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Zusammenfassung

Wahrend der Zellteilung ist es entscheidend, dassgenomische Information der sich
teilenden Zelle zu gleichen Teilen an die Tochtégreweitergegeben wird. Daflr ist ein
spezieller Apparat nétig, der eine feste Verbindangschen den Chromosomen und den
Mikrotubuli des Spindelapparates bereitstellt. Dieomplizierte Aufgabe, eine
kraftibertragende Verbindung zu dynamischen Miksatu aufzubauen, wird vom
Kinetochor, einem komplizierten Multiproteinkompleserfiillt. In der Backerhefe
Saccharomyces cerevisjager Modelorganismus der in der folgenden Arbeitwendet

wurde, bindet jedes Kinetochor an einen einzelnéadiubulus.

Da das Kinetochor eine sehr komplizierte Struktarstellt, ist eine genaue Analyse der
einzelnen Komplexe oder gar individueller Proteiame gewaltige Aufgabe. Die
Etablierung eines Systems, das die Komplexitat d#esetochors auf minimale
Notwendigkeiten reduziert, ware hilfreich um dietionellen Eigenschaften einzelner
Proteine zu analysieren. Dies wurde erreicht, inag@nzelne Kinetochorproteine durch
Fusion mit einer DNA-Bindungsdomane direkt an digADrekrutiert wurden. Daraufhin
konnten jene an eine Abfolge von entsprechenderertetkngssequenzen auf kleinen,
zirkularen Minichromosomen binden. Untereinheites ®aml1 Komplexes, vor allem das
Protein Asklp, zeigten in dieser Versuchsanordnaige signifikante mitotische
Stabilisierung dieser Minichromosomen. Die hieraigien Daten deuten darauf hin, dass
mit diesem System der gesamte Daml Komplex an 8ia Bekrutiert wird. In nativen
Kinetochoren spielt dieser Proteinkomplex eine wdsde Rolle im Aufbau der
Verbindungen zu den Mikrotubuli und in der Weitddag von Kraften wahrend der

Segregation von Chromosomen.

Die funktionelle Charakterisierung des auf diese is#&/ekonstruierten artifiziellen
Kinetochors in temperatur-sensitiven Hefemutantegale dass seine Funktion in der
Segregation der  Minichromosomen unabhangig von gemi essentiellen
Kinetochorproteinen ist. Die Eigenschaft, eine #iaértragende Verbindung zwischen
dynamischen Mikrotubuli und dem Kinetochor aufbauem konnen, ist also ein

intrinsisches Merkmal des Dam1 Komplexes.



Es bleibt noch zu klaren, wie das artifizielle Kimehor reguliert wird, damit es korrekt an
Mikrotubuli der Spindel bindet und an beide Tochélen weitergegeben werden kann.
Die direkte Visualisierung lasst vermuten, dassidhiromosomen, die unter der Kontrolle
des artifiziellen Kinetochors stehen, weit wenig@hasion aufbauen kénnen, als jene mit
einer Zentromersequenz und einem nativen Kinetodt®mwird interessant sein zu sehen,
wie das artifizielle Kinetochor, trotz minimaler Kasion zwischen den
Schwesterchromatiden, eine korrekte Segregation Miaichromosomen wahrend der

Mitose vermitteln kann.
Zusammenfassend lasst sich sagen, dass das dtéfizinetochor ein nutzliches

Werkzeug zur Untersuchung der Eigenschaften eiime=zelaen Kinetochor-Komplexes

darstellt.

Vi



Abstract

During the process of cell division it is cruciar fa cell to segregate its genomic material
equally. Therefore a machinery is required, whistaklishes a firm connection between
chromosomes and microtubules of the mitotic spin@lee challenging task is to assemble
load-bearing attachments to the highly dynamic atidgsule plus-ends. This is achieved by
the kinetochore, a huge structure composed of akverotein subcomplexes. In
Saccharomyces cerevisjathe model organism used for the following studysingle
microtubule is connected to each kinetochore.

Since the kinetochore displays a very difficultusture, detailed analysis of individual
complexes or even proteins is a very daunting tdskorder to identify minimal
requirements for chromosome segregatiorvivo, it would be helpful to work with a
system that allows to investigate functional praiperof individual proteins. This was
achieved by artificially tethering individual kireethore proteins directly to DNA by fusing
them to a DNA binding domain. This allowed thembiod to an array of the according
recognition site on a small circular minichromosorelbunits of the Daml1l complex,
especially Asklp, achieved significant mitotic stightion of minichromosomes in this
assay. Our data suggested, that the entire Damlpleemis tethered to the
minichromosomes in this system. In native kineteedhe complex is known to play a
role in microtubule attachments and force transdoauring chromosome segregation.
Functional characterisation of the artificial kioethore in temperature-sensitive yeast
mutants revealed that it functions independentlgedferal essential kinetochore proteins.
Thus, the property to form load-bearing attachmeéstan intrinsic characteristic of the
Daml complex. How processes like biorientationsat@ieved for the artificial kinetochore
remains to be established. Judged by live cell intagxperiments, it seems that there is
much less cohesion established on minichromosonméshvare under the control of the
artificial kinetochore, than on their wildtype cdarparts, carrying a native centromeric
sequence. It will be interesting to investigatbitbrientation can also be established with a
minimal amount of cohesion.

In summary, the artificial kinetochore providessaiul tool for investigating the properties

of an individual kinetochore complex.
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Introduction

1 Introduction

1.1 Cell cycle & mitosis

The ability of a cell to divide and to pass ongenetic material to a new emerging cell is
one of the basic processes for life. One of thetmmportant aspects is the equal
distribution of chromosomes between both daughtéis cluring cell division. Therefore

highly conserved machineries and mechanisms corwotdinate and perform several cell

cycle events in order to achieve the correct outcofrthis process.

1.1.1 The cell cycle of Saccharomyces cerevisiae

The budding yeastaccharomyces cerevisieea small, unicellular eukaryote that provides
a perfect tool for studying mitotic events and uhdeg processes. It is easy to access with
genetic as well as biochemical experimental appresic Budding yeast is a rapidly
growing organism that can alternate between a hplod a diploid state. In the former
two mating types exist, which allow cells from @ifént types to mate and generate diploid
zygotes. Upon starvation diploid cells can sporukatd form four haploid cells. The cell
cycle can be divided into several phases, chaiseterby specific events (Figure 1)
(Morgan 2007).

Telophase

Anaphase G1

Figure 1: Budding yeast cell cycle (adapted from Tanaka et al. 2005)
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1.1.2 Mitotic events

Mitosis can be divided into several stages, reptesg a defined order of important
processes (Figure 1). In metazoan cells the boiesdbetween these phases are set more
clearly than in budding yeast. Key components efdéll-cycle control system are cyclin-
dependent kinases (Cdk) which act as molecularckest They become activated upon
binding of their positive regulator subunits cal®eatlins, whose levels oscillate during the
cell cycle in order to trigger a special processhatright time. In budding yeast all cell
cycle events are controlled by Cdkl, activated Hfemnt cyclins. Furthermore Cdk
function is regulated by phosphatases and inhipikomases. The first transition is called
Start and regulates the entry from G1 into S phislstaphase to anaphase transition leads
to activation of the anaphase promoting complex@A&nd triggers completion of mitosis
and cytokinesis (Morgan 2007).

In S phasdhe cell grows in size and the 16 chromosomeslapéicated. Emerging sister

chromatids are held together by cohesion. Thissiabdished by the cohesin protein
complex, which consists of four subunits: Smcl, $nféccl and Scc3. These proteins
form a ring around sister chromatids, holding tiiegether (Morgan 2007).

The yeast kinetochore, the proteinaceous structdnmieh links chromosomes to spindle

microtubules to ensure their correct segregat®only disassembled for the short time of
subjacent DNA replication. As soon as the kinetoehs intact again, it interacts with

microtubules extending from the spindle pole ba8iPB). Another event in S phase is the
formation of the new spindle pole body. When itdraes mature later in S phase, the two
SPBs separate in order to build up the bipolar tisigpindle (Figure 2). Both spindle pole

bodies remain embedded in the nuclear envelopeshwtioes not break down like in

higher eukaryotes. Microtubules nucleating from ®EBs are extending to perform

different functions. Astral microtubules projecimards the cell membrane where they
perform an important function by generating fortleat orient the spindle. Intranuclear

microtubules give rise to the mitotic spindle, whiconsists of 32 kinetochore

microtubules and 2-4 overlapping polar microtub(fleenaka et al. 2005; Morgan 2007).

The phase during which chromosomes are bound brotalwles, partly in a “search and
capture” process, and transported to the spindanteraction between kinetochores and
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microtubules is defined as thrometaphaseln yeast an accurate boundary between S
phase and prometaphase is hard to define (McAihah 2003; Tanaka et al. 2005).

\
/ G1
S phase
telophase / @ old SPB
@ new SPB
= microtubule
= Spindle
-
metaphase
anaphase

Figure 2: Cell growth and spindle formation during cell cycle (adapted from Tanaka et al. 200Bhe new
SPB is assembled in S phase. In metaphase thaaspindle is built up between the two separateBsSP
At the end of anaphase the nucleus and the spardieclongated. At telophase the spindle reaches its

maximum length and subsequently it is disassembladeus and cell are finally divided.

During metaphasecells prepare the duplicated sister chromatidsafgeroper division.
Unlike in higher eukaryotes, where chromosomesnadijthe so called metaphase plate
between the spindle poles, yeast chromosomes strébdied along the metaphase spindle.
Fluorescent labelling of a single chromosome resve@asignal that moves back and forth
along the spindle long axis. Depending on the msibf the fluorescent marker this can
also be detected as a stretched signal. The rdasdhis is precocious splitting of sister
chromatids at their centromeric region while chracharms are still held together. This
process is also known as biorientation, since kittedres of two sister chromatids have to
attach to spindle microtubules emanating from oped&PBs (Straight et al. 1997; Tanaka
et al. 2000).
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Once the checkpoints monitoring the processes ofecb kinetochore-microtubule
attachments are satisfied, the cell is ready fernietaphase tanaphasedransition and to
separate the sister chromatids. In a so far ndy fwhderstood signalling cascade the
anaphase promoting complex (APC) gets activated Quc20 and can therefore
ubiquitinate its targets. One of the outcomes ésritlease of the protease separase from its
inhibitor securin which leads to cleavage of Scodl therefore removal of cohesin from
sister chromatids (Morgan 2007; Peters et al. 20@&gr this release, they rapidly move
to opposite spindle poles in anaphase A. Anaphase dharacterised by the following
separation of the poles and elongation of the misygindle (Straight et al. 1997).
Telophaseis defined as the stage when the spindle readhamaximum length and is
subsequently disassembled. It is finished whercéleand the nucleus are pinched in two
during cytokinesis (Tanaka et al. 2005; Morgan 2007

1.2 The kinetochore

In order to guarantee correct segregation of chemm@s a machinery is required which
tightly links chromatids to spindle microtubuleshig function is achieved by a huge
protein structure, the kinetochore. It is capablednnect chromosomes to the plus ends of
highly dynamic microtubules. Building up a stabtsgpection is a challenging task, since
microtubules show a behaviour called “dynamic ib#itg”. This means they switch
between phases of growth and shrinkage, a propétigh is needed for the capture of
chromosomes, their biorientation and for force gathen during sister chromatid
segregation. But kinetochores do not only providena linkage to microtubules, they are
also able to influence their dynamics (Westermaral. 2007).

