SCCENP-H/I/K
were expressed efficiently. The blot in Figure 8D shows a weak signal from the Strep-Tactin
HRP conjugate, appearing 12 hrs after induction of SCCENP-H/I/K-Strepll expression. This
may be non-specific as in contrast to the other blots, which were exposed for seconds, this
signal appeared only after a minute of exposure. Furthermore | attempted a small scale
purification of 6xHis tagged ScCENP-H/I/K which did not specifically enrich for any protein.
Lastly if the complex were expressed, SCCENP-I should produce a characteristic high
molecular weight band of about 84kD, which was never observed (data not shown). Thus

work on ScCCENP-H/I/K was postponed.

Initial NINTA bead batch purification of the ScCENP-Q/U/P/O complex suggested that it
could be purified at high yield and high purity. Figure 9A shows a purification scheme for the
ScCENP-Q/U/P/O complex and the inset shows the same sample run on a longer Gel as the
central ScCCENP-O and ScCENP-U bands often did not separate on a standard 10cm Gel.
Band identity was established by cutting out the individual bands and identifying the
corresponding protein by mass spectrometry. Although resolvable by large gels, these
tended to smear and thus in many cases were not informative. Because this issue could not
be resolved, only small gels will be shown. In these small gels, when ScCENP-O and
ScCENP-U do not resolve, SCCENP-P acts as a proxy for the amount of SCCENP-O and
ScCENP-Q acts a proxy for the amount of SCCENP-U. This is valid because when analyzing
either, the SCCENP-Q/U/P/O complex or the two subcomplexes SCCENP-P/O and ScCENP-
Q/U, there was always an equi-stoichiometric 1:1 relation between ScCCENP-P and ScCENP-
O as well as ScCCENP-Q and ScCENP-U (compare Figure 18A).
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Figure 8. Expression condition screen
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Figure 8) Expression analysis for the constructed ScCCAN subcomplex expression vectors. Each putative
complex was expressed at 4 different temperatures and samples were taken at three timepoints. ODsoo
measurements are summarized by the graphs on the left while soluble protein from these samples is analyzed by
western blots on the right. Results are displayed in A) for SCCENP-Q/U/P/O, in B) for SCCENP-P/O, in C) for
ScCENP-Q/U, in D) for ScCCENP-H/I/K and in E) for SCCENP-L/N.
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3.5 Establishment of a purification protocol suitable for isolation of
recombinant SCCENP-Q/U/P/O, ScCENP-Q/U, ScCENP-P/O and ScCENP-L/N

The ScCENP-Q/U/P/O complex after size exclusion chromatography appears equi-
stoichiometric (Figure 9A). During size exclusion chromatography the entire ScCENP-
Q/U/P/O peak migrated in the void volume, indicating either a large assembly or precipitated
complex. Because no visible precipitation occurred in the sample and ScCENP-P, ScCCENP-
Q and ScCENP-U localize chromatin proximal, | reasoned that this effect could be caused by
nonspecific binding to bacterial DNAM®®. To investigate this | loaded purified ScCENP-
Q/U/P/O onto an ethidium bromide stained agarose gel and indeed observed a smear of
what presumably was DNA (Figure 9A). The ScNDC80C purified according to the same
NIiNTA standard protocol serves as a negative control, demonstrating that this is not an
artifact of the purification process itself. Similarly a purified SCCENP-L/N complex co-purifies

what presumably is DNA (Figure 9B).

To further investigate the co-purifying nucleic acid | performed a TRIzol® extraction of the
purified SCCCAN-CENP-Q/U/P/O. Although one may assume that DNA is the contaminant,
classical and modern work demonstrates RNA as a component of the vertebrate inner
kinetochore plate during mitosis and a band connecting the two co-oriented kinetochores
during meiosis®*%". A role for RNA at the vertebrate kinetochore has been described.
Human centromeric a-satellite DNA is highly transcribed by RNA-Pol2 and a-satellite RNA
stabilizes CENP-C binding to DNA. Furthermore alpha satellite RNA is required for CENP-C,
Boralin and INCENP but not Survivin to localize to the centromere. This is interesting in light
of the fact that vertebrate CENP-I is required for CENP-C recruitment in interphase and that
budding yeast looses ScBorealin and ScINCENP but not ScSurvivin from the kinetochore
when ScCENP-U is lost®®*? 843 Therefore it is not innately clear that the CENP-Q/U/P/O
complex is DNA binding rather than RNA binding although the contamination by bacterial

nucleic acid suggests that binding is rather unspecific.

A TRIzol® extraction allows to discriminate between DNA and RNA as RNA partitions to the
aqueous phase while DNA can be recovered from the organic phase after extraction. To
ensure that the extraction was successful, an additional step was applied, the digestions of
extracted DNA or RNA by DNAsel or RNAse A. Figure 10A shows an ethidium bromide
stained agarose gel displaying the results of this experiment. The vector pET3aTr was used
as control DNA, while control RNA was taken from an in situ hybridization kit available in the
laboratory. It appears that the major fraction of the contaminating nucleic acid is found in the
RNA-phase and contamination by carry over is unlikely as it is isolated from the top aqueous
phase. Unfortunately subsequent digestion is not conclusive as our RNAse A shows activity

against the control DNA. Thus, | could not unequivocally identify the contaminant. Because
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the contaminant is of bacterial origin and likely not representative for an actual interaction
occurring in budding yeast | instead focused on removing it from the ScCENP-Q/U/P/O
complex rather than further investigating it. It is however interesting to note that a different
research group performing similar experiments found a bacterially expressed CENP-Q/O/P
heterotrimer to be contaminated by nucleic acid and contamination could only be removed by

RNAse A, not DNAse | or Benzonase®*.

Following the results displayed in Figure 10A, | attempted to remove the contaminant by
digestion. | was unsuccessful in using DNAsel and the higher pH and temperature required
for a micrococcal nuclease digestion precipitated the complex. Digestion by RNAse A had
limited success and allowed purification of contaminant free SCCENP-Q/U/P/O, however the
yield dropped significantly as much of the protein precipitated during the procedure and the
remaining complex appeared inseparably bound to what is likely the bacterial DnaJ
chaperone (data not shown). Thus a different purification protocol was needed. Figure 10B
displays an initial attempt to use a high ionic strength buffer, 500mM NaCl, to dissociate
complex and contaminant during size exclusion chromatography. While separation is
evident, the resolution is insufficient to yield pure samples and one observes dissociation of
the SCCENP-Q/U and ScCENP-O/P subcomplexes. After multiple different buffer additives
and attempted ion exchange chromatography either failed to generate pure complex or
dissociated the two subcomplexes, | performed a parallel screen, testing multiple ionic
strength buffers in order to find conditions under which the complex would remain stable but

the contaminant would be removed.

To find a suitable washing buffer | set up a large-scale batch purification from 24l of liquid
culture in a standard low salt lysis buffer and split the SCCENP-Q/U/P/O bound Ni-NTA
beads into equal fractions. These beads where then washed twice by incubation and
agitation in a specific washing buffer. Each washing buffer had the same composition as the
initial lysis buffer save for the salt concentration. A series of wash buffers was used,
containing increasing concentrations of either KCI, NaCl, MgCl, or CaCl,. | succeeded at
removing the contaminant from ScCENP-Q/U/P/O 6xHis bound to NiNTA beads with both
KCI and NaCl. While KCI was suitable to remove the contaminant and preserve subunit
stoichiometry, NaCl did so at lower concentrations and therefore a 600mM NaCl was
subsequently used for purification (Figure 11A). It is important to note that the high salt wash
buffer was not added at the lysis step but only applied after two initial washes in low salt lysis
buffer (150mM NaCl). Furthermore in later large-scale purifications each washing step was
standardized and consisted of 10min agitation of the beads in wash buffer. It is not possible
to give a standard number of washing steps. Rather, one needs to collect the wash buffer
after washing and monitor 260nm and 280nm extinction at each washing step, continuing

until completion, i.e. until protein and DNA signal in the wash buffer decrease to noise level.
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Even low levels of remaining contaminant are sufficient to move most of the complex into the

void volume during size exclusion chromatography.

Figure 9. Contamination of recombinant SCCCAN
subcomplexes by bacterial DNA
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Figure 9A) Expression and purification strategy for SCCENP-Q/U/P/O 6xHis by NiNTA affinity purification and
size exclusion chromatography. The final complex migrated in the void volume during chromatography. To test for
nonspecific DNA binding, a sample of the complex was analyzed on an ethidium bromide stained Agarose Gel.
ScNDC80C served as control and in contrast to SCCENP-Q/U/P/O is not contaminated by DNA. Figure 9B)
Similarly to the CENP-Q/U/P/O complex, FLAG-tag affinity purified SCCENP-L/N migrated in the void volume
during size exclusion chromatography and was contaminated by DNA.
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Figure 10. Analysis of the contaminant
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Figure 10A) To analyze the contaminant found in recombinant SCCENP-Q/U/P/O complex, DNA and RNA from a
sample of the complex were extracted with the Trizol® reagent. DNA and RNA fractions were further analyzed by
digestion with DNAsel or RNAse A, respectively, to confirm extraction results. Note that our RNAse A was active
against DNA as evidenced by degradation of the control DNA (pET3A). The majority of the contaminant remains
in the RNA fraction. Note lane 6, CENP-Q/U/P/O that has not been extracted with TRIzol® and remains in
complex with the contaminant retains it in the Gel-pocket. Figure 10B demonstrates an initial attempt to separate
complex and contaminant by increasing ionic strength in the buffer. SCCENP-Q/U/P/O was subjected to size
exclusion chromatography in a running buffer containing either 150mM or 500mM NaCl. While the complex peak
does separate from the contaminant peak in high salt, during chromatography the complex itself dissociates and

peak separation is not sufficient to isolate pure samples.

Although salt washes removed the contaminant, the pure CENP-Q/U/P/O complex after
elution was very unstable and tended to precipitate shortly after elution. Thus | set up a
secondary systematic screen in the hope to find conditions that would stabilize the
contaminant-free complex. The approach was similar to the initial screen. A large-scale
purification from 24| was performed and washed as described. Following washing, beads
were split into equal volumes and eluted with buffer that was equal to the lysis buffer save for
the 300mM imidazole required for elution and one varied parameter, ionic strength, pH or
additive. | screened a series of pH variations, a series of ionic strength variations and a
number of ionic additives. 5mM of divalent cations known to be complexed with some
proteins, Mg?*, Zn®* and Ca*" were tested. Because divalent cations may have precipitating
effect on proteins, one buffer containing 50mM of both EGTA and EDTA was tested. While
EDTA has a preference for Mg?* and EGTA has a preference for Ca?, both generally
complex divalent cations and thus this buffer, with a relatively high concentration of
chelators, would be expected to remove all divalent cations from solution. Lastly Heparin was
tested. Heparin is highly negatively charged and though to remove DNA from DNA binding
proteins by competition for the often basic binding site. Figure 11B shows the results of the
pH and additive screen, the ionic concentration screen is omitted because only a minor effect
on complex stability was observed. Note that the SCCENP-U and ScCENP-O bands have not
been separated on these gels. Thus complex integrity was judged by intensity of SCCENP-P
relative to SCCENP-Q. Observe that in the bottom gel of Figure 11B addition of EGTA/EDTA
affects stoichiometry negatively, as the SCCENP-P band is entirely absent. Addition of 5mM
Ca” in contrast provides best preservation of stoichimetry although some ScCENP-O/P is
lost and subsequently separates from ScCENP-Q/U/P/O during size exclusion
chromatography. In the following large-scale purifications, the concentration of Ca** was
reduced to 1mM to minimize possible adverse effects of this chaotropic ion. The top gel
displays the effects of varying pH in the elution buffer. While not significant, it appears that a
slightly lower pH between 6.6 and 7 is beneficial, although, because no Ca*" was present in

these elution buffers, complex stoichiometry is significantly disrupted.
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Using the conditions established in this screen the first large scale purification was performed
from 6l liquid culture. The purification scheme in Figure 12 demonstrates its success. The
contaminant is present in the complex eluted from beads before the washing steps but
absent after washing. Concentrated ScCCENP-Q/U/P/O complex loaded onto a size exclusion
chromatography column separates sufficiently to obtain pure samples (Figure 12B). The pure
ScCENP-Q/U/P/O complex is followed by a complex that co-migrates with a high amount of
putative chaperone and later by what appears to be disrupted dimeric complex,
predominantly SCCENP-Q/U. The vyield is relatively low, about 1,5mg of total protein per 6l
culture, sufficient only for a few assays, but the complex behaves well during size exclusion

chromatography as shown in Figure 14 A.

All three dimeric subcomplexes ScCENP-Q/U, ScCENP-O/P and ScCENP-L/N, when
expressed individually, were found to be contaminated with bacterial DNA. | successfully
applied this protocol to purify in addition the SCCENP-Q/U complex (Figure 13). The yield of
a ScCENP-Q/U purification is significantly higher with about 11mg per 6l culture. Dr. Peter
Hornung successfully used this protocol to purify both ScCCENP-O/P and ScCENP-L/N
complexes. One may deviate from the ScCENP-Q/U/P/O protocol by using salt
concentrations of 1M and 1,5M for the purification of SCCENP-Q/U and ScCENP-P/O
respectively, to expedite washing. Both dimeric complexes are extremely salt stable, the
CENP-Q/U complex did not dissociate when NaCl concentration was gradually increased up
to 5M, suggesting a hydrophobic interaction between SCCENP-Q and ScCENP-U (data not

shown).
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Figure 11. Systematic screen for suitable SCCENP-
Q/U/P/O wash and elution buffers
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Figure 11A) displays the results of the NaCl concentration series in a screen to find a suitable wash buffer that
would remove the contaminant but retain complex stoichiometry. The contaminant is lost with increasing salt
strength retaining complex integrity up to 600mM NaCl. Beyond 600mM NaCl, complex stoichiometry was
significantly disrupted (not shown). Figure 11B) displays the results of the subsequent screen for an elution buffer
that would stabilize the contaminant-free complex. Note the absence of ScCCENP-P from the complex when
EGTA/EDTA is supplemented (small arrow). Addition of 5mM Ca>" in turn provided best conservation of SCCENP-
P in the SCCENP-Q/U/P/O complex that was purified through a 6xHis tag on ScCCENP-U.
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Figure 12. Purification of SCCENP-Q/U/P/O
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Figure 12A) Large scale batch purification of SCCENP-Q/U/P/O. Comparative SDS-PAGE and ethidium bromide
agarose gels demonstrate that the contaminant is lost by washing and complex stoichiometry remains intact.
Figure 12B) Size exclusion chromatography of ScCCENP-Q/U/P/O. Note the pure complex in fraction A10-13
followed by a contaminating chaperone band (*) in fraction A14-15 and dimeric SCCENP-Q/U in A14-A15.
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Figure 13. Purification strategy for SCCENP-Q/U
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Figure 13) Purification scheme of recombinant SCCENP-Q/U. After initial adsorption of the complex onto beads,
the complex was washed 5 times in 1M NaCl containing wash buffer. The complex was further purified by size
exclusion chromatography. An ion exchange chromatography step following SEC did not yield a significant

increase in purity.

3.6 Interactions of the SCCENP-Q/U/P/O complex.

With the recombinant ScCENP-Q/U/P/O complex in hand | was able to perform in vitro
binding assays. Three candidates were investigated. Firstly the ScMIS12C, as it is unclear
how it is recruited to kinetochores in yeast, but its localization is impaired in SCCENP-Q
mutants®®?. Secondly, binding to microtubules was tested, as a vertebrate CENP-Q
interaction with microtubules had been shown'. Thirdly, the interaction with DNA was
tested, as the complex was contaminated with bacterial DNA/RNA. Starting out with the
ScMIS12C, | tested for a potential interaction with the ScCENP-Q/U/P/O complex by a
binding assay in which | mixed both complexes in solution and analyzed complex formation
by size exclusion chromatography. The chromatogram in Figure 14A demonstrates co-
elution of the two complexes after mixing and a notable shift of the elution profile to a lower
volume which is accompanied by an increase of the Stokes radius as both complexes
associate. This interaction was confirmed by Dr. Peter Hornung by both size exclusion
chromatography and ColP and has since been published®®. The corresponding SDS-PAGE
analysis in Figure 14B shows the shift and the effect of binding on complex stoichiometry.
Currently we are not certain why some ScCENP-O appears to remain in the higher elution
volume. However in the topmost gel, lane A11, it appears that some ScCENP-O may exist
free from the COMA complex in this sample. Some of our unpublished binding assays
suggest that it is the CENP-Q/U complex, likely CENP-U, that binds to either ScMis12 or
ScNnf1 which is supported by Figure 4. This would explain why free ScCENP-O is

incompetent to bind ScMIS12C (Dr. Peter Hornung, personal communication).

72



Figure 14. In vitro reconstitution of an interaction
between SCCENP-QUPO and ScMTW12C
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Figure 14) In vitro reconstitution of an interaction between ScMIS12C and ScCENP-Q/U/P/O. A) Overlay of the
chromatograms resulting from analytical size exclusion chromatography of SCCENP-Q/U/P/O, ScMIS12C and the
ScMIS12C-ScCENP-Q/U/P/O complex formed by pre-incubation. B) Consecutive fractions eluted during

analytical SEC. Note that some ScCENP-O retains a low elution volume and does not associate with the complex.

Having demonstrated interaction between ScCENP-Q/U/P/O and ScMIS12C | investigated
the interaction of SCCENP-Q/U/P/O with microtubules. For this | initially employed a standard
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microtubule co-sedimentation assay (MTBA) in which microtubules are assembled in vitro,
stabilized by Taxol, incubated with the protein complex in question, then separated from the
supernatant by centrifugation. The microtubule pellet and the remaining supernatant are then
analyzed for the relative amount of sedimenting complex. The standard assay uses
conditions that are detrimental to the solubility of SCCENP-Q/U/P/O, namely a low salt buffer
and no Ca®. | was able to supplement 150mM NaCl but omit Ca®*, which depolymerizes
microtubules, and thereby reduce the fraction of SCCENP-Q/U/P/O that sedimented in
absence of microtubules. Figure 15A displays an initial MTBA using standard conditions.
Note the strong, microtubule independent sedimentation of SCCENP-Q/U/P/O. Figure 15B
displays a microtubule binding assay in the presence of 150mM NaCl in the binding buffer.
Some microtubule-independent sedimentation of ScCENP-Q/U/P/O remains but no
microtubule concentration dependent increase in sedimentation is evident. Thus, SCCENP-

Q/U/P/O does not bind microtubules in my hands.

Figure 15. SCCENP-Q/U/P/O microtubule binding assay
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Figure 15) Microtubule binding assays for SCCENP-Q/U/P/O. A) The ScCENP-Q/U/P/O complex sediments on
its own under standard MTBA buffer conditions. B) Supplementing 150mM NaCl reduces ScCENP-Q/U/P/O
sedimentation. Under these conditions, no interaction with microtubules is observed, as there is no tubulin-
dependent increase of sedimenting SCCENP-Q/U/P/O.
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Lastly | attempted to demonstrate DNA binding activity of the SCCENP-Q/U/P/O complex.
For this | adopted a simple electrophoretic mobility shift assay (EMSA) in which | used a
yeast centromeric sequence that was incubated with SCCENP-Q/U/P/O for thirty minutes.
Upon binding, | expected a decreased mobility of only the centromere-containing DNA in a
Polyacrylamid Gel if SCCENP-Q/U/P/O bound the centromere with sequence specificity and
decreased mobility for both centromeric and non-centromeric control DNA if binding was

nonspecific.

Figure 16. EMSA for ScCCENP-Q/U/P/O
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Figure 16A) EMSA using recombinant ScCCENP-Q/U/P/O, a CEN6-ARSH4 containing fragment excised from
pRS313 and the corresponding CEN6-ARSH4 free fragment excised from the parent vector pRS303. Figure 16B)
EMSA using CEN6 amplified from pRS313 and salmon sperm as a CEN-free control.

Figure 16A displays an initial attempt. Here a fragment containing CEN6-ARSH4 of pRS313
was excised using restriction enzymes Scal and Afel, yielding a CEN6 containing DNA

fragment of 1231bp length. The same region was excised from the parent vector, pRS303,
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lacking both yeast CEN6 and ARSH4, to yield a 708bp fragment devoid of a centromere.
Both sequences were tested for binding to ScCCENP-Q/U/P/O. Mobility of only the CEN6
containing sequence is decreased when incubated with SCCENP-Q/U/P/O complex. In an
attempt to further refine this assay | used a smaller construct, a single CEN6 sequence
amplified by PCR (Figure 16B). To increase the mobility shift, | added anti-Hisx6 antibodies
to one SCCENP-Q/U/P/O-CENSG binding reaction in the hope of supershifting the complex on
the polyacrylamide gel. Results of these EMSAs were not conclusive. The ScCCENP-Q/U/P/R
samples used in these initial experiments were purified by RNAse digestion, not by salt
washes and retained some bacterial DNA. Rather than unambiguously decreasing DNA
mobility, SCCENP-Q/U/P/O appeared prone to retain additional CEN6 DNA in the gel pocket.
Note however that lane 4, which includes the anti-Hisx6 antibody, displays a band that is
smeared upwards. Dr. Peter Hornung was more successful using agarose gels to

demonstrate a mobility shift (not show, unpublished)

3.7 Phosphorylation-site analysis of the budding yeast CCAN.

We decided to map phosphorylation sites on all SCCCAN proteins to be able to investigate
potential phospho-regulation. To this end the samples | generated during my tandem affinity
purifications of native yeast ScCCAN proteins were not only subjected to protein
identification but also to identification of phosphorylation sites by mass spectrometry. Figure
17 displays the collection of all phosphosites detected in vivo. Among others, we detected
multiple phosphosites conforming to the CDK1 minimum consensus sequence [S/T][P]. It has
previously been established that SCCENP-T is a specific target of Clb5-CDK1*°!. Vertebrate
CENP-U and CENP-T have been demonstrated to contain multiple CDK-phosphorylated
residues®®?. ScCCENP-U contains a cluster of phosphorylated CDK1 consensus sites close to
its amino terminus (Figure 17B). Clusters of CDK1 consensus sites are predictive for in vivo
phosphorylation and finding a phosphorylated cluster here identifies an interesting, possibly
functionally regulated region of SCCENP-U"®*!. In order to confirm the results obtained from
native kinetochore proteins | employed an in vitro phosphorylation assay. Both ScCCENP-
Q/U/P/O subcomplexes, SCCENP-Q/U and ScCCENP-O/P were tested for phosphorylation by
either CIb2-CDK1 or CIb5-CDK1. As demonstrated in Figure 18, SCCENP-U, ScCENP-Q and
ScCENP-O are in vitro targets for CDK1. ScCENP-U displays a prominent mobility shift
during SDS-PAGE after CDK1 phosphorylation (Figure 18A).
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Figure 17. SCCCAN phosphorylation sites in vivo
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Figure 17A) Mapped in vivo phosphorylation sites on ScCCCAN proteins. Red letters denote phosphorylated sites.
Red-shaded letters mark phosphorylated CDK1 consensus sites. Pairs of blue letters denote that at least one
residue of the pair is phosphorylated but it is uncertain which. The green serine within the sequence of SCCENP-
U denotes a site conforming to a polo like kinase consensus sequence not found to be phosphorylated. Figure
17B) Schematic depiction of phosphorylation sites on proteins of the SCCENP-Q/U/P/O complex as well as on the
ScCENP-T/W complex. Phosphorylation sites conforming to a minimal CDK1 consensus are marked in red, all
other phosphorylation sites in black. The colored segments denote structural elements identified by Dr. Alexander
Schleiffer. Blue represents a predicted coiled coil while green represents a histone fold. Light green marks a C-
terminal domain unique to CENP-T orthologues.
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ScCENP-Q/U and ScCENP-P/O were in vitro phosphorylated using ATPy*?P and either Clb2-
CDK1 or CIb5-CDK1. The autoradiographs in Figure 18B demonstrate that SCCENP-U is
strongly phosphorylated by CIb2-CDK1 but not by CIlb5-CDK1. Similarly, ScCCENP-O is
strongly phosphorylated by CIb2-CDK1 but only weakly CIlb5-CDK1. As Clb2-CDK1
displayed a higher activity towards both, SCCENP-Q/U and ScCENP-P/O, | performed two
additional in vitro phosphorylation reactions of both complexes using CIb2-CDK1 and ATP.
The residues phosphorylated in vitro were subsequently identified by mass spectrometry. As
was the case in vivo, no in vitro phosphorylated residues were detected on ScCENP-P.
Recombinant SCCENP-Q was in vitro phosphorylated by CIb2-CDK1 but none of the
phosphorylated residues matched those identified on the native protein. In contrast the CDK1
consensus site on ScCCENP-O S139 was phosphorylated both in vivo and in vivo. The CDK1
phosphorylated N-terminal cluster found on ScCCENP-U in vivo was confirmed by in vitro
phosphorylation. T31, S41, S45 and S53 were phosphorylated in both experiments. Phos-
phorylation of the adjacent S58 was only detected in vivo while phosphorylation of the CDK1

consensus at S101 was only detected in vitro.

