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Abstract

Growth and propagation of all organisms depend on the accurate dissemination of the genetic
material to the progeny. During the eukaryotic cell cycle the duplicated DNA condenses into
chromosomes followed by their equal distribution to the daughter cells. The kinetochore is a
multi-protein structure that creates a link between chromosomes and spindle microtubules
and serves as a platform for feedback control mechanisms to ensure the fidelity of this process.
The kinetochore is also required for replenishing the levels of the histone H3 variant CENP-
A%®* and maintaining centromere identity. CENP-A®®* (budding yeast orthologues are
superscripted) containing nucleosomes specify the assembly of the entire kinetochore which
is composed of the Constitutive Centromere-Associated Network“™°¢ (CCAN) at the inner
kinetochore and the KNL157¢%/MIS12MTW1/NDC8ONP® (KMN) network at the outer
kinetochore harbouring the main microtubule attachment site. Major efforts on the
reconstitution and structural analysis resulted in a more detailed understanding of kinetochore
assembly and its role in chromosome segregation. At the beginning of this thesis the protein
interactions of CENP-CM™ 3 backbone of kinetochore assembly had not been fully understood.
CENP-CM was described as the only direct link between CENP-A®®* nucleosomes and the
outer kinetochore MTW1 complex. Yet, it was clear that a link of a single centromeric
nucleosome to only one microtubule attachment site does not withstand the pulling forces of
depolymerising microtubules.

The goal of this thesis was to obtain a comprehensive understanding of the native kinetochore
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 progression. The budding yeast point centromere is
thought to represent a single kinetochore unit, as only one nucleosome is linked to a single
microtubule. The budding yeast centromere is determined by a conserved DNA sequence
recognised by Cep3, a subunit of the CBF3 complex. The Ndc10 subunit of the same complex
is essential for Cse4 loading and provides the foundation for the recruitment of the inner and
outer kinetochore. Using in vitro reconstituted kinetochore complexes, | identified two
kinetochore components, Ame1/Okp1 and Ndc10, that in addition to Mif2 establish a direct
link between the Cse4 nucleosome and the outer kinetochore MTW1c. Characterisation of

their binding interfaces revealed a similar mode of interaction as Mif2. All three MTW1c



recruiters bind the helix-loop-helix region of the Mtw1 protein and their interactions are
stabilized by phosphorylation of Dsn1 at S240 and S250, which released the masking of the
Mtw1 site by Dsnl. Moreover, | showed that the simultaneous interaction of Mif2 and
Amel/Okpl with MTWI1c is important for the cooperative stabilization of the inner
kinetochore at the centromeric nucleosome in mitosis. Mtw1 recruitment through the N-
terminal domain of Amel is essential for cell viability, whereas Mtw1 binding by the N-termini
of Mif2 or Ndc10 is dispensable and those two pathways only become important when either
of them is impaired.

In a second independent project, | investigated the assembly and cooperative stabilization of
the outer kinetochore KMN network. | identified the motifs in the Mtw1 C-terminus 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 Kre28. Notably, |
identified the protein interactions that generate cooperativity stabilizing the KMN network. In
addition to interactions formed by the C-terminal motifs of the MTW1c, a weak direct
interaction between the NDC80 and SPC105 subcomplexes significantly contributed to the
cooperative stabilization.

My analysis of full-length multi-subunit kinetochore complexes allowed the identification and
characterisation of two kinetochore complexes, Ame1/Okp1 and CBF3c, which directly connect
the outer kinetochore microtubule binding interface to centromeric chromatin.

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 establishing a stable 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 dissemination of the genetic material during cell division is a prerequisite
for all organisms to proliferate and develop from a single fertilized egg. Two identical
copies of the genetic material must be equally distributed to the two daughter cells to
avoid abnormal growth and cancer (Hanahan and Weinberg 2000). In eukaryotes, the
cell is preparing and duplicating its genetic material prior to the mitotic cell division.
Interphase is a longer period of the cell cycle during which the cell grows, and
duplicates its genetic material. The cell grows by protein and organelle production in
G1 phase, duplicates the chromosomes in S phase which is followed by further growth,
DNA repair in preparation of mitosis. Finally, the mitotic cyclin-dependent kinase Cdk1
associated with cyclin B, promotes mitosis (M), the chromosomes segregate and the
new cell cycle begins (Barnum and O'Connell 2014). This process was observed and
described during the 18™ and 19™ century by a number of scientists. The term mitosis
was coined by Walther Flemming from the Greek word mitos "thread", probably
referring to the observation of the thread like chromosome structure (Sharp 1921).
The cell cycle rhythm is orchestrated by cyclins and cyclin-dependent kinases (Cdks).
Cdks are serine/threonine protein kinases that remain inactive until cyclin binding
occurs. Active Cdks phosphorylate key substrates thereby promoting mitotic
progression. Cell cycle checkpoints in G1- and G2/M phase control the cell size and
nutritional status before allowing the cell to progress further (Figure 1). Upon lack of
nutrients the cell can leave the cell cycle and enter GO phase. DNA damage is also one
factor that is controlled during interphase and will slow down cell cycle progression.
During S phase the cell is especially sensitive as DNA polymerases duplicate the genetic
material and DNA damage acts as a physical barrier delaying DNA replication (Sullivan
and Morgan 2007, Barnum and O'Connell 2014).

In higher eukaryotes, the mitotic phase occurs in the following stages: prophase,
prometaphase, metaphase, anaphase and telophase. In prophase the DNA s
condensed into chromosomes, through prometaphase the nuclear membrane breaks

down and the chromosomes are attached to the spindle microtubules. The spindle

1



assembly checkpoint does not allow progression until all chromosomes have proper
amphitelic attachments with the spindle and are aligned at the metaphase plate. Once
this is satisfied, the E3 ubiquitin-protein ligase known as the anaphase-promoting
complex or cyclosome (APC/C) targets cyclin B and securin for degradation (Murray
2004). The sister chromatids are then separated in anaphase, degradation of securin
allows separase to cleave cohesin and the chromatids are pulled towards the opposing
spindle poles. During telophase sister chromatids are surrounded by a nuclear
membrane, and the cell is split into two identical daughter cells also known as
cytokinesis. Yeast cells undergo a closed mitosis where the nuclear envelope remains
intact as opposed to higher eukaryotes. However, the key phases of mitosis are

conserved (Boettcher and Barral 2013).

G2 checkpoint

Spindle
assembly
checkpoint

G1 checkpoint

* O,

quiescence daughter cell

Figure 1 Budding yeast cell cycle

Cyclins and Cdks drive the cell irreversibility and unidirectionally through the phases of
the cell cycle while checkpoints (G1-, G2- and the Spindle assembly checkpoint) ensure
proper cell growth, accurate DNA replication and division of the DNA (adapted from
(Nasmyth 1996, Delobel and Tesniére 2014)).



1.2 The centromere
The centromere is a region of specialized chromatin that links the two sister chromatids
and allows their separation during mitosis by providing an attachment site for spindle
microtubules. Its name suggests it is localized in the middle of the chromosome (Greek
centro “central” and mere “part”), however that does not have to be the case
(O'Connor 2008). Only metacentric chromosomes are characterised by a central
centromere as opposed to submetacentric, acrocentric and telocentric with
centromeres gradually approaching the telomeric region of the chromosome. This
feature is useful for karyotyping and the mapping of gene positions. The centromere
represents a point of constriction where the two sister chromatids meet and are linked
by the cohesin protein complex until anaphase onset. Eukaryotic chromosomes have a
single centromere where the kinetochore assembles prior to cell division (Levan 1964,
Guacci, Koshland and Strunnikov 1997, Michaelis, Ciosk and Nasmyth 1997).
Chromosomes without centromeres or with two centromeres will not be accurately

divided and will be lost either after mitosis or result in chromosomal errors.
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Figure 2 Point versus regional centromeres

The budding yeast point centromere is determined by a specific ~125 bp DNA sequence
with a single Cse4 nucleosome linked to a single microtubule. DNA sequence is
composed of 8bp long CDEI, AT rich CDEIl and 26bp long CDEIll. Regional centromeres,
as found in humans and more complex organisms, are assembled on alpha satellite
DNA with 20-30 CENP-A nucleosomes forming a binding site for roughly 20
microtubules (adapted from (Verdaasdonk and Bloom 2011).

Formation of chromosomes is possible due to tight wrapping of the DNA around a
histone octamer known as nucleosome. It is formed by two copies of H2A, H2B, H3 and
H4 histones. However, centromeric chromatin is characterized by the incorporation of
the histone H3 variant CENP-A. CENP-A was initially discovered in patients that suffered
from CREST syndrome, an autoimmune disease due to which they developed anti-
centromere antibodies. The proteins that reacted with those antibodies were termed
CENPs (CENtromere Proteins) (Black et al. 2010, Earnshaw and Rothfield 1985). In
vertebrates, a region spanning 0.5-2 Mb with multiple CENP-A nucleosomes defines
regional centromeres. In contrast, the centromere found in S. cerevisiae and related
fungi is composed of a single Cse4 nucleosome assembled on a conserved ~125 bp
long DNA segment (CEN) which is thus termed point centromere and is sufficient for
kinetochore assembly (Hieter et al. 1985, Pluta et al. 1995). The three conserved DNA
elements are the 8 bp Centromere Defining Element | (CDEI), the ~ 90% AT rich CDElI,
and the 26 bp long CDEIll sequence (Stoler et al. 1995, Clarke 1998) (Figure 2). The CDEI
and CDEIll regions are necessary and sufficient for active centromere formation
stabilizing the CDEIl loop of the Cse4 nucleosomes. Those regions are occupied by Cbfl
and the CBF3 complex (CBF3C), respectively. The later has been proven to be essential

for centromere function.

1.3 The kinetochore

The supramolecular kinetochore complex assembled at centromeres is a key cellular
structure guiding faithful chromosome segregation (Cheeseman 2014, Nagpal and
Fukagawa 2016). The kinetochore has four different functions in this process: 1) it

establishes a physical link between chromosomal DNA and spindle microtubules. 2) it



integrates an error correction mechanism that discerns proper from improper spindle
attachments and corrects erroneous attachments promoting bi-orientation of sister
chromatids in metaphase (Foley and Kapoor 2013): 3) it provides a platform for a
feedback control mechanism, known as the spindle assembly checkpoint, which
coordinates chromosome alignment with mitotic exit (London and Biggins 2014,
Musacchio 2015) and 4) it is part of a machinery that replenishes CENP-A levels at the
centromere and thus, maintains centromere identity over generations (Swartz et al.
2019).

The kinetochore architecture is assembled at centromeric chromatin and composed of
the inner kinetochore Constitutive Centromere-Associated Network (CCAN) and the
outer kinetochore KNL1/MIS12/NDC80 (KMN) network. The 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 load-bearing interaction
with dynamic microtubules and controls their attachment (Figure 3) (Musacchio and

Desai 2017).
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Figure 3 Kinetochore schematic

lllustration of kinetochore sub-complexes from budding yeast (upper panel) and human
(lower panel), excluding proteins involved in cell cycle regulation (adapted from

(Musacchio and Desai 2017)).

1.3.1 Nucleosome proximal CCAN subunits

Cse4“ENPA containing nucleosomes, serve as the foundation for kinetochore assembly,
its distinct structural properties allow selective binding of certain CTF19C““AN proteins.
Homology between histone H3-like proteins is limited to the histone fold domain (HFD)
(Henikoff et al. 2000). Unlike H3, Cse4 has a unique 135 amino acid long N-terminus
essential for cell viability (Mann and Grunstein 1992, Keith et al. 1999, Chen et al. 2000).

Based on the structure of H3 and CENP-A nucleosomes the HFD of Cse4 assembles into



the octamer with the N-terminus extending away from the core (Luger et al. 1997, Kato
etal. 2013, Arimura et al. 2014). Recently two structures of the Cse4 nucleosome were
published, however they were not able to resolve the flexible N-terminal tail harbouring
the most interesting region that carries the difference between H3 and Cse4
nucleosome (Yan et al. 2019, Migl et al. 2020). The deletion of the first 36 to 50 amino
acids is lethal to the cell and proposed to recruit the Ctf19 protein complex (Ortiz et al.
1999, Chen et al. 2000). This region might also be a target for the posttranslational
modifications required for the integrity of the kinetochore architecture and/or function
(Wolffe and Hayes 1999, Chen et al. 2000).

Advances in cryo-electron microscopy provided insights into the inner kinetochore
architecture (Hinshaw and Harrison 2019, Yan et al. 2019). So far, two CCAN proteins
were described as selective and direct binders of the human CENP-A nucleosome:
CENP-C and CENP-N (Kato et al. 2013, Pentakota et al. 2017, Chittori et al. 2018). In
contrast, for the yeast Cse4 nucleosome only the CENP-C homologue Mif2 has been
identified as direct interactor. Although (Yan et al. 2019) report the interaction of
Chl4/Iml3 the yeast orthologue of CENP-L/N, with the unwrapped DNA of the Cse4
nucleosome, no interaction was observed with Cse4 nucleosomes under in vitro
conditions (Fischbock-Halwachs et al. 2019). CENP-N binds directly to the CENP-A
centromere-targeting domain (CATD) (Carroll et al. 2009). CENP-C with the central
region and CENP-C motif targets the acidic patch of H2A and H2B and the C-terminal
tail of CENP-A (Carroll, Milks and Straight 2010, Kato et al. 2013, Falk et al. 2016). The
budding yeast homolog Mif2 lacks the central region, but displays a conserved CENP-C
motif and the dimerization domain (Cohen et al. 2008). Apart from Mif2cENPC
Amel/Okp1 wasidentified as a selective interactor of Cse4 nucleosomes, while this was
not confirmed for its human orthologue CENP-U/Q. Ame1/Okp1 directly docks on the
extended N-terminal tail of Cse4 via interaction through Okp1 (Fischbock-Halwachs et
al. 2019, Anedchenko et al. 2019). CENP-H/I/Kis also a known, yet non-selective binding
partner of CENP-A nucleosomes, as it equally binds to H3 nucleosomes (Weir et al.
2016). These proteins create a CTF19CAN foundation for kinetochore assembly.
Apart from the members of the CTF19C*“N complex the CBF3 complex is only found in

budding yeast without its known human orthologue. It specifically binds the



centromeric DNA and is required for localization of other kinetochore proteins (Ng and

Carbon 1987).

Table 1 Overview of the known kinetochore subunits in budding yeast and human cells

Comparison of the known kinetochore subunits in budding yeast and human cells (Biggins
2013, Musacchio and Desai 2017).

Kinetochore proteins

Kinetochore layer Subcomplex
S. cerevisiae | H. sapiens
Ndc10
Cep3
CBF3 complex Ctf13
Centromeric DNA Skpl
binding components Cbf1l
Csed CENP-A
CENP-B
Mif2 CENP-C
Mcm21 CENP-O
COMA Ctf19 CENP-P
Okp1 CENP-Q
Amel CENP-U

Mcm16 CENP-H

CCAN network Ctf3 CENP-I
HIK complex Mcm22 CENP-K
CENP-M
Cnnl CENP-T
CENP-TWSX Wip1 CENP-W
Mhf1 CENP-S
Mhf2 CENP-X
Nkp1
Nkp2
Dsnl Dsnl
Nsl1 Nsl1
Mis12/MIND Mtw1 Mis12
KMN network Nnfl Pmfl
Spcl05 Knl1
KNL1 Kre28 Zwint
Ndc80 Ndc80 Ndc80




Nuf2 Nuf2
Spc24 Spc24
Spc25 Spc25
Askl
Dadl
Dad2
Dam1/DASH Dad3
complex Dad4
Microtubule binding Daml
components Duol
Spc19
Skal
Skal Ska2
Ska3

1.3.2 The CBF3 complex

The CBF3 complex (CBF3c) was only identified in inter-related budding yeasts as CEN
DNA sequence binding complex (Ng and Carbon 1987). The S. cerevisiae centromeric DNA
consists of three distinct regions, 8 bp long CDEI, 78-86 bp AT rich CDEIl and 25 bp CDEII
sequence (Hegemann and Fleig 1993). CBF3c binds the CDEIll sequence in such a 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 CBF3c in
vitro and localization of Ndc10 and Mif2 proteins in vivo (Ng and Carbon 1987, Hegemann and
Fleig 1993, Lechner and Carbon 1991, Meluh and Koshland 1997). Apart from Cbfl all
kinetochore proteins require CBF3c for their recruitment. It consists of four essential subunits
assembled as Skpl:Ctf13 (Suppressor of kinetochore protein mutant 1: Chromosome
transmission fidelity 13) heterodimer, Cep3 (Centromere protein 3) homodimer, and Ndc10
(Nuclear division cycle 10-1) homodimer. All four proteins are essential for kinetochore
function (Doheny et al. 1993, Goh and Kilmartin 1993, Russell, Grancell and Sorger 1999,
Strunnikov, Kingsbury and Koshland 1995, Jiang, Lechner and Carbon 1993). The CBF3 core
refers to the Skpl1:Ctf13:(Cep3)2 subassembly which is stable in vitro (Leber, Nans and
Singleton 2018). Skp1, the only conserved CBF3 protein, was identified a few years after the
other three components as a suppressor of CBF3 mutations (Connelly and Hieter 1996). It is
better known as a subunit of the Skp1/Cullin1/F-box ubiquitin ligase family (SCF ligases) and a

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



complex (Deshaies 1999, Seol et al. 2001). Skp1 is able to bind multiple different F-box proteins
with its C-terminus (Tang et al. 2012, Purvis and Singleton 2008). The N-terminus of Ctf13
contains an F-box responsible for Skp1 binding, this interaction is indispensable for Ctf13 which
is unstable on its own (Russell et al. 1999). The function of Skp1 and Ctf13 in the kinetochore
context has not been clarified. Skp1 promotes Ctf13 phosphorylation as demonstrated in insect
cells and activates the CBF3c to form a CBF3—CEN DNA complex in vitro (Kaplan, Hyman and
Sorger 1997). Assembly of the CBF3 complex is highly regulated by posttranslational
modifications (Stemmann and Lechner 1996, Kaplan et al. 1997, Kitagawa et al. 1999). Three
subunits of the CBF3c (Cep3, Ctf13 and Ndc10) interact with DNA (Yan et al. 2018). Cep3is a
homodimer with an N-terminal Gal-4 like domain. The two zinc finger domains from each of
the two Cep3 proteins display specificity for CCG triplets in the CDEIll region of centromeric
DNA (Bellizzi, Sorger and Harrison 2007, Purvis and Singleton 2008). It also contains an aMN
helix required for CBF3 binding that displays specificity for the conserved TGT motif (Russell et
al. 1999). Cep3 carries the specificity of the CBF3c for CEN DNA binding while Ctf13 and Ndc10
enhance overall binding affinity, by non-specific DNA binding (Perriches and Singleton 2012).
Crystal and cryo-EM structures were determined for the full CBF3c together with DNA as well
as for individual components of the CBF3c (Yan et al. 2018, Lee et al. 2019, Zhang et al. 2019,
Leber et al. 2018, Purvis and Singleton 2008, Perriches and Singleton 2012, Cho and Harrison
2011, Orlicky et al. 2003). The Ndc10 protein is described as a part of the CBF3c, however, it
does not belong to the CBF3 core complex as it is not stable without DNA and does not easily
purify as a part of the complex in vitro as its N-terminal region interacts only with a small
surface of Ctf13 (Leber 2018, Yan et al. 2018). Kluyveromyces lactis Ndc10 has been subdivided
into five distinct functional domains. The N-terminal domain 1 interacts with Cbfl and CBF3c,
domain 2 enables CDEIl DNA contacts, domain 3 is responsible for Ndc10 dimerization while
domains 4 and 5 associate with Scm3/HJURP (Cho and Harrison 2011) (Figure 4). Its C-terminal
tail also contains a degron motif which is triggered by erroneous protein folding. It leads to
rapid degradation via HSP70 and the ubiquitin system (Furth et al. 2011). Ndc10 association
with Scm3™VURP has g crucial function for the cell as it is responsible for Cse4 deposition
(Camahort et al. 2007). It also interacts with the chromosomal passenger complex through

Bir1>U™vin (Bouck and Bloom 2005, Yoon and Carbon 1999).

10



1 159 194

Skp1 { BTB/POZ ]
F-box interaction

1 110 165 478

Ctf13 ( F-box LRR )
Skp1 interaction

1 47 608
Cep3 (ZnaCyss )
[ZI'IzC'fSG }
Cep3 dimerisation: Ctf3 interaction
1 182 553 956

Ndc1o (D1 D2 D3-5 D
C D

CBF3C interaction DNA binding Ndc10 dimerization
Cbf1 interaction SCM3/HJURP interaction

Figure 4 Components of the CBF3 complex.

Protein domains of S. cerevisiae CBF3c, their reported functions and interaction partners are
annotated. Adapted from (Zhang et al. 2019).

1.3.3 The Constitutive Centromere Associated Network

1.3.3.1 Mif2

Mif2¢ENP-Cis specifically recruited to the centromere through a hydrophobic region at the C-
terminus of Cse4“ENPA H2A and H2B histones (Kato et al. 2013) and the CBF3c (Westermann
et al. 2003). Conserved structural features between human CENP-A and the budding yeast
orthologue Mif2 include the PEST domain, characterised by a high percentage of proline (P),
glutamic acid (E), serine (S),and threonine (T) required for protein stability (Lanini and McKeon
1995), the CENP-C motif responsible for targeting the CENP-A C-terminal region and the
dimerization domain (Carroll et al. 2010, Kato et al. 2013). Two regions are required for
nucleosome binding, the ‘CENP-C central region” or ‘DNA binding domain’ (DBD) whose
function is taken over by the ‘AT-hook’ in budding yeasts which preferentially binds to the CDEII
region of the centromeric DNA with a higher AT content (Cohen et al. 2008, Brown 1995, Xiao
et al. 2017, Ali-Ahmad et al. 2019) and the CENP-C motif. The CENP-C motif is not able to
properly localize in the absence of the dimerization domain while the DNA binding domain is

sufficient for centromere targeting in vivo (Musacchio and Desai 2017, Milks, Moree and
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Straight 2009). It represents a crucial link between the centromeric nucleosome and the
kinetochore architecture (Weir et al. 2016) and is indispensable for chromosome segregation
(Milks et al. 2009, Song et al. 2002). Mif2¢EN"C provides a binding site for the Ame1/Okp1 inner
kinetochore complex (Hornung et al. 2014). It has been proposed that Mif2 and Amel N-
termini create mutually exclusive docking sites for the Mtw1 complex and thus recruit two
individual outer kinetochore KMN networks (Hornung et al. 2014, Dimitrova et al. 2016,
Killinger et al. 2020). Mif2 is one of the few essential CCAN proteins, however, its interaction
with the Mtw1 complex is dispensable (Hornung et al. 2014). This interaction is regulated
through an auto-inhibitory mechanism that is released upon Cse4 binding which prevents the

mis-localized binding of the outer kinetochore (Killinger et al. 2020).

1.3.3.2 The COMA complex

The four subunit COMA complex is composed of Ctf19EN"P? Okp1®ENP-Q Mcm21ENPC and
Ame1“ENPU (Hyland et al. 1999, De Wulf, McAinsh and Sorger 2003, Ortiz et al. 1999). Members
of the COMA complex were the first components identified of the Ctf19 complex. They are
recruited to the budding yeast centromere through the Cse4 containing nucleosome, CBF3c
and Mif2 (Ortiz et al. 1999). Amel/Okpl are essential proteins while Ctf19/Mcm21 are
required for accurate chromosome segregation, but not essential (Hyland et al. 1999, Hornung
et al. 2014). CENP-U and CENP-Q are not reported to be essential, although CENP-U deletion
leads to mouse embryonic stem cell death (Kagawa et al. 2014). Localization of Ame1/Okp1 is
independent of Ctf19/Mcm?21 as its deletion does not impair Ame1/Okp1 localisation. Vice
versa mutation of Ame1/Okp1 causes mis-localisation of Ctf19/Mcm21 (De Wulf et al. 2003,
Knockleby and Vogel 2009). Okp1 binds to the Ctf19/Mcm21 double RWD domain (found in
RING finger and WD repeat containing proteins and DEAD-like helicases) through the
Ctf19/Mcm21 binding domain on its C-terminus. The Amel/Okpl heterodimer selectively
interacts with the N-terminal END domain of Cse4 nucleosomes through the Okp1 core domain
(Anedchenko et al. 2019, Fischbock-Halwachs et al. 2019). The Amel N-terminus, along with
the N-terminus of Mif2 represents the only known link from the inner kinetochore to the Mtw1
complex of the outer kinetochore in budding yeast (Hornung et al. 2014). Yet, no link to the
outer kinetochore has been detected for the human orthologue CENP-OPQUR (Pesenti et al.
2018).
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1.3.3.3 Chl4/Imi3

The human orthologues of Chl4/Iml3, CENP-N and CENP-L are involved in selective binding of
CENP-A nucleosomes and nucleosome stabilization. With its N-terminal region CENP-N
interacts with the RG loop of CENP-A as well as the centromeric DNA (Guo et al. 2017,
Pentakota et al. 2017, Chittori et al. 2018, Tian et al. 2018). The RG loop comprises differences
in accessibility for CENP-N resulting in cell cycle dependent recruitment (Fang et al. 2015,
Hellwig et al. 2011). CENP-LN also directly interacts with CENP-C and the CENP-H-I-K-M
complex, both required for its localization (McKinley et al. 2015). So far, the only evidence of
Chl4/Iml3 interaction with the Cse4 nucleosome is via the CENP-N DNA binding groove with
the unwrapped DNA (Yan et al. 2019), however there is no indication of a stable complex
formation with Cse4 or H3 nucleosomes assembled on the in vitro nucleosome positioning
Widom 601 sequence (Fischbock-Halwachs et al. 2019, Lowary and Widom 1998). Deletion of
Chl4 results in viable cells displaying chromosome loss and instability (Kouprina et al. 1993).
The budding yeast Chl4/Iml3 complex requires Mif2 and Ctf19/Mcm?21 for proper centromere

localization (Schmitzberger et al. 2017).

1.3.3.4 The CTF3 complex (Mcm16/Ctf3/Mcm?22)

The budding yeast CTF3c consists of Mcm16%ENPH  Ctf3CENPI and Mcm22CENPK (Measday et al.
2002). In humans it is referred to as CENP-HIKM complex, with CENP-M so far not being
recognised in budding yeast (Basilico et al. 2014). It is also known as a part of a larger stable
complex known as CENP-CHIKMLN (Weir et al. 2016). CENP-HIK interacts with CENP-A
nucleosomes, however, it does not display specificity as it equally interacts with H3
nucleosomes and DNA. Formation of a large CENP-CHIKMLN complex introduces selectivity
towards CENP-A nucleosomes, probably through CENP-C and CENP-N (Carroll et al. 2009, Kato
et al. 2013, Tian et al. 2018, Weir et al. 2016). The role of the budding yeast CTF3c is less
understood. Kinetochore localization of CTF3c is cell cycle dependent, displaying the highest
levels in late anaphase and dropping before S phase (Pot et al. 2003). CTF3c can be purified as
a stable complex in vitro. It interacts through anti-parallel interaction of Ctf3 N-terminal HEAT
repeats and C-terminal helical knob with Mcm16/22 coiled coils (Hinshaw, Dates and Harrison

2019). The complex recruits the Cnn1/Wipl dimer as a stable five subunit assembly through
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the Cnn1 histone fold domain. As such it is able to bind two subunits of the microtubule binding

Ndc80 complex (Pekgoz Altunkaya et al. 2016b).

1.3.3.5 Cnn1/Wip1, Mhf1/Mhf2

The human orthologue of Cnn1/Wip1 and Mhf1/Mhf2 is the CENP-T/W/S/X complex. CENP-T-
W associates as a stable complex with CENP-S-X (Amano et al. 2009). They contain histone fold
domains and it is proposed that they create a nucleosome-like structure wrapping the
centromeric DNA (Hori et al. 2008, Nishino et al. 2012). The CENP-T/W/S/X complex induces
positive supercoiling in the DNA, as opposed to canonical nucleosomes, but without evidence
of sequence selectivity. Therefore, there is still a certain level of scepticism whether it forms a
second nucleosome adjacent to CENP-A. When incubated with CENP-A or H3 di-nucleosomes
it does not localise with the nucleosome-bound DNA or create familiar patterns upon nuclease
cleavage (Takeuchi et al. 2014). It does also not require any histone chaperones for its
localization, which seems to be dependent on CENP-A and CENP-HIKM (Thakur and Henikoff
2016, Basilico et al. 2014, Pekgoz Altunkaya et al. 2016b, McKinley et al. 2015). Accordingly,
Cnnl1/Wipl and Mhfl/Mhf2 do not form a stable complex under in vitro conditions or interact
with chromatin (Pekgoz Altunkaya et al. 2016a). However, presumably specific, yet
unidentified conditions are required for this interaction to occur in budding yeast. The
elongated N-terminal region of CENP-T-W provides a binding interface for outer kinetochore
proteins (Gascoigne et al. 2011, Suzuki et al. 2011). It has been shown that in budding yeast
Cnn1“NPT binds the Ndc80 complex and this pathway becomes essential when the Mis12
pathway is impaired (Lang, Barber and Biggins 2018). CENP-T-W requires CENP-A for its

localization, but does not directly bind to it.

1.3.3.6 Nkp1/Nkp2

The Nkp1/Nkp2 heterodimer was identified as “non-essential kinetochore protein 1 and 2”
without its human orthologue (Cheeseman et al. 2002). It associates with the COMA complex
via the C-termini of Okp1 and Amel. This interaction stabilizes the termini consequently aiding
kinetochore stability. The human orthologue of the COMA complex, CENP-OPQU copurifies

with CENP-R which might carry out a similar function (Schmitzberger et al. 2017).
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Figure 5 Architecture of the budding yeast kinetochore

The budding yeast kinetochore is assembled on a single Cse4 nucleosome wrapped with CEN3
DNA. The CBF3 complex is responsible for the recruitment of Cse4 to the centromere and
ensures tight wrapping of the DNA surrounding the nucleosome. The inner kinetochore is
bound to the nucleosome via Amel1/Okpl and Mif2 interactions. With their N-termini Amel
and Mif2 provide a docking site for the outer kinetochore through interaction with the MTW1
complex. The C-terminal regions of MTW1 and CTF3c:Cnn1/Wip1 provide a binding interface
for the microtubule binding NDC80 complex (Fischbock-Halwachs et al. 2019, Lang et al. 2018,
Musacchio and Desai 2017).

1.3.4 The outer kinetochore

The outer kinetochore or KMN network is assembled of Kinetochore null 1 (SPC105%N*), Mis-
segregation 12 (MTWcM®2) and Nuclear division cycle 80 (NDC80ONP®9) complexes which
interact with the CTF19““AN complex (Pagliuca et al. 2009, Foley and Kapoor 2013). The 4-
subunit MTW1 complex (consisting of Dsn1, Mtw1, Nsl1 and Nnfl in budding yeast) directly
docks to the Mif2¢N"C and Amel N-termini and serves as a structural backbone of the

kinetochore (Przewloka et al. 2011, Hornung et al. 2014, Hinshaw and Harrison 2018). Crystal
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structures of human and K. /actis MTW1c revealed an elongated Y shaped heterotetrametric
complex. Branching of the heterodimers Mtw1:Nnfl and Dsn1:Nsl1 creates globular modules
of head I and head Il in the N-terminus, respectively (Dimitrova et al. 2016). Phosphorylation
of Dsn1 S240/5250 (S213/S223 in K. lactis) releases a binding site on head | which mediates
binding of Mif2 and Ame1l. Phospho-regulation of Dsn1 by Ipl1u28 s essential for budding
yeast and a phosphorylation deficient Dsn1-S240A/S250A mutant is targeted for degradation.
Mutation of the Cdk1 phosphorylation site S264 prevents degradation of Dsn1-S240A/S250A
suggesting its role in regulation of Dsn1l levels (Akiyoshi et al. 2013b, Akiyoshi, Nelson and
Biggins 2013a, Dimitrova et al. 2016). The binding of Mif2 and Ame1l to the MTW1c seems to
be mutually exclusive indicating that they bind two separate MTW1 complexes (Killinger et al.
2020). The MTW1c C-terminus seems to be essential for establishing the KMN network, since
it promotes the assembly of the other two outer kinetochore complexes,
Spc105KNt/Kre287WINT and Ndc80C (Ndc80, Nuf2, Spc24, Spc25) (Cheeseman et al. 2006).
Motifs in the C-termini of human NSL1 and the yeast Dsn1, Mtw1 and Nsl1 subunits, provide
binding sites for the C-terminal RWD domains of the Spc24/25 heterodimer of the Ndc80
complex (Petrovic et al. 2010, Malvezzi et al. 2013, Dimitrova et al. 2016, Ghodgaonkar-Steger
et al. 2020). The MIS12M™I¢ complex provides a binding site for KNL1C%P¢%¢ involving a C-
terminal motif in the human NSL1 protein or short helices in budding yeast Mtw1 and Nsl1,
respectively (Petrovic et al. 2014, Ghodgaonkar-Steger et al. 2020).

