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Abstract

Growth and popagation of all organisniependon the accuratedisseminatiorof the genetic
materialto the progeny During thesukaryoticcell cyclehe duplicatedDNAcondenses into
chromosomes followed ipeir equal distribution to thelaughtercells. The kinetochore is a
multi-protein structure that creates a link between chromosomes and spindle microtubules
and serves as a platform for feedback contrethanismsa ensure the fidelity of fsprocess.

The kinetochoras also required foreplenishingthe levels ofthe histone H3 variant CENP
ACse4 and maintainingcentromere identity CENPAC®4 (budding yeast orthologues are
superscriptedrontainingnucleosomes specify the assemblyhaf entire kinetochorewhich

is composed ofthe @nstitutive Gentromere-AssociatedNetworkc™< (CCANRt the inner
kinetochore and the KNLPBPCIPMISI?TWYNDC8HPC80 (KMN) network at the outer
kinetochore harbouring the maimicrotubule attachment site Major efforts on the
reconstitution and structural analysesulted ira moredetailed understanding of kinetochore
assemblandits role in chromosome segregatich the beginnimg of this thesis th@rotein
interactions of CENE"2 a backbone of kinetochore assembly had not been fully understood
CENRCY2 was described athe onlydirect link between CENRC*®*nucleosomes and the
outer kinetochoreMTW1 complex Yet it was clear thata link of a single centromeric
nucleosome tmnly onemicrotubuleattachment sitedoesnot withstand the pulling forces of
depolymerisingnicrotubules

The goal of this thesis was to obtaiccanprehensiveinderstanding of theativekinetochore
architecture in order to reveal its function in generating the mechanical link between
chromosomes and microtubules and in integrating feedback control mechanisms that align
chromosome segregation with cell cycle progressitie budding yeast jpt centromereis
thought to represent a single kinetochaueit, as onlyone nucleosomes linked toa single
microtubule The budding yeast centromere is determined byoaserved DNA sequence
recognised byep3 asubunitof the CBFZomplex.TheNdc10subunit ofthe same complex

is essential fo€se4 loadingndprovides thefoundation forthe recruitment of theanner and
outer kinetochore Usingin vitro reconstituted kinetochorecomplexes,| identified two
kinetochorecomponents, Amel/Okpl and Ndcilfat in addition to Mif2 establish a direct
link between the Cse4 nucleosome and thater kinetochoreMTW1c Characterisatiorof

their bindinginterfaces revealed a similar mode of interactionMif2. All three MTW1c



recruiters bind the heldoop-helix region ofthe Mtwl protein and their interactions are
stabilized by phosphorylation dfsnlat S240 and S250, which released the masking of the
Mtwl site by DsnlMoreover, | showed that the simultaneous interaction of Mif2 and
Amel/Okpl with MTWI1c is imgant for the cooperative stabilization of the inner
kinetochore at the centromeric nucleosome in mitosMtwl recruitmentthrough the N-
terminal domain of Amel is essential for cell viabirtyereasMtw1 bindingby the Ntermini

of Mif2 or Ndc10 is dipensableandthosetwo pathwaysonlybecome important when either

of them is impaired.

In a second independent project, | investigated the assembly and cooperative stabilization of
the outer kinetochore KMN netwarkidentified themotifs in the Mtw1 @erminus required

for the recruitment of the SPC105 and NDC80 subcomplexes and showed that in contrast to
human kinetochores, the budding yeast SPC105c was recruited through Ko28ly, |
identifiedthe protein interactions thateneratecooperativitystabilizing the KMN network. In
addition to interactions formed by the-t€rminal motifs of the MTW1ca weak direct
interaction between the NDC80 and SPC105 subcomplexes significantly contributed to the
cooperative stabilization.

My analysis of fllength multisubunit kinetochore complexedlowed the identification and
characterisation of twkinetochore complexes, Amel/Okpl and CBF3c, wivettly connect

the outer kinetochore microtubule binding interface to centromeric chramat

In particular, the finding that Ndc10, which so far has been implicated in Cse4 incorporation
and nucleosome formation, contributes to kinetochore assembly by recruiting an additional
microtubule binding unit in mitosis, is crucial for establishsiglale kinetochore architecture

on the budding yeast point centromere that withstands the microtubule pulling forces in order

to biorient chromosomes and to accurately distribute the genetic information.
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1 Introduction

1.1 Mitosis

The accurate disseminatiarh the genetic material during cell division is a prerequisite
for all organisms to proliferate and develop from a single fertilizedTegg.identical
copies of the genetic material must eguallydistributedto the two daughter cells to
avoid abnormal growth and canggianahan and Weinberg 20000 eukaryotes, the

cell is preparing and duplicating its genetic material prigdhéomitotic cell division
Interphase is a longer period of the cell cycle during which the cell grows, and
duplicates its genetic materialhe cell grows by protein and organelle production in
G1 phasgeduplicateghe chromosomes in S phasdich isfollowed byfurther growth,

DNA repaim preparationof mitosis.Finally the mitotic cyclindependentkinaseCdk1
associated with cyclin Bromotes mitosis (M) the chromosomes segregate and the
new cell cyclebegins(Barnum and O'Connell 2014his process was observed and
described duringhe 18" and 19" century by a number of scientists. The term mitosis
was coined by Walther Flemmitfigpm the Greek word mitos “"threadprobably
referring tothe observation of théhread likechromosomestructure(Sharp 1921)
Thecell cycle rhythm is orchestrated by cyclins apdindependent kinases ¢&s).

Gdks are serine/threonine protein kinases that remain inactive until cyclin binding
occurs. Active dks phosphorylate keysubstrates thereby promoting mitotic
progression. Cell cycle checkpoints in &id G2/M phase control the cell size and
nutritional status before allowing the cell to progress furtfiggure 1. Upon lack of
nutrients the cell can leathe cell cycleand enter GO phas®NA damage is also one
factor that is controlled during interphase and will slow down cell cycle progression.
DuringS phas¢he cellis especially sensitiasDNApolymerases duplicathe genetic
material and DNAlamage acts as a physical bardetaying DNA replicatiq®ullivan

and Morgan 2007, Barnum and O'Connell 2014)

In higher eukaryotes, the mitotic phase occurghe followingstages prophase,
prometaphase, metaphase, anaphase and telophaseprophase the DNA is
condensed into chromosomethrough prometaphasthe nuclearmembrane breaks

down and the chromosomes are attached to the spindle microtubdibs. spindle

1



assembly checkpoimoesnot allow progression until all chromosomes have proper
amphitelic attachments with the spindle ane aligned at the metaphase plate. Once
this is satisfiedthe E3 ubiquitirprotein ligase known ashe anaphaseromoting
complexor cyclosome(APC/CJargets cyclinB andsecurinfor degradation(Murray
2004). The sister chromatids arthen separatedn anaphasegdegradation osecurin
allows separase to cleagehesin andhe chromatids are pullewardsthe opposng
spindle poles During telophase sister chromatids asarrounded by a nuclear
membrane, and the cell is split into two identical daughter @dfie known as
cytokinesisYeast cells undergo a closed mitosis whieeenuclear envelope remains
intact as opposed to higher eukaryotddowever, the key phases afitosis are

conservedBoettcher and Barral 2013)

G2 checkpoint

Spindle
assembly
checkpoint

G1 checkpoint

®

quiescence daughter cell

Figure 1Budding yeast cell cycle

Cyclins an€dks drive theell irreversibility andnidirectionallythrough the phases of
the cell cyclevhile checkpoint G1, G2 andthe $indle assembly checkpoimhsure
proper cell growth,accurateDNA replication and division of the Di&@apted from
(Nasmyth 1996, Delobel and Tesniere 2p14)



1.2The centromere
The centromerés a region of specialized chromatin thiaks the two sister chromatids
andallowstheir separation during mitosisy providing an attachment site for spindle
microtubules Its name suggesitsis localizedn the middle of the chromoson{&reek
centro écentrak and meredpartt VX K26 S@SNIJ GKIFIG R2Sa y2i
(O'Connor 2008)Only metacentric chromosomese characterised by central
centromere as opposed touBmetacentric, acrocentric and telocentric with
centromeres gradually approaching the telomeric region of the chromasdhe
feature is useful fokaryotypng andthe mappingof gene positionsThe centromere
represents a point of constriction where the two sister chromatids meet and are linked
by the cohesin protein complexntil anaphase onseEukaryotic chromosomes have a
single centromere where the kinetochore assempkésr to cell divisiorfLevan 1964,
Guacci, Koshland and Strunnikov 1997, Michaelis, Ciosk and Nasmyth 1997)
Chronmosomes witlout centromeres or with two centromeres will not be accurately

dividedand will bdost eitherafter mitosis or result ishromosomal errors.

Point centromere (Budding yeast)

—O—

—| RTCACRTG I ITGTTTTATGNTTTCCGAAANNNAAAA I—
CDEI CDEI CDE Il
8bp 78-86bp 26bp
H3K4me2,
Regional centromere (Human) H2A.Z

¥
Q00000000

T H=p-=p-=p-=h-=h-wp-up-uP- | | 24vop

f alpha satellite T

Euchromatin Heterochromatin

(H3K9me2, H3K9me3,

H4K20me3)
o CENP-A nucleosome o H3 nucleosome



Figure ZPointversusregional centromere

The ludding yeast point centromersdetermined by apecific ~125p DNA sequence
with a single Cse4 nucleosonfieked to a singlemicrotubule. DNA sequence is
composed of 8bp long CDEI, AT rich CDEIl and 26bp longR&gBitiatentromeres,
as found in humanand more complex organisiare assembled on alpha satellite
DNA with 280 CENA nucleosomesforming a binding site for roughly 20
microtubulegadapted from(Verdaasdonk and Bloom 2011)

Formation of chromosomes is possible due tmlit wrapping of theDNAaround a
histone octameknown as nucleosome. It is formlegtwo copies of H2A, H2B, H3 and
H4histones. Howevetentromeric chromatits characterized by the incorporation of
the histone H3 variant CEMPCENFA was initially discoveraadpatients that suffered
from CREST syndroman autoimmune disease due thich they developed anti
centromere antibodieslhe proteins that reacted witthose antibodiesvere termed
CENB (CENtromere Protesh (Black et al. 2010, Earnshaw and Rothfield 1985)
vertebrates,a region spanning 05 Mb with multiple CENR nucleosomes defines
regional centromeres. In contrast, the centromere foun&.ircerevisiaand related
fungi is composed of a single Cse4 nucleosome assembled on a comxE2&elp
long DNA segment (CENRigh is thus termed point centromere and is sufficient for
kinetochore assemblHieter et al. 1985, Pluta et al. 199%e three conserved DNA
elements arghe 8 bpCentromere Bfining Element IGDE) the D 90% AT rich CDEII,
andthe 26 bp long CDEIIl sequeri&oler et al. 1995, Clar 1998)Figure 2 The CDEI
and CDEIIl regismare necessary and sufficient for active centromere formation
stabilizing the CDEII loop of the Cse4 nucleosomes. Those regions are occupied by Cbfl
andthe CBR3 complex (CBF3Q¥spectively. The later has been proven to berdide

for centromere function.