The animal kinetochore undergoes extensive assembly and disassembly during the cell
cycle. The CPC, the KMN network, Zwint-1, CENP-E, CENP-F, Bub1 and BubR1 localize to
the kinetochore between late G2 and prophase while the RZZ complex, Spindly, Mad1&2
and Dynein/Dynactin localize to the kinetochore shortly before or after NEBD. SAC proteins
and the CPC leave the kinetochore before anaphase onset while the KMN network leaves at
telophase!®? 1% 931, 577, 5%. 612, 738, 846] ' CCAN proteins remain at the centromere throughout
most of the cell cycle but recent higher resolution assays demonstrate subtle cell cycle
specific changes!®’® %32 717 798 |5 contrast, budding yeast kinetochores appear competent to
assemble at any point during the cell cycle as long as SCCENP-A has been deposited at the
centromere during S-Phase. However more subtle changes of kinetochore assembly or, as
reported for purified kinetochore particles, changes in microtubule affinity may take place
over the cell cycle!*®® 788 847l The prime candidate for the regulation of cell cyle dependent
kinetochore assembly would be a cyclin dependent kinase. Supporting the idea of a CDK
regulated kinetochore assembly, it has recently been demonstrated that CDK1
phosphorylation- mimicking vertebrate CENP-T recruits NDC80C to ectopic foci while a
CDK1 phosphorylation negative CENP-T does not®”. However to date no essential CDK
phosphorylation at the kinetochore has been described. Confirming a CDK1 cluster on the
essential SCCENP-U, together with its interaction with the ScMIS12C suggested its essential
function may be regulated by CDK1.

In order to test this, | employed the anchor away technique in a yeast strain in which

conditional nuclear depletion of SCCENP-U was possible. In short this technique relies on the
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high affinity dimerization of human FKBP12 and the FRB domain of human mTOR that is
induced in presence of rapamycin. FKBP12 is fused to the ribosmal RPL13A in the anchor
away parent strain used, while a FRB domain can be fused to the protein targeted for
depletion from the nucleus. Upon addition of rapamycin, RPL-13A-FKBP12 and FRB-
ScCENP-U dimerize and the flux of ribosomal proteins out of the nucleus sequesters FRB-
ScCENP-U into the cytoplasm. Because the nuclear envelope never breaks down, this
technique is applicable to deplete a nuclear protein during budding yeast mitosis®®. The
anchor away FRB-ScCENP-U strain was a kind donation of Dr. Christine Mieck. As
demonstrated in Figure 19, this strain fails to grow when ScCENP-U depletion is induced on
rapamycin containing YPD-plates while the parent strain is viable. To investigate the
functional significance of the identified CDK1 cluster, SCCENP-U was cloned into pRS306. |
included 284bp upstream sequence preceeding the start codon and 234bp downstream of
the stop codon to preserve the native promoter and 3'UTR, so expression of episomal
ScCENP-U would be regulated to levels close to those of genomic ScCENP-U. CDK1-
phosphonegative ScCCENP-U was generated by a Quikchange® site directed mutagenesis
kit, mutating T31, S41, S45, S53 and S101 of pRS306-ScCENP-U to alanine. The FRB-
ScCENP-U anchor away strain was then transformed with either pRS306-ScCENP-U or
pRS306-ScCENP-U 5A linearized with Afel and selection for the Ura® marker allowed
isolation of clones containing either SCCENP-U or SCCENP-U 5A integrated into the URA3
locus. If CDK1 phosphorylation of ScCCENP-U regulated an essential process, one would
expect SCCENP-U to rescue a depletion of genomic SCCENP-U while SCCENP-U 5A should

not be able to do so.

As evident in Figure 19, both, ScCCENP-U and ScCENP-U 5A are competent to rescue the
lethality of a conditional SCCENP-U depletion. Three clones resulting from transformation
with either pRS306-ScCENP-U or pRS306-ScCENP-U were tested. While this may be
surprising, it is consistent with results in vertebrates. Here, changing 16 CDK1

phosphorylation sites of CENP-U to alanine did not have an observable phenotype!®®?.
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Figure 18. In vitro phosphorylation of SCCENP-Q/U/P/O
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Figure 18A) In vitro phosphorylation of SCCENP-Q/U and ScCENP-P/O with either Clb2-CDK1 or CIb5-CDK1.
Note the mobility shift of SCCENP-U upon phosphorylation. This figure also displays the 1:1 stoichiometry of

ScCENP-Q/U and ScCENP-O/P and demonstrates that band identity ascribed earlier by mass spectrometric

protein identification is correct. Figure 18B) Autoradiograms of SCCENP-Q/U and ScCENP-P/O phosphorylated
by either Clb2-CDK1 or CIb5-CDK1 with ATPy32P. Figure 18C) CIb2-CDK1 in vitro phosphosites identified on
ScCENP-O/P and ScCENP-Q/U. Phosphorylated residues identified both in vitro and in vivo are colored red,
phosphorylated residues only found in vitro are colored pink. Phosphorylated minimum CDK1 sites are shaded
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Figure 19. ScCCENP-U CDK1 sites are not essential
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Figure 19) A Rapamycin induced, conditional nuclear depletion of ScCCENP-U fused to a FRB-domain in an
anchor away strain is lethal but can be rescued by expression of SCCENP-U integrated into the URA3 locus.
Mutating the 5 CDK1 phosphosites identified in vitro to alanine does not impair the ability of integrated ScCCENP-U

mutants to rescue viability.

4. Discussion

In this work | have investigated interactions of the budding yeast ScCCCAN with other
kinetochore components and thereby corroborated our claim that this supramolecular
assembly located at the chromatin base of the kinetochore is a KMN network assembly
platform conserved between yeast and vertebrates. The principal findings are firstly the
conserved identity and function of CCAN subcomplexes. Secondly | have begun to delineate
subcomplex architecture in the budding yeast CCAN and investigated interactions of the
ScCENP-Q/U/P/O complex.

4.1 Conservation of CENP-T/W and CENP-S/X complexes in budding yeast

In my tandem affinity purifications, | found SCCENP-T“™ to associate with SCNDC80C and
ScKnl1. Furthermore | identified a candidate yeast CENP-W homologue, Wip1, confirmed it
as a kinetochore protein and showed that its localization depends on ScCENP-T®™. This
closely parallels the situation in vertebrates. Identification of SCCENP-W"*! allowed later
successful co-expression and purification of a recombinant ScCCENP-T/W dimer by Dr.
Stefan Westermann, which was demonstrated to directly bind ScCNDC80C via ScCENP-T’s

extended flexible N-terminus. While this work was ongoing, an interaction between
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vertebrate CENP-T and NDC80C was demonstrated!"" °”"1. Taken together this strongly
suggests a conserved function for SCCENP-T/W in ScCNDC80C recruitment.

| failed to observe co-localization of GFP-tagged ScCCENP-S/X with Nuf2 as a marker for the
kinetochore. By tandem affinity purification however, SCCENP-X prominently associates with
the ScCCAN while ScCENP-S associates with the FANCM related Mph1, interactions
previously described for vertebrate CENP-S/X. | found both to co-purify with SCCENP-T,
again paralleling the findings in vertebrates®" . Therefore CENP-S/X are conserved in
budding yeast and appear to associate with other centromere proteins. We do not know why
| was unable to observe localization of either SCCENP-X-GFP or ScCENP-S-GFP to the
kinetochore. A trivial explanation may be that the GFP fusion proteins are not functional.
Alternatively we suspect that its localization may be very transient during S-phase when
centromeres are replicated. Kinetochores may pose a replication block to a DNA polymerase
encountering them. Indeed, the brief detachment of kinetochores during S-phase requires
replication and is thus unlikely to be regulated by the outer kinetochore. Interestingly, during
detachment, ScCCENP-P is lost from the kinetochore suggesting that the encounter of a
replication fork with a kinetochore induces its disassembly®. It is conceivable that some
ScCCAN proteins, including ScCCENP-S/X, mediate disassembly of the ScCCAN during
replication if they encounter an active replisome. FANCM/Mph1 promotes replication fork
regression and recombination repair under replication stress, when the DNA polymerase
stalls. It is possible that FANCM/Mph1 stabilizes replication forks encountering a kinetochore
and thereby assists replication through the centromere. This would however not be an

essential mechanism as neither SCCENP-S/X nor FANCM/Mph1 are essential.

4.2 Conservation of the CENP-Q/U/P/O/R complex and the CENP-L/M/N group in

yeast

Distant sequence homology of CENP-Q/U/P/O/R and ScCENP-Q/U/P/O°°™ as well as
CENP-L/M/N and ScCENP-N/L“"*M3 syggests these two groups are also conserved in
budding yeast. Indeed | was able to purify recombinant ScCCENP-Q/U/P/O“°™* As the
existence of a vertebrate CENP-Q/U/P/O/R complex is established, this supports
conservation of this complex as complex as a defined molecular identity. We do, however,
not know if the complex is functionally conserved. SCCENP-Q/U are essential, which might
be explained by their interaction with ScMIS12C. Reports on the vertebrate CENP-
Q/U/P/O/R conflict and most suggest that its loss leads to only a minor mitotic defect!®*® °°®
"7 Furthermore no effect on vertebrate MIS12C localization has been described upon loss
of CENP-Q/U/P/O/R. Thus, binding of SCCENP-Q/U/P/O to ScMIS12 may be specific to
yeast but it will be interesting to investigate this possible interaction in vertebrates. Time

limited the characterization of the SCCENP-N/L“"*'™? complex. All we can currently say is
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that the two recombinant proteins, SCCENP-N and ScCENP-L, do form a stable complex
even after bacterial DNA has been removed (Dr. Peter Hornung, personal communication).
Complex formation for the vertebrate CENP-L/M/N has not yet been demonstrated. We lack
a homologue for CENP-M in both budding and fission yeast (Table 1). It is interesting to note
here that a loss of vertebrate CENP-M, in contrast to a loss of CENP-L or CENP-N, has a
milder but still substantial effect on cell viability. Lastly, the existence of a complex formed by
the ScCCENP-H/I/K group of proteins still needs to be investigated in both budding yeast and
human cells. For reasons unknown, | was unable to express recombinant SCCENP-H/I/K in
bacteria. | speculate that either SCCENP-H/I/K may require other components of the
ScCCAN to be co-expressed in order to fold correctly or that it is posttranslationally modified.
Vertebrate CENP-H/I/K is SUMOylated during S-Phase and it has been suggested that this
modification is required for stability!'®. It may be therefore possible to express ScCENP-

H/I/K in eukaryotic expression systems such as insect cells.

4.3 Interactions of the ScCENP-Q/U/P/O°°™ complex with ScMIS12C,

microtubules and DNA

Two interactions between the ScCCAN complex and the KMN network could be
demonstrated. A direct interaction between ScCENP-Q/U/P/O and MIS12C in this work and,
following this work, a direct interaction between ScCENP-T and NDCB80C by Dr. Stefan
Westermann!'" 488 As MIS12C binds NDC80C, | suggest at that least two independent
populations of NDC80C exist at the kinetochore, one recruited by ScCCENP-T/W and one
recruited by ScCCENP-Q/U/P/O via the ScMIS12 complex. It is unclear if this interaction is
conserved between budding yeast and man as depletion of vertebrate CENP-Q/U/P/O/R
does in most cases not lead to severe defects. Alternatively animal MIS12 has been
demonstrated to bind CENP-C, which has not been described for budding yeast®®® **°1_ |t will
be interesting to delineate if vertebrates and yeast possess three shared recruitment
pathways for NDC80C or if budding yeast utilizes ScCENP-Q/U/P/O/R while vertebrates
utilize CENP-C for MIS12C recruitment and both recruit additional NDC80C via CENP-T. It
will also be necessary to resolve the position of Knl-1 within this network. One may suspect
that Knl1 is recruited to MIS12C and not to ScCENP-T. However | find low amounts of
ScKnl1 exclusively in SCCENP-T tandem affinity purifications. It has been demonstrated that
a loss of the Ndc80 internal loop leads to a loss of a subpopulation of Knl1 from vertebrate
kinetochores. In C.elegans, CeMIS12C has been suggested not to be required for
CeNDCB80C recruitment. In depletions of CeMIS12C, CeNDC80C is recruited to
kinetochores, albeit delayed, dependent on CeKnl-1 and CeKnl-3, a protein essential for
C.elegans kinetochore assembly that has no currently known homologues. Given that CENP-

T is not conserved in C.elegans, this may have been due to incomplete depletion of
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CeMis12C, yet, recruitment of CeNdc80C is dependent on CeKnl1. Furthermore in budding
yeast, absence of either, ScCNDC80C or ScKnl1, the respective other demonstrates
decreased kinetochore localization. It is thus possible that SCNDC80C and ScKnl1 form a
complex that is recruited by ScCENP-T independently of ScMIS12C or that ScKnl1
recruitment partially depends on the ScCCCAN proteins present in this purificationt9: 89 850,
Recent measurement of budding yeast kinetochore protein stoichiometry however does not
support a ScMIS12 independent ScKnl1 population at the kinetochore as their copy number
closely match. Yet ScCNDC80C is present in excess over ScMIS12C, each kinetochore
contains ~19 and ~15 copies respectively. Postulating the remaining 4 copies of NDC80C to
be recruited by SCCENP-T/W would explain this discrepancy. Similarly, ScMIS12C is present
in excess over both, SCCENP-C (4 copies) and ScCENP-P (6 copies). Dual recruitment of
ScMIS12C by ScCENP-C and ScCENP-Q/U/P/O may explain how more ScMIS12 is
recruited than could be accommodated by a single species of kinetochore receptorst*’" &',
This model may however not sufficiently take into account the dynamics of structural
ScCCAN and ScKMN network components as SCCENP-T has been reported to increase,

from a copy number of 6 up to a copy number of 20 during anaphase!®*°.

Vertebrate CENP-Q has previously been demonstrated to interact with microtubules®". |
could not observe microtubule binding of the ScCCENP-Q/U/P/O complex. It is possible that
the increased salt, 150mM, in the MTBA prohibits this interaction. It is also possible that
microtubule binding of CENP-Q is vertebrate specific. Alternatively the observed microtubule
binding could be an artifact of using an isolated protein that is normally part of an obligate
CENP-Q/U complex in both yeast and vertebrate cells. ScCENP-Q/U, SeCENP-O/P,
ScCENP-Q/U/P/O and ScCENP-N/L were all contaminated by bacterial nucleic acid after
purification while SCNDC80C was not. It appears that each dimeric subcomplex, SCCENP-
Q/U, ScCENP-O/P and ScCENP-N/L contains either DNA or RNA binding activity. | was
unable to unambiguously identify the contaminant as either RNA or DNA but | suspect it may
be both. | envision these complexes to bind randomly throughout the bacterial nucleoid and,
on purification, to co-purify fragments of the nucleoid that are actively engaged in
transcription to explain what is possibly contaminating bacterial RNA. | attempted to establish
a polyacryl-amide gel based EMSA protocol that would allow me to unequivocally
demonstrate ScCENP-Q/U/P/O interaction with DNA, with limited success. The complex
appears to bind DNA but the results were not sufficiently reproducible and often the tester
DNA would simply be retained in the pocket when mixed with SCCENP-Q/U/P/O. Dr. Peter
Hornung had more success using an agarose gel based EMSA, likely because of the larger
pore size of these gels. It is however important to note that we do detect an interaction of the
ScCENP-Q/U/P/O complex with DNA but not microtubules. This suggests that it is not a

nonspecific interaction due to complex charge as both microtubules and DNA are negatively
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charged at physiological pH. It appears in Figure 16A that SCCENP-Q/U/P/O binds to the
centromere containing fragment but not to the centromere free fragment but | have obtained
no evidence that the binding would be sequence specific. Rather it is possible that SCCENP-
Q/U/P/O has a preference for AT-rich sequences such as that found in the CDEIl element.
Consistent with this idea, some yeast CENP-U or —Q proteins are predicted to contain “AT-

Hooks“ (Dr. Schleiffer, personal communication)

4.4 Regulation of and by the budding yeast CCAN

We mapped phosphorylation sites of SCCCAN proteins in vivo and demonstrated that Clb2-
CDK1 directly phosphorylates the ScCENP-Q/U/P/O complex in vitro. The most striking
feature was a CDK1-phosphocluster that we found in the N-terminus of SCCENP-U. A 5A
phospho-negative mutant however shows no impaired viability. | did not investigate the effect
of a phospho-mimicking mutant. Thus it is still possible that not phosphorylation but de-
phosphorylation of this cluster is essential. We suspect CDK1 to have a role in kinetochore
assembly or regulation. Even though the budding yeast kinetochore appears to remain intact
throughout the cell cycle, save for a short period when the centromere is replicated, there
may be subtle changes in kinetochore assembly or a cell cyle dependent
suppression/activation of some of its functions®®™?. As we find at least two KMN network
anchor points in the budding yeast CCAN, it is possible that this phospho-cluster is
redundant. We have not yet investigated more subtle phenotypes that may have arisen due
to deletion of this cluster such as increased benymol sensitivity or slower progression
through the cell cycle. Alternatively, loss of the cluster may only produce a pronounced

phenotype when redundant KMN anchors such as SCCENP-T are deleted.

Beyond CDK1 regulation, there is another interesting kinase | identified in my tandem affinity
purifications of SCCENP-N and ScCENP-H, namely the DDK kinase complex. This complex
is implicated in a number of functions in addition to initiation of DNA replication, including the
formation of the synaptonemal complex during meiosis, translesion DNA synthesis and
loading of Cohesin during replication in X.laevis!''® "4 116. 852853 ' Agsociation of DDK with
CCAN proteins could be artifactual as it targets origins of replication and at least CEN12 is,
in addition to a centromere, an active origin of replication®® ®" However, | find no
components of the origin recognition complex in my tandem affinity purifications. Another
possibility is that DDK promotes cohesion loading at the centromere. As mentioned in the
introduction, a number of ScCCAN proteins participate in the loading of Cohesin and
ScCENP-O participates in recruitment of the cohesion loader complex Smc2/Smc4. X.laevis
DDK is found in complex with Smc2/Smc4 and is required for its recruitment to origins of
replication. A similar relation may hold true for budding yeast and the SCCCAN may enhance

cohesion loading via DDK and Smc2/Smc4®°%l.
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In tandem affinity purifications of SCCENP-U, SCCENP-H and ScCENP-N | further find Psh1,
the CENP-A ubiquitin ligase®®. Arguably it should be everywhere else along the
chromosome to evict ectopic centromeric nucleosomes, but not at the centromere itself.
ScCENP-A did only appear in purifications of SCCENP-U. An interaction between ScCCENP-N
or SCCENP-C and ScCENP-A has not yet been demonstrated. However an interaction
between ScCENP-Q/U/P/O and ScCENP-A has. Specifically, SCCENP-P binds to a short
region on the N-terminal tail of SCCENP-A, termed the end-domain. The end-domain
contains a methylated arginine, R37. Methylation of R37 is necessary for recruitment of wild
type levels of ScMIS12C and ScCENP-P but not to recruit wild type levels of SCCENP-A
itself. Association of ScCENP-Q/U/P/O with both ScCENP-A and Psh1 tempts me to
speculate that one of the functions of the CCAN may be to provide CENP-A binding sites that
are protected from Psh1, possibly by negatively regulating it. As SCCENP-A R37 methylation
is not required to localize normal SCCENP-A levels, protection of SCCENP-A would at least
not require this modification. However, the end-domain is essential while neither SCCENP-P

or R37 methylation are, suggesting additional functions of the complete domain®*%#62]

Lastly, | find neither, the CBF3 complex or the CPC which has been shown to bind to the
CBF3 complex and partially require CENP-U/Q for kinetochore localization in my tandem
affinity purifications. | attempted preliminary binding assays between the ScCCENP-Q/U/P/O
complex and a ScINCENP/ScAurora B dimer readily available in the laboratory but did not
observe an interaction. An interaction between CPC and ScCENP-Q/U/P/O may however
require Boralin and/or Survivin, which were not present in my CPC derivative. Especially
since a loss of SCCENP-U leads to the absence of ScBorealin, SCINCENP and ScAurora B
but not ScSurvivin from the kinetochorel®?”. Alternatively an interaction between the CPC and
ScCENP-Q/U/P/O may require posttranslational modification as the localization of the CPC is
controlled by phosphorylation®®* #4 Therefore an interaction between ScCENP-Q/U/P/O

and the CPC needs to be reinvestigated.