Vertebrate kinetochores exhibit a very complex dyadamic structure, which binds to the
kinetochore fiber, a bundle of microtubules.9ncerevisiaeén contrast, each kinetochore
forms a stable attachment to a single microtubtites property makes the biochemical
description of the kinetochore-mictrotubule attaehinsite more realisable than in higher
eukaryotes. A lot of essential kinetochore protaireshighly conserved structurally as well
as functionally from yeast to human. Moreover, dverall function of this machinery in

metaphase and anaphase is similar in all eukargetls, and also its regulatory system

seems to be highly conserved. This conservatiotonétituent parts suggests the “repeat
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subunit” model: larger kinetochores of higher eykées are probably assembled in a way
that repeats the basic module present in yeastrefidie, research on the molecular
architecture and functional description of the kachore in budding yeast is valuable to
understand its function in higher eukaryotes, ideclg humans (Kitagawa & Hieter 2001,
Joglekar et al. 2006; Westermann et al. 2007; §aita & Musacchio 2009).

In the following paragraphs major properties of yieast kinetochore will be summarised:
- where and how the site of assembly is specified;
- the overall structure of the kinetochore;
- regulatory processes monitoring the state of athact.

1.2.1 Specifying the location for the assembly of a kinetochore

The site of attachment for kinetochore proteingh@chromosome has to be specified in
order to ensure correct segregation. The signahgsembly can be restricted to one site
(monocentric chromosomes) or extended over the evhehgth of a chromosome
(holocentric chromosomes, e@.elegany (Cheeseman & Desai 2008). In budding yeast a
relatively short stretch of 125 base pairs (bpnésessary and sufficient to direct the
assembly of a kinetochore. This defined sequencefeyred to as the centromere. In
comparison, in fission yeast and vertebrates cerdres are spread over several kilo- or
megabases (regional centromeres). This differerad@mthe centromere of budding yeast
much more accessible for genetic manipulations. I2bp long sequence is composed of
three distinct elements — CDE |, Il and Ill. CDHEInsists of ~15bp and recruits a dimer of
the Cbfl protein. The ~80bp long sequence of COdEHighly enriched for A and T and
interacts with a Cse4-nucleosome and the CBF3 caoemgoNdc10p. CDEIIl forms an
imperfect palindrome where CBF3 binds in a sequapeeific way (McAinsh et al. 2003;
Santaguida & Musacchio 2009).

1.2.2 Structure of the kinetochore in budding yeast

The budding yeast kinetochore consists of more @%aproteins, which are assembled in a
hierarchical order as several multiprotein subcaxgs. They are often grouped into three

categories, according to their relative positiothw the protein assembly:
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- inner kinetochore proteins, which are able to diyetteract with centromeric
DNA, and therefore providing a kind of platform father components;

- outer kinetochore proteins, which directly bindi@rotubules;

- linker components serve as a platform to conneddltwo former layers.
(Westermann et al. 2007)
This classification is consistent with a model thaggests that the kinetochore is build up
from the centromere towards the microtubule attamitnsite in an inside-out manner
(Santaguida & Musacchio 2009). Nevertheless, thakecations only provide an
approximate position and sometimes it is hard sgasprotein complexes strictly to one
of these layers. According to these categoriesviddal protein complexes are described
in more detail in the following paragraphs and sarsimplified scheme of the kinetochore

architecture is given in Figure 3.

Damilp
Ask1l
Ndc80p o dl%
Nuf2p Dad2p
Spc24p Dad3p
Spc25p Dad4p
Duolp
Spc19p
gf(flfp Spc105p Spc34p
PP vdr532p Hsk3p
Mcm21p Ipll
Amelp
Ctf3p Mtwlp
Chl4p — Dsnlp
Mcm19p Nnf1p
Mcm22 Nsllp
Nkp1p Iplip
Nkp2p Slil5p
Birlp
Nblip

Figure 3: Schematic drawing of a budding yeast kinetochore.

(adapted from Santaguida & Musacchio 2009)
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In budding yeast the kinetochore is assembled dlitwsughout the whole cell cycle.
Only during the brief period when the replicatiorachinery is passing the centromeric
region, the structure disassembles. It is thougat some of the proteins stay in close
proximity to the DNA, to allow quick and easy reasbly shortly after replication
(Westermann et al. 2007). Fluorescence recoverer afihotobleaching (FRAP)
experiments revealed that kinetochore proteins sheery low recovery rate, suggesting a
high stability for the proteins and almost no tw&oonce the kinetochore is built up
(Joglekar et al. 2006).

1.2.2.1 Inner kinetochor e complexes

Eukaryotic DNA is organized into nucleosomes das wrapped around octameric histone
core particles (H2A, H2B, H3 and H4). Various ptranaslational modifications or variants
of these proteins have the potential to influenomatin structure and accessibility. At
centromeric nucleosomes the canonical histone H&pkced by a centromere specific
variant, which is crucial for the recruitment ohet kinetochore proteins. The function of a
nucleosome containing CenH3 — Cse4p in buddingty€&NP-A in humans — in serving
as one of the primary determinants for kinetochassembly is highly conserved
throughout evolution, although the different proteiare very diverged. There seems to
exist a single Cse4p containing nucleosome pera®ere, containing two copies of the
protein. Recent data also suggest a structuragrdiice concerning DNA supercoiling
around centromeric nucleosomes which may represane kind of epigenetic mark for
defining centromeric loci (Furuyama & Henikoff 200€heeseman & Desai 2008;
Santaguida & Musacchio 2009; Westermann et al. 2007

One of the key events in kinetochore assemblyasriteraction of the CBF3 complex with
the CDEIIl element of centromeres. This four pnoteomplex, consisting of Ndc10p,

Cep3p, Ctfl3p and Skplp, is one of the primary rdatents for constitution of a

kinetochore, since all analysed budding yeast &uteire proteins depend on CBF3 for
association with the centromere (Westermann &0&l7). Although Skplp was reported to
be functionally conserved between yeast and huthamccurrence of a CBF3 like protein
complex seems to be restricted to fungi with a eage-defined centromere (Kitagawa &
Hieter 2001). In addition it was reported, that ldic alone can also bind to CDEII. It is
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suggested that this interaction serves as a foiomd&br recruiting other kinetochore
proteins to the centromere (Espelin et al. 2003).

The recruitment of all other kinetochore proteisgiependent on the CBF3 complex and

the Cse4-nucleosome (Santaguida & Musacchio 2009).

1.2.2.2 Complexes forming the kinetochorelinker layer

The relatively uncharacterised Ctf19 complex cdesi$ more than 10 proteins, identified
by TAP-tag purifications. Four of these protein$f1@p, Okplp, Mcm21p and Amelp,
behave as a subcomplex, known as COMA. Only Okpigp Amelp are required for
viability and the exact role for Ctf19 in kinetoegkdunction has to be investigated further
(Westermann et al. 2007). Recent data claim afoolehe Ctf19 complex in loading of
cohesion on centromeric and pericentromeric regifffernius & Marston 2009). A
functional equivalent to the Ctf19 complex in higlekaryotes is probably the CCAN
(constitutive centromere-associated network) (Santa & Musacchio 2009).

The budding yeast protein Mif2p is recruited to GBfound CDEIIl. Recent data describe
its structural and functional properties. The marmmaorthologue is CENP-C and the
strongest conservation lies within the “CENP-C atgne motif’ in the middle of Mif2p.
This region together with a DNA binding domain equired for normal growth. It was
suggested that the protein binds as a dimer to Gi8E@pied CDEIII (Cohen et al. 2008).

The Spcl05 complex consists of Spcl05p and YDRZ8#E is poorly described in
budding yeast (Westermann et al. 2007). Homologdifferent eukaryotes are known as
Spc7, KNL-1 or Blinkin. It was shown that this colew tightly interacts with two other
complexes (Mis12/Mtwl and Ndc80) and with composeat the spindle assembly
checkpoint (SAC). Studies of thB. melanogasterSpcl05 protein suggest a role in
providing a platform within the outer kinetochorpom which various other kinetochore

proteins can assemble (Schittenhelm et al. 2009).

The budding yeast proteins Mtwlp, Dsnlp, Nnflp &lstllp form the Mtwl-complex.

Temperature sensitive mutants in complex subuegslt in chromosome missegregation
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and are not able to produce sufficient tension betwsister kinetochores. Therefore they
show defects in biorientation. The Mtwl complexenatcts with Cse4p, Mif2p and Ndc80.
It is conserved from yeast to human, where it iferred to as the Mis1l2 complex
(Westermann et al. 2007).

One of the best characterised kinetochore compsngihe Ndc80 complex. It consists of
four subunits: Ndc80p (Hecl in humans), Nuf2p, $pcand Spc25p, which form a long
rod-like structure with globular domains at the £add an elongated coiled-coil domain in
between. The complex is connected with other kittetioe proteins via its Spc24p/Spc25p
head and it was shown to bind to microtubules with Ndc80p/Nuf2p component.

Therefore it was suggested to form a load bearingatubule attachment site. While

Ndc80 has a low binding affinity for microtubules @ts own, this property can be

enhanced upon interactions with other proteins éSéman & Desai 2008; Joglekar &
DeLuca 2009; Powers et al. 2009; Joglekar et &6200glekar et al. 2009). From force
clamp studies with Ndc80 coated beads a model ibesgra biased-diffusion mechanism
for Ndc80 movement was suggested. In such a ma@ral low affinity binding sites

would allow attachments to dynamic microtubulesw@e et al. 2009; Joglekar & Deluca
2009). Quantitative fluorescence measurements levélaat there are approximately eight
Ndc80 molecules present at a yeast kinetochordeldamget al. 2006). Recent results from
a study, in which the exact positions of variouaekbchore proteins were measured,
showed that the Ndc80 complex is spanning ovemng tistance across the kinetochore,

interacting with inner proteins, as well as withcrotubules (Joglekar et al. 2009).

In other eukaryotes homologs of the last threerdestt protein complexes (Ndc80, Mtwl
and Spcl05), were shown to interact tightly andetwe forming the so-called KMN
network (KNL1, Mis12, Ndc80). The combined protein network was shown twl hith
higher affinity to microtubules than the single quexes. This network was supposed to
form a microtubule binding site and thereby attaghihe kinetochore to these dynamic

polymers (Tanaka & Desai 2008).



Introduction

1.2.2.3 Proteins directly interacting with microtubules

The budding yeast Dam1 complex consists of tereprset Dam1p, Asklp, Dadlp, Dad2p,
Dad3p, Dad4p, Duolp, Spcl9p, Spc34p and Hsk3p @ieann et al. 2007). Since the
mutant phenotype of individual components is simila is suggested that the entire
complex is required for its correct function. Themplex has an important role in

mediating kinetochore-microtubule interactions amthiromosome segregation by
establishing and maintaining end-on connections.tals show a high rate of

missegregation. Daml was shown to be a target eflpllp kinase, which plays an

important role in the correction of improper kingtore-microtubule attachments
(Cheeseman et al. 2001; Li et al. 2002; Westerneamh 2007). Biochemical analysis and
in vitro studies revealed the formation of a ring aroumdi@otubule formed by 16 single

heterodecameric Daml complexes. It is thought éleadtrostatic interactions between the
negatively charged C-termini of tubulin and the rallepositively charged Dam1 complex

play a role in this assembly. The oligomerisatiorouad microtubules includes

conformational changes of the complex. It is sutggksthat microtubules enhance ring
formation by interacting with the complex (Westemmaet al. 2005; Wang et al. 2007). An
important feature of the ring is that it can difuslong the microtubule lattice and
moreover it was shown to move processively wittepatlymerising end of a microtubule.

This could be explained by a translation of the ma@dcal energy, generated by outward
protofilament peeling upon GTP hydrolysis and dgpwrisation, into movement along

the lattice (Figure 4).

energy
release power stroke
GDP+Pi /

5 "‘ mgvement

GTP ’ A
‘ - microtubule

2

Dam1 ring

Figure 4: Model of processive movement of a Dam1 ring along the microtubule lattice. After hydrolysis

of GTP the energy is stored in the microtubule Bteased as a power stroke of curling protofilasenhis
mechanical energy can than be translated into mewmenf the Daml ring (adapted from Westermann.et al
2007).
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Such a model offers the possibility that a Dam@y ratts as the force-coupling device
connecting a microtubule to the kinetochore duraglgomosome segregation in yeast
(Westermann et al. 2006). In a bead assay, sitailtrat described for Ndc80, Dam1 was
shown to be a processive coupler and force tramsdé@sbury et al. 2006; Grishchuk et al.
2008). Nevertheless, so far the existence of a Damglcould not be proveim vivo. But it
was shown, that 16-20 Dam1 complexes are pres@meaattachment site, consistent with
the required number for the assembly of a singlg fJoglekar et al. 2006).