The budding yeast SPC105 N complex consists of Spc105 and Kre28 assembled in a 1:2 ratio.
The N-terminal region of Spc105%N contains a patch of multiple Met-Glu-Leu-Thr amino acids
termed MELT repeats, which serve as a binding motif for spindle assembly checkpoint proteins
crucial for correct microtubule-kinetochore attachments (Primorac et al. 2013, London and
Biggins 2014, Foley and Kapoor 2013, Kiyomitsu, Murakami and Yanagida 2011). It also aids in
providing a microtubule binding interface along with NDC80c, however the details of the
interaction are yet to be investigated (Pagliuca et al. 2009). The C-terminal region of human
KNL1 establishes a connection to the inner kinetochore via the MIS12M™! complex (Pagliuca
etal. 2009, Foley and Kapoor 2013). In budding yeast this interaction is carried out by the coiled
coil 2 domain of Kre28, while the human Kre28 orthologue Zwint-1 was shown to be redundant
for the interaction which is solely accomplished through the KNL1 protein (Petrovic et al. 2014,

Ghodgaonkar-Steger et al. 2020).
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The NDC80 complex is the main microtubule binding site of the kinetochore. It consists of
Ndc80/Nuf2 and Spc24/Spc25 heterodimers which are connected through elongated coiled
coils forming a heterotetramer (Musacchio and Desai 2017). The positively charged N-terminal
region of Ndc80 and the calponin homology domains of Ndc80 and Nuf2 account for the main
microtubule contact sites (Alushin et al. 2010, Wang et al. 2008). On the opposite side it docks
to the inner kinetochore via binding of the Spc24/25 RWD domains to the C-terminus of the
Mtw1C involving Dsn1-, Nsl1- and Mtw1 short helical motifs. All of the motifs are required and

crucial for cell viability. Spc24/25 also forms weak interactions with SPC105¢cNt¢

aiding to
overall stability of the outer kinetochore (Malvezzi et al. 2013, Petrovic et al. 2010,
Ghodgaonkar-Steger et al. 2020). When the Mtw1 pathway is impaired the same Spc24/25
binding site is occupied and rescued via Cnn1 binding. However, phosphorylated Cnn1 is not
able to bind Spc24/25 and it has been proposed that phosphorylation of Cnn1, which peaks in
anaphase, serves as a mechanism to disassemble Ndc80 from the KMN (Lang et al. 2018,
Malvezzi et al. 2013, Bock et al. 2012).

The budding yeast specific essential DAM1 complex creates a ring around microtubules and
increases kinetochore affinity for microtubule binding. In vertebrates a similar role is carried
out by the spindle and kinetochore-associated (SKA) complex, however its function is
redundant. The difference probably lies in the fact that the budding yeast point centromere
associated kinetochore binds only a single microtubule, while in vertebrates regional

centromeres provide attachment sites for ~20 microtubules (Westermann et al. 2006,

Helgeson et al. 2018) (Figure 5).

1.3.5 Error correction of incorrect microtubule attachments

Proper separation of the sister chromatids is a crucial task for healthy cell division and
proliferation. In humans, all 46 chromosomes have to be accurately and faithfully duplicated
and divided with each cell cycle to prevent aneuploidy and abnormalities including cancer
(Walczak, Cai and Khodjakov 2010, Weaver and Cleveland 2006). In order for chromosomes to
be accurately divided they have to be properly attached to microtubules, this is called
amphitelic attachment where kinetochores are attached to both spindle poles. Spindle
microtubules stochastically search for attachment sites which also leads to inevitable false

attachments. Microtubules are inherently unstable and if the correct tension is not detected
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by the kinetochore they will not get stabilised and will detach. Monotelic (one sided
kinetochore binding) and syntelic (both kinetochores are anchored to the same spindle pole)
attachments are generally more easily detected and corrected due to incorrect tension.
However, human kinetochores bind approximately 20 microtubules and correcting merotelic
(where one kinetochore is attached to both poles while the other kinetochore is properly
attached to one pole) attachments represents a bigger challenge and thus is the major cause
of aneuploidy. The recognition of a false merotelic attachment will also depend on the number
of microtubules that are improperly attached thereby changing the tension (Cimini 2008,
Musacchio and Salmon 2007, Nicklas 1997) (Figure 5).

Proper kinetochore — microtubule attachment is monitored by the chromosomal passenger
complex (CPC), which consists of the Ipl1AURORAB kingse, SIi15NCENP Bjr1SURVIVIN g d Np|1BOREALIN
(Biggins and Murray 2001, Tanaka et al. 2002). The CPC acts as a tension sensor
phosphorylating the tensionless microtubule binding interface. Aurora B kinase
phosphorylates the outer kinetochore complexes KNL1C, Ndc80C, Dam1 and SKAc which leads
to reduced microtubule binding and depolymerization (DelLuca and Musacchio 2012, Nicklas
1997, Zaytsev et al. 2014). If the microtubule attachment is recognised as accurate it will be
stabilised. Intra kinetochore stretching results in reduction of Aurora B activity allowing
phosphatases such as PP1 to be recruited via KNL1 (Joglekar, 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

Figure 6 Types of kinetochore microtubule attachments

Proper stable bi-polar 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. Monotelic attachments: only one sister chromatid is attached to a single
kinetochore; synthelic attachments: both kinetochores are attached to the same spindle pole;
merotelic attachments: microtubules from opposite spindle poles are attached to a single
kinetochore (Kelly and Funabiki 2009).

1.3.6 The spindle assembly checkpoint

The spindle assembly checkpoint (SAC) (Figure 1) acts as a mitotic quality control before
anaphase onset ensuring proper chromosome bi-orientation. As long as kinetochores are not
stably bound to microtubules the SAC is activated and anaphase onset is delayed (Li and
Murray 1991). This is achieved by recruitment of specific SAC proteins, Bub3, Mad2, BubR1Ma%3
and Cdc20, that form the mitotic checkpoint complex (MCC). Apart from MCC proteins Mad1,
Bub1, Mps1, and Aurora B kinase are required for SAC function. The MCC targets and inhibits
the APC/C apoenzyme, but once Cdc20 is bound anaphase is initiated (Murray 2004, Fujimitsu,
Grimaldi and Yamano 2016, Qiao et al. 2016).

The Mps1 kinase in yeast acts as a regulator of the SAC proteins, it allows recruitment of Bub1
and Bub3 proteins to the outer kinetochore KNL1P%9> complex by phosphorylating its N-
terminus (Weiss and Winey 1996). Bub1 recruitment is required for the majority of the SAC
proteins, BubR1M243 Bub3, Mad1 and Mad2 and subsequent formation of the MCC (Taylor, Ha
and McKeon 1998). Mad2 exists in two conformational forms, inactive O-Mad2 (open) and
active C-Mad2 (closed). O-Mad2 in the cytosol is converted into its active form by Mad1l
binding. Only C-Mad?2 is able to bind Cdc20. Formation of the core MCC formed by C-Mad2,
BubR1, Bub3 and Cdc20 proteins results in depletion of free Cdc20 as well as inactivation of
the Cdc20 bound APC/C (Faesen et al. 2017).

Upon proper microtubule attachment to the kinetochore there is a reduction in the local
amount of Mps1 and spatial separation of KNL1 and Ndc80. Ndc80 binding physically prevents
Mps1 from phosphorylating KNL1 (Joglekar et al. 2009, Joglekar and Aravamudhan 2016).
Protein phosphatases 1 (PP1) and 2A (PP2A) are recruited to KNL1 and dephosphorylate its N-
terminus. This prevents further recruitment of SAC proteins to the kinetochore and MCC
formation. Cdc20 is now free to activate the APC/C which swiftly leads to degradation of
securin and cyclin B. Degradation of securin releases separase which cleaves the cohesin kleisin
subunit between the sister chromatids leading to anaphase (Meadows and Millar 2015, London

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

Previous studies reported substantial knowledge about individual kinetochore subunits
and the regulation of kinetochore function by posttranslational modifications. High resolution
structures of isolated kinetochore complexes using cryo-electron microscopy and
crystallography have been published (reviewed in (Pesenti, Weir and Musacchio 2016, Nagpal
and Fukagawa 2016, Schalch and Steiner 2017)). However, a comprehensive topological map
of the kinetochore core structure was still missing. My colleagues were working on obtaining
a network of the native budding yeast kinetochore using chemical cross-linking and mass
spectrometry. The results obtained from this protein network confirmed many of the known
interactions, and provided new information which is the foundation of this thesis.

We observed a large number of crosslinks within the outer kinetochore KMN network,
specifically at the C-terminus of the MTWc. This area is unstructured and flexible, and thus it
was unlikely to obtain this information by high resolution structural analysis. This is when |
joined the project to investigate the connectivity in the outer kinetochore using biochemical
and genetic analysis to address the following questions:

1. Is the putative helix motif in the Mtw1 C-terminus required for with the assembly

of the SPC105c and NDC80c at the outer kinetochore?

2. Whatis the contribution of the Mtw1 helix to the binding sites provided by the Nsl1
and Dsn1 helices and do these motifs cooperate to stabilize the outer kinetochore
assembly?

3. How is SPC105c bound to MTW1c and is this interaction essential?

4. Do SPC105c and NDC80c associate and does this affinity enhance the overall KMN

stability?

In the second project | focused on the nucleosome-associated kinetochore complexes. Budding
yeast Mif2 was the only known direct link between the centromeric nucleosome and the outer
kinetochore MTW1c. However, a single connection would not facilitate the stable transmission
of the pulling forces of the depolymerizing microtubules. Thus, it is was likely that Mif2 was not
the only attachment site. In order to obtain further insights, | addressed the following

guestions:
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Is there another link between Cse4 nucleosomes and the outer kinetochore apart from
Mif27?

Is the yeast orthologue of CENP-LN, Chl4/Iml3, involved in Cse4 binding as described
for human CENP-A nucleosomes?

Does the budding yeast CTF3c bind centromeric nucleosomes as described for the
human CENP-HIK complex?

Which domain of the Ame1/Okp1 complex mediates the direct interaction with the

Csed nucleosome?

During the course of my efforts to study the nucleosome-assembled inner kinetochore |

discovered that Ndc10, a subunit of the CBF3 complex forms a yet unknown link between the

Cse4 nucleosome and the outer kinetochore MTW1 complex. This implied that there might be

a third pathway of tethering the outer kinetochore to the nucleosome, apart from Mif2 and

Amel/Okp1l interactions. The aim of this third project was to understand the importance of

this interaction for kinetochore assembly and characterise the molecular basis of this

interaction.

1.

Is the Ndc10 link between the Cse4 nucleosome and the MTW1c crucial for cell
viability?

What are the sequence motifs mediating the Ndc10 — MTW1c interaction?

How does the Ndc10 binding mode compare to interactions with Mif2 and Ame1/0Okp1
and is there a binding hierarchy of the three MTW1c recruiters?

Are there binding interdependencies between Mif2, Ame1/Okp1 and Ndc10 how do

they affect MTW1c recruitment?

The work on these 3 projects are described in the thesis as follows. The first two projects

resulted in joint publications which are included in the thesis as well as the manuscript on the

Ndc10 project which 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

Fischbock-Halwachs J*, Singh S*, Potocnjak M*, Hagemann G, Solis-Mezarino V, Woike S,
Ghodgaonkar-Steger 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; 8. doi: 10.7554/elife.42879. (*equal contribution)
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The COMA complex interacts with Cse4
and positions Sli15/Ipl1 at the budding
yeast inner kinetochore

Josef Fischbdck-Halwachs'?%, Sylvia Singh™?!, Mia Potocnjak?*,

Goétz Hagemann'?, Victor Solis-Mezarino™?, Stephan Woike'?,

Medini Ghodgaonkar-Steger?, Florian Weissmann?, Laura D Gallego*,
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

Fischb&ck-Halwachs et al. eLife 2019;8:e42879. DOI: https://doi.org/10.7554/elife.42879 30f 28

25



e LI F E Research article Biochemistry and Chemical Biology | Cell Biology

A C

o
N v
> & N N 1 289
Lo & K N MW1 c
o S
. SESF I FESS vONNE e
1 368
N IMCMZINE I 1 576
> c

-Cse4-NCP

-H3-NCP

2
N o
Q Q NS N
& ] Q
S S e
~ 2 L Q&
FFNTEFS FESE
kD:
- — = intra protein
70~ pa— w—_ inter-subunit
— - pu— = inter-subcomplexes
. - B RWD Nkp1-Nkp2 binding [l dimerization M MTW1C binding
5l = - - W coiled coil 1 Core region W 'mi3 binding W signature motif
= Il MIND binding |l Ame1 binding histone core | IML3/CHL4 binding
Rl T - - Okp1 binding Ctf19-Mcm21 binding i CATD W cupin fold

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.
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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-

Fischbéck-Halwachs et al. eLife 2019;8:€42879. DOI: https://doi.org/10.7554/eLife.42879 19 of 28

30



e LI FE Research article

Continued

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

Fischbéck-Halwachs et al. eLife 2019;8:€42879. DOI: https://doi.org/10.7554/eLife.42879 17 of 28

32



e LI FE Research article Biochemistry and Chemical Biology | Cell Biology

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

Fischbéck-Halwachs et al. eLife 2019;8:€42879. DOI: https://doi.org/10.7554/eLife.42879 15 of 28

34



LI F E Research article Biochemistry and Chemical Biology | Cell Biology

Figure 6 continued

anchor-away (SLI15/CTF19-FRB) strain, containing a minichromosome, either untransformed (-) or transformed with the indicated rescue constructs in
the absence or presence of 1 pg/ml rapamycin. The percentage and standard error of red/red sectored colonies to the total colony number (white plus
red/red sectored) of three biological replicates is shown. The results of 100% red colonies may be indicative of non-optimal conditions for the
chromosome loss assay in combination with the anchor-away technique. (C) Localisation of ectopically expressed Ctf19-Okp1-GFP and Ctf19AC-Okp1-
GFP fusion proteins in the Ctf19 anchor-away strain (SLIT5/CTF19-FRB) in the presence of 1 pg/ml rapamycin. Live cell fluorescence microscopy was
performed 3 hr after rapamycin addition. Ndc80-mCherry was used as kinetochore marker. Merged mCherry and GFP signals are shown on the right.
(BF: brightfield).

DOI: https://doi.org/10.7554/eLife.42879.009

The following source data and figure supplements are available for figure 6:

Source data 1. Quantification of the minichromosome loss assay in a SLI15/CTF19-FRB strain.

DOI: https://doi.org/10.7554/eLife.42879.012

Figure supplement 1. Ctf19AC-GFP does not localize to kinetochores.

DOI: https://doi.org/10.7554/eLife.42879.010

Figure supplement 2. The N-terminal fusion protein of Ctf19 with Okp1 does not rescue chromosome segregation defects upon nuclear depletion of
Ctf19 in the Sli15 wild-type background.

DOI: https://doi.org/10.7554/eLife.42879.011

Cse4 N-terminus and the binding interface for Ame1/Okp1 are mediated by the same 13 amino acid
motif (Figure 2) suggests that Ame1/Okp1 is an essential link between centromeric nucleosomes
and the outer kinetochore (Hornung et al., 2014).

Recent studies have identified the same Cse4 region to interact with Ame1/Okp1
(Anedchenko et al., 2019; Hinshaw and Harrison, 2019). Anedchenko et al. found that the affinity
of Cse4 N-terminal peptides to Ame1/Okp1 increases with the peptide length up to the low nano-
molar range and that methylation of Cse4 R37 and acetylation of Cse4 K49 significantly reduces the
binding affinity. Similarly, this region is regulated by Ipl1 phosphorylation in vivo and phosphoryla-
tion-mimicking mutants have been found to suppress temperature-sensitive Ipl1 and phosphoryla-
tion-deficient Dam1 und Ndc80 mutations (Boeckmann et al., 2013), and to decrease the affinity of
a Csed peptide to Ame1/Okp1 (Hinshaw and Harrison, 2019). This observation has interesting
implications on the regulation of kinetochore assembly by Ipl1 destabilizing the Cse4-Ame1/Okp1
interaction in a cell cycle regulated manner. Moreover, weakening the interaction of Ame1/Okp1
with Cse4 may have a role in the tension sensing and error correction mechanisms
(Boeckmann et al., 2013).

Dual recognition of Cse4 at point centromeres by a CTF19c““AN
architecture distinct from vertebrate regional centromeres

In vertebrates, CENP-NL and CENP-C, interact directly and specifically with CENP-A. CENP-C binds
divergent hydrophobic residues at the CENP-A C-terminus, whereas CENP-N associates with the
CENP-A CATD (Carroll et al., 2009; Carroll et al., 2010; Guse et al., 2011; Kato et al., 2013;
Weir et al., 2016; Pentakota et al., 2017). Recently, electron microscopy reconstructions of human
CENP-A nucleosomes in complex with CENP-N/L identified the RG motif in the L1 loops of the
CATD (Zhou et al., 2011) as the CENP-N interaction site in CENP-A (Pentakota et al., 2017,
Chittori et al., 2018; Tian et al., 2018). We did not detect complex formation of Chl4/ImI3 with
Cse4-NCPs in our EMSA (Figure 1A). Whether this observation can be attributed to the lack of con-
servation of the RG motif in the corresponding Cse4 sequences in related budding yeasts
(Figure 2A), and whether this reflects a different role of Chl4/ImlI3 in Cse4 recognition and kineto-
chore assembly remains to be determined. Our crosslink-derived restraints are also in good agree-
ment with a recent cryo-electron microscopy structure of a 13-subunit budding yeast inner
kinetochore complex lacking the Cse4-NCP and Mif2 (Hinshaw and Harrison, 2019) showing for
instance crosslinks between the C-terminal domain of Chl4 and central regions of Ctf19 and Mcm21.

Similarly in humans, recruitment of the CENP-OPQRU complex to kinetochores requires a joint
interface formed by CENP-HIKM and CENP-LN (Foltz et al.,, 2006; Okada et al., 2006;
Pesenti et al., 2018), but loss of the complex does not affect localization of other inner kinetochore
proteins. Differences between vertebrate and budding yeast inner kinetochores are reflected by the
physiological importance of the involved proteins, as Ame1/Okp1 together with Mif2 are the
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Figure 6. The Ctf19 C-terminus is important for chromosome segregation in the Sli15 wild-type background. (A) Left panel: Growth assay of the
sli1T5AN/CTF19-FRB strain expressing Ame1-Ctf19, Ame1-Ctf19AC, Okp1-Ctf19, Okp1-Ctf19AC, Ctf19-Okp1 and Ctf19AC-Okp1 fusion proteins from the
rescue plasmid. Right panel: Western blot analysis visualizing the levels of the ectopically expressed, C-terminally 7xFLAG-tagged fusion proteins. Pgk1
levels are shown as loading control. (aa: Anchor-away) (B) Minichromosome loss assay. Chromosome segregation fidelity was determined in the Ctf19

Figure 6 continued on next page
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Figure 5. Synthetic lethality of SliT5AN and Ctf19 depletion is rescued by fusing Sli15AN to Ame1/Okp1 and is independent of Ctf19's role in cohesin
loading. (A)-(D) Cell viability assays studying the rescue of synthetic lethality of a sliT5AN/CTF19-FRB strain using the anchor-away system. The indicated
constructs were transformed into a Ctf19 anchor-away (aa) strain (Ctf19-FRB) carrying sli15AN (AN) at the endogenous locus (A, B, D,) or into a Sli15
anchor-away strain (Sli15-FRB) (C). Yeast growth was tested in serial dilutions either untransformed (-) or transformed with the indicated rescue
constructs on YPD medium in the absence or presence of 1 ug/ml rapamycin at 30°C. The lower panels in (B), (C) and (D) show western blot analysis of
the ectopically expressed protein levels. Pgk1 levels are shown as loading control. (A) Deletion of the Ctf19 N-terminus (Ctf19AN2-30) does not affect
cell viability in a sliT5AN background. (B) Artificial tethering of Sli1T5AN to Ame1 or Okp1 rescued synthetic lethality of sliT5AN cells upon Ctf19-FRB
depletion from the nucleus. (C) Growth phenotypes of Sli15 wild-type, Sli1SASAH, Sli15AN, and Sli1SANASAH tested in a Sli15-FRB anchor-away strain.
(D) Rescue of cell growth by ectopic Ame1-Sli15AN or Okp1-Sli15AN fusion proteins is dependent on the Sli15 Ipl1-binding domain (IN-box), whereas
the SAH domain is dispensable.

DOI: https://doi.org/10.7554/eLife.42879.008
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Figure 4 continued

Recombinant Sli15-2xStrep/Ipl1 was immobilized on Streptavidin beads and incubated with Ctf19/Mcm21, Ame1/Okp1 or Ame1/Okp1/Ctf19/Mcm21.
Autophosphorylation (p) of Sli15/Ipl1 largely reduced bound protein levels. Dephosphorylation (dp) of Sli15/Ipl1 did not alter the bound proteins levels,
which were visualized by SDS-PAGE and Coomassie staining. (C) In vitro binding assay analyzing the interaction of Sli15/Ipl1 with Ctf19/Mcm21 or
Ctf19AC/Mcm21. Ctf19AC lacks the last 100 amino acids which form the C-terminal RWD domain. This panel is representative of three independent
experiments.

DOI: https://doi.org/10.7554/elife.42879.007

Ame1- or Okp1-Ctf19 fusion proteins require the Ctf19 RWD-C domain
to rescue synthetic lethality of a sliT5AN mutant strain upon Ctf19
depletion

Since the RWD-C domain of Ctf19 was required for association with Sli15/Ipl1 in vitro (Figure 4C),
we asked whether its deletion would cause synthetic lethality with sliT5AN. As recently described,
the Ctf19 C-terminus is involved in formation of the COMA complex through binding to Okp1
(Schmitzberger et al., 2017) and consequently, its deletion abrogates kinetochore localization of
Ctf19 (Figure 6—figure supplement 1). To circumvent loss of Ctf19 from kinetochores, we tested
whether Ame1 or Okp1 fusions to wild-type Ctf19 or Ctf19AC were able to rescue synthetic lethality
in the sliT5AN/CTF19-FRB background. Fusions to both, the N- or C-terminus, of wild-type Ctf19
restored viability, whereas fusions to Ctf19AC resulted in synthetic lethality (Figure 6A) suggesting
that recruitment of Ipl1 activity to the inner kinetochore mediated by the Ctf19 C-terminus is impor-
tant for CPC function.

Deletion of the Ctf19 RWD-C domain causes a chromosome
segregation defect in the Sli15 wild-type background

Since Ctf19 mutants display normal growth, but have chromosome segregation defects
(Hyland et al., 1999), we tested whether the Ctf19 C-terminus is important for this function using
the minichromosome loss assay (Hieter et al., 1985). The Ctf19 anchor-away strain was transformed
simultaneously with the various Ctf19 rescue constructs and a centromeric plasmid carrying the
SUP11 gene as a marker which indicated loss of the minichromosome by red pigmentation
(Hieter et al., 1985). Depletion of Ctf19 from the nucleus resulted in a severe chromosome segrega-
tion defect that was not observed by growing cells on medium lacking rapamycin which showed 4%
red/sectored colonies (Figure 6B). Ectopic expression of the Ctf19 wild-type protein decreased the
segregation defect to 19% red/sectored colonies (Figure 6B, Figure 6B—source data 1) and fusion
of Okp1 to the C-terminus of wild-type Ctf19 reduced the red/sectored colonies to 32%. But the
fusion of Okp1 to the Ctf19 N-terminus (Okp1-Ctf19 and Okp1-Ctf19AC) did not rescue the segre-
gation defect (Figure 6—figure supplement 2, Figure 6B—source data 1), indicating that the func-
tion of the Ctf19 N-terminus is compromised by fusing it to Okp1 (Figure 6B, Figure 6B—source
data 1). Thus, the Ctf19-Okp1 fusion rescued the segregation defect, albeit to a slightly lesser
extent than the Ctf19 wild-type protein. In contrast, Ctf19AC-Okp1, which was localized at the kinet-
ochore (Figure 6C), was unable to rescue the segregation defect (Figure 6B, Figure 6B—source
data 1) suggesting that the Ctf19 C-terminus has a role in mediating accurate chromosome
segregation.

Discussion

The Ame1/Okp1 heterodimer directly links Cse4 nucleosomes to the
outer kinetochore

We investigated the subunit connectivity of the inner kinetochore assembled at budding yeast point
centromeres at the domain level using in vitro reconstitution and XLMS. We found that in addition
to Mif2 (Xiao et al., 2017), the Ame1/Okp1 heterodimer of the COMA complex is a direct and
selective interactor of Cse4-NCPs. We identified the conserved motifs aa 163-187 of the Okp1 core
domain (Figure 3B,C) (Schmitzberger et al., 2017) and aa 34-46 (Figure 2D,E) of the Cse4 END to
establish the interaction. Although, we did not address whether the Cse4 residues 34-46 are
required for the Ame1/Okp1 kinetochore recruitment, the notion that the essential function of the
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Figure 4. The core-CPC Sli15/Ipl1 associates with the COMA complex through the Ctf19 C-terminal RWD domain in vitro. (A) Network representation
of lysine-lysine cross-links identified on recombinant Sli15/Ipl1 in complex with COMA.. 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. Protein lengths and
cross-link sites are scaled to the amino acid sequence. (B) In vitro binding assay analyzing the interaction of Sli15/Ipl1 with the COMA complex.

Figure 4 continued on next page
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Figure 3 continued
DOI: https://doi.org/10.7554/eLife.42879.005
The following figure supplement is available for figure 3:

Figure supplement 1. Identification of the Cse4 binding site on Okp1.
DOI: https://doi.org/10.7554/eLife.42879.006

microtubules, phosphorylation of Sli15 by Ipl1 may prevent and regulate its binding to the COMA
complex (Figure 4B).

In summary, crosslink-derived restraints identified the Ctf19 RWD-C domain as a Sli15/Ipl1 dock-
ing site within the COMA complex, a conclusion supported by the loss of interaction upon deletion
of the Ctf19 C-terminus in vitro.

Tethering Sli15AN selectively to COMA rescues the synthetic lethality
of a sli15AN mutant upon Ctf19 depletion

As deletions of Ctf19 or Mcm21 were synthetically lethal in a sli1T5AN background (Campbell and
Desai, 2013) and Sli15 associated with the Ctf19 RWD-C in vitro (Figure 4), we investigated the rel-
evance of this interaction by performing yeast viability assays. First, we reproduced the reported syn-
thetic lethality by anchoring-away Ctf19-FRB in a yeast strain, in which the endogenous SLI15 copy
was replaced by sli15AN (Haruki et al., 2008). We found that in the presence of Ctf19-FRB, cells
expressing Sli15AN are viable, but display synthetic lethality on rapamycin containing medium, con-
sistent with previous findings (Campbell and Desai, 2013) (Figure 5A).

Recently, the Ctf19 N-terminus has been identified as the receptor domain of the cohesin loading
complex Scc2/4 in late G1 phase (Hinshaw et al., 2017). To address whether Sli15/Ipl1 has an active
role in this process, we deleted 30 amino acids of Ctf19 (Ctf19AN2-30) which have been shown to
contain phosphorylation sites of the Dbf4-dependent kinase required for Scc2/4 recruitment to the
centromere (Hinshaw et al., 2017). Cells expressing Ctf19AN2-30 in the sli15AN background were
just as viable upon depletion of Ctf19-FRB as those expressing intact Ctf19 (Figure 5A), demonstrat-
ing that the synthetic lethality is independent of the Ctf19 N-terminus and its role in cohesin
loading.

If the synthetic effect is associated with the loss of interaction between Sli15AN and COMA, artifi-
cial tethering of Sli15AN to the kinetochore should restore growth. We generated fusions of Sli15AN
to various inner and outer kinetochore proteins and investigated whether growth was restored in a
CTF19-FRB/sli15AN background. Ectopic expression of Sli15AN fusions to the outer kinetochore
subunits Mtw1 or Dsn1 and to the inner kinetochore subunits Mif2, Ctf3 or Cnn1 did not rescue via-
bility (Figure 5B). But selectively tethering Sli15AN to Ame1 or Okp1 restored growth (Figure 5B).

We further tested whether the rescue of synthetic lethality depended on the Sli15 single alpha
helix domain (SAH, aa 516-575) (Samejima et al., 2015; van der Horst et al., 2015; Fink et al.,
2017) and the Ipl1 binding domain (IN-box, aa 626-698) (Adams et al., 2000; Kang et al., 2001).
Both domains are essential for cell growth in the Sli15 wild-type or the sli15AN background
(Figure 5C) (Kang et al., 2001). Cells ectopically expressing the Sli15AN mutant protein grew like
wild-type, but displayed sensitivity to 15 pg/ml benomyl which contrasted the previous observation
that cells carrying the endogenous sli15AN allele were not sensitive to 12.5 ug/ml benomyl
(Campbell and Desai, 2013). These deviating observations may be a result of different experimental
conditions. To distinguish the requirement of one domain from that of the other in the context of
inner kinetochore-localized Sli15/Ipl1, we generated Ame1- and Okp1-Sli15AN fusion constructs in
which either the IN-box or the SAH domain of Sli15AN had been deleted. While expression of
Ame1- or Okp1-Sli1SANASAH proteins rescued cell growth in the sli15AN background upon Ctf19
depletion, Ame1- and Okp1-SIi15ANAIN fusions did not, indicating that Ipl1 kinase activity is
required (Figure 5D). Since the ectopically expressed fusion proteins were tested in the sli1T5AN
background, the result indicates that Ipl1 activity associated with endogenous Sli15AN could not res-
cue synthetic lethality and that tethering Ipl1 activity to COMA subunits is crucial. In contrast, dele-
tion of the SAH domain in Amel- and Okp1-SIi1SANASAH fusions was not lethal and was
presumably rescued by the SAH domain of the endogenous Sli15AN protein (Figure 5D) suggesting
that the SAH domain is not required for the function of the inner kinetochore-localized CPC pool.
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Figure 3. The essential core domain of Okp1 is required for the interaction with Cse4-NCPs. (A) Multiple sequence alignment of Okp1 amino acid
sequences from related yeast species. Amino acid residues of the conserved region are colored and annotated according to the ClustalW color and
annotation codes. Green bars above the alignment represent alpha helical regions predicted by Jpred (Drozdetskiy et al., 2015). Lines below the
alignment indicate the overlapping Okp1 deletion mutants analysed in (B) and (C). Residues that are identical among aligned protein sequences (*),
conserved substitutions (), and semiconserved substitutions (.) are indicated. (B) EMSA assessing complex formation of Cse4-NCPs with Ame1/

Okp1 including wild-type (wt) Okp1 and the indicated Okp1 deletion mutants. Recombinant Ame1/Okp1 complexes were tested in a 1:1 (1) and 2:1 (2)
molar ratio with Cse4-NCPs. The DNA is visualized by SYBR Gold staining. (C) Cell viability assay of Okp1 deletion mutants using the anchor away (aa)
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Figure 3 continued on next page
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away technique and performed rescue experiments by ectopically expressing the Cse4 mutants
CsedA34-46 and Cse4A48-61. Indeed, deletion of amino acids 34-46 was lethal, whereas the
Cse4A48-61 mutant displayed wild-type growth rates (Figure 2E). The observation that deletion of
the minimal Ame1/Okp1 interacting Cse4 motif (aa 34-46) correlates with the loss of cell viability,
whereas the C-terminal half of the END (aa 48-61) is neither essential for viability nor required for
Ame1/Okp1 association suggests that binding of the Ame1/Okp1 heterodimer to Cse4 residues 34—
46 is essential for yeast growth. The Mif2 signature motif (Xiao et al., 2017) and Ame1/Okp1 recog-
nize distinct motifs at the Cse4 C- and N-terminus (Figure 1C), respectively, and both are essential
for viability (Hornung et al., 2014).

The Okp1 core domain interacts with Cse4

To characterize the Cse4 binding site in Okp1 we applied crosslink-derived restraints to narrow
down the putative interface to amino acids 95-202 of Okp1 (Figure 1C, Supplementary file 1).
Based on MSA analysis of Okp1 sequences, this region harbors a conserved stretch (aa 127-184),
including part of the previously described Okp1 core domain (aa 166-211) which is essential for cell
growth and whose function is still elusive (Schmitzberger et al., 2017) (Figure 3A). Furthermore, a
secondary structure analysis predicted two alpha helices within the conserved domain (helix1 aa
130-140, helix2 aa 156-188) (Figure 3A). Thus, we designed three deletion mutants (Okp1A123-
147, Okp1A140-170, Okp1A163-187) and purified all Okp1 mutant proteins in complex with Ame1
from E. coli. In EMSAs Ame1/Okp1A123-147 bound to Cse4-NCPs as well as did the wild-type
Ame1/Okp1 complex, whereas Ame1/Okp1A140-170 associated only weakly and Ame1/Okp1A163-
187 failed to associate with Cse4-NCPs (Figure 3B). These results are consistent with monitoring
protein complex formation by SEC (Figure 3—figure supplement 1). In addition, analysis of the
Okp1 deletion mutants A123-147 and A163-187 in cell viability assays showed a tight correlation
between their requirement for the interaction with Cse4 and being essential for yeast growth
(Figure 3C) (Schmitzberger et al., 2017). This finding further supports the notion that the recogni-
tion of the Cse4 nucleosome by Ame1/Okp1 is essential in budding yeast.