1.3The kinetochore

Thesupramoleculakinetochore complex assembled at centromeres is a key cellular
structure guiding faithful chromosome segregati@heeseman 2014, Nagpal and
Fukagawa 2016)The kinetochore has four different functionstlivis process 1) it

establishes a physical link between chromosomal DNA and spindle micrat@bitles

4



integrates an error correction mechanism that discerns @régpm improper spindle
attachments and correctsrroneous attachmentpromoting biorientation of sister
chromatids in metaphas@oley and Kapoor 2013) it provides a platform for a
feedback control mechanism, known as the spindle assembly checkpoint, which
coordinates chrmosome alignment with mitotic exifLondon and Biggins 2014,
Musacchio 20159nd4)it is part of a machinery that replenishes CE\Evels at the
centromere and thus, maintains centromere identity over generaiiSmsartz et al.
2019)

The kinetochore architecture is assembled at centromeric chromatin and composed of
the inner kinetochore Constitutive Centromekssociated NetworkCCAN) and the
outer kinetochoreKNL1/MIS12/NDC80 (KMN) netwoaitke former is tightly associated

with centromeric nucleosomes throughout the cell cycle and provides a platform for
building up the latter. The outer kinetochore facilitates the {badring interaction

with dynamic microtubules and controls thattachmen (Figure 3 (Musacchicand

Desai 2017)



Yeast (point) centromere

Centromeric
nucleosomes

Inner kinetochore Outer kinetochore

Spc105 '\
Kre28

)

Ndc80C

Ndc80C )|

090

Figure Xinetochore schematic

lllustration of kinetochore subomplexes from budding yeast gy pane) and human
(lower pane), excludingproteins involved in cell cycle regulatigadapted from

(Musacchio and Desai 2017)

1.3.1Nucleosome proximal CCAbbunits

Cse4ENP containing nucleosomes, serve as the foundation for kinetochore assembly,
its distinct structural properties allow selective binding of cer@iRL9C*“*Yoroteins.
Homology between histone Hi&e proteins is limited to the histone fold domain (HFD)
(Henikoff et al. 2000)Unlike H3, Cse4 has a unigue 135 amino acidNéegminus
essential for cell viabilifylann and Grunstein 1992, Keith et al. 199®%rCet al. 2000)

Based orthe structure of H3 and CEMPnucleosomes the HFD of Cse4 assembles into



the octamer with theN-terminus extending away from the cqteuger et al. 1997, Kato
etal. 2013, Arimura et al. 2018ecently two structures of the Cse4 nucleosovee
published, however they were not able to resolve the flexidkridinal tailharbouring
the most interesting regio that caries the difference between H3 and Cse4
nucleosomgYan et al. 2019, Migl et al. 2020he deletion othe first36 to 50 amino
acidsis lethal to the cell and proposed to recruit the Ctf19 protein conm(@etz et al.
1999, Chen et al. 20007 his region might also be a target for the posttranslational
modifications required for the inteity of the kinetochore architecture and/or function
(Wolffe andHayes 1999, Chen et al. 2000)

Advances in cryelectron microscopyrovided insights into thénner kinetochore
architecture(Hinshaw and Harrison 2019, Yan et al. 2@@®)far, two CCAN proteins
were described as selective and direct binders oftthman CENFA nucleosome:
CENFC and CENR (Kato et al. 2013, Pentakota et al. 2017, Chittori et al. 2018)
contrast, forthe yeastCse4 nucleosomenly the CENFC homologue Mifhas been
identified as direct interactorAlthough(Yan et al. 2019eport the interaction of
Chl4/ImI3the yeast orthologue of CENUN, with the unwrapped DNAf the Cse4
nucleosone, no interaction was observed with Cse4 nucleosomes undeitro
conditions (FischbociHalwachs et al. 2019CENMN binds directly to the CEMP
centromeretargeting domain (CATDCarroll et al. 2009)CENFC with the central
region and CENE@ motif targets the acidic patch of H2A and H2B and ieen@nal
tail of CENHA (Carroll, Milks and Straight 2010, Kato et al. 2013, Falk et al. 70&6)
budding yeast homolog Mif2 lacks the central regoon displays a conserved CEGIP
motif and the dimerization domaiCohen et al. 2008)Apart from MifZENK,
Amel/Okpl was identified as a selective interactor of Cse4 nucleosomes, while this was
not confirmed for its human orthologue CENR). Ame1/Okpldirectly docks on the
extended Nterminal tail of Cse4 via interaction through Okpischbocidalwachs et
al. 2019, Anedchenko et al. 201@ENR/I/K isalso &known yet nonselectivebinding
partner of CENHA nucleosomesas t equally binds to H3 nucleosom@#eir et al.
2016) These proteirs create aCTF19€"Noundation for kinetochore assembly.

Apart from the members dhe CTF19€*complexthe CBF3 complex @mlyfound in

budding yeastwithout its known human orthologue. It specifically binds the



centromeric DNA angdrequired for localization of other kinetochore prote{hiy and
Carbon 1987)

Tablel Overview of the known kinetochore subunits in budding yeast and human cells

Compaison of the knownkinetochore subunits in budding yeast and huncatis (Biggins
2013, Musacchio and Desai 2017)

_ Kinetochore proteins
Kinetochore layer Subcomplex

S. cerevisia¢ H. sapiens

Ndc10
Cep3
CBF3 comple] 13
Centromeric DNA Skpl
binding components Cbfl

Cse4 CENRA

CENFB
Mif2 CENRC

Mcm21 | CENFPO

COMA Ctf19 | CENMP

Okp1l CENR)
Amel | CENRJ

Mcm16 CENM

CCAN network Ctf3 CENR
HiKcomplex Mcm22 CENKK
CENM

Cnnl CENPT
CENPTWSX Wipl CENPRN
Mhfl CENFS

Mhf2 CENKX
Nkpl
Nkp2
Dsnl Dsnl
Nsl1 Nsl1
Mis12/MIND Mitwl Mis12
KMN network Nnfl Pt
Spc105 Knll
KNL1 Kre28 Zwint
Ndc80 Ndc80 Ndc80




Nuf2 Nuf2
Spc24 Spc24
Spc25 Spc25
Askl
Dad1l
Dad2
Dam1/DASH Dad3
complex Dad4
Microtubule binding Daml
components Duol
Spcl9
Skal
Skal Ska2
Ska3

1.3.2The CBF3 complex

The CBF3 compléBF3c)vasonly identifiedin inter-related budding yeastss CEN
DNAsequencebinding compleXNg and Carbon 1987)he S. cerevisiaeentromeric DNA
consists of three distinct regions, 8 bp IC@PEI 7886 bp AT richCDEIland 25bp CDEII
sequencgHegemann and Fleig 1998)BF3dindsthe CDHI sequence in such sequence
specific manner that a single mutation in the sequence leads to loss of interaction. The CCG
triplet was shown to be the essential element and its mutation inhibits the binding of GBF3
vitro and localization of Ndc10 aif2 proteinsin vivo(Ng and Carbon 1987, Hegemann and
Fleig 1993, Lechner and Carbon 1991, Meluh and Koshland. g4} from Cbfl &
kinetochore proteins requir€BF8 for their recruitment. It consists of four essential subunits
assembled s Skpl:Ctf13(Suppressor of kinetochore proteimutant 1 Chromosome
transmission fidelity 13)eterodimer, Cep3Centromere protein 3)omodimer, and Ndc10
(Nuclear division cycle 1) homodimer All four proteins are essential for kinetochore
function (Doheny et al. 1993, Goh and Kilmartin 1993, Russell, Grancell and Sorger 1999,
Strunnikov, Kingsiny and Koshland 1995, Jiang, Lechner and Carbon. T9#3TBRB core
refers to the Skpl:Ctfl3:(Cep3)2 subassembly which is stabMtro (Leber, Nans and
Singleton 2018)Skpl, the only conserved CBF3 proteias identified a few years after the
other three components as a suppressor of CBF3 mutaf@msnelly and Hieter 1994} is
better known as a subunit t¢tie Skp1/CullitF-box ubiquitin ligase family (SCF ligases)aand

part of the 'regulator of the (H¥ATPase of the vacuolar and endosomal membranes' (RAVE)



complex(Deshaies 1999, Seol et al. 20@Kplis able tdind multipledifferent Fbox proteins

with its Gterminus(Tang et al. 2012, Purvis and Singleton 200B8¢N-terminus of Ctf13
containsan~box responsible for Skpl binding, this interaction ispahsable for Ctf13 which

is unstable on its ow(Russell et al. 1999fhe function bSkpl and Ctf13 in the kinetochore
context has not been clarified. Skpl promotes Qificsphorylatioras demonstrated in insect
cells and activatethe CBR3c to form aCBFCEN DNA compléx vitro (Kaplan, Hyman and
Sorger 1997) Assembly of the CBF3 complex is highly regulated by posttranslational
modificationsg(Stemmann and Lechner 1996, Kaplan et al. 1997, Kitagawa et al.T1988)
subunits of theCBF8 (Cep3, Ctf13 and Ndc10) interact with D¥An et al. 2018Lep3 is a
homodimer with a N-terminal Ga#4 like domainThe o zincfinger domaingrom each of

the two Cep3 proteins display specificity for CCG triplets irCibEIllfegion d centromeric
DNA(Bellizzi, Sorger and Harrison 2007, Pamwes Singleton 2008)t alsocontainsanh a b
helixrequired forCBF3 bindinthat displays speificity forthe conservedl GT motifRussell et

al. 1999)Cep3 caies the specificit of the CBRSfor CEN DNBindingwhile Ctf13 and Ndc10
enhance overall binding affinityy nonspecificDNAbinding(Perriches and Singleton 2012)
Crystaland cryeEMstructures were determined fdahe full CBF8together with DNA as well

as forindividual components of the CBRIan et al. 2018, Lee et al. 201%athet al. 2019,
Leber et al. 2018, Purvis and Singleton 2008, Perriches and Singleton 2012, Cho and Harrison
2011, Orlicky et al. 2003)heNdc10 protein is described as a part of the CBR@wever it

does not belong to the CBF3 core complext is not stable without DNA and does not easily
purify as a part of the complar vitro as its Nterminal region interacts only with a small
surface of Ctf18L.eber 2018, Yan et al. 2018uyveromyces lactitdc10has been subdivided

into five distinct functional domain¥heN-terminal domain 1 interastwith Cbfl andCBFS8,
domain 2 enable€DEIDNA contacts, domain 3 is responsible for Ndc10 dimerization while
domains 4 and 5 associate with Scm3/HJ@RB and Harrison 201(Bigure 4. Its Gterminal

tail also contains a degron motif which is triggeredtygneousprotein folding. It leads to
rapid degradation via HSP@fAd the ubiquitin syster{Furth et al. 2011)Ndc10association

with Scm8URPhas a crucial function for the cell as it is responsible for Cse4 deposition
(Camahort et al. 2007)t also interacts with the chromosomal passenger complex through

Bir1Sui™Vvin(Bouck and Bloor2005, Yoon and Carbon 1999)
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Figure AComponents of the CBF3 complex.