The described properties of the Dam1 complex inaphgajor role in faithful chromosome
segregation. So far a metazoan homolog has notitestified. The recently characterised
Skal complex is suggested to play a correspondieg at the vertebrate kinetochore.
(Welburn et al. 2009)

Microtubule associated proteins (MAPs) and motootgins play additional roles in
attachments and segregation. These MAPs includ2pSXIMAP215), Biklp (CLIP170)
and Bimlp (EB1), which recognize and bind to plagseof microtubules and probably
regulate their dynamics. Motor proteins like Kar8jiplp, Kip3p or Cin8p play a role in
chromosome segregation by influencing and orgagizhimtomosome movements. But their
exact function during mitotic processes is notyfulihderstood. (McAinsh et al. 2003;

Westermann et al. 2007).

1.2.2.4 Checkpoints and regulatory elements

Several checkpoint mechanisms and regulatory psesetiave to guarantee correct
segregation of the genetic material during celision. The spindle assembly checkpoint
(SAC) monitors the attachment status of kinetochared retains the cell in metaphase as
long as a single unattached kinetochore is pregaytplayers in this pathway are Madlp,
Mad2p, Mad3p (BubR1 in humans), Bublp and Bub3pcé&ihe state of attachment is
monitored, the function of the SAC is closely corted to kinetochores. The majority of
the involved proteins is recruited there, probdiyproteins of the KMN network. Once
the checkpoint is satisfied, and all kinetochomespoperly attached to microtubules, SAC
signals are shut off and transition to anaphageggered (Musacchio & Salmon 2007,
Santaguida & Musacchio 2009).

11



Introduction

Attachment alone does not guarantee faithful chsonme segregation. Sister chromatids
have to attach to opposite SPBs with each kinetecimoorder to ensure equal distribution
of DNA to both cells. Therefore a mechanism is eeedvhich can discriminate between
correct and incorrect microtubule attachments. Oh¢he essential components in this
correction process is the protein kinase Ipllp (haB) (Santaguida & Musacchio 2009).
It forms a complex with its activator Slil5p (INCEIN Birlp (Survivin) and Nbllp
(Borealin) and this assembly is referred to asctimemosomal passenger complex (CPC).
Several models exist which try to explain how tasnplex is able to distinguish between
correct and incorrect attachments and how it st&#silthe former while destabilising the
latter. Intra-kinetochore tension, generated byiqyiforces of microtubules, is thought to
play a critical role. According to this, a mechanis/as proposed, in which the physical
distance between the kinase and its substratekey aegulator. Kinetochores which are
under tension become stretched and the substregesoalonger in the vicinity of the
kinase, which is anchored at the inner kinetochbreontrast, at kinetochores which are
not under tension, Aurora B can reach its substrated upon phosphorylation the
interaction of the kinetochore with the microtubideveakened (Liu et al. 2009; Kelly &
Funabiki 2009). Since error correction results matteched kinetochores, which are also
not under tension, the question arises if and h@&pl (Aurora B) is involved in the SAC
(Santaguida & Musacchio 2009).

A lot of future work will have to be invested toveal the complex pathways of regulatory

mechanisms at kinetochores.

1.3 Minichromosomes

Yeast circular minichromosomes were described sihimty years ago in different studies,
which aimed to characterise yeast centromeric DNGusnces and sites of replication
initiation. When the centromeric region from a watyeast chromosome was cloned into a
plasmid containing an ARS site (autonomously reping sequence) it behaved like a
native chromosome. These minichromosomes wereestalihitosis and in first meiotic
divisions. For this stability the centromeric seoee together with the replication site was

necessary. Nevertheless, the minichromosome catstrere lost more frequently than

12
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wildtype chromosomes (FOper division for minichromosomes, 1(per division for
native chromosomes). Already in one of the firsids#s it was suggested, that such
engineered minichromosomes would serve as a tostudy protein-DNA interactions
which occur between the centromere and the spii@lleke & Carbon 1980; Koshland et
al. 1985).

In a mutant screen minichromosomes were used taifgegenes, which are involved in
the mitotic stability of these plasmids in yeasheTstudy revealed several mutants
organized into 16 complementation groups and refeto them as minichromosome

maintenance (Mcm) genes or proteins, respecti\bir(e et al. 1984).
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2 Aim of the project

Since the kinetochore is a very complex structutetailed analysis of individual
complexes or even proteins is a very daunting taekrefore it would be helpful to work
with a system that allows to investigate functiopadperties of individual proteins in the
context of chromosome segregatimnvivo. In previous work in the lab a system was
established, in which single kinetochore proteinge artificially tethered to a
minichromosome and their ability in terms of cotreegregation can be monitored. Two
promising candidates obtained from these studie® leen Asklp and Damlp, both
members of the Dam1l complex. When recruited diyectla minichromosome, both are
able to generate considerable levels of mitotibiktation (Kiermaier et al. 2009). In the
course of this work, | have functionally charated the Dam1-based segregation system

in more detail.

Small circular plasmids containing a native yeasttmomere sequence and a chromosomal
replicator (ARS) are known to behave like functionahromosomes. Such
minichromosomes are easy to manipulate and thueqblgr suited as a tool for the
artificial kinetochore system. Instead of building a kinetochore structure on a native
centromere region, kinetochore proteins are tether@ividually to the minichromosome.
This recruitment is achieved by utilising the i@ietion between the bacterial tetracycline-

repressor protein (TetR) and its DNA binding mdtig tetracycline-operatotetO).

e

ARS
ARS

wt mini- tetO mini-
&hromosome &hromosome
marke marke
Figure5: Theartificial kinetochore system. Core components of a wt minichromosome: an AR$ereetic
marker and a native centromere sequence, whereetokhore can assemble and segregate the plasmid as

native chromosomes. AetO-minichromosome is lacking any native centromerggjuence. Individual

kinetochore proteins are tethered to the plasmitiraitotic segregation of the construct is analysed.
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The mitotic stabilisation of suctetO-minichromosomes was analysed in plating assays
and furthermore by live cell microscopy (both systéeare described below). Comparisons
were conducted between wildtype-minichromosomesitaioing a native centromere
sequence (CENG6), and acentric minichromosomesatong neither a CEN nor &@tO
array. As expected, the wildtype-minichromosome wtable over many cell cycles,
whereas the acentric one was rapidly lost. Froreelstudies it was shown, that Asklp- as
well as Damlp-TetR fusions were able to stabiliEermaintenance of a minichromosome,
containing a 10etO, or a 112xetO, insertion, to a remarkable degree. In comparison,
most of the tested TetR-fusion strains were unébleerform this function (e.g. Cse4p-,
Mif2p-, Spc24p-, Spcl05p-, Stu2p-TetR), suggestungher that this system does not
work with any microtubule binding protein, but ré@s special properties like force

transduction (Kiermaier et al. 2009).

In order to understand the function of this artéfickinetochore in more detail, several

questions are addressed in this work:

> Is the whole Dam1 complex recruited to the mimechosome?

2> Which other factors are necessary for the functmn the artificial
kinetochore?

> Do processes like kinetochore biorientation stilbrk for the tetO-

minichromosomes?
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3 Results and Discussion

3.1 Recruitment of the Dam1 complex to minichromosomes

Since Asklp-TetR and Damlp-TetR are capable tgdrigorrect segregation oftetO-
minichromosome during mitosis, it is important twokv whether this function is achieved
by recruiting just individual subunits or the whd@aml1 complex to DNA. The complex
consists of ten proteins, which interact very tighand behave as one unit as far as
microtubule bindingin vitro is concerned (Cheeseman et al. 2001). Furtherniis,
suggested, that the entire complex is needed fidorpaing its correct function (Li et al.
2002). Therefore, tethering individual subunitsaaminichromosome may lead to the
recruitment of the entire complex. Experiments, clhishould help to verify this
assumption, included a functional as well as ah®adcal approach (systematic tagging

and complex formation).

3.1.1 Systematic TetR fusions to all Dam1 subunits

Based on the hypothesis, that the entire Dam1 ariplrecruited to a minichromosome
by directly tethering Asklp or Damlp to DNA, | tirasked whether TetR-fusions to
additional subunits are also able to stabilise @chromosome in this system.

Therefore the proteins Dadlp, Dad2p, Dad3p, Dab4dplp, Spcl9p, Spc34p and Hsk3p
were tagged with the same strategy as Asklp andlpak (SG); linker sequence plus
TetR, fused to KanMX as a marker, was amplifiedrfrthe appropriate plasmid with
primers containing overhangs with homology to teeamic target sequence (Figure 22).
The resulting PCR product was transformed into tyezsls (DDY902), and via
homologous recombination between the targeted genogus and the 60bp overhangs on
each side of the PCR product, the gene can be dadde plasmid and primers were
designed to fuse the TetR domain to the C-termaiubke respective Dam1 subunit. After
transformation the cells were spread on YPD plates then replica plated onto YPD +
G418. Single colonies were observed after a fewsdagubation at 25°C. Candidate

colonies were restreaked and tested for correegiation by PCR. To this end a forward
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primer, homologous to a sequence at the 3' enchefgene of interest, and a reverse
primer, matching the KanMX sequence, were desigaed the PCR product was
sequenced. Furthermore the clones were checkeexfsession of the TetR tagged gene

by Western Blotting, using an antibody against T@tigure 6).

< < < Protein |size[kDa]
o o & ,\é‘z;g\é,\é‘zg\é & & & & [Bamip 38.4
K R R, Q7 R L R AL oL AL A< Askl 32.1
kDa AN AR T N NIRRT AN DN P :
10 9 FTFFL LIS P F P Spc34p 34.1
75 - Duoip 27.5
- _— Spc19p 18.9
50 7 g Dad2p 15.1
37 e Dad3p 10.8
- Dadlp 10.5
o - - Dad4p 8.2
25 Hsk3p 8.1
TetRp 23.7

-TetR
a-te GFPD 27.0

Figure 6: Western blot analysis of TetR fusion proteins. Whole cell extracts from two control strains

(GFP-TetR as positive and DDY902 as negative cnand strains expressing a subunit of the Daml
complex tagged with TetR, were loaded on a gellodhg SDS-PAGE, proteins were blotted onto a
nitrocellulose membrane and probed with an antibedpgnizing TetR. All fusion proteins were detelcat

the expected size (Asklp migrates more slowly, seaf a low pl of the protein).

To ensure that the cells displayed normal growtaratteristics in the presence of the
tagged protein, growth curves were recorded (FigQreThis is of special interest for
subsequent experiments assessing the stabiliheahtnichromosome, since differences in

the growth speed of individual strains would mal@mmparison very difficult.

3,5 1
3]
—#—Dad1p-TetR
2/3 7 Dad2p-TetR
g 2 Dad3p-TetR
[a) —#—Dad4p-TetR
o L5 Duolp-TetR
1 ——Hsk3p-TetR
0.5 | / Spc19p-TetR
’ - >% Spc34p-TetR
0

3,5
hours

6,5

Figure 7: Growth curves of TetR fusion strains. O/N cultures in YPD were diluted to an @pof 0.15 and

incubated at 25°C. After the indicated time pothis ODQyo, was measured. Values were plotted against time.
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Furthermore a spot assay was performed to cheblk i$trains show compromised growth
at higher temperatures (Figure 8). From both, tteevth curves and the spot assay, the
TetR-fusion strains displayed wildtype growth ratsd they were clearly not temperature
sensitive. By comparison, a fusion to Cse4p (thasy€€ENP-A protein) is temperature

sensitive at 37°C (Figure 8).
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Figure 8: Spot assay of TetR fusion strains. O/N cultures of two control strains (DDY902 is not
temperature sensitive, Cse4p-TetR is inviable gh hémperature) and strains with a subunit of tiaenD
complex tagged with TetR were diluted. Equal amsuwritliquid from a dilution series was pinned onDYP

plates and incubated at different temperaturesR Tietion strains (except Csedp-TetR) are viabR/ac.

