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1. Summary

Mitosis is the process of dividing a eukaryotic cell into two identical daughter cells.
This part of the cell cycle executes the faithful propagation of the genome. A
prerequisite for maintaining genome stability is the assembly of the conserved
kinetochore structure at chromosomal loci called centromeres. The kinetochore is
a macromolecular protein complex that physically links chromosomes to spindle
microtubules. Aberrations in chromosome segregation cause aneuploidy, which
has been associated vith tumorigenesis, trisomy, and age-related pathologies. To
ensure the accurate segregation of sister chromatids, their kinetochores have to be
attached to microtubules emanating from opposite spindle poles, a configuration
which is known as biorientation of chromosomes. The kinetochore is composed of
more than 80 proteins, which are organized in stable subcomplexes and follow a
conserved hierarchy of assembly from centromeric chromatin to microtubules: the
centromere proximal inner kinetochore or Constitut ive Centromere Associated
Network (CCAN), the microtubule binding KMN (KNL1/MIS12/NDC80) network
at the outer kinetochore and the fibrous corona. The proteins of the CCAN complex
build the interface between centromeric chromatin and the microtubule -binding
unit. Several kinetochore proteins are conserved among eukaryotes. In contrast,
the underlying centromeric chromatin is highly divergent and epigenetically
specified. The major epigenetic mark of the centromere are nucleosomes that have
H3 replaced by centromere specific histone variant CENP-A. Interestingly, the
levels of CENRPA are halved during DNA replication by equally distributing
CENP-A between sister chromatids. Cells pass through mitosis with half-maximal
CENP-A levels until they are replenished during mitotic exit. The underlying
molecular pathways of histone redistribution during DNA replication and CENP -A
replenishment in the early Gl-phase remain largely unknown. In this thesis, |
analyzed the protein composition of the human centromere in a time -resolved
manner to study the quantitative changes in protein interactions of CENP-A
containing oligo -nucleosomes. This proteomic screen detected several proteins
that are associated with the centromere in a cell cycledependent manner and
identified candidates that may regulate CENP-A distribution to the leading and
lagging DNA strands subsequent to replication. Besides chromatin-associated
proteins, histone remodelers, and readers and writers of histone post-translational

modifications (PTMs), | identified an uncharacterized protein. This transcription
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factor-like protein was selectively associated with CENPA at levels comparable to
CCAN proteins throughout the entire cell cycle, indicating that this protein may

have a structural role at the centromere or inner kinetochore.

Spatial restraints derived from the mass spectrometric analysis of crosslinked
proteins (XLMS) are widely applied in integrative structural biology approaches
to determine protein connectivity. | used label -free quantification of crosslink
spectral data to show the dependence of crosslink distances and intensities, which
facilitated the estimation of protein dissociation constants and aided the
prediction of interfaces of budding yeast subunit contacts. The load-bearing link
of chromosomes to microtubules through the kinetochore is stabilized through
phosphorylation of CCAN and KMN proteins by mitotic kinases. Titration of the
assembly of up to 11 budding yeast kinetochore proteins in vitro indicated that
phosphorylation of CCAN and KMN proteins induces cooperative stabilization of
the kinetochore at the centromeric nucleosome, which is required to withstand the
pulling forces of depolymerizing microtubules. Phosphorylation of distinct sites at
the outer kinetochore subunit Dsnl by AuroraB'P1, and at the inner kinetochore
protein Mif2, mediated cooperativity of the kinetochore assembly. These
phosphorylation events decreased the KD values of the kinetochore protein
interactions to the centromeric nucleosome by ~200 -fold, which was essential for
cell viability. This work demonstrates the potential of quantitative XLMS for
characterizing mechanistic effects on protein assemblies upon posttranslational

modifications or cofactor interaction and for biological model ing.
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2. Preface

This study was performed in the laboratory of Dr. Franz Herzog. From November
2014 to November 2020, | was working on two main projects described in this
thesis. A detailed description based onthe state of the art will introduce both
projects as both deak with the investigation of the cell cycle regulation of

centromeric chromatin and kinetochore assembly .

The thesis was split into two parts, each of which will be introduced separately.

The results of my first project will be summarized as a manuscript with the title:

fiQuantitative Crosslinking and Mass Spectrometry Determine Binding Interfaces

and Affinities Mediating Kinetochore Stabilization othat was submitted. Parts of

these results were presented in an international conference: EMBO workshop

fiChromosome segregation and aneuploidyd from May 11-15" 2019 in Cascais,

Portugal; Poster titl e: i Measur-Protgin COapxp er at i vi ty
Assemblies by Quantitative Crosslinking Mass Spectrometry. 0An extended

discussion follows the results part in which | discuss the topics of the manuscripts

in more detail, as well as future research directions for the field.

Hagemann G *, SolisMezarino V*, Singh S, Potocnjak M, Kumar C,
Herzog F. (2020) Quantitative Crosslinking and Mass Spectrometry
Determine Binding Interfaces and Affinities Mediating Kinetochore

Stabilization. (in revision)

The second part contains my research onthe human centromere-specific histone
H3 variant CENP-A. This second part will be introduced, based on the main
introduction and further specified on human centromeres and centromeric
chromatin . The results of this part will be discussed based on the latest research

giving future directions of the project.

Several collaborative projects were performed with coworkers from the
laboratories of Prof. Dr. Stefan Westermann (ZMB, Essen) and Dr. Kevin D.
Corbett (Ludwig Institute for Cancer Research, University of California, San

Diego). These projects are not subject to this work.
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3. Main Introduction

3.1 Introduction

The proliferation of all eukaryotes depends onthe equal and accurate segregation
of chromosomes during cell division. The foundation of this process is the
duplication of the DNA sequence andits dynamic organization by nucleoprotein s
into chromatin throughout the progression of the cell ¢ ycle. The nucleosome, as
the basic unit of chromatin, comprises a core particle with 147 bp of DNA wrapped
~1.7 times around a histone octamer. Two molecules, each of the core histones
H2A, H2B, H3, and H4, form a canonical histone octamer (Luger et al., 1997. Still,
the nucleosome remains a highly versatile and modular structure. Changesin
composition by incorporati ng various histone variants and the addition of
multiple posttransla tional -modifications (PTMs) can modulate the packaging and
accessibility of DNA and adapt it to various needs to read andregulate expression
or transmission of the genetic information (Ahmad and Henikoff, 2002,
Kamakaka and Biggins, 2005, Probst et al., 2009).

Consequently, the nucleosome nake-up provides the basis of chromatin
organization and orchestrates all DNA-templated processes like transcriptional

regulation, DNA repair, or dense packing of DNA chromosome protection (Rieder
et al., 2012, Malik and Henikoff, 2003 ). Chromatin assembly and quality control

are tightly aligned with DNA replication for reliable maintenance of chromatin

organization. Reassembly of chromatin after DNA replication occurs either by
recycling modified parental histones or by the deposition of newly synthesized
ones (Gunjan et al., 2005, Marzluff and Duronio, 2002 ). The propagation of
chromatin domains is dependent on these mechanisms (Ransom et al., 2010
Alabert and Groth, 2012, Probst et al., 2009). Accordingly, the current perspective
proposes two models of histone mark propagation (Stellfox et al., 2013). In the
first model, chromatin formatio n after replication happens randomly out of a pool
of old and new histones (De Rop et al., 2012. Although easy to implement for the
cell, there are some disadvantages. Random incorporatio of histones would result
in the dilution of PTMs and , consequently, in a lossof significance of the defined
chromatin domains (Dunleavy et al., 201). Also, the histone distribution relative

to the DNA sequence is likely to change, which causesa change of transcription

| 11



3. Main Introduction

patterns (Margueron and Reinberg, 2010, Probst et al., 2009). The second model
proposes a semiconservative distribution of histone dimers by a histone

deposition machinery (Xu et al., 2010). However, proof of this model is still a
matter of active research, and hence, the precise mechanism remains elusive A
key factor of this machinery could bethe proliferating cell nuclear antigen (PCNA) ,
a DNA clamp protein involved in DNA replication (Stillman, 1986, Smith and
Stillman, 1989, Shibahara and Stillman, 1999, Stewart-Morgan et al., 2020).
Several studies showed its capability to recruit DNA polymerase along with
chromatin remodeling factors, cell -cycle regulators, and helicases(Gerard et al.,
2006). Up to now, a remodeling complex necessary for the incorporation of

parental histone dimers, has not yet beenidentified. A detailed analysis of the
CENP-A associated protein complexeswill help us to understand the molecular
mechanism of CENP-A deposition that propagates chromatin organization and

epigenetic inheritance. Histone recycling by distribution onto sister DNAs after

replication is vital for maintaining chromatin organization and the identity of

specialized chromatin domains like centromeres.

3.2 Centromere Size and mposition

Centromeres are specialized chromatin domains thatestablish the molecular basis
for genomic stability. After DNA condensation, centromeres arevisible asprimary
constriction s of the mammalian metaphase chromosomes and are the sites of
kinetochore formati on where spindle microtubule s are attached to mediate
chromosome segregationduring mitosis and meiosis. Kinetochores facilitate the
segregation of bivalents in the reductional division, known as meiosis, and the
distribution of sister chromatids to obtain two identical daughter cells in mitosis.
They have to withstand DNA replication stress, topological constraints, and
pulling forces of depolymerizing microtubules during anaphase (Manuelidis, 1978,
Vissel and Choo, 1987 Henikoff et al., 2001). Despite the high phylogenetic
conservation of centromere function, the complexity, placement, and density are
quite diverse among different species(Willard and Waye, 1987, Grady et al., 1992
Cleveland et al., 2003, Plohl et al., 2014, Schueler et al., 200]). In budding yeast,
the centromere consists of a 125bp DNA sequenceufficient to define centromere
function (Clarke and Carbon, 1980). The simplicity of
(CEN) enabled intense studying of the minimally required proteins for

chromosome segregation. These centromeres organize into three distinct

12 |
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3. Main Introduction

6centromere DNA ¢Eladkenand Cabbn, 1980D EDEI is only

partially conserved and 8bp long (Cumberledge and Carbon, 198%. CDEIl is an

AT-rich 78-86bp sequence CDEIIl consists of a palindromic sequence and is

essential for kinetochore assembly (McGrew et al., 1986 Ng and Carbon, 1987

Cumberledge and Carbon, 1987. However, mosteukaryotics peci es have o6regio
centromeres, 6 which are complex assemblies of
(Fukagawa and Earnshaw, 2014 Kursel and Malik, 2016). As shown in multiple

species like the orangutan, horse, chicken, mice, or human a specific pattern of

repeated DNA elements defining centromere identity has not been identified

(Wade et al., 2009, Locke et al., 2011 Piras et al., 2010, Shang et al., 201Q. Despite

the efforts on finding a centromere consensus DNA sequence inmetazoans,

neither a consensus nor a defined order of sequences can be described, which

demonstrates a satellite higher-order repeat (HORS) structure (Vissel and Choo,

1987, Alkan et al., 2017).

Human centromeres are composed of centromeric chromatin flanked by
pericentromeric heterochromatin  (Schueler and Sullivan, 2006). The core
centromere contains an array of higher-or d e r repeatsateliefDNA 71 bp U
(Alexandrov et al., 2001, Choo et al., 1991Waye and Willard, 1987). While higher -
or desatelliie DNA sequences at centromeres slightly differ between
chromosomes, all chromosomes, except the Ychromosome, contain a 17 bp motif
termed CENP-B box (Ikeno et al., 1994). This sequence is explicitly recognized and
bound by the centromeric protein CENP-B, which is the only human kinetochore
protein with DNA sequence specificity (Hemmerich et al., 2008). In contrast,
mo n o me rsatadlite DNA, which resides in the pericentromeric region, varies
significantly in sequence and lacks a higherorder organization (Schueler and
Sullivan, 2006). This speciesspecific enrichment of a characteristic repetitive
sequence,like th e -saellite DNA in humans repeats, is not strictly required for

kinetochore formation (Ohzeki et al., 2002).

Centromeres are epigenetically defined by the presence of the centromerespecific
histone H3 variant CENP-A, except budding yeast point centromeres, that are
specified by a distinct DNA sequence (Palmer et al., 1987 Yoda et al., 2000,
Furuyama and Biggins, 2007). Unlike the distinct spatial organization of DNA
sequencespecific point centromeres in budding yeasts, the regional centromeres
of other eukaryotes span several hundred kilobases to several megabase@ldrup -
Macdonald and Sullivan, 2014). Here, all active centromeres harbor large arrays
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of CENP-A nucleosomes interspersedby those carrying histone H3 (Westhorpe et
al., 2015). However, number and distribution vary between species ranging from
a single CENP-ACse4containing nucleosome in budding yeast to ~200 CENP-A
nucleosomes per centromere in humans (Lawrimore et al., 2011, Black and
Cleveland, 2011 Hasson et al., 2013. The incorporation of CENP-A histones into
centromeric chromatin is essential in all organisms (Blower and Karpen, 2001,
Howman et al., 2000, Goshima et al., 2003, Oegema et al., 2001 Regnier et al.,
2005, Stoler et al., 1995 Takahashi et al.,, 2000). As new centromeres (i.e.,
neocentromeres) are known to establish at chromosomal loci that do not have any
sequence similarity to canonical centromeres but are solely characterized by the
presence of CENP-A nucleosomes, CENP-A deposition is the most upstream event
of centromere formation, which results in the recruitment of most known
centromere and kinetochore proteins (Ishii et al., 2008 , Ketel et al., 2009, Shang
et al., 2013 Heun et al., 2006, Olszak et al., 201). Artificial tethering of Lacl
tagged CENP-A to DNA containing the Lac operator sequencewas sufficient for
centromere formation and for the recruitment of all kinetochore proteins to stably
attach to spindle microtubules (Mendiburo et al., 2011, Gascoigne et al., 201L
Importantly the site of neocentromere selfpropagated even after the loss of Lact
CENP-A tethering (Hori et al., 2013). This finding has supported the assumption
that epigenetic events define centromeres although repetitive alphoid DNA can

induce centromere formation in humans (Barnhart et al., 2011, Guse et al., 201).

The centromeric chromatin domain is present throughout the cell cycle . It acts as
a platform for the transient assembly of the kinetochore, which builds up a
microtubule binding unit in mitos is just in time before chromosomes are attached
and biorientated (Hegemann and Fleig, 1993 Pluta et al., 1995 Clarke, 1998).
Aberrations in chromosome segregation can lead to aneuploidy, which has been
associated with congenital disabilities, infer tility, cancer, and aging (Ly et al.,
2019).