4.5 Model and future directions

| have described two distinct pathways by which the budding yeast CCAN may recruit the
KMN network and allows re-evaluation of older results. Firstly it explains conflicting
observations when investigating recruitment dependencies. A purely hierarchical recruitment
would be expected to lose all downstream components and functions, such as the KMN
network and the SAC, when upstream components, such as CENP-C, are lost. Although we
don’t yet know if CENP-Q/U/P/O/R in vertebrates is able to recruit MIS12C and conversely if
ScCENP-C is able to recruit ScMIS12C, there appear to be at least two independent anchor
points for the KMN network in both.
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With this in mind it is clear why some vertebrate KMN components strongly loose
kinetochore localization on depletion of CENP-C while others do not. NDC80C simply is
recruited by an additional pathway, including CENP-T/W and likely CENP-H/I/K. This also
explains why the SAC is active when MIS12C is lost in vertebrates and yeast but abolished
when NDCB80C is lost. It would further explain why vertebrate cells that lose either, CENP-| or
MIS12C, show an inability to stably arrest in the first mitosis when only a few kinetochores
are unattached. The SAC may monitor attachment of NDC80C to MTs regardless of the
kinetochore receptor it is recruited to. Reducing the amount of NDC80C by depletion of
either, CENP-l or MIS12C, would decrease but not abolish NDC80C recruitment to the
kinetochore. These impaired kinetochores may generate less MCC when unattached or not
under tension due to the decreased amount of NDC80C and thus be unable to block
anaphase when only one or a few kinetochores are mal-attached. Rather the SAC signal
from these kinetochores may be sufficient for an arrest only when multiple kinetochores are
mal-attached. Therefore these cells would be unable to arrest in the first cell cycle due to a
weak signal from the few unattached signaling impaired kinetochores. However, as ploidy
increases in subsequent cell cycles due to missegregation, so does the number of impaired

unattached kinetochores and thereby their ability to arrest the celll®': 490 493 594, 597, 675, 747, 748,

865

Why would two distinct recruitment pathways have evolved? Clearly it is simpler to just
amplify recruitment by a single pathway, although evolution is not necessarily in search of
the simplest approach. It is possible that the vertebrate NDC80C recruitment pathway via
CENP-T supplements the recruitment pathway via CENP-C and MIS12. The outer plate of
the kinetochore, which can be tentatively equated with NDC80C, is in many cases entirely
absent when CENP-T is lost, while it is discontinuous in absence of CENP-CI?: 376 5%
Therefore the core kinetochore in vertebrates may consist of the centromeric nucleosome
and a CENP-C-MIS12C-NDC80C recruitment pathway. This core kinetochore may exist in
multiple copies and the space between CENP-A nucleosomes may be filled by CENP-T/W
dimers, as suggested by super-resolution microscopy, recruiting additional NDC80 in order to
form the stable inner and outer plate structures’®®. In this case CENP-T/W would simply
serve to “squeeze” as much NDC80C as possible onto a centromere in order to make
attachments as stable as possible. A more enticing idea is that NDC80Cs recruited by either
CENP-T or MIS12C are actually functionally divergent. In line with this idea, vertebrate
NDCB80C is required to recruit the RZZ complex and CENP-E. Similarly CENP-C is required
to recruit these components but CENP-I is not!*®® ' 5% 867 " A yertebrate cell may use
different populations of NDC80C and Knl1, recruited by either CENP-T/W or MIS12C, to
localize defined subsets of outer kinetochore proteins, MAPs and motors. In theory this could

constitute functionally different linking structures connecting centromeric DNA and
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microtubules. These linking structures may be subject to differential regulation by kinases,
which may be a key to understand the interplay of Aurora B, Mps1, Plk1 and BubR1.
Functionally differentiated linkers based on CENP-T/W and CENP-C could mediate distinct
attachment phases, lateral or end-on and the conversion between both, as suggested in
Figure 20B. While this is in principle also possible in budding yeast, the relatively mild
defects observed when ScCENP-T is deleted suggests that a SCCENP-T based linker is less
important compared to other linkers in the yeast kinetochore or a CENP-T based linker in

vertebrates.

Figure 20A displays a model for the yeast kinetochore. ScCNDC80C is recruited either by
association with SCCENP-T or ScMIS12C. ScMIS12C in turn is recruited via ScCENP-
Q/U/P/O. We do not yet know if budding yeast also recruits ScMIS12C via ScCENP-C.
Furthermore we do not know the exact relation of ScCENP-Q/U/P/O and ScCENP-C.
Although loss-of-function experiments suggest that SCCENP-C is required for SCCENP-
Q/U/P/O recruitment, the recruitment dependency of the budding yeast CCAN remains
confusing. As mentioned localization SCCENP-P and therefore likely the localization of the
entire SCCENP-Q/U/P/O complex depends on ScCCENP-C. Recruitment of the SCCENP-L/N
complex in turn depends on ScCCENP-O. Surprisingly SCCENP-T/W recruitment depends on
ScCENP-N but not SCCENP-P. However loss of SCCENP-P dislodges ScCCENP-O from the
kinetochore!'" 463 %67. 592 " Eyrthermore, SCNDC80 depletions lead to a complete loss of
attachment phenotype, which can be mimicked by deleting SCCENP-T in combination with
ScCENP-C, ScCENP-Q/U or ScMIS12, corroborating dual recruitment. The fact that loss of
ScCENP-C or ScCENP-Q/U alone does not lead to complete detachment suggests that
CENP-T/W is still present at the centromere!'" %3, Therefore it may localize independent of
ScCENP-C and ScCENP-Q/U/P/O as is the case in vertebrates and fission yeast. Closer
investigation into SCCCAN recruitment dependency may be able to resolve these issues and

yield results transposable into the vertebrate system.

Figure 20B illustrates my speculation on the role of multiple subpopulations of NDC80C and
Knl1 recruited by different kinetochore receptors using a vertebrate kinetochore as an
example. The loss of the RZZ complex and Dynactin in absence of CENP-C or MIS12C
suggests that these two components may be recruited exclusively to a KMN network
anchored to the kinetochore by CENP-C while SCCENP-T/W recruited NDC80C does not
participate in this process. Figure 20B also illustrates an inhibition of this CENP-C recruited
KMN network by the RZZ complex during lateral attachment before it is stripped by Dynein.
CENP-T/W anchored NDC80C may be free and assist lateral attachment during the motor
based movement of kinetochores along the microtubule wall. Once at the MT +end, the
CENP-C recruited KMN network is activated by Dynein mediated stripping of the RZZ

complex which allows hand over to end-on attachment.
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Anchoring two independently regulated populations of NDC80C at the kinetochore has
potential benefits. It may allow asymmetric regulation of a specific set of attachment fibers
during error correction and chromosome oscillation. As an example, if both kFibers are
differentially destabilized during oscillation and error correction, CENP-H/I/K may facilitate
this on the trailing kinetochore, acting only on a subpopulation of NDC80C, that is recruited
by CENP-T/W, while Aurora B and MCAK may act on a different, CENP-C recruited
subpopulation on the leading kinetochore. Alternatively | would like to suggest a role of the
CENP-T/W recruited NDCB80C subpopulation in increasing attachment stability of a
bioriented chromosome in metaphase or a single segregating chromatid in anaphase. CENP-
T/W recruited NDC80C could be activated in response to tension. Once a kinetochore
attaches end-on to a kFiber via CENP-C recruited KMN network and is able to support
tension, additional CENP-T/W recruited NDC80C may be activated, increasing attachment
stability. Hyperstable kFibers in SCCENP-H/I/K depletions would corroborate both ideas if
CENP-H/I/K indeed destabilizes kFibers by negatively regulating CENP-T/W recruited
NDC80C.

My results suggest that kinetochore assembly is not absolutely hierarchical. While there are
centromere proximal components that recruit centromere distal components, there are
multiple pathways for the CCAN to recruit KMN components. Results from fission yeast
demonstrate the ability of centromeric chromatin, defined by the CCAN, to spread along DNA
between heterochromatin boundaries. | envision the CCAN to coat DNA as a copolymer that
consists of defined repetitive elements, some of which mediate recruitment of microtubule
binding proteins such as the KMN network while others organize the centromere in space, in
animals crosslinking centromeric DNA into the inner plate structure. With this in mind, more
detailed investigation into interactions between CCAN subunits and other kinetochore
proteins and more exhaustive loss of function studies of single CCAN proteins will be
necessary to define exactly which outer kinetochore proteins and microtubule associated
factors are recruited by which CCAN subcomplex. Furthermore it will be necessary to define
a temporally ordered sequence of CCAN assembly throughout the cell cycle in order to
interpret recruitment dependencies. Because they appear to change during the cell cycle this
may be the origin of some conflicting reports. The budding yeast CCAN will be instrumental
for this as many relationships among proteins appear conserved, and biochemical

reconstitutions of interactions are feasible.
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Figure 20. Model of kinetochore architecture

A. Budding yeast: B. Vertebrate:
lateral end-on
attachment: | attachment:

Budding yeast: Conserved: Vertebrate:
mmmm CBF1 w centromeric nucleosome ~ Zwint-1
@ cBF3complex I, SCCENP-C; CENP-C Y Rzz complex
@xg Dam1 complex =@» MIS12C ol Dynactin
S Knl-1 # Dynein
P, NDC8oC “\__CENP-E
¥’  Bub1, Bub3, BubR1 = Ska complex
=t Mad1&2
~~® CENP-TW
@® CENP-S/X

,hf CENP-Q/U/P/OIR
ScCENP-Q/U/P/O

: CENP-H/I/K & CENP-L/M/N

ScCENP-H/I/K & ScCENP-L/N

Figure 20A) A model of budding yeast kinetochore architecture. ScCNDC80C is recruited by both ScMIS12C and
ScCENP-T/W. ScMIS12 additionally recruits ScKnl1. There is currently no reason to believe that different
populations of ScCNDCB80C interact differently with the DAM1C. ScMIS12C is recruited by ScCCENP-Q/U/P/O and
possibly SCCENP-C. ScCENP-C may recruit SCCENP-Q/U/P/O although this complex interacts with SCCENP-A.
ScCENP-T/W is likely recruited by additional SCCCAN proteins, specifically SCCENP-N. CBF1 and CBF3 have no
direct role in the structural assembly of the kinetochore but may establish it by loading of the ScCENP-A
containing centromeric nucleosome and CBF3 mediated recruitment of the CPC may regulate attachment through
the error correction mechanism (not depicted) Figure 20B) Model of vertebrate kinetochore architecture. Like in

budding yeast, NDC80C is recruited by CENP-T/W and NDC80 and Knl1 are recruited by MIS12C. MIS12C is
recruited by CENP-C, a recruitment by CENP-Q/U/P/O/R is not established. While in budding yeast the
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centromeric nucleosome, CENP-C and CENP-N are required to recruit CENP-T, in vertebrates CENP-T is
required to recruit the remaining CCAN proteins, of which CENP-H/I/K are required to load the centromeric
nucleosome. This shift in recruitment dependency could be due to the evolution of sequence specific loading of
the centromeric nucleosome by CBF3, obviating the need for the self-propagation of a centromeric chromatin
domain defined by the CCAN. Subpopulations of NDC80 in vertebrates may be differentially regulated. The RZZ
complex could localize to and inhibit only MIS12C recruited NDC80C while CENP-T/W recruited NDC80C is free
to assist in lateral attachment assisting motor based movement of the kinetochore on the MT wall. Once the
kinetochore reaches the +end of a MT, MIS12C recruited NDC80C is activated as Dynein removes the RZZ

complex and depleted the kinetochore of motors, including itself and CENP-E.
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5. Materials and methods

5.1 Strain and plasmid construction

Plasmid construction

All plasmids used, whether based on pET3aTr, pST39, pCOLADuet-1 or pRS306 were
maintained in E.coli DH5a and isolated using a Qiagen QIlAprep spin Miniprep kit. For
molecular cloning of genes, the respective fragments were amplified from yeast genomic
DNA using a Finnzymes Phusion® high fidelity PCR kit and extended primers to add the
desired restriction sites. Restriction enzyme digestion of both plasmid and insert were
performed with Fermentas FastDigest® enzymes with the exception of digestions by Mlul
and BspEl for which NEB restriction enzymes were used. The restriction sites used for
cloning into expression vectors are given in Figure 7, the sites used for cloning of Ame1 into
pRS306 in the text (5Xbal and 3’Xhol). Inserts and plasmids were purified by
electrophoresis in an agarose gel, subsequent isolation of the correct bands and elution from
the agarose gel using a Qiagen QIAquick Gel extraction Kit®. Purified insert and plasmid
were subjected to analytical electrophoresis to judge concentration in the sample and
subjected to ligation in approximate ratios of 3:1 and 10:1. Ligation was performed using a

Fermentas T4 DNA ligase.

PCR protocol (Fermentas Phusion)

Reaction mix:

H20 35ul

Buffer 10pl

dNTP’s 10mM 1ul

Primer 1 20uM 1,25l

Primer 2 20uM 1,25l

Template 1l

Phusion Polymerase 0,5ul
50pl

Cycles:

98°C 30s x1

98°C 10s

54°C 30s

72°C 60s per 1kb  x30

72°C 10min x1
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Primers used for insert amplification

pET3aTr:
(ScCENP-P) Ctf19

(ScCENP-0O) Mcm21
(ScCENP-0O) Mcm21 + 6xHis Tag
(ScCENP-Q) Okp1

(ScCENP-U) Ame1 + 6xHis Tag
(ScCENP-U) Ame1 + FLAG Tag
(ScCENP-K) Mcm22

(ScCENP-I) Ctf3

(ScCENP-H) Mcm16 N-term

(
(
(
(
(
(

ScCENP-H) Mcm16 C-term

)
)
ScCENP-H) Mcm16 C-term + 6xHis Tag
ScCENP-H) Mcm16 C-term + Strep Il Tag

)

)

)

ScCENP-H) Mcm16 FL
ScCENP-H) Mcm16 FL + 6xHis Tag

ScCENP-H) Mcm16 FL + Strep Il Tag

pCOLADuet:

(SCCENP-L) ImI3

(SCCENP-N) Chl4
(SCCENP-N) Chl4 + HN Tag
(SCCENP-N) Chl4 + FLAG Tag

pRS306:

(ScCENP-U) Ame1 +284bp upstream, +234bp downstream
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5!

oPH97
oPH100
oPH100
oPH111
oPH102
oPH102
oMM1
oMM3
oMM5
oMM7
oMM7
oMM7
oMM5
oMM5
oMM5

oMM27
oMM19
oMM19
oMM19

oMM83

3!

oPH98
oPH101
oMM32
oPH113
oPH108
oPH107
oMM2
oMM31
oMM6
oMM8
oMM23
oMM10
oMM8
oMM23
oMM10

oMM12
oMM34
oMM35
oMM36

oMM82



Overlap extension PCR to construct (ScCENP-H) Mcm16 inserts

To remove an internal Sacl site in Mcm16 and allow for subcloning into pST39, an overlap
extension PCR using mismatch primers was employed. Two overlapping fragments of
Mcm16, N-terminal and C-terminal were amplified. oMM5/6 were used for the N-terminal
fragment. oMM7 was used together with either, oMM8, oMM23 or oMM10 to generate one
tag free, one 6xHis tagged and one Strep Il tagged c-terminal fragment. The internal primers
oMM®6/7 are complementary and both contain a base change at position 300, C to G. To
generate the full length constructs, second PCR reactions were prepared in which both N-
terminal fragment and either of the C-terminal fragments were added as template. Primers
were omitted in the first three cycles to allow annealing and elongation of the two fragments.
Subsequently oMM5 and either, oMM8, oMM23 or oMM10 were added to the reaction to

allow amplification of the fusion construct.

Restriction enzyme digestion protocol

Insert:

Fast Digest buffer 3ul
PCR product after purification ol
Restriction enzyme 1 Tul
Restriction enzyme 2 Tul
H.O 19ul
Plasmid:

Fast Digest buffer 3ul
Plasmid after purification 15ul
Restriction enzyme 1 Tul
Restriction enzyme 2 Tul
H.O 11ul

Digestions were carried out on 37°C for 60 minutes

Ligation protocol

Ligase buffer 2ul
Insert + vector, ratio 3:1 or 10:1,
dissolved in H,O 17l
T4 Ligase Tul

Ligation mixtures were incubated for 30 minutes at room temperature or at 16°C over night.
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Quikchange® site directed mutagenesis

This site directed mutagenesis protocol utilizes mismatch dsDNA primers to amplify a linear
derivate of an isolated template plasmid in a PCR reaction that contains the desired point
mutation. The template is subsequently digested using Dpnl endonuclease which is specific
for methylated DNA. Following digestion, the linear derivate is transformed into bacteria
where it is circularized and maintained as a circular plasmid. If the desired point mutations
are in close proximity, one may employ single primers containing multiple mismatches. One
may further use multiple primers in single reaction as long as their target sequences do not
overlap. Quikchange® mutagenesis was employed to remove two EcoRI sites in SCCENP-
0" cloned into the pET3aTr vector to allow subsequent subcloning into pST39.
Furthermore it was used to generate the ScCCENP-U*™"' 5A mutant in a pRS306 vector.
Mutagenesis of SCCENP-O"° was achieved in a single reaction using oPH16 encoding both
silent T to C mutations at positions 27 and 45. Construction of SCCENP-U"™" 5A required
two reactions. In the first reaction mutations A to G at position 91 and mutations T to G at
positions 133 and 301 were introduced using oMM90, oMM92 and oMM94. The 3A mutant
was identified among a number of sequenced clones following transformation with the
product of this first reaction. The vector was isolated and subjected to a second round of
mutagenesis, utilizing oMM91 and oMM93 to introduce T to G mutations at positions 121 and
157. Successful mutagenesis for both SCCENP-O“"® in pET3aTr and ScCENP-U"™" in

pRS306 was confirmed by sequencing.

Quikchange protocol:

Reaction mix:

H.O to 25l

Buffer 2,5ul

dNTP’s 10mM 1ul

Primer 20uM 0,3ul each

Template 1,2yl

Quikchange

Pfu Turbo DNA Pol 1ul
25ul

Cycles:

95°C 30s x1

95°C 30s

55°C 60s

68°C 8min x18
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Dpnl digestion:

Add 1ul of Dpnl supplied with the kit to the reaction mixture after PCR and incubate 1h at
37°C.

Transformation:

Standard bacterial transformation protocol as given below, using however the supplied ultra-

competent XL1-Blue cells instead of DH5a.

Generation of yeast genomic integration constructs

Yeast strains containing genomic TAP fusion tags were constructed by transforming yeast
cells with the respective integration construct. These constructs were generated by PCR
amplification from a pKW804 template plasmid containing the respective tag-ORF using
primers containing plasmid specific sequences and additional ~50bp extensions homologous
to the targeted genomic region, allowing for integration. pKW804 encodes a modified TAP-
tag in which a S-tag and a ZZ-tag are separated by a TEV cleavage site®?. The TAP-Tag
construct contains a KanMX resistance cassette. The full list of plasmid and primer
combinations is given below. Integration constructs were generated by application of the

standard PCR protocol given above.

TAP-tag integration constructs:

Gened&Tag: Primers: Plasmid template:
ScCENP-U*™'TAP oMM44; oMM45 pKW804
ScCENP-HY™E.TAP oMM17; oMM26 pKW804
ScCENP-N“".TAP oMM13; oMM24 pKW804
SCCENP-S"OH8WATAP oMM51; oMM52 pKW804
SCCENP-X"PH180CATAP oMM55; oMM56 pKW804
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Strain construction

Transformation protocol, E.coli

Chemically competent DH5a were thawed on ice. 5pl of the ligation product was added to
100ul thawed DH5a liquid culture and incubated 30 minutes on ice. This was followed by a
30 second heat shock at 42°C and a 2 minute incubation on ice before 400yl SOC medium
was added and the cells were allowed to recover for 60 minutes at 37°C. Following recovery,

cells were plated on selection medium.

Transformation protocol, budding yeast

Log phase cells were harvested, washed in MonoQ H,O, then washed and resuspend in 1ml
TE/LiAc (10mM Tris-HCI, 1mM EDTA, 100mM LiAc, pH7.5). 50ul of yeast supension were
mixed with 1ug transforming DNA and 50ug single stranded salmon sperm carrier DNA.
300ul of PEG 4000 solution was added (10mM Tris-HCI, 1mM EDTA, 100mM LiAc, 40%
PEG 4000, pH7.5). Transformation mixes were incubated under agitation at 30°C for 30min
and then heat shocked at 42°C for 15min. Following heat shock, cells were washed in
MonoQ H,O and plated on the appropriate medium. To select for resistance markers, cells
were initially plated on YPD and replica plated onto antibiotic containing plates after 1-2

days.

5.2 Biochemistry

Tandem affinity purification protocol:

Harvest yeast cells from liquid culture at ODggp=1.2 and drop freeze in liquid N,.
Lyse by grinding pellets, immersed in liquid Nz, in a Warring blender into powder.
(In low stringency purifications, frozen cell pellets were lysed in a freezer mill)

Thaw and dissolve 60g of powder in 60ml of 2xHyman buffer with added phosphatase
inhibitors (+2,4ml 1M R-glycerol phosphate; +8ml phosphatase inhibitor cocktail)

Add protease inhibitors before powder has thawed (1.2ml PMSF, 1.2ml protease inhibitor
cocktail, Calbiochem)

Incubate in warm water bath to expedite thawing
Add 12,5ml 10% TritonX-100, sonicate for 30s
Sediment insoluble fraction by centrifugation in SA-600 rotor at 10.000rpm for 25min

Aspirate supernatant and sediment remaining insoluble components by ultracentrifugation in
a Ti-70 rotor at 45.000rpm for 30min

Pre-clear supernatant by passing it through a 12ml CL-6B Sepharose column, pre-
equilibrated with 1xHyman buffer.
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Wash 0,65ml IgG Sepharose slurry in a disposable column with 10ml TST, 1ml 0,5M
NH4OAc (pH 3,4), 5mI TST, 1ml 0,5M NH,OAc (pH 3,4), 5ml TST, 5ml 1xHyman buffer or
5ml 1xHyman buffer +300mM KCI, depending on desired purification stringency.

For high stringency purification add sufficient 2,5M KCI to the pre-cleared supernatant to
achieve a final concentration of 300mM. Omit this step in low stringency purifications.

Add washed IgG Sepharose beads to supernatant and rock at 4°C for 3hrs
Remove supernatant from IgG beads in a disposable column, wash with 15ml 1xHyman
buffer for low stringency purification or 15ml 1xHyman buffer +300mM KCI for high stringency

purification

Wash 1gG beads with 25ml 1xHyman (+300mM KCI for high stringency purifications) +1mM
DTT +0,1% Tween 20

Resuspend IgG beads in 1,5ml 1xHyman (+300mM KCI for high stringency purifications)
+1mM DTT +0,1% Tween 20

Add 40upl of purified TEV protease (supplied in house) and keep rocking 4hrs at 4°C

Add 50pl of purified TEV protease and keep rocking over night at 4°C

Remove beads and collect supernatant in a disposable column. Wash with an additional 1ml
of 1xHyman (+300mM KClI for high stringency purifications) +1mM DTT +0,1% Tween 20 and

collect eluate.