After successful testing for correct integrationtié TetR-tag and fitness of the strains,
they were examined for their ability to stabilisee®D-minichromosome during mitotic cell

divisions. To this end the plasmid containing 1tEP®, repeats and an acentric plasmid
without anytetO, sequence as control were transformed into the -SgHis, and single

colonies were restreaked. For the plating assagyg Were grown for 24 hours (equates
approximately 12 generations) under non-selectieditions in liquid culture and a

defined dilution was spread onto selective and swlaetive plates. The percentage
difference of colonies grown on selective and neledtive medium was calculated and
defined as the loss rate. This value subtracten f160% resulted in the relative stability
of the minichromosome in a certain strain backgdowin acentric plasmid was lost very

rapidly and showed a stability of a maximum 2.7.490 (in Dad2p-TetR experiment). In
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contrast, theaetO-minichromosome was stabilised to a significantrdegn certain strain
backgrounds. In addition to Asklp- and Damlp-Teg® &pc34p-, Spcl9p- and Dadlp-
TetR showed a clear stabilising effect (Figure ®)e stability mediated by Asklp- and
Damlp-TetR are taken from identical experimentsaaly performed in the lab. Under the
same assay conditions a wildtype minichromosomewnetoa stability of 67 = 5.3%
(Kiermaier et al. 2009).

354 ) -
acentric minichromosome

30 B 112xtetO2 minichromosome

25 A

20 A
15
10 4
|
NEd WS S e IiI.I Iili

Damlp- Asklp- Spc34p- Duolp- Spcl9p- Dad2p- Dad3p- Dadlp- Dad4p- Hsk3p-
TetR TetR TetR TetR TetR TetR TetR TetR TetR TetR

stability [%o]

Figure 9: Stability of minichromosomesin TetR fusion strains. Plating assays were performed to analyse
the stability of a 112etO, minichromosome over approximately 12 generationstrain backgrounds
containing a subunit of the Dam1 complex taggedh WittR. Stabilisation was detected for Damlp-, Askl
Spc34p- Spcl9p- and Dadlp-TetR. The bars represgatfrom three independent experiments, error bars
denote the standard deviation.

The experiment was performed with a minichromosaroetaining 112tetO, repeats.
Nevertheless, it was shown that also a plasmidadoing just 10%etO, repeats could be
stabilised by the Asklp- and Damlp-TetR fusion gird, although to a lower degree,
suggesting an influence of the array size.

Taken together, this experiment showed, that fivead ten subunits are able to stabilise

thetetO-minichromosome during mitotic cell divisions.
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3.1.2 Purification of the Dam1 complex

The formation of the entire Daml complex is a pyargite for its correct function.
Therefore it is important to obtain evidence tha¢ assembly of the complex is not
compromisedn vivo by the Asklp-TetR fusion protein. In a Tandem @ity Purification
(TAP) the ability of the TetR-tagged Asklp protémbe incorporated into the complex
should be verified. The experiment was performegarallel with two strains (SWY276
and SWY277), both carrying a tandem affinity tage@ninally fused to Dadlp, a subunit
of the Daml complex. One of the strains contairtesl tagged Asklp fusion protein
(SWY276), whereas the other did not and was thezefeferred to as the control (wt
Asklp, SWY277). In general, the purification wasfpened as described previously
(Cheeseman et al. 2001). After a pre-cleaning stepysate was bound to IgG sepharose
via interaction with the ZZtag (Protein A 1gG bindi motif). Due to a cleavage site for
TEV protease, proteins bound to 1gG sepharose cbeldleaved off specifically. In a
second purification step the cleaved protein-comlen be bound to Protein S Agarose
via the S-tag. After elution of the bound proteitiee samples were loaded on an SDS gel
to check for the integrity of the complex via sujpsent silver staining.

A\ &
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- — Asklp-TetR
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37 . — Asklp
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— Duolp
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| Dad1lp-TAPtag
Dad4p
10 ™ Hsk3p

Figure 10: Purification of the Daml1 complex. The complex was purified from a wt control straind a
strain containing Asklp tagged with TetR. Samplesenseparated via SDS-PAGE and the gel was silver
stained. All ten complex subunits can be identifisdboth purifications. In the right lane the pamsit of
Ask1p is shifted according to the TetR tag.
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When the patterns of the purified complexes, dérivem the control and the Asklp-TetR
strain, were compared, they both show ten distiratds which can be assigned to the
subunits of the Dam1 complex according to theirauolar weight. The only difference
results from an up-shift of Asklp, caused by th&RTeision (Figure 10).

In addition, both samples were analysed by masstrgpeetry and the presence of all ten
subunits was confirmed. Interestingly, in addittonDam1 subunits, the kinase Ipllp, a
potential regulator of Dam1, was detected by mpsestsometry.

The biochemical purification confirms, that the Rdusion to Asklp does not interfere
with the correct assembly of an entire Dam1 complex

Taken together, these data strongly suggest teathsk1p-TetR fusion protein works as a
part of the entire Daml complex, which is recruitedthe minichromosome and can
somehow function as a linker between DNA and mudyates. Furthermore, in an
experiment described below, it was shown that thiczal kinetochore is not functional in
a dadl temperature sensitive mutant. This result is «test with previous work,
suggesting that all subunits are needed for thegiity of a functional complex (Li et al.
2002).

3.2 Functional dependency of Daml-mediated minichromosome
segregation

The experiments described above suggested a reentitof the entire Daml complex
upon tethering Asklp to a minichromosome. Therds iable to connect the DNA to
microtubules and improve the segregation of thaeghimomosome. However, it is not clear
how this function is achieved. Since it was proplp$kat a Dam1 ring would be a perfect
device for transduction of microtubule-generatetlimy forces (Westermann et al. 2006),
it is conceivable that the Daml-based minichromassegregation system works
independently of other kinetochore proteins. On thieer hand, the recruited Daml
complex may depend on other kinetochore proteirgabilize the minichromosomes. To
distinguish between these possibilities, experimentre in demand that would allow to

analyse the functional dependency on other kinet@cproteins.

The function of the Dam1-TetR fusions were analyised microscopical approach. The

Asklp- or Damlp-TetR tagged proteins were first bimad with a variety of temperature
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sensitive (ts) mutant alleles of different kinetowh proteins. All of the tested mutant
alleles are known to be essential for correct fioncof the kinetochore. As a result,
wildtype-minichromosomes are expected to show rgieggtion in each of these ts strains
at the restrictive temperature. By contrast, thertype should be rescued fotedO-
minichromosome in an Asklp- or Damlp-TetR backgdowtrain, if the artificial
kinetochore is independent of the protein functbthe respective ts-mutant allele.

Since the question should be answered in a micpasaloapproach, the system required
some features for visualisation. New minichromosemeere designed, containing a
256x¥acO array in addition to a CEN sequence or até® array, respectively. Although
the smallertetO array size led to lower stabilities in the platisgsay, it was chosen here
because of the large size of tlaeO plasmid (~14kbp) necessary for visualisation. The
yeast strains for microscopy expressed Lacl-GFRtrolbed by a copper-inducible
promotor, which binds to thacO array on the plasmid (Figure 11). In addition spéendle
poly body (SPB) protein Spc42p was tagged with migherhis combination enabled
visualisation of a minichromosome and its relajpasition to the SPB. Furthermore this
allowed to check for the integrity of the mitotipisdle, which often shows defects when
kinetochore proteins are mutated. These tools aleeady available in the lab.

Askl

AL OO

correct

/ segregation
SPB

minichromosome

lacO

missegregation

marker

Figure 11: Visualisation of the minichromosome for microscopy. (a) The minichromosome constructs for
visualisation contained a56xlacOarray. This feature was combined with acentric,GEBN and 10tetO,
arrangements. Strains for microscopy contain Cugiide Lacl-GFP, which can bind to minichromosomes
and makes them visibleb) For ts experiments the SPB protein Spc42p wasdfis mCherry. Only cells
with an intact mitotic spindle (separated SPBs)eweonsidered for analysis. Minichromosomes either
segregated correctly (a signal in mother cell and)bor they showed missegregation (no discrimimatio

between both signals in mother or in bud).
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In a first step of this experiment a number of newains was generated. In order to
combine the TetR tagged proteins with the ts-matahe appropriate strains were crossed.
After sporulation and dissection of tetrads, hapkjpores with the desired combination of
markers were selected. This resulted in straink atd without the TetR tagged Asklp
fusion protein (for some cases also the Dam1p-Ba&tkns were available) carrying one of
the following ts mutant allelestad1-1 ndc10-2 ctf13-3Q cep3-1 cse4-1 mif2-3 ndc80-1
ndc80-2 mtwl-1, ipl1-2 or slil5-3. Next, wildtype and 1GgtO, minichromosomes for
visualisation were transformed into these straiits. addition the plasmids were

transformed into a control strain (wt) without artatant allele.

Images to analyse the behaviour of the minichrormesowere acquired from fixed cells.
Before fixing, cells were shifted to the restrietitemperature (37°C for most ts alleles,
34°C foripll-2 andndc10-3 and Lacl-GFP expression was induced. For eveliyncth

an intact mitotic spindle the segregation pattefrthe minichromosomes was scored.
Unsegregated SPBs, often located in the middle ather and bud, although the nucleus
was already enlarged, were classified as comprahspendles and those cells were not
further considered. In analysing the segregatidtepaof minichromosomes it was not
discriminated between those cases with both of tlemated in the mother cell or both in
the bud (Figure 11). For each experiment 100 ceite an intact mitotic spindle were

analysed.

3.2.1 Dependency of minichromosome segregation on other Daml

complex subunits

In addition to the experiments described in thevipres section, which should reveal
whether or not the entire Daml1l complex is recrui@dhe minichromosomes, Dam1-
mediated segregation in a temperature sensitivamhaf a complex subunit was scored.
Analysing the segregation of wildtype- atedO-minichromosomes in thdad1-1 mutant
background strain yielded similar results. As exgecthe wildtype minichromosome was
missegregated in more than 60% of the cells. Satjoegof thetetO-minichromosome in
the Asklp-TetR strain was affected to a similarrdegn thedad1l-1mutant (Figure 12).
This result supports the conclusion that the fuumatiity of the entire Daml complex is

required for segregation of tietO-minichromosomes.
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Figure 12: Minichromosome segregation in the dad1-1 mutant. A wildtype-minichromosome andtatO-
minichromosome in an Asklp-TetR background showilainsegregation defects indad1-1mutant (left
panel). In thedad1-1mutant wt minichromosomes show missegregations phenotype cannot be rescued
for a tetO-minichromosome in Asklp-TetR background. n=100pr@sentative pictures are shown on the

right. The arrow heads are indicating minichromosaignals. Scale bar 2pum.