3.3 Inner Kinetochore Composition and Specification.

CENP-A specifies the recruitment of several proteins to build up functional
kinetochores. Kinetochores are highly conserved andcomposed of approximately
100 proteins (in humans) organized in distinct subcomplexes and assemble in a

defined hierarchy from centromeric DNA to microtubules (Tipton et al., 2012).

14 |
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The centromere-proximal or inner kinetochore complex includes at least 16
proteins, which are organized in subcomplexes that identify as constitutive
centromere associated network 6 C C A(dtganized in subcomplexes as CENRC,;
CENP-L/-N; CENP-H/ -I/ -K/-M; CENP-0O/-P/-Q/-U/-R; CENP-T/-W/-S/-X)
(Figure 1) (Cheesenan and Desai, 2008). BesidesCENP-A, CENP-C is an essential
CCAN component that directly interacts with CENP-A containing nucleosomes
(Falk et al., 2015 Falk et al., 2016, Kato et al., 2013). CENP-C was initially
identified in pa tients with CREST syndrome (Earnshaw and Rothfield, 1985). Like
CENP-A, most organisms have functional CENP-C homologs, although the overall
sequence homology between human CENPC and the yeast ortholog Mif2 is low
(Brown, 1995 Meluh and Koshland, 1995). Its depletion causes severe
chromosome defects resulting in cell death (Saitoh et al., 1992 Brown et al., 1993,
Brown, 1995, Tomkiel et al., 1994, Meluh and Koshland, 1995, Fukagawa and
Brown, 1997, Fukagawa et al., 1999 Holland et al., 2005, Heeger et al., 2005,
Moore and Roth, 2001).

Particular domains are well conserved between yeast and humansand protein
sequenceanalysis of CENP-C and its orthologs suggesst that most of the protein is
intrinsically disordered (Kato et al., 2013 Holland et al., 2005, Klare et al., 2015,
Nagpal et al., 2015 Screpanti et al., 201). The CENP-C N-terminus provides an
interaction site for the mic rotubule -proximal outer kinetochore subcomplexes
(Screpanti et al., 2011 Przewloka et al., 201). Ectopic targeting of this domain
induces the assembly of a functional kinetochore lacking other CCAN proteins
(Hori et al., 2013). Along the carboxy-terminal half of the protein are two related
short motifs (central domain and CENP-C motif) required to interact with
centromeric chromatin (Nagpal et al., 2015 Klare et al., 2015. At the very G
termin us resides a cupin fold domain, which induces dimerization (Cohen et al.,
2008). Another critical domain of vertebrate CENP-C is the PESTFrich domain
that was shown to interact with CENP-H and CENP-L/N proteins of the CCAN
(Nagpal et al., 2015 Klare et al., 2015. While CENP-C provides a direct link of
centromeric chromatin to the microtubule -binding outer kinetochore, it is the
dynamically modulated cornerstone of faithful chromosome segregation (Klare et
al., 2015, Nagpal et al., 2015. Notably, the depletion of CENP-C in chicken DT40
cells did not result in the loss of other CCAN proteins (Fukagawa et al., 2001, Hori
et al., 2008, Kwon et al., 2007). The interactions of CENP-C with other CCAN
subunits and how these affect kinetochore assembly and stabilization was further

investigated in this work.
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The three CCAN subcomplexes(CENP-L/ -N; CENP-H/ -1/ -K/-M; CENP-O/-P/-
Q/-U/-R) f or m -shaped Ystiucture that was obtained from cryo electron
microscopy reconstructions from recombinant S.cerevisiae proteins (Hinshaw
and Harrison, 2019, Yan et al., 2019. Like their human orthologs, the yeast
proteins co-purify in in vivo pull-downs and are interdependent for kinetochore
localization (Foltz et al., 2006, Akiyoshi et al., 2009). Despite the similarities in
connectivity and assembly of CCAN proteins between budding yeast and
vertebrates, not all CCAN proteins have orthologs in humans (Figure 1)
(Cheeseman and Desai, 2008. Notably, almost all human CCAN proteins are
required for mitosis, while only CENP-Q@rt and CENP-UAmeltogether with CENP-
CMii2 gre essential in budding yeast (Hornung et al., 2014, De WuIf et al., 2003).
Depletion of human CENP-U and CENP-Q result in comparably mild phenotypes
(Foltz et al., 2006, Hornung et al., 2014). This striking difference could point to a
different organization of budding yeast and human kinetochores, yet sequence
conservation and domain arrangement of the orthologous proteins indicate
substantial architectural similarity (Hinshaw and Harrison, 2019, Yan et al.,
2019). Notably, subunit connectivity differences may reflect the requirement for
linking microtubules to point or regional centromeres in budding yeast and
humans, respectively. In humans, CENP-N binds selectively and directly to the L1-
loop in the CENP-A targeting domain (CATD) of CENP-A (Pentakota et al., 2017).
This second axis of kinetochore attachment is more interlaced with the other
CCAN components and probably underlies a dynamic regulation (Pentakota et al.,
2017). Likewise, CENP-N, despite its direct binding to CENP-A containing
nucleosomes needsto simultaneously interact with other CCAN components for
stabilization (Weir et al.,, 2016, Pentakota et al., 2017. CENP-N forms a
heterodimeric complex with CENP-L, which directly binds to the CENP-H/ -1/ -K/ -
M subcomplex and CENP-C (McKinley et al., 2015, Weir et al., 2016). In the
assembly process, CENP-N and CENP-C can bind CENP-A simultaneously at
different binding sites (Weir et al., 2016, Pentakota et al., 2017. CENP-H/ -1/ -K/ -
M form a stable complex that is important for chromosom e alignment,
segregation, and viability by maintaining the integrity and stability of the CCAN
(Basilico et al., 2014, Weir et al., 2016). Human CENP-M has a pseudo GTPase
activity of unknown function and lacks an ortholog in yeast (Basilico et al., 2014).
The yeast orthologs of CENP-N/-L, Chl4/ImI3 do not interact with the CENP-ACse4
nucleosome but reside more cental i n t hskaped 3tracture of the CCAN
(Hinshaw and Harrison, 2019, Yan et al., 2019. Even though CENP-N¢ s

16 |
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required for faithful chromosome segregation in yeast, it remains elusive how its
position in the kinetochore and its contacts with other CCAN proteins can
contribute to this function without affecting viability  (Hinshaw and Harrison,
2019, Yan et al., 2019 Carroll et al., 2009). CENP-L'™3 forms the interface with
CENP-H Memi6/ .| Cti3/ _K Mcm22 glong with CENP-T ¢nnl/ -W Wirl gnd generates one
arm of 6(Hinsleaw &nd Harrison, 2019, Yan et al., 2019. Several studies
suggested that the vertebrate CENP-T/-W/-S/-X subcomplex forms a
nucleosome-like complex that binds to 80 -100 bp of DNA and introduces positive
supercoils into DNA in vitro (Takeuchi et al., 2014). In contrast, in budding yeast,
CENP-TC¢m1/ CENP-WWirl were found to co-localize with centromeric chromatin in
a CENP-1¢® dependent manner (Pekgoz Altunkaya et al.,, 201§. CENP-S and
CENP-X are neither necessary for viability nor conserved betweenbudding yeast
and vertebrates (Hori et al., 2008 ). The N-terminus of budding yeast CENP-TCnn1,
similar to the vertebrate CENP-T, directly binds to the microtubule -binding
Ndc80 complex in a phosphorylation -dependent manner. Hence CENP-T offers
an additional scaffold for microtubule -binding (Pekgoz Altunkaya et al., 2016
Malvezzi et al., 2013. Due to its centered position, CENP-Nc" interacts on one
side with the more elongated CENP-P/-Q/-O/-U (Ctf19, Okpl, Mcm21, Amel in
yeast: COMA complex) subcomplex that generdes the opposite arm and stem of
t h e-shédpé@inshaw and Harrison, 2019, Yan et al., 2019. Notably, the CENP-
Uamelf CENP-QOkr1 heterodimer of the COMA complex is a direct and selective
interactor of the N -terminal tail of CENP-ACse4 (Anedchenko et al.,, 2019
Fischbock-Halwachs et al., 2019. Remarkably, the Okpl core domain AA163
187) interacts with AA34-46 of CENP-ACse4(Fischbock-Halwachs et al., 2019.
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Figure 1. Schematic Representation of the Human Kinetochore
To pology.

The highly conserved hierarchy of kinetochore modules is depicted from
centromeric chromatin to the microtubule binding interface. Proteins that are
not conserved in budding yeast are grayed out. Centromeric chromatin is
composed of CENRA containing nucleosomes (orange) interspersed by
patches of H3 containing nucleosomes (blue). The first assembly step is the
interaction of the proteins that build the centromeric chromatin and the
constitutive centromere associated network (CCAN). Proteins of the CCAN are
constitutively bound to CENP-A containing nucleosomes. This module
recruits the outer kinetochore complexes of the KMN network by forming
protein contacts between CENP-C and the MIS12 complex and CENRT and
the NDC80 complex. The binding of NDC80 to microtubules from opposing
spindle poles is monitored by a surveillance mechanism called the spindle
assembly checkpoint (SAC). The SAC delays cell cycle progression until ra
AuroraB kinase-mediated correction mechanism resolves all improper

attachments.

Even though the enormous efforts in reconstituting vertebrate and yeast
kinetochores expand our understanding of the molecular interaction s, the
complicated features of their interaction network and their interdependency for
centromere localization are not entirely understood. Especially the dynamics of
transient pro tein interactions and their influence on dynamic alterations of single
CCAN interactions throughout the cell cycle are particularly intriguing. How PTM

events influence kinetochore assembly dynamics has beenchallenging to explore
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and will be addressed in this work. Gaining insights into the architecture of the
centromere proximal subcomplexes of the kinetochores and the interactome of
centromeric chromatin will significantly im prove our understanding of cell cycle

regulation, mitotic checkpoint establishme nt, and chromatin dynamic s.

3.4 Composition of the Microtubule -Binding Outer

Kinetochore

On the microtubule -proximal site, the outer kinetochore forms a load -bearing link
between the CCAN proteins and the plus ends of the spindle microtubules. The
highly conserved framework of the outer kinetochore is a 10-subunit protein
assembly known as KMN-network (KNL1-, MIS12- and NDC80-complex)
(Cheeseman et al., 2009. The primary microtubule receptor at the kinetochore is
the four-subunit N DC80 complex (N DC80 [Hecl in humans], Nuf2, Spc24, Spc25)
(Figure 1) (Ciferri et al., 2008 ). The large coiled coils,flanked by globular domains,
resulting in a dumbbell -like structure, dominate the morphology of the complex
(Ciferri et al., 2008, Wei et al., 2007, Wei et al., 2005). Its primary function,
microtubule -binding, is mediated by the N-terminal side of the structure, built by
Ndc80 and Nuf2 (Wan et al., 2009). Structural analysis has shown that a pair of
tightly packed calponin -homology (CH) domains in Nuf2 and Ndc80 impart direct
interaction with microtubules (Ciferri et al., 2008, Wei et al., 2007, Wei et al.,
2005). Besides the CH domains, two basic patches in the unstructured Nterminal
tail of Ndc80 showed microtubule -binding capabilities in vitro (Ciferri et al.,
2008). Interestingly, only the deletion of t he CH domains and not the basic
segments in the N-terminal tail resulted in a loss of microtubule interaction
(Ciferri et al., 2008). Whether these segments mediate an intermolecular
interaction of N DC80-complexes or promote a cooperative binding effect by
forming NDCB80-complex clusters of microtubules is highly controversial.
However, microtubule interaction of Ndc80 is dynamically regulated by
phosphorylation events that antagonize the intrinsic positive charge, which results
in a marked decrease inthe binding affinity (DeLuca et al., 2006). AuroraB'ri1
mediates this phosphorylation (DelLuca et al., 2006, Guimaraes et al., 2008). C-
terminally, the RWD -domains of the NDC80-complex subunits Spc24 and Spc25
directly interact with the CCAN protein CENP-T (Malvezzi et al., 2013. Within the
KMN -network, the MIS12-complex, consisting of Mis12, Pmfl, Dsnl, Nsl1, or
MIND -/MTW1 -complex (Mtwl, Nnfl, Dsnl, Nsll1) in budding yeast acts as a
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central interaction hub to facilitate the assembly and dtach the KMN to the CCAN
by interaction with  CENP-C, CENP-T (in most organisms), and CENP-UAmeY/ -
QOkrl (only in yeast) (Malvezzi et al., 2013, Dimitrova et al., 2016). The MIS12-
complex is, like all members of the KMN-network, highly conserved between
human and yeast and organized as dour -protein rod-shaped structure that seems
to extend the Ndc80-complex (Dimitrova et al., 2016). The stable subcomplexes
Mis12/ Pmfl and Dsnl/Nsll meet in the central stalk domain, whereby the
C-termini of the Dsnl/ Nsl1 subcomplex provide binding sites for the RWD

domains of the Spc24/ 25 subunits of the Ndc80-complex (Hornung et al., 2011,

Maskell et al., 2010, Petrovic et al., 2010). The Gterminal end of Nsl1, together
with the stalk domain, also provides a binding interface for the two -member
KNL1-complex (KNL1/ Zwint) (Hornung et al., 2011, Maskell et al., 2010, Petrovic
et al., 2010). Besides its Gterminus that contains RWD-domains, KNL1 is vastly
disordered and has some microtubule-binding affinity (Krenn et al., 2014,

Lampert and Westermann, 2011). However, cell biological and biochemical work

has shown that it has several conserved proteirbinding motifs (Zhang et al., 2014

Vleugel et al., 2013 Krenn et al., 2014). The very N-terminus harbors a protein

phosphatasel PPJ binding domain, followed by multiple MELT -repeats (Met,

Glu, Leu, Thr) (Krenn et al., 2014). Mps1 kinase phosphorylates the Thr of the
MELT -repeats, forming a binding hub for the spindle assembly checkpoint (SAC)
protein complex consisting of Bub1 and Bub3 (Krenn et al., 2014).

The NDC80 complex, along with the KNL1 complex, builds an elaborate
microtubule -binding site (Lampert and Westermann, 2011). In particular, the
NDCB80 complex supports load-bearing microtubule attachments in vitro
(Lampert and Westermann, 2011). The depletion of any KMN component leads to
an aberrant kinetochore structure and, in the worst case, to a complete lack of
kinetochore-microtubule attachments in all eukaryotes. Factually, spindle
attachment is the crucial step of mitosis. Therefore, sister chromatids and their
kinetochores are monitored by tight surveillance systems, whose commnents -in
case of an error interact with the kinetochore architecture most likely provided
by KNL1 (Lara-Gonzalez et al., 2012.