Add 85pl S-protein agarose slurry (washed with 1xHyman buffer 3 times) to the pooled
supernatant and eluate and rock at 4°C for 3h

Elute 3 times by incubation of the beads in 60ul 0,1M Glycine pH 2 for 30mins. Keep beads
agitated.

Buffers and Reagents for tandem affinity purification:

1xHyman Buffer:

50mM Bis-Tris Propane (pH 7)
100mM KCI

5mM EDTA

5mM EGTA

10% Glycerol

TST:

50mM Tris-HCI (pH 7,4)
150mM NacCl

0,1% Tween 20

Phosphtase inhibitor cocktail 15x:
50ml H,O

1,65g Sodium pyrophosphate
244mg Sodium azide

315mg Sodium fluoride

55mg Sodium orthovanadate
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Expression:
All recombinant protein was expressed in Rosetta 2 cells. Expression was induced by

addition of 0,2mM IPTG.

Standard protein purification from bacteria, 6xHis-tag

Harvest Bacteria, wash in PBS (freezing optional) and centrifuge 10min at 6000g

Resuspend pellet in cold lysis buffer (5-10 pellet Vol; 30 mM HEPES pH 7, with 150 mM
NaCl and 30mM Imidazole). Add 1 tablet of Complete EDTA-free protease inhibitor per 50ml,
1/100 PMSF, Lysozyme 1/200 (100mg/ml stock) and DNAse if to viscous

Sonicate 30s on ice, incubate 10 min

Centrifuge homogenous lysate 15 min at 15-17k rpm (SS-34 rotor)

Wash NiNTA resin three times in lysis buffer (approx. 1ml of resin per 10g of cell pellet dry
weight were used) before adding it to the supernatant. Rock 1h at 4°C.

Remove supernatant and wash resin with lysis buffer until supernatant remains clear

Elute 3 times. Remove supernatant and add elution buffer (30 mM HEPES pH 7, with
150mM NaCl and 300mM Imidazole), rock 30min at 4°C before aspirating the eluate.

Modification of 6xHis purification protocol for SCCCAN complexes

Lyse cells in 30 mM HEPES pH 7, with 150 mM NaCl, 30mM Imidazole and additionally 1mM
CaCl, if required by the complex (SCCENP-O/P, ScCCENP-Q/U/P/O). Add 1 tablet of complete
EDTA-free protease inhibitor per 50ml, 1/100 PMSF, Lysozyme 1/200 (100mg/ml stock) and
DNAse if to viscous.

Sonicate 30s on ice, incubate 10 min.

DNAse is required for SCCENP-O/P, ScCCENP-Q/U, ScCCENP-Q/U/P/O and ScCENP-N/L
complexes as expression produces a very viscous lysate that requires DNAse digestion,
possibly before and during sonication.

Centrifuge homogenous lysate 15 min at 15-17k rpm (SS-34 rotor)

Wash NiNTA resin three times in lysis buffer (approx. 1ml of resin per 10g of cell pellet dry
weight were used) before adding it to the supernatant. Rock 1h at 4°C.

Perform two initial washing steps of the protein bound resin with the low salt lysis buffer.

For DNA binding ScCCCAN complexes, perform all further washing steps with high salt wash
buffers. Wash buffers are similar in composition to the lysis buffer, containing 30mM HEPES
pH 7, 30mM Imidazole and 1mM CaCl; if required. Salt concentrations in the wash buffers
depend on the target complex. | have used 600mM NaCl to wash DNA from the ScCCENP-
Q/U/P/O complex, 1M NaCl to wash DNA from the ScCCENP-Q/U complex and up to 1.5M
NaCl to wash DNA from the SCCENP-O/P complex. These higher salt concentrations are not
necessary but decrease the number of required washing steps. As mentioned in the text, the
number of required washing steps is variable. | monitor the decrease of absorption at 260
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and 280 nm in the wash buffer after each wash step and continue washing until the values
reach noise level.

After exhaustive washing, elute 3 times. Remove supernatant and add elution buffer (30 mM

HEPES pH 7, with 150mM NaCl, 300mM Imidazole and 1mM CacCl; if required), rock 30min
at 4°C before aspirating the eluate.

Protein purification from Bacteria, FLAG-tag

Harvest Bacteria, wash in PBS (freezing optional) and centrifuge 10min at 6000g
Resuspend pellet in cold lysis buffer (5-10 pellet Vol; 50 mM Tris HCI pH 7.4, with 150 mM
NaCl), add 1 tablet of Complete EDTA-free protease inhibitor per 50ml, add 1/100 PMSF,
Lysozyme 1/200 (100mg/ml stock) and DNAse if to viscous

Sonicate 30s on ice, add 0,5% Triton X100 and incubate 10 min

Centrifuge homogenous lysate 15 min at 15-17k rpm (SS-34 rotor)

Rinse FLAG-resin in disposable column with TBS. Wash resin 3x with 0,1 M Glycine pH 3.5,
then wash resin with 5 Vol. TBS

Add resin to supernatant, rotate 1h at 4°C, then sediment resin by centrifugation at 1000g
and remove supernatant.

Wash resin with TBS until supernatant remains clear. To elute place resin in disposable
column, drain supernatant and elute with TBS +100ug/ml FLAG-peptide. Elute 3-4 times.

Preparative size exclusion chromatography

Preparative size exclusion chromatography was performed to further purify recombinant
ScCCAN complexes. Depending on the amount of protein, either a 120ml Superdex 200
HiLoad 16/60 or a 24ml Superose 6 10/300 GL column (GE Healthcare) were used. Running
buffers were either 30mM HEPES pH 7 for NINTA purified complexes or 50mM Tris HCI pH
7.4 for aFLAG antibody purified complexes. Either buffer contained 150mM NaCl and
additionally 1mM CacCl, if a protein complex containing ScCCENP-O/P was purified.

ScCENP-Q/U/P/O - ScMIS12C binding assay and analytical size exclusion chromatography

Samples of ScCCENP-Q/U/P/O and ScMIS12C were mixed in a binding buffer containing
30mM HEPES pH 7, 150mM NaCl and 1mM CaCl, and left at 4°C for 30 minutes.
Subsequently samples were subjected to analytical size exclusion chromatography in binding

buffer on a 2.4 ml Superose 6 PC 3.2/30 column.
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Microtubule binding assay

Microtubules were assembled in vitro from 60uM purified bovine brain tubulin in G-PEM
buffer (80mM K-Pipes pH 6.8, 1mM EGTA, 1mM MgCl,, 1mM GTP)+ 25% Glycerol. After
30min incubation at 35°C for MT assembly, 20uM Taxol was added to stabilize MTs. MTs
were diluted in PEM (80mM K-Pipes pH 6.8, 1mM EGTA, 1mM MgCl,, TmM GTP) +10uM
Taxol. Recombinant ScCCENP-Q/U/P/O was dialyzed into PEM and 0.3 mg/ml of ScCCENP-
Q/U/P/O was added to variable concentrations of assembled tubulin (20uM-6uM). After
20min incubation on room temperature, MTs were sedimented by ultracentrifugation for
20min at 70.000rpm. Supernatant and pellets were separated and analyzed on gel. Improved
ScCENP-Q/U/P/O MTBA's contained an additional 150mM NaCl in both G-PEM and PEM.

EMSA

50ul of ScCENP-Q/U/P/O complex samples were mixed with tester DNA or RNA and
incubated 30minutes on 4°C. Subsequently, samples were loaded onto a nondenaturing 5%

polyacrylamid gel, pH 7. After electrophoresis, gels were stained with ethidium bromide.

In vitro phosphorylation

CIb2-TAP and CIb5-TAP were purified according to the given TAP protocol. 3ul of kinase
were incubated with 2l of the SCCCAN subcomplex samples and 5uM ATP (y-[P**]ATP for
radioassays) in CDK1 buffer (25mM HEPES pH 7.6, 100mM KCI, 2mM MgCl;, 1mM DTT,
1mM EGTA, 5% glycerol, 20mM B-glycerolphosphate) for 30min at 25°C. The y-[P**]ATP-
phosphorylated products were separated by SDS-PAGE, the gels dried and exposed to a
autoradiography film. To map in vitro CDK1 phosphorylation sites ATP phosphorylated

samples were handed to mass spectrometry for in solution digestion and analysis.

5.3 Mass spectrometry

Susanne Opravil, Richard Imre, Otto Hudecz

Information supplied by IMP/IMBA protein chemistry core facility

The nano-HPLC system used in all experiments was an UltiMate 3000 Dual Gradient HPLC
system (Dionex), equipped with a Proxeon nanospray source (Proxeon), coupled to an LTQ
Velos Orbitrap mass spectrometer (Thermo Fisher Scientific), operated in data-dependent
mode using a full scan in the ion cyclotron resonance cell followed by tandem mass

spectrometry (MS/MS) scans of the 12 most abundant ions in the linear ion trap. MS/MS
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spectra were acquired in the multistage activation mode, where subsequent activation was
performed on fragment ions resulting from the neutral loss of -98, —-49 or -32.6 m/z for
potential follow-up phosphorylation site analysis. Precursor ions selected for fragmentation
were put on a dynamic exclusion list for 180s. Monoisotopic precursor selection was

enabled.

Analysis of MS data. For peptide identification, all MS/MS spectra were searched using
Mascot 2.2.04 (Matrix Science) and Sequest (Thermo Scientific) against the yeast SGD
protein sequence database (6,717 sequences; 3,020,761 residues). The following search
parameters were used: carbamidomethylation or methyl methylthiomethyl sulphoxide
respectively on cysteine was set as a fixed modification; oxidation on methionine was set as
variable modification. Monoisotopic masses were searched within unrestricted protein
masses for tryptic, chymotryptic and unspecific (subtilisin digest) peptides. The peptide mass
tolerance was set to +5ppm and the fragment mass tolerance to +0.5Da. The maximal
number of missed cleavages was set to 2. Using a Thermo Proteome Discoverer 1.3.0.339
(Thermo Scientific), the results of both search engines were combined and filtered to
1% false discovery rate using an integrated Percolator algorithm. Furthermore, high-quality

criteria filters such as peptide rank 1 and minimum 2 peptides per protein were applied.

5.4 Live cell fluorescence microscopy

Unsynchronized cells expressing Nuf2-mCH and Wip1-GFP with or without a ScCENP-T
deletion (yMM550, yMM551) were grown in synthetic medium and placed on a Concanavalin
A coated cover slip. Cells representative of morphologically identifiable cell cycle stages (G1,
S, M) were imaged by Deltavision deconvolution microscopy (AppliedPrecision) on an
Olympus IX-71 microscope controlled by Softworx and equipped with a PlanApo 100x 1.4NA

objective (Olympus) and a Coolsnap HQ camera (Photometrics) at 25°C.
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7. Supplementary Information

7.1 Oligo sequences

Name Description Sequence
oMM1 | 5'Mcm22 - Ndel GGAATTC CATATG GATGTTGAAAAGGATGTCCTGGATGTC
oMM2 | 3'Mcm22 - BamHI CGC GGATCC TTAAGTTAGACTGGTCTCATTGAAATCTAT
oMM3 | 5' Ctf3 - BamHI CGC GGATCC ATGAGTCTTATACTAGATGATATCATCCTC
oMM5 | 5'Mcm16 - Ndel GGAATTC CATATG ACAAACAGTAGTGAAAAACAATGGG
oMM6 | 3'Mcm16 - internal, overlapPCR,-Sacl CCTAACGATTGCAACAGCTCATAGTCC
oMM7 5' Mcm16 - internal, overlapPCR,-Sacl GAAAGCAATTCTCTGGACTATGAGCTGTT
oMM8 | 3'Mcm16 - Kpnl CGG GGTACC TCAAATTGTGTAGGATATGTTTGTATATCCTGAGTG
CGG GGTACC TCA GTTGTGATTATGATTATGATTATGATTATGATTATG
oMM9 | 3'Mcm16 - 6xHN - Kpnl AATTGTGTAGGATATGTTTGTATATCCTGAGTG
CGG GGTACC TCA TTTTTCAAACTGCGGATGGCTCCA
oMM10 | 3'Mcm16 - Strepll - Kpnl AATTGTGTAGGATATGTTTGTATATCCTGAGTG
oMM12 | 3'ImI3 - BamHI CGC GGATCC TTACTCGCTGGTAAACTGAATCGATTGGAG
AACGATAATGAATGGAGATTTTCAGCGAGAGCAGGTTGCTAAAGGTGGTTTACTG
oMM13 | 5' Chl4 Longtine TAP C-Term cggatcccecgggttaattaa
AACCGGGTTAAAGGAGATCTGCAACGTTTGCCTATTCCCGGACATGTACGCCAGG
oMM15 | 5' Ctf19 Longtine TAP C-Term cggatcccecgggttaattaa
oMM17 | 5' Mcm16 Longtine TAP C-Term ATTGATGATTGCTTTACAGATACACTCCGGATATACAAACATATCCTACACAATT cggatcceccgggttaattaa
oMM19 | 5' Chl4 - Ndel GGAATTC CATATG TCTAACGAATTACGGCTTGAAGATAAC
oMM20 | 3' Chl4 - Kpnl CGG GGTACC CTACAGTAAACCACCTTTAGCAACCTGCTC
CGG GGTACC CTA GTTGTGATTATGATTATGATTATGATTATGATTATG
oMM21 | 3' Chl4 - 6xHN - Kpnl CAGTAAACCACCTTTAGCAACCTGCTC
oMM22 | 3' Chl4 - FLAG - Kpnl CGG GGTACC CTA CTTGTCGTCATCGTCTTTGTAGTC CAGTAAACCACCTTTAGCAACCTGCTC
oMM23 | 3' Mcm16 - 6xHis - Kpnl CGG GGTACC TCA ATGATGATGATGATGATG AATTGTGTAGGATATGTTTGTATATCCTGAGTG
oMM24 | 3' Chl4 Longtine TAP C-Term CTATGCAAAAATTTCAGTCAAAGCATAACAAAACGAACCTTTTTTGTACTGCTCA gaattcgagctcgtttaaac
oMM25 | 3' Ctf19 Longtine TAP C-Term TCGCTTGGCCTTACCGCCCATGATGTCTGTAAAGTACCGTTCCCTCATCCGAGCT gaattcgagctcgtttaaac
oMM26 | 3' Mcm16 Longtine TAP C-Term CTTTTTTTTTTCTCGAAGATTCAAACCTTAATTAAGTAACTATTATTATTAGCGT gaattcgagctcgtttaaac
oMM27 | 5' ImI3 - Ncol/Gly CATG CCATGG GG CCTTATACTTGGAAGTTTTTAGGAATCAGC
oMM28 | pCOLADuett UP1 Sequencing Primer GGATCTCGACGCTCTCCCT
oMM29 | pCOLADuett UP2 Sequencing Primer TTGTACACGGCCGCATAATC
oMM30 | pCOLADuett Down1 Sequencing Primer GATTATGCGGCCGTGTACAA
oMM31 | 3' Ctf3 - BamH1 CGC GGATCC CTAAGAATTTTGAACGCTATACTTTGAG
oMM32 | 3' Mcm21 6x His BamHI CGC GGATCC TCA ATGATGATGATGATGATG CTTGAATATTGTCGCGAAAGAATGG
CGC GGATCC TCA GTTGTGATTATGATTATGATTATGATTATGATTATG
oMM33 | 3' Mcm21 6xHN BamHI CTTGAATATTGTCGCGAAAGAATGG
oMM34 | 3' Chl4 - Xho CCG CTCGAG CTA CAGTAAACCACCTTTAGCAACCTGCTC
CCG CTCGAG CTA GTTGTGATTATGATTATGATTATGATTATGATTATG
oMM35 | 3' Chl4 - 6xHN - Xho CAGTAAACCACCTTTAGCAACCTGCTC
oMM36 | 3' Chl4 - FLAG - Xho CCG CTCGAG CTA CTTGTCGTCATCGTCTTTGTAGTC CAGTAAACCACCTTTAGCAACCTGCTC
oMM40 | Ctf3 seq from Mcm22 in pst39 CAGTAATTGAGGGCTCTACAAATCCAGGG
oMM41 | internal Ctf3 seq 700 TTGAAAAGAATATTATCCAGAGCACATCCCG
oMM42 | internal Ctf3 seq 1415 GGGTTTTAGATGATAAATTGATAGCACTCGGG
oMM43 | internal Ctf3 seq 1881 CGCTAAATTTTTCACGATAACTGGTATACC
CTTCTGAAAAAGATAAATAAAATTAATGAAAATCTTTCTAACGAATTACAACCAAGTCTA
oMM44 | 5' Amel Longtine TAP C-Term cggatcccecgggttaattaa
CCTTATAACACAACTTCCTTAGTATGGAAGTAATACATATATACATATATACATATATAC
oMM45 | 3' Amel Longtine TAP C-Term gaattcgagctegtttaaac
oMM46 | Quikchange mutated Kpnl site in pET-OKP gatccagatctaagcttgataccatggcagctgatag
oMM47 | 3' Mcm21 FLAG BamHI CGC GGATCC TCA CTTGTCGTCATCGTCTTTGTAGTC CTTGAATATTGTCGCGAAAGAATGG
oMM48 | Amel-TAP 3' UTR c-PCR Primer GGTCTTATACTGAATTGTTTGAATTCC
oMM49 | Mcm16-TAP 3' UTR c-PCR Primer GTGGAACTTTAAGGGTTGAATATAAGCGAT
oMM50 | CHL4-TAP 3' UTR c-PCR Primer CGTTATTTATAAAAGAATATTGTGCTG
YOL086W-A (CENP-S) Longtine C-Term GAGCGACCTCATGCTATACCTGAGAAAGCAACCTGACCTACAGGAAAGAGTTACTCAAGAA
oMM51 | TAP/GFP/Myc cggatcccecgggttaattaa
YOL086W-A (CENP-S) Longtine C-Term
oMM52 | TAP/GFP/Myc GAATTTCTTATGATTTATGATTTTTATTATTAAATAAGTTATAAAAAAAA gaattcgagctcgtttaaac
oMM53 | YOL086W-A (CENP-S) 3'UTR c-PCR Primer CTTCTTCGCCAGAGGTTTGGTCAAGTCTC
oMM54 | 3' Okp-His-Kpnl GCGCG GGTACC CTA ATGATGATGATGATGATG GTGTATATCTTCTTCGGTCTTATCTTGG
YDL160C-A (CENP-X/MHF2) Longtine C-Term CCCTTAGAGTTATCGCATCAAGATTTAGAGCGTATCGTAGGGCTTCTTCTGATGGATATG
oMM55 | 5 cggatcccecgggttaattaa
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oMM56

YDL160C-A (CENP-X/MHF2) Longtine C-Term
3

GTAAACTAACGTAGTTCAGGACGACTGAAAGAAAATATAGTGCTTTAAATTTATCAGACA
gaattcgagctcgtttaaac

YDL160C-A (CENP-X/MHF2) 3'UTR ¢c-PCR

oMM57 | Primer GAACTGTATATTTGTATATGTGAGCGCACG

oMM58 | 5' Ame1End of Gene for Tag verification CTTTCTAACGAATTACAACCAAGTCTA

oMM59 | 5' Mcm16 End of Gene for Tag verification CCGGATATACAAACATATCCTACACAATT

oMM®60 | 5' CHL4 End of Gene for Tag verification GCGAGAGCAGGTTGCTAAAGGTGGTTTACTG

oMM61 | 5' YOLO86W-A End of Gene for Tag verification | CCTGACCTACAGGAAAGAGTTACTCAAGAA

oMM®62 | 5' YDL160C-A End of Gene for Tag verification GCGTATCGTAGGGCTTCTTCTGATGGATATG

oMM63 | Mcm21 5' Sequencing Primer ATGAGTAGAATCGATGATTTACAGCAGGAC

oMM64 | 3' Mcm22-His-BamHI CGC GGATCC TTA ATGATGATGATGATGATG AGTTAGACTGGTCTCATTGAAATCTAT
oMM®65 | 3' Ctf3-His-BamHI CGC GGATCC CTA ATGATGATGATGATGATG AGAATTTTGAACGCTATACTTTGAGAG
oMM66 | 3' ImI3-His-BamHI CGC GGATCC TTA ATGATGATGATGATGATG CTCGCTGGTAAACTGAATCGATTGGAG
oMM67 | COMA-Sequencing Ctf19 700bp fwd CTGAAGGCCAAGCAATTACTGGCAACACG

oMM68 | COMA-Sequencing Ctf19 300bp rev GATATCGTTTTGGAGGATATCACCATTTTT

oMM69 | COMA-Sequencing Ctf19 1bp fwd ATGGATTTTACGTCTGATACGACGAATTCGC

oMM70 | COMA-Sequencing Ame1 800bp fwd GACTTCTACTTTGCTAGGCAAATACGAGGG

oMM71 | CICMM-Segencing Mcm22 1bp fwd ATGGATGTTGAAAAGGATGTCCTGGATGTC

oMM72 | CICMM-Segencing Mcm16 500bp fwd GGAAAATGAAACGATACAAGAATTGATGATTG

oMM73 | CICMM-Segencing Mcm22 300bp rev GGCCTTTTGATCAACTGATTGATCATTCATAAGCG

oMM74 | CICMM-Segencing Mcm16 1bp fwd ATGACAAACAGTAGTGAAAAACAATGGG

oMM75 | CICMM-Segencing ImI3 100 bp fwd GACATTCAAACCATTCGAGTACCCAGTGATCC

oMM76 | CICMM-Segencing ImI3 200bp rev CCCCAAGAAAATGAACTTAGAGTAAGTGCCC

oMM77 | CICMM-Segencing Chl4 1bp fwd ATGTCTAACGAATTACGGCTTGAAGATAAC

oMM78 | CICMM-Segencing Chl4 700bp fwd CGATATCAGAAAGAGAAACAATCATCTTC

oMM79 | CICMM-Segencing Chl4 1250bp fwd GTTCCTGGGTGGTTGGCTGGAGAAAATGG

oMM82 | Ame1 pRS306 3' Xhol CG CCG CTCGAG CTTCTACAGAATGGTCACAGCGTTACTTG

oMM83 | Ame1 pRS306 5' Xbal CG CTAG TCTAGA GAATACAAGTTTGGGGAACGCTTTTTGGAACGGC

oMM86 | Mcm21 cterm Tagging 3' verification CATATACCACATTCTACCCAAAATTGGG

oMMB87 | Okp cterm Tagging 3' verification CCAAGGTTTTCTGAGGCTCGTTGGCGG

oMM88

Ctf19 cterm Tagging 3' verification

GCTGTCGCAAGCATCGATGGCGGTGTCGC

oMM89

CENP-S in gene verification 2, bit upstream

GCATATCTACAATTGGGTGAAATGGGG

oMM90

Ame Site multi-phosphosite mutagenesis 91 A-
>G

ATGTTATTGTATTTAAGGCGCCAAATGCTGTTTAT

oMM91

Ame Site multi-phosphosite mutagenesis 121 T-
>G

TTTATAGAGAGGAGAACGCACCTATTCAAGCTCCT

oMM92

Ame Site multi-phosphosite mutagenesis 133 T-
>G

AGAACGCACCTATTCAAGCTCCTGTTCAACCCATT

oMM93

Ame Site multi-phosphosite mutagenesis 157 T-
>G

TCAACCCATTTTGTCTGCACCAAAACTTGCGAATT

oMM94

Ame Site multi-phosphosite mutagenesis 301 T-
>G

AAAGTCTTATAAGCGAAGCGCCGCAAAATGTTAGA

oMM95

internal Ctf3 seq 1000

GCCATCTTTAAACAGCAATGTTTTACTGCCGCG
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7.2 Strains and Plasmids