3.2.2 Dependency of Daml-based minichromosome segregation on
the CBF3 complex

Next, the dependency of the artificial kinetochoremembers of the DNA binding CBF3
complex was examined. This complex is known to magnajor role in building up a
functional kinetochore by acting as the primaryedsinant of its assembly. In this
experiment the segregation of minichromosomesdal0-2 ctf13-30andcep3-1mutant
strain backgrounds was analysed at the restritéingerature. Since they fail to assemble
a functional kinetochore, these mutants are knawdigrupt all native kinetochores. As a
consequence chromosomes cannot be attached totubigles from the mitotic spindle
and a severe missegregation phenotype is obsetmedccordance with these facts,
wildtype-minichromosomes failed to segregate cdiyeander our assay conditions.
However, this phenotype was rescued when Asklp-Tet®amlp-TetR was directly
tethered to théetO-minichromosome. Although the cells were incubatethe restrictive
temperature and consequently Ndc10p, Ctf13p or Rem3pectively, was not functional,
segregation of minichromosomes with the artifi¢iadetochore was not affected (Figure
13).
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Figure 13: Minichromosome segregation in CBF3 complex mutants. Wildtype minichromosomes show a
high rate of missegregation mic10-2 ctf13-30andcep3-1strains. In comparisoetO-minichromosomes
were properly segregated in these mutants whenpAskDaml1p was fused to TetR. n=100; Representative
pictures are shown on the right. There is an actation of signals to see for the wt minichromosome
(indicated by the arrow), which frequently missegited. This phenotype was also observed in other

mutants. Arrow heads are indicating minichromosaigeals. Scale bar 2um.

This leads to the conclusion, that the Daml-bagéficel kinetochore bypasses the
functional requirement for the essential CBF3 cawrplMoreover, these experiments
provide evidence that thietO-minichromosomes do not segregate by “hitch-hikiog’

native chromosomes, since they cannot segregatectgrin these mutants.

3.2.3 Dependency of Daml-based minichromosome segregation on

conserved inner kinetochore proteins

The requirement for two other inner kinetochoretg@ires was examined by performing the
microscopy experiment with ts allelesase4andmif2. Both of these proteins are hallmark
features of kinetochores in all eukaryotes. CsesAthé centromere specific histone H3
variant and Mif2p plays an important role at theerface between the inner and central

kinetochore layers (Westermann et al. 2007).
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As expected, by shifting cells to the restrictiemperature the formation of an intact
kinetochore and therefore correct (mini)chromos@®gregation was abolished dse4-1

or mif2-3 mutants. In contrast to this, th&etO-minichromosome showed proper
segregation in almost 70% of the cells in theserwibants in the presence of Asklp-TetR

(Figure 14). This indicates that the requirememt@se4p and Mif2p is bypassed by the
artificial kinetochore.
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Figure 14: Minichromosome segregation in cse4 and mif2 mutants. Correct segregation of wt
minichromosomes was abolisheddse4-1land mif2-3 mutants. By contrast, a minichromosome under the
control of the artificialtetO'TetR kinetochore was stabilised significantly ihese mutants. n=100;

Representative pictures are shown on the right.artmv heads are indicating the minichromosomeadign
Scale bar 2um.

3.2.4 Dependency of minichromosome segregation on structural
elements like the KMN network

An important structural feature of native kineto®is the so called KMN network. This
conserved group of proteins is thought to playrareérole at the outer kinetochore and in
building up a machinery that binds to microtubuted® (Tanaka & Desai 2008). The
influence of two components, Ndc80p and Mtwlp, loa artificial kinetochore function
should be investigated here. The former is a merabére four protein Ndc80 complex,
which is thought to be important for microtubuléaahment. Recently it was suggested to
play a major role in establishing and maintainiige tload-bearing attachment of
kinetochores to microtubules (Powers et al. 200%ptunately it was not possible to

analyse the influence of Ndc80p on the artificialekochores. Both ts mutant strains tested
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in this experiment (dc80-1 and ndc80-3 showed such a severe spindle defect when
shifted to the restrictive temperature, that anslgé minichromosome segregation was not
possible. In case of a broken mitotic spindle in@ feasible to draw any conclusion

whether or not the artificial kinetochore dependgtee function of Ndc80p.
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Figure 15: Minichromosome segregation in the mtwl-1 mutant. Again, the wildtype minichromosome
failed to segregate correctly in the majority of ttells in themtwl1-1mutant. This phenotype was rescued
when Asklp-TetR was directly tethered to teED-minichromosome and therefore mediated its segmyat
independent of Mtwlp. n=100; Representative pictae shown on the right. Arrow heads are indigatin
minichromosome signals. Scale bar 2um.

In the mtwl-1 strain background the spindle defects were noexensive and the
segregation could be analysed. While wildtype-niiracnosomes were missegregated,
tetO-minichromosomes could be properly segregated imentban 70% of the cells
carrying Asklp-TetR (Figure 15). These data indicatfunctional independency of the
artificial kinetochore from Mtwlp. Unfortunately thi this experiment alone the

conclusion cannot be expanded to the whole KMN astwand analysis of additional

mutant alleles is necessary.
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3.2.5 Dependency of minichromosome segregation on regulatory
proteins

To ask whether the artificial kinetochore is stihder a regulatory control, it was
interesting to analyse the requirement of Ipllp &hd5p for correct segregation. These
are yeast homologs of the Aurora B kinase and c¢tgator protein INCENP and are

necessary for the correction of erroneous attactsneh kinetochores to microtubules
(Kelly & Funabiki 2009).
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Figure 16: Minichromosome segregation in ipl1-2 and sli15-3 mutants. As expected for these mutants the
wt-minichromosome was segregated properly only50% of the cells. The same was true for -
minichromosome in the Asklp-TetR stain (segregatianipll-2 was less compromised). n=100;
Representative picture for proper segregation amsegregation in thelil5-3 mutant (each for wt and
Asklp-TetR) are shown. Arrow heads are indicatimgichromosome signals. Scale bars 2um.
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Two hours after shifting the strains to the resiree temperature, missegregation was
observed in approximately 60% of the cells carrymgvildtype-minichromosome. The
tetO-minichromosome in the Ask1lp-TetR strain showedstmae degree of missegregation
in the slil5-3 background (Figure 16). F@ol1l-2 the phenotype was less severe, but still
the missegregation failure could not be rescuethbyAsklp-TetR fusion to the level of an
ipl1 wt strain (Figure 12). These results suggest, lpiap and Slil5p are still required in

the context of a Dam1-based artificial kinetochore.

3.3 Live cell microscopy to observe the metaphase behaviour of
minichromosomes

In order to achieve correct chromosome segregati@ny regulatory processes have to
occur in metaphase. Each sister-chromatid hastaghato microtubules emanating from
opposite SPBs. The process in which this is aclieie called biorientation. Two
important factors during this event is the protkimase Ipllp and its regulatory subunit
Slil5p. Since the ts experiments, performed abswggested a functional dependency of
the artificial kinetochore on these two proteingther investigations into the regulatory
mechanism would be interesting.

To study single events of minichromosome segregaiio more detail, a system was
available in the lab that allows to arrest cellsnetaphase by shutting off the expression of
Cdc20p, the activator of the anaphase promotingptexn In a modified straircDC20
was placed under the control of a galactose indeigpbomoter. Therefore cells display
normal growth in medium containing raffinose andagese, but by switching the
conditions to glucose containing mediu@DC20 expression is shut off and cells get
arrested in metaphase. T@&DC20 allele was combined with a strain that expressed
mCherry labelled tubulin for visualisation of thetotic spindle and copper-inducible
Lacl-GFP to detedacO-containing minichromosomes. In this way the bebavbf wt- as
well astetO-minichromosomes, in an Asklp-TetR strain backgdyum metaphase (and in
metaphase to anaphase transition) could be visdatisectly.

A readout for proper biorientation is the so catedtromeric breathing. This phenomenon
results from pulling forces generated from micratiels attached to kinetochores of both
sister chromatids. A high level of tension is builgd when these microtubules emanate

from opposite SPBs. Consequently sister centronsgigsprecociously and chromosomes
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are stretched, since cohesion holds their armst@géther. Cohesion is a prerequisite for
proper biorientation. The observation of chromososteetching provides an assay for

cohesive forces and biorientation (Tanaka et @020

Ia

Figure 17: Live cell imaging of metaphase arrested cells. Cells were arrested in glucose containing

2h metaphase arrest
minichromosome
metaphase spindle

medium for 2h. Time lapse movies were taken by nding stacks every 20sec for 20min. Images from
single timepoints are shown here. Acentric minichmsomes moved throughout the nucleus most of e ti
and failed to interact with the spindle. Constructmtaining a wt CEN sequence showed strechting
(indicated by the arrow) antbtO-minichromosomes were attached to a SPB most oftithe, but no

stretching was observable. Arrow heads are indigatiinichromosome signals. Scale bars 2um.

100% -

80% ~ m stretched on spindle

60% - mnot constantly attached

40% W attached to pole
o

B somewhere in nucleus
20% -
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Figure 18: Quantification of minichromosome behaviour in metaphase arrest. Time laps movies were
analysed and classified into four different phepet n=20.

Live cell imaging was carried out after the cellsrev arrested for two hours in glucose
containing medium (Figure 17). The metaphase aresstaled the expected phenotype for
the wildtype and the acentric minichromosome: Pldsntarrying a native CEN could

properly bi-orient on a metaphase spindle, whichs vabservable as chromosome
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stretching along the longitudinal spindle axis. Attee minichromosomes never showed
this phenotype, instead they moved throughout tleéenis most of the time. Nevertheless,
in some cases there was still some degree of movetetected together with the spindle
movements. Maybe this observation resulted from feut, that the movement was
analysed only in two dimensions. ThetO-minichromosome displayed a different
phenotype. It was neither stretched along the $pintbr the majority was completely
detached from the spindle. Instead, it was oftéached close to one spindle pole body. In
some cases a minichromosome-signal was to detdmitatSPBs, but it was difficult to
say, whether this reflected a separated pair, or unseparated minichromosomes. The
observed phenotypes were classified into four gsaapd approximately 20 movies were
analysed for each plasmid construct (Figure 18%o0Adfter just one hour of metaphase
arrest thetetO-minichromosome showed no stretching on the spintiterefore it was
concluded, the artificial kinetochore did not shdwe typical bi-orientation process of

natural kinetochores.

metaphase arrest sli15-3

O

Figure 19 Metaphase behaviour of wt minichromosomes in a sli15-3 mutant. Wt-minichromosomes
displayed no stretching along the spindle slid5-3 mutant. Instead they were attached to the SPBsasi
to tetO-minichromosomes in the strain with functional Sfil Arrow heads are indicating minichromosome

signals. Scale bars 2um

Furthermore, the strain for visualisation and mieésg arrest experiments was combined

with the temperature sensitigg15-3 allele. The medium switch for arresting the celts
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performed simultaneously with a shift to the resive temperature (37°C) for two hours.
After this procedure wildtype-minichromosomes diot show the stretching phenotype
any more, verifying the stretching to be a readoutlil5 dependent biorientation (Figure
19). Moreover, in case of abolished Sli15 functihminichromosomes demonstrated the
same phenotype astO minichromosomes in th&il5 wt background. These data suggest
that tetO-minichromosomes segregated by Asklp-TetR cannatriént in a wildtype
manner. One reason for this is may be a strongijuaed cohesion between sister

minichromosomes.

A recovery experiment was performed to check whethe cells could be released onto
anaphase after the metaphase arrest. After twaslodunetaphase arrest in glucose, a drop
of cell suspension was placed on a coverslip aalusidter ten minutes allowing the cells
to adhere to the surface, they were washed exw@gswith raffinose and galactose
containing medium. This should allow the cells tpress Cdc20p again and proceed
normally throughout the cell cycle. Indeed, theestrcould be abrogated, the cells
progressed through anaphase and segregated timthromosomes correctly. Time lapse
movies were acquired for wildtype- (Figure 20) asiD-minichromosomes (Figure 21).
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wt minichromosome - LacI-GFP
mCherry tubulin

Figure 20: Anaphase transition after arrest in metaphase for wt-minichromosome. After 2h metaphase
arrest in glc medium, cells were washed into rafffgedium directly on a coverslip. Time lapse mewié¢
live cells were recorded. After stretching on thetaphase spindle, the separation and transitiamaphase

proceeds (from timepoint 8 to 9). Arrow heads acdidating minichromosome signals. Scale bar 2um.