The COMA complex interacts with Sli15/1pl1 through the Ctf19
C-terminus

The COMA complex is composed of two essential, Ame1/Okp1, and two non-essential, Ctf19/
Mcm21, subunits (Ortiz et al., 1999; Cheeseman et al., 2002). Both, Ctf19 and Mcm21 contain
C-terminal tandem-RWD (RING finger and WD repeat containing proteins and DEAD-like helicases)
domains forming a rigid heterodimeric Y-shaped scaffold whose respective N-terminal RWDs of the
tandems pack together as shown by a crystal structure of the K. lactis complex (Schmitzberger and
Harrison, 2012). The ctf19A or mecm21A mutants become synthetically lethal in a sli15AN back-
ground (Campbell and Desai, 2013). Furthermore, Ame1 has been suggested to have a role in Sli15
localization close to kinetochores independently of Birl (Knockleby and Vogel, 2009). To investi-
gate whether Sli15/Ipl1 associates with the COMA complex, in vitro reconstitution and XLMS analy-
sis detected 98 inter-protein and 69 intra-protein crosslinks (Figure 4A, Supplementary file 2). In
particular, there were 10 crosslinks from the C-terminal RWD (RWD-C) domain of Ctf19 and 4 cross-
links from the Mcm21 RWD-C domain to the microtubule binding domain of Sli15 (aa 229-565)
(Figure 4A, Supplementary file 2, 3). In the Ame1/Okp1 heterodimer, we identified crosslinks from
Sli15 to Okp1 and from Ipl1 to Ame1. The crosslink detected to lysine 366 of Okp1 is located near
the identified Ctf19/Mcm21 binding site within Okp1 (‘segment 1° aa 321-329)
(Schmitzberger et al., 2017) and thus is close to the RWD-C domains of Ctf19 and Mcm21. We veri-
fied the interaction of Sli15 and the Ctf19 RWD-C domain by in vitro binding assays. Sli15-2xStrep/
Ipl1 was immobilized on Streptavidin beads and incubated with a 2-fold molar excess of either
Ame1/Okp1 and Ctf19/Mcm21 using wild-type Ctf19 protein or a C-terminal deletion mutant
Ctf19A270-369 (Ctf19AC). Ame1/Okp1 and Ctf19/Mcm21 were both pulled down with Sli15/Ipl1
either as individual complexes or in combination (Figure 4B). In agreement with previous findings
(Schmitzberger et al., 2017), recombinant Ctf19AC formed a stoichiometric complex with Mcm21,
but lost its ability to bind Sli15/Ipl1 indicating that the RWD-C of Ctf19 is required for Sli15/Ipl1
interaction in vitro (Figure 4C). Autophosphorylation of Sli15/Ipl1 abrogated its interaction with
Ame1/Okp1 and Ctf19/Mcm21 indicating that like the phosphorylation-regulated binding to
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Figure 2 continued
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or Cse4A31-60-NCPs. Ame1/Okp1, MTW1c and the Cse4 proteins were mixed equimolar. Eluted proteins were visualized by SDS-PAGE and
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1). In total 349 inter-subunit crosslinks between the fifteen proteins were identified (Figure 1C,
Supplementary file 1). The majority of the crosslinks detected within the different subcomplexes
MTW1c, COMA, Chl4/Imi3, and Cse4-NCP are in agreement with previous studies validating our
crosslink map (De Wulf et al., 2003; Hinshaw and Harrison, 2013; Hornung et al., 2014). More-
over, crosslinks from the Mif2 N-terminus to the MTW1c (Przewloka et al., 2011, Screpanti et al.,
2011), from the Mif2 Chl4/Imi3-binding domain to Chl4 (Hinshaw and Harrison, 2013), and from
the Mif2 signature motif to the Cse4 C-terminus (Figure 1C, Supplementary file 1) (Kato et al.,
2013) are consistent with previously described interfaces. Crosslinks between Ame1/Okp1 and Cse4
occur exclusively between Okp1 and Cse4, suggesting that Okp1 is the direct binding partner of
Cse4. Furthermore, Okp1 was the only COMA subunit that crosslinked to the three canonical histo-
nes H2A, H2B and H4 with the exception of one crosslink between Ame1 and H2A. Our analysis indi-
cated a close association between Chl4/ImiI3 and all COMA subunits. A direct interaction between
COMA and Chl4 was reported previously and the Ctf19/Mcm21 heterodimer was found to be
required for the kinetochore localization of Chl4 and Iml3 (Schmitzberger et al., 2017).

The essential N-terminal domain of Cse4 is required for Okp1 binding
To further characterize the interaction between Ame1/Okp1 and Cse4-NCPs we aimed to identify
the binding interface of the Ame1/Okp1:Cse4-NCP complex. Two crosslinks were detected between
Okp1 and the essential Cse4 N-terminus (Figure 1C, Supplementary file 1). A multiple sequence
alignment (MSA) of Cse4“ENPA protein sequences (Figure 2A) detected a conserved region (ScCse4
aa 34-61), unique to Cse4 proteins of interrelated yeasts, which is almost identical to the so-called
‘essential N-terminal domain’ (END), aa 28-60, shown to be required for the essential function of the
Cse4 N-terminus and for recruiting the ‘Mcm21p/Ctf19p/Okp1p complex’ to minichromosomes
(Keith et al., 1999; Ortiz et al., 1999, Chen et al., 2000).

To assess whether the Cse4 END mediates the interaction with Ame1/Okp1 we tested binding of
recombinant Ame1/Okp1 to reconstituted wild-type and deletion mutants (Figure 2B) of Cse4- and
to H3-NCPs by SEC (Figure 2C). Wild-type Cse4-NCP but not H3-NCP formed a stoichiometric com-
plex with Ame1/Okp1 (Figure 2C) which is consistent with our EMSA and XLMS analyses
(Figure 1A,C). In addition, Ame1/Okp1 bound to a Cse4-NCP retained the ability to interact with
the MTW1c (Hornung et al., 2014), forming a direct link between the KMN network and the centro-
meric nucleosome (Figure 2C). Truncation of the first 30 N-terminal residues of Cse4 neither
affected its ability to bind Ame1/Okp1, nor was it essential for viability (Figure 2C) (Chen et al.,
2000). However, the Cse4A31-60 mutant abrogated Ame1/Okp1:Cse4-NCP complex formation
(Figure 2C). To further narrow down the interface, two deletion mutants splitting the END in half,
CsedA34-46 and Csed4A48-61 (Figure 2B), were tested in SEC experiments. While Cse4A48-61 asso-
ciated with Ame1/Okp1, deletion of amino acids 34-46 completely disrupted the interaction
(Figure 2D). All Cse4 N-terminal mutant and wild-type NCPs eluted at similar retention times from
the SEC column indicating that the Cse4 N-terminal deletions did not affect Cse4 incorporation and
stability of the nucleosomes (Figure 2C,D).

The crosslink-derived distance restraints as well as SEC analysis identified a conserved Cse4 pep-
tide motif of amino acids 34-46 which is necessary for Ame1/Okp1 interaction. To test whether this
motif is essential for cell viability, we depleted endogenous Cse4 from the nucleus using the anchor-
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Figure 2. A short helical motif within the Cse4 N-terminus serves as Ame1/Okp1 docking site and is essential in vivo. (A) Multiple sequence alignment
of Csed“ENPA proteins. Yeast protein sequences with the highest similarities to S. cerevisiae Cse4, three mammalian and the S. pombe homologous
CENP-A protein sequences were included in the alignment. The amino acid (aa) patch, conserved in interrelated yeasts, is highlighted in pink (S.
cerevisiae Cse4 aa 34-61). The RG motif in the mammalian sequences is indicated by arrowheads. Amino acid residues are colored and annotated
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Figure S1. Size exclusion chromatography (SEC) of the in vitro reconstituted
Ctf19/Mcm21/Amel/Okpl (COMA):Chl4/Iml3:Mif2:MTW1c:Cse4-NCP complex. Proteins were
mixed in an equimolar ratio, incubated on ice for 1 h and run on a Superose 6 increase 3.2/300
column. Eluted proteins were visualized by SDS-PAGE and Coomassie staining. For XLMS

analysis shown in Figure 1C the pre-incubated complex was cross-linked prior to SEC, then
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elution fractions 12 and 13 corresponding to the non-cross-linked analysis were pooled and

digested for mass spectrometric analysis.

Figure S2
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Figure S2. Identification of the Cse4 binding site on Okp1. (A) Multiple sequence alignment of
Okp1 amino acid sequences from related yeast species. Amino acid residues of the conserved

region are colored and annotated according to the ClustalW color and annotation codes. Green
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bars above the alignment represent alpha helical regions predicted by Jpred (Drozdetskiy et
al., 2015). Lines below the alignment indicate the overlapping Okp1 deletion mutants analysed
in (B). (B) Size exclusion chromatography (SEC) analysis of equimolar mixtures of reconstituted
Cse4-NCPs with recombinant wild-type Ame1/Okp1, Ame1/Okp1A123-147, Amel/Okp1A140-
170 or Ame1/Okp1A163-187 mutant complexes. Eluted proteins were visualized by SDS-PAGE

and Coomassie staining.

Figure S3

Nuf2-mCherry Ctf19-GFP Merge BF + Merge

Nuf2-mCherry CtfM9AC-GFP Merge ~ BF +Merge

Figure S3. Ctf19AC-GFP did not localize to kinetochores. Live cell microscopy of non-
synchronized cells grown in synthetic medium expressing either Ctf19-GFP or Ctf19AC-GFP and
Nuf2-mCherry as kinetochore marker. Merged mCherry and GFP signals are shown on the

right.BF: Brightfield.

54



Supplementary tables

Table S1. Plasmids used in this study

Plasmid description source
pST44-Cse4d pST44-6xHis-TEV-Flag-H2B-CSE4-H2A-H4 Alwin Kohler
BSW1 pST44-6xHis-TEV-Flag-H2B-CSE4A2-30-H2A-H4 this study
BSW2 pST44-6xHis-TEV-Flag-H2B-CSE4A31-60-H2A-H4 this study
BSW4 pST44-6xHis-TEV-Flag-H2B-CSE4A34-46-H2A-H4 this study
BSW5 pST44-6xHis-TEV-Flag-H2B-CSE4A48-61-H2A-H4 this study
pST44-H3 pST44-6xHis-TEV-Flag-H2B-H3-H2A-H4 Alwin Kohler
BJF6 pLIB-MIF2-6xHis-6xFlag this study
BMP37 pETDuet-6xHis-CHL4/IML3 this study
pPH74 pST39-OKP1-AME1-6xHis Stefan Westermann
BJF26 pST39-OKP1A123-147-AME1-6xHis this study
BJF27 pST39-OKP1A140-170-AME1-6xHis this study
BJF28 pST39-OKP1A163-187-AME1-6xHis this study
pSW661 pST39-CTF19-MCM21-6xHis Stefan Westermann
BJF25 pST39-CTF19AC270-369 -MCM21-6xHis this study
BJF7 pPBIG1-MCM21-6xHis-6xFlag/CTF19 this study
BJF50 pPBIG1-AME1-6xHis-6xFlag /OKP1 this study
BMP75 pBIG1-MTW1-NNF1-NSL1-DSN1-2xStrep this study
BJF10 pBIG-CTF3-MCM16-MCM22 this study
BMS52 PETDuet-6xHis-CNN1-WIP1-1xFlag this study
BMS64 PETDuet-6xHis-NKP1-NKP2 this study
BMS65 pPETDuet-MHF2-MHF1-1xStrep this study
BJF1 PBIG1-SLI15-2xStrep-HA-6xHis/IPL1 this study
BSS93 pPRS313-pCSE4-3xFlag-CSE4 this study
BSS94 PRS313-pCSE4-3xFlag-CSE4A31-60 this study
BSS95 PRS313-pCSE4-3xFlag-CSE4A62-94 this study
BSS96 PRS313-pCSE4-3xFlag-CSE4A34-46 this study
BSS97 PRS313-pCSE4-3xFlag-CSE4A48-61 this study
BSS134 PRS313-pCTF19-CTF19WT-SLI15A2-228-6xHis-7xFlag this study
BSS146 PRS313-pAME1-AME1-SLI15A2-228-6xHis-7xFlag this study
BSS142 PRS313-pOKP1-OKP1-SLI15A2-228-6xHis-7xFlag this study
BSS145 PRS313-pMIF2-MIF2-SLI15A2-228-6xHis-7xFlag this study
BSS143 PRS313-pCTF3-CTF3-SLI15A2-228-6xHis-7xFlag this study
BSS144 PRS313-pMTW1-MTW1-SLI15A2-228-6xHis-7xFlag this study
BSS141 PRS313-pDSN1-DSN1-SLI15A2-228-6xHis-7xFlag this study
BSS147 PRS313-pCNN1-CNN1-SLI15A2-228-6xHis-7xFlag this study
BSS1 PRS313-pSLI15-SLI15-6xHis-6xFlag this study
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Plasmid description source

BSS15 PRS313-pSLI15-SLIT5ASAH-6xHis-6xFlag this study
BSS2 PRS313-pSLI15-SLI15A2-228-6xHis-6xFlag this study
BSS16 PRS313-pSLI15-SLI15A2-228ASAH-6xHis-6xFlag this study
BSS129 PRS313-pCTF19-CTF19-6xHis-7xFlag this study
BSS159 PRS313-pCTF19-3xMyc-CTF19A2-30-6xHis-7xFlag this study
BSS76 pPRS313-pAME1-AME1-6xHis-7xFlag this study
BSS169 PRS313-pOKP1-OKP1-6xHis-6xFlag this study
BSS172 PRS313-pOKP1-OKP1A123-147-6xHis-6xFlag this study
BSS174 PRS313-pOKP1-OKP1A163-187-6xHis-6xFlag this study
BSS165 PRS313-pAME1-AME1-SLI15A2-228-AINbox(626-698)-6xHis- this study

7xFlag
BSS167 PRS313-pAME1-AME1-SLI15A2-228-ASAH(516-575)-6xHis-7xFlag  this study
BSS164 PRS313-pOKP1-OKP1-SLI15A2-228-AINbox(626-698)-6xHis-7xFlag  this study
BSS166 PRS313-pOKP1-OKP1-SLI15A2-228-ASAH(516-575)-6xHis-7xFlag this study
pPRS313-pAME1-AME1-CTF19-6xHis-7xFlag

BSS175 this study
BSS176 PRS313-pAME1-AME1-CTF19AC270-369 -6xHis-7xFlag this study
BSS177 PRS313-pOKP1-OKP1-CTF19-6xHis-7xFlag this study
BSS178 PRS313-pOKP1-OKP1-CTF19AC270-369 -6xHis-7xFlag this study
BSS212 PRS313-pCTF19-CTF19-OKP1-6xHis-7xFlag this study
BSS213 PRS313-pCTF19-CTF19AC270-369-OKP1-6-xHis-7xFlag this study
BSS214 pRS313-pCTF19-CTF19-OKP1-GFP this study
BSS215 pRS313-pCTF19-CTF19AC270-369-0OKP1-GFP this study

pYCF1/CEN3.L

YRp14/TEL cassette (pYCF1) with a CEN3 insert

(Spencer et al. 1990)
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Table S2. Yeast strains used in this study.

All strains are isogenic with the S288c background

strain genotype

YSS225
MAT a, torl-1, fpri:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX

YSS226
MAT a, torl-1, fpri:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, (CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4

YSS227
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4A62-94

YSS228
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4A31-60

YSS229
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4A34-46

Y¥SS230
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CSE4-
FRB::KanMX, pRS313-pCSE4-3xFlag-CSE4A48-61

Y551 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX

YSS69 .
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLI15-6xHis-6xFlag

Y5570 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLI15A2-228-6xHis-6xFlag

¥os8l MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLIT5ASAH-6xHis-6xFlag

YSS87
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Sli15-
FRB::KanMX, pRS313-pSLI15-SLI15A2-228ASAH-6xHis-6xFlag

¥55213 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX

YSS216
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1

YSS321
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pCTF19-CTF19-6xHis-7xFlag

YSS325
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pCTF19-CTF19-6xHis-7xFlag

YSS301
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX,  sli15A2-228::hphNT1, pRS313-pCTF19-CTF19WT-SLI15A2-228-6xHis-
7xFlag

YSS348

MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP,
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pCTF19-3xMyc-CTF19A2-30-6xHis-7xFlag

CTF19-

57



strain genotype

YSS334
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, slil5A2-228::hphNT1, pRS313-pAME1-AME1-6xHis-7xFlag

YSS335
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAME1-AME1-SLI15A2-228-6xHis-7xFlag

YSS336
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAMEI1-AME1-SLI15A2-228-AINbox(626-
698)-6xHis-7xFlag

YSS337
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAME1-AME1-SLI15A2-228-ASAH(516-
575)-6xHis-7xFlag

YSS92
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX

YSS351
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX, pRS313-pOKP1-OKP1-6xHis-6xFlag

YSS394
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX, pRS313-pOKP1-OKP1A122-147-6xHis-6xFlag

¥55395 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, OKP1-
FRB::KanMX, pRS313-pOKP1-OKP1A163-187-6xHis-6xFlag

¥55342 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pOKP1-OKP1-6xHis-6xFlag

YSS343
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pOKP1-OKP1-SLI15A2-228-6xHis-7xFlag

YSS344
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pOKP1-OKP1-SLI15A2-228-AINbox(626-
698)-6xHis-7xFlag

YSS345
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pOKP1-OKP1-SLI15A2-228-ASAH(516-575)-
6xHis-7xFlag

YSS315
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pMIF2-MIF2-SLI15A2-228-6xHis-7xFlag

YSS313
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pCTF3-CTF3-SLI15A2-228-6xHis-7xFlag

YSS314

MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pMTW1-MTW1-SLI15A2-228-6xHis-7xFlag
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strain genotype

YSS311
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pDSN1-DSN1-SLI15A2-228-6xHis-7xFlag

YSS317
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pCNN1-CNN1-SLI15A2-228-6xHis-7xFlag

YSS366
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pSLI15-SLI15A2-228-6xHis-6xFlag

YSS399
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, slil5A2-228::hphNT1, pRS313-pAME1-AME1-CTF19-6xHis-7xFlag

YSS400
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, sli15A2-228::hphNT1, pRS313-pAME1-AME1-CTF19AC270-369-6xHis-
7xFlag

YSS405
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pOKP1-OKP1-CTF19-6xHis-7xFlag

YSS406
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pOKP1-OKP1-CTF19AC270-369-6xHis-7xFlag

YSS401
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pOKP1-OKP1-CTF19-6xHis-7xFlag

YSS402
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX,  sli15A2-228::hphNT1, pRS313-pOKP1-OKP1-CTF19AC270-369-6xHis-
7xFlag

YSS511
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pCTF19-CTF19-Okp1-6xHis-7xFlag

YSS512
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, pRS313-pCTF19-CTF19AC270-369-Okp1-6xHis-7xFlag

YSS513
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMJX, sli15A2-228::hphNT1, pRS313-pCTF19-CTF19-Okp1-6xHis-7xFlag

SS514
MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX,  slil5A2-228::hphNT1, pRS313-pCTF19-CTF19AC270-369-Okp1-6xHis-
7xFlag

YSS515

MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP,
FRB::KanMX, NDC80-mCherry::natNT2, pRS313-pCTF19-CTF19-Okp1-GFP

CTF19-
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strain genotype

YSS516
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, CTF19-
FRB::KanMX, NDC80-mCherry::natNT2, pRS313-pCTF19-CTF19AC270-369-0OKP1-GFP
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, NDC80-
YSS255 mCherry::natNT2, CTF19-GFP::HIS
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, NDC80-
YSS256 mCherry::natNT2, CTF19AC270-369-GFP::HIS

Table S3. Inter- and intra-protein cross-links detected on in vitro reconstituted Cse4 containing
nucleosomes interacting with the kinetochore complexes Amel/Okpl, Ctf19/Mcm21, Mif2,
Chl4/ImI3 and MTW1c. Ctf19/Mcm21, Mif2 and MTW1 complexes were recombinantly
expressed in insect cells and affinity-purified via Mcm21-6xFLAG-6xHis, Mif2-6xFLAG-6xHis, or
Dsn1-6xFLAG-6xHis, respectively. Amel/Okpl, Chl4/ImI3 and Cse4 nucleosomes were
expressed in E. coli and in vitro reconstituted as described (see materials and methods). A
nearly stoichiometric supramolecular complex of
Amel/0Okpl1:Ctf19/Mcm21:Chl4/Iml3:Mif2:MTW1c and Cse4-NCPs was generated in vitro (see
Figure S1) and chemical cross-links introduced by BS3 were identified as described (see
materials and methods). In total, 349 inter-protein (marked in dark blue) and 395 intra-protein
(marked in light blue) cross-links were detected on the recombinant complex (for a graphical
representation of the cross-link network see Figure 1C).

https://doi.org/10.7554/elife.42879.014

Table S4. Inter- and intra-protein cross-links detected on in vitro reconstituted Sli15/Ipl1
interacting with the inner kinetochore proteins Ctf19, Okpl, Amel and Mcm21 (COMA). COMA
and Sli15/Ipl1 complexes were recombinantly expressed in insect cells and affinity-purified via
Amel-6xFLAG-6xHis, Mcm21-6xFLAG-6xHis, or Sli15-2xStrep, respectively. A nearly
stoichiometric supramolecular complex of COMA and Sli15/Ipl1 was generated in vitro and
chemical cross-links introduced by BS3 were identified as described (see materials and
methods). In total, 98 inter-protein (marked in dark blue) and 69 intra-protein (marked in light
blue) cross-links were detected on the recombinant complex (for a graphical representation of

the cross-link network see Figure 4A).
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Table S5. Predicted and experimentally annotated protein domains and motifs depicted in
protein cross-link networks.

Native or in vitro reconstituted recombinant protein complexes were prepared and cross-
linked as described in materials and methods. The identified inter- and intra-protein cross-links
are visualized as protein network representations in Figure 1C and Figure 4A and are listed in

Tables S3 and S4.

Protein Domain/Motif Start End Reference
AME1 MIND binding 1 15 (Hornung et al., 2014)
AME1 coiled coil 177 272 MARCOIL prediction
AME1 Okp1 binding 129 247 (Schmitzberger et al., 2017)
AME1 Nkp1-Nkp2 binding 268 292 (Schmitzberger et al., 2017)
CENPA/ histone core 113 227 (Zhou etal,, 2011)
CSE4
CENPA/ (zhou et al,, 2011)
CSE4 CATD 166 201
CHL4 IML3 binding 361 458 (Hinshaw and Harrison, 2013)
CTF19 RWD 134 361 Seguence alignment m.od.el
/Psipred strcuture prediction
H2A histone core 14 90 (Wang et al., 2013)

H2B histone core 34 105 (Wang et al., 2013)

H3 histone core 63 132 (Wang et al., 2013)

H4 histone core 24 96 (Wang et al., 2013)
IML3 dimerization 169 198 (Hinshaw and Harrison, 2013)
IPL1 kinase domain 104 355 Sequence alignment model

MCM21 RWD 156 368 Seguence alignment m.od.el
/Psipred strcuture prediction
MIF2 MTW1C binding 1 35 (Hornung et al., 2014)
MIF2 signature motif 238 312 (Hornung et al., 2014)
MIF2 IML3/CHL4 binding 256 549 (Hinshaw and Harrison, 2013)
MIF2 cupin fold 439 526 (Hornung et al., 2014)
OKP1 core domain 166 211 (Schmitzberger et al., 2017)
OKP1 coiled coil 183 290 MARCOIL prediction
OKP1 Amel binding 234 264 (Schmitzberger et al., 2017)
OKP1 Ctf19-Mcm?21 binding ,segment1” 321 329 (Schmitzberger et al., 2017)
OKP1 coiled coil 346 381 MARCOIL prediction
OKP1 Nkp1-Nkp2 357 375 (Schmitzberger et al., 2017)
SLI15 CEN targeting 1 227 (Campbell and Desai, 2013)
SLI15 MT binding 229 565 (Fink et al., 2017)
SLI15 SAH 517 565 (Fink et al., 2017)
- (Adams et al., 2000, Kang et
SLI15 IPL1 binding IN-box 630 681 al., 2001)
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ABSTRACT

Kinetochores are macromolecular protein assemblies at centromeric chromatin that
mediate the accurate segregation of chromosomes during cell division. Kinetochores link the

centromeric DNA, wrapped around Cse4“EN"A

containing nucleosomes, to spindle
microtubules. The budding yeast CBF3 complex binds to a specific centromere defining DNA
element and is essential for kinetochore assembly in budding yeast. Here, we show that the
Ndc10 subunit of the CBF3 complex recruits the outer kinetochore in mitosis through direct
interaction of its N-terminus with the MTW1 complex. The Ndc10 interaction site at the Mtw1
head domain is close to residues that mediate the binding of Mif2 and Ame1l. Our findings
indicate that the Ndc10 interaction is strongly enhanced upon Ipl12¥® phosphorylation of
Dsnl in vitro, which is consistent with co-purification of the MTW1 complex and Ndcl10
selectively from mitotic cells. Moreover, MTW1 complex binding by Ndc10 was found to be
important once recruitment through Mif2 is impaired. Our results suggest that Ndcl0

represents a third pathway of the point centromere kinetochore architecture that directly links

the centromeric nucleosome to a single microtubule.
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INTRODUCTION

The kinetochore is a multi-protein structure that mediates the interaction between eukaryotic
chromosomes and spindle microtubules enabling accurate distribution of the genetic material
during cell division. Kinetochores assemble on a chromosomal locus of specialised chromatin
called the centromere. The point centromere of budding yeasts represents the minimal system
required for faithful segregation of sister chromatids linking only a single Cse4“tNPA containing
nucleosome to a single microtubule. In contrast, the human regional centromere contains
about 100 CENP-A containing nucleosomes linking roughly 30-40 spindle microtubules (Pluta
et al. 1995, Clarke and Baum 1990, Fitzgerald-Hayes, Clarke and Carbon 1982, Willard 1990).
The S. cerevisiage centromere is defined by a conserved ~125 bp long centromeric DNA
segment (CEN) that consists of three distinct centromere defining elements (CDE), the 8 bp
long CDEI, the 78-86 bp AT rich CDEIl and the 25 bp CDEIll sequence (Hegemann and Fleig
1993). CDEIl wraps the Cse4®ENPA containing nucleosome, flanked by the CDEI bound Cbfl
protein and the CDEIll bound CBF3 complex (CBF3C) (Mellor et al. 1991, Goh and Kilmartin
1993, Lechner and Carbon 1991). All kinetochore proteins apart from Cbfl require the CBF3C
for their recruitment. CBF3C consists of the four subunit CBF3 core complex which refers to
Skp1:Ctf13:(Cep3)2 subassembly and NdclO0 homodimer (Doheny et al. 1993, Goh and
Kilmartin 1993, Russell et al. 1999, Strunnikov et al. 1995, Jiang et al. 1993, Yan et al. 2019,
Leber et al. 2018). The function of Skp1 and Ctf13 in the kinetochore context has not been
clarified, but they appear to have a regulatory function within the CBF3c (Lingelbach and
Kaplan 2004, Rodrigo-Brenni et al. 2004, Russell et al. 1999). Skpl promotes Ctfl13
phosphorylation, as demonstrated in insect cells, and activates CBF3c to bind CEN DNA in vitro
(Kaplan et al. 1997). Assembly of the CBF3 complex is highly regulated by posttranslational
modifications (Stemmann and Lechner 1996, Kaplan et al. 1997, Kitagawa et al. 1999). Cep3
and Ndc10 components, along with Ctf13 directly interact with DNA (Yan et al. 2018). The Cep3
homodimer has an N-terminal Gal4-like zinc cluster domain that displays specificity for CCG
triplets in the CDEIIl region of centromeric DNA (Bellizzi et al. 2007, Purvis and Singleton 2008).
Furthermore, it contains an aMN helix that binds a conserved TGT motif essential for CBF3
binding (Russell et al. 1999). CEN DNA specificity of the CBF3c relies solely on the Cep3 protein

as Ndcl10 and Ctf13 also bind non-centromeric DNA, however they might increase overall
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affinity of the CBF3c for CEN DNA binding (Perriches and Singleton 2012). Ndc10 also associates

3HURP responsible for Cse4 deposition (Camahort

with the centromeric histone chaperone Scm
et al. 2007). Ndc10 was initially described as a part of the CBF3 complex and the molecular
details of this interaction as well as its interaction with the DNA are thoroughly investigated
(Cho and Harrison 2011, Lee et al. 2019, Zhang et al. 2019, Yan et al. 2018). However, it was
shown that Ndc10 also displays functions not related directly to the centromere such as
interaction with the chromosomal passenger complex through Bir1>“™V" (Bouck and Bloom
2005, Yoon and Carbon 1999).

Cse4CENP—A

containing nucleosomes specifically recruit inner kinetochore members of the
constitutive centromere associated network (CCAN) or CTF19 complex (CTF19c) in budding
yeast (Hori et al. 2008, Foltz et al. 2006). This creates a hub for the recruitment of the outer
kinetochore responsible for microtubule binding (Cheeseman et al. 2006, Cheeseman and
Desai 2008). The inner kinetochore proteins Mif2¢EN"¢ and Ame1/Okp1 are the only known link
between the Cse4 nucleosome and the outer kinetochore KMN complex comprised of the
SPC105%N - MTW1cM™12 and NDC80cNP®0 complexes (Anedchenko et al. 2019, Fischbock-
Halwachs et al. 2019, Westermann et al. 2003, Killinger et al. 2020, Dimitrova et al. 2016,
Przewloka et al. 2011). The Mif2 and Amel N-terminal motifs directly interact with the
Mtw1/Nnfl heterodimer of the four subunit MTW1 complex (Mtw1/Dsn1/Nsl1/Nnfl). This
interaction is enhanced through Ip1¥°® phosphorylation of Dsn1 on amino acids $240 and
S$250 which in turn releases the interaction of Dsn1/Nnfl (head Il) to Mtw1/Nnfl (head I). This
results in the exposure of a head | binding site that can further be occupied by Mif2 or Amel
(Dimitrova et al. 2016, Akiyoshi et al. 2013a). Mif2 and Ame1/Okp1l are the only essential
components of the CTF19c. Interestingly the Mif2 interaction with MTW1c is not essential,
while the deletion of the N-terminal Mtw1 binding motif of Amel (Amel1A2-14) results in a
lethal phenotype (Hornung et al. 2014).

Here we show that in budding yeast Ndc10 protein, besides Mif2 and Ame1/Okp1, establishes
a third direct link to the outer kinetochore MTW1 complex during mitosis. The CBF3c subunit
Ndc10 displays a stable interaction with the MTW1c. With its N-terminal region Ndc10 contacts
head | of the Mtw1/Nnfl heterodimer in an Ipl1A¥°ra8 phosphorylation dependent manner.
Using biochemical and cell viability assays, we demonstrate that Ndc10 N-terminal mutants are
impaired in Mtw1l interaction and display benomyl and temperature hypersensitivity.

Importantly binding of Mtw1 by Ndc10 becomes crucial if the Mif2 pathway is impaired.
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Furthermore, we demonstrate that the interaction profile differs throughout the cell cycle
peaking in early mitosis. We also characterize the binding interdependencies between the
three links Ndc10, Mif2 and Ame1/Okp1 pinpointing the interaction site and phosphorylation
conditions between Ndc10 and Mif2 proteins.

How the budding yeast point centromere, attaching a single Cse4 nucleosome to only a single
microtubule, supports the tension during chromosome segregation is not yet understood. As
opposed to the human kinetochore, the budding yeast kinetochore is assembled throughout
the cell cycle and maintains attachment with the microtubule (Biggins 2013, Hara and
Fukagawa 2020). Our findings show important contacts within the budding yeast kinetochore
offering insights into the assembly of the kinetochore backbone as well as the higher order

kinetochore organization.

RESULTS

Cell cycle dependent binding of Ndc10 and Mtw1

To identify kinetochore components associated with the CBF3 complex, we employed native
Ndc10-6xHis-6xFlag pull-downs from G1 or G2/M arrested S. cerevisiae cells using alpha factor
or galactose induced overexpression of Mpsl, respectively. Under both conditions, besides
CBF3 complex and histone protein subunits, the Mtw1/Nnfl heterodimer co-precipitated as
the most prominent interactor (Figure 1A). Strikingly, in pull-down samples from cells arrested
in G2/M phase, Ndc10 co-precipitated 4x more Mtw1/Nnfl than in pull-downs from cells
arrested in G1 phase, whereas similar levels of CBF3complex components were recovered in
both conditions (Figure 1A). This indicates that the Ndc10 — Mtw1 interaction is cell cycle

dependent and occurs in mitosis.