Yeast strains based on S288C

Strain Genotype Source
MAT a; leu2, ura3-52, trp1, prb1-1122, pep4-3, | This
MMY1 pre1-451,YOLO86W-A-STag-TEV-ZZ::KanMX study
MAT a; leu2, ura3-52, trp1, prb1-1122, pep4-3, | This
MMY2 pre1-451,YDL160C-A-STag-TEV-ZZ::KanMX study
MAT a, leu2, ura3-52, trp1, prb1-1122, pep4-3, | This
MMY3 pre1-451, Ame1-STag-TEV-ZZ::KanMX study
MAT a; leu2, ura3-52, trp1, prb1-1122, pep4-3, | This
MMY4 pre1-451,Chl4-STag-TEV-ZZ::KanMX study
MAT a; leu2, ura3-52, trp1, prb1-1122, pep4-3, | This
MMY5 pre1-451,Mcm16-STag-TEV-ZZ::KanMX study
MAT a; leu2, ura3-52, trp1, prb1-1122, pep4-3, | This
SWY102 pre1-451,Cnn1-TAP::KanMX study
Wip1-GFP::KanMX Nuf2-mCherry::KanMX | This
SWY550 cnn1A::HIS3 study
This
SWY551 Wip1-GFP::KanMX Nuf2-mCherry::KanMX study
Plasmids:
Plasmid number | gene plasmid
1| Ctf19 pET3aTr
2 | Ctf19His pET3aTr
3 | Mcm21 pET3aTr
4 | Mcm21His pET3aTr
5| Mcm21FLAG pET3aTr
6 | Okp1 pET3aTr
7 | Okp1 Kpn mut pET3aTr
8 | Ame pET3aTr
9| AmeH pET3aTr
10 | AmeF pET3aTr
11| Mcm21HN pET3aTr
12 | Mcm22 pET3aTr
13| Ctf3 pET3aTr
14 | Mcm16 pET3aTr
15| Mcm16H pET3aTr
16 | Mcm16Strep pET3aTr
17 | Ctf3 His pET3aTr
18 | Mcm22 His pET3aTr
19 | Iml3 pCOLADuett
20 | ImI3+Chl4 (Cl) pCOLADuett
21| ImI3+Chl4-Flag (Cl) pCOLADuett
22 | Ctf19 (mutated) pST39
23 | Ctf19 + Mcm21 pST39
24 | Ctf19 + Mcm21 +Okp1 pST39
25 | COMA-His (Tag on Ame1) pST39
26 | COMA-Flag (Tag on Ame1) pST39
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27 | COMA-Flag (Tag on Ame1) pST39
28 | Ctf19 + Mcm21 - His pST39
29 | Ctf19 + Mcm21 - Flag pST39
30 | Ctf19 + Mcm21 - HN pST39
31 | COMA-His (Tag on Mcm21) pST39
32 | COMA-Flag (Tag on Mcm21) | pST39
33 | COMA-HN (Tag on Mcm21) pST39
34 | Okp1 (mut) pST39
35 | Mcm22 pST39
36 | Mcm22 Ctf3 pST39
37 | Mcm22 + Ctf3 + Mcm16 pST39
38 | Mcm22 + Ctf3 + Mcm16-HN pST39
39 | Mcm22 + Ctf3 + Mcm16-His pST39
40 | Mcm22 + Ctf3 + Mcm16-Strep2 | pST39
41 | clean pst39 plasmid pST39
42 | Ame1 pRS306 pRS306
43 | Mcm22 + Ctf3 + Mcm16-Strep2 | pST39
44 | ImI3+Chl4-Flag (Cl) pCOLADuett
45 | COMA-Flag (Tag on Ame1) pST39
46 | COMA-Flag (Tag on Ame1) pST39
47 | COMA-His (Tag on Mcm21) pST39
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7.3 Mass spectrometry data

Susanne Opravil, Richard Imre, Otto Hudecz

Information and figures supplied by IMP/IMBA protein chemistry core facility

Summary:
stringe identified bait seq cov
instrument ncy bait / sample enzyme proteins [%]
tryps | chymotry | subtili
in psin sin

LTQ Orbitrap

Velos high | Chl4_pool X X X 122 98
LTQ Orbitrap

Velos low |Chl4 X X X 398 99
LTQ Orbitrap

Velos high |[CNN1_pool X X X 50 84
LTQ Orbitrap

Velos low |CNN1 X X X 295 97
LTQ Orbitrap

Velos high | Mcm16_pool X X X 140 97
LTQ Orbitrap

Velos low [|Mcm1l6 X X X 390 95
LTQ Orbitrap Amel (sample

Velos high | A) X 90 72
LTQ Orbitrap Amel (sample

Velos low |B) X 93 70
LTQ Orbitrap YDL160C-A

Velos high | (sample C) X 34 100
LTQ Orbitrap

Velos low |YDL160C-A (X) X X X 305 98
LTQ Orbitrap YOLO6W-A

Velos high | (sample D) X 66 89
LTQ Orbitrap YOLO6W-A

Velos low |(sample E) X 98 93

Search Engines

Mascot & Sequest

via Thermo Proteome Discoverer 1.3.0.339

Protein Sequence Database
yeast SGD (6717 sequences; 3020761 residues)
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Peptide Filters filter options
Peptide Rank 1
Peptide Confidence High (1% FDR)
Protein Filters

Minimum Peptides Per Protein 2

# identified proteins

400

350

300
250

200

150
100

B Chl4_pool_high
OcChl4_low

B CNN1_pool_high
ECNN1_low
OMcm16_pool_high
OMcm16_low

OAme1 (sample A) high
BAme1 (sample B) low

OYDL160C-A (sample C) high

sequence coverage of the bait [%]

—
=NWAOIOHN00OO
O

OOOOOOOOO

BChl4_pool_high
OChl4_low

B CNN1_pool_high
BCNN1_low
OMcm16_pool_high
OMcm16_low

OAme1 (sample A) high

BAme1 (sample B) low
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# Unique Peptides
Displays the number of peptide sequences unique to a protein group

# Peptides
Displays the number of distinct peptide sequences in the protein group

# PSMs

Displays the total number of identified peptide sequences
(peptide spectrum matches) for the protein, including those
redundantly identified

# Proteins
Displays the number of identified proteins in the protein
group of a master protein

Coverage

Displays the percentage of the protein sequence covered by identified peptides

bait highlighted

ScCENP-U"™" High stringency

# Accession XCoverage Z# Proteins Z# Unique Peptides Z# Peptides X# PSMs

1 YGR179C 62,6% 1 32 32 123
2 YLR381W 44,6% 1 29 29 84
3 YBR211C 72,2% 1 29 29 276
4 YDR254W 57,4% 1 27 27 93
5 YIRO10W 36,6% 1 24 24 62
6 YDL229W 32,6% 1 21 21 40
7 YDRS318W 44,3% 1 21 21 56
8 YDRS383C 75,6% 1 20 20 58
9 YJR135C 75,7% 1 19 19 71
10 YPLO18W 43,9% 1 17 17 60
11 YBR107C 66,1% 1 17 17 50
12 YJR112W 66,2% 1 16 16 49
13 YALO34W-A 33,9% 1 15 15 32
14 YPL233W 56,0% 1 15 15 37
15 YJR045C 23,2% 1 15 15 31
16 YOR063W 29,5% 1 13 13 26
17 YPRO0O46W 66,9% 1 13 13 47
18 YOLO054W 23,2% 1 10 10 23
19 YNL178W 37,5% 1 8 8 14
20 YHR203C 28,4% 1 8 8 14
21 YDRA450W 53,4% 1 8 8 17
22 YKL049C 30,1% 1 7 7 15
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23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69

YBR118W
YJLO34W
YCLO18W
YFRO31C-A
YKLO89W
YBRO009C
YLR315W
YLLO24C
YDRO12W
YPL249C-A
YPL106C
YBLO72C
YGL234W
YLLO45C
YHR174W
YGL123W
YHLO15W
YJR123W
YGR192C
YDLO082W
YNL301C
YGRO085C
YBR181C
YGLO008C
YALO05C
YERO74W
YOLO086C
YDL182W
YBR048W
YBLO0O2W
YLRO75W
YDR447C
YLR029C
YBR189W
YGRO034W
YDR471W
YMLOG3W
YMR242C
YGR159C
YGL147C
YBR191W
YHRO021C
YCRO031C
YOL127W
YKL180W
YDR418W
YBL087C

15,1%
12,8%
23,6%
30,3%
13,3%
51,5%
31,4%
39,9%
22,1%
41,0%
8,4%
34,5%
9,4%
24,2%
14,9%
23,2%
35,5%
22,7%
15,7%
22,6%
26,9%
23,0%
25,4%
5,6%
38,9%
32,6%
16,1%
10,1%
20,5%
22,9%
20,4%
37,5%
17,2%
23,6%
29,9%
38,2%
16,5%
29,1%
8,9%
12,0%
16,9%
37,8%
241%
23,2%
21,2%
21,8%
22,6%
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70 YGR118W 18,6% 1 3 3 5
71 YOR369C 14,0% 1 2 2 4
72 YGRO027C 19,4% 2 2 2 4
73 YLR448W 22,7% 1 2 4 4
74 YGL0O76C 6,2% 1 2 2 2
75 YERO056C-A 12,4% 2 2 2 2
76 YKL054C 3,1% 1 2 2 4
77 YDL136W 11,7% 1 2 2 4
78 YDLO83C 14,7% 1 2 2 6
79 YLR167W 15,8% 1 2 2 5
80 YML123C 4,6% 1 2 2 8
81 YGLO31C 13,6% 2 2 2 4
82 YJL136C 27,6% 2 2 2 4
83 YPL131W 8,1% 1 2 2 4
84 YGL135W 10,1% 1 2 2 2
85 YBLO092W 14,6% 1 2 2 2
86 YMLO73C 21,0% 1 2 4 4
87 YJLOO8C 2,8% 1 2 2 2
88 YOL040C 16,9% 1 2 2 3
89 YDRO064W 12,6% 1 2 2 2
90 YLR325C 33,3% 1 2 2 2

ScCENP-U"™" Low stringency

# Accession XCoverage Z# Proteins Z# Unique Peptides Z# Peptides X# PSMs

1 YGR179C 72,2% 1 36 36 205
2 YLR381W 45,3% 1 27 27 86
3 YDRS318W 68,8% 1 27 27 97
4 YBR211C 70,1% 1 26 26 252
5 YDR254W 46,1% 1 25 25 88
6 YIRO10W 38,0% 1 25 25 63
7 YDRS383C 77,7% 1 22 22 104
8 YJR135C 79,9% 1 20 20 77
9 YPLO18W 47,7% 1 19 19 102
10 YDL229W 30,7% 1 19 19 49
11 YALO34W-A 36,7% 1 17 17 43
12 YKLO89W 31,0% 1 17 17 34
13 YJR045C 271% 1 17 17 33
14 YOLO054W 33,0% 1 17 17 41
15 YBR107C 64,9% 1 16 16 43
16 YJR112W 59,2% 1 14 14 47
17 YPL233W 56,0% 1 13 13 39
18 YHR203C 36,8% 1 11 11 23
19 YPRO0O46W 66,9% 1 11 11 52
20 YKLO049C 33,2% 1 10 10 27
21 YNL178W 42,9% 1 9 9 18
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

YORO063W
YGLO008C
YBRO009C
YDLO82W
YLR315W
YDR450W
YHR174W
YLR448W
YDRO12W
YBR118W
YJL008C
YJLO34W
YFRO31C-A
YMR242C
YPL249C-A
YBR181C
YGR148C
YBLO72C
YMLOG3W
YGL123W
YDL182W
YJR123W
YBR191W
YBLO0O2W
YLLO24C
YLR029C
YLR344W
YCLO18W
YDR471W
YLLO45C
YOLO086C
YHLO15W
YOR369C
YGR192C
YBR048W
YNL301C
YHRO021C
YDL136W
YDR447C
YERO74W
YKR092C
YBLO92W
YLR185W
YCRO031C
YDRO064W
YML123C
YALOO5C

24,6%
9,5%
52,4%
34,7%
63,4%
53,4%
21,1%
38,1%
23,8%
15,1%
14,1%
16,0%
30,3%
36,6%
43,0%
30,5%
27,7%
28,5%
23,5%
23,2%
11,7%
19,6%
28,8%
32,8%
36,6%
27,5%
39,4%
20,9%
38,2%
41,4%
17,5%
35,5%
33,6%
15,4%
20,5%
23,1%
46,3%
24,2%
27,2%
27,4%
7,6%
22,3%
42,1%
241%
19,9%
6,1%
32,7%
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69 YOL127W 23,2% 1 3 3 6
70 YBL003C 34,1% 2 3 3 10
71 YDR418W 21,8% 1 3 3 8
72 YBL087C 22,6% 1 3 3 6
73 YGR118W 18,6% 1 3 3 6
74 YPL131W 10,8% 1 3 3 6
75 YGL135W 6,5% 1 2 2 5
76 YBRO10W 11,0% 1 2 2 4
77 YJR094W-A 18,5% 1 2 2 4
78 YJL130C 0,9% 1 2 2 4
79 YGL147C 12,0% 2 2 2 4
80 YDRS500C 36,4% 1 2 4 7
81 YGLO76C 8,6% 1 2 2 4
82 YERO056C-A 12,4% 2 2 2 2
83 YLRO75W 10,9% 1 2 2 4
84 YDLO083C 14,7% 1 2 2 6
85 YIL148W 14,8% 1 2 2 2
86 YJL177W 15,8% 2 2 2 6
87 YNL069C 9,1% 1 2 2 4
88 YNL302C 12,5% 2 2 2 2
89 YHR216W 6,3% 3 2 2 8
90 YILO35C 4,6% 1 2 2 2
91 YMR186W 2,8% 1 2 2 2
92 YARO010C 5,2% 44 2 2 2
93 YHLO033C 29,3% 1 1 8 8

ScCENP-N®" High stringency

# Accession ICoverage Z# Proteins Z# Unique Peptides Z# Peptides X# PSMs

1 YDR254W 98,3% 1 248 248 986
2 YGR179C 94,3% 1 122 122 377
3 YBR107C 99,6% 1 107 107 410
4  YLR381W 74,1% 1 105 105 266
5 YPLO18W 91,3% 1 79 79 224
6 YBR211C 75,6% 1 67 67 189
7 YDR318W 85,9% 1 67 67 189
8 YJR135C 87,9% 1 61 61 205
9 YDR383C 92,0% 1 59 59 178
10 YLR259C 65,4% 1 49 49 124
11 YPRO46W 90,6% 1 31 31 114
12 YBRO31W 68,8% 2 27 27 70
13  YJR045C 40,1% 2 27 27 67
14 YDL229W 37,2% 2 23 24 56
15 YHR203C 67,4% 1 23 23 54
16 YBR181C 67,0% 1 22 22 50
17 YIRO10W 34,7% 1 21 21 45
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30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

YLLO24C
YORO063W
YBLO27W
YLR315W
YCLO18W
YBR048W
YFRO31C-A
YNL178W
YBR118W
YGR192C
YJR123W
YLRO75W
YBLO87C
YDR450W
YBLO72C
YERO74W
YGL123W
YALO34W-A
YDLO82W
YCRO031C
YGLO76C
YPL131W
YGLO031C
YGL103W
YPL233W
YHLO15W
YDL083C
YGL234W
YJR112W
YGR027C
YLR029C
YNL301C
YDR471W
YDR447C
YGLO008C
YMR242C
YGR118W
YLR441C
YDL182W
YJL130C
YNLOG64C
YNL302C
YOLO040C
YPLO79W
YNL096C
YPL249C-A
YDL136W

58,7%
39,5%
48,2%
69,9%
48,6%
69,2%
50,4%
58,8%
40,8%
41,6%
58,7%
53,4%
55,5%
56,9%
48,5%
60,7%
39,8%
37,4%
35,7%
67,9%
34,4%
28,3%
39,4%
54,4%
48,2%
55,4%
55,9%
15,6%
55,2%
43,5%
32,8%
40,3%
57,4%
60,3%
11,2%
44,2%
43,5%
68,2%
21,7%
4,1%
28,6%
47,2%
40,9%
38,1%
63,7%
49,0%
41,7%

NN

NN

20
18
18
17
17
16
16
16
15
15
14
13
13
13
13
13
11
11
11
11
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10
10
10
10
10
10
10
10
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65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111

YDR261C-D
YOL127W
YALOO5C
YLLO45C
YLR344W
YDLO75W
YERO056C-A
YBLO92W
YIL133C
YLR167W
YDRO064W
YPL143W
YNLO55C
YNLOG9C
YMLOG3W
YOR369C
YDL061C
YMLO73C
YHRO021C
YMR230W
YGR254W
YJLO34W
YLR325C
YML123C
YLR044C
YKLOO6W
YORO096W
YMR241W
YDR418W
YHRO064C
YKL152C
YBLOO2W
YLR388W
YCL030C
YARO002W
YJL008C
YMR246W
YPR163C
YMR186W
YGR214W
YLR287C-A
YLR340W
YPLO81W
YKL180W
YDR233C
YJRO94W-A
YGL147C

5,4%
47,9%
49,5%
59,8%
66,1%
57,5%
42,2%
35,4%
26,6%
34,2%
30,5%
45,8%
23,0%
25,3%
64,3%
30,1%
69,6%
22,7%
46,3%
43,8%
10,5%

8,1%
42,3%

6,0%

8,7%
21,7%
44,2%
15,0%
30,9%

9,1%
12,6%
14,5%
55,4%

5,1%

7,6%

5,8%

4,5%

71%

4,3%
13,1%
31,8%
10,6%
43,7%
54,4%

9,5%
29,4%

9,4%
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112 YBRO85W 6,2% 1 2 2 5
113 YBR189W 38,5% 1 2 8 13
114 YOR232W 7,9% 1 2 2 6
115 YFL022C 3,6% 1 2 2 4
116 YHRO020W 3,3% 1 2 2 2
117 YBLO03C 12,1% 2 2 2 4
118 YOLO086C 6,0% 1 2 2 4
119 YDL137W 12,2% 2 2 2 2
120 YIL043C 7,0% 1 2 2 2
121 YHLO33C 48,1% 1 1 19 26
122 YJL177TW 54,4% 1 1 12 21

ScCENP-N®" | ow stringency

# Accession XCoverage ZI#Proteins Z# Unique Peptides Z# Peptides X# PSMs

1 YDR254W 98,9% 1 398 398 1554
2 YBR107C 100,0% 1 147 147 575
3 YGR179C 95,1% 1 134 134 459
4 YFRO31C-A 85,4% 1 91 91 253
5 YBR211C 93,5% 1 82 82 243
6 YLR381W 78,2% 1 80 80 276
7 YDR318W 94,8% 1 77 77 232
8 YJR135C 97,1% 1 75 75 277
9 YORO063W 81,1% 1 74 74 215
10 YDR383C 88,2% 1 68 68 215
11 YPLO18W 84,6% 1 67 67 217
12 YGLOO8C 40,7% 1 65 65 172
13 YHR203C 90,4% 1 62 62 169
14 YBR118W 77,7% 1 57 57 163
15 YLR259C 73,4% 1 56 56 137
16 YLRO75W 85,5% 1 54 54 141

17 YGL123W 92,1% 1 51 51 133
18 YLRO29C 87,3% 1 50 50 124
19 YBR181C 96,6% 1 49 49 139
20 YBLO072C 90,5% 1 49 49 136
21 YPRO46W 98,3% 1 48 48 156
22 YJR045C 59,9% 1 47 47 104
23 YNL301C 87,6% 1 45 45 129
24 YGLO76C 95,1% 1 44 60 163
25 YGL103W 96,6% 1 44 44 128
26 YPL131W 78,5% 1 44 44 125
27 YBRO48W 96,8% 1 42 42 115
28 YOL12TW 96,5% 1 41 41 116
29 YBLO27TW 84,7% 1 41 41 105
30 YHRO10W 93,4% 2 38 38 111

31 YLR150W 78,4% 1 38 38 99
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32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78

YPL231W
YIR010W
YMR242C
YDL136W
YBLO92W
YDL083C
YERO74W
YGL135W
YGR192C
YDR450W
YJR123W
YDRO064W
YNL178W
YKL180W
YLLO24C
YJL130C
YDR447C
YDR381W
YGR027C
YHR174W
YNLOG64C
YALO35W
YKL182W
YLR044C
YJLO34W
YMR142C
YLLO45C
YLR340W
YALO34W-A
YPL233W
YHLO15W
YHL034C
YGRO085C
YJL190C
YLR432W
YLR448W
YGL147C
YJL191W
YLR249W
YDR418W
YER165W
YMLO56C
YPR137C-B
YPL106C
YPLO93W
YBRO079C
YOLO086C

20,0%
55,2%
89,5%
81,7%
93,1%
81,8%
83,7%
70,1%
68,4%
81,5%
79,6%
92,1%
80,4%
90,2%
85,6%
13,6%
86,8%
70,4%
86,1%
70,3%
57,5%
26,0%
14,3%
43,9%
38,6%
97,5%
96,9%
49,7%
58,5%
94,0%
74,4%
67,4%
58,1%
89,2%
65,4%
87,5%
87,4%
89,1%
20,3%
76,4%
49,1%
66,4%
23,4%
38,7%
32,6%
24,8%
47,7%

w NN

NN

38
36
36
36
34
34
33
33
32
32
31
30
29
29
28
28
27
27
26
26
26
26
26
25
25
24
24
24
23
23
23
23
23
23
22
22
21
21
21
21
21
21
21
21
21
21
20
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38
36
36
36
34
34
33
34
32
32
31
30
29
45

101
28
27
27
26
50
26
27
26
25
28
54
94
24
24
23
23
23
23
23
39
52
21
21
21
21
21
38
35
21
21
21
20

87
81
98
91
92
83
91
9
80
9
84
74
89
110
284
60
66
59
90
135
80
61
56
56
50
127
304
62
52
62
73
53
61
61
95
123
56
55
44
65
53
95
80
47
42
42
57