10xTetO, minichromosome - LacI-GFP
mCherry tubulin

Figure 21: Anaphase transition after arrest in metaphase for tetO-minichromosome in Asklp-TetR
strain. After 2h metaphase arrest in glucose medium, eaie washed into raff/gal medium directly on a
coverslip. Time lapse movies of live cells wereargled. Although no stretching is detectable, thik ce
manages to properly segregate the minichromosoemsy(into anaphase between timepoint 10 and 11).

Arrow heads are indicating minichromosome sigratsile bar 2um.
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4 Conclusions

The principle of chromosome segregation is to conn@NA to highly dynamic

microtubules which are able to generate pullingdsr This connection has to be firm
enough to ensure stable attachments and to tramskegenerated forces to chromatids. In
addition this connection still has to allow micrbotiles to behave as dynamic polymers.
The kinetochore, a macromolecular structure conpadgeseveral protein complexes, is
able to fulfil these requirements. The establishinagd maintenance of such kinetochore-
microtubule attachments has to be highly regulatespace and time during the cell cycle.
To elucidate the minimal requirements a faithfugregation system needs would be

helpful for understanding the function of a natiweetochore.

An artificial segregation system was presented @ratacterised in this work. Tethering
Asklp or Damlp directly to a small circular minichrosome resulted in a significant
degree of mitotic stabilisation. In addition to thexperiments carried out with
minichromosomes, it was also shown that Asklp-TistRble to stabilise native yeast
chromosomes with an inactivated centromere butyiceyra tetO array (Kiermaier et al.

2009). Another study revealed similar results wh&sklp was tethered to native

chromosomes via the interaction betwésO and Lacl (Lacefield et al. 2009).

In this work | could show that three additional snits of the Dam1 complex are also able
to fulfil this function and that Asklp-TetR is paot a fully assembled Dam1 complex.
These results lead to the conclusion, that thereelaml complex is recruited to the
minichromosomes. However, five out of ten Daml sufsudo not stabilise &etO-
minichromosome when fused to TetR. One reason deeilthat TetR cannot bind tetO
when the fusion protein is incorporated into thenptex because of a wrong orientation.
Another possibility could be that the TetR tag ifgees with a correct formation of the
complex, if it is fused to certain proteins. Theggnted experiments do not address if this
recruitment results in Dam1l ring formation or ifoeigh complexes to form a ring are
present at the attachment site. In general, eltingléhe composition and function of the
Dam1l based artificial kinetochore will also helputaderstand the functional properties of

the complex in the context of a native kinetochore.
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Dam1l was shown to be a processive force coupleitro (Asbury et al. 2006; Grishchuk
et al. 2008). The results from this study verifisttolein vivo. Experiments revealing the
dependency of the artificial segregation systenessential kinetochore proteins, showed
that the function of key components like the CBB&plex, Csedp, Mif2p and Mtwlp is
bypassed by the artificial system. Thus, the abiif the Daml complex to translate
microtubule forces into chromosome movement is pedeent of inner kinetochore
proteins. This leads to the conclusion, that faraasduction is an intrinsic property of the
complexin vivo.

Native yeast kinetochores consist of several pmot@implexes and most of them are
necessary for viability of the cells. What is tlivantage then of building up a complicated
multi-modular structure instead of just recruitioge component which is able to transmit
forces from dynamic microtubules (like in the acidl system)? Probably the answer lies
in the need to regulate the structure and functbra kinetochore in space and time
according to the cell cycle stages. Furthermoreriinore complicated architecture provides

several platforms for fine-tuning its functionabperties.

This study shows that the Daml-based kinetochorat ieast partly dependent on the
function of Ipllp and Slil5p. However, it is noteal, which functional aspect of the
artificial kinetochore is disturbed in these musantpllp is known to directly

phosphorylate Daml and therefore the kinase infleenthe kinetochore-microtubule
attachment (Cheeseman et al. 2002). Maybe Ipllplatgs the function of the artificial

kinetochore in a similar manner. The other possybwould be, that some microtubule
binding activity of Sli15p is required for segreigatmediated by the artificial kinetochore.

Live cell imaging of cells was performed to obsetive behaviour of minichromosomes in
metaphase arrested cells. A stretched signal dficaaescent marker, which serves as a
read-out for biorientation of kinetochores, was detectable for minichromosomes with
an artificial kinetochore. The reason may be te#D-minichromosomes fail to establish
enough cohesion, which is necessary for propeldntation. This is consistent with the
fact, that cohesin is enriched at native centrocngeguences (Onn et al. 2008), which are

missing on these minichromosomes.
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Additional information about the exact compositminthe artificial kinetochore would be
helpful. The experiments, in which minichromosoregregation was analysed in mutants
of essential kinetochore proteins, already reveaedhe functional independencies.
Furthermore, some pilot experiments were alreadyrieth out to purify the
minichromosomes with the aim to analyse the ardifikinetochore by mass spectrometry.
The protocol for purification is based on previguslescribed experiments (lvanov &
Nasmyth 2005). The purification strategy takes athge of the already established
system that was used for microscopy. Lacl-GFP bitolstetO minichromosomes
containing alacO array. With an antibody against GFP coupled tadbge#é was tried to
purify the minichromosome, on which the artifickmhetochore should be built up. So far
the experiment was not successful and the proiecstill in need of optimisation. So far,
enrichment of the plasmid seems to be insufficigviiile it could be detected by PCR in
several aliquots taken during the purification mdare, it was lost in the final
centrifugation step, which should separate gen@hé from plasmids.

Once the molecular composition of the artificiahéiochore is known, this information
can be used foin vitro studies. Reconstitution of dynamic microtubuleds associated

minichromosomes carrying artificial kinetochoresulcb reveal the mechanism of
regulatory processes like biorientation and wouédphto understand the function of

individual kinetochore proteins.
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5 Materials and Methods

5.1 Strains, plasmids and media

5.1.1 Yeast strains

Name

Genotype

DDY902

Mat a, ade2-1, leu2-3, hig200, ura3-52

EKY161

Mat a, leu2-3, his3200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, Daml-TetR::KanMX, ndc10-2 (ts atGy°

EKY162

Mat a, leu2-3, his3200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URAS3, ndc10-2 (ts at 34°C)

EKY176

Mat a, leu2-3, his3200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URAS, Askl-TetR::KanMX, ndc10-2 (ts at@G§°

EKY179

Mat a, ade2-1, leu2-3, hig00, ura3-52, lys2-801, pCu-Lacl-GFP::HIS,
Spc42-mCherry::URA3, ctf13-30 (ts at 37°C)

EKY180

Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, Askl-TetR::KanMX, ctf13-30 (ts at@y

EKY181

Mat a, ade2-1, leu2-3, hisR00, ura3-52, lys2-801, pCu-Lacl-GFP::HIS,
Spc42-mCherry::URA3, Daml-TetR::KanMX, ctf13-3(aft87°C)

EKY185

Mat a, ade2-1, leu2-3, hig200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS,
Spc42-mCherry::URA3, cep3-1 (ts at 37°C)

EKY186

Mat a, leu2-3, his3200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, Daml-TetR::KanMX, cep3-1 (ts at 3/°C

EKY187

Mat a, ade2-1, leu2-3, hig200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS,
Spc42-mCherry::URA3, Askl-TetR::KanMX, cep3-1{1374C)

EKY188

Mat a, ade2-1, leu2-3, hig200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS,
Spc42-mCherry::URA3, cse4-1 (ts at 37°C)

EKY190

Mat a, ade2-1, leu2-3, hig200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, Askl-TetR::KanMX, cse4-1 (ts at 37°C

EKY191

Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, mif2-3 (ts at 37°C)

EKY193

Mat a, leu2-3, his3200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, Askl-TetR::KanMX, mif2-3 (ts at 3y°C

EKY194

Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, mtwl-1 (ts at 37°C)

EKY196

Mat a, leu2-3, his3200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URAS, Askl-TetR::KanMX, mtwl-1 (ts at 3)7°C

EKY200

Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URAS, dadl-1 (ts at 37°C)

EKY201

Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URAS, Askl-TetR::KanMX, dad1-1 (ts at 37°C

EKY203

Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URAS, ipl1-2 (ts at 34°C)
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EKY205 | Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URAS, Askl-TetR::KanMX ipl1-2 (ts at 34°C)
EKY206 | Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, sli15-3 (ts at 37°C)
EKY208 | Mat a, leu2-3, his3200, ura3-52, pCu-Lacl-GFP::HIS, Spc42-
mCherry::URA3, Askl-TetR::KanMX, sli15-3 (ts atBY°
EKY209 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Spc34-TetR::KanMX
EKY210 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Duol-TetR::KanMX
EKY211 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Spcl9-TetR::KanMX
EKY212 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Dad2-TetR::KanMX
EKY213 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Dad3-TetR::KanMX
EKY214 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Dadl-TetR::KanMX
EKY215 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Dad4-TetR::KanMX
EKY216 | Mat a, ade2-1, leu2-3, hig200, ura3-52, Hsk3-TetR::KanMX
EKY220 | Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, mCherry-
Tubulin::URAS3, cdc20::TRP1::GAL1/10-CDC20
EKY221 | Mat a, leu2-3, his3200, ura3-52, lys2-801, pCu-Lacl-GFP::HIS, mCherry-
Tubulin::URA3, cdc20::TRP1::GAL1/10-CDC20, Ask1HeKanMX
EKY70 |Mat a, ade2-1, leu2-3, hig200, ura3-52, Ask1l-TetR::KanMX
EKY77 |Mat a, ade2-1, leu2-3, hig200, ura3-52, Daml1-TetR::KanMX
SWY276|Mat a, ade2-1, leu2-3, hig200, ura3-52, Dadl-S-tag-TEV-ZZ::HIS3, Askl-
TetR::KanMX
SWY277|Mat a, ade2-1, leu2-3, hig200, ura3-52, Dadl-S-tag-TEV-ZZ::HIS3
5.1.2 Plasmids
Name | Description Cloning
pPRS313 wt minichromosome for
plating assays; CEN6/ArsH4
pEK2 | acentric minichromosome for ArsH4 was amplified from pRS313 and clone
plating assays into Xhol site of pPRS303
pEK3 | 10xetO, minichromosome for| 10xtetO, was cloned into BamHL1 site of pEKZ
plating assays
pEK4 | 112xetO, minichromosome | ArsH4 was amplified from pRS313 and clone
for plating assays into BamH1 site of 112etO, plasmid based or
pRS306
PEK6 | wt minichromosome for CENG6/ArsH4 was amplified from pRS313 anc
visualisation cloned into Xho1 site of pAFS59
pEK9 | acentric minichromosome for ArsH4 was cloned into Xhol site of pAFS59
visualisation
pPEK10 |tetOminichromosome for 10xtetO, was cloned into BamHL1 site of pEKY
visualisation
pEK17 | PCR template for C-terminal|linker + TetR was cloned into Pacl/Ascl site
linker-TetR tagging pFA6a-GFP(S65T)-KanMX
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5.1.3 Bacterial strain

DH5a (chemically competeri.coli cells): fhuA2 A(argF-lacZ)U169 phoA ginVvV44b80
A(lacZ)M15 gyrA96 recAl relAl endAl thi-1
hsdR17

5.1.4 Media

All recipes for yeast media are indicated here Xbtotal volume. After dissolving the

ingredients in ddkD, media were autoclaved and sugar was added aftdgswDepending

on the strain used for the experiment, glucoseafiinose and galactose were added. All

sugar solutions were provided with a concentratibB0% and were diluted 1:10 with the

medium (YEP or minimal medium).