Protein domainf S. cerevisia€BR3c, their reported functions andinteractionpartnersare
annotated. Adapted frorfzhang et al. 2019)

1.3.3TheConstitutive Centromere Associated Network

1.3.3.1Mif2

Mif2CENFis specifically recruiteth the centromerethrough a hydrophobic region at the-C
terminus of Csé4N™A H2AandH2B histonefato et al. 2013 nd the CBR3(Westermann

et al. 2003) Conserved structural features between human GEN#d the budding ysa
orthologueMif2 includethe PEST domaijcharacterised by high percentage gbroline @),
glutamic acidH), serine §,and threoning(T) required for protein stabilityl. anini and McKeon
1995) the CENFC motif responsible for targetinfpe CENFA Gterminal region andhe
dimerization domainCarroll et al. 2010, Kato et &013) Two regions areequired for
nucleosome binding, th&ENFC central regioQor BNA binding domafdDBD) whose
function is taken ovdry the Y T-hook(n budding yeastwhich preferentially binds to theDHI
region of the centromeric DNA with a higher AT cont€ohen et al. 2008, Brown 1995, Xiao
et al. 2017, AlAhmad et al. 2019 nd the CENFC motif. The CENP motif is not able to
properly localize in the absencetbé& dimerization domain while the DNA binding domain is

sufficient for centromere targetingn vivo(Musacchy and Desai 2017, Milks, Moree and
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Straight 2009)It represents a crucial link between the centromeric nucleosometlaad
kinetochore architecturéWeir et al. 2016and isindispensable for chromosome segregation
(Milks et al. 2009, Song et al. 2Q02j)f2°ENTprovidesa binding site fothe Ame1/Okp1 inner
kinetochore compleXHornung et al. 2014)t has been proposed thalif2 and Amel N
termini create mutually exclusivelocking sits for the Mtwl complex and thusecruit two
individual outer kinetochore KMN netwosk(Hornung et al. 2014, Dimitrova et al. 2016,
Killinger et al. 2020Mif2 isone of the few essential CCAN protelmswever, its interaction
with the Mtwl complex is dispensab{élornung et al. 2014)rhis interaction is regulated
through an autanhibitory mechanism that is released upon Cse4 bindhighpreventsthe

mislocalized binding of the outer kinetochdp€illinger et al. 2020)

1.3.3.2The COMA complex

The four subunitCOMA compleis composed ofCtf1FENT Okp£ENR, Mcm2FEN® and
AmeENM(Hyland et al. 1999, De Wulf, McAinsh and Sorger 2003, Ortiz et al.M&6®ers
of the COMAcomplexwere the firstcomponents identifiedf the Ctf19 complexTheyare
recruited to thebudding yeast centromere throughe Cse4 containing nucleosoneBF8
and Mif2 (Ortiz et al. 1999)Amel/Okpl are essential proteins while Ctf19/Mcm21 are
required foraccurate chromosome segregatjdout not essentigHyland et al. 1999, Hornung
et al. 2014)CENRJ and CENR are not reported to be essentialthoughCENRJ deletion
leads to mouse embryonic stem cell de@flagawa et al. 2014)ocalization of Amel/Okpl is
independent ofCtf19/Mcm21 as its deletion does not impair Amel/Olqehlisation Vice
versa mutation of Amel/Okpl causesoislisation of Ctf19/Mcm2(De Wulf et al. 2003,
Knockleby and Vogel 2009kp1 bindgo the Cf19/Mcm21 double RWD domain (found in
RING finger and WD repeat containing proteins and BikédDhelicasesthrough the
Ctf19/Mcm21 binding domain on itst€minus. The Amel/Okpl heterodimer selectively
interacts with theN-terminal END domain @fseshucleosomeghrough the Okpl core domain
(Anedchenko et al. 2019, Fischbétiwachs et al. 201.9yhe Amel Nterminus along with
the Niterminus ofMif2 representghe only knowrdink fromthe inner kinetochor¢o the Mtw1
complex of theouter kinetochorein budding yeasfHornung et al. 2014)et, no link to the
outer kinetochore has beettetected forthe humanorthologue CENFOPQURPesenti et al.
2018)
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1.3.33 Chl4/ImI3

The humarorthologues of Chl4/Imi3, CEINPand CENRP are involved in selective binding of
CENFA nucleosomes and nucleosome stabilizatigvith its Nterminal region CENR
interacts with the RG loop of CENPas well as the centromeric DNAuo et al. 2017,
Pentakota et al. 2017, Chittori et al. 2018, Tian et al. 20h8)RG loop comprises differences
in accessibility for CEMNPresulting in cell cycle dependent recruitmé¢hRing et al. 2015,
Hellwig et al. 2011)CENRN also directly interacts with CENRnNd the CENRHI-K-M
complex,both required for its localizatio(McKinley et al. 2015%0far, the only evidence of
Chl4/Iml3interactionwith the Cse4 nucleosomis viathe CENFN DNA binding groove with
the unwrappedDNA(Yan et al. 2019however there is no indication of a stable complex
formation with Cse4 or H3 nucleosomessembled on thén vitro nucleosome positidng
Widom 601 sequencd@-ischbocidalwachs et al. 2019, Lowary and Widom 19B8)etion of
Chl4 results in viable cells displaying chromosome loss and instialifyrina et al. 1993)
The buddingeast Chl4/ImI3 complex requires Mif2 &@ifil9/Mcm21 for proper centromere
localization(Schmitzberger et al. 2017)

1.3.3.4The CTF3 compleM¢m16/Ctf3Mcm22

The budding yeast TF8 consiss of Mcm16&ENH CtfFENR and Mcm228%K(Measday et al.
2002) In humans it is referred to as CENKM complex, with CEMIP so farnot being
recognised in budding yea@asilico et al. 204t is also known as a part of a larger stable
complex known as CENIHIKMLNWeir et al. 2016) CENFHIK interacts with CENY
nucleosomes, however, it does not display specificity as it equally interacts with H3
nucleosomes and DNARormationof a large CENEHIKMLN complex introduces séiaty
towards CENR nucleosomes, probablgrough CENEE and CENR (Carroll et al. 2009, Kato
et al. 2013, Tian et al. 2018, Weir et al. 20I®)e role of the budding yea8ITF8 is less
understood.Kinetochore localization @TF8is cell cyclelependent displaying the highest
levels in late anaphase and dropping before S pfiateet al. 2003)CTF8 can be purified as

a stable complein vitro. It interacts throughanti-parallel interaction of CtfB-terminalHEAT
repeats and @erminalhelical knd with Mcm16/22coiled coil§Hinshaw, Dates and Harrison

2019) The complex recruithe Cnnl/Wipl dimer as a stable five anli assembly through
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the Cnn1 histone fold domain. As such itis able to bind two subunits mi¢hetubule binding
Ndc80 complexPekgoz Altunkaya et al. 2016b)

1.3.35 Cnn1/Wip1, Mhf1/Mhf2

The lumanorthologueof Cnnl/WiplandMhf1/Mhf2 is the CENF/W/SX complexCENHI-
W associates as a stable complex with CEXFAmano et al. 2009Y heycontain histone fold
domains andit is proposed that theyreate a nucleosomdike structurewrapping the
centromeric DNAHori et al. 2008, Nishino et al. 2012he CENPI/W/S X complex induces
positive supercoiling in the DNA, as opposed to canonical nuclegdmmhesthout evidence
of sequence selectivity. Therefore, there is still a certain level of scepticism wih&iheis a
second nucleosome adjacent to CENRVhen incubated with CEMPor H3 dnucleosomes
it doesnot localise with th@ucleosomebound DNA or creatiamiliar patterns upon nuclease
cleavage(Takeuchi et al. 2014)t does alsonot require anyhistone chaperones for its
localizationwhichseens to be dependent oil€ENFA and CENPHIKM(Thakur and Henikoff
2016, Basilico et al. 201Rekgoz Altunkaya et al. 2016b, McKinley et al. 2@tsprdingly,
Cnnl1l/WiplandMhfl/Mhf2 do notform a stable complex undan vitroconditions or interact
with chromatin (Pekgoz Altunkaya et al. 201l6a)Jowever, presumably specifi¢ yet
unidentified conditions are required for this interaction to occur in budding yeBse
elongatedN-terminal regionof CENHA-W providesa bindinginterfacefor outer kinetochore
proteins(Gascoigne et al. 2011, Suzuki et al. 20thps beershownthat in budding yeast
CnnZEENT binds the Ndc80 complex and this pathway becomes essential wieMis12
pathway is impairedLang, Barber and Biggins 2018ENPT-W requires CENR for its

localization, but does nalirectlybindto it.

1.3.3.6Nkp1/Nkp2

TheNkpl/Nkp2 heterodimerwa A RSY (A BREAB YAl 6y 3 Xy Si2O0K2NB
without its human orthologuéCheeseman et al. 2002) associates with the COMA complex

via theGtermini of Okpl and AmeThisinteractionstabilizes the termini consequently aiding
kinetochore stability Thehumanorthologue of the COMA complex, CEDIRQU copurifies

with CENFR which might carrgut a similafunction(Schmitzberger et al. 2017)
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Figure5 Architecture of the buddingeast kinetochore

Thebudding yeaskinetochore is assembled on a single Cse4 nucleososappedwith CEN3
DNA.The CBF3Xomplexis responsible fothe recruitment of Cse4 to the centromere and
ensures tight wrapping of the DNA surrounding the nucleosdie.inner kinetochore is
bound to the nucleosome via Amel/Okpl and Mif2 interastiwvith their Ntermini Amel
and Mif2provide a docking site for the outer kinetochéimeoughinteraction with theMTW1
complex TheGterminal regios of MTWL andCTF8.Cnnl1l/Wiplprovide a binding interface
for the microtubulebindingNDC80 complefFischbocidalwachs et al. 2019, Lang et al. 2018,
Musacchio and Desai 2017)

1.3.4Theouter kinetochore

The outer kinetochore or KMN network is assembléadimétochore null {PA0FNY, Mis-
segregation 1AMTWEA'S13 and Nuclear division cycle 8IND@OPC®Y complexes which
interact with the CTF18““Ncomplex(Pagliuca et al. 2009, Foley and Kapoor 2013 4
subunitMTWL complex ¢onsisting oDsnl, Mtwl, Nsl1 and Nnfl in budding yeast) directly
docks to the Mif2EN and AmelN-termini and serves as a structural backbone of the

kinetochore(Przewloka et al. 2011, Hornung et al. 2014, Hinshaw and Harrison QG/s8al

15



structures of human anH{. lactisMTWIc reveakd an elongated Y shapdeterotetrametric
complexBranching of the heterodimers Mtw1:Nnfl and Dsn1:Nsl1 creates globular modules
of head | and head Il in tid¢terminus, respectivel{Dimitrova et al. 2016Phosphorylation
of Dsnl S240/S250 (S213/S22Kinacti¥ releasesa binding site on headwhich mediates
bindingof Mif2 and Amé. Phospheregulation of Dsnby Ipl1AUora8js essential for budding
yeast anda phosphorylation deficieDsn1S24@/ 250Amutant is targeted for degradation.
Mutation ofthe Cdklphosphorylatiorsite S264 prevents degradation@$n1S24@/ 250A
suggesting its role in regulation of Dsnl leyalgyoshi et al. 2013b, Akiyoshi, Nelson and
Biggins 2013a, Dimitrova et al. 20I8)e birning of Mif2 and Ametb the MTWTI seems to
be mutually exclusivadicatingthat they bind two separat®!TWL complexegKillinger et al.
2020) TheMTWIc Gterminusseems to be essential for establishing the Kidiwork, since

it promotes the assembly of the other two outer kinetochore complexes,
Spcl05N¥Kre28WNTand Ndc8C (Ndc80, Nuf2, Spc24, SpcZBheesema et al. 2006)
Motifs in the @ermini of human NSL1 anlde yeast Dsn1Mtw1 and Nslkubunits, provide
binding sites for theGterminal RWD domains of the Spc¢28 heterodimerof the Ndc80
complex(Petrovic et al. 2010, Malvezzi et al. 2013, Dimitrova et al. 2016, Ghodg&teder
et al. 2020) The MIS12"™1ccomplexprovides a binding site for KNISR198 involvinga G
terminal motif inthe humanNSL1protein or short helices ibudding yeasMtw1 and Nsl1,
respectivelyPetrovic et al. 2014, Ghodgaoni&teger et al. 2020)