Connectivity of the inner kinetochore receptors and MTW1c

Using crosslinking mass spectrometry on a preassembled Ndc10'>, Mif2, Ame1/Okpl and
MTW1c complex we aimed to determine the interaction sites between Ndc10 and the MTW1c
in the presence of the two known Mtw1 receptors Amel and Mif2 (Figure 1B). The crosslinks
between Ndc10'*°t and Mtw1/Nnfl predominantly emanate from their N-terminal domains
and are mainly formed between Ndcl10 and Mtw1, whereas only one crosslink connects

Ndc10'™>and Nnfl. Furthermore, we also found two crosslinks between Ndc10'>>* and Mif2.
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Ndc10'>>%, Mif2, Ame1/Okpl and MTW1c were able to form a stable complex without obvious
competition between the subcomplexes, as demonstrated by size-exclusion chromatography

(SEC) (Figure S1).

The CBF3 complex subunit Ndc10 binds the outer kinetochore MTW1 complex and the binding
is enhanced by Dsn15240/5250 phgsphorylation

In order to confirm and further investigate the observed interaction between Ndc10 and the
MTW1c, in vitro purified MTW1c and the N-terminal domain of Ndc10'°>! were analysed using
analytical SEC. Combining MTW1c and Ndc10'>>! in a 1:1 molar ratio and subsequent SEC
analysis resulted in a larger shift in the SEC chromatogram, compared to the elution profiles of
the single proteins, indicating a stable association (Figure 1C).

The MTW1c exhibits an extended Y shaped structure formed by the Dsn1/Nsl1 and Mtw1/Nnfl
heterodimers, where the N-terminal globular modules remain accessible for interactions. As
previously reported, the inner kinetochore proteins Amel and Mif2 (Dimitrova et al. 2016,
Hornung et al. 2011) create a direct link between the centromeric nucleosome and the Mtwlc
by interacting with its N-terminus. Upon phosphorylation of Dsn1 on $S240 and S250 by Ipl1
kinase, the N-terminal modules of the Mtw1C are driven apart allowing for a stronger binding
of Amel and Mif2. Accordingly, we investigated whether Ndc10 binding is enhanced in a similar
manner. We performed in vitro binding assays using immobilised, dephosphorylated wildtype
Mtw1C or phosphomimic Mtw1C5240%/52500 complexes as bait and incubated with Mif2,
Ame1/0kp1 or Ndc10'>>!, respectively (Figure 1D). We observed a 4-fold increase in Ndc10
binding to phosphomimic MTW1C3240%/52500 compared to the wildtype complex (Figure 1E). No
obvious increase in binding affinity for Mif2 or Amel/Okpl was observed in all four

independently set up replicates.

Ndc10 binds the Mtw1/Nnfl head | domain and its binding mode differs from that of Amel and
Mif2

This finding led us to investigate whether Ndc10 binds in the same region of the Mtw1/Nnf1l
head | domain as Amel and Mif2 (Hornung et al. 2011, Dimitrova et al. 2016). We separately
expressed Dsn1/Nsl1 and Mtw1/Nnfl as stable heterodimers and carried out in vitro binding
assays with Ndc10*>>, Consistent with our in vivo pull-down and crosslinking results, Ndc10

demonstrated selective interaction with the Mtw1/Nnfl heterodimer (Figure 2A).
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Furthermore, we narrowed down the interaction site to aa 25-90 on the Mtw1 protein which
is the same helix-loop-helix region involved in Amel and Mif2 interaction (Figure 2B, F).
Pairwise point mutations to alanine in this region (V24/127, 128/V31, N32/Y36, E73/D77,
D81/E84, L85/L88) as well as deletion of the loop region (aa 41-69) did not abrogate Ndc10
binding (Figure S2A, Figure 2F). In contrast, deletion of the same loop (aa 41-69) led to the
complete loss of Mif2 and Ame1/Okp1 binding, despite no reported immediate contacts with
the Mtw1 protein in this region (Figure S2B).

Next, to find out whether Mtw1 helix 1 (aa 24-40), helix 2 (aa 70-90), or both helices of the
helix-loop-helix region are involved in Ndc10 binding, we performed binding assays with the
corresponding Mtw1 helix peptides (Figure 2F). Ndc10'>>! preferably binds helix 1, while the
overall binding is enhanced in the presence of both helices (Figure 2C, D and E). Although all of
the Mtw1 binding sites were available for interaction, no binding to Mif2 or Ame1/0Okp1 was
detected, even with both helices combined (Figure 2E). However, the lack of binding might be
attributed to the fact that Nnfl binding sites are missing (Dimitrova et al. 2016). The finding
that Ndc10'>>! preferably binds helix 1 and does not require Nnf1l for binding, suggests, that
the Ndc10-Mtw1 binding mechanism is more robust and presumably less affected by small
perturbations.

In addition, in order to confirm the differential binding mechanism, we also created a set of
mutants (MtW1N32A/Y36A, MtW1N32A/Y36A/E73A/D77A’ MtwlDZSA/DSlA/E84A) knOWﬂ to disrupt the
interaction with Mif2 or Ame1/Okp1 (Dimitrova et al. 2016, Killinger et al. 2020) and tested
their effect on Ndcl10 binding. All of the mutants abrogated the binding to Mif2 and
Amel1/Okp1, however did not perturb Ndc10 binding which further corroborates that the
Ndc10 binding mode is different from that of Mif2 or Ame1/Okp1 (Figure 2F and 2G).

The N-terminus of Ndc10 is required for MTW1 complex binding

Based on previous findings that the N-termini of Ame1 and Mif2 interact with the Mtw1/Nnf1l
head | domain (Hornung et al. 2011, Dimitrova et al. 2016), we designed Ndc10*>°! N-terminal
deletion mutants, as well as mutants of conserved sites based on a multiple sequence
alignment of interrelated yeast species (Figure 3A). Deletion of the first 11, 36 or 63 amino
acids (Ndc10A11, -A36, -A63), led to the loss of Mtw1/Nnfl binding (Figure 3B). However, to
evaluate the importance of this interaction and ensure that only the Ndc10-Mtw1 interaction

was affected, we tested Ndc10 point mutations in the most conserved region (Y52A, I53A,
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Q54Aand W55A) in an in vitro binding assay, and found that Ndc10!°1-Y52A was sufficient to
abrogate the interaction with Mtw1/Nnf1 (Figure 3C).

In order to evaluate this finding in vivo, we used the anchor-away technique, where the
endogenous Ndcl0-FRB protein is anchored away from the nucleus upon addition of
rapamycin, and tested whether the lethal phenotype is rescued by ectopic expression of the
Ndc10 wild-type or mutant proteins, respectively. All the mutants were able to rescue the
lethal phenotype at 30 °C, however Ndc10-Y52A showed benomyl sensitivity and a lethal
phenotype at 37 °C, indicating a chromosome segregation defect (Figure 3D). To test whether
kinetochore localisation is affected, we carried out live cell imaging of wild-type Ndc10-GFP
and the two mutants that displayed a temperature sensitive phenotype (Ndc10-Y52A-GFP and
Ndc10-W55A-GFP). After overnight treatment with rapamycin both mutants displayed proper
kinetochore localization which was indistinguishable from that of wild-type Ndc10-GFP (Figure

3E).

MTW1c binding by Ndc10 becomes essential when the Mif2 pathway is impaired

Itis plausible that the mutation of only one amino acid is not sufficient to completely abrogate
the interaction in vivo. Ndc10-Y52A is not the only interaction site between Ndc10'>>! and
Mtw1, since Ndc10-A11 also led to a loss of interaction. We therefore tested the impact of
Ndc10-A11 as well as Ndc10-A11-Y52A on cell viability, yet, both mutants had no further impact
on the phenotype observed with the Ndc10-Y52A point mutant (Figure S3A). As the minimal
mutation of Ndc10 displays a similar growth phenotype as Mif2-A35 (‘ANT’) (Hornung et al.
2014) we conclude that, similar to Mif2, Ndc10 plays a functionally less important role than
Amel. Since Mif2 and Ndc10 are equally redundant, we next asked whether disrupting the
Mif2 and Ndc10 pathways conferred a synthetic effect. Indeed, expression of Ndc10-Y52A and
Ndc10-A11-Y52A in a Mif2-A35 background resulted in severely impaired growth or lethality,
although protein levels similar to wild-type levels were detected by western blot analysis
(Figure 3F and 3G). Taken together we conclude that the Ndc10 and Mif2 pathways become

essential once either of them is compromised.

Mif2 binds Ndc10'>>1in a phosphorylation dependent manner
Further, we investigated binding dependencies between Mif2, Ame1/Okpl and Ndc10'>>?

within the inner kinetochore. Since Mif2 formed a stable complex with Ndc10*>>! in in vitro
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binding assays, we tested Mif2 mutants carrying either a deletion between the Mtw1 binding
N-terminus and the CENP-C motif, responsible for Cse4 binding (Mif2A35-237), or a smaller
and a larger deletion of the CENP-C motif alone (Mif2A238-312 and Mif2 A238-370), to
pinpoint the binding site on Mif2. Only the deletion of aa 35-237 led to a loss of binding,
suggesting that the CENP-C motif is not involved (Figure 4B and 4C).

We found that insect cell-purified Mif2 binds Ndc10*>>!, however upon dephosphorylation
with A phosphatase the binding was lost, indicating that Mif2 - Ndc10**°! binding is
phosphorylation-dependent. Re-phosphorylation by known kinetochore kinases Sli15/Ipl1Aurer
B, Cdc5P! and Cdc28PK! restored binding upon Cdc5P*! phosphorylation which was even

8K phosphorylation. In contrast, Sli15/Ipl1Aurcra8

further enhanced in combination with Cdc2
kinase did not have any effect on the Mif2 - Ndc10*°>! binding (Figure 4D and 4E). To delimit
the binding site on Mif2, we created a series of deletion and phospho-ablative mutants by
converting serines or threonines to alanines. Testing this mutant panel in in vitro binding assays
with Ndc10, we were able to narrow down the binding interface to Mif2 amino acids 221-240,
a serine-rich region containing 8 phosphorylation sites (Figure 4A, 4F and 4G). We conclude
that Mif2 binds Ndc10'>>1in the region of aa 221-240 in a phosphorylation dependent manner.

Moreover, we did not find any evidence that the N-terminal domain of Ndc10 interacts with

Ame1/Okp1 using SEC experiments (Figure S4).

The Ndc10 N-terminus interacts with Mif2

Probing our Ndc10>>! mutant panel, we found, that the minimal deletion of the first 11 amino
acids (Ndc10-A11) already abrogated Mif2 binding (Figure 5A). Along the same lines, Mif2
binding was also impaired with Ndc10-Y52A and Ndc10-W55A. We could also observe that
Mif2 occupies a wider region on Ndc10 than Mtw1. Specifically, whereas only the Ndc10-
Y52A/W55A double mutant was able to abrogate Mtwl and Mif2 binding, mutation of
Y45A/Y48A and L132A/L135A affected only Mif2 binding (Figure S5A and S5B). Overlapping
Ndc10 sites for Mif2 and Mtw1 suggests a certain hierarchy of Ndc10 binding, or competition
between Mtw1 and Mif2. To discern between the two possibilities, we took advantage of the
Mif2-A170 mutant lacking the Mtw1-, but preserving the Ndc10-binding site. Incubation of
Mtw1/Nnfl with Ndc10'>>! and either wild-type Mif2 or the Mif2-A170 version resulted in
alterations in Ndc10 binding. Mif2-A170 was able to compete off Ndc10 from Mtw1/Nnfl
resulting in an almost 50% reduction of Mtw1/Nnf1-bound Ndc10 (Figure 5C and 5D).
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As we could show that in G2/M phase Mtw1/Nnf1 copurification with Ndc10 is enhanced and
we did not find enrichment of Mif2 (Figure 1A), suggests that Mif2 does not bind Ndc10 during
mitosis leaving Ndc10 available for recruitment of the KMN network. We found that Mif2
binding of Chl4/ImI3 reduced Ndc10 levels bound by Mif2. This apart from phosphorylation
could be one way of regulating the hierarchy and orderly binding of the budding yeast

kinetochore (Figure 5E and 5F).

DISCUSSION

Using biochemical and genetic approaches we have discovered a new link required for the
proper function of the budding yeast kinetochore. The budding yeast kinetochore with its point
centromere represents a minimal structure required for chromosome segregation. Assembly
of the entire kinetochore occurs on a single Cse4“®NPA nucleosome and provides the
connection to a single microtubule, sufficient for accurate separation of the genetic material.
In human cells equal distribution of the genetic material occurs through regional centromeres,
where kinetochores assemble on ~100 CENP-A nucleosomes and link 30-40 microtubules. A
substantial tension created through the pulling forces of the depolymerizing microtubules in
anaphase must be supported by the kinetochore architecture. The minimal structure of the
budding yeast point centromere might be required to sustain even more tension which is
exerted by a single microtubule. The critical and only essential inner kinetochore subunits that
support this assembly are the Cse4 nucleosome binding Mif26N"-C and Ame1/Okp1 proteins
responsible for recruitment of the KMN network. The N-termini of Mif2 and Amel create
specific recruitment sites for the MTW1C which is tethered via the Mtw1 helix-loop-helix
region in the Mtw1/Nnfl head | domain (Hornung et al. 2014, Dimitrova et al. 2016). This
interaction is regulated and augmented by Ipl1#¥"® activity on MTW1C, where Mif2 binding
depends on Dsn152495250 phosphorylation, while the Amel interaction is only minorly
strengthened (Hamilton et al. 2020).

We have now identified a yet unknown function of the Ndc10 protein, a member of the
centromere binding CBF3 complex, by providing another recruitment site for the Mtwlc. We
used biochemical assays to study the differences and similarities between the two known

MTW1c receptors Mif2 and Amel and the NdclO protein. MTW1c binding by Ndcl10 is
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mediated by a binding mechanism comparable to that of Mif2 and Ame1, and which is also
strengthened upon Dsnl phosphorylation. This finding implicated the same helix-loop-helix
region as MTW1c binding domain which we were able to show. However, distinct Mif2 and
Amel binding sites in this domain are sensitive to any perturbation in this region, even if the
amino acids required for the binding are preserved (Dimitrova et al. 2016). Incubation with
helix 1 (aa 24-40) and helix 2 (aa70-90) peptides, or deletion of the loop region (aa 41-69),
which was considered not to be relevant for the binding, did not support the association. This
indicates, that besides the annotated Mif2 and Amel contact sites the distance between the
two helices also has a role in proper Mif2 and Ame1 binding. Conversely, the Ndc10 interaction
remained unaffected by such perturbations, most likely because the Ndc10 binding site resides
predominantly on helix 1.

The binding site of Mtwlc on Ndc10 also lies in the very N-terminus as is the case for Mif2 and
Amel. We were able to pinpoint several sites responsible for the binding which allowed us to
assess the relevance of this interaction in vivo. Expression of Ndc10 point or deletion mutants
in yeast after anchoring-away endogenous Ndcl10 - apart from benomyl or temperature
sensitivity - had no major effect on yeast cell growth. A similar mild phenotype was observed
for the Mif2-ANT mutant while expression of Ame1-AN caused lethality (Hornung et al. 2014).
However, the simultaneous disruption of both redundant pathways (Ndc10 and Mif2) led to
severe growth defects or even synthetic lethality. Based on this finding we speculate that
although the Ame1 pathway is essential, the cell does not solely rely on this interaction. Hence,
the Ndc10 and Mif2 pathways become vital once one of them is impaired (Figure 6G).

As previously reported, Mif2 and Ame1/Okp1 form a stable complex in vitro (Hornung et al.
2014) thus, we aimed to further elucidate the binding interdependencies of the three Mtw1
receptors. We did not find convincing evidence of Ndc10*°! binding to Ame1/Okp1, but we
cannot exclude that they could form a complex under different conditions. However, Ndc10*
>1associated with Mif2 into a stable complex and we mapped the binding domain to the region
between the Mtw1 binding N-terminus and the Cse4 binding CENP-C motif. Moreover, the
interaction seems to be regulated by phosphorylation. As the budding yeast kinetochore
remains assembled during the cell cycle (Biggins 2013, Hara and Fukagawa 2020), additional
factors such as cell cycle kinases might be responsible for the timely regulation of kinetochore
function. When Mif2 is phosphorylated it interacts with the same, albeit slightly larger, N-

terminal domain of Ndc10 as Mtw1, raising the question whether there is a competition in
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binding. The Mif2-A170 mutant, lacking the Mtw1C binding domain, binds Ndc10, but impairs
association of Ndc10 and Mtw1. This might be especially important in recruitment of the inner
kinetochore proteins to the Cse4 nucleosome, preventing premature recruitment of the KMN
network. Using immunoprecipitation and mass spectrometry from synchronized yeast cells we
were able to show that Ndc10 binds Mtw1cin a cell cycle-dependent manner with a 4x increase
in enrichment of Mtw1/Nnfl in mitosis. We therefore speculate that Ndc10 and Mif2
association is required, but not crucial in the initial step of kinetochore assembly. Subsequent
binding of additional factors to Mif2, such as Chl4/Iml3, could release the binding of Ndc10,
which then becomes available to interact with the Mtw1c in mitosis. Our research raises new
questions about the complex kinetochore binding hierarchy and its posttranslational

regulation and can provide a stepping stone for exciting experiments in the future.

MATERIALS AND METHODS

Plasmid construction

Respective DNA was amplified from yeast genomic DNA using Phusion High Fidelity DNA
Polymerase or Q5® High-Fidelity DNA Polymerase (New England Biolabs). Ndc10>°! was
amplified from yeast genomic DNA and cloned into pet28 a (+) vector (Addgene), using Ndel
and BamHI sites, in frame with an N-terminal 6xHis tag and a Thrombin cleavage site. The
individual mutants were generated using the Q5 site-directed mutagenesis kit based on the
recommended protocol (New England Biolabs). 1xStrep-Clb2 was cloned into pet28 a (+) vector
(Addgene) using the Gibson assembly method.

For insect cell expression, open reading frames of Mif2-6xHis-6xFlag, MTW1c (Dsn1-6xHis-
2xStrep, Mtw1, Nnf1, and Ns/1), 6xHis-Cdc5, Cdc28, Cks1 and Sli15-2xStrep-1xHA-6xHis and Ipl1
were amplified from yeast genomic DNA and cloned into the pLIB or pBIG1 vectors according
to the biGBac system (Weissmann et al. 2016). The constructs for insect cell expression were
transformed into DH10Bac E. coli cells (ThermoFisher Scientific) for Bacmid generation. Viruses
were generated and amplified in Sf21 cells (ThermoFisher Scientific) and the proteins were
expressed in High Five cells (ThermoFisher Scientific). All plasmids used in this study are listed

in Table S1.
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Expression and purification of proteins from E. coli cells

Amel-6xHis-Okpl, Mtw1/Nnfl-6xHis, 1xStrep-Mtw1/Nnfl-6xHis, 6xHis-thrombin-Ndc10
constructs and the corresponding mutants (Table S1) were expressed in E. coli Rosetta 2 cells
(Merck). Cells were grown at 37 °C until OD600 0.6 followed by induction with 0.5 mM IPTG at
18 °C, overnight. Cells were harvested by centrifugation for 10 min, 3500 x g, at 4 °C.
Amel-6xHis/Okpl protein expression and purification from E. coli was performed as described
previously (Hornung et al. 2011).

Chl4/Iml3 protein expression and purification was performed as described (Fischbock-
Halwachs et al. 2019).

Mtw1/Nnfl-6xHis, 1xStrep-Mtw1/Nnfl-6xHis and 6xHis-thrombin-Ndc10 were lysed in lysis
buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 3% glycerol, 1 mM MgCl,, 0.01% Tween20,
cOmplete ULTRA EDTA-free Protease Inhibitor Cocktail (Roche)) using an M110L Microfluidizer
(Microfluidics). Cell lysates were treated with 25 U/ml| benzonase (Merck), prior to
centrifugation at 48000 x g for 25 min at 4 °C. Mtw1/Nnfl1-6xHis and 6xHis-thrombin-Ndc10
were bound to Ni-NTA agarose (Qiagen) for 1 h at 4 °C, washed in wash buffer (50 mM HEPES
pH 7.5, 400 mM NacCl, 30 mM imidazole, 3% glycerol, 0.01% Tween20) and eluted in 50 mM
HEPES pH 7.5, 150 mM NaCl, 250 mM imidazole, 5% glycerol.

1xStrep-Mtw1/Nnf1-6xHis was bound to Strep-Tactin Superflow agarose (Qiagen) for 1 h at 4
°C washed with a buffer containing 50 mM HEPES pH 7.5, 400 mM NaCl, 3% glycerol, 0.01%
Tween20 and eluted in 50 mM HEPES pH 7.5, 150 mM NaCl, 8 mM biotin, 5% glycerol. All
proteins were buffer exchanged into a buffer containing 50 mM HEPES pH 7.5, 120 mM NaCl,
10% glycerol using a PD10 desalting column (GE Healthcare)

Expression and purification of proteins from insect cells

Mif2-6xHis-6xFlag, MTW1c (Dsn1-6xHis-2xStrep/Mtw1/Nnf1/Nsl1), 6xHis-Cdc5, Sli15-2xStrep-
1xHA-6xHis/Ipl1 and the corresponding mutants thereof (Table S1) were expressed in High Five
insect cell suspension culture (ThermoFisher Scientific) using Express Five medium
supplemented with 1% v/v Gibco L-glutamine (ThermoFisher Scientific) and 1% v/v pluronic
(Invitrogen). 1 | of 1x10%/ml High Five cells was infected with 10 ml of the virus and incubated

at 95 rpm, 27.5 °C for three days.
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Suspension cell cultures were harvested for 10 min, 1000 x g at 4 °C. Cells were resuspended
in lysis buffer (50 mM HEPES pH 7.5, 150 mM NacCl, 3% glycerol, 1mM MgCl,, 0.01% Tween20,
cOmplete ULTRA EDTA-free Protease Inhibitor Cocktail (Roche)). Insect cells were lysed by
dounce homogenization (Wheaton douncer) with 15 strokes on ice and cell lysates were
treated with 25 U/ml benzonase (Merck) prior to centrifugation at 48000 x g, 25 min at 4 °C.
Mif2-6xHis-6xFlag or 6xHis-Cdc5 containing cleared lysates were incubated with Ni-NTA
agarose (Qiagen) for 1 h at 4 °C, washed with 50 mM HEPES pH 7.5, 400 mM NaCl, 30 mM
imidazole, 3% glycerol, 0.01% Tween20 and eluted in 50 mM HEPES pH 7.5, 150 mM NaCl, 250
mM imidazole, 5% glycerol.

For  Dsn1-2xStrep/Mtw1/Nsl1/Nnfl,  1xStrep-Mpsl and  Sli15-2xStrep-HA-6xHis/Ipl1
purification, the cleared lysates were incubated with Strep-Tactin Superflow agarose (Qiagen)
for 1 h at 4 °C washed with 50 mM HEPES pH 7.5, 400 mM NaCl, 3% glycerol, 0.01% Tween20
and eluted in 50 mM HEPES pH 7.5, 150 mM NaCl, 8 mM biotin, 5% glycerol.

Peak elution fractions of all the recombinant proteins were buffer exchanged using a PD10
column (GE Healthcare) in a desalting buffer (50 mM HEPES pH 7.5, 120 mM NacCl, 10%

glycerol).

Purification of the CDC28%! complex

For the reconstitution of the Cdc28-Clb2-Cksl complex, 1xStrep-Clb2 was expressed and
purified from E. coli followed by incubation with insect cell lysate containing expressed Cdc28
and Cks1. 1xStrep-Clb2 was expressed and harvested as described for the E. coli protocol. Cells
were lysed by sonication in a buffer containing 50 mM HEPES pH 7.5, 150 mM KCl, 5% glycerol,
0.01% Tween, 1.5 mM MgCl,, 1 mM DTT and complete EDTA-free protease inhibitor (Roche).
Cleared lysate was incubated with Strep-Tactin Superflow resin (Qiagen) for 1 h at 4 °C. Beads
were washed in a wash buffer containing 50 mM HEPES pH 7.5, 150 mM KCl, 5% glycerol, 1
mM DTT and incubated with the cleared insect cell lysates (expressed and harvested as
previously described), containing recombinant Cdc28 and Cks1, for one hour at 4°C. Beads
were washed with wash buffer and eluted in elution buffer (50 mM HEPES pH 7.5, 300 mM
KCl, 5% glycerol, 1 mM DTT, 10 mM biotin). The eluate was dialyzed in 50 mM HEPES pH 7.5,

150 mM KCI, 10% glycerol) and flash-frozen aliquots were stored at -80 °C.
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In vitro binding assays

For binding assays using the Mtwl complex (Dsnl wild-type or Dsn15240P/5250D_gyHis-
2xStrep/Mtw1/Nsl1/Nnfl) or the 1xStrep-Mtw1/Nnfl-6xHis heterodimer as a bait, the protein
complexes, along with the respective wild-type or mutant candidate binding proteins/protein
complexes, were mixed in a 1:2 molar ratio and incubated on ice for 30 min. The volumes were
adjusted with low salt buffer (30 mM HEPES pH 7.5, 150 mM NaCl, 3% glycerol, 0.01%
Tween20). The sample mixture was further immobilised on a Strep-Tactin Superflow resin
(Qiagen) for 1 h at 4 °C, 1200 rpm using a thermomixer (Eppendorf) and washed two times
with high salt buffer (30 mM HEPES pH 7.5, 300 mM NaCl, 3% glycerol, 0.02% Tween20) and
one time with low salt buffer. Samples were eluted in a buffer containing 30 mM HEPES pH
7.5, 150 mM NaCl, 3% glycerol and 8 mM biotin for 20 min at 4 °C and 1200 rpm using a
thermomixer (Eppendorf).

Binding assays with Mif2-6xHis-6xFlag and 1xFlag-thrombin-Ndc10'>>! were performed in the
same manner with two exceptions: 1) the proteins were immobilised on M2 anti-FLAG agarose
beads (Sigma-Aldrich) and 2) elution was performed in a buffer containing 30 mM HEPES pH
7.5, 150 mM NaCl, 3% glycerol and 1mg/ml Flag peptide. Proteins were resolved on 4-20%
gradient SDS-PAGE gels (Bio-Rad) and visualised by Coomassie staining (Roth). Protein band
intensities were quantified using ImageJ and the standard deviation was calculated from 2-4
biological replicates.

Immunoblotting of Mif2-FLAG (Fig 1 D) was performed by separating input or eluate fractions
on 10% SDS-PAGE gels. Proteins were transferred to PVDF membrane and Western blot
analysis was performed by incubating the membrane for 1 h in a 1:10000 dilution of a mouse
monoclonal ANTI-FLAG® M2 primary antibody (Sigma-Aldrich) and using HRP-conjugated

rabbit anti-mouse 1gG (abcam) as secondary antibody.

Analytical size exclusion chromatography

Analytical SEC experiments were performed on a Superdex 200 Increase 3.2/300 or a Superose
6 Increase 3.2/300 column (GE Healthcare). Proteins were mixed in equimolar ratios and
incubated on ice for 1 h prior to injection. Samples were eluted under isocratic conditions at 4

°Cin a buffer containing 50 mM HEPES pH 7.5, 180 mM NaCl, 3% glycerol. Elution of proteins
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was monitored by absorbance at 280 nm. 100 pl fractions were collected and analysed by SDS-

PAGE and Coomassie staining.

Yeast growth assay

The anchor-away strains (Table S2) were created by endogenously tagging the Ndc10 locus
with the FRB domain in a strain expressing the ribosomal RPL13-FKB12 anchor. The
endogenous protein can be anchored away by addition of 1 pg/ml rapamycin to the growth
medium. For the rescue experiment wild-type or mutant Ndc10 coding sequences were cloned
into the pRS313 vector along with the corresponding 200 bp promoter region and a C terminal
6xHis--6xFlag tag (Table S1). Point mutations were made using the Q5® Site-Directed
Mutagenesis Kit (NEB). The rescue constructs were transformed into a Ndc10-FRB strain and
the cell growth was tested by spotting 2.5 ul of five 10-fold serial dilutions starting at OD600 =
0.5 on YPD plates in the presence or absence of rapamycin (1 pg/ml). To test benomyl
sensitivity, dilutions were plated on YPD + rapamycin + benomyl (15 pg/ml) plates. Plates were

incubated at 30 °C or 37 °C for 2-3 days.

Immunoprecipitation to evaluate Ndcl0 expression levels in the anchor-away strains using

western blot analysis

Ndc10 anchor-away strains BTS2, BTS5, BSS313 and BSS325 (Table S1) ectopically expressing
Ndc10 wild-type and mutant proteins were grown in 50 ml SD(-)His medium at 30 °C to an
OD600 of 1-1.5. An equivalent of 50 OD of cells was harvested by centrifugation (5 min, 3140
x g, 4 °C) and the pellet was resuspended in lysis buffer (25 mM HEPES pH 8, 150 mM KCI, 5%
glycerol, 2 mM MgCl2, 0.08% NP40, 0.1 mM EDTA, 0.5 mM EGTA and complete EDTA-free
protease inhibitor (Roche)) and lysed by intermittent vortexing using 500 pl glass beads (0.5
mm diameter, Microspec). Lysates were cleared at 21000 x g, 4 °C for 30 minutes. The lysate
was further incubated with 20 pl of anti-FLAG M2 agarose (Sigma-Aldrich) at 4 °C for one hour.
Beads were washed twice with lysis buffer and eluted in the same buffer containing 0.5 mg/ml
3xFLAG peptide. Samples were analysed using 10% SDS-PAGE gels followed by immunoblotting
using anti-FLAG M2 (1:5000, Sigma-Aldrich) or anti-Pgk1 (1:10000, Invitrogen) antibodies, and

visualized by the HRP-conjugated anti mouse secondary antibody (1:15000, Santa Cruz).
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Co-Immunoprecipitation of Ndc10 from yeast cell extracts and mass spectrometric analysis

A yeast strain expressing endogenously tagged Ndcl0-6xHis-6xFlag and equipped with
galactose inducible 1xmyc-Mpsl (pGAL-1xmyc-Mpsl) (Table S2) was used for synchronized
(G1- or G2/M-phase) immunoprecipitation experiments. 1 | YPD medium was set to OD600 0.2
and grown at 30 °C, 180 rpm until OD600 0.5. The cells were pelleted and the medium was
exchanged with YPD medium and alpha factor (10 mg/l for G1 phase arrest) or with YEP
medium + 2% galactose + 2% raffinose (for G2/M phase arrest) and grown for 3.5 h until the
cells were uniformly synchronized. Cells were harvested by centrifugation for 10 min at 3500
x g, 4 °C and resuspended in lysis buffer (25 mM HEPES pH 8.0, 150 mM KCI, 2 mM MgCl,, 15%
glycerol, 0,1% NP40, 0.1 mM EDTA, 0.5 mM EGTA, 2 mM DTT, cOmplete ULTRA EDTA-free
Protease Inhibitor Cocktail (Roche), 1x Halt Phosphatase Inhibitor Cocktail (ThermoFisher
Scientific). The cells were lysed using an M110L Microfluidizer (Microfluidics) followed by
benzonase (25 U/ml) treatment (Merck) for 30 min on a rotation wheel at 4 °C. The lysate was
cleared by centrifugation (48000 x g, 25 min, 4 °C) and protein was bound to M2 anti-FLAG
agarose (Sigma-Aldrich) for 2 h on a rotation wheel at 4 °C. The beads were washed in a buffer
containing 25 mM HEPES pH 8.0, 150 mM KCl, 15% glycerol, 0.1% NP40 and the protein was
eluted in the same buffer with addition of 1 mg/ml 3xFLAG peptide. The eluate was rebound
to Ni-NTA agarose (Qiagen) for 30 min at 4 °C in a thermomixer with 1200 rpm shaking. The
beads were washed two times in a buffer containing 25 mM HEPES pH 8.0, 150 mM KCl, 15%
glycerol. The beads were digested by addition of 2 sample volumes of 8 M urea, reduced with
5 mM TCEP (ThermoFisher Scientific) for 15 min and alkylated with 10 mM iodoacetamide
(Sigma-Aldrich) for 30 min. Peptides were released from the beads by sequential digestion with
lysyl endopeptidase (1:50 w/w, Wako) for 2 h followed by trypsin treatment at 35 °C overnight,
1200 rpm (1:50 ratio w/w, Promega). The reaction was stopped with 1% (v/v) trifluoroacetic
acid and the peptides were purified using C18 cartridges (Sep-Pak, Waters). Samples were
analysed by LC-MS/MS using an Orbitrap Elite instrument (Thermo Fisher Scientific). Protein
intensities of two biological replicates were obtained using the MaxQuant software (Cox and

Mann 2008). Raw IBAQ intensities were normalized to the Ndc10 bait.
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Live cell microscopy

For live cell microscopy of Ndc10-GFP, Ndc10-Y52A-GFP or Ndc10-W55A-GFP localization, the
Ndc10 anchor-away strain expressing endogenously tagged Okpl-mCherry as kinetochore
marker was transformed with the corresponding constructs (pRS313-Ndc10-GFP, pRS313-
Ndc10-Y52A or pRS313-Ndc10-W55A-GFP, Table S1). Transformed yeast cells were grown in
selective medium (—His/-Trp) in the presence of 1 mg/ml rapamycin at 30 °C until OD600 ~0.5.
Cells were immobilized on concanavalin-A (Sigma-Aldrich) coated slides (lbidi) and imaged in
an environmental chamber maintained at 30 °C (Oko Labs). Live cell imaging was carried out
on a Nikon TiE microscope equipped with a Yokogawa CSU-W1 spinning disk confocal unit (50
um pinhole size), an Andor Borealis illumination unit, Andor ALC600 laser beam combiner (405
nm /488 nm /561 nm /640 nm), and Andor IXON 888 Ultra EMCCD camera. The microscope
was controlled by software from Nikon (NIS Elements, ver. 5.02.00). Tiled images (5x5 with 5%
overlap) were acquired for each condition with a pixel size of 130 nm using a Nikon PlanApo
100x/1.45 NA oil immersion objective and a Perfect Focus System (Nikon). GFP and mCherry
were excited for 500 ms using the 488 and 561 nm laser lines, respectively. The emission of
GFP and mCherry was captured by using a 525/50 nm and a 600/50 nm filter, respectively. In

addition, differential interference contrast (DIC) images were acquired.