79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
17
118
119
120
121
122
123
124
125

YOR204W
YCLO18W
YDL229W
YBL087C
YDR385W
YGR118W
YOLO40C
YHLO033C
YBR189W
YMLO73C
YLR197W
YOR341W
YLR315W
YBR191W
YNLOG9C
YJRO94W-A
YORO096W
YALO38W
YIL133C
YGR159C
YLR167W
YDR224C
YDR496C
YPL143W
YLR175W
YNL112W
YJR112W
YDLO14W
YGLO031C
YHLOO1W
YMLOG3W
YML123C
YDL182W
YMR229C
YLR344W
YCRO12W
YDLO75W
YOL041C
YPLO81W
YMRO12W
YLR441C
YGLO30W
YKL172W
YNL175C
YBR127C
YHRO021C
YLR287C-A

35,4%
48,9%
79,3%
65,7%
23,4%
71,7%
68,3%
93,0%
80,5%
89,8%
36,7%
11,3%
77,8%
75,0%
86,9%
80,4%
88,4%
42,8%
89,5%
35,3%
59,2%
83,2%
25,8%
99,1%
26,1%
30,8%
63,7%
39,5%
85,8%
99,3%
82,0%
26,6%
37,2%
8,3%
84,3%
36,3%
81,4%
33,6%
76,1%
10,8%
80,4%
93,3%
30,9%
28,8%
25,0%
74,4%
96,8%

20
20
19
19
19
19
18
18
18
18
18
18
17
17
17
17
17
17
16
16
16
16
16
15
15
15
15
14
14
14
14
14
14
14
13
13
13
13
13
13
12
12
12
12
12
11
11
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20
20
77
19
19
19
18
88
31
48
18
18
17
28
39
17
27
17
38
16
19
16
16
31
15
15
15
14
23
33
39
14
14
14
30
13
13
13
26
13
37
12
12
12
12
1
1

42
54
199
60
38
47
63
263
65
116
36
44
57
56
90
44
67
37
90
39
34
54
35
68
31
28
38
33
48
59
9
36
29
29
86
32
30
33
56
31
94
38
25
21
29
23
30



126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

YDR120C
YMR246W
YOR310C
YERO025W
YPL249C-A
YNL302C
YJL189W
YNL096C
YDL208W
YHR020W
YMLO61C
YPLO12W
YALOO5C
YLR325C
YKL054C
YFRO032C-A
YHRO089C
YEROO6W
YPL237W
YDL061C
YLROG1W
YMLO74C
YELO26W
YDRO052C
YCL037C
YGR103W
YDR365C
YNL248C
YGR240C
YGL195W
YBRO84W
YHRO027C
YJLO12C
YJL148W
YLR264W
YBRO009C
YLR185W
YHRO052W
YOLO77C
YBR196C
YDLO31W
YHR146W
YMR290C
YLR196W
YKL152C
YOR361C
YGL206C

19,5%
16,9%
29,4%
26,9%
99,0%
50,7%
58,8%
87,9%
63,5%
18,6%
13,4%
8,4%
74,5%
80,8%
13,0%
89,8%
28,3%
20,8%
41,4%
73,2%
72,7%
21,4%
54,8%
12,8%
25,4%
14,7%
15,6%
19,8%
10,1%
3,0%
8,7%
9,5%
10,7%
33,5%
67,2%
62,1%
88,6%
15,2%
24,7%
10,7%
7,0%
21,7%
14,3%
12,9%
25,5%
8,5%
4,6%

11
11
11
11
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10
10
10
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10
10
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173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219

YDL126C
YFLO39C
YNL132W
YBLO03C
YDR233C
YLLOOSW
YBRO10W
YGL173C
YDR382W
YDR500C
YLR449W
YOR294W
YNRO053C
YMLO28W
YMR146C
YKLO60C
YNLOO7C
YPR0O10C
YJL008C
YBLO30C
YPL217C
YNRO16C
YDL195W
YHRO064C
YIL052C
YMR194W
YOR293W
YHRO66W
YIL148W
YOR369C
YBR221C
YKR001C
YDR429C
YNLO002C
YGR233C
YFLO37W
YOLO054W
YJR121W
YHR190W
YGRO90W
YGL234W
YBLO99W
YMR186W
YNL209W
YHR141C
YNL110C
YDL081C

9,6%
24,5%
6,3%
62,9%
22,0%
9,0%
46,3%
4,1%
55,5%
87,5%
23,5%
45,8%
11,5%
30,6%
15,9%
29,0%
22,4%
4,7%
12,0%
18,9%
5,3%
3,5%
6,4%
17,3%
85,1%
99,0%
76,2%
14,6%
30,5%
43,4%
14,5%
7,4%
20,4%
13,4%
4,3%
12,7%
14,0%
13,1%
11,3%
3,7%
6,5%
8,8%
37,7%
77,5%
42,5%
241%
50,0%
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220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266

YDL130W
YBRO78W
YNL113W
YDLO82W
YALOO3W
YHRO72W-A
YFROO1W
YCL059C
YER126C
YNRO51C
YNL308C
YHR127W
YLR388W
YGR185C
YKL082C
YJLO14W
YHRO007C
YOL139C
YLR276C
YLR303W
YKLO81W
YGLO78C
YNL255C
YGR214W
YPL127C
YOR217W
YBRO086C
YBRO31W
YOR234C
YMR230W
YOLO39W
YGL189C
YDRO098C-A
YGR148C
YNLO88W
YMLO72C
YOR206W
YPLO19C
YMR309C
YDRO33W
YOR117W
YHR183W
YDR238C
YHRO047C
YMR108W
YBR142W
YHR088W

32,1%
12,0%
30,3%
88,4%
22,3%
67,2%
27,0%
12,0%
12,3%
12,8%
9,1%
17,7%
67,9%
10,9%
8,3%
7,7%
10,2%
23,0%
7,4%
10,1%
8,5%
10,9%
26,1%
23,0%
17,8%
4,4%
4,6%
91,4%
85,1%
73,3%
49,1%
63,9%
24,6%
48,4%
2,2%
2,0%
4,4%
4,2%
4,6%
10,3%
7,6%
5,9%
3,3%
3,5%
6,7%
2,5%
8,1%
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267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282
283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313

YILO78W
YNLO71W
YILO35C
YGR162W
YPLOG1W
YER120W
YGLO99W
YCL030C
YGR264C
YOR260W
YHR143W-A
YPLO43W
YHRO019C
YMR116C
YNL287W
YFRO37C
YFRO51C
YDR170C
YER110C
YDRO050C
YDR190C
YER177W
YHRO039C
YGRO083C
YGLO19W
YLR398C
YDR194C
YGL137W
YDL213C
YERO056C-A
YDRO12W
YGL171W
YDR174W
YGRO054W
YERO082C
YGRO027W-A
YER131W
YKLOO6W
YJL177W
YGR178C
YMRO024W
YKR081C
YKR046C
YKL173W
YHLO07C
YPRO41W
YPRO28W

3,8%
6,2%
8,9%
3,3%
6,8%
15,2%
4,1%
4,1%
3,6%
6,1%
51,4%
5,6%
6,7%
11,9%
3,0%
7,4%
5,5%
1,6%
3,1%
15,3%
8,0%
10,5%
5,6%
5,4%
14,0%
2,7%
6,0%
4,2%
17,8%
85,1%
90,9%
5,1%
11,8%
7,0%
5,1%
48,6%
63,9%
65,2%
69,6%
3,6%
5,6%
4,9%
7,8%
2,7%
2,3%
5,9%
8,9%
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314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360

YKRO08W
YGL105W
YORO001W
YLLO18C
YNL138W
YPR110C
YPL266W
YDLOO7TW
YBRO39W
YORO004W
YDR298C
YBLO76C
YHR193C
YJR104C
YFL045C
YNL189W
YDL137W
YHR068W
YJRO77C
YILO38C
YJLO41W
YPL235W
YDR510W
YOR259C
YPL226W
YMR128W
YBR154C
YDR101C
YDR377TW
YJRO70C
YGLO14W
YPL146C
YPR183W
YLR430W
YNLOO5C
YNL137C
YGR165W
YGR220C
YDL053C
YOR272W
YMR105C
YJLO80C
YCRO16W
YLR384C
YMRO72W
YPR163C
YOR375C

5,4%
5,3%
2,1%
2,7%
3,4%
6,3%
6,6%
5,5%
7,7%
8,3%
10,4%
1,7%
20,7%
13,0%
6,3%
3,9%
12,2%
4,1%
8,4%
2,3%
5,2%
4,9%
17,8%
3,7%
1,8%
1,7%
7,9%
4,2%
19,8%
10,8%
2,6%
3,1%
6,4%
0,8%
6,7%
3,5%
8,1%
8,6%
12,4%
4,4%
3,5%
1,8%
11,4%
1,6%
10,4%
8,3%
7,3%
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361 YERO029C 11,2% 1 2 2 4
362 YMR307W 4,1% 1 2 2 6
363 YNL055C 6,4% 1 2 2 2
364 YLR342W 1,4% 2 2 2 4
365 YGL129C 3,7% 1 2 2 4
366 YDR342C 4,9% 1 2 2 2
367 YLR355C 5,3% 1 2 2 4
368 YMR205C 2,3% 1 2 2 3
369 YKL145W 4,1% 1 2 2 5
370 YILO75C 2,2% 1 2 2 4
371 YER178W 5,0% 1 2 2 4
372 YDR155C 14,8% 1 2 2 2
373 YLR0O56W 4,7% 1 2 2 6
374 YORO056C 4,6% 1 2 2 6
375 YMR241W 5,4% 1 2 2 2
376 YJL136C 27,6% 2 2 2 8
377 YMLOO8C 71% 1 2 2 4
378 YJL122W 9,1% 1 2 2 4
379 YPL110C 1,6% 1 2 2 2
380 YER151C 3.2% 1 2 2 2
381 YGR175C 3,6% 1 2 2 2
382 YMR145C 3,6% 1 2 2 2
383 YIL093C 8,3% 1 2 2 2
384 YFL022C 4,0% 1 2 2 2
385 YLR180W 8,6% 1 2 2 2
386 YOR340C 6,8% 1 2 2 2
387 YCLO031C 6,7% 1 2 2 3
388 YORO086C 1,9% 1 2 2 2
389 YGRO034W 72,4% 1 1 18 51
390 YPL240C 36,5% 1 1 28 58
391 YMR185W 2,2% 1 1 2 2
392 YGR254W 46,0% 1 1 25 35
393 YJRO28W 47,3% 1 1 16 23
394 YPLO79W 45,6% 1 1 12 26
395 YPL198W 44,3% 1 1 17 19
396 YGRO027W-B 6,5% 1 1 16 18
397 YFLO34C-A 23,0% 1 1 2 2
398 YKRO048C 7,7% 1 1 2 2

ScCENP-H"*™® High stringency

# Accession ZXCoverage I# Proteins Z# Unique Peptides I# Peptides Z# PSMs

1 YLR381W 80,6% 1 143 143 409
2 YJR135C 100,0% 1 122 122 556
3 YGR179C 92,9% 1 112 112 361
4 YDR254W 81,4% 1 93 93 256

169



YDR318W
YPLO18W
YPRO46W
YBR211C
YDR383C
YBR107C
YIR010W
YNL178W
YCLO18W
YGR192C
YBR181C
YALO34W-A
YPL233W
YBRO31W
YBR118W
YDR450W
YHR203C
YDL229W
YJL008C
YGL245W
YLRO75W
YGL123W
YDL182W
YKL180W
YORO063W
YJR045C
YJR112W
YJL191W
YBL087C
YLR315W
YJR123W
YBLO27W
YLR180W
YERO74W
YGL234W
YOR293W
YLLO24C
YLR167W
YGLO031C
YFRO31C-A
YBLO72C
YHLO15W
YGL105W
YBR048W
YLR344W
YHRO064C
YMR242C

87,0%
89,4%
96,7%
79,3%
90,8%
88,2%
59,6%
74,6%
61,5%
49,7%
66,1%
52,9%
83,3%
52,8%
40,4%
64,4%
50,2%
31,7%
29,6%
23,2%
57,5%
52,8%
40,9%
66,3%
34,4%
21,4%
57,2%
71,7%
51,1%
55,6%
51,6%
37,6%
33,3%
48,9%
16,2%
82,9%
43,8%
50,0%
39,4%
30,3%
40,5%
55,4%
31,4%
42,3%
47,2%
20,1%
47,7%

75
70
70
65
49
42
40
24
24
23
23
23
21
20
19
18
17
17
16
16
15
15
15
14
14
13
13
11
11
11
11
11
10
10
10
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75
70
70
65
49
42
40
24
24
23
23
23
21
20
19
18
17
17
16
16
15
15
15
14
14
13
13
1
1
1
1
1
10
10
10
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361
197
145
101
108



52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9
97
98

YHRO10W
YBR191W
YDLO82W
YGL103W
YDR447C
YMR186W
YHR174W
YJL130C
YNLOG64C
YCL030C
YPL249C-A
YMR246W
YFL022C
YML123C
YLR044C
YPL131W
YKL152C
YHRO047C
YGLO76C
YNL301C
YHRO021C
YBLO30C
YDRO064W
YFLO37W
YMR241W
YLR340W
YOR369C
YLR388W
YDR385W
YIL133C
YDL083C
YLR029C
YBR127C
YGLO008C
YPL143W
YHR020W
YLR441C
YDR418W
YGR118W
YLLO45C
YALOO5C
YKL120W
YNL096C
YDL136W
YHRO019C
YGR240C
YBR189W

47,1%
36,3%
32,7%
39,6%
53,7%
12,2%
19,0%
3,6%
23,5%
8,6%
50,0%
13,7%
14,5%
11,4%
15,6%
18,9%
25,5%
6,4%
29,9%
31,7%
50,0%
16,0%
35,1%
15,3%
21,7%
21,8%
33,6%
69,6%
7,0%
35,7%
43,4%
25,5%
11,8%
8,0%
33,6%
6,4%
66,7%
42,4%
25,5%
19,1%
36,9%
12,7%
35,3%
22,5%
10,5%
3,6%
23,6%
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16
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10
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99 YNLOG69C 25,8% 1 4 7 18
100 YORO096W 35,8% 1 4 6 14
101 YMLOG3W 66,3% 1 4 18 44
102 YOLO086C 12,6% 1 4 4 8
103 YMR146C 11,0% 1 3 3 4
104 YGL147C 12,0% 2 3 3 8
105 YGRO027C 22,2% 2 3 3 9
106 YDLOO7TW 8,5% 1 3 3 6
107 YBLO92W 20,0% 1 3 3 5
108 YOLO40C 24,7% 1 3 3 10
109 YLR250W 12,0% 1 3 3 7
110 YLR325C 42,3% 1 3 3 8
111 YGR218W 3,3% 1 3 3 8
112 YLR287C-A 30,2% 1 3 3 8
113 YIL043C 10,9% 1 3 3 8
114 YARO010C 8,6% 44 3 3 8
115 YDLO75W 23,9% 2 3 3 3
116 YGR234W 6,8% 1 2 2 4
117 YGL135W 6,5% 1 2 2 4
118 YJRO94W-A 29,4% 1 2 2 8
119 YER131W 20,2% 2 2 2 4
120 YDLO61C 51,8% 1 2 3 6
121 YERO056C-A 20,7% 2 2 2 6
122 YALO42W 4,3% 1 2 2 4
123 YJRO70C 8,0% 1 2 2 4
124 YML124C 7,4% 1 2 2 4
125 YGRO085C 13,8% 2 2 2 4
126 YJLO14W 4,1% 1 2 2 2
127 YGLOG68W 12,4% 1 2 2 4
128 YER110C 2,1% 1 2 2 4
129 YBRO014C 10,3% 1 2 2 4
130 YNLOS5C 8,8% 1 2 2 4
131 YOL127W 15,5% 1 2 2 4
132 YJL189W 21,6% 1 2 2 2
133 YDR190C 5,0% 1 2 2 4
134 YBLO03C 12,1% 2 2 2 4
135 YBR106W 14,9% 1 2 2 6
136 YFL039C 7,5% 1 2 2 4
137 YFRO046C 5,5% 1 2 2 4
138 YBR291C 6,4% 1 2 2 4
139 YNL302C 13,2% 2 2 2 4
140 YGR214W 8,3% 2 2 2 4

ScCENP-H"™® | ow stringency

# Accession ZCoverage Zi# Proteins Zi# Unique Peptides X# Peptides #PSMs
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YGR179C
YJR135C
YDR254W
YLR381W
YDR318W
YPRO46W
YBR211C
YDR383C
YPLO18W
YBR118W
YIR010W
YGLO008C
YBR107C
YJR045C
YALO34W-A
YHR174W
YPL233W
YFRO31C-A
YORO063W
YDR385W
YPL231W
YNL178W
YLR044C
YGLO76C
YLR249W
YHR203C
YJL130C
YBR181C
YGR192C
YALO38W
YMR142C
YPL131W
YJL008C
YCLO18W
YJR112W
YHLO15W
YDR450W
YLR259C
YLLO45C
YLR315W
YJR123W
YLRO75W
YOLO086C
YNLOG64C
YPL106C
YHRO10W
YLLO24C

97,5%
97,9%
98,3%
92,8%
96,7%
95,0%
92,0%
94,5%
86,5%
79,5%
73,6%
43,6%
94,3%
68,8%
70,9%
87,0%
97,7%
81,9%
68,0%
42,0%
22,2%
85,4%
61,5%
82,4%
30,7%
78,9%
16,4%
79,2%
72,3%
62,4%
87,9%
63,3%
50,2%
70,3%
83,6%
74,4%
73,3%
46,7%
91,8%
86,9%
82,2%
74,2%
65,2%
54,5%
36,7%
84,6%
89,1%

192
177
171
155
123
103
102
9
94
73
64
64
60
58
47
46
44
44
43
41
40
37
36
36
36
34
33
32
32
32
31
31
31
31
31
29
29
29
28
27
27
26
26
25
25
24
24
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192
178
171
155
123
104
102
9
94
73
64
64
60
58
47
73
44
44
43
41
40
37
36
36
36
34
34
32
42
32
31
31
31
31
31
29
29
29
63
27
27
26
29
25
25
24
103

657
772
529
570
386
459
328
303
283
216
158
159
161
136
117
189
123
115
118
90
79
102
102
84
80
97
72
84
110
69
80
73
71
74
82
92
88
63
162
76
77
65
77
81
54
74
303



48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94

YGL103W
YGL123W
YHRO064C
YGL105W
YLR029C
YGL245W
YHR020W
YOL127W
YFRO046C
YNL301C
YLR340W
YBLO72C
YDL083C
YBR079C
YMR246W
YCRO12W
YLR150W
YKL180W
YGRO027C
YBLO27W
YGRO085C
YDR447C
YBR127C
YJLO34W
YKL182W
YMR186W
YBL087C
YJL191W
YERO74W
YDL136W
YMLO61C
YGL135W
YNRO16C
YDR261C-D
YDR418W
YGR159C
YBR048W
YHL034C
YDR224C
YKL054C
YJL190C
YOLO054W
YALOO5C
YML123C
YDRO064W
YMR242C
YPL143W

85,9%
78,0%
43,1%
52,1%
65,2%
33,1%
36,3%
83,1%
46,5%
70,4%
45,2%
80,0%
78,3%
22,5%
30,1%
51,7%
65,2%
85,3%
75,9%
66,1%
55,2%
81,6%
40,2%
32,7%
8,9%
48,8%
62,0%
91,3%
80,0%
62,5%
26,3%
54,8%
8,8%
15,2%
61,8%
38,7%
72,4%
58,5%
83,2%
26,2%
86,2%
31,3%
82,6%
27,6%
78,8%
71,5%
76,6%

24
24
24
24
23
23
23
22
21
21
21
21
21
21
21
21
21
21
20
20
20
20
20
20
20
19
19
19
19
19
19
19
19
19
18
17
17
17
16
16
16
16
16
16
16
15
15
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24
24
24
24
23
23
23
22
21
21
21
21
21
21
21
21
21
21
20
20
20
20
20
22
20
45
19
19
19
19
19
19
19
19
18
17
17
17
16
16
16
16
95
16
16
15
15

69
56
52
62
63
54
41
56
41
45
54
56
52
44
42
44
50
62
54
56
51
45
46
47
41
97
62
49
47
38
37
44
39
49
48
40
42
45
41
32
37
41

242
37
27
37
28



95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141

YOLO040C
YALO35W
YORO096W
YDRO052C
YHRO027C
YMLO73C
YBLO92W
YLR180W
YGRO038C-B
YHRO021C
YMLOG3W
YOR204W
YER165W
YPLO79W
YNL302C
YLR287C-A
YFLO37W
YBR189W
YKLO60C
YGL147C
YDLO14W
YKL152C
YBR196C
YILO78W
YJLO41W
YGR240C
YFL022C
YHR107C
YGR118W
YDLO75W
YLROG1W
YHRO047C
YELO34W
YLR448W
YNLOG69C
YDRO050C
YGR214W
YGL189C
YDR381W
YJL136C
YBRO72W
YDL182W
YOR361C
YOR341W
YPL249C-A
YHRO019C
YHRO007C

70,4%
16,1%
81,1%
21,2%
17,1%
74,4%
79,2%
49,2%
11,5%
63,4%
75,7%
20,2%
28,8%
50,0%
58,3%
87,3%
28,0%
70,3%
44,3%
54,5%
32,1%
40,1%
23,7%
13,6%
26,3%
12,7%
21,7%
28,0%
57,2%
62,8%
72,7%
11,3%
52,2%
76,1%
52,5%
43,2%
33,7%
54,6%
32,3%
66,7%
50,5%
59,1%
12,8%
6,9%
83,0%
17,9%
23,0%
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15
15
23
15
15
25
14
14
16
13
31
13
13
12
12
1
1
21
1
1
1
1
1
1
1
1
1
1
1
10
10
10
10
21
14
10
10

41
39
53
32
31
59
29
29
46
32
74
28
29
22
32
25
24
43
21
23
24
26
23
21
21
24
20
21
23
22
28
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20
44
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26
24
28
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24
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48
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24
48
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142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188

YERO025W
YKLO81W
YMR205C
YDL185W
YGL234W
YOR293W
YOR369C
YDL126C
YDR233C
YJRO94W-A
YMR229C
YNL096C
YJRO70C
YJLO14W
YBLO30C
YLR197W
YMLO28W
YNL209W
YDL061C
YDR382W
YGR234W
YBR009C
YIL148W
YLR264W
YDRO37W
YLR355C
YMRO72W
YDR238C
YGLO30W
YLR175W
YHR193C
YMRO12W
YLR388W
YHLO30W
YHLO033C
YCL030C
YLR167W
YGL195W
YPR163C
YLR303W
YHR190W
YNLO85W
YLR441C
YNL132W
YJLO12C
YCL037C
YGRO034W