20 |



3. Main Introduction

3.5 Regulation of Kinetochore Microtubule

Attachments and the Spindle Assembly Checkpoint

Kinetochores not only mediate the proper attachment of spindle microtubules but
detect unattached kinetochores by their tension state and regulate the progression
of mitosis by the SAC(Welburn et al., 2010). Although the essential components
of the SAC have been identified the precise signaling mechanism remains
enigmatic and remains a matter of ongoing research (Lampson and Cheeseman,
2011. An important turning point in mitosis is the transition from  metaphase to
anaphase(Lampson and Cheeseman, 201). Before the onset of anaphase, alkister
chromatid kinetochores are attached to microtubule s of opposing spindle poles
(Gordon et al., 2012). After achieving bi-oriented microtubule attachment, the
Anaphase-Promoting Complex/Cyclosome (APC/C), an E3-ubiquitin ligase,
promotes the degradation of several substrates, like Btype cyclins, and securin by
ubiquitination for degradation by the 26S proteasome (Peters, 2006). Securin
inhibits separase, the protease which - once activated - cleaves a subunit of the
cohesin complexes that hold bi-oriented sister chromosomes together (Cohen-Fix
et al., 1996, Funabiki et al., 1996, Holloway et al., 1993, King et al., 1995, Sudakin
et al., 1995. Hence, inhibition of APC/C activity delays the onset of anaphase and
therefore is the principal target of the SAC (Glotzer et al., 199). In particular, the
four-protein mitotic checkpoint complex (MCC) directly binds and inhibits the
APC/C by incorporating the coactivator Cdc20 (Foe et al., 2011 Foster and
Morgan, 2012, Pan and Chen, 2004).

The assembly of the MCC eventuates at unattached kinetochoregSudakin et al.,
2001, Fraschini et al., 2001, Kim and Burke, 2008 , Malureanu et al., 2009). Here,
the MELT repeats in KNL1 are phosphorylated by Mpsl (Krenn et al., 2014).
MELT -(p) recruits the SAC proteins Bub3, Bubl, and its paralog BubR1(Krenn et
al., 2014). Bubl serves as the primary hub and recruits other SACcomponents
(Rischitor et al., 2007, Vanoosthuyse et al., 2004). After Bubl and BubR1 bind
Bub3 through their so -called GLEBS motifs, the proteins bind the MELT -(p) motif

(Krenn et al., 2014, Overlack et al., 2017. For Cdc20 co-inhibition, Mad2 has to

be recruited to the kinetochore (Musacchio and Salmon, 2007, Luo and Yu, 2008).
In higher eukaryotes, Mad2 recruitment is most likely achieved by the interaction

of Madl/Mad2 with the RZZ -complex (Rod, Zwilch, ZW10) (Kops et al., 2005,

Musacchio and Salmon, 2007). Here the conformation of Mad2 changes from a
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soluble O-Mad2 (open) to a C-Mad2 (closed) state, which is capable of binding
Cdc20 (Luo and Yu, 2008). The mature MCC consists of Bub3, BubR1, &Mad2,
and Cdc20 that can signal a single unattached kinetochore to prevent anaphase
onset (Musacchio and Salmon, 2007). Mps1 recruitment to the kinetochore is key
to SAGsignaling and the onset of anaphase(Maciejowski et al., 2010, Hewitt et
al., 2010, Santaguida et al., 2010. Although the critical determinant of Mpsl1

recruitment is the Ndc80 complex, the coordination of Mpsl within the

kinetochore remains unknown.

Before anaphase onset, microtubule -binding requires to be such dynamic that
erroneous microtubule attachments can be corrected while bi-oriented
attachments on chromosomes remain stable during anaphase (Lampson et .,
2004, Pinsky et al., 2006). Balancing these two conflicting requirements is
regulated in part by reversible phosphorylation of the KMN -network (Foley and
Kapoor, 2013). The conserved main effector proteins in this error-correction
mechanism are the kinase Aurora B (Ipll in yeast) and the phosphatase B56PP2A
(Lampson and Cheeseman, 2011 Aurora B'P1, together with INCENP, Survivin,
and Borealin (Slil5, Birl, and Nbl1 respectively in yeast),form the chromosomal
passenger complex (CPC) that is targeted to centromeric chromatin and acts as a
molecular ruler in a tension -sensing manner (Lampson and Cheeseman, 2011 In
brief, the tension on erroneously attached kinetochores is lower compared to bi-
oriented kinetochores (Figure 2) (Yoo et al., 2018. When the tension is low, the
distance between the kinetochore and centromere is small and within the reach of
Aurora B, destabilizing microtubule attachments by phosphorylation (Lampson
and Cheeseman, 2011 If the tension increases, the spatial distance of the
microtubule attachment also increases and eventually exceeds the range of Aurora
B activity (Lampson et al., 2004). Recent publications found several pools of
Aurora B acting independently of the CPC framework (Fischbock-Halwachs et al.,
2019, Campbell and Desai, 2013. Accordingly, misaligned chromosomes display
enriched Aurora B levels at centromeres and kinetochores(Salimian et al., 2011).
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Figure 2. Schematic Representation of Tension Induced Error
Correction.

A single incorrectly attached kinetochore can prevent cell cycle progression.
Incorrect microtubule attachments occur quite frequently and are corrected in

a tension sensing process. When microtubules depolymerize, the applied
tension leads to intra- and inter-kinetochore stretching. The lack of tension in
incorrect microtubule attachments results in AuroraB phosphorylation of the
microtubule binding interface and the recruitment of the spindle assembly
checkpoint (SAC) to the kinetochore. This enables the correction of
microtubule attachments. Here the chromosomal passenger complex (CPC)
acts as a o6mol ecul ar rul ero t hat det aches
kinetochore. The SAC isrecruited to unattached kinetochores and halts cell
cycle progression by inhibiting APC/C activity. When tension across
centromeres is achieved by bioriented (amphitelic) microtubule attachment,
the SAC isdeactivated, and the cell cycle progresses.

After correct kinetochore -microtubule attachment, the phosphorylation of the

KMN -network is decreased by the antagonizing phosphatase B56PP2A (Foley
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and Kapoor, 2013). Regulation of kinetochore-microtubule attachments depends

on an interlinked and sophisticat ed network of SAC proteins, Aurora B, and
additional proteins, including Polo -like kinase 1 (PIk1) (Suijkerbuijk et al., 2012).

Polo-like kinases are a conserved subfamily of serine/threonine protein kinases

that play a substantial role throughout the cell cycle (Combes et al., 2017 Liu et

al., 2017). PIK1 is recruited via its polo box domain (PBD) to the CCAN protein

CENP-U which is phosphorylated by Plk1 (Kang et al., 2006). In addition , the PBD
of PIk1 interacts with multiple components of the outer and inner kinetochore

(Combes et al., 2017. However, the mechanism underlying the recruitment of PIk1

to these sitesis mostly unclear. Without sufficient Plk1 activity, cells suffer severe

chromosome misalignment and kinetochore instabilities (Lera et al., 2019).

Hence, this kinase is an essential regulator of microtubule-kinetochore

attachments and kinetochore robustness (Lera et al., 2019. The substrate
specificities of Plkl and Mps1 are largely overlapping as both can phosphorylate
the MELT repeats of KNL1 (von Schubert et al., 20195.

Furthermore, there is tight crosstalk between Plk1 and Aurora B, which affects
their activities at the kinetochore (Joukov and De Nicolo, 2018). Additionally, Plk1
is often deregulated in a multitude of human cancers and targeted in therapeutic
cancer drugs (Liu et al., 2017). How these mitotic protein kinases interact in the
spatiotemporal context of the kinetochore to guide various mitoti ¢ events is key to

our understanding of the coordination of chromosome segregation.
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4. Quantitative  Crosslinking and Mass
Spectrometry Determine Binding
Interfaces and  Affinities Mediating

Kinetochore Stabilization

4.1 Introduction

The importance of the timely assembly of the macromolecular kinetochore
complex to ensure accurate chromosome segregation in eukaryotes raises the
important questions of how it is built up and what are the underlying regulatory
mechanisms controlling the formation of this high-affinity linkage between
centromeric nucleosomes and microtubules? Notably, the role of internal
stabilization of the CCAN and the KMN through p hosphorylation to generate
stable microtubule attachment and biorientation remains elusive. Various protein
kinases coordinate kinetochore functions (Saurin, 2018). As mentioned earlier,
Mpsl initiates the mitotic checkpoint, BubR1 controls microtubule attachment,
AuroraB corrects erroneous microtubule attachments, Haspin kinase helps to
align chromosomes, and PIk1 serves several purposes, includinghe stabilization
of end-on microtubule attachments (Saurin, 2018). The localization of eachkinase
reflects their distinct roles within the structure of the kinetochore (Saurin, 2018).
PIk1l phosphorylates substrates throughout the entire kinetochore, either by
binding them directly or through adjacent proteins (Lera et al., 2016 Saurin,
2018). Many interaction partners are crucial, as PIkl is tethered to distinct
protein s within the kinetochore; it can solely phosphorylate in the vicinity of this
kinetochore subcompartment (Lera et al., 2016, Saurin, 2018, Qi et al., 2006).
Most PIk1 interacting proteins are found at the KMN network (Saurin, 2018).
However, Plk1 localization at the CCAN and centromeric chromatin has been
shown to be essential for proper alignment and faithful chromosome segregation,

but the corresponding substrates remain unclear (Kang et al., 2006).

Several studies reported the cooperative binding of kinetochore proteins
(Hornung et al., 2014, Dimitrova et al., 2016, Weir et al., 2016, Pesenti et al., 2018.

Thus far, there is only speculation about why kinetochore proteins act in
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cooperative binding networks. The size and complexity of the kinetochore limit the
possibility of studying all interactions and their modulations that happen. The use

of hybrid structural approaches might overcome these limitations.

4.1.1 ldentification of Protein -Protein Interactions

Protein-protein interactions (PPIs) and their fundamental essence in biology led
to the development of multiple sophisticated methods to analyze the protein
interactome. Despite most of the techniques like co-immunoprecipitation, affinity

purification in combination with mass spectrometry (AP -MS), proximity -
dependent biotin identification (BiolD), or conventional yeast two -hybrid
screening (Y2H) are successfully used to map protein interactions, - each has its
deficiencies (Smits and Vermeulen, 2016). Besides requiring tedious genetic
modifications, most of the techniques have time-consuming experimental
workflows and conceivably result in alteration of structural properties of the

proteins (Smits and Vermeulen, 2016). Furthermore, the ability to gain
guantitative information on protein complex abundance and composition from

AP-MS experiments is limited (Smits and Vermeulen, 2016).

In the field of proteomics, liquid chromatography cou pled with mass spectrometry
(LC-MS) is the primary protein analytics technology. Mass spectrometry (MS)
examines molecules based on their mass to charge ratio (m/z)(Eliuk and Mak arov,
2015). In combination with chromatography and ionization methods, MS can
resolve proteins and peptides after ionization and sort them based on their masses
(Domon and Aebersold, 2006). The information enables the quantification of the
peptides and fragmentation into smaller molecules (Domon and Aebersold,
2006). Reconciling the derived masses with theoretical databases enables
identifying the proteins in a sample (Cox and Mann, 2008). A typical workflow in
this approach, also known as shotgun-proteomics, begins with the extraction and
purification of proteins from the cell or any other biological sample (Domon and
Aebersold, 2006, Cox and Mann, 2008). The isolated proteins are digested into
peptides by endopeptidases with particular cleavage specificity (e.g., trypsin)
(Olsen et al., 2004). Subsequently, the peptides are separated by chromatography
based on their hydrophobicit y charged by an ionization source, focused further by
the mass spectrometer based on their m/z ratios and identified by a detector
within the machine (Aebersold and Mann, 2003). These peaks result in the first

spectral data or MS1 spectrum. Some of thkese peptides qualify for fragmentation
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into smaller molecules. Here their masses are again aalyzed and stored in a

spectrum (MS2 spectrum).

During fragmentation of a peptide, the bondage break occurs at the amino acid
backbone of the sequence(Ong and Mann, 2005). Thus, the MS2 spectrum of a
peptide contains masses of its complete sequence and fragmentgOng and Mann,

2005). Protein candidates from a sequence database are cleaveth silico to their

theoretical peptides following the rules of the endopeptidase of choice (e.g.,
trypsin) (Cox and Mann, 2008). Finally, the experimental spectra are checked
against the theoretical database to match the masses' best identification for the

protein identity (Cox and Mann, 2008).

The spectra also contain quantitative information as the MS1 spectral intensity
corresponds to the relative abundance of peptides in the sample(Ong and Mann,
2005). As the peak intensity is not in direct proportion to the protein abundance,
MS is not intrinsically a quantitative method, which led to the development of
several quantification methods (Ong and Mann, 2005). Some are reliant on
protein labeling techniques either through metabolic (e.g., SILAC) or chemical
approaches (e.g., TMT)(Ong et al., 2003, Thompson et al., 2003). These tags allow
mixing and analyzing different cell or protein populations simultaneously, as the
labeling-introduced mass-shift enables the discrimination between each
population (Ong et al., 2003, Thompson et al., 2003). Under distinct experimental
conditions, the relative changes in peptide intensities infer differences in prot ein
abundance (Bantscheff et al., 2007). Alternatively, label -free approaches utilize
computational strategies to obtain quantitative information on MS derived
spectral data (Bantscheff et al., 2007). These are either based on the count of
peptide fragmentation (spectral counting) or the sum of intensities obtained from
all precursor peptide scans (Bantscheff et al., 2007). Both approaches have assets
and drawbacks, but label-free quantification is, in general, less precise yet less
tedious and expensive (Bantscheff et al., 2007). Besides improvements in these
methods, neither can discriminate between direct and indirect protein

interactions nor determine the topology or dynamics of protein complexes.
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4.1.2 Quantitative Chemical Cross-Linking followed by Mass

Spectrometry

The combination of chemical cross-linking and mass spectrometry (XLMS)
facilitates the characterization of large protein complexes and has emerged over
the past two decades as a versatile tool for identifying protein connectivity and
topology (O'Reilly and Rappsilber, 2018). Typically, protein cross-linking is
implemented by using homo-bi-functional N-Hydroxysuccinimide (NHS)-esters
(O'Reilly and Rappsilber, 2018). The reactive groups form bridges between hh e - U
ammonium groups of the lysines nearby. Thereby varying the spacer length
between the functional groups controls the range of interaction (O'Reilly and
Rappsilber, 2018). The covalent | inkages chabletween t he
analyze the interactions, which happen within distances beneath the spatial
restraint of the linker length (O'Reilly and Rappsilber, 2018). Crosslink derived
distance restraints identify interactions at peptide resolution and allow to pinpoint

sites of interaction.