Crosslinking mass spectrometry

Recombinant Mif2:Ame1/Okp1:Ndc10:MTW1cPsnt $240/2500 complex was crosslinked using a
zero-length crosslinker DMTMM (4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride, Sigma Aldrich) for 6 min at 10 °C and 1200 rpm at a final concentration of 40 mM.
The reaction was quenched using a desalting column (ThermoFisher Scientific), followed by
addition of ammonium bicarbonate at a final concentration of 100 mM. The crosslinked
samples were subjected to tryptic digestion as described in the protocol above. After reversed
phase chromatography, peptides were further enriched on a Superdex Peptide PC 3.2/30
column (300x3.2mm). Collected fractions were analysed by liquid chromatography coupled to
tandem mass spectrometry using an LTQ Orbitrap Elite (ThermoFisher Scientific) instrument
(Herzog et al. 2012) and the crosslinked peptides were identified using xQuest software
(Walzthoeni et al. 2012). The results were filtered with an MS1 tolerance window of -4 to 4

ppm and score > 22 followed by manual validation.
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Amino acid sequence alighment

Multiple sequence alignment of Mif2 and Ndc10 protein sequences from interrelated budding
yeast species was conducted with Clustal Omega (Sievers et al. 2011). Protein sequences with
the highest similarity were determined by protein BLAST and included in the Clustal Omega

alignment.

Data availability

The mass spectrometry raw data was uploaded to the PRIDE Archive. The access information
is for the recombinant Mif2:Ame1/Okp1:Ndc10:Mtw1CPsnt $240/2500 x| MS data: Project
accession: PXD022043, Username: reviewer pxd022043@ebi.ac.uk, and Password:
LYn3YmOQk.
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Figure 1. Ndc10 binding to the MTW1 complex is cell cycle and phosphorylation dependent

(A) Relative abundances of proteins that coprecipitated with the endogenously tagged full
length Ndc10-6xHis-6xFlag. Cells were synchronized in G1 or G2/M phase using alpha factor or
galactose induced Mpsl overexpression, respectively. Pull-down samples were analysed by
mass spectrometry and the raw IBAQ intensities were normalised to the bait. (B) Crosslinking
mass spectrometry analysis of the recombinant Mif2:Ame1/Okp1:Ndc10:Mtw1CPsnt $240/2500
complex (Table S4). Proteins are indicated as bars with the known domains indicated (Table
S5). Subunits of the same complex are shown in the same color. Inter-protein crosslinks are
depicted in black or dark gray and intra-protein crosslinks in light gray. (C) The interaction
between Ndcl10 and the MTW1 complex was analysed by size exclusion chromatography.
Proteins were mixed in equimolar ratio and run on a Superose 6 Increase 3.2/300 column. The
peak fractions were visualised by SDS-PAGE and Coomassie staining. (D) /n vitro binding assay
probing the interaction of immobilised wild-type Mtwlc or Mtw1cPsnt $240/2500 \ith Mif2,
Ame1/Okpl and Ndc10. Bound proteins were analysed by SDS-PAGE and Coomassie staining.
Levels of Mif2 protein are visualized by Western blot as it overlaps with Dsn1 protein. IN: input
sample, IP: immunoprecipitated sample. (E) Quantification of bound Ndc10'>>! protein levels
shown in (D). Protein band intensities were quantified using ImagelJ. Bars represent the average
of four experiments with error bars indicating the standard deviation.
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Figure 2
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Figure 2. The Mtw124*% helix is responsible for Ndc10 binding

(A) The role of the Dsn1/Nsl1 or Mtw1/Nnf1 heterodimer in Ndc10>>*binding was assessed in
vitro. Heterodimers were separately expressed, purified from E. coli and binding to
immobilised 1xFlag-Ndc10'>>! was tested in vitro. (B) To further narrow down the Ndc10%>°!
binding site on the Mtw1/Nnf1 heterodimer, 1xFlag-Ndc10'>>* was immobilised and incubated
with wild-type Mtw1/Nnfl Mtw142>°0/Nnfl, Mtw12129-289/Nnfl or monomeric Mtw1. (C) In
vitro binding assay of Mtw1%44°, Mtw17%°° or their combination to Ndc10'>>. 1xStrep-tagged
peptides (Table S3) were incubated with recombinant Ndc10%°°! at a molar ratio of 2:1. (D)
Ndc10'>>! levels bound to the respective peptides shown in (C) were quantified with ImageJ.
Each bar represents the average of three experiments and the highest intensity (Mtw124
40+Mtw179°9) was set to 1 with error bars indicating the standard deviation. (E) Experiment as
described in (C) was performed using Mif2, Ame1/Okp1 and Ndc10 as prey. *asterisk indicates
contaminant band. (F) Model of the Mtw1 helix-loop-helix region is displayed based on the
crystal structure (PDB entry 5T58) (Dimitrova et al. 2016). The region used to design the helix
1 (aa 24-40) and helix 2 (aa 70-90) peptides is indicated in green and by dashed arrows. The
Mif2 and Amel binding sites constituted by the corresponding critical binding residues are
shown in dark blue and red, respectively (Dimitrova et al. 2016). (G) Empty Strep beads or
immobilised 1xStrep-Mtw1/Nnfl wild-type or the respective point mutants (depicted in (F))
responsible for breaking the interaction with either Mif2 of Ame1 (Dimitrova et al. 2016) were
incubated with Mif2, Ame1/Okpl or Ndc10'>>'. Eluates were analysed by SDS-PAGE and
Coomassie staining.
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Figure 3
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Figure 3. The conserved N-terminal Ndc10 residue Y52 is important for Mtw1 interaction and
essential for cell viability at restrictive temperature

(A) Amino acid sequence alignment of the Ndc10**’3 N-terminal region from interrelated yeast
species with the highest similarities to S. cerevisiae. The region used for N-terminal deletion
analysis and the conserved region used for point mutational analysis are indicated and shaded
in light blue. Amino acids are colored according to the Clustal Omega color scheme. Residues
that are identical among aligned protein sequences (*), conserved substitutions (:), and
semiconserved substitutions (.) are indicated. (B) In vitro binding assay analysing the
interaction of Ndc10 N-terminal deletion mutants with Mtw1/Nnfl. 1xStrep-Mtw1/Nnfl was
immobilised and incubated with Ndc10'>>* wild-type or deletion mutants (Ndc10%1?, Ndc10%3®,
Ndc10%63). (C) Mtwl interaction with Ndc10'°°! point mutants (Ndc10%?A, Ndc10"34,
Ndc10%4 Ndc10%>>*) was tested as described in (B) (D) Cell viability assay of Ndc10 point
mutants using the anchor-away technique. Ndc10-FRB strains transformed with the indicated
Ndc10 rescue alleles were spotted in serial dilutions on YPD plates with or without addition of
rapamycin (1 pg/ml) and benomyl (15 pg/ml) and incubated at 30 °C or restrictive temperature
(37 °C), respectively. (E) Live cell microscopy showing the localization of ectopically expressed
wild-type Ndc10-GFP and Ndc10-Y52A-GFP, Ndc-W55A-GFP mutant proteins analyzed in a
Ndc10 anchor-away strain. Strains were grown and analyzed in the presence of 1 pg/ml
rapamycin. Okpl-mCherry was used as kinetochore marker. BF: brightfield image. (F) Cell
viability assay of NdclO wild-type, Ndcl10-Al1l, the Ndcl0-Y52A point mutant or the
combination of both Ndc10-A11-Y52A analysed in aNdc10-FRB/mif2-A35 background. (G)
Western blot analysis of ectopically expressed Ndc10 wild-type and mutant protein levels from
the experiment shown in (F). NdclO proteins are visualized using anti-Flag antibody, Pgkl
levels are shown as a loading control.
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Figure 4
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Figure 4. Ndc10 binds to a serine-rich region in Mif2 (aa 220-240)

(A) Amino acid sequence alignment of the Mif218-24! region from interrelated yeast species
with the highest similarities to S. cerevisiae. The region spanning ScMif2-200-240 is shaded in
light blue. Phosphorylation sites used for mutational analysis are indicated by arrowheads.
Residues that are identical among aligned protein sequences (*), conserved substitutions (:),
and semiconserved substitutions (.) are indicated accordingly. (B) Ndc10'>>!interaction with
Mif2 was tested by immobilising Mif2-6xHis-6xFlag wild-type or mutant proteins (Mif24238312,
Mif28238-370 - \Mif2835237) and incubating with Ndc10'>>1. (C) Bound Ndc10'>°! levels were
quantified using ImageJ and Ndc10 ratio to the bait Mif2 is shown (n=2). (D) The effect of Mif2
phosphorylation on Ndc10'>>! binding was tested in an in vitro binding assay. Insect cell-
expressed Mif2-6xHis-6xFlag was dephosphorylated using A phosphatase and re-
phosphorylated with the known kinetochore kinases (SIi15AN228/Ipl1Aue@ B Cdc5PkL
Cdc28%K1) in a buffer containing 1 mM ATP and 2.5 mM MgCl,. (E) Quantification of the
experiment shown in (D) as described in (C). (F) /n vitro binding assay to delimit the Ndc10
binding site on Mif2. Indicated Mif2-6xHis-6xFlag deletions or phosphorylation-site mutants
were immobilised and binding to Ndc10'°>! was analysed. (G) Bound Ndc10 levels from the
experiment shown in (F) were quantified as described in (C).
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Figure 5
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Figure 5. Mif2 binding to Ndc10'>>! occurs via the same N-terminal region as Mtw1 binding

(A) Mif2-6xHis-6xFlag was immobilised and incubated with Ndc10'®°>! wild-type or the
indicated deletion mutants in a 1:1 molar ratio. (B) Immobilised Mif2-6xHis-6xFlag was
incubated with Ndc10'>>! point mutants (Ndc10%?A, Ndc10™3*, Ndc10%*A, Ndc10W>>4). (C)
Competition between Mtw1l and Mif2 was tested using the Mif2-A170 mutant lacking the
Mtw1 binding domain. 1xStrep-Mtw1/Nnfl was immobilised and incubated with Ndc10*>°1,
Ndc10'°>t and Mif2 or Ndc10'°>! and Mif2-A170. The interaction between Ndc10 and Mif2
wild-type or Mif2-A170 was tested by immobilising the corresponding proteins and incubating
with Ndc10'°>%, (D) Quantification of the Ndc10 levels retained by Mtw1/Nnf1 as shown in (C).
Protein levels were quantified using ImageJ with bars depicting the relative intensity and with
error bars indicating the standard deviation (n=2). (E) Competition between Chl4/ImI3 and
Ndc10*>°! for Mif2 binding was tested by immobilising Mif2-6xHis-6xFlag and incubating with
the indicated proteins. (F) The experiment shown in (E) was quantified as described in (D). (G)
Model summarising the phosphorylation dependent recruitment of Mtw1/Nnf1 (green) via the
three inner kinetochore receptors Amel (red), Mif2 (blue) and Ndc10 (grey) through their N
terminal domains. While the N terminal deletion of Ame1l is lethal and crucial for cell viability,
perturbations in both, the N terminal regions of Mif2 and Ndc10 cause synthetic lethality.
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Supplemental information
Supplemental Figures

Figure S1
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Figure S1. Analysis of Ndc10'°>1, Mif2, Ame1/Okpl and Mtw1C complex formation by size
exclusion chromatography. The interaction between 6xHis-Ndc10*>°1, Mif2-6xHis-6xFlag,
6xHis-Ame1/0Okp1 and Mtwlc (Mtw1/Nnfl/Dsn1-6xHis-6xFlag/Nsl1) was analyzed using size
exclusion chromatography. Protein complexes were mixed in an equimolar ratio and incubated

on ice for 1 h. The samples were run on a Superose 6 Increase 3.2/300 column and analyzed
by SDS-PAGE and Coomassie staining. The shift in fraction 11 and 12 indicates association of

the larger complex.
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Figure S2
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Figure S2. Ndc10'>>displays more robust binding comparing to Mif2 and Ame1/Okp1

(A) In vitro binding assay was performed by immobilizing 1xStrep-Mtw1/Nnf1 wild-type or the
indicated Mtw1 deletion or double-point mutants and incubating with 6xHis-Ndc10%>%. (B) In
vitro binding assay to estimate the effect of the Mtw1%%° loop deletion on Mif2-6xHis-6xFlag,
6xHis-Ame1/Okp1l or 6xHis-Ndc10'>>! binding. The eluted protein complexes were visualized
by SDS-PAGE and Coomassie staining. IN: input sample, IP: immunoprecipitated sample.
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Figure S3
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Figure S3. In vivo effect of mutating Ndc10 — Mtw1 binding sites

In vivo analysis of Ndc10 mutants using the anchor-away technique. Yeast cell growth of a
Ndc10-FRB strain was tested in serial dilutions either untransformed (-) or transformed with
the indicated Ndc10 rescue constructs on YPD medium in the absence or presence of 1 pug/ml
rapamycin and/or 15 ug/ml benomyl at permissive (30 °C) or restrictive temperature (37 °C).

Figure S4
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Figure S4. Ame1/Okpl does not form a stable complex with Ndc10¥>! in size exclusion
chromatography analysis.

The interaction between 6xHis-Ndc10'°>! and 6xHis-Amel/Okpl was analyzed using size
exclusion chromatography. Protein complexes were mixed in an equimolar ratio, incubated on
ice for 1 h prior to injection and run on a Superose 6 Increase 3.2/300 column. Collected peak
fractions were analyzed by SDS-PAGE and Coomassie staining.
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Figure S5
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Figure S5. Mif2 occupies a larger binding site on Ndc10 than Mtw1

(A) In vitro binding assay to estimate the effect of conserved Ndc10 residues based on a
multiple sequence alignment from interrelated yeast species on Mtw1/Nnfl binding. 1xStrep-
Mtw1/Nnfl was immobilized and probed by incubation with indicated 6xHis-Ndc10'>>!
mutants. (B) Binding assay to access the influence of mutation in the conserved areas of Ndc10
on Mif2 binding. Mif2-6xHis-6xFlag was immobilized and probed with the indicated 6xHis-
Ndc10>>! mutants. Eluted proteins were visualized by SDS-PAGE and Coomassie staining.
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Supplemental Tables

Table S1. Plasmids used in this study.

Number | Plasmid Source
BMP82 | pET28 6xHis-Thrombin-Ndc10%°* This study
BMP131 | pET28 6xHis-Thrombin-Ndc10%5 (A63) This study
BMP83 | pET28 6xHis-Thrombin-Ndc10%107139551 (A107-139) This study
BMP132 | pET28 6xHis-Thrombin-Ndc10%3%%* (A139) This study
BMP142 | pET28 6xHis-Thrombin-Ndc10™°%! YASAY48A This study
BMP143 | pET28 6xHis-Thrombin-Ndc10*1 Y52AW55A This study
BMP155 | pET28 6xHis-Thrombin-Ndc10! L122A L125A This study
BMP156 | pET28 6xHis-Thrombin-Ndc10™**! [132A L135A This study
BMP197 | pET28 6xHis-Thrombin-Ndc10°51 Y52A This study
BMP198 | pET28 6xHis-Thrombin-Ndc10%%! [53A This study
BMP199 | pET28 6xHis-Thrombin-Ndc10°°* Q54A This study
BMP200 | pET28 6xHis-Thrombin-Ndc10%%* W55A This study
BMP102 | pETDuet-1 Mtw1/Nnf1-6xHis This study
BMP62 | pST39 Dsn1/Nsl1-6xHis/Mtw1 Stefan Westermann
BMP181 | pETDuet-1 1xStrep-Mtw1/Nnfl-6xHis This study
BMP136 | pETDuet-1 1xStrep-Mtw122%%/Nnf1-6xHis This study
BMP135 | pETDuet-1 1xStrep-Mtw1 4120289/Nnf1-6xHis This study
BMS20 | pET28 1xStrep-Mtw1 This study
(Fischbock-Halwachs
BMP75 | pBIG1 Dsn1-2xStrep/Mtw1/Nsl1/Nnfl
et al. 2019)
BTS16 | pBIG1 Dsn1s2400/52500_gyhiis 2xStrep /Mtw1/Nsl1/Nnfl This study
BMP123 | pST39 Okp1-6xHis/Amel Stefan Westermann
i ; ; (Fischbock-Halwachs
BJF6 pLib-Mif2-6xHis-6xFlag
et al. 2019)
BMP201 | pLib-Mif22235237_6xHis-6xFlag This study
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BMP202

BMP203

BSS227

BSS230

BSS231

BSS290

BSS292

BSS327

BSS280

BSS285

BSS287

BSS294

BJF1

BCK44

BSS25

BSS26

BSS75

BMP37

BTS1

BTS2

BTS3

BTS4

BTS5

BSS313

BSS325

pLib-Mif22238312_6xHis-6xFlag
pLib-Mif25238370_6xHis-6xFlag
pLib-Mif24176230_6xHis-6xFlag
pLib-Mif241762%0_6xHis-6xFlag
pLib-Mif24200-230_6xHis-6xFlag
pLib-Mif24200-240_6xHis-6xFlag
pLib-Mif24221-249_6xHis-6xFlag
pLib-Mif24N>170_6xHis-6xFlag

pLib-Mif2-S177A-T194A-S195A-S198A-S199A-S217A-S226A-
S228A-S229A-6xHis-6xFlag
pLib-Mif2-S177A-T194A-S195A-S198A-S199A-S217A-S226A-
S228A-S229A-5232A-S234A-S236A-S238A-S240A-6xHis-6xFlag
pLib-Mif2-S217A-S226A-S228A-S229A-5232A-S234A-S236A-
S238A-S240A-6xHis-6xFlag
pLib-Mif2-5232A-S234A-S236A-S238A-S240A-6xHis-6xFlag

pBIG1-SLI15-2xStrep-HA-6xHis/IPL1

pET28-1xStrep-Clb2
pLib-Cdc28
pLib-Cks1
pLib-6xHis-Cdc5

pPETDuet-1-6-His-Chl4/Iml3

pRS313-200 5'UTR Ndc10-6xHis-FLAG
pRS313-200 5’UTR Ndc10"°?A-6xHis-6xFLAG
pRS313-200 5’UTR Ndc10°3A-6xHis-6xFLAG
pRS313-200 5’UTR Ndc10%*A-6xHis-6xFLAG
pRS313-200 5’UTR Ndc10W**A-6xHis-6xFLAG

pRS313-200 5’UTR Ndc10°N*1-6xHis-6xFLAG

pRS313-200 5’UTR Ndc10N2 11524 6y His-6xFLAG

This study

This study

This study
This study
This study
This study
This study
This study

This study

This study

This study

This study

(Fischbock-Halwachs

et al. 2019)
This study

This study
This study

This study

(Fischbock-Halwachs

et al. 2019)
This study

This study
This study
This study
This study

This study

This study
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BSS340

BSS341

BSS339

BSS260

BSS306

BSS329

pRS313-200 5'UTR Ndc10°N?1-6xHis-6xFLAG
pRS313-200 5'UTR Ndc10°N??8-6xHis-6xFLAG
pRS313-200 5'UTR Ndc10°M?%-6xHis-6xFLAG
pRS313-200 5'UTR Ndc10-GFP

pRS313-200 5'UTR Ndc10"*A-GFP

pRS313-200 5'UTR Ndc10">*A-GFP

Table S2. Yeast strains used in this study.

This study

This study

This study

This study

This study

This study

Number | Genotype

YTS35 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10-6xHis6xFLAG::HIS

YTS37 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10Y52A-6xHis6XFLAG::HIS

YTS39 MAT a, torl-1, fprl::iloxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10'53*-6xHis6xFLAG::HIS

YTS41 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10%*A-6xHis6XFLAG::HIS

YTS43 MAT a, torl-1, fprl::iloxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10W55A-6xHis6XFLAG::HIS

YSS699 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC102N? 11 6xHis6xFLAG::HIS

YSS667 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10
FRB::KanMX, pRS313-NDC104N211Y52A 6y His6x FLAG::HIS

YSS712 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10°N221-6xHis6XFLAG::HIS

YSS713 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10°N228-6xHis6XFLAG::HIS

YS5702 MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
PRS313-NDC10°N226-6xHis6XFLAG::HIS

YS5691 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
mif2AN2-35::hphNT1

¥55704 MAT a, torl-1, fpri:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
mif2AN2-35::hphNT1, pRS313-NDC10-6xHis6XFLAG::HIS

¥55705 MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,
mif2AN2-35::hphNT1. pRS313-NDC10N? M -6xHis6xFLAG::HIS

YSS706 MAT a, torl-1, fpril::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,

VSSE96 mif2AN2-35::hphNT1. pRS313-NDC10AN2 11524 6y HisEXFLAG::HIS

MAT a, torl-1, fpril::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-
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YSS697

YSS709

YSS710

YSS711

YSS663

YSS665

YSS675

YTZ50

Table S3.
Peptides were preceded with a Strep tag and a short linker (SAWSHPQFEKGGSA).

FRB::KanMX, mif2AN2-35::hphNT1. pRS313-NDC10"*A-6xHis6xFLAG::HIS
MAT a, torl-1, fprl::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-
FRB::KanMX, mif2AN2-35::hphNT1. pRS313-NDC10W>>-6xHis6xFLAG::HIS

MAT a, torl-1, fprl:loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndcl10-FRB::KanMX,

mif2AN2-35::hphNT1. pRS313-NDC10°N2?1-6xHis6xFLAG::HIS

MAT a, torl-1, fpril::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,

mif2AN2-35::hphNT1. pRS313-NDC10°N228-6xHis6xFLAG::HIS

MAT a, torl-1, fpril::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,

mif2AN2-35::hphNT1. pRS313-NDC10°N236-6xHis6xFLAG::HIS

MAT a, torl-1, fpril::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-FRB::KanMX,

Okpl-mCherry::natNT2, pRS313-NDC10-GFP

MAT a, torl-1, fpril::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-
FRB::KanMX, Okp1-mCherry::natNT2, pRS313-NDC10"°?A-GFP

MAT a, torl-1, fpril::loxP-Leu2-loxP, RPL13A-2xFKBP12::lox-TRP1-loxP, Ndc10-
FRB::KanMX, Okp1-mCherry::natNT2, pRS313-NDC10"*>*-GFP
PGAL-1myc-MPS1, Ndc10-6xHis-6xFLAG

Number Protein ID Sequence
PA0123 Mtw12440 SAWSHPQFEKGGSAVDDIINAVNEIMYKCTA
PA0124 Mtw1799° SAWSHPQFEKGGSASLLENSVDKNFDKLELYVLRN

Table S4. Inter- and intra-protein crosslinks on recombinant Mif2:Ame1/Okp1:Ndc10*
551:Mtw1cPsnt S240/2500 complex used in Figure 78

Mif2 and Mtwlc were recombinantly expressed in insect cells while Ndc10'>>! and

Amel/Okpl were expressed and purified from E. coli. The complex was assembled and

incubated on ice prior to cross linking. In total, 96 inter-protein (dark green) and 170 intra-

protein (light green) crosslinks were detected on the recombinant complex depicted in Figure

1B.

Submitted to PRIDE Archive with project accession code: PXD022043.
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Table S5. Predicted and published domains depicted in the crosslink network

The crosslink network on the recombinant Ndc10*>>1:Mif2:Ame1/Okp1:Mtwlc complex from
Table S4 was depicted in Figure 1B with addition of previously identified protein domains.

Protein Domain/Motif Start | End Reference
Amel coiled coil 177 | 272 | MARCOIL prediction
Mif2 MTW1C binding 1 | 35 | (Hornung et al. 2014)
Mif2 signature motif 238 | 312 | (Hornung et al. 2014)
(Hinshaw and
Mif2 IML3/CHL4 binding 256 | 549
Harrison 2013)
Mif2 cupin fold 439 | 526 | (Hornung et al. 2014)
Okp1l coiled cail 183 | 290 | MARCOIL prediction
Okp1 coiled cail 346 |381| MARCOIL prediction

Mtwl | Mif2 and Ame1 binding domain| 25 | 90 | (Dimitrova et al. 2016)

Nnfl | Mif2 and Amel binding domain| 13 | 83 | (Dimitrova et al. 2016)

References:

Dimitrova YN, Jenni S, Valverde R, Khin Y, Harrison SC (2016) Structure of the MIND Complex Defines a
Regulatory Focus for Yeast Kinetochore Assembly. Cell 167: 1014-1027 1012

Fischbock-Halwachs J, Singh S, Potocnjak M, Hagemann G, Solis-Mezarino V, Woike S, Ghodgaonkar-
Steger M, Weissmann F, Gallego LD, Rojas J et al (2019) The COMA complex interacts with Cse4 and
positions Sli15/Ipl1 at the budding yeast inner kinetochore. eLife 8

Hinshaw SM, Harrison SC (2013) An ImI3-Chl4 heterodimer links the core centromere to factors
required for accurate chromosome segregation. Cell reports 5: 29-36

Hornung P, Troc P, Malvezzi F, Maier M, Demianova Z, Zimniak T, Litos G, Lampert F, Schleiffer A,
Brunner M et al (2014) A cooperative mechanism drives budding yeast kinetochore assembly

downstream of CENP-A. The Journal of cell biology 206: 509-524
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3.3 C-Terminal Motifs of the MTW1 Complex Cooperatively Stabilize Outer Kinetochore
Assembly in Budding Yeast

Ghodgaonkar-Steger M*, Potocnjak M*, Zimniak T, Fischbock-Halwachs J, Solis-Mezarino V,
Singh S, Speljko T, Hagemann G, Drexler DJ, Witte G, Herzog F. C-Terminal Motifs of the MTW1
Complex Cooperatively Stabilize Outer Kinetochore Assembly in Budding Yeast. Cell Reports.

2020; 32, 108190. doi: 10.1016/j.celrep.2020.108190. (*equal contribution)
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SUMMARY

Kinetochores are macromolecular protein assemblies at centromeres that mediate accurate chromosome
segregation during cell division. The outer kinetochore KNL157€1%5 MIS12M™1 and NDC80NPC8 complexes
assemble the KMN network, which harbors the sites of microtubule binding and spindle assembly checkpoint
signaling. The buildup of the KMN network that transmits microtubule pulling forces to budding yeast point
centromeres is poorly understood. Here, we identify 225 inter-protein crosslinks by mass spectrometry on
KMN complexes isolated from Saccharomyces cerevisiae that delineate the KMN subunit connectivity for
outer kinetochore assembly. C-Terminal motifs of Nsl1 and Mtw1 recruit the SPC105 complex through
Kre28, and both motifs aid tethering of the NDC80 complex by the previously reported Dsn1 C terminus.
We show that a hub of three C-terminal MTW1 subunit motifs mediates the cooperative stabilization of the
KMN network, which is augmented by a direct NDC80-SPC105 association.

INTRODUCTION

In eukaryotes, the kinetochore mediates the faithful distribution
of the genetic material to daughter cells during each cell division.
The kinetochore is a macromolecular protein complex that as-
sembles at specialized chromatin regions called centromeres
and connects chromosomes to spindle microtubules. In budding
yeast, the kinetochore is built on point centromeres, a specific
DNA sequence of ~125 bp wrapped around a single Cse4-con-
taining nucleosome, the budding yeast ortholog of the human
histone H3 variant CENP-A (the human orthologs are superscrip-
ted if appropriate). By contrast, the human kinetochore is assem-
bled on regional centromeres that span over megabases of DNA
containing ~200 CENP-A nucleosomes (Bodor et al., 2014; Pluta
et al., 1995). The core structure and function of the kinetochore
are largely conserved between budding yeast and humans but
differ in terms of complexity and size (Cheeseman and Desai,
2008; Joglekar et al., 2009; Santaguida and Musacchio, 2009;
van Hooff et al., 2017). The kinetochore architecture can be
subdivided into the outer kinetochore that constitutes the micro-
tubule binding interface and the inner kinetochore that is assem-
bled at centromeric chromatin by the constitutive centromere-
associated network (CCAN) or CTF19 complex (CTF19c) in
budding yeast (Cheeseman and Desai, 2008).
The essential inner kinetochore proteins
and Ame1/Okp1 bind to the C- and N-terminal domains of

M ifZCENP-C

Cse4®ENP-A (Anedchenko et al., 2019; Fischboeck et al., 2018;
Westermann et al., 2003; Xiao et al., 2017), respectively, and to
the MTW1MS12 complex (Dimitrova et al., 2016; Przewloka
et al., 2011; Screpanti et al., 2011), serving as direct links be-
tween the outer kinetochore and the centromeric nucleosome.

In all eukaryotes, the outer kinetochore is built up by the 10-
subunit KMN network that is assembled by three distinct
subcomplexes: the SPG105¥N-" complex including the subunits
Spc105KN! and  Kre282VNT:  the MTW1MIS'2  complex
(MTW1cMIS129) comprising the subunits Mtw1MS12 Dsn1PSN1
Nsl{NSHand  Nnf1PMF': and the NDC8ONPC®  complex
composed of Ndc80ONPCE,  NufoNUF2|  §pc245PC24 and
Spczsspczs_

The NDC80c contributes the essential microtubule binding ac-
tivity of the KMN network (Cheeseman et al., 2006; Ciferri et al.,
2008; Wei et al., 2007) constituted by two calponin homology do-
mains in Ndc80 and Nuf2 and the basic Ndc80 N-terminal tail (Gui-
maraes et al., 2008; Miller et al., 2008). At the opposite end, RWD
(RING finger- and WD-repeat-containing proteins and DEAD-like
helicases) domains within the Spc24/25 dimer mediate kineto-
chore targeting of the microtubule-binding subunits through their
interaction with the MTW1cM'S12° (Malvezzi et al., 2013; Petrovic
et al., 2010). Ndc80 also binds the yeast-specific DASH/Dam1
complex, which is an essential microtubule-binding complex in
budding yeasts (Cheeseman et al., 2001; De Wulf et al., 2003;
Westermann et al., 2006; Lampert et al., 2013).
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Crystal structures of human (Petrovic et al., 2016) and Kluyver-
omyces lactis (Dimitrova et al., 2016) MTW1M$12 complexes
show that its four subunits are assembled as two heterodimers
whose C and N termini are organized at opposite ends. The
N-terminal head domain formed by Mtw1M'S'2 and Nnf1PMF? jn-
teracts with the N termini of Mif2°ENP-C (Petrovic et al., 2016;
Przewloka et al., 2011; Screpanti et al., 2011) and Ame1 (Dimi-
trova et al., 2016; Hornung et al., 2011). Biochemical data
showed that the C terminus of Dsn1 is required for recruiting
the NDC80c (Dimitrova et al., 2016; Kudalkar et al., 2015; Mal-
vezzi et al., 2013) in budding yeasts and that the C termini of
Mtw1 and Nsl1 aid in stabilizing this interaction (Kudalkar et al.,
2015). Crystal structures of the Dsn1 peptide or a Cnn1 helical
peptide in complex with the globular Spc24/25 RWD domains re-
vealed the same binding mode of these two NDC80c recruiters
(Bock et al., 2012; Dimitrova et al., 2016; Malvezzi et al., 2013;
Schleiffer et al., 2012; Wei et al., 2006). Similarly, the human or-
tholog of Cnn1, CENP-T, has been identified as docking site for
the NDC80c (Gascoigne et al., 2011; Nishino et al., 2013). The
role of Cnn1 in bridging NDC80c to the centromere becomes
crucial in cells where the MTW1c function is compromised (Hor-
nung et al., 2014; Lang et al., 2018; Rago et al., 2015).