Thebudding yeas8PA05N-lcomplexconsists of Spc105 and Kre&embledn a 1:2 ratio.
TheN-terminal regiorof Spc105V-contains a patch of multiple M&luLeuThr amino acids
termed MELT repeata/hichserve as binding motif forspindle assemblgheckpoint proteins
crucial forcorrect microtubulekinetochore attachmentéPrimorac et al. 2013, London and
Biggins 2014, Foley and Kapoor 2013yrAitgu, Murakami and Yanagida 2Q1flalso aids in
providinga microtubule bindingnterface along with N@0c, however the details of the
interaction are yet to be investigat€Bagliuca et al. 2009)he Gterminal region ohuman
KNLlestablishes connection to the inner kinetochore e MIS12™1 complex(Pagliuca
etal. 20®@, Foley and Kapoor 201B) budding yeast this interaction is carried bythe coiled
coil 2domainof Kre28whilethe humanKre28orthologueZwint1 was shown to beedundant
for the interaction which isolelyaccomplished througtihe KNL1 proteiiiPetrovic et al. 2014,
Ghodgaonkabteger et al. 2020)

16



The ND@BO complexs the main microtubuléinding siteof the kinetochorelt consists of
Ndc80/Nuf2 and Spc24/Spchgterodimerswhich areconnected through elongated coiled
coilsforminga heterotetramei(Musacchio and Desai 201The positivelgharged\-terminal
regionof Ndc80and the calponin homology domaiof Ndc80and NufZaccoun for the main
microtubulecontact sitegAlushin et al. 2010, Wang et al. 2Q@3) theoppositeside t docks

to the inner kinetochore via bindind the Spc24/25 RWD domains to théeg@minus ofthe
Mtw1CinvolvingDsnZ, Nslt and Mtw1 short helical motifs. All of the motifs are required and
crucial for cell viabilitySpc24/25 alséorms weak interactions with FB105cKN-T aiding to
overall stability of the outer kinetochoréMalvezzi et al. 2013, Petrovic et al. 2010,
GhodgaonkatGteger et al. 2020When the Mtwl pathway is impaired the same Spc24/25
binding site is occupied and rescued via Cnnl bindiogever, phosphorylated Cnn1l is not
able to bind Spc24/2and ithas been proposethat phosphorylation of Cnptvhich peaks in
anaphaseserves as a mechanisim disassemble Ndc80 from the KMMang et al. 2018,
Malvezzi et al. 2013, Bock et al. 2012)

The budding yeast specissentialDAM1 complex creates a ring around microtubules and
increases kinetochoraffinity for microtubule binding. Imertebratesa similar role is carried
out by the spindle and kinetochorassociated(SKA) complex, however its function is
redundant. The differgce probably lies in the fact that the budding ygasint centromere
as®ciated kinetochore binds only a single microtuhulghile in vertebrates regional
centromeres provideattachment site for ~20 microtubules(Westermann et al. 2006,

Helgeson et al. 2018igure $.

1.3.56ror correctionof incorrectmicrotubule attachments

Proper separation of the sister chromatids is a crucial task for healthy cell division and
proliferation. In humansll 46 chromosomes have to be accurately and faithfully duplicated
and dividedwith each cell cycléo preventaneuploidy and abnormalities including cancer
(Walczak, Cai and Khodjakov 2010, Weaver and Clevelandi@ai@gr for chromosomes to

be accurately divided they have to be properly attach@dmicrotubules this is called
amphitelic attachment where kinetochores are attachedboth spindle poles Spindle
microtubules stochastically search for attachment sites waisbleads to inevitable false

attachmens. Microtubules are inherently unstable and if the correct tension igiatdcted
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by the kinetochore they will not get stabiliseshd will detach.Monotelic (one sided
kinetochore binding) and syntelic (both kinetochores are anchored to the same spindle pole)
attachmentsare generallymore easilydetected and corrected due to incorrect tension.
However, human kinetochores bind apyproately 20 microtubules and correcting merotelic
(where one kinetochores attached to both poles while the other kinetochore is properly
attached to one pole) attachments represents a bigger challengéhascs the major cause

of aneuploidy. The recogion of a false merotelic attachment will also dependhe number

of microtubules that are improperly attached thereby changing the ten&amini 2008,
Musacchio and Salmon 2007, Nicklas 1g8igure 5.

Proper kinetochore, microtubule attachment is monitored by tlehiromosomajpassenger
complex(CPC), which consists of the {8RPRARinase, Sli18CENPBirBURVIVIind Nl BOREALIN
(Biggins and Murray 2001, Tanaka et al. 200ke CPC acts as a tension sensor
phosphorylating the tensionless microtubule binding interface. Aurora B kinase
phosphorylateshe outer kinetochorecomplexes KNIC, Ndc80C, Dam1 a8&A which leads

to reduced microtubule binding and depolymerizatiPeLuca and Musacchio 2012, Nicklas
1997, Zaytsev et al. 2014 the microtubule attachment is regnised as accurate it will be
stabilised. Intra kinetochorstretching results in reduction of Aurora B activity allowing
phosphatases such as PP1 to be recruited via KMiglekar, Bloom and Salmon 2009,
Francisco, Wang and Chan 1994, Liu et al. 2010)

Stable Unstable

Amphitelic Monotelic Syntelic Merotelic

|
o—i—eo o—ﬁ]/ | p o

W

Figure6 Types okinetochore microtubulattachments

Proper stable bipolar attachment of the sister chromatids is called amphitelic attachment.
Besides, microtubule binding can adopt various unstable attachments which tend to be
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corrected. Monotelicattachments: only one sister chromatid is attachéd a single
kinetochore syntheliattachmentsboth kinetochores are attached the same spindle pole;
merotelic attachments:microtubules from opposite spindlgolesare attached to a single
kinetochore(Kelly and Funabiki 2009)

1.3.6 The spindle assembly checkpoint

The spindle assembly checkpoint (S&RRjure ] acts as a mitotic quality contrdbefore
anaphase onset ensuring propgiromosomebi-orientation.As long aginetochores are not
stably bound to microtubulethe SAC is activated and anaphasesetis delayed(Li and
Murray 1991)This is achieved by recruitment of specific SAC pro&ims, Mad2BubR #1243

and CdcQ, that formthe mitotic checkpoint complex (MC@)art from MCC proteins Mad
Bubl, Mpsl, and Aurora Rinase are required for SAC functibheMCCtargets and inhibits
the APC/Gpoenzymebut onceCdc20 is boundnaphasas initiated(Murray 2004, Fujimitsu,
Grimaldi andramano 2016, Qiao et al. 2016)

TheMps1 kinasén yeastacts as a regulator of the SAC proteins, it allows recruitment of Bub1
and Bub3 proteingo the outer kinetochoreKNL $P1%complex by phosphorylating its N
terminus(Weiss and Winey 199@ubl recruitment is required fdhe majority ofthe SAC
proteins,BubR¥2% Bub3, Madl and Madshd subsequent formation dfi¢ MCJTaylor, Ha
and McKeon 1998Mad2 exists in two conformational forms, inactivéM@d2 (open) and
active GMad2 (closed)OMad2 in the cytosol is converted into its active form by Madl
binding. Only ©1ad?2 is able to bind Cdc2Bamation of the core MCC formed byMad2,
BubR1, Bub3 and Cdc20 protenesults irdepletion of free Cdc20 as well as inactivation of
the Cdc2(oundAPC/GFaesen et al. 2017)

Upon proper microtubule attachment to the kinetochore there is a reductiaharocal
amount of Mps1 and spatial separation of KNL1 and Ndc80. Ndc80 binding physically prevents
Mps1 from phosphorylating KNI(loglekar et al. 2®, Joglekar and Aravamudhan 2016)
Protein phosphatasgl (PP1) an@A PP2Aare recruited taKNL1 and dephosphorylate its N
terminus. This preventiurther recruitment of SA@roteins to the kinetochore and MCC
formation. Cdc20 is nofree to activatethe APC/C which swiftly leads tiegradation of
securinandcyclinB. Degradation o$ecurinreleaseseparasavhich cleavethe cohesirkleisin
subunitbetween the sister chromats leading to anaphag®eadows and Millar 2015, London

etal. 2012, Espert et al. 2014, Kim and Yu 2011)
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2 Project aims

Previous studies reportesibstantiaknowledge aboundividuakinetochore subunits
andthe regulationof kinetochore functioy posttranslational modificationgligh resolution
structures of isolated kinetochorecomplexes using cryeelectron microscopy and
crystallographyave been publishe@eviewed ifPesenti, Weir and Musacchio 2016, Nagpal
and Fukagawa 2016, Schadsid Steiner 201Y)However, a comprehensive topological map
of the kinetochorecore structurewasstill missing. My colleagues were working on obtaining
a network ofthe native budding yeaskinetochore usinghemicalcrosslinking and mass
spectronetry. Theresults obtainedrom thisprotein network confirmedmanyof the known
interactions,andprovidednew informatiorwhichis the foundatiorof this thesis
We observed a large numberabsdinks within the outer kinetochore KMN network,
specifically at the @rminus of the M'WLc. This area is unstructured and flexid@d thust
wasunlikelyto obtain this informatiorby high resolution structural analysisisis when |
joined the projecto investigate the connectivity in the outkinetochore using biochemical
and genetic analysie addresghe followingquestions
1. Is the putative helimotif in the Mw1 Gterminus required fowith the assembly
of the SPA.05c andND@B0c at the outer kinetochore

2. What is the contributiof the Mtw1 helixto the bindingsites provided bthe Nsl1
and Dsnl helicesnd do these motifs cooperate to stabilize the outer kinetochore
assembl§

3. How isSPC105bound toMTW1cand is this interactiorssentia?

4. DoSPA05cand ND@Oc associate and does thadfinity enhancethe overall KMN

stability?

Inthe second project | focusah the nucleosomassociatedinetochore complexes. Budding
yeast Mif2 was the only knowdirectlink between the centromeric nucleosome and the outer
kinetochoreMTW 1c Howevera single connectiowould notfacilitate the stable transmission
of the pulling forces of the depolymerizing microtubulgsusjt is was likelyhat Mif2 was not
the only attachment siteln order to obtain furtherinsights,| addressed the ftowing

guestions
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1. Isthere another link between Cse4 nucleosomes and the outer kinetoaparéfrom
Mif2?

2. Is the yeast orthologue of CENR Chl4/Imli3 involved in Cse4 binding as described
for human CENR nucleosomes?

3. Doesthe budding yeasCTF3dind centromeric nucleosomes as described for the
human CENPIK complex?

4. Whichdomainof the Amel/Okpl complermediates the direct interaction with the

Cse4 nucleosome?