A crosslink sample contains several moieties of peptide species, whereby the
dominating amount is linear peptides, but also several cross-linking products
(Holding, 2015). Most interesting are inter - and intra-protein cross-links, which
harbor most structural information (Holding, 2015, Leitner, 2016). Besides, two
more cross-links species occur that are generally less informative 8 Loop-links
form when the endopeptidase is not cleaving between the crosslink residues
(Holding, 2015). Moreover, mono-links occur when one side of the crosslinker is

inactive by either hydrolysis or amination (Holding, 2015, Leitner, 2016).

A comprehensive characterization of protein complexes goes beyond determining
its members and their stoichiometry . Furthermore, the binding interfaces and the
affinities their interactions establish within the protein complex play a significant

role. High-resolution structural methods cannot characterize the majority of
known protein complexes, either by the limitation of resolving flexible regions of

the protein or due to their sheer size(Chavez and Bruce, 2019. Therefore, most
protein domain interactions remain unexplored for the lack of structural

information (Chavez and Bruce, 2019 Schmidt and Urlaub, 2017). Even low-
resolution structural data would be suf ficient to characterize such interactions
more comprehensively (Leitner, 2016, Schmidt and Urlaub, 2017). However, these

experimental approaches that necessitate mutagenesis of specific amino acid
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residues are either arduous or have low accuracy (e.g., hydrogen/deuterium
exchange [HXD]) and XLMS) (Leitner, 2016). Computational approaches have
low specificity and are not suitable to make sophisticated statements about protein
complexes (Xue et al., 201). Combining the advantages of both methods might
deliver the best results.

Indeed, quantification of cross-link intensities bears excellent possibilities to
understand protein -protein binding events on a peptide level (Solis-Mezarino,
2019). Recent developments of bioinformatics pipelines for the label-free
guantification of cross-links now allow the detection of conformational changes
within protein complexes and will allow the weighted use of distance restraints in
integrative modeling (Walzthoeni et al., 2015, Solis-Mezarino, 2019, Schmidt et
al., 2013, Fischer et al., 2013.

For this purpose, we established a bioinformatics pipeline , which is based on
modified tools from the OpenMS framework , which was describedearlier (Solis-
Mezarino, 2019). We observed a linear dependency of crosdink peak intensity
and Euclidean lysine-lysine distance (Solis-Mezarino, 2019). This not only bears
the potential to identify interaction sites within protein complexes but might guide

computational modeling even for de novo protein structure prediction. Based on
this observation, we used statistical modeling to estimate apparent binding
affinities of in vitro reconstituted yeast kinetochore protein complexes expressed
in E. coli or insect cells. The results of this project are presentedin the format of a

manuscript (in revision) and will be further discussed in a separate section.
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As previously demonstrated by Victor Solis-Mezarino in his thesis (Solis-
Mezarino, 2019), the quantification of cross-links by mass spectrometry (QXLMS)
aids the determination of binding interfaces and facilitates the estimation of
binding affinities of several subunit in contacts in protein complexes. Hence,
guantitat ive crosslink data provide a measure for the kinetic description of the
assembly and stabilization of protein complexes and how posttranslational
modifications and ligand binding may affect the molecular mechanism of protein

complexes.

The formation of i nteractions is described by the apparent constant of dissociation
(Kp) and is critical to characterize complex formation . However, standard methods
for Kp measurements almost exclusively assess binary interactions and have
limitations with respect to prote in concentration, size, and sample amounts. This
pipeline has the potential to measure multiple protein interactions simultaneously
that are necessary to establish macromolecular complexes. | applied this pipeline
to study the interactions of a minimal bud ding yeast kinetochore assembled on a
CENP-ACse4 containing nucleosome by gXLMS. The in vitro reconstitution of
CCAN and KMN complexes interacting with CENP-ACse4 containing nucleosomes
was expected to provide insights into the assembly of a highaffinity CENP-ACse4
nucleosome binding complex and how it is stabilized by phosphorylation.

Ultimately, | aimed to address the following questions:

b What is the dynamic range of estimating apparent Kp values by gXLMS?

b  What are the interfaces of key interactions that mediate the cooperative

stabilization of the kinetochore at CENP -ACse4containing nucleosomes?

b What are the specific phosphorylation sites that mediate the cooperative
stabilization of the kinetochore resulting in a high-affinity kinetochore
complex that resists the pulling forces of depolymerizing microtubules in

mitosis?
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Abstract

Crosslinking and mass spectrometry (XLMS) are used in integrative structural

biology to acquire spatial restraints. We found a dependency between crosslink
distances and intensities and developed a quantitative workflow to simultaneously
estimate apparent dissociation constants (Kp) of contacts within multi -subunit
complexes and to aid interface prediction. Quantitative XLMS was applied to study
the assembly of the macromolecular kinetochore complex, which is built on
centromeric chromatin and establishes a stable link to spindle microtubules in

order to segregate chromosomes during cell division. Inter-protein crosslink
intensities facilitated determination of phosphorylation -induced binding
interfaces and affinity changes. Phosphorylation of outer and inner kinetochore

proteins mediated cooperative kinetochore stabilization and decreased the Kp
values of its interactions to the centromeric nucleosome by ~200 -fold, which was
essential for cell viability. This work demonstrates the potential of quantitative

XLMS for characterizing mechanistic effects on protein assemblies upon post-

translational modifications or cofactor interaction and for biological modeling.
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Main

Distance restraints derived from the mass spectrometric identification of
crosslinked amino acids (XLMS) are widely applied in integrative approaches to
determine protein connectivity (O'Reilly and Rappsilber, 2018) and to model the
topology of proteins and their domains in a complex (Rout and Sali, 2019).
Quantification of crosslinks has been initially implemented to detect
conformational changes and domain interactions (Fischer et al., 2013 Schmidt et
al., 2013, Walzthoeni et al., 2015). Besides structure, the critical determinant of
the molecular mechanism of a complex is the interaction strength of its subunit
contacts, which can be modulated through cofactors or post-translational
modifications to execute its biological function on time. Several biophysical
methods (Rossi and Taylor, 2011 are available to measure protein-protein affinity
through estimation of the apparent dissociation constant (K p), but the individual
methods mainly analyze binary interactions and require high protein
concentrations, protein engineering, immobilization or labeling which may affect

the integrity of complexes. We reasoned that crosslink intensities provide a
guantitative measure for the formed complex and the free subunits at the
equilibrium state. Thus, we investi gated whether crosslink intensities facilitate the
simultaneous estimation of individual protein -protein affinities within

kinetochore multi -subunit complexes.

The kinetochore is a macromolecular protein complex assembled at centromeric
chromatin that ensures the fidelity of chromosome segregation by connecting
chromosomes and spindle microtubules and by integrating feedback control
mechanisms (Biggins, 2013, Musacchio and Desai, 2017. In order to bi-orient
chromosomes on the mitotic spindle the budding yeast kinetochore has to
transmit forces of ~10 pN (Akiyoshi et al., 2009, Powers et al., 2009) by forming
a load-bearing attachment to spindle microtubules and a high -affinity link to the
centromeric nucleosome, marked by the histone H3 variant Cse4°ENP-A (human
orthologs are superscripted if appropriate). The kinetochore subunits are largely
conserved between budding yeast and humans(Schleiffer et al., 2012, van Hooff
et al.,, 2017 and form stable subcomplexes, which are organized in two layers of
the kinetochore architecture. The outer kinetochore, a 10-subunit network that is
built up on the inner kinetochore, forms the microtubule binding site. The inner
kinetochore is assembled by at least 15 proteins on centromeric chromatin with
Mif2 and Amel/Okpl directly linking the outer kinetochore MTW1
(Mtw1/Nnf1/Dsn1/Nsl1) complex to the Cse4 -NCP (Cse4 containing nucleosome
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core particle) in budding yeast (Anedchenko et al., 2019 Fischbock-Halwachs et
al., 2019, Xiao et al., 2017, Hornung et al., 2014). Whereas the human kinetochore
assembly is temporally regulated, establishing a microtubule attachment site in
mitosis, budding yeast kinetochores are built up and attached to a single
microtubule almost throughout the entire cell cycle (Biggins, 2013, Gascoigne and
Cheeseman, 2013 Hara and Fukagawa, 2020). In both species, phosphorylation
of Dsn1PSN by the mitotic kinase IpllAuroraB stabilizes the recruitment of the outer

to the inner kinetochore (Akiyoshi et al., 2013, Dimitrova et al., 2016, Petrovic et
al., 2016). In addition, phosphorylation of the human kinetochore by P Ik1 has been
shown to stabilize the inner kinetochore architecture at centromeric chromatin to

withstand the pulling forces of depolymerizing microtubules (Lera et al., 2019).

By quantifying crosslink -derived restraints we found a dependency between
crosslink distances and intensities. This relation was applied to improve the
prediction of protein binding interfaces and to determine apparent K p values of
their interactions, which provided quantitative measures to capture different

functional states of the kinetochore. Our approach facilitated the detection of
phosphorylation -induced changes in binding affinities between the centromeric
nucleosome and a minimal kinetochore assembly composed of the outer
kinetochore MTW1MIS12 complex, the inner kinetochore Mif2 CENP-C and
Amel/Okp1CENP-UR proteins.

Results

Determination of  Crosslink Intensity and its Dependence on Crosslink
Distance

To quantify protein crosslinks, we first extracted the MS1 peak intensities of the
MS2 based crosslink identifications using an in-house bioinformatics pipeline that
merges the opensource software tools xQuest/xProphet (Herzog et al., 2012
Walzthoeni et al., 2012) and OpenMS (Rost et al., 2016 (Figure 3 and Methods).
Protein complexes wer e cr-@uimlgioupkwitd theb
isotopically labeled BS2G-do/d s reagent and crosslinked peptide fractions were
analyzed by liquid chromatography coupled to tandem mass spectrometry. The
raw files were processed by the xQuest/xProphet software to identify the
crosslinked peptides, their precursor ion masses and retention times. This
information wa s subsequently used for the extraction of ion chromatograms by the
OpenMS software tool, which were summarized in text tables. The quantification
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pipeline was benchmarked against available datasets showing that our
bioinformatics workflow performs similarl y to previously reported software tools
in terms of signal detection rate and accuracy ofquantification and is independent
of the crosslinker type (Figure 9).

Quantifying the crosslinks of published multi -protein complex datasets (lacobucci
et al., 2019, Jennebach et al., 2013 and mapping the corresponding Euclidean
lysine-lysine distances on available crystal structures, including those of RNA
polymerase | and I, indicated that shorter Euclidean distances between the
crosslinked lysines correlate with increasing crosslink intensities (a and Figure
10). We assumed that the inter-protein crosslink intensity is also affected by the
physicochemical microenvironment of individual lysines as well as by a
competition for the formation of intra -, inter-protein or mono -links at a specific
lysine site during the crosslinking reaction. To assess whether crosslink intensities
increase for lysine sites proximal to binding interfaces, we mapped the intensity
values along the sequences of the RPBRPB2 interaction in RNA polymerase I
(Figure 11a) as well as of the budding yeast kinetochore CnniSpc24/25 interaction
(Figure 11b). We normalized the inter -protein crosslink intensities to the sum of
intensities of intra - and inter-protein crosslinks and monolinks occurring at a
specific lysine residue. This normalized intensity value or 'Relative Interface
Propensity Index' (RIPI) served as an indicator for putative interface sequences
and was applied in an heuristic approach together with secondary structural
elements, sequence conservation and other parameters to aid in the prediction of

protein -protein i nterfaces (Figure 11and Methods).
Estimation of protein affinities based on crosslink intensities

We further applied inter - and intra-protein crosslink intensities to estimate the
concentrations of the formed complex and the free subunits according to the
steady state equilibrium in solution. To assess whether crosslink intensities
supported the estimation of binding affinities we purified recombinant

kinetochore subunits and titrated complex formation over a range of molar ratios.

First, the inner and outer kinetochore proteins Cnnl 270 and Spc24/25 (Malvezzi
et al., 2013), respectively, were titrated by applying molar ratios from 0.05:1 to 2:1
(Figure 3, Figure 12, and Figure 13). To capture the equilibrium state of the binding
reaction by crosslinking, the reaction time of the BS2G-do/d ¢ reagent was limited
to 2 minutes. Intra -protein crosslink intensities of the constant interactor

facilit ated the normalization between titration steps and those of the titrated

interactor enabled the calculation of a linear regression of the intra-protein
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intensities on the increasing input protein concentrations ( Figure 12, and Figure
13). The regression model was applied to interpolate the concentration of the
formed complex from the inter -protein crosslink intensities ( Figure 3).

The estimation of the apparent Kp value was performed first by the Scatchard plot
(Scatchard, 1949 (Figure 4 and Methods) that indicates the Kp value as the
negative inverse of the slope. We calculated the I§ values for three different sets
of inter -protein crosslinks ( Figure 4). Applying either all inter -protein crosslinks
to Cnnl%270 or only those intersecting with the structured domains of Spc24/25
resulted in Kp values of~120 nM or ~50 nM, respectively. The subset of inter-links
decorating the Cnn180-84 motif, that is required for mediating the interaction with
Spc24/25, showed a K> of ~15 nM which agrees with the value previously obtained
by isothermal titration calorimetry (ITC) (Malvezzi et al., 2013. This observation
is consistent with the notion that residues proximal to the interface may be stably
positioned and thus yield relatively higher inter -protein crosslink intensities. The
second method used the steady state equilibrium equation to calculate the mean
of Kp values of each titration step from the concentrations of the formed complex
and the free interactors (Figure 3, c). The second approach based on the steady
state equilibrium equation closely reproduced the values obtained by the
Scatchard plot. Moreover, a similar experiment was performed by titrating
increasing concentrations of the Cnnl60-84 peptide, containing the minimal
binding motif, against the Spc24/25 dimer. The estimated K p value of 2.6 uM
(Figure 14, and Figure 15 agrees with previous ITC measurements(Malvezzi et
al., 2013 and suggests that Cnnl sequences outside the CnA%84 motif contribute

to the stabilization of the interaction.