23,3%
21,8%
9,6%
9,4%
13,2%
771%
46,9%
11,3%
23,4%
64,1%
5,2%
74,7%
30,2%
15,4%
28,0%
17,5%
44,9%
81,6%
73,2%
63,6%
20,6%
52,4%
43,0%
79,1%
11,0%
19,0%
31,2%
6,6%
61,9%
13,3%
42,5%
4,0%
71,4%
3,9%
81,3%
9,4%
57,9%
2,1%
20,4%
18,5%
14,9%
7,6%
67,8%
4,8%
9,3%
23,3%
87,4%
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22
16
14
16
20
12
19
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1
15
10
17
12
13
12

105
16
20
10
16
1
16
12
47
13
12
14
47



189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235

YLR185W
YDL229W
YFRO32C-A
YMR146C
YGL206C
YMLO56C
YNL248C
YPL235W
YPLOG1W
YGR282C
YDR496C
YOL139C
YDR170C
YJR121W
YJL189W
YFLO39C
YMLO08C
YBLO99W
YDR374W-A
YALOO3W
YOLO39W
YDR500C
YKR046C
YPLO19C
YNLOO7C
YMR108W
YNLO71W
YKR001C
YER120W
YML111W
YML124C
YIL142W
YMR116C
YDRO023W
YKL145W
YOLO004W
YOR317W
YMR241W
YNRO50C
YHR146W
YDL195W
YLR325C
YELO26W
YBRO10W
YBRO31W
YDL208W
YDR365W-A

69,3%
83,0%
57,6%
13,5%
3,1%
22,5%
12,3%
12,1%
10,4%
18,2%
6,4%
27,7%
2,5%
12,5%
43,1%
15,5%
14,6%
8,3%
62,9%
19,9%
34,9%
67,1%
17,0%
5,2%
13,9%
7,7%
9,3%
6,5%
21,3%
4,0%
10,6%
9,9%
14,7%
11,9%
8,8%
3,0%
6,7%
12,7%
8,7%
12,0%
3,9%
42,3%
27,0%
26,5%
75,1%
26,3%
35,0%
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236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256
257
258
259
260
261
262
263
264
265
266
267
268
269
270
271
272
273
274
275
276
277
278
279
280
281
282

YDR188W
YMLO72C
YHLO0O7C
YMR309C
YPRO41W
YDRO33W
YLR432W
YHR183W
YOL109W
YLLO18C
YBR221C
YDL052C
YNL112W
YDL137W
YJRO77C
YGR175C
YOR259C
YOR151C
YPR0O10C
YMR128W
YGR185C
YOR310C
YGL173C
YIL133C
YGR135W
YGL148W
YPL237W
YCRO087C-A
YER110C
YDR158W
YLR449W
YDR190C
YGR285C
YER178W
YLROS6W
YKL172W
YPR108W
YJR109C
YGL026C
YER151C
YBR086C
YBRO78W
YHR141C
YDL130W
YGR148C
YGLO031C
YGR253C

5,1%
2,7%
3,8%
3,9%
8,9%
10,3%
18,0%
7.2%
31,0%
4,3%
10,1%
13,9%
5,9%
16,6%
10,6%
71%
5,7%
2,9%
2,4%
2,5%
8,9%
5,5%
2,1%
28,1%
12,4%
8,2%
11,6%
20,3%
2,3%
7,7%
8,2%
8,2%
7,6%
8,1%
71%
6,6%
6,1%
3,9%
5,5%
4,5%
3,7%
5,6%
32,1%
28,3%
51,6%
51,6%
9,6%
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283
284
285
286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329

YDR261C-C

YDR174W
YPL240C
YIL115C
YOR206W
YKL120W
YOR117W
YPRO28W
YOR153W
YJRO72C
YLR293C
YLR196W
YJRO09C
YNRO51C
YDL131W
YLR304C
YJL138C
YDLOO7TW
YBLO76C
YJR104C
YFL045C
YELO022W
YPL160W
YOL041C
YDR510W
YPL226W
YMR145C
YGR264C
YDR377TW
YJL020C
YDR429C
YPRO72W
YNLO002C
YHR179W
YPR145W
YPL146C
YPR183W
YKL029C
YMR230W
YLR153C
YALO19W
YNL287W
YJLO80C
YHRO052W
YFRO51C
YPL217C
YMR303C

33,2%
9,8%
36,7%
1,4%
2,8%
7,4%
71%
8,9%
1,5%
5,7%
9,6%
5,4%
33,4%
5,8%
41,8%
3,3%
6,3%
5,7%
2,2%
13,0%
6,3%
1,5%
2,0%
6,5%
17,8%
1,8%
3,4%
2,4%
19,8%
2,0%
12,0%
4,3%
71%
5,3%
3,9%
5,7%
6,4%
3,3%
72,4%
2,9%
2,0%
1,9%
1,8%
4,8%
4,0%
2,0%
18,1%
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330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376

YBRO84W
YDR312W
YFL038C
YPLO48W
YGL253W
YOR375C
YMR307W
YNLO055C
YDL055C
YDLO17W
YKL191W
YMR194W
YOR157C
YCL064C
YJL111W
YGLO55W
YNL113W
YILO75C
YPL115C
YDR155C
YBR291C
YGRO086C
YDL081C
YER177W
YDR150W
YLR208W
YJL122W
YJL123C
YPL127C
YOR217W
YGL137W
YBR263W
YBR172C
YMR214W
YLLO12W
YKL127W
YFRO37C
YGL048C
YLR276C
YHRO089C
YMRO015C
YGR167W
YELO51W
YMLO48W
YNL255C
YMR185W
YKR092C

2,1%
4,2%
9,7%
6,8%
4,3%
7,3%
4,1%
6,4%
8,0%
4,5%
3,9%
50,0%
8,4%
5,3%
4,6%
4,3%
19,0%
2,2%
2,0%
14,8%
6,4%
6,2%
28,3%
71%
8,0%
7,7%
9,1%
5,0%
8,5%
2,6%
3.2%
4,7%
3,0%
6,9%
3,7%
3.2%
1,8%
6,4%
3.2%
9,3%
3,7%
8,2%
6,6%
7.2%
17,7%
2,2%
8,1%
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377 YMRO58W 3,0% 1 2 2 2

378 YDRO12W 73,8% 1 1 36 70
379 YDR225W 60,6% 1 1 7 13
380 YBLO03C 61,4% 1 1 7 13
381 YHLOO1W 79,7% 1 1 12 17
382 YKLOO6W 79,7% 1 1 12 17
383 YPLO81W 55,8% 1 1 11 17
384 YILO52C 56,2% 1 1 11 23
385 YERO056C-A 57,9% 1 1 11 23
386 YLR344W 86,6% 1 1 21 38
387 YNLO87TW 1,8% 1 1 2 3
388 YGL228W 1,2% 1 1 2 2
389 YGR254W 49,4% 1 1 28 58
390 YORO086C 2,0% 1 1 2 2

ScCENP-T°™ High stringency

# Accession XCoverage I# Proteins Z# Unique Peptides Z# Peptides X# PSMs

1 YFRO046C 83,9% 1 57 57 168
2 YBR181C 58,5% 1 19 19 42
3 YJL17TW 62,0% 2 11 11 26
4 YBRO048W 52,6% 1 11 11 21
5 YDR450W 54,8% 1 10 10 19
6 YBRO31W 31,2% 2 9 9 25
7 YPL143W 62,6% 2 8 8 13
8 YBLO27W 26,5% 1 8 8 14
9 YJR045C 11,8% 1 7 7 14
10 YBLO87C 41,6% 1 6 6 7
11 YHLO15W 37,2% 1 6 6 11
12 YGL123W 17,3% 1 5 5 8
13 YNL178W 20,8% 1 5 5 9
14 YGR192C 18,7% 2 5 5 9
15 YLRO75W 19,5% 1 5 5 9
16 YDR471W 38,2% 2 5 5 14
17 YGLO31C 27,7% 1 5 5 11
18 YFRO31C-A 26,4% 1 5 5 10
19 YMR242C 21,5% 1 5 5

20 YGR118W 33,1% 1 4 4 4
21 YDLO061C 69,6% 1 4 5

22 YDLO082W 20,6% 2 4 4 7
23 YLL024C 27,7% 1 4 14 26
24 YORO063W 11,4% 1 4 4 11
25 YCRO031C 18,3% 2 4 4 6
26 YBR191W 23,8% 1 4 4 5
27 YGRO027C 21,3% 2 3 3 7
28 YNL301C 16,1% 1 3 3 7
29 YOL040C 24,7% 1 3 3 9
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30 YDR447C 27,2% 2 3 3 8
31 YLR167W 18,4% 1 3 3 4
32 YHR203C 13,4% 1 3 3 6
33 YCLO18W 11,5% 1 3 3 4
34 YMLO63W 22,4% 1 3 7 10
35 YERO074W 24,4% 1 3 3 3
36 YPRO46W 22,7% 1 2 2 2
37 YJR123W 9,3% 1 2 2 3
38 YBL092W 17,7% 1 2 2 4
39 YLR388W 55,4% 1 2 3 6
40 YBR118W 5,0% 1 2 2 5
41 YHRO021C 18,3% 2 2 2 2
42 YDLO083C 18,2% 1 2 2 8
43 YALO05C 22,4% 1 2 12 21
44 YGR214W 8,3% 2 2 2 4
45 YPLO18W 5,4% 1 2 2 2
46 YPL249C-A 10,0% 1 2 2 2
47 YGRO034W 15,0% 2 2 2 2
48 YNL069C 12,1% 1 2 2 2
49 YFL039C 5,6% 1 2 2 2
50 YLR441C 22,4% 1 2 6 6

ScCENP-T°™ Low stringency

# Accession ZCoverage Zi# Proteins Zi# Unique Peptides X# Peptides #PSMs

1 YFRO046C 96,7% 1 187 187 663
2  YHR174W 84,4% 1 71 71 176
3 YIL144W 71,8% 1 67 67 152
4 YBR118W 75,3% 1 57 57 161
5 YJR045C 68,2% 1 56 56 120
6 YGL008C 39,7% 1 47 47 105
7 YDL229W 75,9% 1 45 71 156
8 YORO063W 63,8% 1 39 39 87
9 YLR259C 57,0% 1 38 38 75
10 YFRO31C-A 81,1% 1 38 38 99
11 YPL106C 46,6% 1 37 37 79
12 YLRO44C 55,4% 1 37 37 87
13 YPL231W 18,0% 1 34 34 61
14 YMR117C 81,2% 1 34 34 69
15 YGR192C 76,5% 1 33 52 120
16 YALO38W 57,0% 1 33 33 68
17 YDRO12W 72,4% 2 33 33 82
18 YHR203C 64,8% 1 32 32 82
19 YOLOG6OW 55,9% 1 31 31 59
20 YJL130C 13,6% 1 30 30 56
21 YKL182W 12,8% 1 29 29 55
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22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68

YCLO18W
YOLO086C
YGL103W
YGLO76C
YLLO24C
YBR181C
YLRO75W
YJR123W
YPL131W
YCRO12W
YOL127W
YDR450W
YBLO72C
YLR340W
YHLO15W
YDL083C
YGL123W
YMR142C
YBR048W
YDR385W
YNL301C
YER018C
YKL152C
YJLO34W
YDRO064W
YNL178W
YDL182W
YHRO10W
YLR249W
YGR179C
YLR150W
YALOO5C
YMR242C
YGL135W
YKLO60C
YBLO92W
YGRO085C
YHR020W
YNLOG64C
YDR447C
YGL147C
YBLO27W
YBL087C
YOR293W
YDL136W
YPL143W
YERO74W

61,3%
64,1%
83,2%
69,3%
88,1%
79,2%
75,6%
76,4%
53,9%
53,6%
78,2%
69,9%
79,0%
47,1%
74,4%
77,6%
60,2%
74,4%
84,0%
271%
67,2%
76,5%
62,4%
36,5%
92,7%
70,0%
44,2%
77,9%
20,5%
29,1%
60,4%
85,5%
77,3%
56,7%
50,4%
82,3%
50,6%
23,3%
40,1%
71,3%
67,5%
61,4%
61,3%
74,3%
70,0%
73,8%
65,9%

29
28
27
27
27
27
26
25
25
23
23
23
23
23
22
22
21
21
21
21
21
21
20
20
20
19
19
19
19
18
18
18
18
17
17
17
17
17
16
16
15
15
15
14
14
14
14
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125
27
26
25
25
23
23
23
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23
22
22
21
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21
21
21
20
23
20
19
19
19
19
18
18
116
18
17
17
17
17
17
16
16
15
15
15
14
14
14
14

59
71
75
58

356
72
62
57
56
53
49
59
56
54
60
50
49
50
41
50
45
47
39
49
48
47
38
56
40
39
41

322
37
47
49
33
46
38
38
45
33
46
27
36
30
26
40



69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
9
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115

YGR118W
YBR189W
YHL034C
YKLO054C
YJR121W
YLR367W
YLR432W
YBR196C
YGR027C
YOLO040C
YER165W
YALO35W
YDL126C
YDRO050C
YKL180W
YJL191W
YLR029C
YHLOO1W
YBR211C
YDR365W-A
YGL234W
YDR418W
YLLO45C
YBLO99W
YER120W
YFLO37W
YHR117W
YJLO12C
YNLOS4W-A
YDR254W
YDLO14W
YJRO94W-A
YMLO73C
YHRO021C
YLROG1W
YPR163C
YBR106W
YNL302C
YGR214W
YHRO064C
YGL189C
YDR233C
YNL096C
YPLO81W
YML123C
YORO096W
YLR287C-A

52,4%
53,9%
44,6%
24,9%
27,4%
76,2%
32,9%
24,7%
73,2%
60,6%
25,5%
12,9%
14,4%
43,2%
75,5%
75,4%
46,6%
72,5%
33,0%
42,7%
14,6%
66,1%
81,6%
18,4%
39,8%
18,6%
14,9%
12,9%
50,7%
19,4%
25,1%
64,1%
61,9%
62,2%
62,0%
29,4%
43,6%
45,8%
25,0%
20,3%
41,2%
271%
73,7%
36,6%
17,4%
75,3%
95,2%
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1
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34
18
26
33
22
29
92
22
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34
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24
35
23
17
21
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17
24
14
37
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116
17
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162

YMLOG3W
YBRO78W
YPLO18W
YPLO19C
YOR369C
YDR382W
YBRO39W
YLR448W
YIL133C
YLR167W
YPR120C
YBR127C
YLR325C
YLR264W
YLR355C
YFL039C
YLR441C
YELO34W
YMLO28W
YGR159C
YGLO30W
YOR341W
YHLO033C
YJR135C
YBLO30C
YERO025W
YLR342W
YHR190W
YNLOG9C
YJL136C
YJRO09C
YPLO79W
YMLO48W
YNLOO7C
YGL206C
YBR221C
YHR193C
YNLO71W
YLR185W
YPLOG1W
YCL030C
YJRO70C
YPL249C-A
YMR246W
YGR240C
YLR303W
YER178W

71,0%
15,0%
17,1%
8,3%
48,3%
63,6%
24,8%
56,8%
47,7%
37,5%
20,2%
15,7%
61,5%
77,6%
20,0%
23,5%
71,0%
41,4%
37,8%
17,9%
71,4%
3,9%
75,0%
25,1%
18,6%
17,3%
4,0%
14,9%
49,0%
64,4%
58,4%
49,4%
11,7%
18,5%
3,5%
11,2%
40,2%
12,7%
67,1%
11,0%
6,5%
18,8%
66,0%
7,9%
6,3%
14,9%
12,1%
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56
17
14
14
23
16
16
31
23
15
1
15
14
15
10
14
47
14
13
14
15
1
88
1
1
1
1
16
26
16
46
24
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163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209

YPRO46W
YMR241W
YDR383C
YHRO007C
YHR183W
YOL109W
YDL061C
YNL112W
YLR388W
YPR0O10C
YOR310C
YELO31W
YJLO14W
YOR204W
YDR381W
YGLO031C
YNRO50C
YHR146W
YGR167W
YDLO75W
YHRO72W-A
YKL212W
YDRO33W
YDL192W
YARO007C
YJL138C
YMR108W
YBRO009C
YJR104C
YBLOO2W
YKR001C
YLR315W
YHR179W
YPR183W
YDR483W
YLR153C
YMR116C
YBR160W
YPL237W
YILO53W
YLR197W
YJL151C
YDR171W
YNLO55C
YBLO03C
YNRO16C
YMR205C

28,7%
15,3%
24,8%
7,9%
9,6%
41,6%
69,6%
7,5%
67,9%
3.2%
8,6%
3,7%
7,7%
8,1%
20,8%
45,8%
9,0%
11,4%
16,7%
33,6%
67,2%
4,3%
10,3%
17,7%
3,4%
6,3%
5,4%
31,1%
18,8%
16,0%
5,1%
15,0%
7,5%
12,0%
10,2%
4,3%
11,9%
11,4%
9,8%
15,2%
6,6%
14,3%
6,4%
11,0%
29,6%
1,3%
2,9%
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210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248
249
250
251
252
253
254
255
256

YKL145W
YDR155C
YER177W
YBRO086C
YGRO034W
YHR141C
YDL081C
YDL130W
YMLO56C
YFRO032C-A
YPRO41W
YDLO72C
YBRO72W
YOR117W
YLLO18C
YBRO079C
YMR229C
YNL121C
YLR175W
YNL122C
YDR500C
YHR068W
YJRO77C
YGR193C
YMRO12W
YGR282C
YOR259C
YALO42W
YDL147W
YDR101C
YDR377TW
YJL008C
YDL143W
YGR135W
YDR345C
YOR261C
YGL195W
YBR107C
YMR264W
YJLO80C
YDR481C
YFL038C
YFL022C
YOL139C
YIL148W
YDR343C
YOR323C

6,9%
19,8%
11,6%
3, 7%
79,5%
34,9%
42,5%
29,3%
15,3%
50,9%
9,6%
13,8%
12,2%
5,1%
3,1%
1,9%
1,0%
3, 7%
6,0%
15,7%
36,4%
2,8%
8,0%
6,3%
1,9%
6,7%
4,6%
5,5%
3,8%
4,2%
19,8%
4,1%
4,6%
7,4%
3,9%
6,2%
0,8%
11,4%
10,3%
1,8%
4,4%
9,7%
4,0%
13,2%
14,8%
4,9%
4,6%
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257 YDR158W 5,2% 1 2 2 4
258 YMR307W 4,1% 1 2 2 4
259 YKLO81W 3,9% 1 2 2 4
260 YGLO93W 2,9% 1 2 2 6
261 YJL189W 21,6% 1 2 2 6
262 YJROO7W 4,6% 1 2 2 2
263 YMR194W 50,0% 1 2 8 19
264 YFL048C 5,4% 1 2 2 4
265 YMR186W 29,5% 1 2 20 54
266 YCRO034W 6,9% 1 2 2 4
267 YOR317W 3,3% 1 2 2 4
268 YNL255C 13,7% 1 2 2 4
269 YDR508C 3,6% 1 2 2 4
270 YLR216C 7,3% 1 2 2 4
271 YGR103W 3,8% 1 2 2 4
272 YNL209W 46,7% 1 2 24 56
273 YOLO86W-A 21,1% 1 2 2 4
274 YDL213C 17,8% 1 2 2 4
275 YDL160C-A 30,0% 1 2 2 4
276  YMR295C 12,7% 1 2 2 2
277 YKL120W 7,4% 1 2 2 3
278 YNRO51C 4,7% 1 2 2 2
279 YELO13W 4,3% 1 2 2 2
280 YHLO031C 6,7% 1 2 2 3
281 YGR204W 2,1% 1 2 2 2
282 YOR375C 5,3% 1 2 2 3
283 YGR285C 4,2% 1 2 2 2
284 YLR429W 3,4% 1 2 2 2
285 YALOO3W 13,1% 1 2 2 5
286 YKLO56C 10,2% 1 2 2 4
287 YLR056W 6,3% 1 2 2 4
288 YIL052C 56,2% 1 1 8 19
289 YERO056C-A 57,9% 1 1 8 18
290 YLR344W 78,7% 1 1 16 31
291 YPL240C 27,5% 1 1 19 43
292 YBR191W 45,6% 1 1 8 13
293 YJL17TW 54,4% 1 1 9 13
294 YGR148C 34,2% 1 1 6 6
295 YDR374W-A 22,5% 1 2 2 5

ScCENP-SYOL%8W-A High stringency

# Accession XCoverage Z# Proteins Z# Unique Peptides Z# Peptides X# PSMs

1 YIR002C 39,2% 1 43 43 144
2 YGRO42W 38,8% 1 14 14 45
3 YDL229W 21,4% 1 13 13 27
4 YJRO45C 19,7% 1 11 11 22
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YORO063W
YOLO86W-A
YDL160C-A
YNL178W
YHLO15W
YBLO72C
YERO74W
YFRO31C-A
YBR048W
YNL301C
YBR181C
YGLO008C
YGR148C
YDL182W
YLLO24C
YER120W
YBR118W
YHRO021C
YPL249C-A
YDR447C
YHR203C
YBR211C
YNLO055C
YDR450W
YDR471W
YMLOG3W
YGR118W
YGL123W
YGRO027C
YNL096C
YBRO009C
YDLO082W
YBLO0O2W
YLR029C
YCRO031C
YBRO31W
YCRO028C-A
YLR344W
YJLO34W
YBLO27W
YER148W
YPL131W
YGR159C
YJR123W
YARO007C
YBR191W
YDRO064W

23,8%
88,9%
100,0%
42,1%
37,2%
32,0%
29,6%
29,9%
26,3%
24,7%
25,4%
6,0%
271%
11,9%
27,7%
20,9%
10,0%
46,3%
24,0%
36,0%
12,6%
14,5%
16,6%
23,3%
35,3%
16,5%
23,5%
13,8%
27,8%
15,8%
31,1%
12,6%
22,9%
15,2%
24,8%
11,6%
28,2%
15,0%
7,8%
14,8%
12,9%
8,4%
4,6%
9,8%
3,.2%
11,3%
15,2%
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52 YML123C 51% 1 2 2 4
53 YALOO5C 23,7% 1 2 13 36
54 YCLO18W 5,8% 1 2 2 4
55 YLRO044C 3,6% 1 2 2 2
56 YGL234W 2,6% 1 2 2 4
57 YARO010C 5,9% 44 2 2 4
58 YDL192W 9,4% 1 2 2 2
59 YER131W 13,5% 2 2 2 2
60 YOR234C 10,3% 2 2 2 3
61 YMLO73C 11,9% 1 2 2 2
62 YLR167TW 11,2% 1 2 2 2
63 YNL312W 5,9% 1 2 2 3
64 YBLO87C 11,7% 1 2 2 2
65 YKL180W 21,2% 1 1 3 4
66 YJL177W 21,2% 1 1 3 4