During the courseof my efforts to study the nucleosom&ssembled inner kinetochore
discoveredhat Ndc10, a subunit of the CBF3 complex foripstainknownlink between the
Cse4 nucleosomend the outer kinetochorTWL1 complex. This implied that there might be
a third pathwayof tetheringthe outer kinetochore to the nucleosome, apaom Mif2 and
AmelOkplinteractions. The aim dhis third project was to understand the importance of
this interaction for kinetochore assemblyand characterisethe molecular basis of this
interaction.
1. Is the Ndc10 link between the Cse4 nucleosome &mel MTWILc crucial for cell
viability?
2. What are the sequence motifs mediating the Nd¢MTW1c interactiofd
3. How does théNdc10 bindingnode comparéo interactions withMif2 and Ame1/Okp1l
andis there a binding hierarchof the threeMTW 1crecruiters?
4. Arethere binding interdependencies between Mif2, Amel/Okpl and Ndei® do
they affect MTW1c recruitmerit
The work on these 3 projects are described in the thesis as follbedir3t two projects
resulted injoint publicationswvhich are included in the thesis as vaslthemanuscript on the

Ndc10projectwhich is under preparation
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3 Results

3.1 The COMA complex interacts with Cse4 and positions Sli15/Ipl1 at the budding yeast
inner kinetochore

FischbociHalwachs J*Singh S*Potocnjak M* Hagemann G, SeNéezarino V, Woike S,
GhodgaonkaGteger M, Weissmann F, Gallego LD, Rojas J, Andreani J, Kéhler A, Herzog F. The
COMA complex interacts with Cse4 and positions Slil5/Ipll at the budding yeast inner
kinetochore Elife. 2019; 8doi: 10.7554/eLife.4287% equal contribution)
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The COMA complex interacts with Cse4
and positions Sli15/Ipl1 at the budding
yeast inner kinetochore
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Goétz Hagemann'?, Victor Solis-Mezarino™?, Stephan Woike'?,
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Julie Rojas®, Jessica Andreani®, Alwin Kohler?, Franz Herzog"2*

'"Gene Center Munich, Department of Biochemistry, Ludwig-Maximilians-Universitat
Miinchen, Munich, Germany; ?Department of Biochemistry, Ludwig-Maximilians-
Universitat Miinchen, Munich, Germany; *Research Institute of Molecular Pathology
(IMP), Vienna Biocenter (VBC), Vienna, Austria; “Max F Perutz Laboratories, Medical
University of Vienna, Vienna, Austria; *Laboratory of Chromosome Biology, Max
Planck Institute of Biochemistry, Martinsried, Germany; ®Institute for Integrative
Biology of the Cell (I2BC), CEA, CNRS, Université Paris-Sud, Université Paris-Saclay,
Gif-sur-Yvette, France

Abstract Kinetochores are macromolecular protein complexes at centromeres that ensure
accurate chromosome segregation by attaching chromosomes to spindle microtubules and
integrating safeguard mechanisms. The inner kinetochore is assembled on CENP-A nucleosomes
and has been implicated in establishing a kinetochore-associated pool of Aurora B kinase, a
chromosomal passenger complex (CPC) subunit, which is essential for chromosome biorientation.
By performing crosslink-guided in vitro reconstitution of budding yeast kinetochore complexes we
showed that the Ame1/Okp1<ENPY/ heterodimer, which forms the COMA complex with Ctf19/
Mcm21CENPP/O  selectively bound Cse4“ENPA nucleosomes through the Cse4 N-terminus. The
Sli15/1pl1"NCENP/AureraB e CPC interacted with COMA in vitro through the Ctf19 C-terminus
whose deletion affected chromosome segregation fidelity in Sli15 wild-type cells. Tethering Sli15 to
Ame1/Okp1 rescued synthetic lethality upon Ctf19 depletion in a Sli15 centromere-targeting
deficient mutant. This study shows molecular characteristics of the point-centromere kinetochore
architecture and suggests a role for the Ctf19 C-terminus in mediating CPC-binding and accurate
chromosome segregation.

DOI: https://doi.org/10.7554/eLife.42879.001

Introduction

Kinetochores enable the precise distribution of chromosomes during the eukaryotic cell division to
avoid aneuploidy (Santaguida and Musacchio, 2009) which is associated with tumorigenesis, con-
genital trisomies and aging (Baker et al., 2005; Pfau and Amon, 2012). Faithful segregation of the
duplicated sister chromatids relies on their exclusive attachment to spindle microtubules emerging
from opposite spindle poles (Foley and Kapoor, 2013). The physical link between chromosomal
DNA and microtubules is the kinetochore, a macromolecular protein complex that mediates the
processive binding to depolymerizing microtubules driving the sister chromatids apart into the two
emerging cells (Biggins, 2013; Musacchio and Desai, 2017). Kinetochore assembly is restricted to
centromeres, chromosomal domains that are marked by the presence of the histone H3 variant
Csed“ENPA (human ortholog names are superscripted if appropriate) (Earnshaw and Rothfield,
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1985; Fukagawa and Earnshaw, 2014). In humans, regional centromeres span megabases of DNA
embedding up to 200 CENP-A containing nucleosomal core particles (NCPs) (Bodor et al., 2014,
Musacchio and Desai, 2017). In contrast, Saccharomyces cerevisiae has point centromeres, which
are characterized by a specific ~125 bp DNA sequence wrapped around a single Cse4-containing
histone octamer (Fitzgerald-Hayes et al., 1982, Camahort et al., 2009; Hasson et al., 2013).

The budding yeast kinetochore is composed of about 45 core subunits which are organized in dif-
ferent stable complexes (De Wulf et al., 2003, Westermann et al., 2003) of which several are pres-
ent in multiple copies (Joglekar et al., 2006). The kinetochore proteins are evolutionary largely
conserved between yeast and humans (Westermann and Schleiffer, 2013; van Hooff et al., 2017)
and share a similar hierarchy of assembly from DNA to the microtubule binding interface (De Wulf
et al., 2003). The centromere proximal region is established by proteins of the Constitutive Centro-
mere Associated Network (CCAN), also known as the CTF19 complex (CTF19¢c) in budding yeast.
The CTF19c comprises the Chl4/ImI3“ENPNE - Mem16/Ctf3/Mem22ENP-HVK - Cnt/wip1 CENP-T/W,
Mhf1/Mhf2CENP-SX and th’l9/Okp1/Mcm21/Ame1CENP P/Q/O/U (COMA) complexes plus M.szENF’C
(Cheeseman et al., 2002; Westermann et al., 2003; Biggins, 2013; Musacchio and Desai, 2017)
and the budding-yeast specific Nkp1/Nkp2 heterodimer. Another yeast inner kinetochore complex,
the CBF3 (Ndc10/Cep3/Ctf13/Skp1) complex, has been identified as sequence-specfic binder of the
centromeric DNA sequence CDEIllIl (Ng and Carbon, 1987; Lechner and Carbon, 1991). The
CTF19c““AN provides a cooperative high-affinity binding environment for the Cse4“ENP-A.NCP
(Weir et al., 2016), where distinct subunits selectively recognize Cse4“ENPA specific features. Across
different species the CENP-C signature motif interacts with divergent hydrophobic residues of the
CENP-A C-terminal tail (Musacchio and Desai, 2017). Electron microscopy studies have recently
resolved the interaction of CENP-N with the CENP-A centromere-targeting domain (CATD) in verte-
brates (Carroll et al., 2009, Guse et al., 2011, Pentakota et al., 2017; Chittori et al., 2018,
Tian et al., 2018). For budding yeast Cse4, a direct interaction has so far only been demonstrated
with Mif2 (Westermann et al., 2003; Xiao et al., 2017). Apart from Mif2, the only essential
CTF19cCAN proteins are Ame1 and Okp1 (Meluh and Koshland, 1997; Ortiz et al., 1999; De Wulf
et al., 2003), with the N-terminus of Ame1 binding the N-terminal domain of Mtw1 and thus serving
as docking site for the outer kinetochore KMN network (KNL15PC195_/Mm1S12MTW1_/NDC8ONPCE0.
complexes) (Hornung et al., 2014; Dimitrova et al., 2016).

The kinetochore is also a hub for feedback control mechanisms that ensure high fidelity of sister
chromatid separation by relaying the microtubule attachment state to cell cycle progression, known
as spindle assembly checkpoint (SAC), and by destabilizing improper kinetochore-microtubule
attachments and selectively stabilizing the correct bipolar attachments, referred to as error correc-
tion mechanism (Foley and Kapoor, 2013; Krenn and Musacchio, 2015). A major effector of both
regulatory feedback loops is the kinase Ipl14“™ B, a subunit of the evolutionary conserved tetra-
meric chromosomal passenger complex (CPC) which associates close to the centromere from G1
until anaphase (Biggins and Murray, 2001; Widlund et al., 2006; Carmena et al., 2012). The kinase
subunit Ipl14U°™ B binds to the C-terminal IN-box domain (Adams et al., 2000; Kaitna et al., 2000)
of the scaffold protein SIi15™NCENP and Nbl18°r¢2in and Bir15“™™" form a three-helix bundle with the
Sli15 N-terminus (Klein et al., 2006; Jeyaprakash et al., 2007). All known mechanisms for recruit-
ment of the CPC to the yeast centromere rely on Bir1, which directly associates with Ndc10
(Cho and Harrison, 2011) and is recruited through Sgo1 to histone H2A phosphorylated at S121 by
Bub1 which so far has only been established in fission yeast (Kawashima et al., 2010). Based on pre-
vious reports we refer to the CPC recruited through Ndc10 or H2A-P as centromere-targeted CPC
pool, notwithstanding that the centromere-targeted Sli15™NENP scaffold may extend to, and Ipl14v"~
°ra B may operate at, the kinetochore structure. CPC lacking the centromere-targeting domain (CEN)
of Sli15™NCENP is indicated as inner kinetochore-localized CPC (Knockleby and Vogel, 2009;
Musacchio and Desai, 2017).

During early mitosis incorrect microtubule attachment states are resolved by Ipl12“°™ & which
phosphorylates Ndc80 and Dam1 sites within the microtubule binding interface and thereby reduces
their affinity towards microtubules (Cheeseman et al, 2002; Miranda et al., 2005;
Westermann et al., 2005; Cheeseman et al., 2006, DelLuca et al., 2006, Santaguida and Musac-
chio, 2009). The selective destabilization promotes the establishment of a correctly bi-oriented
kinetochore configuration at the mitotic spindle, referred to as amphitelic attachment (Tanaka et al.,
2002). The spatial separation model for establishing biorientation (Krenn and Musacchio, 2015)
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implies that centromere-targeting of Sli15 allows substrate phosphorylation by Ipl14“°™ B within the
span of the SIi15™N°ENP scaffold and that tension dependent intra-kinetochore stretching
(Joglekar et al., 2009) pulls the microtubule binding interface out of reach of Ipl14“°™ B resulting in
dephosphorylation of outer kinetochore substrates and stabilization of amphitelic kinetochore-micro-
tubule attachments (Liu et al., 2009; Lampson and Cheeseman, 2011).

A recent study challenged this model by showing that a Sli15 mutant lacking the centromere-tar-
geting domain, Sli15AN2-228 (Sli15AN), suppressed the deletion phenotypes of Bir1, Nbl1, Bub1
and Sgo1 that mediate recruitment of the CPC to the centromere (Campbell and Desai, 2013). In
contrast to wild-type Sli15, which localized between sister kinetochore clusters, Sli15AN showed
weak localization overlapping with Nuf2 at kinetochores (Campbell and Desai, 2013). Apart from
the altered localization, Sli15AN was indistinguishably viable from wild-type and displayed no signifi-
cant chromosome segregation defects (Campbell and Desai, 2013; Hengeveld et al., 2017). Simi-
larly, a survivin mutant in chicken DT40 cells that failed to localize INCENP and Aurora B to
centromeres from prophase to metaphase displayed normal growth kinetics (Yue et al., 2008).
These findings suggest that centromere-targeting of Sli15/Ipl1 is largely dispensable for error correc-
tion and SAC signaling. But a molecular understanding of how the inner kinetochore-localized
Sli15AN/Ipl1 retains its biological function is missing.