Phosphorylation of the inner kinetochore by Cdcb Pkl jnduces its

cooperative stabilization on Cse4 nucleosomes

To determine the apparent Kp values of the individual interactions that assemble
the kinetochore on the octameric Cse4 nucleosome, wein vitro reconstituted
kinetochore complexes of up to 11 recomlinant proteins ( Figure 5) purified from
E. coli, except Mif2, which was isolated from insect cells (Methods). We first
reproduced the interaction of Mif2 and Amel/Okpl (Hornung et al., 2014), both
of which directly bind Cse4-NCPs(Anedchenko et al., 2019, Fischbock-Halwachs
et al., 2019, Hinshaw and Harrison, 2019 ), and found that this interaction was lost
upon dephosphorylation of Mif2 ( Figure 5b). In vitro phosphorylation of lambda -
phosphatase-treated Mif2 by the mitotic kinases Cdc28CPKl CdcHKL, |pllAuroras
and MpsIMPSishowed that CdcB5 K1 restored Amel/Okpl binding to levels detected
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at insect cell-phosphorylated Mif2 ( Figure 5b). For the subsequent XLMS and
binding experiments Mif2 wild -type and mutant proteins were in vitro

phosphorylated by Cdc5 and are indicated as Mif2.

We first estimated apparent Kp values of the individual interactions of Cse4-NCP,
Mif2 * and Amel/Okp1l by titrating the Cse4-NCP with increasing concentrations
of Mif2 * or Ame1/Okp1 and by titrating Ame1/Ok p1 with Mif2 * (Figure 5c, d, g and
Figure 16). The binding affinities of these binary interactions were then compared

to the Kp values of these interactions in the Mif2":Amel1/Okp1:Cse4NCP complex.
Only intra - and inter -protein crosslink s yielding the extraction of intensities from

all 3 replicates (Figure 17 - Figure 24) were applied to estimate the apparent Kp
values based on the steady state equilibrium equation. The affinities of the binary
interactions ranging from 3 to 6 uM were increased 6-fold for the Mif2 *:Cse4NCP
interaction and 10-fold for the Amel/Okpl:Cse4-NCP and Mif2":Amel/Okpl
interactions in the Mif2 ":Amel/Okpl:Cse4NCP complex, indicating cooperative
stabilization upon the phosphorylation -induced Mif2 ":Amel/Okpl interaction
(Figure 5c, d).

Similar to the K calculation of the Cnn1¥270:Spc24/25 interaction, the restriction
of inter-protein crosslinks to the subset intersecting with the minimal binding
motif, the Mif2 285-3ligignature motif ( Figure 5d and e) which directly binds the
CENP-A C-terminus (Kato et al., 2013 Xiao et al., 2017), resulted in lower Kp
values. The Ko value of the Mif2":Cse4NCP complex was reduced from 3.2 to 0.9
MM which is in agreement with ITC measurements of the Mif2285-311peptide with
the Cse4NCP showing a K> of 0.5 uM (Kato et al., 2013). Upon the cooperative
interactions of Mif2 * and Amel/Okp1 to the Cse4NCP the Ky dropped by a factor
of ~30 from 0.6 to 0.03 uM ( Figure 5d and e) demonstrating that quantitative
XLMS facilitates the estimation of apparent K p values and the detection of ~200-

fold affinity changes in multi -subunit complexes.

Phosphorylation of out er and inner Kkinetochore proteins
synergistically enhance kinetochore stabilization at the Cse4

nucleosome

The tetrameric MTW1MIS12 complex binds Mif2 CENP-C and Amel/Okpl. This
interaction is stabilized upon Dsn1PSN1 phosphorylation by Ipl1Aurerag which
releases the masking of the Mif2CENP-C and Amel/Okpl binding sites at the
MTW1MIS12 head | domain by Dsn1PSNL(Figure 5a) (Akiyoshi et al., 2013, Dimitrova
et al., 2016, Emanuele et al., 2008, Yang et al., 2008). To test whether addition of
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MTW1c affected the interactions of Cse4NCP with Mif2* and Amel/Okpl, we
titrated constant levels of Cse4-NCPs with increasing concentrations of an
equimolar mixture of Mif2 “:Ame1/Okp1:MTW1c which contained either wild -type
Dsnl or the phosphorylation-mimicking Dsn1S240D.S2500 mytant ( Figure 25). The
quantification of inter -protein crosslinks ( Figure 26 and Figure 27) intersecting
with Mif2 indicated the previously reported Mif2 interfaces to the Cse4NCP
(Hornung et al., 2014, Kato et al., 2013 Xiao et al., 2017 and to the MTWl1c
(Figure 28 and Figure 29a) (Musacchio and Desai, 2017. The estimation of
binding affinities by the steady state equilibrium equation revealed that addition
of wild -type MTW1c did not affect the Kp values of Mif2* and Amel/Okpl to the
Cse4NCP (Figure 5d, Figure 6a and b). In comparison, the phosphorylation -
mimicking MTW1c(Dsn1 S2400.5250D) decreased the Kk values by ~20-fold and a
similar change in affinity was observed for the Mif2:0kpl interaction ( Figure 6a
and b). This indicated that in addition to the Mif2 *:0kpl interaction, putatively
mediated by Cdc5, phosphorylation of Dsnl by Ipll synergistically enhanced the
binding affinity of Mif2 * and Ame1/Okp1l to the Cse4NCP.

The phosphorylation  -induced cooperativity mediating kinetochore

stabilization is essential in budding yeast

The RIPI calculated from inter -protein crosslink intensities of the Mif2 *:0kpl
interaction identified Mif2 150250 gnd Okpl1180-220 as the putative binding motifs
(Figure 5a, Figure 6¢ and Figure 29b). Based on the indicated regions, mutant
proteins were generated to assess the required Mif2 phosphorylation sites
mediating its inte raction with Amel/Okp1l in in vitro binding and cell viability
assays. The Mifd 22280 mytant abrogated the Mif2 ":Amel/Okpl interaction in
vitro  whereas Mif282020 gtjll bound (Figure 7a). By assessing the
phosphorylation dependency of this interaction ( Figure 5b), we found that
Amel/Okpl binding was lost upon mutating 9 serines to alanines within Mif2 21#
240 (Figure 7a and Figure 30a). Ectopic expression of the Mif2 mutants, that were
impaired in Ame1/Okp1 binding, did not affect growth of budding yeast cells after
nuclear depletion of endogenous Mif2 (Figure 31, Figure 32a). Similarly, the
Dsn15240A,52504,5264A mutant, which has been previously shown to affect binding of
the outer kinetochore MTW1 complex to the inner kinetochore, was viable (Figure
7b) (Akiyoshi et al., 2013). Notably, ectopic expression of the Mif2 mutants as only
nuclear copies in a DsnF240A.S250A.S264Amutant background showed that the Mif2 21#
240"9S-A mutant was synthetically lethal whereas the Mif2 17#2299ST-A gnd Mif 2232-

240%5S-Amutants grew normally ( Figure 7b). The synthetic growth defect of only the
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phosphorylation -deficient Mif2 mutants, that did not mediate interaction with
Amel/Okpl in vitro , suggests that cooperative kinetochore stabilization through
phosphorylation of Dsnl and the Mif2 region 217-240 is required for cell viability.

The putative Okpl interface region included 2 predicted helices (Figure 29b and
Figure 30b). A deletion mutant of the helix motif Okp1 156188 which was previously
reported to be essential for binding the Cse4END (essential-N-terminal -domain)
(Fischbock-Halwachs et al., 2019, was lethal but still bound Mif2 " in vitro ,
whereas the Okp19%229 helix deletion abrogated Mif2* binding (Figure 7c and
Figure 30c) and inhibited cell growth ( Figure 7d and Figure 32b). Both Okpl
hel i ces -Hfebical mairpnnlike(structure ( Figure 8) (Hinshaw and Harrison,

2019, Yan et al.,, 2019 suggesting that the putative phosphorylation of the 9
serines within Mif2 217240 establishes a cooperative highaffinity binding

environment for the Cse4-NCP by bringing the Mif2217#240:0Qkp1196220 Cse4
END:Okp115¢188 gnd Mif2 285-31:Cgse4>term contacts into close proximity ( Figure 8
and Figure 28). Moreover, Amel/Okpl and Mif221%240"9s-A* competed for binding
to Mtwl/Nnfl (Figure 5a) (Killinger et al., 2020) but formed a nearly
stoichiometric complex with in vitro phosphorylated wild -type Mif2*, suggesting
that phosphorylation of the Mif2 217240 motif ( Figure 5b) might facilitate the

simultaneous stabilization of Mif2 * and Amel at the same MTW1c Figure 7e and
Figure 8) (Dimitrova et al., 2016).

Discussion

Our observation that increasing crosslink intensities correlate with shorter
crosslink distances lead to the development of a quantitative XLMS approach,
which applies inter -protein crosslinks to characterize protein binding interfaces
beyond the detection of the protein connectivity. This study demonstrates the
capacity of inter-protein crosslink intensities to simultaneously estimate K p values
of individual contacts in multi -protein assemblies ranging from 6 to 0.015 uM.
Notably, the subset of inter-links proximal to minimal binding int erfaces yielded
apparent Kp values that are in good agreement with values determined by ITC €
and Figure 5d). Moreover, the distance-intensity relation was exploited in the
'Relative Interface Propensity Index' to support the prediction of putative interface
sequence regions, whose physiological importance was confirmed in cell viability

assays.

To demonstrate the applicability of our workflow to datasets, which were not

acquired as titration experiments for the purpose of this study, we analyzed the
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XLMS dataset of the histone H3 methyltransferase Polycomb repressive complex
2 (PRC2) (Figure 8b) (Kasinath et al., 2018). Based on crosslink intensities we
showed that binding of methylated JARID2 increases the relative affinity of the

second cofactor AEBP2 to the PRC2complex (Figure 8c, d), which is consistent
with the observation of a compact active state upon methylation of JARID2 by

electron microscopy (Kasinath et al., 2018). In addition, the sequence areas,
indicated by the RIPI blot, are in good agreement with the binding interfaces of

the PRC2 subunit SUZ12 with the cofactors, JARID2 and AEBP2, which were
obtained from electron microscopy density maps (Figure 8e, f) (Kasinath et al.,
2018).

By applying the quantitative XLMS method to analyze the budding yeast
kinetochore assembly at centromeric nucleosomes, we identified the interface of
the phosphorylation -dependent Mif2:Amel/Okpl interaction at the inner
kinetochore (Figure 5a and b). The phosphorylation sites within the Mif2 21#240
motif established the Mif2:Amel/Okpl interaction in vitro (Figure 7a) and were
required not only to generate a hub of Cse4 nucleosome binding motifs but might
also induce the switch-like stabilization of Mif2 and Amel at the outer kinetochore
MTW21 complex phosphorylated at the Dsnl subunit (Figure 5a, Figure 7e and
Figure 8). Together, phosphorylation of the outer kinetochore Dsn1 and the inner
kinetochore Mif2 proteins resulted in a ~200 -fold increase in Cse4 nucleosome
binding affinity in vitro (Figure 5 and Figure 6) and expression of
phosphorylation -ablative mutants resulted in synthetic lethality suggesting that
the phosphorylation -induced cooperativity is important for kinetochore
stabilization in vivo . This highlights the capacity of quantitative XLMS to detect
the impact of two phosphorylation events on the cooperative stabilization of a

macromolecular assembly by a sharp increase in binding affinities.

Although human and budding yeast kinetochores differ in subunit connectivity
(Musacchio and Desai, 2017, the human orthologue of the MTW1 complex,
MIS 12c, has been implicated in CENRA stabilization at centromeres (Kline et al.,
2006). Moreover, we found that the Mif2:0Okp1l interface is partially conserved in
their human orthologues CENP-C:CENP-Q (Figure 33) and the CENP-C residue
T667, which corresponds to Mif2 S226, shows a single nucleotide polymorphism,

T667K, in malignant hepatic cancer cells (Wu et al., 2014).

We demonstrated that quantitative XLMS facilitated the mechanistic
characterization of protein complexes beyond a structural description by

estimating protein affinities and their relative changes upon protein modification
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or ligand interaction. This quantitative XLMS method will significantly contribute

to biological modeling at the molecul ar and cellular level and holds great promise
for the development of diagnostic tools for studying the effects of drug interactions
on protein complexes and the characterization of epitopes for protein
therapeutics.
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Quantitative XLMS.