YEP: 10g yeast extract, 20g bacto-peptone

minimal medium: 80g yeast nitrogen base w/o ammdsa

drop out stock solutions (100x):

doLEU: 2g adenine sulphate, 2g uracil, 2g I-trybiap, 2g I-histidine, 3g I-lysine

doHIS: 29 adenine sulphate, 2g uracil, 2g |-tryptom 3g I-leucine, 3g I-lysine

doURA: 2g adenine sulphate, 2g I-tryptophan, 2gstidine, 3g I-leucine, 3g I-lysine

keep at RT, wrapped in foil

sporulation medium: 1% potassium acetate, 0.1%obgetst extract, 0.05% dextrose,
freshly added SC 1:300

SC (synthetic complete): 0.2g adenine sulphateg Qracil, 0.2g I-tryptophan, 0.2g I-

histidine, 0.3g I-leucine, 0.3g I-lysine

For pouring plates 22g bacto-agar was added toetlium.
Geneticin (G418): 50mg/ml in ddB, 250l of stock spread on YPD plate

LB medium (11): 10g tryptone, 5g yeast extract, N&fI, adjusted to pH 7.0 with NaOH
2XTY (11): 169 tryptone, 10g yeast extract, 5g Neagljusted to pH 7.0 with NaOH
Ampicillin: 50mg/ml in BO, stored at —20°C, diluted 1:1000

SOC medium from Invitrogen
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5.2 Biochemistry

5.2.1 SDS-PAGE

For electrophoretic separation of proteins accgrdmtheir molecular mass, SDS-PAGE
was performed. Pouring of gels and electrophoresre carried out with a Biorad Protean
Mini Cell system. Samples were mixed with 4xSDSdiog buffer and boiled for 5min
before loading on the gel. As a marker Precisioms FProtein Dual Coloured Protein
marker from Biorad was used.

Gel recipes (for 2 small gels) and buffers:

separating gel 10%| 12,5%|| stacking gel

dHO 4.1ml| 3.24ml|| dH,O 2.85ml

30% Acrylamide/Bis (Biorad)3.3ml| 4.16|| 30% Acrylamide/Bis (Biorad)0.85ml

4x Separating buffer 2.5ml2.5ml|| 4x Stacking buffer 1.25ml
10% APS 80p| 60ul{|10% APS 40p|
TEMED 8ul 8ul|| TEMED 4.5ul

4x Separating buffer: 1.5M Tris pH 8.5, 0.4% SDS

4x Stacking buffer:  0.5M Tris pH 6.8, 0.4% SDS

4x SDS Sample buffer: 250mM Tris pH6.8, 40% (vblycerol, 8% (w/v) SDS,
0.04mg/ml bromphenol blue; 80BFME added to 1ml 4x
buffer right before use

1x Running buffer: 25mM TRIS pH8.5, 52mM glycineQ0®% (w/v) SDS

For some experiments electrophoresis was carrigdusung the Invitrogen NuPAGE
system with Novex Tris-Acetate Mini Gels (4-12% djemt gels), according to the

supplier’s protocol.

5.2.2 Whole cell extracts from yeast for SDS-PAGE

Two OD from an O/N culture were pelleted at 2500f@m3min and washed once with
water. The pellet was resuspended in 60ul 4xSD$leabuffer and boiled for 3min at
95°C. Acid-washed glass beads were added and nmglesavas vortexed for 2min. 60l of

2xSDS sample buffer were added and the sample wdsdbagain for 2min. After
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spinning down, the supernatant could be transfameda fresh tube and was ready to be

loaded on a SDS gel.

5.2.3 Silver staining of protein gels

All solutions were prepared with dg@. The SDS gel was incubated for 30min at RT in
30% (v/v) EtOH, 10% (v/v) acetic acid for fixatioRor sensitising, the gel was incubated
for 30min at RT in 30% EtOH, 0.1% (w/v) sodium thitfate, 0.1M sodium acetate
pH6.8. Afterwards the gel was washed in water s$irfor 10min. To stain the proteins,
the gel was incubated in 0.1% (w/v) silvernitraiel,% (v/v) formaldehyde, so silver ions
can bind to the side chains of amino acids. Aftquigk water wash the gel was developed
in 2.5% (w/v) sodium carbonate, 0.2% (v/v) form&lgege. The protein bands were
becoming visible by the reduction of silver ionshasic pH. To stop the staining reaction
the gel was put into 1% (v/v) acetic acid. The gekre dried between two sheets of

cellophane.

5.2.4 Western blotting

After separation by SDS-PAGE the proteins were sfiemned onto a nitrocellulose
membrane (GE Healthcare) in a wet blotting apparathe blot was conducted in the cold
room at 100V for 2 hours. To avoid unspecific birglof the antibody to the membrane, it
was blocked in 5% (w/v) milk in TBST. Usually theembrane was incubated with the
first antibody diluted in 5% milk TBST O/N at 4°@jth gentle shaking. After washing the
membrane 3 times for 5min with TBST, it was incdohtvith the secondary antibody,
coupled to HRP, for 1hour at RT. After that the rbeame was washed again 3 times 5min
with TBST. Protein bands could be visualised byiragld&ECL-solution (GE Healthcare) to
the membrane and detect the emitted light prodbgetie HRP with a Hyperfilm.

If incubation with another antibody was needed, thembrane was incubated with

stripping buffer (Thermo scientific) for 20min affRre-blocked and new antibodies were

bound.

Transfer buffer: 25mM Tris, 190mM Glycin, 20% (vWeOH, 0.02% (w/v) SDS
TBS: 10mM Tris, 150mM NacCl, pH7.6

TBST: TBS + 0.1% (v/v) Tween20
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5.2.5 TAP tag purification

Overnight cultures of cells were grown in YPD (48til) and diluted to an Ofgy of 0.15
(6x2l). Cells were grown at 30°C to an @P~1.15 and harvested by centrifugation at
5000rpm for 10min in an SLC-6000 rotor. The pellets resuspended in 10ml water and
transferred into a 50ml Falcon tube. After cengétion at 4000rpm for 10min (Heraeus
Biofuge Premium) the pellet was resuspended ind).@sater to drop freeze the yeast in
liquid nitrogen. Beads were stored at —80°C.

To lyse the cells, frozen beads were grinded inaarivg Blender with liquid nitrogen. 30g
of yeast powder were weighed out and after addimgl2xHyman Buffer it was quickly
thawed in a warm water bath. From this point ongamples were kept on ice. To avoid
protein degradation Protease Inhibitor Cocktail ISetCalbiochem) was added at a 1:100
dilution, PMSF was added to a final concentratibdmM and Triton X-100 to 1%. This
lysate was sonicated in Corex glass tubes for 3@sdafterwards centrifuged in a SS-34
rotor (Sorvall) at 10000rpm for 25min at 4°C. Thgsdte was pelleted again by
ultracentrifugation in a Ti70 rotor at 45000rpm f80min at 4°C. This highspeed-
supernatant (HSS) was passed over a CL-6B sephaobsein (15ml 1:1 slurry), pre-
equilibrated with 1xHyman Buffer. In this step tb@me base matrix was used as for the
IgG sepharose in the next step, in order to prarctee HSS.

1.2ml 1:1 slurry of IgG Sepharose were collectedaimBiorad disposable column and
washed with 10ml TST, 1ml 0.5M NB®Ac pH3.4, 5ml TST, 1ml 0.5M NMDAc pH3.4
and 5ml 1xHyman Buffer 400mM KCI. Washed IgG Sepbkarwas added to the HSS and
gently rotated at 4°C for 3 hours.

After the incubation time the beads were colledte@ Biorad disposable column (flow
through was discarded) and washed with 15ml 1xHymafier 400mM KCI and 25ml
1xHyman Buffer 400mM KCI + 1mM DTT + 0.1% Tween20he beads were
resuspended in a total volume of 2ml with 1xHymarif& 400mM KCI + 1mM DTT +
0.1% Tween20 and transferred to a 2ml Eppendo#.tdbul TEV protease were added
and the solution was rocked O/N at 4°C.

The next day beads were spun down and the supetieda collected in a new tube. The
beads were washed once with 600ul 1xHyman Buffén®d KCI + 1mM DTT + 0.1%
Tween20. 100ul 1:1 slurry of Protein S Agarose beadvashed 3 times with 1xHyman
Buffer 400mM KCI + 1mM DTT + 0.1% Tween20 (in tube)were added. The HSS was
rocked with the Protein S beads for 3 hours at 4°C.
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After the incubation the beads were collected @icaad disposable column and washed
with ~5ml 1xHyman Buffer 400mM KCI + 1ImM DTT + 0.1%ween20. The beads were
transferred into a fresh tube. Proteins were elwiitl glycine by resuspending the beads
in 50ul 10mM glycine pH2.0 and shaking them geriflyRT for 30min. After spinning
down, the eluate was taken off and the elution gulace was repeated two more times.
Before loading on a SDS gel, the pH had to be séefjusith 1 M Tris pH 8.0.

Buffers for TAP:
1xHyman Buffer TST
50mM | Bis-Tris Propane pH 7.0 - HCI 50mM | Tris-HCI pH 7.4
100mM| KCI 150mM| NaCl
SmM|EGTA 0.1%| Tween20
SmM|EDTA
10%| Glycerol
40mM| B-Glycerolphosphate (add freshly)

5.2.6 Purification of minichromosomes

For purification of the wildtype- or thitO-minichromosome O/N cultures (100ml) were
grown at 25°C in minimal doLEU medium. The cellsrevdiluted in 11 YPD medium to an
ODeoo of 0.2 and incubated at 30°C. After induction @cl-GFP by adding CuSQo a
final concentration of 250uM for 15min/7min, cellere harvested at an @fg of ~0.9 by
centrifugation at 5000rpm for 5min in a SLC-600@roCells were washed twice with ice
cold water and transferred to a 50ml Falcon tuldee Pellet was resuspended in 50mi
spheroblasting buffer and incubated at RT for 15nTihe cells were harvested by
centrifugation at 5000rpm for 4min at 4°C (SS3%rptThe pellet was washed with ice
cold water and resuspended in 50ml cell wall digasbuffer. After incubation for 30min
at 30°C, spheroblast formation was checked undernticroscope. Spheroblasts were
centrifuged at 6000rpm for 6min at 4°C (SS34 rotm)l washed with 1M cold sorbitol.
The pellet was resuspended carefully in 2ml 0.4M sorbitol and transferred to a 50ml
Falcon tube. 8ml of lysis buffer were added andnanbation on ice for 30min followed.
The lysate was further homogenized by stroking 3 tones with a glass douncer and a
motor driven Teflon pestle. To clarify the lysatevas centrifuged for 15min at 10000rpm
(SS34 rotor).
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Aliquots taken during the procedure were purifie¢ Inixing 1:1 with PIC
(phenol:chloroform:isoamylalcohol 25:24:1) and c#agation for 5min at maximum
speed. The aqueous phase on top was transferi@d inew tube. This procedure was
repeated once. To precipitate DNA, 2vol 95% EtOHewadded and the samples were
centrifuged for 10min at 13000rpm. The pellet wasshked 2 times with 70% EtOH and
resuspended in ~200ul TE. In order to get a cle@i¢A solution, the samples were
purified with a Qiagen nucleotide removal kit.

Buffers for minichromosome purification:

Spheroblasting buffer Lysis buffer
0.1M| Tris-Base pH9.2 25mM| HEPES/NaOH
10mM|DTT 50mM| KClI
10mM| MgSQO,
Cell wall digestion buffer 10mM| sodium citrate|
50mM| Tris-HCI pH 7.65 25mM| sodium sulfite
1M | sorbitol 0.25%] TritonX-100
1mM| CaCb 1mM | PMSF
1mM | MgCl, 3mM|DTT
20pg/ml| lyticase 0.1mg/ml RnaseA

5.3 Molecular biology techniques

5.3.1 DNA Gel-electrophoresis

To dissolve 1% (w/v) agarose in TAE buffer, theusioin was boiled in the microwave
oven. For subsequent staining of the DNA ethidiuronbde was added to a final
concentration of 0.5pug/ml (10mg/ml stock soluti@md the gel was poured. DNA was
mixed with 6xloading buffer (Fermentas) and loadetb the pockets of the gel.

Electrophoresis was carried out at 100V in 1xTABidium bromide is intercalating with

DNA and therefore DNA bands could be detected uiléfight.

If necessary, gel bands were cut out to purify DINkh a Qiagen kit according to the
supplier’s protocol.