We describe here the use of chemical crosslinking and mass spectrometry (XLMS) (Herzog et al.,
2012) together with biochemical reconstitution to characterize the CTF19c““AN subunit connectivity
and the protein interfaces that establish a selective Cse4-NCP binding environment. Subunits of the
COMA complex were previously implicated in CPC function at kinetochores (De Wulf et al., 2003;
Knockleby and Vogel, 2009) and the Sli15AN mutant showed synthetic lethality with deletions of
Ctf19 or Mcm21 (Campbell and Desai, 2013). Thus, we investigated whether the COMA complex
directly associates with Sli15/Ipl1. We demonstrate that the Cse4-N-terminus (Chen et al., 2000)
binds Ame1/Okp1 through the Okp1 core domain (Schmitzberger et al., 2017) and that dual recog-
nition of budding yeast Cse4-NCP is established through selective interactions of the essential
CTF19cC“AN proteins Mif2 and Ame1/Okp1 with distinct Cse4 motifs. We further show that Sli15/
Ipl1 interacts with the Ctf19 C-terminus and that synthetic lethality upon Ctf19 depletion in the
sli1T5AN background is rescued by fusing Sli15AN to the COMA complex. Our findings show contacts
important for CTF19c““AN architecture assembled at budding yeast point centromeres and indicate
that the interaction of CPC and COMA is important for faithful chromosome segregation.

Results

The Ame1/Okp1 heterodimer selectively binds Cse4 containing
nucleosomes

To screen for direct interaction partners of Cse4-NCPs we reconstituted the individual CTF19c¢
subcomplexes (Mif2, Ame1/Okp1, Ctf19/Mcm21, Chl4/ImI3, Mcm16/Ctf3/Mcm22, Cnn1/Wip1,
Nkp1/Nkp2, Mhf1/Mhf2) with Cse4- or H3-NCPs in vitro. The CTF19¢““AN complexes were purified
either from bacteria or insect cells as homogenous and nearly stoichiometric complexes (Figure 1B).
Consistent with a recent study (Xiao et al., 2017), using electrophoretic mobility shift assays
(EMSA), we observed that Mif2 selectively interacted with Cse4-NCPs and not with H3-NCPs
(Figure 1A). We also found that Ame1/Okp1 bound specifically to Cse4-NCPs (Figure 1A). The lack
of interaction with H3-NCPs, which were reconstituted using the same 601 DNA sequence
(Tachiwana et al., 2011), suggests that Ame1/Okp1 directly and selectively binds Cse4 and that the
interaction does not require AT-rich DNA sequences as previously proposed (Hornung et al., 2014).
In contrast to the EMSA titration of human CCAN complexes with CENP-A-NCP (Weir et al., 2016)
using 10 nM NCP mixed with up to 20-fold excess of the respective subcomplexes, we could not
detect Cse4-NCP band shifts with Chl4/Iml3, the orthologs of human CENP-NL, and with Mcm16/
Ctf3/Mcm22, the orthologs of human CENP-HIK (no S. cerevisiae ortholog of CENP-M has been
identified) using 500 nM NCP incubated with a twofold excess of the complexes. Ctf19/Mcm21,
Cnn1/Wip1, Nkp1/Nkp2 and Mhf1/Mhf2 did also not form distinct complexes with either Cse4- or
H3-NCPs in the EMSA indicating that Mif2 and Ame1/Okp1 possess a higher relative binding affinity
to Cse4-NCPs than the other CTF19¢ subcomplexes (Figure 1A).

CCAN
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Figure 1. The heterodimeric Ame1/Okp1 complex directly and selectively binds the Cse4-NCP. (A) Electrophoretic mobility shift assays (EMSAs) of the
indicated CTF19c““N subunits and subcomplexes mixed in a 2:1 molar ratio with either Cse4- or H3-NCPs. DNA/protein complexes were separated
on a 6% native polyacrylamide gel. The DNA is visualized by SYBR Gold staining. (B) Coomassie stained gel of the individual inner kinetochore
components, recombinantly purified from E. coli, used in the EMSA in (A). (C) XLMS analysis of the in vitro reconstituted Cse4-NCP:Mif2:COMA:Chl4/
ImI3:MTW1c complex. Proteins are represented as bars indicating annotated domains (Supplementary file 3) according to the color scheme in the
legend. Subunits of a complex are represented in the same color and protein lengths and cross-link sites are scaled to the amino acid sequence.
DOI: https://doi.org/10.7554/eLife.42879.002

The following figure supplement is available for figure 1:

Figure supplement 1. Size exclusion chromatography (SEC) of the in vitro reconstituted Ctf19/Mcm21/Ame1/Okp1 (COMA):Chl4/ImI3:Mif2:MTW1c:
Cse4-NCP complex.

DOI: https://doi.org/10.7554/eLife.42879.003

To identify the binding interfaces of the Ame1/Okp1:Cse4-NCP complex we performed XLMS
analysis. We reconstituted a complex on Cse4-NCP composed of Ame1/Okp1, Mif2, Ctf19/Mcm21,
Chl4/ImlI3 and the MTW1c which links the KMN network to the inner kinetochore receptors Ame1
and Mif2 (Przewloka et al., 2011, Screpanti et al., 2011; Hornung et al., 2014). Size-exclusion
chromatography (SEC) analysis showed that MTW1c forms a complex with Ame1/Okp1, Mif2, Ctf19/
Mcm21 and Chl4/ImlI3 and the peak fraction shifted to a higher molecular weight upon addition of
Cse4-NCPs depicting nearly stoichiometric protein levels of all subunits (Figure 1—figure supple-
ment 1). In all in vitro reconstitution and XLMS experiments we used wild-type MTW1c lacking the
phosphorylation mimicking mutations of Dsn1 S240 and S250, which have been shown to stabilize
the interaction with Mif2°ENP-C and Ame1°ENPY (Akiyoshi et al., 2013; Dimitrova et al., 2016), but
were not required for complex formation on SEC columns (Figure 2C, Figure 1—figure supplement
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For purification of FLAG-tagged kinetochore complexes, insect cells were extracted in lysis buffer
[50 mM Tris (pH 7.5), 150 mM NaCl, 5% glycerol] supplemented with cOmplete ULTRA EDTA-free
Protease Inhibitor Cocktail (Roche) using a Dounce homogenizer. Cleared extracts were incubated
with M2 anti-FLAG agarose (Sigma-Aldrich) for 2 hr, washed three times with lysis buffer and eluted
in lysis buffer containing 1 mg/ml 3xFLAG peptide (Ontores).

High Five cells expressing Strep-tagged Sli15/Ipl1 were lysed in 50 mM NaH,PO4(pH 8.0), 300
mM NaCl, 5% glycerol supplemented with cOmplete ULTRA EDTA-free Protease Inhibitor Cocktail
(Roche). Subsequent to incubating the cleared lysates with Strep-Tactin Superflow agarose (Qiagen),
protein bound beads were washed three times with lysis buffer and the bound protein complex was
eluted in lysis buffer containing 8 mM biotin. FLAG peptide or biotin was either removed via PD10
desalting columns (GE Healthcare) or SEC using a Superdex 200 HiLoad 16/60 column (GE Health-
care) and isocratic elution in lysis buffer.

Acknowledgements

We are grateful to Andrea Musacchio (MPI Dortmund) and Stefan Westermann (University of Essen)
for discussions and sharing reagents. We thank Wolfgang Zachariae (MPI Munich) for help with fluo-
rescence microscopy. JFH and GH were funded by the Graduate School (GRK 1721) and MP and VS
were funded by the Graduate School (Quantitative Biosciences Munich) of the German Research
Foundation (DFG). LDG was a recipient of a DOC Fellowship of the Austrian Academy of Sciences
and AK was funded by ERC Grant 281354 (NPC GENEXPRESS). FH was supported by the European
Research Council (ERC-StG no. 638218), the Human Frontier Science Program (RGP0008/2015), by
the Bavarian Research Center of Molecular Biosystems and by an LMU excellent junior grant.

Additional information

Funding

Funder Grant reference number  Author

Deutsche Forschungsge- Graduate School Mia Potocnjak

meinschaft Quantitative Biosciences Victor Solis-Mezarino
Munich

Deutsche Forschungsge- Graduate School GRK 1721  Gétz Hagemann

meinschaft Franz Herzog

Austrian Academy of Sciences DOC Fellowship Laura D Gallego

European Research Council 281354 (NPC GENEXPRESS) Alwin Kéhler

European Research Council ERC-StG MolStruKT, no. Franz Herzog

638218
Human Frontier Science Pro- ~ RGP0008/2015 Franz Herzog
gram
Bavarian Research Center for Franz Herzog
Molecular Biosystems
Ludwig-Maximilians-Universitat Excellent Junior grant Franz Herzog

Miinchen

The funders had no role in study design, data collection and interpretation, or the
decision to submit the work for publication.

Author contributions

Josef Fischbéck-Halwachs, Sylvia Singh, Formal analysis, Investigation, Methodology, Writing—origi-
nal draft; Mia Potocnjak, Formal analysis, Methodology; Gétz Hagemann, Victor Solis-Mezarino, For-
mal analysis, Investigation; Stephan Woike, Formal analysis, Investigation, Methodology; Medini
Ghodgaonkar-Steger, Jessica Andreani, Formal analysis; Florian Weissmann, Laura D Gallego, Julie
Rojas, Alwin Kéhler, Methodology; Franz Herzog, Conceptualization, Funding acquisition, Writing—
original draft

Fischbéck-Halwachs et al. eLife 2019;8:€42879. DOI: https://doi.org/10.7554/eLife.42879 22 of 28

27



LI F E Biochemistry and Chemical Biology | Cell Biology

sample buffer containing 75 mM Tris (pH 8.8). Samples were boiled (10 min, 95°C) and centrifuged
at 10800 x g for 3 min at RT and supernatants were separated on 10% or 15% (Cse4 containing sam-
ples) SDS-PAGE gels. Immunoblotting was performed with the following antibodies: Anti-FLAG M2
(Sigma-Aldrich), Anti-PGK1 (ThermoFisher) and visualized by HRP-conjugated anti-mouse secondary
antibodies (Santa Cruz).

Live cell microscopy

For localisation analysis of endogenously tagged Ctf19-GFP and Ctf19AC-GFP proteins, cells were
grown in synthetic medium without tryptophan at 30°C. For localisation analysis of ectopically
expressed Ctf19-Okp1-GFP and Ctf19AC-Okp1-GFP proteins in the Ctf19-anchor-away (Ctf19-FRB)
strain, cells were grown in selective medium (-His/-Trp) until ODggo ~0.4, then rapamycin (1 ug/ml)
was added and cells were grown for another 3 hr at 30°C. For imaging cells were immobilized on
concanavalin-A (Sigma-Aldrich) coated slides (Ibidi). Microscopy was performed using a DeltaVision
microscopy system (Applied precision) with a Olympus IX71 microscope controlled by softWoRx
software (GE Healthcare). Images were processed using Fiji (Schindelin et al., 2012).