The binding partners were titrated by increasing the molar ratio of one
interactor. Crosslinked proteins were proteolytically digested, enriched by size
exclusion chromatography and linked peptides were identified by tandem
mass spectrometry and the software xQues{Herzog et al., 2012 Walzthoeni et
al., 2012). Precursor intensities of the crosslinks were extracted using our
TOPP-gXL (The OpenMS Proteomics Pipeline-quantitative XLMS)
bioinformatics workflow. The intensities of intra - and inter-protein site -site
links were applied to estimate the concentration of free interactors and

complex and for the statistical modeling of apparent Kp values.
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0

Cnn1:Spc24/25 / free Cnn1

using quantitative XLMS.

a, Correlation of increasing crosslink intensities with decreasing Euclidean

distances between crosslinked residues obtained from RNA polymerases
analyses Figure 10). The R-squared statistics and Fisher’s test was compued

(p-value(intra)=0.00526, p -value(inter)=0.00098). b, Estimation of apparent

Kp values of the Cnn2-270;Spc24/25 interaction by the Scatchard plot using

different subsets of inter-protein crosslinks to quantify complex formation. c,

Apparent Kp values were calculated based on the concentration of formed
complex interpolated from the linear regression and averaged across molar
ratios of the titration steps.
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a, Reconstitution of the Mif2:Amel/Okplinteraction by dephosphorylation
(deP) of Mif2 and subsequent in vitro phosphorylation with the indicated

kinases (mean zSD of 3 replicates). b, Schematic representation of the
assembly of MTW1c, Mif2, and Ame1/Okpl1 on the Cse4NCP.c, Estimation of
apparent Kp values from XLMS analysis of Mif2*:Ame1/Okpl, Mif2*:Cse4 -
NCP and Amel/Okpl:Cse4NCP complexes compared to the apparent kK
values within the Mif2*:Amel/Okpl:Cse4-NCP complex (mean +SD of 3

replicates).

d, Summary of estimated Kp values

including the Kp

determination of the Mif2:Cse4 -NCP interaction using the subset of inter-

protein crosslinks to the Mif2 285-311 signature motif. e, Network plot of
Mif2*:Cse4 -NCP crosslinks intersecting with Mif2 285-311
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Figure 6. Binding of the MTW1c cooperatively increased the affinity
of the Mif2* and Ame1/Okp1 interaction to the Cse4 -NCP.

a, Estimation of apparent Kp values by titrating Cse4-NCPs with increasing
concentrations of a MTW1c:Mif2*:Amel/Okpl complex containing either
wild -type Dsn1l or phosphorylation-mimicking Dsn1 $240D.52500 (mean +SD of 2
replicates). b, Summary of Kp values showing the effect upon binding of
MTW1c(Dsn15240D.5250D) ¢, Prediction of the Mif2*:Cse4 and Mif2*:0kpl
interface by calculating the RIPI based on inter-protein crosslink intensities
(Figure 10 and Methods).
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Figure 7
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Figure 7. Phosphorylation of Mif2 and Dsnl mediates a cooperative

high -affinity link to the Cse4

-NCP and is essential for cell viability.

a, In vitro binding assay to identify the Amel/Okpl binding site on Mif2*

using the indicated Mif2* deletion and phosphorylation -ablative mutants. b,

Assay monitoring the rescue of cell growth upon nuclear depletion of Mif2

using the anchor-away method through the ectopic expression of wild-type

Mif2 or its indicated deletion or phosphorylation -ablative mutants in a Mif2 -
FRB/Dsn1S240A-S250A-S264A background. c, Identification of the Mif2*
binding site on Okpl by assessing the binding of Okpl deletion mutantsin

vitro . d, Assay of the effect of ectopically expressed Okpl deletion mutants on

cell growth in an Okpl-FRB anchor-away strain. e, In vitro assay to determine

the effect of 9 putative phosphorylation sites within Mif2 217240 on the
interaction of Mif2 and Ame1/Ok p1 with Mtw1/Nnf1.
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Figure 8
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Figure 8. Summary of quantitative XLMS applications to the
kinetochore and  PRC2.

a, Structural model of cooperative kinetochore stabilization on the Cse4
nucleosome through phosphorylation-induced interactions. Model of the
MTW1c:Mif2:Amel/Okpl:Cse4-NCP complex based on cryo electron
microscopy and crystal structures (PDB 6NUW, 6QLD, 5T58) depicting the
subunit contacts essential for establishing the cooperative binding of Cse4
NCPs by Mif2 and Amel/Okpl upon phosphorylation of Dsnl and
Mif2 (Hinshaw and Harrison, 2019, Yan et al., 2019. L1 shows Cse4 loopl. Light
red and red residues within the Mif2 215240 sequence indicate acidic and
putatively phosphorylated amino acids, respectively. b, Cryo electron
microscopy density map of the PRC2 complex with the cofactors JARID2 (dark
green) and AEBP2 (cyan) (PDB 6C23) showing the subunits SUZ12 (grey), EED
(orange), EZH2 (kaki) and RbAp48 (violet). c, Estimation of relative affinities
of the cofactors AEBP2 and JARID2 to the PRC2 complex based on crosslink
intensities which were extracted and quantified by the TOPP-gXL pipeline.
Boxplots with the same colour indicate replicates. d, Relative affinity change of
AEBP2 for the PRC2 complex in the presence of methylated and non
methylated JARID2. e, f, Interface sequence regions are indicated by RIPI blots,
calculated from crosslink intensities, for the interactions of SUZ12 with ( e)
AEBP2 and (f) JARIDZ2. | nter-protein crosslink lysines are represented as black
asterisks. The top 20% conserved residues within the protein sequences are
indicated. Secondary structures are shown as alpha helices (blue) and beta

strands (green). Real interface residues were obtaned from the PDB 6C23.
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M1. Protein Expression and Purification of Spc24/25, MTW1C,
Cnnl1gHFD, Amel/ Okpl, ECdob2 and

For the expression of the budding yeastSpc24/25 complex in E. coli, the respective
genes were amplfied from genomic DNA and cloned into the pETDuet -1 vector
(Novagen). Expression and purification of the Spc24/25 complex were performed
as described previously (Hornung et al., 2014). In brief, pETDuetl-Spc24-
6xHis/Spc25 was transformed into E. coli strain BL21 DE3 (EMD Millipore).
Bacteria were grown in selective LB-medium to an ODeoo of 0.6 at 37 °C and
protein expression was induced with 0.2 mM IPTG for 18 h at 18 °C. Cells were
lysed in lysis buffer (30 mM HEPES, pH 7.5, 300 mM NaCl, 5% glycerol, 30 mM
imidazole, Complete EDTA-free protease inhibitor [Roche]) and the cleared lysate
was incubated with Ni-NTA agarose beads (Qiagen). The protein complex was
eluted with buffer containing 30 mM HEPES pH 7.5, 150 mM NacCl, 0.01% NP-40,
2% glycerol and 250 mM imidazole and further purified on a Superdex 200
HiLoad 16/600 column (GE Healthcare) in the gel filtration buffer (30 mM
HEPES pH 7.5, 150 mM KCI and 5% glycerol).

The constructs for budding yeast Mtw1l/Nnfl (pETDuet -Mtw1-Nnfl-6xHis) and
Dsn1/Nsl1 (pST-39-Mtw1-Nsl1-6xHis-Dsnl) were kindly provided by S.
Westermann (Hornung et al., 2014). For the phospho-mimetic version of MTW1c
(Mtw1/Nnfl/Dsnl S2400S2500/Ns|1), the serine residues S240 and S250 in Dsnl were
mutated to aspartic acid using the Q5 site-directed mutagenesis kit (NEB) as
described previously (Akiyoshi et al., 2013 Dimitrova et al., 2016). The plasmid
containing Mtw1/Nnfl was transformed into E. coli Rosetta (DE3) strain (EMD
Millipore), whereas Dsn1/Nsl1 was transformed into BL21 DE3 (EMD Millipore).
Transformed bacteria were grown in selective LB medium at 37 °C to ODsy 0.6-
0.8 and protein expression was induced with 0.2 mM IPTG (Mtwl/Nnfl
expression) or 0.5 mM IPTG (Dsn1/Nsl1) at 18 °C for 18 h. Cells were lysed in lysis
buffer (50 mM HEPES, pH 7.5, 400 mM NaCl, 5% glycerol, 20 mM imidazole, 1
mM DTT, Complete EDTA-free protease inhibitor [Roche]) and the cleared lysate
was incubated with Ni-NTA agarose beads (Qiagen). After several washing steps
in wash buffer (50 mM HEPES, pH 7.5, 600 mM NaCl, 5% glycerol, 20 mM
imidazole) the protein complex was recovered in elution buffer (50 mM HEPES
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pH 7.5, 150 mM NaCl, 5% glycerol, 300 mM imidazole). To reconstitute the
MTWl1c, fractions containing pure protein sub -complexes were subjected to size
exclusion chromatography (Superose 6 increase 10/300, GE Healthcare) n 25
mM HEPES pH 7.5, 150 mM KCI, 5% glycerol and fractions containing
reconstituted MTW1c were collected, flash-frozen in liquid nitrogen and stored at
-80 °C.

The construct encoding Amel6xHis/Okpl ( pST39-Okpl-Amel-6xHis) was kindly
provided by S. Westermann (Hornung et al.,, 2014). Protein expression and
purification in E. coli was essentially performed as described(Hornung et al.,
2014) with the modification that 25 mM HEPES buffer was used as buffer
component in all purification steps and the final gel filtration was performed on a
Superdex 200 HiLoad 16/600 column (GE Healthcare) in 25 mM HEPES pH 7.5,
150 mM KCl, 5% glycerol.

For Mps1 expression and purification, the Mps1 coding sequence was cloned into
pETDuet-1 with an N-terminal 6xHis -tag. Protein expression and purification was
performed as described for the MTW1c and the NiNTA eluate was desalted using
a PD10 column (GE Healthcare) in desalting buffer (50 mM HEPES pH 7.5, 150
mM NacCl, 10% glycerol, 0.5 mM DTT).

The construct for budding yeast Cnn1+270 (pETDuet-6xHis- Cnn1%279) was kindly
provided by S. Westermann (Malvezzi et al., 2013 and purified as described. After
elution, the protein was further purified on a Superdex 200 HiLoad 16/600

column (GE Healthcare) in gel filtration buffer (25 mM HEPES pH 7.5, 150 mM

KCl and 5% glycerol).

M2. CDC28CPK1 Complex Purification

Reconstitution of the CDC28 complex, consisting of Clb2, Cdc28 and Cks1, could

not be performed by the single expression of all partners from a single baculovirus

in insect cells, as CIb2 was degraded. To reconstitute the three subunit CDC28c,

1xStrep-tagged Clb2 was expressed and purified from E. coli, immobilized on

Strep-Tactin beads (Qiagen) and incubated with cell lysate of baculovirus infected

High FiveE cells expressing Cdc28 and Cks1,
CDC28c.

Full-length Clb2 was PCR anplified from budding yeast genomic DNA and cloned
into pET -28 with an N -terminal 1xStrep-tag. pET28-1xStrep-Clb2 transformed E.
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coli Rosetta (DE3) (EMD Millipore) cells were grown in selective LB medium to
ODsoo 0.6-0.8 and expression of CIb2 was induced ly 0.4 mM IPTG at 18 °C for 18
h. Cells were resuspended in lysis buffer containing 50 mM HEPES pH 7.5, 150
mM KCI, 5% glycerol, 0.01% Tween, 1.5 mM MgCGl, 1 mM DTT and complete
EDTA-free protease inhibitor (Roche) and lysed by sonication. The cleared lysat
was incubated with Strep-Tactin Superflow resin (Qiagen) for 1 h at 4 °C.
Immobilized Clb2 was washed with wash buffer (50 mM HEPES pH 7.5, 150 mM
KCI, 5% glycerol, 1 mM DTT) and incubated with the cleared insect cell lysates
containing recombinant Cdc28 and Cks1 for one hour at 4 °C. Beads were washed
and the reconstituted CDC28 complex was recovered in elution buffer (50 mM
HEPES pH 7.5, 300 mM KCI, 5% glycerol, 1 mM DTT, 10 mM biotin). The eluate
was dialyzed in 50 mM HEPES pH 7.5, 150 mM KCI, 10% glyerol) and flash-

frozen aliquots were stored at-80 °C.

M3. Protein Expression and Purification from Insect Cells

Open reading frames encoding the respective subunits were amplified from yeast
genomic DNA and cloned into the pBIG1/2 vectors for insect cell expression
according to the biGBac protocol (Weissmann et al.,, 2016. Generation of
recombinant viruses expressing single or multiple subunits was performed
according to the MultiBac system (Trowitzsch et al., 2010).

Mif2 -6xHis-6xFlag wild-t y pe and mut ant proteins were expr
cells for three days at 27 °C. Cellsvere lysed in lysis buffer (30 mM HEPES pH 7.5,

400 mM NaCl, 20 mM imidazole, 5% glycerol, 125 U/ml benzonase (Merck), 1 mM

MgCl. and complete protease inhibitor cocktail [Roche]) using a dounce

homogenizer. The cleared lysate was incubated with NiNTA resin (Qiagen)

washed with lysis buffer (without protease inhibitor) and eluted in 30 mM HEPES

pH 7.5, 150 mM NacCl, 5% glycerol and 250 mM imidazole.

6xHis-Cdc5ktwas expressed and purified from insect cells as described for Mif2
with the following modifications. Cells were lysed in lysis buffer (50 mM HEPES

pH 7.5, 150 mM NaCl, 5% glycerol, 125 U/ml benzonase (Merck), 1 mM MgCl and
complete protease inhibitor cocktail [Roche]) using a dounce homogenizer. The
cleared lysate was incubated with Ni-NTA resin (Qiagen), washed with 50 mM
HEPES pH 7.5, 300 mM NaCl, 20 mM imidazole, 5% glycerol and eluted in 50 mM
HEPES pH 7.5, 150 mM NaCl, 5% glyceroland 250 mM imidazole. Peak fractions

were combined, and the buffer was exchanged using a PD10 column (GE
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Healthcare) in desalting buffer (50 mM HEPES pH 7.5, 120 mM NaCl, 3%
glycerol).

S| i 15 g2a4arepdpll complex was purified from insect cells as described
previously (Fischbock-Halwachs et al., 2019.

Insect cell lysates containing expressed untagged Cdc28 and Cksl were prepared
as described above in lysis buffer (50 mM HEPES, pH 7.5, 150 mM KCI, 5 %
glycerol, 0.01% Tween and complete EDTAfree protease inhibitors [Roche]) and
the cleared lysates were used to assemble the trimeric CDC28 complex ith
1xStrep-Clb2 purified from E. coli.

For in vitro binding and quantitative crosslinking experiments Cdc5 Pkl
phosphorylated Mif2 was generated according to the following procedure. 1 mg
6xHis-tag purified Mif2 -6xHis-6xFlag was immobilized on anti-FlagM2 agarose
beads (Merck) for 1 h, at 4 °C. Unbound protein was removed by washing 2x with
wash buffer (30 mM HEPE S pH 7.5, 150 mM NacCl, 5% glycerol). Subsequently,
Mif2 was treated for 2 h at 30 °C with lambda-phosphatase (New England
Biolabs) according to the manufacturer’s instruction. The dephosphorylation
reaction was stopped by washing 1x in wash buffer supplemated with Halt ™
Phosphatase Inhibitor Cocktail (Thermo Fisher) and 2x without phosphatase
inhibitors. Mif2 was rephosphorylated by adding 50 pug Cdc5Fklin the presence of
2.5 mM MgCl; and 1 mM ATP at 30 °C. The kinase reaction was stopped by
washing 2x in wash buffer and Mif2 was recovered in elution buffer (30 mM
HEPES pH 7.5, 150 mM NaCl, 5% glycerol, 1 mg/ml 3xFLAGpeptide). For
guantitative crosslinking experiments the eluate was further purified on a
Superdex 200 HiLoad 16/60 column (GE Healthcare) i n gelfiltration buffer (30
mM HEPES pH 7.5, 150 mM KCI and 5% glycerol).