1XTAE buffer: 40mM Tris pH 8.0, 1ImM EDTA, 20mM ageacid
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5.3.2 Cloning

Insert (PCR product) and vector were cut with tipprapriate restriction enzymes.
Procedures were performed as recommended in thieydar supplier's protocol. Often

fast digest enzymes from Fermentas were useddkr ¢o avoid religation of the vector, it
was treated with calf intestine phosphatase (Rodhejtor and insert were purified with a
QIAGEN nucleotide removal kit. Ligations were perfeed with a vector to insert ratio of
~1:3 with HC T4 ligase (Invitrogen) at RT for 10nim1h, or at 16°C O/N.

5.3.3 Bacterial transformation and plasmid amplification

For transformation either 2ul or 15ul ligation miere added to 100ul competent H5
cells. The cells were kept on ice for 30min andeatlshock was performed for 15sec at
42°C in the waterbath. For recovery 300ul SOC nredivere added and the cells were
incubated at 37°C for 1h. Afterwards they were agren LB-Amp plates and incubated at
37°C. The plasmid (~2ul from miniprep) was transfed into competent DHbcells as
described above, and cells were incubated at 3 @asmids with a bigger array (e.g.
LacO) were amplified, cells were incubated at 3@{@gle colonies were inoculated in LB
medium (O/N) or 2xTY medium (few hours). Miniprep gasmid was performed with a

Qiagen kit according to the supplier’s protocol.

5.3.4 Transformation of yeast cells

The transformation protocol is based on the stuoynfSchiestl & Gietz, 1989.

In the morning an O/N culture was diluted to anggDdf ~0.1 in 50ml YPD medium and

incubated shaking at 30°C in a waterbath. At argd@bf 0.6-1.0 cells were harvested by
centrifugation at 3000rpm for 3min. After washirgptcells with ~15ml water, the pellet
was resuspended in 1ml water and transferred Epaendorf tube. Cells were centrifuged
at 3000rpm for 2min and resuspended in 1.5ml 1XJEM LiAc in H,O and kept on ice

until further use.

Transformation mix

20ul{ ssDNA 2mg/ml (salmon sperm as carrier DNA)

3-5ul/ 70ul plasmid / PCR product

200ul| competent yeast cells

1.2ml| 1XTE, 0.1M LiAc in 50% PEG
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The transformation mix was kept at RT for 30mimttjerotating. Afterwards a heat shock
was performed for 12min in a 42°C waterbath. THés aeere spun down at 3000rpm for
30sec and resuspended in 150ul water, so thatdbeld be plated on the appropriate

medium.

5.3.5 Preparation of genomic DNA from yeast

1.5 OD of cells from an O/N culture in YPD were \ested by centrifugation at 3000rpm
for 2.5min. After washing the cells once with watidrey were resuspended in 0.5ml lysis
buffer. To open up the cells ~0.6g of 0.5mm acidiveml glass beads were added and the
suspension was vortexed 3 times for 1min each. &mtvthe vortex steps, the lysate was
kept on ice for 1min. Afterwards the lysate wasuipated at 70°C for 10min. 200ul 5M
KOAc and 150ul 5M NaCl were added and incubationicanfor 10min followed. To
separate large cell debris and precipitated prpteanlysate was centrifuged at 13000rpm
for 10min. The supernatant was transferred intoeahf tube and 2vol 95% EtOH were
added to precipitate the DNA. The sample was deged at 13000rpm for 15min. The
DNA pellet was washed with 70% EtOH and carefullyed after centrifugation to be
resuspended in 49ul TE and 1ul 10mg/ml RNaseA rAfigsolving of the pellet 200ul of
TE were added.

Lysis Buffer

50mM| Tris-HCI pH 7.5

20mM| EDTA pH 8.0

1%| SDS

in H20

5.3.6 PCR

To confirm genomic integrations PCR was performesingi Bio-X-Act polymerase
(bioline). The reaction mixture of 25ul volume cained 1ul DNA (genomic DNA prep),
2.5ul 10xbuffer, 2mM MgGl 200pM dNTPs, 1uM each primer and 1U polymerase.
Instead of genomic DNA colony PCRs were performedome cases. A bit of a yeast
colony was directly put into a PCR tube and heatettie microwave for 1min. The lysed
yeast cells were then resuspended in the PCR-nmaster

For amplifications of inserts or PCR products feng tagging, PCR was performed with

Phusion polymerase (Finnzymes). A 50ul PCR mixtoetained 1ul genomic DNA or
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0.5ul plasmid DNA as a template, 10ul 5xBuffer,uVbeach primer, 200uM dNTPs and

1U Phusion polymerase.

Standard protocols for PCR:

Bio-X-Act polymerase| Phusion polymerase
98°C 5’ 98°C 1
98°C 1 98°C 20"
52°C-58°C | I’ 52°C-58°C 20"
68°C ~1.5'/kb || 72°C max 30"/kh
68°C 5’ 72°C 5’
4°C 4°C

30 cycles 32 cycleg

5.3.7 Tagging strategy for C-terminal TetR fusions

Primer design: PCR:

| gene | :
3 o /
rev
fw: 60bp homology right before stop +
beginning of linker

rev: 60bp homolgy downstream of gene + end
of KanMX

Figure 22: Primer design and PCR for generation of C-terminal TetR fusions. Fw primers were
designed by linking 60bp homology of gene of inséneght before the stop codon (without stop) almel t
start of the linker sequence from the plasmid. Remers were designed by linking 60bp ~100bp revers
complement homology sequence downstream of stageié of interest and the end of KanMX sequence
from the plasmid (incl. stop, also reverse completnelrhis PCR product was able to integrate inte th
genome via homologous recombination between thergenlocus and the overhangs from the PCR product,

which were homologous to this region.
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5.4 Yeast assays and genetics

5.4.1 Spot assay

From an O/N culture in YPD a dilution series wasdman a 96-well plate. The first
dilution was adjusted to an Q8 of 0.4 and diluted further 1:10 until an @@of 4x10*
was reached. With a pinning device (“Frogger”tirii into the cavities of the 96-well
plate, equal drops of the dilutions were spotteid MPD plates. The plates were incubated
at different temperatures to compare the growtmaividual yeast strains under different

conditions.

5.4.2 Plating assay

In this assay the stability of minichromosomes migirmitotic divisions was determined.
Cells carrying a minichromosome were grown in 5mPDy under non-selective
conditions, at 30°C for 24 hours (equates to ~IZg@ions). In minimal medium + 2%
glc an ORQo of 0.6 was adjusted and diluted further to ans§@DBf 6x10*. An 80pl aliquot

of this cell suspension was spread onto YPD ang-dud plates, according to the genetic
marker on the particular minichromosome. On YPDQgdavery cell could grow and form
a colony, whereas on the drop-out plates, providielgctive conditions, only cells still
carrying the minichromosome were able to form aowpl The stability of the
minichromosome resulted from the percentage difieeebetween the colony numbers
under selective and non-selective conditions. Tlagep were analysed in duplicates and
the assay was performed three times for each strain

5.4.3 Yeast crosses

In a first step two strains (one with mating typehe other with alpha) to be crossed were
streaked across each other on a non-selective plagy were allowed to mate for 5 hours

to O/N at 25°C. With a dissecting microscope zygptehich could be recognized by their

dumbbell shape, were picked and grown to singlerties.

In order to be able to separate single haploid espodiploid cells have to sporulate.

Therefore single diploid colonies were inoculatedl ggrown O/N in appropriate non-
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selective medium. From 1ml of this saturated celtoells were harvested, washed with
water and resuspended in 5ml of sporulation mediUBC. In glass tubes, gently rotating,
they were allowed to sporulate for approximatelgads at 25°C. Tetrad formation was
checked under the microscope.

As soon as tetrads were visible, they were disdeictesolate haploid spores. In order to
lyse the cell wall, 250ul of sporulation cultureredharvested and resuspended in 37,5ul
1mg/ml zymolase. For proper digestion the solutias incubated at 37°C for 3min. 200ul
20mM NaPi pH 7.2 were added to stop the reactiod,@lls were kept on ice until use.
Under the dissection microscope single spores ftetrads were separated, using a
microneedle, and placed on a non-selective plate.

As soon as haploid colonies were growing on théeplaey were resuspended in minimal
medium and spotted on different plates, for testimgr ability to grow under certain
conditions. In this way the marker-combination wé®y single spore from a tetrad could
be analysed.

5.5 Microscopy

5.5.1 Microscope and settings

Microscopy and image acquisition was performed wahDeltaVision microscope
(AppliedPrescision), equipped with a UplanSApo xldlfjective lens (Olympus; NA
1.40), SoftWoRx software (AppliedPrescision) andCaolSnap HQ CCD camera
(Photometrics).

For microscopy on fixed cells images were acquirgdecording 30-36 z sections, 0.2um
apart. After deconvolution (aggressive mode) ancimam intensity projection images
were assembled using ImageJ.

Time-lapse movies from living cells were acquired recording 5-7 z sections, 0.7um
apart, every 20 seconds for a total time of 20 meisiun case of metaphase arrested cells.
For recovering cells after metaphase arrest pisturere taken every minute for 1 hour.
After deconvolution (aggressive mode) and projectimages and movies were assembled

with MetaMorph software.
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5.5.2 Fixation of cells for imaging

An O/N culture of cells in minimal doLEU medium ®42glucose was diluted ~1:5 and
cells were incubated for ~2hours at 25°C. Then theye shifted to the restrictive
temperature (37°C) for Lhour (2hours &l5-3 andipl1-2 strains). CuS@was added to
the cells to a final concentration of 250uM in orde induce expression of Lacl-GFP,
which can bind to the minichromosomes and therebke® them visible. Induction was
conducted for 15min to 18min. Cells from 500ul tmllof culture were harvested and
fixed by resuspending them in 100ul 4% PFA. Aftenib incubation at RT PFA was
removed, cells were washed with KiP$drbitol and resuspended in 50ul to 100l
KPOy4/sorbitol. Fixed cells could be stored at the fedgr up to one month.

Coverslips were prepared as described for live ioeiging. Instead of mounting the
coverslip with vacuum grease, nail polish was usazhse of fixed cells.

4% PFA: 0.4g paraformaldehyde dissolved in less ttaml HO, few drops
of NaOH added to dissolve it completely, 0.34g sseradded, filled
up to 10ml

KPQOy4/sorbitol: 10ml 1M KPQ pH7.5, 60ml 2M sorbitol, 30ml O

5.5.3 Live cell imaging

For investigating the behaviour of minichromosormesetaphase, cells were inoculated
in minimal doLEU medium + 2% raff/gal and grown OAfl 25°C. Depending on the
density of the culture 500ul to 1ml were harvested washed twice with water. They
were resuspended in 5ml of minimal doLEU mediun?s¢lc and incubated for 2hours at
25°C, gently rotating. Due to the glucose contginnedium expression of Cdc20p was
repressed and cells were arrested in metaphaseddbe relative short time of medium
switch not all of the cells were completely arrdyteThe minichromosomes were
visualized by bound Lacl-GFP. Its expression watioed by adding CuSQo a final
concentration of 250uM for 15min to the cells. he tmeantime coverslips were prepared
by placing a 50ul drop of ConA solution (Img/midtdiluted 1:10) in the center and
incubating it for 10min. After washing the covepsivith water or medium, 50ul of cell
suspension was placed on the center and allowadhere for 10 to 15 min. The coverslip

was washed carefully with medium (w/o Cu$p®@ remove unattached cells. In case of
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recovery experiments, cells were washed with medagntaining 2% raff/gal. With

vacuum grease a square in the size of the covesslgpp marked on a glass slide. With
foreceps the coverslip was carefully placed upsiden on the glass slide, so that the
vacuum grease was sealing the edges. The covesasiphen carefully pressed on the slide

and extra liquid was removed with a tissue. Aftes tells were ready for imaging.
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