A comparison of the reported protein contacts linking the sub-
complexes of the KMN network in humans and budding yeast in-
dicates similarities and differences in assembly that are largely
based on the varying length and sequences of the C-terminal
tails extending from the coiled-coil (CC) shaft of the orthologous
MTW1cMS12¢ subunits (Dimitrova et al., 2016; Petrovic et al.,
2010, 2014, 2016). In humans, two motifs within the C-terminal
NSL1 tail, which are not conserved in budding yeast, are
required for binding the NDC80c and KNL1c. The C-terminal
NSL12%8-28" motif was sufficient to establish a tight interaction
with the homodimeric RWD domains of KNL1 (Petrovic et al.,
2010, 2014) in the absence of its binding partner ZWINT,
whereas the PVIHL motif (NSL12°92'%) is necessary for binding
NDC80c, but a high-affinity MIS12c-NDC80c interaction likely
requires additional contacts (Petrovic et al., 2010).

The Spc105¥N-! N terminus serves as an assembly platform
for spindle checkpoint proteins (London et al., 2012; Shepperd
et al., 2012; Yamagishi et al., 2012), but how the SPC105c is re-
cruited to the KMN network in Saccharomyces cerevisiae has not
yet been addressed.

The inability to capture flexible and disordered regions and the
difficulty to analyze full-length assemblies larger than individual
subcomplexes have limited a comprehensive description of the
kinetochore architecture. The mass spectrometric identification
of chemical crosslinks (XL-MS) has been developed to study
the protein connectivity of native or in vitro-reconstituted protein
complexes (Herzog et al., 2012; Walzthoeni et al., 2012).

We present a comprehensive protein connectivity map of the
native budding yeast outer kinetochore. The detection of several
crosslinks to the Mtw1 C terminus indicates the importance of
this region and identifies a predicted helical motif. We show
that the C-terminal helical motifs of Mtw1 and Nsl1 synergisti-
cally interact with the Spc105/Kre28 complex, whereas the
Spc24/25 heterodimer is recruited through association with the
Dsn1, Nsl1, and Mtw1 C termini. Moreover, we demonstrate
in vitro that, in contrast to humans, the C-terminal homodimeric
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RWD domains of Spc105 are dispensable for the recruitment of
the SPC105¢ to the KMN network and that this interaction is
mediated, in part, through the predicted CC domain of Kre28.
Our in vitro reconstitution assays identify the molecular basis
of the cooperative assembly of the SPC105¢c and NDC80c
onto the MTW1c C termini that is further stabilized by a weak
SPC105¢c-NDC80c association.

RESULTS

A Protein Connectivity Map of the KMN Network

To obtain a complete map of protein-protein contacts of the
budding yeast outer kinetochore, we performed large-scale pu-
rifications of endogenously 6xHis-6xFLAG-tagged kinetochore
proteins from S. cerevisiae (Figure 1A; Table S1). The quantita-
tive mass spectrometric analysis of the Dsn1 purification yielded
a nearly stoichiometric 10-subunit KMN network (Akiyoshi et al.,
2010), low abundant CTF19 subcomplexes such as COMA
(Ctf19/0kp1/Mcm21/Ame1) (Hornung et al., 2014), and subunits
of the DASH/Dam1 complex. Isolation of Cnn1 and Wip1 copre-
cipitated Mcm16/Ctf3/Mcm21, Chl4/ImI3, and COMA com-
plexes, whereas the KMN subunits were predominantly low
abundant (Figure 1A). In reciprocal purifications of Mcm16 and
Ctf3, the CTF19 subcomplexes Cnn1/Wip1, COMA, and Chl4/
ImI3 were enriched over the KMN proteins, in agreement with
previous studies indicating that direct interaction with Mcm16/
Ctf3/Mcm21CENP-HVK - anchors  Cnn1/Wip1CENPTW - through
Chl4/ImI3CENP-NL a4t the inner kinetochore and that Mcm16/
Ctf3/Mcm21CENP-HVK has 4 direct role in recruiting NDC80c in
a Cnn1°ENPT_dependent manner (Basilico et al., 2014; Kim
and Yu, 2015; Pekgdz Altunkaya et al., 2016).

In order to map the protein connectivity, we performed XL-MS
analysis of the purified native kinetochore complexes. In total, we
identified 225 inter-protein and 237 intra-protein crosslinks on the
KMN network and its associated CTF19c subunits (Figure 1B; Ta-
bles S4 and S5). The majority of the detected crosslinks in our
native kinetochore network is in agreement with previous studies
(Hornung et al., 2011, 2014; Kudalkar et al., 2015; Maskell et al.,
2010). Crosslinks between Mcm16/Ctf3/Mcm21 and Cnn1 corre-
spond to crosslinks recently reported on in vitro-reconstituted
complexes (Pekgoz Altunkaya et al., 2016) and are consistent
with the structure of the Spc24/25 RWD dimer bound to the
Cnn18984 N-terminal peptide (Lang et al., 2018; Malvezzi et al.,
2013; Schleiffer et al., 2012). The crosslink-derived restraints are
also in agreement with the crystal structure of the K. lactis
MTW1c (Dimitrova et al., 2016) and indicate that the C termini of
Mtw1, Nsl1, and Dsn1 are in close proximity, forming a hub of
tightly aligned helical motifs (Figures 1B and 2A). In particular,
our connectivity map pinpointed the Mtw1 C terminus as the cen-
tral site for building up the KMN network. Several crosslinks in the
Mtw1 C terminus indicated that Spc105/Kre28 is recruited
through the C-terminal part of Spc105 and the predicted CC of
Kre28 and that NDC80c is bound through the RWD domains of
Spc24/25 (Kudalkar et al., 2015) (Figure 1B; Tables S4 and S5).

Furthermore, we recombinantly expressed the 10-subunit
KMN network from a single baculovirus in insect cells (Weiss-
mann et al., 2016) and purified a stoichiometric KMN super-com-
plex to homogeneity (Figure S1A). The XL-MS analysis of the
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Figure 1. Subunit Connectivity of the Native Budding Yeast Outer Kinetochore Based on Crosslink-Derived Spatial Restraints

(A) The indicated kinetochore proteins were endogenously 6xHis-6xFLAG tagged and affinity purified using anti-FLAG magnetic beads from yeast cell extracts.
The eluted proteins were visualized by SDS-PAGE and silver staining and subjected to mass spectrometric analysis before and after crosslinking. Protein in-
tensities detected by mass spectrometry were normalized to the bait, and their relative abundance to the bait is indicated. Proteins were annotated on the SDS-
PAGE, with asterisk (*) indicating contaminants.

(B) Schematic representation of 225 inter-protein and 238 intra-protein crosslinks (Table S4) identified on 5 different kinetochore subcomplexes (shown in A)
delineated the protein connectivity of the KMN network and its interactors. Proteins are represented as bars indicating annotated domains according to a color
scheme (Table S5), and subunits of a complex are shown in the same color. Protein lengths and crosslink sites are scaled to the amino acid sequence.
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recombinant KMN network identified 191 inter-protein crosslinks
(Figure S1B; Table S6) that confirmed the crosslinks on the
native KMN network preparations but showed additional re-
straints connecting the C-terminal CC domain of Spc105 to the
CCs of Ndc80 and Spc24/25.

Multiple C Termini of the MTW1 Complex Create a Hub
for the KMN Network Assembly

Inter-protein crosslinks between the C termini of Mtw1, Dsn1,
and Nsl1 are collinear, suggesting that the tails are aligned and
protrude from one end of the MTW1c CC shaft (Dimitrova
et al., 2016) (Figure 2A). Consistent with previous reports, we
observed crosslinks from the C termini of Dsn1 and Nsl1 to lysine
residues in the globular heads and the following CC extensions
of Spc24/25. Crosslinks from Dsn1 and Nsl1 as well as from
Spc24/25 and Spc105/Kre28 intersected close to a region of
Mtw1 (residues 232-248) predicted to be a short helix (Figure 2A;
Figure S2A). The flanking sequences of this putative Mtw1 helix
were crosslinked to lysine residues within the CC domains of
Spc105/Kre28 and Spc24/25 (Figures 1B and 2A; Table S4).
The SPC105c¢ was not crosslinked to the Nsl1 C terminus, which
has been previously shown to tether KNL1c to the human KMN
network (Petrovic et al., 2010, 2014). Nine crosslinks between
the Cnn1 N terminus and Spc24/25 were validated by previous
studies showing that Cnhn1 competes with Dsn1 for Spc24/25
binding (Bock et al., 2012; Malvezzi et al., 2013; Schleiffer
et al., 2012) and is the major site of Spc24/25 interaction (Fig-
ure 2A). Notably, a crosslink between the Cnn1 N terminus and
the Spc105 CC region (residues 551-711) indicated a putative
association of Cnn1 with the SPC105¢.

Our XL-MS data suggest that helical motifs within the C termini
of Mtw1, Dsn1, and Nsl1 are tightly aligned, providing a hub for
interactions in order to cooperatively stabilize the KMN
assembly.

The Short Helical Motif in the Mtw1 C Terminus Is
Essential for Cell Survival

To address whether Mtw1 has a unique role in KMN assembly,
we generated Mtw1 mutants lacking the helical motif (Mtw1-
Ahelix or Mtw1A232-248) or the C-terminal 20, 40, or 60 amino
acids (aa; Mtw1A20, Mtw1A40, or Mtw1AB0, respectively). As
the deletion of Mtw1 is lethal in budding yeast (Goshima and Ya-
nagida, 2000), we used the anchor-away technique to condition-
ally remove the endogenous Mtw1-FRB from the nucleus by
addition of rapamycin (Haruki et al., 2008) and ectopically
express Mtw1 wild-type or mutant rescue alleles. The lethal
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phenotype could be rescued by expression of Mtw1 wild type
(Figure 2B), and C-terminal truncations lacking up to 40 amino
acids (Mtw1A10, Mtw1A20, and Mtw1A40) did not affect cell
growth at 30°C. However, the expression of Mtw1A60 and
Mtw1Ahelix did not rescue the lethal phenotype, indicating that
the helical motif Mtw12327248 i essential for cell viability (Figures
2B and 2C). The Mtw1A40 mutant showed benomyl sensitivity
and a temperature-sensitive growth defect at 37°C. To further
corroborate the phenotype of the Mtw1A40 mutant, we per-
formed a minichromosome loss assay (Figures 2B and 2D) (Hi-
eter et al., 1985) by transforming an Mtw1 anchor-away strain
with various Mtw1 rescue constructs and a centromeric plasmid
carrying the SUP11 gene as a marker, which indicates minichro-
mosome loss through red pigmentation. Whereas the Mtw1A10,
Mtw1A20, and Mtw1A40 mutants showed only a minor increase
in segregation defects compared with the wild-type Mtw1 on
normal growth medium, the rate of missegregation was
increased 5-fold for Mtw1A40 on benomyl-containing plates
(Figures 2D and 2E). This indicated the functional relevance of
amino acids 250-269 for the Mtw1 C terminus.

Dsn1and Cnn1 have been shown to compete for the same bind-
ing site on the heterodimeric RWD domains of Spc24/25 (Bock
etal., 2012; Malvezzi et al., 2013; Schleiffer et al., 2012). The short
helices of Dsn1°9%7! and Cnn1%57° (Figure S2A) insert into the
same hydrophobic cleft of the Spc24/25 RWD dimer (Dimitrova
etal., 2016; Malvezzi et al., 2013). Moreover, a helix-switch assay
substituting the last 29 amino acids of Dsn1 with the Cnn1%528% he-
lical motif rescued cell death upon deletion of the Dsn1 C terminus
(Dsn1'%) (Malvezzi et al., 2013). Similarly, we investigated
whether substitution of the Mtw12%2248 helix with the Cnn10-84
peptide rescued lethality of the Mtw1Ahelix mutant (Figure 2F). Re-
placing the Mtw1 residues 229-248 with Cnn1%%® did not rescue
the growth defect, whereas the C-terminal fusion of Cnn160-84
to Dsn1'®* could partially rescue the lethal phenotype of
Dsn1'%47 (Figure 2F) (Malvezzi et al., 2013). This result indicated
that the Mtw1 and Dsn1 helices execute non-redundant functions.
The fact that substitution of the Mtw 1232248 helix by Cnn15°%4 was
lethal suggested that the binding partner or site is different to that of
the Dsn1 and Cnn1 helical peptides.

Deletion of the Mtw1232-248 Helix Affects the Assembly
of the Outer and Inner Kinetochore

Our XL-MS and in vivo experiments suggested that the
Mtw1232-248 helix mediated association of the NDC80c and
SPC105c. To address the contribution of the Mtw12327248 helix
to kinetochore assembly in the cell, we affinity purified

Figure 2. C-Terminal Motifs of the MTW1c Establish a Hub for the KMN Network Assembly

(A) Schematic representation of inter-protein crosslinks detected on the C-terminal tails of Mtw1, Dsn1, and Nsl1 and N-terminal tail of Cnn1. Predicted helical
motifs are shown as red cylinders. Crosslinks from Dsn1 to Mtw1, from Nsl1 to Mtw1, or from Dsn1 to NslI1 are indicated by bold, dotted, or dashed lines,
respectively. Crosslinks from MTW1c subunits to other kinetochore proteins are indicated by black dotted vertical lines.

(B) Analysis of Mtw1 C-terminal deletion mutants in cell viability assays using the anchor-away technique. Mtw1-FRB strains harboring the indicated rescue
alleles were spotted in serial dilutions on YPD, YPD + rapamycin, or YPD + rapamycin + benomyl plates and incubated at 30°C or 37°C.

(C) Western blot analysis of immunoprecipitated Mtw1-1xFLAG showed expression levels of the wild-type and mutant proteins. Pgk1 served as a loading control.
(D) Analysis of chromosomal segregation defect using a sectoring assay. MTW1 anchor-away strains were plated on synthetic defined complete media (SDC) +
rapamycin or SDC + rapamycin + benomyl and grown at 30°C. A Mcm21-FRB strain served as a positive control.

(E) Quantification of the segregation assay performed in (D) displayed as mean + standard deviation (SD) of 3 replicates.

(F) Growth assay analyzing the phenotype of the Mtw1/Cnn1 switch mutant where the Mtw1232-24® helix was replaced by the Cnn1%°-% helix in comparison with
the previously published Dsn1 switch mutant (Malvezzi et al., 2013).
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Figure 3. The Mtw1 C-Terminal Helix Is Critical for Outer Kineto-
chore Assembly

The heatmap summarizes the relative abundances of kinetochore proteins that
copurified with the Mtw1 full-length (Kudalkar et al., 2015), the C-terminally
truncated Mtw1 (A10, A20, A40, and A60), and the Mtw1Ahelix (A232-248)
mutants. The 1xFLAG-tagged Mtw1 proteins were ectopically expressed in
the Mtw1-FRB anchor-away background and purified from exponentially
grown cells. Copurifying protein complexes were analyzed by mass spec-
trometry, and protein raw intensities were log, transformed and normalized to
the Mtw1 wild-type intensity. The mean of these ratios from 4 biological rep-
licates is displayed according to the color scale.

ectopically expressed 1xFLAG-tagged Mtw1 wild-type and
mutant (Mtw1A10, Mtw1A20, Mtw1A40, Mtw1A60, and Mtw1-
Ahelix®*27248) proteins from whole-cell extracts and analyzed
the complex composition by quantitative mass spectrometry
(Figure 3). The Mtw1 mutant proteins did not affect formation
of the tetrameric MTW1c and copurified similar levels of Mif2,
Cse4, and subunits of the COMA complex. Truncation of the
C-terminal 10 or 20 amino acids did not alter association of
Mtw1 with kinetochore proteins. By contrast, the Mtw1-
Ahelix?%27248 Mtw1A40, and Mtw1A60 mutants abrogated the
interactions with the SPC105, NDC80, and DASH/Dam1 com-
plexes and also affected the levels of the coprecipitated
Mcm16/Ctf3/Mcm22 and Chl4/ImI3 complexes and of Cnn1.
This is consistent with the finding that loss of NDC80c might
destabilize Mcm16/Ctf3/Mcm22 and consequently affect the
levels of associated Chl4/ImI3 and Cnn1 at the kinetochore (Ba-
silico et al., 2014; Hinshaw and Harrison, 2019; Kim and Yu,
2015; Pekgdz Altunkaya et al., 2016). Although the helix?32-248
was present in the Mtw1A40 protein, the deletion of flanking
C-terminal residues might compromise its integrity or weaken
the interaction of NDC80c and SPC105c; thus, only residual
levels of Spc24 were retained under the purification conditions.
In summary, the Mtw12327248 helix is essential for the endoge-
nous assembly of the KMN network and consequently may
contribute to the cooperative stabilization of CTF19¢c subcom-
plexes at the kinetochore.

The Mtw1232-248 Heljcal Peptide Is Required for the

Interaction with the NDC80 and SPC105 Complexes

The crosslinking data identified several contacts between the
Mtw1 C terminus and Spc105/Kre28 (Figures 1B and 2A), sug-
gesting that it might be involved in recruiting Spc105/Kre28 to
the KMN network. We performed peptide binding assays using
a panel of Strep-tagged Cnn1%%84 Mtw1228-2%2 Dgn1548-576,
NsI1183-192 and Ns|1183-21€ helical peptides (Table S3) as baits
in pull-down assays with recombinant Spc24/25 or Spc105/
Kre28 complexes (Figure 4). Spc24/25 interacted with the
Cnn1%9-84 Mtw1228-2%2 and Dsn1%%®57® peptides. The
Cnn1%%-%4 peptide retained the highest levels of Spc24/25, which
were significantly reduced for the Dsn1%48-576 and Mtw1228-2%2
peptides. The two Nsl1 peptides Nsl1'63192 and Ns|1'83-216
included the two C-terminal helical motifs of Nsl1 (Figure S2A).
In our in vitro binding assay neither of the two Nsl1 peptides
showed detectable binding of the Spc24/25 complex. An equi-
molar mixture of the Mtw1228-252 and Dsn154%-576 peptides re-
tained higher levels of the Spc24/25 complex than achieved
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Figure 4. Motifs within the Mtw1, Dsn1, and Nsl1 C Termini and the Cnn1 N Terminus Show Different Relative Binding Affinities to Spc24/25
and Spc105/Kre28 Complexes in Vitro

(A) In vitro binding assay of Mtw1228-252 Cnn150-84 Dsn1548-576 Ng|1 183216 or NsI116%-192 peptides to the Spc24/25 heterodimer. The 1xStrep-tagged peptides
(Table S3) were incubated with recombinant Spc24/25 or Spc105/Kre28 at a molar ratio of 25:1. Bound complexes were isolated and eluted proteins were
visualized by SDS-PAGE and Coomassie staining, respectively.

(B) Isothermal titration calorimetry with 51 uM Spc24-His/25 and 800 uM Dsn1%%5-574 or Dsn1%%5-574_Mtw122%-251 peptide (Table S3).

(C) In vitro binding assay of Mtw1228-252 Cnn169-84 Dgn1548-576 Ns|1183-216 or Ns|1163-192 peptides to the Spc105/Kre28 complex analyzed as described in (A).

(legend continued on next page)
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with the Dsn1%48-57® peptide alone, indicating an additive effect
of Mtw1228-252 gnd Dsn1548-576 on the Spc24/25 interaction (Fig-
ure 4A). Accordingly, isothermal titration calorimetry (ITC) exper-
iments of the Spc24/25 complex with the Dsn1%%%-574 peptide
alone or fused to the Mtw122%25" peptide (Table S3) resulted in
an apparent dissociation constant (Kp) of 17.03 and 4.35 uM
(Figure 4B), respectively. This confirmed the synergistic effect
of both motifs on recruiting the NDC80c and is consistent with
the observation that Cnn1 inhibits this interaction (Bock et al.,
2012), as Cnn1%%%4 and Cnn1'27° showed a Kp value of 3.50
and 0.016 uM with Spc24/25, respectively (Malvezzi et al., 2013).

Recombinant Spc105/Kre28 was pulled down by the
Cnn1%98* and Mtw1228-2%2 peptides and was retained by the
NsI163-192 peptide to just above background levels (Figure 4C).
In the presence of both Spc24/25 and Spc105/Kre28, Cnn18%-84
exhibited higher relative affinity to Spc24/25, while Mtw1228-252
preferentially bound Spc105/Kre28 (Figure 4D). Dsn1548-576
exclusively isolated the Spc24/25 complex, and the equimolar
mixture of Mtw1228-252 and Dsn1%48-578 retained a nearly stoi-
chiometric super-complex of Spc24/25 and Spc105/Kre28 at
levels higher than pulled down by the individual peptides, sug-
gesting a cooperative stabilization induced by the presence of
the Mtw1228-252 and Dsn1%48-576 peptides.

The Nsl1'63192 peptide selectively bound Spc105/Kre28
and the mixture of Nsl1'®%7192 and Mtw1228-252 showed an
increased relative affinity toward Spc105/Kre28, suggesting
that Nsl1'%%2 cooperatively stabilized the Mtw1228-252
Spc105/Kre28 interaction. This peptide binding assay indicated
that the Mtw1228-252 helical motif cooperatively stabilized the in-
teractions of Dsn1%*8-57 with the NDC80c and of Nsl1'63-192
with the SPC105¢, which suggested that the Mtw1228-252 helix
is part of the interfaces for tethering NDC80c and SPC105¢c
and that even at the level of isolated motifs the Mtw1225-2%2 helix
induces cooperative stabilization of the KMN network.

Cooperativity of Intra- and Inter-subcomplex Contacts
Stabilizes the KMN Network

To investigate the recruitment of the NDC80c and SPC105c in the
context of the full-length tetrameric MTW1c, we purified wild-type
MTW1c composed of Mtw1, Nnfi, Nsl1, and 6xHis-1xStrep-
Dsn1'7"-57® (Hornung et al., 2011) and three mutant MTW1 com-
plexes, including Mtw1Ahelix?%2-248 Mtw1A60, and Dsn1'7"-%47,
lacking the C-terminal 20 amino acids required for its interaction
with Spc24/25 (Malvezzi et al., 2013). The recombinant MTW1
complexes were immobilized on streptavidin beads and incu-
bated either with Spc24/25 or Spc105/Kre28, or both (Figure 5A).
In agreement with the peptide binding assay, only the Mtw1 wild-
type complex interacted with Spc24/25 (Figures 4A and 4C and
5A) (Dimitrova et al., 2016; Malvezzi et al., 2013). Notably, the
Mtw1 helix motif was necessary for the interaction, as its deletion
also abrogated Spc24/25 binding. Next, we addressed the
requirement of the Mtw1 C terminus or Dsn1 C terminus for
Spc105/Kre28 binding. Deletion of the Mtw 12327248 helix reduced
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the isolated Spc105/Kre28 levels by more than half (Figures 5A
and 5B), and truncation of the C-terminal 60 amino acids reduced
Spc105/Kre28 to background levels.

In competitive binding assays in the presence of both Spc24/25
and Spc105/Kre28, we consistently observed a 2-fold increase in
the bound Spc105/Kre28 levels (Figures 5A and 5B). Whether
SPC105c and NDC80c interact in the absence ofthe MTW1cis un-
known. We detected a crosslink between lysine-118 of Spc25 and
lysine-199 of Kre28 in the native KMN network (Figure 1B; Table
S4) and two and three crosslinks from recombinant Spc24 and
Spc25, respectively, to Spc105 (Figure S1B; Table S6), which con-
nected the CCs flanking the C-terminal RWD domains (Figure S2B)
(Petrovic et al., 2014). Together with the two crosslinks between
the CC regions of Ndc80 and Spc105 (Figure S1B; Table S6), these
restraints suggested a direct association of the CC in Spc105/
Kre28 and NDC80c. SEC and in vitro binding experiments indi-
cated a weak Spc105/Kre28-Spc24/25 interaction by a shift of
the Spc24/25 peak fraction in the presence of the Spc105/Kre28
complex (Figures S3A and S3B).

The in vitro binding assays using the wild-type and mutant
MTW1c were in agreement with the peptide binding experiments
and demonstrated the requirement of the putative Mtw12327248
helix for recruiting NDC80c and SPC105c and indicated cooper-
ative stabilization of the KMN network through direct binding of
NDC80c to SPC105¢.

The Mtw1 Helix Residues 244-248 Mediate the
Interaction with Spc24/25

To further narrow down the binding site of Spc105/Kre28
and Spc24/25 on the Mtw1222% helix, we performed
a multiple sequence alignment of the helix region from
interrelated budding yeasts (Figure 5C). Based on this
analysis, we generated point mutants of residues in either half
of the helix (MTW1cMtw172320/Y236D  MTW1 cMtw R233D/Y236D)
MTW1cMtw1Y244D/L248D) (Eigres 5C-5F). In in vitro binding as-
says, the MTW1cMtw1F232D/Y236D mtant still bound Spc24/25
but showed reduced levels of associated Spc105/Kre28 (Figures
5D and 5E). In comparison, MTW1cMtw172330/Y236D retained
similar levels of Spc105/Kre28 but showed further reduction of
the bound Spc24/25 complex. Both the Mtw1Ahelix (Figures
5A and 5B) and the helix double point mutations showed more
than 60% reduction in the Spc105/Kre28 binding compared
with wild-type MTW1c, indicating that additional contacts may
contribute to the cooperative stabilization. Notably, the two
point mutations in the second helix half, Mtw1Y244P/L248D g6
gated Spc24/25 binding beyond the detection limit despite
the presence of full-length Dsn1 (Figure 5D). In cell viability
assays using the anchor-away method, Mtw1F232D/¥236D gnq
Mitw1R2330/Y236D " \yhich displayed reduced levels of Spc24/25
binding, showed normal growth with a slight sensitivity to
benomyl, whereas the expression of Mtw1V244P/L248D \yag |ethal
(Figures 5F and 5G). Taken together, the lethality caused upon
mutation of the Mtw1 residues valine-244 and leucine-248

(D) In vitro competition assay of Spc105/Kre28 and Spc24/25 complexes for binding to the indicated peptides. Equimolar ratios of Spc105/Kre28 and Spc24/25
complexes were incubated with the immobilized peptides, and bound proteins were analyzed as described in (A). The bar charts in (A), (C), and (D) show
the relative intensities of the bound proteins quantified by ImagedJ (Schneider et al., 2012) and normalized to the most intense signal displayed as mean + SD

(n=2).
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Figure 5. Cooperative Interactions between MTW1c C-Terminal Motifs and Spc24/25 and Spc105/Kre28 Complexes Stabilize the KMN
Network

(A) The interaction of the Spc24/25 and/or Spc105/Kre28 complexes with C-terminal motifs of the MTW1c was assessed in vitro. Immobilized MTW1 wild-type
and mutant complexes were incubated with either Spc24/25, Spc105/Kre28, or both. Bound complexes were eluted and analyzed by SDS-PAGE and Coomassie
staining. Western blotting using anti-His antibody was performed to visualize the Spc24-6xHis levels.

(B) Quantification of bound Spc105 levels of the experiments described in (A) by measuring band intensities with ImagedJ. The ratio of Spc105 to Mtw1 protein
intensities was calculated as mean + SD of 3 replicates.

(C) Amino acid sequence alignment of the Mtw1 helix?*2-248 region from various budding yeast species. The predicted helical region of residues 232-248 in
budding yeast is highlighted in pink. Amino acid residues are colored and annotated according to the Clustal Omega (Sievers et al., 2011) color and annotation
codes. Arrowheads indicate the positions of the double mutations shown in (D) and (E).

(D) Double mutants of the Mtw1 helix?*?-*¢ showed distinct effects on recruiting Spc24/25 or Spc105/Kre28 to the MTW1 complex in vitro. Mtw1 wild-type or
Mtw1 mutant-containing complexes were incubated with Spc105/Kre28 and Spc24/25 at a molar ratio of 1:3, and experiments were analyzed as described in (A).
The levels of Spc105-6xHis and Spc24-6xHis bound to the MTW1c were visualized by western blotting using the anti-His antibody.

(E) Quantification of the bound Spc105 levels relative to Mtw1 of the experiments in (D) (n = 2) as described in (B).

(legend continued on next page)
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correlated with the loss of NDC80c binding in vitro, indicating
that amino acids 244-248 of Mtw1 are necessary for Spc24/25
binding.

The Nsl1'%3-1°2 Helical Motif Is Required for Recruiting
the SPC105 and NDC80 Complexes

The peptide binding assay identified the Nsl motif to
interact with Spc105/Kre28 (Figures 4C and 4D). We tested
whether deletion of the NsI1'®%% helix in the recombinant
MTW1c would affect binding of Spc105/Kre28 (Figures 5H and
51). Deletion of the Nsl1'%4'%% motif reduced Spc105/Kre28
levels associated with MTW1c to background levels and thus
had a larger effect on Spc105/Kre28 binding than deletion of
the Mtw123%-248 helix. Consistent with the previous assay (Fig-
ure 5A), the deletion of the Mtw1233-248 helix abrogated associ-
ation with Spc24/25, but the MTW1cNsl1 Ahelix 8419 mutant re-
tained minor Spc24/25 levels. As a direct interaction between the
NsI1'63-12 peptide and Spc24/25 was not detected (Figure 4A),
its significant contribution to the recruitment of Spc24/25 to
MTW1c may be a consequence of the lost cooperative stabiliza-
tion through Spc105/Kre28 or may indicate a role in organizing
the hub of C-terminal MTW1c motifs. Moreover, the Ns|1783-192
motif was essential for cell viability (Figures 5J and 5K), which un-
derscored its importance for the buildup of the KMN network.

9 163-192

A Kre28 CC Region Mediates Recruitment of Spc105/
Kre28 to the MTW1 Complex
Our crosslink-derived subunit connectivity map of the native
KMN network showed 4 and 12 crosslinks from the Mtw1 C ter-
minus to Spc105 and Kre28 (Figure 1B), respectively. The major-
ity of these crosslinks were detected at the transition of the
C-terminal RWD domains to the flanking CC in Spc105 and close
to the predicted C-terminal CC region in Kre28 (Figures 1B and
6A; Tables S4 and S5). In order to map the binding interface of
MTW1c at the Spc105/Kre28 complex, we first deleted the
Spc105 CC region (A551-711 “ACC”) or the C terminus
including the CC and RWD domains of Spc105 (A551-917
“AC”) (Figure 6A). Both mutants did not support binding to the
MTW1c (Figure 6B). Notably, these mutants also copurified
significantly reduced levels of Kre28, which is in agreement
with studies in higher eukaryotes (Kiyomitsu et al., 2011; Petrovic
et al., 2010) and with inter-protein crosslinks connecting the CC
regions of Spc105 and Kre28 (Figure 1B). This observation
prompted us to test whether Kre28 itself is required for the inter-
action. We found that full-length Spc105 in the absence of Kre28
did not interact with the MTW1c, suggesting that Kre28 is
required for recruiting Spc105/Kre28 to the MTW1c (Figure 6B).
The two predicted CCs of Kre28, Kre28'?%-'%% (CC1) and
Kre28229-2%° (CC2) (Figure 6A), are connected by 20 crosslinks
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to the Spc105 CC region, Spc105°%'=""" (Figure 1B; Tables S3
and S4), and 12 restraints linked Kre2822°2%9 to the Mtw1 C
terminus. We designed a series of double point mutants within
CC1, Kre2gV136DL13D  gng  Kre2g!™43PV146D  and  CC2,
Kre28"231D/L234D, KF628L241D/L245D, and Kre28M248DN251D (Fig-
ure 6C), which were copurified as stoichiometric complexes
with Spc105 (Figures 6D and 6E). Mutations in CC1 did not affect
interaction with MTW1c, whereas CC2 mutants retained either
significantly reduced (Kre28-231PL234Dy  MTW1c levels or
completely abrogated MTW1c binding (Kre28-2410/12450 gnq
Kre28M248DV251D) (Fiq res 6D and 6E), suggesting that the pre-
dicted CC2 of Kre28 contributes to the recruitment of Spc105/
Kre28 to the MTW1c.

To assess whether the Kre28 double point mutations were crit-
ical for the assembly of the KMN network in vivo, we ectopically
expressed wild-type and mutant Kre28 proteins in Kre28-FRB
anchor-away strains (Figures 6F and 6G). At 30°C, the Kre28
CC mutants showed wild-type growth, but at higher temperature
mutations in CC1 abolished cell viability. This suggested that the
CC1 and the CC2 were functionally distinct and indicated that
the CC2 residues, which established the interaction between
Spc105/Kre28 and MTW1c in vitro, were not essential in vivo.
In order to perturb the integrity of the outer kinetochore, we
deleted the non-essential CTF19c subunit Cnn1 (Bock et al.,
2012; Pekgdz Altunkaya et al., 2016; Schleiffer et al., 2012). In
a Kre28-FRB/cnn14 background, ectopic expression of the
mutant Kre28 alleles showed only minor effects on cell growth
at normal temperature. At higher temperature, the CC2 mutants,
Kre28-2410/1245D anq Kre28M248D/V2510 \which completely abro-
gated MTW1c binding in vitro, in contrast to Kre28-2310/1234D
(Figures 6D and 6E), resulted in a severe growth defect (Fig-
ure 6F), indicating that these residues contribute to some extent
to the stabilization of Spc105/Kre28 in the KMN network.