M4. In vitro Binding Assay of Mif2 Wild-Type and Mutant
Proteins to Amel/Okp1l

To analyze the interaction of Amel-6xHis/Okpl with Mif2 -6xHis-6xFlag wild-type
and mutant proteins in vitro, 10 uyM Cdc5*rephosphorylated Mif2 protein (M3)

was immobilized on anti-FlagM2 beads (Merck) and incubated with 25 puM
Amel/Okpl complex in binding buffer (50 mM HEPES pH 7.5, 150 mM NacCl, 3%
glycerol, 0.01% Tween 20) for 1 h at 4 °C and 1200 rpm in athermomixer

(Eppendorf). Unbound protein was removed by washing 2x with high salt buffer
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(50 mM HEPES pH 7.5, 300 mM NacCl, 3% glycerol, 0.01% Tween 20) and 1x with
binding buffer. Bound protein was eluted in binding buffer containing 1 mg/mi
3XFLAG peptide (Ontores).

To test the binding of Mif2 and Amel/Okpl to Mtwl1l/Nnfl, 10 uM Mif2 -6xHis-
6xFlag or Mif2 S217-240A-6xHis-6xFlag was incubated with 20 uM Mtw1-Nnfl-
6xHis and immobilized on anti -FlagM2 beads (Merck) for 1 h at 4 °C and 1200
rpm. The beads werewashed 1x with high salt buffer and 1x with binding buffer.
The complex was subsequently incubated with 10 uM Amel/Okpl complex in
binding buffer for 1 h at 4 °C and 1200 rpm. Unbound Amel/Okpl was removed
by washing 2x with high salt buffer and 1x with binding buffer. Proteins were
eluted in a buffer containing 50 mM HEPES pH 7.5, 150 mM NacCl, 5% glycerol
and 1 mg/ml 3XxFLAG peptide (Ontores). The input and bound fractions were
separated by SDSPAGE and proteins were visualized by Coomassie brilliant blue
staining. Quantification of the ratios of bound protein to the bait was performed

by using ImageJ (Schindelin et al., 2012).

To analyze the binding of untreated, dephosphorylated or rephosphorylated Mif2 -
6xHis-6xFlag wild-type to Amel-6xHis/Okpl in vitro , 10 uM Mif2 protein per
condition was immobilized on anti -FlagM2 agarose beads (Merck) for 1 h at 4 °C
and 1200 rpm in a thermomixer. The beads were wased 3x with wash buffer (50
mM HEPES pH 7.5, 150 mM NacCl, 3% glycerol, 0.01% Tween 20) and an aliquot
of the untreated sample was removed. Anti-Flag immobilized Mif2 -6xHis-6xFlag
was then treated with lambda-phosphatase (New England Biolabs) according to
the manufacturer’s instruction and incubated for 2 h at 30 °C and 1200 rpm in a
thermomixer. The dephosphorylation reaction was stopped by washing 1x in wash
buffer supplemented with Halt ™ Phosphatase Inhibitor Cocktail (ThermoFisher)
and 2x without phosphatase inhibitors. An aliquot of the lambda -phosphatase
treated sample was removed and the rest was aliquoted and used irin vitro kinase
assays with CDC28c, Cdc5, Sli15/Ipll, Mpsl or combinations thereofin the
presence of 2.5 mM MgChk and 1 mM ATPfor 30 min at 30 °C and 1200 rpm. The
kinase reaction was stopped by washing 1x with high salt buffer and 2x with wash
buffer. The binding of the untreated, dephosphorylated and rephosphorylated
Mif2 -6xHis-6xFlag samples to Ame16His/Okpl was analyzed as descriked.
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M5. In vitro Reconstitution of Cse4- and H3-Nucleosome Core
Particles (NCP)

Octameric Cse4 and H3 containing nucleosomes werein vitro reconstituted from
budding yeast histones which were recombinantly expressed in E. coli and
assembled on the 147 bpWidom601' nucleosome positioning sequence according
to a modified protocol (Turco et al., 2015 Shim et al., 2012).

M6. Protein Complex Titration, Chemical Crosslinking and Mass

Spectrometry

The purified proteins and protein complexes were titrated applying a series of
molar ratios and incubated for 45 min at room temperature to allow complex
formation. For example the titration of the Cnnl ¥270-Spc24/25 complex was
performed by incubating Cnn1%:270with the Spc24/25 dimer at molar ratios of 0.05,
0.15, 0.25, 0.55, 0.60, 0.65, 0.75,0.80, 0.85, 0.90, 0.95, 1.0, 1.25,1.5and 2.0 in a
final volume of 95 pul at 25 °C. Subsequently, protein complexes were crosslinked
by the addition of an equimolar mixture of isotopically light (hydrogen) and heavy
(deuterium) labelled bis(sulfosuccinimi dyl) 2,2,4,4-glutarate (BS2G-do/d s)
(Creative Molecules) at a final concentration of 0.5 0.75 mM at 30 °C for 2 min.
The crosslinking reaction was quenched by adding ammonium bicarbonate to a
final concentration of 100 mM for 20 min at 30 °C. Proteins were diluted by adding

2 volumes of 8 M urea, reduced by 5mM TCEP (Thermo Fisher) at 35 °C for 15min
and alkylated by incubating with 10 mM iodoacetamide (Sigma-Aldrich) at room
temperature for 30 min in the dark. Proteins were digested with Lys -C (1:50
(w/w ), Wako Pure Chemical Industries) for 2 h at 35°C and 1300 rpm, diluted to
1 M urea with 50 mM ammonium bicarbonate and digested with trypsin (1:50
(w/w), Promega) overnight at 35 °C and 1300 rpm. Peptides were acidified by
adding trifluoroacetic acid to a final concentration of 1% and purified by reversed
phase chromatography using C18 cartridges (SepPak, Waters). Crosslinked
peptides were enriched by size exclusion chromatography on a Superdex Peptide
PC 3.2/30 column (GE Healthcare) using water/acetonit rile/TFA (77.4/22.5/0.1,
v/iv/v) as mobil e phase at a flow rate of
crosslinked peptides were analyzed by liquid chromatography coupled to tandem
mass spectrometry (LCG-MS/MS) using an EASY-nLC 1200 and an LTQ-Orbitrap
Elite mass spectrometer (Thermo Fisher). Peptides were injected onto a 15 cm X
0.075 mm i.d. Acclai mE PepMapE C18 column (2
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size) and separated at a flow rate of 300 nl/min using the following gradient: 0 -5
min 3% B and 5-65 min 3-35%B (acetonitrile/water/formic acid, 98:2:0.1). The
mass spectrometer was operated in datadependent mode, selecting up to 10
precursors from a MS1 scan (resolution 60,000) in the range of m/z 3507 1800 for
collision -induced dissociation excluding singly and doubly charged precursor ions
and precursors of unknown charge states. Dynamic exclusion was activated with a
repeat count of 1, exclusion duration of 30 s, list size of 300, and a mass window

of 50 ppm. Fragment ions were detected at low resolution in the linear ion trap.

M7. Identification of Peptide-Peptide Crosslink Spectra

Raw spectra were converted to mzXML format using MSConvert (Chambers et al.,
2012) and crosslink spectra were searched and identified using xQuest/XProphet
(Walzthoeni et al., 2012). Peptide spectrum matches were performed against a
database including the subunits of the respective complex (Spc24, Spc25, Cnnl or
Mif2, Amel/Okpl, Cse4-NCP, Mtw1l/Nnfl/Dsn1/Nsll) and 22 E. coli decoy protein
sequences. A maximum of two trypsin missed cleavages and peptide lengths
between 4 and 45 amino acids were allowed. CarbamidomethytCys was set as a
fixed modification and a mass shift of 96.0211296 for intra-/inter -protein
crosslink candidates with an additional shift of 6.03705 to account for crosslinks
with the heavy version of BS2. A precursor mass tolerance of +10 ppm was used
and a tolerance of 0.2 and 0.3 Da for linear and crosslinked fragment ions,
respectively. The search was performed in the 'iontag' mode. Identifications were
filtered by applying a maximum FDR of 5%, precursor errors of 5.0 ppm, a
maximum delta score of 0.9 and a minimum of 3 fragment ion matches per
peptide. The final identification tables we re downloaded as xtract.csv files from

the xQuest/xProphet visualization tool.

M8. Quantification of Peptide-Peptide Crosslinks and Site-Site

Crosslinks

Quantification was performed with an in -house developed workflow based on the

OpenMS software version 20 (Rost et al., 2016). All scripts as well as the xtract.csv

files t o run t he python script
(C:/ Users/ é/ Scripts/ TOPPgXL/bin/) are provide
pipeline starts with the conversion of the identification tables in the xtract.csv files

to idXML foomat wusing our script o6xtractToldXML. py©é6.
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the workflow 6basic_xlquant . t-gXp/posktods) ( C: / User s
was opened in the OpenMS framework(Rostetal.,201§. The o6* . i dXMLO6 fil ec
|l oaded as input to (1) and O0*. mzXMLO6 files a
executed. In parallel, raw files in the mzXML format were converted to mzML

using the FileConverter function with default parameters except for the filter of

MS2 scans and MS1 peaks with intensities <100.0. Peak features in the mzML files

and their respective profile chromatograms were extr acted with a modified version

of the FeatureFinderAlgorithmPicked function from OpenMS. Parameters fed to

this tool are found in the file 'ffcentroided_params.ini'. Detected features were

annotated with their putative peptide identifications in the idXML f iles using the

IDMapper function with an m/z tolerance of £7 ppm and retention time tolerance

of 210 s. Retention times between runs were aligned using the
MapAlignerldentification function with default parameters. Finally, consensus

tables were generatedusing the FeatureLinkerUnlabeled function with default

parameters and converted to .csv format with the TextExporter function. The

intensities of the unique peptide -peptide crosslink ions were summarized to site-

site crosslink intensities using the in-house script 'csvToToppXLgQTSV.py'

(provided in: C:/ Users/ é/ Scripts/ TOPPgXL/ bin

M9. Estimation of the Apparent Equilibrium Dissociation

Constant (Kp) Based onCrosslink Intensities

Site-site crosslink intensities were loaded and analyzed in the statistical
environment R (https://www.r -project.org). Technical replicates were averaged
with non -assigned values being ignored at this step. The intensities of peptides
seen in >1 SEC fraction were summed up and peptidepeptide crosslinks were
summarized to site-site crosslinks by addition of their intensities. The intensities
of the subunit whose concentration was constant in all titrations were applied to
normalize the intensities between runs. Finally, a linear model was fitted between
the initial conc entrations of the varying subunit and the median intensity of its
intra -protein crosslinks. This linear relation was used to estimate the
concentration of the formed complex from the median intensity of the inter -

protein crosslinks. Subsequently, the Kp was calculated as:

5 5 26 6

g Bgap
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where A represents the subunit whose concentration varies, B the subunit whose
concentration remains constant and A:x: B the complex. The initial concentrations
of A and B were recalculated based on the linear relation of concentration and
intensity. For each titration step a Kp value was calculated and the mean and

standard deviation of these values were reported.

We also applied the Scatchard plot (Scatchard, 1949 to estimate the Kp by

plotting the linear relation of ‘fraction of B bound over concentration of free A’ (y -

axis) versus 'fraction of B bound' (x-axis). This approach indicates the Ky as the

negative inverse of the slope as well as the inverse of the intersection coefficient
(Figure 4b).

To calculate the apparent Kp values based on the steady state equilibrium equation

the R script was run according to the following procedure. The scripts

(C: /1 User s/ é3cipt) werempesed iRthe R environment. To analyze the

Cnnl: x:Spc24/ 25 titrati onptandferthé DaysiSd¥C_Kd _Est .
the Mif2:Amel/Okpl:MTW1c:x:Csed-NCP t i trati on the -6MTW1lc Mi f
NCP_Kd_Est. R6 script were applied. The | ocati
the working directory in setwd("C:/ Users/ é/l")
in 6fnamed ( e.-dIFENUC_F meatnmets.ts¥"). Subhsequently, the

default settings of the calculation parameters, as described above, can be altered

by following the instructions in the code. Executing the script shows the results

tabl e (2&Kdtwdb lcéd i pvdluesodaach sitratiomstep &hd the mean

(KD) and standard deviation (SD). At this step outliers that exceed the double SD

are excluded and the mean Kk (KD2) and standard deviation (SD2) are

recalculated. In addition, several exploratory plots are generated. (1) Crosslink

intensities per protein:x:protein pair (median) before normalization ( Figure 12,

Figure 14, Figure 17, Figure 19, Figure 21, Figure 23, and Figure 26) (2) Correlation

of crosslink intensities within pro tein:x:protein pairs. (3) Crosslink intensities per

protein:x:protein pair (median) after normalization ( Figure 13 Figure 18, Figure

20, Figure 22, Figure 24, and Figure 27). (4) Correlation of crosslink intensities

between experiments and between crosslinks. (5) Linear regmession between

crosslink intensity and protein concentration. The linear regression model is used

to estimate the apparent Kp values. The statistical analysis of the apparent K

val ues for each interaction I s summarized 1in
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M10. Determination of the Relative Interface Propensity Index
(RIPI)

Peptide-peptide crosslink intensities were summarized to site-site intensities, by
summing up all restraint intensities involving the specific lysine residue. This total
sum includes mono-links, loop-links, intra - and inter -protein crosslinks. Next, the
site-site intensity of the inter -protein crosslinks from a specific dimer interaction
was divided by the total sum. The resulting value was called the Relative Interface
Propensity Index (RIPI) of a crosslinked residue. Lysine sites, which were not
identified in inter -protein crosslinks, were assigned a RIPI value equal to the
minimum RIPI in the set, in order to avoid infinite values for the plotted inversed
RIPIs.

Sequence conservation in the RIPIplots was computed by using PSIBlast against
the UNIREF90 database. Only residue positions with conservation above the 80%

guantile within the protein sequence were plotted.

Secondary structure and rASA (relative accessible surface area) were predicted
using the SPIDER2 software (Yang et al., 2017 against the UNIREF90 database.
The fasta protein sequenaes and the PSSMs (PositionSpecific Scoring Matrix)
obtained by PSIBlast were used as input for the SPIDER2 software. Residues were
considered to have low accessibility if their rASA was below 40%. Residues were
considered to have low disorder if their IUP red index was below 0.25 in a scale of
0 to 1.

Real interface residues were extracted from PDB models if applicable. Real
binding interfaces were identified by a residue-residue distance between the
interacting proteins of below 4.5 A. The distances were measured from any heavy

atom in one residue to any heavy atom in the other residue.