ScCENP-SYOL8W-A || 6w stringency

# Accession XCoverage Z#Proteins Z# Unique Peptides Z# Peptides X# PSMs

1 YIR002C 38,4% 1 40 40 133
2 YARO007C 30,0% 1 18 18 44
3 YGRO042W 47,2% 1 16 16 43
4 YJRO45C 29,2% 1 16 16 40
5 YCRO092C 15,8% 1 15 15 28
6 YOLO90OW 14,3% 1 13 13 22
7 YOLO86W-A 93,3% 1 11 11 117
8 YDL160C-A 100,0% 1 11 11 246
9 YER148W 35,4% 1 10 10 22
10 YNL178W 42,9% 1 9 9 23
11 YIL131C 21,1% 1 9 9 20
12 YNL301C 40,3% 1 9 9 18
13 YFRO31C-A 36,2% 1 9 9 19
14 YORO063W 19,6% 1 8 8 22
15 YLR344W 42,5% 1 8 8 16
16 YBLO72C 42,5% 1 8 8 18
17 YMR242C 42,4% 1 8 8 19
18 YHR174W 17,9% 1 7 7 16
19 YNL312W 27,8% 1 7 7 17
20 YHLO15W 37,2% 1 6 6 13
21 YKRO025W 25,9% 1 6 6 14
22 YBRO009C 51,5% 1 6 6 17
23 YOR116C 4,3% 1 6 6 12
24 YBRO048W 26,9% 1 5 5 10
25 YBLOO2W 28,2% 2 5 5 11
26 YLL024C 31,6% 1 5 18 52
27 YDR447C 43,4% 2 5 5 13
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YHR203C
YDL150W
YBR181C
YDR450W
YERO74W
YBRO10W
YPR110C
YNLOG64C
YGR027C
YBLO92W
YJLO11C
YDLO082W
YKLO58W
YDRO12W
YJL173C
YHRO021C
YPL249C-A
YDL136W
YCRO031C
YCRO028C-A
YGLO008C
YALO05C
YOL127W
YDR471W
YBLO27W
YGL123W
YJR123W
YOR234C
YGR192C
YNL096C
YLR185W
YKL144C
YER120W
YMLO73C
YBR118W
YLRO75W
YLR029C
YCLO18W
YLR441C
YNL113W
YMLOG3W
YBL087C
YGR118W
YOR207C
YGR148C
YNRO0O3C
YIL133C

16,9%
14,0%
25,4%
31,5%
23,0%
22,1%
12,8%
12,5%
30,6%
29,2%
25,5%
17,1%
36,1%
13,8%
43,4%
46,3%
24,0%
23,3%
32,1%
34,8%
4,6%
31,5%
32,4%
35,3%
15,3%
13,8%
14,7%
17,8%
7,8%
15,8%
29,6%
15,1%
17.2%
15,3%
6,8%
14,0%
17.2%
12,1%
23,9%
19,0%
23,5%
22,6%
17.2%
2,5%
271%
7,6%
15,1%
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75
76
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81
82
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84
85
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ScCENP-XYPH169CA High stringency

YLR167W 11,2%

YHLOO1W 13,8%
YJLO34W 6,3%
YDRO064W 15,2%
YMRO72W 12,0%
YNL151C 7,6%
YDR381W 10,2%
YOLO12C 12,7%
YPR190C 2,9%
YGL234W 3,0%
YDR418W 14,6%
YNL209W 23,2%
YAR010C 4,1%
YDL229W 23,0%
YOR369C 14,7%
YBR189W 11,8%
YLLO45C 25,8%
YPLO79W 27,5%
YHLO033C 26,2%
YJL177W 12,5%
YNLOG69C 12,1%
YGLO031C 21,3%
YBR191W 27,5%
YKL180W 12,5%

© 0 N O o ~ W N

_ A A A A A A A A
0o N o o A~ W N -~ O

Accession ZCoverage

YJR045C 30,6%
YOLO86W-A 93,3%
YDL160C-A 100,0%
YBR211C 21,9%
YDR447C 43,4%
YLR344W 37,8%
YDLO082W 17,1%
YORO063W 12,1%
YNL301C 19,9%
YPL249C-A 24,0%
YGLO008C 4,9%
YALO05C 28,4%
YFRO31C-A 22,1%
YGR159C 7,3%
YGR179C 9,9%
YLLO24C 26,6%
YHLO033C 12,1%
YDL083C 21,7%
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19 YBR181C 18,2% 1 3 3 6
20 YKL180W 21,2% 1 3 3 6
21 YDR471W 23,5% 2 3 3 5
22 YBLO27TW 15,3% 1 3 3 6
23 YMR242C 13,4% 1 3 3 5
24 YDL229W 3.1% 2 2 2 4
25 YHLO15W 21,5% 1 2 2 4
26 YBR118W 4,4% 1 2 2 6
27 YBRO31W 7,7% 2 2 2 4
28 YOL127wW 16,9% 1 2 2 4
29 YFLO39C 5,6% 1 2 2 4
30 YGLO31C 14,8% 2 2 2 4
31 YLRO75W 10,0% 1 2 2 2
32 YHRO021C 29,3% 2 2 2 2
33 YBLO72C 8,0% 1 2 2 2
34 YGR118W 12,4% 1 2 2 2

ScCENP-XYPH169CA || ow stringency

#  Accession ZCoverage ZI# Proteins Z# Unique Peptides Z# Peptides I#PSMs

1 YDL160C-A 97,5% 1 124 124 983
2 YOLO86W-A 100,0% 1 87 87 622
3 YBR118W 73,6% 1 50 50 140
4 YJR045C 58,0% 1 44 44 98

5 YGL008C 35,5% 1 43 43 106
6 YHR203C 70,1% 1 34 34 72

7  YHR174W 58,1% 1 31 31 80

8 YGL0O76C 82,4% 1 31 31 68

9 YOLO086C 75,0% 1 30 30 66

10 YLRO75W 81,0% 1 29 29 65

11 YJR123W 71,6% 1 27 27 65

12 YBR181C 70,3% 1 27 27 68

13 YALO35W 26,8% 1 27 27 68

14  YMR186W 51,6% 1 27 47 105
15 YFRO31C-A 70,9% 1 27 27 69

16 YLR340W 60,9% 1 27 27 63

17 YDLO82W 77,9% 2 26 26 53

18 YGR192C 69,9% 1 25 36 82

19  YALO38W 49,4% 1 25 25 54
20 YGL103W 76,5% 1 23 23 58
21 YHRO020W 36,8% 1 23 23 51
22 YGL123W 58,7% 1 22 22 47
23 YLLO24C 73,9% 1 22 66 162
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YHRO007C
YORO063W
YNL301C
YDL083C
YER165W
YKLO81W
YCLO18W
YLR044C
YPL131W
YNL209W
YBR189W
YDL229W
YHLO15W
YBLO27W
YMLO08C
YDL182W
YNLOG64C
YDR447C
YJL190C
YBLO72C
YKL180W
YMR242C
YDR233C
YNL178W
YBLO92W
YDRO064W
YDR471W
YLLO45C
YDL136W
YGRO085C
YJR121W
YDR418W
YOR293W
YPL143W
YOR204W
YBLO99W
YHRO042W
YGL147C
YLR259C
YNLOG9C
YBR106W
YLR029C
YBR107C
YNLO55C
YNL302C
YDR254W
YJL130C

38,9%
46,0%
79,6%
78,3%
42,1%
40,1%
52,8%
30,7%
52,9%
42,3%
65,6%
43,4%
76,9%
57,7%
38,4%
50,9%
44,0%
73,5%
77,7%
63,5%
77,2%
66,3%
43,4%
67,5%
68,5%
73,5%
66,2%
72,3%
70,8%
56,9%
28,0%
68,5%
73,3%
83,2%
24,2%
26,4%
17.2%
61,3%
27,6%
59,1%
57,5%
52,5%
47,4%
41,7%
69,4%
34,7%
5,1%
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YGR185C
YOL127W
YDR450W
YORO096W
YJLO12C
YKL152C
YGL105W
YPLO79W
YBR048W
YPR183W
YPR163C
YGL234W
YHR146W
YOLO39W
YJL191W
YOR332W
YDL192W
YJLO41W
YGR175C
YERO056C-A
YGR264C
YMLO73C
YOLO040C
YHRO021C
YBLO30C
YALOO5C
YGLO031C
YBL087C
YGL135W
YMLO48W
YBRO39W
YNL112W
YDR500C
YER120W
YELO31W
YMR246W
YLR150W
YMRO72W
YDR381W
YDLO75W
YGR118W
YLR249W
YBRO78W
YPLO19C
YARO007C
YGR027C
YNL096C

23,4%
66,2%
52,7%
72,1%
13,5%
39,3%
25,8%
40,6%
59,6%
31,5%
28,9%
12,5%
241%
55,7%
54,4%
38,2%
42,0%
17,0%
13,1%
51,2%
10,9%
65,9%
40,9%
59,8%
32,4%
67,8%
32,3%
54,7%
21,7%
14,9%
26,7%
15,8%
63,6%
26,2%
6,5%
11,1%
35,2%
33,9%
29,7%
46,0%
37,2%
8,0%
16,9%

7,3%
11,4%
38,0%
62,6%

a4 4 a4 oA
© o o o o o

D OO0 O O N N N N N N N NN NN N NN N o 0o o o 0o o 0 00 0 o O O 00 00 0 ©OWw O O O ©o ©o o

195

a4 & a4 A
© o oo o o o

C© 0 O 0 0 0 0 W O O O ©O© O ©O© ©

13 TS -
N © ® ® o

® O O N N N N N SN N N N SN N 00NN N 0o o»

N
N

22
30
20
33
19
20
17
19
21
18
17
23
20
19
17
17
17
20
15
17
14
34
27
19
21

125
19
20
13
16
12
15
15
13
13
14
19
13
13
16
17
13
12
14
13
16
25



118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164

YCRO12W
YHLOO1W
YPL237W
YJLO34W
YERO74W
YGL245W
YGR179C
YILO41W
YDR174W
YOR369C
YDR385W
YDR429C
YGRO082W
YLROG1W
YDR483W
YNL312W
YLR325C
YFLO37W
YLR342W
YHR190W
YMRO79W
YGR214W
YPL127C
YMR183C
YFROO1W
YJRO94W-A
YGLO30W
YDR529C
YDR298C
YMR108W
YBLOO2W
YCL030C
YARO002W
YOR271C
YHLO031C
YIL133C
YGR135W
YPL106C
YPL218W
YML123C
YMR307W
YDL055C
YFL048C
YLR441C
YMLOG3W
YJL136C
YBR015C

13,7%
50,0%
22,8%
14,2%
34,1%
9,0%
16,0%
19,0%
20,3%
33,6%
6,8%
21,2%
25,1%
65,3%
14,9%
23,8%
47,4%
11,8%
2,8%
11,9%
16,1%
23,0%
22,9%
10,5%
20,6%
43,5%
39,1%
34,7%
21,7%
8,4%
22,9%

7,0%
8,5%
12,2%
15,3%
39,7%
15,5%
9,4%
24,7%
8,5%
8,1%
13,6%
9,9%
58,4%
54,5%
42,5%
5,7%
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YDL130W
YGR234W
YKLO60C
YDL226C
YKL127W
YBRO079C
YDL131W
YDR382W
YDL061C
YKLO16C
YLR448W
YLR388W
YGR282C
YBR120C
YHLO033C
YJL104W
YPL199C
YOR254C
YAL023C
YNL287W
YFL022C
YDL126C
YJL189W
YORO099W
YNRO21W
YFLO39C
YNL255C
YMR241W
YNRO50C
YLR287C-A
YHRO027C
YHRO064C
YORO091W
YGRO27W-A
YDR365W-A
YDL081C
YDRO086C
YMR146C
YDRO032C
YDR212W
YKL120W
YKL212W
YDLO14W
YPRO28W
YNL138W
YPL231W
YPR110C

28,3%
11,0%
10,3%
12,2%
6,3%
3,0%
33,2%
33,6%
64,3%
21,8%
54,6%
64,3%
11,8%
15,4%
66,4%
20,1%
17,9%
4,2%
5,0%
2,9%
7,0%
4,3%
21,6%
6,6%
9,2%
8,3%
21,6%
9,9%
6,7%
30,2%
3,1%
5,8%
7,8%
63,6%
52,7%
42,5%
47,5%
4,0%
11,6%
3,.2%
7,7%
3,1%
5,2%
8,9%
3,6%
1,2%
7.2%
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YER131W
YLROG8W
YOR361C
YPR159W
YELO42W
YHR121W
YPR165W
YBRO009C
YDL100C
YNLO71W
YLR185W
YNL131W
YHR127W
YGR162W
YNL248C
YGR119C
YMRO12W
YPLO81W
YDRO12W
YHR143W-A
YJRO70C
YPL249C-A
YDL143W
YNLO002C
YERO044C
YBRO31W
YBR283C
YLR167W
YDLOS1W
YOR270C
YLR344W
YDL208W
YJLO80C
YCL009C
YGRO034W
YMLO86C
YFL038C
YGLO68W
YIL148W
YCL043C
YJL151C
YGR207C
YPLO1OW
YGL200C
YDLO95W
YLR0O08C
YERO004W

20,2%
15,9%
3,.2%
3,9%
4,3%
14,4%
10,1%
19,4%
4,0%
3,5%
21,6%
16,5%
8,6%
2,2%
4,6%
3,7%
1,3%
50,8%
76,5%
41,4%
5,2%
57,0%
3,0%
7,5%
15,5%
76,5%
4,7%
22,4%
5,1%
2,5%
64,6%
14,1%
1,8%
71%
64,6%
4,8%
12,1%
9,8%
14,8%
3,6%
13,5%
7,7%
12,2%
11,3%
3,1%
14,3%
7,8%
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8.Appendix: Published results

8.1 Molecular architecture and connectivity of the budding yeast Mtw1

kinetochore complex
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> Abstract
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= Kinetochores are large multi-protein complexes that connect centromeres to spindle microtubules

=] in all eukaryotes. Among the biochemically distinct kinetochore complexes, the conserved four-

= protein Mtw 1 complex is a central part of the kinetochore in all organisms. Here we present the

g biochemical reconstitution and characterization of the budding yeast Mtw | complex. Direct

5 visualization by EM revealed an elongated, bi-lobed structure with a 25 nm long axis. The

] complex can be assembled from two stable heterodimers consisting of Mtw Ip-Nnflp and Dsn I p-

'§_' Nsllp and it interacts directly with the microtubule-binding Ndc80 kinetochore complex via the
centromere-proximal Spc24/25 head domain. In addition we have reconstituted a partial Ctf19
complex and show that it directly associates with the Mtw1 complex in vitro. Ndc80 and Ctf19
complexes do not compete for binding to the Mtw 1 complex, suggesting that Mtw 1 can bridge the
microtubule-binding components of the kinetochore to the inner centromere.
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c Introduction

=

9 The interaction between chromosomes and spindle microtubules requires the action of a

= complex multi-protein machine termed the kinetochorel> 2. Kinetochores are responsible for

g microtubule-based force generation that drives sister chromatid separation in anaphase. They

% additionally contain an error-correction mechanism that ensures the bipolar attachments of

C__z. sister chromatids to opposite spindle poles 3 and they relay signals to the mitotic checkpoint
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that prevents the cell from entering anaphase in the presence of unattached kinetochores 4.
In budding yeast, the structural core of the kinetochore consists of at least seven
biochemically distinct subcomplexes that are present in fixed copy numbers in mature
budding yeast kinetochores 5 and assemble on centromeric DNA in a hierarchical manner 6.
A current challenge in the field is to elucidate the architecture of the kinetochore by defining
the binding interfaces between kinetochore complexes. Previous biochemical studies have
focused on the reconstitution and functional analysis of two important parts of the budding
yeast outer kinetochore: the Dam | complex and the Ndc80 complex. Both of these
complexes directly interact with microtubules and are required for force generation at yeast
kinetochores 7> 8. The Dam | complex has the ability to oligomerize into rings in vitro 9> 10,
opening up the possibility that a Dam | ring is a physiologically relevant coupling device for
kinetochores on microtubule plus-ends in yeast. Recent experiments have demonstrated that
Dam is a specialized plus-end tracking complex required for a persistent attachment of the
Ndc80 complex to dynamic microtubule ends in vitro 11> 12.

The four-protein 180kDa Ndc80 complex is a conserved component of all kinetochores.
Biochemical isolations from extracts and in vitro reconstitution experiments using C.
elegans Ndc80 subunits have demonstrated that the complex functions together with the
conserved four-protein complex Mtw 1 (also called Mis12 or MIND) and the protein KNL-1/
Blinkin (Spc105p in budding yeast) as part of a larger network termed KMN (KNL-1 Mis|2
Ndc80) 13. Analysis of temperature-sensitive mutants of MTW | complex subunits in fission
yeast and budding yeast, as well as depletion experiments in worms and human cells, have
demonstrated that the complex is essential for kinetochore bi-orientation and chromosome
segregation 14> 15> 16. Since biochemical reconstitution experiments have so far only been
performed with C. elegans kinetochore proteins, it is an open question whether the
architecture, topology and biochemical activities of the KMN network are conserved among
evolutionary distinct eukaryotes. Furthermore, it is unknown how the KMN network is
anchored to the inner kinetochore, a critical step in creating a microtubule attachment site
specifically at the centromere. Here, we report the reconstitution and biochemical
characterization of the budding yeast Mtw | complex. Our analysis defines the architecture
of this central kinetochore complex and is an important step towards a reconstitution of the
full yeast kinetochore.

Results and Discussion

Reconstitution of the four-protein Mtw1 complex

To reconstitute the budding yeast Mtw | complex, we employed a poly-cistronic expression
strategy. Genes encoding all four subunits (DSN1, MTW 1, NNF1 and NSL1) of the
complex were placed under the control of a T7 promoter and expressed in BL21 DE3 cells.
The purification strategy used a 6xhistidine tag on the Nnflp subunit allowing initial
purification with a Ni-NTA resin. After elution, the complex was further purified by size
exclusion chromatography (Figure 1A). Analysis of the complex on Coomassie stained gels
revealed that all four subunits of the complex were present in 1:1:1:1 stoichiometry. The
complex eluted earlier than expected from a size exclusion chromatography with a Stokes
radius of 74.3 A. The sedimentation coefficient of the Mtw 1 complex was determined by
glycerol gradient centrifugation and estimated to be 6S (data not shown). Thus, the native
molecular weight of the recombinant complex is 183 kDa, compared to the calculated
molecular weight of 148 kDa, and the frictional coefficient f/f; is 2.0, predicting a complex
that is moderately to highly elongated. These values are in close agreement to those obtained
for the Mtw | complex in yeast extracts 17 suggesting that the recombinant complex closely
resembles its native counterpart. We noticed that the Dsnlp subunit of the complex was
particularly prone to proteolytic degradation during purification (Figure 1A). Sequencing of
the major proteolysis products revealed that the N-terminus of Dsnlp is easily cleaved. We
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subsequently cloned an N-terminally shortened version of the Dsnl subunit corresponding to
the major proteolysis product, which lacks amino acids 1-171. Expression of Dsn1'72-57 jp
combination with full-length MTW |, NNF 1-6xHIS and NSL1 allowed the purification of
the entire four-protein Mtw | complex (Figure 1B). We conclude that the N-terminal
extension of Dsnl, which is unusually long in budding yeast compared to other eukaryotes
and predicted to be unstructured, is dispensable for complex formation in vitro. To
determine whether this N-terminal extension has an essential function in vivo, we expressed
wild-type or N-terminally truncated DSN1!72-57¢ on centromeric plasmids in a haploid
DSNI deletion strain that was kept viable by containing a wild-type copy of DSN1 on a
CEN-based URA plasmid. Selection against the URA plasmid on 5-FOA plates
demonstrated that Dsn1'72-57¢ supported wild-type growth (Supplementary Figure 1). Thus,
the N-terminal 172 amino acids of Dsnl are not required for complex formation in vitro and
do not have an essential function in vivo.

The Mtw1 complex can be assembled from two stable heterodimers

SEC analysis of epitope-tagged kinetochore proteins in yeast extracts has suggests that
Dam | and Ndc80 complexes are present only in their fully assembled state, although Mtw |
complexes of different compositions can be detected 17. To identify such stable
subcomplexes we expressed various combinations of Mtw 1 complex subunits. We were able
to express and purify two stable complexes: A heterodimer consisting of Mtw lp and Nnflp
(MN complex) (Figure 1D), and a heterodimer consisting of Dsn1p and Nsllp (DN
complex) (Figure 1C). We next asked whether the Mtw | heterotetramer can be reconstituted
by combining the two stable dimers. After mixing of MN and DN subcomplexes followed
by size exclusion chromatography, we observed reconstitution of the full Mtw 1 complex,
which eluted at a position identical to the native complex (Figure 1E). Thus, the four-protein
Mtw1 complex is composed of two stable heterodimers consisting of Mtw Ip-Nnflp and
Dsnlp-Nsllp, aresult that is in agreement with binary two-hybrid interactions between these
subunits 18.

EM analysis of the reconstituted Mtw1 complex

Negative stain single-particle electron microscopy was used to characterize the structural
architecture of the Mtw 1 complex. Despite our efforts to cross-link and purify the complex,
the imaged fields of particles contained a heterogeneous mixture of aggregates and small
fragments, as well as the monomeric, full size complex (Figure 2A). We manually picked
the particle images that appeared to correspond to the monomeric, full-length complex based
on their consistent size (indicated by white circles in Fig. 2A). After reference-free
classification, we observed a distinct bi-lobed rod-like structure approximately 250A in
length, with one of the lobes consistently appearing slightly larger than the other (Figure 2B
and D). The larger lobe varied in size, likely reflecting the presence of degrons of the Dsnlp
subunit and/or different views around the long axis of the complex.

The larger globular lobe has an approximate diameter of 71 A, and the smaller lobe 47 A.
Assuming a spherical shape for each, this would correspond to an approximate mass of 150
kDa and 45 kDa, respectively, the sum of which (195 kDa) very closely matches the
experimentally determined mass. The calculated mass of the smaller lobe matches well with
the combined predicted masses of Mtw I1p and Nnflp (57kDa) assuming that their coiled-coil
domains project outwards from the lobe. The calculated mass of the larger lobe exceeds the
combined masses of Dsnlp and Nsllp (91kDa), suggesting that this lobe deviates from
spherical geometry (the smaller lobe is too small to accommodate the mass of this
subcomplex). The thin density connecting the two globular lobes is approximately 90A long
(Figure 2B), which matches the length of a predicted dimeric coiled-coil between the Mtw Ip
and Nnflp subunits (Figure 2C). We also experimentally demonstrated that these two
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proteins form a stable subcomplex, supporting the proposal that the coiled-coil regions of
these two proteins probably dimerize in the context of the full complex. While this is the
most parsimonious explanation for complex topology, we can’t exclude the possibility that
each globular head is occupied by more than two subunits.

In vivo the Mtw1 complex 