DISCUSSION

Our connectivity maps of the native and recombinant KMN
network confirmed many known interactions that are required
for recruiting the NDC80c to the CCAN (Figure 1B) and high-
lighted the recently described mode of NDC80c binding in hu-
mans and budding yeast through the Cnn1°ENP-T-Mcm16/Ctf3/
Mcm22CENP-HK bathway (Basilico et al., 2014; Bock et al.,
2012; Huis In 't Veld et al., 2016; Lang et al., 2018; Pekgdz Altun-
kaya et al., 2016; Schleiffer et al., 2012).

Similar elongated structures were determined for the yeast
and human MTW1M'$12 complexes (Dimitrova et al., 2016; Pet-
rovic et al., 2016) with the N and C termini organized at opposite
ends. The C termini were not proteolytically stable and thus not
resolved in the structures (Dimitrova et al., 2016), indicating that

(F) Cell viability assay of the Mtw1 helix?*>~24® double mutations using the anchor-away technique. Mtw1-FRB strains harboring the indicated rescue alleles were
spotted in serial dilutions on YPD, YPD + rapamycin, or YPD + rapamycin + benomyl plates and incubated at 30°C or 37°C.

(G) Levels of the ectopically expressed Mtw1 proteins described in (E) are shown by western blotting.

(H) In vitro binding assay to investigate the interaction of the Spc105/Kre28 and Spc24/25 complexes with the MTW1c containing the Nsl121%-1%% and

Mtw12232-248 mutants. Experiments were performed as described in (A).

(I) Quantification of the bound Spc105 levels of the experiments in (H) (n = 2) as described in (B).

(J) Cell growth assay of the NsI121%3-1% mytant yeast cells. The Nsl1 wild-type and mutant proteins were ectopically expressed in a Nsl1-FRB strain, and cell
growth was monitored by plating 1:10 serial dilutions on YPD medium at 30°C in the absence or presence of rapamycin.

(K) Levels of the ectopically expressed Nsl1 proteins described in (J) shown by western blotting.
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Figure 7. Crosslink Map Summarizing the Connectivity of the
MTW1c C-Terminal Peptide Motifs with the Spc105/Kre28 and
Spc24/25 Complexes

Models of Spc105/Kre28 and MTW1c were prepared using |-Tasser and
Chimera, and the Spc24 and Spc25 C-terminal RWDs are represented by the
crystal structure (PDB: 4GEQ) (Malvezzi et al., 2013). RWD domains of Spc105
(amino acids 545-917) are highlighted in cyan, and CC2 of Kre28 (amino acids
225-265) is shown in light blue. The partial model of MTW1c depicts the Mtw1
helix amino acids 232-248 (red), Nsl1 helix amino acids 164-193 (dark gold),
and Dsn1 helix amino acids 547-576 (dark blue), with the accordingly colored
crosslinks to Spc24/25 and Spc105/Kre28. The accordingly colored arrows
indicate the binding dependencies detected in in vitro binding assays.

they are possibly stabilized upon binding to other KMN proteins.
XL-MS analysis of the purified endogenous (Figure 1B) or the full-
length recombinant KMN (Figure S1B) network showed that the
crosslinks between the C termini of Mtw1, Dsn1, and Nsl1 are
collinear (Figure 2A), suggesting that the tails are aligned in the
KMN complex and create a hub for the interaction with the
NDC80c and SPC105c.

Previous studies in yeast and humans identified the C-terminal
tails of the MTW1cM'$12° supunits as binding sites for the
NDC80NPCE0 and SPC105KN" complexes (Kudalkar et al.,
2015; Malvezzi et al., 2013; Petrovic et al., 2010, 2014). In
budding yeast, the NDC80c was shown to be recruited by the
Dsn1 C terminus (Dimitrova et al., 2016; Malvezzi et al., 2013)
and through interactions with the Mtw1 and Nsl1 C termini (Ku-
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dalkar et al., 2015). We found additional motifs and a hitherto
underestimated role of Mtw1 and Nsl1 in KMN assembly (Fig-
ure 7). We identified a 17-amino acid helical motif (amino acids
232-248) in the Mtw1 C terminus required for binding to the
Spc105/Kre28 complex and to the Spc24/25 heterodimer of
the Ndc80 complex. Mutations of only two Mtw1 residues
(V244D/L248D) in the tetrameric MTW1c, which did not affect
association with Spc105/Kre28, resulted in loss of Spc24/25
binding and cell death (Figures 5D and 5F). Moreover, our find-
ings in vitro and in vivo suggested that Mtw1232-248 ang
Dsn 1548578 cooperate in order to recruit NDC80c: (1) the binding
of the MTW1 complex is completely abrogated by the Mtw1-
Ahelix mutant despite the presence of a full-length Dsn1 protein,
(2) Mtw1232248 gnd Dsn1%4857® peptides synergistically
increased the relative affinity to Spc24/25 (Figures 4A and 4B)
in peptide binding assays and ITC experiments, and (3) the lethal
phenotype observed upon deletion of the Mtw1 helix was not
rescued by substituting the Mtw1 helix with the Cnn16%-84 helix
as it has been demonstrated by replacing the Dsn1%4-576 helix
with Cnn1%84 (Figure 2D) (Malvezzi et al., 2013). Although
Spc24/25 did not bind to the NsI1'®3-192 and Nsl1'8%216 pep-
tides (Figure 4A), deletion of Nsl1'%4%% was lethal (Figure 5J)
and abrogated binding of Spc24/25 to the MTW1c, suggesting
that this Nsl1 motif might indirectly facilitate the Spc24/25 inter-
action (Figures 5H and 5lI).

Apart from anchoring the outer kinetochore to the inner kinet-
ochore through MTW1cM'$12¢ and providing the microtubule
binding site on NDC80cNPC8%°, the SPC105¢"N-"¢ of the KMN
network serves as docking site for proteins of the spindle assem-
bly checkpoint (Musacchio, 2015). In humans, the NSL1 C-termi-
nal residues (258-281) interact with the homodimeric RWD do-
mains of KNL1. The binding of NSL1 to KNL1 is only modestly
enhanced by other members of the MIS12 complex, and the
Kre28 ortholog ZWINT is dispensable for the interaction of
KNL1c with MIS12c (Petrovic et al., 2010, 2014). Our results indi-
cated that the recruitment of the Spc105/Kre28 complex in
budding yeast differs from that of the human KMN network. First,
the Mtw1228-252 and the Nsl1'%%-'92 peptide bound Spc105/
Kre28 in vitro (Figure 4C) and deletion of the individual motifs
in the MTW1c severely affected the interaction (Figures 5A, 5B,
5H, and 5I), indicating that both motifs are required for stably
tethering Spc105/Kre28. Second, the Spc105/Kre28 complex
was recruited through Kre28 to the MTW1c. Moreover, the
CC2 of Kre28 contributes to MTW1c binding, whereas CC1 is
dispensable for this interaction (Figures 6D and 6E) and might
be also functionally distinct from CC2 (Figure 6F). The role of

Figure 6. Recruitment of the Spc105/Kre28 Complex to the MTW1 Complex Is Mediated through Kre28
(A) Schematic representation of Spc105 and Kre28 deletion mutants studied in (B). ACC, delta coiled-coils (CC1 and CC2); AC, C-terminal truncation of amino

acid residues 552-917.

(B) In vitro binding assay to study the interaction of the MTW1c with the indicated wild-type and mutant Spc105/Kre28 complexes including the various Kre28

mutants depicted in (A).

(C) Scheme of Kre28 double point mutants (arrowheads) in the CC1 (V136D/L139D, 1143D/V146D) and CC2 (L231D/L234D, L241D/L245D, M248D/V251D)

regions (highlighted in red orange).

(D) In vitro assay to investigate the binding of the MTW1c to the Spc105/Kre28 complexes carrying the Kre28 double point mutations shown in (C).

(E) Quantification of the Spc105 levels relative to Mtw1 of the experiments in (D) is displayed as mean + SD (n = 2).

(F) Cell viability assay to test the Kre28 double point mutations applying the anchor-away technique. Cells ectopically expressing Kre28 wild-type and mutant
proteins in the KRE28-FRB or KRE28-FRB cnn14 background were grown on YPD medium at 30°C or 37°C in the absence or presence or rapamycin.

(G) Western blot analysis of the Kre28 expression levels of the experiments shown in (F).
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Kre28 has not been studied in detail, but its deletion is lethal in
budding yeast (Pagliuca et al., 2009). Notably, Spc105/Kre28
bound the Cnn1%%-84 peptide in vitro (Figure 4C), which was
also connected by a crosslink to the CC region of Spc105 (Fig-
ure 1B) in the endogenous KMN network. Whether this interac-
tion is functionally relevant and contributes to outer kinetochore
stabilization remains to be addressed.

Our peptide binding assays showed that equimolar mixtures
of Mtw1228-252 and Dsn1548-576 or Mtw1228-2%2 gnd Nsl1'63-192
cooperatively stabilized the association of Spc24/25 and
Spc105/Kre28, respectively (Figures 4A and 4D). Although the
individual Mtw1228-252 and Dsn1%48-576 peptides, when simulta-
neously incubated with Spc105/Kre28 and Spc24/25, showed
relatively weak affinity to Spc105/Kre28 and Spc24/25, respec-
tively, the mixture of Mtw122%-252 and Dsn154%-576 peptides en-
riched a nearly stoichiometric super-complex of Spc105/Kre28
and Spc24/25 (Figure 4D). Similarly, the incubation of wild-type
and mutant MTW1c with a mixture of Spc105/Kre28 and
Spc24/25 increased the bound Spc105/Kre28 levels by 2-fold
compared with incubation with Spc105/Kre28 alone (Figures
5A and 5B). These observations are consistent with a weak inter-
action of Spc105/Kre28 and Spc24/25 detected by SEC (Fig-
ure S3A) or by in vitro binding assay (Figure S3B). In humans,
KNL1c and NDCB80c independently interact with the MIS12¢c
(Petrovic et al., 2010, 2014), whereas in C. elegans KNL1c is
required for establishing a tight NDC80c-MIS12¢c interaction
(Cheeseman et al., 2006). Whether the lack of cooperative stabi-
lization of KNL1c and NDC80c on MIS12c¢ is specific to the hu-
man KMN network, or whether this is the result of assays using
truncated protein complexes, is unclear.

Using crosslink guided in vitro reconstitution (Figure 7), we
identified distinct binding interfaces that cooperate in the stabi-
lization of the NDC80c and SPC105¢ at the budding yeast KMN
network, which may reflect the geometrical requirements of a
kinetochore unit that transmits the tensile forces of a depolyme-
rizing microtubule onto a single centromeric nucleosome.
Whether cooperativity is established by similar subunit contacts
within the human kinetochore, which is assembled at regional
centromeres, and how post-translational modifications
contribute to the formation of a high-affinity link between spindle
microtubules and chromosomes will be exciting subjects of
future research.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-6xHis tag ABCAM Cat# ab18184; RRID:AB_444306
Mouse monoclonal anti-FLAG M2 Sigma-Aldrich Cat# F1804; RRID:AB_262044
Mouse monoclonal anti-Pgk1 Invitrogen Cat# 459250; RRID:AB_2532235

Goat anti-mouse IgG-HRP

Santa Cruz Biotechnology

Cat# sc-2005; RRID:AB_631736

Bacterial and Virus Strains

E. coli: BL21 (DE3) New England Biolabs Cat#C2527

E. coli: DH10Bac ThermoFisher Cat#10361012
Chemicals, Peptides, and Recombinant Proteins

BS3-H12/D12 crosslinker Creative Molecules Cat#001SS
TCEP ThermoFisher Cat#20490
lodoacetamide Sigma-Aldrich Cat#l6125

Lysyl Endopeptidase

FUJIFILM Wako Pure Chemical
Corporation

Cat#125-05061

Trypsin Sequencing Grade Modified Promega Cat#V5111
Rapamycin Invitrogen Cat#PHZ1235
Benomy!l Sigma-Aldrich Cat#381586
FuGENE HD Transfection Reagent Sigma-Aldrich Cat#E2311
cOmplete ULTRA EDTA-free Protease Roche Cat#5892953001
Inhibitor Cocktail

Ni-NTA Agarose QIAGEN Cat#30210
Strep-Tactin Superflow Plus Agarose QIAGEN Cat#30004
anti-FLAG M2 agarose Sigma-Aldrich Cat#A2220
Peptides listed in Table S3 Ontores N/A

Mtw1 complex this paper N/A

Spc24/25 this paper N/A
Spc105/Kre28 this paper N/A

KMN complex this paper N/A

Critical Commercial Assays

Q5 Site-Directed Mutagenesis Kit New England Biolabs Cat#E0552S
Mini-prep kit QIAGEN Cat#27104
Deposited Data

PRIDE, in vivo network Perez-Riverol et al., 2019 PXD011774
PRIDE, in vitro reconstituted KMN Perez-Riverol et al., 2019 PXD011775
Experimental Models: Cell Lines

S. frugiperda: SF21 ThermoFisher Cat#11497013
Trichoplusia ni: High five ThermoFisher Cat#B85502
Experimental Models: Organisms/Strains

E. coli: BL21 (DE3) New England Biolabs Cat#C2527

E. coli: DH10Bac ThermoFisher Cat#10361012
S. cerevisiae: S288c listed in Table S1 N/A
Recombinant DNA

PETDuet-1 vector Novagen Cat#71146-3
PETDuet-1 Spc24-6xHis-Spc25 this paper N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
pKP-29 Gift from Hopfner Lab N/A
pKP29-6xHis-1xStrep-Dsn1A2-171-Nsl1- this paper N/A

Nnf1-Mtw1 (mutants listed in Table S2)

pLIB Weissmann et al., 2016 Addgene #80610
Spc105-6xFlag-6xHis-Kre28 (mutants this paper N/A

listed in Table S2)

pBIG2ABC Weissmann et al., 2016 Addgene # 80617
pBIG2ABC Ndc18-Nuf2-Spc24-Spc25- this paper N/A
Mtw1-Nnf1-Nsl1-Dsn1-Spc105-

6xHis6xFlag-Kre28

pYCF1/ CEN3.L Nasmyth Lab N/A

Software and Algorithms

xQuest

xVis
MaxQuant
Clustal Omega

Walzthoeni et al., 2012
Grimm et al., 2015
Cox and Mann, 2008
Sievers et al., 2011

https://xvis.genzentrum.Imu.de/login.php
https://www.maxquant.org/
https://www.ebi.ac.uk/Tools/msa/clustalo/

BLAST NCBI https://blast.ncbi.nlm.nih.gov/Blast.cgi

|-Tasser Yang et al., 2015 https://zhanglab.ccmb.med.umich.edu/
|I-TASSER/

UCSF Chimera Pettersen et al., 2004 http://www.cgl.ucsf.edu/;
Pettersen et al., 2004

PSIPRED Jones, 1999 http://bioinf.cs.ucl.ac.uk/psipred/

HHpred Zimmermann et al., 2018 https://toolkit.tuebingen.mpg.de/
tools/hhpred

ImageJ Schindelin et al., 2012 https://imagej.nih.gov/ij/

Other

Sep-Pak tC18 cartridges
PD-10 Desalting Columns

Waters
GE Healthcare

Cat#WAT054960
Cat#17085101

RESOURCE AVAILABILITY

Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Franz

Herzog (herzog@genzentrum.Imu.de).

Materials Availability

All unique/stable reagents generated in this study are available from the Lead Contact on request.

Data and Code Availability

The mass spectrometry data reported in this paper have been deposited to the ProteomeXchange Consortium via the PRIDE partner
repository. The accession number for the endogenous KMN XL-MS data is PRIDE: PXD011774 and for the recombinant KMN XL-MS
data is PRIDE: PXD011775.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Genes used for expression of recombinants proteins were PCR amplified from S. cerevisiae gDNA. E. coli BL21 (DE3) cells were
grown in LB media on 18°C or 37°C. Yeast strains were grown in yeast extract/peptone or synthetic media [without Histidine (SD

- His), without Uracil (SD - Ura), or both (SD - His - Ura) and with all amino acids but low (6 png/ml) adenine (SD complete)]. Cells
were typically incubated at 30°C unless otherwise indicated
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METHOD DETAILS

Plasmids and yeast strains

All plasmids and yeast strains used in this study are listed in Tables S1 and S2, respectively. For protein expression in E. coli, cDNAs
of Spc24 and Spc25 were cloned into pETDuet-1 (Novagen) using Ncol/BamHI in sequence with the C-terminal 6xHis tag and Ndcl/
Kpnl, respectively. 6xHis1xStrepDsn12-"7"/Nsl1/Nnf1/Mtw1 genes were sequentially cloned with Ascl/Aarl sites into the pKP-29
polycistronic vector cut with Ascl/Notl (Table S2). Open reading frames (ORFs) encoding the Spc105-6xHis6xFLAG and Kre28 sub-
units were amplified from yeast genomic DNA and cloned into the pBIG1 vector according to the biGBac system (Weissmann et al.,
2016). Similarly, Dsn1/Nsl1/Nnf1/Mtw1 and Ndc80/Nuf2/Spc24/25 ORFs were amplified and subsequently cloned into pBIG1 plas-
mids. The KMN network complex was assembled in a pBIG2 vector. Mtw1, Nsl1 and Kre28 mutants were generated using the Q5
mutagenesis kit (New England Biolabs). Constructs were sequence verified.

Yeast strains were created in the S288C background (Table S1). Epitope tags were inserted at the 3’ ends of genes at their native
loci by a PCR based tagging standard approach (Janke et al., 2004). The anchor-away technique of Mtw1 mutants (Mtw1-FRB) was
performed by endogenously tagging the FRB domain to the Mtw1 in a strain expressing the ribosomal RPL13-FKBP12 anchor. The
Mcm21-FRB strain was created similarly (Haruki et al., 2008). For Mtw1 anchor away and rescue experiments, we cloned the 5’ UTR
region (200 bp) with the Mtw1-1xFLAG into the pRS313 vector. C-terminal gene truncations were made with the Q5® Site-Directed
Mutagenesis Kit (NEB). The sectoring assay plasmid (2886) used in this study was pYCF1/ CENS3. The Mtw1 rescue and sectoring
assay plasmids were co-transformed into the Mtw1 anchor-away strain and selected on SD - His — Ura plates. Anchor-away rescue
experiments for Dsn1-1xFLAG or Kre28-1xFLAG were performed in the same manner. The cell growth was tested on YPD plates in
the absence or presence of rapamycin.

Yeast growth assays

To test the temperature and benomyl sensitivity of anchor-away strains ectopically expressing wild-type and mutant proteins, cells
were grown overnight in YPD broth at 30°C. 2.5 pL of five 10-fold serial dilutions starting at ODggo = 0.5 were spotted on YPD plates,
YPD + rapamycin (1 ng/ml, Invitrogen) and YPD + rapamycin + benomyl (15 pg/ml,Merck) plates. Plates were incubated at 30°C or
37°C for 3-5 days.

Minichromosome loss assay

The sectoring assay was performed as described (Spencer et al., 1990), ensuring that the cultures were first grown overnight in SD —
His — Ura media that selected for SUP11 plasmid and Mtw1 mutant constructs. An aliquot (OD600 0.5) was harvested and the pellet
was resuspended in 100 pl aqua dest. 200 pl of a 1:10000 dilution was plated on SD complete low Ade, SD complete low Ade + ra-
pamycin (1 pg/ml) and SD complete low Ade + rapamycin + benomyl (15 pg/ml) plates. The plates were incubated at 30°C for 3 days.
The percent of red or sectored versus completely white colonies was scored. A Mcm21-FRB strain served as a positive control. The
experiments were performed at least three times and an average with the standard deviation was calculated for each strain.

Purification of recombinant Spc24/25 and MTW1c

For Spc24-6xHis/Spc-25 or MTW1c (xHis-1xStrep-Dsn142-"7"/Nsl1/Nnf1/Mtw1 or mutants thereof listed in Table S2) expression,
bacteria were grown to an ODggp of 0.6 at 37°C and protein expression was induced with 0.2 mM (Spc24-6xHis/25) or 0.5 mM
(MTW1c) IPTG overnight at 18°C. Cells were lysed in lysis buffer (30 mM HEPES, pH 7.5, 300 mM NaCl, 5% glycerol, 30 mM imid-
azole, 0.02% Tween, 5% glycerol, Complete EDTA-free protease inhibitors [Roche]) using a M-110L Microfluidizer (Microfluidics).
The cleared lysate was incubated with Ni-NTA agarose beads (QIAGEN). The protein complexes were eluted with buffer containing
30 mM HEPES (pH 7.5), 150 mM NaCl, 0.01% Tween, 3% glycerol and 250 mM imidazole. The Spc24/25 complex was further pu-
rified on a Superdex 200 HiLoad 16/60 column (GE Healthcare) in a buffer containing 30 mM HEPES (pH 7.5), 150 mM NaCl and 3%
glycerol.

Purification of Spc105/Kre28 and KMN complexes

Viruses were generated by transfection of Sf21 insect cells (Thermo Scientific) with the recombinant baculoviral genome using Fu-
GENE HD transfection reagent (Promega). Protein complexes were expressed in High Five (Thermo Scientific) insect cell suspension
cultures.

For purification of Spc105/Kre28 and KMN complexes, insect cells were lysed in lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5%
glycerol, Complete EDTA-free protease inhibitors [Roche]) using a Dounce homogenizer. Cleared extracts were incubated with M2
anti-FLAG agarose (Sigma-Aldrich) for 1 h, washed 3x with lysis buffer and eluted in lysis buffer containing 1 mg/ml 3xFLAG peptide
and 10% glycerol.

In vitro binding assays
For peptide binding analysis recombinant Spc24/25 or Spc105/Kre28 complexes were incubated with a 25-fold molar excess of

1xStrep-tagged peptides (Table S3) in binding buffer (30 mM HEPES pH 8, 150 or 300 mM NaCl, 5% glycerol and 0.02% NP40)
and incubated at 25°C/1000 rpm for 30 minutes using a thermomixer (Eppendorf). The protein complexes were bound to Strep-Tactin

e3 Cell Reports 32, 108190, September 29, 2020

124



Cell Reports @ CellPress

OPEN ACCESS

Superflow agarose (QIAGEN) at 1000 rpm and room temperature for 30 min. The immobilized protein complexes were washed twice
with binding buffer and eluted in 30 mM HEPES (pH 8), 500 mM NaCl, 5% glycerol, 0.02% NP40 and 8 mM biotin.

For binding assays using Mtw1 protein complexes, Mtw1 complex purified via 6xHis tag and eluted in imidazole (described above)
was concentrated on Strep-Tactin Superflow agarose (QIAGEN) and washed with Strep-wash buffer (30 mM HEPES pH 7.5, 150 mM
NaCl, 5% glycerol, 0.01% Tween 20). The immobilized MTW1c was incubated with the various protein complexes in a 1:3 ratio for
30 minutes in a thermomixer (Eppendorf) at 1200 rpm and 4°C and washed with Strep-high salt wash buffer (30 mM HEPES pH 7.5,
300 mM NaCl, 5% glycerol, 0.02% Tween 20). The complexes were eluted in 30 mM HEPES pH 8.0, 150 mM NaCl, 5% glycerol and
8 mM biotin. Proteins were resolved on 10%-15% gradient SDS-PAGE gels and stained with Coomassie Brilliant Blue G250 (Roth).
Immunoblotting for Spc24-6xHis was performed using mouse anti-6xHis tag (1:1000, ABCAM) and visualized with goat anti-mouse
HRP -conjugated secondary antibody (1:15000, Santa Cruz).

Analytical size exclusion chromatography

Analytical size exclusion chromatography was performed on a Superose 6 Increase 3.2/300 column (GE Healthcare). Proteins were
mixed in an equimolar ratio and incubated for 1 h on ice. Samples were eluted under isocratic conditions at 4°C in a buffer containing
50 mM HEPES pH 7.5, 180 mM NaCl, 3% glycerol. Elution of proteins was monitored by absorbance at 280 nm. 100 pl fractions were
collected and analyzed by SDS-PAGE and Silver staining.

Isothermal titration calorimetry

ITC experiments were performed using a PEAQ-ITC system (Malvern) with 51 uM of Spc24-6xHis/25 in 30 mM HEPES (pH 7.5),
150 mM NaCl and 5% glycerol in the cell. 800 uM of Dsn1%%5574 or Dsn1%5-574-Mtw1229-2%" peptide (Table S3) were titrated into
the cell in 13 individual injections of 3 pl, spaced 150 s apart at 25°C. Data evaluation was performed with the Malvern software pack-
age. Experiments were performed in triplicates to confirm the robustness of the assay.

Sample preparation for native crosslinking analysis

A PCR-based approach was used for tagging Dsn1, Mcm16, Ctf3, Cnn1, and Wip1 with 6xHis-6xFLAG at the endogenous loci in a
DDY1810 (protease deficient) background. Cells were grown in YPD medium in 5 | flasks for initial tests or in a 300 | fermenter (Bioen-
gineering) for preparative kinetochore purifications. Cell pellets were resuspended in lysis buffer (25 mM HEPES pH 8, 150 mM KClI,
5% glycerol, 2 mM MgCl,, 0.02% NP-40) and droplets of yeast cell suspension were flash-frozen in liquid nitrogen and subsequently
grinded into powder by a SPEX SamplePrep 970EFM freezer mill (C3 Prozess- und Analysentechnik GmbH). For protein complex
purification 200 g of frozen cell powder were dissolved in 90 mL lysis buffer supplemented with phosphatase (Thermo Fisher Scien-
tific) and protease inhibitors (Protease Inhibitors Cocktail Mix IV, Merck). Whole cell lysates were incubated with 120 U/ml benzonase
(Sigma-Aldrich) for 30 min at room temperature and centrifuged at 65000 x g for 30 min. Tagged kinetochore subunits were immu-
noprecipitated by incubating cleared lysates with Protein A Dynabeads (Life Technologies) coupled to anti-FLAG M2 antibody
(Sigma-Aldrich). Beads were washed once with 50 mL and once with 25 mL lysis buffer. Bound protein complexes were eluted
from the magnetic beads using 0.15 mg/ml 2xStrep-6xFLAG peptide. Excess of peptide was removed by passing the eluate over
a Strep-Tactin column (QIAGEN). For chemical crosslinking the eluted complexes were re-isolated on a Ni-NTA (QIAGEN) matrix.

Chemical crosslinking and mass spectrometry

Purified native and in vitro reconstituted kinetochore complexes were crosslinked by resuspending protein bound beads in an equi-
molar mixture of isotopically light (hydrogen) and heavy (deuterium) labeled bis[sulfosuccinimidyl]suberate (BS3, H1,/D1,) (Creative
Molecules) at a final concentration of 0.25 - 0.5 mM at 30°C for 30 min. The crosslinking reaction was quenched by adding ammonium
bicarbonate to a final concentration of 100 mM for 20 min at 30°C. The chemical crosslinks on native kinetochore complexes were
identified by mass spectrometry as previously described (Walzthoeni et al., 2012). Briefly, crosslinked complexes were reduced with
5 mM TCEP (Thermo Fisher Scientific) at 35°C for 15 min and alkylated with 10 mM iodoacetamide (Sigma-Aldrich) at room temper-
ature for 30 min in the dark. Proteins were digested with Lys-C (1:50 (w/w), Wako Pure Chemical Industries) at 35°C for 3 h, diluted
with 50 mM ammonium bicarbonate to 1 M urea, 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). Crosslinked 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 pl/min and were analyzed by liquid chromatography coupled to tandem
mass spectrometry (LC-MS/MS) using an Orbitrap Elite instrument (Thermo Fisher Scientific). Fragment ion spectra were searched
and crosslinks were identified by the dedicated software xQuest (Walzthoeni et al., 2012). The results were filtered according to the
following parameters: A score < 0.85, MS1 tolerance window of —4 to 4 ppm and score > 22. The quality of all crosslink spectra
passing the filter was manually validated and crosslinks were visualized as network plots using the webserver xVis (Grimm et al.,
2015). The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al., 2019) partner repository with the dataset identifier PXD011774 (in vivo network) and PXD011775 (in vitro reconstituted
KMN).
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Immunoprecipitation of the in vivo Mtw1 complex

Mtw1 anchor-away strains YTZ83-YTZ88 (Table S1) ectopically expressing Mtw1 wild-type and mutant proteins from rescue plas-
mids were grown at 30°C in 50 mL SD(-)His + 2% dextrose medium to an ODgqg of 1-1.5. The cell density was normalized to the same
ODggo and cells were pelleted and frozen as droplets in liquid N, and homogenized using a freezer mill.

For immunoprecipitation assays, 0.25-1 g of yeast powder were resuspended in IP buffer with protease inhibitors (25 mM HEPES
pH 7.5, 150 mM KClI, 0.08% NP-40, 1 mM EDTA, 5 mM EGTA, 2 mM MgCl,, 1.5x protease- [Calbiochem] and HALT phosphatase
inhibitor cocktail [Thermo Fisher Scientific]) and lysed by intermittent vortexing and incubation on ice using 500 pL glass beads
(0.5 mm diameter, Microspec). Lysates were cleared at 21000 x g for 30 minutes. 20 pL of anti-FLAG M2 agarose (Sigma-Aldrich)
were incubated with the lysate at 4°C for one hour. Beads were washed once with 1 mL of IP buffer and once with wash buffer
(25 mM HEPES pH 7.5, 150 mM KCI, 0.008% NP-40, 1 mM EDTA, 5 mM EGTA, 2 mM MgCl,). Mtw1 proteins were eluted in
wash buffer containing 0.5 mg/ml 3xFLAG peptide. Samples were analyzed using 4%-20% gradient SDS-PAGE gels (Mini-PRO-
TEAN TGX, BioRad), immunoblotted using anti-FLAG M2 (1:5000, Sigma-Aldrich) and anti-Pgk1 (1:10000, Invitrogenantibodies,
and visualized by the HRP-conjugated anti mouse secondary antibody (1:10000, Santa Cruz).

For mass spectrometric analysis, 5-20 g of yeast powder was lysed and Mtw1-1xFLAG purification was performed as described
above. The eluates were subjected to tryptic digestion using the protocol described in the section above, and the tryptic peptides
were separated from the 3xFLAG peptide by size exclusion chromatography. Samples were analyzed by LC-MS/MS using an Orbi-
trap Elite instrument (Thermo Fisher Scientific).

Protein intensities obtained by the software suite MaxQuant (Cox and Mann, 2008) of 5 biological replicates were extracted and
merged by protein name. The least correlated replicate was removed and thus, 4 replicates per Mtw1 variant were analyzed. Proteins
detected in a single replicate were eliminated and single peptide identifications present in at least 3 replicates were included. Protein
raw intensities were normalized to the peptide count and log2-transformed. To penalize the lack of reproducibility, not detected pro-
tein intensity values in replicates were set to the minimum abundance in the matrix minus an offset. The average ratios of interactor to
bait intensities were calculated and displayed by a color scale.

Amino acid sequence alignment

Interrelated budding yeast species with the highest similarity to S. cerevisiae Mtw1 or Kre28 protein were determined by a protein
BLAST search. Multiple sequence alignments of Mtw1 and Kre28 protein sequences were conducted using Clustal Omega (Sievers
et al.,, 2011).