Protein expression and purification

Expression constructs for 6xHis-Chl4/Iml3, 6xHis-Cnn1/Wip1-1xFlag, 6xHis-Nkp1/Nkp2 and Mhf1/
Mhf2-1xStrep were created by amplification of genomic DNA and cloned into pETDuet-1 vector
(Novagen). Expression was performed in BL21 (DE3) cells (New England Biolabs). Cells were grown
at 37°C until OD¢qo 0.6, followed by induction with 0.5 mM IPTG for Chl4/ImiI3 or 0.2 mM IPTG for
all other protein expressions. Protein expression was induced overnight at 18°C, or for 3 hr at 23°C,
respectively.

Cells were lysed using a French Press in lysis buffer [50 mM Hepes (pH 7.5), 400 mM NaCl, 3%
glycerol, 0.01% Tween20 and cOmplete ULTRA EDTA-free Protease Inhibitor Cocktail (Roche)].
6xHis-tagged proteins were purified using Ni-NTA agarose (Qiagen), whereby 30 mM imidazole
were added to the lysis buffer in the washing step, followed by protein elution in 50 mM Hepes pH
7.5, 150 mM NaCl, 300 mM imidazole, and 5% glycerol. Strep-tag purification was performed using
Strep-Tactin Superflow agarose (Qiagen) and eluted in a buffer containing 50 mM Hepes (pH 7.5),
150 mM NaCl, 8 mM biotin and 5% glycerol.

Buffer exchange into a buffer containing 50 mM Hepes (pH 7.5), 150 mM NaCl and 5% glycerol
was performed using a Superdex 200 HiLoad 16/60 column (GE Healthcare) for Chl4/ImlI3 and Cnn1/
Wip1 or using a PD10 desalting column (GE Healthcare) for Nkp1/2 and Mhf1/2 protein complexes.

Ame1/Okp1 expression and purification
Ame1-6xHis/Okp1 wild-type and mutant protein expression and purification in E. coli was performed
as described previously (Hornung et al., 2014).

In vitro reconstitution of Cse4- and H3-NCPs

Octameric Cse4 and H3 containing nucleosomes were in vitro reconstituted from budding yeast his-
tones which were recombinantly expressed in E. coli BL21 (DE3) and assembled on 167 bp of the
'Widom 601" nucleosome positioning sequence according to a modified protocol (Turco et al.,
2015).

Affinity-purification of recombinant protein complexes from insect cells
C-terminal 6xHis-6xFLAG-tags on Mcm21, Mif2, Dsn1, Mcm16 and C-terminal 2xStrep- tags on Sli15
were used to affinity-purify Ctf19/Mcm21, Mif2, MTW1c, CTF3c and Sli15/Ipl1 complexes. Open
reading frames encoding the respective subunits were amplified from yeast genomic DNA and
cloned into the pBIG1/2 vectors according to the biGBac system (Weissmann et al., 2016). The
pBIG1/2 constructs were used to generate recombinant baculoviral genomes by Tn7 transposition
into the DH10Bac E. coli strain (ThermoFisher) (Vijayachandran et al., 2011). Viruses were gener-
ated by transfection of Sf21 insect cells (ThermoFisher) with the recombinant baculoviral genome
using FUGENE HD transfection reagent (Promega). Viruses were amplified by adding transfection
supernatant to Sf21 suspension cultures. Protein complexes were expressed in High Fiveinsect cell
(ThermoFisher) suspension cultures.
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hydrolysable analog AMP-PNP (Santa Cruz Biotechnology) was applied. To remove basal phosphory-
lation, Sli15/Ipl1 was treated with lambda phosphatase (New England Biolabs) at 30°C for 30 min.
Subsequently, non-phosphorylated as well as phosphorylated or dephosphorylated Sli15/Ipl1 com-
plexes were washed three times with binding buffer [S0 mM NaH,POy4(pH 8), 120 mM NaCl, 5%
glycerol].

Testing of binding between Ame1/Okp1, Ctf19/Mcm21 and Sli15/Ipl1 was performed in binding
buffer at 4°C, 1000 rpm for 1 hr in a thermomixer (Eppendorf). Unbound proteins were removed by
washing three times with binding buffer. The complexes were either eluted with 8 mM biotin in 50
mM NaH;POy(pH 8), 500 mM NaCl, 5% glycerol or by boiling in 2x SDS loading buffer.

To quantify the ratios of bound proteins to the bait protein SDS page band intensities were ana-
lyzed by using the Fiji software (Schindelin et al., 2012).

Amino acid sequence alignment

Multiple sequence alignment of Cse4 or Okp1 protein sequences from interrelated budding yeast
species was conducted with Clustal Omega (Sievers et al., 2011). Only protein sequences with the
highest similarity to S. cerevisiae Cse4 or S. cerevisiae Okp1 as determined by a protein BLAST
search were included in the search. In addition three mammalian and the Schizosaccharomyces
pombe homologous CENP-A protein sequences were included in the Cse4 alignment.

Yeast strains and methods

All plasmids and yeast strains used in this study are listed in Supplementary file 4 and
Supplementary file 5, respectively. Yeast strains were created in the $288c background. The gener-
ation of yeast strains and yeast methods were performed by standard procedures. The anchor-away
technique was performed as previously described (Haruki et al., 2008).

For anchor-away rescue experiments, the respective promoters and coding sequences were PCR
amplified from yeast genomic DNA and cloned into the vector pRS313 either via the Gibson assem-
bly or the restriction/ligation method. In order to artificially target SIli15AN2-228 to the kinetochore,
the individual promoters and genes were PCR amplified and the respective gene fusions [CTF19,
AMET1, OKP1, CTF3, CNN1, MIF2, DSNT1, MTW1]-[SLIT15AN2-228]-{ 6xHis-7xFLAG]
(Supplementary file 4) were generated and cloned into pRS313 using the Gibson assembly reaction
The same strategy was applied in order to generate the CTF19 or CTF19AC gene fusions to AME1
or OKP1, respectively (Supplementary file 4).

The individual deletion mutants were generated using the Q5 site-directed mutagenesis kit (New
England Biolabs). The rescue constructs were transformed into Cse4-, Ctf19-, Okp1-, or Sli15
anchor-away strains (Supplementary file 5) and cell growth was tested in 1:10 serial dilutions on
YPD plates in the absence or presence of rapamycin (1 pg/ml) at 30°C for 3 days.

Minichromosome loss assay

The Ctf19 anchor-away strain containing a minichromosome (pYCF1/CEN3.L) (Spencer et al., 1990)
and the Ctf19 anchor-away strains containing a minichromosome (pYCF1/CEN3.L) and the respective
rescue plasmid were grown overnight in selective medium (-Ura selecting for the minichromosome,
or —His/-Ura selecting for the rescue plasmid and the minichromosome) and then diluted into YPD
medium and cultured for 4 hr. The yeast cultures were then plated onto synthetic medium containing
rapamycin (1 pg/ml) and low (6 ug/ml) adenine to enhance the red pigmentation (Hieter et al.,
1985) and incubated for 3 days at 30°C. Colonies retaining the minichromosome are white, and loss
events result in the formation of red/red sectored colonies. The minichromosome loss frequency was
quantified by determining the percentage of red/red sectored colonies in relation to the total colony
number (white and red/red sectored) of three biological replicates.

Western blot analysis

For western blot analysis an equivalent of 10 ODgqo of cells logarithmically grown in liquid culture
was collected by centrifugation at 3140 x g for 5 min at RT and the pellet was washed once with
aqua dest. For protein extraction, the pellet was resuspended in 1 ml ice-cold 10% trichloroacetic
acid and incubated on ice for 1 hr. Samples were pelleted at 20000x g for 10 min, 4°C and washed
twice with ice-cold 95% ethanol. Pellets were air-dried and resuspended in 100 pl 1x SDS-PAGE
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Chemical cross-linking and mass spectrometry of kinetochore
complexes

The complex containing Cse4-NCP, Mif2, Ame1/Okp1, Ctf19/Mcm21, Chl4/ImI3 and MTW1c was
assembled in solution. It was cross-linked using an equimolar mixture of isotopically light (hydrogen)
and heavy (deuterium) labeled bis[sulfosuccinimidyllsuberate (BS3, H12/D12) (Creative Molecules) at
a final concentration of 0.25-0.5 mM at 10°C for 30 min. The reaction was quenched by adding
ammonium bicarbonate to a final concentration of 100 mM for 10 min at 10 °C. The sample was sub-
jected to SEC on a Superose 6 Increase 10/300 GL column (GE Healthcare) and the fractions corre-
sponding to the cross-linked complex were selected for the subsequent protein digest and mass
spectrometry (see below).

The complex of Sli15-2xStrep-HA-6xHis/Ipl1 with Ame1/Okp1 and Ctf19/Mcm21 was assembled
on Strep-Tactin Superflow agarose (Qiagen) by incubation at room temperature (RT), 1000 rpm for 1
hr in a thermomixer (Eppendorf). Unbound proteins were removed by washing three times with
binding buffer [50 mM NaH,PO4(pH 8.0), 500 mM NaCl, 5% glycerol] and the complex was eluted in
binding buffer containing 8 mM biotin. The eluted complex was re-isolated on Ni-NTA beads (Qia-
gen), washed twice with binding buffer and then cross-linked by resuspending the protein bound
beads in BS3 cross-linker at a final concentration of 0.25-0.5 mM at 30°C for 30 min. The cross-link-
ing reaction was stopped by adding ammonium bicarbonate to a final concentration of 100 mM for
20 min at 30°C.

Cross-linked samples were denatured by adding two sample volumes of 8 M urea, reduced with
5 mM TCEP (ThermoFisher) and alkylated by the addition of 10 mM iodoacetamide (Sigma-Aldrich)
for 40 min at RT in the dark. Proteins were digested with Lys-C (1:50 (w/w), FUJIFILM Wako Pure
Chemical Corporation) at 35°C for 2 hr, diluted with 50 mM ammonium bicarbonate, and digested
with trypsin (1:50 w/w, Promega) overnight. Peptides were acidified with trifluoroacetic acid (TFA) at
a final concentration of 1% and purified by reversed phase chromatography using C18 cartridges
(Sep-Pak, Waters). Cross-linked peptides were enriched on a Superdex Peptide PC 3.2/30 column
using water/acetonitrile/TFA (75/25/0.1, v/v/v) as mobile phase at a flow rate of 50 ul/min and were
analyzed by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) using an
Orbitrap Elite instrument (ThermoFisher). Fragment ion spectra were searched and cross-links were
identified by the dedicated software xQuest (Walzthoeni et al., 2012). The results were filtered
according to the following parameters: Ascore < 0.85, MS1 tolerance window of —4 to 4 ppm and
score > 22. The quality of all cross-link spectra passing the filter was manually validated and cross-
links were visualized as network plots using the webserver xVis (Grimm et al., 2015).

Electrophoretic mobility shift assay

Reconstituted nucleosomes (0.5 uM) were mixed in a 1:2 molar ratio with the respective protein
complexes in a buffer containing 20 mM Hepes (pH 7.5) and incubated for 1 hr on ice. The interac-
tion was analyzed by electrophoresis at 130 V for 70-90 min on a 6% native polyacrylamide gel in a
buffer containing 25 mM Tris and 25 mM boric acid. After electrophoresis, gels were stained with
SYBR Gold (ThermoFisher).