M11l. YeastStrains and Methods

All yeast strains used in this study were created in the S288c background The

generation of yeast strains and yeast methods were performed by standard

procedures. The anchoraway analysis was performed as described previously
(Haruki et al., 2008 ).

For anchor-away rescue experiments, the Mif2 promoter (1 kb) and coding

sequence were PCR amplified from yeast genomic DNA and clonedvith a 6xHis -
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7xFlag tag PCR fragment into vector pRS313 via the Gibson assembly reaction
(Gibson et al., 2009). The deletion mutants were generated using the Q5 site
directed mutagenesis kit (New England Biolabs) and phospho-ablative mutants

were constructed by Gibson assembly of the corresponding mutant gene fragments

(IDT). The rescue constructs were transformed into a Mif2 anchor-away strain

(Mif2 -FRB), a Mif2 -FRB/dsn15240AS250AS264A mytant strain or a Mif2-FRB/ gcnn 1l
mutant strain and cell gro wth was tested in 1:10 serial dilutions on YPD plates in

the absence or presence of rapamycin (1 mg/ml) at 30 °C for 3 days.

M12. Western Blot Analysis

The levels of proteins ectopically expressed in yeast were probed by western blot
analysis as describedpreviously (Fischbock-Halwachs et al., 2019). For western
blot analysis an equivalent of 10 ODwo of cells logarithmically grown in liquid
culture was collected by centrifugation at 3140 x g for 5 min at room temperature
and the pellet was washed once with aqua dest. For protein extraction, the pellet
was resuspended in 1 ml icecold 10% trichloroacetic acid and incubated on ice for
1 hr. Samples were pelleted at 4°C and 20000x g for 10 min and washed twice with
ice-cold 95% ethanol. Pellets were airdried and resuspended in 100 pl 1x SDS
PAGE sample huffer containing 75 mM Tris (pH 8.8). Samples were boiled (10
min, 95°C) and centrifuged at 10800 x g for 3 min at room temperature and
supernatants were separated on 10% or 15% (Cse4 containing samples) SBBAGE
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).

M13. Amino Acid SequenceAlignment

Multiple sequence alignments of S. cerevisiae Mif2 and Okpl amino acid
sequences with their respective mammalian orthologues CENRC or CENP-Q were
performed with Clustal Omega (Sievers et al., 201)

(https://www.ebi.ac.u k/Tools/msa/clustalo/)
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Figure 9
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For validation, the performance of the TOPP-gXL pipeline was tested against

published datasets which were analyzed by different extraction tools including
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datasets for the development of the Xtract algorithm (Walzthoeni et al., 2015)
(a) and the extraction pipelines described in (b) and (c) (Fischer et al., 2013
Muller et al., 2018).

(a) The first dataset comprises 4 dilution experiments from bovine albumin,
bovine transferrin and chicken transferrin (Walzthoeni et al., 2015). Each
protein was crosslinked separately and then pooled before MS acquisition. In
each dilution experiment, the concentration of albumin was kept constant,
whereas the transferrin concentration decreased monotonically in 2:4:8 ratios
for the bovine homolog and 4:16:64 for the chicken homolog. Our pipeline is
able to reproduce the dilution steps of the experimental design. In the two
highest dilutions of chicken transferrin the extracted features were only
detectable by the 'match-between-runs' strategy, as the protein was not
identified by fragment spectra in these two dilutions. In the highest dilution
experiment, the features that passed undetected by the 'matchbetween-runs’
strategy were noisy and had missing mass traces and thus, the failure of
detection was justified. Our pipeline was able to quantify a similar number of
site-site crosslinks in comparison to the Xtract software, for which this dataset
was created. The overall recall of sitesite crosslinks was 97.5% (118/121) and

the accuracy of the quantification close to the expected values.

(b) The second dataset (Fischer et al., 2013 consists of a SILAClike
experiment which used the protein C3 crosslinked in its native and cleaved
form, C3b, in forward (C3-BS3dy, and C3b-BS3d,) and reverse labeling (C3
BS3ds and C3b-BS3dy). The crosslink identifications provided by the authors
were applied as feature extraction seeds and without the 'match-between-runs'
strategy, as it was not applicable to this dataset. As reference extraction
pipeline the authors used the Pinpoint software with manual curation of the
extracted features and compared it against their proposed pipeline based on
MaxQuant. We also applied Pinpoint as basis to compare the performance of
their MaxQuant version tailored for crosslinking quantification against our
pipeline. Our pipeline showed a 10% increase in sensitivity by recalling
features not detected by MaxQuant. Moreover, our pipeline could quantify
certain identifications, whose recall was not possible even with the benchmark
pipeline Pinpoint. Thus, the reported sensitivity might be even higher than
79%.

(c) A third dataset, which was published for the assessment of the
reproducibility of crosslink quantification (Muller et al., 2018), was also used
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for benchmarking the TOPP-gXL workflow. This dataset comprises two
experiments with ten replicates each. In the first dataset, human serum
albumin was crosslinked in 10 crosslinking reaction replicates that were
analyzed separately by mass spectrometry. For the second dataset, the 10
reaction replicates were pooled and analyzed 10 times by mass spectrometry
and thus representing injection replicates. The crosslink identifications
provided by the authors were matched to the MS1 peaks, which were extracted
using our pipeline and a 'match-between-runs' strategy. As a result, unique
crosslinks were quantified with a recall between 67-76% in the injection
replicates and 5566% in the reaction replicates in respect to the overall
number of unique crosslinks in each of the two experiments (first row).
Pooling all the quantifications across their replicates results in a sensitivity of
86% and 79% for the injection and reaction experiments, respectively. The
sensitivities of the number of identifications within each replicate are even
higher and fluctuate between 84-92% and 82-92% for the injection and
reaction experiments, respectively (second row). Overall, these quantification
rates indicate the high sensitivity of the proposed pipeline. Next, we calculated
the correlations and coefficients of variation of the abundances at the peptide-
peptide crosslink level (third and fourt h row). The minimum Pearson
correlation between replicates was 0.92 in the injection experiment and 0.67
in the reaction experiment. Regarding the coefficients of variation, the median
value was 14.6% in the injection experiment and 42.3% in the reaction
experiment. Similar coefficients of variation were observed at the unique
crosslinked residues level: 15% and 43%, respectively. These values are higher
than the values reported in the original publication of 14% and 32%,

respectively.
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Figure 10
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Figure 10. Correlation Between Crosslink  Intensity and the
Euclidean Distance of the Linked Residues.

Crosslink restraints were extracted and quantified with the in -house TOPR
gXL pipeline (Figure 9 and Methods) from RNA polymerase | and Il, 26S
Proteasome, XRCC5/6 and PLC (MHGCI peptide-loading complex) datasets
(Blees et al., 2017 Dubois et al., 2016, lacobucci et al., 2019, Jennebach et al.,
2012, Wang et al., 2017. The Euclidean intra- and inter-protein distances
were mapped on the crystal structures of RNA Polymerase | (PDB 4C2M),
RNA Polymerase Il (PDB 5IP7), Ku heterodimer (XRCC5/6) (PDB 1JEY) and
the electron microscopy density maps of PLC (PDB 6ENY) and 26S
Proteasome (PDB 5L4G; 5L4K) using the XWALK software (49). The
Euclidean distances were plotted against the site site crosslink intensities. To
assess the dependence of crosslink intensity on Euclidean distance the R
squared statistics and the Fisher’s Exact Test were computed (pvalue (intra)
< 0.001 ; p-value (inter) < 0.001).

4.5 Supplementary Figures



4. Quantitative Crosslinking and Mass Spectrometry Determine Binding Interfaces and
Affinities Med iating Kinetochore Stabilization

Figure 11
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Figure 11 High RIPI (Relative Interface Propensity Index) Values
Indicated the Binding Interfaces of the Cnnl 1270:Spc24/25
Complex.

Crosslink intensities were extracted and quantified using the TOPP-gXL
guantification pipeline ( M8) and the RIPI was calculated as described (110).
The inverse of the RIPI is plotted in the respective first panel of each
protein:protein interaction. Areas of sequence conservation, secondary
structure prediction (Yang et al., 2017, state of protein disorder and the rASA
are indicated by colored lines (M10). Amino acid residues establishing the
binding interface (Real Interface) were retrieved from the PDB database
(4GEQ). This heuristic approach was applied by interpreting a drop in 1/RIPI
together with predicted secondary structures, sequence conservation and
rASA in order to identify amino acid sequences that putatively establish

binding interfaces and serve as candidates for mutational analysis.
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Figure 12
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Figure 12. Inter - and Intra -Protein Crosslink Intensities of the
Cnnl 1270 to Spc24/25 Titration Before Normalization.

Constant levels of Spc24/25 complex weretitrated with Cnnl %270 applying the
indicated molar ratios. Crosslink intensities were extracted using the TOPP-
gXL pipeline (M8). The intensities of the identified peptide -peptide crosslinks
were summarized to protein site-site crosslink intensities. The intra -protein
crosslink intensities of the constant interactor were used to normalize
intensities between titration points and showed the reproducible
guantification of the subunits across the titration series. Th e sum of the site-
site raw intensities of the indicated intra - or inter -protein crosslinks of the
individual molar ratios were plotted after normalization. The intra -protein
crosslink intensities of the titrated interactor were applied to calculate a linea r
regression on the input concentrations. The linear regression model was used
to recalculate the input concentrations and to interpolate the concentration of

the formed complex from the inter -protein crosslink intensities.
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Figure 13
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Figure 14. Intra - and Inter -Protein  Crosslink  Intensities of
Spc24/Spc25 Titration with Cnnl  64-80 Before Normalization.

The identified peptide-peptide crosslink intensities in each of the three
replicates were extracted by the TOPRgXL pipeline (M8) and summarized to
their respective site-site crosslink intensities. The intra -protein crosslink
intensities of the constant interactor were used to normalize intensities
between replicates and showed the reproducible quantification of the subunits
across the titration series (right panel). The intra -protein crosslink intensities
of Cnn14-80 were applied to calculate a linear regression on the input
concentrations (left panel). The linear regression model was used to
recalculate the input concentrations and to interpolate the concentration of
the formed complex from the inter -protein crosslink intensitie s (Figure 15).
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Figure 15
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A constant molar concentration of Spc24/25 complex was titrated against
increasing amounts of the Cnn164-80 peptide. After feature extraction, the
intensities of site-site crosslinks were summarized and used to interpolate
crosslink intensities and protein concentrations. Apparent Kp values were
calculated based on the concentration of the formed complex estimated from
the linear regression and averaged across molar ratios of the titration steps
from 3 biological replicates (a) (c) and (d). Using the linear regression model
a Kp value was estimated for each step of the titration (b). By excluding
titration steps that exceeded twice the standard deviation (Std. Kp) the
estimation of Kp was further refined (b). Estimation of apparent K p values of
the Cnn160-84:5pc24/25 interaction by the Scatchard plot (e) is refined when
excluding values exceeding twice the standard deviation (f) in three biological
replicates (g) and (h).
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Figure 16
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Figure 16. Schematic Representation of  Crosslink Restraints on
Mif2, Amel/Okpl and Cse4 -NCP Complexes Applied for the
Estimation of Apparent K p Values.

All crosslink restraints which were reproducibly identified in all replicates of
the individual Mif2:Amel1/Okpl, Mif2:Cse4 -NCP, Amel/Okpl:Cse4NCP and
Mif2:Amel/Okpl:Cse4-NCP titrations are visualized by network plots. The
crosslink restraints were identified by xQuest and MS1 intensities (raw

intensity) were extracted by the TOPP-gXL pipeline (M8).
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Figure 17 - Figure 24 Intra - and Inter -Protein Crosslink |ntensities
of Cse4 -NCP Titration with Mif2.

The intensities of crosslinks detected in each of the three replicates were
extracted by the TOPRgXL pipeline (M8). The intensities of the identified
peptide-peptide crosslinks were summarized to protein site-site crosslink
intensities. The intra -protein crosslink intensities of the constant interactor
were used to normalize intensities between replicates and showed the
reproducible quantification of the subunits across the titration series. The sum
of the raw intensities of the indicated intra - or inter -protein crosslinks of the
individual molar ratios were plotted before and after normalization. The intra -
protein crosslink intensities of the titrated interactor were app lied to calculate
a linear regression on the input concentrations. The linear regression model
was used to recalculate the input concentrations and to interpolate the
concentration of the formed complex from the inter -protein crosslink
intensities. Plots in Figure 17- Figure 24 were generatedaccordingly.
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Figure 17. Intra - and Inter -Protein Crosslink

NCP Titrated with Mif2.
The plot was generated before normalization as described.
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Figure 18. Intra - and Inter -Protein Crosslink

NCP Titrated with Mif2.

The plot was generated after normalization as described.
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Figure 19. Intra - and Inter -Protein Crosslink

NCP Titrated with Mif2.

The plot was generated after normalization as described.
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Figure 20.

The plot was generated after normalization as described.
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Figure 21. Intra
NCP Titrated with Mif2.

The plot was generated after normalization as described.
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Figure 22. Intra - and Inter -Protein Crosslink | ntensities of Cse4

NCP Titrated with Mif2.

The plot was generated after normalization as described.
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Figure 23
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Figure 23. Intra - and Inter -Protein Crosslink Intensities of Cse4 -
NCP Titrated with Mif2.

The plot was generated after normalization as described.
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Figure 24. Intra - and Inter -Protein Crosslink | ntensities of Cse4
NCP Titrated with Mif2:Ame1/Okp1l.
The plot was generated after normalization as described.
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Figure 25. Comparison of

Crosslink -Derived Restraints Detected
on MTW1c:Mif2:Amel/Okpl:Csed
Either Dsnl "t or the Dsnl S240D,S250D N ytant.

-NCP Complexes Containing

Intra- and inter-protein crosslinks that were reproducibly identified in 2

replicates of the individual titration were visualized as netw ork plot by xVis

(Grimm et al., 2015). The crosslink restraints were identified using the xQuest

software (Walzthoeni et al.,

2012).
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Figure 26. Intra - and Inter -Protein  Crosslink  Intensities of
Cse4-NCP Titrated with MTW1c(Dsnl wt):Mif2:Amel1/Okpl.
The plot was generated afternormalization as described in Figure 17.
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Figure 27

Figure 27. Intra - and Inter -Protein  Crosslink I ntensities of
Cse4-NCP Titrated with MTW1c(Dsnl ~ S240D.S250D ):Mif2:Amel/Okpl.

The plot was generated afternormalization as described in Figure 17.
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