Structural model prediction of KMN

Individual models were predicted using |-Tasser (Yang et al., 2015). The template for the MTW1c C-terminal region was specified
without alignment using crystallized K. lactis MTW1c (PDB entry 5T58) (Dimitrova et al., 2016). The alignment of individual proteins
was performed in UCSF Chimera (Pettersen et al., 2004) applying the match maker tool. Spc105 was modeled using the crystal struc-
ture of human Knl1 (PDB entry 4NF9) (Petrovic et al., 2014). The Kre28 model was obtained without a template.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses are described in the Figure legends and the Method Details.
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Figure S1. Crosslink-derived subunit connectivity map of the recombinant KMN network. Related to
Figure 1, Figure 2 and Figure 7. (A) The recombinant KMN network complex was purified by a single-step
FLAG immunoprecipitation from insect cells expressing the 10 subunits from a single baculovirus. The FLAG
peptide eluate was analysed by SDS-PAGE and Coomassie staining. (B) KMN was crosslinked with BS3. A
topological map of the KMN complex was generated based on identified inter- and intra-protein cross-links
(Table S6). Proteins are represented as bars and the protein lengths and linkage sites correspond to the amino

acid sequence.
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Figure S2
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Figure S2. Bioinformatic sequence and secondary structure analysis of helical motifs interacting with
dimeric RWD domains of the KMN network. Related to Figure 2. (A) Secondary structure predictions of the
C-terminal regions of Mtw1, Dsnl and Nsl1 and the N-terminal part of Cnnl were obtained using PSIPRED. H
(red), E (blue) and C (black) denote residues in predicted helices, B-strands or coils, respectively. Confidence
values are ranging from 0 to 9 with uppercase letters for high confidence (6-9) and lowercase letters for low
confidence (0-5). The peptide sequences used in peptide binding assays (table S3) are shown in bold and
underlined. The query sequence of Nsl1 was also matched against Kluyveromyces lactis Nsl1 represented by
PDB ID 5t58, chain N (Dimitrova et al., 2016) using the HHpred server and the alignment was displayed below
the predicted secondary structure for Nsl1. The high confidence of the query-template match was indicated by
HHpred true positive probability: 100.00, E-value=3.3e-52 and score=345.36. The secondary structure elements
predicted by PSIPRED are displayed above the alignment of Nsl1 (light red rectangles: predicted helices) and
the DSSP-assigned secondary structure elements (Kabsch and Sander, 1983) are displayed below the alignment
(dark red rectangles: helices, brown rectangles: turns). The sequence alignment of human Mis12 and
Saccharomyces cerevisiae Mtw1, depicted in (C), showed the extended C-terminal tail (light blue box) of Mtw1.
(B) The C-terminus of Spc105 is predicted to adopt a dimeric RWD domain fold. The query sequence of Spc105
was matched and aligned with the template RWD dimer of human KNL1 represented by PDB ID 4nfa, chain A
(Petrovic et al., 2014) using the HHpred server. The high confidence of the query-template match was indicated
by HHpred true positive probability: 98.83, E-value=7.3e-08 and score=99.88. The secondary structure elements
predicted by PSIPRED are displayed above the alignment of Spc105 (light blue arrows: predicted p-strands,
light red rectangles: predicted helices) and the DSSP-assigned secondary structure elements (Kabsch and
Sander, 1983) are displayed below the alignment (dark blue arrows: B-strands, dark red rectangles: helices). (C)
Comparison of yeast to human sequences of Mtw1 to MIS12 and of Nsl1 to NSL1, respectively. Aligned
regions were matched by HHpred with true positive probability: 99.98 for Mtw1 to MIS12 and 97.66 for Nsl1 to
NSL1. Unmatched regions include the C-terminal Mtw1 amino acids 209-289 (light blue box) and the human
NSLI residues 205-281 (green box). The unmatched NSL1 region contains the PVIHL motif involved in
interacting with HP1-a and Spc24/Spc25 (Petrovic et al., 2010) and the QRKWYPLRP flexible peptide which

was co-crystallized with KNL1 (2131-2337) in PDB ID 4nf9 (Petrovic et al., 2014).
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Figure S3
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Figure S3. Analysis of the Spc105/Kre28 and Spc24/25 interaction by size exclusion chromatography.

Related to Figure 5. (A) The interaction between Spc105/Kre28 and Spc24/25 complexes in the absence of

MTW ¢ was analyzed using size exclusion chromatography. Protein complexes were mixed in an equimolar

ratio, incubated on ice for 1 h and run on a Superose 6 Increase 3.2/300 column. The separated fractions were

analyzed by SDS-PAGE and silver staining. The shift of the Spc24/25 peak fraction in the presence of

Spc105/Kre28 indicated association of the complexes. (B) The in vitro binding assay was performed by

immobilizing recombinant Spc105/Kre28 on anti-FLAG beads which were incubated with Spc24/25. The eluted

protein complexes were visualized by SDS-PAGE and Coomassie staining.
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Supplemental Tables

Table S1. Yeast strains used in this study. Related to Figure 1, Figure 2, Figure 3, Figure 5, Figure 6.

All strains are isogenic and unless specified with the S288C background.

Submitted as Excel file.

Table S2. Plasmids used in this study. Related to Figure 2, Figure 3, Figure 4, Figure 5, Figure 6.

Number Plasmid

2886 PYCF1/CEN3.L

BTZ51 pRS313-200 5’UTR Mtw1 ORF VT-1xFLAG

BTZ52 pRS313-200 5’UTR Mtw1 ORF*!1-27-1xFLAG

BTZ53 pRS313-200 5°UTR Mtw1 ORF® 2°_1xFLAG

BTZ54 pRS313-200 5’UTR Mtw1 ORF® 4_1xFLAG

BTZS5 pRS313-200 5’UTR Mtw1 ORF# - 1xFLAG

BTZ60 pRS313-200 5’UTR Mtw1 QRFAHelix residues 232-248_1 y F[ AG
BMS5a PRS313-200 5’UTR Mtw1 QRFAHelix replaced by CNNI residues 03-84_{x F] AG
BMS7a pRS313-200 5° UTR Dsnl ORF "' -1xFLAG

BMSS8a pRS313-Dsn1®!-74.1xFLAG

BMS9a | pRS313-Dsn =574 fsed to CNN residues 6384 | xFL AG

BMSI16 pDuet-Spc24-6xHis-Spc25

BMS 66 pRS313-200 5’UTR Mtw1 ORFF232DY26D_1xFL AG

BMS 67 pRS313-200 5’UTR Mtw1 ORFV2#4PL248D_|xF AG
BMS68 pRS313-200 5°UTR Mtw1 ORFR?33PY326D_|xF[ AG
BMPI11 pKP29-6xHis-1xStrep-Dsn14%'7!-Nsl1-Nnf1-Mtw1
BMP12 pKp29-6xHis-1xStrep-Dsn142171-Nsl1-Nnf1-Mtw 146
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BMP13

BMP16

BMP58

BMP59

BMP67

BMP69

BMP70

BMP71

BMP72

BMP73

BMP74

BMP91

BMP93

BMP109

BMS69

BMS70

BMS71

BMS72

BMS73

BMS74

BMS75

BMS76

pKP29-6xHis-1xStrep-Dsn14%!7'-Nsl1-Nnf1-Mtw 14232248
pKP29-6xHis-1xStrep-Dsn14%171-NsI1-Nnf1-Mtw 14347576
pKp29-6xHis-1xStrep-Dsn14%171-NsI1-Nnf1-Mtw] 232D 236D
pKP29-6xHis-1xStrep-Dsn14%17!-NsI1-Nnf1-Mtw1 V244D L248D
pKP29-6xHis-1xStrep-Dsn14%171-NsI1-Nnf1-Mtw1 R233D Y236D
Spc105-6xFlag-6xHis-Kre28

Spc105-6xFlag-6xHis-Kre28 M248D V251D
Spc105-6xFlag-6xHis-Kre2§ L241D L245D
Spc105-6xFlag-6xHis-Kre28 L2310 234D
Spc105-6xFlag-6xHis-Kre2§ V136D L139D
Spc105-6xFlag-6xHis-Kre2§ 1143D V146D
pKP29-6xHis-1xStrep-Dsn14%171-Nsl1416419.Nnf1-Mtw1
pKP29-6xHis-1xStrep-Dsn14%171-Nsl14164193_Nnf1-Mtw1 4232-248
pBIG2ABC Ndc18-Nuf2-Spc24-Spc25-Mtw 1-Nnf1-Nsl1-Dsn1-Spc105-6xHis6xFlag-Kre28
pRS313-200 5S’UTR Nsl11-1xFLAG

pRS313-200 5°UTR Nsll ORFAI+19%_|xFLAG

pRS313-200 5’UTR Kre28 ORF VT-1xFLAG

PRS313-200 5"UTR Kre28 ORFM *$0V35ID_|xFLAG
pRS313-200 5’UTR Kre28 ORFL*!PL24D_1xFLAG
PRS313-200 5"UTR Kre28 ORFIZIPL34D. [xFLAG

pRS313-200 5’UTR Kre28 ORFY!36PLID_IxFLAG

pRS313-200 5°UTR Kre28 ORF!43PVI46D_1xF[ AG
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Table S3. Peptides related to Figure 4.

Peptides 1-14 (underlined) were preceded with a Strep tag and a short linker (SAWSHPQFEKGGS4).

Number Protein ID

Sequence

MSP1 Cnn160-$4

MSP5 Mtw1228:252

MSP9 Dsn 134570

MSP13 Nsl1-1'83-216

MSP14 Nsl1-2163192
MSP15 Dsn1%%374 ]inker
MSP16 Dsn13%5-74 linker-

Mitw1229-251

SAWSHPQFEKGGSANKDPNEVRSFLODLSQVLARKSQGN

SAWSHPQFEKGGSANNKDFRTRYIDIRTNNVLRKILGLLG

SAWSHPQFEKGGSAETDDDHSQVINPQQLLKGLSLSFSKKLDL

SAWSHPQFEKGGSADSTDDADDHINWEHIKQDYVASLNELYQT

SAWSHPQFEKGGSASLNELYQTQQDLPKVRYNVEKVKRILMDFLEED

QVINPQOLLKGLSLSFSKKLGGGSGGGSGGSGGSA

QVINPQOQLLKGLSLSFSKKLGGGSGGGSGGSGGSANKDFRTRYIDIR

TNNVLRKLGLL
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Table S4. Inter- and intra-protein crosslinks identified on native affinity-purified kinetochore complexes.
Related to Figure 1.

Kinetochore complexes were affinity-purified through the 6xHis-6XFLAG-tag on 5 subunits from lysates of
exponentially grown budding yeast cells using an anti-FLAG antibody and were chemically crosslinked by BS3
(Materials and methods). In total 225 inter-protein (dark blue) and 237 intra-protein (light blue) crosslinks on
the kinetochore structure which are visualized in Figure 1B. In addition, 10 inter-protein (dark green) and 20
intra-protein (light green) crosslinks were detected on kinetochore associated complexes like the Dam1 complex
which are not displayed in Figure 1B for simplicity purpose.

The listed crosslinks are sorted alphabetically according to Proteinl and to the Id.score. (No — Crosslink
identifier; Bait — UniProt entry name of bait protein; Topology — amino acid sequences of peptides indicating
the relative position of the linked lysines; Proteinl, Protein2— UniProt name of crosslinked proteins; AbsPosl,
AbsPos2 — absolute amino acid position of linked lysines; m/z — mass to charge ratio; z — charge; Error — mass
deviation from the monoisotopic precursor mass in ppm; mions, number of fragment ions per crosslink; Nseen —
number of fragment ion spectra assigned to the crosslink in entire dataset; Nexp — number of experiments

identifying the crosslink; Id.Score — xQuest identification score)

Submitted as Excel file.
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Table SS. Predicted and experimentally annotated protein domains and motifs depicted in protein

crosslink networks. Related to Figure 1 and S1.

Protein name along with known or predicted domains with residue numbers are indicated. Where appropriate

domain functions are mentioned.

Protein Domain/Motif Start End Reference
Mif2 MTWIC binding 1 35 (Hornung et al., 2014)
Mif2 signature motif 238 312 (Hornung et al., 2014)
Mif2 IML3/CHLA4 binding 256 549 (Hinshaw and Harrison, 2013)
Mif2 cupin fold 439 526 (Hornung et al., 2014)
Mtwl coiled coil 116 168 (Dimitrova et al., 2016)
Mtwl coiled coil 169 233 (Dimitrova et al., 2016)
Dsnl coiled coil 363 395 (Dimitrova et al., 2016)
Dsnl coiled coil 396 424 (Dimitrova et al., 2016)
Dsnl coiled coil 425 479 (Dimitrova et al., 2016)
Nsll coiled coil 97 150 (Dimitrova et al., 2016)
Nsll coiled coil 151 168 (Dimitrova et al., 2016)
Nsll coiled coil 169 216 (Dimitrova et al., 2016)
Nnfl coiled coil 121 179 (Dimitrova et al., 2016)
Nnfl coiled coil 180 205 (Dimitrova et al., 2016)
Cnnl histone fold 271 335 (Schleiffer et al., 2012)
Cnnl coiled coil Spc24/25 binding 61 79 (Malvezzi et al., 2013)
Wipl histone fold 1 89 Sequence alignment model
Ndc80 MT binding 1 113 (Lampert et al., 2013)
Ndc80 calponin homology 114 233 (Wei et al., 2007)
Ndc80 coiled coil 258 279 MARCOIL prediction
Ndc80 coiled coil 294 499 MARCOIL prediction
Ndc80 loop 453 520 (Maure et al., 2011)
Ndc80 coiled coil 519 645 MARCOIL prediction
Nuf2 calponin homology 13 132 (Ciferri et al., 2008)
Nuf2 coiled coil 161 338 MARCOIL prediction
Nuf2 coiled coil 341 450 MARCOIL prediction
Spc24 coiled coil 19 123 MARCOIL prediction
Spc24 RWD 155 213 (Wei et al., 2006)
Spe25 coiled coil 18 129 MARCOIL prediction
Spe25 RWD 133 221 (Wei et al., 2006)
Spcl05 PP1 docking 21 24 (Rosenberg et al., 2011)
Spcl105 PP1 docking 74 78 (Rosenberg et al., 2011)
Spcl105 coiled coil 125 138 MARCOIL prediction
Spcl05 MELT 146 149 (London et al., 2012)
Spcl05 MELT 169 172 (London et al., 2012)
Spcl105 coiled coil 194 206 MARCOIL prediction
Spcl05 MELT 208 211 (London et al., 2012)
Spcl05 MELT 232 235 (London et al., 2012)
Spcl105 MELT 281 284 (London et al., 2012)
Spcl05 MELT 310 313 (London et al., 2012)
Spcl05 coiled coil 551 638 (Lupas et al., 1991)
Spcl105 coiled coil 670 708 (Lupas et al., 1991)
Spcl05 RWD 714 865 JPred4
Kre28 coiled coil 128 169 MARCOIL prediction
Kre28 coiled coil 229 259 MARCOIL prediction
Mtwl Coiled coil 232 248 JPred4
Dsnl Coiled coil 388 399 JPred4
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Table S6. Inter- and intra-protein crosslinks identified on the recombinant KMN network complex.
Related to Figure 7 and Figure S1.

The 10 outer kinetochore subunits were coexpressed in insect cells from a single multigene baculovirus. A
stoichiometric KMN complex was purified through Spc105-6xFLAG-6xHis and chemical crosslinks introduced
by BS3 were identified as described (Materials and Methods). In total, 191 inter-protein (dark blue) and 253
(light blue) intra-protein crosslinks were detected on the recombinant complex and are visualized in Figure S1.

The crosslinks and parameters of identification are displayed as described (Table S3).

Submitted as Excel file.
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4 Discussion

The initial goal of this thesis was to characterise essential kinetochore complexes associated
with the centromeric nucleosome in budding yeast, which bridge the centromeric DNA and the
microtubule binding KMN network at the outer kinetochore. The budding yeast kinetochore
assembled on a point centromere is thought to represent the simplest kinetochore unit. It links
a single Cse4“ENPA containing nucleosome to a single microtubule. The human kinetochore has
been proposed to be built up by several such units. Roughly 100 CENP-A nucleosomes give rise
to a human kinetochore that attaches 20-30 microtubules (Verdaasdonk and Bloom 2011).
Before the start of my work the only known interactor of the Cse4“*N*A nucleosome was
Mif2¢ENP-C (Kato et al. 2013). Using biochemical reconstitution, co-immunoprecipitation and
crosslinking combined with mass spectrometry we have identified two additional kinetochore
components — Amel/Okpl and Ndcl0, which connect the outer kinetochore to the
centromeric nucleosome. Furthermore, we have identified previously unknown interactions
within the inner and outer kinetochore that are crucial for the cooperative stabilization of the

kinetochore architecture and its function.

4.1 Mif2 and Amel/Okpl are direct and selective interactors of the Cse4 containing
nucleosome

In order to screen for direct interactors of the budding yeast centromeric nucleosome we
reconstituted the individual CTF19c““AN subcomplexes, Mif2, Amel/Okpl, Ctf19/Mcm?21,
Chl4/ImlI3, Mcm16/Ctf3/Mcm22, Cnn1/Wipl, Nkpl/Nkp2, Mhfl/Mhf2, and Cse4 or H3
containing nucleosomes in vitro. As Mif2 was previously identified to bind the C-terminal tail
of Cse4 it served as a positive control. Applying the electrophoretic mobility shift assay (EMSA)
| have identified Amel/Okpl as another selective binding partner of the Cse4 nucleosome
(Figure 7A and B). The interaction does not rely on the AT-rich centromeric DNA as proposed
by (Hornung et al. 2014) since we reconstituted the nucleosomes using the Widom 601
nucleosome-positioning DNA sequence. All of the other members of the CTF19c¢““AN did not

form stable complexes with either Cse4 or H3 nucleosomes.
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Furthermore, | have performed crosslinking analysis on a complex assembled on Cse4
nucleosomes by Mif2, Amel/Okp1, Ctf19/Mcm21 and obtained a connectivity map of 349
inter-protein crosslinks. The network confirms several known interactions such as the binding
of Mif2 and Amel to the MTW1c as well as the interaction between Mif2 and Ame1/Okp1
(Przewloka et al. 2011, Screpanti et al. 2011, Hornung et al. 2014, Dimitrova et al. 2016). Inter-
protein crosslinks confirm the interaction between Mif2 and Chl4/Im|3 within the annotated
Chl4/ImI3 binding domain and the formation of a complex between Ame1/Okp1, Ctf19/Mcm21
and Chl4/ImI3 (Hinshaw and Harrison 2013, Schmitzberger et al. 2017). The Mif2 signature
domain uses the C-terminus of Cse4 protein as docking site (Kato et al. 2013), however we
were able to identify that Ame1/Okp1 docks onto the N-terminus of Cse4 (Anedchenko et al.
2019, Fischbock-Halwachs et al. 2019). Deletion of amino acids 34-46 in the N-terminal region
of Cse4 leads to the loss of interaction with Ame1/Okpl. We also showed that this region is
important for cell viability using the anchor-away assay. The crosslinks pinpointed a helical
region in Okpl as the binding site of the Cse4 N-terminus which | further confirmed using
deletion mutants and size exclusion chromatography. Deletion of helix2 (aa 163-187) of Okp1
prevents complex formation with Cse4 nucleosomes in EMSA or size exclusion
chromatography experiments. Deletion of this region in vivo results in a lethal phenotype
indicating that the interaction between Ame1/Okp1l and Cse4 is essential for cell viability.

The human orthologue of Chl4/ImlI3, CENP-N/L, was shown to interact with the CENP-A
nucleosome (Pentakota et al. 2017, Tian et al. 2018, Chittori et al. 2018), but we could not
reproduce this interaction with the budding yeast orthologous proteins using EMSA or
crosslinking analysis. Furthermore, the human orthologue of the CTF3 complex, CENP-HIK,
binds equally well to Cse4 and H3 nucleosomes (Weir et al. 2016), however the budding yeast
orthologues did not show this interaction. In summary, our results suggest that the
architecture of the budding yeast inner kinetochore is distinct from the human kinetochore,
which could be a consequence of assembling the kinetochore structure on highly divergent
centromeres. In contrast to the regional centromeres in humans, the geometrical constraints
of the budding yeast point centromere might require a specific Cse4CENP-A binding structure
in order to build a high-affinity link of one Cse4 containing nucleosome to a single microtubule
that facilitates the transmission of the microtubule tensile forces for biorientation and accurate

chromosome segregation.
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Figure 7 The heterodimeric Ame1/Okpl complex directly and selectively binds the Cse4
nucleosomal core particle.

(A) Electrophoretic mobility shift assays 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. (Figure and description from (Fischbock-Halwachs
et al. 2019))

4.2 The Ndc10 N-terminus recruits MTW1c in mitosis

In addition to Ame1/Okp1 as a link between the Cse4 nucleosomes and the outer kinetochore

MTW1c, | have identified Ndc10, a subunit of the CBF3 complex, as another centromeric link
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within the kinetochore architecture. The CBF3 complex has been previously identified as a
direct binder of Cse4 nucleosomes which displays CEN DNA specificity and is required for the
recruitment of other kinetochore proteins. The CBF3c represents the assembly of
Skp1:Ctf13:(Cep3)2:(Ndc10)2 with Ndc10 loosely interacting with the CBF3 core complex in
vitro (Doheny et al. 1993, Goh and Kilmartin 1993, Russell et al. 1999, Strunnikov et al. 1995,
Jiang et al. 1993, Yan et al. 2019, Leber et al. 2018). Using pull-down experiments of
endogenously tagged NdclO from synchronized cell lines | found a previously unknown
interaction with the outer kinetochore MTW1c. Interestingly, the co-precipitated levels of
Mtw1/Nnfl were 4 times higher in mitotically arrested cells compared to cells synchronized in
G1 indicating that this pathway specifically recruits the outer kinetochore in mitosis. This is
particularly intriguing for budding yeast where, unlike the human kinetochore, the kinetochore
is fully assembled and bound to the microtubule throughout the cell cycle (Biggins 2013, Hara
and Fukagawa 2020).

| have investigated this finding using biochemical and genetic experiments and compared it to
the previously identified pathways which recruit the outer kinetochore via interactions with
Mif2 and Ame1/Okp1l. Interestingly, the Ndc10 binding mode of MTW 1c is similar to the other
two MTW1c recruiters. Notably, it binds to the same loop-helix-loop region (amino acids 24-
90) of the Mtw1 head | domain (Dimitrova et al. 2016) with the difference that it predominantly
binds helix 24-40. Mif2 and Ame1/Okp1 require the full helix-loop-helix formation for the
interaction with a higher sensitivity to perturbations or even single mutations. Thus, Ndc10
might represent a more robust Mtw1 binder that does not require Nnfl for the interaction. In
comparison to Mif2 and Ame1/Okp1, the interaction of Ndc10 is even more enhanced by
Dsn15249/250 phosphorylation through Ipl1#U™® kinase which renders the Mtw1/Nnfl head |
accessible for binding by Ndc10, Mif2 or Ame1l. The Ndc10 region associating with Mtw1 lies
in its N-terminus (amino acids 1-55), similar to the MTW1c binding sites of Mif2 and
Amel/Okpl. This suggests that Ndc10 is a third link required for the recruitment of an
additional microtubule binding unit, and thus further stabilizes microtubule attachment in
mitosis. | have identified the first 11 amino acids and residue Y52 to be required for the
interaction with Mtw1 as deletion or substitution mutants cause loss of binding in vitro.
Analysis of the corresponding mutants in cell viability assays using the anchor-away assay,
suggested that the Ndc10 — Mtw1 interaction is not essential. However, expression of the

Ndc10-Y52A mutant in a Mif2A35 mutant background resulted in severe growth defects and
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synthetic lethality. This indicates that the Ndc10 pathway is redundant with the Mif2-mediated
MTW1c interaction and the cell cannot solely rely on the Amel/Okpl link to the outer
kinetochore. We do not yet fully understand the molecular details of how the three different
proteins organize recruitment of the KMN network and whether there is a binding hierarchy
that is potentially controlled by posttranslational modifications. This will require in vitro
reconstitution studies of a minimal kinetochore containing the CBF3c, Mif2, Ame1/Okp1 and

the outer kinetochore MTW 1c.

4.3 Mif2 interacts with the Ndc10 N-terminus in a phosphorylation-dependent manner
and competes with Mtw1 binding

Interaction of the two MTWI1c receptors Amel/Okpl with Mif2 was investigated and
confirmed previously (Hornung et al. 2014), we therefore aimed to map the binding
interdependencies between Ndc10, Amel/Okpl and Mif2. Although it was reported that the
COMA complex (Ctf19/0Okp1l/Mcm21/Amel) interacts with the CBF3 complex (Ortiz et al.
1999) we did not find convincing evidence that this interaction occurs through Ame1/Okp1l
(purified from E. coli or insect cells) and the N-terminal Ndc10'*>°! region, but we cannot
exclude the possibility that additional factors in a cellular environment might support this
interaction. In contrast, Mif2 and Ndc10'>>*forms a stable complex in vitro. | have found that
in vitro Mif2 binding occurs only upon phosphorylation of a serine-rich region (aa 217-240),
predominantly by Cdc5°*! kinase. Interestingly, the same region of Mif2 also binds Ame1/Okp1
in a phosphorylation-dependent manner (Hagemann et al. manuscript submitted). How this
interaction is regulated and whether there is a competition of Ndc10 and Ame1/Okp1 for the
binding site at Mif2 remains to be investigated.

Using biochemical experiments, | have determined that the binding domain of Mif2 maps to
the same, albeit slightly larger region of Ndc10, as that of Mtw1l. An N-terminal deletion
(Ndc10-A11) or a single site mutation of the conserved residue Y52 to alanine abrogates both
interactions of Mif2 and Mtw1 in vitro. Thus, | wanted to determine whether there is a
competition between Mif2 and Mtw1 for the Ndc10 binding site. Mif2-A170 was unable to
bind Mtw1 although its Ndc10 binding site remains preserved. Upon competition in the binding
assay Mif2-A170 was able to reduce bound Ndc10 levels from the Ndc10-Mtw1 complex by
50%. This indicates that phosphorylated Mif2 competes off Ndc10 from the Mtw1 protein. As
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| determined by in vivo pull-down assays, that Ndc10 predominantly co-precipitates Mtw1 and
to a lesser extent Mif2 in mitosis we hypothesised that in a certain condition Mtw1 has a
binding advantage over Mif2. Using binding assays, | found that Mif2 bound by its known
binding partner Chl4/ImlI3 (Hinshaw and Harrison 2013) has 50% reduced ability of Ndc10
binding compared to free Mif2. Apart from the de-phosphorylated state of Mif2 this might be
another mechanism to enable Mtw1 to preferentially access Ndc10 in mitosis. We speculate
that binding of Mif2 and Ndc10 occurs during the initial step of kinetochore assembly followed
by the binding of additional factors to Mif2 such as Chl4/Iml3. This improves the accessibility

of Ndc10 for Mtw1 binding and facilitates stabilization of the outer kinetochore in mitosis.

4.4 The C-terminus of the MTW1c is the centrepiece of outer kinetochore assembly

The advances in crystallography and cryo-electron microscopy over the recent years yielded
high resolution structures of kinetochore proteins and sub-complexes providing the
foundation for studying the kinetochore architecture (Dimitrova et al. 2016, Yan et al. 2019).
The structures are predominantly limited to structured and rigid areas and thus, crosslinking
and mass spectrometry has proven a useful tool to integrate the structural information on the
unstructured and flexible parts which are frequently implicated in establishing the interactions
between kinetochore subcomplexes. We employed large-scale purifications of endogenously
tagged budding yeast kinetochore proteins in order to obtain a comprehensive network of
interactions and elucidate binding dependencies in the outer kinetochore. We identified 225
inter-protein and 237 intra-protein crosslinks on the inner and outer kinetochore subunits
confirming most of the known interactions (Kudalkar et al. 2015, Malvezzi et al. 2013, Pekgoz
Altunkaya et al. 20164, Schleiffer et al. 2012, Hornung et al. 2014). We observed a majority of
crosslinks connecting the C-termini of the MTW1c to the other KMN subcomplexes,
Spc105/Kre28 and the NDC80c. In our previous work we have shown that the N-terminus of
MTW?1c is a crucial link to the CCAN by connecting to Ame1/Okp1, Mif2 and Ndc10 proteins,
while its C-terminal region serves as a central hub for outer kinetochore recruitment. The C-
terminus of MTW1c is proteolytically unstable and flexible which is the reason why it was not
possible to observe its features in the published structures (Dimitrova et al. 2016).

Crosslinks specifically indicated several regions in the C-termini of Mtw1, Dsn1 and Nsl1

described or predicted as helices. The interaction between MTW1c and Spc24/25 through the
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Dsn1 helix was previously described (Kudalkaretal. 2015, Malvezzietal. 2013). Cnn1, a CTF19¢
protein, binds to the same site on Spc24/25 as Dsn1, but with a higher affinity and thus, was
used to compare the relative affinities of MTW1c interactions. Cnn1 levels peak in anaphase
and it is believed to compete with MTW1c upon Cnnl dephosphorylation during mitotic exit
(Malvezzi et al. 2013, Bock et al. 2012).

How the budding yeast Spc105/Kre28 is recruited to the KMN network was shown at the time.
In humans, motifs NSL1%0°7213 and NSL12°8281 are sufficient to recruit SPC24/25 and KNL1,
respectively (Petrovic et al. 2010, Petrovic et al. 2014). These motifs, however, are not
conserved in budding yeasts. Using in vitro binding assays with the predicted helical peptides
of the MTW1c C-termini, we identified Dsn1 and Mtw1 as predominant interactors of the
Spc24/25 complex. Together, Dsnl and Mtw1 peptides synergistically increased the binding
affinity to Spc24/25 indicating that multiple C-terminal motifs cooperatively stabilize KMN
network assembly. Mtw1 and Nsl1 motifs showed preferential binding of the SPC105c. In order
to evaluate the impact of different helices on recruiting SPC105c and Spc24/25 in the context
of the full-length MTW1c | have recombinantly expressed MTW1c mutants carrying deletion
or point mutations within the Mtw1, Dsnl or Nsl1 helices. Deletion of either of the individual
helices led to the loss of Spc24/25 binding, indicating that the binding is very sensitive to
perturbations and that Ndc80C is cooperatively stabilized at the KMN network in order to
attach the microtubules to the kinetochore.

In order to evaluate the importance of the Mtw1 helical motif we performed a series of pull-
down assays from S. cerevisiae using different C-terminal deletion mutants and identified the
associated proteins by mass spectrometry. Deletion of the Mtw12327248 helix resulted in loss of
SPC105c and NDC80c recruitment and led to lethality in the cell growth assays. This indicates
that the predicted Mtw1 helix is crucial for KMN assembly in budding yeast. Moreover, we
were able to identify single amino acids within the Mtw1 helix required for Spc24/25, but not
SPC105c interaction. The Mtw1V2440/t2480 mytant that abrogated Spc24/25 binding in vitro, was
not viable which implies that the Mtw1-Spc24/25 interaction is important for cell viability. Helix
mutants within the full-length MTW1c complex showed the importance of the Nsl1 helix for
Spc24/25 binding in vitro which could not be determined by the peptide binding assays.
Together, our experiments indicate that the C-terminal motifs of Nsl1 and Mtw1 recruit

SPC105c and support the recruitment of Spc24/25 by the Dsn1 C terminus (Figure 8).
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4.5 The Spc105/Kre28 recruitment depends on the Kre28 coiled-coil 2 domain

In order to determine how Spc105/Kre28 is recruited to the MTW1c we created a series of
deletion mutants based on the crosslink information obtained from analysis of the
recombinant and endogenous KMN network. Deletion of the coiled-coil domains of Spc105
abrogated MTW1c binding and at the same time, prevented complex formation with Kre28.
We therefore, expressed full-length Spc105 without Kre28 to exclude the possibility that the
loss of Kre28 might have interfered with the binding, however Spc105 alone was not able to
bind MTW1c. This indicates that unlike in humans where Zwint-1 is dispensable for the
interaction, Kre28 is responsible for the recruitment of SPC105c to the MTW1c C-terminus.
Based on the multiple sequence alignment of Kre28 from interrelated yeast species | have
generated double point mutants within the two coiled-coils to determine the binding site of
MTW1c on Kre28. Mutations within coiled-coil 2 impaired MTW1c binding whereas coiled-coil
1 mutants had no effect on the interaction. Notably, mutants of the coiled-coil 2 are viable as
are the mutants of the Mtw1 helix showing a reduction of bound SPC105c levels indicating that
this interaction might be further stabilized through phosphorylation or other protein
interactions that we have not detected.

The outer kinetochore KMN network displays high levels of cooperativity. As within the MTW 1c
the combination of the Mtwl and Dsnl helical peptides increases overall affinity for the
recruitment of the NDC80Qc, it is likely that the network has to satisfy a certain degree of protein
association to withstand the pulling forces of the depolymerizing microtubules. Furthermore,
binding of the full KMN super complex displays a 50 % stronger binding of SPC105c when
Spc24/25 is present together with MTW1c, likely through the weak interactions between
SPC105c and Spc24/25. Overall, the KMN network creates a strong and stable microtubule
receptor sensitive to potential shortcomings within the system in order to prevent that

chromosome segregation errors are passed on to future generations.
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Figure 8 Crosslink Map Summarizing the Connectivity of the MTW1c C-Terminal Peptide Motifs
with the Spc105/Kre28 and Spc24/25 Complexes

Models of Spc105/Kre28 and MTW1c were prepared using |-Tasser and Chimera, and the
Spc24 and Spc25 C-terminal RWDs are represented by the crystal structure (PDB: 4GEQ)
(Malvezzi et al. 2013). RWD domains of Spc105 (amino acids 545-917) are highlighted in cyan,
and CC2 of Kre28 (amino acids 225-265) is shown in light blue. The partial model of MTW1c
depicts the Mtw1 helix amino acids 232—-248 (red), Nsl1 helix amino acids 164—193 (dark gold),
and Dsnl helix amino acids 547-576 (dark blue), with the accordingly colored crosslinks to
Spc24/25 and Spcl05/Kre28. The accordingly colored arrows indicate the binding
dependencies detected in in vitro binding assays. (Figure and description from (Ghodgaonkar-
Steger et al. 2020))
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