Analytical size exclusion chromatography for interaction studies

Analytical SEC experiments were performed on a Superdex 200 Increase 3.2/300 or a Superose 6
Increase 3.2/300 column (GE Healthcare). To detect the formation of a complex, proteins were
mixed at equimolar ratios and incubated for 1 hr on ice before SEC. All samples were eluted under
isocratic conditions at 4°C in SEC buffer [50 mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol]. Elution
of proteins was monitored by absorbance at 280 nm. 100 ul fractions were collected and analyzed
by SDS-PAGE and Coomassie staining.

In vitro protein binding assay of Sli15/Ipl1 to Ame1/Okp1 and/or
Ctf19/Mcm21

Phosphorylated or non-phosphorylated wild-type or mutant Sli15-2xStrep-HA-6xHis/Ipl1 was immo-
bilized on Strep-Tactin Superflow agarose (Qiagen). For prephosphorylation, Sli15/Ipl1 was incu-
bated at 30°C for 30 min in the presence of 3 mM MgCl, and 3 mM ATP. Samples for non-
phosphorylated Sli15/Ipl1 were treated the same way, but instead of 3 mM ATP the non-
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Reagent type

Biochemistry and Chemical Biology | Cell Biology

(species) or Source or Additional
resource Designation reference Identifiers information
Peptide, 3xFLAG peptide Ontores
recombinant
protein
Peptide, lambda New England Biolabs P0753S
recombinant phosphatase
protein
Commercial Q5 Site-Directed New England Biolabs E0552S
assay or kit Mutagenesis Kit
Chemical BS3-H12/D12 Creative Molecules 001SS
compound, drug cross-linker
Chemical lodoacetamide Sigma-Aldrich 16125
compound, drug
Chemical Lysyl FUJIFILM Wako Pure 125-05061
compound, drug Endopeptidase Chemical Corporation
Chemical Trypsin Sequencing Promega V5111
compound, drug Grade Modified
Chemical SYBR Gold ThermoFisher $11494
compound, drug
Chemical AMP-PNP Santa Cruz CAS 72957-42-7
compound, drug Biotechnology
Chemical Rapamycin Invitrogen PHZ1235
compound, drug
Chemical Concanavalin A Sigma-Aldrich C2010
compound, drug from Canavalia

ensiformis
Chemical FuGENE HD Sigma-Aldrich E2311
compound, drug Transfection

Reagent
Chemical cOmplete ULTRA Roche 5892953001
compound, drug EDTA-free Protease

Inhibitor Cocktail
Chemical Ni-NTA Agarose Qiagen 30210
compound, drug
Chemical Strep-Tactin Qiagen 30004
compound, drug Superflow Plus

Agarose
Chemical M2 anti-FLAG agarose Sigma-Aldrich A4596
compound, drug
Other Sep-Pak tC18 cartridges Waters WAT054960
Other PD-10 Desalting Columns GE Healthcare 17085101
Other p-Slide 8 Well Ibidi 80826
Software, xQuest (Walzthoeni et al., 2012)
algorithm
Software, xVis (Grimm et al., 2015)
algorithm
Software, Fiji (Schindelin et al., 2012)
algorithm
Software, Clustal Omega (Sievers et al., 2011)
algorithm
Software, SoftWoRx GE Healthcare
algorithm
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Figure 7 continued

INCENP affected the correction of erroneous kinetochore-microtubule attachments (Haase et al., 2017).
Centromere-targeting deficient CPC resulted in an imperfect inner kinetochore composition that failed to sense
tension-loss and in intermediate Ndc80 phosphorylation levels that indicated the incapability of establishing a
sharp phosphorylation gradient according to the spatial separation model. Flat Ndc80 phosphorylation levels
could be sufficient for the non-selective turnover of erroneous kinetochore attachments, especially at budding
yeast kinetochores which are attached to a single microtubule, unless cells are challenged by microtubule poisons.
DOI: https://doi.org/10.7554/eLife.42879.013

has recently been shown to promote accurate chromosome alignment by interaction with microtu-
bules (Pesenti et al., 2018). If the observed interaction between the CPC and COMA is conserved
in higher eukaryotes or is facilitated by other kinetochore proteins remains to be addressed.

In the spatial separation model the CPC is anchored at the centromere and substrate access of
the Ipl1AU™ B kinase is regulated by tension-dependent intra-kinetochore stretching upon the bio-
rientation of sister kinetochores. Whether the Ctf19-Sli15 interaction is required for CPC stabilization
or for the precise positioning of Ipl1 activity at a distinct kinetochore conformation, competent for
tension sensing and error correction, poses an interesting future question (Figure 7). Our findings
place COMA at the center of kinetochore assembly in budding yeast and contribute to the molecular
understanding of the fundamental process of how cells establish correct chromosome biorientation
at the mitotic spindle.

Materials and methods

Key resources table

Reagent type

(species) or Source or Additional

resource Designation reference Identifiers information

Gene See Supplementary file 5

(S. cerevisiae)

Strain, strain S288c

background

(S. cerevisiae)

Strain, strain BL21(DE3) New England C2527

background Biolabs

(E. coli)

Strain, strain DH10Bac ThermoFisher 10361012

background

(E. coli)

Cell line SF21; Spodoptera ThermoFisher 11497013

(S. frugiperda) frugiperda

Cell line High five; ThermoFisher B85502

(Trichoplusia ni) Trichoplusia ni

Genetic reagent See Supplementary file 5

(S. cerevisiae)

Antibody Anti-FLAG M2 Sigma-Aldrich F1804 1:5000
(mouse RRID:AB_262044
monoclonal)

Antibody Anti-PGK1 Invitrogen 22C5D8 1:10000
(mouse RRID:AB_2532235
monoclonal)

Antibody goat anti-mouse Santa Cruz sc-2005 1:10000
1gG-HRP Biotechnology RRID:AB_631736

Recombinant See Supplementary file 4

DNA reagent
Continued on next page
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Figure 7. Schematic model of the budding yeast kinetochore subunit architecture. The Okp1 core domain directly
binds the essential motif of the Cse4 END suggesting that in contrast to humans, the dual recognition of Cse4-
NCPs in S. cerevisiae is established by the essential inner kinetochore subunits Ame1/Okp1 and Mif2 through
interaction with distinct Cse4 motifs. Together with the observation that Ctf19 associates with Sli15/Ipl1, further
CPC interactions with the inner and outer kinetochore could be part of a kinetochore conformation that is
dependent on Sli15™NEN In line with the observed benomyl sensitivity of cells expressing SIi15AN as the only
nuclear copy (Figure 5C), a recent study in Xenopus egg extracts found that CPC lacking the CEN domain of
Figure 7 continued on next page
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essential CTF19c““AN proteins in budding yeast, whereas knockouts of CENP-U/Q in DT40 cells are
viable (Hori et al., 2008).

The Ctf19 C-terminus is required for Sli15/Ipl1 binding in vitro and has
a role in accurate chromosome segregation

Although the Ctf19/Mcm21 heterodimer is not essential, ctf19A and mecm21A mutants have chromo-
some segregation and cohesion defects (Hyland et al., 1999; Ortiz et al., 1999; Poddar et al.,
1999; Fernius and Marston, 2009; Hinshaw et al., 2017). Moreover, Ctf19 and Mcm21 become
essential when centromere-targeting of the CPC is lost in a sli1T5AN mutant. This observation has led
to the hypothesis that centromere-targeted Sli15 might be involved in cohesin loading or in cohesion
maintenance (Campbell and Desai, 2013). An alternative model posits that COMA is required for
the localization and positioning of Sli15/Ipl1 at the kinetochore (Knockleby and Vogel, 2009).

Our work showed that COMA interacts directly with Sli15/Ipl1 and identified the Ctf19 RWD-C
domain as the primary docking site (Figure 4A,C). Synthetic lethality upon Ctf19 or Mcm21 deple-
tion in a sli15AN background was rescued by fusions of Sli15AN to COMA subunits, whereas fusions
to other inner or outer kinetochore proteins did not (Figure 5B). This observation suggests that posi-
tioning Sli15/Ipl1 proximal to Ame1/Okp1 is important in vivo. Because of the requirement of a func-
tional Ipl1-binding IN-box on Sli15 for restoring viability we assume that the observed synthetic
lethality is due to mislocalized Ipl1 kinase (Figure 5D). Tethering Sli15 to the inner kinetochore might
ensure the spatial positioning of Ipl1 kinase activity towards outer kinetochore substrates
(Akiyoshi et al., 2013; Foley and Kapoor, 2013; Krenn and Musacchio, 2015), required for cor-
recting erroneous kinetochore-microtubule attachments (Figure 7). COMA-SIi15AN fusions lacking
the SAH domain rescued growth, indicating that this domain is dispensable for CPC function at the
inner kinetochore. Because the SAH domain is required for binding to spindle microtubules and criti-
cal for cell survival (Samejima et al., 2015; van der Horst et al., 2015; Fink et al., 2017), we infer
that the observed rescue was mediated by the SAH domain of endogenous Sli15AN (Figure 5D).

We also showed that deletion of the Ctf19 RWD-C domain was sufficient to cause synthetic lethal-
ity with Sli15AN (Figure 6A) and that recombinant Ctf19AC in complex with Mcm21 (Figure 4C)
does not interact with Sli15. Moreover, assessing the initially proposed model for the synthetic
growth defect of Ctf19/Mcm21 deletion in a sli15AN background (Campbell and Desai, 2013), we
observed that deletion of the Ctf19 N-terminus did not cause a synthetic effect in sli1T5AN mutant
cells. This result indicated that the synthetic growth defect is mediated by a Ctf19 domain distinct
from its N-terminus and its role in cohesin loading.

Apart from the synthetic condition we addressed whether the Ctf19 C-terminus is required for
chromosome segregation in Sli15 wild-type cells by monitoring missegregation in a minichromosome
loss assay (Hieter et al., 1985). We showed that loss of the centromeric plasmid upon Ctf19 deple-
tion was rescued to 70% by the ectopic expression of Ctf19-Okp1 and this rescue was abrogated
upon deletion of the Ctf19 RWD-C domain in the fusion protein (Figure 6B). Similar observations
have been obtained in a concomitant study (Garcia-Rodriguez et al., 2019) using a complementary
approach. By performing a ‘centromere re-activation’ assay (Tanaka et al., 2005) the Tanaka lab
showed that Bir1 deletion, and to a lesser extent Mcm21 depletion, reduced localization of Ipl1 at
the centromere which was synergistic upon removal of both and the effect on Ipl1 localization corre-
lated with the establishment of chromosome biorientation. This is consistent with our finding that
the Ctf19 C-terminus has a role in accurate chromosome segregation and indicates that the Sli15-
Ctf19 interaction contributes to the localization and stabilization of the CPC at the inner kinetochore
(Figure 7).

Our findings also agree with the observations that the functionally active Aurora B pool is associ-
ated with the kinetochore rather than the centromere (DelLuca et al., 2011; Bekier et al., 2015;
Krenn and Musacchio, 2015; Hindriksen et al., 2017). A recent study in humans demonstrated that
a kinetochore-localized CPC pool lacking the INCENP CEN domain is sufficient to carry out error
correction and biorientation, if cohesin removal, which was attributed to the loss of the CEN domain,
is prevented (Hengeveld et al., 2017). Furthermore, retaining the human CPC at centromeres in
anaphase resulted in the untimely recruitment of Bub1 and BubR1 (Vazquez-Novelle and Pet-
ronczki, 2010; Vazquez-Novelle et al., 2014) which suggests that centromere-localization of
the CPC is required, and microtubule-association may not be sufficient, for fulfilling its function in
the spindle assembly checkpoint and chromosome biorientation. The human CENP-OPQUR complex
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